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Abstract
Glasses used for nuclear waste immobilization are subjected to high levels of radiation, and this may aect their
physicochemical properties. Alpha radiation is responsible for an important fraction of the radiation energy dissipated in
these glasses. It has been reported previously that some borosilicate glasses increase their density during irradiation while
the density of other glasses decreases. Although the density increase of silica after irradiation has been understood,
thanks mainly to molecular dynamics calculations and diraction experiments, the processes involved in more complex
glasses could be more varied. In this work we irradiated an aluminum-borosilicate glass which is a candidate for the
aforementioned purposes and which increases density during alpha irradiation from the 10 B (n,a) 7 Li reaction. We
studied the eects of alpha irradiation on its microstructure, using several experimental techniques, and subsequently
correlated the results. Small angle X-ray scattering (SAXS) measurements revealed the presence of inhomogeneities of
 in the untreated samples. After annealing these samples, TEM images displayed a contrast structure and
about 10 A
helium pycnometry revealed density changes, both typical of glass phase separation. After irradiation, the glass density
increased and the SAXS intensity decreased, indicating a compositional homogenization process in the samples subject
to a higher dose of irradiation. Atomic displacements were calculated by means of the TRIM [1] computer code. The
number of displacements produced by each 10 B(n,a) 7 Li reaction was estimated at 580 and involved distances of up to 15
 An increase in the density of the irradiated samples can be explained in terms of the atomic displacements produced by
A.
the nuclear reaction cascades of the reaction 10 B (n,a) 7 Li, in the scenario of pre-existing phase separation in the samples.
In the case of the aluminum-borosilicate glasses studied here, which exhibit a ®ne phase separation, the density of the Sirich phase increases with the incorporation of Na and B atoms. The B-rich phase also increases its density with the ¯ow of
Si atoms from the matrix. Vacancies created by irradiation in the glass structure, are responsible for a density decrease.
The ®nal eect is due to the sum of all contributions described, which in this case results in a net density increase of the
irradiated samples. An understanding of this phenomenon can lead to the design of new glasses which overcome radiation with a minimum of density change. Ó 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The eect of densi®cation of glasses by high
energy particles such as fast neutrons, alpha particles or recoil nucleus has been extensively studied
and is well known. Vitreous silica irradiated with a
2
fast neutron dosage of 2  1019 neutrons=cm
densi®es 2±3%. Further irradiation to 2 
2
1020 neutrons=cm causes dilation, with a partial
recovery of the densi®cation eect [2]. Bates et al.
[3] also found a 2% densi®cation of vitreous silica
2
when irradiated with 5  1019 neutrons=cm , and a
16% decrease in the density of a-quartz when irradiated with 9  1019 neutrons=cm2 . Mendel et al.
[4] found a density increase of 0.5% in a zinc-borosilicate glass doped with 244 Cm, which is an alpha emitter.
Marples [5] studied the dose rate eects of radiation damage to vitri®ed radioactive waste. Five
borosilicate compositions were doped with 238 Pu.
One of them increased its density and the other
glasses showed a density decrease when irradiated
with 238 Pu a-decay.
Sato et al. [6] studied density changes in four
borosilicate glasses. When subjected to the 10 B
(n,a) 7 Li nuclear reaction, one of them suered an
increase in density and the others exhibited a
density decrease. Messi et al. [7] found an increase
of about 1% in the aluminum-borosilicate glass
density after irradiation with thermal neutrons and
the products of the reaction 10 B (n,a) 7 Li (Fig. 1).
The authors also reported complete, or almost
complete, reversibility of the density changes
caused by radiation by subsequent thermal treatments. Marples [5] made a thorough study of the
density recovery in ®ve borosilicate glasses. He
reported that depending upon the glass composition, the recovery could be partial or total, annealing the irradiated glasses for long periods.
In all cases, several authors [3±7] agree that
the most important processes that play a role in
volume change, mainly those which generate a
density increase during irradiation, are not clear.
The aim of this work is to determine which are
the processes, that cause the density changes in
the dierent glass systems during irradiation.

Fig. 1. Density change vs. reactions/cm3 for dierent glasses as
measured by Mendel et al. [4], Marples [5], Sato et al. [6] and
Messi et al. [7]. In each case dierent nuclear reactions and
therefore dierent dissipated energy per reaction were used.
Lines are only a guide to the eye.

