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Abstract

The modern turbo-engine is one of the finest examples of engineering ingenuity, complexity
and usefulness. The turbo-engine, whether used in land-based power generating equipment or
in aircraft propulsion, has had a profound impact on our lives. Increasing air-travel, rising
fuel prices, and environmental concerns have all combined to increase the need for more
fuel-efficient engines. The blades of the high-pressure turbine are the most severely loaded
members in the turbo-engine. The various aspects of these blades are described. First, the
major components of a turbo-engine as well as the different types of turbo-engines are briefly
described. Then the development of the turbo-engine is placed in its historical perspective.
Next, the severity of the blade loading conditions, such as high temperatures, high centrifugal
stresses, corrosion, oxidation, sulphidation, foreign object damage, etc., and the resulting
failure modes are summarized. Super alloys are the materials of choice for these blades. The
incremental improvements in the alloy chemistry are briefly traced. Important developments
in the blade manufacture, the different types of blade cooling channels and their machining,
thermal barrier coatings to decrease the blade temperature while increasing the Turbine Inlet
Temperature (TIT), and future trends are discussed. The future belongs inevitably to advanced

ceramics and their composites, with coatings for environmental protection.

Introduction

A gas-turbo-engine has five essential parts [Refs. 1, 2]:
air intake, compressor, combustion chamber, turbine and
exhaust as shown in Fig.1, [Ref.3]. The compressor, com-
bustion chamber and turbine form the ‘core’ of the en-
gine.

The air intake directs the air into the compressor. The
compressor, driven by the turbine, increases the air pres-
sure and sends the air into the combustion chamber. The
compressor has many stages, each increasing the air pres-
sure incrementally. In the combustion chamber, com-
pressed air is mixed with the fuel and ignited. The
combustion products are directed into the turbine. The
turbine, in a land-based power generation plant, has sev-
eral stages; it rotates the compressor and spins the gener-
ator which produces electricity. In a land-based gas
turbine, the air intake and the exhaust are present but their
design is not as critical as in an aircraft engine. In a

turbo-engine used for aircraft propulsion, the turbine ro-
tates the compressor and also generates some electricity to
provide power for the auxiliary systems; but the major part
of the energy in the combustion gases is used to generate
the propulsive thrust as the gases exit through the exhaust
nozzle.

There are four types of turbo-engines for aircraft: (i)
In the turbo-jet engine, the first jet engine to be made, the
turbine extracts some energy from the hot gases to drive
the compressor and auxiliary systems but the exhaust
gases generate the propulsive thrust when they exit the
nozzle at high velocity. The turbo-jet is efficient mainly at
high speeds, as in fighter or acrobatic aircraft. (ii) In the
turbo-fan engine, there is an over-sized fan in the front,
rotated by the turbine through a separate shaft at a slower
speed. Most of the air through the fan bypasses the core of
the engine and exits through the nozzle, generating addi-
tional thrust. The bypass engines were introduced in 1962
and marked a significant improvement for aero engines
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(4). The "bypass ratio" is the ratio of the air that bypasses
the engine core to the air that goes through the core of the
engine. Current bypass ratios are five to one or more. The
fan is surrounded by a cowl and generates 75 to 80 percent
of the total thrust. The advantages of the turbo-fan engine
are low noise levels and better fuel efficiency. (iii) In the
turbo-prop engine, the turbine drives an over-sized propel-
ler at slower speed. The air drawn in by the propeller
generates more thrust than the exhaust gases exiting
through the exhaust nozzle. Turbo-props are good for low
speed aircraft, like commuter aircraft and cargo planes.
(iv) Turbo-shaft engine generates shaft power instead of
thrust. The shaft power is used to spin the rotor blades of
ahelicopter, or to drive a battle tank, a racing car or a cruise
ship.

A Short History of Gas Turbo Engines

To understand the progress and the state of the art in
any field, it is useful to briefly consider the historical
developments. Concentrating on the major developments
[Refs. 4-9],in 1930 Sir Frank Whittle, a cadet in the Royal
Air Force in UK, patented his design for a jet engine in
England. From 1934 to 1936, as he was enrolled at Cam-
bridge University, he allowed his patent to lapse because
the £5 patent renewal fee was not paid by the British Air
Ministry [Refs.10,11]. In 1935, Hans von Ohain, a re-
search student in Germany, unaware of Whittle’s patent,
got his own patent for a jet engine. The first jet engine with
a liquid fuel was tested in England in 1937. Just weeks
before the Second World War started, von Ohain’s petro-
leum- fueled engine was fitted in a Heinkel Hel78 fighter
plane shown in Fig.2 [Ref. 9] and was flown in Germany
in 1939; this was the world’s first aircraft to fly purely on
turbo-jet power. Twenty months after that Whittle’s en-
gine was flown in England in a Gloster E28/29 experimen-
tal plane.

In 1940, the National Science Academy Committee on
Gas Turbines in USA concluded that "there is no future
for aircraft gas turbine engines", because after the turbine
extracted the auxiliary power from the hot combustion
gases, there would be very little energy left to generate the
propulsive thrust! As part of the war effort, drawings of
the Whittle’s jet engine were given to the US government
by the British government in 1941. In October 1941, a
complete engine was given to General Electric (GE). The
production of the engine started in US immediately after
that. The early designs of aero engines of GE, Pratt &
Whitney and Rolls Royce were based on Whittle’s engine.
Whittle emigrated to USA in 1976 and worked at GE to
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scale up the jet engines. Von Ohain, working for the
German military during the Second World War, emigrated
to USA in 1947 and became the Chief Scientist at the
Wright-Patterson Air Force Base in Dayton, Ohio. In
1948, Chuck Yeager broke the sound barrier in a turbo-jet
plane, X-1. In 1949, the first flight of a commercial turbo-
jet aircraft, DH 106 Comet, took place.

Meanwhile attempts were made to apply the newly
developed gas-turbine technology and gas turbo-jet tech-
nology in other fields [Refs.12-16]. In 1939, a 4 MW gas
turbine was commissioned by Brown Boveri for power
generation in Switzerland. It was operational until 2002!
Gas turbine engines were used to power locomotives: in
1941, Brown Boveri’s first locomotive with 1620 kW was
delivered to Swiss Federal Railways and in 1951, Union
Pacific Railroad commissioned a GE locomotive with
6300 kW which ran until 1969. The M-497 turbo-jet train
in the USA (1966) and the SVL ER22 turbo-jet train in the
USSR (1970) were attempts to introduce the turbo-jet
technology to trains; but noise was one of the factors that
terminated these experiments.

In 1947, Metrovick F-2 axial-flow jet engine in MGB
2009 became the first ever gas turbine propelled sea going
vessel. In 1951, the first tanker powered by a gas turbine
power plant, a 12000 tons DW tanker, "Auris", was com-
missioned by the Anglo Saxon Petroleum Company.
These days cruise ships and sea going vessels routinely
use turbo-engines. Among the land-based applications,
battle tanks, BMW Panther tanks in 1944 and Swedish
tanks in 1950 were the first vehicles to use turbo-engines.
Rover JET 1 was the first car powered by a gas-turbine
engine in 1950. In 1952, a French turbine powered car, the
Socema-Gregoire, was displayed at the Paris auto show.
The first turbine powered car in USA was Firebird I, built
by General Motors. The car was built in the 1950s but only
for testing and evaluation. Starting in1954 with a modified
Plymouth, Chrysler (USA) demonstrated several proto-
type gas- turbine powered cars. Later Fiat, Toyota, Volvo,
Jaguar and GM built gas-turbine powered cars. The fic-
tional Batmobile is often said to be powered by a gas-tur-
bine or a jet engine. Bloodhound Supersonic Car (SSC) is
the name of a racing car built in UK to break the land speed
record. Approximately half of the thrust of Bloodhound
SSC is provided by a Eurojet EJ 200, a highly sophisti-
cated military turbo-fan engine normally found in the
engine bay of a Eurofighter, Typhoon. The rest of the
power comes from a custom designed hybrid rocket. It has
a design speed of 1609 km/hour (1050 mph). Buses and
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motorcycles have also been designed and made with gas
turbines.

