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or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise does 
not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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Introduction 

New designs for advanced gas turbine 
engines for power production are required to 
have higher operating temperatures in order to 
increase efficiency [ 11. However, elevated 
temperatures will increase the magnitude and 
severity of environmental degradation of critical 
turbine components (e.g. combustor parts, 
turbine blades,etc..). To offset this problem, the 
usage of thermal barrier coatings (TBCs) has 
become popular by allowing an increase in 
maximum inlet temperatures for an operating 
engine [2,3]. Although thermal barrier 
technology is over thirty years old, the principle 
failure mechanism is the spallation of the 
ceramic coating at or near the ceramidbond coat 
interface [4,5]. Therefore, it is desirable to 
develop a coating that combines the thermal 
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barrier qualities of the ceramic layer and the 
corrosion protection by the metallic bond coat 
without the detrimental effects associated with 
the localization of the ceramidmetal interface to 
a single plane. 

0 bj ec tives 

The concept for the delocalization of 
interfaces has led to the development of 
functionally, structurally, and chemically graded 
architectures and materials. Functionally Graded 
Materials (FGMs) for thermal barrier coatings 
are metal/ceramic composites that are discretely 
or continuously graded from 100% ceramic at 
the outer surface to 100% metal in the inner 
surface. It has been the focus of this research 
program to investigate novel techniques for 
producing FGMs that override present 
processing barriers of prevalently utilized 
methods. In an initial effort to produce FGMs, 
reaction-bonded metal oxide (RBMO) and 
electrodeposition processes have been studied on 
model systems. 
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Approach 

Reaction-Bonded Metal Oxide (RBMO) 

The reaction-bonded metal oxide (RBMO) 
process utilizes the oxidation reaction of 
attrition-milled and compacted metalkeramic 
powder mixtures to make monolithic and 
composite ceramics. In the production of 
reaction-bonded A1203 (RBAO), the volume 
fraction of A1 is usually in the range of 0.3-0.6, 
with the remainder of the powder mixture being 
predominantly A1203. 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 capability. 
Reaction-bonded ceramics and composites 
exhibit superior microstructures with sub-micron 
grain sizes and fracture strengths > 800 MPa for 
the ZrO,-containing RBAO bodies. 

Electrodeposition 

Electrodeposition is the application of a 
coating on a substrate by passing a current 
through an electrolytic solution. The electrolytic 
solution is a conducting fluid in which the flow 
of current is accompanied by the movement of 
ions from an anode to a cathode. As the M+ 
ions are reduced at the cathode surface, an 
electroplated coating of M metal is produced. 
The advantages of electrodeposition is its low 
equipment costs and the ability to coat complex 
shapes. In order to fabricate an electro- 
composite, second phase particles are 
mechanically suspended in the electrolyte where 
they are incorporated into the metallic matrix due 
to physical and electrochemical means. The 
amount of co-deposited particles depends on 
many processing parameters such as the type of 
electrolyte bath, the current density, the amount 
of particles in the bath, and the size, shape, and 
nature of the particles. 

4 

Figure 1: Microstructure of RBMO/sapphire- 
fiber composite. The fiber is coated with 
monazite. 

Results 

RBMO 

In the present work, RBMO technology has 
been adapted to produce fiber reinforced ceramic 
matrix composites, as well as functionally graded 
structures for turbine components for use in 
advanced gas turbine systems. Large diameter 
(> 1OOpm) continuous sapphire fibers coated 
with a thin layer of monazite (LaPo,) were 
incorporated into a reaction-bonded mullite 
matrix which exhibits near zero shrinkage. The 
thickness of the coating layer can be controlled 
in the range of 2-2Opm. Crack-free dense bodies 
consisting of 95 volume percent mullite and 
approximately 5 volume percent sapphire fibers 
were successfully produced by the reaction- 
bonding technique. The microstructure of the 
composites is shown in figure 1. Fracture 
studies have been conducted to determine the 
effectiveness of the fibers (and coatings) in 
enhancing toughness. Preliminary results (figure 
2) showed that the monazite provides a weak 
interface to allow debonding of the fiber from 
the matrix, thus fulfilling one of the major 
requirements for promoting high toughness. 
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0. The samples were annealed in air at 750°C 
for 30 min,this heat-treatment was chosen so as 
to oxidize the Al, without oxidizing the Ni. 
Finally, sintering was conducted at 1300°C in an 
inert argon atmosphere to produce dense and 
crack-free samples. After reaction-bonding , the 
outermost layers consisted of A1203/Zr02, 
whereas the center layer was pure Ni metal. The 
compositions of the intermediate layers are 
graded so that they become A1203 rich going 
from the center to the outside. A cross-section 
of the FGM is shown in figure 3. 
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Ni 

AI 

A1203 

Figure 2: Fracture surface of the RBMO/ 
sapphire-fiber composite. Ni-0 Ni-IO Ni-30 Ni-50 Ni-100 
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45 45 40 35 0 

35 35 20 5 0 N- 0 
~ 

ZrO, 

Table I: Powder composition (~01%) in each 
layer of the FGM material. 

20 10 10 10 0 

Electrodeposition 

Figure 3: Cross-section of the FGM made by 
reaction-bonding. 

The RBMO process was also used to 
fabricate layered structures (FGMs). The 
composition of each layer is given in Table I. 
All the powder mixtures except 'N-100 were 
attrition milled for 7 hours in acetone with TZP- 
balls. In forming the green body, layers of the 
precursor powders were symmetrically pressed 
together in the following sequence: Ni-O/Ni- 
1 O/Ni-3 O/Ni-SO/Ni- 10 O/Ni-50/Ni-3 O/ Ni- 1 O/Ni- 

A model system of co-deposited metallic 
nickel matrix with second phase alumina (AI2O3) 
particles was used to investigate the effect of the 
processing parameters on the microstructure of 
the electrodeposits. It was found that a larger 
volume percent of incorporated alumina occurred 
when a nickel sulfamate bath was used compared 
to a Watts type bath. At higher current 
densities, a plateau occurred for the 
incorporation of particles, while decreasing the 
parameter resulted in a larger volume percent, 
figure 4. In addition, the particle characteristics 
played a large role in the incorporation. The 
volume percent increased when alpha alumina 
was deposited over gamma alumina, increasing 
the bath loading of particles (figure 4), 
decreasing the particle size, and having shapes 
nearer to that of spherical. Approximately 35 
volume percent alumina has presently been 





incorporated. Through manipulation of the 
processing parameters, a trilayer graded 
structure has been produced, thus demonstrating 
the feasibility of electrodeposition in grading 

microindentation hardness profile of the structure 
is displayed in figure 6 .  The increasing grade in 
microindentation hardness, with increasing 

structures. as seen in figure 5 .  A 

the mechanical and thermo-mechanical properties 
of existing RBAO/FGM layered composites, as 
well as the production of composites with thinner 
layers. The mechanical properties of the fiber 
reinforced mullite matrix composites will also be 
assessed. Novel coatings produced by 
electrophoretic deposition of RBAO precursor 
powders is also being in-iestigated. 


