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Abstract

We study the thermodynamic forces acting on the evolution of the nanoscale regions excited by collisions of en-
ergetic particles into solid targets. We analyze the role of diffusion, thermo-migration, and the liquidus—solidus two-
phase field crossing, as the system cools down from the collision-induced melt under different conditions of energy
deposition. To determine the relevance of these thermodynamic forces, solute redistribution is evaluated using mo-
lecular dynamics simulations of equilibrium Au—Ni solid solutions. At low collision energies, our results show that the
quenching of spherical cascades is too fast to allow for solute redistribution according to equilibrium solidification as
determined from the equilibrium phase diagram (zone refining effect), and only thermo-migration is observed. At higher
energies instead, in the cylindrical symmetry of ion tracks, quenching rate is in a range that shows the combined effects
of thermo-migration and solute redistribution that, depending on the material, can reinforce or cancel each other. These
results are relevant for the interpretation of the early stage of radiation damage in alloys, and show that the combi-
nation of ultra-fast but nano-scale characteristics of these processes can still be described in terms of linear response of

the perturbed system.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Energetic ions traveling in a solid lose energy via
nuclear and electronic stopping. This deposited energy
drives the target far from equilibrium and consequently
several processes may occur: defect creation, melting
and re-solidification, amorphization, disordering, mix-
ing, etc. In situations where the nuclear stopping is the
main source of energy dissipation, a ballistic phase de-
velops into an almost spherical collision cascade, which
splits into sub-cascades as energy increases [1]. At higher
energies, when electronic stopping dominates, the pro-
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jectile leaves behind a track of highly excited ions that
decay through several possible mechanisms [2]. In ad-
dition to these spherical and cylindrical perturbations,
also energy deposition in planar geometry can be studied
in high-energy laser experiments in which shock and
thermal waves drive the target far from equilibrium [3].

Material modifications due to such processes appear
in two different time scales. In times of the order of few
picoseconds, the collisional phase and the thermal spike
are over, as heat is removed by electronic and ionic
conduction. From there on, processes related to migra-
tion-induced nanostructural modifications, like radia-
tion enhanced diffusion, precipitation of solutes,
clustering of irradiation created point defects, etc.,
dominate the long-term behavior or aging of the irra-
diated material.

In addition to years of experimental work in this
field, the last decade has introduced new knowledge
from computer experiments using large-scale molecular
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dynamics and Monte Carlo simulations. Nanoscale
ultra-fast features were discovered and valuable predic-
tions were done; among them, the identification of a
liquid-like structure during the thermal spike [4]. How-
ever, most of this body of research addressed cases of
pure metals and ordered alloys [5]; only a few of them
studied non-equilibrium solid solutions [6].

In the usual interpretation of the effects of such en-
ergetic collisions in alloys, equilibrium solid solutions
are not expected to experience any modification in solute
distribution, as no driving forces for such effect have so
far been identified. In the early ballistic stage the atoms
are displaced from their equilibrium positions creating
interstitials and vacancies, and inducing ion mixing.
During the thermal stage that follows, involving a liq-
uid-like system, the temperature drop drives the system
back towards solidification.

However, the presence of huge thermal gradients and
the rapid quenching across the solid-liquid two phase
field may provide thermodynamic forces that contribute
to the solute redistribution; such forces depend on the
characteristics of the system under consideration and
have not yet been considered in detail.

In this paper we focus our attention on two ther-
modynamic forces that may give rise to solute motion:
First, for a long enough lifetime of the liquid phase and
strong thermal gradient, thermo-migration (Soret effect)
may induce solute motion. Second, if the quenching rate
is slow enough and the alloy has a significant splitting
between the solidus and liquidus lines in its phase dia-
gram, solute re-distribution on solidification across the
two-phase field (zone refining) may also induce solute
motion.

