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ABSTRACT OF THE DISSERTATION 

Electrocodeposition of Nanoparticle Composite Films Using an Impinging 

Jet Electrode 

by 

Steven J. Osborne 

Doctor of Philosophy in Materials Science and Engineering 

University of California, San Diego, 2006 

Professor Jan B. Talbot, Chair 

 

An impinging jet electroplating system with controlled hydrodynamics 

for rapid plating of composite films, was designed, developed, built, and 

tested.   The resulting system enabled electrodeposition with flowrates from 

0.5 LPM to 7.0 LPM, current densities of 25 mA/cm2 to 200 mA/cm2, and 

particle loading from 20 to 120 g/L.  Electrocodeposition of a copper matrix 

from a 1.0 M CuSO4 + 1.2 M H2SO4 bath from kinetically controlled to mass 

transfer limited conditions with a 50 nm γ-alumina and 1 µm α-alumina 

particles was studied.  The resulting particle incorporation ranged from 0.5 

up to 7.0 wt% depending on operating conditions.  The maximum particle 

incorporation of 7.0 wt% for 50 nm γ-alumina was deposited at 2.5 LPM, 25 

mA/cm2, and 120 g/L particle loading.  The maximum particle incorporation 

for 1 µm α-alumina of 5.3 wt% was deposited at 2.5 LPM, 200 mA/cm2, and 

120 g/L particle loading.  Particle incorporation increased linearly with 



 

xiii 

increasing particle loading for 50 nm γ-alumina.  The structure of the 

deposits was analyzed by electron microscopy, which determined average 

grain sizes as small as 175 nm for a composite film with 50 nm γ-alumina 

particles deposited with a current density of 200 mA/cm2. Imaging with a 

backscatter electron detector showed a random distribution of particles in 

the deposited films.  The resistivity of the deposited films was measured with 

a maximum resistance of 0.21 µΩ was measured for a sample with 2.2 wt% 

50 nm alumina incorporation with 175 nm average grain size.  This was a 

75% increase in resistance compared to a pure copper electrodeposited 

film. 

 

 

 

 



 

1 

1. Introduction 

 

Electrocodeposition is a process by which particles are entrapped 

during electroplating to produce a metal matrix composite.  Small particles 

are dispersed in the electrolyte bath to be codeposited with the metal matrix 

film.  Other methods for producing particle reinforced metal matrix films 

include thermal spraying, powder metallurgy, and stir casting (1.1).  The 

advantages of electrocodeposition over other coating processes include the 

homogenous distribution of particles, fully dense matrix, low impurity levels, 

ability to uniformly coat complex geometries, processing at ambient 

conditions, ability to utilize continuous processing, and reduced waste (1.1).  

Several electrocodeposition techniques have been successful in the 

deposition of composite films.  These techniques include a conventional 

parallel plate electroplating system, a controlled hydrodynamic system in 

which the disk or cylindrical plated part is rotated in an electrolyte bath, and 

recently an impinging jet electroplating system has been developed in which 

the electrolyte bath is sprayed over a flat substrate (1.2-1.4).  

A large variety of composite films have been deposited by 

electrocodeposition.  For example, matrix materials such as Au, Cu, Ni, and 

Co have been plated.  Particle reinforcements have included SiC, Al2O3, 

TiO2, carbon nanotubes, and organic particles (1.2,1.5,1.6).  
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Electrocodeposited films have been utilized for a number of applications 

including coatings for gas turbines used in advanced power generation and 

aerospace (1.7), surface coatings for cutting tools with increased strength 

(1.8,1.9), dispersion-strengthening of high thermal conductivity materials for 

actively-cooled structures (1.10), lubricated surfaces (1.11), and high 

surface area photoelectrodes for electrocatalysis in solar energy conversion 

and hazardous waste treatment (1.12).   

Composite film thickness can be several microns to several 

millimeters.  The particle incorporation within the metallic matrix is 

influenced by the process variables of the electrocodeposition system.  The 

maximum particle incorporation in a given electrocodeposition system 

depends upon the combination of the matrix material and particles 

incorporated in the matrix.  Particle incorporation typically ranges from 1-10 

vol%, with incorporation as high as 50 vol% reported with the use of gravity 

settling (1.14).  The particle loading in the electrolyte bath typically ranges 

from a minimum of 2 g/L to a maximum of 200 g/L and is limited by the 

ability to suspend particles in the electrolyte solution. 

The various electrodeposition techniques studied for codeposition of 

composite films have many physical differences which influence particle 

incorporation.  A conventional parallel plate plating system in which particles 

are suspended by mechanical agitation, typically suffers in the ability to 

deposit films with consistent particle incorporation.  The conventional system 
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also does not result in films with large particle incorporation unless 

sedimentation of particles in the electrolyte bath onto the substrate occurs.  

Systems with controlled hydrodynamics such as a rotating cylinder or disk 

electrode utilize the rotation of the substrate in the electrolyte bath to 

suspend particles and occasionally additional mechanical agitation.  The 

inconsistency in particle incorporation in deposits is overcome by creating a 

hydrodynamic force within the electrolyte bath, which carries particles to the 

substrate in a consistent manner.  However, rotating a large part or having a 

disk or cylinder shaped substrate within the electrolyte bath is not always 

viable.  The impinging jet electroplating system can overcome rotation of a 

part within the bath.  An electrolyte solution containing particles suspended 

by mechanical agitation is pumped through a nozzle impinging the 

electrolyte slurry upon the substrate to be coated.  The flowrate of the 

electrolyte solution allows for control of the hydrodynamic forces 

transporting particles to the substrate.  The impinging jet electroplating 

system is known to enhance the mass transfer significantly allowing for 

much faster deposition rates than the 10-25 mA/cm2 of conventional 

electrodeposition methods (1.15).   Other advantages of impinging jet 

electrodeposition as compared to other electrocodeposition systems include 

the ability to coat large parts while utilizing the advantage of hydrodynamic 

force in electrocodeposition and the ability to selectively deposit onto an 

area of a part, such as a line (1.16). 
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Electrocodeposition is widely utilized for depositing metal matrix 

composite films.  Until recently, a lack of fundamental understanding of the 

electrocodeposition process has resulted in a trial and error approach being 

the only method for developing processes for codeposition of films that 

result in a specified particle incorporation.  Our group has addressed this 

issue by systematically studying the electrocodeposition of a copper metal 

matrix and alumina particle composite film with a rotating cylinder electrode 

(RCE) electroplating system.  The work by Stojak and Talbot resulted in a 

fundamental understanding of the effect of the RCE process variables on 

particle incorporation and resolved several inconsistencies in the literature 

(1.3).  However, the RCE technique is not always a viable method of 

depositing composite film coatings, as it is limited to cylindrical shapes.  The 

impinging jet electroplating (IJE) system offers the ability to electrocodeposit 

composite films on a wide variety of substrate geometries at a much faster 

deposition rate compared to the RCE or parallel plate electroplating system.  

However, little is known about the effects of process variables for the IJE on 

the particle incorporation during electrocodeposition. 

The impinging jet has been thoroughly investigated in regards to 

electrodeposition rate, mass transfer, and heat transfer in the literature 

(1.19); however, a very limited body of work exists on the subject of 

electrocodeposition with an IJE.  Only one investigation of the IJE has been 
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performed to date and was limited strictly to the effect of flowrate on particle 

incorporation (1.4).   

The overall objective of this investigation is to systematically 

investigate the effects of process variables with the IJE for the 

electrocodeposition of composite films and understand the limits of the IJE. 

The effect of particle incorporation and process variables on the 

microstructure of deposited films is studied.  The microstructure of the 

deposited films can have a significant role in the physical properties of the 

deposited composite films.  The hardness, wear resistance, and corrosion 

rate of films have all been reported in literature to be significantly improved 

by the influence of particle incorporation on the microstructure of composite 

films (1.9,1.17,1.18). 

For this study, an impinging jet electrode system for 

electrocodeposition of nanocomposites was designed, developed, and built.  

The system operated by pumping the electrolyte through a 1.2 cm diameter 

copper tube that acted as both an unsubmerged impinging jet nozzle and 

anode.  The electrolytic bath was a 1.0 M CuSO4 + 1.2 M H2SO4 with various 

loadings of 50 nm alumina particles. Electrogravimetric measurement was 

used for determining particle incorporation, as copper plating efficiency was 

100%, with a reproducibility +/- 0.2 wt%.  The deposits formed were a 

alumina reinforced copper nanocomposite.  This work focused on identifying 

the range of process variables used to tailor the particle incorporation in the 
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composite film.  Results were then compared to a previous study using a 

rotating cylinder electrode (1.3).  The variables investigated included particle 

size, electrolytic flowrate, and current density.  Evaluation of films included 

electron microscopy for determination of the distribution of particles in the 

composite film and for grain size of the as-deposited metal matrix.  The 

electrical conductivity and hardness of the composite films were measured 

for comparison with the literature values of films deposited by other 

electrocodeposition systems. 

A review of the relevant literature for electrocodeposition of 

composite films with the varying electrocodeposition techniques is given in 

Chapter 2.  This discussion includes the systematic investigation by Stojak 

with the RCE, effect of particle incorporation on the physical properties of 

composite films, and the work to date with the IJE.  Additionally, models to 

describe the incorporation of particles in a electrodeposited metal film and 

the mass transfer models developed for prediction of electroplating rates for 

a metal film with an IJE are discussed.  Chapter 3 summarizes the design 

and development of the IJE system used in this investigation.  A detailed 

account of the experimental procedures utilized for systematically studying 

the IJE is provided in Chapter 4.  A description of the accurate and 

reproducible analytical technique performed for the determination of particle 

incorporation is included.  The results of the experiments conducted in this 

investigation are reported in Chapter 5.  Chapter 5 also provides a 



7 

 

discussion of the significance of the experimental results of the IJE 

composite film deposits.  Conclusions of this work and suggestions for future 

work with of the IJE are given in Chapter 7. 
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2. Technical Background 

 A particle-reinforced metal matrix composite (MMC) can be made by the 

process of particle incorporation during the electrodeposition of metal.  This 

electrocodeposition process can be represented in the most basic of 

electroplating systems, parallel plate electrodes as shown by the schematic 

in Figure 2.1.  This electrode configuration is the most commonly used for 

electrocodeposition and for plating, in general.  In this system particles are 

suspended in the electrolyte bath typically by mechanical agitation and a 

small amount are codeposited with a metallic film.  

 

 

Figure 2.1 - Schematic of the parallel plate electrocodeposition process. 
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A wide range of metals have been deposited as matrices including Au, Co, 

Cr, Cu, and other various alloys.  The particle deposited in the electroplated 

metal can be a wide range of materials including ceramic (i.e. oxides, 

nitrides, and carbides), metal, organic materials and inorganic materials 

such as carbon nanotubes (2.1-2.4).  More recently polymer capsules 6 to 

30 µm in diameter containing oil have been codeposited in a metal film for 

the purpose of reducing friction of the deposited film (2.5,2.6).   

 Forced hydrodynamics have been developed for electrocodeposition 

systems to more accurately control the particle incorporation in the 

deposited film.  Deposition studies have been performed with a rotating 

cylinder electrode (RCE) (2.1) and rotating disk electrode (RDE) systems 

(2.7).  Figure 2.2 is a schematic representation of the RCE.  In these studies 

rotational rate was found to have a profound effect on particle incorporation 

of deposited films.  Typical incorporation amounts for these rotating 

electrode systems were less than 10 vol%.  Codeposition with sedimentation 

has been used as a method of increasing particle incorporation (2.8).  A 

parallel plate configuration was used for this and the suspended particles 

were allowed to settle onto the cathode.  This method increased the 

aluminum particle incorporation to 30-35 vol% in a nickel film.  Recently, an 

impinging jet electrode system (IJE), as shown in the schematic in Figure 

2.3, was used to co-deposit films (2.9).  It was reported that the IJE 

produced an incorporation of up to 30 vol.% SiC in a nickel matrix.  
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Deposition rates for the IJE can be to 100 times faster than the other 

methods for electrocodeposition mentioned here. 

  Electrocodeposition has found uses in many important industrial sectors, 

such as transportation, construction, power generation and aerospace.  

Electrocodeposited films have found applications as high thermal conductive 

dispersion-strengthening of materials for actively-cooled structures (2.10, 

2.11), surface coatings for cutting tools with increased strength (2.12, 2.14), 

high surface area photoelectrodes for electrocatalysis in solar energy 

conversion and hazardous waste treatment (2.13), lubricated surfaces (2.6, 

2.14), and coatings for gas turbines used in advanced power generation and 

aerospace (2.15).  More recently, electrocodeposited films have been 

investigated for magnetic recording devices (2.16).  Another recent 

innovation is electrocodeposition of Cu and TiO2 for air purification (2.17).  

This codeposition process utilizes a magnetic field to create Ni pillars 

aligned in Cu-TiO2.  
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Figure 2.2 - Rotating cylinder electrode system (from ref. 2.1) 

 

Figure 2.3 - Impinging jet electrode system. 
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 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, and the ability to continuously process parts.  In addition, this 

process avoids the problems associated with high temperature and high 

pressure processing.  Most of the work concerning electrocodeposition has 

focused on maximizing particle content or improving a specific property of 

the codeposited film, such as corrosion or wear resistance. 

