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Thermal response of nanoscale cylindrical inclusions of amorphous silica embedded in a-quartz
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The thermal response of nanoscale cylindrical inclusions of amorphous SiO, embedded in crystalline
quartz (c-Si0,) is investigated by means of small-angle x-ray scattering. The inclusions are generated by
swift heavy-ion irradiation that leads to the formation of amorphous ion tracks along the ion trajectories.
During in situ annealing between room temperature and 620 °C, we observe an irreversible expansion of
the track cylinders followed by a reversible contraction. The reversible “elastic” response of the tracks can
be modeled using the temperature-dependent elastic properties of bulk amorphous and crystalline SiO, for the
inclusions and the matrix, respectively. A high initial interface pressure of the nanocylinders is apparent from the

calculations.
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I. INTRODUCTION

Amorphous cylindrical inclusions embedded in a crys-
talline matrix, such as ion tracks in «-quartz generated by
swift heavy-ion irradiation [1,2] represent a model system
for nanoscale “infinite” cylindrical inclusions embedded in a
matrix. Such tracks are only a few nanometers in diameter
and can be up to tens of micrometers long [3-5]. The
amorphous tracks are sensitive to thermal annealing and
at elevated temperatures can shrink in size and eventually
completely recrystallize [6—8]. We previously demonstrated
that synchrotron-based small-angle x-ray scattering (SAXS)
provides a powerful tool to determine track radii with angstrom
precision [6,9,10]. The scattering is measured from ~107
ion tracks generated under identical conditions and is thus
representative of the individual track structure averaging
out fluctuations on an atomic level. The technique is in
particular suitable for materials where the boundary of the
track is well defined due to an amorphous-crystalline interface
[6,11]. In combination with in situ annealing experiments,
it is possible to not only study kinetic processes during
recrystallization, but also study changes that may occur as a
result of the elastic behavior of the tracks. This paper focuses
on the thermal response of ion tracks in «-quartz in the
temperature range of up to 620°C. We observe a peculiar
change in the radius of these nanoscale amorphous regions
before the beginning of track recrystallization. This can be
well explained by a drastic change in the Poisson ratio of
quartz near the « to B transition temperature using continuum
elasticity theory. The measurements combined with a model
calculation enable us to estimate the pressure that the tracks
are exposed to prior to annealing. The study demonstrates
both the applicability of the theory at the nanoscale and
the ability to reliably measure the resulting changes using
SAXS.
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II. EXPERIMENT

Ion tracks representing elastic inclusions were generated in
single-crystalline 360-um thick wafers of synthetic «-quartz
using 2.0-GeV >33U ions at the UNILAC accelerator at GSI
(Darmstadt, Germany). The irradiations were performed at
room temperature, under normal beam incidence, and with
fluences of 0.5, 1, and 3 x 10" ions /cmz. According to SRIM
2008 calculations, the projected range of the ions is ~70 um
[12]. It is apparent that the ion tracks generate high stresses
as samples exposed to higher fluences easily fracture when
handled. After irradiation, the samples were mechanically
polished from the backside using a tripod method. Samples
irradiated with 0.5 and 1 x 10'! jons/cm? were thinned down
to a thickness between 50 and 90 um whereas samples
irradiated with 3 x 10'! ions/cm? fractured during polishing
and thus were only polished to approximately 240 um.

SAXS was combined with in situ annealing experiments
in order to study the temperature dependence of the ion track
radii. Transmission SAXS measurements were conducted at
the Australian Synchrotron with an x-ray energy of 12 keV and
a camera length of approximately 1600 mm. The experimental
setup is schematically shown in Fig. 1(a) including a three-
axis goniometer stage with a heating facility. Annealing was
performed using a LINKAM TS 1500 heating stage positioned
normal to the x-ray beam. The goniometer allowed for precise
tilting of the sample in front of the beam. The temperature was
stepwise increased from room temperature up to a maximum
of 620 °C with a temperature profile illustrated in Fig. 1(c).
The ramping rate between different temperature steps was
130 °C/min, and the dwell time at each temperature was 5 min.
After 5 min at 620 °C, the sample was cooled down to 50 °C
and was kept at this temperature for 15 min. This cycle of
annealing was repeated for a second time (for some samples
also for a third time). During the annealing process and the
cooling period, SAXS measurements were taken periodically
with 6- and 15-s exposure times followed by approximately
40 s of delay.
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FIG. 1. (Color online) (a) Scheme of the experimental setup for
SAXS measurements combined with in situ annealing. (b) The
heating stage for in situ annealing. A schematic of a sample containing
tracks is also shown (the scale is not representative of the real ion
tracks). (c) Temperature profile during in sifu annealing experiments.

