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Executive Summary

Reducing fuel and maintenance and repair costs of internal
combustion engines are of paramount importance to vehicle operators. For
engine designers and manufacturers, this translates into goals of reducing
specific fuel consumption and increasing engine component reliability and
durability. The project described herein primarily addressed the latter of these
goals. However, as the project proceeded, it was soon realized that this latter
goal could be achieved while at the same time achieving favorable results in
terms of reducing fuel consumption and repair costs.

~ While there are many areas where improvements in engine reliability
and durability can be pursued; those components that are exposed to the
combustion process are of foremost consideration. Of specific interest are the
following combustion zone surfaces: piston crowns, cylinder heads, liners and
rings, intake and exhaust valves, exhaust manifolds and the turbocharger
turbine and casing. The surfaces of these components operate at elevated
temperatures and may experience localized overheating that can change the
metallurgical structure of the component materials, and are subject to the
corrosive and erosive effects of the chemical constituents in the products of
combustion.

The means selected to achieve the project's goals was to adapt the
technology of thin ceramic coatings, currently being applied to the
combustion components of aircraft derivative gas turbines to the combustion
components of high speed diesel engines used in off-highway transportation
vehicles. The project had three major objectives:

¢ Demonstrate the reliability and durability of thin ceramic coatings as
well as any engine performance improvements achieved in actual
service in engines propelling different types of vehicles, i.e. towboats
and off-road ore carrier trucks.

¢ Provide technical guidance to prospective users of ceramic coatings in
efforts associated with the in-service test and evaluation of these
coatings.

¢ Provide a basis for a broad range of engine types and applications to
identify the technical considerations which play a significant role in
ensuring the in-service durability and performance of ceramic coatings
applied to diesel engine combustion components.

A most important consideration in adapting the technology was to stay
within the bounds of gas turbine engine experience. Therefore, the
composition of the ceramic coatings used, their thickness and physical
characteristics, and the application method used to apply them to gas turbine
engine combustion cans over a period of more than 10 years were rigidly
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adhered to in their application to diesel engines. This project utilized
partially stabilized zirconia ceramic coatings 0.008 in. - 0.015 in. (0.2 - 0.4 mm)
thick that were plasma sprayed over thin, 0.004 in. - 0.006 in.(0.1 - 0.15 mm)
thick metallic bond coats. The total thickness of the metallic bond and ceramic
coatings was not to exceed 0.020 in..

The promise of the coatings to improve the durability /reliability of diesel
engines was assessed by coating the combustion zone surfaces of two types of
high speed diesel engines. The coatings, applied to the combustion
components of each type of engine, were first tested under controlled
environmental conditions in a test cell or on a test stand. This provided a
means for measuring possible improvements in engine performance and an
initial assessment of coating durability. Following this testing, the coatings
were applied to the combustion zone components of the type of engine
installed in selected off-highway transportation vehicles and subjected to
extensive in-service test and evaluation.

One of the selected vehicles was an inland waterway towboat equipped
with large bore 2-stroke high speed diesel engines. These types of engines are
also commonly found in railroad locomotives. The second type of vehicle
was an open-pit mine truck equipped with a small bore 2-stroke high speed
diesel engine. These types of engines are also commonly used to propel small
towboats, harbor tugs, fishing vessels and many other types of off-highway
vehicles. Operational, in-service durability in excess of 14,000 hours was
achieved.

Another project to use ceramics in diesel engines was initiated at the
Cummins Engine Co. over 10 years ago to develop an "adiabatic" or low heat
rejection enginel.2 whose performance was to be improved by insulating the
combustion zone components using thick, >0.1 in. (2.5 mm) monolithic or
plasma spray coated ceramics on the combustion surfaces. This thick thermal
barrier liner approach to the coating of diesel engine components has been
pursued since that time in DOE/NASA jointly sponsored programs at the
Cummins Engine Co. and Caterpillar, Inc.345 Both projects finally settled on
coating the piston crown, valves and cylinder head fire deck with 0.1 in. (2.5
mm) thick, partially stabilized zirconia ceramic coatings which were to have a
thermal conductance of 0.5 BTU/hr in2 °F (408 Watts/hr m2 °K). The coated
components were to demonstrate their durability and insulation
characteristics in a 100 hr duration test in a single cylinder, laboratory engine
that simulated an advanced on-highway truck diesel engine. After 4.5 years of
development with considerable use of finite element analysis to establish
thermal stress levels in the ceramic layer, much effort to refine the basic
material, and other means to overcome the inherent brittleness of thick
ceramics, one company is reported to have achieved the 100 hr. operation
goal.

The use of thick (0.1 in.) coatings in diesel engines is a difficult technical
challenge that is far removed from using thin, 0.01 in (0.25 mm) coatings that
do not have thermal stress and other mechanical durability problems, as has
been done in the project reported on herein. The thin, plasma sprayed
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zirconia ceramic coatings documented in this report have many years of
demonstrated reliability in production gas turbine engines and should not be
confused with the thick, ceramic thermal barrier coatings for diesel engines
being developed in the DOE/NASA program. Properly applied thin coatings
using the quality assurance procedures described in Appendix A have been
demonstrated to be reliable for thousands of hours of operation.

This report is organized to first describe the ceramic coatings technology
and summarize their initial application in gas turbine engines, then to briefly
describe the initial efforts to apply them in thick ( > 0.1 in.) form in "adiabatic"
diesel engines and, finally, to present the results of the thin coatings used in
this project that were successfully used in several high speed diesel engines
operating at different duty cycles. In Appendix A, the recommended quality
assurance considerations for thin coatings are presented in a form that can be
used to establish quality control procedures for application of the coating to
internal combustion engine components in production. In Appendix B, the
output of a computer literature search compiles the major quantity of papers
that have been written since 1978 on the use of ceramic coatings in internal .
combustion engines. '
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APPLICATION OF CERAMIC COATINGS TO
HIGH SPEED DIESEL ENGINE COMBUSTION
ZONE COMPONENTS OF OFF-HIGHWAY
TRANSPORT VEHICLES

Final Report

I. OVERVIEW

Reducing fuel and maintenance and repair costs of internal
combustion engines are of paramount importance to vehicle operators. For
engine designers and manufacturers, this translates into goals of reducing
specific fuel consumption and increasing engine component reliability and
durability. The project described herein primarily addressed the latter of these
goals. However, as the project proceeded, it was soon realized that this latter
goal could be achieved while at the same time achieving favorable results in
terms of reducing fuel consumption and repair costs.

While there are many areas where improvements in engine reliability
and durability can be pursued; those components that are exposed to the
combustion process are of foremost consideration. Of specific interest are the
following combustion zone surfaces: piston crowns, cylinder heads, liners and
rings, intake and exhaust valves, exhaust manifolds and the turbocharger
turbine and casing. The surfaces of these components operate at elevated
temperatures and may experience localized overheating that can change the



metallurgical structure of the component materials, and are subject to the
corrosive and erosive effects of the chemical constituents in the products of
combustion.

The means selected to achieve the project's goals was to adapt the.
technology of thin ceramic coatings, currently being applied to the
combustion components of aircraft derivative gas turbines to the combustion
components of high speed diesel engines used in off-highway transportation
vehicles. The project had three major objectives:

. Demonstrate the reliability and durability of thin ceramic coatings as
well as any engine performance improvements achieved in actual
service in engines propelling different types of vehicles, i.e. towboats
and off-road ore carrier trucks.

¢ Provide technical guidance to prospective users of ceramic coatings in
efforts associated with the in-service test and evaluation of these
coatings.

¢ Provide a basis for a broad range of engine types and applications to
identify the technical considerations which play a significant role in
ensuring the in-service durability and performance of ceramic coatings
applied to diesel engine combustion components.

A most important consideration in adapting the technology was to stay
within the bounds of gas turbine engine experience. Therefore, the
composition of the ceramic coatings used, their thickness and physical
characteristics, and the application method used to apply them to gas turbine
engine combustion cans over a period of more than 10 years were rigidly
adhered to in their application to diesel engines. This project utilized
partially stabilized zirconia ceramic coatings 0.008 in. - 0.015 in. (0.2 - 0.4 mm)
thick that were plasma sprayed over thin, 0.004 in. - 0.006 in.(0.1 - 0.15 mm)
thick metallic bond coats. The total thickness of the metallic bond and ceramic
coatings was not to exceed 0.020 in..

The promise of the coatings to improve the durability/reliability of diesel
engines was assessed by coating the combustion zone surfaces of two types of
high speed diesel engines. The coatings, applied to the combustion
components of each type of engine, were first tested under controlled
environmental conditions in a test cell or on a test stand. This provided a
means for measuring possible improvements in engine performance and an
initial assessment of coating durability. Following this testing, the coatings
were applied to the combustion zone components of each type of engine
installed in selected off-highway transportation vehicles and subjected to
extensive in-service test and evaluation.



One of the selected vehicles was an inland waterway towboat equipped
with large bore 2-stroke high speed diesel engines. These types of engines are
also commonly found in railroad locomotives. The second type of vehicle
was an open-pit mine truck equipped with a small bore 2-stroke high speed
diesel engine. These types of engines are also commonly used to propel small
towboats, harbor tugs, fishing vessels and many other types of off-highway
vehicles. Operational, in-service durability in excess of 14,000 hours was
achieved.

Another project to use ceramics in diesel engines was initiated at the
Cummins Engine Co. over 10 years ago to develop an "adiabatic" or low heat
rejection enginel.2 whose performance was to be improved by insulating the
combustion zone components using thick, >0.1 in. (2.5 mm) monolithic or
plasma spray coated ceramics on the combustion surfaces. This thick thermal
barrier liner approach to the coating of diesel engine components has been
pursued since that time in DOE/NASA jointly sponsored programs at the
Cummins Engine Co. and Caterpillar, Inc.345 Both projects finally settled on
coating the piston crown, valves and cylinder head fire deck with 0.1 in. (2.5
mm) thick, partially stabilized zirconia ceramic coatings which were to have a
thermal conductance of 0.5 BTU/hr in2 °F (408 Watts/hr m?2 °K). The coated
components were to demonstrate their durability and insulation
characteristics in a 100 hr duration test in a single cylinder, laboratory engine
that simulated an advanced on-highway truck diesel engine. After 4.5 years of
development with considerable use of finite element analysis to establish
thermal stress levels in the ceramic layer, much effort to refine the basic
material, and other means to overcome the inherent brittleness of thick
ceramics, one company is reported to have achieved the 100 hr. operation
goal.

The use of thick coatings in diesel engines is a difficult technical challenge
that is far removed from using thin, 0.0l in (0.25 mm) coatings that do not
have thermal stress and other mechanical durability problems, as has been
done in the project reported on herein. The thin, plasma sprayed zirconia
ceramic coatings documented in this report have many years of demonstrated
reliability in production gas turbine engines and should not be confused with
the thick, ceramic thermal barrier coatings for diesel engines being developed
in the DOE/NASA program. Properly applied thin coatings using the quality
assurance procedures described in Appendix A have been demonstrated to be
reliable for thousands of hours of operation.

This report is organized to first describe the ceramic coatings technology
and summarize their initial application in gas turbine engines, then to briefly
describe the initial efforts to apply them in thick ( > 0.1 in.) form in "adiabatic"
diesel engines and, finally, to present the results of the thin coatings used in
this project that were successfully used in several high speed diesel engines
operating at different duty cycles. In Appendix A, the recommended quality
assurance considerations for thin coatings are presented in a form that can be
used to establish quality control procedures for application of the coating to
internal combustion engine components in production. In Appendix B, the



output of a computer literature search compiles the major quantity of papers
that have been written since 1978 on the use of ceramic coatings in internal
combustion engines.

II. CERAMIC COATINGS TECHNOLOGY

In gas turbines, thin ceramic coatings are used to provide a thermal barrier
between the combustion gas and the metal substrate structures, such as
burner cans to which they are applied. At the heat fluxes which occur in
aircraft gas turbines, there is a considerable temperature reduction in the
metal of the coated structure, of the order of 200°F. Hence the coatings have
come to be known as ceramic thermal barrier coatings (CTBC) and will be
referred to in this manner in this report. However, the degree of temperature
reduction achieved in the use of the thin coatings on diesel engine
components is considerably less and is generally of lesser importance. In the
diesel engine, durability improvements, i.e., extension of the time between
overhauls, and the degradation of engine performance with service time
were the primary considerations.

A, Bond Coats

The types of coatings that are being evaluated for use in diesel engines are
the culmination of several decades of coating development and application,
primarily on the combustor cans of gas turbine engines. They had their
genesis in the early 1950's when glass frits were applied on sheet metal
combustor hardware from liquid slurries to add high temperature corrosion
protection to the alloys of the period. Coatings of various compositions were
applied that enhanced the oxidation resistance of the combustor cans,
permitting higher combustion temperatures to be used.

Metallic protective coatings which contained greater amounts of
chromium, and subsequently aluminum, were next developed, again
primarily to provide enhanced oxidation resistance. As the understanding
grew of the oxidation requirements of superalloys as traded off against their
elevated temperature mechanical properties, primarily creep strength, the
metallic coating compositions and microstructures were refined. Eventually a
family of metallic corrosion resistant coatings were developed that are in use
today. They contain a combination of iron, nickel, and/or cobalt, chromium,
aluminum and an active element such as yttrium. The specific compositions
are tailored to provide adherent, protective layers for different structural
alloys and operating environments.

The metallic coatings are designated as MCrAlY's with the M standing for
the metals iron, nickel or cobalt, the Cr for chromium, the Al for aluminum
and the Y for yttrium. They are used on turbine engine components to protect
structural metallic components that are low in such protective oxide forming



elements as chromium and aluminum because of strength considerations.
The coatings are applied in thicknesses ranging from 0.003 in. (75um) to 0.007
in. (175pum) by several techniques, primary among them being physical vapor
deposition and plasma spraying. They are used to protect underlying
superalloy substrates against high temperature oxidation and hot corrosion.

The MCrAlY coatings are also used extensively in CTBC's as a bond coat,
located between the metal substrate and the porous ceramic thermal barrier
outer coating. In this role they provide corrosion protection to the base metal,
protecting it from combustion gas constituents that can readily move through
a porous ceramic layer. The bond coats also provide a thermal expansion
transition layer between the higher thermal expansion coefficient substrate
metal and the lower thermal expansion coefficient ceramic thermal barrier
layer. The rough surface of the as-applied bond coat also makes a good base on
which the ceramic can deposit in a tightly adherent configuration.

The MCrAlY bond coats are applied primarily by the plasma spray process,
resulting in a coating structure that is quite dense with randomly distributed,
mostly noncontinuous, small pores. There is an inherent degree of oxidation
within the bond coat located at particle splat boundaries. As a base for the
outer ceramic layer, the MCrAlY bond coat is usually deposited between 4 and
8 mils (100 - 200 um) thick. To decrease its porosity and internal oxidation in
order to obtain increased corrosion protection for the substrate, it is
sometimes sprayed in a low pressure chamber or within an inert gas shroud.

Thus, a coating material system that was initially developed to be used by
itself as a corrosion protection barrier has been found to be an important
constituent of the CTBC. The properties of MCrAlY coating systems, derived
through many years of development and service experience, enhance the
durability of the CTBC's.

B. Ceramic Coati

Ceramic materials such as alumina (AlpO3) and zirconia (ZrOj) have a
number of properties that make them attractive for use as protective layers on
engine components whose surfaces are subjected to elevated temperatures.
Compared to metals, they have higher temperature performance capabilities
as they are more resistant to oxidation, corrosion from sulfur or vanadium
compounds and their salts, erosion and other forms of wear. They are also
much better thermal insulators than metals, a key factor in their use in
CTBC's. Their developmental and production use in gas turbine engines and
more recently, their experimental evaluation in diesel engines is well
documented in the technical literature.6-12,

The components of a diesel engine which can most benefit from the use of
ceramic coatings are those which have surfaces that form the combustion
zone of a cylinder.13 Thus, valve faces, piston crowns, cylinder heads and
exhaust manifolds are prime candidates for the use of ceramic insulators. The
thickness of the ceramic insulating layers on these surfaces can range from a
few thousandths to several tenths of an inch. Many factors dictate the



thickness of the ceramic that will provide sufficient thermal insulation
without sacrificing other factors such as durability or fabrication cost.
Generally, ceramic thicknesses less than 0.060 in. (1.5 mm) are applied by
some type of coating process. Thicknesses greater than this are typically
fabricated in monolithic shapes and subsequently joined to the metal
substrate. It should be stated at this point that thinner ceramic coatings
deposited on substrates appear, at this time, to be more appropriate for use in
diesel engines than thicker, monolithic ceramic bodies. The reasons for this
will be discussed.

rami in lection Criteri

Many factors must be considered in the design of a ceramic material into a
dynamic device such as a diesel engine. Several of the more important
considerations are discussed below:

1. Mechanical Behavior

A ceramic layer is a brittle material. As such it has a relatively small
tolerance for withstanding multi-axial loads, especially those which have a
significant tension component. As the ceramic layer is made thicker it can
develop greater stresses from a combination of mechanical and differential
thermal forces. Its ability to withstand these stresses is limited because of its
lack of ductility and the presence of defects that are potential crack starters. At
the current stage in the development of structurally sound, load carrying
ceramic materials, monolithic bodies, i.e., greater than about 0.060 in. (1.5
mm) thick have not shown to operate reliably in a diesel engine for any
period of time.

However, the use of thin ceramics, i.e. less than 0.060 in. (1.5 mm) thick,
with built in void and micro-crack structures to prevent the buildup of large
stresses that result in catastrophic cracks have been demonstrated to perform
reliably on gas turbine combustor components. Ceramics of this thickness are
fabricated by a number of coating processes. It is this demonstrated approach
to the use of ceramics in engines that should be pursued to provide the
mechanical reliability that is required by diesel engines.

2. Physical Properties

The physical properties of the ceramics used in ceramic coatings play an
important role in both their performance and durability. Table 1 lists the
properties of the ceramic materials that are considered when thermal
insulation is required.]4 Of all of the ceramics whose properties are suitable
for coatings, zirconia has been, thus far, the most used ceramic in the gas
turbine industry and is the most promising material for use in diesel engines.
The other materials are listed to provide comparisons to the forms of ZrO;
that are listed. Data sources are listed in Reference 14.

The most important physical properties that must be considered when a
ceramic material is utilized in an engine component are its thermal



conductivity and thermal expansion. Thermal conductivity determines its
insulation ability and thermal conductivity and thermal expansion are major
factors in its durability. Other important properties that affect durability are
Young's modulus, Poissons ratio, and fracture strength. All of these
properties are affected by the microstructure of the ceramic which, in turn, is
dependent upon the method of fabrication. Most of the properties listed in
Table 1 were obtained from high density monolithic forms of the ceramic.

The exception in Table 1 is the plasma sprayed ZrO, which is the form
that is the prime candidate for use in diesel engines. It can be seen that all of
the key properties of plasma spray ZrOy compare very favorably with those of
other ceramics. Its thermal conductivity is lowest, its thermal shock resistance
parameter is lowest, its thermal expansion coefficient is on the high side,
which helps in its adherence to higher expansion rate metals and its other
properties are all in a desirable range.

3. Chemical Stability

The environment in which ceramic coatmgs on engine combustion zone
surfaces will operate is primarily an oxidizing one. However, the combustion
gases may contain aggressive sulfur or vanadium compounds that can cause
corrosive attack.12 The use of oxide ceramics generally precludes oxidation.
Zirconia is resistant to gaseous sulfur attack, but can be affected by vanadium
compounds, as will be discussed later. The deposition of compounds such as
sodium or calcium sulfate, which occurs in diesel engines, on the coating's
surface or in its pores can result in transport of sulfur into the coating which
can combine with stabilizers in the zirconia such as MgO, with a deleterious
effect. Also, the ceramic can undergo phase transformations at certain service
temperatures which can adversely affect its performance by causing spalling
of the coating to occur. Therefore, the chemical stability of the ceramic in the
particular thermal and chemical environments in which it must serve is a
significant consideration in the application of ceramic coatings.

4. Fabrication

The process by which the ceramic coating is applied to a metal substrate
is a most important aspect of the use of ceramic coatings in diesel engines.
The basic type of process and the processing parameters used affects the
important mechanical and physical properties of the deposited coating as well
as its composition and microstructure. These variables, in turn, affect the
insulating ability of the coating and its corrosion resistance, adherence and
durability.

The use of the plasma spray process has been determined to be the most
advantageous method for applying ceramic coatings on turbine engine
components. However, other processes can be considered. These include
electron beam physical vapor deposition, chemical vapor deposition, pack
diffusion, slurry deposition and sputtering. Coating surface refinements such
as laser glazing, impregnation, and ion implantation are also used to modify
the surface to resist particular operating conditions.



