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a b s t r a c t
We describe structural and phase transformation in copper coatings made of microparticles during heating and annealing in air in the temperature range up to 400 ◦ C. Such thermal treatment is accompanied by
intensive CuO nanowhisker growth on the coating surface and the formation of the layered oxide phases
(Cu2 O and CuO) in the coating interior. X-ray diffraction and focused ion beam (FIB) are employed to
characterize the multilayer structure of annealed copper coatings. Formation of volumetric defects such
as voids and cracks in the coating is demonstrated.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Synthesis and study of materials with speciﬁc structure and
functional properties are the main tasks in materials science.
Recently, structures with developed surface gained a signiﬁcant scientiﬁc and practical interest in various applications including fuel
cells, supercondensators, Li-ion batteries, catalysis and others [1,2].
Forest of nanosize whiskers grown on a substrate is an example of
the structures with developed surface [2,3].
Initial interest to whiskers was conditioned by their negative
effects in electronics [4]. Spontaneous growth of whiskers from the
surface of a tin alloy led to short circuits and failure of electronic
devices [5]. Problem was solved by adding lead to the tin [6]. Further
studies of the whisker structures exposed their high potential in
electronics, energetics, machinery and chemical industry [2,7].
Extensive use of whiskers dictates the need for development
of efﬁcient methods of synthesis and production. In case of copper, a simple and inexpensive way for large scale synthesis of CuO
nanowhiskers is the annealing of bulk samples, coatings or small
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particles in air at temperature range 400–600 ◦ C as described, e.g.
in [7–9]. Copper is a widely used metal since Bronze Age, however
its properties within the numerous application materials on the
microstructural scale is not well-explored to the current times. For
instance, it was recently shown that corrosion in tin-copper alloy
coatings leads to growth of copper oxide whiskers [10].
Revealing mechanisms of whisker growth will enable technological applications of whiskers as well as coatings and bare
surfaces with mitigated whisker growth. There is a number of studies dedicated to the analysis of growth mechanisms [7–9,11–15]
and properties of CuO and other metal oxide whiskers [9,16–18].
In particular, it is recognized that defect structure of the substrate is
a signiﬁcant factor that inﬂuences whisker nucleation and growth
during annealing [11]. However, only few data had been presented
on structural and phase transformations in the copper substrate
that accompany growth of oxide whiskers on the surface.
It is well-known that annealing of copper in air leads to oxidation reaction [19]. According to the Cu–O2 state diagram two stable
copper oxides exist: copper oxide (I) Cu2 O (cuprous oxide, cuprite)
of red colour, and copper oxide (II) CuO (cupric oxide, tenorite) of
black colour [20]. Copper oxidation process is an old problem of
chemistry, physics and metallurgy. There were a number of models and theories proposed [19,21], however no irrefragable answers
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Fig. 1. Initial coating made of coalescent and separate copper microparticles (a) and oxide (CuO) whiskers forest after 4 h coating annealing in air at a temperature close to
400 ◦ C (b).

have been delivered. The complexity of the problem of oxidation
of materials is due to the coupling of chemical processes of oxidation at the atomic scale, diffusion of atoms inside the constituting
phases, and strong inhomogeneity of the oxidized area that lead to
formation of mechanical stresses and structural defects.
In spite of all the advances in this topic, some aspects of the
problem remain open. For example, in [2,8,11] it was reported
that porous structure, forest of whiskers on the surface, cavities in
microparticles and cracks in coatings occur during annealing of copper in air. In the present paper on copper oxidation, the emphasis is
put on the formation and phase structure of underlying oxide layers
as well as the defects, i.t. pores, discontinuities and cracks, nucleated at the layer interfaces after annealing in air at temperatures
up to 400 ◦ C.

temperatures (close to 400 ◦ C) are shown in Fig. 1. The analysis however shows that at lower temperatures whisker formation
is suppressed. XRD data did not evidence changes in the coating at annealing up to 250 ◦ C as can be seen in Fig. 2a. Starting
from 250 ◦ C peaks corresponding to the copper (I) oxide Cu2 O can
be detected (Fig. 2b). SEM observations revealed appearance of

2. Material and methods
Stainless steel mesh (type “12X18H10” in accordance with Russian steel nomenclature) with cell size of 40 m was used as
a substrate. Metal electrodeposition method was employed to
coat the mesh with copper microparticles or bulk copper layer
as described in [22,23]. Copper deposition was conducted from
sulphuric electrolyte in potentiostatic regime. Duration of electrodeposition was varied between 5 and 15 min depending on the
overvoltage in the range from 160 to 200 mV. That regime resulted
in an almost continuous coating with thickness of 10–15 m, and
particle sizes up to 10 m.
Annealing of the samples was conducted in a mufﬂe furnace
using previously optimized regimes for maximal CuO whisker density [11,24,25] in oxygen-containing atmosphere in the range from
room temperature to 400 ◦ C, exposure time up to 6 h, and temperature growth rate of 15◦ /min. The set of samples heated with interval
of 50◦ was used for further characterization.
Morphology of copper and oxide layers was investigated by
scanning electron microscopy (SEM, NovaNanoSEM 450 and JEOL
JCM 6000). Phase analysis was carried out by X-ray diffraction
methods (XRD, copper anode, X-ray diffractometer Shimadzu XRD
7000). Chemical analysis of the layers was conducted by local
energy-dispersive X-ray spectroscopy (EDX) (FEI Helios Nanolab
600). Internal structure of oxide layers was revealed by gallium
focused-ion beam (FIB) cutting in high-resolution FIB/SEM (FEI
Helios Nanolab 600).
3. Results and discussion
The initial copper coating after electrodeposition (Fig. 1a)
and a typical whisker forest (Fig. 1b) after exposure at higher

