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A computer simulation of ultra-fast solidification and thermomigration
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ABSTRACT

Starting from two equilibrium solid solutions in the Au-Ni system, we analyze the change in
composition due to a 400 eV/A fast ion track simulated by molecular dynamics in the Embedded
Atom approximation. We aim at determining the influence of the thermodynamic forces derived
from the large thermal gradients and the rapid solidification across the solidus and liquidus on
the motion of solute atoms. One dimensional gradients as well as analytic models are used to
quantitatively determine the domains of influence of these forces. Evidence shows that the
liguidus and solidus equilibrium solidification predicted by the phase diagram is not reached
during the track. The solute concentration is mainly determined by the combined diffusion and
thermomigration mechanisms in the liquid stage.

INTRODUCTION

In the usual interpretation of radiation effects in alloys, equilibrium solid solutions are not
expected to experience modification of solute distribution as a consequence of energetic collision
cascades. However, the presence of huge thermal gradients and the rapid quenching across the
two phase field delimited by the solidus and liguidus lines provide thermodynamic forces that
may give rise to solute redistribution. In the short initial ballistic stage the atoms are displaced
from their equilibrium positions, creating interstitials, vacancies and ion mixing near the cascade.
The thermal stage that follows involves a liquid-like system, followed by a temperature drop that
drives the system towards re-solidification; in these stages precipitation, dissolution,
amorphisation, and diffusion (besides other possible transformations), influences the solute
redistribution.

The diffusion mechanisms in the liquid phase are influenced by the thermomigration of
solutes. The governing equation in this case is the diffusion equation with the heat of transport

contribution [1]:
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in which C; is the solute concentration, t is the time, D is the diffusion coefficient, Q¥ is the heat
of transport, k is the Boltzmann constant and T is the temperature. Under a thermal gradient, the
thermomigration effect would drive the solute to the cold region of the sample if Q* is positive,

and to the hot region of the sample if Q* is negative.

Additional effects could appear as system cools down from the liquid, and the characteristics
of the phase diagram affect the final solute distribution in the solid phase. In systems with
liquidus and solidus lines with negative slopes, the solute is pushed towards the liquid as the
solidification interface moves on cooling. If solid diffusion is neglected due to the rapid nature of
the process under consideration, the complete or partial mixing by diffusion in the liquid phase



producces a concentration profile. Standard results show that the first portion of matter that
solidifies has a low solute concentration, while the last solid formed is solute enriched [2].

In a previous work 3] we determined the thermomigration effect on liquid dilute Au-Ni
alloys. We found that Ni as a solute in Au has a tendency to move towards the hot core of the
spike, while Au as a solute in Ni has the opposite tendency. The final solute concentrations under
a fixcd thermal gradient are shown in figure 1, for samples of 4.7 % initial solutc content in the
Au-Ni system. Figurc 2 shows the Au-Ni system phase diagrams: the experimental (dotted lines)
[4] and that dctermined in a previous publication [5], corresponding to the embedded atom
potentials [6] used in this work. According to this phase diagram, during cooling from the melt
the effect of the liguidus and solidus lines would drive the solute to the hot melted zonce in both
Ni 5% Au and Au 5% Ni systems: this would enhance (compensate) the thermomigration effect
when Ni (Au) is the solute. This analysis would be correct if the solidification proceeds at
thermodynamic equilibrium, a fact that we assess in the simulations reported here. Equilibrium
solidification occurs when the concentration of solid and liquid phases close to the moving
interface arc given by the liguidus and solidus lines respectively. In this work we use molecular
dynamics to study the combined cffect of thermomigration and quenching during ultra-fast
solidification in the Au-Ni system after a fast ion track event.
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Figure 1: Solute distribution after 500 psec.
undcr a fixed thermal gradient in initially
4.7% dilutc alloys.

Figure 2: Expcrimental (dotted) [4] and
calculated [5] Au-Ni phase diagram.

