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SUMMARY 
 
Electrolytic codeposition is a promising alternative low-cost process for fabricating MCrAlY coatings.  In this process, CrAlY 
particles are codeposited with the (Ni,Co) to form an (Ni,Co)-CrAlY composite coating, which is subsequently heat treated at 
elevated temperatures to be transformed to the MCrAlY coating containing phases of β-NiAl, γ-(Ni,Co), etc.  Two types of CrAlY-
based particles (made by ball milling and gas atomization) were employed.  The effects of several key processing parameters, 
such as current density, particle loading, and particle size/shape density, on the CrAlY particle incorporation in the 
electrodeposited (Ni,Co)-CrAlY coatings were studied.  For the ball-milled CrAlY powder, an increase in current density led to a 
decrease in particle incorporation, whereas for the gas-atomized CrAlY powder the current density showed a negligible influence 
on particle incorporation.  The relationship of particle incorporation and particle loading followed the Langmuir adsorption 
isotherm.  One of the most important findings was that the particle properties played a critical role in affecting particle 
incorporation.  For CrAlY particles of similar size, the spherical-shaped particles led to higher incorporation than the irregular 
particles.  This was likely because fewer electrolyte ions were adsorbed on the particles with smaller specific surface areas, 
leading to the higher specimen-particle adsorption strength.  In addition, sulfur-free plating solutions were explored in the electro-
codeposition process, since the MCrAlY coatings plated in a Watts bath typically contain a trace amount of sulfur, which could 
adversely affect the high-temperature oxidation resistance.  Preliminary oxidation testing was conducted at 1100°C to evaluate 
the oxidation performance of the coatings plated in the sulfur-free solutions. 
 
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 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. 
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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, 
aluminum and yttrium are codeposited with the metal matrix of Ni, Co 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 finally, (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 aimed 
to optimize the electro-codeposition process for improved oxidation/corrosion performance of the MCrAlY coatings.  The three 
main tasks were 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 (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  An earlier study by Bornstein, et al.11 clearly showed the effect of 
concentrations of sulfur and yttrium on the cyclic oxidation resistance of NiCrAlY alloys at 1100°C.  For NiCrAlY alloys containing 
40 ppm S, an addition of 890 ppm Y could effectively mitigate the sulfur effect and an adherent oxide scale was maintained.  
However, for NiCrAlYs containing 300 ppm S, 4000 ppm of Y was not able to counteract the sulfur effect. 
 
The electrolytes used to deposit the nickel or cobalt metal matrix for forming the MCrAlY coating are typically sulfate- or 
sulfamate-based solutions.12,13  Approximately 0.006-0.013 wt% (60-130 ppm) of sulfur has been reported in electroplated nickel 
coatings using these solutions.14,15  Table 1 lists the five commercial nickel plating solutions and their deposition parameters.16  
The Watts bath (Solution A) is the most commonly used electrolyte.  The large amount of nickel sulfate provides the necessary 
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. 
 
III. Experimental procedure 
 
3.1. Sample preparation 
 
Substrates were made from available nickel-based alloys including Ni 200 (>99.0Ni, with 0.25Cu-0.40Fe-0.35Mn-0.15C-0.35Si-
0.01S max.), René 80 (Ni-3.0Al-14.1Cr-9.7Co-4.3W-4.0Mo-5.0Ti-0.18C (in wt%), 130B-200Zr-7S (in ppmw), and CMSX-4 (Ni-
5.9Al-6.3Cr-9.6Co-6.5W-0.6Mo-2.9Re-6.5Ta-1.0Ti (in wt%), 1100Hf-17C-1S (in ppmw).  Disc specimens (1.6 mm thick, ~17 mm 
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in diameter) were cut using an abrasive cutting saw.  The specimens were ground to #600 grit using SiC grinding paper, followed 
by grit-blasting with #220 Al2O3 grit and ultrasonic cleaning in hot water and acetone. 
 

Table 1 - Composition of Ni plating solutions and deposition conditions (adapted from Ref. 16). 

