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Powder metallurgy (PM) superalloys are an important class of high temperature structural materials, key to the rotating
components of aero engines. In the purview of the present challenges associated with PM superalloys, two novel approaches
namely, powder preparation and the innovative spray-forming technique (for making turbine disk) are proposed and studied.
Subsequently, advanced technologies like electrode-induction-melting gas atomization (EIGA), and spark-plasma discharge
spheroidization (SPDS) are introduced, for ceramic-free superalloy powders. Presently, new processing routes are sought
after for preparing finer and cleaner raw powders for disk superalloys. The progress of research in spray-formed PM
superalloys is first summarized in detail. The spray-formed superalloy disks specifically exhibit excellent mechanical
properties. This paper reviews the recent progress in innovative technologies for PM superalloys, with an emphasis on new
ideas and approaches, central to the innovation driving techniques like powder processing and spray forming.
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1. Introduction

Presently, powder metallurgy (PM) superalloys have be-
come the prime choice as high-performance materials for aero-
engine turbine disks. However, PM superalloys suffer mi-
crostructural limitations in the form of powder-particle bound-
aries (PPB), thermally introduced porosity (TIP), inclusions
and other defects, introduced by the its rather unique process-
ing requirements.!'™! As a state of the art, the problems of
PPB and TIP have been significantly improved, however the
occurrence of inclusions still remains a challenge.!®! The me-
chanical properties of the PM superalloys, especially the low
cycle fatigue life (LCF), can be considerably affected by the
inclusions.!”! The sizes of starting powders, in large parts
determine the sizes of the inclusions. Therefore, reducing the
initial powder size is key to the control of inclusions. Hence,
preparation of fine and impurity free powders is an effective
approach to solving the problems related to inclusions.[!"]

Raw powders are the basis and prerequisite for the prepa-
ration of the turbine-disks out of PM superalloys. At present,
the technologies for powder preparation mainly include argon
atomization (AA) method, and plasma rotating electrode pro-
cessing (PREP). AA is widely used in American and Euro-
pean countries for preparing the superalloy powders. In AA
technology, refractory components such as smelting crucible
and nozzle stay in close proximity to the active material, as
a result a small proportion of non-metallic inclusions are in-
troduced into the prepared powders.!!!=131 On the other hand,
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PREP is widely used in Russia for preparing the superalloy
powders. However, as part of an inherent limitation of PREP,
it is difficult to obtain finer powders, since the rotational speed
of the electrode rod sets a lower limit to the particle size. Also,
a small quantity of coarse residual inclusions are commonly
found in PREP powders.!'"%!3] To manoeuvre further reduc-
tion in the occurrence of parasitic inclusions, researches on
new preparation technologies for ultra-purity fine powders are
essential. This is what determines the persisting trend in the
development of PM superalloys. [16-17]

In addition, out of economic considerations, it has be-
come important to reduce the cost of manufacturing of aero-
engine turbine disks.!'®! The combination of low cost and high
performance is another trend associated with the development
of disk superalloy.!'”! The low cost manufacturing of the disc
shaped components is increasingly emphasized and valued.
Recently, a Cast & Wrought processing route to the prepa-
ration of disk superalloy with less than 40% volume fraction
of the gamma prime phase has been reported.?”! The reported
method could effectively save manufacturing costs better in
comparison with the traditional PM route. However, it should
be noted that an exceeding gamma prime phase volume frac-
tion (> 40%) could lead to difficulties in forming, especially in
forging of billets. Therefore, it is necessary to further optimize
the low cost manufacturing of PM disk superalloy.

As a part of the research advancement towards optimized

superalloy powder preparation technologies, novel methods,
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namely electrode induction melting gas atomization (EIGA),
and the spark plasma discharge spheroidization (SPDS) were
proposed. EIGA has been used in the preparation of alloys
based on TiAL P! Ti,[??1 71,1231 and Mg systems.!**! Mate-
rials and Electrochemical Research (MER) Corp. of Tucson
(Arizona, USA) has reported the use of a method similar to
SPDS, for producing ultra-fine metal powders.[>>! However,
the preparation of superalloy powders by means of EIGA and
SPDS routes have not been reported anywhere. This paper
also presents a preliminary contribution to the developments
of these methods.

