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INTRODUCTION

Why develop a ceramic marine gas turbine engine? Justification for
the allocation of major resources to develop the ceramic gas turbine
engine requires a reasonable prospect of obtaining significant improve-
ments in engine performance, durability, reduction in critical materials
use, and cost savings on a comparative basis to current—art metal gas
turbine engines. Improved engine durability at existing operating
conditions is the Navy ’s top priority for materials development .
Ceramics have much greater resistance to hot—corrosion than metal
alloys. Hot—corrosion of hot—section components is life—limiting
engines. Ceramic hot—section components would be much more able to
withstand hot—streaking , i.e., carbon burning on the vane air foil
surface. These corrosion and thermal properties of ceramics would
provide a much expanded tolerance for fuel impurities or with the
synthetic fuels anticipated in the 1980’s. ~.—

The Navy is vitally interested in imp~~v~~g~ engine performance to
extend ships operational availability and fuel eèQnotny. Engine eff 1—
ciency is related to the gas turbine inlet temperature. The capabil-
ities of metal superalloys and ceramics are shown in Figure 1. Develop-
ment of superalloys for turbine airfoils appears to be approaching their
limits with directionally solidified (DS) and single crystal airfoils.
Airfoils for the Navy ’s high power marine gas turbines such as the
LM 2500 (20,000 HP) and the FT9 (33,000—50,000 HP range) use thin—wall
airfoils with intricate cooling schemes. Internally these airfoils use
impingement and convective heat transfer and externally fiim ’cooling is
obtained with bleed air introduced through a series of holes along the
leading edge of the airfoil. These blade cooling techniques reduce the
airfoil metal temperature as much as 600°F below that of the gas path
temperature.

However, these advanced cooling schemes use air bled off the
compressor , which reduces engine efficiency and introduces manufacturing
complexities for channeling the cooling air to the airfoils. Leading
edge cooling holes can encounter hole plugging in marine use which leads
to reduced engine performance and possible airfoil failure. Smaller
engines in the 1,000 HP range generally don’t use blade cooling. In
either event, solid ceramic blades and vanes that could operate without
cooling with gas path temperatures of 2200°F could provide tremendous
performance improvements. Specifically , the FT9 engine would have a
power improvement of 30% and a specific fuel consumption (SFC) reduction
of 7% compared to the metal engine with same turbine inlet temperature.
Garrett indicates the T76 with solid ceramic airfoils replacing the
current solid metal airfoils would improve engine output power by 40%
and reduce the SFC by 10%. - 
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Today ’s metal gas turbine engines require considerable amounts of
metals such as chromium , cobalt, columbium and nickel which are rela-
tively expensive and in limited supply. Also , the sources for these
metals are in areas of potential political instability. On the other
hand , the candidate ceramic materials for the engine application are
silicon , nitrogen and carbon which are inexpensive raw materials abundant
in the U.S. The realizable cost savings potential for ceramic turbine
components requires achievement of advances in processing.

Ceramic gas turbines should be considerably lighter and more
compact than metal engines of comparable power. These features are of
particular significance for the advanced , non—displacement hull, high-
performance ships, helicopters, remotely piloted vehicles (RPV),
missiles as well as for conventional surface combatants ’ propulsion and
electrical generators.

While these payoffs for successful use of ceramics in gas turbine
engines must be classified very high on any desirability scale, the
problems confronting implementation of the structural use of ceramics
for these applications also have a colnensurate level of difficulty. It
is worthwhile to look into the structure and properties of ceramic
materials in order to appreciate the special design techniques necessary
for their use in the engine application.

2
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DESIGN WITH BRITTLE MATERIALS

The structural use of ceramic materials involves design with
brittle materials. Unfortunately , many engineers and most laymen make
the mistake of considering brittleness synonymous with fragility. There
is a very important distinction between the two. Brittleness describes
a material that fractures with little or no plastic deformation.
Fragility is a property which is characterized by fracture at very low
stress with little deformation. Some materials, such as those children
knoc.k off gift shop display counters, combine both properties. However ,
the ceramic materials of interest for cng~neering applications are
brittle materials that are not fragile.

Fragility is avoided if a material can absorb a large amount of
energy. Thus, ceramic armor used by aircrews in Viet Nam is a brittle
material, but certainly not fragile. In fact this same type of ceramic
armor (boron carbide) is used extensively in the President ’s helicopter.
This distinction can be further appreciated by considering rubber which
is a brittle material but certainly not fragile as it shows a large
extension before failure. Godfrey has proposed the word “inductility ”
to replace “brittle” to describe this property.

The problems that brittle materials pose for engineering use is
that local stress concentrations are not relieved by plastic yielding as
is the case with metals and the strength distribution of ceramics is
considerably wider compared to metals. This variability in properties
and the susceptibility to fracture due to stress concentrations intro-
duces much more complex design problems with ceramics than with metals.
In order to use ceramic materials as load bearing members in a design ,
It Is necessary to precisely analyze component stresses using techniques
such as finite element analysis.

Since the high temperature strength to weight characteristic and
Young’s Modulus per unit weight of certain ceramics is of interest for
engineering application , consider bonding strength of atoms. A perfect
crystal is one with regularly spaced pattern of atoms In planes.
Resistance to cleavage fracture, or the pulling apart of the atoms in a
direction normal to the atom planes, and to shear, the sliding across
atom planes in parallel, depends on the atomic forces. Although the
strength of most materials are limited by the presence of faults, the
principles of interest can be illustrated by the ideal strengths of
flawless materials from an atomic bond perspective.

