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Abstract 

Despite the continuous and remarkable development of experimental techniques for 
the investigation of microstructures and the growth of nuclei during the solidification 
of metals, there are still unknown territories around the topic of nucleation during 
solidification. Such nanoscale phenomena can be effectively observed by means of 
Molecular Dynamics (MD) simulations which can provide a deep insight into the 
formation of nuclei and the induced crystal structures. In this study, MD simulations 
have been performed to investigate the solidification of Aluminium melt and the 
effects of process parameters such as the cooling rate and hydrostatic pressure on the 
final properties of the solidified material. A large number of Aluminium atoms have 
been used in order to investigate the grain growth over time solidification. The 
population of the Face Centred Cubic (FCC) and amorphous (or non-crystalline) 
phases has been recorded during the evolution of the process to illustrate the 
nanoscale mechanisms during solidification. Finally, the exothermic nature of the 
solidification process has been effectively captured by measuring the temperature of 
the Al atoms during grain formation. 
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1 Introduction 

In the early 1950s Hall and Petch made the revolutionary observation that the grain size of metallic 
materials is correlated to their mechanical properties [1,2]. More specifically, 1 they stated that smaller 
grain sizes lead to higher yield stress and mathematically described the relation between the yield stress 
and the average grain diameter, which is widely known as the Hall-Petch equation [1]. Later on, 
researchers expanded the research area around this topic and suggested that the grain size can also be 
correlated to the ductile-brittle transition, hardness, fatigue and creep behaviour [3]. The reason for the 
improvement of the mechanical strength for smaller grain sizes is that smaller grains hinder the 
movement of dislocations while higher external stress needs to be applied for their propagation.  

Several ways of improving the grain structure have been reported over the past decades. Three of the 
most popular ones for reducing the grain size are: (a) the use of alloying elements such as grain refiners 
[4], (b) controlling the cooling rate [5] and (c) controlling the pressure during casting [6]. More 
specifically, grain refiners foster heterogeneous nucleation and increase the number of nucleation sites 
in the melt. For high values of the cooling rate, the melt is quenched to a lower temperature than the 
equilibrium melting point. This circumstance promotes the formation of additional nuclei in the melt 
which in turn lead to grain refinement upon solidification [7]. The mechanism of grain refinement under 
high external pressure can be explained by considering the Clausius-Clapeyron relation which relates 
the slope of the temperature-pressure equilibrium for coexisting phases, e.g. liquid and solid, to the 
specific enthalpy for phase change and the specific volume change of the phase transition [8]. After 
some algebraic manipulation it can be concluded that the critical radius for nucleation decreases for 
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higher values of pressure [9]. As a result, nuclei can be quickly formed when pressure is applied and 
the number of nuclei/grains per unit volume increases.  

The real time observation of the nucleation and grain refinement processes is not trivial as extremely 
high resolution is required. Although the experimental equipment and the adopted measurement 
techniques have remarkably evolved, there are still challenges associated with the real time observation 
of the nuclei formation during solidification in the bulk material [10]. Obtaining atomic resolution 
images from scattering and diffraction experiments is not yet feasible. On the other hand, the Classical 
Nucleation Theory (CNT) [11] frequently fails to accurately predict experimental nucleation rates [12] 
as it is based on the assumption that nucleation can occur with equal probability at any point within the 
melt, which does not hold in reality [13].  

The aforementioned shortcomings can be addressed via the Molecular Dynamics (MD) simulation 
technique. This computer simulation method provides high resolution information while no ab initio 
assumptions are required for the physical system under examination. The first MD simulations on this 
topic considered quite small atom populations and were limited to two dimensions [14]. However, as 
suggested by Streitz et al. [15], in order to reproduce realistic and size-independent solidified structures 
via means of MD simulations large atom populations should be considered. The evolution of the 
computational power and the development of high-performance computing clusters has allowed for 
large scale MD simulations of solidification. Large MD simulations have significantly contributed to 
the in-depth understanding of the phenomena taking place during solidification and the process 
parameters affecting the structural properties of the solidified structure. Some of the topics investigated 
include the effect of the cooling rate on the solidified structure [16], the structural and dynamical 
properties of rapidly quenched metals [17], nucleation and grain growth [18]. The largest MD 
simulation ever reported has been performed by Shibuta et al. [19] who investigated homogeneous 
nucleation from an undercooled iron melt containing 1 billion atoms. Based on their observations, the 
authors proposed a novel nucleation model, which is based in heterogeneity. In contrast to the classical 
nucleation models (spontaneous and sporadic) they found that small satellite-like grains are formed in 
the vicinity of earlier formed grains.  

