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Abstract

We investigate the role of capillarity stresses on the ion-hammering phenomenon when
sub-micrometer colloidal particles are considered. To this end, nearly monodisperse, chemically
synthesized silica (SiO,) colloids (100, 300 and 600 nm) were irradiated at room temperature
(300 K) with 4 MeV Au ions for fluences up to ® = 1.8 x 10'® cm™2. It has been taken for
granted that the transverse dimension of an ion-deformable amorphous material grows
exponentially with the irradiation fluence, L(¢) = L(0) exp[A(P]. Here, we show that for
sub-micrometer particles the irradiation-induced deformation saturates for larger fluences,
L(¢) — const. The saturation fluence depends on the initial dimension of the colloidal
nanoparticles: the smaller the dimension of the colloids, the lower the saturation fluence.
Experimental data are successfully accounted for by having recourse to a phenomenological
model first developed by Klaumiinzer and further elaborated by van Dillen. We also estimate
the evolution with fluence of the principal stresses inside the particles, o1 (¢) = 022(¢p) and
033(¢), and we show that they evolve toward a steady-state value following a sigmoidal-like
behavior. Furthermore, when stresses induced by the surface curvature become non-negligible
the approximation often made that the deformation strain rate, Ao = dL/L d®, remains
constant upon irradiation is no longer valid. We show that A, evolves with the irradiation
fluence, e.g. Ay —> A(®P), and we relate this behavior to the evolution of the stresses upon
irradiation. Finally, this work allows us to define the limits of the ion-hammering effect when

the non-hydrostatic capillarity stresses become important.

Macroscopic plastic flow occurs in all amorphous materials
when one irradiates them with heavy ions. This process is
known as irradiation-induced anisotropic deformation or the
ion-hammering effect. The irradiated sample shrinks in the
direction of the ion beam and expands perpendicularly to it.
This phenomenon was discovered in the early 1980s, almost
simultaneously by Klaumiinzer et al [1], and by Cartz et al
[2], for two different classes of amorphous materials and in
two different regions of the energy spectrum. Klaumiinzer

0957-4484/11/475302+07$33.00

et al observed the ion-deformation of a PdgSiyo metallic glass
thin film when irradiated at low temperature (80 K) with fast
heavy ions (285 MeV Kr) [1]. Successive studies have shown
that: (i) the ion-hammering effect is a universal phenomenon
occurring in all irradiated amorphous materials [3], (ii) the
deformation increases with the electronic energy loss [4],
and (iii) decreases with increasing irradiation temperature [1].
On the other hand, Cartz et al observed the deformation
of ion-amorphized silicate micro-particles (<5 pum) when
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irradiated at room temperature with 3 MeV Kr ions [2].
This work was recently developed by Polman’s group using
chemically synthesized silica colloids as a sub-microscopic
model system [5]. The authors show that micrometer-sized
spherical silica colloids deform into oblate spheroids with an
aspect ratio that can be tuned by varying irradiation conditions
and temperature. On the other hand, the authors show: (i) a
roll-off effect of the colloids when irradiated at 45° relative
to the surface normal, and (ii) the absence of an electronic
stopping power threshold value for deformation, e.g. for a
planar film this is about 2 keV nm~!.

From a theoretical point of view, the crucial issue for the
ion-hammering phenomenon is the relation of the irradiation-
induced macroscopic deformation to the energy deposited
within the material by the impinging ion. In particular, the
ion beam induced anisotropic plastic deformation is assumed
to be directly related to the track formation [6]. In this
context, the irradiation-induced anisotropic deformation has
been successfully described by the ‘effective flow temperature
approach’ [7, 8]. The model states that when the ion-track
temperature exceeds a certain flow temperature, 7*, complete
shear stress relaxation takes place. Upon rapid cooling of
the spike region, the strain increment associated with stress
relaxation freezes in. The resulting strained track represents the
mesoscopic defect responsible for the anisotropic deformation.
Thus, the overall effect is given by the sum of the frozen-in
viscous strain of individual ion impacts. Within this approach,
the macroscopic viscous shear strain is calculated by having
recourse to Eshelby’s theory of ellipsoidal elastic inclusions in
elastic isotropic media [9]. This model has been implemented
by van Dillen er al by introducing the time evolution of
the stresses generated during track formation as well as the
temporal evolution of shear stress relaxation [10].

