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bstract

Electrocodeposition of alumina particles with copper and nickel from acidic electrolytes has been investigated using different deposition
echniques. Compared to direct current (DC) deposition, both pulse plating (PP) and pulse-reverse plating (PRP) facilitated higher amounts of
article incorporation. With conventional DC plating the maximum alumina incorporation is ∼1.5 wt% in a nickel and ∼3.5 wt% in a copper
atrix. However, the implementation of rectangular current pulses can give considerably higher particle contents in the metal layer. A maximum
ncorporation of 5.6 wt% Al2O3 in a copper matrix was obtained by PP at a peak current of 10 A dm−2, a duty cycle of 10% and a pulse frequency
f 8 Hz. In general, low duty cycles and high pulse frequencies lead to an enhanced particle codeposition. The microstructure and the hardness of
oth pure metal films and nanocomposite coatings showed only a weak dependence on the PP and PRP conditions.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The incorporation of inert particles during metal electrode-
osition has stimulated scientific and technological interests
or decades [1–3]. Recently, electrocodeposition was industri-
lly used to produce abrasion and corrosion resistant coatings,
.g. for automotive applications [4]. The effect of the operat-
ng conditions influencing the quantity of incorporated particles
as studied for a variety of interesting metal–particle combi-
ations [5]. Several theoretical models have been proposed to
escribe the electrocodeposition phenomena [1,3,5–8]. How-
ver, up to date the mechanism of particle incorporation is not
ully understood. This lack of fundamental understanding of
he electrocodeposition process has resulted in a trial and error
pproach being the only method of developing parameters for
ndustrially applicable codeposition of composite films with
airly reproducible particle content.
The properties of metal matrix composites (MMCs) mainly
epend on their composition and structure [9]. Uniform dis-
ribution and high amounts of incorporated particles within
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he metal matrix were found to be crucial to improve the
oating properties [10,11]. In many cases the enhanced per-
ormance of the coatings is mainly caused by a change in the
rowth mode or grain size of the metal matrix [11,12] and
ot so much by the presence of the particles themselves. The
article incorporation is affected by several interrelated pro-
ess variables, e.g. current density, pH and bath composition,
ydrodynamics and particle size, type and shape [2,13–17]. Fur-
hermore, the time dependence of the applied current is one of the

ost important parameters in the electrocodeposition process
17].

The structure of electroplated metal and alloy coatings
s specified by the electrocrystallization process, particularly
y the interplay between nucleation and crystal growth [18].
n attractive way of controlling these two processes is the

pplication of a periodically changing current [19]. Thus the
icrostructure and the properties of the films can be easily

ontrolled by varying, e.g. cathodic pulse length (ton), pulse
ause (toff), cathodic peak current density (ip), anodic pulse
ength (trev), anodic peak current density (ian) and average cur-

ent density (iave) [19]. Compared to DC plating, PP can yield
anocrystalline coatings with improved surface appearance and
roperties, such as smoothness, refined grains and enhanced
orrosion resistance [12,20–24].

mailto:andreas.bund@chemie.tu-dresden.de
dx.doi.org/10.1016/j.electacta.2007.06.009
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Table 1
Electrolyte composition and deposition parameters

Copper sulfate Nickel sulfamate

Metal 0.8 M CuSO4 × 5 H2O 1.08 M Ni(NH2SO3)2; 0.04 M NiCl2 × 6H2O
Other 0.55 M H2SO4; 3.26 mM HCl 0.65 M H3BO3

pH 1.7 4.3
Temperature (◦C) 45 40
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(ian) varied between 1 and 5 A dm (Table 3).

Polarization curves in electrolytes with and without particles
were recorded using a rotating disk electrode (RDE) at rota-
tion rates of 500 and 1000 rpm and a scan rate of 10 mV s−1.

