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Summary 
 
In the fourth quarter of Year 2, the effects of particle density and shape on the codeposition process were studied.  Both gas-
atomized and ball-milled CrAlY powders were used in electro-codeposition, which displayed spherical and irregular shapes, 
respectively. The particle size range of ball-milled CrAlY powder was sorted and selected using water elutriation so that the two 
types of powders exhibited similar particle sizes (D50 = 10-11 μm).  Under the same codeposition conditions, the CrAlY particle 
incorporation was ≤ 30 vol% when the irregularly-shaped powder was used, while greater than 40 vol% particle incorporation 
was obtained for the spherical gas-atomized powder. 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 particle 
shape rather than particle density, ball-milled CrAlY and CrAlYTa powders with different densities were employed in the electro-
codeposition process.  Only very small increases of particle incorporation were observed for the CrAlYTa particles with a higher 
density.  The results suggest that the shape of the particles plays an important role in electro-codeposition, likely related to the 
specific surface area of the particles which can affect the number of metal ions adsorbed on a particle surface. 
 
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.  
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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 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. 

In the previous reporting period (Seventh Quarterly Report: http://short.pfonline.com/NASF19Dec2), the effect of the particle size 
of both ball-milled and gas-atomized powders CrAlY powders on the particle incorporation in the (Ni,Co)-CrAlY composite 
coatings was studied.  In the current study, the influence of CrAlY(Ta) particle density and shape on the particle incorporation 
was investigated. 
 
II. Experimental procedure 
 
Disc specimens of Ni-based alloys (1.6 mm thick, ~17 mm in diameter) 
were ground to #600 grit using SiC grinding papers, followed by grit 
blasting with #220 Al2O3 grit.  The specimens were then ultrasonically 
cleaned in hot water and acetone prior to electro-codeposition.  Pre-
alloyed CrAlY(Ta) powders with different densities and shapes were 
utilized.  The spherical CrAlY powders were manufactured by gas 
atomization and were purchased from Sandvik.  The CrAlY(Ta) powders 
with irregular shapes were made via arc melting and ball milling at 
Tennessee Technological University (TTU).  Both powders were sieved 
through a 20-μm screen (625 mesh).  Water elutriation was employed to 
select the particle size range of some ball-milled CrAlY powder to make it 
more comparable to the size of the gas-atomized powder.7 
 
A rotating barrel system as illustrated in Fig. 1 was used in the electro-
codeposition experiments; details can be found elsewhere.6  Watts nickel 
plating solution was utilized in electro-codeposition.  The solution pH was 
kept at ~3.5 and the solution temperature was at 50 ± 1.5°C.  The 
CrAlY(Ta) particle concentration in the solution was 20 g/L, while the applied current density ranged from 5 to 60 mA/cm2.  The 
specimens were plated for different lengths of time, depending on the required coating thickness and the applied current density. 

 
Figure 1 - Schematic of the barrel system. 
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Particle size analysis was carried out using a Malvern Mastersizer 2000 Laser diffractor.  The density of the alloy powder was 
determined using a pycnometer (Micromeritics AccuPyc II 1340 Pycnometer).  The NiCo-CrAlY(Ta) composite coatings were 
characterized by scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS).  Prior to 
metallographic sample preparation, the specimens were copper-plated to improve edge retention.  To determine the volume 
fraction of the incorporated CrAlY(Ta) particles, multiple backscattered electron images were taken from different locations 
along the coating cross-section, which were then processed using the ImageJ software.8  The brightness and contrast of the 
image were adjusted by setting a proper threshold to separate the particles from the background.  The area fraction of the 
CrAlY(Ta) particles was determined, which was assumed equivalent to its volume fraction. 
 
 III. Results and discussion 
 
The particle size distributions of the gas-
atomized (spherical) and ball-milled 
(irregular) CrAlY powders are presented 
in Fig. 2 and summarized in Table 1.  
After water elutriation, the ball-milled 
powder exhibited a particle size very 
similar to that of the gas-atomized 
powder.  This also further confirms that 
water elutriation is an effective method 
in sorting out and selecting the particles 
with desired particle size range.  D50 
values of the spherical and irregular 
particles were 10 �m and 11 �m, 
respectively.  The spherical particles 
had a slightly higher density (5.0 g/cm3) 
than the irregular particles (4.5 g/cm3). 
 

Table 1 - Particle properties of CrAlY-based powders used in electro-codeposition. 
 

Powder Type Shape D50  
(μm) 

Density 
(g/cm³) 

Composition (wt%) 

Cr Al Y Other 

CrAlY Ball-milled Irregular 6 4.5 61.3 37 1.7 -- 

CrAlY+Ta Ball-milled Irregular 6 5.5 60.6 25.3 1.5 12.6 Ta 

CrAlY Gas-atomized Spherical 10 5.0 58 30 2 -- 

CrAlY 
Ball-milled and 
water-elutriated Irregular 11 4.5 61.3 37 1.7 -- 

 
Figure 3 shows the SEM cross-sectional images of the Ni-CrAlY coatings that were deposited using the two types of powders.  
The differences in the CrAlY particle shape can be clearly seen.  The CrAlY particle incorporation as a function of current density 
is presented in Fig. 4.  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 2 - Particle size distributions of gas-atomized (spherical) CrAlY powder and 
ball-milled (irregular) powder after water elutriation. 
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                                                        (a)                                                                                (b) 
Figure 3 - Cross sections of Ni-CrAlY coatings deposited using (a) ball-milled and (b) gas-atomized powders. 

 
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. 5, 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 4 - Effect of the CrAlY particle shape on particle 
incorporation. 

Figure 5 - Effect of CrAlY(Ta) particle density on particle 
incorporation. 

 
So far, most studies related to the effects of particles has been focused on chemical composition, size and conductivity of the 
particles.9-12  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 13 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.  
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