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Summary 
 
In the first quarter of Year 2, we focused on preparation and characterization of CrAlY-based alloy powders for the proposed 
research activities in Task 2.  A variety of powders were collected including commercial gas-atomized CrAlY and CoNiCrAlY 
powders, and laboratory ball-milled CrAlY-based powders. To further control the particle size distribution of the ball-milled 
powder, a water elutriation method 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.  By adjusting the flow velocity of the rising fluid, different sized particles were collected. Particle size analysis was carried 
out using a laser diffractor, and the density of the alloy powder was determined using a pycnometer. The morphologies of the 
different types of powders were characterized using scanning electron microscopy.   
  
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, 
aluminum and yttrium are codeposited with the metal matrix of nickel, cobalt or (Ni,Co) to form a (Ni,Co)-CrAlY composite 
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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 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 this reporting period, we focused on preparation and characterization of CrAlY-based alloy powders for the proposed research 
activities in Task 2.   
 
II. Background 
 
Electrochemical composite plating, as a versatile and convenient fabrication process route for producing composite coatings, has 
gained renewed interest, particularly with the emergence of nanostructured materials.  In addition to the excellent review papers 
published in the 1990s by Celis, et al.,7-9 several overviews have been published in recent years, summarizing the most recent 
developments in this field.3,4,10,11 
 
In Year 1 of this project, we studied the effects of several important electro-codeposition parameters on the CrAlY(Ta) particle 
incorporation in the as-deposited Ni-CrAlY(Ta) coatings, including current density and concentration of particles in the plating 
solution (particle loading).  The current density was varied between 5 and 60 mA/cm2.  For ball-milled CrAlY powders with an 
irregular shape, an increase in particle incorporation from 25 to 40 vol% was observed when the current density was decreased 
from 60 to 5 mA/cm2.  However, for spherical CrAlY powders made by gas atomization, the current density showed very little 
influence on particle incorporation (40-43 vol%).  In general, the increase in particle loading led to an increase in particle 
incorporation until it reached a plateau, which is consistent with the Langmuir adsorption isotherm on the electrode surface. 
 
In addition to the electro-codeposition parameters, the particle properties (e.g., size, shape, and density) can affect the particle 
incorporation in the composite coatings.  As an example, our results showed that heavier CrAlYTa powders (with a density of 5.5 
g/cm3) exhibited higher particle incorporation than the CrAlY powders without Ta (4.5 g/cm3).  Furthermore, the geometry of the 
particles (spherical vs. irregular) affected the CrAlY particle incorporation. 
 
However, the particle properties are the least controllable process parameters, as the chosen particle material and (commercial) 
availability often restrict particle shape and size.11  In Year 2 of this project, we will mainly focus on the effect of CrAlY particle 
size on the CrAlY particle incorporation. 
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III. Experimental Procedure 
 
3.1. Powder preparation  
 
A variety of powders were prepared including gas-atomized CrAlY and 
CoNiCrAlY powders, as well as ball-milled CrAlY-based powders. 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 TTU from high 
purity metals using an arc-melter, followed by ball-milling in a high-
energy ball mill for 30-45 min.  Both atomized and ball-milled powders 
were sieved through a 20-μm screen (625 mesh). 
 
To further control the particle size distribution of the ball-milled powder, 
a water elutriation method12 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.  As shown in Fig. 1, water 
was fed upward in a vertical column at a controlled flow velocity.   
Particles that were too small with a terminal velocity less than the flow 
velocity were then separated from the vertical column.  By adjusting the 
flow velocity of the rising fluid, different size particles were collected. 
 
3.2. Powder characterization 
 
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 morphologies of the different types of 
powders were characterized using scanning electron microscopy (SEM). 
 
IV. Results and Discussion 
 
Figure 2 shows the particle morphologies of the ball-milled and gas-atomized CrAlY powders.  Even though the two powders had 
similar chemical compositions, they exhibited quite different shapes.  The atomized particles were mostly spherical, while the 
ball-milled powders were more irregular. 
 

  
(a) (b) 

Figure 2 - Particle morphologies of (a) atomized CrAlY vs. (b) ball-milled powders. 

 
Figure 1 - Diagram of the water elutriation system. 
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Figure 3 compares the particles size distributions for different flow rates used in the water elutriation system.  These results 
indicate that a particle size distribution of 5 to 20 μm could be achieved by discarding the smaller particles through an initial flow 
rate of 10 ccm and collecting the particles of with a subsequent increase in flow rate of 30 ccm. 

 
Figure 3 - Particle size distribution vs. the flow rate used in the water elutriation method. 

 
Some of the as-received powders exhibited a relatively broad particle size range, e.g., 4-150 μm for the atomized CoNiCrAlY 
powder.  After sieving, the atomized powder had a range of 4 to 20 μm.  The chemical composition, density and mean particle 
size of all the powders are summarized in Table 1.  Particle size and density can change the magnitude of forces acting on the 
particle both while 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.  
Hence, the particle size and density are expected to affect the particle incorporation in the electro-codeposited coatings.  The 
increase of particle velocity can in turn increase the particle transport to the component surface and in turn increase the particle 
concentration at the surface. 
   
Table 1 - Chemical composition, mean particle size, and density of the pre-alloyed CrAlY(Ta) and CoNiCrAlY powders. 
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