Table 2
Applied pulse plating current programs

toff (ms) ton (ms) Pulse frequency (Hz) Duty cycle (%)

25 100 8.0 20.0
50 100 6.7 33.3

100 100 5.0 50.0
25 200 4.4 11.1
50 200 4.0 20.0
articles in suspension (g L−1) 0, 1, 5, 10
otal electrical charge (C) 140

Besides the electrocrystallization the particle inclusion dur-
ng MMC plating is affected by pulse plating. It has been
bserved that PP [15,17,25–27] as well as PRP [28,29] could be
sed to enhance the particle incorporation. In the case of PRP
f Cu–Al2O3 composites, the maximum particle incorporation
as found when the deposit thickness per cycle approaches the
article diameter [28]. Furthermore, it has been shown in ref.
30] that PRP with pulses in the order of seconds can be used for
size-selective incorporation of alumina nanoparticles into cop-
er matrices. However, the distribution of incorporated particles
an be also improved by PP. In the case of Ni–Al2O3 compos-
tes, pulse plating leads to an incorporation of smaller and less
gglomerated nanoparticles [31,32].

There are some reports on the effects of PP and PRP on
he electrocodeposition of alumina with copper and nickel from
cidic electrolytes [25,27,28,30–33]. Promising improvements
n terms of the amount and the distribution of incorporated alu-

ina particles have been reported with a pulse length in the order
f milliseconds [27,31,32]. However, no extensive investigations
n the effect of the several interrelated PP and PRP parameters,
uch as ton, ip, toff, trev and ian, can be found in the literature.
he present paper aims at shedding some light on this issue.
he codeposition behavior of �-Al2O3 with copper and nickel
as studied using three different electrodeposition techniques.
he results of the DC plating experiments were published in
etail in previous papers [11,13]. Here we discuss the effect of
ulse plating (PP) and pulse reverse plating (PRP) conditions,
.g. pulse frequency, duty cycle and value of the peak current
ensity, and particle loading on the composition and properties
f the MMCs. The duration of the employed rectangular current
ulses was in the order of milliseconds. The particle content,
tructure and hardness of the films have been characterized and
heir dependence on the deposition parameters will be discussed.

. Experimental

Copper/alumina and nickel/alumina nanocomposites were
eposited from an acidic copper sulfate bath and acidic nickel
ulfamate bath, respectively. The basic composition of the elec-
rolytes and the deposition parameters are given in Table 1. The
l2O3 particles (Aeroxide Alu C, Degussa) with an average size
f 13 nm and a specific BET-surface of ∼100 m2 g−1 were used

s received without any further treatment.

Deposition experiments were performed in a three-electrode
ystem with a cell volume of 300 mL. The bath temperature
as maintained at 45 ◦C using a Haake thermostate (model G

2
4

T

0, 1, 5, 10
140

1, accuracy ±1 ◦C). During the electrocodeposition the elec-
rolyte was magnetically stirred at a speed of about 300 rpm in
rder to keep the nanoparticles in suspension. The anode was
bent plate of pure nickel or copper cylindrically surround-

ng the working electrode. Copper plates of 2.3 cm2 area were
sed as working electrodes. Prior to the electrocodeposition the
ubstrates were ground using 4000 grade silicon carbide paper,
lectrochemically degreased and activated with uniclean 675
olution (Atotech Germany GmbH). A potentiostat/galvanostat
odel 273 (EG&G Princeton Applied Research) was used for

he deposition of coatings by dc currents. PP and PRP experi-
ents were carried out using a CAPP pulse-plating system (Axel
kerman S.A., Denmark). After electrodeposition the samples
ere sonicated in distilled water for 10 min in order to remove

oosely adhering particles.
In the pulse deposition experiments the pulse frequency [i.e.

