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Abstract

The electrodeposition of Cu-Ni incorporated with nano- to microparticles to produce
metal matrix composites has been reviewed in this chapter. The inclusion of particles into
the metal matrix produced enhanced properties in the areas of electronics, mechanics,
electrochemistry, and corrosion. In electronics, an increase in the magnetic properties and
durability for microactuators was observed. Measurements of the mechanical properties
showed an increase in hardness, wear resistance, shear adhesion, and tensile strength for
the material. The corrosion resistance of the metal matrix coatings was improved over
that of pure Cu-Ni. As the accessibility of nanoparticles continues to increase, the interest
in reduced cost and low-temperature electrodeposited metal matrix composites continues
to rise. However, only a small number of articles have investigated Cu-Ni composite
coatings; these composite coatings need further examination due to their advantageous
properties.

Keywords: Electrodeposition, Metal Matrix Composites, Cu-Ni alloys, Coatings, Nano-
particles

1. Introduction

Metal matrix composite (MMC) coatings engineered using an electrodeposition method are
examined in this chapter. The electrodeposition of a composite involves the electrolysis of
plating baths where nano- to micro- sized particles are dispersed and various quantities of the
particles become imbedded within the plated metal matrix, providing special properties to the
coating (Figure 1) [1]. The process of particle incorporation into metal coatings can be simpli-
fied into four steps: (1) particles dispersed in solution form a surface charge; (2) from the bulk
solution, there is mass transport of the particles to the surface of the electrode typically through
convection; (3) there is interaction between the particle and the electrode; (4) the particles
become trapped within the growing metallic film [2]. The earliest example of electrodeposited
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composites dates back to the 1920s where Cu—graphite coatings were developed for automo-
tive bearings [3, 4]. Enhanced corrosion, tribological, and mechanical properties were the main
research focus of the automotive and aerospace industries in the 1970s-1990s, leading to
significant technological advancements. In the early 2000s, some of the focus started to shift
to electrical components and electronic devices [5-10]. As the accessibility of nanoparticles
continues to rise, the interest in reduced cost and low-temperature electrodeposited MMCs
continues to escalate [2].
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Figure 1. Schematic displaying the growth of MMCs by electrodeposition.

Coatings can be produced by using several different approaches, and electrodeposition
remains a prominent technique to produce novel materials for science and engineering
applications. Electrodeposition also offers low cost, convenience, ability to work at low
temperatures, and the ease of application to complex geometries [11, 12]. Other advantages
for using electrodeposition include the ability to quickly scale to an industrial setting, uniform
coating of large samples, and accurate control of the coating thickness [2]. Other methods for
producing MMCs include commercial pressing [13], laser cladding [14], hot pressing [15],
plasma transferred-arc surfacing [16], stir casting [17], diffusion bonding [18], powder
metallurgy [19], and chemical vapor deposition [20]. Each of these methods has different
advantages and disadvantages. However, some of the drawbacks include production at high
temperatures or under vacuum, difficulty in controlling the thickness, and cost.

MMCs coatings combine the advantageous properties of each individual material together
which is not possible with the non-composite metal films [21, 22]. An extensive amount of
work has gone into examining copper-based MMCs [23-27] and nickel-based MMCs [28-32]
since individual metals can exhibit a limited range of properties. An important route to
improving the properties of individual metals is the deposition of alloys such as Zn-Ni, Ni—-
Mo, and Cu—-Ni [33-35]. Successful incorporation of particles into the metal matrix by electro-
codeposition relies on many different parameters, including the composition of the electrolyte,
pH, current density, and properties of the particles [36]. Incorporating particles such as TiO,,
SiC, AL, O;, carbon fibers, Ni, Al, and Cr into the Cu—Ni matrix of different coatings enhances
the electrical, mechanical, and corrosion properties of the coatings [5-9, 21, 37-40].

