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Residual stress induced wetting variation on electric brush-plated
Cu film∗
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Nanocrystalline Cu film with a mirror surface finishing is prepared by the electric brush-plating technique. The as-
prepared Cu film exhibits a superhydrophilic behavior with an apparent water contact angle smaller than 10◦. A subsequent
increase in the water contact angle and a final wetting transition from inherent hydrophilicity with water contact angle
smaller than 90◦ to apparent hydrophobicity with water contact angle larger than 90◦ are observed when the Cu film is
subjected to natural aging. Analysis based on the measurement of hardness with nanoindentation and the theory of the
bond-order-length-strength correlation reveals that this wetting variation on the Cu film is attributed to the relaxation of
residual stress generated during brush-plating deposition and a surface hydrophobization role associated with the broken
bond polarization induced by surface nanostructure.
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1. Introduction
Wettability with a liquid is one of most important prop-

erties of solid surfaces, which is governed mainly by surface
roughness and surface energy.[1] Recently, special wettability
including superhydrophilicity and superhydrophobicity, and
switchable wettability between hydrophilicity and hydropho-
bicity, have attracted much interest due to their great signif-
icances in both fundamental research and practical applica-
tions in various fields such as self-cleaning, drug delivery, and
intelligent switch.[2,3] Generally, the special and switchable
wettability are obtained on solid surfaces by combining mi-
cro/nanostructures with certain functional polymers, in con-
junction with external stimulation, such as UV irradiation and
electric field.[4–9] Various deposition techniques, such as elec-
troless deposition,[10,11] electrochemical deposition,[12,13] and
physical/chemical vapor deposition,[14,15] are potentially use-
ful for the fabrication of required surface structures and modi-
fication layers for the special and switchable wettability. How-
ever, these deposition techniques often induce residual stress
including tensile and compressive stresses in the deposited
films,[16–22] which can affect not only their mechanical proper-
ties (e.g., hardness and strength), but also some physical prop-
erties (e.g., photoluminescence and photocatalysis) due to the
distortion of the crystalline structure.[23–28] Furthermore, the
presence of residual stress can lead to structural change of
deposited films (e.g., stress corrosion or film cracking).[29,30]

Therefore, it is expected that the residual stress associated with
excess energy will affect the surface wettability of deposited
films. Nevertheless, the relationship between surface wettabil-
ity and residual stress has not been established yet.

Metals widely used in many industrial and daily-life fields
are typically hydrophilic materials. Nearly all liquids tend to
spread on metallic surfaces due to their high native surface
energy. Recently, massive efforts have been devoted to fabri-
cate metallic surfaces with the special and switchable wettabil-
ity by using various deposition techniques.[10–13] Meanwhile,
the metallic films will suffer residual stress during deposition,
which can be relaxed by recrystallization and grain growth
under certain conditions, such as thermal cycling, heat treat-
ment, and natural aging.[31–34] It has been suggested that the
relaxation of residual stress is accompanied by the decrease
in Gibbs free energy of system.[35,36] Therefore, it is of both
theoretical and practical significance to fabricate a metallic
surface with special and/or switchable wettability in a certain
stress (energy) state. In this paper, we fabricated a nanocrys-
talline Cu film with a mirror surface finishing by the electric
brush-plating technique.[37] A special wettability (i.e., super-
hydrophilicity) and a wettability transition from hydrophilic-
ity to hydrophobicity were obtained on the Cu film due to
the relaxation of residual stress generated during the brush-
plating deposition and a surface hydrophobization role associ-
ated with the broken bond polarization induced by the surface
nanostructure.

2. Experimental details
Nanocrystalline Cu film was fabricated on smooth Cu

sheets by an electric brush-plating technique using bath mainly
containing copper sulfate pentahydrate (260 g/l), ammonium
nitrate (30 g/l), citric acid monohydrate (3 g/l), and a few addi-
tives. The electric brush-plating operation was performed un-
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der a brush-plating voltage of 6 V at room temperature (298 K)
with a deposition rate of ∼ 0.06 mm/h. The brush-plating
voltage was supplied by a direct current power pack (DSD-
75-S). After brush-plating, the Cu film was washed with ab-
solute ethyl alcohol and deionized water followed by drying
in a stream of N2. Finally, the natural aging treatment of the
as-prepared Cu film was conducted in a drying oven at the am-
bient condition for different times.

