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Abstract Sodium borosilicate glasses are candidate
materials for high-level radioactive waste vitrification;
therefore, understanding the irradiation effects in model
borosilicate glass is crucial. Effects of electronic energy
deposition and nuclear energy deposition induced by the
impact of heavy ions on the hardness and Young’s modulus
of sodium borosilicate glass were investigated. The work
concentrates on sodium borosilicate glasses, henceforth
termed NBS1 (60.0% SiO,, 15.0% B,03, and 25.0% Na,O
in mol%). The NBS1 glasses were irradiated by P, Kr, and
Xe ions with 0.3 MeV, 4 MeV, and 5 MeV, respectively.
The hardness and Young’s modulus of ion-irradiated NBS1
glasses were measured by nanoindentation tests. The
relationships between the evolution of the hardness, the
change in the Young’s modulus of the NBS1 glasses, and
the energy deposition were investigated. With the increase
in the nuclear energy deposition, both the hardness and
Young’s modulus of NBS1 glasses dropped exponentially
and then saturated. Regardless of the ion species, the
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nuclear energy depositions required for the saturation of
hardness and Young’s modulus were apparent at approxi-
mately 1.2 x 10%° keV/em® and 1.8 x 10%° keV/cm3,
respectively. The dose dependency of the hardness and
Young’s modulus of NBS1 glasses was consistent with
previous studies by Peuget et al. Moreover, the electronic
energy loss is less than 4 keV/nm, and the electronic
energy deposition is less than 3.0 x 10 keV/em® in this
work. Therefore, the evolution of hardness and Young’s
modulus could have been primarily induced by nuclear
energy deposition.

Keywords Borosilicate glass - Hardness - Young’s
modulus - Irradiation - Nuclear energy deposition

1 Introduction

Borosilicate glass, which is primarily composed of sil-
icon dioxide and boron trioxide, has been extensively
applied to the vitrification of HLW (high-level radioactive
waste) [1-5]. Because of the actinide contained in the
HLW, alpha particles and recoil nuclei significantly influ-
ence the mechanical properties of the glass due to self-
irradiation. Therefore, the investigation of variation in the
mechanical properties of borosilicate glass after irradiation
is significant for the security of long-term geological
repository disposal [3, 6-9].

The variations in the mechanical properties of borosili-
cate glasses with irradiation doses have been studied
experimentally [7, 10-13]. Weber et al. presented the
results of the hardness evolution of glasses doped with
238py where a decrease of approximately 16% in hardness
was observed [11]. The authors observed that a decrease in

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-019-0632-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-019-0632-0&amp;domain=pdf
https://doi.org/10.1007/s41365-019-0632-0

115 Page 2 of 9

X. Du et al.

hardness of sodium borosilicate glass irradiated by
500 keV helium ions was approximately 14% and the
hardness variation saturated when nuclear energy deposi-
tion reached approximately 5 x 10?° keV/cm® (the nuclear
energy deposition value when hardness variation saturated,
also known as the saturated nuclear energy deposition)
[14]. The variation in the mechanical properties of ***Cm-
doped SON68 glass and R7T7 glass with different external
heavy-ion irradiations was analyzed by Peuget et al.; they
discovered that the hardness of R7T7 and SON68 glass
decreased by approximately 35% after heavy-ion irradia-
tion (saturated nuclear energy deposition is 3 x 10?° keV/
cm?®) [7, 13, 15]. Peuget et al. suggested that the electronic
energy deposition had no effects on hardness variation
within 3 x 10%* keV/em® for heavy-ion-irradiated R7T7
glass; thus, the nuclear energy deposition was responsible
for changes in the mechanical properties of glasses with
heavy-ion irradiation. Recently, Mir et al. proposed that at
high electronic energy loss values (E.> 4 keV/nm), the
effect of the high electronic energy loss is similar to that of
nuclear energy loss. At low electronic energy loss values
(E.< 1 keV/nm), electronic collisions could induce some
mechanical property changes; however, the magnitude of
these changes are lower than those caused by nuclear
energy loss [16]. The mechanism of hardness variations
induced by irradiation remains unclear, especially after
considering the effects of electronic and nuclear processes.
Moreover, very few studies have considered the changes of
the Young’s modulus and the relationships between hard-
ness/modulus, and nuclear energy deposition. Furthermore,
the topic of saturated nuclear energy deposition lacks
systematic studies. Because the variations in the hardness
and Young’s modulus versus electronic and nuclear
deposition follow an exponential law, the study of saturated
nuclear energy deposition has important research
significance.