= 1 /(ton + toff)] and the duty cycle [i.e. θ = ton/(ton + toff)] of the
mposed rectangular pulses were varied. The pulse on-time (ton)
as varied between 25 and 200 ms and the pulse pause (toff)
as kept constant at 100 and 200 ms, respectively (Table 2). For

he PP experiments the cathodic peak current density (ip) was
aintained at 5 and 10 A dm−2, respectively. The overall elec-

rocodeposition times were chosen so that the total charge was
lways 140 C. This corresponds to a layer thickness of about
1 �m for the pure metals. In the case of PP depositions the
article content in the electrolyte was varied from 1 to 10 g L−1

l2O3, whereas in the PRP experiments the particle content was
aintained constant at 10 g L−1. The cathodic peak current den-

ity (ip) was 5 A dm−2 whereas the anodic peak current density
−2
50 100 3.3 66.7
00 200 2.5 50.0
00 200 1.7 66.7

he cathodic peak current density was 5 and 10 A dm−2, respectively.
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Table 3
Pulse-reverse plating conditions and resulting particle incorporation

ton (ms) ic (A dm−2) trev (ms) ian (A dm−2) Cu–Al2O3, wt% Al2O3 Ni–Al2O3, wt% Al2O3

50 5 20 1 3.7 3.1
100 5 20 1 3.5 3.0
200 5 20 1 3.7 3.2
400 5 20 1 4.1 4.8

50 5 20 5 2.7 1.2
100 5 20 5 2.8 1.4
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an obvious enhancement of particle concentration occurred due
to the application of rectangular current pulses. However, for
nickel the improvement of the codeposition is less pronounced
when going from DC plating [11] to PP (Fig. 2).
00 5 20 5
00 5 20 5

ll samples were plated at a concentration of 10 g L−1 Al2O3 in the electrolyte

he working electrode material was a Pt disk (0.2 cm2), and the
ylindrical counter electrode was of pure copper or nickel. A
aturated calomel electrode was used as the reference electrode.
ll polarization scans were performed by ramping the poten-

ial from 0 V down to −1 V (yielding a composite coating of
pproximately 250 nm thickness) and then anodically to +1 V
nd back to the starting potential of 0 V.

The surface morphology and microstructure of the coat-
ngs were investigated using a Zeiss DSM 982 (Oberkochen,
ermany) scanning electron microscope. The samples were

mbedded in epoxy resin, cut with a diamond saw, mechani-
ally grinded with 800–4000 grade silicon carbide paper and
olished with diamond solution down to 1 �m. Finally, the cop-
er cross-sections were etched with 0.5 M nitric acid and the
ickel ones with a mixture of 50 mL concentrated acetic acid and
0 mL concentrated nitric acid. The particle content in the films
as determined by energy dispersive X-ray analysis (EDX). The
DX analyses were performed on the surface as well as in the
ross-section. The reported values of incorporated Al2O3 parti-
les in the copper or nickel matrix are average values of at least
hree measurements for each sample.

The Vickers microhardness of the films was determined using
FischerScope HM2000 S as described in DIN EN ISO 14577.
he reported data are averaged values of 10 measurements. The

hickness of all coatings was more than ten times the maximum
ndention depth of 1 �m ensuring that effects from the copper
ubstrates are negligible.

. Results and discussion

.1. Effect of pulse plating (PP) conditions on the particle
ncorporation

Electrolytic PP codeposition of alumina particles with copper
nd nickel was carried out using the current programs shown in
able 2, where the cathodic peak current density was maintained
etween 5 and 10 A dm−2, respectively.

The variation of the amount of embedded alumina nanopar-
icles in the metal matrix with the pulse duty cycle is given in
igs. 1 and 2 for various particle contents of the electrolyte.

n general, the particle content of the coatings increases with
ecreasing duty cycle. We found that shorter on times are benefi-
ial for the particle inclusion at the same duty cycle. Depending
n the plating conditions, the particle incorporation in copper