Fig. 2. XRD diagram (I–2): initial copper coating (a); heating in air to 250 ◦ C (b),
300 ◦ C (c), 400 ◦ C (d); annealing at 400 ◦ C for 6 h (e). Symbols legend: 䊉 – Cu,  –
Cu2 O,  – CuO.
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Fig. 3. Multilayer structure of oxidized copper coating: typical SEM image of FIB-cut coating cross-section (a), schematics (b).

disparate whiskers on the surface at this temperature. According
to close-up SEM inspection, singe whiskers are well-faceted ﬁlamentary crystals with diameters below 100 nm and length in the
micrometer range. It was shown by EDX and electron diffraction
methods that whiskers consist of the copper(II) oxide CuO [11].
In the present study, for clariﬁcation of whiskers phase composition they were mechanically transferred to polymeric matrix and
analysed by XRD that showed the only presence of CuO phase.
Therefore during annealing in air at 250 ◦ C in the initial copper
coating three-phase structure is already formed.
As it was noted above, oxidation of copper coating at heating
rate of 15◦ /min. started at the temperature of 250 ◦ C. The dominant product of oxidation at this temperature is Cu2 O whereas the
growth rate of cuprite phase with higher diffusion permeability is
signiﬁcantly higher than that of tenorite. Considerable yield of CuO
at this heating rate is noticed at temperature of 400 ◦ C where along
with whisker growth the CuO layer can grow intensively. Density
of the whiskers is maximal and reaches up to 1010 cm−2 at this
treatment temperature.
Authors in [11] note that electrolytic coating contain large number of nonequilibrium vacancies (up to 10−4 ). High temperatures
promote diffusive processes, and vacancies sequentially transform
into ﬂat vacancy discs, which collapse at certain size forming dislocation loops. Climbing of dislocation loops leads to the formation
of the hollow channels, mitigating the migration of Cu cations and
formation of the whiskers on the surface. The formation of porous
channels and their observation was reported in [26]. These porous
microchannels promote whisker growth on the surface and at once
diffusion of oxygen to the interior of coating.
FIB cutting followed by EDX analysis, see, Fig. 3a (note that in our
analysis we use the data from numerous FIB experiments), enabled
us to propose the following model of oxide layers. During oxidation of copper in air at elevated temperature a number of zones

Table 1
Physical and crystallography parameters of copper and its oxides [29–31].
Parameter

Cu

CuO

Cu2 O

Crystallographic
system
Spatial group of
symmetry
Lattice parameter, Å

Cubic

Monoclinic

Cubic

Fm-3 m

C2/c

Pn-3 m

a = 3.615

a = 4.2696

47.24

a = 4.6883
b = 3. 4229
c = 5.1319
ˇ = 99.506◦
81.22

–
8.935

1.69
6.505

1.65
6.106

Volume of primitive
cell, Å3
Pilling–Bedworth ratio
Mass density, g/cm3

77.83

is formed (Fig. 3b): CuO whisker forest at the surface, near-surface
layer consisting of CuO phase as well, another layer containing Cu2 O
phase. In addition, the layer of pure copper is preserved at the steel
substrate. Moreover, there can be intermediate non-stoichiometric
layers of CuO + Cu2 O and Cu2 O + Cu, such as previously observed in
[27].
It is known, that the driving force of the reaction of the metal
with oxygen is change in a free energy caused by oxide formation.
From viewpoint of thermodynamics, oxide is formed only when
ambient oxygen pressure is higher than the pressure of oxide dissociation in equilibrium with the metal.
In case of copper oxide following reactions take place:
2Cu +

