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The sintering–alloying processes of nickel (Ni), iron (Fe), and magnesium (Mg) with aluminum (Al) nanoparticles
were studied by molecular dynamics simulation with the analytic embedded-atom model (AEAM) potential. Potential
energy, mean heterogeneous coordination number NB

A , and surface atomic number Nsurf−A were used to monitor the
sintering–reaction processes. The effects of surface segregation, heat of formation, and melting point on the sintering–
alloying processes were discussed. Results revealed that sintering proceeded in two stages. First, atoms with low surface
energy diffused onto the surface of atoms with high surface energy; second, metal atoms diffused with one another with
increased system temperature to a threshold value. Under the same initial conditions, the sintering reaction rate of the three
systems increased in the order MgAl < FeAl < NiAl. Depending on the initial reaction temperature, the final core–shell
(FeAl and MgAl) and alloyed (NiAl and FeAl) nanoconfigurations can be observed.
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1. Introduction

The physical and chemical properties of metal clusters
significantly differ from those of their corresponding bulk
materials.[1,2] Considering the synergistic effects among met-
als, bimetallic nanoclusters are eliciting more research in-
terest than monometallic ones.[3,4] Generally, the physical
and chemical properties of binary metal clusters can be al-
tered by varying their composition, atomic distribution, and
structure,[5,6] enabling potential applications such as in catal-
ysis fuel cells and hydrogen storage.[7]

The structure types of bimetallic nanoalloys primarily in-
clude mixed structure, segregation structure, core–shell struc-
ture, and onion-like three-layer structure.[4] However, the mi-
croscopic mechanism of nanoalloy-structure formation is dif-
ficult to observe through experiments. Molecular dynamics
(MD) simulation can offer insights into this process at the
atomic scale.

MD simulations of metal–cluster collision, coalescence,
and sintering reaction have been extensively performed.[1,8–17]

Marcelo et al. reported core–shell (PtAu), alloyed (PdAu), and
onion-like (CuAg) cluster structures by colliding two different
metal clusters at various initial velocities.[3] Yang et al. sim-
ulated the sintering reaction between Li and Pd metal clusters
at different initial temperatures[8] and found that metal nan-

oclusters may undergo structural transformation during colli-
sion and coalescence,[1,18,19] Grammatikopoulos et al. con-
ducted a classical MD simulation of palladium (Pd) clusters’
coalescence and performed magnetron sputtering of inert gas
for the condensation deposition of Pd nanoparticles.[19] They
found that Pd atomic rearrangements triggered a crystalliza-
tion wave propagating through the amorphous nanoparticles,
forming mono- or polycrystalline face-centered cubic (FCC)
structures.

Considerable theoretical studies have focused on sinter-
ing reactions among nanoparticles, but little attention has been
paid to the differences in sintering reactions among different
materials. NiAl nanoparticles, which possess high energy den-
sity and good mechanical properties at elevated temperatures,
are considered as important materials.[20] Synthesized FeAl
nanoparticles possess ferromagnetism above room tempera-
ture compared with their corresponding bulk crystalline ma-
terials that are nonmagnetic.[21] MgAl alloys are corrosion re-
sistant and highly wieldable, and adding up to 10% of Mg to
Al increases its strength while retaining its low density.[22,23]

In the present work, we studied the sintering reaction between
M (M = Ni, Fe, and Mg) cluster and Al cluster through MD
simulation with the analytic embedded-atom model (AEAM)
potential.[7] A comparative study of the three systems can re-
veal the dependence of sintering reaction on heat formation,
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surface energy, and nanocluster melting point. Behavior dif-
ferences in sintering reaction among the three systems were
reasonably explained by surface segregation, heat formation,
and melting point.