To study the mechanism of variation in the Young’s
modulus and the hardness on borosilicate glass with heavy-
ion irradiation, this work takes a type of sodium borosili-
cate glass as the object of study, henceforth called NBS1.
NBSI1 glass samples were irradiated by P, Kr, and Xe ions
with energies of 0.3 MeV, 4 MeV, and 5 MeV, respec-
tively. For each of the samples exposed to different irra-
diation fluences, hardness and Young’s modulus were
measured by the nanoindentation technique. In addition,
the dependence of the hardness variation on the electronic
and nuclear energy deposition was studied.
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2 Experiments
2.1 Sample preparation

NBSI1 glass with the composition of 58.2% SiO,, 16.8%
B,03, and 25.0% Na,O in mass percent (60.0% SiO,,
15.0% B,03, and 25.0% Na,O in mole percentage, K is
4.00, and R is 1.67) was used in this study. The density of
NBS1 glass is 2.36 g/cm’. The Poisson’s ratio of NBS1
glass is 0.22. During the elaboration process, silica (SiO»,),
orthoboric acid (H;BO3), and sodium carbonate (Na,COs)
powders were prepared. Platinum/gold (Pt/Au) crucibles
were used to retain powder in the elaboration process. The
formation of the glass melt undergoes three steps. As an
initial step, the decarbonation of Na,COj3 was carried out at
800 °C for 4 h to avoid bubble (CO,) formation, and the
dehydration of the orthoboric acid occurred. Next, the glass
powder was melted by heating it at 1200 °C for 5 h in
atmosphere. Meanwhile, the vitreous liquid was suffi-
ciently stirred. Subsequently, the glass bulk was annealed
at 500 °C for 24 h to release inner stress. The size of the
NBS1 glass samples is 1 x 1 x 0.1 cm®. Each sample was
polished on both sides to ensure that the roughness of the
surface of each glass sample is less than 10 nm. The
samples were ultrasonically cleaned in ethanol for 10 min
and then dried in air.

2.2 Irradiation experiment

NBSI1 glass samples were irradiated by heavy ions as
follows: Eight of the samples were irradiated by P ions,
seven of the samples were irradiated by Kr ions, and eight
of the samples were irradiated by Xe ions; each sample
corresponds to a single dose of radiation. The samples for
Kr and Xe irradiation were mounted onto a quadrangular
prism target holder and then irradiated at 25 °C. One group
of the glass samples was irradiated with 4 MeV Kr ions,
and the other group was irradiated by 5 MeV Xe ions. The
Kr and Xe ions were generated by the 320-kV High-
Voltage Platform equipped with an Electron Cyclotron
Resonance (ECR) ion source at The Institute of Modern
Physics of CAS, Lanzhou [17]. The ion beam was scanned
along the X and Y dimensions to irradiate the samples
homogeneously. The actual beam spot size used while
scanning is 20 x 20 mm?” The scanning frequency is
1000 Hz. The flux is 10" ions cm™2 s~'. The pressure in
the target chamber is 7 x 107° Pa. The third group of
samples was irradiated with 0.3 MeV P ions at 25 °C that
were generated by the accelerator at the Key Laboratory of
Beam Technology and Material Modification of the Min-
istry of Education in Beijing Normal University.
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Table 1 Fluences and the corresponding electronic/nuclear energy deposition and the hardness and Young’s modulus with different ion

