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Quasi-melting of micro- and nano-samples during transmission electron microscope irradiation of glassy
materials is analysed. Overheating and true melting by the electron beam is shown not to be an expla-
nation due to the ultra-sharp boundary between transformed and intact material. We propose that the
observed fluidisation (quasi-melting) of glasses can be caused by effective bond breaking processes
induced by the energetic electrons in the electron beam. The bond breaking processes modify the effec-
tive viscosity of glasses to a low activation energy regime. The higher the electron flux density the lower
is the viscosity. Quasi-melting of glasses at high enough electron flux densities can result in shape
modification of nano-sized particles including formation of perfect beads due to surface tension. Accom-
panying effects, such as bubble formation and foil bending are revisited in the light of the new
interpretation.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Irradiation behaviour of materials is a topic of high current
interest. Two groups of research fields with major relevance of irra-
diation modification effects of materials, especially for ceramic and
glassy materials, can be identified:

(i) Nuclear applications are an obvious example of permanent
irradiation exposure, such as for construction materials or
functional materials in current or future generation of
nuclear reactors of fission and fusion type. Furthermore, vit-
reous materials have been chosen for several decades as the
preferred option to immobilise nuclear waste and usage is
planned to be expanded in forthcoming years. Special
oxide-ceramics on the other hand are prospective host
matrices for specific nuclear waste streams, less suitable
for glasses, e.g. Pu.

(ii) Nanotechnology and its rapidly increasing number of pro-
posed novel device architectures has generated a need to
develop a large variety of nano-patterning techniques for
surface modification, e.g. for substrate pre-patterning pre-
ceding growth processes, for direct data storage, or for nano-
scale template replication processes.

The effect of irradiation on properties of ceramic and glasses has
been examined extensively in the past (see [1–5]).

We can classify primary irradiation effects in glassy materials
into amorphisation, densification, and viscosity diminution to be de-
ll rights reserved.
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tailed in the following, while other observations of radiation-in-
duced effects such as variations in refractive index, and
mechanical properties have been identified as well [4,5].

Amorphisation of crystalline materials is the most evident result
of irradiation and currently is intensely investigated for many po-
tential nuclear waste host materials [4,6]. The amorphisation oc-
curs at very high accumulated doses, e.g. critical amorphisation
doses expressed in displacements per atom (dpa) are 0.2–0.3 for
zirconolite, 0.3–0.4 for zircon, and far higher (>10) for zirconia
and monazite.

Densification has been found, e.g. in fused silica on prolonged
exposure to high-energy neutron, electron, and c-ray radiation
[7]. The densification of fused silica occurs also on exposure to pho-
tonic, e.g. laser radiation [8]. Both high-energy particle and laser
radiation-induced densifications involve weakening of interatomic
bonds and subsequent relaxation effects. The amorphous SiO2 den-
sification is caused by radiation-induced breaking of bonds and
subsequent rearrangements of the SiO2 ring network into more
compact rings with the density eventually saturated with fluence
[7]. Ion irradiation of amorphous solids also revealed stress relax-
ation and surface smoothing.

Viscous flow below melting temperature has been demonstrated
[9–12]. The radiation-induced viscosity of amorphous silicon was
estimated as 1013 Pa s, which was approximately four orders-of-
magnitude smaller than thermally-activated shear viscosity of
non-irradiated amorphous silicon at room temperature. The vis-
cosity diminution in the presence of the ion beam was explained
as due to the creation of broken bonds by the ion beam that
otherwise would have to be created by thermal activation [9]. In
situ wafer bending measurements demonstrated that radiation-
enhanced viscous flow is Newtonian, i.e., the strain rate is
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Table 1
Composition of glasses studied (mol.%).

Glass/
oxide

SiO2 B2O3 Al2O3 CaO Li2O Na2O CeO2 ZrO2 Cr2O3

A 57 8 8 27 – – – – –
B 51.5 25.6 – – 4.3 8.6 4.0 4.0 2.0
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proportional to the stress [11]. It was also found that the radiation-
enhanced fluidity increases with increasing radiation energy loss
(or ion mass) and the radiation-induced viscosity is approximately
inversely proportional to the nuclear energy loss [10]. This con-
forms well to viscous flow mediated by flow defects in which the
viscosity is inversely proportional to the concentration of defects
that contribute to viscous flow [13]. The averaged viscosity is in-
versely proportional to the number of flow defects created by radi-
ation per unit length due to the fact that before any defects have
annihilated, the number of flow defects per unit length is propor-
tional to the radiation energy loss [9,10]. It is important to note
evidences on changes in the activation energy of flow. It was found
that for irradiated silicon the activation energy of viscosity was
smaller than 0.3 eV compared to 1.8 eV of non-irradiated material.
As the activation enthalpy for thermally activated flow in non-irra-
diated amorphous silicon is roughly equal to the energy required to
break a bond (1.8 eV) this difference in activation energy demon-
strated that the radiation-enhanced flow is not governed by bond
breaking but rather by bond motion [9]. Studies of electron beam
induced sintering of submicrometer particles demonstrated that
the viscosity of amorphous silica drastically decreased by many or-
ders-of-magnitude in a 200 kV TEM electron beam of 10 A/cm2