2. Simulation details
The sintering–alloying processes of M (M = Ni, Fe, and

Mg) with Al nanoparticles were studied by MD simulations.
The cluster size (N) of an icosahedron (ICO) structure with
closed shells can be written as follows:[24]

Nl =
10
3

l3 +5l2 +
11
3

l +1, (1)

where, l is the shell number in the ICO cluster. A typical ICO
nanoparticle model contains 20 {111} facets, 30 edges, and 12
vertices. A three-mark ICO[25] containing 147, 309, and 561
atoms were built as the initial configurations of NiAl, FeAl,
and MgAl nanoparticles (see Fig. 1). A realistic interatomic
potential with AEAM formalism was used. The AEAM po-
tential had been proven effective in describing NiAl,[20,26]

FeAl,[27,28] and MgAl[29,30] nanoparticles and successfully
been applied to study the bulk, surface, and clusters of met-
als and alloys. To check the validity of AEAM in the three
systems, the heats of formation (∆H) for the three possible in-
termetallics M3Al (L12), MAl (B2), and MAl3 (L12) and sur-
face energies of the four metals were determined and are listed
in Tables 1 and 2. The ∆H values were consistent reasonably
with first-principle calculations.[23,31] The calculated surface
energies were consistently lower than the first-principle calcu-
lations and experimental values for two reasons. First, given
that the embedding functions of AEAM are too flat, it gen-
erally tends to underestimate the surface energy.[32] Second,

the materials for experiments always have some defects that
may lead a large surface energy. Notably, the present AEAM
obtained the correct order of surface energy. The close-packed
(111) face had the lowest surface energy, followed by the (100)
and (110) faces for Ni and Al with FCC arrangement, respec-
tively. For BCC arrangement, Fe (110) had the lowest surface
energy. The order was particularly important for studying sur-
face segregation and nanoalloys configurations.[33,34] Accord-
ingly, the present NiAl, FeAl, and MgAl alloying potential
can be used for wide-ranging components with reasonable ac-
curacy. In general, the ∆H of a system with a given structure
can be written in the form[35]

∆H = [E(AnBm)−nEA −mEB]/(n+m). (2)

Here, n and m are the number of A and B atoms in the system,
respectively; E (AnBm) is the total energy of the intermetal-
lic AnBm; and EA and EB are the cohesive energy of the A
and B atoms, respectively. If the ∆H of a system is negative,
it would easily form alloys, which helps reduce the energy of
the system; otherwise, it would easily form a phase-segregated
structure.[36,37] Surface energy, defined as the excess free en-
ergy on the surface of a specific crystal plane per unit area, is
a basic physical quantity in surface physics. It determines the
equilibrium form of a crystal and plays an important role in
crystal formation, coarsening, and growth.[38] The calculated
expression is as follows:[39]

Esurf = (EA −Ebulk)/S, (3)

where EA is the total energy when the system is a free surface,
S is the surface area of the free surface of the system, and Ebulk

is the total energy of the system under periodic conditions.

(a) (b) (c)

Fig. 1. Initial configuration of different particles. (a) M147Al147 nanoparticles; (b) M309Al309 nanoparticles; (c) M561Al561 nanoparticles. M
(M = Mg, Ni, and Fe) and Al atoms are shown as orange and gray spheres, respectively.

Table 1. The heats of formation (∆H) for M3Al, MAl, and MAl3
(M = Ni, Fe, and Mg).

Material Structure
∆H/(eV/atom)

Present The first principles calculations

MgAl B2 –0.024 0.051[23]

MgAl3 L12 –0.031 –0.015[23]

Mg3Al L12 –0.007 –0.005[23]

NiAl B2 –0.66 –0.67[31]

NiAl3 L12 –0.27

Ni3Al L12 –0.52 –0.44[31]

FeAl B2 –0.27 –0.28[23]

FeAl3 L12 –0.045 –0.11[23]

Fe3Al L12 –0.17 –0.19[23]