 
 
3.2. Powder preparation and particle analysis 
 
A variety of powders were prepared including gas-atomized CrAlY and CoNiCrAlY powders, as well as ball-milled CrAlY-based 
powders (Table 2).  The atomized CrAlY and CoNiCrAlY powders were purchased from Sandvik Materials Technology and 
Phoenix Scientific Industries Ltd, respectively.  The ball-milled powders were made at Tennessee Technological University 
(TTU).  For TTU powders, a cast ingot was made via arc melting, which was crushed with a hammer and then ball-milled in a 
high-energy ball mill for 30-45 min.  Both atomized and ball-milled powders were sieved through a 20-�m screen (625 mesh). 
 

Table 2 - Chemical compositions of alloy powders used in the electro-codeposition experiments. 

 
 
To further control the particle size distribution of the ball-milled powder, a water elutriation method17 was used to separate the 
particles smaller than 5 μm and larger than 20 μm from the original powder.  This method utilizes the relationship between the 
particle size and terminal velocity to sort out particles of different sizes. 
 
Particle analysis was carried out using a Malvern Mastersizer 2000 Laser diffractor.  The density of the alloy powder was 
determined using a pycnometer (AccuPyc 1340). 
 
3.3. Electro-codeposition 
 
A rotating barrel system shown in Fig. 1 was used in the electro-codeposition experiments.  The 185-mL barrel was constructed 
of a rigid polypropylene frame covered by a thin nylon membrane with ~1 μm mesh size.  The nylon membrane allows the 
exchange of plating solution between the barrel and the tank, but prohibits escaping of the particles.  The barrel was attached to  
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a gear set driven by a variable speed DC motor.  The barrel and 
gear set were then suspended in a 5-L tank of Watts nickel plating 
solution such that the barrel was fully submerged.  Specimens 
were placed longitudinally inside the barrel and centered on the 
barrel’s axis of rotation.  To connect the specimen to the power 
supply, a flexible metal wire covered with Teflon tubing was 
attached to the sample.  A solid nickel anode was placed outside 
of the barrel along with a mechanical stirrer and heating coil.  The 
specimens were plated at a current density of 20 mA/cm2 for 2 hr 
at 50°C with the pH of about 3.5.  The particle concentration in 
the bath was kept at 20 g/L and the barrel rotation speed at 7 
RPM. 
 
Ni-Co alloy coatings were also plated using the Watts bath 
containing different amounts of cobalt sulfate (Table 3).  The 
resultant coatings were compared to the Ni-Co coatings plated in 
the all-chloride solution containing different amounts of cobalt 
chloride (Table 4).  These experiments were carried out in a glass 
beaker at a current density of 40 mA/cm2.  The pH values of the Watts and all-chloride solutions were maintained at 3.5 and 2.0, 
respectively.  In contrast to the Watts bath, electroplating was conducted at room temperature in the all-chloride solution. 
 
To seek a suitable sulfur-free bath, investigation was focused on the fluoborate and the all-chloride solutions.  In addition, the all-
chloride solution (Table 5) with different types of wetting agent were prepared.  The sulfur-containing wetting agent was sodium 
lauryl sulfate (SLS), and the sulfur-free one was Triton X-100 (T100).18 
 

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

 
 

Table 4 - All chloride solutions containing different amounts of cobalt chloride and the plating parameters. 

 

 
Figure 1 - Schematic of the barrel system. 
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Table 5 - Composition of all-chloride solutions and plating conditions 

 
 
3.4. Coating characterization 
 
The as-deposited coatings were examined using scanning electron microscopy (SEM). Prior to metallographic sample 
preparation, the specimens were copper-plated.  To determine the quantity of particles incorporated in the coating, multiple 
backscattered-electron images were taken at different locations along the coating cross-section, which were then processed 
using ImageJ software. 
 
3.5. Post-plating heat treatment and oxidation testing 
 
After plating, selected specimens were heat-treated in vacuum for 6 hr at 1080°C.  The purpose of the heat treatment was to 
convert the as-deposited Ni/Co-CrAlY composite coating to the NiCoCrAlY coatings that consisted of phases such as γ-(Ni,Co), 
β-NiAl, etc.  The post-deposition heat treatment was carried out in a horizontal alumina tube furnace.  A vacuum of at least 10-6 
torr was maintained.  The heating rate was 20°C/min.  After completion, the samples were furnace cooled to room temperature. 
 