III. RESULTS AND DISCUSSION

A. SAXS measurements

Figure 2 shows SAXS images from an irradiated sample
at room temperature and after 5-min annealing at 500 °C.
The track axis was tilted by ~10° with respect to the
x-ray beam. The curved streaks with oscillating intensities
are indications of well parallel oriented continuous cylin-
drical regions with a different electron density than the
surrounding matrix [6,11]. The shape of this signal is a
consequence of the high aspect ratio of the cylindrical

At room temperature

After 5 min annealing at 500

FIG. 2. (Color online) SAXS images of a quartz sample con-
taining tracks produced with 2.0-GeV U ions; (top) at room
temperature and (bottom) when annealed at 500 °C after having
passed a temperature profile with 5-min annealing steps at different
temperature steps. The axis of the tracks is tilted by ~10° with respect
to the x-ray beam.
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FIG. 3. (Color online) SAXS spectra from the amorphous cylin-
drical inclusions in quartz generated with 2.0-GeV U ions to a fluence
of 1 x 10" ions/cm?. SAXS data were recorded at room temperature
before annealing and at different temperatures between 50 and 620 °C
for two consecutive cycles. Solid lines are fits to the hard-cylinder
model [11]. The spectra are offset for clarity.

tracks that are only few nanometers in diameter and tens
of micrometers long [11]. The intensity along the streaks
contains information about the radial density profile of the
cylinders.

From the streaky patterns, the scattering intensities as
a function of the scattering vector are extracted and after
background subtraction analyzed. Figure 3 shows the SAXS
data for several selected temperatures during the first and the
second annealing cycles at the end of the 5-min annealing
steps. The shape, i.e., the undulating character of the scattering
intensities does not change with temperature, indicating that
the cylindrical track geometry is maintained. The small shift
in the minima gives clear evidence of a change in track radii
[6]. The SAXS spectra were best fitted using a cylindrical
model that assumes a sharp transition of the electron density
between the track and the surrounding matrix (hard cylinder).
This is consistent with previous SAXS measurements [11] and
the formation of amorphous tracks embedded in the crystalline
quartz matrix. The solid lines in Fig. 3 represent the fits using
the hard-cylinder model [11].

Figure 4 shows the extracted cylinder radii as a function of
the annealing temperature during (a) the first and (b) second
and third annealing cycles (symbols). The radii correspond to
data recorded after 5 min annealing at a given temperature.
In the first cycle the evolution of the radius is characterized
by an initial increase up to about 400 °C followed by a sharp
decrease. Upon returning to ~50 °C, before the second cycle
started, the radius was found to be significantly larger than
the initial value (before annealing), indicating an irreversible
expansion of the cylindrical inclusion. The second and third
annealing cycles are characterized by a sharp decrease in the
radius above ~400 °C. The radii in the two cycles are nearly
identical, indicating a reversible process. The inset in Fig. 4(a)
shows the change in the radius as a function of time during
annealing at 250 °C. Even though the total change during this
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FIG. 4. (Color online) Track radii in quartz (generated with 2.0-GeV U ions to a fluence of 5 x 10'° ions/cm?) deduced from SAXS data
as a function of the annealing temperature during (a) the first and (b) second and third annealing cycles. The radius for each temperature
corresponds to that after 5-min annealing. The inset in (a) shows the change in the radius during the annealing at 250 °C as a function of time.
The dashed lines in (a) and (b) represent the model calculations for a cylindrical elastic inclusion taking into account the temperature-dependent
elastic constants of amorphous silica (track) and quartz (matrix), with Py = 0. The radius at the beginning of the temperature cycle is fixed
by the experimental value. In (b), the solid line shows the model calculation with an initial contact pressure P, = 35 GPa on the cylindrical
inclusion and the dotted blue line results from a calculation with Py = 0 and with only the elastic constants of quartz being temperature

dependent.

time is very small, it is evident that at least part of the change
in the track radius occurs on a time scale of minutes. For better
identification, the data points corresponding to the radius after
5 min annealing at 250 °C are circled. In contrast, in the second
and third annealing cycles, the entire changes in the track radii
appear to be “instant,” i.e., faster than the time resolution of the
experiment.

Preannealing at 400 °C for 20 min performed on a second
sample irradiated under identical conditions (2.0-GeV U ions
with a fluence of 5 x 10'%ions/cm?) before exposing it to
the same annealing cycle as the first sample also yielded
an irreversible increase in the cylinder radius. The following
annealing cycles were similar to the second and third cycles
of the first sample.

Similar annealing experiments were carried out for samples
irradiated at higher fluences of 1 and 3 x 10''ions/cm?
(the mean distance here is still large enough to consider
them as individual scattering objects). The results are very
similar indicating that the number density of the tracks
has no considerable effect on the temperature evolution
of the radius. We thus rule out proximity effects of ad-
jacent cylinders on the observed evolution of the track
radii.