The surface morphology of the Cu film was observed
by the field emission scanning electron microscope (FESEM)
(JSM-6700F, JEOL, Japan). The surface chemical composi-
tion of the Cu film was analyzed by the energy dispersive X-
ray spectrometer (EDS) (X-Max, Oxford, Germany). The mi-
crostructure of the Cu film was characterized by the transmis-
sion electron microscope (TEM) (JEM-2100F, JEOL, Japan).
The wettability of the Cu film was evaluated by the water con-
tact angle (WCA) measurement using the circle fitting on an
optical contact angle meter (OCA20, Dataphysics, Germany)
at room temperature (298 K). The surface hardness of the
Cu film was measured by performing the nanoindentation test
on a nanoindenter instrument (G200, Agilent, USA) with a
Berkovich diamond indenter. The Cu film was indented at a
loading strain rate of 10−2 s−1, an indenter depth of 800 nm,
and a holding time of 10 s. Indentation was repeated at least
eight times for each measurement. The residual stress of the
Cu film was evaluated by using the data of the hardness and the
approach proposed by Suresh and Giannakopoulos.[38] It has

been shown that the residual stress generated in the electrode-
posited Cu films is almost independent of the film thickness
when it exceeds a certain value (∼ 10 µm).[19] Considering
this factor, the requirement of the indentation measurement
for the ratio of indenter depth to film thickness (<10%),[39]

and the requirement for available application, the thickness of
the Cu film was chosen as ∼ 20 µm.

3. Results and discussion
The FESEM images in Figs. 1(a) and 1(b) show that the

Cu film exhibits a quite uniform grain structure with size of
30-50 nm, indicating that the Cu film has a mirror surface
finishing. The cross-section FESEM image of the Cu film in
the inset of Fig. 1(a) shows that the thickness of the Cu film is
∼ 20 µm (indicated by the white arrow). The EDS spectrum
in the inset of Fig. 1(b) shows that the surface of the Cu film
was oxidized slightly in air. The TEM observation of the grain
structure in Fig. 1(c) shows roughly equiaxed grains separated
by predominant high-angle grain boundaries. The pattern of
the selected area electron diffraction in the inset of Fig. 1(c)
reveals random crystallographic orientation and a fine grain
structure. The statistical grain size distribution taken from the
TEM images shows an average grain size of ∼ 35 nm, which
is consistent with the FESEM observation (Fig. 1(b)). Most of
the grains contain a high density of twins (Figs. 1(c) and 1(d)).
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Fig. 1. (a) Surface and cross-section (inset) FESEM images of the Cu film. (b) Surface FESEM image and EDS spectrum (inset) of
the Cu film. (c) Bright field TEM image and selected area electron diffraction pattern (inset) of the Cu film. (d) High-resolution TEM
image and selected area electron diffraction pattern (inset) of the Cu film.
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The accompanying diffraction pattern shows diffraction spots
caused by twinning (inset of Fig. 1(d)). The statistical mea-
surement of the twin lamella thickness shows a narrow distri-
bution ranging from several to several tens nanometers, with
an average value of∼ 15 nm. The high-resolution TEM obser-
vation indicates that some dislocations and stacking faults are
located at the twin boundaries (indicated by the white arrows
in Fig. 1(d)).

The wettability of the Cu film is evaluated by the WCA
measurement and the results are shown in Fig. 2. It can be seen
that the Cu film in the as-prepared state exhibits a superhy-
drophilic behavior with a WCA of∼ 9◦, which is significantly
smaller than that on the smooth native Cu surface (∼ 63◦ [12]),
although the surface of the Cu film is also considerably smooth
(i.e., a mirror surface finishing). As the natural aging time in-
creases, the WCA of the Cu film increases and exceeds the
equilibrium value (63◦) when the natural aging time exceeds
∼ 3.7 days and exceeds the critical WCA value between hy-
drophilicity and hydrophobicity (90◦) when the natural aging
time exceeds ∼ 5.6 days. Finally, the WCA of the Cu film
reaches a maximum value of 102◦ when the natural aging time
increases to 8 days. We also observe that the wettability of the
Cu film no longer changes significantly when the natural aging
time is larger than 8 days (which is not presented in Fig. 2).
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Fig. 2. Variation of water contact angle of the Cu film with natural
aging time.