The economics of the coating application process also vary rather broadly.
The cost of powders of various levels of purity and powder size distribution,
the acquisition and operating costs of the spraying equipment, the versatility
of the process with respect to part geometry, the amount and type of substrate
metal preparation that is required and the post-application finishing cost all
enter into the determination of the cost of depositing a ceramic coating on a
valve face, piston crown or cylinder head. Since the plasma spraying process
is one of the lowest in cost of the deposition methods and can be readily
automated, its selection as the primary method to apply ceramic coatings on
the surfaces of diesel engine components is a logical one.

D. Plasma Spray Process

Except for pack aluminizing, plasma spraying is the most commonly used
deposition method for application of coatings to heat engine components.14
Plasma spraying has been reviewed by Moss and Young!3 and by Tucker.16
The preference for the plasma spraying process is based on simple equipment,
fast deposition, ease of coating complex shapes, ability to vary coating
composition, and economics. A typical plasma spray gun is shown
schematically in Figure 2. Plasmadyne or Metco commercially available
equipment is frequently used. Until recently, guns were either hand-held or
attached to a lathelike table. Now sophisticated computer-controlled robotic
equipment is being used.

A wire, rod, or more typically in the case of ceramics, a powder of the
material to be deposited is fed through a plasma, typically 5 to 10% Hj in
argon. The material is partially or completely melted by the plasma and
sprayed at high velocity onto the substrate. The plasma may be generated by
arc discharge or by radio frequency induction. The spraying process can be
conducted in air or at reduced pressure in low vacuum chambers. The
somewhat similar flame-spraying process, where the material to be deposited
is melted and propelled by an oxygen-acetylene flame, has been supplanted by
plasma spraying for higher technology materials. Some important process
variables are voltage, current, carrier gas composition, powder characteristics,
powder feed rate, gun-to-substrate distance, substrate temperature, and post-
coating heat treatment.12,17,18,

Plasma sprayed coatings are typically low-density, porous, stressed,
permeable structures. Attainment of densities above 90 or 95% of theoretical
is difficult. For thermal barrier coatings the presence of porosity, microcracks,
and possibly residual stress are beneficial in that they increase the resistance to
heat transport and spalling. Depending on the application, certain types of
porosity and microcracks are desirable in that they reduce the elastic modulus
and thus improve toughness and thermal shock resistance. Excessive
microporosity and larger cracks are, of course deleterious to strength,
toughness, corrosion, wear, and erosion.

Kvernes and coworkers have described the criteria for powder selection
and the qualities of some commercial powders as well as process variables.1?



Important powder characteristics are precise composition, chemical
homogeneity, particle size distribution and shape, flowability, moisture,
content and impurities. To obtain the desired structure in stabilized-zirconia
coatings, the powder should be pre-reacted with the stabilizer, which is
usually an active element oxide such as Y203, MgO, or CaO, until the
stabilizer cations are incorporated into the lattice structure of the zirconia.
The need for stabilization will be discussed later. This should be done prior to
the introduction of the powder into the plasma spray gun. This is not always
the case with commercial powders. The worst case is a mechanical mixture of
zirconia plus stabilizer which can segregate on spraying.

Fine powders and high gun power produce high-density coatings with a
fine microstructure. The lower limit in powder particle size is about 5um; the
poor flowability of finer particles creates powder feeding problems. The
maximum particle size is about 100um; larger particles produce a coarse, very
porous coating. Particle shape is important in that spherical particles flow
better and cause less erosion of equipment. Many commercial powders are,
however, not spherical because of the use of crushing and grinding to achieve
the desired powder size.

irconi

Of the several oxide based ceramics that are appropriate for use as a
thermal barrier coating on diesel engine components, partially stabilized
zirconia (PSZ) has, by far, been the most investigated and used in production
applications. It has primarily been applied by the plasma spray process to
essentially static components in gas turbine engines, rocket thrust chambers,
glass and metal-melting electrodes and molds. The surfaces in the
combustion zone of diesel engines, i.e., valve faces and tulips, piston crowns
and cylinder heads have the operating environments that are appropriate for
the use of zirconia based ceramic coatings. The application of coatings to
cylinder walls where sliding wear is an additional factor is not as certain.

In order to use zirconia based ceramic coatings on engine component
surfaces with confidence, it is important to have an understanding of the
nature of the material.14 Pure zirconia has several crystal structures, with the
equilibrium structure dependent on temperature. A phase diagram is shown
in Figure 3.20 The stable phase at room temperature is monoclinic. On
heating, it converts to the tetragonal phase at 1170°C (2150°F), which in turn
converts to a cubic structure at 2370°C (4300°F).21 The tetragonal-to-
monoclinic transformation for pure ZrOz upon cooling is rapid and is
accompanied by a 4 to 6% volume expansion?? which causes catastrophic
cracking with resultant spalling and prevents the use of pure ZrOy ceramics.
The need to modify this behavior is essential to the use of ZrOj in engines.
The modified forms of ZrO; that are appropriate for use in diesel engines are
designated partially stabilized zirconia.



Full stabilization of zirconia with yttria (Y203) and magnesia (MgO) has
been known for over 30 years.23,24 Additions of Y203, CaO, MgO, or rare earth
oxides to ZrO; cause stabilization of the higher temperature phases25.26 (i. e.,
the transformation temperatures are lowered). The additions of these
elements is generally called "doping.”" If enough stabilizer is added, a
nontransformable tetragonal phase occurs (see Figure 3) and/or the high-
temperature cubic phase can be retained at room temperature. This allows the
material to be cooled from the fabrication or service temperature without
undergoing the disruptive tetragonal-to-monoclinic phase change. The cubic
phase is not at equilibrium at room temperature but is retained metastably in
a so-called fully stabilized material. Such material has been used industrially
for many years.

King and Yavorsky first recognized 15 years ago the improved mechanical
properties of partially stabilized, as opposed to fully stabilized, zirconia.2?
Since then the strength and toughness of partially stabilized material has
received much attention.1214 In partially stabilized material, less dopant (8 -
10 mol % Y203) is used. The resulting microstructure of monolithic material
prepared by sintering followed by heat treatment (aging) consists of cubic
Zr0O3-Y203 solid solution as the major phase with minor amounts of
monoclinic and tetragonal solid solutions. When plasma spraying is used to
deposit the zirconia, the nontransformable tetragonal phase is retained in the
deposited coating at room temperature.

The small tetragonal particles may contribute to transformation toughness
in service as they can transform to the monoclinic state in the presence of a
stress field. The tetragonal inclusions interact with stress fields by a variety of
mechanisms to resist crack propagation and improve toughness. Even
dispersed particles having the monoclinic structure can interfere with crack
propagation and impart improved toughness. Since the poor toughness of
nearly all ceramics frequently limits their use in structural application, any
improvement in toughness is important. The doubling of the toughness of
zirconia by partial stabilization is very significant.

Doping of zirconia not only influences temperature-phase stability but,
fortunately, also decreases the thermal expansion coefficient of the material
and reduces the volume change associated with the tetragonal-to-monoclinic
transformation.28 Partially stabilized material has a smaller expansion
coefficient than does fully stabilized material; thus, the partially stabilized
material has better thermal shock resistance. However, the smaller expansion
coefficient of partially stabilized material causes more of an expansion
mismatch in material deposited on higher-expansion metals.

Although the foregoing discussion is mostly appropriate for sintered
zirconia, it is also applicable for understanding plasma sprayed zirconia base
coatings. However, the different fabrication methods lead to important
differences in the crystal structure, microstructure, and properties of sintered
and plasma sprayed zirconia. These are discussed in the next section.
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In the high-temperature applications of zirconia for thermal barrier
coatings in turbine or diesel heat engine components, magnesia partially
stabilized zirconia has been observed to become destabilized from attack by
sulfur compounds and yttria partially stabilized zirconia from attack by
vanadium compounds, with an associated lowering of mechanical properties
such as toughness and thermal shock resistance and an increased propensity
for cracking and spalling.

F. Plasma Sprayed Zirconia

Perhaps 90% or more of the development of thermal barrier coatings has
been on plasma sprayed ZrOz-base materials.l4 Typical materials are ZrO;
stabilized with up to 24 wt % of either Y203, MgO, or CaO. Early successful
work with plasma sprayed Y203-ZrO; was the application of a two-layer
coating to gas turbine combustor cans. Reviews of this and more recent
developments are available, and were the source of much of the following
information. Development of zirconia thermal barrier coatings for gas
turbines has been much more extensive than for diesels. Kvernes and Fartum
in Norway!9 and Kamo and coworkers!0 have pioneered the use of ceramics
in diesel engines.

1. Composition and Structure

The early success in applying thermal barrier coatings to gas turbine
components in the early 1970's was with a 12 wt % Y203-ZrO2 ceramic layer
deposited over a Ni-16% Al-0.6% Y bond coat, which was previously
deposited onto the metal substrate. Current coatings are most frequently
stabilized with 6 to 12 wt % Y203, with 8 wt % being most common or with
MgO with 22% being common.12 Typically, the ceramic layer is about 0.020 in.
(500 um) thick; the thickness of the bond coat is about 0.004 in. (100 pm). A
typical microstructure is shown in Figure 1. Recent development has focused
on modification of the amount and type of stabilizer (such as CeO) added to
the ZrO; and modification of the composition of the bond coat, particularly
increasing the aluminum and chromium contents and adjusting the yttrium
content. Additions of cobalt or replacement of nickel with cobalt in the bond
coat has also been investigated.29

The bond coat discussed earlier, which is usually also deposited by plasma
spraying, protects the substrate from oxidation and corrosion, which
otherwise would lead to loss of adherence of the ceramic layer. Adherence of
the ceramic layer to the bond coat is an important consideration as the
ceramic-bond coat interface can be the location of thermal cycle-induced
.coating failures. An intermediate layer of chromium or nickel-chromium
between the bond coat and the ZrO; layer has also been trled in diesel engine
applications to prevent this type of failure.

Graded coatings have been investigated with the objective of improving
coating adherence. The graded coating layer, which is between the NiCrAlY
bond coat and the ceramic layer, consists of a mixture of zirconia and a metal

11



such as NiCrAlY. The concentration of zirconia increases as the distance from
the substrate increases. The graded layer has a thermal expansion coefficient
intermediate to those of the higher expansion bond coat and the lower-
expansion ceramic layer. A problem with graded coatings is oxidation of
isolated metal particles within the graded layer. The volume expansion
associated with oxidation can cause coating failure. Graded coatings are
currently being developed for thick ceramic thermal barrier coatings.

The as-deposited ZrO; has been determined by x-ray diffraction to consist
primarily of a nontransformable tetragonal phase of about the same
composition as the starting powder.30-31 Nontransformable refers to the fact
that the as-deposited material, because it contains about twice the Y203
content of the equilibrium transformable tetragonal phase, does not
transform to the monoclinic phase on cooling, see Figure 3. The as-deposited
material consisted of 80% of this nontransformable tetragonal phase, up to 8%
of the transformable tetragonal phase (occurs as monoclinic at room
temperature), and 12% cubic zirconia.

The plasma spraying process also influences the phases that are present.
For example, phases present in the starting powder can be retained if some of
_the powder particles, particularly large particles or those near the periphery of
the plasma spray, are not completely melted. There is no evidence that
transformation toughening is operative in plasma sprayed partially stabilized
zirconia coatings.32

2. Failure Mechanisms

Several mechanisms that can lead to failure of plasma sprayed zirconia
and other ceramic thermal barrier coatings in heat engine applications have
been identified. The discussion of these mechanisms should be considered in
the context that the coatings have operated successfully in turbine engines for
many years and that, generally diesel engine operating environments are not
as severe as those of turbine engines. The critical failure mechanism varies
with coating properties, severity of thermal cycling, and most importantly,
with the quantity of contaminants such as vanadium, sodium, and sulfur, in
the fuel. Coating failure, regardless of the mechanism, usually consists of loss
of adherence by cracking and separation (spalling) of the coating from the
substrate. This separation usually occurs at or near the oxide-bond coat
interface, because this is the weakest region and is also a region of high stress.
A common location for the failure is near the interface but within the
ceramic layer.

Several factors contribute to stressing the coating.32 An important factor is
mismatch in the thermal expansion coefficients of the metal substrate, the
MCrAlY bond coat, and the ceramic layer. The ceramic has a small expansion
coefficient, near 10 x 10-6°/C for plasma sprayed zirconia, compared with 15 to
16 x 10-6°/C for the bond coat and typical substrates. Also, the steep
temperature gradient across the ceramic insulating layer induces stress. These
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stresses are present even at steady state and can be increased during transients
such as a rapid startup or shutdown.

Another important source of stress is residual stresses in the as-deposited
ceramic coating at room temperature. These stresses arise from the nature of
the coating process, that is, rapid cooling of molten or partially molten drops
which impact the cooler substrate surface. This creates a stressed coating.
Residual stress in the coating also occurs because during the deposition
process, the coating and substrate are at different temperatures. Consequently,
on cooling, the coating and substrate have different thermal contractions.
Clearly, control of substrate temperature can markedly influence the
magnitude of such stresses and actually cause them to be either compressive
or tensile.

Properties of the ceramic coating and the bond coat are not constant with
time and temperature because of densification and phase changes within the
ceramic and corrosion and oxidation of the bond coat. These stress-generating
mechanisms usually cause propagation of cracks initiated at flaws during
repeated thermal cycling, the most damaging cracks being in the plane of the
coating. Flaw propagation and linkup lead to spalling, which can appear as
gradual loss of the outermost region of the ceramic layer or, more typically,
separation at or near the ceramic-bond coat interface. Because of the large
number of stress origins and the complex manner in which they vary with
temperature, temperature gradients, and relaxation (stress relief via
annealing of residual stresses or creep of the ceramic and/or substrate), one
cannot rigorously calculate the resultant stress state.32 It is postulated that the
stresses in the ceramic coatings which occur in diesel engine applications are
not as severe as those which occur in gas turbine applications.

Perhaps the simplest failure results from thermal expansion mismatch
between the ceramic layer and the NiCrAlY bond coat, causing spalling to
occur. Another common failure mode is thermal fatigue. For less severe
applications, these problems have essentially been solved by deposition of a
ceramic layer that is compliant (low modulus and yielding) as a result of
numerous cracks oriented both perpendicular to the substrate and randomly
and high porosity induced in the coating by selected levels of the deposition
process variables. This approach, however, is not completely satisfactory
because the same microstructural features that yield a low-modulus material
also reduce its tensile strength and increase its permeability to corrodents and
susceptibility to wear and erosion. The lower strength makes the coating
more susceptible to failure from stresses generated by other mechanisms, for
example, thermal gradient and thermal shock. These are not as likely to occur
in diesel engines as they are in gas turbine engines.

Spalling of the ceramic coating can also be caused by oxidation of the
underlying metal. Partially stabilized zirconia has a defect crystal structure
through which oxygen can rapidly diffuse, and the porosity in the zirconia
layer also aids oxygen transport. The volume change associated with
oxidation of the bond coat can cause the ceramic layer to spall.33 Particulate
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erosion, while not a usual consideration in diesel engines, can also
progressively remove the porous ceramic coating.

3. Degraded Fuels

Ceramic coatings consisting of a 0.008 in. - 0.015 in. (0.2 - 0.4 mm) partially
stabilized zirconia deposited over a 0.004 in. - 0.006 in. (0.1 - 0.15 mm)
NiCrAlY bond coat, have been adequately developed for turbine combustor
components when clean, high quality fuels are used. Such coatings have been
used on aircraft burners and afterburners for over 12 years. However, it has
been observed on numerous occasions that further improvements,
particularly reduced hot corrosion, are needed before such coatings are
routinely applicable for use in engines burning lower quality fuels. Such fuels
can contain sufficient impurities such as vanadium, sodium, and sulfur to
cause excessive hot corrosion and subsequent spalling or flaking of the
ceramic thermal barrier.32

Evidence exists that liquid (NazSO4, MgSO2, Mg3zV20g, NaaV20g, V20s)
formed from the fuel impurities condense onto and infiltrate the porous or
micro-cracked ceramic coating until the temperature equals the melting
point. On cooling, the molten material solidifies and produces disruptive
stresses.32,34 Alternatively the presence of the material in pores and cracks
could make the coating less compliant and therefore less capable of
accommodating thermal-cycle-induced stresses.

Corrodents can also chemically remove the stabilizing element Mg, Ca, or
Y from the zirconia, allowing it to undergo disruptive phase changes on
thermal cycling.32:33 The susceptibility of fully or partially stabilized zirconia
to undergo destabilizatlon depends, among other things, on the type of
dopant, microstructure, service temperature schedule, and exposure to
contaminants. Formation of the following phases that deplete the zirconia of
dopant have been identified: YVO4, Mg3V20g and MgSQOy. Yttria depletion of
the surface region of Y203-ZrO> has been observed in the presence of NaSO4
and SO3 gas and, although not fully understood, is correlated with the
severity of the corrosive conditions.35 In addition to the detrimental effect of
destabilization, formation of the above compounds can also be deleterious
because of the volume change (particularly expansion) associated with their
formation.

The detrimental effects of corrodents is a major problem that remains to
be solved for thermal barrier coatings in gas turbine engines that are exposed
to combustion gases that contain aggressive compounds. Most diesel engine
service environments are either free from these compounds or operate at
temperatures where the activity of the compounds is low. However, the use
of certain degraded fuels could introduce them into the diesel engine
environment.
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4. Properties

Thermal expansion of plasma sprayed zirconia coatings has been reviewed
by Berndt and Herman.36 The thermal expansion of plasma sprayed zirconia
is aniostropic; that is, it differs for the longitudinal (parallel to the substrate
surface) and transverse (perpendicular to the substrate surface) directions. The
transverse expansion also varies with the thermal history of the coating,
including the number of thermal cycles. Changes continue to occur even after
a dozen or more heating and cooling cycles. For 8 wt % Y203-ZrO3 the
longitudinal thermal expansion coefficient was approximately constant at 10 x
10-6/°C. Typical average values for zirconia contalmng 8 to 30 wt % yttria are 6
to 13 x 106/°C, respectively.37

The thermal emittance radiation of heat from the hot surface of a heat
engine component is important because it influences how much energy is
radiated to other portions of the engine and may have an effect on the
character of the combustion flame. Hemispherical total emittance
measurements have been made for plasma sprayed 12 wt % Y203-ZrO3
coatings on a NiCrAlY substrate.3®8 Emittance decreased with increases in
temperature and coating thickness. For coating thicknesses in the range 0.006
in. to 0.029 in. (155 - 725 pum), the emittance was 0.61 to 0.68 at 800°F. These
low emittance values assist in reducing heat transfer to cooler portions of the
engine.

III. COATING SELECTION

Based on the extensive amount of experience using partially stabilized
zirconia with an MCrAlY bond coat between it and the metal substrate in the
gas turbine industry the selection of the basic coating composition was made.
However, several different detailed compositions have been used in various
applications for specific reasons in the available body of experience. Therefore
several different compositions of bond coat and ceramic were incorporated
into the project. The reasons for their selection are discussed below.

One of the principal variables in the selection of the detailed ceramic
coating compositions was the choice of the active stabilizer element in the
partially stabilized zirconia (PSZ). There are several aspects of its behavior as a
ceramic stabilizer that had to be considered:

¢ High temperature stability - Y203 provides stability of the desired phase
to a higher temperature than MgO which, in turn, provides more
stability than CaO.

e Strength/erosion resistance - Y203 results in the ZrO; having greater
creep strength and erosion resistance than MgO or CaO stabilizers.
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* Resistance to sulfidation attack - MgO has been reported to be attacked
by SO2/S03 in combustion gases, forming MgSO4 which is readily
removed by mechanical abrasion and destabilizing the ZrOy, leading to
spalling. In this regard it is more vulnerable to a high sulfur content
combustion environment than is Y20s3.

¢ Resistance to hot corrosion/fluxing attack - Y203 has been reported to
be attacked and removed by NaSO04-V20s5 fluxes. Since the presence of
Y203 is required for the stability of ZrOy, this destabilization reaction
can result in the premature loss of the coating strength. MgO has been
reported to be less sensitive to this type of attack.

* Cost - MgO stabilized ZrO; is somewhat lower in cost than Y203- ZrO».
The bond coat composition involved another series of variables that
resulted in the selection of several different compositions.