Turbine Blade Loading Conditions and Failure
Modes

In a turbo-engine, the high-pressure turbine blade is
the most severely loaded member and therefore the most
critical component because the high-pressure turbine is
located right next to the combustion chamber. Therefore,
as Fig.3 [Ref.12] shows, the pressure and temperature of
the combustion products are the maximum when these
gases impinge on the high pressure turbine blades. In
addition, these blades rotate at several thousand rpm and
thus the centrifugal stresses are high. The temperature is
maximum at the blade tip and decreases towards the root,
whereas the centrifugal stresses are the maximum at the
root and decrease towards the tip.

The blades are subjected to various types of loads:
centrifugal loads due to the blade rotation, thermal loads
due to the thermal gradients and high temperatures, aero-
dynamic loads due to the impingement of the combustion
gases and vibratory loads due to the vibrations.

The combination of high stresses and high tempera-
tures can lead to yielding, creep elongation (causing con-
tact with the stator) and creep rupture, low-cycle and
high-cycle thermo-mechanical fatigue, fracture and a
number of additional modes of failure including chemical
reactions with the combustion gases [Refs.13- 20].

Fretting fatigue failure can occur in the blade-disk
attachment at the fir tree joint, as shown in Fig.4 [Ref.17].
This joint is nominally fixed but micro scale relative
movement at the interface occurs between the root and the
disk due to the centrifugal forces and tangential vibrations.
This combination can cause damage and fatigue failure
[Ref.21, 22]. Blade-root attachments are shot peened to
induce residual compressive stresses, which are good
against fatigue.

The combustion products can include hydrogen, oxy-
gen, CO, CO,, sulfur, NaCl (when the plane flies over the
ocean), solid carbon particles, etc. At the high tempera-
tures, many of these chemical species can contribute to hot
corrosion of the turbine blades [Refs.17, 23].

High temperature oxidation [Ref.16] occurs when
nickel-based super alloy blades are exposed to high tem-
peratures. The oxygen in the combustion gases reacts with
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the nickel to form a nickel oxide layer on the blade surface.
The nickel oxide layer cracks and spalls due to vibration
and thermal cycle starts and stops. This process can occur
on the inside surfaces of blade cooling passages also. To
prevent such blade failure modes, coatings are applied on
the blade exterior and cooling passage interiors.

Sulphidation is a chemical reaction that occurs when
sulphur compounds such as SO, SO, and SO; from the
ingested air or combustion products combine with NaCl;
sea, industrial and agricultural salts present in the air enter
aircraft gas turbines and sulphur is a common impurity in
almost all liquid petroleum fuels. The chemical reactions
between the sulphur compounds and sodium chloride
result in droplets of sodium sulphate (Na,SOy4) which is
highly corrosive. It can attack the protective ceramic coat-
ing and then the super alloy substrate. Deep stress raiser
pits can form on the blade and lead to other forms of
damage and failure [Refs.16, 24, 25]. A summary of the
early corrosion observed in aircraft engines is found in a
NATO Report [Ref.26]. Many reviews of sulphidation
corrosion have been published [Refs.27-29].

Cracking can initiate near the root of the blade (where
the centrifugal stresses are high) by a mechanism of Low
Cycle Fatigue (LCF) induced during thermal loading cy-
cles. Such a cracked blade is shown in Fig.5 [Ref.30]. Here
the crack propagation was aided by environmental at-
tack.

One of the two innovations to increase the turbine inlet
temperature while minimizing the detrimental effects on
the blade alloy consists of circulating cooling air through
passages and holes in the blade. These holes are suscepti-
ble to damage due to a variety of causes. A first stage gas
turbine blade with the cross section showing a number of
cooling holes is shown in Fig.6 [Ref.31]. Three sections
at 10%, 60% and 90% heights are indicated. Cracks at
holes at the 60% and 90% heights were observed as the
temperature was high towards the blade tip. Cracking at
the cooling holes was due to grain-boundary oxidation and
nitridation at the cooling hole surface, embrittlement (loss
of ductility) of the super alloy. The temperature gradient
from the airfoil surface to the cooling holes resulted in high
thermal stresses at the holes located at the thicker sections
of the blade. The cooling hole contributed a stress concen-
tration factor of 2.5 and a relatively high total strain at the
cooling hole surface. The oxidation and cracking at one of
the holes, after 32,000 hours of operation, is shown in
Fig.7(a) [Ref.31]. A crack found on the surface of No.5
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cooling hole due to oxidation is shown in Fig.7(b). The
surface of the hole was not coated.

It has been found [Ref.32] that most of the failures in
aero engine turbine blades are due to microstructural
changes at elevated temperatures, hot corrosion and deg-
radation of mechanical Properties resulting in creep and
failure due to creep-fatigue interaction.

A very important question to answer in aircraft main-
tenance is: what is the time interval between inspections
or overhauls or refurbishments? When a new engine is
designed and placed in service, it is brought in early for
overhaul [Ref.13] after 10,000 hours. When experience
and confidence are gained with an engine type, the first
overhaul is after 22,000 hours. The second overhaul is
done after 15,000 hours. Turbine blades removed from
service are repaired or refurbished two or more times. If
the thermal barrier coating is damaged, the blades are
completely stripped of their coatings and recoated. New
abrasive tips are installed and the blade roots are shot
peened.

The engine is borescoped periodically to detect dam-
age. A high pressure turbine blade that has not suffered
appreciable damage and one that has suffered oxidation,
spalling and thermo-mechanical fatigue cracks are shown
in Fig.8 [Ref.13].

Other forms of damage to the turbine blades are ero-
sion due to solid particles (such as carbon, silica, etc.),
erosive wear and Foreign Object Damage (FOD). Apart
from particulate erosion, there also exists the important hot
gas erosion.

Turbine Blade Materials

Increasing air traffic, rising fuel prices (with the excep-
tion of occasional dips) and environmental concerns have
all combined to increase the demand for gas turbine en-
gines with higher fuel efficiencies. The thermal efficiency
of an engine depends directly on the Turbine Inlet Tem-
perature (TIT). In the last 60 years this temperature has
risen from about 600°C to more than 1500°C, causing the
engine thrust to increase by 60% and fuel consumption to
decrease by 20%. This increase in the TIT has been mainly
due to three factors: (i) advances in the blade materials, (ii)
the innovative design and fabrication of blade cooling
passages, and (iii) the innovative thermal barrier coatings
on the blades. The blade cooling and the thermal barrier
coating allow the blade to operate at about 300°C above
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the melting point of the blade alloy. Only about 30% of
the increase in turbine inlet temperatures is due to im-
provements in turbine blade alloys. The rest of the 70%
increase in TIT is due to the blade cooling technology and
the ceramic coating applied to the metallic blade [Ref.4].

The early jet engines by von Ohain and Whittle utilized
nickel steels or stainless steels [Refs.33, 34]. They had a
temperature limitation of about 450° to 500°C as their
strength decreased rapidly beyond this range [Refs.35,
36].

The variation of specific strength (tensile strength
divided by specific gravity) of some common alloys with
temperature is shown in Fig.9 [Ref. 37]. Aluminum alloys
have a relatively low specific gravity of 2.7 but their
strength is relatively low and they are susceptible to over-
aging at relatively low temperatures. Therefore, the spe-
cific strength of aluminum alloys falls rapidly as the
temperature increases. Steels are strong but their specific
gravity is high, around 7.8. Therefore their specific
strength is low and as mentioned earlier, the strength of
steel drops drastically around 500°C. Titanium alloys have
a relatively low specific gravity of 4.5 and good strength
at low temperatures. Thus their specific strength is high at
low temperatures but it drops rapidly around 450°C. The
figure shows that the nickel alloys, termed super alloys,
retain their strength at temperatures of the order of
1000°C. The specific gravity of nickel is 8.9 but having a
Face-Centered-Cubic (FCC) crystal structure, nickel and
nickel-based alloys (super alloys) are less sensitive to
temperature variations.