Copper alloys, such as Cu-Ni, have been studied because of their good electrical and thermal
properties, machinability, and resistance to corrosion [41-44]. Copper is relatively soft and
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needs to be alloyed with another metal, such as nickel, to increase the hardness of the material
[43, 45]. Also, with the addition of Ni into the Cu matrix during electrodeposition, it is possible
to grow films with minimal strain due to both Cu and Ni having face-centered cubic crystal
structures and similar lattice parameters [46]. The electroplating of copper alloy films has an
instrumental role in many different industry-related applications. For instance, electroplating
has found a niche in microelectromechanical systems (MEMS) because the process can deposit
different alloys onto depressed and oddly shaped geometric substrates [5, 6, 10, 45]. Cu-Ni
coatings have been evaluated for use as inert anodes in the fabrication of aluminum because
of their enhanced electrical and thermal conductivity [8, 9]. In marine environments, copper
alloys are used to defend against biofouling of materials by inhibiting microbial-induced
corrosion (MIC) [47-50].

Understanding the incorporation of particles into these alloys requires mathematical model-
ing. Early models dating back to the 1960s from Williams and Martin [51] proposed that particles
were transported to the cathode surface via a convection transport mechanism facilitated by
stirring the plating bath. Brandes and Goldthorpe [52] hypothesized that entrapment by
mechanical means was not the only factor at play and decided that an electrostatic force must
be aiding the inclusion of the particles into the metal matrix. In 1972, Guglielmi [53] became the
first to propose a mathematical model that explained the inclusion of particles into the metal
matrix. The model followed a simple two part approach: (a) the particles slowly move toward
the surface of the cathode and adsorb very loosely and (b) then the particles become securely
adsorbed by shedding their ionic cloud. The derived model equations are [40, 53]:

a nFdv, k

C(l_a) Wia e(A—B)W(l +Cj 1)

i=(1-9)ie" )

where C is the vol.% of particles in the electrolyte solution and « is the vol.% of the particle
incorporated in the composite film. W corresponds to the atomic weight of the metal in the
coating, F is Faraday’s constant, d is the density of the metallic coating, and # is the valence of
the metallic coating. 1) relates to the overpotential, i is the current density, and i, is the current
density from the metallic coating. The v term is a constant from the deposition of the particle,
A is a constant from the deposition of the metal, and B is a constant from the particle inclusion.
The 9 relates to the coverage of the surface by the particle that is incorporated into the metal
coating and k is the adsorption coefficient. Although the model has some holes, such as not
taking into account the mass transport of the metal ions or the particles and the nature of the
particle or the shape, it is still one of the most widely used models to date. In 1987, Celis et al.
[54] hypothesized a nnew five part model, which is built on the idea of Guglielmi’s two part
model. The drawback of this model is that factors need to be created that are specific to each
individual system. As late as 2002, Bercot’s group [55] proposed an addition to Guglielmi’s
original model that included a polynomial for the purpose of correcting for different effects
presented by adsorption and flow.
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A survey of the literature for the incorporation of particles into Cu-Ni coatings is shown in

Table 1. The composite coatings described in Table 1 are for electrodeposited processing only.

Other Cu-Ni composites have been made using different techniques, but fall outside the scope

of this chapter.

This chapter will cover the electrodeposition of Cu-Ni alloys onto steels and other substrates

to improve corrosion resistance and mechanical properties. The influence of the deposition

parameters will be covered as well as the electrodeposition mechanism. The resulting me-

chanical and corrosion properties will also be discussed in the chapter.

