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Electrocodeposition is the process of particle incorporation during the electrodeposition of
metal, producing metal matrix composite films. The electrocodeposition of nanometer-sized
alumina particles in a copper matrix was systematically studied using a concentric cylindrical
electrode (RCE) configuration. This electrode set-up alows the effects of hydrodynamics on
particle incorporation to be investigated, with films that can be deposited either on the interior
rotating or outer stationary cylinder. The deposition experiments were conducted with 50 nm
diameter alumina particles as a function of particle size, solids loading, bath composition,
electrode rotational rate, and current density up to mass transfer limited conditions. Gradient
films have been made and aso the effects of particle incorporation on the microstructure have
been investigated. Recently, electrocodeposition of titania in nickel has been studied.
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Electrocodeposition is the process of particle incorporation during the electrolytic
deposition of metal, as shown schematicaly in Fig. 1. This process has produced metallic matrix
composite films containing particles of pure metals, ceramics, and organic materials, ranging in
size from ~20 nm to 100 um in diameter, embedded in electroplated Cu, Ni, Co, Cr, and various
aloys. The concentration of particles suspended in solution has varied from 2 up to 200 g/L
producing composites with typically 1-10 vol% of embedded particles'™; except when gravity
settling was used where up to 50 vol% incorporation has been reported.® Recently, impinging jet
electrodeposition has produced an incorporation of up to 30 vol% SIC in a nickel matrix.
Electrocodeposition plays an important role in many technological areas, such as transportation,
construction, power generation and aerospace. The specific applications include surface coatings
for cutting tools,® high thermal-conductive dispersion-strengthening of materials for actively-
cooled structures,® high surface area electrodes for electrocatalysis in solar energy conversion
and hazardous waste treatment,’° lubrication of surfaces'’ and wear resistance in aircraft
engines.? The advantages of composite electrodeposition over other coating methods are the
uniformity of deposition even for complex shapes, reduction of waste often encountered in
dipping or spraying techniques, low levels of contamination, the ability to produce functionally-
gradient material and to continuously process parts. In addition, this process avoids the problems
associated with high temperature and high pressure processing.
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Fig. 1 Schematic of the el ectrocodeposition process.

Severa review papers regarding electrocodeposition have been published over the years.:
1317 Recently, an update on experimental trends, mechanisms, and models in the literature was
reported by Stojak, Fransaer and Talbot.*®  From the research on electrocodeposition to date, a
number of variables appear to be influentia in the process, which include hydrodynamics,
current density, particle characteristics, bath composition, and the particle-bath interaction. The
influence that a particular variable has on the process is typically assessed by the change in the
amount of particle incorporation obtained when that variable is adjusted. The effects of the
process variables, of which many are interrelated, can vary for different particle-electrolyte
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systems and electrodeposition cell configurations (such as paralle plates, rotating electrode, and
impinging jet) with varying fluid flow and particle suspension.

Metallic matrix nanocomposites are of increasing interest due to their unique mechanical,
magnetic and optical properties. The availability of awide variety of nanosized particles and the
ability to electrocodeposit them in a metallic matrix with grain size of nanometer scale'® offers
the potentia of producing new materials for many novel applications. Actually, nanocomposites
have been made by electrocodeposition since the 1970s, particularly Cu-ALOs; as the
electroplating of copper, particularly from acidic copper sulfate baths, is simple with ~100%
current efficiency and aluminais readily available in monodispersed sizes. Table 1 compares the
particle incorporation reported in the literature for paralel plate electrodes, rotating disk
electrode (RDE) and rotating cylinder electrode (RCE) configurations for 50 nm-avg. diameter
Al,Os3 in copper. While alpha alumina has been observed to readily electrocodeposit into copper
films,% >? the ability to codeposit gamma alumina has been debated. Several researchers found
that gamma alumina failed to codeposit with copper at all, independent of particle size from 20
to 300 nm.?> %! Even in the cases where gamma alumina has been incorporated, the amount is
about 10 times |ess than the amount obtained with the alpha phase,> % ?® except for RCE results.
From our RCE experiments at 1500 rpm and 158 g/L loading of particlesin suspension 4.4 wt%
of alumina particles was incorporated,®* which is more than three times the previously reported
maximum amount of gamma alumina incorporation of 1.45 wt%.? Recently, pulse-reverse
electrodeposition with an RCE was used to codeposit up to 14.6 wt% alumina particles, 130 nm
in diameter, into a copper matrix, from suspensions where the particle diameters exceeded 150
nm.*®  The pulsereverse method was sdective for smaler particles independent of the
electrolyte convection and, additionally, resulted in a higher particle incorporation compared to
direct current (DC) deposition.