In metal crystals, the atoms tend to lose electrons from the outer
shells and the positive ions thus formed are held together by free
electrons produced by the separation. As the face of a cleavage fracture
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plane are pulled apar t, the bonds between the atoms in the two planes
are stretched against the tensile forces in them. The work done in this
stretching of the bonds accumulates energy . The total work done on
these bond s becomes the surface energy of the two cleaved forces , which
is a measurable parameter.

However in metals , when forces are applied In the shearing mode ,
the atoms slide over one another along the shear plane and their bonds
are made and broken in succession with neighbor atoms in the opposite
parallel plane. Since these bonds at the shear planes are repeatedly
renewed , the shear strength is lower than the cleavage strength. On the
I.)ther hand , materials such as sapphire , diamond and titanium carbide , In
wh ich the atoms are held together by covalent bonds , have hi gh shear
resistance. Covalent bonds are formed by neighboring atoms sharing
electrons.

The concept of strength and flaw size is of major concern with
H ceramics as it plays an important role in design and non—destructive

• examination (NDE). Consider a block of ceramic in pure tension which
has a crack w i t h  an approximately circular region of radius “r” in the
center of the  crack. The presence of the crack releases the region of
the crack from stress and hence relieves it of strain energy . If the
applied stress is o, this elastic energy is:

1T r ~~o (1)
E

The surface energy at the crack is:

4’yr (2)

where ‘
~ = surface energy per unit area In the fracture plane

E Young ’s modulus

The factor 4 Is used because there are two growing surfaces at each end
of the crack. The crack can grow if the elastic energy is at least as
large as the rate of increase of surface energy :

4
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- 0 (3)
dr~ E

Thus, the fracture strength , which is the applied stress , is:

° \ . ~1 
( 4 )

This is the famous Griffith formula that shows that , in the ideal
case of no flaws , which  is the special case where r = a, the Interatomic
spacing, the theoretical fracture strength of S13N4 is about 4 X 106
psi. However , itt practice S13N4 materials have fracture strength of
about 1/100 of the theoretical strength. Actuall y, with materials such
as hot—pressed Si

3N4, the largest internal flaw at a stress leveldetermines the time of brittle failure. Thus , if the design life of a
component is defined at a temperature , then the largest flaw size or the
allowable stress level terms are Interchangeable. That is to say, a
0.030 inc h internal flaw or an allowable stress of 16,000 psi at 22OO~F
are equivalent terms.

Materials with high strength in all directions are of particular
interest for engineering application . Basic considerations suggest
polvcrystalline materials with a hi gh density of strongly covalent
bonded atoms approaching random grain orientation would be of interest.
The high strength to weight and stiffness to weight ratios of covalent
bonded materials suggests them over those formed with ionic bonds.

Strength characteristics derived from covalent bonded atoms would
appear to be related to the size of the atom and the number of valence
electrons. Following this logic, the small atoms with 3 or 4 valence
electrons which form covalen t bonds in several directions around each
atom would be of particular Interest. The atoms in the part of the
Periodic Table that have these characteristics include beryllium , boron ,
carbon , nitrogen , oxygen , aluminum and silicon . The strongest solids
generally contain one or more of these elements. This group contains
the elements of the ceramic materials currently being developed for gas
turbine engine use.