current density on the specimen [15]. Although the temperature
in those experiments was not higher than a few hundreds centi-
grade, the viscosity was as low as 108–109 Pa s, which would cor-
respond to temperatures above 1400 �C. Such low viscosity of
irradiated amorphous silica was attributed to the increase of defect
concentration associated with the local structure [14]. While bond
breaking is an appropriate picture for covalent materials, in ionic
ceramics bonds are merely forces between ionic pairs at given dis-
tance. Irradiation acts here to alter coordination and bond dis-
tances, to alter the valence of adjacent cation or anion, or to
generate point defects. Molecular dynamics simulations have also
demonstrated that point defects (Frenkel pairs) provide an efficient
mechanism for radiation-induced viscous flow of solids [15]. By
simulation of the injection of interstitial and vacancy like defects
it has been demonstrated that point defects induce the same
amount of flow as the recoil events, indicating that point-defect-
like entities mediate the flow process in solids even at 10 K. It
was concluded that the radiation-induced flow does not require
thermal spikes (local melting) and that point defects equally, or,
in many cases, more efficiently provide the viscous flow, which
earlier has been associated with thermal spikes (local melting)
[15].

Electron beam irradiation damage in glasses is a topic of interest
in concern with its consequences during the electron microscope
studies and as an instrument to simulate the beta-decay irradiation
damage [1–3]. Two main types of electron irradiation damage are
radiolysis and knock-on damage [16]. Radiolysis involves damage
to the electronic structure, including the breaking of the chemical
bonds, which can lead to atom displacement as a secondary effect.
Knock-on damage on the other hand involves the direct displace-
ment of atoms via kinetic energy transfer, which could be followed
by electronic structure rearrangement. In both cases point defects
will be generated to various extents. A part of the electron beam
energy is transferred to the specimen via electron–phonon scatter-
ing which causes specimen heating [17,18]. The higher the electron
dose, the higher the energy transferred to the specimen. The
amount of heating in the TEM is still a matter of controversy and
debate. Estimates range from almost negligible temperature rise
to true melting and sublimation. It was proposed that the quality
of heat flow connection to the specimen support can affect the
temperature change from a few degrees up to melting [16,19]. Ul-
tra-fine hole drilling with nanobeams has been interpreted as
achieving very localised melting and ablation by evaporation even
in metals on well conductive supports due to kinetic heat transport
delays [19]. There is more widespread agreement that heating can
be significant for non-metals although estimates again largely vary
on conditions. Si nanocrystals have been calculated to heat up by
20 �C [20], while SnO2 nanorods heat up by 350 �C [21] Heating ef-
fects are typically managed using thinner specimens, coatings with
conducting materials such as carbon or gold, or usage of cooling
holders. Radiolysis is the main source of damage for glasses in
100–200 kV TEM and is caused by bond rupture and bond recon-
struction with possible molecular oxygen formation; at high elec-
tron irradiation dose alkaline earth boroaluminosilicate glasses
undergo phase separation into silicon rich and cation rich phases
which is attributed to the rupture of silicon–oxygen–metal bonds
[22–24].

This paper aims to give experimental and theoretical evidences
on electron beam radiation-induced fluidisation (quasi-melting) of
borosilicate glasses, based on our recent discovery of in situ (live)
observation of the formation of glass beads out of any irregularly
shaped micro- and nanofragment of this kind of glasses [25].
2. Experimental

The glasses studied in this work have been melted as described
before [25,27], to result in compositions of Table 1, where ‘‘glass A”
is a Ca-alumino-borosilicate, and ‘‘glass B” is a Li–Na Borosilicate
(with Ce–Zr–Cr-doping).

Glasses were batched from reagent grade powders of oxides and
carbonates, melted at 1400 �C for 5 h including stirring. Subse-
quently the melt was annealed for 1 h at 570 �C with cooling into
metal forms with rectangular block shape.