The Nose–Hoover thermostat was used to control the
temperature of the system during the heating processes of the
single M (M = Ni, Fe, and Mg) and Al nanoparticles. The
microcanonical ensemble was utilized to simulate the sinter-
ing reaction of M with Al nanoparticles. Before sintering,
the two nanoparticles that were relaxed at 0 K were heated
to the specified temperature, and then the equilibrium posi-
tion was extracted as the initial configuration of the sintering
reaction. In the sintering simulation, the single M (M = Ni,
Fe, and Mg) and Al nanoparticles were separated along the
x axis at an appropriate interval, which was within the cutoff
distance of the interaction potential of M and Al elements.[7]
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Table 2. The surface energy (Esurf) and atomic radius (ratom) for Ni, Fe,
Mg, and Al with different structures and surfaces, the first principle (FP)
calculations[38] as well as available theory value[7] (EMP) are also listed.

Material Structure
Esurf/(mJ/m2) ratom/nm

Surface Present FP EMP

Ni FCC
(111) 1749 2011 0.1243
(110) 1935 2368
(100) 1793 2426

Fe BCC
(111) 1510 2733 0.1124
(110) 1230 2430
(100) 1356 2222

Mg HCP (0001) 301 792 0.1590

Al FCC
(111) 713 939 0.1426
(100) 747 1081
(110) 809 1090

Equations of motion were integrated by a fifth-order gear
predictor–corrector algorithm[40] with an appropriate time step

∆t = 0.5 fs. During sintering, the alloying process of the sys-
tem was characterized by calculating the evolution of temper-
ature, surface atomic number, and heterogeneous coordination
number with time.[8]

3. Results and discussion
3.1. Melting point of single nanoparticles

The melting of single Ni, Fe, Mg, and Al nanoparticles
containing different atoms were studied. In the initial heat-
ing stage of the nanoparticles, the corresponding temperature
increment was 50 K. However, a smaller step of 10 K was
adopted to determine the melting point more accurately with
increased temperature up to around the melting point.[41] The
evolution of the potential energy (PE) per atom with tempera-
ture is shown in Fig. 2.
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Fig. 2. The evolution of the potential energy (PE) per atom with temperature for pure Ni (a), Mg (b), Fe (c), and Al (d) nanoparticles with ICO
configuration.

Notably, PE for each nanoparticle initially increased lin-
early with temperature. With further increased temperature,
a sudden jump in the PE curve of each nanoparticle was ob-
served because of the latent heat of melting.[42] Therefore,
we defined the temperature of the jump point as the melting
point of the nanoparticle. The melting point increased with in-
creased atom number in the nanoparticles for each metal. This
finding was similar to some previous ones in that the melt-
ing point of particles increases with increased size, finally ap-
proaching those of the corresponding bulk materials.[13,43–45]

This phenomenon may result from the increased proportion

of surface atoms with decreased particle size. Surface atoms

are known to have fewer coordination numbers than bulk

atoms and thus have higher energies. For the same num-

ber of atoms, the melting points of Ni and Fe nanoparticles

were higher than those of Mg and Al nanoparticles. This

finding can be attributed to the cohesion energy of metal Ni

(−4.45 eV/atom) and metal Fe (−4.28 eV/atom) being much

lower than those of metal Al (−3.39 eV/atom), and metal Mg

(−1.51 eV/atom).[23,46–49] The melting points for all single

nanoparticles are listed in Table 3.
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Table 3. Melting point for single Ni, Fe, Mg, and Al nanoparticle with
sizes (N = 147, 309, and 561).

Material
Melting point/K

N = 147 N = 309 N = 561

Ni 950 1100 1180

Fe 1090 1190 1290

Al 570 660 710

Mg 540 600 650

3.2. Sintering–alloying of nanoparticles
3.2.1. Evolution of temperature

The effects of size (N = 147, 309, and 561) and initial
temperature on the sintering reaction of M (M = Ni, Fe, and
Mg) with Al nanoparticles were examined. We found that
nanoparticle size had no obvious effect on the results. Hence,
the initial temperature dependence of the sintering reactions
of Fe309Al309, Mg309Al309, and Ni561Al561 nanoparticles was
discussed.