—- -----• ----- --- - — —•----— -— —- — ~~~~ ~
;‘ 

~~~~~~~~~~~~~~~~~~~~~~ 
- - — - - - - - -



P.

CERAMIC TURBINE MATERIALS

Basically , two chemical compounds provide the basis of the present
ceramic turbine materials technology. These are silicon nitride (Si3N4)and silicon carbide (Sic). The SIC materials have higher intrinsic
refractoriness , Young ’s modulus and thermal expansion coefficients.
However , the lower thermal expansion coefficient of S13N4, provides good
resistance to thermal stresses and thermal shocks encountered in the gas
turbine engine application. Thermal expansivity controls the thermal
expansion strain which is produced by a given temperature gradient. The
elastic properties of the material determine the stress produced by thlc
strain. Thus, the transient stresses developed in a gas turbine during
start up, shut down , load variations and hot—’streaking are strongly
dependent on the material ’s thermal expansivity and elastic properties.
The mechanical properties of both SiC and Si3N4 are very significantly
determined by their processing.

There are two conunonly used processing methods for SIC and S13N4.
These are hot—pressing and reaction sintering . The latter is also
referred to as reaction bonded . In addition , there are two less devel—
oped processing methods, additive sintering and chemical vapor deposi—
tion (CVD). Representative properties of SI3N4 are included as Tables I
and 11.

Hot—pressing is usually done with dies that are restricted to
rudimentary block shapes. Blade airfoil and root attachments contours
must be machined most commonly by diamond abrasive procedures which are
expensive. Hot—pressing produces ceramic materials that approach zero
porosity or theoretical density. Hot—pressed S13N4 (HPSN) which is
close to theoretical density , 3.2 gfcc, is a very hard, high strength
material with low thermal expansivity.

Hot—pressing of Si3N4 is done in essentially five steps. Since
Si3N4 does not occur in nature, the process must start with silicon
metal. Lump silicon is crushed and milled to a loose powder which is
then nitrided at 1350°C. The resulting Si3N4 is crushed and milled to a
fine powder. A densifying agent, such as a few percent magnesia (MgO),
is milled together with this fine Si3N4 powder. This resulting powder
is pressed in graphite dies to about 1750°C to a block form roughly
encompassing the desired final configuration. It is the high hardness
of the HPSN part which requires extensive machining to the desired f inal
configuration.

Unfortunately, the magnesia additive in HPSN also contributes to a
significant loss of strength, fatigue and creep resistance at high
temperatures. These mechanical property limitations are attributed to a
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second phase involving the additive , which is probably a silicate ,
formed at the grain boundaries. This silicate phase becomes more fluid
at higher temperatures. Improvement in the HPSN is being pursued
through variations in the thickness and composition of this silicate
phase in the boundaries In order to increase the silicate viscosity at
higher temperatures.

Two recent approaches to improve the refractoriness of the silicate
bonding phase at elevated temperatures appear promising. Work at the
Army Materials and Mechanics Research Center (AMMRC) has shown that
substituting a yttrium oxide (‘1203) in place of the MgO produces much
inproved strength at high temperature (3). Preliminary results at NRL
suggest that a zirconia densifying additive is also benefical for hot
stiength improvement (8).

Reaction bonding involves a reaction of free silicon with either
nitrogen or carbon even though applications vary between Si3N4 and SiC
and even within various types of these bodies. In the reaction bonded

• S13N4 (RBSN) process the body of silicon metal powder is formed pre-
cisely to the desired shape which is referred to as the green casting.
The green casting is then heated in a nitrogen atmosphere at tempera-
tures between 12500C_14500C. Generally iron Is included as a catalyst.
Resulting RBSN bodies characteristically retain their green casting part
dimensions within 0.10%.

Several methods of compacting silicon powder to form green castings
are used , such as: die or isostatic pressing , injection molding, flame—
spraying and slip casting. Molding appears to be particularly suitable
for mass production of complex shapes. Flame—spraying and slip—casting
produce lower porosity than molding or pressing (2).

Characteristically the RBSN parts have between 20% to 30% porosity ,
which limits their low temperature strengths to less than half of that
of HPSN. This is because in the RBSN process diffusion of the reacting
nitrogen gas is reduced as densification proceeds , which results in
isolated unreacted sites. However, the absence of densifying additives
allows maintenance of strength and creep resistance at high tempera-
tures without the temperature limiting drop off encountered with HPSN.
RBSN is less expensive than HPSN as much less machining is required .

Reaction bonded SiC (RBSC) is made in a similar manner as the RBSN.
Molten silicon (Si) is reacted with a body of carbon (C), often with
substantial SIC particles, to form RBSC, Porosities of the RBSC bodies
are much lower than in the RBSN but strengths are about the same due to
the combination of porosity and free Si and/or C left in the body.
Presence of free Si in the body also limits the high temperature per—
formance.

t
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Additive sintering involves some aspects of the hot—pressing and

reaction bonded processes. In the additive sintering process S13N4
powders with MgO or other densifying additives similar to those used in
hot—pressing are sintered . The resultant properties are between those
of hot—pressed and reaction bonded bodies , though closer to the former.
Porosities have been obtained as low as 1% to 5%. The primary advantage
of additive sirttering is its lower cost , especially for larger and/or
complex shaped parts.

Chemical vapor depositing (CVD) can be used to coat ceramic struc—
tural parts or form monolithic bulk parts often in complex shapes. CVD
ceating provides a method of obtaining zero porosity without the use of
additives. These coatings applied over a machined ceramic body would
assist in reducing the effects of the surface flaws which result from
grinding. The end result would be increased strength. CVD is one of
the more promising processes being investIgated .

Considerable work is being done on a class of materials called
Sialons in the U.S., UK, Germany and Japan. It has been suggested that
some of these materials are equivalent to or better than Si3N4 in
mechanical strength and chemical stability. The name Sialon was derived
as an abbreviation for the chemical formula :

5
~6-x 

AlxOxN8_x (where x 0 to 4.8.)

The Sialon material has a variable molecular composition in which over
half of the silicon nitride can be replaced with aluminum oxynitride ,
without altering the structure and without changing properties of the
silicon nitride drastically (1). Sialon ’s can be hot—pressed or sintered
to near theoretical density. Thus, the Sailon ’s hold the promise of
similar hardness and strength characteristics of the HPSN, but they can
be formed much more closely to the desired final configuration by
sintering.
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1)ARPA/NA~’SEA CERAMIC E N G I N E  PROGRAM

Development of ceramic materials , principally Si 3N4, to the point
where it could be considered as an engineering structural material
emanated from work done by Norm Parr at the Admiralty ~iaterials
Laboratory in the UK in the fifties. In the late 1960’s Parr projected
use of ceramic components in gas turbine engines and identified many of
the design precepts that were necessary in order to design with brittle
materials. However , the program that deserves ti’ major credit for
developing ceramic design technology for gas turbine structural app li-
cations is the Defense Advanced Research Projects Agency (DARPA) spon-
sored program begun in 1971 with Ford and Westinghouse , which was
technically monitored by the Army Material and Mechanics Research Center
(ANNRC) .

The goal of the DARPA/Ford — Westinghouse program was to prove by
a practical demonstration that efforts in ceramic design, materials ,
fabrication , testing and evaluation can be drawn together and developed
to establish the usefulness of brittle materials for engineering appli-
cations . This application of ceramics was directed at two very different
types of gas turbines. Ford developed a small vehicular turbine with a
nominal 200 HP rating using an entire ceramic hot flow path. Westinghouse