irradiation conditions

Fluence (ions/ Electronic energy deposition

Nuclear energy deposition (keV/ Hardness

Young’s modulus

cm?) (keV/em?) cm?®) (GPa) (GPa)
Pristine 7.6 £04 84.9 +£29
300 keVP 4.0 x 10" 1.4 x 10'8 1.4 x 10" 6.2 + 0.7 79.6 + 5.3
ions 1.4 x 10" 4.8 x 108 5.0 x 10" 6.2+ 0.5 80.7 + 2.4
4.0 x 10" 1.4 x 10" 1.4 x 10" 6.4 £ 0.6 83.1 + 4.8
8.0 x 102 2.7 x 10" 2.9 x 10" 57408 783 + 6.2
14 x 10" 4.8 x 10" 5.0 x 10" 55+ 04 775+ 53
4.0 x 10" 1.4 x 10%° 1.4 x 10%° 44 + 0.4 72.0 £ 3.8
1.4 x 10" 4.8 x 10 5.0 x 10%° 47403 734+ 1.5
7.0 x 10" 24 x 107 2.5 x 10?! 45403 714 + 20
4 MeV Kr 3.0 x 10" 3.0 x 10'® 2.0 x 10" 75+ 03 85.0 + 2.5
ions 3.0 x 102 3.0 x 10" 2.0 x 10" 6.4+ 0.2 80.0 &+ 2.1
6.0 x 10" 6.0 x 10" 4.0 x 10" 57402 771+ 18
1.0 x 10" 9.9 x 10" 6.7 x 10" 54403 76.3 £ 3.0
3.0 x 10" 3.0 x 10%° 2.0 x 10%° 49402 719 + 2.1
1.0 x 10" 9.9 x 10%° 6.7 x 10%° 484+ 02 693+ 1.9
5.0 x 10" 49 x 10*! 33 x 10! 48+ 02 69.2 + 1.7
5MeVXe 6.1 x 10" 7.6 x 10'8 7.9 x 10'® 6.5+ 0.5 81.1 + 3.6
ions 1.8 x 10" 2.2 x 10" 23 x 10" 6.0 £ 0.3 80.4 + 1.8
3.6 x 102 4.5 x 10" 47 x 10" 53+ 04 755 + 2.8
6.1 x 10" 7.6 x 10" 7.9 x 10" 47 +02 709 + 1.3
1.8 x 10" 22 x 10%° 2.3 x 10%° 44 +£02 684+ 1.9
6.1 x 10" 7.6 x 10% 7.9 x 10% 45+02 691 +15
3.0 x 10" 3.7 x 107! 3.9 x 10*! 46 402 68.7 + 1.6
6.1 x 10" 7.6 x 107! 7.9 x 10?! 45402 66.1 + 1.5
Table 1 shows the fluences and electronic and nuclear 0.6F g ! ; ™ - - P-Electron ']
energy deposition for each of the irradiated samples. The ; BB e
projected penetration depths of P, Kr, and Xe ions in NBS1 03f -7 -
glass are approximately 0.4, 2.4, and 1.97 um, respec- - ‘
tively, that were calculated using the SRIM (version-2008) 001 : 1
code [18, 19]. S e
Figure 1 shows the nuclear, electronic, and total energy é o —=Kr-Total
losses of the P, Kr, and Xe ions in NBS1 glass. The energy g W el e
loss was obtained by the SRIM program. The dashed, E,h 0-
dotted, and solid lines represent the electronic, nuclear, and 2.;,
total energy loss in NBS1 glass, respectively. = L e
—— Xe-Total
2.3 Measurements of Hardness and Young’s
Modulus
0 500 1000 1500 2000 2500

The hardness and Young’s modulus of the NBS1 glasses
were obtained by an MTS G200 Nanoindenter with a
Berkovich diamond indenter [20]. Nanoindentation tests
were performed in continuous stiffness measurement
(CSM) mode at 25 °C. The maximum penetrating depth of
the indenter went up to 2 pm, and the maximum load was

Penetration depth (nm)

Fig. 1 (Color online) The electronic, nuclear, and total energy loss of
P ions, Kr ions, and Xe ions in NBS1 glass
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500 mN. The measured hardness of fused silica was used
to calibrate the MTS G200 device before the measurement
of the hardness of the NBS1 glass samples, and the system
error was obtained through the corresponding measure-
ments of fused silica.