In our study of low cost manufacturing of turbine disk,
we have utilized spray-forming technology to prepare an in-
got of PM disk superalloy. Spray forming is an advanced
technology of rapid-solidification, which stems from metal at-
omization and powder metallurgy. It possesses great potential
for lowering the costs and shortening the manufacturing pro-
cess of the superalloy based turbine disk-blanks, by means of
the Cast & Wrought and the PM route.[?! In recent years,
most of the researches focusing on spray-forming, in con-
junction with Cast & Wrought superalloys, have been already
put into practice.[>’-33 However, the work related to spray-
forming of PM superalloys still lacks a rigorous and system-
atic approach.3%! Therefore, it becomes indispensable to fur-
ther study spray-formed PM superalloys.

In this paper, a thorough research on the technology for
preparation of superalloy powders using EIGA and SPDS, as
well as the low cost manufacturing of PM disk superalloys via
spray-forming route is presented. Current progress of research
in the associated technologies is also reported. The aim of this
paper is to provide theoretical support for the development of

new technologies of preparing PM disk superalloys.

2. Progress in novel technologies for preparing
PM superalloy powders

2.1. EIGA
2.1.1. Principle of EIGA processing

The equipment of EIGA processing is shown in Fig. 1.
The EIGA involves the advantageous features of induction
melting and atomization of the master alloy without the use
of melting crucible. A slowly rotating metal electrode is de-
scended through the spiral induction coil, and subsequently
melted. Further, the molten metal droplets drop onto the at-
omization nozzle system beneath. Atomization of the molten
metal is realized by the spraying action, resulting from injec-
tion of inert gas. Unlike other technologies, the EIGA pro-
cessing route is devoid of the usage of ceramic crucible dur-
ing melting of alloy, in addition to other advantages such as

lower power consumption and simpler equipment set-up. The

superalloy powders prepared using such a crucible-free tech-
nology can prevent the introduction of Al,O3, SiO;, and other
ceramic impurities into the powder preparation process. It is
also expected to reduce the quantity of inclusions in the pow-
ders, thereby improving the high temperature performances of

subsequently formed PM superalloys.

rotating electrode

induction coil

molten droplets

atomization nozzle
system

the spray of
atomized droplets

Fig. 1. (color online) Schematic diagram of EIGA apparatus used for the
preparation of powders.

2.1.2. Characteristics of EIGA powders

EIGA technology is first used to prepare powders of
disk superalloy FGH4095, a 1st generation PM superalloy in
China. We have carried out research work on the equipment
and technology for preparing superalloy powders, based on
the working principles of EIGA. The first ever EIGA device
in China, as an independent innovation, has been fabricated.
The work in the direction of preparation processing and con-
trol mechanism for highly pure powders is done by optimizing
the power parameters and nozzle design.

The morphology of superalloy FGH4095 powders pre-
pared by the EIGA technology is shown in Fig. 2. High pu-
rity argon is used as the atomizing gas. Figure 2 shows that
the superalloy FGH4095 powders prepared by EIGA process
have high sphericity, each with a smooth surface. The particle
size distribution is assumed to be of an ideally normal form
(Fig. 3), ranging from 5 pm to 150 pm.

)

Ay

Fig. 2. Morphology of FGH4095 powders prepared by EIGA route.
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Fig. 3. Particle size distribution in EIGA FGH4095 powders.

The solidification microstructure of the surface of rela-
tively small particles (20 pm to 50 pm) exhibits a cellular
structure. Dendritic microstructure starts to appear for the par-
ticles in a range from 50 pum to 80 pm in diameter, however the
proportion of the cellular structure remains larger. The den-
dritic surface solidification increases in the particles with sizes
of about 80 um to 100 um, accompanied by a decrease in the
cellular morphology. The solidification microstructure of par-
ticles with more than 100 pm of size is purely dendritic. The
trend, where the solidification microstructure changes from
cellular to dendritic shape with increasing particle size, is ob-
served with higher consistency. Figure 4(a) shows the surface
solidification microstructure for larger particle sizes ranging
from 100 wm to 150 pwm. It can be inferred that the smaller the
particle size, the smoother the surface is. The microstructures
of EIGA powders are finer because the corresponding cooling
rate, ranging from 10* K/s to 103 K/s, is higher than that for
the conventional obtained powders.*”) A finer microstructure
is helpful for homogenizing the composition of powders in the
subsequent hot isostatic pressing process, thereby providing
better performance for the PM superalloys. The relationship
between the particle size D and cooling rate can be expressed
as D =2.48 x 1037 03-8.45.