 

2.1  Particle Codeposition 

 Several reviews have been written on the subject of 

electrocodeposition.  The reviews by Greco in 1989 (2.11), Hovestad and 

Janssen in 1995 (2.18) and recently, Stojak, Fransear and Talbot in 2002 

(2.19) are commonly cited in the field of electrocodeposition. Several 

process variables have been demonstrated to affect the particle 

incorporation of codeposited films.  These process variables include 

hydrodynamics, current density, particle characteristics, bath composition, 

and the particle-bath interaction.  While the process variables affecting 

incorporation have been generally agreed upon, the particular effect of these 

variables has often been contradictory.  It has also been generally 

determined that these process variables are not necessarily independent of 

one another.  Additionally, it appears evident from the literature that the 
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effect of process variables is strongly dependent on the electrolyte bath-

particle combination.  In general, the literature lacks a discussion of the 

reproducibility and accuracy of the incorporation data reported. 

 Several models of electrocodeposition have been developed to provide 

insight into the mechanism and to predict the effects of various process 

variables (2.18, 2.19). The generally accepted mechanism of electro-

codeposition is the movement of particles to the cathode by convective 

forces and embedment in the metal by reduction of adsorbed ions.    The 

incorporation steps have been characterized by (i) a loose or reversible, 

nonspecific-type adsorption and (ii) a strong adsorption due to contact with 

the electroplated metal as proposed in 1972 by Guglielmi (2.20). However, 

this model does not consider: (i) the hydrodynamics, (ii) the properties of the 

electrolyte, such as temperature, pH, composition and concentration, and 

(iii) the characteristics of the particle, such as size, density, and shape.  

Several basic problems exist with the Guglielmi model.  The most important 

of these is the assumption that a residence time at the cathode is not 

required for incorporation to occur.  The success of Guglielmi’s model is 

likely related to the experimentally determined values, which indirectly take 

process variables into account.  Over a decade passed before new models 

were presented that account for the process variables and the probability 

that not all particles would readily incorporate at the cathode.  Buelens was 

the first to modify Guglielmi’s model to account fact that not all particles at 
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the cathode are readily incorporated (2.21). Sophisticated models have 

been developed over the past two decades that take into account mass 

transfer in the electrolyte bath, particle transport, and particle-cathode 

interactions (2.21-2.23). The models developed are similar to those 

developed for filtration of particles.  The complexity of these models requires 

sophisticated computer programs to perform calculations and the 

assumption of many variables that are difficult to acquire through 

experimentation.  While better models of the codeposition process have 

been developed the codeposition process is still not understood well.  A 

more detailed discussion of the models developed can be found in the 

review by Stojak, Fransear, and Talbot (2.19). 

  Several models have been presented in the area of electrocodeposition 

recently.  A model of an RDE was presented by Searson et al. in 2002 that 

combined the effect of gravity on incorporation with previous models that 

took into account kinetics and residence time of the particle at the cathode 

surface (2.24).  It was found by experimentation that gravity would have as 

much as 40% effect on the incorporation of 300 nm particles.  However, for 

smaller (50 nm) particles, there was almost no effect of gravity.  Searson et 

al.  derived an equation from a derivation of Fick’s first law and the Nernst 

diffusion layer model, as follows: 
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In this equation the particle density in the film, dp, is a function of the particle 

density in suspension in the solution, np; current density, j; kinematic 

viscosity, υ; the molar volume of the metal film, Vm,M; particle radius, r; 

rotational speed of the electrode, ω; the charge on the metal ion, z; the 

viscosity of the solution, η; diffusion coefficient of the particle, Dp; and the 

density of the particle, ρ, with constant of acceleration due to gravity g, and 

Faraday’s constant F.  The particle density in the film is defined by 

hydrodynamic term for the RDE and a gravitation term.  The model only 

takes into account deposition in the diffusion limited region and a rotating 

disk electrode (RDE) hydrodynamic system.  Recently, a model was 

presented by Lee and Talbot, which combined a complex model of particle 

motion and the electrochemical codeposition process (2.25).  The goal of 

this model was to simulate the entrapment of a single particle by the growing 

metal film taking into account the primary, secondary, and tertiary current 

distributions.  This work is the first to give a first principles view of the 

entrapment process of a particle. 

   Most recently the effect of turbulence on the codeposition process has 

been investigated by Fransaer (2.26).  It was determined in this work that 

the effect of turbulence versus laminar flow had no significant effect on the 

incorporation of particles.  It was determined, as shown by many other 

studies of codeposition, that the centrifugal force has a strong influence on 

the particle incorporation.  The work done over the last two decades has led 
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to a much better understanding of the effects of particle size, particle type, 

hydrodynamics, bath chemistry, and current density.  While a better 

understanding of the effect of the macroscopic effects of the process 

variables there is still very little understanding of the entrapment 

mechanism.  While more complex models have been developed the basic 

understanding of the entrapment process is still very limited.  Models that 

can accurately predict the particle incorporation of electrocodeposited films 

have not been achieved. 

 

2.2  Cu-Al203 Composites 

 Copper-alumina particle reinforced metal matrix composites are 

commercially available under the trade name of Glidcop, with 0.3 – 1.1 

wt.% alumina (2.27).  Glidcop is produced through internal oxidation 

powder metallurgy.  This technique consists of mixing fine copper powders 

with a small amount of sub-micron aluminum oxide powder, which is 

compressed and then sintered to create a fully dense material.  It is difficult 

to prevent porosity, a common defect in powder metallurgy products 

resulting from materials not fully densifying during the sintering stage, and 

impurities.  The advantage of the powder metallurgy technique is the ability 

to quickly produce bulk quantities of the metal matrix composite. 

 The most common methods for producing copper-alumina coatings are 

electrocodeposition and thermal spray techniques (2.30).  Thermal spray 
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coatings are obtained by atomizing molten metal matrix material, which is 

then sprayed on the substrate with a simultaneous injection of the 

reinforcing alumina powder.  The particle distribution in thermal spray 

coatings is not as homogenous as that of electrocodeposited coatings.  

Electrocodeposited coatings additionally result in films with far fewer 

impurities.  The major disadvantage to electrocodeposits is the slow 

deposition rate, typically on the order of sub-micron per minute.   

 Copper-alumina coatings have been electrocodeposited by all of the 

electrocodeposition techniques discussed in this chapter.  While a maximum 

of nearly 50 vol.% has been achieved for other particle-electrolyte systems 

(2.28), a maximum incorporation of 8.8 wt.% (20.5 vol%) of 0.5 µm alpha 

alumina in a copper matrix was achieved with a parallel plate electrode 

configuration (2.19).  This is much higher than the typical incorporation of 1-

10 vol% reported in literature.  The maximum incorporation with controlled 

hydrodynamics reported in literature is 4.2 wt.% (10.3 vol.%) with a 50 nm 

gamma alumina particle using the RCE (2.29).  Prior to the work by Stojak it 

was believed the gamma phase could not be codeposited.    A more detailed 

discussion on the codeposition of copper alumina can be found in the work 

of Stojak (2.19). 

 

2.3  Impinging Jet Electroplating 
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 Jet plating has been utilized for the plating of copper, gold, and nickel 

(2.31-2.33).  Deposition rates for jet plating of up to 100 times greater than 

conventional plating methods (typically 10-50 mA/cm2, 10-65 microns/hour) 

with current densities as high as 4 A/cm2 have been reported (2.34).   

Previous studies of electrodeposition with an impinging jet have primarily 

focused on maskless lithography (2.31,2.32-2.35).    The hydrodynamics of 

placing the nozzle close to the substrate limits the area of deposition to a 

width proportional to the nozzle inside diameter.  This allows for selective or 

localized metal deposition.  Little work has been done to date on impinging 

jet electroplating as a method of creating bulk films for coatings.  There are 

configurations with multiple jet nozzles, which have been used in mass 

transfer studies, which could be applied in electrodeposition of large areas 

(2.36).  

 Plating has been accomplished by both a submerged and non-

submerged impinging jet plating cells.  For the submerged impinging jet, the 

nozzle is placed in the electrolyte with no air gap between the nozzle and 

the substrate.  For an unsubmerged system the nozzle is placed so there is 

an air gap between the nozzle and substrate.  A graphical representation of 

these two systems is given in Figure 2.1.  For single circular jet studies 

plexiglass nozzles are typically 5-10 mm in diameter and nozzle-to-substrate 

spacing is typically 0.5-5  nozzle diameters.  Copper sheet is often used as 

a substrate.  Electrolytic solutions are typically either copper acid or 
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ferricyanide.  Acrylic is the most common material used for cell materials 

due to the acid resistant nature of the material.  Another basic variation in 

the design of an impinging jet electrode system is a separate anode in the 

cell versus the use of the nozzle as an anode as is represented in Figure 

2.1a and 2.1b, respectively.  The submerged jet cell has the advantage of all 

components being within full contact with the electrolyte.  The submerged jet 

also allows for the anode to be separate from the nozzle assembly, which 

simplifies supplying an electrical current to the cell.  The unsubmerged cell 

allows for selective plating to the substrate.  The unsubmerged cell limits 

plating to a known radius, which is a function of the nozzle diameter and 

other process variables of the system.  The submerged cell has enhanced 

deposition rates for a similar nozzle radius as the unsubmerged cell but, will 

also allow for deposition to occur on the remainder of the substrate.  The 

anode for the unsubmerged cell must be configured such that it is integral to 

the nozzle.  A disadvantage of the anode configuration in Figure 2.1b is that 

it does not give the desired larger surface area of the cathode in a 

electroplating system.  However, the unsubmerged system is far more 

preferable for codeposition systems.  The unsubmerged system prevents 

the suspension and settling of particles within the cell that may adversely 

affect the reproducibility of particle incorporation. 
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a) 

b) 

Figure 2.4 – Impinging jet electrode systems with (a) submerged and (b) 
unsubmerged nozzle.  For single circular jet studies plexiglass nozzles are 
typically 5-10 mm in diameter and nozzle to substrate spacing is typically 
0.5-5  nozzle diameters.  
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 The enhanced heat and mass transfer characteristics of an impinging 

jet has been well documented in the literature.  In 1978 Chin and Tsang 

performed fundamental work (2.37) with an impinging jet electrode to 

determine the effect of mass transfer with relation to the electrode size.  This 

early work showed the ability to control the limiting current density in an 

electrochemical system by the process variables.  The system used in this 

study was a submerged nozzle with a separate anode.  Work published by 

Alkire and Chen in 1982 studied the current distribution across the cathode.  

The work was performed with an unsubmerged nozzle with a soluble anode 

placed in the nozzle. The impinging jet was divided into three regions: the jet 

flow region, the impingement zone or stagnation point, and the wall jet 

region.  These regions can are graphically illustrated in Figure 2.5.   

 

Figure 2.5 – The flow regions for an impinging jet 
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The model equation developed by Alkire and Chen to describe this current 

distribution is given: 

∫
∞

=+
2/1

8 βRdRJJ RI                                   (2.2) 

 

Equation (2.2) is a relationship between β, the dimensionless current density 

at the cathode; the dimensionless local densities, JI and JR; normalized by 

the limiting current densities in the impingement zone, and the 

dimensionless radius, R, from the center of the impingement zone 

determined from the radial distance from the center of the impingement 

zone and the nozzle diameter. The local current densities are a function of 

the nozzle diameter, nozzle-to-substrate distance, and the radial distance 

from the center of the impingement zone.  In the derivation of Equation 2.2 

that depletion of ionic species will result in the deposition of metal ions 

approaching zero with increasing distance from the center of the 

impingement zone.  This gives the IJE the ability to selectively plate an area 

of a substrate.   

  Karakus and Chin built on the work of Alkire and Chen to relate the 

various process variables associated with the impinging jet electrode to the 

limiting current density (2.31). The experimental work used in determining 

this relationship was an unsubmerged impinging jet electrode that made use 
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of a soluble anode placed in the nozzle.  A mass transfer limiting current 

density correlation was determined for the unsubmerged impinging jet  

electrode in the form shown:  

  

09.0
2/13/1

0lim, Re9.0
−

∞ 





=
d
HSc

d
DnFCj  (2.3)

 

The model given by Karakus and Chin relates the limiting current density, 

jlim,0,; with the nozzle diameter, d; the mass transfer represented by the 

Schmidt number (Sc=υ/D with υ the kinematic viscosity), the flowrate by the 

Reynolds number (Re=v0d/υ with v0, the average exit velocity from the 

nozzle), the ratio of the nozzle diameter and distance between substrate and 

nozzle, H; bulk concentration of metal ion, C∞; D as diffusivity of the metal 

ion, n as the number of electrons transferred, and Faraday’s constant, F.  

Additionally, an expansion of the work by Alkire and Chen gave a 

relationship between the local limiting current densities and the ratio of the 

nozzle diameter, d, and the substrate to nozzle distance, H, process at a 

given distance from the dimensionless distance from the center of the 

impingement zone.  This model is:   

( )
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The predictive modeling of the impinging jet electrode is well defined at this 

point for mass transfer control and the deposition rate at various points can 

be determined under this limiting condition.  However, most electroplating is 

done below the limiting current to yield deposits of better appearance and 

quality.  Predictive models have not been developed for the kinetically 

controlled current regime. 

 Bensmaili and Couret recently investigated the effect of multiple jets in 

an array nozzle to determine the effect of on mass transfer (2.36).  The 

experiment utilized a cathode consisting of nickel-plated disks printed on a 

circuit material.  The nickel-plated disk was subdivided into smaller cells to 

determine the effect of mass transfer at individual points. The study found 

that when the jets were spaced far apart, the jets act almost as independent 

jets and can be described by the models for singular jets.  The nozzles with 

the least amount of spacing were found to have interactions and alter the 

mass transfer characteristics.  It was also found that at higher flowrates the 

jets would have diminishing interactions.  Lower flower rates likely resulted 

in capillary action between jets leading to a change in the mass transfer 

characteristics.  The study showed that the multi-jets with the smallest 

spacing of jets in the nozzle gave the largest increase in mass transfer for 

the submerged impinging jet.  Therefore, it may be possible that multi-jet 

arrays could further enhance impinging jet electrodeposition rates and 

enhance surface uniformity of deposits. 



