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Abstract. Molecular dynamics simulation is used to explore the changes in melting point of Fe nanomaterials under
different initial configurations. What reveals in this simulation is that an S-curve with different curvature appears in the
diagram owing to the hindering of total energy supply in larger damping coefficient by changing the temperature-damping
coefficient (T-damp). In addition, the change in simulated theoretical melting points are found by comparing the initial
configurations of different particles under the same conditions.
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Introduction

In a broad sense, nanomaterials refer to materials with sizes
in the nanoscale range, which have many properties superior to macroscopic materials, such as high melting point,
electrical conductivity, thermal conductivity and magnetism
[1–4]. Metal nanoparticles, as an important part of nanomaterials, have been extensively studied in recent years to
research their structural characteristics and properties [5,6].
In fact, no matter at the macro-scale or micro-nano scale,
the melting process of metal powder has been extensively
researched. Considering the high experimental cost, the
complex operating implement, a large number of
researchers choose molecular dynamics (MD) simulation
methods to study metal nanoparticles melting process
[7–10] in recent decades.
Molecular dynamics (MD) simulation is an ideal and
practical method to study the properties of nano-scale
materials [11]; for example, through the melting and
solidification process of particles to explore the movement
of atoms and the changes of melting and freezing points
[12]. In the past, a great number of researchers showed
interest in developing empirical multi-body potential energy
functions to represent the interaction between metal elements and alloys. The common methods include the
embedded atom method (EAM) potentials [13] and the
N-body Finnis–Sinclair (FS) potentials [14]. In this article,
FS potential is used to simulate the melting point changes
and tendency of metal materials.

There have been several simulation studies on Fe
nanoparticles [15] in recent years. Shibuta and Suzuki
[16,17] studied Fe nanoparticles melting behaviour, though
the melting changes of the particles obtained a special
relationship between the melting point and particle radius,
confirming that the drop in particle size reduced the melting
and freezing points and the melting point was proportional
to the reciprocal of the radius. Hoang [18] used MD to
explore the structural properties of liquid and amorphous
iron nanoparticles, obtaining the dependence of the particle
coordination number and glass transition temperature on the
size. Liu et al [19] illustrated the mechanism of Fe
nanoparticle sintering neck, verifying the linear relationship
between melting temperature and particle size by MD
simulation.
Since most of the simulation research nowadays focuses
on changing its size [20], temperature change rate [21],
selection of potential function [22] and heating mechanism
[23] to study its influence on the simulation results, the
simulation program for the parameter setting of the initial
configuration and the number of particles in the iron
nanoparticles are rarely mentioned in the researches. In this
study, the multi-body potential (FS potential) is employed
to simulate the melting process of metallic Fe nanoparticles,
and observe the atomic behaviour and the melting process
during heating process by OVITO software. The settings of
its initial configuration have to be adjusted to explore the
latent law about its simulated theoretical melting point
(hereinafter referred as melting point). Finally, a conclusion
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is drawn about the relationship between parameter setting or
particle configuration and melting point.
2.

Experimental

2.1

Modeling and parameters

The LAMMPS (large-scale atomic/molecular massively
parallel simulator) software is used for MD simulation, and
the Finnis-Sinclair (FS) potential function is employed to
describe the interatomic potential function between iron
atoms. The total energy [24] of the FS potential is represented by E, and the specific expression is:
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system fully react near the melting point temperature in
order to obtain a more ideal melting point.
The total simulation process is to gradually increase the
temperature within the temperature range of 1400–2200 K
under NPT ensemble after the direct temperature rise of
300–1400 K (500 ps heating time, the NVE ensemble), the
temperature interval is 100 K (continue to heat up after each
50ps relaxation), and finally directly increase the temperature to 2700 K for relaxation (100 ps), which makes the
system reach a near equilibrium state. The entire process
records the internal atomic potential energy and structural
configuration changes of the system. Finally, the OVITO
software is used to visualize the overall process of the
simulation, and to study the evolution of its structure and
the change of theoretical melting point.