The details of the nanohardness measurement were
introduced by Oliver [21, 22]. The nanohardness is defined
by Eq. (1):

P
where H is the hardness of the NBS1 glass, Py is the load
on the indenter, and A is the projected area of the hardness
impression after unloading.

The stiffness of glass follows Eq. (2):

§= ﬁ%Eeff\/X, (2)

where E. is the reduced modulus and f implies that the
nanoindenter has a constant geometry.
The E.¢ can be defined as:

1 1—v2 1-—12
Ex E | E ®)

where E and v are the Young’s modulus and Poisson’s ratio
of NBSI glass, respectively, and E; and v; of the indenter
are 1141 GPa and 0.07 GPa, respectively [21, 22]. The
value of v is set 0.22. Therefore, according to Egs. (1)-(3),
the relationship between the hardness and the Young’s
modulus can be expressed as:

()

3 Results

The measured Young’s modulus and hardness curves of
pristine samples of NBS1 glass, versus those from P-, Kr-,
and Xe-ion-irradiated NBS1 glasses, are presented in
Figs. 2 and 3. The solid lines show the measured values of
the hardness and the Young’s modulus of the pristine
NBSI1 glasses. As shown in Fig. 2, the dashed and dash-dot
lines are the hardness measuring curves of Kr- and Xe-ion-
irradiated NBS1 glasses, respectively, and the dotted and
short dotted lines are the Young’s modulus measuring
curves of the Kr- and Xe-ion-irradiated NBS1 glasses. The
short-dashed line and short dash-dot line in Fig. 3 are the
hardness and Young’s modulus measuring curves of NBS1
glasses irradiated by P ions. The curves fluctuate signifi-
cantly at the surface because of the blunt tip of the indenter
and surface effects. However, the measurement curves of
pristine NBS1 glass were almost flat with a penetration
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depth from 200 to 2000 nm, indicating that the nanohard-
ness of the pristine glass was independent of the depth. The
hardness and Young’s modulus curves of Kr- and Xe-ion-
irradiated NBS1 glasses were not flat until a penetration
depth of 1400 nm. For P-ion-irradiated NBS1 glasses, the
curves were not flat until a penetration depth of 400 nm,
and the irradiated zone was 400 nm.

Peuget et al. proposed that the plastic interaction zone
appeared to extend to approximately twice the penetration
depth, and that the Young’s modulus and hardness obtained
at half of the depth that ions penetrated represent the
response of the irradiated zone [7, 10, 15]. Therefore, the
Young’s modulus and hardness obtained at depths in the
range of 0—1000 nm (here, we select the region between
300 and 800 nm) should reflect the response of the irra-
diated zone in Kr- and Xe-ion-irradiated NBS1 glasses.
Next, the Young’s modulus and hardness obtained at
depths in the range 0-200 nm (here, we select the region
between 100 and 200 nm) should reflect the response of the
irradiated zone in P-ion-irradiated NBS1 glasses. Extrap-
olation methods were used to obtain the hardness and
Young’s modulus values in this work. Peng et al. compared
three different methods to obtain the hardness values with
CSM, and they suggested that the extrapolation method
could be used to compare the results with different ion
ranges [23, 24]. Therefore, the hardness of glass was
obtained by extrapolating data with penetrated depth from
300 to 800 nm for Kr- and Xe-ions-irradiated NBS1 glas-
ses, and from 100 to 200 nm for P-ions-irradiated NBS1
glasses. The same situation was set up to obtain the value
of Young’s modulus.