worked on ceramic first stage vanes and design studies of ceramic rotors

• for a large stationary turbine of about 30MW (4).

Considerable progress was made in ceramic materials character-
ization, brittle material design techniques, ceramic component testing
and non—destructive examination (NDE) during these programs. The
ceramic technology developed on this DARPA project coupled with some

• excellent work accomplished with the support of NASA — Lewis and the
• British Ministry of Defense provided a technology base to launch a

second DARPA ceramic gas turbine engine de~elopment program. DARPA ’s
second major engine program involved developing ceramic structural hot—
section components for the Garrett T76 engine which is shown in Figure 2.
Successful application of ceramics in this engine would analytically
improve engine power output from 715 to about 1000 HP with a 10% reduc-
tion in specific fuel consumption. The components being designed with
ceramics are the first and second stage blades and vanes, the annular
combustor , the transition pieces and the turbine shrouds as shown in
Figure 3. DARPA has obtained Garrett agreement for a 3 year program
funded at $l2.5M. The program schedule is outlined in Figure 4. DARPA
tasked the Naval Sea Systems Command (NAVSEA) to manage the program who
in turn directed the Naval Ship Engineering Center (NAVSEC) to techni-
cally monitor the program.

9
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Success of the program is defined by DARP A as accomplishing 50
hours of t e s t  stand operation and 10 hours operation with the ceramic
engine on specified power profile propelling an appropriate boat. This
success criteria suggests that ceramic state—of—the—art technology is
not ready to challenge metal engines, except in short life engines where
weight and efficiency are major considerations . However , the potential
advantages of ceramic ver metal engine components is tremendous and
justifies reasonable etforts in develop ing ceramic technology. This
DARPA/Garrett program should be viewed as an evolutionary step in a
revolutionary design technology . Thus , a major output of this program
is the design logic track used and the assessment of the relevance of
the techniques employed. A new technical management concept was devel-
oped by NAVSEC for this program , which is referred to as the Technical
Review Panel for the Ceramic Engine Program .

This Technical Review Panel is somewhat similar to a NASA Flight
Readiness Review Team. The members are experts from Government act-
ivities actively involved in ceramic technology or advanced stress
analysis as indicated in Figure 5. The intent of the Panel is to insure
that Government supported ceramic technology is accurately evaluated for
use in the Garrett program . The panel attends program milestone review
meetings and additional sessions with Garrett engineers working in the
area of their specialization. Ceramic materials specialists on the
Panel are also conducting characterization resting of candidate materials
procured through Garrett. This testing will augment the sparse data

• 4 base, which is necessary for meaningful statistical analysis , and
validate the Garrett test data. Comments from the review panel are
collated by NAVSEC and discussed with the contractor. Thus, this
technical management concept has drastically reduced the tendency to
“reinvent—the—wheel” . Time and money constraints require use of ceramic
materials available in quantity and adaption of promising design approaches
from earlier work. Garrett ’s challenge is to effectively integrate the
state—of—the—art ceramic technology into a hot—section design. Analytical
techniques , design, NDE, proof—testing, component testing and engine
testing should all be extended beyond what has been done.

The Technical Review Panel participation is also aimed at devel-
oping DOD in—house capability for assessing use of ceramic technology in
advanced applications. Tracking the design logic and testing should
enhance capabilities of directing R&D program directions and definition.

10
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ENGINE MATERIAL SELECTION

The time constraint of the DARPA/NAVSEA Ceramic Gas Turbine Engine
program schedule and the defined objective of successfully operating the
ceramic engine for 60 hours strongly influenced material selection. A
HPSN with the MgO additive, specifically Norton NC—l32, was chosen as
the primary candidate ceramic material for the first and second stage
blades. The NC—132 material is one of the most extensively tested

• ceramic materials. The manufacturer has considerable experience making
NC—l32 which should reduce quality control problems and minimize late
delivery risks. Available data indicates NC—l32 can perform the program

• objectives with a high probability of success. The high temperature
strength and creep resistance characteristic of the MgO densif led NC—132
has limited the average turbine inlet temperature to 2200°F. The
estimated time where creep rupture becomes a concern with first stage
blades of NC—132 is on the order of 210 hours and for the second stage
blades is 600 hours. However, loss of the necessary blade tip—shroud
clearances due to creep , coupled with corrosion/oxidation effects
building up in long term use, also is a potential life limiting problem.

• 
• A HPSN containing 8% yttrium oxide (Y203) is back—up blade material

which will be brought through material characterization testing. This
material is reported to have higher strength at high temperature and
greater creep rupture resistance than NC—132. Sufficient data are not
available to fully assess the yttria densified material for the Garrett
engine.

The other ceramic components, the first and second stage vanes, the
annular combustion chamber, transition pieces and shroud are all being
designed with RBSN as the primary candidate. These parts are large
and/or more complex than the blades but will encounter lower stresses.

11 
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CERAMIC T U R B I N E  BLADE DESIGN

Very precise thermal and stress—analysis techniques are required to
• 

• identif y local stress concentrations in ceramic turbine blades and vanes.
• Design iterations are necessary to reduce these stress levels to within

the capability of the material including a design marg in. Numerical
methods , principalL y 2—D and 3—D finite element analysis techniques , are
employed. In addition to the conventional design cri’ n a , the struc-
tural use of ceramics as highly stressed components requires a statis-
tical analysis for the failure probability, or in a more positive sense ,

• the probability of success.

Fracture in some ceramics , particularly in the fully dense
materials, is directly related to slow crack growth , as previously
discussed . From a designer ’s perspective , the flaw size and distribu-
tion are important insofar as they account for a large variability in
strength of ceramics. It should also be intuitive that enlarg ing the
component size would increase the probability of containing a large
flaw. Stress distribution is very important. If a component is under
uniform tensile stress then it has a higher probability of failing at
its largest flaw than i t  would have with only a small section under a
much higher stress. The Weibull strength distribution is the most
commonly used approach for ceramic material lifetime predictions in
structural application .

The Weibull distribution function is expressed as equation (5):

= l—e — 
1(oo_ ou) 1M (5)

where: 

•

= Probability of failure

= Lower bound strength (lowest possible strength)

00 
= Characteristic strength

N = Weibull slope

12
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Since the probability of success (Ps) can be expressed as:

= l~Pf (6)

Garrett modified the Weibull distribution for use with finite
analysis such that the probability of success of a given element is
expressed as follows :

“5 
= e_v/v

tl (
o_a.u)IM (7)e (Oo_ouJ

where:

v = volume of a finite element

Vt stressed volume

= probability of success of finite element

The probability of success of the component is found by combining
individual local probabilities:

= 
~
“s~i ~

‘s~i+l ~~s~M 
(8)

The Weibull function , M, is a measure of the scatter or dispersion
of the distribution somewhat analogous to the standard deviation of a
normal distribution. The Weibull function, M, is obtained by plotting
on log—log “Weibull paper” with logarithmic scales that yield straight
lines and coordinates that show the percent of original parts that fail
as a function of time. Small M values represent a large degree of
scatter. Most ceramics have M values in the range of 4 to 15, whereas
metals are estimated to have M values in the 50 to 100 range (5).

13

• 
.:.

