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FOREWORD

For the nearly three decades since the middle of World War 11, the
insatiable demands of the turbine engines that power our high performance
military and commercial aircraft, as well as our industrial turbines, have
motivated a search for new materials. These materials are for use at high
temperatures in one of the most complex and difficult environments ever
encountered. During this entire-period, the materials technologist has met
these demands with ever-improving superalloys, which , in addition to their
increased use in engines as temperatures are pushed further upward, have
become important to many other applications.

It has often been said that the opportunities in superalloys are exhausted;
therefore, other materials of much higher melting point, such as chromium,
the refractory metals, and ceramics, have been studied. Solutions to their
problems have eluded our best efforts, however, and as yet none has found its
way into engines, Instead, the pursuit of better and better superalloys
continues with more ingenuity and imagination than that for any other alloy
system. Indeed, the great need for improved superalloys has required ex-
ploration at the frontiers of metallurgical innovation, as aptly described in
this volume. . Although the already-demonstrated useful strength of the
superalloys at the highest fraction of the base metal melting point of any
alloy system has been achieved in part by the favorable properties that
nature has bgstowed on nickel and cobalt, the innovative efforts of the
creative matonals scientist and technologist are a tribute to ingenuity and
the state of science.

An examination of The Superalloys reveals that even after years of
endeavor, the current areas of pursuit are many and innovative, with yet
further advances anticipated. The sophisticated approaches of powder
metallurgy and thermomechanical processing, from the use of superplasticity
to the achievement of ultrafine grain sizes and unique characteristics, suggest
that a doubling of strength is possible for materials now in service for the
intermediate temperatures from 800° to 1400°F (460° to 760°C). The use
of powder metallurgy to achieve uniquely stable structures by mechanically
- dispersing unusual strengthening particles such as oxides is also coming to
fruition. Yet, the exploration of new alloy compositions uniquely tailored
to these sophisticated processing methods has only begun. Certainly the
alloy compositions best suited for consolidation by conventional melting
and forging or precision casting are not necessarily the same as those best
suited for these new processes.

To meet the demands of increased strength, particularly for thermal
_ fatigue resistance for turbine blades and vanes, the superalloy technologist
has evolved methiods of du'ectxonal solidification or controlled grain growth




vi FOREWORD

whereby all crystals are aligned along the length of the component, thus
eliminating weakening transverse boundaries. He has even gone a giant step
further to produce single crystal components with no grain boundaries at
all! ' i

To push temperature capability a step higher, he has suggested that he
should be able to control solidification of eutectic alloys to grow aligned
single crystals, or whiskers, from the eutectic phase within a ductile matrix
to form a fiber-reinforced alloy of great strength and stability at very high
temperatures. New directionally solidified eutectics of exceptional strength
are now evolving. Of course, much remains to be done before these
materials can be produced economically and before the necessary thermal
fatigue and impact resistances are demonstrated.

Perhaps in superalloys more than in any other system, the metallurgist
has been encouraged to use his cleverest ideas to demonstrate his ability to
tailor alloys to a specific need. Materials technologists in other fields should
benefit by these approaches.

A major barrier to the increase in use temperature of alloy systems for
engines is oxidation and hot corrosion. Corrosion has become a more
difficult problem to overcome than strength and ductility. Many current
alloys are coated for use at high service temperatures. But the coatings are
consumed eventually, both by their slow reaction with atmosphere at the
surface and by diffusion with the substrate (usually to the detriment of
the substrate properties). Thus, coatings wear out. Novel strengthening
methods, such as particle dispersion and fiber metallurgy, for those composi-
tions having the very best uncoated oxidation resistance are needed to obtain
maximum possible life at maximum temperatures. Because of the inherent
oxidation resistance of superalloy systems, this advance will most likely
occur through use of a superalloy matrix.

The future*of superalloys will be one of advanced understanding in
physical metallurgy and corrosion, of advances in alloy consolidation and
processing to control structure and thus properties, and of the creation of
new metallurgical structures tailored to meet a need — a dramatic demonstra-
tion of the opportunity to meet the needs of the future through innovation
in metallurgy. This volume covers the subject of superalloys in a timely,
authoritative, and complete mannes. The authors and editors are to be
congratulated for an outstanding book.