For an unconstrained amorphous thin film, the experimen-
tal data can be modeled by introducing the rate-of-strain tensor,
de;;/d®, such that:

A0 — deu

Y do’
where the tensor A?j = Ay(8;; — 3a;aj) represents the
deformation yield, or the deformation rate. Aq represents the
strain increment per unit fluence, §;; is the Kronecker delta, a;
are the components of the unit vector a, ® = ¢t is the ion
fluence, ¢ the ion flux and ¢ the irradiation time. For a planar
film, the solution of equation (1) in the direction perpendicular
to the beam trajectory, L(®), is an exponential function of the
fluence, i.e. L(¢p) = L(0) exp[Ao®P].

For large colloids (=1 pm), deformation of the dimension
normal to the ion beam is the same as for the unconstrained
thin film. However, when the size of the colloids is
reduced to values within the sub-micrometer region, ion-
deformation becomes strongly size dependent [11]. In this
case, equation (1) fails to fit the experimental data and the
complete constitutional equation must be considered [12]:
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The first term describes the unconstrained anisotropic
deformation process, i.e. equation (1). The second term

represents the time-dependent elastic behavior of the materials,
i.e. it corresponds to Hooke’s law for isotropic elastic media,
where o;; are the non-hydrostatic capillarity stresses and p and
v are the shear modulus and the Poisson’s ratio, respectively.
The third term describes the inelastic behavior of the material,
i.e. the macroscopic irradiation-induced Newtonian viscous
flow. Here, s;; = (0j; — %crkk&j) are the deviatoric stresses
and 1 oc (d®/dr)~" is the ion-flux-dependent shear viscosity.

Equation (1) can be successfully applied for large colloids
because the non-hydrostatic capillarity stresses, induced by the
surface curvature, are negligible [12]. However, when the size
of the colloids is reduced, these become important and the
second and third terms of equation (2) must be considered.
These stresses may alter the shear relaxation in the molten track
and thus the deformation process. In particular, as radiation-
induced Newtonian flow leads toward a hydrostatic state, for
large fluences it must, in principle, counterbalance the ion-
deformation effect [12]. Thus, the motivation of the present
work is to give an answer to the following open question:
what happens when the surface curvature is so small, i.e. when
the large axis of the colloids becomes so long, that the non-
hydrostatic capillarity stresses turn out to be equivalent to those
associated with the ion-deformation process?

1. Experimental details

Colloidal SiO; nanoparticles (NPs) were synthesized following
the Stober process [13, 14]. Tetrapropylorthosilicate (TPOS),
or tetraethylorthosilicate (TEOS) in the case of the 600 nm
NPs, were used as silica precursors which were reacted with
a NH4OH solution in ethanol at room temperature. The size
was controlled by changing the concentrations of the silica
precursors and of NH4OH. The average size of the silica
colloids was estimated to be 102, 289 and 605 nm (£10%),
using transmission electron microscopy (TEM), field emission
scanning electron microscopy (FE-SEM) and dynamic light
scattering (DLS) techniques. After chemical synthesis, silica
colloids were deposited, well dispersed, onto microscope
grids coated with a 50 nm thick carbon film. Samples were
then irradiated with 4 MeV Au ions at room temperature
(300 K) and at normal incidence for fluences ranging from
1 x 10 cm™2 up to 1.8 x 10'® cm™2. Experiments were
performed under the same experimental conditions having
recourse to the ARAMIS accelerator in Orsay (France) and the
high-energy implanter in Canberra (Australia). The nuclear
and the electronic stopping power of the Au ions in SiO,
(S, = 1.7keV nm~" and S. = 1.9 keV nm™") were calculated
with the SRIM 2006 code [15] and using 2.0 g cm ™ as the
density of the silica. The samples were analyzed in a 300 keV
Philips CM30 microscope. TEM micrographs were processed
with a slow-scan CCD camera and analyzed with the Digital
micrograph program. Samples were also analyzed using a
Hitachi S-4800 FE-SEM. The average size of the NPs and
their size dispersion have been estimated by considering the
corresponding size distribution profiles. These were obtained
by analyzing at least 500 particles for each sample. Finally,
to reduce the systematic error, for each microscope grid, the
average size of the NPs was estimated before and after the
irradiation.
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Figure 1. (a) Bright field TEM micrograph of an as-synthesized 100 nm SiO, colloid. (b)—(d) Bright field TEM micrographs of a 100 nm
SiO, colloidal NP irradiated with 4 MeV Au ions at 300 K: (b) 0.5 x 10'® cm™2, (¢) 1.0 x 10'® cm™2 and (d) 1.8 x 10'® cm~2. The ion
irradiation is normal to the plane, ®. The dotted circles correspond to the initial NP size. The colloids shrink along the beam (z direction) and