Previous investigations have shown that tracks in quartz
consist of amorphous SiO; [1,11]. A density change of
only approximately 2% [11] suggests the tracks consist of
inclusions of densified silica, given ~15% density difference
is observed for bulk amorphous silica [13].

B. Modeling using continuum elasticity theory

The observed reversible change in the track radii can be
explained using the temperature-dependent elastic constants

of amorphous silica (a-Si0;) and quartz (c-Si0;). Both silica
and quartz are known to show an unusual thermal dependence
of their elastic properties. Silica becomes elastically harder
from room temperature up to about 1100 °C [14,15], whereas
quartz becomes elastically softer. Its aggregate Poisson’s ratio
changes rapidly and becomes negative close to the S-quartz
transition temperature (~573 °C) [16].

To understand how the elastic constants affect the track
radius, we apply classical elasticity theory [17,18], approxi-
mating the ion track as an infinitely long cylindrical elastic
inclusion in an infinite elastic medium. This approxima-
tion is justified given aspect ratios of ~1/10000 and the
low fluence irradiation where the mean distance between
different tracks is large compared to the track radius. For
isotropic linear elastic materials with a volume mismatch and
different elastic constants in the cylinder and surrounding
medium, the static elastic behavior of this system has an
exact analytical solution [19,20]. The radial strain &/, of the
material in the cylindrical inclusion (relative to the equilibrium
size of the same material at zero pressure) can be written
as [20]

a 1 a a2 a
e, = =1 =" = 2077P =, (1)
where the contact pressure P is given by
14
pP=-£ T + Po. 2
1407 + 1—ve—2(v?)
Em E!I

Here E is Young’s modulus, and v is Poisson’s ratio. The
superscripts a and m denote the properties of the amorphous
cylindrical inclusions and the crystalline surrounding matrix,
respectively. Py is introduced here as a preexisting contact
pressure consistent with high stresses produced by the ion

224108-3



B. AFRA et al.

tracks [11]. & is the relative linear size mismatch between
the amorphous and the matrix materials in their equilibrium
states. This can be determined from the difference in the
densities of the matrix and the track. In order to account for
the thermal expansion of the amorphous inclusions and the
matrix, we have made & temperature dependent for both silica
and quartz. For quartz, we used the thermal expansion reported
in Ref. [21], which is valid in the entire temperature region
and agrees well with a more recent analysis of the expansion
in a narrower temperature region [22]. To be consistent with
the experimental geometry, we used the a- and b-axis values
for the expansion (which are identical). For the expansion
of silica, we used the values measured in a wide range of
temperatures [23,24] which show that the expansion in the
temperature range of interest here is very close to linear, much
smaller than that in quartz, and described well by an expansion
coefficient of 5.1 x 10~71/K. In the current case, it is naturally
uncertain whether this macroscopic thermal expansion value
for silica is accurate for the nanosized ion track cylinder, but
any other reasonable value much smaller than that of quartz
would give essentially identical results in the current context.
The linear thermal expansions for quartz and silica can be writ-
ten as LTEqar, = 1 + ') AT + oV AT? 4 oV AT? [21]
and LTEgjca = 1 + a AT [23], where AT =T — 25 °C and
oV =) =13.71 x 1070, 0 =) = 6.5 x 107, ) =
af) =—1.9x 1072, anda = 5.1 x 1077 °C~",

Using a density p,, = 2.641g/cm? for a-quartz [16] and
2% lower density of the material inside the track [11] and

considering that the linear size is proportional to p~!/3, we
obtain
2.588 x LTE] 0, \ ~/°
=N\ . 3)
2.641 x LTE .,

We note that the exact value for the density of the track
material is not crucial and values calculated from density
differences between 0% and 15%, the latter corresponding to
the density difference between bulk a-SiO, and quartz, have
only an insignificant effect on the results. For the temperatures
above 573 °C, we have used p,, = 2.523 g/cm? for B-quartz
[16].