~~~~~~~~~~ 
.
~
‘;• :

_ _ _ _ _ _  • 
~~~~~~~~~~~~~~~~~~~~~~~~~ •-



•• ~~~~~~ -.-~r •~~ ~~~~T , -  
~~~~~~~~~ T~~~~~ 1TT~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

-‘- ~~~~~~~~~~~~~~~

P

• Garrett also used a Weibull distribution approach for surface area
• effects with the equation :

= e -
~a/a~ ~o o ) 1~

1

L~~~~ J

w h e r e :

a = sur face  area of a f in i te  element

a = stressed surface area .

The probability of success in a local volume or surface , i.e.,
for a particular finite element, requires consideration of the three
princi pal stresses. The total probability of success is assumed to be
equal to the produc t of the individual probabilities associated with

• each principal stress. Since compressive strength of ceramics is an
order of magnitude greater than tensile strength and compressive
stresses contribute little to crack growth , compressive stress was not
analyzed . Thus, the probability of success of a component was taken as
the product of two Weibull distributions of the probabilities of success
of all the local volumes and surface areas which are readily obtained
with finite element analysis (5).

The Weibull distribution is based on the assumption that a single
flaw in the elemental volume produces fracture. While the validity of
this assumption can be challenged , experimental data i.s used to fit the
equation. Thus, an extensive data base is required covering the range
of interest. Unfortunately, this data base does not yet exist but is
being developed in this program. Component testing is a mandatory step
in ceramic engine development.

The ceramic turbine blade design began with a finite element
approach to establish the optimum airfoil shape for the gas path
aerodynamics. The first and second stage blades were designed to
accommodate transient stresses for the cold engine start and steady
state operation with a 2200°F turbine inlet temperature. Representa—
tive analytical models of 3D thermal and stress analysis on the blade

14 
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and attachment region to the  metal disk are shown as Figures 6 and 7.
A series of design iterations were necessary to reduce local stress
levels to provide a 99.98 success probability .

Traditional design techniques were used to reduce stress concen-
trations in these iterations . Blade twist was reduced several degrees
from the aerodynamic optimum . The airfoil trailing edge was thickened
and the leading edge was made a little more blunt. Fillets at the
platform were made with more gradual contours or longer radii.

Typical stress distributions resulting from these iterative tech-
niques for the second stage blade is shown in Figure 8. Maximum stresses
are in the blade near the platform in the mod—span area of the airfoil
suction side. Stress concentrations in the leading edge and trailing
edge were kept low enough with margin for thermal shock and vibration
induced stresses. Blade bending frequency was kept significantly higher
than the stator wake passage frequency at design speed , thereby minim-
izing vibratory excitation (5).

A conventional metal gas turbine blade attachment to the disk could
not be used because the stress levels resulting from the ceramic blade
and metal disk thermal expansion mismatch would be too high. The
Westinghouse and Pratt and Whitney ceramic blade dovetail root attach—

• • ment design using a compliant layer was investigated and adopted with
modifications. The blade root attachment must accommodate the centri-
fugal force , thermal stresses and gas bending forces. Critical to the
attachment is the blade — disk contact area which must distribute the
stresses over a wide area. Even highly polished surfaces have micro-
scopic protuberances which become localized points of contact upon
mating two such surfaces. Metals distribute stresses fairly well so
these surface protuberances are not a significant mechanical problem
with a decent surface finish. However , high strength ceramics are
limited in their ability to accommodate the local stress concentrations
caused by the microscopic surface protuberances , because of their

• limited plasticity.

This contact problem appears to solvable by the introduction of a
metal foil at the interface between the ceramic and the mating metal
part , which would initially plastically deform , increasing the physical
contact area between the ceramic and the metal, thereby distributing the
contact stresses. Platinum (Pt) appeared to be a promising compliant
layer in the Pratt and Whitney work and was consequently tested by
Garrett. A dovetail root attachment with Pt compliant layers in both
contact areas is shown in Figure 9 along with the spin—p it test disk.
Garrett cold and hot spin test results indicates that Pt might extrude

is
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too much for long term engine operation , but would probably be satis-
factory for the demonstration teating. Stainless steel compliant layers
appear in early testing to be more resistant to extrusion while adequate
for initial plastic deformation , even though they anneal with high

• temperature exposure. Additional testing is necessary to finalize and
validate the blade attachment design. However, progress to date indi-
cates the blade attachment will not be a “show stopper”.