TRACK SIMULATION

A 400 cV/A track in the [001] direction was simulated on dilute 5% Au-Ni and Ni-Au
alloys, on 64x64x16 unit cells samples. This energy deposition is in the range usually attainable
by swift heavy ions.

The Ni 5% Au samplc is shown in figure 3, after 1 psec. from the track event. The melted
zone reaches a maximum size and then the re-solidification interface moves towards the center of
the track at a variable spced, which is shown in figure 4, and is estimated from the temperature
profiles shown in figure 5. These figures show that the track effect extends over roughly ten
cells. After about 16 psec. the system reaches the solid phase temperature.
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Figure 5: Temperature profiles after track event in Ni 5% Au.

Concentration profiles for Ni 5% Au and Au 5% Ni are shown in figure 6. From the figure it
is observed that in the Ni 5% Au system the solute moves away from the center of the track,
while in the Au 5% Ni system the solute moves to the track region. This observation is in
agreement with the expected behavior when thermomigration is operative.

Figure 6: Au concentration during track cooling of Ni 5% Au system (above) and Ni
concentration during track cooling of Au 5% Ni system (below). Distances in cell units,
From left to right: at 2, 4, 10 and 20 psec. from track event.

From the track simulations we conclude that in the Ni 5% Au system the 20 psec. picture
represents the sample back in its solid phase. In this time scale, the solidification is apparently
not in equilibrium, as the thermomigration effect was not compensated by a solute enrichment in
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the final liquid in the center of the sample. In the Au 5% Ni system, the picturc at 20 psec. still
represents a sample with a liquid track core. However, further cooling up to 50 psec. did not raise
the solute concentration at the center of the sample, as would be expected if solidification occurs
at thermodynamic equilibrium.

To try to understand quantitatively these results, we proceed now to the analytic modeling of
the processes.

ONE DIMENSIONAL SOLIDIFICATION MODELS

To verify the track results a molecular dynamics simulation and an analytical calculation
were performed in one dimensional temperature gradient geometry under controlled temperature
conditions. A thermal gradient was imposed to twenty cclls long samples, with temperature
control at both ends (cold ends) and at the center (hot center) and periodic boundary conditions
in 3D. The cold ends were kept at 1000 K, while the hot center was initially at 11000 K and then
cooled down. A fast cooling of 500 K/pscc., similar to that observed during the track cooling,
and a slow cooling of 10 K/pscc., in an attempt to quench at thermodynamic equilibrium, arc
presented. The evaluation was performed in the Ni 5% Au alloy. which has a broad splitting of
the two phase (liquid and solid) ficld and an evidence of the solidification solute redistribution is
therefore expected.

Molecular dynamics results

The concentration profiles for the fast and slow cooling conditions after the samples reached
an uniform temperature (1000 K) are shown in figure 7. In both cases the thermomigration cffect
is present at the beginning of the run. In the fast cooling, the concentration does not vary
significantly, while in the slow cooling the solute is pushed towards the hot center of the sample,
compensating the thermomigration effect at the end of the run. In the slow cooling a peak moves
from the cold to the hot region, suggesting that some equilibrium is achieved. The interface
position shown corresponds to the approximated point at which it should be according to the
imposed temperature gradient.
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Figure 7: Concentration profiles for the fast (left) and slow (right)
cooling down schemes. Molecular dynamics calculation in Ni 5% Au.

Figurc 8 represents the sample configuration when the temperature at the center is 2000 K.

The slow cooled sample is almost crystallized, while the fast cooled sample is still in a liquid like
configuration. The observation is in agreement with the conclusion obtained from the
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concentration profiles, and also suggests that the slow cooling allows a partial thermodynamic
equilibrium, while in fast cooling the equilibrium is not reached. When the fast cooled sample

was left at 1000 K for a longer period, an ordered crystal structure was obtained, and there was
no changes in the concentration profile.
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Figure 8: Samples obtained by molecular dynamics calculations for fast (left) and slow (right)

cooling conditions in Ni 5% Au. Temperature in the center is 2000 K. The estimated interface
position according to thermal gradient should be at the first cell. Distances in cell units.

