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1.0 Executive Summary

A combination of two new production methods, Reaction-Bonded Metal Oxide (RBMO)
and electrochemical processing, have been utilized to create a functionally graded thermal barrier
coating. Electrochemical processing, which includes both electrodeposition (EDEP) and
electrophoretic deposition (EPD), has been used to deposit both the metallic and ceramic layers of
the coating. EPD has been used to deposit the RBMO precursor powders, which exhibit the dual
properties of both a metal and ceramic due to its composite nature. A summary of the FGM
production methods and resulting characterization of the produced coatings for the eleventh and
twelfth quarters (5/96 - 12/96), as well as a project summary, are outlined in this final report.

The RBMO process utilizes the oxidation reaction of attrition-milled and compacted
metal/ceramic powder mixtures to make monolithic and composite ceramics. In the production of
reaction-bonded ALO; (RBAO), the volume fraction of Al is usually in the range of 0.3-0.6, with
the remainder of the powder mixture being AL,O; and ZrO,, for example. The process offers
significant advantages over conventional ceramic processing such as low raw material costs, low
processing temperatures, machinability of green bodies, and near-net-shape forming capacity.
Reaction-bonded ceramics/composites exhibit superior microstructures and fracture strengths; for
instance < 1 um grain size and > 800 Mpa for the ZrO,-containing RBMO bodies.

The electrodeposition process has been characterized with respect to both the

microstructure and resultant properties of electrodeposited Ni-Al-Al,O; coatings. Multilayered



coatings of single and dual particle matrix composite have been produced by this process. The
structure of the electrodeposited layers has been studied using both light and scanning electron
microscopy. Variation in particle bath loading and current density has shown that the amount of
alumina incorporated in a single layer can be controlled between a range of 0 to 40%.
Codeposition of Al has been shown to result in a refinement of the Ni matrix structure at high
(> 10 A/dm®) current densities. For single particle baths, the codeposition of Al;O; was more
strongly affected by current density and bath particle content than was the codeposition of Al.
However, for baths containing both Al and Al,O; the amount of incorporated Al,O; no longer
depended on current density. With the choice of appropriate conditions, coatings of Ni with up to
the previously mentioned limit of 40% AL, O; were made. Similar experiments with Al yielded a
maximum of 17.5 vol.% only. Uniform and graded mixed-particle coatings were also produced.
When coatings containing Al were annealed, the reaction of the two elements resulted in the
formation of either single phase y of two phase y-y* alloys, in agreement with the equilibrium
phase diagram. Mechanical properties of these layers have been evaluated and related to the
microstructure through bend testing and microhardness measurements. Elevated-temperature
testing of the electrodeposited layers has also been performed through an oxidation study and
thermal cycling of the final thermal barrier coating (TBC). The oxidation studies have shown that
multiple oxides tend to form; one that forms at the metal/gas interface and a second that grows
through the electrodeposited layer. It was found that alumina addition to the nickel matrix did not
result in an increase in oxide growth rates, and in some cases, lead to a decrease in the growth
rate.

Electrophoretic deposition has been used to deposit the yttria-stabilized zirconia (YSZ)

top-coat of the TBC, in addition to the RBAO layer. The deposition of YSZ is made possible by
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the metallic nature of the RBMO layer. Electrophoretic deposition utilizes the process of
electrophoresis, which is the migration of the charged particles toward the deposition electrode.
The direction of the particle migration is controlled by the zeta potential of the particles. Final
sintering of the YSZ and RBMO layers is done simultaneously, thus producing a fully ceramic
top-coat. Microstructural characterization of both the as-deposited “green” state, and the sintered
structure has been performed for both the RBAO and YSZ layers. The sintered microstructure
shows a dense ALOs layer with corresponding microhardness values roughly an order of
magnitude higher than that of the Ni matrix.

Characterization has been performed on the final electrochemically produced TBC. The

results of both oxidation studies and thermal cycling will be discussed.

2.0 Research Progress and Results

2.1 Task B: Processing/Structure Characterization

2.1.1 RBMO

The RBMO process has been used to produce a dense, alumina-rich layer between the
electrodeposited Ni-Al-AL,O; layer and electrophoreticaly deposited YSZ layer. This process
involves the electrophoretic deposition of the RBAO precursor powder, followed by two separate
sintering runs. The first annealing step is a low-temperature (400°C) heating of the precursor-
RBAO coated electrodeposited layers. This step is designed to encourage bonding between these
layers, without significantly oxidizing the substrate or the RBAO powder. The second annealing

step is the final sintering following the deposition of YSZ, which is a high-temperature process



(1050°C) The result is the formation of a dense fully ceramic layer consisting of both AL,O; and
ZrO;_ from the original RBAO precursor powder.
The RBAO powder used in this project is produced with an Al-Al,0;-ZrO, ratio of

45:45:10 which becomes 20:70:10 following pre-deposition milling in ethanol.

2.1.2 Electrochemical Methods

Electrodeposition

The effect of particle concentration in the plating bath has been studied to determine the
corresponding concentration in the coating. Figure 1a shows a plot of volume percent alumina in
Ni-ALOs coatings as a function of volume percent in the bath for a range of current densities. It
can be seen that increasing the amount of alumina in the bath resulted in a steep increase in vol.%
alumina in the coating. A maximum of 40 vol.% alumina in Ni was achieved at 1 A/dm’ for a bath
loading of 5.3 vol.%. This value is almost twice the maximum reported by Ding et al. [1] for Ni
electrodeposits that contained 2.7 pm a-alumina particles. The decrease in volume percent as a
function of current density for our coatings followed a similar trend to that found by Ding et al.
[1] for Ni-a alumina and Cu-a alumina and Celis et al. [2] for Cu-~y alumina deposits.