27 

 

2.4   Composite Impinging Jet Electroplating 

 Recently, composites of Ni with 0.6, 1.7, and 2.8 µm Al2O3 (2.34) and 

compositionally-graded Ni-P deposits containing 0.7 µm SiC particles (2.35) 

have been obtained using jet electroplating by a group of Japanese 

researchers.  Their plating system consisted of three major components: a 

pumping system, a method for flow control, and a method of applying 

current.  The flow control system used a single valve coupled with an 

inverter to control pump speed.  The nozzle was a pure nickel tube section 

to act as an anode attached to an acrylic tube and an acrylic tip.  This 

design was intended to limit the change in nozzle diameter as the deposition 

occurred.  The bath was stirred to suspend particles and was continuously 

recycled.  The electroplating bath consisted of an nickel sulfamate 

electrolyte bath combined with 0.7 µm SiC particles.  The substrate was an 

extruded aluminum alloy that was pretreated with a traditional galvanizing 

process to provide good adhesion.  An epoxy coating was used to limit the 

exposed substrate area to 6mm in diameter.  All experiments were 

performed with a particle loading of 50 g/L.  A limiting current density of 

approximately 140 mA/cm2 was determined.  Experiments were performed 

at the limiting current density.  The jet velocity ranged from near 0 to 16 m/s.  

This corresponds to flowrates of up to 60 L/min.  Particle incorporation 

varied from 30 vol% to near zero respectively, as the flowrate increased.   
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 Particle incorporation was determined by cross sectioning of samples 

and analyzing optical images by stereology.  No discussion of error or 

reproducibility of measurements was given.  The effect of other process 

variables was not studied.  The data was not analyzed with regards to the 

models of IJE without particles.  To date no other work has been published 

on electrocodeposition with an impinging jet electrode system. 

 

2.5   Comparison with Other Spray Composite Coating Techniques 

 The two main processes for making metal matrix composite coatings 

are electrodeposition and thermal spray processes.  Steinhauser and 

Weilage reviewed the two processes in 1997 (2.30). Thermal spraying along 

with plasma spraying, chemical vapor deposition (CVD), and physical vapor 

deposition (PVD) have the disadvantage of elevated temperatures or special 

environments such as a vacuum.   Other shortcomings of the thermal spray 

process include that the particles may not be evenly distributed and larger 

particle sizes are required. The electrodeposition process allows for plating 

temperature-sensitive materials such as polymers.  Most other composite 

spray techniques are not comparable as they are not for a metal matrix. 
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2.6   Microstructure and Physical Properties of Composite Films 

 The effects of particle incorporation on the microstructure and 

physical properties of electrocodeposited films have been well documented 

in the literature.  Several studies have found an increase in hardness of 

nearly twice that of the pure deposited nickel with various particles such as 

TiO2, Al2O3, and SiC (2.38,2.40).   

Zimmerman et al. determined that hardness of Ni/SiC films, with 7.1 

vol% SiC, increased from 1.5 GPa for pure Ni to over 3 GPa (2.40).  

Additionally, yield strength increased from 200 GPa for pure Ni to 600 GPa.  

The increased mechanical properties are typically associated with grain 

refinement of the metal matrix.  The study by Zimmerman et al. compared 

nanocrystalline nickel with the composite material.  Nanocrystalline nickel 

deposited by pulsed current deposition techniques had increases in 

hardness and yield stress of nearly four times that of polycrystalline 

annealed nickel.  Composites of nanocrystalline nickel with 8.7 vol% SiC 

exhibited the highest hardness of 6.8 GPa and yield stress of 850 MPa.  It 

was also observed that tensile strength increased with a nanocrystalline 

composite.  However, it was also observed that a small incorporation, in a 

polycrystalline matrix, of 0.7 wt% SiC was significantly stronger than an 8.7 

wt% composite.   Hardness did not have a similar dependency on the 

particle incorporation.  These same trends were observed by X.M. Ding et 

al. for a Ni/Al2O3 system (2.41).   
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 The literature refers to two common methods of grain refinement 

which result in average grain sizes as small as 30 nm (2.42).  The first 

method is by particle incorporation of composite films (2.40, 2.43).  Grain 

boundary pinning is generally agreed upon in the literature as the 

mechanism of grain refinement in composite films.  The increased 

dislocation density associated with smaller grain structure is likely 

responsible for the enhanced mechanical properties of composite films.  

Pulsed current electroplating can be used for further grain refinement.  

Enhanced mass transfer during pulsed current electrodeposition can be 

attributed to the grain refinement due to creation of nucleation sites at the 

beginning of each cycle (2.41).  Pulsed current deposition can be used as a 

method of filtering the particle size incorporated in a film as well (2.42).  

Steinbach and Ferkel found that with appropriate pulsed current 

electroplating conditions agglomerates could be prevented from 

incorporating in films during electrocodeposition.  It was found that 

nanoparticles could be selectively deposited by the use of pulsed current 

electroplating.  Benea et al. found that incorporation of particles also greatly 

affected the surface morphology of samples (2.43).  It was found that 

composite films had a nodular surface as compared to the typically smooth 

surface for pure nickel deposits. 

 While mechanical properties and corrosion resistance of composite 

properties are greatly enhanced some materials properties are sacrificed.  
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Magnetism and electrical resistance are sacrificed in a composite system 

(2.27,2.42).  The resistance to magnetic polarization in nickel composite 

system is increased.  Copper composite samples typically have 80% of the 

conductivity of plain copper.  While these properties are somewhat 

sacrificed, it is not to an extent that would prevent the use of composites in 

magnetic and electrical applications. 
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3. Design of the Impinging Jet Electroplating System 

The objective of this research was to develop an experimental system 

for the study of electrocodeposition of nanocomposite films with an 

unsubmerged impinging jet electroplating system.  The literature for 

electrodeposition with an impinging jet gives very little detail of the 

experimental systems used either for plating of pure metal films or 

composite films. Most notably discussions of flow control, design for re-

circulation of electrolyte solution, nozzle selection and nozzle-to-substrate 

distance is very limited in published reports of electrodeposition with an 

impinging jet electroplating system. 

The basic design concept was to have an electrolyte slurry from a 

nozzle impinge upon a substrate with fluid flow in the direction of the force of 

gravity.  The cell was designed with flow in the direction of gravity so that the 

metallic deposition and particle distribution of the deposit with radial flow 

along the substrate could be studied. The system was designed as an 

unsubmerged impinging jet to avoid problems of particle settling and 

redistribution in the electrolyte near the substrate.  The overall goal was to 

design a system to study electrocodeposition with flowrates sufficient to 

prevent gravitational settling of particles up to flowrates at which particle 

incorporation is severely reduced, the loading of particles to 160 g/L to give 

the maximum particle loading possible regardless of particle size, varying 
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nozzle-to-substrate distance, and current density from the kinetically 

controlled region to the mass transfer controlled region.   

A pump which could control at lower flowrates was desired, as it been 

observed that particle incorporation diminished quickly at higher flowrates 

(3.1). The system also was required to deposit samples with reproducible 

particle incorporation.    The anode from the system could be either the 

nozzle itself or a soluble anode in the electrolyte.  It was decided that the 

insoluble nozzle would act as the anode to avoid disruption of the fluid flow 

and for ease of making electrical connection. The main components of the 

system were a nozzle acting as the anode, a pump for circulation of the 

plating bath, and substrate holder.  Figure 2.3 is a simplistic schematic of 

the design concept.  The development of the components of the system will 

be discussed in the subsequent sections of this chapter. 

 
3.1  Nozzle Selection 

Several types of nozzles were examined including a cone shape, a 

straight tube with an acrylic tip, a nozzle with smaller exit diameter with large 

overall diameter and a straight copper tube to identify the optimum 

configuration.  Overall the nozzle had to be capable as acting as the anode 

and impinge an electrolyte slurry upon the substrate without causing a 

disruption in the circuit between the substrate and anode created by the 

electrolytic solution.  Additionally, it was desirable that there would be a 
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minimum change in inside diameter of the nozzle to maintain a constant 

current density. 

A maximum free passage 90° full cone stainless steel nozzle from 

Bete Fog Nozzle Inc. was first examined.  This nozzle is designed to prevent 

clogging by two S-shaped internal vanes and was chosen for this 

configuration.  The dimensions of the nozzle are a 0.125 inch inside 

diameter, 0.88 inch outside diameter, and 1.5 inch length.  Electrical 

connection to this nozzle was made initially by taping a wire to the nozzle.  

High voltages up to 5 volts from large electrical resistance was experienced 

in early experiments and the connection was later made by using silver 

epoxy to attach the wire to the nozzle.  After further examination it became 

apparent the cone shaped spray caused the electrical resistance.  The fluid 

stream broke into droplets, caused a short in the electrochemical circuit, and 

most likely increased the electrical resistance.  In addition it was found that 

the increased surface coverage of the cone shape of the nozzle did not 

increase the area of deposit beyond the exit diameter on the substrate.   

The next nozzle configuration tested was equivalent to a straight 

piece of tubing.  This configuration does not spread the fluid in any manner.  

The stainless steel nozzle had a 0.125 inch exit diameter, 3 inch overall 

diameter, and 1.5 inch length.  The large overall diameter was intended to 

allow a submerged nozzle in small nozzle-to-substrate distances.  It was 

believed that with this condition the system would approximate a parallel 
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plate electrode configuration.  This configuration allowed for deposition at 

low current densities but did not increase the deposition area beyond that of 

the exit diameter.   

A straight copper tube with a piece of acrylic tubing attached on the 

outside of the copper tubing was examined next.  This design was chosen to 

increase the area of the counter electrode.  The acrylic tube was extended 

beyond the copper tubing 0.25 inch.  The acrylic tube was intended to 

maintain the diameter of the nozzle.  The tube had a 0.5 inch diameter.  This 

configuration again resulted in elevated potentials of up to 5 volts.  Finally, a 

straight copper tube with a 0.5 inch diameter was evaluated.  This 

configuration resulted in the lowest potentials of approximately 0.5V or less 

for high applied current densities and yielded good quality deposits. The 

tubing had a thin wall limiting any change in diameter as the end of the tube 

would corrode rather than the inside wall increasing the inside diameter of 

thicker walled nozzles. 

 
 
3.2 Pump Selection 

 The requirements for the pump were resistance to acid and erosion 

from alumina particles and a variable flowrate.  Three pumps were utilized in 

the course of this study.  A peristaltic pump was the first considered. The 

pump was a Cole-Parmer model 7553-10 variable speed peristaltic pump.  

This pump proved to be unsuitable as it was unable to generate high 
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enough pressure to overcome the head pressure to pump the fluid to the top 

of the cell.  This pump also caused concern due to possible erosion of the 

tubing wall by the ceramic particles leading to contamination of the plating 

bath.   

The next pump utilized was a Cole Parmer model A-75211-60 

variable speed magnetic drive 316 stainless steel pump.  This pump was 

chosen for the variable speed control and stainless pump body.  The pump 

was a seal-less magnetic drive ensuring no plating bath solution could reach 

the pump motor.  This pump was utilized for early experiments but had 

continuous maintenance problems.  The impeller for this pump rotates in the 

magnetic cup on a Teflon bushing.  This caused a significant problem in 

this system with the 50 nm particles flowing between the impeller and 

bushing.  The presence of 50 nm particles at these wear surfaces led to 

erosion of the bushing.  The 50 nm particles are small enough, that even 

with the most precise manufacturing, it is unlikely that a wear surface can be 

protected from contamination and erosion by the particles.  Within just a few 

experiments the bushing eroded and the pump was no longer able to move 

fluid.  The erosion of the bushing also led to contamination of the bath with 

large pieces of Teflon.  The pieces would circulate through the bath and 

could possibly be deposited on the surface.  The pump also was not self- 

priming, which at times led to problems with starting the flow through the 

nozzle.  It is likely this was also caused by the wear on the bushing. 
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The pump that was found to be the best for this system was an 

electric diaphragm pump.  The diaphragm pump was ideal for this system as 

it eliminated the wear surfaces that are problematic with the nanosized 

particles.  This pump has a four-chamber pump to limit pulsing of the fluid.  

A Jabsco model 31801-0115 continuous duty pump was selected.    The 

pump head is built of all acid resistant materials to prevent contamination of 

the electroplating bath.  This pump is self-priming which provides better flow 

startup.  The pump was sufficient for movement of the baths containing 

particles.  The electric diaphragm required only a low cost diaphragm 

replacement kit to refurbish the pump.  With periodic maintenance of this 

pump it proved to be the most suitable. 

 

3.3 Flow Control and Measurement 

 For this system it was desired to control flow to ±0.1 LPM and 

measure the flowrate to at least an equivalent level.  The system also 

required flowrate to be consistent for up to 4 hours.  For preliminary 

experiments the variable speed motor of the pump controlled flow.  This was 

an effective method of controlling the flowrate through the nozzle.  The 

diaphragm pump did not have a variable speed motor and therefore, 

required another method for controlling flow.  To accomplish this a flow 

control system consisting of two 1/2 inch PVC ball valves was devised.  The 

preliminary use of one ball valve did not allow for flow to be controlled to the 
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±0.1 LPM desired for this study.  This was due to an excess of pressure 

created on the pump head.  The solution to this was to add a bypass.  A 

second ball valve was used for the bypass as it could be shut off to allow for 

the highest possible flowrate.  This method was very effective for controlling 

flow. 