Reference Possible Applications Deposition Conditions Composite
Panda et al. Recessed microelectrodes 1.0 M NiSO,-6H,0 Cu-Ni alloy
[5] for MEMS devices 0.04 M CuSO,-5H,0 incorporated with
0.3M Na;C;H;0,-2H,0 YALQO; (~30 nm)
3.125-12.5 g/L AL,O,
j=2-50 mA/cm? 26°C
Huang et al. Magnetic microactuators 200-250 g/L CuSO,-5H,0 Cu incorporated with
[10] for MEMS Devices 45-90 g/L H,SO, Ni nanopowder
Plating rate: ~0.2 um/min (~50 nm)
40°C
Chen et al. Electrical and electronics ~ Alkaline noncyanide-based copper-plating Cu incorporated with
[6] (speakers) solution Ni nanoparticles
2-8.5 g/L Ni
40°C
Stir rate: 250 rpm
Huang et al. Electrical and electronics 120 g/L Na,C,H;0,-2H,0 Cu-Ni incorporated
[8, 9] (MEMS devices) 25 g/L. H;BO, with Cr nanoparticles
12 g/L NiCl-7H,O (~40 nm)
100 g/L NiSO,-7H,O
5-25 g/L CuSO,-5H,0
j=0.5-2 A/em? 35°C
Chrobak et al. Mechanical and Young's 150 g/L CuSO,-5H,0 Cu incorporated with
[21] modulus 10 g/L H,SO, Ni nanoparticles
Ni 0.1-20 mg/mL (~100 nm)
j=1-100 mA/cm?
Fawzy et al. Mechanical and hardness 50 g/dm?® Na,C,H,0,-2H,0 Cu-Ni incorporated
[371 25 g/dm® H;BO, with ALQ; and TiO,

50 g/dm® Na,SO,-10H,0O
40 g/dm® NiSO,-7H,O
5-25 g/dm? CuSO,-5H,0
j=0.33-1.33 A/dm?

0-20 g/dm?® Al,O; and TiO,
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Reference Possible Applications Deposition Conditions Composite
Hashemi et al. Mechanical, hardness, and 90 g/L H,C,H;O, Cu-Ni-W
[38] wear 60 g/L NaOH incorporated with SiC
60 g/L Na,WO,-2H,0 (~50 nm)

20 g/L NiSO,-7H,0
1 g/L CuSO,-5H,0
0-25 g/L SiC
j=10-50 mA/cm?
Stir rate = 100-600 rpm

Wan et al. Mechanical and tensile *Bath Conditions Not Given Cu-Ni reinforced
[39] strength carbon fibers (6-8
pm)
Cui et al. Electrochemical Study for 184 g/dm? NiSO,-6H,O Cu-Ni incorporated
[40] Magnetic and mechanical 6.24 g/dm?® CuSO,-5H,0 with Al nanoparticles
properties 76.47 g/dm® Na,C,H,O,-2H,0 (3 um)

0.2 g/dm® Sodium dodecyl sulfate
0.5 g/dm’saccharin
Stir rate = 200 rpm
j=10-20 mA/cm? 30°C

Thurber et al. Mechanical, hardness, 0.24 M Ni(NH,),(SO,),-6H,0 Cu-Ni incorporated
[60] shear and corrosion 0.06 M CuSO,-5H,0 with MMT platelets
0.25 M Na,C¢H;0,-2H,0
MMT 0-0.2%

E,,=-1.0V 25°C

app ~

Table 1. A summary of the work produced on electrodeposited Cu-Ni composite coatings.

2. Cu-Ni MMCs in MEMS and Electronics

Cu-Ni composites have shown to be beneficial in the area of MEMS devices, microactuators,
and electronics. Al,O;, Ninanoparticles, and Cr particles have been incorporated into the metal
matrix to produce improved mechanical properties, magnetic properties, and chromia scale
for oxidation resistance [5, 6, 8-10].