2.2

Results and discussion
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where U is the repulsive term, rij is the bond length between
atoms i and j, q is the total electronic charge density at site i,
g is the atomic charge densities, Eb is the binding energy, c0,
c1, c2 are free parameters used for fitting the experimental
data, c and d are cutoff parameters, k is a parameter used to
induce a maximum within the first-nearest-neighbor
distance.
By constructing the micro-canonical ensemble (NVE)
system to finish the relaxation process (system in the
ensemble has the same volume and energy), and then
establish the NPT ensemble (system in the ensemble possesses isothermal and isobaric condition) to keep the temperature constant [25]. The boundary condition sets as the
periodic boundary conditions (PPP), that is, when a particle
crosses the boundary of the box from one side, it will appear
from the other side. The equations of atomic motion are
integrated by the Verlet-Velocity algorithm [26] with a time
step of 1 fs.
The lattice constant and mass of iron are 2.863 Å and
55.845 g mol–1. The block and particle models of different
size are created, including single particles, double particles
of the same size and double particles of different sizes.
Considering that the system is relatively stable during the
gradual heating process, more slowly the temperature
changes, more sufficiently the particles react. Therefore, the
melting point obtained by the direct heating style is not as
accurate as the melting point obtained by the gradual
heating style. This experiment chooses direct heating and
gradual heating as well as direct heating style to make the

2.2a Melting simulation of block model: Five block models
of different sizes were selected in the simulation, with
side lengths of 5a, 10a, 15a, 20a and 40a (where a = 2.863
Å), containing 432, 2000, 6750, 16000 and 128000 iron
atoms, respectively. Before the simulation, a block with a
side length of 10a, that is, 2.8 nm, is selected for
debugging.
The potential energy curve is shown in figure 1. In the
potential energy change graph of the melting simulation
of pure metal materials, when the temperature of the bulk
rises to the melting point temperature, the potential
energy increases linearly with the improvement in temperature. When the temperature reaches a certain critical
value, the potential energy of the system will undergo a
sudden change and jump to a higher energy (the negative
value of the potential energy is determined by the establishment of the default reference system). The reason for
this sudden change is that the material of the system
reaches the melting point and melts, which leads to the
rigid movement of atoms in the system, the migration
movement occurs through the way of atom diffusion [27].
Different from the actual thermodynamic melting point
obtained in the experiment, the melting point obtained in
this way is the simulated theoretical melting point, which
should be much higher than the thermodynamic melting
point due to overheating ([3 K ps–1) caused by the ultrahigh heating rate.
During the simulation, it was also found that during the
heating process, the setting of the temperature-damping
coefficient (T-damp) would affect the final curve trend
graph of potential energy and temperature to some extent.
In the process of simulation parameter setting, when
T-damp = 1.0, the potential energy curve shows a special
change of S-shape at the temperature of 1800–2200 K and
the trend gradually becomes flat as the coefficient decreases.
This similar result also appears in the heating process of
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2. During the heating process, the potential energy and
kinetic energy of the system increase at the same time.
When pre-melting occurs, the system needs to absorb a
lot of heat to complete its phase transition process. When
the damping coefficient is too large, the heat is too late to
supply, so it will appear that the temperature of the
system decreases after the bulk material is melted by
endothermic heat. When the T-damp value is reduced,
the energy fluctuates greatly; sufficient energy can be
supplemented during the melting process, so the temperature will not appear to drop sharply.

simulating pure Cu and pure Ti nanomaterials. The
changing mechanism is explained as follows:

When the T-damp value continues to decrease, there is no
obvious change in the curve, and the mutation point is still
in the temperature region of 2017 10 K (In this article, the
middle value of the x-coordinate of the left and right end
points of the curve mutation is selected as the theoretical
melting point value of the material.) The Nose-Hoover
thermostat does not work well for arbitrary values of
T-damp, if T-damp is too small. The temperature can
fluctuate wildly, if T-damp is too large, the temperature will
take a very long time to equilibrate. A good choice for many
models is a T-damp of around 100 timesteps, so in this
simulation the T-damp value is proper to set as 0.1.
Figure 2 is the potential energy curve when T-damp =
0.1, this process is a more ideal potential energy mutation
phenomenon when metal is melted. Therefore, this experiment has determined that the temperature damping
coefficient (T-damp) is 0.1 (100 times of the time step),
heating rate is 3 K ps–1, simulated the heating and melting
process of blocks of different sizes, and the curves of
different size are shown in figure 2.
It can be seen from figure 2 that when the size of the
block changes, the change of its atomic potential energy can
be ignored due to the setting of periodic boundary conditions [28], indicating that the size of the block has no
obvious effect on the melting point. The simulated melting