Flow was measured in preliminary experiments by a polysulfone in-

line flowmeter.  The flow meter had a 1.8 to 18 LPM capacity.  This 

flowmeter was sufficient for early experiments but had drawbacks.  The 

inline flow meter had limited accuracy (±0.2 LPM) and also the flowrate 

could not be determined at particle loadings higher than 20 g/L as the slurry 

was not translucent.  Due to these problems, a digital flowmeter was 

decided upon as flowmeters requiring visual inspection were not suitable.  A 

Blue-White Industries F-1000-RB digital paddle wheel flowmeter was 

acquired.  The flow meter has a range of 1-10 LPM with an accuracy of 0.01 

LPM. 

 

3.4 Substrate Holder Design 

 The design criteria for the substrate holder were to limit particle 

settling on the holder, to provide electrical connection to the substrate, to 

prevent the electrical connection from contacting the electroplating bath, and 

to allow for deposition with no masking of the substrate.  Elimination of 

deposition to areas other than the substrate was imperative for the accuracy 
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of the electrogravimetric analysis for particle incorporation.  Characterization 

of the depositions revealed that masking of the substrate was acceptable 

due to the limited area of deposition of the composite film. 

Three different configurations for the substrate holder were 

developed for this project.    The first configuration was to use 3 screws 

threaded through the bottom of the first cell version.  Figure 3.1 illustrates 

this design.  A 3 inch diameter copper disk was utilized as a substrate in this 

configuration.  The disk rested on hex nuts threaded on to the screws.  A 

second nut was placed on the screw after the substrate was in place to 

secure the substrate.  The electrical connection was made by placing a 

crimp on ring connector between the screw and the bottom of the cell.   

 This configuration had several problems that made it ineffective as 

the substrate holder for the jet cell.  The first problem was that deposition of 

copper would occur on the unmasked portions of the screws and nuts used 

for electrical connection.  An adequate method of masking the screws and 

maintaining a connection with the substrate could not be found.  This was 

mainly due to an inability to mask the area between the nut and the 

substrate.     

 The second version was designed to accommodate the revision of 

the cell design to a one-piece cell and tank.  A schematic of this 

configuration is given in Figure 3.2.  The new holder was suspended from 

the top plate of the cell by two 1/2 inch diameter acrylic tubes.  The acrylic 
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tubes are threaded at both ends connecting to the top plate and substrate 

holder with stainless steel bolts.  The substrate holder was cut from a 1/2 

inch acrylic sheet.  Spacers suspended a second acrylic piece with a 

threaded hole for a 5/16 inch screw.  The screw was used to hold the 

substrate in place and create an electrical connection.  The design was 

intended to minimize the area in contact, other than the substrate, with the 

electroplating bath slurry to limit the possibility of particles settling on the 

holder.  The design was also intended to allow for the substrate to be 

deposited to without any masking being necessary.  Again a difficulty in 

masking the area at the interface between the electrical connection and the 

substrate was experienced.     

 

 

Figure 3.1 – Substrate holder utilizing the bottom of the jet cell for support of 
the substrate and utilizing stainless screws as a pass-through electrical 
connection. 

3”

2”
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Figure 3.2 – Suspended substrate holder supplying current through stainless 
steel screws used to hold the substrate in place. 
 

 The third holder design was very similar to the second design.  The 

electrical connection was moved underneath the sample.  Figure 3.3 is a 

schematic of this final holder design.  This was accomplished by soldering of 

a wire to a copper sheet, which was run through a hole in the holder.  The 

hole was then filled with epoxy to mask the connection.  The copper sheet 

was also sealed to the holder with epoxy.  The substrate was attached to the 

holder by 3M Electroplaters Masking Tape.  The masking tape has a 1cm 

diameter hole cut for the deposition area and covered the copper electrical 

connection and substrate completely.  This design was excellent for 

1” 

3.5”
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eliminating contact between electrical connections and the electroplating 

bath.  This allowed for accurate electrogravimetric analysis of depositions.  

Scanning electron microscopy (SEM) at the edges of the deposition 

detected slightly higher incorporation.  This was most likely caused by 

buildup of particles at the mask substrate interface.  Overall this substrate 

holder design allowed for the most reproducible depositions. 

 

 

Figure 3.3 – Suspended substrate holder with a copper sheet below 
substrate for electrical connection and electroplaters masking tape used to 
hold the substrate in place. 
 

 

 

1.25” 
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3.5 Electroplating Cell Development  

The electroplating cell was developed for electrocodeposition of 

copper and alumina particles to allow for comparison of results with a RCE 

data (3.2).  There are five major design criteria that required consideration.  

The first design consideration is that all parts in the system must be acid 

resistant for acid copper plating with electrolyte pH<1.  The second was that 

the electrolyte should be re-circulated to limit the amount of materials used 

and hazardous waste produced.  The third consideration was that particle 

loading in the electrolytic slurry should be constant, which required adequate 

mixing and no build up of particles in the system, as the solution is re-

circulated.  The fourth design consideration was to minimize the abrasive 

action of particles on the internal pump components.  The last consideration 

was the design of a holder for the substrate, which also needed to supply 

electrical current to the substrate.  

The system development underwent three major revisions over the 

course of this study to evolve into the final design.  Figure 3.4 is a schematic 

of the original configuration of the jet cell system.  The system consisted of a 

variable speed pump to control flowrate fed from a separate tank. The 

solution impinged upon a 3 inch diameter copper disk held by the substrate 

holder as shown in Figure 3.1 and a hole in the bottom connected to a tube 

drained to the solution tank.  This design was chosen for the simplicity of the 

substrate holder and electrical connections.   
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The first version of the system was constructed entirely from acrylic 

and 316 stainless steel for all metal parts.  All metal parts in the system 

were 316 stainless steel to prevent corrosion. This system consisted of a 

separate cell for electroplating and tank for the bath.  The jet cell was a 1 ft 

long by 6 inch round piece of acrylic.  The cell had a bottom plate with a 1 

inch drain hole in the center.  The 90° full cone stainless steel nozzle from 

Bete Fog Nozzle Inc. was used in this cell initially, detailed in Figure 3.1.  

The large outside diameter nozzle and acrylic nozzle were also used with 

this system.  Electrical current was supplied to the nozzle by a copper wire 

passed through the top of the jet cell and attached directly to the outside of 

the nozzle either by silver epoxy or soldering. On the top of the cell a height 

gauge was mounted with clamps to secure the tube to the nozzle.  These 

nozzle configurations were chosen to be able to impinge upon the largest 

surface possible and in attempts to overcome issues with high electrical 

resistance in the system.  A height gauge was used to adjust nozzle-to- 

substrate distance, and was chosen as it allowed adjustment of the nozzle 

by simply turning a knob. 

This configuration was insufficient for the study due to particle 

accumulation along the bottom surface, as slurry flow along the bottom plate 

of the jet cell did not prevent settling of particles.  This was the most 

important information gained from the original design and led to subsequent 

designs in which the jet cell and solution tank were combined into one unit.  
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This method of electrical connection also proved insufficient as a very thin 

layer of copper was deposited on the connection due to an inability to 

sufficiently insulate the pass through stainless steel screws.  The height 

gauge was also replaced after the original design due to issues of corrosion. 
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The schematic of the second system designed is shown in Figure 3.5.  

The revised system utilized a 3 ft long section of 6 inch round acrylic tube as 

both the tank and the electroplating cell.  A 1/2 inch acrylic tube was placed 

into the side of the cell for fluid to be pumped from the tank.  The top of the 

cell was modified to allow for a substrate holder to be suspended from the 

top of the cell and a wire to be placed inside the cell as an electrical 

connection to the substrate.  The nozzle was held in place by a support 

system constructed from acrylic with two clamps to hold the copper tube that 

acted as the nozzle.  The nozzle used in this design was that displayed in 

Figure 3.2.  The support was attached on the outside of the cell to the top 

plate.  A magnetic stirrer was used for suspending particles in the bath.  This 

configuration was successful in preliminary experiments, but had its 

limitations. 

One limitation was the difficulty in sealing the cell.  The glue used to 

attach the exit tube of the tank and the bottom plate of the tank deteriorated 

with the continual contact with the acidic plating bath.  This led to periodic 

leaking of the electroplating bath and possibly contamination to the bath.  A 

more serious limitation was an inability to suspend higher particle loadings 

with the magnetic stirrer.  Settling was observed at particle loadings above 

60 g/L.  Accumulation of particles along the outside edge of the tank led to 

variation of the particle loading in suspension.  These limitations led to the 

final design of the cell.  
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Figure 3.5 - Second impinging jet system design with a one piece tank and 
cell design.  The substrate holder is suspended from the top of the jet cell 

and is displayed in Figure 3.2. 
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The final design of the cell was a complete redesign and 

reconstruction.  This design was an optimization of the second design.  

Figure 3.6 is an illustration of the final version of the IJE system.  The jet 

electroplating cell was again placed over the tank.  The cell has no bottom 

so all of the electroplating bath and particles re-circulated to the tank.  The 

two acrylic tubes from the second design attached to the top plate of the cell 

were used to support the substrate holder.  The substrate holder was that 

displayed in Figure 3.3 and had an unmasked surface area of 0.79 cm2.  

The support system for the copper tube nozzle was the same as in the 

second configuration.  The tank was changed to a one piece 8 x 8 x 8 inch 

square high density polyethylene (HDPE) tank.  The square sides of the 

tank allowed for a HDPE pass through to be installed with acid resistant 

gasket material.  

This design was proved to be leak tight.  A 1/2” HPDE valve was 

attached to the pass-through on the outside of the cell.  This allowed for the 

bath to remain in the system continuously to limit contamination and loss of 

particles in the electroplating bath.   The mechanism for suspending 

particles in the electroplating bath was also changed to a mechanical stirrer.  

An anchor shaped Teflon coated stainless steel mixer attachment was 

used with a variable speed laboratory mixer.  A hole was made in the top
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plate of the cell to allow for insertion of the mixer attachment in the bath.  

The mechanical stirring was sufficient to suspend particles even at the 

higher particle loading suspensions. Electrical connection was made to the 

nozzle by placing a clamp on the copper tube, used as a nozzle, outside of 

the cell.  An insulated copper wire from the substrate holder was run through 

a hole in the top plate of the cell for the other side electrochemical cell.  The 

system operated with flowrates from 0 to 7 LPM and current densities from 

25 to 250 mA/cm2. 
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4. Experimental Procedures 

4.1 Substrate Preparation 

 Copper substrates were cut from 0.005 inch thick copper shim stock 

into 2 cm x 2 cm squares.  The copper squares were then pressed to flatten 

deformations that may have occurred during cutting.  Sonification of the 

squares in isopropyl alcohol was performed for 20 minutes prior to 

deposition to remove any oil or other organics on the surface.  Once 

sonification was completed, the samples were rinsed thoroughly with 

deionized water and dried.  Stainless steel substrates of the same 

dimensions as the copper squares were also used and were prepared with 

the same process as the copper squares with the addition of rinse in a 10% 

H2SO4 and then placed directly in the jet electroplating system.  The acid 

rinse was performed to remove the oxide layer from the surface of the 

stainless steel and activate the surface.  This step improved adhesion of the 

deposited copper to the stainless steel.  

The substrate was then placed in the center of a 2.5 x 2.5 cm square 

of 3M electroplaters tape.  A 1 cm diameter hole was cut in the center of 

the electroplaters tape to expose the substrate.  The substrate was then 

taped to the substrate holder and bubbles in the tape were pushed out to 

ensure no electroplating bath could come into contact with unmasked areas.  

This configuration is illustrated in Figure 3.3.  After deposition the substrate 

holder and substrate were immediately rinsed with deionized water.  The
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substrate was then removed from the holder and tape and immediately dried 

with compressed air. 

 

4.2 Process Control 

 Current was applied by an EG&G model 273 galvanostat/potentiostat.  

Electrical connections were attached to the cathode and anode to measure 

the applied current and potential between the electrodes.  The potential and 

current measured by the EG&G model 273 was verified with a digital 

multimeter.  The multimeter was disconnected prior to the beginning of the 

deposition, as there was current leakage to the multimeter.  The EG&G 

model 273 galvanostat/potentiostat has an internal coulometer for the 

measurement of the charge passed during deposition.  The applied current 

was controlled to ±1 mA, potential was accurate to ±1 mV and the 

coulometer was accurate to ±0.1 C.  The measured potential during 

depositions ranged from 0.4 to 1 V.  A reference electrode was not used 

during deposition experiments. 

 The flowrate of the electroplating bath was controlled by a two ball-

valve system.  One valve was placed inline with the nozzle.  The other valve 

was placed inline with the overflow line to the tank.  Low flowrates were 

obtained by fully opening the overflow valve and closing the nozzle valve.  

For high flowrates, the overflow valve was fully closed and the rate fine-

tuned again by the closing or opening the nozzle valve.  A Blue White 
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Industries model F-1000 digital paddle wheel flowmeter monitored flowrate.  

The flowrate was controllable to ±0.01 L/min.  A photograph of the system 

with the flow control system is given in Figure 4.1. 

 

Figure 4.1 – Photograph of IJE system 
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4.3 Electroplating Bath 

 Initial experiments were performed with a 0.1 M CuSO4 + 1.2 M 

H2SO4 bath.  The bath was chosen so results could be compared to 

previous results found by our group with the rotating cylinder electrode 

(RCE) (4.1). The bath had been optimized for study of mass transfer in the 

electrocodeposition of copper with alumina particles for the RCE.  However, 

it was determined that the copper concentration in the bath was much too 

low to obtain shiny copper deposits with the IJE; deposits were red and 

powdery.  The copper concentration in the bath was then adjusted to 0.75 M 

CuSO4.  This gave better quality deposits, but there was poor adhesion of 

the deposits to the substrate.  A final adjustment to 1.0 M CuSO4 resulted in 

both good quality and good adhesion of the deposits to the substrate.     