G. Mervin Ault

Director of Space Technology and Materials
NASA Lewis Research Center




Preface

It is suspected by many authors that most readers pass rapidly over the preface
to a technical book so that they can consume its “meatier’” portions. However,
this book attempts to do a particular job in a special way, and the reader is
strongly advised to read this preface to increase the usefulness of the book.

The last text on superalloys appeared in 1959. It was The Nimonic Alloys
by W. Betteridge of Great Britain, the only metallurgical reference source for
the burgeoning superalloy industry for a dozen years, and it treats but a select
group of nickel-base alloys. Many metallurgists have felt that a more modern
text, which treats all superalloy systems, is particularly needed. The difficulty
has been that most of the appropriate authors run so fast they have not had the
time to sit down and do the job.

About 4 years ago it was suggested by Henry Hausner that a useful text might
be assembled from the papers and talks presented in a course on superalloys at
UCLA. Subsequently, this suggestion developed into the concent that a book be
generated from chapters identified with specific superalloy subjects and written
by various experts. In this way, a complete and solid book could be generated
in approximately 2 years from a relatively diffuse effort.

Thus The Superalloys is a carefully edited collection of chapters aimed at
providing both the scientific and technical background needed to understand the
physical metallurgy of the superalloy systems in use today and introduce at least
‘the basis of their exciting and dynamic processing. Included are compilations of
chemistry and properties for reference use by engineers and designers along with
appropriate complex phase diagrams for alloy developers.

The “chapter compilation” technique, of course, means that conflicting
views may well appear within several pages of each other on a given subject. The
reader must understand and accept this. The editors choose to regard this as an
advantage. A certain degree of repetition may also appear, which is a disad-
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vantage of preparing a book in this fashion. However, oonsxderable effort has
been exerted to ensure that such repetition is minimized.

In oomplhng this book, the needs of both metallurgical and materials en-
gineers and of colleges and universities have been specifically kept in mind. Thus
this text can be expected to be useful as a metallurgical textbook in college
courses on high-temperature materials, as well as to those working in alloy and
process development.

Chromium-base alloys are included in this text. While they crystallize in the
body-centered-cubic structure,and thus are not considered ““true” superalloys by
most metallurgists, chromium alloys are primarily of interest as potential heat
engine and turbine components in competition with austenitic superalloys. Thus
the editors feel chromium alloys provide an interesting contrast to the austenitic
systems to which the balance of the book is devoted.

The chapter authors, primarily to conserve space and “keep the text rolling,”
have been requested to minimize referencing, using only “critical” or “basic”
references. The editors take responsibility for this policy.

Many trademarked alloys appear by name in the text; a table to fully identify
the source of these trademarks is included in the book.

Many have contributed to the successful issue of this book. The chapter
authors are all well-known in their fields, and their enthusiasm and cooperation
in this venture has been outstanding. However, we also have a large group of
unsung heroes, equally outstanding superalloy metallurgists who willingly agreed
to the less rewarding and time-consuming task of reviewing the various chapters.
They are: R. E. Allen, J. Barker, T. F. Berry, G. K. Bhat, W. J. Boesch, T. F.
Chase, J. W, Clark, D. Coutsouradis, W. P. Danesi, R. Frazer, R. Herchenroeder,
B. F. Kear, D. Killpatrick, M. A. Levinstein, L. W. Lherbier, D. J. Maykuth,

D. H. Maxwell, J. Mihalisin, K. R. Olen, F. M. Richmond, E. H. Ross, W. E.
Savage, A. U. Seybolt, W. Simmons, R. W. Smashey, D. Sponsellor, K. W. Walker,
D. F. Stein, E. W. Vandermolen, P. Viatout, F. J. Wall, J. L. Walter, S. T. Wlodek,
D. A. Woodford, and C. S. Wukusick. Importantly, some of the authors would
like to acknowledge sponsorship of their work by the United States Air Force and
by the National Aeronautics and Space Administration. Particular thanks is due
Judy Berard who typed more than seven chapters, in addition to accomplishing

a myriad of essential editing chores. The authors’ company, General Electric,
gave full support to this project; without such excellent cooperation, the com-
pilation of the book would not have been possible.

Oh yes, one Jast but important item. What is a superalloy? We believe a
modified American Society for Metals definition is most appropriate:

e e i e i e Ll




PREFACE

A superalloy is an alloy developed for elevated temperature service, usually
based on group VIIIA elements, where relatively severe mechanical stressing is
encountered and where high surface stability is frequently required.