The oxidation performance of the MCrAlY coatings was evaluated in cyclic oxidation testing at Oak Ridge National Laboratory 
(ORNL).  The test was carried out in laboratory air with 1-hr cycles at 1100°C with a 10-minute cooling period.  The specimens 
were removed and weighed every 20 cycles for the first 100 hours and every 50 cycles thereafter.  The mass changes (±0.02 
mg/cm2 accuracy) were recorded. 
 
IV. Results and discussion 
 
4.1. Powder characteristics and as-deposited coatings 
 
Figure 2 shows the particle analysis results for ball-milled 
CrAlY (TTU), atomized CoNiCrAlY (PSI), and atomized 
CrAlY (Sandvik) powders.  The ball-milled CrAlYTa (TTU) 
powder had a particle size distribution similar to that of the 
ball-milled CrAlY (TTU) powder due to the same powder 
preparation procedure, which was not measured.  Powder 
characteristics, including particle size, shape and density, 
are summarized in Table 6. 
 
Values of D10, D50 and D90 describe that 10%, 50% and 
90% of the particles (based on volume) have a particle 
size smaller than the value given.  TTU ball-milled powder had a D50 value smaller than those of commercial atomized powders 
(5.6 vs. 10-12 μm).  The density of CrAlYTa powder (5.5 g/cm3) was slightly higher than the baseline CrAlY powder (4.5 g/cm3) 

 
Figure 2 - Particle size distribution differential plots of ball-milled 
and atomized powders. 
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due to the tantalum addition, and the CoNiCrAlY had an even higher density (7.8 g/cm3) with additional cobalt and nickel.  The 
ball-milled powder also exhibits an irregular shape, in contrast to the spherical shape of the gas-atomized powder.  It is worth 
pointing out that the CoNiCrAlY powder (with cobalt and nickel) does not have the desired chemical composition for making the 
MCrAlY coatings; it was included in the experiments in order to understand the effect of powder density on the particle 
incorporation in the electro-codeposited coatings. 
 

Table 6 - Powder characteristics. 

 
 

 
(a)                                                                          (b) 

Figure 3 - SEM surface images of the coatings with (a) ball-milled CrAlY and (b) atomized milled CrAlY powders. 
 

 
(a)                                                                          (b) 

Figure 4 - SEM cross-sectional images of the coatings with (a) ball-milled CrAlY and (b) atomized CoNiCrAlY powders. 
 
Figures 3 and 4 display the representative microstructures of the electro-codeposited coatings using two different powders (ball-
milled CrAlY and atomized CoNiCrAlY).  The different shapes of the particles can be clearly seen from both the surface and 
cross-section of the as-coated specimens.  The atomized particles were mostly spherical, while the ball-milled CrAlY powders 
were asymmetric.  Further observation of the surface showed growth of the nickel deposit on the particles, in addition to the 
nickel matrix, as these particles are conductive.  It appears that the geometries of the particles could also lead to the different 
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surface roughness observed on the coated specimens.  Additionally, based on the image analysis results, the particle 
incorporation for CoNiCrAlY powder was significantly greater than the CrAlY powder, 46 vs. 30 vol%.  The effect of particle 
shape on particle incorporation will be discussed in Section 4.5. 
 
4.2. Effect of current density on particle incorporation 
 
To form a typical NiCrAlY coating contain 8-12% Al, 18-22% Cr and 0.5% Y (in wt%), about 40 vol% of CrAlY particles would be 
needed in the as-deposited composite coatings, based on the chemical composition and the density of the CrAlY powder used in 
this study.5  In addition to achieving a uniform and adherent coating, incorporation of a high percentage of CrAlY particles in the 
nickel matrix is another important requirement for the electro-codeposition process. 
 