Whenever a new material or process is to be imple-
mented in the aerospace industry, in addition to the usual
steps such as concept definition, and product realization
the product or process has to meet stringent certification
requirements. Only then can the product (turbine blade)
be produced, delivered to the customer and customer
support provided. The whole process can take approxi-
mately ten years.

Shortly after the stainless steel blades were made for
the Whittle engine and the Ohain engine, nickel-based
alloys were developed. These alloys were called "super
alloys" because they were superior to the earlier steels and
the cartoon character, "superman”, had just been created
in 1938. Super alloys exhibited outstanding tensile
strength, creep strength and fatigue strength at high tem-
peratures (continuously raised by changes in alloy chem-
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istry), excellent ductility and toughness. During the 1950s,
several families of heat resistant alloys were made: "Ni-
monic" series in England, "Tinidur" alloys in Germany
and "Inconel” alloys in USA [Ref.34].

Nickel-based super alloys were made in the 1940s and
were steadily improved in the subsequent decades for gas
turbine blades. Super alloys have been called "reigning
aristocrats of the metallurgical world" [Ref.38]. Cobalt-
based super alloys underwent a less dramatic evolution
[Ref.39] and have been preferred for vanes and other
non-rotating high temperature components due to their
good castability, resistance to thermal fatigue, hot corro-
sion and oxidation and repairability. The first nickel-based
super alloy for turbine blades was Nimonic 75, made in
the 1940s. In 1951-52, it was confirmed that the strength-
ening in super alloys was due to the age-hardening of the
coherent precipitate ¥ (NizAl, NisT;) in a nickel rich
matrix 'y [Ref.39]. In 1957 the surprising discovery was
made that ¥ becomes stronger with increasing tempera-
ture over the temperature range of 600° to 800°C- instead
of suffering the usual "Oswald ripening effect" [Ref.40].

Along with the changes in the chemistry of the super
alloys, another development responsible for the outstand-
ing properties of super alloys was the introduction of
vacuum induction melting around 1950. This develop-
ment had the dual advantages of eliminating detrimental
trace and minor elements and allowing the addition of
reactive elements in the melt.

The progress in the super alloy chemistry through the
1960s, 1970s, 1980s and 1990s was often "chaotic and
undisciplined" [Ref.34] as "much work was done in secret,
propriety fashion". Modern nickel-based super alloys can
contain ten or more alloying elements , each added for
specific reasons (Table-1).The chemistry of super alloys
is partly logic and partly (or mostly) magic; it is an art,
similar to cooking. Additions of refractory elements like
Re, W, Mo, etc., have led to the development of multiple
generations of super alloys [Ref.41-50]. These refractory
elements provide high degrees of solid solution strength-
ening. But these elements also promote the formation of
Topologically Close Packed (TCP) phases, which are
detrimental to mechanical properties at elevated tempera-
tures; further, the oxidation resistance is also compro-
mised due to elements like Mo, Re, Ru, etc. There are other
disadvantages of refractory metal additions such as in-
crease in cost and density and decrease in castability and
microstructural stability.
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Nickel-based super alloys derive some strength from
solid solution strengthening but precipitation hardening
imparts more significant high temperature strength. The
major phases present in most nickel-based super alloys are
[Ref.51]: (i) Gamma (y), which is the FCC Ni-based
austenite phase matrix that usually contains a high per-
centage of solid- solution forming elements such as Co,
Cr, Mo and W. (ii) Gamma prime (), which is a coherent
precipitate and the primary strengthening phase. It is
chemically compatible with the matrix and exceptionally
stable over long time. While it is strong, it is also quite
ductile. (iii) Carbides such as TiC, TaC, HfC, etc., which
are formed by carbon which is usually present at levels of
0.05% to 0.2%, in combination with reactive refractory
elements such as Ti, Ta, Hf, etc. During heat treatment and
high temperature service, these carbides begin to decom-
pose and form other carbides on the grain boundaries; in
general, these carbides forming on the grain boundaries
are beneficial. (iv) TCP phases, which are generally brittle
and form during heat treatment or during high temperature
service. The microstructure of TCP has close-packed at-
oms in layers separated by relatively large interatomic
distances, resulting in a characteristic "topology". In con-
trast, y’ is close-packed in all directions and is termed
Geometrically Close Packed (GCP). TCPs tie up y- and 7y’-
strengthening elements in a non-useful form, thus reduc-
ing creep properties; in addition, being brittle, they can
also become crack initiators.

Directionally Solidified (DS) Super Alloys

‘Equicohesive Temperature’ (ECT) of an alloy is that
temperature at which the grain-interior and the grain-
boundary are equally strong. Below this temperature, the
grain boundaries block dislocation movement and thus
enhance the strength of the alloy; therefore a fine-grained
material is beneficial (for strength). Above ECT, the grain
boundaries become regions of weakness due to grain
boundary sliding, facilitating creep; therefore a coarse-
grained material is beneficial.

The major loading on a gas turbine blade produces
centrifugal stresses; the advantage of producing columnar
grains aligned with the blade axis consists of producing a
grain structure that has a minimum amount of grain
boundaries perpendicular to the centrifugal stress direc-
tion. The process used for producing this columnar grain
structure, instead of the equi-axed or randomly oriented
grain structure, was "Directional Solidification" (DS). For
the same chemical composition, a super alloy blade made
by DS had superior high temperature resistance compared
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to a conventionally solidified super alloy blade having
equi-axed grains.

The DS process has been used to produce both oriented
columnar-grained as well as Single Crystal (SC) turbine
blades. The DS process is illustrated in Fig.10 [Ref.52]. A
group of blades, called a "cluster" and consisting of 10 to
30 blades, are oriented in a circular pattern for thermal
uniformity. A thin-walled ceramic mold is created by lost
wax process for investment casting (described a little
later). It has a pouring basin and runner to each blade
cavity in the cluster. The mold is placed in an induction
furnace and molten super alloy is poured into the pouring
basin. There is a chilled copper plate at the bottom at which
solidification begins. The mold is withdrawn downwards.
Blades with columnar grains aligned with the direction of
withdrawal of the mold are produced. The same DS proc-
ess is also used to produce SC blades by incorporating a
grain selector which is spiral shaped or pig-tail shaped, as
shown in Fig.11 [Ref.53]. The turbine blades with
equiaxed grains, directionally solidified columnar grains
and directionally solidified single crystal are shown in
Fig.12 [Ref. 37].

The grain selector that allows one grain to grow into a
blade is shown in Fig.13 [Ref.54]. The molten metal in
contact with the chill plate (at the bottom) solidifies first
and columnar grains start to grow parallel to the direction
of mold withdrawal. After the columnar grain starter
block, a single grain continues to grow through the spiral
or pig-tail grain selector. The spiral is followed by the
actual blade form where the melt continues to solidify into
one grain or crystal. The preferred crystallographic orien-
tation is < 001 > which is the direction with the lowest
Young’s modulus. When a constant strain (creep) is con-
sidered, the stresses will be lower for this direction and
therefore the thermal fatigue life will be enhanced. The
steady increase in the turbine blade temperature over the
years due to the improvements in the blade materials and
blade manufacture is shown in Fig.14 [Refs.55, 56].

The three main advantages of single crystal blades over
the conventionally cast (equiaxed grains) and DS (colum-
nar grains) blades are [Ref.55]: (i) Elimination of grain
boundaries transverse to the principal tensile stress axis
reduces grain boundary cavitations and cracking, resulting
in greatly enhanced creep ductility. (ii) Elimination of
grain boundary strengthening elements, such as carbon,
boron, and hafnium which become redundant (Table-1),
[Ref.45]. This has facilitated heat treatment and allowed
for further optimization of the alloy chemistry to increase
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Table-1 : Alloying Elements in Super Alloys and
their Beneficial Effects [Based on Refs. 44, 45]

Benefit

Alloying Elements
Co, Cr, Fe, Mo, W, Ta, Re

Solid solution
strengthening

Grain boundary W, Ta, Ti, Mo, Nb, Hf, Cr

strengthening

g’ precipitate formers Al, Ti

Al Cr, Y, La, Ce
Hot corrosion resistance |Cr, Co, Si, La, Th
B, C, Zr, Hf

Oxidation resistance

Grain boundary
refinement

the high temperature capability. (iii) The preferred < 001
> crystallographic solidification direction minimizes the
thermal stresses developed on engine- startup and shut-
down. This has dramatically enhanced the thermal fatigue
resistance of the turbine blade.