Chester T. Sims

William C. Hagel

Schenectady, New York
Cincinnati, Ohio
April 1972
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Chapter 1

Superalloy Progress

ROBERT W. FAWLEY
Williams Research Corp., Walled Lake, Michigan

Superalloy development in the United States began in the 1930s, prompted by
the need for more heat-resistant materials in aircraft engine turbosuperchargers.
It has been paced, since the early 1940s, by the increasing demands of advancing
gas turbine engine technology. For purposes of classification, we identify three
main groups of superalloys: cobalt base, nickel base, and iron base; we consider
the nickel-iron-base alloys as a special group within the nickel-base class.
Chromium-base alloys are not generally regarded as superalloys_but are included
in this book for perspective.

In addition to aircraft, marine, industrial, and vehicular gas turbines, super-
alloys are now used in space vehicles, rocket engines, experimental aircraft,
nuclear reactors, submarines, steam power plants, petrochemical equipment,
and other high-temperature applications. The largest use for superalloys, how-
ever, is the gas turbine industry. We therefore briefly examine a gas turbine
engine to leamn its operation, its components, and its materials requirements.

GAS TURBINES

Operation

The gas turbine engine ingests air from the atmosphere, compresses it
several times, adds fuel, and burns the mixture, thus producing turbine inlet
gases in the temperature range of 1350 to 2500°F (730 to 1370°C). A portion
of the high-pressure hot gas steam is used to rotate a turbine section, which in
turn drives the compressor. The remaining hot gas is available for useful work,
for example, producing thrust in turbojet engines or shaft horsepower in

turboshaft engines. In each type of engine, however, there are three main sec-
tions: the compressor, the burner, and the turbine, as illustrated in Fig. 1.

Compressor. Early gas turbine engines employed radial flow compressors,
which were limited to compression ratios of approximately 4 : 1. These are
3




4 SUPERALLOY PROGRESS

still used in many small engines. Modern compressors in large engines are of
the axial flow configuration, consisting of alternate stages of stationary vanes
and rotating blades.* Incoming air is progressively compressed as it passes
through each compressor stage. Compression ratios to approximately 16 : 1
are achieved in current commercial engines and reach 25 : 1 in developmental
engines.

- Burner. Part of the compressed air entering the burner section is mixed with
fuel and burned within the combustion chamber, producing gas temperatures
greater than 3000°F (1650°C). The remaining compressed air flows around
the combustion chamber and through slots in the walls to keep them relatively
cool and to mix with the 3000°F (1650°C) combustion products in order to

cool the gas to 2000—-2400°F (1100 —1315°C) before it enters the turbine sec-
tion.

Turbine. Hot gases from the combustors are directed by stationary turbine
nozzle guide vanes onto the turbine blade (bucket) airfoils, thus rotating the
blade-disk-shaft assembly. The energy extracted from the hot gases is trans-
mitted by the shaft to drive the compressor, thereby sustaining engine operation.

Materials Requirements

Superalloys are generally used in turbine components operating at tempera-
tures above 1000°F (540°C), which include ducts, cases, and liners, as well as
the major components: turbine blades, vanes, disks, and combustion cans. We
consider the materials requirements of each of these major components.

Turbine Blades (Buckets). Turbine blade airfoils generally experience longi-
tudinal stresses to approximately 20,000 psi and temperatures of 1200-1800°F
(650-980°C) in their airfoil section. The blade root, which attaches to the disk,
is outside the hot gas path and is exposed to a maximum temperature of ap-
proximately 1400°F (760°C) but is subjected to tensile stresses of 40,000-
80,000 psi. In addition to these demanding strength requirements, turbine-
bucket materials must also have adequate ductility to tolerate creep deformation
to resist low-tycle fatigue deformation, and' to allow seating of the blade in the
disk slot. Since these parts are in contact with high-temperature combustion
products of high oxygen content, good oxidation resistance is mandatory. Re-
sistance to surface degradation by hot corrosion is also an important require-
ment of turbiné buckets, particularly in industrial turbines. For our purposes,
hot corrosion is defined as a combination of oxidation and reaction with sulfur,
sodium, vanadium, ind other contaminants, which may be contained in fuels

*“Blsde™ is the dircraft tertn; “bucket” is the industrial term in the tirbine séction.