F
c
t
i

3.5 2.4
4.0 4.2

lms ranged from ∼1.9 to ∼5.4 wt% alumina (Fig. 1a and b)
hereas the particle incorporation in the nickel coatings was

imited to amounts between ∼0.9 and ∼2.2 wt% alumina. The
aximum particle incorporation of about 5.4 wt% �-Al2O3 was

bserved in a copper nanocomposite deposited at a duty cycle of
1% and a cathodic peak current density of 10 A dm−2 (Fig. 1b).
ompared to direct current (DC) plating of Cu–Al2O3 compos-

tes with a maximum particle content of about 3.5 wt% [13],
ig. 1. Effect of the duty cycle on the alumina content of copper-alumina
omposites electrodeposited at various Al2O3 contents in the electrolyte and

on = 200 ms. (�) 1 g L−1; (�) 5 g L−1; ( ) 10 g L−1. (a) iP = 5 A dm−2 and (b)

P = 10 A dm−2.
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ig. 2. Effect of the duty cycle on the incorporation of alumina particles in nickel
lms deposited at various Al2O3 contents in the electrolyte and ton = 200 ms. (�)
g L−1; (�) 5 g L−1; ( ) 10 g L−1. (a) iP = 5 A dm−2 and (b) iP = 10 A dm−2.

One of the most influential parameters during electrocode-
osition is the particle content of the electrolyte [2]. Regardless
o the other working conditions, an increase of the alumina con-
entration in the plating bath leads to an enhanced alumina
odeposition (Figs. 1–3). For example, the amount of particle
odeposition with nickel was enhanced by about 50% due to
n increase of the particle loading of the electrolyte from 1 to
0 g L−1 (Figs. 2 and 3). Furthermore, the particle incorporation
howed a tendency to increase with the pulse frequency (Fig. 3).
n general, the effects of duty cycle and pulse frequency can be
xplained by the relationship of ton and toff. Decreasing the duty
ycle as well as increasing the pulse frequency corresponds to a
onger relaxation time, i.e. the time at which no current passes
hrough the system. Hence, due to the longer pause more alumina
articles arrive at the electrode without a “concurrent” metal
eposition taking place in parallel, and as a result the particle
ncorporation increases.

The particle content of the nickel nanocomposites increased
hen the peak current density was decreased from 10 and
A dm−2 (Fig. 2). In the case of the Cu–Al2O3 composites this

endency was less pronounced (Fig. 1). The increase of particle

ontent with decreasing peak current can be explained by the
odel of Celis et al. which describes the particle codeposition

s a multi-step process [7]. According to this model, the parti-
les are transferred to the electrode by means of convection and

c
b
P
S

ig. 3. Influence of the pulse frequency on the incorporation of alumina particles
t a pulse current density of 5 A dm−2. (�) 1 g L−1; (�) 5 g L−1; ( ) 10 g L−1.
a) Cu–Al2O3 composites and (b) Ni–Al2O3 composites.

iffusion. Finally, the particle incorporation is mainly governed
y the reduction of adsorbed metal ions on the particle surface.
n PP deposition, the reduction of free metal ions as well as
ons adsorbed on the particles takes place during ton. The rate of

etal reduction increases with the absolute value of the cathodic
eak current density. Compared to ions adsorbed on the parti-
les free metal ions in the solution have a higher mobility. The
ncreasing peak current density leads to a preferential reduction
f free ions at the electrode [26]. Hence, the particle content of
he electrocodeposited composite films decreases with increas-
ng peak current density. Independent proof for the adsorption of
he metal cations comes from measurements of the zeta potential
f alumina particles in sulfate containing solutions [11,13].