While blades with < 001 > orientation have higher
temperature creep strength compared to other orientations,
it is not unusual to have deviations from this preferred
orientation. In general, blades with less than 10° deviation
from the preferred orientation are judged to be well ori-
ented [Refs.56, 57].

Evolution of Single Crystal Super Alloys

The SC super alloys have evolved over the years, as
shown in Table-2 [Ref.44]. The first real improvement in
the SC super alloy chemistry was the introduction of
Rhenium. This refractory element improves the creep
properties appreciably due to solid solution strengthening;
more importantly, Re slows all thermally activated high
temperature deformation and damage mechanisms due to
its low diffusion rate. While the first generation SC super
alloys had no Rhenium (Re: melting point = 3185°C,
specific gravity = 20.8) or Ruthenium (Ru: melting point
= 2334°C, specific gravity = 12.45), the second and third
generations of SC super alloys had approximately 3% and
6% Re respectively and no Ru. Typical second generation
SC super alloys are Rene N5, CMSX-4 and PWA 1484,
widely used for turbine blades in aircraft engines and
land-based gas turbine engines. Rene N6 and CMSX-10
are examples of third generation SC super alloys. The
drawbacks of adding Re, outweighing the benefits were
high cost, susceptibility to casting defects, increase in
density and the formation of TCP precipitates. Another
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Table-2 : The Evolution of Single Crystal Super
Alloys (Based on Refs. 44, 45]
Generation |Re and Ru Content | Typical Alloys
First No Re or Ru Rene N4, PWA
1480
Second ~3% Re and no Ru |Rene N5, PWA
1484
Third ~6% Re and no Ru |Rene N6, CMSX 10
Fourth ~6% Re and EPM 102, TMS 138
~3% Ru
Fifth ~6% Re and TMS 162, TMS 196
~6% Ru
Sixth ~6% Re and TMS 238
~6% Ru (but other
refractory elements
reduced)

problem was the reduction in high temperature oxidation
resistance. The precipitation of TCP phases can be sup-
pressed by adding Ru. The Ruthenium improves the sta-
bility of the microstructure [Ref.42], increasing the high
temperature creep strength, however, the oxidation resis-
tance tends to suffer. In the fourth, fifth and sixth genera-
tion SC super alloys, Re was kept around 6% and Ru was
increased from 3% (4th generation) to around 6% (5th and
6th). It was found [Ref.42] that additions of Ta, Hf and Y
improve the oxidation resistance in 4t generation SC
super alloys. In the fifth generation SC super alloys, as
shown in Table-2, Ru was increased to about 6% to
improve the phase stability [Ref.44]. TMS-196, for in-
stance, contains higher Ru, Re and Cr over the 4th genera-
tion alloys. The Cr provides acceptable oxidation
resistance.

Utilizing the chemistry of the fifth generation SC alloy
TMS-196 as the base, the composition has been tweaked
[Ref.43] to develop the sixth generation alloys that exhibit
high temperature creep strength and oxidation resistance:
Co, Al and Ta have been increased in TMS-238 compared
to TMS-196, while Mo and W have been decreased.

Mechanically Alloyed (MA) Super Alloys

Dispersion strengthened super alloys are metal matrix
alloys in which a very small volume fraction (1 to 2%) of
very fine (micron or submicron size) dispersoids (ceram-
ics or intermetallic compounds) are uniformly dispersed.
The dispersoids impede the movement of dislocations and
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thus impart strength, especially high temperature creep
strength, to the super alloys. Among the various ceramic
powders, oxides such as Yttria and alumina are very
effective. Among the remarkable characteristics of such
composites is the retention of high strength at high tem-
peratures- to a very high fraction of the absolute melting
point of the matrix alloy [Refs.58-60].

"Mechanical Alloying" is a very useful method to
prepare dispersion strengthened composites. Here, the
matrix metal and the dispersoid material are introduced in
a dry ball mill. When these materials are tumbled with
large spheres of a hard material, the constituent materials
of the MA alloy are repeatedly welded together and frac-
tured. The blended material is later processed by a metal
forming process into a turbine blade. "ODS" alloys refer
to oxide (such as Yttria) dispersion strengthened super
alloys. The dispersion strengthening is retained at the high
service temperatures long after the precipitation hardening
(due to the ¥’ precipitate) disappears. In addition, disper-
sion strengthened super alloy blades do not need internal
cooling passages; thus the expense of making the cooling
passages as well as the aerodynamic inefficiencies due to
the cooling air can be avoided. But MA super alloy blades
have not become popular due to various reasons, including
cost. Inconel MA 754, Inconel MA 6000, Alloy 51, etc.,
are examples of dispersion strengthened alloys.

Directionally Solidified Eutectic Super Alloys

Here, the matrix and the reinforcing phase, in the form
of single crystal whiskers, are formed simultaneously
during the directional solidification [Ref.61]. In these
alloys the matrix is a Ni-based or Co-based super alloy.
The reinforcement can be tantalum carbide or vanadium
carbide whiskers which solidify aligned with the direction
of withdrawal of the mold from the furnace, which is also
the length direction of the turbine blade. TaC has a very
high melting point (3880°C) and an elastic modulus twice
that of steel (400 GPa). The interfacial bond strength
between the whiskers and the matrix is excellent. Ni-TaC
and Co-TaC have promise. The disadvantage of these
materials, also known as in situ composites, is that the
volume fraction of the whisker reinforcement is limited to
the eutectic composition. Another eutectic that has prom-
ise for turbine blade materials is a Ni- or Co- based alloy
reinforced by NisNb lamellae.

A Co-Cr-Ni matrix, reinforced by TaC in a direction-
ally solidified eutectic alloy, has been investigated for its
thermal fatigue properties [Ref.62]. While such eutectic
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super alloys appear to have some potential for high tem-
perature applications, they have not become popular for
gas turbine blade applications- perhaps because of the
limitation on the volume fraction of the whisker reinforce-
ment phase, mentioned earlier.

Turbine Blade Fabrication

The manufacturing process for the gas turbine blade
has evolved over the years. When the gas turbine blade
design was simple, forging could be done. With the in-
creasing complexity of the blade geometry, especially
incorporating cooling channels, casting was necessary. As
casting introduced porosity, HIPping (Hot Isostatic Press-
ing) became necessary to reduce porosity. As the blade
roots experience very high centrifugal stresses, they were
shot-peened to introduce residual compressive stresses
which enhanced fatigue life.

In the 1950s, "investment casting”, also called "lost
wax process", was introduced for blade manufacture. This
method had the twin benefits of (i) facilitating directional
solidification to produce oriented grains as well as single
crystal blades and (ii) using ceramic cores to produce
internal cooling channels.

Investment casting is a very old manufacturing process
applicable to a wide variety of alloys, especially those with
high melting temperatures. Parts with complex geometry
can be made by this method. Vacuum melting of super
alloys for pouring into the ceramic molds reduced con-
tamination. Investment casting was initially used for pro-
ducing super alloys with equi-axed (randomly oriented)
grains; later, blades with elongated grains and blades with
single crystals were made.

The major steps in the investment casting process are
the following [Refs.55, 63-65]:

e Pattern creation by injecting molten wax into a metal
mold. Ceramic cores are positioned for relatively large
cooling passages.