Compared with Al,O3, the codeposition of Al was less strongly affected by current density
and bath particle content. The amount of Al in the coating ranged from 5 to 17.5% only, as can
be seen in Figure 1b. Comparison of the structure of the Ni matrix at high current densities ( > 10
A/dm?) with and without the presence of Al showed that codeposition of Al resulted in refinement
of the structure. Comparable studies in Ni-AlL,O; coatings were not possible, because the etchant
preferentially attacked the interface [3]. However, from the variation of hardness of the coatings

with particle vol.% we believe that at lower current densities, the alumina particles result in a



coarsening of the Ni grain structure. We have seen that the grain structure of Ni for sulfamate
baths becomes finer with decreasing current density.[3]

In mixed particle baths, the codeposition of Al was not affected by the presence of
alumina. However, the codeposition of alumina was suppressed at lower current densities so that
the two lines shown in Figure 1a for low and high current density regimes collapsed onto the
latter. The reason for this behavior, we believe, is related to the distortion of the field lines
around metallic (conducting) versus ceramic (insulating) particles during deposition.

Graded coatings of Ni-Al-Al,O; were produced by varying the bath particle content at a
fixed current density of 5 A/dm’. A light optical micrograph of one such coating is shown in
Figure 2a and the annealed structure of the same coating in Figure 2b. When coatings containing
Al were annealed, the reaction of the two elements resulted in the formation of either single phase
v solid or two phase y-y’, in agreement with the equilibrium phase diagram. The sample in Figure
2b, annealed for 1 hr at 635°C, was a two phase mixture of y-y’, with the alumina particles
residing in the y phase.

Figures 3a and 3b present the hardness of single-particle, uniform coatings of Ni-Al,O;
and Ni-Al as a function of current density. Two points are worth noting. First, at high current
densities ( > 10 A/dm?) the “soft” metallic Al particles resulted in greater hardening than the
“hard” ceramic Al,O; particles. Second, at lower current densities the incorporation of alumina
resulted in a smaller increase in the hardness than at higher current densities, even though the
volume percent of the incorporated particles was larger at the lower current densities. In other
words, for both types of coatings the hardness did not follow a simple rule of mixtures. The
reason for this, we believe, is the change in microstructure of the Ni matrix when the second

phase particles are incorporated.



The elevated-temperature evaluation of the electrodeposited layers has also been
performed. A series of experiments were conducted to determine the role of alumina with respect
to the oxidation rate of the Ni matrix. Figures 4-6 show characteristic micrographs of oxidized
single plates of nickel, nickel-alumina, and a discretely layered structure (up to 30 vol.% alumina),
respectively. Two different types of oxide growth were observed. Type I oxide was seen to
grow at the oxide/gas interface. This type of oxide growth is indicative of nickel ion diffusion
outward (p-type). Type II oxide can be seen to grow within the coating. The growth of this type
of oxide would indicate co-diffusion of the species; oxygen diffusion inward or the growth of a
spinel phase in the nickel-alumina composites. The model system of nickel-alumina could be
expected to form a spinel at temperature with the given partial pressure of oxygen within the
furnace. The spinel, which forms according to the equation:

Ni + %20, + ALO; & NiALO, (1)
depends upon the co-diffusion of nickel and aluminum [4,5]. In Figure 6, the spinel growth can
be observed around the alumina particles in the un-oxidized part of the coating. The particles that
were initially agglomerated in the as-plated coating appear to have coalesced and grown. An
energy dispersive spectrum (EDS) was obtained for both oxides, Figure 7 and 8. The only
recognizable peak is nickel, suggesting that it is a nickel oxide (NiO). The absence of an
aluminum peak does not suggest that the spinel did not form, but only that the system may be
limited in detecting the relatively small amounts of Al present.

Figure 9 shows type I oxide thickness measurements as a function of time for various
temperatures. With the exception of the nickel-15 vol.% alumina samples at 1000°C, the addition
of alumina to the nickel matrix did not accelerate the growth of the oxide layer. Type II oxide

was also measured and thickness measurements plotted in Figure 10. Again, it was observed that



growth of this oxide on the nickel-alumina electro-composites was not accelerated. Oxide
formation at the surface of the electrodeposited layers was compared to oxide formation at the

metal/ceramic interface of the final TBC. The results will be discussed later.

Electrophoretic Deposition

EPD has been utilized to deposit both the previously mentioned RBAO powder and YSZ
(TOSOH, TZ-8Y). For both deposits, an electrical potential is created between the
electrodeposited substrate and an aluminum anode. A photo of the EPD experimental setup can
be seen in Figure 11,

RBAO is deposited from an ethanol suspension in a ratio of 30 g of RBAO powder to
180 mL of ethanol. The RBAO powder is milled for a minimum of 20 hours using sixty 1cm
zirconia balls as the milling media prior to each deposition. A potential of 100 V is applied for 3
seconds in order to create an RBAO layer approximately 25 um thick. Figure 12 shows the
characteristic grey color of this coating, in its as-deposited form, due to the high aluminum
content. In contrast, Figure 13 shows the as annealed coating which is white indicating that the
aluminum has oxidized, resulting in a 100% ceramic coating. The annealing process of the as-
deposited RBAO is a two-step procedure. Following RBAO deposition, the coating is subjected
to a low-temperature anneal to encourage bonding between the Ni-Al-Al,O; electrodeposited
layer and the RBAO layer. However, it is essential not to oxidize the RBAO during the process,
or a fully ceramic outer layer will form and prevent subsequent YSZ deposition. To accomplish
this, the sample is heat treated at 400°C for 10 minutes, with a heating rate of 3°C/min and cooling
rate of 5°C/min. The slow heating and cooling rates are necessary due to the stresses that arise

during the heating of a composite material.



