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ABSTRACT
Formation of internal cavities in icosahedral small particles (ISP) of copper during annealing is
investigated experimentally by scanning electron microscopy (SEM) and focused ion beam (FIB)
cutting. Influence of annealing regimes (temperature, duration, environmental gas composition)
on structural-phase transformations in ISP is revealed. Energy-dispersive X-ray (EDX)
spectroscopy analysis exposes multilayered structure and chemical composition of the layers
formed after the annealing. It is shown that large cavities are formed only by annealing at air.
INTRODUCTION
Copper icosahedral small particles (ISP) produced by electrodeposition had been investigated in
[1, 2] in details. It has been shown that ISP (Fig. 1) has 12 vertexes, 30 edges and 20 faces, six
axes of fivefold symmetry connecting particle’s vertexes, ten axes of threefold symmetry
connecting face centers, 15 mirrored planes of symmetry intersecting edges perpendicularly. All
faces of ISP belong to the {111} family of crystallographic planes.

Figure 1. Icosahedral small particle of copper produced by electrodeposition.
One of the peculiarities of such ISPs is presence of various structural defects [3]. The main types
of defects in ISP are: partial disclinations, dislocations, twin boundaries, interlayers and twin
bands [3, 6]. There is number of models explaining these structural peculiarities of ISPs [4, 5],
among them the disclination model [4, 5] enables to reflect all the variety observed experimental
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data [1-3]. According to [4, 5] ISP are formed by the cluster-disclination mechanism.
Experimental etching and cutting by ion beam has supported the idea of dislocations being
present in ISPs. Etching mostly occurs at the declination outlet and inside the particle where
crystal lattice is most distorted at the dislocations cores. Pentagonal etched holes are formed at
the intersection of twin boundaries of ISP.
With the model of distributed Marks-Yoffe declination [4] it is possible to show that ISP has a
strong source of mechanical stresses, e.g. strain energy density in micron size particle might be
G
of order E x 
J / m 3 [4, 5, 7]. Up to this day various mechanisms of relaxation of these
50
internal stresses in pentagonal particles had been proposed and analyzed. Relaxation of internal
stresses in decahedral small particles (DSP) and ISP may realize already in the growth stage by
different ways [3, 4, 7]:
 Formation of lattice dislocations. In this case dislocation usually is nucleated at one of the
twin boundaries;
 Formation of volumetric wedge-shaped defect consisting in thin twin interlayers and
located in one of ISP’s tetrahedrons;
 Splitting of twin boundaries intersection node;
 Formation of an “open sector” instead of the twin boundary. It was proposed in [8] that
relaxation of internal mechanical stresses is realized by “opening” of a sector in particle
instead of twin boundary, and that might “close” in further growth due to diffusion
processes. Theoretical grounds of this hypothesis can be found in [9], and experimental
proofs in the works [1-3, 7];
 Formation of a new phase inside a particle. Formation of a new phase with absence of
pentagonal symmetry in the center of particle is possible. This phase is separated from
the pentagonal phase by a dislocation type boundary [8];
 Offsetting of the declination line from particle’s center [7, 10].
The named mechanisms had been supported by experiments later on as reported in [7, 11, 12, 13,
14]. Besides the mechanisms described above there is a number of other mechanisms of
diminishing of the energy of ISP, in particular, involving transformation of the volumetric
energy into surface energy. Such relaxation processes are more intensive in temperature fields
and exhibited in form of nanowhiskers and nanopores (Fig. 2). The detailed analysis of
nanowhiskers, nanopores and mechanisms of their formation are described in [11, 15, 16].

Figure 2. CuO nanowhiskers produced by annealing of single copper ISPs (a) and particlebased copper coatings (b) in air at 400 ºС; nanopores formed by annealing of ISP layers in air
at 650 ºС (c).
Formation of internal cavities by annealing of icosahedral copper particles is one more relaxation
mechanism interesting from both fundamental and application points of view but still not wellexplored.
Presence of cavities in icosahedral particles was predicted theoretically in [16, 17]. For the first
time microparticles with internal cavities produced from ISPs by annealing were reported in [7,
13, 14]. The paper [18] describes internal cavities in copper, however the authors explain those
solely by Kirkendall effect.
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Till the present time experimental data on formation of internal cavities by annealing of copper
particles is rather sparse. There are several open questions in that prospect:
 Is formation of cavity connected with icosahedral symmetry of particles or cavities would
be formed in regular f.c.c. particles as well?
 Might a cavity form in copper ISP in vacuum or inert environment? Or is oxygen
atmosphere necessary for this?
 What is the structure of internal cavities formed by annealing of copper ISP?
 Which structural-phase transformations occur in copper ISP during formation of the
cavities?
The goal of this work has been conduction of research addressing the above questions
concerning the origin of the cavities.
EXPERIMENTAL
Copper ISPs were produced by electrodeposition on metal mesh of 30 micron in diameter and 40
micron cell size according to the method described in [6, 19]. Deposition of copper was
conducted from sulphuric acid electrolyte in bias-controlled regime with -75 mV over-bias
during 10-12 min. using the power source “Ellins”. This regime enabled particle growth up to
10-15 micron.
Differential scanning calorimetric (DSC) analysis was performed with X DSC EXSTAR 7000
device in open crucibles in the temperature range of 25 ºС to 700 ºС. Heating rate was set to 10
ºС/min. with oxygen and/or nitrogen flow-through.
Annealing of the samples was carried out in air in muffle furnace PM-700p. Annealing of the
samples in vacuum was carried out in pit vacuum furnace SShV-1.2,5/25I1.
Particle morphology was characterized by SEM Carl Zeiss Sigma, JCM-6000 Neo Scope, high
resolution SEM FEI Helios Nanolab 600 with focused ion beam (FIB) and X-ray spectroscopy
add-on. Cutting of the particles by ionic beam was conducted with FEI Helios Nanolab 600.
RESULTS
The DSC analysis exhibited peaks that correspond to structural-phase transformations in ISP
during annealing in various gaseous environments. Figure 3 shows the DSC curve of annealing
in oxygen rich atmosphere with the following distinguishable peaks: 400 ºС; 520 ºС; 620 ºС.