The temperature evolution of the Fe309Al309, Mg309Al309,
and Ni561Al561 nanoparticles with reaction time at different
initial temperatures during sintering under adiabatic condition
is shown in Fig. 3. The temperature of the systems rose faster
at higher initial temperature Tinit. As shown in Fig. 3(a), the
temperature of Fe309Al309 nanoparticles almost remained con-
stant during the reaction when Tinit < 300 K. Two stages were
observed in the T –t curve of the Fe309Al309 system when Tinit

reached 300 K. The sudden jump of the temperature at a very
early time was due to the release of the system surface en-
ergy after Fe309 and Al309 nanoparticles made contact. The
following gradual increase in temperature indicated increased
number of FeAl hetero-coordination. When Tinit was above
400 K, three stages were observed in the T –t curve. At the
beginning of the contact between the two nanoparticles, the
temperature of the system rose rapidly and then remained con-
stant at the first stage. The temperature of the system then
rose again and reached a stable value at the second stage. At
third stage when Tinit > 300 K, the temperature of the system
rose rapidly in a short time before reaching a stable value. As
for Mg309Al309 nanoparticles, only two stages were observed,
and the trend was gradual ascension with prolonged reaction
time, as shown in Fig. 3(b). By contrast, when the sintering re-
action of Ni561Al561 nanoparticles occurred in only hundreds
of picoseconds, the temperature increased much faster than it
did in the Fe309Al309 and Mg309Al309 systems, as shown in
Fig. 3(c). The calculated ∆H values for the resulting MAl
(M = Ni, Fe, and Mg) nanoparticles with different sizes are
shown in Fig. 4. The differences may be attributed mostly to
the ∆H of NiAl being much more negative than those of FeAl
and MgAl, and to the heat released by the FeAl and NiAl sys-
tems being much higher than that of MgAl. Experiments and
theoretical studies showed that ∆H decreased in the order NiAl
> FeAl > MgAl, and that the alloying capability of NiAl was

the strongest, followed by those of FeAl and MgAl (a weakly
miscible system).[23,50,51]
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Fig. 3. The temperature evolution of the Fe309Al309, Mg309Al309, and
Ni561Al561 nanoparticles with relation time at different initial temperatures.
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Fig. 4. Heats of formation for resulting MAl (M = Ni, Fe, and Mg) nanopar-
ticles with the size of the atom.

3.2.2. Configuration of nanoparticles

The final configurations of MAl (M = Ni, Fe, and Mg)
nanoparticles were examined to further understand the effect
of initial temperature (Tinit) on the alloying reaction processes.
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Figure 5(a) illustrated the final configuration of Fe309Al309

nanoparticles and their cross-sections at different Tinit val-
ues. Interestingly, a well-defined core–shell FeAl nanoparticle
without the penetration of Al into the Fe core can be formed at
Tinit = 300 K. By contrast, an alloyed Fe/Al nanoparticle with
Al atoms enriched on the surface of the nanoclusters formed
at Tinit = 400 K. As for initial temperatures much lower than
300 K, e.g., Tinit = 200 K, the FeAl nanoparticle was not fully
fused and formed a neck similar to previous findings.[10,52,53]

These different final configurations may have resulted from the
following. At a low initial temperature, although the merging
nanoparticles released considerable surface energy to increase
the temperature of the system, the released energy was not suf-
ficiently high to make the Al atoms spread completely across
the surface of Fe cores. When the Tinit approached 300 K, the
released surface energy can make the Al atoms gradually cover
the Fe core. Due to the higher melting point of Fe nanoparti-
cles and the insufficient temperature of the system, Al atoms
were unable to enter the Fe core to diffuse with it. When Tinit

exceeded a threshold value, the merging nanoparticles released
sufficient energy to make the Fe and Al atoms diffuse with
each other, thereby reducing the PE of the system and acceler-
ating the alloying process of the system.