The bulk solidification microstructure of FGH4095 pow-
ders mainly includes cellular structure, developed cellular
structure, and dendrites. Smaller particles (< 50 wm) exhibit
developed cellular structures, whereas intermediate particles
(50 um to 80 pm) are largely found to have cellular type struc-
ture. Likewise, larger particles (> 100 um) are found to be
composed of dentrites, a modicum of them even manifest de-
veloped secondary dendrites (Fig. 4(b)).

After careful observations, no hollow particles are found
for sizes less than 150 um. Very few hollow particles are ob-
servable in the larger particles (> 150 um). The hollow parti-
cles are one of the main sources of thermally introduced poros-
ity (TIP) in PM superalloys. It can be said that PM superalloy
products made from the EIGA powders basically eliminate
hollow particle contribution to TIP, so that the performance
can be greatly improved.

Fig. 4. (color online) Solidification microstructures of (a) surface and (b)
interior of EIGA powder particle respectively.

2.1.3. Inclusions of EIGA powders

Current literature shows that the types of inclusions in
AA and PREP powders can be divided into following three
kinds: (i) ceramic and slag inclusions, which mainly come out
of master alloy and the process of powder preparation, (ii) or-
ganic inclusions, which mainly come out of powder treatment
and transportation process, (iii) dissimilar metal inclusions,
which mainly come out of high melting point segregations in

[7-1038] For comparison, the main chemical

the master alloy.
compositions of the inclusions in AA, PREP, and EIGA pow-
ders are listed together in Table 1. It can be seen from Ta-
ble 1 that the inclusions in EIGA powders mainly belong to
dissimilar metal type, and contain certain elements of ceramic
inclusions. The EIGA powders have not organic inclusions ba-
sically. Also, the chemical compositions of the inclusions in
EIGA powders are similar to those of master alloy. That is to
say, the inclusions in EIGA powders mainly come out of mas-
ter alloy. The causes are that the superalloy powders prepared
by using such a crucible-free technology can prevent the sec-
ondary contamination of ceramic impurities in the process of
powder preparation. So, the purity of EIGA powders is higher
than those of AA and PREP powders.

Table 1. Main elements of inclusions in AA, PREP, and EIGA powders.

Powders types Inclusion types

Containing elements

ceramic and slag inclusions

AL Si, Ca, Ti, Mg, C

AA and PREP powders organic inclusions C, 0,8, Ca
dissimilar metal inclusions Fe, Cr, Cu, Ni, O
EIGA powders inclusions in EIGA powders Ni, Cr, Ca, Fe, Ti, Mg

inclusions in master superalloy

C, O, Ni, S, Cr, W, Ca, Al Co, Fe, Ti, Si, Mg
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2.2. SPDS
2.2.1. Principle of SPDS process

Primarily, the SPDS process takes place during the spark
discharge between pre-alloyed charges immersed in a dielec-
tric fluid. After a complex plasma creation and breakdown,
the molten and subsequently evaporated material is ejected
from the electrodes and quenched in the dielectric medium.
This material ultimately condenses as powder in the dielectric
medium. Since the powders are quenched in dielectric, they
undergo extremely rapid cooling. Compared with the well-
known atomization process such as argon atomization (AA)
and plasma rotating electrode process (PREP), this novel pro-
cess can produce superfine powders at a much faster cooling
rate (~ 107 K/s).

The main steps of SPDS include the dielectric breakdown
and the formation of discharge channel followed by the en-
ergy distribution and heat transmission, the rapid solidifica-
tion, and the ejection and transfer of product. Figure 5 shows
the schematic of the self-designed SPDS apparatus used in the
preparation of plates/bars out of the superalloy powders.

servo feed system pulse power supply

upper electrode fixture

upper electrode

dielectric liquid

lower electrode

lower electrode f1x®

=3

Fig. 5. (color online) Schematic diagram of SPDS apparatus used for
preparation of powders.