expand normal to the beam (xy plane).
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Figure 2. (a) Diameter of the as-prepared NPs, Dy. (b) Major (L(®)) and minor (/(P)) axes for the irradiated NPs as a function of the
fluence (®). (c) Estimation of the major axis for imperfectly circular NPs, L = (Lyax + Lmin)/2-

2. Results

Figure 1(a) shows an example of an as-prepared 100 nm silica
colloid. Figures 1(b)—(d) show the anisotropic deformation of
100 nm nanocolloid upon irradiation with 4 MeV Au ions at
room temperature for fluences up to 1.8 x 10'® cm™2. The
evolution with fluence for larger colloids (300 and 600 nm)
is similar to that of figure 1 and thus not shown here. The
ion beam direction is normal to the supporting coated carbon
film, i.e. perpendicular to the micrograph. In order to help the
reader to appreciate the deformation process, a dotted circle,
corresponding to the original dimension of the silica particle,
has been drawn on the micrograph of each colloid. From the
inspection of figure 1, some conclusions can be drawn: (i) for
low irradiation fluences the deformation process is isotropic,
i.e. the projection of the spherical particle onto the image
screen (the xy plane) remains a circle; whereas for larger
fluences, colloids assume a slightly oblate shape. As this effect
does not show a preferred orientation, it cannot be correlated
to an eventual substrate deformation and must be considered as
an intrinsic property of the irradiated colloids. (ii) for higher
irradiation fluence, the contours of the silica colloids become
less well defined and contrast fluctuations are observed.

The notation used in the paper to describe the evolution
of the particles under irradiation is defined in figures 2(a)—
(c). Dy is the diameter of the as-prepared NPs, L(®) is the
dimension normal to the ion beam and [(®) the dimension
along the ion beam as a function of the fluence, ®. For
imperfectly spherical particles the value of L(®P) is assumed
tobe L(®) = (Lyax(P) + Lmin(P))/2. The evolution with

77| ©O600nm /A 1000nm [Ref11]
’ O300nm A 300nm [Refll]
@100nm A 92nm [Refll]
2.0
184 | %} ,é}fé%f‘” ””” #
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Figure 3. Evolution with fluence of the normalized transverse
diameter (L(®)/Dy) as a function of the ion fluence. Full, gray and
open circles represent the experimental evolution of 100, 300 and
600 nm SiO; colloidal NPs, respectively. Dashed lines are the results
of the numerical fitting of the parameters Ay and nrap. The fitting
procedure is discussed in section 3.1. For comparison we added the
evolution of SiO, colloids as measured by van Dillen et al [11]:
1000 nm SiO, (open triangles), 300 nm SiO, (gray triangles) and
100 nm SiO; (full triangles).

fluence of the dimension normal to the ion beam corresponding
to the different sizes of the colloids (100, 300 and 600 nm) is
reported in figure 3. Data have been normalized to the initial
particle diameter, (L(®)/Dy). Two features can be observed:
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(i) for small fluences (<1 x 10 cm™2) the anisotropic
deformation is not size dependent; (ii) at higher ion fluences,
the ion-hammering effect is observed to saturate for the three
colloidal sizes. In particular, smaller colloids deform less and
saturate faster than larger ones. The transverse dimension of
100 nm colloids (full black circles) saturates at a value of
about 1.27 for fluences larger than 5 x 10" cm~2. These two
values increase to about 1.6 and 1 x 10'® cm~? for 300 nm
colloids (full gray circles), respectively. Finally, for 600 nm
NPs (open circles), deformation evolves toward a steady-state
of about 1.8 for fluences larger than 1.3 x 10'® cm™2. It is worth
mentioning that these fluences are more than one order of
magnitude larger that those normally used for ion-hammering
experiments, i.e. up to a few 10'> cm™2.