The coatings were applied on the components of large bore, high speed
and small bore, high speed diesel engines. The components were the valves,
piston crowns and cylinder heads on both the large and small bore engines.
The exhaust manifolds of the small bore engine were also coated on the
inside and the outside surfaces. The specific compositions that were applied to
each part are listed in Table 2 along with the suppliers. This selection of the
coatings was based on the following:

¢ The 22 wt % MgO-ZrOz was selected because of its promising
performance in the Norwegian ship program and its resistance to
vanadium compounds.

e The 8 wt % Y203 ZrO; was selected because it has been the most
successful material used to insulate combustor cans in the gas turbine
industry and it is resistant to sulfur compounds. It was also the primary
product of most all of the suppliers in the program.

¢ The NiCrAlY bond coat was selected because of the experience gained
using it in foreign marine diesel engines.

¢ The NiCoCrAlY bond coat was selected because of its general use by
several suppliers in coatings for the gas turbine industry. It is
particularly compatible with the nickel and cobalt base alloys used in
gas turbines.

The porosity of the zirconia coating was also varied to determine what
level of tradeoff between thermal fatigue resistance and corrosion barrier
behavior could be tolerated. This was accomplished by the selection of the
supplier. Other variables that were incorporated into the test program were:
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variations in the thickness of the ceramic and bond coats both on a single part
and between components, surface variations in roughness and edge
smoothness.

The procurement specifications for the coatings were made comparatively
simple. Each supplier was asked to supply the composition of coating or
coatings that had performed successfully in either gas turbine or diesel engine
operation and that had a good chance to last for up to 6000 hours of operation
in the large bore, high speed engine which was to propel a towboat on the
inland river system. The bond coat thickness was specified to be 0.005 in.
(0.125 mm) thick and the ceramic coating was specified to be 0.010 in. (0.25
mm) thick. Coating locations on each type of part were also specified.
Application variables, starting powder purities, final surface color and texture,
porosity and microstructure were all left to the discretion of the supplier.

Two coating suppliers were selected to provide a spectrum of coating
compositions and microstructures that would permit the establishment of as
wide an acceptance band for the coating systems as possible. Each supplier had
an extensive performance record in supplying coatings to the gas turbine
industry. ,

Other suppliers of ceramic coatings are available in this country and
abroad. The coating suppliers for this project were selected on the basis of first
hand knowledge of their successful experience and capabilities.

IV. PRE-SERVICE CHARACTERIZATION OF COATINGS

The coatings for the locomotive and the towboat large bore, high speed
engine evaluations were processed at the same time by the same thermal
spray vendors. The determination of their quality level was made using the
same evaluation procedures at the same time. The coatings on the small bore,
high speed engine components for the off-road vehicle evaluation were
processed by one of the same vendors that coated the towboat's engine
components, but at a later time. The same evaluation procedures were used
as for the towboat's engine components. The quality checks consisted of
destructive metallographic examination of components produced at the same
time as the end-use components and a visual analysis of all coated
components.

A. Large Bore, High Speed Engine Components

The examination at LBL consisted of sectioning each test part at various
locations and studying the microstructures at 100 and 500X magnifications.
The following elements of the microstructures were documented:

thickness of the bond coat and ceramic coat
¢ nature of the bond between the bond coat and the base metal
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nature of the bond between the bond coat and the ceramic coating
porosity of the ceramic coatings

variation in the coatings' thickness and interfaces

oxidation of the bond coat

any obvious defects

The composition of the various layers was not determined at LBL. The
certification of the coatings' compositions by the suppliers per the
requirements of the purchase orders was accepted.

The visual examination of the components received at LBL consisted of
determining the consistency of the color and surface texture continuity of the
ceramic coatings, establishing whether the location of the coatings conformed
to the specified locations on the part drawings that were sent to the suppliers,
and observing with a 10X power magnifying glass whether there were any
visible defects, especially cracks and foreign objects, in the coating surfaces.

The visual inspection of the components scheduled to be installed in
towboat engines was carried out at the Ingram Barge Company warehouse
and looked for the following:

¢ assurance that each serial number part had the assigned coating system
on it and in the specified location

ceramic coating color consistency and evenness of application
undersprayed and oversprayed locations

cracks, chips, other discontinuities, using a 10X power magnifying glass
adherence by coin tap method

The large bore components for the locomotive engine were not individually
inspected.

1. Visual Inspection

The components received at LBL for inspection and the components sent
by each supplier to the Ingram Barge Company warehouse had essentially the
same appearance. Photographs of components with representative
appearances were taken of the components sent to LBL. A visual examination
of each part sent to the Ingram Barge Company warehouse was carried out
and a verbal description of the coated part was entered in a log book as it was
inspected at the warehouse.

The photographs contained in this report are representative of the surfaces
of each type of part that was plasma spray coated. They are identified by
supplier, not by serial number. They do not include each type of part by each
supplier. Several components inspected at the Ingram Barge company
warehouse had discrepancies that separated them from the large majority of
components which appeared to be entirely satisfactory. Notes on these
discrepancies are contained in the log book. None of the differences from the
norm were considered serious enough to prevent the components from being
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installed in the engines. They were documented to provide a "before" base to
compare with their "after”" service appearance.

Supplier A - In Figure 4 are views of the valve with a face-only and a face
and stem coated with 8 wt % Y203-ZrO2-NiCoCrAlY coating. The surfaces
were evenly colored and had a constant surface texture. There were no areas
of overspray or underspray. They had an excellent appearance. Figure 5 is a
valve face showing the evenness of the coating application. The dark spot is
on the surface, not in the coating. Figure 6 is the valve stem showing the
evenness of the coating application. The valve coated by Supplier B had the
same uniform appearance as Supplier A valves.

Supplier B - The valve face in Figure 7 shows the coating of 22 wt % MgO-
ZrO>"NiCrAlY. The coating was even in color and surface finish. Figure 8
shows a valve stem that had an improper application of coating on the valve
seat and side of the face. Coatings on the valve seats of components received
at Ingram Barge Company were readily removed by surface grinding at the
warehouse during the inspection procedure. Otherwise, the coating appeared
to be satisfactory.

All of the valves sprayed by all suppliers with only MCrAlY had an even,
gray appearance; none were photographed. -

i n

Supplier A - The surface shown in Figure 9 had an even appearing 8 wt
%Y203ZrO,-NiCoCrAlY coating with no areas of overspray at the edge or in
the handling hole. The smudges are dirt from handling.

Supplier B - The surface shown in Figure 10 had an uneven color of the
22 wt % MgO-ZrO-NiCrAlY coating with segments of darker appearing rings.
There was overspray at the edge and in the handling hole.

The appearance of all three coating suppliers products was typical of the
piston crowns inspected at the Ingram Barge Company warehouse.

n
Supplier A - An even, high quality application of 8 wt % Y203-ZrO»-
NiCoCrAlY with no areas of over or underspray is shown in Figure 11.
Supplier B - An even application of 22 wt % MgO-ZrO,-NiCrAlY is seen in
Figure 12. A significant undersprayed area is seen at the 10 o'clock position.
Overspray also occurred in the injector hole.

2. Metallographic Analysis of Components

It is known that the polishing techniques used to prepare the ceramic
coatings for microscopic analysis can directly affect their observed degree of
porosity. Also, care must be taken in sectioning the components to preserve
the ceramic coating on the cut edge. The techniques used were carefully
repeated for all of the components that were inspected. Therefore, the
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variation in degree of porosity between coatings is comparable. The cutting
and polishing technique that was used was:

The specimens were cut on a water-cooled metallographic cut-off wheel.
They were mounted in protective plastic mounts and polished as follows.

¢ Hand sanded successively on 180, 240, 320, 480, 600 grit silicon carbide
sandpapers using water lubricant.

¢ DPolished on a rotating polishing wheel using 6um, then lum diamond
paste.

* Polished in a Syntron machine using 0.05pum alumina for
approximately 10 minutes.

The mounting of the specimens was also determined to be a critical
element of specimen preparation. Microscopic observation of their adherence
can be significantly affected by the method used to mount the specimen in
plastic holders prior to specimen polishing. The hot mount used a phenolic
type plastic that required heat and pressure to cure it. The ceramic to bond
coat bond was destroyed by this mounting procedure. The cold mounting
process used an epoxy plastic material that cures at ambient conditions. This
method of mounting did not affect the integrity of the ceramic to bond coat
bond. It was used for all specimen mounts.

The various locations from which specimens were taken are indicated in
the sketch in Figure 14.

Supplier A S/N 109 - The coating thickness of the bond coat on the flat
rim of the face shown in Figure 14 was of the specified thickness whereas the
ceramic layer thickness was 40% greater than that specified. The interfaces
between the PSZ and bond coat and bond coat and base metal are acceptable.
The as-polished porosity of the PSZ coating was greater than that of the other
suppliers' coatings, but is considered acceptable. The curved part of the face on
valve S/N 109 seen in Figure 15 has a thinner, more porous coating than the
rim part. The porosity of the ceramic coating, particularly in the area where it
interfaces with the bond coat, is great enough to give some cause for concern.
The coating is considerably more porous than those from the other suppliers.
There is no basis for not trying the components in the engines.

In coatings used in aircraft gas turbines, the level of porosity shown in
Figure 15 provides necessary thermal fatigue resistance. The interface bond
between the layers shown in the right hand photos are acceptable. The same
conditions exist at the center of the valve face shown in Figure 16 as existed in
the curved part. The porosity near the ceramic coating-bond coat interface is
questionable, but at this time is not cause for rejection.

Supplier B S/N 34 - Two cross sections are shown in Figure 17 of the
three layer coating system that was typical of the microstructures of all of
Supplier B's coated valves having both two and three layer systems. All
aspects of the coating system are acceptable. The layer thickness shown in
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Figure 18 on the flat part of the rim is near that specified. The porosity of the
ceramic layer is acceptable. The interfaces between the three layers and the
base metal are acceptable.

The coating system on the curved part of the face has the same thicknesses
as that on the rim of the same valve, as can be seen in Figure 19. All aspects of
the microstructure are acceptable. The coating system on the center of the face
in Figure 19 has the same thickness of each layer as was deposited farther out
on the face. The bond coat in this cross section appears to be somewhat more
porous than that seen in Figures 17 and 18 but it is acceptable. All other
aspects of the coating system are approximately the same as seen on the other
locations across the face and are acceptable.

The configuration of a piston crown presents a somewhat difficult target to
the plasma spray gun. The angles between direct overhead position of the gun
and the surface range from near 0° to 90°. Furthermore, the circular shaped
crater with a raised area at the center causes plasma flow patterns that can
swirl around particles of coating being deposited either to or away from
certain areas of the surface. This results in varying thicknesses and
microstructures. These two factors must be added to the tooling
considerations in setting up for plasma spraying this component. ‘As the
components sprayed for the large bore engines were basically the first piston
crowns sprayed by the suppliers, considerable variation, especially in coating
thickness, occurred.

Figure 20 is a plot of the total ceramic coating thickness variation across
two piston crowns coated by Supplier B, top curve, and the thickness
variation of the PSZ coating, middle curve, and the bond coat, lower curve.
The top sketch is a full scale cross section of the piston crown. The three
curves are linear representations of the coating surfaces, hence the difference
in length of the sketch and the curves. It can be seen that while there is some
variation at a given position on the crown surface from part to part, generally
the thicknesses between components was quite uniform.

The thickness within a single part varies considerably as is seen in Figure
20. Generally, the greater the angle between the direct overhead position and
the surface being coated, the greater is the coating thickness. At the shallow
impingement angles on the side of the crown crater the coatings are markedly
thinner. The significantly greater thickness on the flat, outer rim of the crown
than on the balance of its surface is not desirable. The few places where the
bond coat was less than 0.003 in. is also not desirable. Similar thickness
variations occurred in the piston crowns coated by Supplier A. These
thickness plots will provide guidance to the suppliers for coating future
components. The variations show that considerable processing technique
refinement is needed before uniform coatings can be applied on piston
CTOWRS.

Supplier A S/N 84B - 1465 - The greater porosity PSZ coatings applied by
Supplier A are shown in Figure 21. With the exception of Section A where

21



the outer part of the coating was more dense than the inner part, the
uniformity of the PSZ microstructure across the crown was good. The
microstructure was very similar to that of the PSZ on the valves coated by
Supplier A, indicating that they have a good control of their spraying
parameters. The bond coat varied in thickness, but had a reasonably uniform
microstructure. As can be seen, both the PSZ and the bond coats varied in
thickness as was discussed earlier (see Figure 20). The bond between the
coating layers, shown in Figure 21, was acceptable.

Supplier B S/N 84B-1357 - Both the microstructure and the thickness of
the PSZ vary across the piston crown shown in Figure 22. While the
microstructure of the bond coat is quite consistent, its thickness varies
considerably. The thickness at Section B is considered too thin to serve its
purpose adequately. However, the post-service analysis will either verify or
disprove this hypothesis.

The higher magnification bond area micrographs of the ceramic coating
on the same piston crown are shown in Figure 23. Both bonds were acceptable
at all locations.

The cylinder head surfaces to be coated were flat which made the plasma
spraying process relatively simple with regards to positioning the plasma
spray gun except for the valve part area. However, each piece weighed over
150 Ibs which required handling and positioning equipment that the coating
suppliers were not prepared for. The tops of each cylinder head were sawed
off the balance of the part and the more handleable slabs were then cut into
sections using standard metallographic cutting equipment.

Supplier A S/N 84L-2775 - Cross sections of the ceramic coating are
shown in Figure 24. The microstructure was quite uniform, but the thickness
of the PSZ coating was thicker in the center than it was further out. The bond
areas shown were acceptable.

Supplier B S/N 84D-0265 - The bond coat on the head that was sectioned,
see Figure 25, was nearly non-existent, being only 0.0015 in. thick at its
thickest point. If adherence in service is a problem, this coating may not
survive. Special attention will be given heads coated by Supplier B during
and after service to determine how important it is to have a bond coat on the
head surface. The interfaces between the layers, were acceptable. The ceramic
coating, with its low thermal expansion coefficient, was actually contacting
the higher thermal expansion cast iron in places. However, as shown in Table
1, the expansion coefficients of plasma sprayed ZrO; and the cast iron are not
too different.

B igh in mponen
The components for the small bore, high speed diesel engine were

thermal sprayed by Supplier A. Exhaust manifolds, exhaust valve faces,
piston crowns and cylinder head fire decks were coated for a 150 hour test



stand evaluation. Subsequently exhaust manifolds and piston crowns for
three off-road vehicle engines were coated by Supplier A and sent for
installation in large ore hauling trucks in an open pit copper mine. The
components installed in the engines were visually examined using the
criteria listed above for the large bore, high speed engine.

V. IN-SERVICE PERFORMANCE OF COATINGS

rf n f ings in Large Bore High Locomotive Engin

Components coated at the same time as those coated for the large bore,
high speed towboat engine by coating Suppliers A and B were used in a test
stand engine at Southwest Research Institute operating over a representative
railroad locomotive duty cycle for 500 hours before the components were
removed from the engine for non-destructive and destructive analysis. Since
this engine was the first to be tested, the performance of its coating will be
discussed first.

1. Valves '

After the 500 hour test, the 8 wt % Y203-ZrO3z coating on the valve face
from Supplier A had essentially the same appearance as before the test with
some carbon deposit on it, Figure 26. The cross section of the coating shown
in Figure 27 from the 500 hour test did have some evidence of localized,
shallow spalling at the top of the ceramic as the thickness varies from
0.005 in. to 0.012 in. (0.12 to 0.3 mm). Comparing micrograph C which shows
evidence of thinning with micrographs A and B which do not, it can be seen
that the ceramic layer in C is more dense than those in A and B. The higher
thermal stresses that can occur in the more dense areas could have been
responsible for the localized spalling.

The shallow, localized spalling of the coating was a quite infrequent
occurrence on the valve surface and seemed to occur only where the coating
was more dense compared to adjacent areas and where cracks could be
observed. It indicates that care must be taken in application of the coating to
assure that the density variation is small. Other coatings that were denser but
more consistent did not spall; so it was not the density level, per se, that
caused the spalling.

No evidence of stabilizer depletion was found. The x-ray diffraction peaks
in Figure 28 indicate that the Y2O3 was present and stabilizing the zirconia.
Therefore, the observed spalling was not due to the phase transformation
from tetragonal to monoclinic with its accompanying volume increase. The
x-ray diffraction patterns for the before and after conditions (on two different
valves) shows essentially the same amount of tetragonal + cubic, 95%, and
monoclinic, 5%. :



A valve that was coated with 22 wt % MgO-ZrO; by Supplier B had its
coating almost completely removed during the engine test with only a thin
layer of approximately one-tenth the original thickness remaining. The
identified reason for the loss of the ceramic coating from the valve face was
the uneven distribution of MgO stabilizer throughout the ZrO; coating.
Quantitative energy dispersive x-ray spectrometry (EDS) of several locations
on the surface of the coating and through its cross section revealed regions
with MgO concentration as low as 0 to 5 wt % and some areas as high as
40 wt %.

Figure 29 shows the x-ray diffraction peaks for the before and after test
conditions of the supposed 22 wt % MgO-ZrOy coating for two different
valves. In the as-applied condition, the tetragonal phase was 90% and the
monoclinic phase was 5%, as would occur when the partially stabilized
zirconia is cooled rapidly on the steel substrate. The peaks from the test valve
surface show that a major phase transformation from tetragonal to
monoclinic had occurred in service. The volume increase accompanying this
phase change could cause the coating to spall off almost down to the bond
coat, as was observed. This transformation occurred because the ZrOs did not
contain sufficient MgO throughout to prevent it from transforming to the
monoclinic phase.

The observed uneven Mg distribution in the tested coating may have been
present to some degree in the as-applied coating. However, more probably, it
primarily occurred during service as the result of a reaction between the MgO
and sulfur in either the combustion gases or in the extensive CaSO4 deposits
that occurred on the coating surfaces and in their pores. A possible gas
reaction is MgO + SO3 = MgSQO4.

No as-applied coatings were found to have such a wide variation in
magnesium content as was measured after testing. No MgSO4 was found in
the thin layer of ceramic remaining after the test, but this could have been the
result of the coating spalling off in those areas where the zirconia was
unstable because of the formation of MgSO4. The longer time test in the
towboat engine helped in gaining a better understanding of what happened to
the valve face coatings during service. The fact that the larger surface coated
components i.e., the piston crowns and cylinder heads, tested in the engine
from the same supplier did not spall off in service indicates that the valve
faces were exposed to a more severe environment.

2. Piston Crowns

The piston crowns were 9 inches in diameter and had the cross section
shape shown in Figure 30 (one-half of crown shown). Their surface contour
represented a somewhat difficult problem for the manual plasma spraying
operation. The change in the direction of the surface at the lip of the bowl
portion from horizontal to vertical required that the angle between the spray
gun and the part and its traversing speed across the part be significantly
changed in order to keep the coating thickness near constant. While the
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thicknesses varied considerably, their variation did not adversely affect the
performance of the coatings. In production, the automation of the plasma
spray operation should eliminate this variation.

The appearance of the 22 wt % MgO-ZrO2 coating from Supplier B on the
piston crown surface after the 500 hour test at all six locations in Figure 30 is
shown in Figure 31. This coating is the same one as the middle coating in the
untested condition shown in Figure 8. It can be seen that the coating was
unchanged after the engine exposure, indicating that a ceramic coating can
perform acceptably on a piston crown in the engine's operation environment,
even with markedly different thicknesses. EDS analysis indicated the presence
of the expected as-applied 22 wt % MgO concentration and x-ray diffraction
confirmed that no transformation to the monoclinic structure had occurred.
The difference in the behavior of the same MgO stabilized coating on the
valve faces and on the piston crown indicates that the conditions on the
valve face were favorable for the reaction between MgO and sulfur while they
were not on the piston crown's surface. The piston crown's surface operates at
a lower temperature than does the valve face. The piston crown is water
cooled while the valve face is not. Also the valve face is made of a lower
thermal conductivity alloy than is the piston crown. The 8 wt % Y203ZrO»
coating on the piston crowns also performed in an acceptable manner. This
performance is in stark contrast to the spalling of this material which
occurred on a valve sprayed by the same supplier.

B. Performan f ings in Large Bore, High Speed Towboat Engine

The large bore, high speed coated engine that propelled the towboat on the
inland waterways, along with a companion uncoated engine, was opened
once during the 14,000 hours of operational time over the two year
installation period when components were removed for destructive analysis
as well as all components being visually inspected. This occurred at 8,990
hours. At the end of the 14,000 hour service duration, components also
became available for detailed analysis. At each time, 8,900 hours and 14,000
hours, different aspects of the behavior of the coatings were observed and
documented. The analyses of the performance of the coatings in the towboat
engine will be presented in this report in two parts, one for each of the two
time periods.