Glass blocks of 300 g have been cut into slices from the inner
material, and subsequently fractured and grinded by pestle-and-
mortar into finest powders. After suspension of the powder in
acetone to allow settling of the bigger particles, drops of the sus-
pension have been dispersed on a Cu-grid with carbon film (Agar
Scientific, Inc.). Amongst the variously shaped electron transparent
fine micropowders, some fibre shaped fragments of 1–5 lm diam-
eter have been found particularly useful for this study.

In a first experiment (Figs. 1 and 2), electron irradiation in a
JEOL JEM-2010F field-emission gun TEM at 200 kV has been per-
formed using the largest condenser aperture and spot size, giving
a beam current of �4 nA. Exposure of a sharp, rugged glass fibre
end of glass A (Fig. 1a), fractured during preparation, has been per-
formed for up to 30 min with a beam diameter of �1000 nm (edge
of beam visible in Fig. 1c). The transformation under these condi-
tions is found to be very slow and can be easily observed in situ.
In a first stage, for up to �10 min, flattening of the rough surface
is found as a primary process followed by a second stage compris-
ing the slow overall shape transformation of the entire fragment
until a seemingly perfect spherical bead shape is achieved. While
the shape transformation at high magnification appears as a
two-dimensional process, imaging with larger field-of-view in
bright-field scattering contrast condition (Fig. 2) reveals a three-
dimensional bead shape by means of thickness-contrast. Fig. 2 also
proves that the transformation is exactly limited to a cylindrical re-
gion located inside the electron beam and sharply separated from
the un-irradiated area, which seems to be completely unchanged.
This observation is a first prove that pure thermal heating cannot



Fig. 1. Transformation of the rough end of a fractured Ca-alumina-borosilicate glass fibre (a) into a rounded fibre end (b) and finally a spherical glass bead (c) under electron
irradiation in a moderately focused beam (�1000 nm diameter); JEM-2010F FEGTEM, total irradiation time 30 min. Arrows indicate the (transient) formation of bubble-type
contrast.

Fig. 2. Low-magnification image of the final result after the transformation of Fig. 1.
In bright-field scattering contrast, the 3D bead shape can be estimated by the gray-
levels, and the damage zone which was irradiated is clearly separated from the
undamaged fibre by a white line (arrow). Fully defocused beam which does no
longer sustain any further damage to the glass.
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be the sole reason for this phenomenon, as temperature would not
fall sharply at the edge of the beam. A secondary effect of interest,
although not new as an observation (see [3] for the attribution of
bubbles to molecular oxygen release), is the intermediate forma-
tion of bubble-type contrast in such glasses (see arrow in
Fig. 1c). The bubbles seem to generate and subsequently grow dur-
ing the second stage of shape transformation.

A second group of experiments has been carried out in a differ-
ent TEM, a JEOL JEM 3010 LaB6 microscope, which allows to irradi-
Fig. 3. Shape change of globular glass fragments into glass beads through electron irradi
is compared to two (different) examples of transformed particles (b, c). JEM 3010 LaB6
ate with even higher total emission current and higher voltage at
300 kV, however, due to the thermal emission filament this beam
can be less focused than with our FEGTEM. We observe related
phenomena which differ significantly in detail, this time using
glass B, a Li–Na borosilicate, in its quenched state. In Fig. 3 glass
fragments with more isotropic aspect ratio have been irradiated
for several minutes during a ‘‘screening” routine while searching
with a moderately focused beam for phase separation phenomena.
A small percentage out of the thousands of particles of �1000 nm
diameter, have been found to spontaneously and unpredictably
transform in less than a 10th of a second into perfect glass beads.
Those particles which did not undergo the spontaneous transfor-
mation, could not be forced to do so using even longer and more
focused irradiation. As all fragments on the carbon support film
had identical composition, few criteria remain to explain the selec-
tivity: size, shape and the detailed connectivity with the support
film to transport heat. We note that the transformed particles are
by one order of magnitude larger in radius than the radius of cur-
vature of the rounded glass fibre of Fig. 1. In the same microscope
the phenomenon of bubble generation has also been observed
(Fig. 4), however, at a time scale when only the very initial steps
of the above bead-transformation are taking place. Here, at a sim-
ilar irradiation dose, however, applied via much higher current (fo-
cused beam) at much shorter exposure (3–10 s), widely dispersed
bubbles form, initially of sub-10 nm size. Further exposure leads to
growth and merger of bubbles before all bubbles disappear leaving
a seemingly unchanged glass behind. glass B was used in the an-
nealed state. This observation confirms earlier published results
ation via an explosive transformation of sub-second duration. A typical fragment (a)
TEM at 300 kV.