The effect of the individual pulse plating parameters (particu-
arly pulse length, ton, pulse pause, toff, and peak current density,
p) can be summarized by introducing the average plating current
ensity, Eq. (1).

ave = tonip

ton + toff
= θiP (1)

aking into account that the average current density increases
ith the duty cycle, Θ, and peak current density, iP, one can con-
lude that the incorporation of alumina nanoparticles is favored
y low average current densities. The average current density in
P is comparable to the applied current density in DC deposition.
imilar to the currently observed dependence, the maximum
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ig. 4. Anodic polarization curve of as deposited nickel nanocomposites in the
cidic nickel sulfamate bath containing various amounts of alumina particles at
rotation rate of 500 rpm. ( ) 0 g L−1; ( ) 1 g L−1; ( ) 5 g L−1.

mount of codeposited particles in the case of DC deposition
as often found in the range of low current densities at which the
etal ion reduction changes from charge transfer to mass trans-

ort control [2,3,33–35]. A maximum incorporation of 5.4 wt%
lumina in a copper matrix was achieved at an average current
ensity of about 1 A dm−2 and a particle content of 10 g L−1

lumina in the electrolyte. In comparison a copper composite
lm prepared under the same conditions with DC plating at a
urrent density of 1 A dm−2 contained only ∼0.3 wt% alumina.

.2. Pulse-reverse plating (PRP) of nanocomposites

As a preliminary test polarization curves in the copper and
ickel electrolytes were measured using an inert Pt rotating
isk electrode (see Section 2). Fig. 4 shows the anodic polar-
zation behavior obtained in the acidic nickel sulfamate bath.
n important result was that the anodic polarization is signifi-

antly affected by the addition of alumina nanoparticles to the
lectrolyte. In accordance with the literature [25,34], the pres-
nce of alumina nanoparticles in the electrolyte caused a shift
f the anodic dissolution peak to more cathodic potentials and
significant increase of the anodic dissolution current density

Fig. 4). The magnitude of both, the shift of the peak as well as
he increased anodic current density strongly depends on the alu-

ina concentration in the electrolyte and on the rotation rate of
he electrode. Thus, due to an increasing particle loading from 1
o 5 g L−1 Al2O3 the maximum stripping current increased from

0.8 to ∼4.9 A dm−2 (Fig. 4). This finding can be rationalized
ith an reduced tendency for passivation of the nickel films and

n abrasive effect of the alumina particles in the solution dur-
ng the anodic nickel dissolution. The following discussion is
ased on the hypothesis that short phases of anodic dissolution
re beneficial for the codeposition process.

The PRP conditions were optimized to obtain deposits with

smooth surface morphology and are given in Table 3. The

chieved particle contents are significantly higher than those
f the composites plated with DC [11,13] and in the case of
ickel also higher than the PP plated films (Figs. 2 and 3). If the

c
e
t
n

Acta 52 (2007) 7362–7371

uration of the cathodic and the anodic pulse is kept constant
he composites plated with a lower anodic peak current density
ncorporate more alumina particles (Table 3). The amount of
issolved metal increases with the reverse pulse current density
nd the amount of dispersed particles (Fig. 4). Hence, the particle
ncorporation seems to be favored by anodic cycles with little

etal dissolution. Another interesting observation is that the
lumina content of the composites is greatly enhanced at longer
athodic pulse times. Assuming 100% current efficiency for the
nodic dissolution, 0.07 and 0.35 nm of nickel are dissolved
uring one cycle at an anodic current density of 1 and 5 A dm−2,
espectively. In the case of copper the thickness of the dissolved
etal layer during stripping cycle is comparable, due to the

imilar values of atomic mass and density of both metals.
The results shown in Table 3 indicate that the amount of

odepostied particles increases with the duration of the cathodic
ulse. Furthermore, a lower anodic peak current density and
hus a smaller amount of dissolved nickel leads to an increased
article incorporation. The highest incorporation achieved in this
tudy was 4.8 wt% Al2O3 in nickel deposited at iP = 5 A dm−2,
on = 400 ms and ian = 1 A dm−2, trev = 20 ms.