2. Experimental procedures and calculations
2.1. Phase separation in the splat-cooled glass
samples
The glass chosen for this work was the aluminoborosilicate glass (hereafter SG7 glass) since
it presented a marked increase in its density during
irradiation [7]. Its composition is wt% : SiO2 71:7;
B2 O3 8:33; Al2 O3 8:56; MgO 1:00; CaO 2:67;
Na2 O 7:44.
Glass samples were prepared by heating the
glass up to 1923 K. Then the melted glass was
poured and pressed between two stainless steel
plates (splat-cooled), in order to minimize phase
separation during sample preparation. Transparent, non-colored samples a few millimeters thick
were obtained by this technique. To con®rm the
presence of phase separation in this glass, which
later will be the key to explain the density increase after irradiation, isothermal treatments
were made at 998 K, and the evolution of phase
separation was studied by observation of opalescence, density measurements, and transmission
electron microscopy. X-ray diraction (XRD)
was used to determine the appearance of crystalline phases.
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2.2. Sintered glass samples: preparation, irradiation, SAXS measurements
Cylindrical samples of the powder glass SG7,
were obtained following the same procedures used
for the preparation of glasses intended to immobilize nuclear wastes. First, uniaxially pressing the
2
powder in a die at 1 kg=cm , their green density
3
being approximately 1:45 g=cm . They were sintered at 998 K during 3 h. Heating and cooling
rates of 5 K/min were used. They had a ®nal
density measured by immersion in water of
2:32 g=cm3 which was 97% of the theoretical
density. From the cylindrical samples, ten slabs
were cut, ground until 150 lm thick, and polished
on both sides with 6 lm diamond paste. Two
samples were kept without irradiation as reference.
Eight other samples were irradiated by pairs
with the four dierent neutron ¯uences listed in
Table 1, at the nucleus of the reactor RA6 (Research Argentine Reactor No. 6, S.C. de Bariloche,
Argentina). Samples were placed in an aluminum
capsule. Aluminum foils were placed between
samples and between samples and capsule to ease
heat dissipation from the samples towards the
capsule walls. Tin chips 6 N pure, were set among
the samples as indicators that the temperature
during irradiation did not reach the Sn melting
point, namely 505 K.
Although the 10 B neutron capture cross-section is
high for thermal neutrons, the thermal neutron ¯ux
is inevitably accompanied by epithermal and fast
neutron ¯uxes. The thermal, epithermal and fast
neutron ¯uxes, to which the samples were subjected,
were measured using activation detectors.
Thermal and epithermal ¯uxes were measured
as described in [8], using an Al±Co alloy (Co

177

content 0.491 wt%) [9] and a deposition of AgNO3
solution on ®lter paper, respectively.
The fast neutron ¯ux was measured with Ni as
monitor, considering an energy spectrum of neutrons corresponding to that of the thermal ®ssion
of 235 U. The used nuclear parameters were taken
from standard tables [10±14].
2.3. SAXS measurements and data analysis
Phase separation in the sintered glass samples,
before and after the irradiation of the glass with
thermal neutrons and the products of the reaction
10
B(n,a) 7 Li was characterized by small angle
X-ray scattering (SAXS).
For a system of polydispersed particles (inhomogeneities or scattering centers) within a matrix,
with a contrast in its electronic density Dq, diluted
and isotropic, the scattered X-ray intensity I q
can be expressed as
Z Rmax
I q 
g RI1 q; R dR;
1a
Rmin

where
R Rmax g R is the distribution of particles' sizes and
g R dR  n, with n the density of particles
Rmin
per unit volume and I1 q; R is the scattered intensity originated by one particle. I1 q; R can be
expressed as
I1 q; R  Dq2 m R2 f q; R2 ;

1b

where m is the particle's volume and f q; R is a
geometrical shape factor [15].
In our experiments, the synchrotron light
source of the Brazilian National Synchrotron
Light Laboratory (LNLS) was used, with
 at a sample±detector distance 
k  1:608 A,

Table 1
Neutron ¯uences and calculated reactions corresponding to dierent irradiated samples
Sample pair