Cu +

1
O2 = Cu2 O,
2

1
O2 = CuO.
2

Dissociation pressure is given by:
−2G0 /RT
pdis
O = p0 e
2

where G0 is change in a free energy of reaction at oxidation temperature, R is a gas constant, T is an absolute temperature and p0 is
the actual partial pressure of oxygen in a gas phase.
Free energy change at 400 ◦ C and formation of Cu2 O and CuO
is 122 and 99 kJ/mol, respectively [20]. Estimated values of dissociation pressure in our case will be considerably smaller that the
ambient oxygen pressure. Therefore, at oxidation in air when oxygen partial pressure p0 = 0.21 atm both oxides should form, which
is also seen from our experiments.
The formation of a layered oxide structure is often observed for
metals forming several different oxides e.g. iron. On the surface
where the oxygen partial pressure is the highest the oxide with
the higher oxygen content is formed. Presence of the intermediate layers with composition different from CuO, Cu2 O and Cu can
be explained by nonuniform evolution of diffusive oxidation zone.
Mechanical stresses caused by different sources such as structural
defects, phase transformations (oxidation), thermal expansion etc.,
are always present in samples. Stresses inﬂuence the diffusion and
mass transfer processes, which should result in nonuniform distribution or even fragmentation of the oxidation front.
Thus, XRD analysis, SEM observations and EDX data showed the
presence of three phases in the samples: copper, cuprous oxide and
cupric oxide. With the increasing of annealing duration, the fraction
of cupric oxide is increased.
An important feature that we found out about phase transformations in copper coatings is formation of various defects: inclusions
of other phases in the layers, pores and material discontinuities in
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the form of cracks and phase delamination. The latest are visible
in Fig. 3a. The most likely explanation for nanopore formation and
evolution is based on the vacancy mechanism: as we did mention
above, nucleation of nanopores occur at vacancy disks and then is
followed by the nanopore growth due to ﬂow of vacancies [11].
In the FIB-cut SEM images of the oxidized coating (Fig. 3a) porous
channels described in [11,26] however were not detected possibly
due to their small diameter (less than 100 nm) and smoothening
effect of FIB cutting.
The cracks were always observed in the vicinity of interphase
boundary Cu/Cu2 O or inside the Cu2 O phase. They may form
during the heating by merging of micropores driven by mechanical stresses near the phase interfaces as described below. High
mechanical stresses caused by the great difference of lattice parameters and Pilling–Bedworth ratio (ratio of volume of oxide to the
volume of the pure metal) [21] (Table 1) lead to phase separation.
Migration of copper cations to the surface (roots of whiskers), as
it has been described in [14,28], results in contraction of the copper base core. In its turn, it causes the compression stresses in the
plane of oxide and tension stresses in the copper layer bonded to
the former.
Let us consider mechanical stresses in cylindrical core–shell system, as described in [32]. Core–shell geometry corresponds to the
present problem as the steel mesh with deposited copper serves as
the core, while oxide layers can address the shell. For a qualitative
estimation of the internal stresses, we assume that elastic moduli
(shear modulus G and Poisson’s ratio ) of the constitutive phases
are equal. According to the calculations in [32], the increase of relative shell volume V/V (characterized by Pilling–Bedworth ratio)
leads to radial tensile stresses in the whole structure:

⎧ 2
rC
rC2
⎪
⎪
⎨ r 2 − r 2 , rC < r ≤ rS
G
V
S
rr =
3(1 − ) V ⎪
rC2
⎪
⎩ 1 − 2 , r ≤ rC
rS

where rC is core radius, rS is shell radius, and r is current radial coordinate. Such radial stresses facilitate formation of discontinuities
near the oxide/metal interface.
Furthermore, growth of voids in the coating is promoted by diffusion of copper lattice vacancies and oxygen atoms. A signiﬁcant
factor of structural transformations is Kirkendall’s effect (see, e.g.
[33]), since diffusion of copper cations in oxide layers is much more
intensive than the diffusion of oxygen. Formation of the numerous
voids did not prevent the further growth of oxide phase, so the
oxide growth occurs not only by diffusion of copper cations (see
[13,28]), but also due to ﬂux of oxygen to the interior of coating
facilitated by the above-mentioned porous channels.
It is noteworthy that similar processes occur also in individual copper particles [11,25,28]. In particular, in [11] oxidation of
icosahedral small particles [22] is considered. An important additional feature of icosahedral particles is the presence of disclination
defects inside [34] (more details on the properties of disclinations
can be found from the review [35]). It is natural to suppose that the
mechanical stresses generated by disclinations present an additional reason for formation of internal voids during heating and
oxidation of such particles.
4. Main results and conclusions
Oxidation of electrodeposited copper coating during high temperature exposure in air has been studied. It has been shown
that a complex multilayer multiphase structure is formed. Porous
channels and internal stresses in oxide layers facilitate diffusion
of oxygen in copper, growth of whisker and formation of voids
and cracks. Temperature and duration of thermal treatment has a

signiﬁcant inﬂuence on copper oxidation. It has been revealed that
the two-phase oxide zone with Cu2 O and CuO layers is formed from
the very beginning of the treatment. During the initial stage of oxidation the growth of Cu2 O is predominant. Noticeable yield of the
CuO phase is found only at 400 ◦ C. The formation of discontinuities in the form of interfacial CuO–Cu2 O/Cu cracks is facilitated by
tensile mechanical stresses that are generated due to volumetric
change in the coating constituting phases as a result of oxidation.
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