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ABSTRACT:

We investigated the nanoscopic structure of borosilicate glasses as a host for high-level
radioactive liquid waste (HLLW) in the presence of the additives Na,O and CaO/ZnO with
and without Li,0. These additives have been used to lower the glass melting point, suppress
the macroscopic phase separation, and increase the chemical durability of glasses.
Small-angle neutron scattering was used to elucidate the effect of the additives on the
nanoscopic structure along with macro- and atomic-scale observations obtained using neutron
imaging and X-ray diffraction, respectively. The borosilicate glass made without Na,O
formed a microphase-separated structure of SiO,- and B,0O;-rich domains approximately 100
nm in size, and the material was homogeneous at length scales up to millimeters. With the
addition of increasing amounts of Na,O, the domain spacing decreased. Introducing CaO/ZnO
additives induced inhomogeneities in the glass, such as void structures several nanometers in
size, although the inhomogeneity was suppressed by the coaddition of Li,O. These results
provide insights into the performance of host glasses for HLLW vitrification. Incorporating
HLLW into glasses is likely to cause changes in the nanoscopic structure of host glasses

similar to those revealed here.

Keywords:
Nuclear waste vitrification, Borosilicate glass, Small-angle neutron scattering, Nanoscopic

structure



1. Introduction

During spent nuclear fuel reprocessing, uranium and plutonium compounds are removed
by a solvent extraction method called the PUREX process [1,2], which creates a large amount
of high-level radioactive liquid waste (HLLW) containing fission products [3,4]. HLLW is
often stabilized by vitrification using borosilicate glass to suppress its migration into the
natural environment after geological disposal [5-11]. Borosilicate glass tends to have a lower
melting point [6,7] than silicate glass and is water- and chemical-resistant, increasing the life
of the solidified waste glass in storage facilities. The physical (mechanical) and chemical
stability of vitrified radioactive waste is important for ensuring safe long-term storage.

Most fission products comprise dozens of metallic elements that form oxides in
borosilicate glass. Metal oxides can precipitate and phase separate [12,13], which leads to
inhomogeneities that can destabilize the glass. In particular, platinum group metals
(ruthenium, rhodium, and palladium) are sparingly soluble in the glass, and they are likely to
form crystalline oxides that accumulate at the bottom of the melter during unstirred
vitrification [14-21], which increases the electroconductivity and viscosity of the glasses [22].
This behavior interrupts the vitrification process [23,24], and the inhomogeneity caused by
the crystallization affects the mechanical properties of the glass. Similarly, alkali molybdate
crystals, which are called the yellow phase [25-28], appear in the glass as immiscible
agglomerations. These compounds are soluble in water, and thus may present an
environmental hazard. In addition, metal cations may act as network modifiers, which break

chemical bonds in the glass framework and become part of the framework themselves by



replacing the original metal oxides; as charge compensators at charge-defective sites in the
glass; or as network formers [29]. These effects strongly affect the glass stability. These
studies demonstrate the important role that the microscopic structure of glass containing
HLLW will play in the performance of the glasses.

Many studies of the sub-nanometer structure of borosilicate glass with and without metal
oxides have been performed [30-32]. For instance, X-ray diffraction (XRD) revealed the
structure of the host glass and whether the metal oxides were incorporated into the glass
framework [12]. The Bragg peaks in XRD helped identify the deposition of crystallized
oxides due to redox reactions that took place in the glass under certain conditions [33,34].
Synchrotron-radiation-based X-ray absorption fine structure (XAFS), a powerful tool for
elucidating the local coordination structure of selected elements and their valence state, was
used to understand the relationship and chemistries of alkali and alkali earth metals, noble
metals, and lanthanides in glasses. This is because each element has a specific absorption
edge energy [35,36]. The XAFS results allowed the vitrification technique to be further
developed.

