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Abstract. The copper nanoparticles were obtained by evaporating the metal by the relativistic 
electron beam. The average size of synthesized particles was about 120 nm. They were characterized 
by X-ray diffraction, transmission electron microscopy. The results of the X-ray diffraction showed 
high content of the pure copper for closed setup with an inert gas. Transmission electron microscopy 
cleared some particles to have an icosahedral structure. These nanoparticles were obtained when the 
target was exposed by the beam with the highest current strength used in the experiment and the 
highest cooling of the copper vapor. The process of copper nanoparticle formation by the molecular 
dynamic method using EAM – potentials (potentials in the Embedded Atom Method form) was 
studied.  

Introduction 
Copper nanoparticles is widely used due to their high electrical conductivity, plasmon resonance, 

low electrochemical migration behavior, low cost and others properties [1]. They are expected to be 
used as alternatives for noble metals in many applications such as heat transfer and inkjet printing [2]. 
The property of copper nanoparticles mainly depends on the synthesis route and the process 
parameters. There are several methods for creating nanoparticles, including gas condensation, 
attrition, chemical precipitation, ion implantation, pyrolysis and hydrothermal synthesis. In the 
present work the experiment to obtain the nanoparticles of copper by evaporating the metal by 
relativistic electron beam [3] is described. It is known that the copper atoms in the bulk state have the 
face-centered cubic lattice. The icosahedral lattice appears when the copper transited to the 
nano-scale state. Despite the existing publications on synthesis of copper nanoparticles [3, 4], 
composite Cu@Si nanoparticles [5] the effect of synthesis conditions on the structure of copper 
nanoparticles are poorly studied. For example, the dependence of the type of structure on the size of 
the nanoparticles is unknown. Also, the question of the influence of carbon in the crucible and oxygen 
in copper on the formation of nanoparticles remains unclear. 

Experimental  
Figure 1 shows a schematic of the setup used for the electron beam evaporation experiments. 

Industrial copper samples were placed in a cylindrical graphite crucible, which had an outer diameter 
of 140 mm, height of 110 mm, wall thickness of 22 mm, and a flat 30 mm thick bottom. The oxygen 
content in the copper sample was not more than 0.05 wt. %. The crucible was placed into graphite 
powder in a stainless steel chamber which was water-cooled to prevent the steel from melting when 
the crucible was heated up. A focused 1.4 MeV electron beam with a current of up to 25 mA and 
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power of up to 28 kW heated the copper. The penetration depth of the electrons into the copper was 
approximately 0.5 mm. The beam diameter at the top surface of the melt material was around 30 mm. 
Less than 10 min after exposure of the electron beam to copper, the sample was completely melted 
and copper was vaporized. Then the vapors were transported by argon gas from the evaporation 
graphite crucible to a condensation chamber where the vapors condensed into nanoparticles that were 
caught in a filter [4, 6].  

 
Fig. 1. Scheme of installation with a closed cycle: 1 – air, 2 – nitrogen, 3 - input close, 4 – sublimator,              
5 - graphite "sand", 6 - graphite crucible, 7 – copper, 8 – accelerator, 9 - separator of large fractions, 10 - the 
filter, 11 - fan built into the gas path (Ruck), 12 - carrier gas path. 

Increasing the speed of movement of argon with copper vapor, created by a fan built into the gas 
channel, reduced the pressure in the closed system. Copper vapor was quickly carried away from 
the high-temperature zone. This method increased the cooling rate of nanoparticles. To determine 
the dependence of the structure of copper nanoparticles on the heating rate of a copper sample, a 
series of experiments was performed in which the parameters of the electron beam and the duration 
of its action on the target were varied. 

In the experiments carried out, the electron beam had the following parameters: 1) current -              
15 mA, time -15 and 25 min, 2) current -25 mA, time -15 min. Targets received the same amount of 
energy 3.15 x 107 J in experiments at a current of 15 mA and 25 mA for a time interval of 15 
minutes and 25 minutes. Because of the higher power introduced into the copper sample in the 
second experiment and at the same flow rate of argon, the cooling rate of copper vapor should be 
higher than in the first experiment.  

Results and Discussion 
TEM shows that the sizes of the obtained copper particles were from 5 nm to 800 nm. The mean 