The bath was made by first dissolving an appropriate amount of 

CuSO4•5H2O in water to obtain the desired concentration.  Then H2SO4 was 

added to attain 1.2 M concentration in the final bath volume.  Water was 

then added to achieve the final 3.5 L volume of the electroplating bath.  No 

additional CuSO4•5H2O was required between plating operations as the 

amount of copper during deposition did not significantly change the copper 

concentration in the electroplating bath. 
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4.3.1 Particle Loading 

Particle concentration in the bath was varied in this study to determine its 

effect on particle incorporation.  For the studies in which particle loading was 

not varied, a weighed amount of alumina particles was placed in a container 

and then electroplating solution was added to the desired volume of 

electroplating solution and particles.  For the experiments with varying 

particle concentration, an initial bath with the lowest particle concentration 

was made.  Particles were then added to the original electroplating slurry 

bath to increase and achieve the desired particle concentration.  Additions of 

particles were made directly to the tank of the impinging jet electroplating 

system. 

 

4.4 Experimental Procedure 

The first step in the process was to weigh the clean substrates three 

times and mount them as discussed in Section 4.1.  Samples would be 

adhered to the substrate holder with 3M electroplaters masking tape.  The 

substrate holder was then bolted into place on the tubes attached to the top 

of the cell.  A spacer was placed between the substrate and nozzle and the 

setscrews holding the nozzle were tightened to set the nozzle-to-substrate 

distance.  The nozzle-to-substrate distance was set at 1/4” to ensure that 

there would be an air gap between the nozzle and substrate at all conditions 

and also maximize the limiting current density.  The top of the cell was then 
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placed in the electroplating system.  The electrolyte slurry was made prior to 

operations and added to the IJE system before operations began.  The 

mechanical stirrer placed in the slurry was started and agitated the slurry for 

at least 5 minutes.  The tank was visually inspected to ensure that no 

significant buildup of particles was present on the bottom of the tank.  After it 

was determined that the particles and electrolytic solution were well mixed, 

the pump was started.  The flowrate was adjusted with the two ball valve 

system as discussed in Section 3.3.  Once the flowrate was adjusted the 

slurry was allowed to circulate in the system at least five minutes prior to 

applying current to the electrodes to ensure the flowrate was at steady state.  

The coulometer was reset to zero immediately prior to current being applied.  

The current was applied until 300 coulombs had been passed to yield the 

desired mass of deposit.  Once the charge had accumulated to give the 

desired mass, the current was turned off and the circuit to the IJE 

disconnected.  The sample was removed immediately and rinsed with de-

ionized water, removed from the holder, separated from the tape, and dried 

with the compressed air.  The samples were then weighed after they had 

fully dried.  Approximately 20 samples were deposited with each 

electroplating bath. 
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4.5 Particle Incorporation Analysis 

The electrogravimetric technique was used to determine particle 

incorporation due to the high reproducibility of measurement (4.1). EDS was 

used for elemental analysis to verify alumina particle incorporation and 

determine the relative incorporation in the samples.  While the EDS analysis 

gave reproducible results, they did not compare well with the 

electrogravimetric data. A suitable standard was not found to normalize EDS 

elemental analysis.  This prohibited the use of EDS for quantitative 

determinations of particle incorporation. 

 Two methods of electrogravimetric analysis were examined.  One 

method of electrogravimetric analysis was to determine the weight of 

deposited samples and compare it to the mass of copper determined 

through coulometry.  An excess weight would then be due to the particle 

incorporation.  This first method is described in detail in Section 4.4.1.  

Preliminary samples were not plated with 100% efficiency.  This 

necessitated a need to develop another method for quantitative 

determination of particle incorporation.   

 The second method was a combination of stripping voltammetry with 

electrogravimetric analysis.  The goal was to determine if there was weight 

loss in excess to that of the copper dissolved which would be due to loss of 

incorporated particles.   The weight of the deposited sample was taken and 

then a portion was electrochemically dissolved.  The remainder of the 
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original deposit was again weighed.  This method is discussed in detail in 

Section 4.4.2.  This technique could not accurately determine the particle 

incorporation of the codeposited sample; however, the change in Cu2SO4 

concentration in the final bath resolved problems with electroplating 

efficiency at approximately 100%, which allowed the use of the simpler 

electrogravimetric technique. 

4.5.1 Electrogravimetric Analysis 

 Electrogravimetric analysis is a technique, which utilizes the high 

efficiency of copper electroplating to determine the particle incorporation of a 

codeposited sample.  Copper electroplating efficiency is very near 100% 

allowing for accurate determinations of the amount copper deposited during 

the electrodeposition process.  This is a result of the absence of side 

reactions, such as hydrogen evolution.  The measured charge passed 

during the electrodeposition of metal would also include all electrochemical 

side reactions.     

Faraday’s law relates the charge passed during the electrodeposition 

process to the mass of material deposited in an electroplating process with 

100% efficiency and is expressed as follows: 

W

D

M
nFmQ =  (4.1) 

In the equation the charge passed, Q, is a function of the mass of metal 

deposited (mD) converted to moles deposited by the molecular weight MW 
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(63.55 for Cu), the number of electrons required for the reaction to occur (n), 

and scaled by the Faraday’s constant (F = 96,485 coulombs/equivalent).  

The number of electrons in the deposition of copper from a sulfuric acid 

plating bath is 2 from the following reaction: 

Cu2+ + 2e- = Cu (4.2) 

 The 100% efficiency of the copper electroplating process allowed the mass 

of copper (mD) to be accurately determined from Faraday’s law.  The 

codeposited sample can be weighed and particle incorporation determined 

by any excess weight found (∆W), as follows: 

100*)(%
w
mwwt D

∆
−∆

=  (4.3) 

 

For this study the internal coulometer of the EG&G Model 273 galvanostat / 

potentiostat measured the total charge (Q) used during the deposition.  An 

electric balance was used for the determination of the weight of deposits.  

Each deposit was weighed three times.  The accuracy of the electric 

balance was ±0.2 mg.  The plating was performed until the weight of copper 

from Faraday’s law was a minimum of 100 mg.  This allowed for accurate 

determination of particle incorporation to 0.2 wt%.  The reproducibility of 

measurements was ±0.2 wt%.  The electrogravimetric method is very fast 

and highly reproducible.  The nondestructive nature of this test allows for 

sample to be used for further testing. 
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4.5.2 Stripping Voltammetry 

 A method for combining stripping voltammetry with electrogravimetric 

analysis was developed for determining particle incorporation.  The sample 

was placed in a Teflon coated corrosion cell.  The counter electrode was a 

platinum foil.  A saturated calomel electrode (SCE) was utilized as a 

reference electrode to create a three-electrode system.  All three electrodes 

were submerged in the electrolytic bath.  The deposited sample was 

electrochemically dissolved by reversing the direction of current with the 

sample being the anode and the counter electrode becoming the cathode.  

Samples were only partially dissolved to avoid any charge being passed 

other than for the dissolution of copper.  The partially dissolved sample was 

rinsed and weighed.  The excess change in weight after dissolution would 

yield give particle incorporation mass. 

Several baths were examined for use in the dissolution of the 

codeposited samples.  The baths examined were an aqueous solution of 

saturated NaSO4, a 10% H2SO4, and 10% HCl.  The sulfate baths were 

found to be unsuitable due to side reactions which resulted in a copper 

sulfide film being produced on the deposit interface.  It is possible that the 

copper sulfide layer also prevented further dissolution of the deposit below 

this film.  The HCl bath allowed for more accurate determination of the 

copper electrochemically dissolved.  It was found that care must be taken to 

ensure a large enough bath and sufficient spacing between electrodes that 
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the copper concentration did not reach concentrations in the bath that would 

allow deposition of copper on the counter electrode to occur.  This is of 

importance as copper ions plating onto the counter electrode doubles the 

charge passed during the dissolution process preventing an accurate mass 

of copper dissolved to be calculated.  

 The ability to accurately dissolve a pure copper sample with 100% 

efficiency from Faraday’s law was realized; however, it was not possible to 

determine particle incorporation using this method.  This was most likely due 

to the small weight of the deposit dissolved.  The dissolution process was 

very slow; typical time to dissolve half of a deposit was 4 hours with 

dissolution less than 5 microns/hr, limiting the mass of material dissolved.  

The inability to completely dissolve samples made the accuracy of 

measurements with the balance ±0.4 wt% incorporation.  The long 

dissolution times was not practical for the number of samples planned and 

the lower accuracy made this method impractical for this study. 

4.5.3 SEM Analysis 

An FEI Quanta 600 Environmental Scanning Electron Microscope 

was used for all SEM evaluation.  Composition was determined by from 

energy dispersed x-ray spectrums (EDS) taken in the SEM.  Surface 

contamination prevented elemental analysis of the as-deposited surface.  

The cause of the surface contamination is discussed further in Section 4.5.  

It was observed that if the sample was removed and the substrate side of 
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the deposit was analyzed, compositional information could be obtained.  

Evaluating the substrate side of the deposit improved reproducibility, but the 

composition obtained from elemental analysis by EDS gave much higher 

values of particle incorporation than electrogravimetric analysis.  Therefore, 

EDS was found to be useful for determining changes in incorporation 

between samples but not absolute values of incorporation.     

Compositional information could also be determined at varying 

distances from the sample centerline.  Use of a backscatter electron (BSE) 

detector was also used in determining compositional information.  The BSE 

detector gives images with contrast based on atomic number.  This allows 

for alumina particles to be distinguished from the copper matrix.  Although 

BSE imaging and stereology could give an approximate measure of particle 

incorporation, this was not done as electrogravimetric methods were a more 

accurate method for determining particle incorporation.  

 

4.6 SEM and EDS Sample Preparation 

SEM was used to observe surface morphology of the deposited samples.  

Charging of alumina particles in the deposits in the SEM provided contrast 

to the copper matrix allowing for identification of particles on the surface of 

the deposit.  Figure 4.2 compares SEM images of a deposit (a) only rinsed 

in water and (b) sonificated deposit, shows very fine alumina particles as 

bright spots in the image. A small amount of electrolyte slurry remains on 
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the surface of the deposit once the flow of electrolyte slurry has been 

stopped in a codeposition experiment.  This stagnant slurry allows for 

settling of particles onto the deposit.  This was not seen in previous 

codeposition experiments with a RCE.  The configuration of the RCE system 

does not allow for settling of particles on the deposit surface once the 

hydrodynamic forces have been removed.  It was determined that 

sonification of samples in water for a period as short as 1 minute was an 

effective method of removing the particles from the deposit surface.  The 

removal of un-incorporated particles from the surface eliminated problems 

with reproducibility in EDS analysis for composition of the deposit.  In the 

case where deposits could be removed from the substrate, evaluation of the 

substrate side of the deposit was also found to be a reliable method of 

compositional analysis.  Evaluation of the substrate side of the deposit 

required the use of backscatter electron imaging so that a contrast between 

alumina particles and the copper matrix could be seen.  Analysis of the 

substrate side of the deposit could be performed on as-deposited samples. 
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a) 

 

b) 

 

Figure 4.2 – SEM images of codeposition sample (a) rinsed with just water 
a) with alumina particles (bright spots in the image) settled on the surface 

and (b) the same sample sonificated in water for 1 minute. 
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4.7 TEM Sample Preparation 

 All transmission electron microscopy (TEM) samples were prepared 

for examination using the same method.  A 1 mm diameter disk was 

punched from the deposited sample for examination.  Three TEM 

specimens were taken from each deposit examined.  The samples were 

thinned by electropolishing to a thickness at which light begins to pass 

through the sample for TEM evaluation.  The electropolishing bath was a 

mixture of 80 vol% phosophoric acid and 20 vol% water.  The 

electropolishing bath temperature was kept below 10°C to avoid pitting and 

etching of the surface.  A second 1mm disk of the substrate material was 

created.  The deposit was positioned between the substrate for the deposit 

and the blank disk.  The electropolishing unit utilized a twin jet system which 

removed material equally from both sides.   

The electropolishing unit operated until the built-in light sensor 

detected a small amount of light being transmitted through the sample.  The 

area electropolished was slightly less than the area of the 1 mm diameter 

circle.  The remaining area supported the TEM sample.  The samples were 

examined by optical microscopy and SEM in addition to TEM imaging to 

observe particle distribution and surface morphology. 
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4.8 Resistance Testing 

Resistance tests were performed with a Thermco four-point probe 

conductivity meter.  Samples were first removed from the copper substrate.  

Preliminary tests with deposits attached to the substrate resulted in the 

measured resistances being equal to those of the substrate.  The resistance 

was measured on the substrate side of the deposit.  This method was 

chosen as the substrate side is much smoother in comparison with the as-

deposited side of the deposition.  The substrate side eliminated the effects 

of dissimilar pressures among the conductivity probes leading to 

inconsistent results.  A total of 5 measurements were taken for each sample.  

The measurements were taken randomly across the deposit.  

Measurements were accurate to ±0.01 µΩ.  

 

4.9 Hardness Testing 

 The samples were prepared for hardness evaluation by first trimming 

the substrate to just the area of the deposit.  The deposit was then fixed to a 

stainless steel sheet with super-glue.  The stainless steel sheet was 

sufficiently thick (1/8”) to prevent any deformation.  This was necessary to 

eliminate any space below the sample, as it would allow for deformation of 

the sample not related to the ductility of the material.  A Hysitron Nano-

indentor with a Berhovich diamond indentor was used for hardness testing.  
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Measurements were taken between 1000 and 8000 µN.  One indentation 

was made at a random point in the deposit in 1000 µN increments. 