This corresponds to a deposition of about 7 nm (equivalent to
he radius of one alumina nanoparticle) followed by the dissolu-
ion of 0.07 nm nickel. One can assume that most particles that
ere captured during the cathodic cycle stay in contact with the

lectrode during the stripping cycle [27]. This sticking process
ould be facilitated by induced polarization forces between the
article surface and the surface of the growing composite [27].
hus, PRP with properly chosen parameters leads to a selective
etal dissolution and an effective increase of the particle content

f the layer.
It has been reported [27,28] that the maximum particle incor-

oration during PRP was found when the metal deposit thickness
pproaches the particle diameter size. In the case discussed
bove only half of the particle volume is incorporated during the
athodic pulse. Hence, it might be possible to further increase
he amount of alumina incorporation by increasing the metal
ayer thickness per cathodic cycle. However, increasing both iP
s well as ton resulted in deposits with a powdery appearance
hich did not adhere well to the substrate.

.3. Surface morphology and microstructural
haracterization

The surface morphology of pure copper films plated with dif-
erent deposition techniques is shown in Fig. 5. For DC plating
he surface morphology of the copper film is made up of rel-
tively large grains (Fig. 5a). In the case of PP (Fig. 5b) and
RP (Fig. 5c) the surface morphology of the copper coating
as only slightly affected by the pulse parameters (ton, toff, ip,

rev and ian). This finding is at first glance hard to rationalize,
ecause one might assume that due to the application of PP and
RP the crystal growth mode and the surface morphology of the

opper matrix change significantly [13,24]. According to the
lectrocrystallization as discussed in detail by Budevski et al.,
he grain size and growth mode is defined by the interplay of
ucleation and growth [18]. In the case of PP and PRP experi-
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ig. 5. Surface morphology of pure copper films prepared by different deposit
RP, iP = 5 A dm−2, ton = 50 ms and ian = 1 A dm−2, trev = 20 ms.

ents the number of atoms deposited during one cathodic cycle
s defined by ton and ip. Furthermore, sorption processes occur-
ing during pulse pause may influence nucleation and growth
rocesses in the following cathodic pulse cycle [18]. In our PP
nd PRP experiments (Tables 2 and 3), the cathodic pulse cur-
ent density is comparable to the average current density in DC
lating. Finally, the cathodic overpotential during PP and PRP
s close to that obtained during DC plating. Hence, the surface

orphology of the copper film is expected to be similar for the
ifferent deposition techniques, i.e. DC, PP and PRP (Fig. 5).

The surface morphology of the electrodeposited nickel films,
.e. the size and the shape of the grains were significantly reduced
nd altered due to both, PP conditions and incorporation of
lumina nanoparticles (Fig. 6). In the case of Ni–Al2O3 com-
osites (Fig. 6b and d) the agglomerates of alumina particles
ppear as bright spots in the dark nickel matrix, as validated
y energy dispersive X-ray spectroscopy. The nickel growth
s affected by several interfacial inhibitors such as H2, Hads,
i(OH)2 [20,36,37]. It is assumed that PP conditions as well as
article incorporation perturb the nickel growth and induce an
ncrease of the number of nucleation sites resulting in a refined
rain structure [5,31,38,39]. Thereby the perturbation of the
ickel growth results from a change in the adsorption–desorption
henomena at the nickel/electrolyte interface which is probably
aused by an local pH increase induced by an adsorption of H+

n the dispersed particles [17,36].

In the case of nickel electrodeposition from an acidic sulfa-

ate bath, a bimodal grain structure of “truncated pyramidal
ype” could be observed [11,40] (Figs. 6a and c). A cluster of fine
rains surrounds relatively large grains. The PP coatings showed

t
o
e
s

chniques. (a) DC, 10 A dm−2; (b) PP, θ = 67%, f = 1.67 Hz, iP = 10 A dm−2; (c)

smooth surface with fine grains (Figs. 6a and c). The pure nickel
lms plated at a higher pulse current density (Fig. 6a) and longer
ulse on-time exhibited a coarser grain structure. Higher values
f the peak current density and cathodic pulse length correlate
ith an increased average current density (Eq. (1)). Hence, the

oarsening of the nickel structure with increasing current den-
ity is in good agreement with the results for nickel plated from
n acidic sulfamate bath under DC conditions [11,41].