The effect of current density on CrAlY(Ta) particle incorporation is displayed in Fig. 5.  For ball-milled CrAlY and CrAlYTa 
powders, the particle incorporation in the as-deposited coatings decreased from ~40 to 30-33 vol% as the current density was 
increased from 5 to 20 mA/cm2 (Fig. 5a).  The particle incorporation continued to drop to 25 vol% when the current density was 
further increased to 40 mA/cm2 and remained at ~25 vol% for current densities between 40 and 60 mA/cm2 (Fig. 5b).  For gas-
atomized CrAlY powder, the current density appeared to have little influence on the particle incorporation, while an overall higher 
particle volume percentage (40-43 vol%) was observed for the entire current density range (10-60 mA/cm2) employed in this 
study. 

 
(a)                                                                          (b) 

Figure 5 - Particle incorporation in the coating as a function of plating current density: (a) in the low current density range with 
ball-milled CrAlY and CrAlYTa powders, and (b) in the high current density range with ball-milled and atomized CrAlY powders. 
 
Current density is a critical process parameter in conventional electroplating that governs the deposition rate.  However, the 
effect of current density on particle incorporation depends strongly on the nature of particles and the metal deposit.  Different 
types of relationships have been observed,19 i.e., the particle content in the composite coatings either increases or decreases 
continuously with the current density or exhibits one or multiple peaks as a function of current density.  The present findings for 
gas-atomized CrAlY powder are in good agreement with an earlier study conducted by Foster, et al.20 for coatings plated under 
several conditions using CrAlY particles in a rotating barrel configuration.  Similar results were also observed by Liu and Chen for 
Ni-Al composite coatings made with sediment codeposition,21 in which the current density showed minimal influence on the 
aluminum particle incorporation between 20 and 90 mA/cm2.  The current density dependence for conducting particles is 
generally different than non-conducting particle systems such as Ni-Al2O3 and Ni-SiC, as reported in the literature.22,23 
 
Current density also has an effect on the overall coating quality by affecting the porosity and thickness uniformity.  Higher current 
densities typically result in preferential deposition at the edges and corners of the specimen, which can cause higher stresses 
and consequently coating cracking/spallation in those areas.  On the other hand, at lower current densities, if the rate of metal 
deposition cannot keep up with the speed of particle settlement, there is a tendency to form less dense coatings with noticeable 
voids. 
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4.3. Effect of particle loading on particle 
incorporation 
 
Figure 6 shows the particle incorporation in 
these metal matrix composite coatings as a 
function of the particle loading.  For the 
MCrAlY powder, when the particle 
concentration in the plating solution was 
increased from 10 to 30 g/L, the particle 
incorporation remained around 50 vol%.  
For the CrAlYTa powder, an increase of the 
particle incorporation was observed for 20 
mA/cm2 as the particle loading was 
increased from 20 to 40 g/L, while a further 
increase of particle loading from 40 to 60 
g/L did not lead to a drastic increase in 
particle incorporation.  At the lower current 
density levels (e.g., 10-15 mA/cm2), the 
effect of particle loading was not evident for 
the CrAlYTa powder. 
 

Particle loading is one of the important factors affecting the particle incorporation in electro-codeposited composite coatings.  
Several studies have shown that when the particle concentration in the plating solution is low, increases in particle concentration 
lead to substantial increases in particle incorporation in the coating.20,21,24-26  However, as the particle loading increases, the 
increase in particle incorporation begins to plateau.  Such a tendency is consistent with the Langmuir adsorption isotherm on the 
electrode surface.27  For plating solutions with a low particle concentration, the particle incorporation is limited by the supply of 
particles to the cathode (i.e., the specimen) surface by agitation and diffusion.  Increasing the overall amount of particles in the 
solution enhances the probability of particles of reaching the electrochemical double layer at the cathode and thus improves 
particle incorporation.  However, hydrodynamic effects due to particle-particle interactions become more dominant at high 
particle concentrations, and thus have a negative impact on particle incorporation. 
 