3. Discussion

3.1. Fitting equation

In section 2 we showed that: (i) the anisotropic deformation
saturates for larger irradiation fluences and that (ii) the
saturation value is size dependent. The objective of this section
is to use equation (2) to model our experimental results.

For an unconstrained amorphous film (or for micro-
particles) the ion-deformation in the direction perpendicular
to the beam, L(®), is an exponential function of the fluence,
e.g. equation (1). However, Klaumiinzer has suggested
that when non-hydrostatic capillarity stresses become non-
negligible (i.e. for particles with large aspect ratios and/or
for large irradiation fluences), the Newtonian flow must
counterbalance the irradiation-induced deformation effect,
leading to a saturation of the ion-deformation process [12].
He established a complete constitutional equation to describe
the evolution of the irradiated system when stresses associated
with the surface curvature, o;;, are present, i.e. equation (2).
In our case, the second term of equation (2), i.e. the pure
elastic contribution, can be ignored as the average elastic
strain contribution perpendicular to the beam (de;;/d® =
dery/dd ~ 1072° cm?/ion) is much smaller than the initial
strain increment Ay ~ 107'® cm?/ion. The value for
Ao is obtained from the fit of equation (3). It justifies,
a posteriori, the previous approximation. Moreover, using
the approximation that the stress components inside the
colloids are uniform, the irradiation-induced deformation of
the particles in the presence of the Newtonian viscous flow
equation (2) can be rewritten in a more useful way as [11]:

i _ - [ & e 3)
do "7 3 | D§ TLE]

Here Ay is the initial strain increment supposed constant,
y is the surface energy, L the major axis, Dy the initial
diameter of the colloid and ® the fluence. The shear viscosity
depends on the ion flux, i.e. n (d(D/dt)“. However, to
avoid this explicit dependence in equation (3) the normalized
radiation-induced viscosity is considered, i.e. nrap = 1 X
(d®/dr). Thus, nrap represents the ion flux independent
radiation-induced viscosity [22, 23]. The first term of
equation (3) describes the deformation in the absence of

stress whereas the second term is the Newtonian viscous
flow resulting from the stress surface curvature. Finally, in
equation (3) major (L) and minor (/) axes are related through
volume conservation, ie. [ = DS /L2. Unfortunately, no
analytical expression exists for L(®). Thus, we fix the
parameters Ay and nrap and numerically compute L(P)
from the known values L(® = 0) and dL(® = 0)/dd.
@ is iteratively incremented from zero by steps of §& =
1.8 x 10'3 em™2. L(®) being obtained, A(®) = dL/L dd
is easily calculated. The parameters Ay and nrap have
been fitted on the nine experimental values of L(®) for
the three sizes of the silica colloids (total of 27 points) by
means of the sum of the least squares of the differences
between computed and experimental L(®). The value of
this sum has been canceled using the package MERLIN that
makes available several minimization algorithms in a highly
interactive environment [24]. The best agreement was obtained
for Ap = (0.90 £ 0.01) x 10~'° cmz/ion and nrap =
(5.4 £ 0.3) x 10%* Paioncm™2. The curves corresponding
to the fitting parameters (Ao and nrap) are plotted in figure 3.
In the same figure, we superpose the results of van Dillen et al
[11] for SiO; colloids in the size range of 100—1000 nm after
irradiation at 85 K with 4 MeV Xe ions (triangles). Clearly, in
the van Dillen experiment the saturation of the ion-hammering
effect has not been attained yet. Thus, our observation
represents the first demonstration that the irradiation-induced
stress can be compensated by the macroscopic stresses induced
by the curvature radius of the colloids.

Finally, if we compare our estimation for Ay and nrap to
that obtained by van Dillen, i.e. Ag ~ 6.2 X 10716 cmz/ion
and nrap = 0.9 x 10?> Paions cm~2, we observe that the
latter are four to five times smaller for nrap and six times larger
for Ay than ours. These observations will be discussed in the
following sub-sections.