1. During the heating process, the total energy of the system
increases as the temperature rises, and the kinetic energy
changes in a form of linear increase with the temperature. When the material reaches the melting point and
occurs to pre-melt, the potential energy of the system
changes suddenly, jumping to a larger value. Because
T-damp is larger, that is, the temperature range is
narrow, the total energy in this period of time is too late
to provide so much energy to the potential energy,
causing a sudden drop in the kinetic energy (figure 1b).
As a result the temperature declines, and finally the
entire graph shows an S-curve form (figure 1a). When
T-damp value drops to 0.1, the potential energy curve
shows an instantaneous mutation phenomenon. This
phenomenon indicates that in the range of temperature
change, enough energy can make the potential energy
transition without changing the change of energy, which
behaves as the kinetic energy increases linearly with the
step.

Figure 2. Temperature-potential energy diagrams of different
sizes of the bulk, a is the lattice constant of Fe, a = 0.286 nm.

Figure 1. (a) Potential energy curve of the bulk with 2.8 nm size,
T-damp = 1.0. (b) Partial potential and kinetic energy curve graph
in heating process, T-damp = 1.0, step between 600000 and
760000, temperature between 1700K and 2300 K correspondingly.
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Figure 3. Structural evolution of blocks of different sizes. (a) 1.4; (b) 2.8; (c) 4.3; (d) 5.7 and (e) 11.7 nm. The main two curves
represent BCC and amorphous structures, with black and purple curves, other structure rarely appear, so the corresponding curve is
straight.

point results, is 2017 K, which is higher than the actual
melting point of the iron block [29], because of the overheating ([ 3 K ps–1) caused in the simulation.
It can be seen from the structural change diagram in
figure 3 that during the entire heating process (figure 3a–e),

the system has transformed from a perfect BCC (body
centred cubic) structure at the beginning to a complete
amorphous structure. The other three structures have a low
number during the whole process, so it can be ignored to
some extent. The structural changes of different sizes are
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almost identical and the only difference is that the structural
changes of small-sized blocks are more intense, the curve
fluctuates greatly, and the large-sized structural changes are
straighter and the curve is relatively smooth. This is mainly
attributed to the fact that the bonding force between smallsized atoms and atoms is not as high as that among largesized atoms.
2.2b Melting simulation of single particle model: Figure 4 is
the visualization process of the melting section of the
nanoparticle. Each snapshot corresponds to a specific temperature. The simulated solids are displayed by colourcoded particles to reveal regions with BCC (body centred
cubic), FCC (face centred cubic), or HCP (hexagonal close
packed) crystal structures, which are marked by the colours
of blue, green, red and orange, respectively. Furthermore,
the white colour is used to present the unknown types of
structure.
From figure 4, the surface of the particle is amorphous in
the initial state, because the surface of the particle is in a
state of low coordination and cannot form an ideal lattice
structure. Therefore, the phase change process cannot occur
during the heating process. The inside structure of the
particle is a perfect BCC structure. During the heating
process, the part of the BCC structure will undergo the
structural transformation, mainly starting from the surface
melting. The surface is gradually amorphized to the inside
due to the increase in the surface area to volume ratio of the
particles during the heating process. The atoms on the
surface are energetically unstable compared with the atoms
in the body, so the pre-melting can occur on the surface at
relatively low temperatures. The internal atomic energy is
relatively stable to the surface, leading to the partial melt of
the particle. During the melting process, the shape of Fe
nanoparticles will also change to a certain extent, from
spherical to ellipsoidal or irregular spherical. On the one
hand, this is due to the gravity of the sphere itself, on the
other hand, the shape is also affected by the violent

Figure 4. The heating and melting simulation process of single
particle in different simulation periods. In one particle, blue, green,
red, yellow and white atoms represent BCC, FCC, HCP, ICO and
OTHER lattice structures, respectively.