Figure 3. DSC curve of ISP annealing in oxygen rich atmosphere with marked temperature
peaks.
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Respective DSC analysis of the ISP annealing in nitrogen environment has exhibited no peaks
with temperatures up to 700 ºС (Figure 4).

Figure 4. DSC curve of ISP annealing in nitrogen environment.
We have conducted SEM characterization of the particles in order to identify the DSC peaks.
Annealing experiments in oxygen rich atmosphere have demonstrated nanowhisker formation on
ISP surface with the 400 ºС regime, nanowhiskers and nanopores formation with the 530 ºС
regime, and nanopores with the 620 ºС regime.
Figure 2 shows the typical morphology of annealed copper ISPs and copper coatings. Whereas
the mechanisms of nanowhisker and nanopores formation are described in [11, 20], the current
paper is focused on the internal cavities.
Such cavities are formed in copper ISP by annealing in oxygen containing environment in a
broad temperature range (400-600 ºС) and relatively long annealing duration (1-5 hours).
FIB cutting inside microscope chamber of SEM enabled revealing of internal structure and
peculiarities of the internal cavities in ISP after annealing as can be seen from Fig. 4.

Figure 5. SEM images of copper ISP after annealing in oxygen rich atmosphere with the 400
ºС, 4 hours regime: (a) intact particle, (b) FIB cut particle.
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Normally after a long annealing in oxygen rich atmosphere copper ISP is rounded (Fig. 1 and 5,
a) and its surface becomes rough. Nanowhiskers, pores, outgrowths are formed on the surface,
while large cavities are formed inside with often observable copper core (Fig. 5, b). It was found
that annealing parameters such as temperature, duration, environment composition affect the
cavity volume and may lead to 80-90% cavity/particle volume ratio. Sometimes the cavity can
reach particle surface (Fig. 6, c). The core inside the cavity can be of different size and density if
present at all (Fig. 6, b). Typically the particle shell has a layered structure itself (Fig. 6, a).

Figure 6. SEM images of annealed copper ISP: (a) after FIB cutting with internal cavity
occupying 80-90% of particle volume and copper core; (b) after FIB cutting with
internal cavity and without a core, (c) cavity reaching particle surface. Annealing
regime of 400 ºС, 4 hours in oxygen rich atmosphere is used.
Energy-dispersive X-ray spectroscopy (EDX) analysis of the cut particles was carried out to
reveal their elemental composition. The following phases can be identified with the help of
EDX: pure copper core (Fig. 7) or copper oxide core, layered shell of Cu2O (intermediate layer)
and CuO (surface layer).

Figure 7. EDX elemental mapping of cut copper ISP after annealing in oxygen rich
atmosphere. Annealing regime of 400 ºС, 4 hours was used.
Besides the cavities, we have often observed internal cracks in the layered shell of particles
annealed in oxygen rich atmosphere. In the most cases those cracks are nucleating in friable
Cu2O layer or at the phase boundary.
It is a remarkable that the pure copper core can preserve its normal density and pentagonal
symmetry up to the 600 ºС (Fig. 5, b). In other cases the core was porous and consisted of Cu2O.
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Figure 8 demonstrates cut copper ISP after annealing in vacuum. It can be seen that the particle
is rounded but there is no cavity. EDX analysis of the cut surface of a vacuum-annealed particle
showed pure copper composition.

Figure 8. SEM image of copper ISP after annealing in vacuum and cut by FIB. Annealing
regime of 700 ºС, 1 hour was used.
Therefore annealing (up to 700 C) of copper ISP in vacuum or nitrogen does not lead to phase
transitions in the particles as supported by experimental data from DSC and EDX analyses.
CONCLUSIONS
This paper has represented the results of the investigation of formation of internal cavities in
copper ISP by annealing.
There has been given an experimental evidence of the following factors necessary for formation
of internal cavities:
- icosahedral geometry of particles connected with the presence of declinations;
- oxidative atmosphere;
- certain annealing temperature and duration.
It has been shown that structural-phase transformations occur in copper ISP by annealing in
oxygen-rich atmosphere: formation of layered shell consisting of copper oxides CuO and Cu2O,
formation of internal cavity containing a core of copper or copper oxide Cu2O.
It has been demonstrated that ISPs annealed in inert media (nitrogen, vacuum) do not exhibit
internal cavities and phase transformations up to 700 ºС.
The work has been supported by the grant of Ministry of education and science of Russian
Federation, resolution № 220, in Togliatti State University, agreement № 14.B25.31.0011.
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