Nanoindentation is a very powerful method for character-
izing mechanical properties (hardness, elastic modules, resid-
ual stress, etc) of thin films.[23,24,38,40] Figure 3(a) shows the
representative load-displacement (P–h) curves of the Cu film
at different natural aging times. As shown in the loading
regime, the load required for a given indenter depth increases
with increasing natural aging time. This suggests the presence
of a residual tensile stress generated during the brush-plating
deposition and its significant contribution to the load level or
hardness of the Cu film.[23,24,38] Based on the approach pro-
posed by Suresh and Giannakopoulos,[38] the residual tensile
stress generated in the Cu film can be evaluated by the P–h
data using the following equation:

A/A′ = (1+σR/Pave)
−1, (1)

where A= Pmax/Pave and A′ = P′max/Pave are the projected con-
tact areas on the indented material surface in the stress state
and in the stress-free state, respectively; σR is the residual
stress; Pave is the average contact pressure and is equal to the
hardness of the indented material H, which remains invariant
because elastic residual stress does not change the magnitude
of plastic strain.[38] The Pmax and P′max are the maximum loads
on the indented material surface in the stress state and in the
stress-free state, respectively. The σR as a function of Pmax can
be thus given by

σR = (P′max/Pmax−1)H. (2)

For the Cu film, H is determined to be 2.12 GPa according to
the load data given by the nanoindentation. The Cu film with
the natural aging time of 8 days is approximately regarded as
staying in the stress-free state. The corresponding P′max is thus
determined to be ∼ 31.87 mN. Using these two data, the vari-
ation of σR with Pmax or with the natural aging time are finally
determined based on Eq. (2) and is shown in Fig. 3(b).
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Fig. 3. (color online) (a) Load-displacement (P–h) curves obtained at
a loading strain rate of 10−2 s−1, an indenter depth of 800 nm, and a
holding time of 10 s; (b) variations of the maximum load and calculated
residual stress for the Cu film with natural aging time.

It can be observed that with the increase in the natural ag-
ing time, the maximum load on the Cu film increases, while
the corresponding residual stress changes along the reverse di-
rection. The Cu film in the as-prepared state has a maximum
residual stress of about∼ 0.267 GPa for the natural aging time
of 0 day. As the natural aging time increases, the residual
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stress in the Cu film first decreases sharply by ∼ 76% for the
natural aging time of 0–2 days and then decreases relatively
slowly for the natural aging time of 2–5 days. When the nat-
ural aging time is ∼ 5 days, the residual stress in the Cu film
reaches a value close to zero. When the natural aging time
is larger than ∼ 5 days, the residual stress in the Cu film no
longer changes significantly.

Because the Cu film is deposited on the Cu sheet and
low heat is produced during the brush-plating deposition, the
macro-level residual stress along the film thickness direction
would be very small and thus can be neglected. Therefore, the
residual stress generated during the brush-plating deposition
arises mainly from the volume contraction of the Cu crystals
caused by the coalescence of Cu atoms and the formation of
grain boundaries.[19,36] The neighboring Cu atoms pull each
other, giving rise to a biaxial tensile stress. Furthermore, the
fine grains of the Cu film generate a large volume of grain
boundaries, which can enhance further the tensile stress due to
the relatively random arrangement of Cu atoms.[22] After the
Cu film grows to the required thickness, the generated tensile
stress will remain in the as-prepared Cu film in the form of
residual stress.