The effect of the coatings on the performance of the engine were measured
and documented by Seaworthy Systems, Inc. and are contained in their final
report.39 A summary of the principal changes that were reported are listed in
Table 3. The changes were determined by measuring the behavior of the same
engine in service in uncoated and coated conditions using carefully calibrated
instrumentation and the observations of the boats' captain.

1. 8990 Hour Performance of Coatings
Following 8990 hours of typical river service the engine cylinders
containing the ceramic coated components were disassembled for visual



inspection of the coated components. The coatings on the exhaust valves,
piston crowns and cylinder heads generally appeared to be in good condition.
Five valves and a piston were removed from the engine for a destructive
analysis of the coatings.

a. Engine Deposits
After solvent cleaning to remove oil and loose carbon deposits, all tested

components were found to have whitish, powdery deposits of varying
thicknesses on their surfaces. In some regions of the valve stems, these
deposits were about 0.08 in. (2030um) thick, while on the valve faces they
were generally very thin and not visible to the naked eye. The X-ray
diffraction (XRD) pattern for a coated valve face where no deposit was visible
is shown in Figure 32. This trace clearly indicates that there exists a significant
deposit of calcium sulfate (CaSO4) over the valve coating. Because of the
presence of the overlying CaSO4 deposit, the XRD pattern of zirconia is
overshadowed. The deposit had to be removed before any diffraction
information for the zirconia was obtained.

Figure 33 shows the diffraction pattern for a tested valve surface after the
specimen was ultrasonically cleaned. The cleaning removed much of the
CaSO4 and revealed the underlying zirconia. Note that the second major
CaSOy4 peak is coincident with the second major monoclinic ZrO; peak. Also
note that the tetragonal and cubic ZrO; peaks are indistinguishable.
Fortunately the relative amounts of tetragonal-and cubic ZrO; are of little
concern. What is important to the survival of the coatings is the amount of
monoclinic ZrO; present. The fact that some CaSO4 remained after thorough
cleaning and other metallographic evidence indicates that it penetrated into
the coating.

Several deposits on the various coated components were similarly
analyzed and all were found to consist entirely of CaSOg. Its occurrence is
understandable given the presence of calcium in the lubricating oil and sulfur
(in the fuel in impurity concentrations). The combustion environment may
produce SO3 gas which can react with Ca to form the very stable CaSOj4.

Valves - Representative cross section micrographs of a Supplier A, flame
stabilized powder coating applied to the face of Valve No. 90 are seen in
Figure 34. A near complete loss of ceramic had occurred with only a thin
layer of approximately .001 in. (0.02 mm) remaining. The remaining ceramic
coating seen here was all that remained on the valve surface. So little ZrO;
remained that there was no suggestion as to its former structure.
Unfortunately, little information regarding its failure mechanism can be
gained from what is left of the coating.

The pre-alloyed powder coating applied to the face of Valve No. 99, in
contrast to all other valve coatings analyzed, survived the 8990 hours of
engine service and remained in excellent condition. Seen in Figure 35 is the
coating on the valve face after service exposure. It remained completely intact
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and unaltered. The ceramic layer is about .010 in. (0.25 mm) thick, precisely
that which was specified. The coating is considerably more dense than that of
the Supplier B coating. This lower level of porosity may explain the observed
absence of CaSO4 penetration into the coating.

The strikingly different performance of the two Supplier A 8 wt % Y203-
ZrO3 coatings on the valves is attributed to a basic difference in the starting
ZrO2 powders. The ceramic coating on Valve No. 90 had the same overall
composition as the powder used for the coating on Valve No. 99. The
difference was in the distribution of the Y203 and the ZrO; in the powders
and in the subsequent coating. The coating applied to Valve No. 90 was
sprayed using a flame stabilized composite powder. This powder consists of a
mixture of discreet ZrOz and Y03 particles in intimate contact. Alloying of
the Y203 and ZrO; to form the partially stabilized zirconia is supposed to
occur during the plasma spraying process. Because these powders are spray
dried during their manufacture, they have the advantage of forming
spherical, free flowing powders which can be more uniformly melted in the
plasma gun. However, the alloying of separate particles in the flame is never
complete and their chemical homogeneity and phase stability is less than that -
of a pre-alloyed powder.

- Conventional pre-alloyed powders are sintered or fused and subsequently
crushed to the desired particle size. These powders are chemically
homogeneous and stabilized prior to entering the plasma flame. Their
crushing results in angular and irregular shapes which have somewhat
poorer flowability in the plasma gun and are, therefore, less uniform in
melting than spherical powders. However, for most plasma spray coating
applications the crushed powders are acceptable.

The successful coating applied to Valve No. 99 is a recent powder
metallurgy development which combines the best qualities of the pre- alloyed
crushed powders and the spray dried spherical composite powders. This
powder is both pre-alloyed and spherical. Additionally, the powder particles
are hollow. These qualities result in a powder which has excellent flowability,
phase stability, and chemical homogeneity. Because the particles are spherical
and hollow, they also melt much more consistently and produce coatings
which are uniform in structure and composition and have less residual
stress.

The x-ray diffraction pattern for the pre-alloyed coating applied to Valve
No. 99 is shown in Figure 36. It is seen that the coating consisted entirely of
tetragonal and cubic ZrO; with no detectable monoclinic content. In contrast
the post-service pattern for the flame stabilized coating applied to Valve
No. 90, shown in Figure 37, indicates a monoclinic concentration of
approximately 13% by volume. This is somewhat higher than the
concentration in the as-applied coating. It is believed that this coating has
experienced a limited transformation to monoclinic ZrO2 during engine
exposure. This amount of monoclinic ZrO; is considered undesirable though
it is uncertain whether it was substantial enough to be the primary cause of
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failure. Evidence of other potentially contributing factors has disappeared
with the bulk of the failed coating.

Piston Crown - Shown in Figure 38 is a representative cross section
micrograph of the Supplier A piston crown coating. The coating has survived
engine exposure with no apparent degradation. The ZrO; powder used was
the composite, spray dried, flame stabilized material identical to that used in
the Supplier A Valve No. 90 coating system. Shown in Figure 39 is the
diffraction pattern for the piston crown ZrO; coating. There appears to be a
monoclinic concentration of about 7% by volume. This is within the expected
range of the as-applied monoclinic concentration in a partially stabilized
zirconia coating and, hence, no transformation is believed to have occurred.

It is believed that the survival of this coating on the piston crown is due to
the less severe thermal environment experienced by this surface. The piston
is a large, cooled component that is able to dissipate heat rapidly. The valve
on the other hand is small and uncooled; furthermore, it's Inconel 751 nickel-
chromium composition has a relatively poor thermal conductivity and,
therefore, dissipates heat slowly. It may well be that the composite spray dried,
flame stabilized powder is adequate for all component surfaces with the
exception of the valve face.

Valves - The faces of all three valves coated by Supplier B suffered major
failures during the 9000 hours of engine exposure. This loss is apparent in
Figure 40. Micrograph (a) is representative of the Supplier B, as-applied valve
face coatings. Micrograph (b) is a typical cross section from the three engine
tested coatings. It is seen that the ZrO; has experienced a near complete failure
with only a very thin layer remaining attached to the bond coat. This thin,
adherent layer is seen in the higher magnification micrograph, (c). It has a
thickness of about .001 in. (25um) or one-tenth of the specified original
thickness. The failure seen here is representative of the behavior of the
Supplier B coatings on 100% of the faces of two of the valves and 90% on the
third. There was a region on the rim face of the third valve where the ZrO;
had a remaining thickness of about .004 in. (100um). This remaining coating
was examined metallographically to determine what had caused the loss of
the zirconia.

Figure 41 presents the diffraction pattern for one of the engine tested
Supplier B valve face coatings (the CaSO4 deposit having been removed). It is
evident that a major transformation to monoclinic ZrO2 has occurred during
engine service. This coating consisted of greater than 45% monoclinic ZrOs.
The volume expansion associated with this transformation was probably the
cause of the observed failure.

SEM/EDS analysis of several cross sections of the small amount of
remaining coating on one engine tested Supplier B valve face consistently
revealed a near complete absence of Mg (MgQO) in the ZrO;. Analysis of pre-
test Supplier B coatings indicated the expected MgO concentration (converted
from Mg concentration) of about 22 wt % in ZrOj;. Thus, the loss of MgO
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occurred during engine exposure. The difference in MgO content before and
after engine service is indicated in Figure 42. Micrograph (a) is an SEM image
of a cross section from an untested coating. The corresponding x-ray map for
Mg (MgO) is shown in micrograph (b). The engine tested valve coating where
a partial thickness of ZrO2 remained is shown along with its Mg map in (c)
and (d). Note the much higher and relatively evenly distributed
concentration of Mg in the pre-service coating. The remaining coating after
engine service has an overall low MgO concentration but with some
concentration near the ceramic-bond coat interface. The regions of very high
Mg concentration seen in both (b) and (d) are particles of pure MgO which are
normally present in the stabilized ZrO; along with MgO in solid solution;
they are predicted by the MgO-ZrO; phase diagram.

The distribution of MgO shown in the post-service coating, i.e. a
concentration gradient from the coating surface to the ceramic-bond coat
interface (Fig. 42, d), indicates that the MgO is being sequentially removed
from the coating surface. At the coating surface the Mg or MgO can react with
SO3 in the combustion gas to form MgSQOy4, thereby depleting the ZrO; of Mg
and creating a concentration gradient. The Mg or MgO is sufficiently mobile at
the elevated service temperature to diffuse through the coating to the
ceramic-combustion gas interface in response to the Mg gradient and to react
there with sulfur in the combustion gas. The ZrO; porosity would aid in
hastening the process as the Mg could rapidly migrate through the coating,
along cracks and along pore walls toward the ceramic-combustion gas
interface. )

The combustion gases could also enter the coating through open pores and
there react with Mg. No evidence of MgSO4 deposits was found on the
remaining coating's surface or within its pores. This is probably because the
Mg-S reaction occurred in the outer layer of the coating and the product was
removed with the spalled coating and carried away in the exhaust.

The region of the valve face where some coating remained was bordered
by a shallow tapering off of coating thickness. This area indicates that coating
loss occurred by the sequential spalling of thin ZrO; layers that became
destabilized as a result of the MgO depletion reaction. The transformation of
the surface layer of destabilized ZrO; to the monoclinic structure would occur
during each cooling cycle and cause the spallation of a thin layer because of
the 4% volume expansion that occurs when the zirconia transforms from the
tetragonal to the monoclinic phase. The spalling would create a new ZrO;
~ surface and the process would be repeated. It is not known which of the two
removal mechanisms is dominant. What is certain however, is that a
depletion of Mg has occurred which resulted in the destabilization of the
ZrOs.
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2. 14,000 Hour Performance of Coatings

. Supplier A Coatings

Piston Crowns - Both the flame stabilized and the prealloyed coatings on
the piston crowns performed reliably with no detectable loss of coating.
Shown on the left side of Figure 43 is one quarter of the Supplier A flame
stabilized piston coating after a calcium sulfate engine deposit layer had been
removed. Apart from some discoloration, the coating appears unaltered. This
coating can be seen in cross section in Figure 44.

Valves - The flame stabilized coating was applied to the faces of valves
analyzed but not to the stems. The valve face flame stabilized coating suffered
a major failure on all four valves. This loss of coating can be clearly seen in
Figure 45. The valve on the left is from cylinder No. 2; the one on the right is
from cylinder No. 3. Both cylinder No. 2 flame stabilized valve coatings
experienced loss over much of their surface. The only region where an
acceptable thickness of ZrO; was retained was at the center in the cup region
(see left side of Figure 45). This region is seen in Figure 46A in cross section.

A representative micrograph from the remainder of the valve face where
the coating has failed is shown in Figure 46B. The failure seen here is typical
of ZrO; system spallations; failure occurs within the ceramic just above the
ceramic/bond coat interface. A thin ZrO; layer remains attached to the bond
coat. This form of failure occurred over 70 to 80% of the flame stabilized
valve face coating surface from cylinder No. 2. Both flame stabilized valve
face coatings from cylinder No. 3 failed in this manner over 100% of their
surfaces. The different performance of the same coating in cylinder No. 2 and
No. 3 may be indicative of a more severe thermal environment in cylinder
No. 3.

The flame stabilized 8 wt % Y203-ZrO2 must be considered inadequate for
valve face applications. Whereas this coating's performance on piston crowns
was excellent, its survivability on valve faces was poor. A similar
performance analysis carried out on selected coated components after 8990
hours service first revealed this survival pattern. The piston, being a large
cooled component can dissipate heat more effectively than the small
uncooled valve. Consequently, the valve surface temperatures can be as
much as 200°C higher. The coatings were unable to withstand the higher
thermomechanical stress at this location.

The pre-alloyed coating was applied to both the faces and stems of the
valves analyzed. The valve face pre-alloyed coatings were mostly retained on
all four valves from cylinder No.'s 2 and 3. The left valve in Figure 47 is from
cylinder No. 2, the right valve from cylinder No. 3. Limited coating loss has
occurred on these valves in regions of maximum curvature due to the
concentration of stress within the coating at these locations. The cylinder No.
2 valve's coating remained adherent except in a thin band very near the outer
edge of the rim where spalling occurred (see left side of Figure 47). The
cylinder No. 3 valve coatings suffered some loss at both the outer edge and at
the shoulder where the valve face starts curving towards the center. Greater
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than 93% of the coating remained on the No. 3. cylinder No. 2 valves, while
only around 80% remained on the cylinder No. 3 valves. Again the valves of
cylinder No. 3 suffered a greater loss of coating than those of cylinder No. 2.
This further supports the possibility of significantly different thermal
environments within each cylinder. If it is possible to adjust the cylinder
thermal environments to more closely reflect that of cylinder No. 2, then
valve coating lifetimes could, ostensibly, be extended. In any case, the
durability of the pre-alloyed 8 wt % Y203-ZrO; coating after 14,000 hours of
service with only limited losses was well established.

The poorer performance of the flame stabilized coating on valves
compared to the pre-alloyed coating of the same composition is attributed to
the basic difference in the starting powders. This performance pattern was
seen in the the 8990 hour study. Essentially, the pre-alloyed powder produces
a more homogeneous coating with uniform mechanical and thermal
properties and is therefore able to withstand the more severe thermal
conditions.

A close inspection of the pre-alloyed valve coating surface indicates that
even though it remained mostly adherent, it had experienced some
alterations in structure. Shown in Figure 48 is a magnified region of the
cylinder No. 2 valve face, pre-alloyed coating near the edge where some loss
had occurred. It is evident that the ZrO; is segmented by cracks into regions of
roughly 0.5 to 1.0 mm in diameter. Loss of coatings, where it has occurred,
was due to spallation of individual segments. In some areas seen in Figure 48
an individual segment has been lost while the surrounding coating survived.

This process of segmentation and spallation of individual segments is
likely to be beneficial to coating performance. A long running, near interfacial
crack of the type often seen to cause coating failure can not develop because of
the segmentation of the coating. Each segment is somewhat isolated from its
neighbors so a horizontal crack may only propagate along a small number of
segments before it meets with a vertical segment boundary. Were this
segmentation not present a crack could propagate over several centimeters
eventually surfacing and resulting in a large scale spallation.

Representative cross-section micrographs of the pre-alloyed coating on the
valve face from cylinder No. 3 are seen in Figure 49. Micrograph A is from
the bulk coating in the cup region. Micrograph B shows the near absence of
coating on the rim area. A coating segment is seen in micrograph C at the
transition region between the cup and rim. Clearly, the surface curvature has
played a large role in causing this limited coating failure. It seems to have
originated right at the point of maximum curvature and propagated a short
distance along the flat rim. A thinner coating in regions of maximum
curvature and a tapering of coating near edges would reduce the local stress,
and thereby possibly eliminate this failure.

The pre-alloyed valve stem coatings all survived with no apparent
degradation. One such valve stem is shown in Figure 50. The upper stem is
still covered with a dark, very adherent layer of calcium sulfate. The lower
region has been cleaned of calcium sulfate to reveal the ceramic layer. No
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coating crack segmentation of the type seen on the valve faces was seen on
the stem surfaces. A representative cross section of the prealloyed stem
coating is seen in Figure 51. The lack of segmentation of the valve stem and
piston crown pre-alloyed coatings as well as the durability of the flame
stabilized coating on the piston crown is indicative of the less severe thermal
environment in the piston crown and exhaust regions than on the uncooled
valve faces. It is apparent that the flame stabilized coating is adequate for
these less demanding applications whereas the valve faces must be coated
with the pre-alloyed material if acceptable coating lifetimes are to be achieved.

b. Supplier B Coatings

Piston Crown - Both piston crown coatings composed of 22 wt % MgO-
ZrO7 applied by Supplier B survived the 14,000 hours of engine exposure
without any noticeable degradation. Shown on the right side of Figure 43 is
one quarter of one of these piston crowns. A representative cross sectional .
micrograph of this coating is seen in Figure 52. From these figures, it is clear
that the Supplier B 22 wt % MgO-ZrO; coating along with both the flame
stabilized and pre-alloyed Supplier A coating systems has the durability on
piston crowns for extended periods of engine service to and probably beyond a
typical overhaul period of 18 - 20,000 hours.

Valves - In contrast to its performance on the piston crowns, the Supplier
B coating applied to all valve faces suffered a near total loss of the ceramic
layer. One of these valve faces is shown in Figure 53. Representative
micrographs of cross sections from these coatings are shown in Figure 54. The
characteristic near-interfacial spalling is seen in micrograph B. The remaining
ceramic has a thickness which varies from 0 to 0.5 mils (12um). At its thickest
point, it is still only one-twentieth its original thickness. This loss is
characteristic of 100% of all Supplier B valve face coatings. Very similar
results were seen in the previous 8990 hour study as well as in the limited 500
hour test. These results indicate that the Supplier B coating is inadequate for
valve face service.

The underlying cause of all of the Supplier B valve face coating failures is
the inherent instability of the 22 wt % MgO-ZrO; and its tendency to
transform from the cubic ZrO; structure to the monoclinic ZrOs structure.
The transformation to the monoclinic structure involves a volume
expansion which will stress the coating, causing it to crack and spall. If the
stabilizing compound is not in a solid solution with the ZrO; or if it is
subsequently leached out of the coating during service because of a favorable
reaction with a constituent of the combustion gas, i.e., sulfur, then the
monoclinic transformation can occur.

Studies have indicated that the Supplier B valve face coatings have indeed
experienced a significant transformation to the monoclinic phase. There are
indications that this transformation is attributable to two causes. First, in the
examination of the valves tested after 8990 hours exposure, in isolated
regions of the valve face where some ceramic was still present, it was
determined that the ceramic had a considerably lower MgO concentration

)
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than pre-service coatings. The loss of MgO was believed due to a depletion
reaction with SO3 combustion gas which produced MgSO4 though no residual
MgSO4 was found. The second cause of the monoclinic transformation is the
poor initial distribution of MgO in the as-applied coatings. The coating is not
a homogeneous solid solution of 22 wt % MgO-ZrO3 but appears to be a
mixture of two phases, one rich in MgO, the other having a very low MgO
concentration. Indications of this mixture were found in past work, but were
somewhat elusive. With the aid of an improved metallographic preparation
technique, this MgO concentration variation could be easily distinguished.

Figure 55A is an optical image of the Supplier A pre-alloyed, 8 wt % Y203-
ZrO3 layer. Note the consistency of shading present suggesting a
homogeneous solid solution. Figure 55B shows an optical image of the as
applied Supplier B coating. Note the presence of light and dark regions. The
light regions have been determined to contain between 5 and 10 wt % MgO.
The dark regions (not including the pure MgO particles) have around 40 wt %
MgO The overall average MgO concentration is near the designated 22%, but
its distribution is highly irregular. Hence some regions are less stabilized than
others, and therefore are prone to transform under stress and elevated
temperatures.

The Supplier B coating applied to the valve stems experienced a limited
success. Shown in Figure 56 is one such valve stem (after removal of CaSO4
deposit). It can be seen that the ZrO; in the central stem region has spalled
while that at the top and at the base has survived. This behavior is identical
to that seen during the 9000 hour study. A transformation to monoclinic ZrO;
was detected in the valve stem coating though to a lesser degree than on the
valve face. Furthermore, the monoclinic concentration decreased higher up
the stem as would be expected with the reduction in temperature.