Despite the many successes of the structural analyses using the methods described above,
they focus on length scales less than 1 nm. Consequently, further study is needed to identify
the characteristics and microscopic structures of the glasses on the nano- and meso-length
scales to understand their potential for HLLW vitrification. We believe that understanding the
effect of these additives on the borosilicate nanoscopic structure will advance the

development of fission product vitrification. Therefore, in this study, we investigated the



nanoscopic structure of borosilicate glasses as a host for HLLW in the presence of the typical
additives, Na,O and CaO/ZnO with and without Li,0, by using small-angle neutron scattering
(SANS) in addition to neutron imaging and XRD. The addition of Na,O and Li,O contribute
to lowering the glass melting point [37], which was attributed to cleavage of bonds in the glass
framework between Si and O, thereby increasing the number of non-bridging oxygens [38].
Ca0O/Zn0O 1is added to suppress inhomogeneities arising from macroscopic phase separation,
and they increase the chemical durability of the glass [37,39]. However, the nanoscale effects
of the additives on borosilicate glass remains largely unexplored, even though control of the
nanoscopic structure of borosilicate glass through phase separation (spinodal decomposition)
and crystallization (nucleation growth) is frequently used to fabricate advanced functional
materials, such as optical glass devices [40-44], sensors [45-48], and tissue engineering
devices [49,50]. The results of this study will contribute to the molecular and nanoscopic

morphology designs of HLLW host glasses, enabling highly stable and efficient containment.

2. EXPERIMENTAL
2-1 Materials

Granular borosilicate glasses, PF798, N10-798 (AGC Techno Glass Co., Ltd., Shizuoka,
Japan), and N4-798 (Union Ltd., Osaka, Japan) were used as received to fabricate glasses
with various Na,O contents. The compositions of PF798, N4-798, and N10-798 are listed in
Table S1 of the supplementary data. Reagent grade SiO, (Guaranteed Reagent), H3;BO;

(purity, >99.5%), Al,O5 (Special Grade), Na,CO; (purity, >99.8%), Li,COj3 (purity, >99%)),



CaCOj; (purity, >99.5%), and ZnO (purity, >99%) were purchased from FUJIFILM Wako

Pure Chemical Corporation (Tokyo, Japan) and used without further purification.

2-2 Sample preparation

Borosilicate glasses used for SANS measurements were composed of SiO,, B,03, Al,O3,
Na,O, CaO, ZnO, and Li,0 (Table 1). The Na,O fraction was gradually increased from
sample 1 to sample 4 while retaining similar proportions of the other glass components. The
samples in the set were made from mixtures of PF798, N4-798, and N10-798 with appropriate
amounts of the additives. Each mixture was loaded into an alumina crucible in a muftle
furnace, the temperature was gradually increased to 1150 °C, and the mixture was heated for
2 h under atmospheric air (Cat. No. SSH-3035, Tokyo Motoyama Syokai, Co. Ltd., Japan).
After 2.5 h at 1150 °C, the melted glass was stirred and poured into a graphite mold 30 mm in
diameter. The temperature was then decreased to 510 °C. The borosilicate glasses were kept
under ambient conditions, and the temperature was slowly decreased from 510 °C to room
temperature overnight. The compositions of samples 5-8 in Table 1 were controlled to
examine the effect of CaO/ZnO and Li,0 additives on the nanoscopic structure of the glass.
Samples 5-8 were produced from mixtures of the source glasses and additives to have the
noted ratios of Si0,, H;BO;, Al,O3, Na,CO5;, CaCOs, ZnO, and Li,CO;3. These mixtures were
heated at 1150 °C to induce the glass network forming reactions, and then they were cooled

and processed using the same procedure described above for samples 1-4.



The compositions of all the glass samples were verified by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES; Optima 7300 DV, PerkinElmer Co., Ltd.,
Waltham, MA). Each borosilicate glass used here was powdered and mixed with K,COs3, and
then it was thoroughly melted in a platinum crucible at 1000 °C. Concentrated nitric acid was
added to the glass melt to dissolve it so that the sample could be loaded into the ICP-AES
system at room temperature. The solidified borosilicate glass samples for SANS and XRD
measurements were cut and shaped with a wet cutting machine into thin disks that were 30

mm in diameter and 0.5 mm thick.