Although this trend has been confirmed for a wide range of metal particle systems, the threshold particle concentration at which 
saturation (the plateau) occurs depends on the powder characteristics and the electro-codeposition conditions.28  Susan25 
studied Ni-Al composite coatings containing aluminum particles (1.5-3.5 μm size) embedded in a nickel matrix electrodeposited 
in a vertical arrangement in a beaker, and observed a plateau at 300-400 g/L.  In a later study carried out by Liu26 using a 
horizontal sedimentation configuration, the plateau occurred at ~40 g/L.  In our current study, for gas-atomized MCrAlY particles 
with a higher density (7.5 g/cm3) and larger particle size (12.5 μm), the plateau started at a lower particle concentration (10 g/L) 
with a plating current density of 20 mA/cm2.  For ball-milled CrAlYTa powder with a reduced density (5.5 g/cm3) and particle size 
(5.6 μm), the plateau was observed at ≥40 g/L at 20 mA/cm2, whereas the plateau started at 20 g/L with 10-15 mA/cm2 current 
densities.  The overall trend, however, was in good agreement with previous findings in the literature. 
 
4.4. Effect of particle size on particle incorporation 
 
Figure 7 shows the SEM cross-sectional images of the NiCo-CrAlY coatings deposited using powders with different particle 
sizes.  The coating displayed in Figs. 7(a & c) was plated using the 5-μm CrAlY powder and the coating with the 10-μm powder is 
shown in Figs. 7(b & d).  The difference in particle size can be clearly seen, particularly at the higher magnification, Figs. 7(c &d).  
It is worth noting that while all other electro-codeposition parameters remained the same, the plating time was different for the 
two coating samples, resulting in different coating thicknesses. 
 

 
Figure 6 - Effect of particle concentration on particle incorporation in the as- 
deposited coatings for commercial atomized MCrAlY and laboratory ball-milled 
CrAlYTa powders. 
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Figure 7 - SEM cross-sectional images of as-deposited NiCo-CrAlY coatings plated using powders with different particle sizes: 
(a) and (c) 5-μm particles; (b) and (d) 10-μm particles. 

 
Table 7 summarizes the CrAlY particle incorporation in the coatings deposited with 5- and 10-μm powders with different particle 
concentrations in the plating solution.  When the CrAlY particle loading was increased from 20 to 60 g/L, the particle 
incorporation in the NiCo-CrAlY coating was increased, especially for the 5-μm powder.  Regardless of the particle loading, 
consistently higher particle incorporation (based on vol%) was obtained for the 10-μm powder, ~36%, as compared to the 5-μm 
powder (28-31%). 
 
Table 8 provides a more detailed comparison between the volume fraction of particle incorporation and the number of particles in 
the coatings plated with 60 g/L particle loading.  The measurements were taken in eight different areas on each specimen.  
Although the coating deposited using the 10-μm powder showed higher volume fractions of CrAlY particles, the number of 
particles per unit area was much lower, approximately 44% of what was incorporated in the coating deposited with the 5-μm 
powder.  In addition, for both powders, the average size of the embedded particles was much smaller (about half) than that of the 
starting powders. 

Table 7 - Summary of CrAlY particle incorporation in NiCo-CrAlY coatings. 
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Table 8 - Comparison of the volume fraction and the number of CrAlY particles in the coating for 60 g/L particle loading. 

 
 
Particle size and density can change the magnitude of forces acting on the particles both while being suspended in the solution 
and when in contact with the component surface.  When a sedimentation or barrel configuration is used, the velocity of the 
particle is dictated by a balance of gravitational forces and hydrodynamic drag forces.  For larger and heavier particles, the 
agitation required to suspend the particles becomes quite high.  In addition, larger particles are more susceptible to 
hydrodynamic forces further diminishing their ability to be embedded.  Both particle size and density have been shown to 
increase the sediment velocity of the particles.20,29  The increase of particle velocity can increase the particle transport to the 
component surface, which in turn increases the particle concentration at the surface.  Nevertheless, not only is gravity acting on 
the particles, but electrophoretic, hydrodynamic and electrochemical forces are also exerting on the particles.  Additionally, 
adhesion forces are being applied to the particles as the metal matrix forms around the particle.  The sum of these forces 
dictates if a particle will become permanently incorporated in the coating. 
 