It is speculated that three factors contributed to the failure of the bulk of
the stem coating which helps to explain the survival of the coating nearest to
the valve seat and furthest up the stem. First the tendency to form
monoclinic ZrO; decreased moving up the shaft, away from the combustion
chamber, as the amount of MgO retained in the coating increased. Second, the
drop in temperature along the shaft resulted in a decreased thermal
expansion difference between coating and substrate and hence, a decrease in
thermal stresses higher up on the shaft. Third, the shaft curvature plays an
important role in the concentrating stress within the coating. The coating in
the tulip area, nearest to the valve seat has a less severe curvature than the
stem proper, resulting in a lower stress concentration. In this region, the
thermal and transformation stresses were insufficient to cause failure. Where
the shaft becomes cylindrical, the coating has failed because of the additional
stress concentration introduced by the shaft curvature. Farther up the
cylindrical shaft, the curvature is the same but the lower temperature results
in thermal stresses that are inadequate to cause failure.
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Vehicle Engine

A plasma sprayed, pre-alloyed 8 wt % Y203-ZrO3, 0.010 in. thick coating on
a 0.004 in. thick MCoCrAlY bond coat was applied to the piston crown,
exhaust valve faces, fire deck and exhaust manifolds of a test small bore, high
speed engine which was operated on a test stand over a range of operating
conditions for 150 hours. One piston crown and four exhaust valves were
examined after the test, macroscopically and microscopically, to determine the
state of the coatings.

1. Visual Appearance of Tested Components

The coating on the piston crown had no evidence of loss or structural
deterioration of the coating, see Figure 57. The coatings on the valves lost a
small amount of coating from their faces near their outer edges. The coating
there is both spalled and delaminated inward from the outer edge of the
valve, see Figure 58.

2. Microscopic Analysis

The piston dome coating performed in an excellent manner. There was no
spalling, delamination or noticeable deterioration in the coating of any kind.
Figure 57 shows the piston dome after the deposits were cleaned off. Note that
- the injection pattern has deeply stained the coating. The difficulty in
removing this stain suggests a rather deep and thorough penetration into the
coating. This penetration, however, did not appear to adversely affect the
coating's performance. Figure 59A shows a typical cross section from the
piston coating. The coating has maintained its original thickness and appears
the same as the pre-test coating.

The valve face coatings survived well, for the most part. Shown in
Figure 59 is a typical pre-alloyed 8 wt % Y202-ZrO; valve face coating cross
section from a tested part. The ceramic is more dense than that on the piston
crown, but it appears to be acceptable. All of the valves suffered some coating
losses near their outer edges. Valve No. 1, shown in Figure 58 on the left, had
the most extensive damage. The coating was spalled for a distance inward
from one edge and was delaminated but not spalled over an additional
0.25in. inward from the edge of the spalled area. This delaminated region is
shown in cross section in Figure 60a.

Shown in Figure 60b is the valve edge of the No. 2 valve where the
coating loss was restricted to very near the edge. The curvature at the edge of
the valve appeared to have introduced stresses into the full cross section of
the coating during thermal cycling because of the differential thermal
expansion between the metallic valve and the ceramic coating. These stresses
caused spalling cracks to develop starting from the outer edge of the coating
and propagating inward. The edge crack in valve No. 2 propagated upward to
the surface of the coating after traveling only a short distance into the coating.
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The crack in Valve No. 1 coating propagated for a longer distance parallel
to the metal-coating interface. It seems to have attempted to reach the surface
several times, but each time, a new crack developed beneath it which then
connected up with the original. This inability of the crack to surface is the
primary reason why so much coating was lost. A tapered coating to the edge
of the valve face would avoid the stress concentration which caused the crack
development. A taper like the one formed naturally by the crack in Figure 60b
would probably be sufficient. If an edge crack is avoided, then the coating
would have a much longer life.

3. In-Service Performance

Piston crowns and exhaust manifolds for three small bore engines were
coated with 0.01 - 0.15 in. thick, pre-alloyed, 8 wt % Y203-ZrO; by Supplier A
and shipped out for installation in three off-the-road ore hauling trucks at an
open pit copper mine. After 5,000+ hours of operation, the coated pistons
were removed because of a ring wear problem not related to the ceramic
coatings. The coated exhaust manifolds were left in place.

The components were solvent washed, but not glass bead blast cleaned,
and visually observed. There was no apparent damage of the coatings. A
darkening of the ceramic by a carbon deposit on the crowns was all that could
be observed.

V1. CONCLUSIONS

* Properly applied partially stabilized zirconia thermal barrier coatings
can withstand the service environment of a medium speed diesel
engine combustion zone for at least 14,000 hours.

* The three coating systems (flame stabilized 22 wt % MgO-ZrO,, flame
stabilized 8 wt % Y203-ZrOj, pre-alloyed 8 wt % Y203-ZrO») applied to
piston crowns and cylinder heads were entirely retained and unaltered
after the 14,000 hours of engine service.

¢ The 22 wt % MgO-ZrO3 coatings applied to valves became depleted of
MgO and underwent a major transformation to the monoclinic phase
during service which resulted in failure by spalling.

¢ The flame stabilized 8 wt % Y203-ZrO; failed over most of the valve
face surface and is therefore not adequate for long term service at this
location. The coating failed due to thermomechanical stress.

* The pre-alloyed 8 wt % Y2-ZrO; was retained on the valve faces with
only minor loss at edges and regions of maximum curvature. Tapering
the edge of the coating on the valve face should prevent the edge



spalling from occurring. This is the only coating that was evaluated
that can reliably serve long periods on valve faces and is recommended
for use in engines.

The milder operating conditions of piston crown and cylinder head
surfaces compared with valve faces resulted in the successful
performance of coatings on piston crowns that failed on valve faces.

All coated component surfaces had CaSO4 deposits, the thickest being
on the valve stem and the thinnest on the valve face.

Coatings on components from a given cylinder perform, as a group,
somewhat better or worse than coatings from another cylinder in the
same engine. This indicates differing thermal environments and
suggests the possibility of adjusting specific cylinder environments to
maximize coating life.

The contours of the diesel engine components coated will require
automated, robotic plasma spraying equipment in production to
control deposit thicknesses and morphology.
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TABLE 1

PROPERTIES OF CERAMIC MATERIALS2

Material Thermal Thermal Transverse | Young's Poisson's Thermalb
Conductivity | Expansion Rupture Modulus Ratio Shock
[W/(m.k)] (10-6 k1) Strentgth (GPa) Resistance
(MPa) Parameter,R
TiOz 8.8at400K o |9.4 69-1032 2830 0.28@0 0.2
3.3 at 1400K
AlO3 27.22% at400K |7.2-8.62.25.28 | 276-1034 2425 | 380 24 0.26 @ 6.5
as
5.8 at 1400K
Cr203 10-33 at 350K |7.5@ >262 60 >103 6o 27
(2.33)
Mullite 5.2 at400K a8 | 4.7 a8 185 66 145 @0 0.25 0.9
3.3 at 1400K
Partially 1.8-2 40 8.9-10.6 %@ 600-700 62 205 “o 0.23 @0 0.5
Stabilized
ZrO;
Fully 1.7 at 400K @ |13.5 @ 245 68 97-207 @ 0.23-0.32 @ 0.8
Stabilized 1.9 at 1600K
V4.0))
Plasma- 0.69-2.4 (1454, |y.6-10.5 6.80 w14 48 64.42) 0.25 @7 0.2
Sprayed ZrO; 21 at 1372K
CeOp 9.6 at 400K @ |13 @ 172 @ +10.27-0.31 @0
1.2 at 1400K
a. References from which data were taken are in reference 9.
b. R =Ko(-u) where: K = thermal conductivity
Ea © = fracture strentth

p = Poisson’s ration

E = modulus of elasticity

a = thermal expansion coefficient
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Material Theoretical Knoop or Fracture Specific Heat | Emittanceb Cr}'stal
Density Vickers Toughness [J (kg °K)} Structure
(Mg/m3) Hardness ki0)
(GPa) (MPa - m1/2)
TiO, 4.25 (20) 7-11(20,21) 2.5(21) 799 at 400K (20} 0.83 at 450K (T) }{utile tetragonal
(18) 20)
3.84 920 at 1700K | 0.89 at 1300K(t) Aratase tetragona
417 Brookite
‘ ) orthorhombic
AlO3 3.97 @ 18-23 1724 2.7-42 1726200 | 1088 25 255 at 100K (N) | Hexagonal @
0.53 at 1000K(N)
0.41 at 1600K (N)
Cr03 521 @ 29 @ 3.9 61 670 at 300K 22 | 0.69 (N) 22 Hexagonal @
837 at 1000K | 0.91 (N)
879 at 1600K
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Table 2

Candidate Coating Systems

|  Component | Coating System | Supplier
Valve Face and Stem 8%Y>03-ZrO2/NiCoCrAlY A
22%MgO-ZrO2/NiCrAlY B
Piston Crown 8% Y703-ZrO,/NiCoCrAlY A
22%MgO-ZrO2/NiCrAlY B
Cylinder Head 8% Y203-ZrO2/NiCoCrAlY A
22%MgO-ZrO2/NiCrAlY B




Table 3

Summary of Coated Engine Performance Characteristics

. At average power level of 54%, net reduction in annual average
fuel consumption of at least 9% was achieved.

. A 20% increase in maximum power was measured by a torquemeter
on the propeller shaft that correlated with throttle notch position.

. The electronic combustion analysis implied that a reduction in
ignition delay was the primary effect of the coating on the
combustion process.

. The coated engine picked up load more quickly than the uncoated
engine and its speed did not drop (sag) as far when additional load
was applied.

. The engine operated more quietly with less diesel knock, smoother
combustion, reduced combustion related vibration.

. Lub oil and engine cleanliness at time of disassembly was better
than normal.

. The fuel injectors did not foul, plug, or build up tip deposits.

. No cylinder head to liner gasket seal leakage was found, as typically
occurs in uncoated engines.

. Lubricating oil consumption was reduced by 16%.



Appendix A

Technical Considerations |
in the Selection and Application of Ceramic Coatings on the
Combustion Zone Components of Diesel Engines

PURPOSE

The technical considerations presented here are intended to provide
guidance to both the user and supplier in the selection and application of thin
ceramic thermal barrier coatings on internal engine combustion zone
components.

INTRODUCTION

The ability of thin, 0.010 - 0.015 in. (0.25 - 0.4 mm), plasma sprayed zirconia
ceramic coatings to endure on the surfaces of valves, piston crowns and fire
decks of diesel engines has been demonstrated. As of this date, well over
250,000 hours have been accrued on ceramic coated diesel engine components
installed on various types (low, medium and high speed - two stroke and four
stroke) diesel engines, installed in various types of off-highway transportation
vehicles and commercial power generation stations using a variety of fuels
ranging from natural gas to heavy blended liquid fuels.This author has either
been directly or indirectly involved in a number of these applications and the
technical considerations presented herein result from this involvement.

The relationships between the coatings' performance and their
composition, microstructure, and processing has been established. This
information, along with the knowledge gained by the gas turbine industry in
over a decade of using the same type of ceramic coatings on burner cans and
other components, has been utilized to prepare these technical
considerations. It is intended that the coating technical considerations
discussed herein provide guidance for the selection of the surfaces on which
to use the coatings and the preparation of procurement documents to obtain
coatings from thermal spray coating suppliers. Each aspect of the behavior of
the ceramic coating will be discussed prior to presenting the specific technical
considerations so that there will be an understanding of the need for each
requirement.

BACKGROUND
Plasma sprayed ceramic thermal barrier coatings were developed by the
aircraft gas turbine industry to extend the performance temperatures of super

alloys used at high temperatures by insulating the metal surfaces and
effectively lowering their operating temperatures. Development of durable
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coatings has occurred for the past 20 years and the coatings have been in
service on thousands of components for the past decade or more. During this
period much has been learned about the roles of ceramic composition,
microstructure, processing techniques and grit blasting and thermal spray
equipment settings, compatibility of the ceramic coating with the substrate
metal, the stress states of the coatings, the use of bond coats of sprayed metal,
and many other factors that contributed to the reliable performance of the
coating systems in the relatively severe operating environments of gas
turbine combustion zones. ~

The available foundation of knowledge necessary for the effective and
reliable use of ceramic coatings in high temperature combustion zones was
used in the selection and application of the coating systems used on the large
and small bore, high speed diesel engines.

TECHNICAL CONSIDERATIONS
rami in mposition

The single type of ceramic that has evolved from the research and
development of the last 20 years for use as a thermal barrier coating on gas
turbine components is zirconium oxide (zirconia, ZrO,), stabilized to some
extent.

Pure zirconia will undergo undesirable phase transformations which
cause the material to spall during thermal cycling. To prevent this, the
addition of small amounts of other oxides, such as calcium oxide, magnesium
oxide, yttrium oxide, or cerium oxide are made. Thus, the resulting material
is designated either fully stabilized or partially stabilized zirconia and contains
usually one other oxide such as 8, 13 or 20 wt % yttria (Y203), 22 wt %
magnesia (MgO), or 27 wt % ceria (Ce203 or CeO»), or 5 - 10 wt % CaO.

Certain constituents in the combustion gases of diesel engines can be
detrimental to the ceramic coating. Compounds containing such elements as
sulfur, vanadium or sodium can react with the stabilizers in the zirconia,
effectively destabilizing the ceramic and causing it to transform and spall.
Standard No. 2 diesel oil, for example, may contain a sufficient quantity of
sulfur to cause the MgO stabilizer to react with it to form MgSO4. Removing
the Mg0 from the zirconia in this manner during combustion causes it to
transform to another phase upon cooling that has an attendant volume
increase which causes the coating to spall off. Degraded fuels that contain
even relatively low amounts of vanadium can potentially cause a similar
leaching type reaction to occur with the Y203 stabilizer. It is not yet known
whether the vanadium content in typical degraded diesel fuels is at a
sufficiently high level to cause such a problem.

Therefore, discretion should be used in the selection of diesel fuels to be
used with ceramic coated components. To date, ceria stabilized zirconia does
not appear to be attacked as much by sulfur or vanadium. However, ceria
stabilized zirconia is only now becoming commercially available and
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demonstration of its acceptable performance must still be made. Thus, the
selection of the specific zirconia ceramic coating composition must take into
account the possible occurrence of such detrimental reactions with the
combustion gases of specific fuels.

The ceramic coatings on the uncooled, higher surface temperature exhaust
valves in the medium speed diesel engines installed in two types of off-
highway transportation vehicles, whose composition was 22 wt % MgO-ZrO,,
spalled off during service as the result of a leaching type attack by the sulfur in
the combustion gas from No. 2 fuel. The magnesia stabilized zirconia on the
cooled, lower surface temperature piston crown and fire deck surfaces did not
spall. The 8 wt % Y203-ZrO; was not attacked on either the hotter exhaust
valve or the cooler piston crown and fire deck surfaces and, thus, remained
intact during the service duration.

GUIDANCE SUMMARY

¢ Use only 8 wt % Y203-ZrO; ceramic coating on engine components .
where No. 2 diesel oil is the fuel.

* Do not use fuels that contain vanadium in engines containing ceramic
‘coated combustion zone components at this time.

B rami ting Thickn nd Mi I

Plasma sprayed ceramic coatings have very little ductility. Therefore, they
are prone to brittle failure upon the application of stresses from either
mechanical or thermal origin. The thinner the coating is the lower are the
stresses that can build up in it and the lesser is the chance of coating failure by
cracking and spalling. The coatings that performed successfully over many
cycles of operation in the large and small bore, high speed diesel engines were
0.010 - 0.015 in (0.25 - 0.4 mm) thick. This thickness range is the same as is
used on gas turbine components. It is known from limited diesel engine tests
of thicker coatings that coating failure will start to occur at thicknesses greater
than about 0.060 in. (1.5 mm). Thus, it is important at this stage of coating
development to use relatively thin coatings to have the required durability.

Another factor concerning coating thickness relates to the possibility of
pieces of coating that do detach scoring critical surfaces such as the valve seat
or the cylinder wall liner. It was observed in one coated diesel engine that in
those cases where coating detachment did occur on the exhaust valve faces,
the pieces of spalled ceramic were so small that they passed through the
system and out the exhaust without causing any damage. Thus, coating
failure caused no downstream damage to critically dimensioned or smooth
surfaced parts.

The nature of the plasma spray process during deposition of the coatings
causes a certain degree of porosity to occur in the coating. A few unmelted
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ceramic particles may also be present. It has been determined that for aircraft
gas turbine applications a level of porosity is desirable because it increases the
thermal fatigue life of the coating. The presence of some unmelted particles
has not been determined to be detrimental. Porosity levels commonly used
in gas turbine coatings were also used in the coatings tested in the medium
speed diesel engines. It was determined that a porosity range of approximately
10 to 20% performed satisfactorily in the engine. However, such a wide range
could indicate that certain of the spray process parameters were nearing their
limits. A somewhat tighter range of porosity would be indicative of an
overall desirable control of the process parameters.

The observation of the degree of porosity of a ceramic coating can best be
determined by a metallographic examination of the cross section. A porous
ceramic material is difficult to cross section and polish because the nature of
the ceramic can cause small pieces to be pulled out by the polishing abrasives.
This gives the appearance of greater porosity than is actually present which
adversely affects the reproducibility of the porosity determination from
specimen to specimen. Precise metallographic techniques that are
meticulously adhered to are an absolute requirement for effective quality
control operations.

GUIDANCE SUMMARY

e Ceramic coating thickness should be controlled in the range 0.010 -
0.015 in. (0.25 - 0.4 mm).

¢ Porosity in the ceramic coating should be evenly distributed and in the
range 10 - 15%. '

¢ Precise metallographic polishing techniques should be used in quality
control procedures. A recommended procedure is contained in
Section L.

C. Metallic Bond Coat,

A metallic bond coat plasma sprayed directly onto the structural metal
substrate is an absolute necessity for a successful ceramic thermal barrier
coating. Its thickness is 0.003 - 0.007 in. (0.08 - 0.18 mm). Several different
compositions containing various percentages of the elements nickel, cobalt,
iron, chromium, aluminum and yttrium have been used. A typical
composition that was used for some of the coatings tested in the diesel
engines is Co-32Ni-21Cr-8A1-0.5Y. The coatings are generally designated
MCrAlY's where the M usually stands for the cobalt and/or nickel but,
sometimes, for iron.

The bond coat has several functions. Included are:
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¢ developing a compatible metal to metal bond with the structural alloy
surface.

¢ enhancing the coarse texture of the grit blasted substrate to aid the
bonding of the ceramic.

e providing a transition between the different physical properties of the
metal substrate and the ceramic coating, i.e.,, thermal expansion,
thermal conductivity, elastic modulus.

* providing a corrosion barrier between the metal substrate and the
porous ceramic coating to prevent combustion gases from attacking the
structural alloy's surface.

Bond coat technology stems from the use of these metallic, elevated
temperature, corrosion protection coatings in gas turbine stationary and
moving components for many years. It is a refined technology that has been
used to coat millions of components. The particular compositions that have
been selected for use as the bond coat with ceramic thermal barrier coatings
are adapted from the gas turbine industry. There is no single composition that
is best suited for use with zirconia.

The importance of the bond coat as a corrosion barrier when used with an
outer, porous ceramic coating in a diesel engine was demonstrated in the 500
hour initial endurance tests. The apparent changes in the composition of the
combustion gas from uncoated engines and/or the possible immediate
surface area heating of the coating caused corrosion of the substrate cast iron"
to occur at the exhaust port lip of the fire deck only at those areas where the
bond coat was inadvertently missing. The corrosion products locally blistered
and spalled off the ceramic coating, allowing more direct access of the
combustion gases to the cast iron where measurable corrosion loss started to
occur in the relatively short test exposure. In all areas that had some bond
coat, as little as 0.001 in. (0.025 mm), no corrosion occurred, even after the
9000 hour exposure in the medium speed diesel engine.

The bond coat should have a relatively low porosity and a minimum of
included oxide to be effective as a corrosion barrier and have the necessary
structural integrity to be a thermal expansion transition material. In some
aircraft gas turbine applications, the bond coat is densified by plasma spraying
in a protective atmosphere or vacuum environment. For the less severe
environment that is present in diesel engines an air plasma spray bond coat is
acceptable.

All of the elements in a typical bond coat have a role in its performance
and are required in its composition. It should be noted, however, that cobalt
can be replaced by nickel. The compositions used in the diesel engine
demonstrations contained either nickel and cobalt or just nickel in addition
to the chromium, aluminum and yttrium.
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GUIDANCE SUMMARY

¢ A bond coat of composition NiCoCrAlY or NiCrAlY that is 0.003 -
0.007 in. (0.08 - 0.18 mm) thick should be used between the structural
alloy and the ceramic coating.

ramic Powder racteristi

Control of the powders used in the plasma spray gun is very important to
the end quality and resulting performance of the ceramic coatings. The
composition of the powder, its state of alloying homogeneity, the particles'
shape and size distribution, and its moisture content are factors which have a
major effect on the nature of the deposited coating.