Table 1.
Composition of the borosilicate glasses as HLLW hosts.
Sample no.  SiO, (Wt%)  B,O; (Wt%) ALO;(Wt%) NaO (Wt%)  LiO (Wt%)  CaO (Wt%)  ZnO (wt%)

1 62.3 19.0 6.7 0 4.0 4.0 4.0
2 61.1 18.6 6.6 2.0 39 39 3.9
3 59.8 18.4 6.4 4.0 3.8 3.8 3.8
4 56.1 17.1 6.0 10.0 3.6 3.6 3.6
5 51.7 314 6.9 10.0 0 0 0

6 47.3 28.8 6.3 10.0 0 3.8 3.8
7 45.5 27.7 6.0 10.0 3.6 3.6 3.6
8 49.4 30.1 6.6 10.0 39 0 0

2-3 SANS measurements
Conventional SANS measurements were performed with the time-of-flight extended
g-range (EQ)-SANS spectrometer of the Spallation Neutron Source, Oak Ridge National

Laboratory, TN [51]. Four instrumental configurations of the instrument were used having

7



sample-to-detector distance (L) and single or double band of neutrons with wavelength (1),
L/A=8.0m/0.25-0.55 nm, 4.0 m/0.25-0.61 nm, 1.3 m/0.20-0.63 nm, and 1.3m/0.05-0.48 nm.
When combined, the configurations provide momentum transfer, g (= (47/4)sin(&2), where 0
is the scattering angle), in the range 0.05 nm™!' < ¢ < 10 nm!. The divergence of the incident
beam was defined by using a 25 mm diameter source aperture (except for the configuration
with L/4 = 8.0 m/0.25-0.55 nm, for which a 10 mm diameter source aperture was used) and a
10 mm diameter sample aperture. The scattered neutrons were detected with a
two-dimensional position-sensitive 3He detector 1.0 x 1.0 m in size having 192 x 256 pixels.
Data reduction was performed using standard procedures that were implemented in the
Mantid software package [52]. The scattering data were corrected for A-dependent sample
transmission, detector counting efficiency, and instrumental background on a pixel-to-pixel
basis. The reduced scattering intensity was then azimuthally averaged. The reduced data were
scaled into absolute units of reciprocal centimeters through a scale factor determined by
measuring a porous Si0O; standard [53]. After subtracting the scattering contribution of the air
from the sample scattering intensity distribution, the result was designated as /(g) and was
ready for data analysis.

I(g) in a lower g range (0.01-0.06 nm™') was measured for samples 1-4 with the SANS-J
spectrometer at the research reactor JRR-3 of the Japan Atomic Energy Agency (JAEA) in
Tokai, Japan [54]. The sample-to-detector distance was set to 9.0 m, while 4 and the
wavelength spread, A4/4, were set to 0.63 nm and 0.14, respectively. The incident beam was

defined using a 3.0 x 3.0 mm aperture at 11 m upstream of the samples and a 15 mm diameter



aperture at the sample position. The lenses focused the neutron beam on the detector plane of
the photomultiplier detector. The two-dimensional scattering data recorded by the
photomultiplier were corrected on a pixel-to-pixel basis for counting efficiency, instrumental
background, and air scattering. After azimuthally averaging the small-angle scattering
intensity distribution to produce the one-dimensional scattering data, the scattering intensity
was converted to the absolute intensity unit of reciprocal centimeter (cm') by scaling the data
to the SANS data obtained using the EQ-SANS, which was already calibrated with porous

Si0,, as described above.