Fig. 4. Dynamical process of bubble formation (a), bubble growth and rounding of edges (encircled in yellow, b) and bubble annihilation. JEM 3010 LaB6 TEM at 300 kV.

Fig. 5. Electron irradiation induced surface rounding (see region encircled at top
left) in parallel to nanoscale phase separation of an alkali-borosilicate fragment on
carbon support. JEM 3010, 300 kV. Electron beam exposed region is visible by
circular carbon-deposited ring. The glass outside the beam is unaffected by both
phenomena.
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[3] about the link of bubbles to the removal of non-bridging oxy-
gen. Detailed comparison of Fig. 4a and b show the rounding of a
sharp edge (encircled in yellow1). Bubble formation is seen in our
context as a parallel phenomenon which helps understanding the
mechanism of shape transformation, as it is clearly impossible to
be induced by temperature, but proves the kinetic activation role
which the fast electrons play at a temperature far below melting
point.

In a third experiment on the TEM JEM 3010, fluidity-induced
surface roundening has been observed in parallel to nanoscale
phase separation at exposure times which follow long after the
transient bubble observation of Fig. 4 is finished. Fig. 5 shows a
300 nm diameter fragment of annealed glass B, which undergoes
roundening in its top left corner (encircled in yellow), while at
the same time all glass within the 600 nm diameter electron beam
undergoes phase separation in two equally interconnected phases
of structure size of 5–8 nm. Most probably we observed the spin-
odal phase separation in silica-rich and alkali-borate rich phases
such as that which occur in ‘‘Vycor”-type glasses, a process that
typically requires temperatures above 700 �C and times of the or-
der of several hours [28]. Note that additionally visible Ce-oxide
nanophases, formed during cooling and described in detail in
[27] do not participate in this transformation. The picture is valu-
able as it clearly excludes temperature rise as the main reason for
Fig. 6. Irradiation induced roll-up of initially flat ultrathin specimen of glass B,1 For interpretation of color in Figs. 4, 5 and 7–9, the reader is referred to the web
version of this article.
either effects of shape transformation or phase separation. Our rea-
soning is based on the unchanged bottom left corner which is out-
side the electron beam, visible by its deposited carbon imprint, but
which would share a similar equilibrated temperature due to the
long duration of the experiment.

While three-dimensional fragments seem to adopt a sphere as
the low-viscosity morphology with lowest energy, a sample of an-
nealed glass B in the shape of a free-standing thin film seems to
have a tendency to roll-up (Fig. 6). Unlike all other samples in this
work, the glass has been prepared by Argon ion milling/thinning
which in its thinnest lamellae protruding into the central specimen
hole can achieve extended thin areas of <10 nm thickness. The cur-
vature induced into the thin film itself is probably a result of charg-
ing effects, as the glass thin film is not supported by any carbon
film. This is also evident from the bright spikes at the top of the
Fig. 6. The fact that the ‘‘brittle” material can sharply bend and roll
with a bending radius of <100 nm, however, is believed to be the
same irradiation induced fluidity enhancement identified to cause
the bead formation of Figs. 1–3.

It has to be noted that literature also provides a catalytic expla-
nation for transformation of particles into spherical balls: espe-
cially metal particles can induce a reaction with the carbon
support film leading to formation of graphitic shells (onions) which
encapsulate the particle during TEM observation [26]. Carbon con-
tamination is another possible source of carbon ball formation. In
our case, we do not observe any core–shell structure contrast
and the estimated transformed volume is smaller or equal to the
original one, rather than a growth into a bigger object, which can
exclude the mentioned carbon encapsulation. We also conclude
that surface roundening and C deposition seem completely sepa-
rate, although parallel, phenomena from Fig. 5.
prepared by Ar ion milling.



Fig. 7. Schematic of film irradiation by the electron beam. Ie is the electron flux
density, 2a is the electron beam diameter, d is the glass sample thickness, b is the
glass sample radius, T0 is the temperature of sample holder and DT is the maximum
temperature rise.
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2.1. Consideration of heating effects

The electron irradiation of samples could result in heating ef-
fects. It has been shown however that thermal effects are insignif-
icant for enough thin samples typically studied in transmission
electron microscopes [29–35]. The temperature rise caused by
absorption of electron radiation can be assessed using several the-
oretical models [29–31]. Fisher’s model [29] which considers the
temperature rise in thin metallic foils under intense electron irra-
diation as a function of beam conditions, electron energy, and the
physical properties of the foil, is the widely used model for actual
calculations in oxide materials [32–35]. Fisher evaluated the stea-
dy-state temperature increase caused by an electron beam by
assuming that the specimen is of constant thickness, d. He as-
sumed that the specimen is bound to a circular conductor of infi-
nite conductivity held at a fixed temperature, T0, with the
electron irradiation incident to the center of the sample (Fig. 7),
and that the radiative heat losses are negligible.