Panda et al. [5] evaluated the electrodeposition of graded Ni—Cu alloys and Ni-Cu—yAl,O;
composites into deeply depressed electrodes made using X-ray lithography for use in MEMS
devices. The rotating cylinder experiment showed that the current efficiency was below 100%
for the deposition over a diverse range of current densities. With the inclusion of 12.5 g/L of
alumina at a rotation rate of 1,000 rpm, it was found that the current efficiency was drastically
lowered by the incorporation of the nanoparticles below 20 mA/cm? but produced deposits
with higher copper content which was preferred. At the greater current densities (30-50 mA/
cm?), the current efficiency was less effected but lead to coatings with higher nickel content.
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The Cu weight ratio was studied at different heights on the micropost for pure Cu-Ni and Cu-
Ni-AlLQ; at current densities of 10 and 15 mA/cm?, seen in Figures 2 and 3, respectively. A rise
in the concentration of Cu along the post was expected due to the reduction of boundary layer
thickness because of the diffusion-controlled reaction mechanism of copper. The composite
micropost showed a sharp increase in the Cu concentration starting at about a height of 300
um with the incorporation of alumina, which suggests that the incorporated nanoparticles into
the plating bath helped to improve the mass transport at the site of the recess.
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Figure 2. The copper weight ratio versus the height of the micropost with and without alumina for the current density
of 10 mA/cm? and a duty cycle of 0.125. “Reproduced by permission of The Electrochemical Society.” [5].
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Figure 3. The copper weight ratio versus the height of the micropost with and without alumina for the current density
of 15 mA/cm? and a duty cycle of 0.125. “Reproduced by permission of The Electrochemical Society.” [5].

Huang et al. [10] experimented with a Cu—Ni composite from a plating bath consisting of an
alkaline copper solution incorporated with 2-5 g/L of ~50 nm nickel nanoparticles to increase
the performance in magnetic microactuators for MEMS. The superconducting quantum
interference device (SQUID) measurements for magnetism seen in Figure 4 demonstrates that
with the inclusion of ferromagnetic Ni particles into the copper matrix, the film shifts from
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diamagnetic to ferromagnetic in nature as the curve becomes larger. The vertical displacement
of the magnetic microactuator was measured for the actuator coils fabricated from copper and
Cu-Ni composite materials. Figure 5 indicates that under the same experimental conditions,
the Cu-Ni composite coil possessed a greater vertical displacement versus the pure Cu film,
leading to about a 9% increase in the actuation enlargement performance.
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Figure 4. The SQUID measurements of copper versus the Cu-Ni composite electrodeposited from a bath that con-
tained 2-5 g/L of nickel nanopowder. “Reprinted with permission from [10]. Copyright [2007], AIP Publishing LLC.”
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Figure 5. The vertical displacement results of the diaphragms compared to the normalized input experienced by the
driving coils, which consists of the copper and Cu-Ni composite.”Reprinted with permission from [10]. Copyright
[2007], AIP Publishing LLC.”
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Chen et al. [6] proposed a new coil material for a reduced power electromagnetic microactu-
ation device using Cu-Ni nanocomposites from an alkaline Cu-plating bath integrated with
2-8.5 g/L 100 nm nickel nanoparticles. Different coil widths ranging from 10-500 pum were
examined with SQUID and resistivity measurements to determine the optimal power-saving
microspeaker device. The SQUID and resistivity analysis found that the 200 um wide inductive
coil from the bath containing 2 g/L of Ni nanoparticles had optimal ferromagnetic character-
istics with low resistivity. The sound pressure level was then evaluated for the pure copper
and optimal Cu-Ni nanocomposite wire for a frequency ranging from 1-6 kHz, which resulted
in a 40% power savings for the Cu-Ni nanocomposite versus the pure copper coil [6].
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Figure 6. The stacked X-ray diffraction patterns of the Cr,O; scale generated on four different samples after oxidation
in atmosphere at 800 °C for 20 h: [a] commercial grade Cu-30Ni-20Cr, [b] commercial grade Cu-50Ni-20Cr, [c] electro-
deposited Cu-30Ni-20Cr composite, and [d] electrodeposited Cu-50Ni—20Cr composite [9].“Reprinted with the per-
mission of Cambridge University Press.”