2-4 Neutron imaging

A sample for neutron transmission imaging measurements was cut from a large piece of
sample 1 borosilicate glass. The sample was a hollow cylinder with an outer diameter of 20
mm, inner diameter of 13 mm, height of 43 mm, and wall thickness of 3.5 mm. Neutron
transmission imaging measurements were performed with the neutron imaging apparatus
RADEN (BL22) of the Material and Life Science Experimental Facility (MLF), the Japan
Proton Accelerator Research Complex (J-PARC) [55]. The average neutron transmission in
the neutron energy range of 1 eV to 1 keV was measured using a two-dimensional
micropattern neutron detector [56]. The pixel size of the neutron transmission images was

0.25 x 0.25 mm.

2-5 XRD measurements



A commercial benchtop X-ray powder diffractometer (MiniFlex II, Rigaku Co. Ltd.,
Tokyo, Japan) was used to obtain XRD patterns. The measurements were performed using Cu
Ka radiation with a wavelength of 1.54 A, operated at 30 kV and 15 mA. The XRD patterns
were recorded at room temperature at scattering angles (26) from 2° to 70° in 0.02° steps. The
thin disk-shaped samples 0.5 mm thick that were used for the SANS experiment were

measured rather than powdered samples.

4. RESULTS AND DISCUSSION
4.1.1 Na,0 addition: microphase-separated structure

Fig. 1 shows the SANS profiles obtained for samples 1-4 containing various Na,O
concentrations, Wya0, and similar Li,O, CaO, and ZnO concentrations (W0, Wea0, and
Wz10). The scattering maximum at ¢ ~ 0.07 nm! was observed with Wy,0 = 0 wt% (sample
1). This peak was evidence of the microphase separation between SiO,- and B,0O;-rich
domains on the nano-length scale. The fraction of SiO; in the borosilicate glass was much
larger than that of B,O;3; (Table 1), so the samples could be thought of as B,O; domains
dispersed in the Si0, matrix. Thus, the peak position, ¢, represented the average distance
between B,0;-rich domains, L. In this sample, L was approximately 90 nm, because L =
27/qm. The peak position shifted toward a higher ¢ with increasing Wy,,0 from 0 wt% (black
open circles) to 4 wt% (green open circles; L ~ 28 nm). At Wynno = 10 wt% (blue open

circles), the peak disappears, indicating that sample 4 was a miscible binary mixture. We
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postulated that the decrease of L with increasing Wy,y0 from 0 to 4 wt% resulted in smaller,
but more numerous, B,O;-rich domains. Adding Na,O to borosilicate glass induces -Si-O-Si-
bond cleavage, providing two dangling -Si-ONa bonds [38]. The change in the local glass
network structure on the angstrom-length scale decreases the size of SiO,-rich domains,
allowing the size of the B,O;-rich domains to decrease as the specific surface area increases.
This change caused the peak shift in the SANS profiles, and the further size reduction of the
Si0,-rich domains due to Na,O eventually produced a miscible state, as was observed for
sample 4 (Wya0 = 10 wt%).

The low concentration of Na,O in samples 14 likely produced a small number of BO,
groups [57]. Bray and O’Keefe reported that the change in the coordination number of boron
is related to the molar fraction of alkaline oxides, x, in the glasses. In alkaline borate glasses,
the ratio of BO,4 to B,Oj3 1s given by x/(1 - x) at x < 0.3 [58]. According to Table S2 in the
supplementary data, the values of x for samples 1-3 are smaller than 4 mol%. Thus, less than
4 % of the boron atoms formed BO, groups, and it was less than 10 % in sample 4. The
increase in the amount of BO4 groups in sample 4 enhanced the polar character of the
B,0Os-rich domains due to the entrapment of the charge compensators. This change would also
contribute to produce the miscible state without microscopic phase separation because

Si0,-rich domains are similarly affected by Na,O addition partially forming -Si-ONa bonds.
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Fig. 1. Double-logarithmic plots of the SANS profiles obtained for the borosilicate glasses as
a function of Wy,y0, which gradually increased from sample 1 to 4. Solid black lines are the
best-fit theoretical small-angle scattering profiles obtained by using Eqs. (1-3) and the

characteristic parameters listed in Table 2.