Analytical techniques , including assessment of initial spin test
data , indicates the maximum local tensile stress in the blade is a
highly localized surface stress of 43 KSI i~i the attachment area which
reduces rapidly to a value of about 14 KSI at the centerline slightly
below the minimum root width.

• Flexture strength is measured with ceramic materials with a 3—point
cr a 4—point Flexture—Strength Test Fixture (the latter is shown as
Figure 10). Initial flexure strength tests of Hot—Pressed Si3N4 indi-
cate that the localized surface stress of 43 KSI which would occur at an
attachment temperature of 1300°F is well within the capability of the
material. The tensile data indicating the stresses accross the root
width could also be accommodated is shown in Figure 11. Additional
materials characterization tests are being conducted to provide suff i—
cient data for accurate statistical analyses.

The life—limiting component based on analysis of early test data is
the HPSN first—stage blade, which is limited by creep rupture to
210 hours with a 2200°F gas path temperature. Creep—rupture life of the

• second stage blade is 600 hours. This creep life limitation is attri-
buted to the previously discussed high temperature fluidity of the

• silicate phase of MgO at the grain boundaries. Clearly work with
improved densifying additions for hot—pressed Si3N4 is strongly justi-
fied . While creep rupture will not be a problem for the 60 hour
dem onstration , there is additional concern for the effects of oxidation
and hot—corrosion on materials properties as a function of exposure
time.

16
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CERAMIC COMBUSTION CHAMBER DESIGN

Design of a ceramic annular combustor maintaining the T76 eng ine
combustor envelope and fuel system involved 3 basic design concepts.
Initial designs used a metal dome and ceramic inner and outer concentric

• cylinders with ceramic transition pieces to complete the structure and
direc t the combustion gases to the turbine. Designs of the ceramic
cylinders investigated include monolithic , barrel stave and stacked
rings. The first step was to determine the thermal gradients in the
cylinders.

The uncooled metal combustor coated with thermal paints , which was
tested to establish typical combustor wall temperatures and thermal
gradients , is shown in Figure 12. This testing indicated that a ceramic
combustor would have a maximum wall temperature of 1700°F and a maximum
thermal gradient of 800°F/inch.

Materials were analytically evaluated to survive the design condi-
tions. The initial candidate material , siliconized SiC , had a low
probability of success. RBSN and HPSN appear to be viable materials.

Preliminary designs of monolithic cylinders employing 3—U finite
element stress analysis with typ ical combustor hot—spot patterns were
analyzed . As one would expect , the inside surface of the cylindrical
combustor expands axially but is contrained by the cooler outer surface.
The thermal gradient through the combustor wall thickness places the
hotter interior surface in compression and the cooler exterior section
in tension. A peak stress of 28.5 1(SI was determined at the longi-
tudinal sides of the outer surface. This maximum tensile stress
exceeded the strength capability of the siliconized SiC.

A more precise monolithic combustor outer wall model with cool ing
air holes was constructed using 3—U finite element analysis as shown in
Figure 13. The particular model illustrated is a one—tenth circum-
ference segment with three rows of 0.175 inch diameter cooling holes,
40 holes to the row. The wall thickness was 0.22 inches. The same

• thermal pattern was improved and was used in the preliminary analysis.
A peak stress of 54.6 KSI was determined in a similar location as the
configuration without holes. Thus, in this particular monolithic
conibustor wall, the peak axial stress was essentially doubled by the

• introduction of cooling holes.

• These 3—D stress analyses were run for RBSN and HPSN. The maximum 
•

axial stress without holes for the RBSN and the HPSN were 9.5 KSI and
6.5 KSI respectively . The probability of success was 99.9% for the RBSN

17
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and 92.17. for the HPSN . The lower thermal stress values for the RBSN
results from its having the lowest values of modulus of elasticity and
thermal expansion coefficients. If the stress concentration factor of
1.92 determined with the siliconized SIC was applied to the designs with
HP SN and RB SN , then the peak stresses exceed the materials strengths of
these materials. Thus, the probability of successfully operating an
annular combustor with cooling holes constructed of concentric one—piece
cylinders with siliconized SIC, RBSN or HPSN did not appear promising
(6).

Preliminary analysis of an axial slat or barrel stave conf i gurat ion
was conducted using the same thermal pat te rn .  A conf i gu rat ion of
20 staves , 0.22 inch thick with a length of the combustor was investi-
gated . A peak axial stress of 34.3 KSI was obtained with siliconized
SiC. This higher stress determined with the one—p iece cylindrical wall
was attributed to there being a smaller amount of material on the sides
of the staves to react to the thermal strain created by the higher
temperature  on the wall inner surface. These stress levels suggested
effo r ts be concentrated on the stacked ring configuration . British
success at Lucas Aerospace with a stacked ring annular combustor also
suggested mo re extensive assessment of this techni que .

Two stacked ri ng designs are shown in cross section in Figure 14.
One design uses axial springs to hold the assembly together in com-
pression. The initial stacked—ring configuration analyzed consisted of
four stacked rings. Again a one—tenth segment of the combustor outer
wall circumference was used in a 3—U finite element analysis. The
tangential  stress peak with siliconized SiC was 18.0 1(51 at the aft
side of the inner surface of the second ring. The axial stress was
4.2 KSI. A similar analysis with RBSN determined the maximum axial
st ress was 1.5 KSI and 6.6 KSI for  the maximum tangential stress. HPSN
was run on the same model wherein the maximum axial stress was 4.9 KSI4 and maximum tangential stress was 35.1 KSI. The probability of success

• wi th both RBSN and HPSN was > 99% while the siliconized SiC was about
6%.