Thermal neutron
¯uence 1017 cm 2 

Epithermal neutron
¯uence 1015 cm 2 

Fast neutron
¯uences 1016 cm 2 

Calculated 10 B (n,a) 7 Li
reactions (1017 cm 3 )

1
2
3
4

1.71  0.05
3.48  0.11
4.52  0.12
11.35  0.34

7.0  0.7
13.4  1.3
14.9  1.8
44.0  4.2

5.3  0.2
10.7  0.4
13.4  0.4
31.6  1.0

4.30
8.81
11.44
28.73
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571.03 mm which allowed the measurements of the
scattered radiation from q  0:01 A 1 qmin  up to
q  0:5 A 1 qmax . The general experimental setup
is described in [16].
For each scattering curve measured, the intensity was corrected for standard instrumental factors as well as for sample attenuation. The
background intensity was subtracted ®tting a second-order polynomial for the Porod region (i.e.
for high values of the scattering vector q) according to Eq. (2) [17]:
I qq ! 1 

KP
 b 0  b1 q 2 ;
q4

2

where KP is the Porod constant, b0 and b1 are the
constants related to the background intensity. All
three constants were determined by ®tting Eq. (2)
to the experimental curves. The Porod invariant Q,
was calculated using Eq. (3) and following the
procedures detailed in [18]:
Z 1
Q
I qq2 dq:
3
0

For a polydisperse system of spherical particles
the invariant Q and the Porod constant KP are
related to a moment of the mean particle radius
R according to Eq. (4). The quantity hR3 i=hR2 i,
often called the Porod radius RP , represents an
average dimension of the scattering centers.
RP 

3Q
h R3 i

:
2
hR i pKP

4

In order to obtain the particle size distribution, a
standard program (GNOM [19]) was used to
calculate the volumetric size distribution functions for the dierent irradiated samples, assuming the existence of one population of spherical
particles. To check the validity of the distribution
obtained with the GNOM program special attention was given to: (1) the quality of the ®t of
the calculated intensity to the measured intensity,
(2) the agreement of the Porod radius RP (calculated using Eq. (4)) with the R value corresponding to the maximum of the size distribution
curve, and (3) the agreement of the Porod radius
RP with the value hR3 i=hR2 i calculated from the
volume distribution of particles with radius R,

V R obtained from GNOM as indicated in Eq.
(5):
R1
V RR3 dR
h R3 i
0
R

:
5
1
h R2 i
V RR2 dR
0
2.4. TRIM calculations
The radiation damage caused to the glass by the
a-decays and Li-recoils from the 10 B(n,a) 7 Li nuclear reaction, consists mainly in heavily damaged
zones around their tracks (cascades), and the build
up of damage involves the increase in the number
of such zones in the glass.
The TRIM computer code was used to calculate
the cascade corresponding to each nuclear reaction
10
B (n,a) 7 Li. Energies of 1.8 MeV for the alpha
particles and 1 MeV for the Li ions, binding energies of 2 eV and an energy threshold for atomic
displacement of 20 eV, were used during the calculations. The glass composition was simpli®ed to
14Na2 O  14B2 O3  72SiO2 .
The cascade is characterized mainly by the following calculated quantities: Ion longitudinal and
transversal range, ion energy dissipated in creating
vacancies, recoil energy dissipated in creating vacancies, space distribution of each type of displaced atoms excluding atom replacements, space
number distribution of vacancies and space distribution of the energy dissipated in each type of
atoms.

3. Results
3.1. Phase separation of the splat-cooled SG7 glass
The sample annealed at 998 K exhibited a slight
bluish opalescence typical of phase separation. The
opalescence increased as a function of annealing
time. After 45 h the opalescence was evident with
the naked eye and after about 300 h the samples
became milky.
Fig. 2 shows the microstructure observed with
TEM for the glass after 310 h of thermal treatment
at 998 K. A connected two-phase structure is
found, with typical size of a few nanometers. XRD
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Fig. 2. TEM photograph corresponding to the glass after 310 h thermal treatment at 998 K (TEM analysis carried out at the
Laboratorio de Caracterizacß~ao Estrutural ± DEMA-UFSCAR with a Philips CM 120 TEM). The image was obtained on a thin region
of crushed particles. Photograph width: 150 nm.