To analyze the hardness evolution in NBS1 glasses
irradiated with heavy ions, the relative variation in hard-
ness was introduced, and the relative variation in hardness
of ***Cm-doped SON68 in the work of Peuget et al.
[7, 10, 15] was compared with the hardness variation in the
NBSI1 glasses. The relative variation in hardness of NBS1
glasses and the data of Peuget et al. are shown in Figs. 4
and 5. The symbols with error bars present the relative
variation in hardness and Young’s modulus of NBS1 glass
with heavy-ion irradiation, and the open symbols without
error bars represent the relative variation in hardness of
Cm-doped SON68 glass. As shown in Figs. 4 and 6, the
relative variation in hardness and the Young’s modulus of
irradiated NBS1 glass dropped with increasing nuclear
energy deposition. When nuclear energy deposition
reached approximately 1.2 x 10*° keV/cm?®, the hardness
variation saturated, in agreement with previous studies
[3, 7, 10, 11, 13-15, 23, 25, 26]. Moreover, the hardness
variation of Cm-doped SONG6S8 glasses also stabilized
above 3.0 x 10%° keV/em®. Note that the transformation
region was also identical for different types of heavy ions.
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Fig. 2 (Color online) Evolution of the hardness (a) and modulus (b) (0-2000 nm) of pristine NBS1 glass and Kr- and Xe-ions-irradiated NBS1
glass (The penetration depths of indenter were 2 um, and the maximum load is 500 mN)
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Fig. 3 (Color online) Evolution of the hardness (a) and modulus (b) (0-2000 nm) of pristine NBS1 glass and P-ion-irradiated NBS1 glass (The
penetration depths of the indenter were 2 um, and maximum load is 500 mN)

The transformation region of nuclear energy deposition
ranged from 4.8 x 10" to 1.2 x 10*° keV/cm®.

DeNatale et al. proposed the following calculation for-
mulas for the energy deposition in silicate glasses with ion
irradiation [27]:

S (0]
Enel = Eion - S, ‘:Se 'E7 (5)
Se (0]
Eeec:Eion' ) 6
: Sa+S. R (6)

where E,. is the nuclear energy deposition, Egj. is the
electronic energy deposition, @ is the fluence in ions/cm?,
R is the projectile depth of heavy ions in the glass that is
calculated by the SRIM (version-2008) program [18], and
E;,, is the incidental energy. Moreover, S, and S, are the

average nuclear and electronic energy losses, respectively.

4 Discussion
4.1 Hardness

For the NBS1 glasses irradiated with P, Kr, and Xe ions,
the hardness decreased with the energy deposition.
Although the ion species are different, the maximum
decreases in relative variation in hardness are all approxi-
mately 36% for NBS1 glasses. The decreasing trend of
hardness variation obeys Eq. (7):

AH )

where H is the hardness of NBS1 glass, AH is the variation
in hardness (the difference between the hardness of irra-
diated NBS1 glass and that of pristine NBS1 glass), Vy
corresponds to the maximum value of the relative variation

@ Springer
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Fig. 5 (Color online) Relative variation of hardness versus electronic
energy deposition (keV/cm®) in NBS1 and Cm-doped SON68 glasses

in hardness, and ty is the decay constant for the relative
variation in hardness. The decreased hardness of borosili-
cate glasses impacted by heavy ions has been widely
studied. In Karakurt’s study, the relative variation in
hardness of borosilicate glasses impacted with Au ions was
approximately 38% [12]. A series of CJ glasses were
studied by Bonfils et al. [25]. The maximum decrease in the
relative variation in the hardness of a glass sample with
multi-energy gold ion irradiation was approximately 35%.
The hardness variation of SON68 glass doped with **Cm
and ***Pu was 25% in the study of Inagaki et al. [28]. The
dependency of the decrease in hardness on the dose
expressed by Eq. (7) is also in agreement with the results
by Peuget and Weber [7, 10, 11, 13, 15]. In the study of
Abbas et al., a decrease of 20% in the hardness of alumino-
borosilicate glasses was observed [29]. In the aforemen-
tioned works, the maximum decreases in the hardness
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variation were approximately 35% or 25% in borosilicate
glasses with ion irradiation. This difference in the value of
hardness variation can be attributed to the difference in the
chemical composition of the glasses. The hardness varia-
tion, induced by irradiation of ions, was correlated with
changes in the microstructures of glasses. Indeed, the ion
irradiation induced modifications in the glass network, such
as non-bridge oxygen [30], transformation of [BOy,] to
[BO3] units [31, 32], and ring structure [33], which could
lead to hardness variation. Changes in the sodium com-
position of the glasses also led to transformations of [BOy]
to [BO;3] units. Some other actions, such as action by cal-
cium, might play a similar role in glass as that played by
sodium. However, the manner in which the composition of
glass influences its hardness variation when it is irradiated
by ions is still unknown.