The stacked ring annular combustion chamber design was refined with
variations in wall thickness, ring width , and cooling hole patterns.

• Stress levels were reduced by more than half when the ring width was
reduced from 1.5 to 0.75 inches. Hot—spot location was more sensitive
with the smaller ring width. Variations in the temperature distribution
within the stacked ring did not significantly affect the probability of
success. Addition of half—holes to the stacked ring configuration
resulted in stress concentrations of 1.3 to 1.6. The analytical models
used , showing the cooling hole patterns , are illustrated in Figure 15.

18
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At this point in time , analysis has shown that a viable annular corn—
bustor can be made with RBSN or HPSN using the stacked ring concept with
half circle cooling holes. A series of combustor rings has been ordered
for evaluation testing in a combustor test rig.

Hit H
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r it e p rob 1 em i t o ace  ommoda Li  the s L i  e as ,~ s ~ciie r a t ed  b v i he i fl cr en t
t h erma l ex l ano iv  i t v  ~. i snatch durIn g etlg i lit’ t h e r m al iNc u r s  011 . i r con I a
is a coed c a n d i d a t e  t o E  a c e r am i c  coat in c  as it has one of  ( l i e  c l e a t s t
t l i t rma l ext t l n • l v  t \  n~.itchi es ot  a c e r a m i c  t o  a m e t a l  su p er a l  1ev .

Ther e  a r e  t h r  i c  l’as i. t echu i quc S o t d i a t  i i  bu t  ug t he  t h e  ru~a I
iii i siiia Ic h s t i c  a aeS c i t he c e r a m i c  c o at i n g  on a me t  a 1 . .1 met a I i n  t c r lay er
a tn l ’c t a d  ed a i Ui a cc r an~i c . The met a l  c omj ’onen  t wou ld  be g r adi i . i  l i v
r educed  and t h e  c e r a m i c  comp onent  In c  r eased until a pure  c e r a m i c  ou t  e r—
l a v e F  i s  a c h i e v e d .  A acc ond  approach  is to use a d u c t i le  i n t e i ’ l a v e i  t o
accommodat e  the m i s m a t c h  s t r e s s .  A n o t h e r  method would be to depos it t h e
c e r am i c  in a c o l u m n a r , t v p i ’ s t r u c t u re  t ha t  could w i t h s t a n d  the  tr i su’ •t t chi
st rca  ~e . Iliese t ~c h i t  i (j U C S  or a c OIII1 I m a  ion  of  t i te m h a v e  been t h~
p r i  ma rv  t ee  hu i ques i nves t  icat ed

Cons ide rab le  i’ r o c r e o s  has been ma d e  wi  t h t  p lasma spr t y e d  cc t a m  i a
co a t  i nt~s. 1h e a nn u l a r  c ombu a t  ion chamber  on the  FT ‘~ has a 

~
‘ t a d  ed

cob.i It  c h i romi  urn a lu rn i  nuni v t t r I uia t o C  r~\ [ V I  , magn e S Ia ~[ p )I st ab  i I i :ed
ir c o n i a  ( F i t ’) ~~ a b i l l  ot m a t e r i a l  t h t e r i m i l  b a r r i e r  coa t  lug as shown

in  1 1 gu r e it’ . Tit i s  t vj ’e  01 coa t  i us i a 1’ i i i  0) m a t e r i a l  on a ev er a  1
p t oduc t ion cue inc  s . l h c  pr o1 ’ 1 em of c o a t i ng  a t u r b i n e  a i i i  O j i  i s  no re
d i :  f i c u l t  due to the  geom ct  r ical  p r o b l e m s  a s so c i a ted  w i t h  t h e  a i r t  o i l
c ou t  out  a .  t h e  re hi. i  s been some i gui: i can t  p r o g r e s s  \s’I t h i  r l , is iiia ap r aved
coa t  in e  of  N t t o t ’ r A l Y  and ~ r i~~ w i t h  d i s c re t e  i n t e r f a ce .  The s t  r u c t u r e  of
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.ieconiino d.i t ion.  1 l i O n  n.i 1 1 ~ nil . coat  j u g  ot  t ii is ha s su c ce s s  f u l l  v
u n d e r g o n e  o v e r  :~Ot 1 eng ine  cy c l e s  up t o  lu l l  p ower  on a c o m p l e te  act  of
I ir s t  s tage  blades in a . 1— 7 5  gas t u r b i ne  eng i ne  at NAS~\—I. t ’wi  a (7

N A V S F A  h as  s u p p o r t e d  c o m bi n e d  moth’ h ) C —R F s p u t t e r in g  a t  bat tel Ic—
N o r t h w e s t  t~ d e v e l o p  graded metallic—c eramic coat  in g s  f o r  t u r b i n e
a i r  foils. Thesc c oat  i ngs have been c o n c e n t r a t i n g  on itch l e v i  t ig  t I gu t
pac ked ceramic c oa L i n g o  wi t i  cit pi’ evcii t ii i f  f u s i o n  of cor r o s i v e  a gen t s
t h r o u gh  the  c o a t i n g .  T h i s  w o r k  is q u i t e  p r o m i s i n g .  NAVS1 ’ :\ I S  i i i  i t  i
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where in  pla sma s pr ay  and spu t t ered  ccat  i n g s  will be c o m p a r a t i v e l y
ev a l uat e d . I ’ r ei  i t n l t i a r v  p la sma s p ray  coa t in gs are shown on a irf o ils
read s ’ f o r  c i t e  i n c  t cot s t and  e v a l u a t ion  in F i gure  iS . The NA V SI ’A ‘ret r in
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I involves considerable materials development to optimize the coating and

engineer the coating for specific airfoils. At—sea engine testing will
be used to evaluate the developed ceramic coatings.
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-Ceramic materials hold tremendous potential improvement for use in
marine gas turbine engines. The aspects of ceramics the ~avy is part i—
cularlv interested in include improved hot—corrosion resistance , elimina-
t ion of turbine blade showerhead cooling requirements , improved enF ine
power output and efficiency , greater tolerance for a wider range of fuel
types and contamination levels , and reduction itt the  use of c r i t i c a l
m a t e r i a l s .