By assuming that the beam profile has a Gaussian distribution
proportional to exp(�r2/a2), where r is the radial coordinate and
a is the width of the Gaussian beam profile, Fisher’s calculation
yields for the maximum temperature rise DT which occurs in the
center of the sample

DT ¼ IðDE=dÞ cþ 2 lnðb=aÞð Þ=4pje ð1Þ

In this equation I is the beam current, DE is the energy loss per elec-
tron in a sample having a thickness d, c is Euler’s constant which
equals 0.5772, b is the sample radius, j is the thermal conductivity
Fig. 8. Maximum temperature rise in the center of a thin electron beam irradiated s
temperature rise as a function of sample radius to beam radius ratio for the electron be
of the sample, and e is the electron charge. Eq. (1) shows that for
constant DE the thinner the film the higher the temperature rise.
It also demonstrates that a more focused beam with a higher b to
a ratio causes a higher temperature rise. Let’s assume that the total
energy loss in the sample DE is negligible compared to the initial
energy of electrons, DE� E, which results in the requirement for
sample thicknesses d� E/(�dE/dx). In this case the term DE/d is
approximately equal to �dE/dx, which is the stopping power for
electrons in the sample. The stopping power of electrons can be cal-
culated using the Bethe–Bloch equation [29–35]:

�dE=dx ¼ Zqe2=8pmv2e2
0

� �
ln½E Eþmc2� �2

b2=2I2
exmc2�

h i

þ Zqe2=8pmv2e2
0

� �
ð1� b2Þ � ð2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

q
� 1þ b2Þ ln 2

�

þð1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

q
Þ=8
�

ð2Þ

where Z is the atomic number of the sample target element, q its
atomic density (from which the electronic density is derived as
n = NAZq/A, where NA is the Avogadro number and A is the atomic
mass), e0 the dielectric constant, b = v/c, where v is the electron
velocity and c is the speed of light, E is the electron energy, and
Iex is the average excitation energy for electrons in the target, which
according to the Bloch approximation is taken as Iex � 10Z eV. Cal-
culations using the Bethe–Bloch equation show that for electron
energies E of the order of 200–400 keV the stopping power in
silicate systems is of the order of 0.5–1 eV/nm consistent with
[31–35]. This also means that samples should be thinner than sev-
eral lm. For thin enough glass samples the maximum temperature
rise can be assessed from (1). Eq. (1) gives a limit of DT 6 2.4 K for a
beam current 610 nA, a beam radius of 500 nm (e.g. a electron
beam current density �1 A/cm2), a sample radius of 1000 nm, and
a heat conductivity of 0.65 W/mK, which is typical for silicate
glasses. The temperature increase is directly proportional to the
electron beam current. The temperature rises are significant if the
electron beam currents are of the order of �mA whereas nA cur-
rents result in negligible heat effects (see Fig. 8A). If the tempera-
ture of the sample holder is 300 K then the relative increase of
temperature is DT/T0 < 1%, then the increase of temperature is neg-
ligible for samples such as those used in our experiments. Larger
diameter samples have a higher temperature rise, such that the
more focused the electron beam the higher the temperature rise
however the increase of temperature is logarithmic and very slow
with (b/a) ratio (Fig. 8B).
ilicate glass film as a function of electron beam current (A), and the maximum
am currents I = 1, 5 and 10 nA (B).
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Thus thermal effects are insignificant if glass samples are rela-
tive thin and the electron beam current is limited to nA range
which is consistent with previous results [29–35]. We will consider
first the qualitative effect of electron beam radiation on viscous
flow in glasses and then will assess quantitatively the radiation-in-
duced increase of fluidity.
3. Qualitative assessment of viscosity decrease

Viscous flow can be treated as due to flow defects in which the
viscosity is inversely proportional to the concentration of defects
that contribute to viscous flow [13]. The shear viscosity expressed
in terms of the homogeneous density of broken bonds contributing
to flow, C, can be written according to Mott as [13]:

gðTÞ ¼ kT expðH=kTÞ=ð4pr3c=3Þ2m0C; ð3Þ

where H is the activation enthalpy for flow, k is Boltzmann’s con-
stant, c is the shear strain produced by the motion of a single defect,
r is the radius of the defect, and m0 is an attempt frequency of the
defect to jump which is of the order of the Debye frequency.