3.1.1. Radiation-induced viscosity, ngap. In section 2 we
observed that our numerical fitting yields a value of ngrap
which is larger than the one obtained by van Dillen. We recall
that our experiments were performed at room temperature
(300 K) using 4 MeV Au ions, whereas the experiments of
van Dillen were performed at a low temperature (85 K) using
4 MeV Xe ions. Three factors can be invoked to account for
the discrepancies observed: (i) the deposited energy, (ii) the
temperature and (iii) the density of the material.

(i) The viscosity defines the resistance to flow (or deforma-
tion). In general, ion irradiation reduces the viscosity
of the material. In particular, the larger the deposited
energy, the larger the deformation effect. However, as
for irradiation with 4 MeV Au ions, both nuclear and
electronic stopping powers are larger than those relative to
the irradiation with 4 MeV Xe ions (table 1), hypothesis
(i) can be excluded.

(ii) The temperature dependence (90-575 K) of nrap for thin
thermally grown SiO, film irradiated with 4 MeV Xe ions
has been studied by Brongersma et al [25]. They found
that below about 300 K, the irradiation-induced viscosity
does not show a significant temperature dependence,
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Table 1. Characteristics of the irradiation conditions. S3°2 is the
electronic stopping power and S3©2 is the nuclear stopping power in
silica as estimated from the code SRIM 2006 [15]. For SiO, the
density has been taken equal to 2.0 g cm ™.

Ton Energy (MeV)  S59 (keVnm™')  $5% (keV nm™)
At 4 1.7 1.9
Xet 4 0.79 1.56

NrRap = 2.9 X 10% Pa ion cm™2, whereas above 300 K,
a decrease of nrap is observed, e.g. at 575 K this value
is reduced to nrap = 1.6 X 10% Paion cm™2. As up to
room temperature nrap remains constant, hypothesis (ii)
can also be discarded.

(@iii) Our estimation for ngrap, 5.4 X 10%22 Paion cm™2, is
between the value obtained by Brongersma for thermally
grown silica film, 2.9 x 10 Paion cm™2, and that
obtained by van Dillen for silica colloids, 0.9 x
10?> Paion cm™2. In general, a thermally grown silica
film is more dense than silica colloids, thus, under
equivalent irradiation conditions, the value of nrap will
be larger for the former specimen. On the other hand, the
route followed during the chemical synthesis can lead to
particles with different densities. Moreover, chemically
synthesized NPs are not stable ad vitam ceternam but
evolve with time toward a different density state. Hence,
the observed differences of nrap could be attributed to
differences in chemical preparation or to the evolution of
the colloids with time.

3.1.2. Initial strain increment, Ag. The irradiation-induced
anisotropic deformation is characterized by the deformation
strain rate, i.e. the differential length change per unit fluence,
Ap =dL/(L d®), where @ is the fluence and L the dimension
normal to the ion beam.

For thin metallic and silica glasses, irradiated at
low temperature (<100 K) with high-energy ions (several
100 MeV), the value of Ay was found to vary in the range
of 107%-107"7 cm? ion~! [17-19]. For silica colloids in the
100-1000 nm size range the deformation strain rate ranges
between Ag = 6 x 107!% ecm? ion™' [20, 11] and Ay =
20 x 10~"7 ¢cm? ion~! [21]. However, we obtain an estimation
for Ay which is lower than the previous ones, i.e. Ay =
0.90 x 1071 cm? ion~!. This difference may depend on the
following factors: (i) the amount of energy deposited in the
electronic sub-system (Se), (ii) a temperature effect or (iii) the
irradiation angle.

(i) Deformation strain rate, Ap, increases linearly with the
electronic stopping power, S.. For 4 MeV Au ions
and 4 MeV Xe ions within silica the value of S. can
be obtained using the code SRIM 2006 (table 1). As
S MeV Au g4 MeV Xe ' the deposited energy effect can be
excluded.

(ii) Previous studies have shown that, for 1000 nm silica
colloids, A( decreases with temperature from about 6 x
107'° cm? ion~! at 88 K to about 1 x 107'¢ cm? ion~!
at 370 K [20]. This value approximately corresponds
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Figure 4. Initial hydrostatic stress, 07,(0) = 02,(0) = 033(0) as a

function of the NP size (full circles). In the same figure we added the
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to our observation and validates the hypothesis that the
reduction of the deformation strain rate is mainly due
to a temperature effect, i.e. the higher the irradiation
temperature, the lower the ion-hammering effect. This
reduction of the strain rate with the temperature might
be at the origin of the threshold fluence for deformation
observed for SiO, colloids.