The use of pre-alloyed powders wherein each particle contains the
stabilizing oxide (Y203) in the proper weight percentage with the zirconia is a
requirement that was established during the performance analysis of the
medium speed diesel engine coatings. Coatings that were deposited from a
mixture of separate Y203 and ZrO; particles that combined in the plasma
flame to produce the desired stabilized coating composition did not perform
on the uncooled valve faces. Of the three types of pre-alloyed particles that
are available, two types; sintered and crushed or a proprietary spray dry and
plasma sintered process are desirable at this time. The method of powder
manufacture should be specified.

The detailed composition of the pre-alloyed powders should be specified
in all procurement activities. Powders should be procured that have a
consistent color and condition from a given powder supplier. The
compounds in the powder that should be controlled to a specified maximum
amount include the oxides of yttrium, silicon, titanium, iron, aluminum,
calcium, magnesium and zirconium with a small amount of hafnium oxide
as a part of it. Small quantities of unidentified trace elements that change the
visual appearance of the coating from different coating suppliers, primarily its
color, surface texture and amount of speckling, do not appear to have a
significant effect on the coating's performance.

The powder size distribution is an important variable that affects coating
characteristics. It should be controlled to a precise set of percentages (min-
max) over a closely divided range of sizes to assure that proper feed and
melting of the particles will occur in the plasma gun gas stream. Each type of
plasma gun can require a different powder size distribution. The basic
characteristics of the deposited coating are strongly influenced by the powder
size distribution. Tests to establish the flow rate of the powder should be used.

Coating deposition efficiency (DE) is an important variable of the process
that is influenced by both the feedstock powder characteristics and the spray
parameters. It is important in determining the cost of the coating on a given
part geometry.
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It is important to protect the powder during shipment and storage. The
use of sealed containers that prevent foreign materials and moisture from
entering the powder is a general requirement of the thermal spray industry.
The amount of powder in each container is generally related to its use rate.
Destructive metallographic analysis of specimens or components sprayed at
the beginning of the use of each lot of powder is suggested as a quality
assurance procedure.

GUIDANCE SUMMARY

¢ Use only pre-alloyed powders prepared by either 1) sintering and
crushing or 2) spray drying and plasma sintering processes.

e Use ceramic coatings prepared from powders whose composition,
particle size distribution, appearance, and handling and packaging have
been specified and certified.

e The bond coat powders are best pre-alloyed, spherical i.e., gas atomized
powders, that should have the same quality control procedures as the
ceramic coating powders.

1 Grit Blasting an nin

In order to enhance the bond between the structural alloy substrate and
the bond coat and, ultimately the ceramic coating, the metal surface is initially
grit blasted to roughen it. The molten or semi-molten bond coat metal
droplets mold themselves into the textured surface. The roughened texture is
extended to the top of the bond coat and is enhanced by the solidified droplet
nature of the plasma spray. The roughened surface of the bond coat is an ideal
surface for the zirconia to bond to.

A suction grit blast using 20 - 60 mesh alumina grit at 60 to 80 PSI pressure
is typically used to prepare ferrous metal surfaces for the application of the
bond coat. The specific grit blasting equipment, conditions and schedule
should be closely controlled by specification.

It is recommended, but not required, that the same robotic positioning or
manipulator system used in the spraying of the components be used in their
grit blasting. The variables in the grit blasting schedule that should be
specified include grit composition and size, blasting air pressure, nozzle type
and orifice size, grit feed rate and traverse rate and blasting duration. The grit
blast nozzles tend to enlarge during use, reducing the quality of the blast. The
maximum enlargement should be determined and the orifice size controlled
by specification. Brushing the grit blasted surface with a stiff brush using a
solvent is an acceptable way to remove most of the embedded alumina grit
particles. Some embedded particles were found beneath the bond coat on the
coated diesel engine components. They had disrupted the bond coat by
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having it arch over the protruding part of the grit particle. The structural
metal surface should be sprayed within a reasonably short time after grit
blasting, such as one hour. One to two pre-heating passes of the plasma torch
over the surface without feeding powder are used to dry the surface and
dislodge any remaining embedded particles. Care must be taken to not
oxidize the metal.

GUIDANCE SUMMARY

¢ Use a detailed grit blasting and cleaning schedule for preparing the
substrate surface for coating deposition. Have it certified by the coating
suppliers in the form of "frozen process" Process Operation Sheets, as
part of their Quality control plan.

There are three primary suppliers/manufacturers of plasma spraying
equipment. Each company produces the several elements that constitute an
operable system, ie., plasma spray gun, controls and powder feeder. The
"elements from different companies can be intermixed in a system although
this practice is not recommended by the manufacturers. Both internal feed
and external feed guns are acceptable. The settings of the equipment that must
be controlled, ie. gas flow rates, power settings, traversing speeds and angles,
gun to work separation distance, powder flow rates and the other factors
which combine to determine the characteristics of the deposited coatings are
best monitored by an automated, control system. Control of the diameter of
the powder feed port is important and should be periodically monitored for
wear. Masking the components prior to spraying to assure that no coating is
deposited on surfaces where it is not desired is an important element of the
process. It must be carefully considered and adequate tooling utilized.

An experienced, skilled, spray equipment operator using machine console
settings and a programmed robot to maintain the physical relationships
between the spray gun and the work can deposit reproducible quality,
acceptable coatings. The effort to adequately qualify and periodically certify
the operator can be difficult. Using a completely programmed and controlled
automated system that integrates the powder feeder, the plasma gun, and the
positioning of the gun with respect to the part is the safest way to go.

Machine settings for each part geometry need to be developed during a
qualification period. The criteria for final settings should be based upon
acceptable metallographic analysis of deposited coatings. The detailed settings
should be documented as a part of the coating procurement requirements.
Metal substrate temperatures should be controlled to <200°C when spraying.
The ceramic coating should be kept between 200° and 300°C or less when
spraying. Air blasts are used to cool the substrate. The post spray cooling rate
is not critical.
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'GUIDANCE SUMMARY

* Use an automated control system that integrates the plasma spray gun,
the powder feeder and the gun to part positioning.

* Mask surfaces in the spray path that should not be coated.

¢ Establish system settings for each part geometry during a qualification
period that are established as the result of destructive metallographic
analysis of the deposited coating.

* Document all details of the system settings in "frozen process" Process
Operation Sheets and require coating suppliers to certify to their
continued use as part of their quality control plan.

G. Robotics

Among the most critical variables in a plasma spraying operation are the
relative positions of the plasma gun nozzle and the work piece during the
spraying operation,ie., the separation distance and angle, and the traversing
speed at which the gun travels across the surface being sprayed. These
variables control the thickness and porosity of the deposited material more so
than do other variables. The traversing speed determines the thickness of the
layer deposited during each pass. There is no consensus among coating
suppliers or users as to what is a desired deposition rate. Typical deposition
rates that were used for some of the tested diesel engine components were
0.0005 in. (0.012 mm) per pass for the metallic bond coat and 0.001 in. (0.025
mm) per pass for the ceramic coating.

There was a large variation in the thickness and porosity of the coatings
tested, which were manually sprayed by an operator holding the gun. Except
for those areas where no bond coat was deposited, which occurred only on the
exhaust port lip of the cylinder head fire deck, the bond coat varied from 0.001
to 0.0013 in. (0.025 - 0.3 mm) and the ceramic coating from 0.003 to 0.020 in.
(0.08 - 0.58 mm). The porosity of the ceramic coating also varied over a large
range, from less than 1% to more than 20%. These wide variations appeared
to be tolerated by the engine as no coating loss could be directly related to the
thickness or porosity variations.

The reason for the variations in the bond and ceramic coatings, which
many times occurred on the same part, were related to the changes in the
surface contours of the components. The spray gun operator did not account
for these changes adequately during his manual traversing across the surfaces
to be coated, primarily because of his unfamiliarity with diesel engine
components. For example, the relatively sharp lip which occurred at the
entrance to the bowl of the piston crown required gun traversing speed and
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angle changes to account for the change from a horizontal to a vertical
position relation between the gun and the surface being sprayed.Another,
similar instance occurred at the lip of the exhaust port in the cylinder head's
fire deck.

The changing surface contours of diesel engine combustion zone
components require that a programmable robotic arm be used to position the
plasma gun in order to control coating thickness and porosity to acceptable
levels. Even though the components appeared to tolerate the wide ranges
which occurred, quality coatings should be under tighter limits. The bond
coats should be 0.003 - 0.007 in. (0.08 - 0.18 mm) and the ceramic coatings 0.010
- 0.015in. (0.25 - 0.38 mm) thick. The porosity should range between 10 and
15% as determined by metallographic examination of coating cross sections.

The use of a robot to position the plasma gun with respect to the work
piece surface will assure that the separation distance can be maintained in the
optimum 3 - 5 in. (7.5 - 12 cm) range (depending on the spray system used),
that the spraying angle will always be near to 90° and that the traversing speed
will maintain a constant rate of material deposit.It is recommended that a
narrow beam of spray be used with robotic control. A robot may also be used
to position the grit blast nozzle for the pre-spray grit blasting operation.The
robot settings should have the same degree of automated control as the
plasma gun settings.

GUIDANCE SUMMARY

* Use a programmed robot to position the plasma gun and, wherever
possible, the grit blast nozzle for these respective operations.

H. Coupons, Sample Parts

There are no established, reliable, non-destructive tests to determine the
quality of thermal spray ceramic coatings. Neither the mechanical integrity
nor the adherence of the coating, the two most important factors in the long
term, successful performance of the coatings, can be determined
nondestructively. Thus, the quality of the coatings depends upon a tight
control of composition and processing variables in a certifiable manner and
the periodic destructive sectioning of coatings to monitor their
microstructure.

Coatings that are destructively analyzed must be deposited at the same
time in the same manner and have all of the same characteristics as the
coatings on production components. They can be deposited on two types of
surfaces; flat or contoured tabs and actual sample components. The nature of
the part being coated and economics determine which type of destructive
sample is used and how often.

When flat or contoured tabs are used they should be essentially the same
substrate material and be processed in exactly the same manner as the part.

A-10 Appendix A



They should be located in relation to the part being coated so that the plasma
torch can traverse directly from the part's surface to the tab's surface with no
opportunity for a change in the deposition conditions to occur. The tabs
should be representative of the contour of the part being coated, but do not
have to conform exactly to the part's surface contour. The temperature of the
tab should be as close to that of the part as is possible.

When actual components are used to provide destructive samples, the
economics have to be considered as well as the geometry of the part. For most
diesel engine components, periodic use of an engine valve can be considered
to be an adequate representation of coating quality. The generally larger,
flatter surfaces of the piston crowns and fire decks of the cylinder heads that
are coated can be represented by a valve face coating.The frequency of use of
the tabs and components for destructive quality assurance specimens will be
discussed later. After coating, all samples should be visually inspected for
consistency of color and surface texture and the presence of cracks and
delaminations.

GUIDANCE SUMMARY

e Both tabs coated at the same time, in the same manner, and at the same
traverse speed as the production components being coated and actual,
representative components should be used for visual inspection and
destructive, quality control analysis.

1 ic Analysi ‘

The metallographic analysis of ceramic thermal barrier coating systems is
the only reliable method for determining their characteristics and quality.
There are no reliable, reproducible, non-destructive tests (NDT) to determine
their strength, bonding to the substrate, porosity, presence of defects, or even
thickness. This is especially true for thin ceramic coatings. Microscopic
analysis of cross sections is used to determine the levels of the material and
process variables that determine the nature of the coating on a specific part.
The deposited microstructure is a function of the materials sprayed, the
thermal spray equipment settings and the tooling used to position the plasma
gun in relation to the part. It is the only absolute way to monitor the quality
of the coating. Such factors as: thickness, porosity, structural uniformity,
cracks, delaminations, unbonded areas, bond coat oxidation, foreign material
contamination, unmelted particles and phase distribution are only discernible
by destructive metallographic cross sectioning and microscopic examination.

The selection of cross section locations for microscopic examination
should be based on the contours of the surface being coated. When tabs are
used, the center area of the tab is an appropriate location. When actual
components are used, two to four locations across the surface that represent
significant changes in the part's surface orientation to the plasma gun are
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appropriate locations. For example, on a typical bowl shaped valve face,
specimens should be prepared from the flat, outer rim, the lip area of the
bowl and the center of the bowl. Acceptable, non-acceptable microstructures of
the coating for a specific part should be a part of the procurement documents.

The preparation of coating cross sections for microscopic examination
should be a precise operation. The coating system consists of two parts, a
metallic bond coat and a porous ceramic top coat, each of which has different
responses to cutting and polishing operations. In particular, the porous
ceramic coating can be extensively modified from its as-deposited or after
service condition by the forces applied to it by the metallographic cutting and
abrasive polishing actions. The actual, as deposited porosity of the ceramic can
be modified because the cutting or polishing operations can pull out pieces of
ceramic by fracturing the thin, membrane-like walls between the pores.
When these "pullouts” occur the coating appears to be more porous and less
uniform in the metallogical evaluation than it is on the production part. The
resulting appearance can be cause for rejection of the coating when, in fact,
the coating was satisfactory.

The use of precise, reproducible, mild cutting and polishing technique is
imperative to prevent variable, incorrect microscopic observations from
being made. The samples for microscopic examination can be vacuum
impregnated with clear, cold mount epoxy resin prior to cutting and
polishing to prevent pullouts from occurring. Hand polishing techniques in
conjunction with a final machine polishing using a vibratory polisher can be
used for the preparation of coatings. However, the skill of the metallographic
mount preparer, particularly his ability to apply the same level of force to the
surface at each polishing step, specimen after specimen, is critical. To
eliminate the dependence on the technician's technique there is a trend
toward using machine polishing for all steps after the cutting operation.

Figure 1 is a polished and etched specimen of a zirconia ceramic thermal
barrier coating system that has been properly prepared and photographed.
There is essentially no evidence of areas of pullout in the ceramic, each
element of the material system, ie. the base metal cast iron, the metallic bond
coat and the ceramic coating, is clearly defined and the interfaces between
each layer are discernible. All coating cross sections analyzed should have at
least this level of metallographic quality. '

A detailed cutting and polishing schedule should be prepared and
followed meticulously. Table 1 is a recommended procedure that utilizes
hand polishing prior to final machine polishing to prepare the cross section
of the specimen.While small variations from this procedure can be tolerated,
if they are consistently performed, the procedure in Table 1 has been
demonstrated to result in a highly reproducible surface for microscopic
examination. The use of vacuum impregnation of the specimen with clear,
cold mount epoxy resin provides additional assurance of metallographic
reproducibility.

Because coating quality monitoring is primarily dependent on microscopic
observations, it is important to periodically assess the reproducibility of the

A-12 Appendix A



metallographic procedures. Comparisons of mounted cross sections prepared
by different technicians and by different laboratories should be made on a
regular basis.

The number of destructive metallographic examinations to make during
the establishment of the coating system for a particular part and during on-
going quality assurance operations should be established at the beginning of
the coated part's history and rigidly adhered to. It should be part of the
prescribed quality control procedures for the part.

GUIDANCE SUMMARY

¢ Destructive metallographic analysis should be used as the primary
method to initially establish the characteristics of and monitor the on-
going quality of production coatings.

* A detailed metallographic specimen preparation schedule should be
used for all cutting and polishing operations.

¢ Periodic monitoring of the reproducibility of metallographic
procedures should be carried out.

i ntr T

The summation of all of the elements for the use of ceramic thermal
barrier coatings on diesel engine combustion zone components should be
embodied in a quality control program that is established for each part coated
by each plasma spray coating supplier. Each program should be developed
with the coating supplier and should form the basis for his performance over
the procurement life of the part. It should consist of three basic elements:

1. Definition of the coating composition, physical characteristics,
application process powder, and quality control procedures.

2. Qualification of each coating supplier for each part.
3. Production quality control and assurance procedures.

Coating Material and Process Definition - The composition of each of the
coating's layers, their thicknesses, porosity and other required characteristics
should be defined. The various steps in the application of the coating, ie. the
preparation of the base metal, masking, the spraying parameters, required
handling and traversing equipment and all other elements of the operation
should be established. A detailed quality control plan should be developed
that encompasses material composition control, qualification of the coating

procedures, visual and dimensional inspection and periodic, destructive
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metallographic examination. All elements of the procurement of the coatings
on each individual part, including final packaging and shipping instructions,
should be established before any production part coating operations are
initiated.

Qualification of the Supplier - A formal qualification procedure should be
carried out to assure that each supplier will produce acceptable coatings on
each part on a production basis before he is permitted to coat any production
components. The preparation and approval of detailed operation procedures
including all positioning and plasma spray equipment settings should be
required. The skill of each person who will operate the equipment should be
demonstrated. The procedure should consist of the spraying and destructive
microscopic examination of components and tabs that conform to the
established microstructure standards. The determination that the monoclinic
phase content is something less than 10% of the ceramic coating by x-ray
diffraction analysis is recommended, but not required. Once the procedures
and operators are accepted the coating supplier should certify that all
components were coated in accordance with the documented procedure and
qualified machine operators.Any changes should be approved before being
incorporated.A set of "frozen process” Process Operations Sheets should be
prepared and incorporated into the quality control plan.

Production Quality Control Procedures - A visual and dimensional
inspection procedure should be carried out. The uniformity of each coating
layer's location, surface texture, color, amount of speckling and edge
condition should be defined and determined for each individual part. Any
required dimensions should be checked using micrometers and eddy current
analysis, as appropriate.

A destructive metallographic analysis schedule should be established for
both tabs and sample components. Tabs produced at the same time as the
components should be examined at the beginning of each production shift,
whenever a new powder lot is started, whenever a different equipment
operator starts to spray components, and at other times deemed necessary.
Sample components should be prepared and destructively analyzed at least
once a day during production operations. The destructive samples should be
microscopically analyzed and accepted before production components are
sprayed. Care should be taken to not have operators prepare tabs and sample
components in advance of actual production times. Stock piling of sprayed
samples that are subsequently analyzed during selected production periods,
ie., each shift or day defeats the purpose of the quality control activity.

While economics should be a factor in the scheduling of destructive
analysis operations, it should not pre-empt the necessary sampling to assure
quality. Since ceramic coatings cannot be inspected using non-destructive
testing techniques, adequate destructive analysis is vital to an effective quality
control plan.
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The quality control plan should require complete documentation. All
thermal spray powders should be certified to a specification. The detailed grit
blasting, plasma gun and part positioning and plasma spraying machine
settings should be documented. Adherence to the established settings should
be certified to by each operator for each production shift. A copy of the process
sheets, if necessary with the actual machine settings, should be made
available to the user.

GUIDANCE SUMMARY

* The required characteristics of the coating system on each part should
be defined in procurement documents.

* A formal qualification procedure should be completed for each part by
each coating supplier prior to coating any production components.

* A schedule of destructive metallographic examinations should be -
established for each part during its production run.

LISTING OF GUIDANCE SUMMARIES

i iti

* Use only 8 wt % Y203-ZrO; ceramic coating on engine components
where No. 2 diesel oil is the fuel.

* Do not use fuels that contain vanadium in engines containing ceramic
coated combustion zone components at this time.

B. Ceramic Coating Thickness and Microstructure.

¢ Ceramic coating.thickness should be controlled in the range 0.010 -
0.015 in. (0.25 - 0.4 mm).

* Porosity in the ceramic coating should be evenly distributed and in the
range 10 - 15%.

* Precise metallographic polishing techniques should be used in quality

control procedures. A recommended procedure is contained in
Section 1.
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C. Metallic Bond Coat.

E_B

A bond coat of composition NiCoCrAlY or NiCrAlY that is 0.003 -
0.007 in. (0.08 - 0.18 mm) thick should be used between the structural
alloy and the ceramic coating.

rami I risti

Use only pre-alloyed powders prepared by either 1) sintering and
crushing or 2) spray drying and plasma sintering process

Use ceramic coatings prepared from powders whose composition,
particle size distribution, appearance, and handling and packaging have
been specified and certified.

The bond coat powders are best pre-alloyed, spherical, i.e., gas atomized
powders that should have the same quality control procedures as the
ceramic coating powders.

Metal Grit Blasting and nin

Use a detailed grit blasting and cleaning schedule for preparing the
substrate surface for coating deposition and have it certified by the
coating suppliers in the form of "frozen process" Process Operation
Sheets as part of their quality control plan.

E. Plasma Spraying

A-16

Use an automated control system that integrates the plasma spray gun,
the powder feeder and the gun to part positioning.