The energetic electrons from the electron beam release their en-
ergy via exciting and ionising the matter. In the radiation field the
flow defects, which are excitations of interatomic bonds in glasses,
are created both by irradiation and thermal fluctuations such that

C ¼ CR þ CT ; ð4Þ

where we assigned that the concentration of defects created by irra-
diation is CR and those created by thermal fluctuations is CT. The
flow defects created by irradiation have a certain lifetime sb before
any defects have annihilated. In the simplest model with one
recombination channel when CR� C0, where C0 is the total concen-
tration of bonds, the kinetic of radiation-induced bond breaking is
described by

dCR=dt ¼ kbC0PR � CR=sb; ð5Þ

where kb is rate constant of bond breaking by radiation, PR is the
intensity of radiation (absorbed dose rate). In the steady state
approximation dCR /dt = 0 the concentration of radiation-induced
broken bonds is

CR ¼ kbsbC0PR; ð6Þ

and the concentration of broken bonds created by irradiation is di-
rectly proportional to the intensity of radiation PR. An estimation of
absorbed dose rate under electron beam irradiation (Gy/s) can be
done using the equation [36,37] PR ¼ 1:6� 10�13ð�dE=dxÞIe=q;
where �dE/dx is the stopping power in MeV/cm, Ie is the electron
flux density such as the electron microscope current, e/s cm2 and
q is the density in g/cm3. For the absorbed dose rate (Gy/s) in the
family of silicate glasses it was found that PR ffi 3� 10�11Ie [37].
Hence the steady-state concentration of broken bonds created by
irradiation in silicate glasses is

CR ¼ 1:6� 10�13ð�dE=dxÞIekbsbC0=q ð7Þ

Since both bond breaking rate constant (kb) and lifetimes (sb)
are unknown and difficult to calculate we will use for the concen-
tration of electron beam broken bonds the expression:

CR ¼ fradC0 ¼ aeIeC0 ð8Þ

where frad ¼ 1:6� 10�13ð�dE=dxÞIekbsb=q gives the relative concen-
tration of radiation-induced broken bonds and the phenomenolog-
ical constant ae shows the efficiency of bond breaking and
annihilation in the glass.

One can hence see from Mott’s expression (3) that in an inten-
sive radiation field when most of flow defects are formed by radi-
ation, that is when CR	 CT, the viscosity decreases proportionally
to the intensity of irradiation (Ie):

gðTÞ ¼ kT expðH=kTÞ=ð4pr3c=3Þ2m0aeIeC0 ð9Þ
Moreover it can be seen that the viscosity has in this case a low

activation energy exactly equal to the enthalpy of flow (H). This re-
sult is confirmed by quantitative assessments given below.

4. Quantitative assessment of viscosity under electron beam
radiation

To quantify the changes in the viscosity we will use data on vis-
cosity of amorphous oxides [38–40] which show that the temper-
ature dependence of viscosity is most exactly described by the two
exponential equations:

gðTÞ ¼ A1T 1þ A2 expðB=RTÞ½ � 1þ C expðD=RTÞ½ �; ð10Þ

where A1 ¼ k=6prD0, A2 ¼ expð�Sm=RÞ, B ¼ Hm, C ¼ expð�Sd=RÞ;
D ¼ Hd, and D0 ¼ fgk2zp0m0.

Here Hd and Sd are the enthalpy and entropy of configuron (bro-
ken bond) formation, Hm and Sm are the enthalpy and entropy of
configuron motion, f is the correlation factor, g is a geometrical fac-
tor (�1/6), k is the average jump length, z is the number of nearest
neighbours and p0 is a configuration factor, m0 is the configuron
vibrational frequency or the frequency with which the configuron
attempts to surmount the energy barrier to jump into a neighbour-
ing site. In contrast to many other approximations this equation
can be used over wider temperature ranges and gives the correct
Arrhenian-type asymptotes at high and low temperatures namely
gðTÞ ffi AT expðB=RTÞ and gðTÞ ffi ACT exp½ðBþ DÞ=RT� respectively.
This correctly gives Arrhenian-type asymptotes at high and low
temperatures with high activation energy of flow at low tempera-
tures Q H ¼ Bþ D and low activation energy at high temperatures
QL ¼ B.