To determine the temperature dependence of the ion
track radius, we use experimental values for the temperature
dependence of the elastic constants of fused silica [14] and
quartz [16]. For silica we used a parabolic fit to the data
reported in Ref. [14] to obtain E¢ and v“. The selection of
Young’s modulus for quartz is somewhat ambiguous since a
crystalline material does not have a single value for Young’s
modulus [17]. We used the shear modulus Cg; for directions
perpendicular to the ¢ axis. The elastic constants used are
shown in Fig. 5. Other moduli [16] that are comparable in
magnitude to macroscopically reported Young’s moduli for
commercial quartz [25] (~70 GPa) gave similar results. For
V" we used the aggregate Poisson’s ratio v* [16]. The radial
strain €. can be calculated from the temperature-dependent
elastic behavior using Eq. (1). Using the Ry and ¢¢ (Tp) at
room temperature, the temperature-dependent radius is given
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FIG. 5. (Color online) Experimental data for elastic modulus E
and Poisson’s ratio v in silica [14] and quartz [16] as a function of
temperature.
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Calculations using this model are shown as solid and dashed
lines in Fig. 4. The dashed line represents the calculation
for Py =0 and agrees well with the first annealing cycle
[Fig. 4(a)]. The time dependence of the radius increase
in the first annealing cycle indicates that this part is not
entirely elastic in origin and the situation is more com-
plex than the analytical model assumptions at temperatures
<400 °C. However, the sharp drop in the radius above 400 °C,
which is reproduced in very similar form in the second
and third annealing cycles [Fig. 4(b)], is reversible and
elastic, justifying the use of the analytical model in this
regime. Comparison of the analytical model results with
and without the thermal expansion showed that the change
in the radius is dominated by the changes in the elastic
constants.

The solid line in Fig. 4(b) shows the model calculation with
an initial contact pressure Py = 35 &+ 3 GPa. This pressure
is in the same order of magnitude as that experienced by
the track at ~400°C [i.e., P calculated from Eq. (2) at
400 °C with Py = 0]. The model yields excellent agreement
with the temperature cycles following the initial irreversible
increase in the track radius. The initial pressure of 35 GPa
that yields the agreement of the model with the experimental
data in the second and following annealing cycles is indeed
consistent with the experimentally reported transition pressure
of quartz to amorphous silica at 25-35 GPa [26]. Further
analysis of the atom-level stresses from a molecular-dynamics
simulation performed previously [27] also indicates that the
average lateral atom-level stress in the amorphous region
is initially ~2 GPa, corresponding well to the model with
Py =0 GPa (using Py =2 GPa gives very similar result).
These observations offer a possible explanation for the increase
in the track radius. Initially the track is in a nonequilibrium
state with defective dangling and stretched bonds and a low
internal pressure state. The first annealing cycle relaxes the
silica material towards the equilibrium state, evident in the
time-dependence radius change in the Fig. 4(a) inset. Since
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normal silica is less dense than quartz, the relaxation puts
the material under the compressive pressure. This pressure
induces the crystalline-to-amorphous phase transition of the
nearby defect-rich quartz [26], resulting in the increase of the
track radius from 4.0 to 4.4 nm after the first cycle.

A strain in the vicinity of ion tracks in quartz has
been reported previously [28], and fracturing of the samples
irradiated with a fluence of 4 x 10! ions /cm2 [11] confirms
the high stresses in the material. As apparent from Fig. 4, if the
elastic constants of the amorphous inclusions are considered
independent of temperature with Py = 0, a good agreement
with the reversible radius evolution is also achieved. Although
there is no apparent physical justification for this scenario, it
has to be considered as a possibility.

We also note that the initial irreversible expansion of the
cylinders may be related to the complex volume change in
silica under different temperature and pressure conditions that
has been reported previously [29,30]. The volume expansion
of densified silica glass annealed at different temperatures has
been observed within a few minutes, and it was indicated that
the annealing process is dependent on the mechanical and
thermal histories [29].

In all cases, however, the dramatic drop close to the
transition temperature is a result of the rapidly changing
Poisson ratio of quartz close to this temperature as a negative
Poisson ratio implies that the material expands sidewards on
tension. In the first annealing cycle, the quartz close to the track
cannot expand sidewards, hence when v becomes negative,
the quartz “presses back” on the silica inclusion, reducing its
expansion.

PHYSICAL REVIEW B 90, 224108 (2014)

Even though the model calculation indicates an increase in
the track radius above the transition temperature and agrees
with the available two data points, a complete understanding
for the change at higher temperatures requires further mea-
surements, and is beyond the scope of this paper.

IV. CONCLUSION

In conclusion, we have measured an irreversible thermal
expansion of radiation-induced nanoscale amorphous cylindri-
cal inclusions embedded in «-quartz using SAXS combined
with in situ annealing. The radii of the cylinders increase
irreversibly by approximately 5% up to the temperature of
~400 °C. Above this temperature, the amorphous inclusions
undergo a reversible elastic contraction due to higher pressure
exerted from the surrounding quartz crystal. The latter process
is operational up to 620 °C, much before the re-crystallization
of the amorphous damage begins. The pressure experienced
by the cylindrical inclusions at different annealing stages has
been estimated. The high accuracy of the SAXS technique
to measure the cylinder radii demonstrated here offers the
unprecedented ability to study the elastic behavior of suitable
nanoscale systems.
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