Considering the challenges encountered during the real-time experimental observation of the nucleation 
process during solidification, it is clear that MD simulations offer some significant advantages 
compared to other computational methods and experimental techniques, which lack atomic resolution 
and make ab initio assumptions. In this study, MD simulations have been employed to investigate the 
effects of the cooling rate and pressure on the properties of solidified aluminium. The obtained results 
suggest that the cooling rate significantly affects the grain nucleation and growth as well as the grain 
distribution in the solidified structure. Therefore its value should be thoughtfully controlled in order to 
obtain the desired material properties. On the other hand, pressure increases the melting point, increases 
the growth rate but does not significantly alter the final average grain size.  

2 Methodology 

The simulation setup consists of a simulation box with periodic boundary conditions containing 
1,000,188 Aluminium (Al) atoms. The Al atoms are initially arranged in a FCC lattice with a lattice 
constant equal to 4.046 Å. The Finnis-Sinclair (FS) potential [20] has been employed to model the 
interatomic interactions between the Al atoms. The FS potential has been extensively used to investigate 
nucleation and solidification via MD simulations [19,21,22]. The FS potential takes into account the 
local density dependence of the interatomic forces by considering a repulsive term and an attractive 
term (square root) which is dependent on the forces exerted on a specific atom by its neighbours: 
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where ��� is the potential energy for the atom pair ��, ��� the distance between the atoms � and �, � is the 
binding energy and �� the local electronic charge in the vicinity of atom �. 
The Al melt was prepared by isothermally heating the Al crystal up to 1173 K using the isothermal-
isobaric ensemble (NPT) ensemble. The melt was subsequently equilibrated for 20,000 timesteps; at 
the end of the equilibration process there were no FCC atoms left in the domain. Following the 
equilibration stage, the melt was quenched under three cooling rates (1, 2 and 4 K/ps) and three values 
of pressure (0, 0.5 and 1 GPa), i.e., 9 simulations were performed in total. Following the quenching 
process, the simulation domain was further equilibrated for 100,000 timesteps (2 ns) at 273 K in order 
to allow for some additional time for the FCC grains to grow and obtain the final solidified structure. 
The values of the simulation parameters are summarised in Table 1.

Table 1: Simulation parameters 

Number of atoms 1,000,188 
Material Aluminium 
Ensemble NPT 
Potential Finnis-Sinclair (FS) 
Timestep (fs) 2 
Pressure (GPa) 0, 0.5 and 1 
Cooling rate (K/ps) 1, 2 and 4 

In this study, the per-atom temperature was evaluated in order to visualise the temperature distribution 
over the simulation domain. The per atom temperature has been measured using the equipartition 
theorem [23] as stated below: � =

�����
2

��� (2)

where � is number of atoms, kB=1.38∙10-23 m2 kg s-2 K-1 the Boltzmann constant and ��� = 3 the 
number of dimensions of the simulation. The kinetic energy (��) is given by: 

�� =
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where �� and �� are the mass and velocity of the atom � at a specific timestep. 

With regard to structural properties, the Radial Distribution Function (RDF) has been employed as a 
metric of the local ordering of atoms. The RDF has been calculated as follows: �(�) = ��� 〈 �(�)

4�����〉 (4) 

where � is the system volume, � the population of the simulation atoms, and �(�) the number of atoms 
lying within the spherical shell � − ��/2 < �� < � + ��/2. 

The open source LAMMPS Molecular Dynamics Simulator [24] has been used to perform the large 
scale MD simulations. Each simulation was performed on 32 cores of the Delta HPC facility of the 
Cranfield University while the corresponding running time ranged between 6 and 24 hours. The OVITO 
open source software [25] along with its integrated modifiers and some in house post processing scripts 
were utilised for the post-processing and visualisation of the results. 