Figs. 7–9 show cross-sectional SEM micrographs of pure
etal films and metal matrix nanocomposites plated by means

f PP and PRP. Regardless of the deposition technique, the pure
opper and nickel films exhibited a columnar structure belong-
ng to the field-oriented texture (FT) type [11,13] (Figs. 7a, 8a
nd 9a). The codeposition of Al2O3 particles strongly affects the
icrostructure of the metal matrix. As a result of the Al2O3 addi-

ion to the plating electrolyte the microstructure of the copper
nd the nickel matrix changed to the UD (unoriented dispersion)
ype (Figs. 7b, 8b and 9b) [11,13,42].

An increase of the average plating current density affects cop-
er and nickel in a different way. A general observation was that
ith increasing cathodic pulse current density and amount of

ncorporated alumina nanoparticles a refinement of the copper
rains occurred. However, the differences in the microstructure
ere more pronounced in the case of the PP plated films. The

hanges of the columnar microstructure were directly related to
he refinement of the surface morphology due to an increase in

he plating current density [13,43]. In contrast to this, an increase
f the average plating current density induced an obvious coars-
ning of the field-oriented nickel structure (micrographs not
hown), which is directly related with the coarsening of the sur-
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ig. 6. Surface morphology of pure Ni and Ni–Al2O3 composites plated at a d
A dm−2. 10 g L−1 Al2O3: (b) 10 A dm−2, (d) 5 A dm−2.

ace morphology (Fig. 6). Of course, SEM does not provide the
est microstructural analysis. For an extensive characterization
f the grain size distribution and the crystallographic texture
EM and XRD investigations are needed which are currently
nder way in the authors’ lab.

.4. Microhardness of electrodeposited nanocomposites
The microhardness of the nickel coatings plated under PP
nd PRP conditions varied between 250 and 520 HV (Fig. 10b),
hereas the hardness values of pure nickel films were between

i
fi
fi
w

ig. 7. Cross-sectional scanning electron micrographs of pure copper and comp

P = 10 A dm−2. (a) Pure copper and (b) composite film, 10 g L−1 Al2O3 in the electr
ycle of 67% and a pulse frequency of 1.67. 0 g L−1 Al2O3: (a) 10 A dm−2, (c)

50 and 380 HV. Compared to direct current conditions pure
ickel films from an acidic sulfamate bath exhibited a hardness
etween 330 and 360 HV [11]. Thus, in accordance with the
iterature [42,44] it appears that both PP and PRP conditions
ave only little impact on the hardness of nickel coatings from
he sulfamate bath. The dependence of the microhardness of pure
opper and copper alumina composites on the pulse duty cycle

s shown in Fig. 10a. The microhardness values for the copper
lms range from 45 for pure copper to 85 HV for composite
lms (Fig. 10a). These hardness values are in good agreement
ith literature [45] where the hardness of copper films plated

osite films deposited by PP deposition techniques at θ = 67%, f = 1.67 Hz,
olyte.
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ig. 8. Cross-sectional scanning electron micrographs of pure copper and comp

an = 1 A dm−2, trev = 20 ms. (a) Pure copper and (b) composite film, 10 g L−1 A

rom an acidic sulfate bath is reported to be in the range from 50
o 105 HV. Furthermore, the hardness of the PP and PRP films is
omparable to our previous results of copper films plated under
C conditions [13].
The hardness of metal films as well as MMCs is known to

e related to the structure of the matrix and the amount and
istribution of the reinforcing metal oxides particles [9,11,13].
he results shown in Fig. 10a indicate that the shorter the pulse
ff-time (i.e. the higher the duty cycle) the higher the hardness
f the copper coatings. At the first glance, it might be difficult
o rationalize this finding. Note that the amount of codeposited
articles in the copper layer decreases with increasing duty cycle
Fig. 1). Hence, the enhanced hardness of the composites is not
irectly related to the absolute amount of particle incorporation.
owever, in accordance with our results from DC deposition