A crucial problem for extending the applications of Cu—Cr MMCs is poor resistance to
oxidation, specifically in high-temperature environments for the electrical and electronic
industries [8, 9]. This is due to the fact that at high temperatures chromium has a low solubility
into copper, which greatly decreases the chromium amount diffusing to the surface of the
copper matrix, preventing growth of the protective Cr,0O; scale. Nickel can be added into the
matrix to increase the solubility of Cr into the composite to help increase the resistance to
oxidation [9]. Huang et al. [8] discussed the electrodeposition of Cu-Ni—Cr, where copper and
nickel were at a 1:1 ratio. They found that incorporating 15-20 wt.% Cr nanoparticles (~40 nm)
into the Cu-Ni matrix allowed for a good chromia scale to form during the oxidation process
in atmosphere at 800°C. It was found that incorporating less than 15 wt.% Cr lead to non-
uniform growths of the chromia scale. Huang et al. [9] also examined the electrodeposition of
Cu-30Ni-20Cr and Cu-50Ni-20Cr for the formationof the Cr,O; protective scale. Figure 6
displays an X-ray diffraction pattern for the two electrodeposited coatings plus two commer-
cially available alloys of the same composition after oxidation in atmosphere at 800°C. The
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result shows that the commercial alloys mainly consist of more NiO, Cu,0O, and CuO after
oxidation, whereas the electrochemically prepared coatings consist primarily of Cr,0O; and
NiCr,0O,. Figure 7 shows SEM pictures of the Cr,0O; scale created from the oxidation process at
800°C. It was discovered that for the electrodeposited samples the Cr,0O; scale quickly formed
in the initial stage of growth and continued through the steady-state stage, where the coating
acts as a reservoir for Cr to maintain the chromia scale growth. The commercially available
sample Cu-50Ni-20Cr showed a similar result to the electrodeposited coatings but the Cu—
30Ni—20Cr showed virtually no growth of the Cr,O; scale, which showed that the commercial
grade relied on an increase in Ni content to grow the chromia scale [9].

Sample surface

Sample surface

(b)

Figure 7. The cross-sectional SEM of the Cr,O; scales formed on the surface of the Cu-Ni—Cr alloys of [a] Cu-30Ni—
20Cr and [b] Cu-50Ni—-20Cr, which was oxidized for 20 h in atmosphere at 800°C and the inset displays the structure
of the different oxides at the surface, which are designated by arrows [9].“Reprinted with the permission of Cambridge
University Press.”
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3. Cu—-Ni MMC s for Enhanced Mechanical Properties

Particle incorporation can be used to improve mechanical properties for MMC coatings over
that of the pure metal matrix. The Cu-Ni matrix has been incorporated with Ni particles,
TiO,, Al,O,, SiC, carbon fibers, and montmorillonite to increase the hardness, wear resistance,
shear adhesion, and tensile strength [21, 37-39, 60].

Chrobak et al. [21] examined the electrodeposited copper incorporated with Ni powder (~100
nm) at varying current densities to examine the effects to Young’s modulus. They experiment-
ed with current densities ranging from 1-100 mAcm™ and found that the concentration of Ni
in the coating increases linearly with current density but the thickness of the coating decreases
because the transport of Cu to the electrode surface is suppressed by the Ni particles. They
also discovered that adding 25 vol.% of glycerol to the bath helped reduce agglomeration and
decrease the grain size of the MMC coatings. The Young’s modulus was found to decrease
when the Ni concentration was increasing. This trend was even more drastic as the current
density was increased because an increased current density leads to higher concentrations of
Ni [21].

Fawzy et al. [37] examined how the current density, concentration of ceramic particles in the
electroplating solution, and pH of the plating bath affected the hardness for Cu-Ni, Cu-Ni-
aAlLO;, and Cu-Ni-TiO, composite coatings. By increasing the current density from 0.33 to
1.33 Adm™ for the Cu-Ni-aAl,O; and Cu-Ni-TiO, depositions, an increase in the Ni percent-
age in the coating and hardness was observed versus the pure Cu-Ni coating, but the per-
centage of the ceramic particles in the coating decreased. Increasing the pH of the plating
solutions from 2.5 to 4.05 lead to an escalation in the Ni percentage in the film, loading
percentage of the ceramic particles, and hardness. The hardness increased as the AL,O; and
TiO, increased in the plating solution from 170 to 248 kgf mm™ for the addition of aAl,O;
particles with no effect to the Ni concentration in the coating, whereas the addition of TiO,
particles produced an increase from 170 to 231 kgf mm™ and helped to increase the Ni
percentage in the coating. The optimal coating parameters were determined to be 1.33 A dm~
2 for the current density, at pH 4.05, and incorporating 20 g dm™ of the ceramic particles into
the plating bath [37].