Other nanocomposites which have been produced by electrocodeposition are Ni-CdS, Ni-
TiO2, Ni-AkLOs3, Ni-SIC, and Zn-SO,. Raeshwar’s group has prepared and characterized the
photoel ectrochemical behavior of nanocomposite films of CdS and TiO, (4.6 wt%) in a nickel
matrix. 2”28 These nanocomposite semiconductor films have shown enhanced photocurrent and
a high selectivity. Ferkel and coworkers have investigated the electrodeposition of 14 nm avg.
diameter ALOs particlesin Ni with up to 4 vol% incorporated®: *° and more recently, 25 nm
Al,O3 using pulsed DC electroplating which yielded a preferential incorporation of smaller
particles®! Using a RCE, 0.14 to 1.03 wt% of 32 nm aluminawas codeg)osited in nickel, with a
larger amount of incorporation with increasing applied current density.*> Pulse-reverse plating
with an RCE enhanced the alumina incorporation compared to DC plating in nickel.®* For
example, at aduty cycle of 0.4, the dumina increased from 1.68 wt% for DC plating to 4.7 wt%.
Pulse-reverse deposits had larger nodular microstructures than DC plated deposits. Searson et
a.3® 3 electrocodeposited 50 and 300 nm ALOj3 particles in nickel films, which exhibited
considerable enhancements in hardness in comparison to pure nickel with approximately 10-20
vol% incorporation using a RDE. Recently, they developed a model for the rate of nanometer-
size particle incorporation into a growing film that takes into account the convective diffusion of
particles to the surface and gravitational force, by treating particle incorporation in terms of the
residence time at the surface®* The gravitational force was shown to be important for the
codeposition of the 300 nm particles, but negligible for the 50 nm particles.
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Table 1. Summary of Cu - 50 nmdia. Al,O3 codeposition results fromthe literature

Bath Electrode Partlgle Currgnt Analytical Codeposition
. Loading Density Results
Composition System 9L) (mA/cn?) Method (WHo6)*
250 g/L CuSO, - . .
bH 1.0-3.0 Parallel 30 40 gravimetric | No incorporationzo
120 g/L CuSO, . . .
100 g/ H,SO, Parallel 30 10-40 gravimetric No incorporation
. 0.05-0.2
3&%”5 CuSO, Parallel 20 515 aba;c?rm ![?on increase with
pr o P current®
120 g/L CuSO, aomic 0.04 - 0.16°
120 g/L H,S0,4 Parallel 20 >70 absorption | max at ~10 mA/cnf
120 g/L CuSO, - 0.1-1.1(
100 g/L H,SO,4 RDE 0 10-40 gravimetric | e rease with flow?!
. 0.03 - 0.055
30 g/L CuSOq4 aomic
120 g/L H,SO4 RDE 20 34 absorption g’gigg%ﬁg from
30 g/L CuSO, atomic 0.7- 145
pH 0.3 RDE 20 10-80 absorption | max at 20 mA/cn?
0.1IM CuSO, 39, 120, electro- up to 4.4% (CO0y®
1.2M H,SO, RCE 158 590 gravimetric | max at ~20 mA/cn?
025MCusO, | RCE | 125 P“'SePR d?' ectron | peog, 35, 7.5%
0.3 M Citrate o5 | Tverse(PR) | dispersive | oo g5 9146 127
-5/+10 spectroscopy

* gamma-alumina unlessindicated; 1 wt% = 2.9 vol% assuming adensity of alumina of 3 g/cnt

Silicon carbide nanoparticles with a mean diameter of 20 nm were electrocodeposited into
nickd up to 9 wt% (~25 vol%) using a RDE.*® The incorporation of the SiC particles into
nickel deposits was shown to modify the electrochemical impedance and cathodic polarization
diagrams which correlated with the modification of the surface morphology and crystallinity of
the nickel matrix. The pure nickel deposit had a regular surface, whereas the composite coating
developed a nodular surface structure with a smaller nickel grain size. The incorporation
mechanism of 50 nm SO, particles electrocodeposited into zinc has been studied.®*

This paper will review our studies of the electrocodeposition of nanocomposites in which
the effects of the bath solution and pH, the particle loading, and the hydrodynamics on the
incorporation of 50 nm diameter alumina in copper were investigated using a RCE system.?* ®
Our investigations used the controlled hydrodynamics of the RCE system to provide a relatively
uniform current density from kinetically controlled to the mass transfer influenced regions,
resulting in a uniform electrodeposition rate and uniform particle shear rate at the electrode
surface. Gradient films have been made and also the effects of particle incorporation on the
surface morphology and microstructure have been investigated.®” Recently, 300 nm diameter
titaniain nickel has been codeposited using the RCE.
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Experimental Apparatus and Procedures

