Hot Working Superalloys
Overview

Ni-Based Superalloys for Turbine Discs

David Furrer and Hans Fecht

Superalloys have been developed for spe-
cific, specialized properties and applications.
One of the main applications for nickel-based
superalloys is gas-turbine-engine disc com-
ponents for land-based power generation and
aircraft propulsion. Turbine engines create
harsh environments for materials due to the
high operating temperatures and stress lev-
els. Hence, as described in this article, many
alloys used in the high-temperature turbine
sections of these engines are very complex
and highly optimized.

INTRODUCTION

Gas turbines are complex machines,
being employed in both aircraft engines
or land-based power-generation appli-
cations. Small, intermediate, and large
gas turbines are being developed rap-
idly for mobile land-based power units!
and large commercial aircraft applica-
tions (Figure 1).2

The various parts within this type of
power-generation system have specific
and unique requirements. For example,
thehigh-pressure turbine section reaches
the highest temperature and is one of the
higheststress parts of the engine, requir-
ing very specialized nickel-based super-
alloy materials. The operating tempera-
tures for the rim sections (near the gas-
flow path) of high-pressure turbine discs
have continued to challenge materials
and design engineers as temperatures

now approach 760°C and even 815°C for
military applications.?

In addition to high temperature con-
cerns, materials for modern turbine ap-
plications are driven by ever-growing
commercial pressures. These pressures
can be seen as demands for lower com-
ponent costs,* life-cycle costs, and main-
tenance costs. For lower acquisition costs,
avenues such as alloys with reduced
cobalt and alloys that result in higher
processing yields are being pursued. For
lower life-cycle costs, alloys are being
designed with longer service lives. Al-
loys with good stability and very low
crack-growth rates that are readily in-
spectable by nondestructive means are
desired. Fuel efficiency and emissions
are also key commercial and environ-
mental driversimpacting turbine-engine
materials.’ Tomeet these demands, mod-
ern nickel-based alloys offer an efficient
compromise between performance and
economics.® The chemistries of several
common and advanced nickel-based
superalloys are listed in Table I.

As turbine-disc requirements have
evolved, materials have been designed
to optimize certain key features. The
initial cast-and-wrought nickel-based
superalloys were developed for in-
creased temperature and strength capa-
bility. In the early 1970s, the empha-
sis turned toward powder-metallurgy

(P/M) alloys for even higher tempera-
ture and strength applications. More re-
cently, nickel-based superalloy devel-
opments have been driven toward im-
proved damage tolerance through highly
optimized fatigue-crack-growth prop-
erties. Additionally, issues such as com-
ponent residual stresses have become
critical to component design and lifing.

Optimized fatigue-crack-growthrates
and reduced component residual stress
levels have led to reductions in other
properties, such as strength and tem-
perature capabilities. The direction of
materials for future applications is once
again toward improved strength and
temperature capability, while still main-
taining or improving the damage toler-
ance and residual stress characteristics
of thebest materials currently being pro-
duced. This evolution in application re-
quirements has caused materials and
process engineers to tailor the process-
ing route for turbine discs for the correct
balance in properties.”

NICKEL-BASED SUPERALLOY
MICROSTRUCTURAL
FEATURES

The mechanical properties of nickel-
based superalloys can be optimized by
tailoring alloy chemistry and microstruc-
tural features through refined special
practices and process control.®* Nickel-

Table I. The Chemical Compositions of Several Superalloys (wt.%)

Alloy Cr Ni Co Mo W Nb Ti Al Fe C B Other
A286 15 26 — 1.25 — — 2 0.2 55.2 0.04 0.005 03V
AF115 10.7 56 15 2.8 59 1.7 3.9 3.8 — 0.05 0.02 0.75 Hf; 0.05 Zr
AF2-1DA 12 59 10 3 6 — 3 4.6 <0.5 0.35 0.015 1.5Ta, 0.1 Zr
AF2-1DA6 12 59.5 10 2.75 6.5 — 2.8 4.6 <0.5 0.04 0.015 1.5Ta, 0.1 Zr
Alloy 706 16 41.5 — — — — 1.75 0.2 37.5 0.03 — 2.9 (Nb+Ta), 0.15 Cu
Alloy 718 19 52.5 — 3 — 5.1 0.9 0.5 18.5 0.08 — 0.15 Cu
APK12 18 55 15 3 1.25 — 5 2.5 — 0.03 0.035 0.035 Zr
Astroloy 15 56.5 15 525 —_ — 3.5 44 <0.3 0.06 0.03 0.06 Zr
Discaloy 14 26 — 3 — — 1.7 0.25 55 0.06 —

IN100 10 60 15 3 —_ — 47 5.5 <0.6 0.15 0.015 0.06Zr,1.0V
KM-4 12 56 18 4 — 2 4 4 — 0.03 0.03 0.03 Zr
MERL-76 12.4 54.4 18.6 3.3 —_ 1.4 43 5.1 — 0.02 0.03 0.35 Hf; 0.06 Zr
N18 11.5 57 15.7 6.5 — — 435 4.35 — 0.015 0.015 0.45 Hf; 0.03 Zr
PA101 12.5 59 9 2 4 — 4 3.5 — 0.15 0.015 4.0 Ta; 1.0 Hf; 0.1 Zr
René 41 19 55 11 10 — — 3.1 15 <0.3 0.09 0.01