During the irradiation of NBS1 glasses with heavy ions,
two processes of energy deposition were generated: (1)
inelastic collision, which involves collision of projectile
ions with electrons of material atoms, and (2) elastic
scattering, which involves a collision of projectile ions with
material atoms [34]. The processes of inelastic collisions
and elastic scattering correspond to electronic and nuclear
energy deposition in glass impacted by heavy ions,
respectively.

The hardness evolution of Cm-doped SON68 glass and
R7T7 glass irradiated with heavy ions was directly com-
pared in the study of Peuget et al. [7, 13, 15]. The hardness
variations of Cm-doped SON68 and R7T7 glasses show
very good agreement with the nuclear energy deposition.
However, the hardness variations with the electronic
energy deposition were inconclusive. Therefore, Peuget
et al. suggested that hardness variations were caused by the
nuclear process. To study the effects of electronic and
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nuclear processes in sodium borosilicate glass, the hardness
values of Cm-doped SON68 glasses were introduced in this
work. Figures 4 and 5 show the relative variations in
hardness of NBS1 and Cm-doped SONG68 glasses. A
comparison of the hardness variations of NBS1 and Cm-
doped SONG68 glasses with those due to nuclear energy
deposition is shown in Fig. 4. Good agreement in the
hardness variation values and similar evolutionary trends
were observed; the saturated nuclear energy deposition of
relative variation in hardness of NBS1 glasses is close to
that in Cm-doped SON68 glasses. However, the saturated
electronic energy deposition in Cm-doped SON68 glasses
was 2.0 x 10%* keV/cm® and was far above that in NBS1
glasses shown in Fig. 5. Therefore, the hardness variation
in heavy-ion-irradiated NBS1 glasses can be mainly
attributed to nuclear interactions.

Many researchers have studied the hardness variations
in glasses. In Mir et al.’s work, BS3 and SON68 glasses
were irradiated by heavy-ion beams [16]. They found that a
significant modification of glasses was caused by nuclear
energy loss and high electronic energy loss when the
electronic energy loss was greater than 4 keV/nm. In this
study, the electronic energy loss was approximately 2.00,
1.75, and 0.45 keV/nm for Xe-, Kr-, and P-ions-irradiated
NBS1 glass, respectively; the values are all less than
4 keV/nm. As shown in Table 1, the maximum electron
energy depositions were all less than 3.0 x 10** keV/cm®.
(The nuclear energy deposition was mainly responsible for
the variations in the hardness of glasses with heavy-ion
irradiation when the electronic energy deposition was less
than 3 x 10** keV/cm® in the study of Peuget et al.
[7, 13, 15].) The hardness of the electron-irradiated sodium
borosilicate glasses was found to decrease approximately
by only 4% [14]; therefore, Yang et al. considered the
nuclear energy deposition to be the primary factor in the
evolution of hardness in borosilicate glass. The alpha
particles irradiation was found to induce evolution of the
glass hardness in the studies of Weber and Matzke, and
they also indicated that the decrease in hardness was
induced by nuclear energy deposition [11]. The hardness
variation with the nuclear energy deposition showed good
agreement with previous studies [7, 10, 15], indicating that
it was primarily caused by the nuclear energy deposition
effect.

The saturated nuclear energy deposition of the hardness
was proposed in different works. For example, the hardness
variation stabilized with the nuclear energy deposition of
5.5 x 10*° keV/cm? in sodium borosilicate glass [3]. The
saturated nuclear energy deposition was approximately
3.0 x 10%° keV/cm® in SON68 and R7T7 glass [7, 10, 15].
Peng et al. proposed that when the displacement per atom
(dpa) reached 0.02 (2.0 x 10?° keV/cm® of nuclear energy
deposition) [23], the hardness variation stabilized. The

saturated nuclear energy deposition of the hardness is
1 x 10%° keV/em® in ISG glass irradiated with helium ions
[12]. In addition, there was no systematic research
regarding the saturated nuclear energy deposition in
borosilicate glasses with heavy-ion irradiation before this
work. The saturated nuclear energy deposition in numerous
research studies is similar, being within the same order of
magnitude as shown in Table 2. The small difference in
saturated nuclear energy deposition is possibly caused by
the composition of the glasses.

