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Summary 
 
The aim of the research is to seek a sulfur-free plating solution for electro-codeposition of (Ni,Co)-CrAlY composite coatings. The 
all chloride solution was utilized to deposit the Ni-Co alloy coatings and the resultant coatings were compared with those plated 
in the Watts bath. The cobalt content in the Ni-Co coating was strongly dependent on the Co2+/(Ni2++Co2+) ratio in the solution. 
The cobalt concentration in the Ni-Co coating was consistently higher than Co2+/(Ni2++Co2+) in the plating solution; for 
Co2+/(Ni2++Co2+) ranging from 11 to 14 mol%, the cobalt content in the coating was in the range of 43-47 at.%. These results 
were in good agreement with the literature data, indicating the anomalous character of Ni-Co codeposition, i.e., the less noble 
metal (cobalt) is preferentially deposited. For the solutions with lower Co2+/(Ni2++Co2+) ratios, Ni-Co coatings containing higher 
cobalt contents were obtained from the Watts solution. With higher Co2+/(Ni2++Co2+) ratios, the all-chloride solution led to a higher 
cobalt content in the coating. The Ni-Co coating morphology was also affected by the cobalt content in the coating. 
 
Technical report 
 
I.  Introduction 
 
To improve high-temperature oxidation and corrosion resistance of critical superalloy components in gas turbine engines, 
metallic coatings such as diffusion aluminides or MCrAlY overlays (where M = Ni, Co or Ni+Co) have been employed, which form 
a protective oxide scale during service.1  The state-of-the-art techniques for depositing MCrAlY coatings include electron beam-
physical vapor deposition (EB-PVD) and thermal spray processes.1  Despite the flexibility they permit, these techniques remain 
line-of-sight which can be a real drawback for depositing coatings on complex-shaped components. Further, high costs are 
involved with of the EB-PVD process.2  Several alternative methods of making MCrAlY coatings have been reported in the 
literature, among which electro-codeposition appears to be a more promising coating process.  
  
Electrolytic codeposition (also called “composite electroplating”) is a process in which fine powders dispersed in an electroplating 
solution are codeposited with the metal onto the cathode (specimen) to form a multiphase composite coating.3,4  The process for 
fabrication of MCrAlY coatings involves two steps.  In the first step, pre-alloyed particles containing elements such as chromium, 
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aluminum and yttrium are codeposited with the metal matrix of nickel, cobalt or (Ni,Co) to form a (Ni,Co)-CrAlY composite 
coating.  In the second step, a diffusion heat treatment is applied to convert the composite coating to the desired MCrAlY coating 
microstructure with multiple phases of β-NiAl, γ-Ni, etc.5 

 
Compared to conventional electroplating, electro-codeposition is a more complicated process because of the particle 
involvement in metal deposition.  It is generally believed that five consecutive steps are engaged:3,4 (i) formation of charged 
particles due to ions and surfactants adsorbed on particle surface, (ii) physical transport of particles through a convection layer, 
(iii) diffusion through a hydrodynamic boundary layer, (iv) migration through an electrical double layer and (v) adsorption at the 
cathode where the particles are entrapped within the metal deposit.  The quality of the electro-codeposited coatings depends 
upon many interrelated parameters, including the type of electrolyte, current density, pH, concentration of particles in the plating 
solution (particle loading), particle characteristics (composition, surface charge, shape, size), hydrodynamics inside the 
electroplating cell, cathode (specimen) position and post-deposition heat treatment, if necessary.3-6 
 
There are several factors that can significantly affect the oxidation and corrosion performance of the electrodeposited MCrAlY 
coatings, including: (i) the volume percentage of the CrAlY powder in the as-deposited composite coating, (ii) the CrAlY particle 
size/distribution and (iii) the sulfur level introduced into the coating from the electroplating solution.  This three-year project aims 
to optimize the electro-codeposition process for improved oxidation/corrosion performance of the MCrAlY coatings.  The three 
main tasks are as follows: 

• Task 1 (Year 1): Effects of current density and particle loading on CrAlY particle incorporation. 
• Task 2 (Year 2): Effect of CrAlY particle size on CrAlY particle incorporation. 
• Task 3 (Year 3): Effect of electroplating solution on the coating sulfur level. 

 
II. Background 
 
A typical MCrAlY coating consists of 8–12% Al, 18–22% Cr, and up to 0.5% Y (in wt%).  Other more complicated compositions of 
MCrAlYs contain additional elements such as hafnium, silicon and tantalum.7,8  The concentrations of some minor elements (e.g., 
sulfur, yttrium and hafnium) play an important role in affecting the growth and adhesion of the oxide scale.  The detrimental effect 
of sulfur on oxide scale adherence of MCrAlY alloys has been well documented.9  Small amounts of sulfur can segregate to the 
alumina-metal interface and weaken the interface.10   
 

Table 1 - Composition of nickel plating solutions and deposition conditions (adapted from Ref. 15). 