We used neutron imaging to confirm the relationship between the microphase-separated
structure on the nano-length scale and the macroscopic inhomogeneities. Fig. 2a and b shows
a photograph and a neutron transmission image of sample 1, respectively. The horizontal line
around Y ~ 19 mm is an artifact caused by the detector. Except for this region, the magnitude
of neutron transmission was higher than 0.46 over the whole sample. The neutrons were
transmitted throughout the entire sample, so the magnitude of neutron transmission was taken

12



as the integral along the entire neutron transmission path through the cylinder (i.e., the
Z-direction in Fig. 2b). The shape of the neutron transmission along the X-direction was
well-explained by the total path length through the material in the hollow cylinder projected
along a direction perpendicular to the axis of the hollow cylinder. The high penetrating power
of the neutrons allowed us to observe the interior of the bulk borosilicate glass wall having a
thickness of 3.5 mm. No inhomogeneities or defects larger than a pixel size of 0.25 mm were
found. This confirmed that the borosilicate glasses were macroscopically homogeneous over
the entire sample, which is in sharp contrast to the distinct inhomogeneity found on the

nanoscopic scale.
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Fig. 2. (a) Photograph and (b) neutron transmission image of the sample 1 borosilicate glass.

The color scale indicates the magnitude of neutron transmission.
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4.1.2. Quantitative analyses of nanoscopic structures

We employed a numerical analysis of the SANS profiles in the ¢ region of 0.03 nm'! < g
< 3 nm! to characterize the microphase-separated structures of samples 1-3 that showed the
scattering maximum. The scattering function of these glasses, /(g), is given by the product of

the form factor of the B,Os-rich domain, P(g), and its structure factor, S(gq),

I(q) = nV?AB?P(q)S(q) (1)

where 7 is the number of B,O3-rich domains per unit volume and AB is the scattering contrast
difference between the B,0Os-rich and SiO,-rich domains. V' is the average volume of the
B,0;-rich domains, and is given by 4nR3/3, assuming spherical domains with average radius
R. Accordingly, we assumed spherical microdomains for P(q) with polydispersity in the

particle size [59,60].

. 2
P(q) = [2einef ~aReosR) @

The distribution of R was calculated from the Gaussian profile of the standard deviation, og.
For S(g), which arose from the interference among the B,Os-rich domains, we used the hard
sphere model given by the Percus—Yevick formalism [61]. In this model, we replaced the

B,0Os-rich domains by equivalent hard spheres of radius, Rys, which had an excluded volume
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given by Rys and volume fraction # (= 4nnRys’/3) [62,63]. Rys can be approximated by R,

and then S(g) is written as

S(q) = [1+ 2406 /y)? )

where y = 2gR. G(y) was given by the functions of 7, as reported elsewhere [64]. Two
parameters, R and ok, were refined to give the best fit to the data and reproduce the
experimental SANS profiles. Table 2 shows the evaluated parameters and the calculated
values of 77 and L. The black solid lines in Fig. 1 show the best-fit theoretical scattering curves
obtained using Eqs (1-3). The values of L obtained for samples 1-3 agreed with the shortest
distance between the centers of adjacent B,Os-rich domains, namely, 2R, within 10 %,
indicating that the quantitative results were internally consistent. Interestingly, # was
independent of Wy, in these samples, whereas R changed dramatically with Wya»0. This fact
also implies that n tends to increase with Wy,0 due to the segmentation of the B,Os-rich
domains, and # is governed only by the volume fraction of B,0;. The increase of the
small-angle scattering intensity with decreasing ¢ at ¢ < 0.04-0.06 nm™! for samples 1-3 was
attributed to the scattering from the interfaces of the large domains containing the
microphase-separated structures formed by the SiO,- and B,0Os-rich domains. Therefore, the
model used here does not include the scattering in this low g region, which explains the

deviation of the calculated curves from the experimentally obtained SANS profiles.
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The findings obtained here revealed the microphase-separated structures of the glasses
created by additives, which can help guide development of high-performance vitrification
processes for HLLW treatment. With respect to the performance of these borosilicate glasses
as HLLW hosts, we speculate that some metal oxides may be contained in the B,0Os-rich
domains during the vitrification, whereas others are likely to be contained in the SiO,-rich
domains due to the different affinities of the metal oxides. The resulting localization will
probably affect the amount of oxides that can be confined in the glass, the leaching behavior

of the HLLW, and the mechanical properties of the glasses.