particle size of copper - 100 nm. Large particles (300 -800 nm) make up a small fraction of the total 
amount of powder and have a regular spherical shape with a flaky surface. The surface layer in the 
form of flakes is observed on spherical particles obtained under both conditions, but in the 15-mA – 
15 min mode this layer is higher. If the particles were in a liquid state when cooled for a while, then 
they were subjected to enormous pressure due to Laplace contraction and as a result they got a 
shape close to the ball with small irregularities along the edges of the sphere. In such conditions, the 
pores and voids were compressed on the surface of the particle. At a beam current of 15 mA, the 
fraction of particles with spherical appearance was much higher and equal to 80%, at a beam 
current of 25 mA this fraction was not more than half of the total number of particles obtained. The 
remaining parts of the obtained copper powders are particles having faces. Possibly, this is due to 
the higher cooling rate of copper vapor. The surface of the faceted particles is smooth (fig.3) and 
the particle sizes exceed 200 nm. The formation of a thermodynamic control product requires more 
energy, but it is thermodynamically more stable than the kinetic control product. Therefore, as the 
reaction temperature increases, when a larger number of molecules are able to move through a high 
energy barrier, the predominant product of the thermodynamic control is observed in the reaction 
mass. The kinetic control product is formed rapidly. Its stability is relatively low and the reaction is 
reversible. The activation energy for the conversion of the kinetic control product to a 
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thermodynamic control product is small. When the reaction is carried out at an elevated temperature 
(i.e., under conditions of thermodynamic control), the kinetic control product is converted into a 
more energetic thermodynamic control product [7]. TEMs of the particles obtained under current of 
15 mA show the presence of particles with the single crystals and lamellar twinned particles that 
can occur only from kinetic control. For example, fig. 2b shows a faceted particle similar to the 
concave octahedron model, according to the classification given in the review [7]. 

 

a)                                       b) 
Fig. 2. TEM images of copper nanopowders obtained under the electron beam with a current of 15 mA (a), 
25 mA (b) and a duration of 15 min.  

The faceted particles at the beam current of 25 mA have sharper faces and complex shapes 
similar to the lamellar twinned particles and multiply twinned particles, which can occur both in 
kinetic and thermodynamic control and have icosahedron-like (fig.3a) and dodecahedron-like 
structures (fig. 3b) [7]. Thus, for a higher electron beam power, multiply twinned particles are 
formed from the kinetic control. 

        
a)                                b)  

Fig. 3. TEM image of copper nanopowders obtained under the electron beam with the current of 25 mA (a), 
15 mA (b) and the duration of 15 min. 

We used graphite crucible in order to obtain copper nanopowders. Carbon from the crucible can 
intruded into copper nanopowder when a copper sample was heated in a graphite crucible. In 
addition, the oxygen in small quantities was present in the copper ingots and can fall into copper 
nanoparticles. Thermodynamic modeling was performed to determine how these impurities affect 
the formation of copper nanopowder. The thermodynamic modeling of phase equilibria for the 
Cu-Cu2O-CuO-C system in the temperature range of 273-3273 K and pressure 0.1 MPa was carried 
out on the basis of the software complex "Terra" (fig. 4). The simulation results showed that the 
process of reduction of copper from oxide in the presence of carbon began to proceed at sufficiently 
low temperatures. At a temperature of 800° К, intense formation of a carbon monoxide occurs at the 
points of contact between the copper oxide and a graphite crucible. Under constant heating, this 
series of reactions leads to recovery of copper. The recovered copper without oxides begins to 
transform into a vaporous state reaching the boiling point (fig. 4). 
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Fig. 4. Modeling of high-temperature processes in the system Cu-Cu2O-CuO-С. 

X-ray phase analysis was carried out in order to estimate the quantitative content of the copper 
oxides CuO and Cu2O. The resulting diffraction patterns are shown in fig.5, 6 and 7 and the phase 
compositions of copper nanopowders are presented in the table 1. 

 
Fig. 5. The X-ray difrraction pattern of copper nanopowders obtained under the electron beam with a current 
of 15 mA and a duration of 25 min. 

When the beam current was increased from 15 mA to 25 mA, the content of copper in the powder 
increased (table 1). This was because of the copper vapor pressure in the evaporation chamber 
increased with increasing of the beam current. This reduces the access of atmospheric oxygen in the 
volume above the copper sample 7 in fig. 1 through small leaks and reduces the oxidation of copper 
nanoparticles. The low content of the pure copper in experiments with a beam current of 15 mA and 
a duration of 25 minutes, was probably due to oxidation of copper nanoparticles with a longer 
exposure by the atmospheric oxygen. 
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Fig. 6. The X-ray difrraction pattern of copper nanopowders obtained under the electron beam with a current 
of 15 mA and a duration of 15 min. 

 
Fig. 7. The X-ray difrraction pattern of copper nanopowders obtained under the electron beam with a current 
of 25 mA and a duration of 15 min. 

X-ray phase analysis shows that in copper powder there are peaks corresponding to the cubic 
lattice of copper. The icosahedral structure cannot be detected by X-ray analysis, since it has a cubic 
lattice, so we can observe it either on images of transmission electron microscopy (Fig. 3) or using 
scanning electron microscopy.  

Table 1. Phase composition of copper nanopowders. 