The RCE experimental apparatus and procedures for the electrocodeposition are described
in detail elesewhere?*® The RCE was a Teflon shaft with a detachable, polished stainless steel
cylindrical cathode machined to a height of 8 mm and a diameter of 12 mm with a total plating
area of 3 cnf. The concentric stationary anode was made from strips of copper foil with a total
area of 13.6 cnt; the gap distance was 18 mm. The rotationa rate of the RCE was controlled
using an analytical rotator. To control and monitor the current and potential, a
potentiostat/galvanostat and a host PC computer were used. After each experiment, the
deposited film was carefully removed from the RCE.

The copper plating solution was 1.2M H,SO, + 0.1M CuSO,. Codeposition experiments
were conducted using 50 nm alumina particles with loadings of 39 g/L (the minimum for
analysis of incorporation), 120, and 158 g/L (the maximum to avoid settling), which corresponds
to 1.2, 3.5, and 4.6 vol% of particles suspended in the electrolyte at room temperature. The
amount of particle incorporation in copper was determined by an electrogravimetric analysis.?®
The typical weight of the codeposited films was 0.1 g, resulting in an accuracy in the particle
incorporation of +0.2 wt%. This technique was used for a film thickness of 15 um. The amounts
of particle incorporation for a least three experiments for each parameter set were within +0.5
wt%. For gradient films 50 nm and aso 3.0 um alumina particles were used with a particle
loading of 120 g/L and rotational rate of the RCE set at 1000 rpm. Additional mixing with a
magnetic stir bar at ~80 rpm and in the direction cocurrently with the RCE was used with the 3
um particles to prevent settling. The electrodepositions were performed galvanostatically with a
current density ranging from 3 to 35 mA/cnt. A scanning electron microscope (SEM) was used
to observe the surface morphology of the deposited films.

For the electrocodeposition experiments for Ni-titania, a Watts plating bath containing
approximately 200 g/L NiSO,6H,0, 35 g/L NiCh6H,0, 30 g/L HBO3; and 0.5 g/L sodium
dodecyl sulphate (CH3(CH,)110SOsNa) was used with a pH of 3.54.0 a ether room
temperature, 35-40 °C or 56 °C.* The bath contained either 40 g/L of 300 nm or 60 and 150 g/L
of 5um avg. diameter TiO, powder. Current densities were in the range of 20-300 mA/cn?. A
SEM with an energy dispersive spectroscopy (EDS) was used for the study of surface
morphology of deposits and for chemical analysis with an average accuracy of £1 wit%.

Results and Discussion
Copper-Alumina Nanocomposites

The results of our electrocodeposition experiments for Cu-ALO3 have been reported and
discussed in detail esewhere® % and will be summarized here. Our study of the
electrodeposition of Cu-AlLO3z nanocomposites was somewhat fortuitous. In order to understand
the relationship between particle loading in suspension and the incorporation in a deposit,
stability of the suspension was necessary. Of course, it was easiest to suspend the smallest
particles; thus, the smallest particle available, 50 nm alumina, was used at a particle loading of
158 g/L or below to prevent settling. Nanosized particles tend to agglomerate; it was observed
that in the dry state 50 nm particles agglomerated into particles of approximately 10 times the
size of the individua particles. An advantage of the RCE was that the powders dispersed in
solution separated under the shearing force of the rotating electrode into individual 50 nm
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diameter particles, which are then incorporated into the electrodeposited film. Hence,
experiments were conducted at RCE speeds of 500, 1000, and 1500 rpm over a range of current
densities from 5 to 90% of limiting current. At a particle loading in suspension of 39 g/L, the
amount of particle incorporation obtained at 1500 rpm for a range of current densities was about
0.5 wt%. The amount of codeposition increased with increasing particle loading for al the
current densities evaluated at 1500 rpm. The 4.4 wt% of gamma alumina particle incorporation
(158 g/L loading of particles in suspension) is more than three times the previously reported
maximum amount of gamma auminaincorporation of 1.45 wt%.?

The crystallographic phase and the method used to manufacture the alumina powders were
found to have a significant effect on incorporation. Powders, which were predominately gamma,
had more than three times by volume the incorporation levels obtained with apha alumina.
Determination of the phase of the powders and identification of the processing method were
necessary as the phase was not always as reported by the manufacturer.