Analvtic results

The analytic model assumes the system is always at equilibrium solidification, and the
diffusion equation including thermomigration (1) is solved as cooling down proceeds.

The results for fast and slow cooling are shown in figure 9 for the final (left) and transient
(right) concentration profiles. In spite of the concentration values, the final slow cooling profile
is similar to that obtained by molecular dynamics. The fast cooling profile has a peak at the
center of the sample, resulting from the impingement of solute in the final stage, which is not

observed in the molecular dynamics run. An equilibrium plateau at the initial 5% concentration
is observed.

35 35
—30 ~ 30
B =
- 25 <25
< . <
-E- pr—— Slow cooling ‘E' s SlOW coOlNG
o Fast caoling o2 Fast cooling
E 15 g 15
210 210
g, 8,
3 s =1 & -
< - < ‘-\\ o

3 4 5 6 7 8 3 4 5 6 1
Distance [cel! units} Distance [cell units]
Figure 9: Concentration profiles from the analytical calculation, fast and slow
cooling, in Ni 5% Au. Final profile (left) and transient (right).

The transient concentrations in figure 9 correspond to the same interface position for both
cases. The fast cooling has a narrow concentration peak at the interface, while the slow cooling
presents a diffusive profile. This allows the liquid to be enriched by solute, and as a consequence
the center of the sample has an extended enriched zone in the final state. The zone of solute
concentration below the initial 5% also differs. The slow cooling shows a broad zone, as the
continuos build up of solute to the cold region, due to thermomigration, produces solidification at
a composition close to the initial composition of the sample.
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SUMMARY AND CONCLUSIONS

The concentration profiles obtained in the simulation of the track event indicate that the
thermomigration effect is the main contribution to the solute re-distribution. The very fast
cooling rate observed during the simulation does not allow a thermodynamic equilibrium in the
system.

The obscrvations in the Ni 5% Au system arc verified with one dimensional thermal
gradients in three dimensional molecular dynamics and an analytical model which assumes
equilibrium solidification during quenching. A fast cooling rate. similar to the track cooling rate.
refleets differences between the analytical simulation and molecular dynamics. This implics that
equilibrium is not reached in the molecular dynamics simulation. In contrast, a slow cooling rate
shows similar qualitative behavior in analytical and molecular dynamics results indicating some
degree of equilibrium. There are differences in the concentration values for the slow cooling
simulation and the analytical calculation, which are due to the strong assumption of equilibrium
solidification in the analytic model, while in molecular dynamics there is no complete
equilibrium. The average interface speed during the track and the fast cooling under the one
dimensional temperature gradient is estimated to be 2 A/psec.. while in the slow cooling is about
0.04 A/psce. These values arc consistent with a 0.1 A/psce. interface speed estimated as the
upper limit at which equilibrium solidification should be operative. which was obtained with
molecular dynamics and analytic models not presented here.

The Au 5% Ni system cools down at a slow rate after the track. The Au 5% Ni sample
shown in figure 6 is still in the liquid phase, while the Ni 5% Au sample is solid. Concentration
profiles in the Au 5% Ni system in later stages after the track event do not show further
modifications. This is consistent with the above conclusions since. if the phase diagram
equilibrium is supposed to occur. the center of the sample should be enriched with solute.
However, duc to the narrow splitting of the two phase (liquid and solid) ficld in the Au rich zone
of the phase diagram, a relevant effect would not be expected even if equilibrium occurs during
cooling.

One-dimensional thermal gradients in molecular dynamics calculations. and analytical
results, suggest that the cooling rate should be much slower than is the case for Ni to allow for
equilibrium solidification effects to become apparent. This may occur in heavicr systems. These
effects depend on the sign and magnitude of the heat of transport. and on the characteristics of
the phase diagram.
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