Mask the surfaces in the spray path that should not be coated.

Establish system settings for each part geometry during a qualification
period that are determined from the destructive metallographic
analysis of the deposited coating.

Document all details of the system settings in "frozen process” Process

Operation Sheets and require coating suppliers to certify to their
continued use as part of their quality control plan.
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G. Robots

e Use of a programmed robot to position the plasma gun and, wherever
possible, the grit blast nozzle for these respective operations.

H. Coupons, Sample Parts

* Both tabs coated at the same time and in the same manner as the
production components being coated and actual, representative
components should be used for visual inspection and destructive,
quality assurance analysis.

L_Metallographic Analysis
e Destructive metallographic analysis should be used as the primary
method to initially establish the characteristics of and monitor the on-
going quality of production coatings.

¢ A detailed metallographic specimen preparation schedule should be
used for all cutting and polishing operations.

* Periodic monitoring of the reproducibility of metallographic
procedures should be carried out.
uali ntrol Program

¢ The required characteristics of the coating system on each part should
be defined in procurement documents.

* A formal qualification procedure should be completed for each part by
each coating supplier prior to coating any production components.

e A schedule of destructive metallographic examinations should be
established for each part during its production run.
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Table 1

Metallographic Preparation Technique

A. Coated components that have experienced engine service will be

covered with oil and deposits which should be removed to the extent
that the underlying coating can be visually inspected and sample
regions can be selected. A stiff wire brush and kerosene may be used.
Smaller components can be ultrasonically cleaned in kerosene as
well.The kerosene can be removed after cleaning by rinsing with
acetone.This cleaning treatment should not harm an adherent coating;
however, loosely attached coating may be removed.The degree of
cleaning necessary will likely be different for each component.

. Samples are cut from the coated components using a SiC cut-of wheel

with continual water lubrication. In the case of piston crown and
cylinder head coatings, a band saw may be used to remove a
manageable piece of material from the bulk.This piece may then be cut
with a SiC wheel to obtain the sample. The cut surface of the sample
should be at least 1/4 in. from any band saw cut. Clamping directly onto
the coating to be examined should be avoided.

Cut specimens are ultrasonically cleaned in kerosene and then in
acetone to remove oil and engine deposits from coating surface and
pores. Samples are dried with hot air and placed in a ring for
mounting. Place under a vacuum of around 25 mm Hg and hold for 1
or 2 minutes. Mix epoxy resin, which has been heated to between 50°C
and 60°C with the hardener. The hardener epoxy ratio should be
slightly higher than that recommended. Fill mould with epoxy while
maintaining vacuum. Hold vacuum for an additional 2 minutes and
then release. Repeat vacuum. Remove sample mold from chamber
and leave to cure 12 hours.

D. Specimens are ground and polished as follows:

A-18

1. 180 grit SiC, horizontal grinding wheel with water
lubrication.Grind to remove approximately 0.06 in. of material.

2. 240 grit SiC, horizontal grinding wheel with water
lubrication.Grind to remove approximately 0.03 in.

3. 320 grit SiC, horizontal grinding wheel with water lubrication.
Grind till 240 marks removed.

4. 600 grit SiC, horizontal grinding wheel with water lubrication.
Grind till 320 marks removed.
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5. Polish samples with 0.3 micron alumina suspended in distilled

water using a silk cloth on a slowly turning polishing wheel.
Polish until 600 grit lines are removed from mount, coating, and
substrate materials ( 2 to 5 minutes).

. Examine the sample under a microscope and note the density of

voids. Final polishing is done in a vibrating automatic polisher
with the same combination of 0.3 micron alumina and silk cloth
used in Step 4. Remove and examine samples approximately
every hour to determine if voids are diminishing. Photographs
are helpful in determining this. If convenient, examine the
same location after each period. Discontinue polishing when the
apparent density of voids no longer decreases.

E. Cast iron substrates may be etched with 3% Nital for good bond
coat/substrate contrast.

Appendix A

A-19



Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

Publication:

Title:
Authors:

Publication:

Title:

Author:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

Bibliography

Appendix B

BIBLIOGRAPHY

1977

THERMAL BARRIER COATINGS ON HIGH-TEMPERATURE GAS
TURBINE ENGINES

Carlson, N. and Stone, B.L.

NASA CR 135147

STABILIZATION OF TETRAGONAL PHASE IN
POLYCRYSTALLINE ZIRCONIA

Gupta, T.K,, et. al.

J. Mater, Sci. 12, 2421-26, 1977

CERAMICS FOR DIESEL ENGINES

Kamo, Roy

Proc. of the Workshop on Ceram for Adv Heat Eng, Orlando, Fla, Jan
24-26, 1977, Publ by ERDA (CONF-770110), Washington, DC, 1977.

THERMAL BARRIER COATINGS—-A NEAR TERM HIGH PAYOFF

TECHNOLOGY :
Levine, S.R. and Clark, J.S.

NASA TM-X-73586, NASA Lewis Research Center, Cleveland, 1977.

ZIRCONIA-YTTRIA SYSTEM
Duwez, P,, Brown Jr., F.H,, and Odel, F.
J. Electrochem. Soc. 98 (9), 356-62, 1951.

STABILIZATION OF ZIRCONIA WITH CALCIA AND MAGNESIA
Duwez, P., Odel, F., and Brown Jr.,, F.H.
Am, Ceram. Soc. 35(5), pp 107-13, 1952

1978

EMMITANCE AND ABSORPTANCE OF THE NATIONAL
AERONAUTICS AND SPACE ADMINISTRATION CERAMIC
THERMAL BARRIER COATING

Liebert, C.H.

Thin Solid Films 53, pp. 235-40; 1978.

PHASE EQUILIBRIA AND ORDERING IN THE SYSTEM ZRO3-
Y203

Stubican, V.S., Hink, R.C., and Ray, S.P.

J. Am. Ceram. Soc., 61 (1-2), pp. 18-21, 1978.

1979

CERAMIC COATINGS ON DIESEL ENGINE COMPONENTS
Kvernes, 1., Solberg, J., and Lillerud, K.

B-1



10.

11.

12.

13.

14.

15.

16.

B-2

Publication:

Title:
Authors:

Publication:

Title:

Authors:

Publication:

Title:

Author:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Authors: -

Publication:

Title:
Authors:

Publication:

Proceedings of the First Conference on Advanced Materials for
Alternative Fuel Capable Directly Fired Heat Engines, Dec. 1979
Central Institute for Industrial Research CONF-790749

CERAMICS IN HEAT ENGINES
Kamo, R.; Bryzik, W.
SAE Preprints n 790645 for Meet Jun 11-15 1979 11

ADVANCED MATERIALS FOR IMPROVING DIESEL ENGINE
PERFORMANCE AND EMISSIONS

Kamo, R.; Cheng, C.; and Williamson, A.

Proceedings of the First Conference on Advanced Materials for
Alternative Fuel Capable Directly Fired Heat Engines, Castine,
Maine, July 1979. CONT-790749

PROBLEMS ASSOCIATED WITH DIESEL ENGINES OPERATING
ON FUEL OIL OF POOR QUALITY

Wiborg, T.

Proceedings of the First Conference on Advanced Materials for
Alternative Fuel Capable Directly Fired Heat Engines, Castine,
Maine, July 1979.

1980

ADVANCED ELECTRON BEAM TECHNIQUES FOR METALLIC
AND CERAMIC PROTECTIVE COATING SYSTEMS.

Boone, D.H.; Fairbanks, J.W.

SAMPE Quarterly v.12n 1 Oct 1980 p 1-9

CORROSION-RESISTANT CERAMIC THERMAL BARRIER
COATING HODGE

Hodge, P.E.; Levine, S.R.; Miller, R.A.

NASA Tech Briefs (USA) Vol. 5, No. 1 pp. 534, Spring 1980

CHARACTERIZATION OF MICROSTRUCTURES AND
MEASUREMENTS OF THERMAL EFFECTS OF CERAMIC
COATINGS IN DIESEL ENGINES IN SERVICE

Kvemes, I.; Fartum, P.; Henriksen, R.

International Conference on Metallurgical Coatings, April 21-25, 1980
Thin Solid Films Vol. 73, No. 2, pp 478-9.

THERMAL BARRIER COATING FOR DIESEL ENGINE PISTON
Kamo, R.; Woods, M.; Yamada, T.; Mori, M.

American Society of Mechanical Engineers (Paper) n 80-DGP-14 for
Meet Feb 3-7,1980 7 p

Bibliography



17.

18.

19.

20.

21.

22,

23.

24,

25.

Title:

Authors:

Publication:

Title:

Author:

Publication:

Title:

Authors:

Publication:

Title:

Author:

Publication:

Title:

Author:

Publication:

Title:

Author: -

Publication:

Title:

Author:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Bibliography

THERMAL BARRIER COATINGS FOR HEAT ENGINE
COMPONENTS

Levine, S.R.; Miller, R.A.; Hodge, P.

SAMPE Quarterly, Dec. 1980, p 20-26.

PERFORMANCE AND EMISSION CHARACTERISTICS OF A
SEMI-ADIABATIC ENGINE

Murray, R.G.

American Society of Mechanical Engineers (Paper) n 80-DFP-44 for
Meet Feb 3-7,1980 10 p

THERMAL EXPANSION STUDY OF PLASMA SPRAYED OXIDE
COATINGS

Rangaswamy, S.; Herman, H.; and Sarfai, S.

Thin Solid Films 73, pp. 43-52, 1980.

PLASMA-SPRAYED CERAMIC THERMAL BARRIER COATINGS
FOR TURBINE VANE PLATFORMS

Ruckle, D.L.

Thin Solid Films 73, pp. 455-61, 1980.

EFFECTS OF YTTRIUM, ALUMINUM, AND CHROMIUM
CONCENTRATION IN BOND COATINGS ON THE .
PERFORMANCE OF ZIRCONIA-YTTRIA THERMAL BARRIERS
Stecura, S.

Thin Solid Films 73, pp. 481-89, 1980.

1981

THERMAL DIFFUSIVITY MEASUREMENTS ON PLASMA
SPRAYED CaO-STABILIZED ZrO2

Brandt, R.

High Temp. - High Pressure 13, pp. 79-88, 1981

CERAMIC COATING DEVELOPMENT AND OPERATING
EXPERIENCES IN DIESEL AND GAS TURBINE ENGINES
Kvernes, L.

Second Conference on Advanced Materials for Alternative Fuel
Capable Heat Engines, Monterey, California, August 24-28, 1981.

POWDER SELECTION FOR PLASMA SPRAYED COATINGS IND
DIESEL ENGINE APPLICATIONS

Kvernes, I.; Fartum, P.; and Henriksen, R.

Mod. Dev. Powder Metall. 14, 397-411, 1981.

PHASE STABILITY IN PLASMA-SPRAYED, PARTIALLY
STABILIZED ZIRCONIA-YTTRIA,
Miller, R.A.; Smialek, ]J.L.; Garlick, R.G.

B-3



26.

27.

28.

29.

30.

31.

32.

Publication:

Title:
Author:

Publication:

Title:
Authors:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

Publication:

Title:

Author:

Publication:

Title:
Authors:

Pubilication:

Title:
Authors:

Pp- 241-253 in Science and Technology of Zirconia, Advances in
Ceramics, Vol. 3, Ed. A.H. Heuer and L.W. Hobbs, American Ceramic
Society, Columbus, Ohio, 1981.

ZIRCONIA-AN OVERVIEW

Subbaroa, E.C.

pp- 1,-24 in Advances in Ceramics - Science and Technology of
Zirconia, Vol. 3, Ed. H. Heuer and L.W. Hobbs, proceedings of the
First International Conference on the Science and Technology of
Zirconia, Case Western Reserve University, Cleveland, June 165-18,
1980, American Ceramic Society, Columbus, Ohio, 1981.

1982

ADVANCED GAS TURBINE COMPONENT DEVELOPMENT .
Boyd, G.L.; Carruthers, D.W.; Kidwell, ].R.; and Richerson, D.W.
pp- 189-97 in Proceedings of the Twentieth Automotive Technology
Development Contractors' Coordination Meeting, P - 120, October 25-
28, 1982, Society of Automotive Engineers, Warrendale, PA, April
1983.

STUDIES OF THERMAL BARRIER COATINGS FOR HEAT
ENGINES

Bratton, R.J., et. al.

PPp- 6-82-99 in Proceedings of Second Conference on Advanced
Materials for Alternative-Fuel-Capable Heat Engines, Monterey,
California, August 24-28, 1981; EPRI RD-2369-SR, May 1982

CREEP OF PLASMA SPRAYED ZIRCONIA

Fireston, R.F.; Longan, W.R.; and Adams, J.W.
IITRI-M06071-20, IIT Research Institute, Chicago, Ill, November
1982.

PROBLEMS ENCOUNTERED IN DEVELOPING AND USING
THERMAL BARRIER COATINGS ON DIESEL ENGINE
COMPONENTS

Kvernes, 1.

Proceedings of Second Conference on Advanced Materials for
Alternative-Fuel-Capable Heat Engines, August 24-28, 1981.
EPRI RD-2369-Sr, May 1982.

MULTIFUEL CAPABILITY OF MODIFIED DIESEL ENGINES
Kamo, R.; Nakagaki, T.; Yamada, T.

Proceedings of Second Conference on Advanced Materials for
Alternative-Fuel-Capable Heat Engines, August 24-28, 1981
EPRI (RD-2369-SR)

THERMAL BARRIER COATINGS AT NASA LEWIS
Levine, S.R.; Miller, R.A.; Gedwill, M.A.

Bibliography



33.

34.

35.

36.

37.

38.

39.

40.

Publication:

Title:

Author:

Availability:

Title:
Authors:

Title:

Authors:
Publication:

Title:

Authors:
Publication:

Title:

Authors:
Publication:

Title:
Author:
Publication:

Title:

Authors:
Publication:

Title:
Authors:
Publication:

Bibliography

Proceedings of Second Conference on Advanced Materials for .
Alternative-Fuel-Capable Heat Engines, August 24-28, 1981.
EPRI RD-2369-Sr, May 1982.

PLASMA AND DETONATION GUN DEPOSITION TECHNIQUES
AND COATING PROPERTIES

Tucker, R.C. Jr. _

pp- 454-489 in Deposition Technologies for Films and Coatings -
Developments and Applications,Noyes Publication, Park Ridge, NJ
1982

PSZ CERAMICS FOR ADIABATIC ENGINE COMPONENTS
Woods, M.E.; Oda, Isao

TRIBOLOGICAL SCREENING OF CERAMIC MATERIALS FOR USE
IN ADVANCED DIESEL ENGINES

West, Alan I.; Syniuta, Walter D.

Proceedings of Second Conference on Advanced Materials for
Alternative-Fuel-Capable Heat Engines, August 24-28, 1981.

EPRI RD-2369-Sr, May 1982.

1983

ANISOTROPIC THERMAL EXPANSION EFFECTS IN PLASMA-
SPRAYED ZrO2 8 %Y203 COATING

Berndt, C.C.; Herman, H.

Proceedings of the 7th Annual Conference on Composites and
Advanced Ceramics, January 16-19, 1983

PHASE DISTRIBUTION OF PLASMA-SPRAYED ZIRCONIA-
YTTRIA

Miller, R.A.; Garlick, R.G.; Smialek, J.L.

Bull. Am. Ceram. Soc. 62, pp. 1355-1358, Dec. 1983

1984

CERAMICS AND ENGINES
Anon _
Motor Ship V 65 N 766 May 1984 p 55,58, Publication Year 1984

POST DENSIFIED Cr//20/ /3 COATINGS FOR ADIABATIC
ENGINE

Carr, Jeffrey; Jones, Jack

SAE Special Publications SP-571. Publ by SAE, Warrendale, PA,
USA, 1984. pp 55-69.

EROSION OF CERAMIC THERMAL BARRIER COATINGS

Davis, A.G.; Boone, D.H.; Levy, A.V.
NACE Corrosion/84, Paper No. 87, New Orleans, LA , April 2-6, 1984.

B-5



41.

42.

43.

44.

45.

46.

47.

48.

. Title:

Author:

Publication:

Title:

Authors:

Publication:

Title:

Author:

Publication:

Title:

Author:

Publication:

Title:
Author:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

HEAVY DUTY TRANSPORT TECHNOLOGY PROJECT OVERVIEW
Davison, Harry W.

Proceedings of the 21st Automotive Technology Development
Contractors' Coordination Meeting, Nov. 14-17, 1983.

NASA, Lew Research Cent, Cleveland, OH

INSULATIVE, WEAR AND CORROSION RESISTANT COATINGS
FOR DIESEL AND GAS TURBINE ENGINES

Fairbanks, J.W.; Demaray, E.; Kvernes, L

Surface Engineering: Surface Modification of Materials, Les Arc,
France, July 3-15, 1983.

NATO ASI Series, Series E; Applied Sciences n 85. Publ by Martinus
Nijhoff Publ, Dordrecht, Neth and Boston, MA, USA p. 524-545

THERMAL BARRIER COATINGS FOR GAS TURBINES; A REVIEW
OF DEVELOPMENT AND PRODUCTION CAPABILITY

Goward, G.W.

Proceedings of NATO Advanced Research Workshop on Coatings for
Advanced Heat Engines, Acquatridda di Maratea, Italy, April 1-6,
1984.

CERAMIC COATINGS FOR HEAT ENGINE MATERIALS - STATUS
AND FUTURE NEEDS

Lacky, W.].; Stinton, D.P.; Cerny, G.A,; et. al.

ORNL/TM-8959, 1984.

CERAMIC THERMAL BARRIER COATINGS

Liebert, C.H.; Miller, R.A.

Ind. and Eng. Chem., Prod. Res. and Dev. (SA) Vol. 23, No. 3, pp. 344-
9, September 1984.

TOUGHENED PSZ CERAMICS - THEIR ROLE AS ADVANCED
ENGINE COMPONENTS

Marmach, M.; Servent, D.; Hanninck, R.H.]. et al

Metal Powder Report v39n1Jan 1984 p 7-8, 11-12

FIBER METAL THERMAL BARRIER SYSTEMS FOR ADVANCED
ENGINES

Tolokan, R.P.; Jarrabet, F.P.; Brady, ].B.

Government/Industry Meeting & Exposition - Society of Automotlve
Engineers, Washington, D.C., May 21-24, 1984

SAE Technical Paper Series, Publ. by SAE, Warrendale, PA 840899, 6

P

1985
INVESTIGATIONS ON THE PERFORMANCE OF A DIESEL

ENGINE WITH THE CERAMIC THERMAL BARRIER COATING
ON THE COMBUSTION CHAMBER SURFACES

Bibliography



49.

50.

51.

52.

53.

54.

55.

56.

Authors:

Publication:

Title:

Author:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

Publication:

Title:
Authors:

Publication:

Title:
Author:

Publication:

Title:

Authors:

Publication:

Title:
Author:

Publication:

Bibliography

Chittawadgi, B.S.; Kadoli, F. G.
Proceedings of International Congress on Combustion Engmes
(CIMAO), 16th, June 3-7, 1985, Oslo, Norway

PERFORMANCE OF ZIRCONIA THERMAL BARRIER COATINGS
IN DIESEL ENGINES, AN OVERVIEW

Hobbs, M.K.

U.K. Corrosion '85. Institute of Corrosion Science & Technology,
Birmingham, England p 25-32, 1985

POTENTIAL OF CERAMIC COATING SYSTEMS, ENGINEERING
MATERIALS AND TECHNICAL ASPECTS

Kvemes, I.; Lugscheider, E.; and Fairbanks, J.

MRS - Europe, Nov. 1985. p13-30

PERFORMANCE OF CERAMIC THERMAL BARRIER COATINGS
IN DIESEL ENGINE SERVICE

Levy, A; MacAdam, S.

Proceedings of ASM Symposium on Thermal Barrier Coatings,
Toronto, Ont., Canada, October 1985. LBL-21067

CERAMIC COATINGS FOR HEAT ENGINE MATERIALS

Lackey, W.J.; Stinton, D.P.

Proceedings of the Twenty-Second Automotxve Technology
Development Contractors' Coordination Meeting, Oct 29-Nov 2, 1984,
Dearborn Mi; Proceedings - Society of Automotive Engineers P-155.
Publ by SAE, Warrendale, PA, USA p 445452

COMBUSTION ZONE DURABILITY PROGRAM, FINAL REPORT
Prater, J.T.; Courtright, E.L.