200 K 300 K 400 K

cross section

cross section

(a)

(b)

Fig. 5. Final configurations of M309Al309 (M = Fe and Mg) nanoparticles
after sintering for three different initial temperatures. (a) Fe309Al309; (b)
Mg309Al309. The orange and gray balls represent M (M = Fe and Mg) and
Al atoms, respectively.

The final configurations of Mg309Al309 nanoparticles for
the three different initial temperatures are shown in Fig. 5(b).
Similar to Fe309Al309 particles, ICO AlcoreMgshell configura-
tions were also observed for Tinit = 300 K and 400 K. In the
ICO AlcoreMgshell nanoparticles, Mg shells contained a small
number of Al atoms, and the proportion of Al atoms increased
with increased Tinit. These phenomena may have resulted from

the fact that Mg atom possessed a smaller surface energy and
a larger atomic radius than Al atom, tending to occupy the
surface of nanoparticles.[4,7,54] Instead of core–shell configu-
rations, only alloyed Ni561Al561 nanoparticles were observed
for various initial temperatures. The three stages of sinter-
ing of Ni561Al561 nanoparticles at Tinit = 100 K are shown in
Fig. 6. The collision point[52] can be observed in Fig. 6(a). As
discussed above, the decrease in the total surface of the system
may have led to the rapid decrease in PE. The surface diffusion
stage of Al atoms on the Ni cores is shown in Fig. 6(b), and
the configuration after 300 ps is depicted in Fig. 6(c). Roughly
spherical NiAl alloyed clusters were observed. Given that Al
atoms have a smaller surface energy and a larger atomic ra-
dius than Ni atoms,[7] we also observed that Al atoms were
enriched on the surface of the nanoclusters. In general, the
segregation of atoms with large atomic radii from the bulk to
the surface decreases the atomic-mismatch elastic energy, and
internal stress can be released this way.[43] Furthermore, atoms
with small surface energies enriched on the surface are favor-
able for reducing the surface energy of nanoparticles.[36] The
surface energies and atomic radius of M (M = Ni, Fe, and Mg)
and Al atoms are listed in Table 2.

(a) 30 ps (b) 170 ps (c) 300 ps 

Fig. 6. The evolution of Ni561Al561 nanoparticle at Tinit = 100 K. (a) Colli-
sion point; (b) diffusion stage; (c) final configuration. The orange and gray
balls represent Ni and Al atoms, respectively.

3.2.3. Path of sintering reaction

The sintering–alloying processes were further character-
ized using the mean heterogeneous coordination number NB

A
(i.e., the average atomic coordination number of B-type atoms
around A-type atoms) and the surface atomic number Nsurf−A

(i.e., the number of surface atoms of A-type atoms).[8] The
Nsurf−A of MAl nanoparticles as a function of relaxation time
at different Tinit values is shown in Fig. 7. At the initial
temperature of 300 K, the Nsurf−Fe of Fe309Al309 nanoparti-
cles remained constant for about 12 ns and then decreased
rapidly to zero, thereafter remaining unchanged. However, at
Tinit = 400 K and 500 K, Nsurf−Fe decreased sharply to zero
and then increased to a stable value. This finding indicated
that with the relaxation at Tinit > 300 K, Al atoms gradually
covered the Fe core, and then the Fe and Al atoms began to
diffuse with each other to further increase the temperature of
the system, resulting in alloyed Fe309Al309 nanoparticles.

The time evolution of Nsurf−A of Mg309Al309 nanoparti-
cles was similar to that of Fe309Al309 nanoparticles but very
different from that of Ni561Al561 nanoparticles. For Ni561Al561

nanoparticles, Nsurf−A decreased rapidly to a minimum then
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increased to a critical value. With increased Tinit, given that
the NiAl system had better alloying ability than the FeAl and
MgAl systems,[7] the minimum of Nsurf−A increased evidently.
During the reaction of Ni561Al561, the temperature of the sys-
tem rose sufficiently high before the Al atoms completely cov-
ered the surface of the Ni core. In this case, the Ni and
Al atoms had begun to diffuse with each other, further re-
leasing the PE of the system and increasing its temperature
to accelerate diffusion. The evolution of the mean heteroge-
neous coordination number NB