Electron beam parameters Cu [wt, %] Cu2O, [wt, %] CuO, [wt, %] I [mA] t [min] 
15 25 38 48 14 
15 15 84 11 5 
25 15 91 2 7 

In order to know what types of structures can be created as a result of the condensation of copper 
vapor, and also to determine at what cooling rates they are formed, the simulation was carried out 
by the method of molecular dynamics. 
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Computational Details 
Molecular dynamics is widely used to study atomic and molecular structures. Large-scale 

atomic/molecular massively parallel simulator (LAMMPS) [8] is general public license software 
(GNU) that was used to simulate the copper nanoparticle formation. LAMMPS has the ability to 
simulate soft materials (biomolecules, polymers), solid-state materials (metals, semiconductors) and 
coarse-grained or mesoscopic systems. Also, it can be used to model atoms or, more generally, as a 
parallel particle simulator at the atomic, meso, or micro scales. Identifications of clusters and 
calculations of the atoms interaction energies are performed with the LAMMPS codes (compute 
cna/atom and pe/atom). VMD, OVITO are used for visualization. The computations were 
performed at the computation cluster of the Novosibirsk State University.  

In this study, the EAM potential was used as the interatomic potential developed by Foiles et al. 
in 1986 [9]. This form of the EAM consisted of two contributions to the total potential energy, Etot, 
of the entire system composed of N atoms. The functional form of the total embedded energy can be 
expressed as 

 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = �𝐹𝐹𝑖𝑖�𝑃𝑃ℎ,𝑖𝑖�
𝑖𝑖

+
1
2
� � 𝜙𝜙𝑖𝑖𝑖𝑖�𝑅𝑅𝑖𝑖𝑖𝑖�

𝑖𝑖(≠1)𝑖𝑖

 

 
where 𝐹𝐹𝑖𝑖 is the embedding energy as a function of the local electron density, 𝑃𝑃ℎ,𝑖𝑖 is the host 

electron density at atom i due to the remaining atom of the system, 𝜙𝜙𝑖𝑖𝑖𝑖 is the pair potential, and Rij 
is the distance between atom i and j. Its validity has also been tested by applying it to a wide variety 
of bulk and surface properties of both pure metals and alloys. 

For the integration of the equations of motion of the atoms in the simulations, the velocity form 
of the Verlet algorithm with a time step of h = 1 fs was employed. The MD simulations were 
carried out in a canonical ensemble (NVT). The ensemble was obtained by controlling the 
temperature through direct temperature scaling during the initialization stage and by 
temperature-bath coupling during the data collection phase.  

Spherical models with free surfaces (of 666 and 4630 atoms) were obtained as the result of 
melting of first-set crystals. Nanoclusters with the initial fcc structure were first heated from 300 K 
to 1800 K and then gradually cooled to 300 K. The initial configuration was then relaxed to ensure 
that it was in equilibrium. This was achieved by MD simulations, first in the NVT ensemble for 50 
ns. Finally, the liquid system was cooled from 1800 to 300 K at a cooling rate ranging from 1013 to 
1011 K/s. Depending on the cluster size and cooling rate, fcc, ico structures were obtained (fig.8). 
To characterize the local state of solid materials, Honeycutt and Andersen [10] proposed the 
common neighbor analysis (CNA), also called the pair analysis technique, which is based on nearest 
neighbor atoms. This technology already was employed in many works [11, 12]. According to the 
CNA, one can define one atom as one of the five crystal structures as fcc, hcp, bcc, icosahedral (Ih). 

 
 

a)          b)           c) 

Fig. 8. The copper cluster (N = 666): a) fcc, b) icosahedral, c) the appearance of the cluster of the Ih 
structure. 

The dependence of crystal structure type on the cooling rate was cleared. The icosahedral phase 
disappeared with decreasing cooling rates, but the other crystal structures increased vastly. One can 
see that the probability of appearance of the fcc structures increased dramatically from 64 to 82% 
when the cooling rate decreased from 1012 to 1011 K/s. This indicates two things: one is that the 
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degree of crystallization in the solidified nanoparticle is increasing while the cooling speed is 
reduce; the second is that the solidified configuration is close to a perfect fcc crystal. 

The increase in the number of atoms led to the formation of defects in the crystal structure. The 
large solidificated Cu drops have the different structures at the different sections. The twinning 
planes are clearly visible in both cases. Growth of twinned nanocluster of copper is obtained at 
comparatively large temperature 900 K. In the lower part of Fig 9 (a), we observe dodecahedral 
(Dh) phase; (b) - the embryo of the Ih phase, (a) - fragment of the Dh phase, is visible.  

                         
                      a)             b) 

Fig. 9. The copper cluster (N = 4630) with dodecahedral (Dh) phase (a), the embryo of the Ih phase (b). 

Frequent twinning of structures can be explained by the fact that a cluster of this size is already 
too large to possess the Ih or Dh configuration, but the presence of such fragments is still 
energetically favorable. Now it is not clear whether such a cluster will have the properties typical of 
a Ih or Dh. 

Summary  
The influence of the obtaining conditions on nanopowders structure and content of oxide 

impurity was studied. Using molecular dynamic calculations, we demonstrated the dependence of 
crystal structure type of copper nanoparticle on the cooling rate. Nanoclusters in icosahedral phase 
were obtained at a cooling rate 1013 K/s. Results showed that the slower cooling rate would lead to a 
higher proportion of fcc and hcp structures, but the fcc structure was dominant. The experiments 
confirmed the results of the simulation: only at high cooling rates the nanoparticles with an 
icosahedral structure were formed. 
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