2. Effects on solute distribution

Thermo-migration is relevant in systems with large
temperature gradients. The diffusion equation that de-
scribes this effect is written as [7]

aCS:v {D(VCJ—Q*CSVT)} (1)

ot kT?

where C; is the solute concentration, ¢ is the time, D is
the diffusion coefficient, Q* is the heat of transport, & is
the Boltzmann constant, and 7 is the temperature. The
thermo-migration effect produces a solute flux whose
magnitude depends on the involved time scale, the
temperature gradient, and the heat of transport. The
solute is driven to the cold region of the sample if Q* is
positive, and to the hot region of the sample if Q" is
negative.

The characteristics of the phase diagram also affect
the solute distribution. As a solid-liquid interface is
present during cooling, solute concentration in both

sides of it changes as solidification proceeds. In systems
with liquidus and solidus lines with negative slopes, the
solute is pushed into the liquid as the solidification in-
terface moves, resulting in a higher solute concentration
in the liquid at the interface. Solidification is said to
occur at equilibrium when the ratio of solute concen-
trations at both sides of the solid-liquid moving inter-
face is given by the ratio of the slopes of the liquidus and
solidus lines in the phase diagram, a condition that is not
necessary fulfilled during the ultra-fast cooling that fol-
lows the collision. Standard results on equilibrium so-
lidification show that the first portion of matter that
solidifies has a low solute concentration, while the last
solid formed is solute-enriched [8].

Depending on the particular conditions of an exper-
iment, and on the alloy components, thermo-migration
and equilibrium solidification may cancel or reinforce
each other, according the sign of Q" and the slope of the
lines in the phase diagram.

3. Properties of Au-Ni dilute alloys

A computational study of these effects requires a large
number of atoms; therefore simple empirical potentials
have to be used to describe the atomic interactions. A
proper knowledge of the equilibrium and non-equilib-
rium thermodynamics implicit in the model potential is
required. In a previous work we determined the heat of
transport and diffusion coefficients in dilute liquid Au-—
Ni alloys [9] described by an embedded atom type po-
tential [10]. We measured Q* through MD simulations
for both Au and Ni acting as solute into each other, and
found that Au as a solute in Ni has a tendency to move
towards the cold region of the sample, while Ni as a
solute in Au has the opposite tendency.

With respect to the Au-Ni phase diagram, Fig. 1
represents the calculated liquidus, solidus, and solvus
lines for the EAM potentials used in MD calculations,
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Fig. 1. Experimental (dotted) and calculated Au-Ni phase dia-
gram. See Ref. [11].
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as we recently determined [11]. The dotted lines are the
experimental data [12]. Though there are quantitative
differences, the two-phase fields in both cases show a
broad splitting in the Ni-rich region, and a narrow one
in the Au-rich region; additionally, both dilute solid
solutions show negative slopes in the solidus and liqui-
dus lines. From the phase diagram predicted by the
model we then expect that equilibrium solidification
would significantly increase the solute distribution in the
core of a thermal spike for the Ni-rich region of the
phase diagram (large s-1 splitting), while the Au-rich
solutions would slightly be affected by this effect (small
splitting). Additionally, thermo-migration will enhance
solute concentration in the liquid if Ni is the solute
(negative Q*), while the contrary will happen if Au is the
solute. Consequently these two driving forces would
reinforce each other in the Au-rich solutions, while they
would show a tendency to cancel each other in the Ni-
rich solutions.

4. Results

We simulated irradiation experiments that induce
distinct geometry of the excited regions, with different
surface to volume ratios of the liquid zones (different
quenching rates and interface velocities), namely:
spherical cascades (3-D) for low energy ions, cylindrical
tracks (2-D) for high-energy ions, and planar laser shots
(1-D). In this work we report a 1-D and a 2-D geome-
tries, both in NigsAus solid solutions.

To determine the relative importance of the two
driving forces under consideration, we analyze the sim-
ple 1-D geometry of a linear 7-gradient, and perform
both a MD simulation and an analytic calculation. A
variable linear thermal gradient was imposed to a
20x 8§ cells sample, with temperature control at both
ends (cold ends), and at the center (hot center). Periodic
boundary conditions in 3-D and constant volume were
used in the simulations. The cold ends were kept at 1000
K, while the hot center was initially set at 11000 K and
then cooled at constant speed down to 1000 K. The
constant cooling of the hot center gives a variable solid—
liquid interface speed, as the temperature gradient is
linear. A fast cooling of 500 K/ps, and a slow cooling of
10 K/ps, were simulated.