Hashemi et al. [38] studied the electrodeposition of Cu-Ni-W incorporated with SiC nano-
particles. They investigated the effects of different concentrations of SiC ranging from 0 to 25
g/L, stir rates ranging from 100 to 600 rpm, and the change in current density from 10 to 50
mAcm™. They optimized the plating conditions to obtain the best wear protection and
hardness for the coatings. With the change in concentration from 0 to 25 g/L SiC in the plating
solution, 15 g/L was found to have the highest incorporation of SiC into the coating. Also, the
15 g/L incorporation of SiC into the Cu-Ni matrix increased hardness and had the lowest
weight loss factor and friction factor from the wear results. It was hypothesized that any
amount over 15 g/L caused agglomeration of the SiC particles, which produced observable
voids on the surface of the coating in the SEM pictures. A 400 rpm stir rate and the 20 mAcm~
2 current density proved to be the optimal conditions for the best wear resistance and hardness.
The SEM of the coating incorporated with 15 g/L of SiC, stirred at 400 rpm, and electrodepos-
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ited with a current density of 20 mAcm showed the least amount of visible wear on the surface
after testing [38].

Wan et al. [39] developed a continuous three step deposition process to produce Cu, Cu—Fe,
and Cu-Ni reinforced carbon fiber (6—8 pm in diameter) composites. Cu-C, Cu-Fe-C, and Cu-—
Ni-C composites display similar strength vs. temperature graphs to each other, but the
decreasing trend seen in the tensile strength is controlled by a different mechanism. A decrease
in the tensile strength for the Cu—C composite was due to interfacial bonding at the carbon
fiber interface. Interfacial debonding was found to be absent for Cu-Ni-C and Cu-Fe-C
composites because its larger interfacial bonding strength is due to a diffusion reaction and a
chemical reaction at the interface of the fiber—-metal matrix. The maximum tensile strength
value was obtained with the addition of Cu-Ni onto the carbon fiber interface, but the optimal
tensile strength value was not found to be proportional to the interfacial bonding strength,
whereas the highest bonding strength was found for the Cu-Fe—C composite [39].

Our group studied electrodeposited 70-30 Cu—Ni coatings incorporated with a platelet-clay
known as montmorillonite (MMT) from a citrate bath. Layered silicates have several advan-
tageous properties to be utilized for composites, such as a high surface area, chemical inertness,
resistance to extreme temperatures, and resistance to pH changes. The inclusion of layered
silicates, such as MMT, has shown an increase in hardness, adhesion, and corrosion resistance
in Ni and Ni-Mo coatings [56-59]. MMT has a 2:1 layered structure, with two layers of the
silicon tetrahedral sandwiching one layer of an aluminum octahedral. Seen in Figure 8, MMT
is a hydrous aluminum silicate with the formula (Na,Ca)(Al, Mg),(5i,0,0);-(OH)-nH20 and
measures 1 nm in height and 1-2 microns in width [12]. The AI** and Si** locations can be
replaced by lower valent cations, causing the montmorillonite structure to have an excess of
electrons. The negative charge is compensated through loosely held cations from the associated
water. Within aqueous solutions, MMT can be completely delaminated and incorporated into
other materials, forming continuous, crack-free films, which is a necessary requirement of
corrosion resistant coatings [12]. For this work, a solution of MMT was stirred vigorously for
24-48 h to exfoliate the layered silicates. Seen in Table 2, the zeta potential of the plating
solution with the dispersed MMT was also evaluated to check the stability of the particles in
solution. When dealing with the electrocodeposition of a MMC, understanding the particle
stability in the colloidal plating solution is vital because the properties of composites increase
significantly with the preferential inclusion of individual particles [2].The exfoliated MMT is
stable in solution and easily dispersed into aqueous solutions, while the non-exfoliated MMT
precipitates. For stable nanoparticle suspensions, the ideal zeta potential would be a value
greater than #25 mV. The Cu-Ni-MMT plating solutions were around -19 to —20 mV. The
adsorption of the Ni and Cu at the surface of the MMT platelet moves the zeta potential toward
a more positive value and helps to increase the particle size, which slightly decreases the
electrostatic stabilization of the dispersion compared to pure MMT solution. However, the
plating solutions still had enough stability for deposition purposes to stay suspended in
solution throughout the deposition cycle. Once exfoliated and freely dispersed throughout the
electrolytic bath, the MMT platelets can slowly settle down onto the surface of the electrode
and be incorporated into the forming alloy coating structure as shown in Figure 1.
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Figure 8. The structure and thickness of montmorillonite [12].