 
 
The electrolytes used to deposit the nickel or cobalt metal matrix for forming the MCrAlY coating are typically sulfate- or 
sulfamate-based solutions.11,12  Approximately 0.006-0.013 wt% (60-130 ppm) of sulfur has been reported in electroplated nickel 
coatings using these solutions.13,14  Table 1 lists the five commercial nickel plating solutions and their deposition parameters.15  
The Watts bath (Solution A) is the most commonly used electrolyte.  The large amount of nickel sulfate provides the necessary 
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concentration of nickel ions.  Nickel chloride improves anode corrosion and also increases conductivity.  Boric acid is added as a 
weak buffer to maintain pH.  As shown in Table 1, there are three sulfur-free plating solutions (C, D and E).  The proposed work 
has been focused on Solutions D and E;  Solution C (high chloride) was not selected due to the very narrow pH range (2.0-2.5) 
required. 
 
The results with the fluoborate-based solution were presented in our last quarterly report.  The CrAlY powder reacted with the 
fluoborate solution at 50°C and as a result, aluminum hydroxide was generated, leading to the formation of a dark powdery 
coating.  Therefore, the fluoborate bath may be suitable for codeposition of inert particles but not for relatively active metal 
particles such as the CrAlY-based powders.  The current study focused on electroplating of Ni-Co alloy coatings (without CrAlY 
particles) in the all-chloride solution (E); the coatings plated in the Watts bath (A) were also included for comparison. 
 
III. Experimental procedure 
 
Ni-Co alloy coatings were plated using the all-chloride solution and were compared with the similar coatings plated in the Watts 
bath.  Five all-chloride solutions containing different amounts of cobalt chloride (Table 2) were used to vary the cobalt contents in 
the Ni-Co alloy coatings.  Similarly, the cobalt sulfate concentration was varied in the Watts bath (Table 3).  All plating 
experiments were carried out on Ni 200 disc samples in a glass beaker at a current density of 40 mA/cm2 for 2 hr.  The pH 
values of the all-chloride and Watts solutions were maintained at 2.0 and 3.5, respectively.  Electroplating was carried out at 
room temperature for the all-chloride solution, while the temperature of the Watts bath was set at 50°C. 
 

Table 2 - All-chloride solutions containing different amounts of cobalt chloride and the plating parameters. 

 
 

Table 3 - Watts solutions containing different amounts of cobalt sulfate and the plating parameters. 

 
 
After plating, the specimens were rinsed and ultrasonically cleaned in hot water.  The coatings were examined by optical 
microscopy and scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS). 
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IV. Results and discussion 
 
The cobalt contents in the Ni-Co coatings plated from the all-
chloride and Watts solutions were determined by EDS.  The 
results are summarized in Tables 2 and 3.  The correlation 
between the cobalt content (at%) in the Ni-Co coating and the 
Co2+/(Ni2++Co2+) ratio (mol%) in the plating solution is displayed 
in Fig. 1.  The strong dependence of the cobalt content in the 
coating on the Co2+/(Ni2++Co2+) ratio in the solution was clearly 
demonstrated, which was in good agreement with the literature 
data.16-18  Nevertheless, the cobalt content in the Ni-Co coating 
was consistently higher than that in the plating solution.  As an 
example, for Co2+/(Ni2++Co2+) ranging from 11 to 14% in the 
solution, the Co/(Ni+Co) in the coating was in the range of 43-
47%.  The results confirmed the anomalous character of Ni-Co 
codeposition as previously reported by others, i.e., the less noble 
metal (cobalt) is preferentially deposited.18-21 
 

A comparison of the results between the all-
chloride solution and the Watts bath is also 
presented in Fig. 1.  When the 
Co2+/(Ni2++Co2+) ratio was lower than ~12%, 
higher cobalt contents in the Ni-Co coating 
were obtained from the Watts bath.  When 
the Co2+/(Ni2++Co2+) ratio was greater than 
that, a higher cobalt level was found in the 
coatings plated from the all-chloride solution. 
 
The surface morphologies of Ni-Co coatings 
containing different cobalt contents are 
shown in Fig. 2.  For the Ni-Co coating 
containing 20% Co, a fine-grained structure 
was observed for the coating plated in the 
all-chloride solution (Fig. 2a).  Previously, 
Young and Struyk16 reported that the cobalt-
nickel deposit from an all-chloride bath was 
finer-grained than the one from an all-sulfate 
bath.  As the cobalt content increased, the 
surface morphology of the Ni-Co coatings 
changed from smooth to more granular 
(Figs. 2c and e), as reported by Karpuz, et 
al.22  For the Ni-Co coatings plated in the 
Watts bath, polyhedral crystallites were 
formed for the coatings with lower cobalt 
content (≤ 20%), Fig. 2b.  As the cobalt 
content increased, globular crystallites were 
formed whose dimensions appeared to 
increase with the cobalt content, Figs. 2d 
and f.  It is worth noting that the pH levels of 
the two solutions were different, which could 
affect the coating surface morphology too, 
as previously observed for Co-Mn3O4 
composite coatings deposited in the Watts 
bath.23 

 
Figure 1 - Relationship between cobalt content in the 
coating and Co2+/(Ni2++Co2+) ratio in the plating solution. 

 
 

 
 

 
Figure 2 - Surface morphologies of Ni-Co coatings containing different cobalt contents  
(in at%) plated in the all-chloride solution (a, c and e) and in the Watts bath (b, d and f). 
(a-b: 20% Co; c-d: 35% Co; e-f: 45% Co). 
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