13] the effect of nanoparticle codeposition on the structure
f the copper films has to be considered. The structure of the
opper film changes due to a variation of the deposition param-
ters (Figs. 7 and 8). At low peak current densities the average

rain size of pure copper films is known to decrease with a rela-
ive increase of the pulse pause [24]. Hence, the dependence of
he hardness of copper coatings on the duty cycle (Fig. 10a) is
robably related to microstructure of the copper films.
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ig. 9. Cross-sectional scanning electron micrographs of coatings prepared by PP a
omposite deposited from an electrolyte containing 10 g L−1 Al2O3.
films deposited by PRP deposition techniques at iP = 5 A dm−2, ton = 50 ms and
in the electrolyte.

In accordance with the literature [26] the microhardness of
ure nickel films and nanocomposites tends to increase with
ecreasing duty cycle (Fig. 10b). These results are in good agree-
ent with the effects of duty cycle on the surface morphology of

he coatings (Fig. 6). It is well known that the hardness of nickel
lms plated from the acidic sulfamate bath under DC condi-

ions increases with decreasing plating current density [45]. In
P experiments the average plating current density (Eq. (1))

ncreases with decreasing duty cycle and increasing pulse fre-
uency. Hence, the improved hardness of the nickel films due to
variation of the plating parameters (Fig. 10b) can be explained
y the change of the average current density, which is in good
greement with the results of DC plating [45]. A lower duty
ycle means a relatively longer pulse pause that leads to an
nhanced incorporation of alumina particles within the metal
atrix (Figs. 1 and 2).
Finally, the hardness of the copper and nickel nanocomposites

s only slightly affected by the absolute amount of incorporated
lumina particles. The main parameter governing the hardness of

he coatings is the structure of the metal matrix that is principally
nfluenced by the average plating current density. As a result
f the particle incorporation, the microstructure of metal films
lated from acidic electrolytes changes from the FT-type (Figs.

t θ = 67%, f = 1.67 Hz, ip = 10 A dm−2. (a) Pure nickel and (b) nickel alumina
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Fig. 10. Correlation between the vickers microhardness of pure metal and
nanocomposite films and the pulse duty cycle at a plating current density of
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a, 8a and 9a) to the UD-type (Figs. 7b, 8b and 9b), which
s known to significantly improve the hardness of the coating
11,13].

. Summary

Copper and nickel alumina nanocomposites have been
btained by means of DC plating, pulse plating (PP) and pulse
everse plating (PRP). The percentage of alumina particles in the
etal coating varied from 0 to 5.6 wt% depending on the metal
atrix and the deposition technique. A maximum incorpora-

ion of about 5.6 wt% alumina was obtained in the case of PP
u–Al2O3 composite at a peak current density of 10 A dm−1,
duty cyle of 20%, a pulse frequency of 8 Hz and a particle

ontent of 10 g L−1 alumina in the electrolyte. The alumina
ontent in the metal matrix increased with the particle loading
f the electrolyte, pulse frequency and decreasing duty cycle.
lthough the particle content of the deposits prepared by PRP
as higher compared to those of DC plating, the absolute amount
f particle incorporation in a copper matrix was only slightly

ffected by a change in the PRP working conditions. In the case
f Ni–Al2O3 PRP seems to be a useful method to increase the
article inclusion almost two times in comparison to DC plating.
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The microhardness of the pure metal and the nanocompos-
te films was characterized as a function of the interdependent
P working conditions such as duty cycle and pulse frequency.
imilar to the results found in the case of DC deposition of metal
atrix nanocomposites, it has been shown that the hardness of

he composite films prepared by PP and PRP mainly depends on
he microstructure of the metal matrix.

In general, both PP and PRP are proved to be advantageous
or controlling and improving both the particle content and the
roperties of metal matrix nanocomposites.
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