¢ A number of wax patterns are connected together with
a common gating system so that molten metal can be
poured into several molds.

e The pattern tree is invested (dipped) into a ceramic
powder slurry repeatedly until the ceramic coating is
sufficiently thick.

e The wax is melted by heating.
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o Further heating to glaze the ceramic mold.
® Molten metal is poured in the ceramic mold.

e The metal is allowed to cool and the ceramic mold
shells are broken.

¢ Finishing operations are performed on the blades.

The major steps involved in investment casting are
shown in Fig.15 [Ref.66]. The ceramic cores are posi-
tioned using pinning wires [Ref.65]. The pinning wires
should be able to function at very high temperatures - up
to the melting point of the super alloy. The pinning wire
should eventually dissolve and disperse within the super
alloy without poisoning the precipitation hardening reac-
tions within the super alloy. Oxide dispersion strength-
ened platinum (melting point of platinum = 1768°C) has
been considered for the pinning wire application [Ref.65].
Palladium (melting point = 1555°C) is also a candidate for
this application as it has comparable oxidation resistance,
lower specific gravity (11.9 for palladium vs. 21.45 for
platinum) and lower cost. To improve the high tempera-
ture resistance, refractory metals such as molybdenum,
tungsten and platinum are added to palladium.

Turbine Blade Cooling

In this section, the need for blade cooling, different
cooling techniques and the methods of machining the
cooling channels are discussed [Refs.67-77].

The high pressure turbine blade operates at about
1500- 1600°C and as explained earlier, there is a constant
push toraise the TIT (Turbine Inlet Temperature) to higher
values. It was earlier mentioned that changes in super alloy
chemistry, DS (Directional Solidification), SC (Single
Crystal) solidification, etc., as well as innovative changes
such as blade cooling and TBC (Thermal Barrier Coating)
have responded to the challenge and have made dramatic
increases in TIT possible. However the quest for even
higher temperatures continues.

The air to cool the blades is drawn from the HP (High
Pressure) compressor, routed through the engine core to
the blade root; the temperature of this air is around 650°C
[Refs.78, 79] and the pressure is high enough so that it can
be forced through the intricate cooling channels. By inter-
nal and external cooling, the cooling air keeps the blade
temperature down to about 1150°C [Refs.78,79]. There
are two disadvantages to this kind of blade cooling: first,
the air drawn from the compressor (up to 20 per cent of
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the compressed air) is not available for combustion of the
fuel; second, when the cooling air exits from the blade, it
mixes with the main stream of combustion gases, intro-
ducing aerodynamic inefficiencies.

Among the many types of cooling, the three predomi-
nant ones are: convection cooling, impingement cooling
and film cooling. The passages along the length of the
blade, created by positioning ceramic cores during invest-
ment casting as mentioned earlier, are shown in Fig.16
[Ref.80]. The compressed air, driven by the pressure dif-
ferences and the centrifugal forces, travels from the blade
root to the blade tip, and carries some of the heat acquired
by the blade from the combustion gases. In order to
improve this heat transfer, a "serpentine" multi-pass path
for the cooling air is provided as shown in Fig.17 [Ref.81].
In this figure, the radial cooling passages provide a quin-
tuple- pass pathway so that there is greater heat transfer.

In addition, to make the cooling air linger within the
blade longer and thus remove more heat, the passages are
"turbulated" by providing ribs, pins and even dimples on
the inside surfaces of the blades. The ribs and pins and
other strategies are shown in Fig.18 [Ref. 67]. All these
devices increase secondary flows and turbulence levels to
increase mixing and vortices; they also increase the sur-
face area for increased heat transfer. The goal of the
internal blade cooling is adequate thermal protection of the
blade with minimum coolant air.

The leading edge of the blade is characterized [Ref.76]
by a small coolant metal area to hot gas metal area ratio.
The thin trailing edge poses geometric constraints on
passage sizes and cooling air accessibility. Rib turbulators
are long bars with a rectangular cross-section fixed at an
angle to the airflow direction. They protrude into the flow,
causing flow mixing and vortices. The dimensions of these
turbulators can be optimized to cause the desired heat
transfer. Pin-fin arrays are arranged in arrays [Ref.76] and
extend between opposite walls of an internal cooling pas-
sage. Trailing edges of blade airfoils are candidates for
pin-fin arrays as higher levels of heat transfer are required.
One of the difficulties of extracting heat from the blade in
the trailing edge is that the coolant has already acquired
considerable heat by the time the cooling air reaches this
region.

While the "dimpled" surfaces (indentations or undula-
tions) on the inside surfaces are usually hemispherical,
other shapes have been used. They aid heat transfer by
causing multiple vortex pairs. By not protruding into the
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flow, dimples cause low pressure drops. Thus air bled
from low pressure stages of the compressor can be used.

The simplest and the first method of blade cooling is
convection cooling [Ref.82]. In this method, the cooling
air is made to flow from the blade root to the blade end
through the internal passages within the blade. The num-
ber and size of the internal passages within the blade as
well as the quantity of cooling air available determine the
effectiveness of convection cooling.

The second type of cooling is "impingement" cooling,
shown in Fig.19 [Ref. 83]. This type of cooling is com-
monly used near the leading edge of the turbine blade
where the heat load is maximum. An insert with tiny holes
perpendicular to the blade length is placed in this region
inside the blade. Instead of the cooling air traveling
quickly along the length of the blade, the air is made to
impinge normal to the blade inside surface and thus more
heat is dissipated.

The third type of cooling is "film cooling". As shown
in Fig.20 [Ref.84], the cooling air that travels from the
blade root to the blade tip enters the suction side and the
pressure side along the length of the blade through tiny
holes. The cooling air is injected into the boundary layer
of the hot combustion gases. Thus the blade surface is
surrounded by a film of cool air that prevents the blade
material from reaching the temperature of the combustion
gases. This type of cooling is more effective than convec-
tion cooling or impingement cooling. The air used for film
cooling must be under high pressure as it is dissipated
quickly by mainstream hot gases.

A comparison of the effectiveness of the three cooling
methods is given in Fig.21 [Ref.82]. The figure shows that
the contribution of the film cooling to the TIT (Turbine
Inlet Temperature) is the greatest. The increase in TIT over
the years due to the combined effect of the different types
of cooling is shown in Fig.22 [Refs.84, 85].

The design and optimization of cooling channels in a
turbine blade have been the subject of research for many
years by many researchers. The temperature distribution
for a blade without cooling channels and the temperature
distribution for a blade with cooling channels, obtained by
analysis, are shown in Fig.23 [Ref.72] and Fig.24
[Ref.73], respectively. It is seen in Fig.23 that when there
is no cooling, most of the turbine blade is at the maximum
temperature whereas much of the blade surface is at cooler
temperatures (Fig.24) when there is blade cooling.
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Turbine blade tip cooling is also important because
turbine blade tip leakage flow from the blade pressure side
to the suction side over the tip surface increases the ther-
mal load at the blade tip [Ref.86], increasing the local
temperature. Leakage flow can be reduced by employing
arecessed or squealer tip blade or by cooling the blade tip
by incorporating film cooling holes.

Machining Cooling Holes in the Gas Turbine Blades

As explained earlier, the relatively large cooling pas-
sages in the turbine blades are incorporated in the blades
during investment casting by positioning ceramic cores.
Many other passages are smaller, especially the film cool-
ing holes. These require special equipment and tech-
niques. The commonly used techniques for creating the
cooling holes are:

e Water Jet drilling (WJ)

e Abrasive Water Jet drilling (AWJ)

e FElectro Chemical Machining (ECM)

e FElectric Discharge Machining (EDM)

¢ Electro Chemical Discharge Machining (ECDM)
e FElectron Beam Machining (EB)

e Laser Drilling

- Single Pulse
- Percussion

- Trepanning
- Microjet

The blades are eventually coated with a thermal barrier
coating. One of the major decisions to be made at the
beginning is whether the cooling holes should be ma-
chined in coated or uncoated blades; in other words,
should it be coat and drill or drill and coat? If the blade is
coated first (with a ceramic coating), then methods that
need an electrically conducting blade cannot be used. If
the coating is applied after drilling, the coating may clog
or partially close the holes, especially the very small ones.