Broken bonds weaken the bond lattice of a material and because
of that the fluidity of amorphous materials is higher at higher tem-
peratures. Bond breaking under the electron beam occurs due to
both irradiation and thermal fluctuations, the higher the tempera-
ture and the electron flux density (intensity of irradiation) the
higher the rate of production of broken bonds contributing to flow.
If significant structural changes occur thermodynamic parameters
of configurons under the electron beam (Hdi, Hmi, Sdi and Smi) can
be different from that for a non-irradiated material (Hd, Hm, Sd

and Sm). These changes are particularly characteristic at high elec-
tron flux densities. However in a first approximation we can sup-
pose that the irradiated material has approximately the same
structure except formation of additional broken bonds. In this case
we can assume that Hdi � Hd, Hmi, �Hm, Sdi � Sd and Smi � Sm. With-
in such approximations using the same approach as in [38–40] we
can readily find that the viscosity of irradiated amorphous materi-
als is given by:

gRðTÞ ¼ gðTÞ=½1þ aeIe½1þ C expðD=RTÞ�� ð11Þ

where g(T) is the viscosity of an non-irradiated material and aeIe

plays the role of dimensionless electron flux density. Note that at
very low levels of radiation when Ie ? 0 the viscosity Eq. (11) re-
duces to known formula (16) for non-irradiated amorphous materi-
als [38–40]. In contrast at very high levels of irradiation it shows
that the viscosity decreases directly proportionally to the intensity
of irradiation (Ie), e.g. gives the same results as Eq. (9).

Eq. (11) shows that the higher the electron flux density the
higher the increase of fluidity. Moreover we can note that intensive
electron beam irradiation changes the activation energy of viscous
flow from characteristic high values QH = B + D at low temperatures
to low values QL = B, which in absence of radiation are characteris-
tic only for high temperatures. As the low activation energy of
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viscosity is exactly equal to the enthalpy of motion of bonds we
conclude that the radiation-enhanced flow is indeed governed by
bond motion rather than bond breaking which agrees with exper-
imental data [11]. The smaller the temperature the more signifi-
cant is the radiation-induced decrease of viscosity at the same
electron flux density. Such type effects are similar to the effect of
radiation-induced unbinding of alkalis in silicate glasses [45]. Note
that in order to observe the radiation-induced fluidity either the
electron flux densities should be enough high or the temperatures
should be enough low.

To numerically estimate the viscosity of amorphous oxide
materials under the electron beam we need data on thermody-
namic parameters of bonds. These can be taken as from the
non-irradiated materials in the first approximation. However the
configuron parameters for glasses studied in this research are
unknown from literature. Because of that we will illustrate the
effect of electron beam irradiation in Fig. 9 for the soda lime silicate
system where the thermodynamic data are available [39], for
which Tg = 777 K, fc = 7.42 � 10�4, Hd = 331 kJ/mol, Sd = 44.03R,
Hm = 293 kJ/mol, Sm = 24.40R.

Three important points should be drawn from both Eq. (11) and
Fig. 9:

(i) The decrease of viscosity by increase of electron flux density,
Ie.

(ii) The presence of a threshold temperature, Tth, which is
dependent on electron flux density with higher values at
higher Ie. The appearance of Tth below which the effects of
irradiation are significant is similar to that found in radia-
tion-induced alkali ion exchange reactions [5,27,41] as well
as to that found in electrical conductivity of irradiated
glasses [42,43].

(iii) The step-wise decrease of activation energy of viscosity from
the high values QH (which is characteristic for temperatures
below the glass transition temperature) to low values QL

(which are typical at temperatures high above the glass tran-
sition temperature).

Fig. 9 shows that even at relative low electron flux densities when
radiation creates a relative small fraction of broken bonds, so that
Fig. 9. Viscosities of non-irradiated and electron beam irradiated amorphous soda
lime silicate system 70SiO221CaO9Na2O as a function of temperature for two
dimensionless electron flux densities (frad ¼ aeIe) 0.01 and 0.001.
frad = 0.001, the viscosity of glass decreases by many orders-of-
magnitude. The electron beam induced increase of fluidity is most
evident at lower temperatures and is almost not detectable at high
temperatures when the fluidity is high due to thermal effects. The
lower the electron flux density frad the lower the temperature
below which the radiation-induced fluidity can be observed. The
activation energy of viscous flow in irradiated soda lime silica glass
has changed at relative low temperatures (T < 800 K) from charac-
teristic high values QH (634 kJ/mol) to low values QL (293 kJ/mol)
which are observed only at high temperatures for non-irradiated
glasses [38–40,41].