 



74 

 

Reference 

4.1 J.L. Stojak, Ph.D. Thesis, University of California, San Diego (1997). 

 



 

75 

5. Results and Discussion 

5.1 Process Variables 

 Control of the hydrodynamic, electrochemical, and particle loading 

conditions has been shown to be an effective method of controlling particle 

incorporation in the electrocodeposition of metal matrix composite films for 

an RCE system (5.1).  Therefore for this research with an IJE, the flowrate, 

particle loading, and current density were chosen to investigate their effect 

on particle incorporation.  Depositions with alumina particles of 50 nm and 1 

µm average diameter were also performed to study the effect of particle size 

on incorporation.  A main goal was to study the effects of limits of operation 

of the IJE system on particle incorporation.  

 

5.1.1 Flowrate 

Figure 5.1 shows the effect of flowrate on the incorporation of 50 nm 

diameter γ-alumina and 1µm α-alumina particles in copper.  The flowrate 

was varied from 0.5 to 7.0 LPM.  The limits of flowrate were due to the 

operating range of the electric diaphragm pump used in the system.  The 

current density applied was 75 mA/cm2 for all flowrates in Figure 5.1.  The 

particle incorporation ranged from 2 to 4.5 wt% incorporation for 50 nm 

particles and from 0.5 to 1.5 wt% incorporation for 1 µm, particles 

respectively, with increasing flowrate from 0.5 to about 3 LPM.  For both 

particle sizes the maximum particle incorporation was observed at a flowrate
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of about 2.5 – 3.0 LPM.  The results in Figure 5.1 are quite different from 

those reported by Takeuchi et al. for incorporation of 0.7 µm SiC particles in 

nickel with an IJE system (5.2).  They observed that incorporation 

decreased from 30 to 0 vol% with increasing flowrate from near 0 to 60 LPM 

for the Ni – SiC system at a current density of 120 mA/cm2.  The effect of 

flow rates will be compared in Section 5.2 by scaling with the Reynolds 

number (Re) for the IJE and RCE. 
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Figure 5.1 - Effect of flowrate on incorporation of alumina in copper for 50 
nm γ-Al2O3 and 1 µm α-Al2O3 at a current density of 75 mA/cm2 and particle 
loading of 120 g/L. 
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5.1.2 Current Density 

Current density was varied from 25 to 250 mA/cm2 for a flowrate of 

2.5 LPM which gave the maximum incorporation as shown in Figure 5.1.  

Deposits at 225 and 250 mA/cm2 were powdery and non-adherent and 

therefore, could not be evaluated for particle incorporation.  Figure 5.2 

shows that the particle incorporation for 50 nm diameter alumina decreases 

from approximately 7 wt% at 25 mA/cm2 to 2 wt% at 150 mA/cm2.  However, 

the opposite trend is shown for 1 µm diameter alumina particles in which the 

incorporation increases from 1.5 wt% at 75 mA/cm2 to 5.5 wt% at 200 

mA/cm2.   

The variation of current density was found to have the largest effect 

of all the system process variables on the particle incorporation for the IJE.    

This was also observed in studies of electrocodeposition of 50 nm γ-alumina 

in copper with a RCE (5.1).  A maximum incorporation of 7.0 wt% at 25 

mA/cm2 of 50 nm γ-alumina particles is a 60% increase over the maximum 

of 4.4 wt% at 20 mA/cm2 found for the RCE (5.1).  This is also nearly 5 times 

the maximum incorporation for a controlled hydrodynamic system of 1.45 wt 

% at 20 mA/cm2 of results published prior to Stojak when using an RCE 

system (5.3).  It should be noted that 7.0 wt% is the highest incorporation of 

γ-alumina particles in copper without the use of surfactants or pulse plating 

to date.  Incorporation with a parallel plate electrode configuration has been 

reported to be typically less than 0.1 wt% (5.3).  High incorporation of 1 µm 
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alpha alumina was also observed with the IJE system.  A maximum 

incorporation of 5.3 wt% was observed at 200 mA/cm2 and a flowrate of 2.5 

LPM.   In comparison, the maximum incorporation of 0.3 µm alpha alumina 

with the RCE system was only 0.7 wt% (5.1).  Alpha alumina has been 

observed to readily incorporate in copper with a parallel plate electrode 

configuration (30).  The largest incorporation reported for alpha alumina in 

copper to date is 8.8 wt% (5.3) with a parallel plate electrode system with 1 

µm diameter particles.  While the maximum incorporation of alpha alumina 

in the IJE system is not the highest reported, it should be noted that this is 

the first system in which high incorporation of both gamma and alpha 

alumina have been observed.  This will be further discussed in Section 

5.1.4. 
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Figure 5.2 - Effect of current density on incorporation for 50 nm γ-Al2O3 and 
1 µm  α-Al2O3 at a flowrate of 2.5 L/min  and particle loading of 120 g/L. 
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5.1.3 Particle Loading 

Particle loading in suspension has been shown to have a significant 

influence on incorporation regardless of the deposition system (5.3).  The 

effect of particle loading on incorporation was studied by varying particle 

loadings of 50 nm particles to 20, 40, 80, and 120 g/L with depositions 

performed at 75 mA/cm2 with a flowrate of 2.5 LPM.  The results are shown 

in Figure 5.3.  Suspension of particles above 120 g/L was difficult for the 

IJE.  Significant incorporation was seen with particle loadings as low as 20 

g/L in the electroplating bath.  The incorporation at 20 g/L was found to be 

0.8 wt%.  This is approaching the detection limits for the electrogravimetric 

technique utilized for determination of particle incorporation.  Similar values 

of incorporation were observed with a 39 g/L particle loading for the RCE 

system (5.3).  It may be possible to achieve incorporation with particle 

loadings below 20 g/L utilizing lower current densities as shown in Figure 

5.2.  At a particle loading of 120 g/L the particle incorporation increased to 

approximately 4.2 wt%.  A linear relationship of increasing particle 

incorporation with increasing particle loading was observed with the IJE.  



82 

 

y = 0.0321x

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 50 100 150

Particle Loading in Suspension (g/L)

Pa
rt

ic
le

 In
co

rp
or

at
io

n 
(w

t%
)

 
Figure 5.3 - Influence of particle loading on incorporation of 50 nm γ-Al2O3 in 

copper for a flowrate of 2.5 L/min and a current density of 75 mA/cm2. 
 

5.1.4 Particle Size and Crystal Structure  

 A 50 nm γ-Al2O3 obtained from Buehler Ltd. and a 1 µm α-Al2O3 from 

Alfa Aesar were successfully incorporated into copper in this study.  The 50 

nm γ-Al2O3 was the same alumina particle used in the studies done by 

Stojak (5.1).  The γ-Al2O3 has a corundum structure while the α-Al2O3 in a 

rhombahedral structure.  In the work by Stojak it found from the X-ray 

diffraction spectrum that the 50 nm γ-Al2O3 exhibited a mix of both gamma 

and alpha alumina (5.1).  It could not be determined whether the alpha was 



83 

 

distinct alpha particles in the as received powder or if the gamma had an 

alpha shell remaining from the production of the gamma powder.  The effect 

of the crystal phase on incorporation has been contradictory in the literature.  

Until the work by Stojak it had been reported that gamma alumina could not 

be electrocodeposited (5.3).  Stojak readily incorporated 50 nm γ-Al2O3 with 

the RCE, but had difficulty incorporating 0.3 µm α-Al2O3.  In this study it was 

found that both 50 nm γ-Al2O3 and 1 µm α-Al2O3 were readily incorporated 

with the IJE.  There is no other literature to report large incorporation of both 

alpha and gamma alumina to date.   

If the particle incorporation with varying flowrate and current density 

(Section 5.1.1 and 5.1.2) are examined in relation to the particle type and 

size it is clear that the entrapment method is quite possibly not the same.  

While the incorporation with regards to flowrate is very similar, it is clear that 

the effect of current density is very different.  With the trend of diminishing 

incorporation of the 1 µm α-Al2O3 to 1.7 wt% deposited in copper with the 

IJE at 75 mA/cm2 as seen in Figure 5.2, it is possible that at 24.5 mA/cm2 

the incorporation of α-Al2O3 would not be significantly higher than the 0.9 

wt% incorporation of 0.3 µm α-alumina in copper found by Stojak with the 

RCE (5.1).  However, at 20 mA/cm2 a maximum 4.2 wt% incorporation of 50 

nm γ-Al2O3 in copper with the RCE was found by Stojak compared to a 7.0 

wt% incorporation of 50 nm γ-Al2O3 in copper deposited at 25 mA/cm2 with 

the IJE.   
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The RCE and IJE have significant hydrodynamic force that transport 

particles to the deposition surface, but also transport particles away from the 

deposition surface after a residence time.  One possibility for this difference 

is that the growing metal film must move faster in a flowing system such as 

the RCE or IJE to incorporate the 1 µm α-Al2O3 particles. The assumption is 

made that the larger mass of the 1 µm α-Al2O3 particles would result in a 

greater probability of the particle being washed from the substrate.  The 

literature may reinforce this hypothesis as the parallel plate configuration, 

which lacks signification hydrodynamic force, resulted in incorporation to 8.8 

wt% of 0.5 µm α-Al2O3.  Without the hydrodynamic force the particle does 

not have sufficient residence time in the growing metal film for incorporation 

to occur.     

As it would require less time for the growing metal film to completely 

entrap the 50 nm particles, it would be expected that these particle would 

more readily incorporate than the larger 1 µm α-alumina.  This is not 

supported, however, by the literature, which had reported an inability to 

incorporate smaller diameter gamma alumina in systems without 

hydrodynamic forces such as with the parallel plate configuration (5.3).  This 

is also not supported by the data collected in this study and presented in 

Figure 5.2, as it would be expected that incorporation would be greater for 

higher current density depositions for both particle diameters as more of the 
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smaller diameter particles would be incorporated in the fast moving film than 

a slower moving film. 

Another hypothesis is that the smaller particles (50 nm) may be 

incorporated by a mechanical entrapment caused by hydrodynamic forces 

while the larger particles (1 µm) incorporate due to van der Wals forces.  

The mechanical entrapment would occur by the smaller particles being 

trapped in uneven features of the growing deposition and held in place by 

the hydrodynamic force.  Parallel plate electrode systems do not have a 

hydrodynamic force on the deposition surface which may allow for growth of 

the film below the particle moving the particles with the growing film rather 

than entrapping the particle in the growing film.  The surface features may 

be too small to trap the larger diameter particles.  The larger diameter 

particles could potentially have higher van der Wals forces at high current 

densities than the smaller diameter particles due to the difference in surface 

area interacting with the deposition surface.  The hydrodynamic force would 

be greater than the van der Wals forces holding the smaller diameter 

particles, which would be opposite of the dominant force for the larger 

diameter particles.  It is clear that the inconsistency in literature values of 

incorporation as to the ability to incorporate gamma and alpha alumina is 

likely a function of the configuration of the system used as no system allows 

for the high current densities and controlled hydrodynamics available with 

the IJE.  
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5.2 Comparison of Impinging Jet Electrode to other Electro-
deposition Systems 
 

The conventional electrodeposition systems used for codeposition of 

metal matrix composites are a parallel plate configuration, rotating disk 

electrode (RDE), and rotating cylinder electrode (RCE).  As discussed in 

Section 2.2, the parallel plate configuration has been capable of producing 

large incorporation of particles.  However, the incorporation was limited to 

alpha alumina particles, up to 8.8 wt%, and no more than 0.2 wt% of gamma 

nanoparticles was incorporated (5.1).  Typically current densities were less 

than 40 mA/cm2 with a maximum of 70 mA/cm2.  Incorporation was typically 

negligible for current densities above 40 mA/cm2.  With the RDE system 

incorporation of gamma alumina was found possible, but with incorporation 

of less than 1.5 wt% (5.3). 

The RCE has been studied thoroughly with the copper-alumina 

system by our group (5.1).  A maximum incorporation of 4.4 wt% of 50 nm γ-

Al2O3 with the RCE was incorporated at a current density of 20 mA/cm2, 

rotational rate of 1500 rpm, and particle loading of 58 g/L.  A maximum of 

7.0 wt% was incorporated with the IJE at a current density of 25 mA/cm2
,
 

flowrate of 2.5 LPM, and particle loading of 120 g/L.  The lowest current 

density that could be used to create a deposit with the IJE was 25 mA/cm2.  

If the trend of increasing incorporation for 50 nm particles with decreasing 

current density was extrapolated to the lowest current density of 5 mA/cm2 



87 

 

used for the RCE, it would be expected that the IJE would have a maximum 

incorporation above 7.0 wt%.  However, this would result in very long 

deposition times eliminating one of the advantages of electrocodeposition 

with the IJE. 

To compare the effect of hydrodynamics or the IJE and RCE 

systems, the Reynolds number can be used.  Figure 5.4 compares the 

incorporation of 50 nm particles as a function of the Reynolds number at 

500, 1000, and 1500 rpm for the RCE and flowrates of 2 to 7 LPM for the 

IJE.  (The study of the RCE only examined three rotational rates of 500, 

1000, and 1500 rpm.)  The RCE samples were deposited at a current 

density of 20 mA/cm2, while the IJE samples were deposited at a current 

density of 75 mA/cm2. These current densities are compared as data for 

varying flowrate was only taken at 75 mA/cm2 for the IJE and 20 mA/cm2 

was the current density with the maximum incorporation used for the RCE 

(5.1).  Although the RCE data is very limited, the behavior is very different.  