3 Results & Discussion 

As mentioned in the previous section, the prepared Al melt was quenched under 3 different cooling 
rates (1,2 and 4 K/ps). The effect of the cooling rate on the solidified structure is illustrated in Figure 1. 
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It is evident that the cooling rate significantly affects the number of grains in the final structure. More 
specifically, additional grains are formed during rapid quenching; this is because solidification occurs 
in a wider range of temperatures compared to lower cooling rates and additional nucleation points are 
generated. This result is in agreement with previous investigations [16]. 

(a) (b) 

(c) 

Figure 1: Solidified structure for a cooling rate of (a) 1 K/ps, (b) 2 K/ps and (c) 4 K/ps 

In order to visualise the nucleation process, the cluster analysis modifier of the OVITO software [25] 
was employed. Clusters were identified via a distance based neighbour criterion, according to which 
two atoms separated by a distance smaller than a specified value belong to the same cluster or grain. 
This critical value was set equal to the lattice constant of Aluminium (4.046 Å). The grain formation 
for a cooling rate of 1 K/ps is shown in Figure 2. It can be observed that grains grow in a sphere-like 
manner while the atoms of the liquid/melt phase get attached to the potential FCC sites of the grain 
boundary interface. 
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(a) (b) 

(c) (d) 

Figure 2: Nucleation for a cooling rate of 1 K/ps at (a) 543 K, (b) 525 K, (c) 507 K and (d) 489 K. 

Nucleation and solidification are accompanied by the release of the latent heat of crystallisation and a 
steep reduction of the potential energy; this is because the FCC crystal phase is energetically favourable. 
The effects of pressure and cooling rate on the potential energy have been investigated. As shown in 
Figure 3, the potential energy drops linearly with temperature for all cooling rates under examination. 
However, lower cooling rates contribute to a steeper reduction of the potential energy when 
solidification commences, i.e. solidification occurs over a shorter range of temperatures. As expected, 
the magnitude of the potential energy of the system increases with pressure. This is more pronounced 
when the Al atoms are in the melt phase. Finally, it can be observed that solidification commences at 
higher temperatures when pressure is high; this is in agreement with previous investigations which 
suggest that the melting point of metals strongly depends on the static pressure [26]. 
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(a) (b) 

(c) 

Figure 3: Normalised potential energy vs. temperature for a cooling rate of (a) 1 K/ps, (b) 2 K/ps and (c) 4 K/ps 

Common Neighbour Analysis Potential Energy Distribution 

(a) 

(b)

Figure 4: Common Neighbour Analysis and potential energy distribution for a cooling rate of 1 K/ps (a) T=543 K and (b) 

T=489 K 
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Figure 3 provides a quantitative estimate of the potential energy evolution during the process. However, 
in order to obtain a clearer understanding of the local potential energy evolution during the solidification 
process, the per atom potential energy was calculated and averaged over time windows of ���/50
timesteps. ��� is the total number of timesteps of the quenching process, being dependent on the cooling 
rate. In Figure 4, the results of the Common Neighbour Analysis (CNA) and the local potential energy 
are being compared for identical temperature values. As expected, the potential energy is not uniformly 
distributed over the simulation domain but lower values (blue colour) can be observed at the areas 
occupied by grains, where the energetically favourable FCC and HCP phases are dominant. For the 
identical reason, the potential energy of the atoms at the grain boundaries or the ones corresponding to 
the liquid phase, which are non-crystalline, is higher. 

(a) (b) 

(c) 

Figure 5: Evolution of Face Centred Cubic (FCC) and amorphous (AMO) populations over time for a cooling rate of (a) 1 

K/ps, (b) 2 K/ps and (c) 4 K/ps 

In Figure 5 the populations of the Face Centred Cubic (FCC) and amorphous (AMO) structures have 
been plotted over time. As expected, the population of the amorphous structures is initially (Timestep 
=0) equal to the total number of atoms (106), because Al is in the molten state. As the simulation 
temperature drops, the population of the amorphous phase undergoes a steep decay. This abrupt change 
corresponds to the point in time when the first nuclei (grains) are generated. At the same timestep and 
for the same reason, the population of the FCC phase starts to sharply rise. Towards the end of the 
quenching and equilibration processes, the populations of both phases asymptotically reach a constant 
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value. It has to be mentioned that high cooling rates lead to high populated FCC phase and consequently 
to low populated amorphous phase. This is because of two main reasons: (a) high cooling rates lead to 
the rapid immobilisation of atoms while there is no sufficient time to obtain the favourable FCC/HCP 
structure and (b) high cooling rates lead to the formation of a high number of grains resulting in 
increased area of grain boundaries and additional atoms being in amorphous state. 