René 88 16 56.4 13.0 4 4 0.7 3.7 2.1 — 0.03 0.015 0.03 Zr
René 95 14 61 8 3.5 3.5 3.5 2.5 3.5 <0.3 0.16 0.01 0.05 Zr
Udimet 500 19 52 19 4 — — 3 3 <4.0 0.08 0.005

Udimet 520 19 57 12 6 1 — 3 2 — 0.08 0.005

Udimet 700 15 55 17 5 —_ — 3.5 4 <1.0 0.07 0.02 0.02 Zr
Udimet 710 18 55 14.8 3 1.5 — 5 2.5 — 0.07 0.01

Udimet 720 18 55 14.8 3 1.25 — 5 2.5 — 0.035 0.033 0.03 Zr
Udimet 720LI 16 57 15.0 3 1.25 — 5 2.5 — 0.025 0.018 0.03 Zr
V57 14.8 27 — 1.25 —_ — 3 0.25 48.6 0.08 0.01 05V
Waspaloy 19.5 57 13.5 4.3 — — 3 14 <2.0 0.07 0.006 0.09 Zr

14 JOM e January 1999



based superalloys are complex alloys
with various microstructural features
that contribute to the control of the me-
chanical properties. These features in-
clude grain size, Y’ size and distribution,
carbide- and boride-phase content, and
grain-boundary morphology.

Grainsizeis one of the mostimportant
features, asitgreatly influencesstrength,
creep, and fatigue crack initiation and
growth rate.’ Grain-size optimization
and control is one of the primary goals
during the forging of turbine-disc com-
ponents. Considerable work has been
done to develop predictive tools for re-
crystallization and grain growth of nu-
merous nickel-based superalloys;!-15
these efforts are continuing, and will be
a vital part of alloy and process design.

The selection of the initial material
manufacturing route is as important as
the selection of the alloy when consider-
ing grain-size control. For example, cast-
and-wrought material has typical grain-
coarsening behavior, whichisveryrapid
and nonuniform, as opposed to P/M
materials, which typically coarsen in a
more controlled and uniform manner.
Figure 2 shows the grain coarsening be-
havior of cast-and-wrought and P/M
U720LIL The average grain sizeas well as
theas-large-as grainsize coarsening rates
are greatly different between these two
pedigrees of U720LI.

The control of ¥’ size and distribution
is equally important in nickel-based su-
peralloy materials, since precipitation of
the v’ phase provides the main mode of
strengthening for these high-tempera-
ture alloys.!*'” This phase is primarily
controlled throughheat treatment, mak-
ing this processing step critical to all
superalloy components.!s-%

The heat treatment of nickel-based
superalloys has and continues to be a
topic of great interest.? Issues regarding
cooling rates, ¥’ nucleation rates, and
growth rates highlight the complexity of
these engineered materials. High cool-
ing rates from the solution heat-treat-
ment cycle promote fine y” formation
and, consequently, high tensileand creep
strengths. Overall alloy chemistry also
plays an important role in y” formation
size, morphology, and stability through
specific phase chemistry and lattice mis-
match issues. It is also clear that alloy
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Figure 2. Plot of grain sizes of (a) cast-and-
wrought U720LI samples and (b) P/M U720LI
samples heat treated for one hour at vari-
ous temperatures. AVG—average; ALA—as
large as.

and process design cannotbe separated,
but must work together for the best bal-
ance of mechanical properties for the
desired applications.

Other microstructural features that
impact turbine-disc performance, such
as grain-boundary morphology and car-
bide/boride phase contentand distribu-
tion, are of great interest and impor-
tance. Tailoring the morphologies of
grain boundaries has a great potential
for improved material performance. Ef-
forts to develop wavy or serrated grain
boundaries have shown improvements
in creep and rupture capabilities.?8
These improvements have been attrib-
uted to reduced continuous grain-
boundary segment lengths in any given
direction. This, in turn, reduces wedge
crack formation tendencies and mini-
mizes or eliminates continuous-carbide
film precipitation under service-stress
conditions.

Carbides and borides are beneficial to
wrought-processed nickel-based super-
alloy turbine discs. They improve grain-
boundary performance during creep
through grain-boundary sliding resis-
tance. Carbides and borides phase con-
tent, type, morphology, and location can

COMBUSTION
COMPRESSORS CHAMBER

TURBINES

be effectively altered
through thermo-me-
chanical processing.
While some carbidesand
borides are beneficial,
large quantities can be
detrimental, such as in
early-generation cast-
and-wrought alloys,
wherestringersand clus-
ters of carbides and

Figure 1. A schematic illustrating a cross section of a gas

turbine engine.

carbonitrides are com-
mon sites for fatigue
crack initiation.