In WJ drilling, water is forced through a tiny orifice at
speeds of up to three times the speed of sound. In AW]J,
an abrasive powder such as silica or garnet is added to the
water [Refs.87-89].

Electro Chemical Machining (ECM) is a machining
process in a metal that involves the removal of material by
electrochemical corrosion. A high current is passed from
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a positively charged workpiece through an electrolyte
solution to the negatively charged cutting tool [Ref.90]. A
shaped electrode is used to create turbulated cooling holes.

Electric discharge machining (EDM) is a thermal proc-
ess that uses spark discharges to erode material from the
workpiece. A rapid series of electrical discharges pass
between the electrode and the workpiece (the turbine
blade). A dielectric fluid continuously flows and flushes
away the chips or debris from the machining process.
Intricate cavities, contours and holes can be machined in
electrically conducting (uncoated) workpieces (turbine
blades).

Electro chemical discharge machining (ECDM) is a
hybrid process [Ref.91] combining the principles of EDM
and ECM. It is mainly used for micro-machining hard,
brittle, non-conductive (coated) materials (turbine blades).
Here the tool must be continuously dipped in an electro-
Iyte.

Electron beam machining (EBM) is good for machin-
ing holes with consistent accuracy and at a rapid rate. In
this method, highly accelerated electrons are focused
[Ref.92] on the workpiece surface. At the impact spot, the
kinetic energy from the electrons melts and vaporizes the
workpiece material. The process is conducted in vacuum.
Complex contours can easily be machined by maneuver-
ing the electron beam using magnetic deflection coils.

The main advantage of laser drilling is that it is a
non-contact technique and therefore coated blades can
also be processed. High aspect ratio holes can be drilled.
High speeds and good accuracies are achievable. Like the
electron beam machining, there is a process zone consist-
ing of heat affected region, melted material and vaporized
zone.

Laser drilling has several variations, such as single
pulse, percussion, trepanning, Microjet, etc. In percussion
drilling, several laser pulses are used in rapid succession.
Trepanning is the technique where first a small hole is
drilled and is then enlarged by the laser beam. Laser
ablation can remove the thermal barrier coating (TBC) and
the bond coat before drilling the holes. Assist gas (process
gas) can be used with the laser beam to remove the debris
from the cutting area; the gas also cools the workpiece.

During any machining process, using a coolant serves
many purposes: it cools the cutting zone, lubricates the
process and washes away the debris. In laser Microjet
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machining [Ref.94, 95], the laser emitter is surrounded by
a water jet and the laser beam travels along the inside of
the very narrow stream of water (Fig.25), [Ref.93].The
laser beam is contained within the water jet and reflects
along the air-water interface. The concentrated laser beam
and the narrow water jet hit the workpiece together. The
water jet acts as an optical fiber, guiding the laser beam
into the workpiece (turbine blade), while cooling the sur-
rounding area and flushing out the drilling debris. It took
the GE three years and 1.7 million euros to perfect the laser
microjet technology for the gas turbine industry [Ref.
94].

Thermal Barrier Coatings (TBCs)

In this section, the following topics are discussed: why
are coatings needed? What is a TBC? What are the mate-
rials for the coatings? How are coatings applied on the
blades? And how can the coatings fail?

As mentioned earlier, there is a constant push to raise
the Turbine Inlet Temperature (TIT) in order to improve
the thermal efficiency of aircraft jet engines. Improve-
ments in blade materials (super alloys at present) have
almost reached a saturation point. Significant improve-
ments have been achieved with blade cooling. Further
improvements are possible only with Thermal Barrier
Coatings (TBC) applied to the super alloy blades. As
shown in Fig.26 [Ref.95] the increase in TIT due to the
improvements in super alloy chemistry and single crystal
solidification has been modest compared to the gains
achieved by blade cooling and TBC. Originally introduced
to stationary engine parts, in the late 1980s TBCs were
used on rotating blades. About 1 to 1.5 million kilograms
of Yttria Stabilized Zirconia (YSZ) topcoat was Atmos-
pheric Plasma Sprayed (APS) onto engine components in
2011 alone [Ref.96]. Another point to note here is that in
the development of the super alloy blade chemistry, the
improvements in mechanical properties have been
achieved at the expense of resistance to oxidation and
corrosion; the TBC compensates for this situation.

The Thermal Barrier Coating (TBC) consists of three
layers: (a) a "bond coat" applied directly on the super alloy
blade, (b) a ceramic "top coat" applied as an overcoat, and
(c) an intermediate "Thermally Grown Oxide" (TGO)
layer that develops between the bond coat and the top coat;
it is mostly o--Al,O5.

The three-layered TBC is shown in Fig.27 [Ref.97].
The figure shows the bond coat which is about 100 um
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thick, the top coat which is 100 to 400 um thick and the
TGO that develops between the bond coat and the top coat,
1 to 10 um thick. The temperature gradient across the
coated blade is also shown. The temperature drops across
the cooling air film, across the top coat, across the bond

coat and finally across the internally cooled super alloy
blade.

TBCs are multi-functional. They must provide thermal
insulation. They must have strain compliance to minimize
thermal expansion mismatch stresses; they (the top coat
part of TBC) must be porous (about 15%) for high strain
compliance and reduced thermal conductivity. They must
reflect radiant heat from the hot combustion gases imping-
ing on the blades. They must withstand extreme thermal
gradients (of the order of 1°C/um) and energy fluxes. They
must operate in an oxidizing environment at pressures of
10 atmospheres and gas velocities exceeding Mach 1. In
addition to all these requirements, they must also with-
stand corrosion, erosion, Foreign Object Damage (FOD),
etc.

The materials selected for the top coat and the bond
coat are different. The top coat, among other things, must
have a very low thermal conductivity. The most widely
used material is 7YSZ, ZrO, stabilized with 7 weight
percent Y,03. YSZ has one of the lowest thermal conduc-
tivities at elevated temperatures, of all ceramics. YSZ also
has a high thermal expansion coefficient, which helps
alleviate stresses arising from the thermal expansion mis-
match between the ceramic top coat and the super alloy
substrate. To further alleviate these stresses, microstructu-
ral features such as cracks and porosity are deliberately
introduced into the top coat, rendering it highly compliant
and strain tolerant. While the top coat porosity is good for
strain compliance, it allows easy ingress of oxygen from
the combustion gases to the bond coat; even if the top coat
were fully dense, the extremely high ionic diffusivity of
oxygen in the zirconia-based ceramic top coat renders it
"oxygen transparent” [Ref.97]. YSZ has a relatively low
specific gravity of 6.4 which is important for rotating
engine components. It has a hardness close to 14 GPa,
which makes it resistant to erosion and FOD. YSZ is
resistant to ambient and hot corrosion. It has a high melting
point (close to 2700°C).

New top coat materials being investigated are: pyro-
chlor materials based on the fluorite structure of zirconia,
Perovskite-structured oxides and lanthanide orthophos-
phates and silicates [Ref.98].
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The bond coat in many ways has to meet the most
stringent constraints [Ref.95]. One of its primary functions
is to provide a reservoir from which aluminum can diffuse
outward to combine with the oxygen, diffusing inward
through the porous top coat, to form a-Al,O3 in the TGO
layer. The bond coat has to maintain cohesion with the
TBC without reacting with it. There is a constant effort to
improve bond coat materials. For instance, adding 1 to 2%
Re (melting point = 3180°C, specific gravity = 21) to
MCrAlY (M =Co or Ni) coatings makes the coating have
better oxidation resistance and better mechanical proper-
ties; it also prevents the aluminum from diffusing back
into the super alloy substrate.

Ideally, the Thermally Grown Oxide (TGO) should
remain elastic at the highest temperatures encountered
without creep, which can cause "rumpling", or cavitation;
during thermal cycling creep can cause the development
of local separations at the TBC interface. At the same time,
the TGO has to operate at the highest possible temperature
so that the amount of cooling air needed can be mini-
mized.