PNL-5259, UC 90H, Pacific Northwest Laboratory, Richland, Wash.
99352, January 1985

ADVANCES IN DIESEL ENGINE TECHNOLOGY
Swab, Jeffrey J.
American Ceramic Society Bulletin v 64 n 2 Feb 1985 p 294

INVESTIGATION OF ENHANCED THERMAL BARRIER
COATING SYSTEMS FOR DIESEL ENGINE COMPONENTS
Schechter, B.; Holtman, R.L.

Proceedings of the Twenty-Second Automotive Technology
Development Contractors' Coordination Meeting

Proceedings - Society of Automotive Engineers P-155 Publ by SAE,
Warrendale, PA, USA p 261-271, 1985.

OVERVIEW OF DOE CERAMIC R&D FOR HEAT ENGINES

Schulz, R.B.
American Ceramic Society Bulletin v 64 n 9 Sep 1985 p 1229-1231

B-7



- 57.

58.

59.

60.

61.

-62.

63.

65.

B-8

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Author:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

Publication:

Title:
Author:

Publication:

Title:

Author:

INSULATING COMBUSTION CHAMBERS FOR BETTER ENGINE
EFFICIENCY

Tolokan, R.P.; Jarabet, G.P.; Brady, ].B. .

Diesel Progress North American v 51 n 4 Apr 1985 p 14-15

STRENGTH OF ZIRCONIA-EFFECT OF [DIESEL. ENGINE
EXHAUST] ENVIRONMENT AND BRAZE ALLOYS
Wolter, G.W.; Yonushonis, T.M.

Ceram. Eng. Sci. Proc., 6(7-8]826-34

DESIGNING CERAMIC INSULATED COMPONENTS FOR THE
ADIABATIC ENGINE _

Woods, M.E.; Mandler, W.F., Jr.; Scofield, T.L.

Am. Ceram. Soc. Bull., 64{2]289-93

EXHAUST VALVE [CERAMIC- AND METAL-COATED] FOR
DIESEL ENGINE AND PRODUCTION THEREOF

Yamada, T.; Satoh, T.; Mizushina, M.

US Patent 4554898, Patent Date: 851126

1986

IN-SERVICE PERFORMANCE OF CERAMIC AND METALLIC
COATINGS IN DIESEL ENGINES

Kvernes, 1.

SAE Marine Propulsion Technology Conference, Washington, DC,
May 12-14, 1986; SAE Technical Paper Series, Publ. by SAE,
Warrendale, PA, USA Paper 860888, 12p

THE BEHAVIOR OF CTBC'S ON DIESEL ENGINE COMBUSTION
ZONE COMPONENTS

MacAdam, S.; Levy, A.V.

Proceedings of International Conference on Metallurgical Coatings,
San Diego, CA, April 1986.

PERFORMANCE OF CERAMIC COATINGS ON DIESEL ENGINES
MacAdam, S.; Levy, A.V.

NACE, Houston, TX, March 17-21, 1986

Publ by NACE, Houston, TX, Pap 107, 20p

CERAMIC CONNECTION
Nicholas, M.
Engineering Materials and Design v 30 n 4 Apr 1986 p 37, 39

1987
OVERVIEW OF DOE'S TRANSPORTATION CONSERVATION

HEAT ENGINE PROGRAM
Alpaugh, R.T.

Bibliography



66.

67.

68.

69.

70.

71.

72.

73.

Publication:

Title:

Authors:

Publication:

Title:
Author:

Publication:

Title:

Author:

Publication:

Title:

Author:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Author:

Publication:

Bibliography

Proceedings of the 1987 Coating for Advanced I-ieat Engines
Workshop, July, 1987

FUEL STORAGE IN COMBUSTION CHAMBER CERAMICS AND
HYDROCARBON EMISSIONS; A CONNECTION

Adamczyk, A.; Rothschild, W.G.

Combust Sci and Tech. 1987, Vol. 51, pp 251-263.

THE FUTURE OF CERAMIC COATINGS
Buckley-Golder, ILM.
Shipbuilding Technology International (UK), 1987, p 109

U.S. ARMY TANK-AUTOMOTIVE COMMAND ENGINE
PROGRAM

Bryzik, W.

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, July 27-30, 1987. CONF-87076.

THICK THERMAL BARRIER COATINGS FOR DIESEL ENGINE
COMPONENTS

Biehler, D.I

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, July 27-30, 1987.

VISUALIZATION OF FLOW AND COMBUSTION PROCESSES IN
A SQUARE PISTON ENGINE SIMULATOR

Bonini, J.; Xia, L.O; Chau, E,, et. al.

Intérnational Congress and Exposition, Detroit, MI, Feb 23-27, 1987
SAE 870452

THE EFFECT OF INSULATED DIESEL SURFACES ON
PERFORMANCE, EMISSIONS, AND COMBUSTION

Dickey, D.; Vinyard, S.; Callahan, T. et al

Proceedings of Automotive Technology Development Contracts'
Coordination Meeting, 25th, 10/26-29/87, Dearborn, M1, p. 49 8 p

THE EFFECT OF INSULATED DIESEL SURFACES ON
PERFORMANCE, EMISSIONS, AND COMBUSTION
Dickey, D.; Vinyard, S.; Callahan, T. et al

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, July 27-30, 1987. CONF-87076

CANDIDATE ADVANCED TECHNOLOGY FOR THE LOW HEAT
REJECTION DIESEL ENGINE CONCEPT

Fairbanks, J.W.

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, july 27-30, 1987.

B-9



74,

75.

76.

77.

78.

79.

80.

81.

B-10

Title:

Authors:

Publication:

Title:
Author:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

THE DURABILITY AND PERFORMANCE OF COATINGS IN GAS
TURBINE AND DIESEL ENGINES

Fairbanks, J.W.; Hecht, R.].

Materials Science and Engineering, 8811987 321-330

RAILROAD MEDIUM-SPEED DIESEL ENGINE RESEARCH
Furber, C.P.

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, July 27-30, 1987. CONF-870762

HEAT TRANSFER INTO CERAMIC COMBUSTION WALL OF
INTERNAL COMBUSTION ENGINES

Furuham, S.; Enomot, Y.

Adiabatic Engines and Systems (Papers presented at the SAE
International Congress and Exposition, Feb 23-27, 1987, Detroit, Mi.
SAE Special Publications SP-700. Publ by SAE, Warrendale, PA,
USA p 109-124

MEASUREMENTS OF INSTANTANEOUS HEAT FLUX TO METAL
AND CERAMIC SURFACES IN A DIESEL ENGINE

Huang, ].C.; Borman, G.L.

Adiabatic Engines and Systems (Papers presented at the SAE
International Congress and Exposition, Feb 23-27, 1987, Detroit, Mi.
SAE Special Publications SP-700. Publ by SAE, Warrendale, PA,
USA p 137-152.

SURVIVABILITY OF THERMAL BARRIER COATINGS

Herman, H.; Shankar, N.R.

Materials Science and Engineering v 88 Apr 1987, Proc of the First Int
Symposium on High Temp Corrosion of Mater and Coat for Energy
Syst and Turboengines - Part II, Marseilles, Fr, July 7-11, 1987, p 69-74

RESIDUAL STRESSES IN ZrO2-8% Y203 PLASMA-SPRAYED
THERMAL BARRIER COATINGS

Hobbs, M.K.; Reiter, H.

NTSC87, The Natl Therm Spray Conf and Expo, Orlando, FL,
September 14-17, 1987, p 33-42; Surface & Coatings Technology v 34 n
1]Jan 1988 '

PLASMA SPRAY PROCESSING AND EQUIPMENT
REQUIREMENT FOR THERMAL BARRIER COATINGS IN
ADVANCED HEAT ENGINES

Hecht, R.J., Pratt and Whitney

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, July 27-30, 1987. CONF-870762; US-DOE

COATINGS FOR DIESEL ENGINES AND ASSOCIATED

PROBLEMS
Kvernes, 1., Noerholm, O.

Bibliography



82.

83.

84.

85.

86.

87.

88.

89.

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Author:

Publication:

Title:

Authors:
Title:

Authors:

Publication:

Title:

Author:

Publication:

Title:

Author:

Publication:

Title:

Author:

Publication:

Bibliography

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, July 27-30, 1987. CONF-870762, US-DOE

METHODS FOR THERMOMECHANICAL ANALYSIS OF
THERMAL BARRIER COATINGS IN DIESEL ENGINES
Keribar, R.; Morel, T. '
Surface and Coating Technology, 30, 1987 63-71

CORROSION MECHANISMS OF CERAMIC COATINGS IN DIESEL
ENGINES

Kvernes, L.; Forseth, S.

Proc of the First Int Symposium on High Temp Corrosion of Mater an
Coat for Energy Systems and Turboengines - Part II, Marseilles, Fr,
July 7-11, 1987 p 61-67

THE BEHAVIOR OF CERAMIC THERMAL BARRIER COATINGS
ON DIESEL ENGINE COMBUSTION ZONE COMPONENTS
Levy, A; MacAdam, S.

Reprint of paper presented at 13th International Conference on
Metallurgical Coatings, held April 7-11, 1986 in San Diego, CA

PERFORMANCE ANALYSIS OF CERAMIC THERMAL BARRIER
COATINGS AFTER 9000 HOURS SERVICE IN A MARINE DIESEL
ENGINE -

Levy, A.V.; MacAdam, S.

CERAMIC COATINGS FOR ADVANCED HEAT ENGINES—-A
REVIEW AND PROJECTION

Lackey, W.].; Stinton, D.P.; Cerny, G.A.

Adv. Ceram. Mater., 2[1]24-30

LESSONS LEARNED FOR NASA'S THERMAL BARRIER
COATINGS WORK

Miller, R.A.

Proceedings of the 1987 Coatings for Advanced Heat Engines -
Workshop, July 27-30, 1987. CONF-870762; US-DOE

ANALYSIS OF HEAT TRANSFER IN LHR ENGINES: A.
METHODOLOGY, VALIDATION, APPLICATIONS B.
TRANSLUCENCE EFFECTS IN CERAMICS

Morel, T. A

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, July 27-30, 1987. CONF-870762; US-DOE

CURRENT STATUS OF THERMAL BARRIER COATINGS--AN
OVERVIEW

Miller, R.A.

Surface and Coatings Technology, 30 (1987) 1-11.

B-11



90.

91.

92.

93.

%4,

95.

96.

97.

98.

B-12

Title:

Author:

Publication:

Title:
Authors:

Publication:

Title:

Author:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

Publication:

Title:

Authors:

Publication:

Title:
Authors:

CONTINUED DEVELOPMENT OF A COAL WATER SLURRY
FIRED SLOW-SPEED DIESEL ENGINE, A REVIEW OF RECENT
TEST RESULTS

Nykik, S.; Purchet, F.; Steiger, H.A.

ASME 87-ICE-10, Energy Sources Technology Conference and
Exhibition, Dallas, Texas, Feb 15-20, 1987.

FIBRE METAL THERMAL BARRIER SYSTEMS
Tolokan, R.P.; Jarrabet, F.P.; Brady, J.B.
In: Shipbuilding Technology International (UK), 1987, p. 114, 3 p.

DURABILITY AND PERFORMANCE TESTING OF CERAMIC
COATINGS IN TOWBOAT OPERATION

Winkler, M.F. :

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, July 27-30, 1987. CONF-870762; US-DOE

ENHANCED MARINE DIESEL ENGINE PERFORMANCE AND
COMPONENT DURABILITY TOWBOAT FIELD TEST AND
EVALUATION: THIN CERAMIC COATINGS AND PLATEAU
HONE SILICON CARBIDE IMPREGNATED LINERS

Winkler, M.F.; Vollemans, P.J.; Shumski, G.j. et al

Maritime Administration; MA-RD-760-87038

THICK THERMAL BARRIER COATINGS FOR DIESEL ENGINES
Yonushonis, T.M.; Roehling, D.P.; Hoag, K.L.

Proceedings of the 1987 Coatings for Advanced Heat Engines
Workshop, July 27-30, 1987. CONF-870762; US-DOE

1988

ELASTIC PROPERTIES OF CERAMIC AND CERAMIC-METAL
COMPOSITE THERMAL BARRIER COATINGS

Cault, C.; Boilevin, S.; Desplanches, G.

Science of Ceramics 14, pp 389-94, 1988

MODELING OF THICK THERMAL BARRIER COATINGS

Hoag, K.L.; Roehling, D.P.; Yonushonis, T.M.; Dulin, B.E.

American Society of Mechanical Engineers, January 10-13, 1988, New
Orleans, LA; ASME, New York, NY ICE20 8p

WEAR RESISTANT CERAMIC COATINGS FOR DIESEL ENGINE
COMPONENTS

Haselkorn, M; Kelley, F.; Weiss, D,

Proceedings of Automotive Technology Development Contractors'
Coordination Meeting, 26th, October 24-26, 1988, Dearborn, MI, p119

PLASMA STRAYING OF ALLOYS AND CERAMICS
Kvernes, I.; Espeland, M.; Norholm, O.

Bibliography



99.

100.

101.

102.

103.

104.

105.

106.

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title:

Authors:

Publication:

Title: '
Authors:

Title:

Author:

Publication:

Title:

Author:

Publication:

Title:

Author:

Publication:

Bibliography

Scandinavian Journal of Metallurgy v 17 n 1 1988 p 8-16

DEVELOPMENT OF WEAR-RESISTANT CERAMIC COATINGS
FOR ADVANCED DIESEL ENGINES

Naylor, M.G.S.; Fear, M.P. .

Proceedings of Automotive Technology Development Contractor's
Coordination Meeting, 26th, October 24-27, 1988, Dearborn, MI, p 11

DURABILITY OF CERAMIC COATINGS IN 14,000 HOURS
SERVICE IN A MARINE DIESEL ENGINE, presented at the Energy-
Sources Technology Conference and Exhibition, January 10-14, 1988,
New Orleans, LA

Levy, A.; MacAdam,S.

ASME, New York, NY

DEVELOPMENT OF RESIDUAL FUEL CAPABILITY FOR
CATERPILLAR MEDIUM- AND HIGH-SPEED ENGINES
Richards, B.G.; Saurbaugh, E.L.

ASME 88-ICE-16, Energy-Sources Technology Conference and
Exhibition, January 10-14, 1988, New Orleans, LA

MICROSTRUCTURE AND PROPERTIES OF SPRAYED CERAMIC
COATINGS : ’

Shi, K-S.; Qian, Z-Y; Zhuang, M-S

Journal of the American Ceramic Society, v 71 n 11, Nov 1988, p 924-
929

NEW TECHNOLOGIES AFFECTING MARINE MACHINERY
Society of Naval Architects and Marine Engineers, Jersey City, NJ,
Panel M-9 (Ships' Machinery Committee), 1988

1989

THIN THERMAL BARRIER COATINGS FOR INTERNAL
COMBUSTION ENGINE COMPONENTS

Assanis, D.

International Journal of Materials & Product Technology v4n 3 1989 p
232-243

CERAMIC COATING DIESEL ENGINE COMBUSTION
COMPONENTS

Corvino, R.

Diesel & Gas Turbine Worldwide v 21 n 5 June 1989 p 43-44

WEAR PERFORMANCE OF CERAMICS IN RING/CYLINDER
APPLICATIONS
Dufrane, K.F. - .

Journal of the American Ceramic Society, v 72 n 4 April 1989 p 691-695

B-13



107.  Title: THIN THERMAL BARRIER COATINGS FOR ENGINES
Authors: Kamo, R.; Assanis, D.
Publication: American Society of Mechanical Engineers, January 22-25, 1989,
Houston, Tx.; ASME, New York, NY, USA ICE13 6p

108. Title: COMPOSITE WEAR-RESISTANT CERAMIC COATINGS FOR
ADVANCED DIESEL ENGINE APPLICATIONS
Author: Trott, C.R.; Murthy, A.K., Rutkowski,D.E.

Publication: Ceram. Eng. Sci. Proc., 10{9-10]1269

109. Title: EXPERIMENTAL INVESTIGATION OF THE HEAT TRANSFER IN
INTERNAL COMBUSTION ENGINES WITH UNSULATED
COMBUSTION CHAMBER WALLS
Author: Woschni, G. '
Publication: Proceedings of the International Centre for Heat and Mass Transfer
Ser. 26.; Hemisphere Publ Corp, New York, NY p 53-65, 1989

B-14 ' Bibliography



Thermal barrier coating structure
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Supplier A valve face

Figure 5



Supplier A valve tulip stem

Figure 6



Supplier B valve face
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Supplier B valve tulip stem
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Supplier A piston crown

Figure 9



Supplier B piston crown

Figure 10



Supplier A cylinder head
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Supplier B cylinder head

Figure 12
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Piston Crown Coating Cross Section Locations
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Post service Supplier A valve coating; Valve No. 99.

) XBB 867-5818
Figure 35
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Post service Supplier A piston crown coating.

Figure 38

XBB 867-5816
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As-applied and post-service Supplier D valve
face coatings.

(c)

50 um
XBB 867-5815

As-applied and post-service Supplier B valve face coatings

Figure 40
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(a)

(b) Mg Map MgO distribution in as-applied and post-service (d) Mg Map
Supplier D valve face coatings.

XBB 867-5821

MgO distribution in as-applied and post-service Supplier B valve face coatings

Figure 42



8% Y,0,-Zr0
23 2 22% MgO-2x0.,

Supplier A o

3 Suppl ier B

flame stabilized flame stabilized

14,000 hr service S ‘Eu..tm hr. service

™

XBB 875-4130A

Supplier A (left side) and Supplier B coated piston crown after 14,000 hours
engine service

Figure 43



8% Y,0.-Zr0 0.01"

43 2z
Cross section of engine tested Supplier A flame stabilized piston crown
coating.
Figure 44

XBB 877-5703



¥ -ylinder # .
ik From cylinder #3

8% Y203-Zr02

Supplier A

flame stabilized
14,000 hr. service

"

XBB 875-4126A

Engine tested Supplier A flame stabilized valve face coatings from cylinder 2
(Ieft) and 3

Figure 45



(A) Valve Center
0.01"

Lo -

(B) Valve Rim

8% Y203—Zr02

Cross sections of engine tested Supplier A flame stabilized valve face coating
from Cylinder No. 2

Figure 46 XBB 877-5704



From cylinder #2 From cvlinder #3

87 \3«) S»Zrn .
Supplier A

pre~alloyed
14,000 hr. service o

XBB 875-4128A

Engine tested Supplier A pre-alloyed valve face coating from Cylinder No. 2
(left) and No. 3

Figure 47



8 Y203~2r02
Supplier A

pre-alloyed
valve coating
14,000 hr. service

XBB 875-4123A

Macroscopic view of ZrO; coating segmentation

Figure 48



(A)

8% Y203—Zr02

Supplier A

pre-alloyed
valve coating
14,000 hr. service

0.01"

(B)

0.01"

(c)

0.025"

XBB 877-5705

Cross section of engine tested Supplier A pre-alloyed valve face coating
Cylinder No. 3 (A) coating in cup region (B) coating on rim (C) transition

between cup and rim regions.

Figure 49



8% Y203-Zr02
Supplier A

+ pre-alloyed
14,000 hr. service

XBB 875-4132A

Engine tested Supplier A pre-alloyed valve stem coating (partially covered by CaSOgq layer)

Figure 50
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Cross section of engine tested Supplier A pre-alloyed valve stem coating

Figure 51
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22% Mg0-Zr0, 0.01"

Cross section of engine test Supplier B piston coating

Figure 52

XBB 877-5707



22% Mg0-2v0,
Supplier B
valve coating

14,000 hr. service S g e e s

XBB 875-4125A

Engine tested Supplier B valve face coating showing the absence of a ceramic
layer

Figure 53



(A)
0.01"

(B)

22% MgO—ZrO2 0.002"

Cross sections of engine tested Supplier B and A valve face coating

Figure 54
XBB 877-5708



(A)  Suppli A 87Y_0 -
) upplier 8/\2 3 ZrO2

0.0025"

(B) Supplier B 22%Mg0-ZrO

2

Cross section of the as-applied Supplier B and A zirconia layers

Figure 55
XBB 877-5709



227 Mg0-Zr

Supplier D
14,000 hr.

service

XBB 875-4131A

Engine tested Supplier B valve stem coating showing partial zirconia loss

Figure 56



Coated piston crown after small bore diesel engine test

Figure 57



VALVE NO. 1 ! VALVE NO, 2

Surface of valves 1 and 2 after small bore diesel engine test

Figure 58



(A) Typical Piston Coating Cross Section
0.010"

(B) Typical Valve Coating Cross Section

Cross sections of piston crown and valve face after testing

Figure 59



(A) Near Edge of Valve #1 0.020"

(B) Edge of Valve #2 0.010"

Delaminated coating area on valve faces

Figure 60
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