Table 2.

Characteristic parameters evaluated by SANS profile analyses.

Sample no. R (nm) o (nm) n L (nm)
1 41.2+0.1 9.4+0.5 0.30+0.01 90
2 304+0.2 7.4+0.5 0.30+0.02 65
3 143+0.2 4.0+0.3 0.28 £0.01 28

4.2 CaO/Zn0O addition with and without Li,O

Fig. 3 shows SANS profiles for samples 5—8, which examined the effect of CaO/ZnO
addition with and without Li,O on the nanoscopic structure of the borosilicate glasses that
should have been in a miscible state based on the Na,O content. In the absence of both

Ca0/Zn0 and Li,O (sample 5; black open circles), the scattering intensity for g < 0.2 nm’!
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displayed power-law scattering, I(g) ~ g% For these samples, the exponent, ¢, is close to 4
(i.e., the Porod law [65]). This behavior may result from sharp interfaces of the macroscopic
domains of at least 125 nm in size, because the low-q limit in the SANS experiment was g =
0.05 nm!' (27/0.05 ~ 125 nm). The small-angle scattering intensities of samples 5, 7 and 8
were very similar for ¢ > 0.2 nm!, and the strength of the signal was relatively small. This

suggests no specific nanoscopic structures exist within the glasses.
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Fig. 3. Double-logarithmic plots of the SANS profiles obtained for borosilicate glass samples
5-8 with and without CaO/ZnO additives and Li,O. Inset shows a Guinier plot of sample 6,
where the plot of In[/(¢)] versus ¢ is linear for gR, < 1, enabling R, to be estimated from the

slope. The black solid line shows the theoretical best fit.
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The SANS profile for sample 6 (red open circles), which contains CaO/ZnO additives,
but no Li,O, showed substantial small-angle scattering in the g region of 0.2 nm*' < g <5 nm-'.
The feature indicated the existence of an inhomogeneity several nanometers in size. Analysis
of I(g) of sample 6 with Guinier’s law [59,60] by plotting In[/(¢g)] versus ¢ (inset of Fig. 3)
showed that the radius of gyration, R,, of the inhomogeneity was approximately 1.1 nm.
Interestingly, CaO/ZnO addition had been thought to suppress macroscopic phase separation,
whereas our result indicated that it induced inhomogeneities on the nano-length scale. The
shoulder peak was not present in the SANS profiles of sample 7 (blue open circles),
corresponding to CaO/ZnO addition with Li,O, and sample 8 (green open circles), which
contained only Li,O. Thus, the coaddition of Li,O with CaO/ZnO reduced the nanoscopic
inhomogeneity of the glasses, and these results suggest that CaO/ZnO should only be used in
homogeneous glasses in conjunction with Li,O.

To understand the origin of the nanoscopic inhomogeneity in sample 6, XRD
measurements were performed to detect crystalline deposition. Fig. 4 shows XRD profiles of
samples 5—8, which were from the same thin disk samples used in the SANS measurements.
No sharp Bragg peaks were observed in the scattering patterns, indicating that there was no
precipitation of oxide crystals to within the sensitivity of the measurement. In contrast, two
broad humps were observed for all samples at 26 = 23.3° and 43.9° (d-spacing = 0.38 nm and
0.21 nm), which were attributed to the bonding of the glass framework. The intensity of the

diffraction peak at 26 = 23.3° increased with the increase in the SiO, contents. Furthermore,
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the peak position was shifted slightly by additives. This result suggested that the additives
were incorporated into the glass network, which led to a change in the average bond distance.
No major changes in the scattering pattern were observed in the XRD profile of sample 6
containing CaO/ZnO0, in contrast to the SANS profile, which showed a distinct shoulder peak.
These contrasting results suggested that the shoulder peak stemmed from voids and

nanoscopic inhomogeneities in the borosilicate glass rather than from crystalline precipitation.
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Fig. 4. X-ray scattering patterns for the borosilicate glass samples measured at room

temperature using Cu-Ka radiation.
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5. CONCLUSION