(iii) Finally, Cheang-Wong et al [21] have shown that the
deformation strain rate depends on the irradiation angle
and exhibits a minimum of the order of 4 x 1077 cm~2
for irradiation at 45° with 8 MeV Si ions. As this
value is much larger than our observation, Ayg ~ 0.90 x
10716 cm?/ion, this effect is unimportant in the present
experiment.

3.2. Evolution of the stress state inside the particle

In this section, we estimate the initial stress state of the
colloidal NPs and its evolution with the irradiation fluence.

The as-prepared SiO, colloids are, in principle, shear
stress-free. However, they are subject to a hydrostatic capillary
pressure, 0;;(0) = 011(0) = 02(0) = 033(0), given by the
Laplace equation:

©=-2 @
Oii =7

Dy
where y = 0.4 IJm~? is the specific surface energy for

colloidal silica [16], and Dy is the initial diameter of the
colloid. The value of o;;(0) for the as-prepared NPs as a
function of their initial size is reported in figure 4 (full circles).
We obtain 0;;(0) = —15 MPa for 100 nm NPs, o;;(0) =
—5 MPa for 300 nm NPs and o;; (0) = —2.5 MPa for 600 nm
NPs. As the capillarity stress is function of the curvature
radius, the smaller the NPs, the larger the initial hydrostatic
pressure.

Under irradiation the sphere transforms into an oblate
spheroid with the minor axis, /(®), along the ion beam and the
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major axis, L(®), normal to it. Fixing the irradiation parallel
to the direction a; = as, the stress along the ion beam is given 04 a)
by 033(®P), whereas the stresses perpendicular to it are given — .—.
by 011 (®) = 02(d). Assuming that all stress components éz ’_}r’f”é‘_ F}_}_ —4A——4
are uniform and using the revolution symmetry of the particle, & -10 1 ‘/ 033
the evolution of the stress components o1 (®) = 02, (P) and @ ‘
: =
033(®) reads [11]: g 20 .\\
w ~
1+ ((®)/L(P))? o ®
011(P) = 022(P) = -2y & = N J,,—0
L(®)((D)/L(®))? 7 -30 - L, L 11 Y 229
(@) =, LD © 100nm ¢®
P =T ey -40 :

The value of the minor axis, [(®), has been estimated by
combining TEM micrographs in tilted configuration and field
emission scanning electron microscope (FE-SEM) images.
The evolution of the principal stresses with fluence is
represented in figures 5(a)—(c). Circles represent the evolution
of the stresses perpendicular to the beam direction, o1 (®) =
02 (P), and triangles their evolution parallel, o33(®), to the
beam direction.

Considering the steady-state stress along the beam,
U%eady_maw, a saturation value of about —5 MPa is reached
above a fluence of 0.5 x 10'° cm~2 for 100 nm NPs (full
triangles, figure 5(a)). This value is reduced to —0.8 MPa
for fluences larger than 0.8 x 10'® cm™2 for 300 nm NPs
(gray triangles, figure 5(b)) and to —0.2 MPa above 1.2 x
10'® cm~2 for 600 nm NPs (open triangles, figure 5(c)). The
evolution with the fluence for the stress normal to the beam,
011(P) = 02(P), follows a sigmoidal-like curve indicating
that the deformation process initially driven by the ion-track
formation is progressively counterbalanced by the capillarity
forces (open (100 nm), gray (300 nm) and full (600 nm) circles
in figures 5(a)-(c)). The steady-state stress does not depend
on the initial size of the NPs, i.e. o, ;eady*smte = ;;eudy*sme =
—32 MPa. However, the saturation fluence does, i.e. the larger
the NP size the larger the saturation fluence. Finally, the fact
that the saturation fluence is the same for the internal stress,
0;; (®), and the anisotropic deformation, L(®)/ Dy, indicates
the tight correlation between these two effects.