Al though ceramic materials are brittle , the non—frag ile , hi gh—
strength ceramics based on silicon , ni trogen and carbon are of parti-
cular interest for eng ine use. The problem with ceramics is that the
ma terials do not undergo plastic deformation before fracture as is the
case w i t h  metals .  Titus , components  have to be designed w i t h  low
magni tude  localized s t ress  concen t r a t i ons .

DARPA tasked N AVSEA/ NA VS E C to technical ly  manage a ceramic demon—
s t r at o r  engine program wi th  G a r r e t t .  This  program enta i ls  m o d i f y i n i~ the
T76 gas t u rb ine  engine such tha t the  f i r s t  and second stage turb ine
s ta to r  and ro to r  a i r f o i l s , the  shroud s and the  combust ion chamber are
made of ceramic m a t e r i a l s .  The program is s t r u c t u r e d  to have an eng ine
in 3 years  ope ra t i ng  w i t h  t u r b i n e  in le t  t empera tu res  up to 2200°F. A
success c r i t e r i a  was d e f i n e d  as 50 hours  cycl ic  tes t  stand opera t ion
followed by 10 hours in a boa t .  This t ime cons t ra in t  d i c t a t e s  use of
m a t e r i a l s  w h i c h  have been f a i r l y  wel l  c h a r a c t e r i z e d  and adapt ion of
desi gn approaches  w h i c h  have shown promise  on ear l ie r  programs . Thus ,
the  G a r r e t t  p rogram wi l l  involve i n t eg ra t i on  and extens ion of the  1971’
s t a t e — o f — t h e — a r t  ceramic technology . Hot—pressed  s i l icon n i t r i d e  is the
p r i m a ry  candida te  fo r  f i r s t  and second s tage  blades and react ion bonded
s i l i con  ~t i t r i d e  was chosen fo r  the vanes , shrouds , t r a n s i t i o n  l i ne r s
and combus t ion  chamber .

The major  work a t  t h i s  poin t  has been in desi A much h ig her
level of precision in analysis is required in desig m i n i m i z e
localized s t ress  concent ra t ions  than is necessary  wi t  . tal eng ine
design.  Stress modeling using 2— I ) and 3_ i) f i n i t e  e1~ me s tress and
thermal analysis were used with the ceramic components. - s anal ysis ,
coupled with probablistic statistical treatment of ceramic materials
data and successive iterations , was used to develop analy - d e s i g n s
which  have a hi gh t heo re t i ca l  p robab i l i t y  of success.  Ext ve com-
ponent development tPt,ting is being used in conjunction w i t h  the
analytical techniques to fine tune the design. Cold and hot spin tests
have been conducted to verify the ceramic blade attachmen t to metal
disk. The initial test results have been very promising.
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Combustur analysis has indicated a stacked r ing  approach f o r m i n g
the inner and outer  cy l inders of t he  annu la r  combustor  should m e e t  the
program objectives. Siliconized SiC would not be satisfactory. Iloth
RBSN and HPSN theoretically would be adequate. Fabrication capability
favors  the RB SN. Testing in the combustor  r i g wil l  be used to f i n a l i z e
the desi gn.

The d u r a b i l i t y  of the ceramic ized  T76 engine l i m i t s  i t s  c o n s i d ir a -
t ion fo r  naval app l ications.  This eng ine should be considered as an
evo lu t iona ry  s tep in the revolu t ionary  use of ceramics as s t r u c t u r a l
members of the ho t—sec t ion . This program wi l l  provide needed guidance
for  advanced development of ceramics.  Navy use of ceramics  as shor t
l i f e  p ropu l s ion  eng ines in RPV ’ s and miss i les , ceramic bear ings  and
diesel  eng ine pis tons may well  see Fleet i n t r o d u c t i o n  in the 1980’ s.
Produc t ion  ceramic gas turbines competi t ive wi th  metal eng ines are
p robab ly  on the order of 20 years away .
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TABLE I: Some Physical Properties of Silicon Nitride

Property Value Comments

Melting Point Vaporizes at about 1900°C

Densit y 2 . 2  to 3.2 g/ cm 3 depending on method
of fabrication

Coefficient of Thermal 2.46 to 4.1 x lO
6
°C~~ variation in investi—

Expansion to 1000°C gators

Young ’s Modulus up to 46 x lO 6
psi —2 depends on fabr ica—

29 x lO4 M N m  tion

Modulus of Rupture up to 125,000 psi depends on fabrica—
860 MN nf 2 tion

Thermal Conductivity up to 20 Btu hr~~~t~~~F~~ depends on fabrica-
36 watts in °K tion

Specific Heat 0.17 cal/g°C
0.712 kJ/Kg°C

Hardness 1600—1800 Vickers VPN
> 9 (Moh)

10Electrical greater than 10 ohm cm
Resistivity

(Croft and Cutler, “Review of Silicon Nitride”, ONR Report
No. R—l6—73 , July 1973)
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