spectra corresponding to the sample of Fig. 2, exhibits a glassy structure, indicating that no crystallization occurred during the thermal treatment.
Fig. 3 shows the evolution of the glass density
during phase separation at 998 K, as measured
with a helium pycnometer. The density decreases

about 0.5% in the ®rst hour, and after that it becomes stable, this density plateau is accompanied
by a strong increase in opalescence which is assigned to the coalescence of smaller particles of the
dispersed phase.
Both new glassy phases are expected to be less
compact than the original `homogeneous' glass
since the following facts are known: silica glasses
increase their density when alkaline ions or B are
incorporated into their network and vice-versa [20].
3.2. Phase separation in the sintered SG7 glass
samples

Fig. 3. Evolution of the glass density during phase separation
at 998 K, as measured with a helium pyknometer. Dashed line is
only a guide to the eye.

During the thermal treatment for sintering, a
®ne phase separation structure is developed in the
samples, which can be studied by SAXS.
Fig. 4 shows a typical SAXS curve for the sintered glass SG7, plotted as ln I vs: q2 . It is found
that the region of small q values did not have a
linear behavior, indicating polydispersity and a
particle size distribution. These features are common to non-irradiated and to irradiated samples.
Fig. 5 shows a typical ®t of the measured scattered

amplitude as calculated with the GNOM software
package.
Fig. 6 displays the particle size distribution
function calculated for a number of samples, before irradiation. It is remarkable that the similarity
in particle size distributions among the samples
 In Table
presents a maximum at about R  10 A.
2 we show a comparison among the Porod radius
RP , the radius corresponding to the maximum
volume of particles obtained with GNOM (Rmax ),
and the Porod radius hR3 i=hR2 i calculated with the
particle size distribution obtained with GNOM.
For each sample, and within the experimental errors, these three values are totally consistent.
The particle size distribution found with SAXS
in a sample quenched from the melt in air, was
quite similar to that of the sintered sample. Then
we discard the possibility that the distribution
detected by SAXS in the sintered samples be a
surface eect of the sintering process.
After irradiation, the same size distributions
were obtained for each sample except for those irradiated with the higher ¯uence which showed a
decrease in the volume of dispersed particles as is
shown in Fig. 7. These results indicate that the
samples exhibit ®ne phase separation, which is
typical of borosilicate glasses near this composition
[21]. This feature is maintained during irradiation
at lower doses. At a high number of reactions
(3  1018 reactions=cm3 ), due to the fact that a high
fraction of the sample atoms have been displaced
by cascades, a composition homogenization process begins, which produces a decrease in the electronic density dierence between phases and
possibly also a decrease in the number of particles.
Calculations with TRIM performed in this work,
allow an atomical view of the cascades generated
by the 10 B(n,a) 7 Li reactions. Fig. 8 shows the ®nal
position distribution of the dierent atom types
involved in a cascade originated by a 1.8 MeV alpha particle in the borosilicate glass. A high displacement density is seen at 5:3 lm, which is the
longitudinal range of the alpha particle as indicated
in Table 3. A similar displacement density is obtained for Li recoils but peaked at 2:47 lm.
Alpha particles dissipate 0.02% of their energy
in generating vacancies and 0.57% is transferred to
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Table 2
Comparison of the Porod radius RP , the radius corresponding to the maximum volume of particles obtained with GNOM Rmax , and the
Porod radius hR3 i=hR2 i calculated with the particle size distribution obtained with GNOM



Rmax GNOM A
CalculatedhR3 i=hR2 i A
Sample
RP Porod A



0.3 A
1.1 A
1.3 A
B3
B4
B5
B6
B7

9.7
10.4
9.7
9.8
9.8

9.8
8.4
8.0
10.4
8.0

9.7
9.9
8.0
10.4
7.4

pha and Li ions) ranges are of the order of micrometers the recoil atoms (Si, O, B, Na) generated
in each cascade have ranges, estimated with
 This range for recoil atoms,
TRIM, less than 15 A.
although small, is sucient to displace many of the
atoms from the particles whose dimensions are

approximately 10 A.