4.5. Effect of particle shape and density on particle incorporation 
 
Very limited data were available with regard to the influence of particle geometry on particle incorporation, probably due to the 
restricted availability of commercial powders that have the same composition and particle size, but different particle shapes.  In 
this study, water elutriation made it possible to select the particles with D50 = 11 μm from the ball-milled CrAlY powder to match 
the particle size of the atomized CrAlY powder with D50 = 10 μm.  The spherical particles had a slightly higher density (5.0 g/cm3) 
than the irregular particles (4.5 g/cm3). 
 
Figure 8 shows the SEM cross-sectional images of the Ni-CrAlY coatings that were deposited using the two types of powders.  
Similar to Fig. 4, the difference in the CrAlY particle shape can be clearly seen.  The CrAlY particle incorporation as a function of 
current density is presented in Fig. 9.  Under the same codeposition conditions, the CrAlY particle incorporation was ≤ 30 vol% 
when the irregularly-shaped powder was used, while greater than 42 vol% of particle incorporation was obtained for the spherical 
gas-atomized powder. 

 
Figure 8 - Cross sections of Ni-CrAlY coatings deposited using (a) ball-milled and (b) gas-atomized powders. 
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The gas-atomized CrAlY powder had a slightly higher density (5.0 g/cm3) than the ball-milled powder (4.5 g/cm3).  In order to 
confirm that the increase in particle incorporation was mainly due to the particle shape rather than the density, ball-milled CrAlY 
and CrAlYTa powders with different densities were employed in the electro-codeposition.  As shown in Fig. 10, only very small 
increases of particle incorporation were observed for the CrAlYTa particles with a higher density.  Hence, most of the changes in 
particle incorporation were due to the difference in particle shape between the spherical gas-atomized powder and the irregular 
ball-milled powder. 

  
Figure 9 - Effect of the CrAlY particle shape on particle 
incorporation. 

Figure 10 - Effect of CrAlY(Ta) particle density on particle 
incorporation. 

 
So far, most studies related to the effects of particles was focused on chemical composition, size and conductivity of the 
particles.29-32  In contrast, the effects of particle size shape and density have not received much attention.  The results of the 
present study suggest that the shape of the particles plays an important role in the electro-codeposition process.  These results 
are also consistent with the findings by Apachitei,33 where the spherical Al2O3 particles were found to lead to an increase in 
particle incorporation compared to the irregular Al2O3 particles in the NiP-Al2O3 coatings (i.e., 33 vs. 28 vol%).  The author 
attributed the increase in particle incorporation to decreases in the specific surface area of the particles.  A possible theory is that 
spherical particles with lower specific surface areas require fewer metal ions to be deposited for a given volume, resulting in an 
increase of the volume of particles relative to the volume of deposited metal. 
 
4.6. Sulfur-free solution and preliminary oxidation testing 
 
Electro-codeposition experiments were also conducted in the fluoborate bath with the addition of CrAlY powder.  However, when 
the powder was added, the fluoborate solution violently reacted with the powder.  After the powder was thoroughly mixed with 
the solution, a significant drop of pH from 3.4 to ~2.0 was observed.  Nickel carbonate was used to increase the pH of the plating 
solution to 2.5.  Further solution pH modification was found to be difficult by adding more nickel carbonate.  Since such a pH 
value was still in the recommended range for the fluoborate bath, the electro-codeposition was carried out at pH of 2.5.  When 
the current was applied, small gas bubbles were noticed on both the cathode (specimen) and the anodes.  Even with vigorous 
agitation, a uniform suspension could not form.  Instead, several distinct layers were observed in the beaker.  The specimen 
plated in the fluoborate solution exhibited a dark powdery surface.  Based on the EDS analysis, in addition to the expected 
elements of Ni, Cr and Al, other elements such as F and O were also detected on the coating surface.  These impurities were 
introduced to the coating during electro-codeposition. 
 