The RCE shows a very small increase in incorporation of 50 nm particles 

with Re from 3 to 3.5 wt%.  The IJE shows an initial increase in 

incorporation of 50 nm particles from 2 to 4.5 wt% then decreases at Re ≈ 

7,000 with again a slight increase to 3 wt% at Re ≈ 12,000. 

 If current density is considered near the flowrate at which the 

maximum incorporation occurred, 2.5 LPM, a dramatic effect can be seen in 

the incorporation for IJE deposits as shown in Figure 5.1.  Incorporation 
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varies from a minimum of 2.0 wt% to a maximum of 7.0 wt% at current 

densities of 25 mA/cm2 to 200 mA/cm2.  The incorporation with deposits 

made with the IJE in general decreases with current density for 50 nm γ-

alumina as shown in Figure 5.2.  The RCE had incorporation of 2.7, 3.0, and 

3.3 wt% for current densities of 5, 20, and 10 mA/cm2, respectively, at a 

rotation rate of 500 rpm (Re ≈ 4000), which is close to the Reynolds number 

for the IJE at the flowrate of 2.5 LPM  (Re ≈ 4500) studied with varying 

current density.     
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Figure 5.4 – Effect of flowrate in the IJE at 75 mA/cm2 and rotational rate in 
the RCE at 20 mA/cm2 on the incorporation of 50 nm γ-Al2O3. 
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The effect of particle loading of the bath on particle incorporation can also 

be compared for the RCE and IJE as shown in Figure 5.5.  In Stojak’s study 

incorporation of 50 nm γ-Al2O3 (Re ≈ 12000) increased with increasing 

particle loading of 38, 120, and 158 g/L for the RCE, as found with the IJE 

(Re ≈ 4000). 
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 Figure 5.5 – Effect of particle loading in the IJE at 75 mA/cm2, 2.5 LPM and 
particle loading in the RCE at 15 mA/cm2, 1500 RPM on the incorporation of 

50 nm γ-Al2O3. 
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It is difficult to compare results of the IJE with the parallel plate 

electrode other the than the effect of current density.  Deposition of α-Al2O3 

with current densities up to 70 mA/cm2 has been reported (5.3).  The particle 

incorporation, however, diminishes to negligible amounts above 20 mA/cm2.  

The maximum incorporation reported in literature is 8.8 wt% with a current 

density less than 0.7 mA/cm2 of α-Al2O3 for the parallel plate configuration.  

With the IJE a maximum incorporation of 6.0 wt% α-Al2O3 at 200 mA/cm2 

was observed, as shown in Figure 5.2. 

 There are several key aspects to consider in comparison of the IJE 

with other electroplating systems.  The first is that the ability of IJE to 

incorporate both gamma and alpha alumina is unique as compared to any 

other system.  As expected the limiting current densities of the IJE are much 

higher than for other systems due to the very high mass transfer rates.  

While the highest incorporations occur at the lowest current densities 

studied for 50 nm particles, the IJE is still capable of higher incorporation at 

higher current density than any other system.  Particle incorporation with 

particle loading trends are similar for the various systems, but the IJE will 

provide incorporation at lower particle loadings than the minimum used for 

any other system.  For the IJE the presence of hydrodynamic forces is 

extremely valuable in tailoring particle incorporation within films and 

providing consistently reproducible particle incorporation. 
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5.3 SEM Analysis 

 Evaluations of surface morphology and particle distribution were 

performed by the use of scanning electron microscopy (SEM).  Energy 

dispersed x-ray (EDX) analysis was used for verification of particle 

incorporation during SEM analysis.   

 

5.3.1 Particle Distribution 

To better understand the distribution of particles within the 

codeposited film, SEM with a backscatter electron detector was used to 

image the sample.  Figure 5.6 is an image taken of the substrate side of a 

codeposit formed at 150 mA/cm2 and a flowrate of 2.0 LPM.  The particle 

incorporation in the sample was 1.2 wt% of 50 nm alumina.  The atomic 

number dependence for backscatter electrons is a useful tool in determining 

the distribution of incorporated particles.  The dependence on atomic 

number results in alumina particles appearing as dark spots in the lighter 

copper matrix.  Figure 5.6 shows the random homogenous distribution of 

particles within the copper matrix.  It is also notable that particles appear to 

be incorporated both individually and as agglomerates.  The dark spots in 

the image were verified to be alumina by use of energy dispersive 

spectrometry (EDS).  The EDS spectrum at high magnification showed a 

strong aluminum presence and a very slight copper presence.  The image of 

Figure 5.6 was typical of the samples examined in the SEM. 
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Figure 5.6 - Backscatter electron image of a composite film made at 150 
mA/cm2 and 2.0 LPM with 50 nm γ-Al2O3 particles (shown as dark spots). 

 
 
 
 
5.3.2 Surface Morphology 

 Surface morphology of copper deposits varied greatly depending on 

plating conditions.  Deposits ranged from very nodular, to flat, to almost 

powdery.  The deposits in the figures this section were all deposited with a 

particle loading of 120 g/L of 50nm γ-Al2O3 particles in the respective 

electrolytes.  The experiments conducted with a 0.1M CuSO4 + 1.2M H2SO4 
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resulted in very nodular to powdery deposits.  The deposits were highly 

nodular outside the impingement zone and powdery within the impingement 

zone, as shown in Figure 2.5.  At sufficiently high current densities or 

flowrates, the powdery deposit would be completely removed by the flow of 

the electrolyte bath leaving the bare substrate in the impingement zone 

surrounded by a very thin deposit.  This effect can be seen in Figure 5.7a for 

a deposit outside the impingement zone at a flowrate of approximately 1 

LPM and a current density of 75 mA/cm2.  The powdery deposit from the 

impingement zone can be seen in Figure 5.7b.  This was likely caused by 

the high mass transfer at the low copper concentration in the bath. 

An increase in flowrate combined with a slight decrease in current 

density resulted in a less nodular surface morphology.  While less nodular 

the surface was still quite rough, consisting of a jagged surface.  The 

surface also exhibits dendritic type structures.  This is illustrated by the 

deposit shown in Figure 5.8, deposited at a current density of 50 mA/cm2 

and a flowrate of 7 LPM.   
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Figure 5.7 - SEM image of a composite film made at 75 mA/cm2 and 

1.0 LPM exhibiting (a) a nodular microstructure outside the impingement 
zone of the deposit and (b) powdery formation in the impingement zone. 

 

a) 

b) 
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Figure 5.8 - SEM image of a composite film made at 50 mA/cm2 and 
7.0 LPM exhibiting a jagged microstructure with dendritic features in circles. 
 

The surface became quite smooth for deposits with a 1.0M CuSO4 + 

1.2M H2SO4 electrolyte bath.  The effects of this change can be seen in 

Figure 5.9.  This sample was deposited at a current density of 150 mA/cm2 

and a flowrate of 2.5 LPM.  The as deposited surface was much smoother 

without the jagged, nodular, and dendritic features observed in the early 

deposits of this study from the 0.1M CuSO4 + 1.2M H2SO4 electrolyte bath.  

It was also noted that the deposited surface became smoother surfaces with 

decreasing particle incorporation and became more nodular with increasing 

particle incorporation in deposits from the 1.0M CuSO4 + 1.2M H2SO4 

electrolyte bath.  The images presented in Figure 5.7, 5.8, and 5.9 were 
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representative of samples deposited with similar processing conditions 

imaged in the SEM. 

 

Figure 5.9 - SEM image of a composite film made at 150 mA/cm2 and 
2.5 LPM with the 1.0M CuSO4 + 1.2M H2SO4 electrolyte bath. 

 

 

5.4 TEM Analysis 

 The samples for TEM evaluation were chosen from deposits of 50 nm 

particles made at the maximum and minimum values of both flowrate and 

current density.  Additionally, a sample was evaluated with the minimum 

particle incorporation 1.5 wt% at 150 mA/cm2 and a sample at the maximum 

incorporation for varying flowrate with 75 mA/cm2 current density.  The 

process variables for the TEM samples are listed in Table 5.1.  The particle 

loading for the bath for all samples was 120 g/L.  As shown in Figure 5.2, 
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the particle incorporation increased with increasing current density for 50 nm 

particles.  These samples were chosen, to demonstrate the key changes in 

the microstructure of deposits. 

  

Table 5.1 
Process Variables of Samples Evaluated by TEM 

for Deposits with 50 nm Particles 
 

Sample 
ID 

Flowrate 
(LPM) 

Current Density 
(mA/cm2) 

Particle 
Incorporation 

(wt%) 

Approximate
Grain Size 

(µm) 
A 0.5 75 2.0 1 

B 2.5 75 4.0 1 

C 2.5 25 7.1 1.5 

D 2.5 150 2.2 - 

E 2.5 200 2.9 175 nm 

F 7.0 75 2.9 - 

 

 

The microstructure of samples from the minimum current density, 

minimum flowrate, and deposition at 2.5 LPM and 75 mA/cm2, samples A, B, 

and C, showed no significant difference in microstructure.  The sample 

formed at 25 mA/cm2 did exhibit a slightly larger grain size than the samples 

formed at 75 mA/cm2.  Samples A, B, and C were polycrystalline with grain 

size greater than 1 µm.  Twinning defects were present in the samples A 

and C.  An attempt was not made to find twinning defect in the other 
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samples.  A TEM image of the deposit at the minimum flowrate of 0.5 LPM 

with a current density of 75 mA /cm2 and a 2.0 wt% incorporation can be 

seen in Figure 5.10. 

 

Figure 5.10 - TEM image of a composite film made at 75 mA/cm2 and 
0.5 LPM with 50 nm γ-Al2O3particles (shown as light spots) and twinning 

defects. 
 

Figure 5.10 shows twinning defects, several grain boundary 

intersections, and portions of incorporated particles on the surface shown as 

the bright white spots in the image.  Dark round spots can also be seen 

corresponding to particles incorporated below the surface dispersed 

randomly through the thickness of the sample.  No significant change in 

microstructure was seen with the variation of particle incorporation as 
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evident from the similar microstructure of samples A, B, and C.  Figure 5.11 

is an image of a deposit formed at 2.5 LPM and a current density of 25 

mA/cm2 resulting in an incorporation of 7.0 wt% of 50nm γ-Al2O3 particles.  

The dark black spots and bright white spots, alumina particles seen as dark 

below and white above the surface, in Figure 5.11 demonstrate the 

homogenous random distribution of particles in the deposit. 

 

Figure 5.11 - TEM image of a composite film made at 25 mA/cm2 and 
2.5 LPM with 50 nm γ-Al2O3particles (shown as dark spots). 

 

The maximum flowrate of 7.0 LPM produced a very nodular sample 

much like the areas outside the impingement zone of early deposits with the 

0.1M CuSO4 + 1.2M H2SO4 electrolyte bath.  Attempts to image this sample 

were unsuccessful and information about the microstructure of the deposits 
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could not be obtained for this process condition.  The sample deposited at 

2.5 LPM and 150 mA/cm2 shown in Figure 5.12 was of particular interest as 

the incorporation showed a minimum with current density in Figure 5.2.  The 

microstructure was very unique with an almost amorphous microstructure as 

shown in Figure 5.12.  This odd microstructure is likely related to the low 

particle incorporation.   

 

Figure 5.12 - TEM image of a composite film made at 150 mA/cm2 and 
2.5 LPM with a nearly amorphous microstructure. 

 

 Finally, the sample deposited with the maximum current density of 

200 mA/cm2 at 2.5 LPM was examined by TEM.  A surprisingly refined grain 

structure was found.  An average grain size of approximately 175 nm was 

determined from the TEM image shown in Figure 5.13.  While the average 
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grain size was 175 nm, there were many grains less than 100 nm in size.  

This very fine grained structure is of particular interest as there are few 

published reports of producing nanocrystalline copper.  Incorporated 

particles can be seen at grain boundary intersections in Figure 5.13.  This 

indicates grain refinement as a result of grain boundary pinning due to the 

particle incorporation (5.4).  The near nanocrystalline grain size is clearly 

due to the combination of the particle incorporation and high current density.  

Samples with similar incorporation studied did not exhibit this same fine 

grained structure.  High current density alone was also not sufficient to 

create the near nanocrystalline grain size. 
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Figure 5.13 - TEM image of a composite film made at 200 mA/cm2 and 
2.5 LPM with 50 nm γ-Al2O3particles (shown as bright spots) with a near 

nanocrystalline microstructure. 
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5.5 Resistance Analysis 

 The samples chosen for resistance analysis are listed in Table 5.2 

along with the processing conditions used to form the deposits.  The 

samples were chosen to give a range of particle incorporation and current 

densities.  As shown in Table 5.2, the resistance of deposited films is a 

function of both the particle incorporation and grain size of the matrix.  

Samples were made at various current densities by TEM analysis as shown 

in Table 5.1.  Current density was chosen as it was shown to have an effect 

on the grain size of the deposited matrix in the TEM analysis as seen in 

Table 5.1.   

Several relationships exist to describe the variation in resistance or 

conductivity (the inverse of resistance) with particle loading in a composite.  