There are various methods for depositing ceramic
coatings on metal (super alloys) substrates. Out of these
the two most important methods used for TBC top coat
deposition are (a) Air-Plasma-Spray (APS) deposition and
(b) Electron Beam Physical Vapor (EB-PVD) deposition.
Both these methods, on the whole, produce the desirable
microstructures and characteristics. In APS, um sized
particles of metals and ceramics are introduced in powder
form into an arc-plasma jet and projected onto a prepared
substrate. The particles melt, followed by impact and rapid
solidification. In EB-PVD, a highly energetic electron
beam is scanned over the ceramic material to melt and
vaporize it within a vacuum chamber. The preheated sub-
strate is positioned in the vapor cloud and the vapor is
deposited onto the substrate.

APS TBC provides much less strain resistance than the
EB-PVD. EB-PVD provides a columnar microstructure,
which contributes to strain compatibility and thermal fa-
tigue life. For jet engine applications, TBC coatings de-
posited by EB-PVD are said to have [Ref.99] higher
lifetime compared to APS; but for land-based turbines,
APS is said to give the best performance. The columnar
microstructure due to EB-PVD provides pseudo-plastic-
ity. Compared to the APS TBCs, EB-PVD TBCs exhibit
a higher erosion resistance, a smoother surface finish that
offers aerodynamic advantages, and cooling holes that

VOL.69, No.2

stay open through the processing. The disadvantages of
EB-PVD are high cost, higher thermal conductivity and
limits in chemical variability due to vapor pressure
issues.

There are several possible failure modes of TBC. The
growth of the TGO during the turbo-engine operation is
one of the factors responsible for the spallation failure of
TBCs. The formation and growth of the a-Al,03 TGO
results in the depletion of Al in the bond coat. If this
aluminum depletion is severe, other oxides such as Ni- and
Co- containing spinals can form. The structural integrity
of the TGO is compromised by the formation of these
phases and the localized oxidation due to the fast oxygen-
diffusion paths accelerates.

Molten deposits can also destroy TBC [Ref.95]. Mol-
ten silicate deposits, based on CMAS (Calcium-Magne-
sium-Alumino-Silicate) can corrode the super alloy
blades. CMAS originates from siliceous debris (airborne
dust, sand, ash, etc.) ingested with the intake air. At the
high temperatures of the combustion gases, the glassy melt
can penetrate the porous TBC, chemically dissolve the
TBC and cause the precipitation of a modified oxide. The
blade is covered by a brownish deposit that strongly ad-
heres to the blade surface. The deposit usually appears on
the pressure side and leading edge. The molten CMAS has
a low viscosity and infiltrates the inter-columnar gaps in
the TBC, pores and cracks all the way to the TGO, as
shown in Fig.28 [Ref.100]. Upon cooling, the molten
CMAS freezes and the infiltrated TBC becomes rigid and
loses its strain compliance. Delamination cracks develop
in TBC and lead to spallation during thermal cycling.
While solutions to this problem are being explored, one
concept is to deposit a thin layer of a non-reactive metal
(such as platinum) near the coating surface (Ref. 100)
which will arrest the CMAS penetration.

Future Trends

Conventional super alloys (Nickel and Cobalt based),
with all the changes in alloy chemistry, cooling passages
and thermal barrier coatings, have reached their limit in
increasing TIT. Further increases in TIT will have to
continue for improving the thermal efficiency of gas tur-
bines, by resorting to other materials. In this section,
Iridium based super alloys, intermetallics, bulk ceramics,
ceramic composites, directionally solidified eutectic ce-
ramics, transformation toughened ceramics and self-heal-
ing ceramics are briefly described.
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In the 1960s, refractory alloys based on Nb and Mo
were considered for turbine applications; while they are
good in inert atmospheres, their oxidation resistance was
inadequate. In both Iridium and Platinum based super
alloys, the microstructures similar to those of Ni-based
super alloys can be obtained [Ref.101]. Iridium based
alloys have good creep strength but are marginal in their
oxidation resistance. The oxidation resistance of platinum
based alloys is adequate but their creep strength is low.
More development is needed.

By contrast, Refractory Metal (RM) based metal-inter-
metallic composites, such as RM-silicides were developed
in the 1990s to take advantage of the beneficial oxidation
and creep resistance of the silicides and the mechanical
properties of the RM. Two of the more promising systems
are Mo-based silicides and Nb-based silicides. They form
as metal-toughened intermetallic-strengthened materials
with a metallic phase volume fraction between 35% and
60% [Ref.102]. The melting points of these multiphase
alloys are above 1750°C (Nb-based) and 1950°C (Mo-
based), respectively. Mo-Si-B alloys typically have a ma-
trix of Mo solid solution providing fracture toughness and
ductility below 600°C and embedded intermetallic Mo;Si
and MosSiB, type compounds for creep and oxidation
resistance; they exhibit melting points on the order of
2000° C and their room temperature fracture toughness is
improved by adding small amounts of Zr [Ref.103]. Al-
loys of Nb-Si system can be improved by the addition of
other elements: for instance, NbTiHfCrAlSi.

Bulk ceramics such as Si3N4 can operate up to 1500°C
[Ref.104] and have been used in small land-based tur-
bines. Ceramics offer many advantages over super alloys,
such as lower density, better resistance to oxidation and
abrasion, etc. But silicon nitride has a few problems such
as difficulty in machining due to its hardness, lack of long
term reliability and low fracture toughness to withstand
FOD. The mechanical properties and machinability of
SizN,4 can be improved by combining it with MoSi,. When
these two materials are combined, there is synergy result-
ing in increase in fracture toughness and compression
strength at room temperature, increase in creep strength at
high temperature and decrease in thermal expansion. Fur-
ther work is in progress in composition optimization,
microstructure control, porosity reduction and improve-
ment in the manufacturing process. To increase the high
temperature properties of silicon nitride, several additives
such as SiC, TiN/TiC, BN, ZrO,, MoSi,, etc., have been
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added. These materials can be used at temperatures con-
siderably higher than possible with super alloys.

The push for jet engine fuel efficiency continues with
greater vigor. While the average fuel consumption per
seat-km today is 27 to 35 per cent less compared to 1980,
more ambitious reductions have been called for by the
Advisory Council for Aviation Research in Europe
(ACARE) in "Flightpath 2050" [Ref.105]. The goals are:
a 75% reduction in CO2 per passenger-km, a 90% reduc-
tion in nitrous oxide (NOXx) emissions and a 65% reduction
in noise by the year 2050 compared to 2000. Such drastic
reductions require revolutionary materials and ceramic
matrix composites (CMCs) offer a solution [Ref.105].

CMC:s are considerably more expensive but they are
much lighter, stronger and offer a 100 to 200°C improve-
ment in high temperature capability compared to the super
alloys. The main types of CMCs include SiC fiber rein-
forced SiC matrix, carbon/carbon composites, carbon/SiC
composite and oxide fiber/oxide matrix composite, where
the oxide is typically alumina. SiC/SiC components used
in oxidizing environments must be protected using Envi-
ronmental Barrier Coatings (EBCs). SiC fibers must be
coated also to prevent attack from oxygen diffusing
through the porous matrix. The oxide fiber/oxide matrix
composites do not require a protective coating but they are
inferior to SiC/SiC composites in thermo mechanical
properties [Ref.105].

A drastic increase in CMCs is expected soon in aeroen-
gine components in the coming years. In addition to their
higher temperature capabilities, CMCs, unlike super al-
loys in the hot zone, do not need to be air-cooled; thus the
air flow will be freed to boost the engine’s propulsion and
efficiency. Although the static components will be made
of CMC:s initially, eventually greater benefits will accrue
when the turbine blades are made of CMCs. CMC rotating
parts of military jet engines have already been tested
successfully [Ref.105]. Lightweight turbine blades will
require lighter turbine disks and bearings multiplying
weight savings manifold. In spite of practical problems in
material properties and material processing, progress is
being made in attempts to bring CMCs to the hot rotating
parts of gas turbines [Ref.106-108].