The size (from 50 nm to 3 um) and density differences of the alumina powders evaluated
were found to have relatively little effect on codeposition. However, the particle loading in
suspension is important. At low loadings, codeposition is limited by the supply of particles to
the electrode. As the particle loading increases, so does the incorporation level. But at the
highest loadings (beyond which powder settling becomes significant), the increase in
incorporation is not proportiona to the increase in loading.

The effect of hydrodynamics becomes clearer when the current density is normalized with
the limiting current density, as shown in Fig. 2. The limiting current density for a RCE has
shown to be proportional to the rotational rate raised to the 0.7 power.*® Particle incorporation
increases with current density for all rotational rates and particle loadings in suspension until
about 20-25% of the limiting current density. In this region, the rate-determining step for
codeposition appears to be the reduction of metallic ions adsorbed onto the alumina particles.
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Fig.2 Normalized particle incorporation vs. percent limiting current density
as a function of RCE rotational rate at 120 g/L particle loading.

Then incorporation decreases with an increasing rate of metal deposition, then remains relatively
constant until about 90% of the limiting current density when incorporation drops significantly.
The regions wherein the amounts of incorporation sharply increase or decrease with current
density are also more sensitive to particle size, and crystallographic phase. When the electrode
polarity was changed, the particle incorporation results were similar to the results obtained using
the rotating cylinder as the cathode. With a stationary cathode, incorporation increased with
increasing current density to a maximum at about 15% of the limiting current density.

The most influential process parameter on the resulting particle incorporation (as long as
there is a sufficient particle loading in suspension) appears to be the percentage of limiting
current density, which inherently involves the system hydrodynamics and overpotential. The
relative effects of other process variables can be evaluated more clearly when related to the
percentage of limiting current density.
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Gradient Films

With a "particle incorporation map" as shown in Fig. 2 and one similarly collected for 3 um
dia alumina particles in copper using a RCE system®® gradient films were produced. The maps
are similar as shown in Fig. 3, except that the maximum particle incorporation increased from 4
to5 wt% (at 5 mA/cmz) with an increase in particle size from 50 nm to 3 um. A specified
amount of particles codeposited was achieved by varying either current density or bath mixing. It
was found that gradients that were plated using aternating current densities had approximately
the same particle incorporation as films plated with the same current density throughout.

The surface morphology of uniform and gradient films was studied, mainly for films of
copper with 3 pm dia. aluminaparticles.®” 38 The effects of particle incorporation, particle size,
and current density on surface morphology were studied from SEM micrographs of 15 pm thick
films and four (each 15 pum thick) layered graded films.  The effect of particle size on the
surface morphology is illustrated by comparing the surfaces of a four layered film with 3 pm
particles to that with 50 nm particles in Fig. 4 plated at 35 mA/cnt with approximately 3 wt%
and 1 wt% incorporated, respectively. The defined nodules observed for the film with 3 um
particles are barely apparent in the film with 50 nm particles incorporated. Thereis a decreasein
the size of the nodules as well as a loss of definition with incorporation of the smaller size
particles. The smaller particles may allow for the diffusion of the copper adatoms across the
smaller surfaces of the particles.
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Fig.3 Comparison of particle incorporation for 3 um
and 50 nm alumina particles (120 g/L at 1000 rpm).

Nickel-Titania Nanocomposites

A preliminary study of the electrocodeposition of Ni-TiO» composite films was performed
with two different average sizes of particles, ~5 punt° and 300 nm with various particle loadings
and current densities. The experiments with 5 um particles were conducted at RCE speeds of 500,
1000, and 1500 rpm with a range of current densities from 30-180 mA/cnf. The experiments
with 300 nm particles were performed at a rotational rate of 1000 rpm with two different current
density ranges of alow range of 30-80 mA/cnt and a high range of220-300 mA/cnt. The current
efficiencies ranged from 98-99.5%. The films deposited from baths which contained 10 g/L of 5
um TiO» did not contain any TiO» at any current density and cathode rotational speed. However,
titania particles were incorporated from higher bath loadings. The maximum amount of
incorporation was 7 wt% for the 5 pum particles and 4.3 wt% for the 300 nm particles. The
amount of 5 um titania codeposited with nicke is much higher than the incorporation of alumina
in copper with the RCE. The normalized particle incorporation as a function of percent limiting
current density in Fig. 5 presents al of the Ni-TiO, data. As compared to the graph for Cu-
alumina deposits in Fig. 2, the ratio of wt% incorporation/wt% loading is much greater for both
the 5 um and 300 nm titania particles in nickel. Although there is much more uncertainty in the
incorporation data for Ni-TiO, (due to both not repeating experiments and from inaccuracy of
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analysis by EDYS), these preliminary results indicate similar trends in particle incorporation with a
monotonic increase in the amount of particles with increasing current density with a maximum at
15-20 % of limiting current density and a decrease in incorporation at higher current densities.
There seemed little effect of bath temperature or particle loadings of 40 g/L or greater. It is
difficult to determine if thereis an effect of particle size.