The presence of residual stress in deposited films is ac-
companied by the distortion of the crystalline structure.[27]

During the natural aging, the residual stress in the as-prepared
Cu film will be relaxed and the distortion of the crystalline
structure will be partly eliminated. From a thermodynamic
point of view, this relaxation of the residual stress will lead
to the decrease in the Gibbs free energy of the system and
hence the surface energy of the Cu film. This effect of the
residual stress on the Gibbs free energy of the system has been
revealed in recent simulation and experimental studies.[35,36]

Simulation study[35] suggested that the Gibbs free energy of
Cu will significantly increase when it is subjected to a biax-
ial tensile stress. Experimental study[36] revealed that a high
residual tensile stress can be generated during the electrode-
position of a Cu film, and the relaxation of the residual stress
can reduce the Gibbs free energy of the system and eliminate
partly the distortion of crystalline structure, thus leading to the
formation of a nanotwin structure.

The wettability of solid surfaces is governed mainly by
two factors, i.e., surface roughness and surface energy.[1] Be-
cause the surface roughness of the Cu film does not change
during the natural aging, the increase in the WCA with the
natural aging time should be attributed to the decrease in the
surface energy caused by the relaxation of the residual stress
generated during the brush-plating deposition. This can ex-
plain the increase in the WCA with the natural aging time
lasting till ∼ 3.7 days, where the residual stress is almost
fully relaxed and the corresponding WCA reaches an equilib-
rium value comparable to that on the smooth native Cu sur-
face (∼ 63◦ [12]). The subsequent increase in the WCA of the
Cu film should be irrelevant to the relaxation of the residual

stress. A possibility leading to this increase in the WCA af-
ter full relaxation of the residual stress is a surface hydropho-
bization role caused by the surface nanostructure. From the
perspective of physical forces or chemical bonds, the wetta-
bility reflects the interplay between molecules and/or atoms of
solids and liquids. When the size of the surface structure re-
duces to nanometer scale, the atomic and molecular details of
solids and liquids become significant. According to the bond-
order-length-strength (BOLS) correlation theory proposed by
Sun,[41,42] the densely- and tightly-trapped bonding charges
polarize the existing surface nonbonding electrons to form lo-
cally locked skin monopoles. In addition, the surface oxi-
dation during natural aging makes new stringer O–Cu bonds
form on the surface of the Cu film. The sp-orbit hybridization
of oxygen upon reacting with Cu atoms generates nonbond-
ing lone pairs or unpaired edge electrons that induce locally
locked skin dipoles on the surface of the Cu film.[41,42] The
Coulomb repulsion between the monopoles or dipoles locked
in the counterparts of the nano-sized solid–liquid contact may
suspend the droplet with air trapped below it, just like a “mag-
netic levitation train” or a “hovercraft”, which would weaken
the interfacial attraction between the Cu film and water and
thus render the Cu film hydrophobic. Therefore, the surface
broken bond polarization induced by the surface nanostruc-
ture can provide a reasonable explanation for the subsequent
increase in the WCA and the final wetting transition from in-
herent hydrophilicity (WCA smaller than 90◦ ) to apparent hy-
drophobicity (WCA larger than 90◦ ) observed on the stress-
free Cu film. It would be expected that the above surface hy-
drophobization role has a relatively weak dependence on the
natural aging time as compared to that of the residual stress,
because the amount of the stringer O–Cu bonds is limited on
the nanostructured surface of the Cu film. Thus, this surface
hydrophobization role dominates the increase in the WCA of
the Cu film when the residual stress is fully relaxed, while the
relaxation of the residual stress plays a main role in increasing
the WCA in the initial natural aging stage.

4. Conclusion
We have fabricated a nanocrystalline Cu film with a mir-

ror surface finishing by the electric brush-plating technique.
The as-prepared Cu film exhibited a superhydrophilic behav-
ior with an apparent WCA smaller than 10◦. A subsequent
increase in the WCA and a final wetting transition from in-
herent hydrophilicity to apparent hydrophobicity are observed
when the Cu film is subjected to the natural aging. Our analy-
sis based on the hardness measurement and the BOLS correla-
tion theory reveals that this wetting variation on the Cu film is
attributed to the relaxation of the residual stress generated by
the coalescence of Cu atoms and the formation of an amount
of grain boundaries during the brush-plating deposition and a
surface hydrophobization role associated with the broken bond
polarization induced by the surface nanostructure.
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