The evolution of the concentration at three different
times (early, intermediate, final) in the MD calculation
for the slow cooling case is shown in Fig. 2. The thermo-
migration effect is clearly seen at the early times of the
run, showing solute depletion at the center. At later
stages, the solute is pushed to the hot center of the
sample by the solid-liquid interface, in opposition to the
thermo-migration effect. At the end of the run the con-
centration profile shows a peak that moved from the
cold to the hot region, clearly indicating a competition
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Fig. 2. Au concentration in NigsAus in a MD simulation of a
one-dimensional thermal gradient with slow cooling rate.

between the two driving forces at this quenching rate,
namely, the solute re-distribution during solidification is
seen, indicating some degree of equilibrium solidifica-
tion. The fast cooling case, not reported here, shows no
significant changes in concentration, indicating that the
equilibrium solidification does not take place.

To interpret the MD results, we compare them with
the analytic solution of 1-D solidification as it appears in
textbooks. We shall not discuss details of the equations
here, we refer the reader to [13]; we just highlight the fact
that the analytic solution assumes first equilibrium so-
lidification, that is, the ratio of solute concentration at
both sides of the solid-liquid moving interface is forced
to be equal to the ratio of the slopes of the solidus—
liquidus lines in the phase diagram, and second it as-
sumes diffusion in the liquid phase. Additionally, the
model includes thermo-migration in the diffusion equa-
tion that controls solute motion in the liquid (see Eq.
(1)). The differential equation is solved numerically as
cooling proceeds at both the same slow and fast rates as
in the MD simulations. The final concentration profiles
are shown in Fig. 3. In the fast cooling case, a large
solute peak at the center of the sample reflects a huge
‘zone refining’ effect. This peak is absent in the MD sim-
ulation, indicating that the assumption of equilibrium
solidification, which leads to the profile of Fig. 3, is not
what really happens in the MD simulations. Conversely,
the concentration profile for the slow cooling case is very
similar to the MD result: a solute depletion at the
boundary of the liquid zone, and a solute peak close to —
but not at — the center of the sample (see curve 3, Fig. 2).
The results of the analytic equations help us confirming
the interpretation given above in the sense that fast
cooling only shows the effects of thermo-migration,
while slow cooling show both, thermo-migration, and
zone refining.



266 E.M. Lopasso et al. | Journal of Nuclear Materials 323 (2003) 263-267

30+

25+

Fast cooling

20+ Slow cooling

\

Au concentration [at. %]

0 T T T T T T T
0o 1 2 3 4 5 6 7 8 9 10

Distance [cell units]

Fig. 3. Concentration profiles predicted by the analytic calcu-
lation for slow and fast cooling rates in NigsAus.

From these 1-D results we can conclude that the fast
cooling rate, showing differences between the analytic
solution and MD, implies that equilibrium solidification
is not reached in the MD simulation. In contrast, the
slow cooling rate shows similar qualitative behavior in
analytic and MD results, indicating some degree of
equilibrium in the MD calculation.

There are differences in the concentration values in
the MD simulation and the analytic calculation for the
slow cooling; they are due to the strong assumption of
equilibrium solidification in the analytic solution, which
is taken as an extreme case, while MD reflects the real
behavior of the model system, somewhere between
complete equilibrium and no re-distribution at all.