Although the fluoborate solution is sulfur-free and offers high plating rates, the fluoborate anion is aggressive.  Some metallic 
materials that contact the solution can be chemically attacked, among which are aluminum, lead, titanium, and high silicon cast 
iron.12,34  In the electro-codeposition process, the CrAlY powder reacted with the fluoborate solution at 50°C and formed 
aluminum hydroxide, leading to the presence of the high oxygen peak on the specimen surface.  Therefore, the fluoborate-based 
plating bath may be suitable for codeposition of more inert particles but not for relatively active metal particles such as the CrAlY-
based powders.  Subsequent work was focused on the other sulfur-free bath, i.e., the all-chloride solution. 
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The cobalt contents in the Ni-Co coatings plated from the Watts and all-chloride solutions were determined by EDS.  The results 
are also included in Tables 3 and 4.  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. 11.  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.35-37  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.37-40 
 
A comparison of the results between the all-chloride 
solution and the Watts bath is also presented in Fig. 
11.  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. 
12.  For the Ni-Co coating containing 20% Co, a fine-
grained structure was observed for the coating plated 
in the all-chloride solution (Fig. 12a).  Previously, 
Young and Struyk35 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. 12c and e), as reported by Karpuz, et al.41  For the Ni-Co coatings 
plated in the Watts bath, polyhedral crystallites were formed for the coatings with lower cobalt content (≤ 20%), Fig. 12b.  As the 
cobalt content increased, globular crystallites were formed whose dimensions appeared to increase with the cobalt content, Figs. 
12d 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.42 
The coatings plated in the all-chloride solutions containing different SLS and T 100 wetting agent were also compared.  Figure 13 
shows the coating surface morphologies before and after heat treatment.  The surface compositions determined by EDS are 
summarized in Table 9.  For all three coatings, a decrease in Cr content was observed, as a result of Cr evaporation in vacuum 
at 1080°C, similar to what was reported for MCrAlY coatings made by thermal spraying and EB-PVD.43,44 
 
Coating #2 (plated in the solution with SLS) had higher Co, Cr and Al levels.  Coating #1 (plated in the solution without wetting 
agent) had acceptable levels of Cr and Al, whereas the Co content was the lowest (i.e., 3.4 wt%).  This was possibly due to a 
lower cathode efficiency, since there was no wetting agent in this solution and the specimen was plated at a lower pH value.  The 
Co, Cr and Al levels were lower for Coating #3 (plated in the solution with T100).  This was likely due to a lower particle 
incorporation in the coating. 
 
Figure 14 shows the specific mass changes after cyclic oxidation testing at 1100°C (200, 1-hr cycles).  The uncoated CMSX-4 
substrate and a previous coating plated in the Watts bath were also included for comparison.  A coating with good oxidation 
resistance should have a slow and steady growth in weight, due to the formation of a thin and adherent Al2O3 scale on the 
surface.  Coating #1 had a slow steady mass gain in the first 100 cycles, but started to lose weight after 100 hr, indicating 
spallation of the oxide scale.  Coating #3 (T100), on the other hand, showed a very rapid mass gain, as a result of fast growth of 
the oxide scale.  Coating #2 (SLS) had the best oxidation performance, exhibiting a steady mass gain and only started to show 
signs of mass loss near the end of the 200-hr test.  This coating also demonstrated much better oxidation resistance than the 
bare CMSX-4 alloy and exhibited lower weight gain than the coating plated in the Watts bath.  In addition, the oxidation results 
were in good agreement with the coating surface composition. 
 

 
Figure 11 - Relationship between cobalt content in the coating and 
Co2+/(Ni2++Co2+) ratio in the plating solution. 
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Figure 12 - 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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Figure 13 - SEM surface images of the specimens for oxidation tests before and after heat treatment: 

• (a) and (b): sample plated in the all-chloride solution (Coating #1, without wetting agent); 
• (c) and (d): sample plated in the all-chloride solution with SLS wetting agent (Coating #2); 
• (e) and (f): sample plated in the all-chloride solution with TX100 wetting agent (Coating #3). 
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Table 9 - Coating surface compositions before and after heat treatment, as determined by EDS (wt%). 

 
 

 
Figure 14 – Specimen mass changes during 1-hr cyclic oxidation in laboratory air at 1100°C. 

 
The current oxidation results suggest that with the proper wetting agent, the all-chloride solution can be used to reduce the sulfur 
content in the MCrAlY coatings and satisfactory oxidation performance could be achieved.  Further evaluation is needed to 
elucidate the effects of wetting agent on both coating quality and oxidation behavior. 
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