5. Discussion

Due to surface tension forces fluidisation of glasses at enough
high electron flux densities can result in modification of nano-sized
particles and holes, e.g. nano-patterning effects such as those ob-
served here as well as reported in [26]. The consequences of elec-
tron beam induced increase of fluidity could be different and will
also dependent on sample size. The process of fluidity enhance-
ment is first observed as minor roundening of the most rough cor-
ners of specimen surfaces. This first stage occurs at the same
timescale than other, more frequently reported, irradiation phe-
nomena in silicates, such as bubble formation, alkali accumulation
[26,44] and nanoscale amorphous phase separation [22]. The full
transformation of a non-spherical object (such as a fibre end) into
a sphere is then a second stage which occurs after the other events
have saturated. The example of Fig. 3 does not follow the pattern of
the other events, and needs further exploration.

The mechanism by which the sample changes its form is that of
viscous flow which is caused by the stress produced by surface ten-
sion forces. The tensile stress can be estimated using the Young–
Laplace equation as 2c/R where c is the material–vapour interfacial
energy and R is the sample end radius. The characteristic time of
shape changes can be assessed as [45]:

sg ¼ gRðTÞd=3c; ð12Þ

where d = 2R is the characteristic size of system. The larger the char-
acteristic size the longer the time required to observe changes
caused by electron beam induced fluidisation. From the observa-
tions behind Figs. 1 and 2, an assessment of electron beam reduced
viscosity of borosilicate glasses using (12) is possible, and account-
ing that the characteristic interfacial energy of silicate glasses is of
the order of 0.4 J/m2, an estimate for the characteristic viscosity of
the order of 1011 Pa s is obtained. This shows that the glass is being
transformed to a quasi-liquid state by the electron beam as its vis-
cosity is lower than the viscosity attained at the glass–liquid transi-
tion. Fluidisation of glasses under the electron beam irradiation is
caused by bond breaking by electrons and can occur at minimal
thermal effects, practically without heating. The fluidisation occurs
only in the irradiated volume and because of minimal thermal ef-
fects does not affect the surrounding areas. Because of that electron
beam fluidisation can be used for accurate nano-patterning and can
be potentially useful for dense (nano-scale) information writing as
commonly used for chalcogenide phases [46].

Finally it needs to be mentioned that surface tension in a quasi-
melted stage is not the only possible force active in shape transfor-
mation. Due to the electron beam charging of the glass fragments,
electrostatic forces could also induce migration of atoms such that
a state and shape of material with minimum total field energy is
achieved.

These experimental findings are in good agreement with the
suggested model of radiation-induced unbinding of alkalis from the
non-bridging oxygen sites, which predicts a radiation-facilitated
migration of alkalis with a lower cation-selective activation energy
[41]. We should note that conventional melting of these glasses
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would otherwise require temperatures above 1400 �C, tempera-
tures which are unlikely reached in an electron microscope. This
conclusion is evidenced by numerous experiments on crystalline
phases not melted in the electron beam.

An alternative view point is to treat the rigidity and viscosity of
a glass network by rigidity percolation theory [47,48]. This theory
relies crucially on the average coordination number via covalent
bridges in a glass network. Electron irradiation induced bridge
breaking could push the initially rigid glass below a threshold
where it behaves floppy, which otherwise could only be achieved
by altering modifier concentration.

While the main emphasis of our work is on an effect of basic
physics and chemistry of glasses, the impact on nuclear applica-
tions can be easily derived. We have to distinguish phenomena
based on (i) damage as a collective effect involving a high fraction
of material or damage followed by instant annealing, and (ii) dam-
age which accumulates from individual events. The spontaneous
shape transformations above a intensity threshold would belong
to group (i), less relevant for other irradiation environments. How-
ever, gradual increase in diffusivity, or gradual conversion of glass
coordination and network type would belong to group (ii) and
therefore are expected to behave similarly in our high dose short
time electron experiments in comparison to any very low dose,
very long time situation, whether by electrons or gamma rays, such
as applicable for active nuclear waste vitrification.

6. Conclusions

Fluidisation or quasi-melting of micro- and nano-samples dur-
ing TEM irradiation of glassy materials is shown to be caused by
effective bond breaking processes induced by the energetic elec-
trons in the electron beam. Assuming that the viscous flow is med-
iated by broken bonds we derived an explicit equation of viscosity
(11) which gives the correct viscosities of non-irradiated glasses
and shows a significant increase of fluidity (reduction of viscosity)
and decrease of activation energy of flow for electron beam irradi-
ated glasses. We found that the viscosity of electron beam irradi-
ated silicate glasses significantly decreases to values of the order
of 1011 Pa s which shows that the glass is being transformed to a
quasi-liquid state by the electron beam.
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