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Summary
In the first quarter of Year 3, the study focused on the exploration of a sulfur-free fluoborate plating solution for electrocodeposition of Ni-CrAlY composite coatings. Thick nickel coatings of 20-80 μm thickness were able to be plated in a relatively
short time with the fluoborate bath and the coatings were uniform and adherent. However, when CrAlY powder was added, the
fluoborate solution violently reacted with the powder and a uniform suspension could not be obtained. The resulting dark coating
was powdery and loosely attached to the substrate. The coating surface exhibited poor electrical conductivity due to the
presence of impurity elements such as F and O in the coating, as revealed by energy-dispersive spectroscopy (EDS) analysis.
Although the fluoborate solution is sulfur-free and offers high plating rates, the CrAlY powder used in the codeposition process is
readily attacked by the aggressive fluoborate anion. 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.
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 beamphysical 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 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 The Watts bath (sulfate-based) is one of the most commonly used electrolytes, which was
also employed in our previous electro-codeposition process for fabricating NiCoCrAlY coatings. Two sulfur-free baths, i.e., the
fluoborate solution and the all-chloride solution, will be investigated. In this report, the electrodeposition results with the
fluoborate-based solution will be summarized. The fluoborate solution is often used for heavy nickel plating and electroforming.
The advantage is that it is possible to work with high nickel concentrations and therefore with high current densities.16 As a
result, high deposition rates (e.g., ~100 μm/hr) have been reported.17
III. Experimental Procedure
3.1. Electroplating and electro-codeposition
Both electroplating and electro-codeposition experiments were carried out in the fluoborate bath in a glass beaker. The solution
consisted of 220 g/L of nickel fluoborite, Ni(BF4)2 and 30 g/L of boric acid, H3BO3, mixed with deionized water. The substrate
material used was Ni-200 (>99.0 Ni, with 0.40 Fe-0.35 Mn-0.25 Cu-0.35 Si-0.15 C-0.01 S max., in wt%). A baseline nickel
coating was first plated without CrAlY powders. Ball-milled CrAlY powder (30 g/L) was then added to the solution to deposit the
Ni-CrAlY composite coatings. The electro-codeposition setup is illustrated in Fig. 1. The solution was magnetically stirred at
~220 rpm, and the current density was varied from 30 to 200 mA/cm2. The specimens were plated for 30 to 180 min at 50°C.
After plating, the specimen was rinsed and ultrasonically cleaned in hot water. The coatings were characterized by optical
microscopy and scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS). Prior to
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metallographic sample preparation, the specimens were copper-plated to
improve edge retention. To determine the volume fraction of the
incorporated CrAlY particles, multiple backscattered electron images were
taken from different locations along the coating cross-section, which were
then processed using the ImageJ software.18 Brightness and contrast of
the images were adjusted by setting a proper threshold so that the
particles could be separated from the background. The area fraction of
the CrAlY particles was determined, which was assumed equivalent to its
volume fraction.
IV. Results and discussion
Uniform nickel coatings were plated with the fluoborate solution, as shown
in Fig. 2. The nodules formed on the coating surface were not necessarily
correlated to individual grains. Instead, they could be grain aggregates.
The nickel coatings plated at 30 mA/cm2 for 60 min were 20-25 mm thick
and were very adherent.

Figure 1 - Schematic of the electro-codeposition
setup.

Figure 2 - Nickel coating plated at 30 mA/cm2 for 60 min using the fluoborate solution: (a) overall appearance; (b) SEM
secondary electron image showing coating surface morphology; (c) optical micrograph of the coating cross section.
Nickel coatings were also deposited at higher current densities, e.g., 200 mA/cm2. As shown in Fig. 3, an adherent coating of ~80
mm thick was formed after 30-min plating. Nodules (thicker coatings) were observed on specimen edges, as indicated by the
arrow in Fig. 3a. These results have further confirmed that the fluoborate bath has the capability of achieving high plating rates.

Figure 3 - Nickel coating plated at 200 mA/cm2 for 30 min in the fluoborate solution: (a) overall appearance; (b) SEM secondary
electron image showing coating surface morphology; (c) optical micrograph of the coating cross section.
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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 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.

(c)
Figure 4 - Specimen plated in the fluoborate solution containing CrAlY powder: (a) overall appearance; (b) SEM secondary
electron image showing coating surface morphology; (c) EDS analysis of the surface composition.
Figure 4 shows the specimen that was plated in the fluoborate solution containing 20 g/L of CrAlY powder. The specimen was
plated under the same conditions as the one shown in Fig. 3 (i.e., at 200 mA/cm2 for 30 min), with the exception of the CrAlY
powder in the solution. A dark powdery coating was formed on the specimen surface (Fig. 4a), which was loosely attached to
the substrate. When the specimen was examined in the SEM, charging occurred (Fig. 4b), indicating that the coating surface
exhibited poor electrical conductivity. Based on the EDS analysis in Fig. 4c, 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.12,19 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. Future work will focus on the other sulfur-free bath, i.e., the all-chloride solution.
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