4. Discussion

Fig. 7. Calculated distributions of particle sizes before and
after irradiation with maximum ¯uence. Inset: SAXS intensities
from which the size distributions were obtained.

 vs. distance from glass surface,
Fig. 8. Displaced atoms/ion/A
ion beam perpendicular to glass surface. Distance measured in
the direction of the beam.

recoil atoms. Li atoms dissipate 0.02% of their
energy in generating vacancies and 2.33% is
transferred to recoil atoms. Although the ion (al-

Displacement of atoms from their positions in
the glass network, caused by irradiation cascades,
can give rise to a number of structural changes.
When vitreous silica is irradiated a density increase
occurs due to a change in the distribution of Si±O
ring sizes as demonstrated by [22].
We propose that, in glasses with phase separation or physical inhomogeneities, apart from the
change in the distribution of Si±O ring sizes, other
processes can contribute to the density change in
these glasses. We know from the literature that one
of the glassy phases present in borosilicate with
phase separation is enriched in B and Na and the
second glassy phase is enriched in Si [23,24].
Table 4 lists, for the alumino-borosilicate
studied here, the dierent atomic processes associated to the displaced ion's (glass former or glass
modi®er) and their possible eect on the bulk
density (#: density decrease, ": density increase).
We propose that density changes during irradiation are associated with the generation of vacancies and also with an eective transport of
atoms between inhomogeneities or separated
phases of the glass and the matrix. This transport
will be more eective when the size of inhomogeneities is of the order of the range of displaced
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Characterization of a
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B (n,a) 7 Li cascade

Range (lm)

Straggle (lm)

Longitudinal
Lateral

Alpha particles: vac/ion  180
5.29
0.16
0.20
0.26

% energy

Ions

Ionization
Vacancies
Phonons

Alpha particles: 1.8 MeV
99.45
0.15
0.01
0.01
0.06
0.41

Displaced
atom

O
Si
B
Na

hEi=ion

Range (lm)

Li ions: vac/ion  363
2.47
0.18
0.19
0.25

Recoils

eV


Range A
Less than

Alpha particles: 1.8 MeV
57
15
65
15
39
15
50
15

Straggle (lm)

Number of
displaced
atoms/ion
110
50
9
11

Ions

Recoils

Li ions: 1 MeV
97.5
0.02
0.14

0.98
0.05
1.30

hEi=ion

eV

Li ions: 1 MeV
66
71
42
54


Range A
Less than

Number of
displaced
atoms/ion

15
15
15
15

221
101
18
23

Calculations made with TRIM. Alpha particles (1.8 MeV) and Li ions (1 MeV) in a borosilicate glass.

atoms. For the glass composition studied in this
work, phase separation gives rise to inhomogene
ities, with a size distribution peaked at about 10 A,
as our results from SAXS show in Fig. 6.
From TRIM calculations we learned that the
range of displaced B, Na and Si atoms is about
 allowing B and Na atoms to migrate
10±15 A,
from the B- and Na-rich regions to the Si-rich
matrix. The latter is experimentally proved by the
fact that at high radiation doses, the small angle
scattered X-ray intensity decreases, indicating a
decrease in the electron density contrast between
the matrix and the dispersed phase (See Fig. 7 and
Eq. (1a) and (1b)) or a decrease in the number of
the X-ray scattering centers. It is known that, for
all binary alkaline silicates, the incorporation of
the alkaline ions into the reticular holes originates
a higher mass concentration (compared to that of
vitreous silica) with sometimes a small increase in
volume, and a concomitant density increase
[23,24]. (Process 8 in Table 4.)
The molar replacement of SiO2 by B2 O3 produces a decrease of the partial volume of oxygen,
since the boric anhydride possesses a more compact structure than that of vitreous silica, due to
the higher ®eld intensity (Process 4 in Table 4) of
the B3 ion. Moreover, the transport of Si atoms

from the matrix towards the B, Na reach particles,
decreases electrostatic repulsion among BO4=2
glass atomic aggregates [24]. (Process 5 in Table 4.)
Then events of the type 4, 5 and 8 dominate over
processes 1,2,3, 6 and 7 resulting in a glass density
increase. We note in Fig. 3, that density decreases
with phase separation. Radiation cascades, with
an eective ion transport among phases homogenizes the glass, and the density increases.
Thermal treatment should reverse the eect of
radiation, allowing phase separation, leading to a
new decrease in density. This would be the cause
for the thermal reversibility eect in glasses with
phase separation. Nevertheless the structure of the
separated phases, depends on whether the temperature of annealing is lower or higher than the
immiscibility temperature of the metastable liquidphases and on annealing time [24]. In an ideal
`homogeneous' glass, density changes due to radiation could only involve processes 1, 2, 3, 6 and 7
listed in Table 4.
If that homogeneous glass, did not include any
modi®er, only 1,2 and 3 remain as possible events.
This is the case for vitreous silica, which has a very
open structure, as we conclude by comparing the
density of vitreous silica 2:20 g=cm3 with that of
a-quartz 2:64 g=cm3 [5]. Vitreous silica accommo-
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Table 4
Some possible processes that can produce glass density change during irradiation of the alumino-borosilicate studied in this work
Atom type