20pm 2opm
Fig. 4. Comparison of micrographs of the surfaces of 60 umthick films at 35 mA/cnf: (A) with four 15 pmlayers
with ~3wt% of 3 um particles and (B) with four 15 pumlayerswith each 1.0wt% of 50 nm particles.

The surface morphologies of the codeposited films show globular grains which are generally
smaller with the smaller size titania particles. With 300 nm tianita particles, it was observed that
the films deposited in the high current density range had smaller grains than the films produced
at lower current densities. *°

Conclusions

The RCE has provided a controllable, reproducible experimental system to study the
electrocodeposition process, which has been particularly useful for producing nanocomposites.
The RCE system provides particle suspension, uniform current distribution, and uniform particle
shear rate at the electrode surface over a range of deposition conditions from kinetically to mass-
transfer control. The ability to measure particle incorporation accurately is important. For Cu-
Al,O3 composites, an electrogravimetric method proved very accurate at +0.5 wt%; however,
this method was not found usable for the Ni-TiO», so that EDS was used.>*The process variables
evauated included: electrode rotational rate, current density (5 to 90% of limiting current
density), particle loading, and particle size. The particle loading in suspension must be optimized
to be above a minimum amount to yield composites (which is limited by the detection level of
the analytica method used) and below an amount where settling of particles occurs.  Another
advantage of the RCE is that agglomerated particles are separated under the shearing force of the
rotating electrode, which are then incorporated into the electrodeposited film.
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Fig.5 Comparison of particleincorporation for 5 pum and 300 nmtitania particlesin nickel.

With the RCE, the maximum amount of incorporation of 4.4 wt% aumina in copper for
158 g/L loading of particles in suspension is approximately 40 times the amount of incorporation
(or 3 times for vol% loading) reported in the literature previously. The preliminary results of
electrocodeposition of Ni-TiO2 show a high incorporation of 7 wt% for the 5 um particles and
4.3 wt% for the 300 nm particles. The electrocodeposition data can be readily compared by
normalizing the wt% particle incorporation with the particle loading and plotting the results
versus percent limiting current density. It was shown that is an increase in particle incorporation
in the kinetically-controlled regime, reaching a maximum incorporation at 15-25% of limiting
current density. Then incorporation decreases and finally levels off during ohmic control, until
mass transfer effects cause a sudden decrease. The effects of the hydrodynamics are aso
normalized by presenting the data in terms of percent limiting current density, which is
dependent on rotational rate.

Using the particle incorporation maps, gradient films of Cu-ALOs; composites were easily
produced. The surface morphology of uniform and gradient films was studied. It was found that
there is an increase in the number of nodules per surface area (reduction of individual nodules)
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due to particle incorporation. In addition, with a decrease in the incorporated particle size, there
was a decrease in the nodule size as well as a loss in definition, where the boundaries become
less apparent. For gradient films, the surface morphology of the previous layers in the deposition
do not significantly alter the surface morphology at a particular current density, provided that the
thickness of the layer is large enough for the morphology to develop. Also, similar particle
incorporation in a film but with different surface morphology can be achieved by plating either
in the kinetically controlled or mass transfer influenced region.

Although the RCE system has allowed for a systematic study of the electrocodeposition
process, a deposit onto a cylinder is not often practical for industrial applications. Future
research will be performed using an impinging jet electrodeposition set-up. This configuration
will alow for significantly higher limiting current densities leading to increased deposition rates,
with the ability to study the effects of controlled hydrodynamics on particle incorporation, but on
a flat substrate. Recently, composites of Ni-ALO3z* and compositionally-graded Ni-P deposits
containing SiC particles” were obtained using jet electroplating. The amount of SiC particles
incorporated in the deposit could be controlled by the electrolyte jet velocity; the incorporation
increased from 0 to 30 vol% as the jet velocity decreased from 16 to 0.5 m/s.” The impinging jet
electrode configuration should alow for a method of creating homogenous or gradient
nanocomposite films at fast rates to accommodate a wide range of processing conditions.
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