A showed similar results to the
Nsurf−Areflected for each system. As shown in Fig. 8, for MAl
(M = Ni, Fe, and Mg) nanoparticles, the evolution trend of
NB

A with time well agreed with the evolution trend of system
temperature with time (Fig. 3).
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Fig. 7. Time evolution with the surface atomic number Nsurf in MAl (M = Fe
and Mg) nanoparticles for the various initial temperatures. (a) Fe309Al309,
(b)Mg309Al309, (c) Ni561Al561.
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Fig. 8. The evolution trend of NB
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ticles with time for different initial temperatures during the sintering. (a)
Fe309Al309; (b) Mg309Al309; (c) Ni561Al561.

According to the evolution of NB
A and Nsurf−A with time,

the three systems had similar sintering reaction paths. The
metal with a lower surface energy first gradually diffused to
cover the core substrate with a higher surface energy. For the
FeAl system, Al shell and Fe core atoms diffused with each
other when Tinit exceeded a certain critical value. For the NiAl
system, Al and Ni atoms began to diffuse with each other be-
fore Al atoms completely covered the Ni core substrate. For
the MgAl system, Al atoms and Mg atoms hardly diffused with
each other after forming the MgshellAlcore structure.

3.3. Effects of surface segregation, alloying, and melting
point on sintering

The effects of surface segregation, alloying, and melting
point of nanoparticles on the sintering of the MAl (M =Ni, Fe,
and Mg) systems were discussed. As mentioned above, the fi-
nal structure of the NiAl system was alloyed, but that of the
FeAl system depended on the Tinit of sintering. By contrast,
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at Tinit > 300 K, the final configuration of the MgAl system
was the AlcoreMgshell structure. As shown in Fig. 4, the NiAl
system had a more negative ∆H than the other two systems.
The melting point of Ni was also much higher than that of Al
nanoparticles with the same number of atoms. As a result, the
alloying ability of NiAl was stronger than the surface segrega-
tion of Al in the sintering reaction.

However, due to the moderate ∆H of FeAl nanoparticles
compared with those of NiAl and MgAl nanoparticles, as well
as the much higher melting point of Fe than Al, the heat re-
leased by the collision of Fe and Al was insufficient to in-
duce FeAl alloying at a low initial temperature. Hence, the
FecoreAlshell structure was formed. For MgAl nanoparticles,
because ∆H was almost equal to zero, the melting point of
Mg and Al was very close and indicated a weak miscible sys-
tem. Considering the much lower surface energy of Mg than
Al, the AlcoreMgshell structure was observed in the sintering
reaction. Therefore, alloying and surface segregation in the
sintering process affected the final configuration of nanoparti-
cles. In the NiAl system, alloying effect played a crucial role
in sintering. For the FeAl system, Al surface segregation and
alloying were pronounced, and the final nanoparticle config-
uration depended mostly on the initial reaction temperature.
However, the surface segregation of Mg atoms dominated the
sintering reaction of MgAl nanoparticles.

4. Conclusions
The sintering–alloying processes of Ni, Fe, and Mg with

Al nanoparticles at different temperatures were investigated
by MD simulations with the AEAM potential. Several meth-
ods were used to analyze the reaction processes, and results
showed that sintering proceeded in two stages. First, atoms
with low surface energies diffused on the surface of atoms with
high surface energies. Second, metal atoms diffuse with each
other after the system temperature was increased to a threshold
value.

Under the same initial conditions, the sintering reaction
rate of the three systems increased in the order MgAl < FeAl
< NiAl. The final core–shell (FeAl and MgAl) and alloyed
(NiAl and FeAl) nanoconfigurations strongly depended on the
initial reaction temperature. The reaction processes of the
nanoalloys were determined by the ∆H of the system, the sur-
face energy of the metal, and the melting point of nanoparti-
cles.
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