Solutions Zeta Potential (mV)
0.05% MMT -38.8
0.1% MMT -39.2
0.2% MMT -38.7
Cu-Ni-0.05% MMT -20.2
Cu-Ni-0.1% MMT -19.5
Cu-Ni-0.2% MMT -19.2

Table 2. Zeta potentials for pure MMT and 70-30 Cu-Ni-MMT plating solutions [60].

A copper—nickel alloy (70-30 ratio) was electrochemically deposited from a citrate bath and
compared to a composite coating incorporated with 0.05-0.2% MMT to study the effects of the
mechanical properties.The adhesion shear strength (Figure 9) and the hardness (Figure 10) for
the MMC coatings were investigated. The adhesion shear strength (measured by resistance to
knife movement) (Figure 9) was evaluated with MMT amounts in solution ranging from 0 to
0.2% and all of the nanocomposite coatings surpass the strength of the pure Cu—Ni matrix. The
shear adhesion tests were measured using the XYZTEC instrument paired with a 2-mm wide
knife. The knife was placed at 5 um above the substrate-coating interface and moved 2 mm
horizontally at a velocity 150 (um/s) through the coatings. With the addition of MMT into the
Cu-Ni coating, a greater resistance to the knife movement was observed. The nearly 300%
increase from pure Cu-Ni to Cu-Ni-0.05% MMT displays the value that the platelets can have
atlow loading values.As the MMT in solution increases to 0.1-0.2%, the mechanical resistance
of the coating begins to decrease. This indicates that the increased amount of platelets
incorporated into the coating leads to more substrate—platelet contact which would reduce the
effective area of the matrix—substrate contact and leads to a reduction in the adhesion strength
of the coatings. The microhardness test (Figure 10) revealed an increase of about 25% for the
Cu-Ni coatings incorporated with MMT versus the pure Cu-Ni coating [60].
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Figure 9. The adhesion shear strength of different coating layers with varying amounts of MMT in the electroplating
solution [60].
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Figure 10. Vickers microhardness for the 70-30 Cu-Ni Coatings incorporated with MMT [60].

4. Cu-Ni MMC:s in Electrochemistry and Improved Corrosion Protection

Understanding the relationship between the electrochemical deposition parameters and the
resulting corrosion properties is of great importance for creating optimal coatings that will
endure harsh environments. MMC coatings that reduce the rate of corrosion at a lower cost
have been extensively studied. Exposing films to an unfavorable environment accelerates the
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degradation of the coating, which can lead to many different types of corrosion phenomena
[61, 62]. The rate of corrosion can be slowed using five universal approaches which include
the choice of materials, chemical inhibitors, altercations in the environment, cathodic protec-
tion, or coatings [63]. Al particles and MMT were incorporated into the Cu-Ni matrix to
understand how magnetic particles affect the metal matrix and MMT to observe how platelets
affect the corrosion resistance of the Cu-Ni coating [40, 60].