Campo et al. examined resistivity for the case of Portland cement with 

conductive and inert particle incorporation up to 42 vol% (5.5).  The 

predicted conductivity from several models was compared with experimental 

data.  It was noted that for dilute solutions all of the models should reduce to 

Maxwell’s equation for the conductivity of composites as expressed in 

Equation 5.1: 

( )
( ) ( )20
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131 φφ
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σ
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−∆
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 (5.1)

where the conductivity of the composite is represented as σ, σM is the 

conductivity of the matrix phase, φ the volume fraction of particles in the 
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composite, and ∆ is the ratio of particle conductivity to the matrix 

conductivity with ∆=∞ for conducting particles and ∆=0 in the case of 

insulating particles.  The second term in Equation 5.1 then simplifies to 3 for 

conducting and –3/2 for insulating particles.  Campo et al. found that of the 

various models studied, the Meredith-Tobias model had the best agreement 

with their experimental data.  For the case of our alumina samples, the 

model for insulating spheres will be examined.  This form of the Meredith-

Tobias model for the conductivity of composites is given in Equation 5.2: 
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Table 5.2 
Process Conditions of Samples Evaluated for Resistivity 

 
Sample 

ID 
Resistivity 

(µΩ) 
Current Density 

(mA/cm2) 
Particle Incorporation 

(wt%) 
G 0.140 25 6.4 

H 0.145 75 2.1 

I 0.145 75 2.6 

J 0.160 125 2.8 

K 0.210 175 2.2 

L 0.130 175 0 

 

Figure 5.14 plots the experimental results resistivity for the six samples with 

various particle incorporation.  The resistivity of a copper film without 
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particles (sample F) of 0.13 µΩ is in agreement with values for bulk copper 

(5.6). With the volume fraction of incorporated particles for the copper-

alumina composites Maxwell’s equation and the Meredith-Tobias model 

have good agreement. The models under-predicted the measured resistivity 

of the composite sample with one exception of the highest particle 

incorporation sample for which the resistance is over-predicted. 

Figure 5.15 shows a plot of the resistivity of deposited copper 

alumina films versus the current deposition used to form the deposit.  

Current density is used as it was shown through TEM analysis to have a 

dramatic effect on grain size.  Grain size data were not available for the 

samples evaluated for resistivity.  This was due to composite films deposited 

for resistivity measurements were too thin to polish for evaluation by 

microscopy.  Grain size decreased with increasing current density 

determined by TEM analysis as shown in Table 5.1.  If the refined 

microstructure is considered from TEM evaluation the trend towards 

increasing resistivity (decreasing conductivity) with increasing current 

density can be easily explained by the additional grain boundaries within the 

sample due to the smaller grain size of deposited samples.  Aust et al. found 

that high deposition rates obtained by pulse plating could produce 

nanocrystalline films and deposition rate along with other process variables 

caused grain size of deposited films to vary (5.7). They found that the 

resistivity of electrodeposited nanocrystalline nickel was 8 µΩ in excess of 
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the polycrystalline bulk material (5.7).  This suggests that the refined 

microstructure is more of a controlling factor in the resistivity of materials 

than the particle incorporation within the composite.  It is also evident that 

the copper-alumina composites can retain up to 90% of the conductivity of 

pure copper even at an incorporation of nearly 15 vol% of alumina. 
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Figure 5.14 - Effect of 50 nm γ-Al2O3 particle incorporation on resistance of 
IJE electrodeposits at 2.5 LPM and varying current density. 
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Figure 5.15 - Effect current density utilized for deposition on resistance of 
IJE electrodeposits at 2.5 LPM and varying incorporation of 50 nm γ-Al2O3 

particles. 
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5.6 Hardness 

The measurement of hardness by indentation of the composite 

samples proved difficult due to the irregular surface morphology.  The 

nodular surface caused deflection of the diamond indenter.  Due to these 

difficulties only one indentation was taken per load for each sample 

examined.  The samples tested were pure copper deposits.  The measured 

hardness varied from 0.64 to 1.63 GPa.  The composite sample surfaces 

were too rough to obtain successful indentation.  The software provided 

associated with the nanoindenter used utilized the Oliver and Pharr method 

for determining the hardness (5.8).  Loads of 1000 to 10000 µN was applied 

to the composite samples.  The applied load resulted in displacements from 

200 to 550 nm.  In comparison with the work done by Beegan et al. the 

displacements are consistent for the applied load in most cases (5.8).  The 

median hardness was approximately 1.5 GPa, which was slightly below that 

determined by Beegan. While it was not possible to quantify the hardness of 

the composite samples, it was noted by manual deformation of the 

deposited films that a very obvious decrease in the ductility of samples 

occurred with particle incorporation and most dramatically with high current 

density composite samples.  This decrease in ductility would most likely 

correspond to an increase in hardness. 
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6. Conclusions 

The goal of this study was to design and build an IJE system to 

systematically study the effects of process variables on the particle 

incorporation in electrocodeposited composite samples and the resulting 

microstructure of deposits.  This system offers the ability to plate large flat 

substrates or selective lines at very fast rates.  Control of the process 

variables allows particle incorporation within films to be tailored.  This work 

was directly compared to work with the RCE system with copper alumina 

electrodeposited composites.  

First, an impinging jet electrode system was designed, developed, 

and built for deposition of composite films.  Although there are several 

designs for IJE electroplating systems (no particles), there is only one report 

of an IJE for producing composite films with little detail of the actual system 

(6.1).  Therefore, this system is a unique design.  One of the most 

challenging issues was identifying a pump that could withstand the acidic 

nature of the electrolyte bath and not suffer from excessive erosion of 

friction surfaces by the hard ceramic particles.  While a traditional centrifugal 

pump was suitable for the larger 1 µm particles, the smaller 50 nm particles 

eroded friction surfaces at a rate that resulted in excessive maintenance of 

the pump being required.  However, an electric diaphragm pump was found 

to be suitable, as it had limited friction surfaces and was still able to provide 

sufficient flowrates for pumping of the electrolyte slurry.  Other issues
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included fabricating a tank and jet cell large enough to accommodate the 

recycled electrolyte slurry and withstand the acidic nature of the electrolyte 

bath.  

A unique method of suspending the substrate on a small holder 

directly above the electrolyte slurry was developed for this study.  This was 

of great importance to ensure particles were re-circulated in the system.  

This also required developing a method for supplying current to the 

substrate that would not be exposed to the electrolyte slurry during 

depositions, would not interfere with the flow of the electrolyte slurry, and 

would not cause particles to be blocked from flowing back to the electrolyte 

slurry reservoir.  The holder was also designed to allow for quick removal of 

substrates to accommodate many depositions.  This is also the first design 

to utilize a conductive tube as a one-piece nozzle and anode.  By using a 

solid conductive tube the ratio of anode to cathode surface area was greatly 

enhanced.  The design also allowed for adjustment of the nozzle to 

substrate distance.   A two ball valve system was built and coupled with a 

digital flow meter to control flowrate. 

Next the IJE processing limits were determined.  For the IJE a high 

copper concentration was used in the electrolyte bath due to the high mass 

transfer rates.    A bath of 1.0M CuSO4 + 1.2M H2SO4 was found to be 

suitable for good quality deposits over a wide range of conditions. 
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The process variables evaluated were flowrate, current density, 

particle size, and particle loading as the limits of the process operation.  

Evaluation of particle incorporation was performed by electrogravimetric 

analysis due to the high accuracy (±0.2 wt%) and reproducibility (±0.2 wt%) 

of the technique.  Flowrate was varied from 0.5 LPM to 7.0 LPM, with the 

limits determined by the capabilities of the pump.  One of the major 

advantages of the IJE is the enhanced deposition rates over conventional 

electrodeposition systems.  Current density was varied from 25 mA/cm2 to 

200 mA/cm2.  Therefore, the lowest current density was near the maximum 

current density used in studies with other electroplating systems.  The 

maximum current density was limited by the ability to produce a shiny 

copper  (not powdery) deposit.  Particle size was chosen to provide a 

nanosize particle of 50nm and a particle of at least one order of magnitude 

greater size.  The particle loading was started at slightly below the maximum 

possible particle loading of 160 g/L and was systematically decreased to find 

the lowest particle loading resulting in an incorporation clearly outside of the 

measurement error.  The minimum particle loading at which a measurable 

particle incorporation was observed was 20 g/L.   

With the processing boundaries set, a test matrix was determined to 

systematically study the effects of the process variables.  The maximum 

incorporation was determined to be 7.0 wt% (14.9 vol%) at a current density 

of 25 mA/cm2 and a 2.5 LPM flowrate for 50 nm γ-alumina.  Current density 
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was found to have an opposite effect on the incorporation of 50 nm and 1 

µm particles increasing with current density for 50 nm γ-alumina and 

decreasing with 1 µm α-alumina.  The maximum particle incorporation was 

5.3 wt% for 1 µm α-alumina deposited at 200 mA/cm2 and a flowrate of 2.5 

LPM.  The effect of flowrate was consistent for both particle sizes with 

maximum particle incorporation between 2 and 3 LPM.  Increasing particle 

loading resulted in an expected linear increase in particle incorporation.  

This was the first investigation to report significant incorporation of both 

gamma and alpha phase alumina particle in copper.   

 The third stage of this study was to evaluate the microstructure of 

deposited films.  Both backscatter electron imaging with the SEM and TEM 

images of composite samples showed a homogenous random distribution of 

particles.  Surface morphology was examined by SEM imaging.  Surfaces 

ranged from very smooth to very nodular.  The greatest effect on surface 

morphology appeared to be from the copper concentration in the electrolyte 

bath and current density.  Grain size was determined by TEM imaging of 

films.  The samples chosen to evaluate by TEM were the maximum and 

minimum flowrates and current densities, sample with the minimum particle 

incorporation of 1.5 wt%, and the sample with the maximum incorporation 

for varying flowrate. The majority of films were polycrystalline with grain 

sizes greater than 1 µm.  High current density (200 mA/cm2) depositions 

resulted in near nanocrystalline grain sizes of approximately 175 nm.  In the 
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analysis it was clear that this grain refinement was a result of the high 

current density and particle incorporation as pure copper high current 

density deposits were coarse grained. 

 The final stage of this study was to evaluate the physical properties of 

the deposited films.  Electrical resistance of six composite films was 

evaluated as well as pure copper electrodeposited with the IJE.  The films 

were selected to give a range of particle incorporation and current densities 

used for deposition.  The grain size of deposits was assumed proportional to 

current density (6.2).  Evaluation of the resistance of the composite films 

indicated a greater influence of grain size than particle incorporation.  

Resistance of high incorporation was only a 10% increase over the 

resistance over pure copper.  The near nanocrystalline deposits resulted in 

close to a 75% increase in resistance.  

 
 
6.1 Suggested Future Work 
 

The IJE offers the potential to deposit nanocrystalline nanocomposite 

films on large surfaces or in selective areas.  The IJE would allow for use of 

direct current electroplating power supplies to be utilized for the deposition 

of the nanocrystalline nanocomposite films.  Pulsed plating which has been 

shown to be capable of electrodepositing nanocrystralline films and 

composites requires power supplies capable of turning current on and off at 

a set interval, typically several cycles per second.  Equipment capable of 
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pulsing current requires far more investment to develop an electrodeposition 

system.  The IJE could be investigated with the used of pulsed current 

deposition.  The benefits of the IJE could still be utilized with pulsed plating 

and current densities far above those available with the IJE may be 

possible.  Pulsed current has been used to utilize increased current 

densities in other electrodeposition systems by turning off current long 

enough for metal ions to be transported to the substrate.  This process could 

also work for the IJE.  Additional work to understand the effect of mass 

transfer of metal ions to the substrate should include the effect of particles 

on mass transfer.   

 Further work with varying particle types could be useful in 

understanding the mechanism of incorporation.  A study that would utilize a 

pure γ-Al2O3 and a pure α-Al2O3 of the same mean diameter if available 

could help to further the understanding of the mechanism by which particles 

are entrapped during the electrocodeposition process.  The ability of the IJE 

to incorporate both particle types could help to resolve the contradictions in 

the literature as to the ability to incorporate the different particle types.  The 

use of other particle types may also give an improved understanding of the 

mechanism.  Utilizing particles of different densities, different sizes, 

conducting versus non-conducting, and different crystal phases of the same 

particle should be used to prove or disprove current theories on the 

mechanism of particle incorporation.  Similar particle types to those used in 
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other published reports would give more comparative data for the 

development of better models of the incorporation process.  A better 

understanding of the mechanism could greatly benefit modeling efforts and 

thus provide an advancement towards the goal of developing predictive 

models for determining the particle incorporation for a given set of process 

variables theoretically. 

 Additives for the purpose of de-agglomeration of particles should be 

explored.  Smaller particles may also have a significant effect on grain size.  

Smaller particles would create more sites at which grain boundary pinning 

would occur.  Additives could potentially also aid in the refinement of grain 

size to nanocrystalline deposits.  A number of organic additives have been 

explored for each of these purposes and could easily be added to the 

electrolyte slurries used in the IJE (6.3). 

 Data collected from lower current densities would allow for a more 

direct comparison with other electroplating systems.  Lower current densities 

would also determine the maximum 50 nm γ-alumina particle incorporation 

that can be obtained with the IJE as the highest incorporation was formed at 

the lowest current density of this study.  It was believed that particle 

incorporation would increase with decreasing flowrate, however, the 

maximum incorporation with vary flowrate was found in the middle of the 

range of flowrate studied.  Therefore, the effect of flowrate may be more like 
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that observed for the RCE and varying flowrate should be tested at 

additional current densities to better understand the effect of flowrate. 

 Finally, a continued study of the physical properties of the IJE 

deposited films should be pursued.  Films plated too much greater thickness 

(≈1 mm) would allow for samples to be polished.  A smooth polished surface 

would resolve issues encountered in attempts to obtain hardness data in this 

study.  A smoother surface would also benefit resistant measurements as it 

would result in equal pressure at each contact probe in a conductivity meter.  

The incorporation of functional materials could be used to further modify the 

physical properties of the composite films.  This could include further 

enhancements to hardness and wear, tailored magnetic properties of 

composite films, modification of the conductivity of films, and many other 

possibilities depending on the functional material incorporated. 
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