3.3. Evolution of the strain increment with fluence, A(®)

In general, the deformation strain rate is taken as a constant
during the irradiation, i.e. the value of Ay we estimated from
equation (3). However, the validity of this approximation
has only been checked for planar thin films. For small NPs,
or, equivalently, for small values of the curvature radius, the
macroscopic stress may modify the evolution of the strain
increment with fluence. The relation between these two
parameters, i.e. A and o;;, can be derived from equation (2),
ignoring the elastic contribution and using the definition of
the strain rate in the direction of the major axis, dej;/d® =
dL/L d®, and that of the deviatoric stress tensor s;; = 0;; —
(1/3)ox8ij. It is written:

011(P) — 033(D)

A(D) =
(®) 61RAD
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Figure 5. Evolution with fluence of the stress state normal to the ion
beam, 0, (D) = 02,(P) (circles) and parallel to the ion beam,
033(®P) (triangles) for silica colloids: (a) 100 nm SiO,, (b) 300 nm
SiO, and (¢) 600 nm SiO,.

The first term on the right hand side represents the
deformation strain rate in the absence of any stress, whereas
the second term accounts for the contribution of the
macroscopic stresses to the evolution of the strain increment
with fluence. As these stresses are negative and |oj;| >
|o33|, the ion-hammering decreases with fluence. ~When
the two contributions exactly counterbalance each other the
deformation strain rate becomes zero and the ion-deformation
ends. Of course, when o;; — 0, we obtain the classical
expression for the deformation strain rate which is valid for thin
films or large colloids. The evolution of A(®) can be obtained
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Figure 6. Evolution with fluence of the strain increment

A(®) =dL(P)/L dd for SiO; colloids. The curves are the result of
a calculation using equation (3) and the values of Ay and nrap fitted
on the normalized transverse diameters. 100 nm (full circles),

300 nm (gray circles) and 600 nm (open circles) colloidal NPs.

using dL /d® estimated from equation (3) and dividing it by the
dimension normal to the ion beam, L. The result is shown in
figure 6 for the three sizes of colloidal NPs. The value of A(®P)
rapidly decreases as a sigmoidal-like curve toward zero, i.e. for
larger fluences the ion-hammering effect becomes negligible.
The sigmoidal evolution of A(®) depends on the presence of
the terms o;; in equation (7). Thus, for sub-micrometer ion-
deformable colloidal NPs the approximation often made that
A(®) is a constant is truly correct only for very low irradiation
fluences. For example, a critical analysis of the van Dillen
experiment shows that the reduction of A(®) is about 30% at
a fluence of 1 x 10" cm~2.

4. Conclusion

In conclusion, the role of stresses due to the surface curvature
in the ion-hammering phenomenon has been investigated using
SiO, colloids of different sizes as a model system. The
samples were irradiated at room temperature with 4 MeV
Au ions for fluences in the range of 1.0 x 10"°-1.8 x
10'® cm~2. We show that the irradiation-induced deformation
evolves toward a saturation value which depends on the
initial size of the NPs. The larger the NP the larger the
steady-state deformation as well as the irradiation fluence
needed to reach this value. Experimental data were used
to fit a phenomenological model for anisotropic deformation
first developed by Klaumiinzer [12] and further elaborated
by van Dillen et al [11]. In particular, using the same
set of fitted parameters, Ay and nrap, all the experimental
curves are satisfactorily reproduced. We show that this model
accounts for the evolution of the colloids up to a fluence
of 1.8 x 10' cm~2, i.e. more than one order of magnitude
larger than the fluences normally used to investigate the ion-
hammering effects. Thus, our observations represent the
first demonstration that the capillarity stresses can compensate

for the irradiation-induced stress, and thus counterbalance
the ion-hammering effect. We also estimate the evolution
with fluence of the macroscopic stresses inside the particles,
ie. 011(®P) = 02(P) and 033(P). Finally, we show that
the approximation often made, that the deformation strain
rate remains constant upon irradiation, is no longer valid for
sub-micrometer colloidal particles and we derive an analytical
expression that relates the strain rate, A(®), to the capillarity
stresses, 0;; (®). The extension of our observations to other
systems will allow us to better characterize the ion-hammering
when the non-hydrostatic capillary effects become important.
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