For the 2-D symmetry, the track case, we use a
sample of 64 x 64 x 16 unit cells in the x—y—z directions, at
300 K. The collision leaving a track along the z-axis was
simulated by imposing a Gaussian temperature distri-
bution with ¢ = 24, at the x—y center of the sample,
with cylindrical symmetry in the z-direction. The de-
posited energy represents 400 eV/A, which is in the range
usually attainable by swift heavy ions [2]. After the ini-
tial energy deposition, heat is removed by a thermostat
set at 300 K, acting on the lateral boundaries of the
sample. As a result, during the first few picoseconds the
liquid interface moves from the center outwards, ex-
panding the volume of the melt, which reaches a maxi-
mum, shown in Fig. 4, and with a temperature at the
center of approximately 11000 K. The system cools
below the melting temperature after about 20 ps, re-
covering the crystalline state. Since the center of the
sample cools down from 11 000 to 1000 K in about 20 ps,
the average cooling rate is ~500 K/ps, the average in-
terface speed is ~2 A/ps, and the initial thermal gradient
is ~1000 K/A. With a heat of transport of the order of
0.5 eV, a thermal gradient of this magnitude induces a
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Fig. 4. NigsAus sample after 1 ps from the energy deposition.
Distances in cell units.
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Fig. 5. Final concentration of Au as a solute in NigsAus after
an event of energy deposition with cylindrical symmetry (track
event). Distances in cell units.

force of ~0.1 eV/A, large enough to produce measurable
effects.

The final solute concentration is shown in Fig. 5. The
solute moved away from the center of the sample, which
reflects a dominance of thermo-migration over solute
redistribution upon re-solidification. From this simula-
tion it is not possible to separate the contribution of the
two effects, namely, thermo-migration and solute redis-
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tribution. What is clear though is that the former
dominates the outcome of a 400 eV/A track in NigsAus.

5. Discussion

The 1-D results shown help us in the interpretation of
the track simulation: the fast cooling observed after the
track is too fast for a manifestation of the equilibrium
solidification. The average speed of the interfaces during
the track and the fast cooling under the 1-D temperature
gradient were estimated to be 2 A/ps, while in the slow
cooling it was about 0.04 A/ps. These values provide us
with two boundaries for the interface speed: at 0.04 A/ps
and below, equilibrium solidification is clearly operative;
at 2 A/ps and above, its effects cannot be appreciated in
the simulations. In terms of the speed of sound ¢, these
boundaries are approximately 1073 ¢ and 10! c. These
results from MD are in excellent agreement with the
qualitative analysis given in [13] which runs as follows:
in the liquid the average inter-particle distance a is ~2 A,
and the diffusion coefficient D at 2000 K is ~0.6 A?/ps,
therefore, the order of magnitude of a velocity associ-
ated to diffusing atoms is vy, = D/a ~ 0.2 Alps; con-
sequently if the solidifying interface moves faster than
Unimit, SOlute atoms can not follow and solute trapping, as
opposed to equilibrium solidification (zone refining),
appears. Our simulations tested interface velocities one
order of magnitude above and below this limit and the
results are in full agreement with this interpretation.

A similar track was also simulated in the AugsNis
system. Only the thermo-migration effect is observed at
the initial stages of cooling, enriching the core of the
track because in this case the heat of transport is nega-
tive. As the equilibrium phase diagram shows no split-
ting between solidus and liquidus, no zone refining is
observed.

6. Conclusions

The MD simulations of tracks and 1-D thermal
gradients in equilibrium solid solutions as reported here,
give us quantitative proofs of the existence of these two
thermodynamic forces affecting solute redistribution in
these ultra-fast nano-scale phase transitions. We can
conclude that a clear distinction can be made between
three regimes: (i) collision events dominated by nuclear
stopping power (producing essentially spherical cascades
and sub-cascades, with solid-liquid interface velocities
faster than 1 A/ps) show thermo-migration if the heat of
transport is of the order of 0.5 eV or larger, and solute
trapping; (ii) collisions with energies in the electronic
stopping power regime (producing cylindrical tracks

with slower cooling rates) are in the frontier of the re-
inforcement or cancellation between thermo-migration
and solute re-distribution; and (iii) laser shots (produc-
ing one-dimensional perturbation fronts with the slowest
cooling rate) where both effects reported here should
clearly be observable.

Additionally, this study also shows the importance of
a proper knowledge of the thermodynamic properties
implicit in the empirical models, if they are intended to
describe alloys under irradiation. Although far from
equilibrium, the formalism of the heat of transport
based on linear response and Onsager relations [14]
proves to give a reasonable quantitative framework to
interpret the results of MD simulations.
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