(a) (b) 

(c) 

Figure 6: Average grain size for a cooling rate of (a) 1 K/ps, (b) 2 K/ps and (c) 4 K/ps 

As stated in the introduction, a large variety of mechanical properties of metals depend on the average 
grain size. In Figure 6 the average grain size is plotted as a function of the timestep for various cooling 
rates (1, 2, 4 K/ps). During quenching, the average grain size starts sharply increasing when the first 
grains are formed. This sharp increase is followed by a linear and an asymptotic one, as the grains obtain 
their final size during equilibration. In Figure 6 it can be observed that the cooling rate plays a significant 
role on the average grain size. For the lowest cooling rate (1 K/ps), the average grain size is about equal 
to 1000 atoms. The corresponding equivalent diameters (��) were calculated (assuming spherical 
grains) as follows: �� = 2 ∙ � ��

4
3

���
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where � is the number of the grain atoms, � = 4.48 ∙ 10��� �� the mass of an Al atom and � =2710 ��/�� the Aluminium density. On the other hand, although pressure increases the melting point 
and boosts nucleation it does not appear to significantly affect the final grain size. 

The final part of this investigation is focused on measuring the local temperature over the simulation 
domain and exploring the exothermic nature of the nucleation process. The local (per atom) temperature 
has been measured using equations (2) and (3). Similarly to the estimation of the local potential energy, 
in order to obtain an accurate measurement, the temperature of each atom was calculated and averaged 
over time windows of ���/50 timesteps, where ��� is the total number of timesteps of the quenching 
process, being dependent on the cooling rate.  In Figure 7 the results of the Common Neighbour 
Analysis are being compared to the corresponding temperature profiles when the average domain 
temperature is equal to (a) 525 K and (b) 507 K. It is apparent that the temperature in the vicinity of the 
formed grains is much higher compared to the surrounding melt. The elevated temperature at the region 
of the grains is a result of the release of the latent heat of crystallisation. As quenching proceeds (Figure 
7(b)), it can be observed that the temperature of the simulation domain (melt and grains) drops while 
the more recently formed grains can still be spotted due to their elevated temperature.  

Common Neighbour Analysis Temperature distribution 

(a) 

(b) 

 Figure 7: Common Neighbour Analysis and local temperature distribution for a cooling rate of 1 K/ps at (a) T=525 K and 

(b) T=507 K 



10 

4 Conclusions 

In this study, Molecular Dynamics (MD) simulations have been employed to investigate the effects of 
both the cooling rate and the applied pressure on the solidification of pure Aluminium (Al). The 
interactions between the Al atoms were modelled using the Finnis-Sinclair (FS) potential. A simulation 
domain containing 1 million Al atoms arranged in a FCC lattice was initially heated up to 1173 K and 
equilibrated. Subsequently, the prepared Al melt was quenched to 273 K under various cooling rates (1, 
2 and 4 K/ps) and values of pressure (0, 0.5 and 1 GPa). Quenching was followed by a final equilibration 
stage in order to allow the simulation domain to obtain its final solidified structure. The main 
conclusions drawn from this study are summarised below: 

 In this investigation, the exothermic nature of the solidification process (release of the latent heat 
of crystallisation) has been effectively captured via MD simulations, which do not make any ab 
initio assumptions (unlike CFD or coarse grained models). According to the results, solidification 
occurs in a wider range of temperatures when the cooling rate is high. 

 MD offers the advantage of atomic resolution, which allows for the real time observation of the 
solidification/nucleation kinetics and dynamics. The grain size has been found to be dependent on 
the cooling rate. More specifically, high cooling rates contribute towards the formation of a large 
number of small grains while low cooling rates lead to fewer but larger ones.  

 This is the first investigation on the effects of pressure on the solidification of pure Al via means of 
MD. The obtained results suggest that although high pressure boosts nucleation and increases the 
melting point, the average grain size appears to be independent of the applied pressure. 
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