We used SANS, macro- and microscopic observations from neutron imaging, and XRD
to investigate the effect of the additives Na,O and CaO/ZnO with and without Li,O on the
nanoscopic structure of borosilicate glasses used as hosts for nuclear waste vitrification. A
microphase-separated structure of SiO,- and B,Os-rich domains about 100 nm in size was
observed in the absence of Na,O addition, even though the structures were homogeneous on a
millimeter-length scale. The domain spacing decreased as the Na,O content increased, and the
nano-length scale periodic structure disappeared at Wyao = 10 wt%. The results further
revealed that the CaO/ZnO additives caused inhomogeneities several nanometers in size,
although these features were suppressed by the coaddition of Li,O with CaO/ZnO. We expect
that these nanoscopic structures will affect the performance of borosilicate glasses as HLLW
hosts by impacting properties such as the amount of metal oxides the glass can retain, elution
behavior, and mechanical stability. We speculate that some metal oxides will not disperse
evenly in glasses having nanoscale inhomogeneities; that is, some metal oxides will be
distributed preferentially in a specific region, such as the SiO,- or B,0O;-rich domains.
Accordingly, the design of the nanoscopic structure of the glasses should be regarded as a
factor in the properties of high-performance HLLW host glasses, as well as the glass
framework structure on the angstrom-length scale. We believe that our structural findings will

contribute to the development of vitrification techniques for HLLW disposal treatment.
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Table 1
Composition of the borosilicate glasses as HLLW hosts.

Sampleno.  SiO, (Wt%)  B,Os; (Wt%) ALO;(Wt%) Na,O (Wt%) LiO (wt%)  CaO (wt%)  ZnO (wWt%)

1 62.3 19.0 6.7 0 4.0 4.0 4.0
2 61.1 18.6 6.6 2.0 3.9 3.9 3.9
3 59.8 18.4 6.4 4.0 3.8 3.8 3.8
4 56.1 17.1 6.0 10.0 3.6 3.6 3.6
5 51.7 314 6.9 10.0 0 0 0
6 473 28.8 6.3 10.0 0 3.8 3.8
7 45.5 27.7 6.0 10.0 3.6 3.6 3.6
8 49.4 30.1 6.6 10.0 3.9 0 0
Table 2.

Characteristic parameters evaluated by SANS profile analyses.

Sample no. R (nm) o (nm) n L (nm)
1 41.2+0.1 9.4+0.5 0.30 £0.01 90
2 304+0.2 74+£0.5 0.30 £0.02 65
3 143+£0.2 4.0+0.3 0.28 £0.01 28
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Figure captions:

Fig. 1. Double-logarithmic plots of the SANS profiles obtained for the borosilicate glasses as
a function of Wy,y0, which gradually increased from sample 1 to 4. Solid black lines are the
best-fit theoretical SANS profiles obtained by using Egs. (1-3) and the characteristic

parameters listed in Table 2.

Fig. 2. (a) Photograph and (b) neutron transmission image of the sample 1 borosilicate glass.

The color scale indicates the magnitude of neutron transmission.

Fig. 3. Double-logarithmic plots of the SANS profiles obtained for borosilicate glass samples
5-8 with and without CaO/ZnO additives and Li,O. Inset shows a Guinier plot of sample 6,
where the plot of In[/(¢)] versus ¢ is linear for gR, < 1, enabling R, to be estimated from the

slope. The black solid line shows the theoretical best fit.

Fig. 4. X-ray scattering patterns for the borosilicate glass samples measured at room

temperature using Cu-Ka radiation.
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