SUPERALLOY DESIGN AND
PROCESS ISSUES

There are a number of issues with
regard to nickel-based alloy and process
design. These include component re-
sidual stresses, alloy stability, and de-
fects. All of these items are key for cur-
rentalloy design and processing and are
becoming increasingly important for
future applications.

Residual stresses are locked-in ther-
malstresses, which primarily come from
solution-heat-treatment cycles. Al-
though it is important to cool compo-
nentsrapidly fromasolution-heat-treat-
ment cycle, the variation in cooling rate
from surface to center results in large
thermal stresses, often large enough to
cause plastic strains and subsequent re-
sidual stresses.** Under extreme con-
ditions, thermal stresses can even give
rise to quench cracking.#42

Themagnitude of theresidual stresses
can be a large fraction of the material’s
yield strength in compressive and ten-
sile directions. These locked-in stresses
can greatly affect the performance of a
component, both in maintaining tight
machining tolerances and preserving fi-
nal component strength capability. It is
often thought that a component’s
strength capability can be measured by
testing samples excised from the com-
ponent. This is truly not the case, since
the material’s strength capability and
the component’s residual stress state
need to be analyzed concurrently.

Alloy stability has been an issue for
many years and will continue to be a
concern as new alloys as well as applica-

b 500 um

Figure 3. A cast-and-wrought U720LI sample
exhibiting (a) grain size banding and (b)
carbonitride stringers and clusters.
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b 10 um
Figure 4. Scanning electron photomicrographs
of (a) a partially extracted carbonitride particle
and (b) an extracted carbonitride particle in a
cast-and-wrought U720LI sample.

tions are developed. Tools such as
PHACOMP# and, more recently,
CALPHAD*#* havebeen utilized to pre-
dict alloy-phase stability. Sigma-phase
formation has been a key focus of these
tools. Consequently, alloy chemistries
have been optimized or modified to
avoid deleterious phase formation dur-
ing the service life of components.
With the many economic pressures of
today, it is not surprising that compo-
nents produced from current alloys are
being looked at for applications with
increased life and higher temperatures.
One of the workhorse superalloys, alloy
718, is being scrutinized for phase stabil-
ity;*47 it is now being studied to deter-
mine the mechanism and formation rate
of o-Cr. It is believed that this phase

formation can greatly impact the ma-
terial’s mechanical properties. Studies
of this type will be required of materials
for use in future applications that have
extreme service temperature and ser-
vice life requirements.

All applications need to be designed
inaccordance to a material’s capabilities
and inherent defect content and poten-
tial. While cast-and-wrought nickel-
based superalloys are common and
widely used, they still have issues with
regard to defect formation. These de-
fects range from common solidification
segregation resulting in grain size band-
ing, to carbonitride stringers and clus-
ters and very deleterious features, such
as freckles or white spots.*# Cast-and-
wrought superalloys are prone to segre-
gation problems. Figure 3a shows a
banded cast-and-wrought U720LI mi-
crostructure. Gamma-prime lean bands
result in grain coarsening during pro-
cessing, whiley’-richbandsrestrict grain
growth and result in fine grain bands.
Figure 3b shows typical carbonitride
stringers in cast-and-wrought U720LI.
This feature can be further seen in Fig-
ure 4a, where a carbonitride stringer
particle is partially extracted out of an
electropolished cast-and-wrought
U720LI sample; Figure 4b shows a
carbonitride particle after full extraction.

P/Mprocessingisrequired of the most
advanced, heavily alloyed nickel-based
superalloys for the most difficult tur-
bine-engine applications. P/M superal-
loy materials have been studied in great
detail %7 Although often thought of as
notbeingas “clean” as cast-and-wrought
materials, they do not possess the mac-
roscopic solidification defects inherent
to cast-and-wrought materials. Screen-
ing the powder material before canning
and consolidation controls the defectsize
inP/Mmaterials. Nickel-based superal-
loys produced by P/M exhibit networks
of finely distributed carbides and ox-
ides, which form on the prior atomized
powder surfaces, resulting in prior par-
ticle boundaries (PPBs). Figure 5 shows

5um
Figure 5. Scanning electron photomicrograph
of a PPB network in a P/M U720LI sample.

a PPB network in P/M U720LI, which is
not coincident with the alloy grain
boundaries.

The West has adopted extrusion to
consolidate and break-up PPBs and iso-
thermal forging to further work the con-
solidated powder material. The Russian
approach for P/M processing is to mini-
mize oxygen contamination by use of
plasma-rotating-electrode process
(PREP) atomization, followed by screen-
ing and electrostatic cleaning and hot
isostatic pressing (HIP) consolidation.
Wrought processing, however, of P/M
materials has also been shown even by
the Russians to improve component
properties over as-HIP materials.®
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cast-and-wrought version of this alloy is acceptable. For
applications where intermediate grain sizes are needed,
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alloy can result in significant property enhancements.
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