Figure 5. Potential energy curves of single particle of different
diameter sizes.

movement of atoms during heating process. This change in
shape was interpreted qualitatively in detail by the Bain
path [30].
Figure 5 is the graph of the potential energy changes of
single nanoparticle in different sizes. In general, the smaller
the particle is, the greater the potential energy. When the
size increases, the initial value of the potential energy will
decrease because small-sized particles have lower stability
than large-sized particles. When the temperature is high, the
level of internal disarray increases, causing the atoms to be
relatively unstable, so the potential energy will gradually
increase.
In addition, it is found that the phase transition mutation
is not obvious when the size is about 1.7 nm. This is
because when the particle size is too small, the atoms with
low surface coordination and the percentage increase.
Owing to this, the obvious solid phase structure in the
particles cannot be formed during the heating process,
restraining the phase transition of this process. When the
particle size reaches 3.4 nm, the potential energy curve
shows an obvious sudden change, and the sudden change
point gradually moves with the increase in the size, that is,
the melting point increases with the increase of the particle
size. Explanation of this phenomenon is as follows:
The melting point of single iron nanoparticles is much
lower than that of bulk crystals owing to the large specific
surface area and surface energy of nanoparticles. With the
existence of surface energy, nanoparticles with smaller sizes
have larger surface Gibbs free energy, higher chemical
potential, resulting in easier melting process, so the melting
point is lower. Therefore, the melting point is relatively low.
Another interesting phenomenon about the melting point
of particles of different sizes is that their melting point is
proportional to the –1/3 power of the atomic number and
inversely proportional to the particle radius. It is consistent
with previous researchers’ conclusions on the linear
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Figure 6. Relationship graph between melting point and atomic number or particle sizes. (a and b) Single particles. (c and d) Double
particles. The number on the side of each point is the atomic number or radius value of the particle under this condition.

relationship between the number of atoms and the melting
point in other metal clusters [31–33], as shown in figure 6a
and b. However, this law will fail when the number of
particles is too small (atom number \420). The law is also
identical to the variety of that of double particles, that is,
when the number of atoms or the particle radius is larger
than a critical value, the change in melting point satisfies
this law. From these figures, we can prove the correctness of
the melting point values obtained by this simulation.
2.2c Melting simulation of double particles model: The
double particles melting model in figure 7 can better reflect
the dynamic evolution of two adjacent particles during the
melting process. The redistribution of atoms in the
nanoparticle is mainly through atom diffusion along the free
surface and the migration of grain boundaries [34]. At high
temperature, atoms can be deposited on the surface of
another particle through grain boundary diffusion or surface
diffusion. The melting of two particles involves a sintering

process [35], which can be viewed from four different
aspects:
(a) The growth of the contact neck; (b) the centres of the
two particles close to each other; (c) redistribution of the
internal atoms after the interpenetration of the particles;
(d) COMBINATION into a new nanoparticle.
In this process, two adjacent particles contact each other
to form a sintered neck and join together owing to the
reduction of the free surface energy of the particles. High
temperature is the main factor for the progress of sintering.
The high energy provided by the system at high temperature
can make the atoms get rid of the original position, then
migrate on a certain slip surface, and finally form a new
microstructure. The critical temperature required for sintering [36] is usually much lower than the melting temperature of the powder material.
Compared with the degree of contact between the two
particles at low temperature, the inter-particle interpenetration phenomenon at high temperature is more significant.
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Figure 7. Dynamic evolution process of two adjacent particles
during melting with (a) same and (b) different particle diameters.
In one particle, blue, green, red, yellow and white atoms represent
BCC, FCC, HCP, ICO and OTHER lattice structures, respectively.

At high temperature, the radius of gyration of the sintering
of two nanoparticle balls is smaller than at low temperature.
The sintering process occurs when two particles approach
each other at a certain diffusion rate and begin to contact
each other [37]. Once the collision event begins, the diffusion mechanism between the two nanoparticles begins,
and the contact area between the two nanoparticles gradually increases as the event progresses.
As shown in figure 7a, when the two iron nanoparticles are
at 450 ps (at a melting temperature of about 1800 K), the two
particle balls form a new nanoparticle ball through mutual
diffusion between each other. During the process, the sintering neck gradually increases until it disappears after finally
synthesizing a sphere. Figure 7b represents the heating process of different nanoparticles. The whole process is an
evolution that the small particle gradually penetrates into the
large particle to form a new and larger particle. The change in
the sintering neck is the same as that of the double particle of
the same size. This article mainly discusses the influence of its
different initial structure on the melting point, so it does not
focus on the discussion of the sintering neck. It is worth noting
that during the heating process of the particles of the same
size, the radius of the two particles basically maintains the
same from beginning to end. The size changes in figure 7a is
because the two particles occur to rotate mutually in the
heating process, resulting in the phenomenon of different
sizes in the same view.
The graph of the potential energy of double particles with
temperature changes in different sizes is shown in figure 8.
Generally, the initial potential energy decreases with the
increase in the particle size, and the potential energy
gradually increases as the temperature increases [38]. When