One way to improve ceramics is, just as in the case of
super alloys, to directionally solidify them, or their eutec-
tics. Directional solidification of eutectic compositions
between alumina and rare-earth oxides result in situ com-
posites of two single crystal eutectic phases. After solidi-
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fication, the eutectic phases are alumina and either a
Perovskite phase REAlO3 (Rg: Gd or Eu) or a garnet phase
RE3A15012 (RE Y, Yb, EI‘, Dy)

In the case of ternary systems, cubic zirconia is added
to improve fracture toughness, as a dispersoid. Both the
binary and ternary systems exhibit very good mechanical
properties such as flexural strength that is constant up to
temperatures close to the melting point, good creep resis-
tance, microstructure stability and oxidation resistance
(Ref. 109). For very high temperature structural applica-
tions such as turbine blades in future aeronautical turbo
engines or land based power units, investigations are in
progress in both binary [Al,03-Y3Al50, (YAG), Al,O3-
Er;Als01, (EAG), and Al,03-GdAlO3; (GAP)] and ter-
nary [AlLO3-YAG-ZrO,, AlLO3-EAG-ZrO, and
Al,03-GAP-ZrO,] eutectics [Ref.110].

Two novel developments in the field of ceramics can
be expected to overcome the traditional drawbacks of
ceramics such as brittleness and low fracture toughness
and thus make them viable candidate materials for aircraft
turbine blade applications. These are crack-healing and
transformation toughening.

In crack-healing, when a ceramic develops a crack
exposed to the environment, depending on the availability
of oxygen, a reaction product of oxygen and one of the
constituents of the ceramic can form and seal the crack.
For this to happen, the temperature should be high enough
and the time should be sufficient. For instance, in a ce-
ramic composite containing SiC, the following chemical
reaction can take place [Ref.111]:

SiC +2 0, = Si0, + CO, (CO) + 943 kJ

The following three conditions must be satisfied for
effective crack-healing: (1) The space between the crack
walls must be filled completely with the chemical reaction
products, (2) The crack-healing product should be as
strong as or stronger than the matrix, and (3) the crack-
healing substance must have a strong bonding with the
matrix. It has been found [Ref.112] that several ceramic
composites show crack-healing characteristics. Examples
are: AlLO5 + SiC particles, SizN4 + SiC, Al,O5 + SiC
whiskers, ZrO, +SiC, SiC fibers in SiC matrix, etc. Light
weight silicon carbide fiber reinforced silicon carbide
matrix (SiC/SiC) composite appears poised for applica-
tions in the next generation aircraft engines [Ref.112].
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As mentioned earlier another novel development in
ceramics is transformation toughening. Transformation
toughening of ceramics was first reported by Garvie et al
in 1975 and the term "ceramic steel” was coined [Ref.113].
Garvie et al showed that the volume increase in the tetrago-
nal to monoclinic transformation in zirconia may be used
to increase the fracture toughness of a ceramic through
careful control of the composition and microstructure.

High temperature turbine blades fabricated from ce-
ramics (and ceramic composites) need to be coated with a
protective coating, very similar to the coating (TBC) ap-
plied to super alloy blades. This is because silicon contain-
ing ceramics react with oxygen and water vapor at high
temperatures and form SiO, scales; these then react with
the water vapor to form gaseous silicon hydroxide. The
protective coating, termed Environmental Barrier Coating
(EBC), should impede the diffusion of oxygen and water
vapor.

A typical advanced EBC is shown in Fig.29 [Ref.100].
It consists of a silicon bond coat applied directly to a SiC
based CMC, a layer of mullite (for impeding diffusion of
oxygen to the silicon bond coat) and a low volatilization
rate material (such as a rare earth silicate) that protects the
mullite and silicon layers from volatilization by water
vapor. The EBC can protect the ceramic material/compos-
ite at very high temperatures (such as 1700°C). Multilayer
EBC systems are usually deposited by thermal spray proc-
esses or plasma spray process.

Concluding Remarks

The turbo-engine is a remarkable product of engineer-
ing ingenuity in the fields of design, materials and manu-
facturing and is used in aircraft propulsion as well as
land-based power generation. The blades of the high pres-
sure turbine are the most severely stressed components.
They are subjected to high centrifugal stresses, high tem-
peratures, corrosion, oxidation, foreign object damage,
etc.

There is a constant pressure on the aircraft industry to
increase the Turbine Inlet Temperature in order to increase
the thermal efficiency of the engine to keep up with the
rising fuel costs. Innovations in blade materials have re-
sulted in improvements in the chemistry and microstruc-
ture of the nickel-based super alloys. Innovations in the
manufacture of the blades have resulted in directional
solidification of the blades. Innovations in design have
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resulted in internally cooled blades and blades with Ther-
mal Barrier Coatings.

Further increases in the Turbine Inlet Temperatures
require the inevitable use of ceramics for turbine blades.
The traditional limitations due to brittleness can be over-
come by innovations such as ceramic matrix composites
with ceramic reinforcements, directionally solidified eu-
tectic composites, transformation toughened ceramics,
self-healing ceramics, etc. Ceramic blades also will need
an Environmental Barrier Coating. Work is in progress in
all the afore- mentioned areas and the actual use of ceramic
based materials in the turbo engines, especially the rotat-
ing components, is not too far off.
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Combustion chamber

Fig.4 Fretting Failure at the Blade/Disk Attachment in the Fir
Tree Joint [Ref.17]
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Fig.3 Pressure and Temperature Distribution Across a Roll b~ 60%
Royce Trent 800 Engine [Ref.12]
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Fi.6 Schematic of First-Stage Gas Turbine Blade that Experi-
enced Cracking After 32,000 h in Service. (a) Sectioning
e Planes at Three Locations on the Blade Airfoil (b) Cross-sec-
Fig.5 Crack (Arrow) Observed in Trailing Edge Near Plat- tional View of the Blade Airfoil Showing the Cooling Holes
form of Service-run Gas Turbine Blade [Ref.30] and Numbering Sequence [Ref.31]
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(b) \ 25

Fig.7 Oxidation and Cracking at Cooling Holes in a Turbine
Blade (a) Trailing Edge cooling Hole Surface Showing Oxida-
tion and Nitridation Attack on the Surface After 32,000 h of
Operation (b) Crack found on the Surface of No.5 cooling
Hole. Oxidation on the Crack Surface and Hole surface can
be Noticed [Ref.31]
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Fig.8 Comparison of Unfailed and Failed T-1 Turbine Blades
Used in Study (a) Example of Unfailed T-1 Turbine Blade (b)
Example of Failed T-1 Turbine Blade [Ref.13]
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Fig.9 Variation of the Specific Strength of Important Alloys
with Temperature [Ref.37]
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(a) (b) (©)
Fig.12 Nickle-Base Superalloy Turbine Blades Solidified as

(a) Equiaxed Grains, (b) Columnar Grains,
(c) a Single Crystal [Ref.37]
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Fig.13 Investment Casting with Directional Solidification of a
Turbine Blade in Single-Crystal Form [Ref.54]
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Fig.14 Chronological Increase in Operational Temperature of
Turbine Components [Refs.55,56]
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Fig.15 Major Steps Involved in Investment Casting [Ref.66]
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Fig.16 Passages Along the Length of a Blade Created for
Blade Internal Cooling by Ceramic Cores [Ref.80]
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Fig. 18 Schematic of Typical Gas Turbine Air Foil with

s

Common Cooling Techniques [Ref.67]
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Fig.19 Turbine Blade and Representative Slice [Ref.83]
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Fig.20 Film Cooling of Jet Engine Blade [Ref.84]
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Fig.23 Temperature Distribution for a Blade Without Cooling
Channels [Ref.72]
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Fig.24 Temperature Distribution for a Blade With Cooling

Channels [Ref.73]
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Fig.26 Comparison of Increases in TIT Due to Improvements
in Super Alloy Chemistry with Increases in TIT Due to
Internal Cooling and TBC [Ref.95]
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