Cui et al. [40] successfully codeposited Cu-Ni—Al MMCs and noted that high amounts of Al
(~3 um) particles, 29 vol. %, could be deposited into the Cu-Ni coating matrix. They investi-
gated whether the conductive Al particles would behave similar to inert particle codeposition
according to the Guglielmi’s model. Adding the conductive aluminum particles into the Cu-
Ni matrix caused the polarization curve to shift to more negative potentials, which was
credited to the non-active surface of the aluminum metal particles during the deposition of
Cu-Ni following a similar codeposition path for inert particles defined by Guglielmi. The
parameters used in Guglielmi’s model for the codeposition of non-conductive inert particles
can also model the deposition of charged particles presented in this research [40].
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Figure 11. Tafel plots for the 70-30 Cu-Ni coatings with and without MMT after being submerged in a 3.5 % NaCl
solution for two weeks [60].

In addition to the mechanical properties, our group studied the corrosion behaviors of the 70—
30 Cu-Ni-MMT coatings by the use of Tafel polarization and electrochemical impedance
spectroscopy (EIS). The corrosion of 70-30 Cu—-Ni and 70-30 Cu-Ni-MMT composite coatings
were evaluated using potentiodynamic polarization, as seen in Figure 11. The corrosion
parameters were measured after immersing the 70-30 Cu-Ni coatings for two weeks in 3.5%
NaCl solution at 25°C. The E,, and I, correlation for the Cu—-Ni-MMT coatings can be seen
in Figure 12. Figure 12 shows E_,, shifting to more positive potentials and the I, shifting to
lower current values leading to the Cu-Ni-0.2% MMT having the best corrosion properties.
Nyquist plots (Figure 13) of pure Cu-Ni and Cu-Ni-0.2% MMT composite coatings after 14
days immersion in 3.5 % NaCl at 25°C showed the diameter of the depressed uncompleted
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semicirclesislarger in case of Cu—Ni-MMT compared to pure Cu-Ni, which displays increased
stability of the passive film in the case of Cu—-Ni-MMT compared to that of pure Cu-Ni coating.
The equivalent circuit parameters of the fitting procedure showed an increase in R, from 2.87
kQcm? (pure Cu-Ni) to 13.77 kQcm? (Cu-Ni—0.2% MMT), as seen in Table 3. The calculated
parameters show higher resistance for the inner layer in case of Cu-Ni-MMT composite
coating compared to that of pure Cu—-Ni; this resistance increases as the MMT content in the
metallic matrix increases, which is consistent with the data obtained from potentiodynamic
polarization, and also confirms that embedding of layered silicate particles into the Cu-Ni
metallic matrix increases its corrosion resistance [60].
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Figure 12. E ,, and i,,, of 70-30 Cu—Ni coatings incorporated with MMT [60].
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Figure 13. Nyquist impedance plots of pure Cu-Ni (A) and Cu-Ni-0.2% MMT (B) after being submerged in a 3.5%
NaCl solution for two weeks [60].



98

Electrodeposition of Composite Materials

Coatings R, R, Q a, R, Q, a,
(Q cm?) (Q cm?) (Q1's*cm™) (kQ cm?) (Q1's*cm™)

Cu-Ni 2.25 49.78 2.95 x107° 0.56 2.87 1336x 10-° 0.73
Cu-Ni-

0.78 5.45 6.20x10°2 0.75 3.02 954x10° 0.75
0.05% MMT
Cu-Ni—

5.01 54.0 1.26x1073 0.68 4.92 709x107° 0.80
0.1% MMT
Cu-Ni-

8.32 95.20 2.33x10° 0.99 13.77 583x10° 0.76
0.2% MMT

Table 3. The equivalent circuit parameters of Cu-Ni and Cu-Ni-MMT composite coatings after two weeks submersion
in a 3.5% NaCl solution [60].

5. Conclusions

Electrodeposition provides a versatile and convenient route for controlled coating of compo-
sites (i.e. materials having more than one phase) containing nano- to microparticles dispersed
in a metal matrix for material science and engineering applications. Enhancement of the
electrical, mechanical, and corrosion properties of the coatings is observed with the inclusion
of different particles into the Cu-Ni matrix. With the increase in availability of micro- and
nanoparticles, more research needs to be performed in the area of Cu-Ni MMCs to further
explore their beneficial properties.
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