4.2 Young’s modulus

Although the ion species are different, the maximum
decreases in the Young’s modulus are approximately
17.9% for NBS1 glasses. The decreasing trend of the
Young’s modulus variation obeys Eq. (8):

A—;z Ve(1- %), (8)
where E is the Young’s modulus of NBS1 glass, AFE rep-
resents the changes in the Young’s modulus (the difference
between the Young’s modulus of irradiated NBS1 glass
and that of pristine NBS1 glass), Vg corresponds to the
maximum of the relative variation in Young’s modulus,
and fg is the decay constant for the relative variation in
Young’s modulus. In the study of Karakurt et al., the
decrease of approximate 3% and 8% was observed in the
relative variation in Young’s modulus of the SON68 and
ISG glass with Au ion irradiation [12], respectively. The
relative variation in the modulus of SON68 glass doped
with ***Cm was approximately 15% [13]. The relative
variation in the modulus of ***Cm-doped glass was pre-
sented by Inagaki et al. [28]; the decrease in the modulus
was approximately 30%. This difference in the modulus
variation could also be caused by differences in the
chemical composition of the glasses.

As shown in Fig. 6, the Young’s modulus variation
decreased with the increasing nuclear energy deposition
followed by stabilization, where the nuclear energy depo-
sition is approximately 1.8 x 10°° keV/cm®. The Young’s
modulus variation of NBS1 glass with heavy-ion irradia-
tion is in good agreement with the study of Peuget et al.,
and they proposed that the Young’s modulus variation of
Cm-doped SON68 glass was induced by nuclear energy
deposition [13]. As shown in Figs. 4 and 6, the same
variation trend in the hardness and the modulus is
observed. The hardness variation stabilized at a nuclear
energy deposition of 1.2 x 10?° keV/cm®. Moreover, the
saturated nuclear energy deposition of the relative variation
in hardness of NBS1 glasses was close to that of the rel-
ative variation in Young’s modulus, and their orders of
magnitude are the same. The transformation region of
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Table 2 The saturated nuclear energy deposition in different studies

[Na,O] (wt%) Others (wWt%) Saturated nuclear energy

deposition (keV/nm3)

Study Type of glass [SiO;] (Wt%) [B,O3] (wt%)
Peuget et al. R7T7 45.5 14.0
Zhang et al. T 70.0 4.0
Yang et al. Tt 68.0 15.0
Karakurt et al. ISG 56.2 17.3
This work NBS1 58.2 16.8

9.8 30.7 3.0 x 10%°
17.0 9.0 5.5 x 10%°
9.0 8.0 5.0 x 10%°
12.2 14.3 1.0 x 10%°
25.0 0.0 1.2 x 10

Young’s modulus variation was also close to that of the
hardness variation. Therefore, it is probable that the vari-
ation in Young’s modulus is mainly caused by the nuclear
energy deposition.

5 Conclusion

Irradiation effects induced by 300 keV P ions, 4 MeV
Kr ions, and the 5 MeV Xe ions on borosilicate glass were
studied. According to the results, the nuclear energy
deposition on the saturation of relative variation in hard-
ness of NBS1 glasses is the same order of magnitude as
that of the relative variation in Young’s modulus. Fur-
thermore, the transformation region of the Young’s mod-
ulus variation was found to be close to that of the hardness
variation. The variations in Young’s modulus and hardness
with the nuclear energy deposition showed good agreement
with previous studies in the literature. Therefore, we con-
clude that the evolution of the Young’s modulus as well as
that of the hardness in the NBS1 glasses is primarily the
consequence of nuclear energy deposition.
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