Mechanism considered

Observation

q

Glass former

1 ± Atom is displaced from its position in the
glass network by ion or other recoils, a
`vacancy' is created
2 ± Displaced atom, ends its trajectory in an
interstitial (crystal's interstitial-like) position
3 ± Displaced atom ends its trajectory in an
opened site of the same glass former

 Always occurs

#

 Occurs associated to mechanism 1

#

 Occurs associated to mechanism 1
 Needs an open structure
 Needs inhomogeineties to result in a
preferential direction
 Range of recoils > inhomogeneities sizea
 Occurs associated to mechanism 1
 Needs phase separation
 Range of recoils > inhomogeneities size
(some borosilicate glasses)
 Needs phase separation
 Range of recoils > inhomogeneities size

"

 Always occurs

#

 Occurs associated to mechanism 6

#

 Occurs associated to mechanism 6
 Needs phase separation to result in a
preferential direction
 Range of recoils > inhomogeneities size

"

Glass former
Glass former

Glass former

4 ± Displaced atom ends its trajectory in an
opened site of a dierent glass former
(B incorporates in SiO2 glass)

Glass former

5 ± Displaced atom ends its trajectory and
incorporates to other oxide glass decreasing
electrostatic repulsion among atomic aggregates (Si incorporates in BO4=2 glass)
6 ± Atom is displaced from its position in the
glass network by ion or other recoils, a vacancy
is created
7 ± Displaced atom, ends its trajectory in an
interstitial (crystal's interstitial-like) position
8 ± Displaced atom ends its trajectory in an
open site within a dierent glass composition
(Na from the B/Na-rich particles incomes the
Si-rich matrix)

Glass modi®er
Glass modi®er
Glass modi®er

"

"

(#: density decrease, ": density increase).
a
Note that range of recoils (Si, O, B, Na) is not range of ions (alpha,Li).

dates 17% less mass than a-quartz. During
irradiation with fast neutrons, silica density increases 2±3% [5]. Then, the prevailing eect is that
due to mechanism 3 in Table 4. Although silica is
one of the best studied materials, there are some
aspects of its structure which still remain to be
elucidated, as the presence of large scale inhomo according to
geneities with sizes of about 10 000 A
SAXS measurements [25]. In short, a density
increase could only happen in the presence of
chemical inhomogeneities (phase separation) or
physical inhomogeneities (open structure of vitreous silica).
5. Conclusions
From the results obtained in this work, we can
propose a number of processes that play a role in

the density change during the irradiation of an
alumino-borosilicate glass which exhibits glass
phase separation. Some of them promote a density
decrease, others a density increase. During irradiation they exist simultaneously and the balance of
all these eects will decide if density increases or
decreases.
The atomic processes identi®ed as responsible
for the ®nal structure are: creation of `vacancies',
`interstitials' and the associated matter transport
through inhomogeneities or dierent phases of the
sample. If recoil ranges are of the order or greater
than the typical size of the inhomogeneities, these
inhomogeneities will tend to disappear as a consequence of cascades. For each type of particle, the
irradiation eect on the density of the glasses must
be studied.
For borosilicate glasses without phase separation we expect a density decrease after irradiation.
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For borosilicate glasses with phase separation, we
have to consider two cases: (1) if there is a ®ne
phase separation, there is a density increase. (2) if
the typical size of the inhomogeneities is considerably greater than the ranges of the recoil atoms,
we expect a decrease in density. The thermal
damage recovery expected depends on whether the
same metastable liquid phase separation is accomplished or not.
Further research would be welcome in this ®eld,
leading to the design of glasses with the desired
response to irradiation by controlling phase separation or the size distribution of inhomogeneities.
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