Figure 8. Potential energy diagram of the double particles in
different particle size: (a) two identical and (b) two different
particles.

the diameter size is 1.7 nm, there is the same potential
energy as a single particle without obvious mutation.
However, when the diameter is larger than 3.4 nm, the
potential energy has an obvious transition value, and this
value gradually increases with the increase in the size, that
is, the melting point increases with the size. The explanation
of this series of phenomena has been explained in the above
description of the single particle potential energy curve, for
details see in section 2.2b.
According to the melting simulation of the single particle
and the double particle, the melting point value of each size
can be sorted out as shown in table 1. From the table, it
shows that if the particle diameter is less than 1.7 nm, the
melting point cannot be judged by the change of potential
energy. In the meanwhile, it can be found that when the
particle size is not too small (diameter [1.7 nm), the
melting point of the single particle is similar to that of the
double particles with the same size. This is mainly because
the number ratio of surface atoms vs. bulk atoms is constant.
In addition, an interesting phenomenon has been discovered. The melting point of double particles in different
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Comparison of simulated melting points of all iron materials.

Initial configuration
Bulk
Single

Double (same size)

Double (different size)

Diameter of nanoparticle (nm)

Number of atoms in particle

Melting point (K)

–
1.7
3.4
4.6
5.7
6.9
8.6
11.4
12.9
14.3
1.7, 1.7
3.4, 3.4
4.6, 4.6
5.7, 5.7
6.9, 6.9
8.6, 8.6
11.4, 11.4
1.7, 3.4
3.4, 4.6
3.4, 5.7
4.6, 5.7
4.6, 6.9
5.7, 6.9
6.9, 8.6
8.6, 11.4

–
259
1837
4285
8393
14361
28475
66953
95433
131019
452
3645
8576
16752
28797
56480
133943
2067
6129
10201
12648
18720
22824
42635
95194

2017
–
1504
1647
1680
1731
1770
1808
1822
1844
–
1500
1613
1680
1722
1752
1793
1533
1600
1650
1672
1718
1736
1746
1755

particle sizes is between the melting points of two corresponding double particles, and the value tends to be close to
the higher melting point of the two particles when the particle
sizes are small. Similarly, the value tends to be close to the
lower melting point of the two particles when the particle
sizes are large. For example, the melting points of two particles with diameters of 3.4 and 4.6 nm are 1500 and 1613 K,
while the melting point of particles with diameters of 3.4 and
4.6 nm contacting is 1600, which is close to the larger size of
the two double particles of the same size. In another case, the
melting points of two double particles with diameters of 8.6
and 11.4 nm are 1752 and 1793 K, and the melting point of
single particles of these two sizes when they are in contact
with each other is 1755 K, which is close to the melting point
of small-sized particles. This is related to the ratio of the
number of surface atoms to the total number of atoms, that is,
the surface volume ratio can affect the change of potential
energy, leading to the change in melting point obtained by
the simulation.

curve is S-shaped. As the coefficient becomes smaller,
the S-curve will be stretched gradually into a vertical
line, which is caused by the insufficient total energy
supply. Through these simulations, the critical value of
the damping coefficient is achieved. When the coefficient
sets as 0.1, the simulation results are ideal.
2. The melting point of a single particle is similar to that of
double particles in the same particle size. This is mainly
because the number ratio of surface atoms vs. bulk atoms
is constant.
3. The melting point of double particles in different particle
sizes is between the melting points of two corresponding
double particles, and the value tends to be close to the
higher melting point of the two particles when the
particle sizes are small, and vice versa. This is related to
the ratio of the number of surface atoms to the total
number of atoms.
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