2.2.2. Characteristics of SPDS powders

PM Superalloy FGH4096, a 2nd generation PM super-
alloy in China, is chosen as the test material. Fine spheri-
cal particles with sizes less than 40 um are obtained via the
SPDS process. The sphericities and particle sizes of the pow-
ders for the three different pilot dielectric liquids used, namely
kerosene, alcohol with liquid argon, and pure alcohol are dif-
ferent. FGH4096 powders show higher sphericity and finer
particle sizes for alcohol/liquid argon used as the dielectric
medium (Fig. 6(a)). Experiments on an existing spark ero-
sion facility show that spherical powders with particle sizes
tuned from several nm to 40 um can be obtained by appropri-
ately adjusting processing parameters. Figure 6(b) shows the
morphology of FGH4096 powders obtained by optimizing the
process parameters. It can be seen from Fig. 6(b) that the pow-
ders are fine in size, smooth in surface and uniform in particle

size distribution( mean size ~ 5 pm—-10 pm).

Fig. 6. (color online) Morphology images of the SPDS powders pre-
pared in alcohol with liquid argon (a) and fine powders obtained by
optimizing the processing (b).

The solidification microstructure at the surface of the
SPDS powder shows no dendritic and cellular morphologies,
while its bulk manifests a spherical solidification structure; in
effect the overall microstructure of the powder is more uni-
form. Main causes of such a microstructure are that the par-
ticle sizes are much smaller than those obtained by the tra-
ditional processes (AA and PREP), and that the solidification
rate (cooling speed) of the powder is also relatively high (1
order of magnitude higher). Therefore, it is not easy to form
dendrites; rather the powder may assume to have a spherical
structure.

The research work relating to inclusions in SPDS powder
are done. The SPDS powder products have a broad potential
market. Besides the preparation of PM superalloys for mak-
ing turbine disks, the method can also be used for injection
molding and rapid laser prototyping technology.

In short, the superalloy powders prepared by EIGA and
SPDS processing have the advantages in high sphericity, small
particle size, uniform microstructure and less inclusion con-
tents. A new way of preparing disk superalloy powders is
hence opened up by these methods.

2.3. Consolidation and forming of superalloy powders

Superalloy powders often contain difficultly in sintering
elements like Cr, Ti, and Al. These elements are easy to ox-
idate at the sintering temperature, which causes the superal-
loy powders not to be consolidated by using the usual sinter-
ing process. For superalloy powders, it is often required to
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form billet under high temperature and high pressure. The
main consolidation methods of superalloy powders include
vacuum hot pressing, hot isostatic pressing, spark sintering,
hot extrusion, forging, etc. At present, hot isostatic pressing
(HIP) is used commonly for consolidating AA, PREP, EIGA,
and SPDS powders. HIPed billets are isothermally forged
to produce turbine disk in American and European countries.
Whereas, as-HIP processing is adopted to manufacture disk

a.1925] The microstructure and mechani-

components in Russi
cal properties of disk superalloy are acutely affected by form-
ing technology. Study relating to microstructure and perfor-
mance of EIGA and SPDS powders are awaited to further per-

form.

3. Spray-formed superalloy

Spray-forming is based on powder metallurgy technol-
ogy. However, it avoids the associated disadvantages namely,
several processing steps, high cost and contamination etc.3!
In order to reduce the manufacturing cost of the turbine
disk, we have recently studied and developed the superalloys
FGH4095, FGH4095M, FGH102, and others, prepared via

spray-forming technology.

3.1. Preparation of deposited billet

The master alloys are prepared by using vacuum induc-
tion melting (VIM), followed by vacuum arc remelting (VAR).
The spray-forming process is set-up at University of Bremen
in Germany, in conjunction with spray-forming plant SK-2.
As a first step, the feedstock material is melted in a crucible
by an induction coil. The crucible has a melt capacity of 20 L.
The crucible and the induction coil are then placed in a vacuum
chamber followed by purging of argon. At the same time, the
tundish is heated via a resistance heating system. When the
melting temperature is attained, the molten metal is poured
into the preheated tundish and directed through the ceramic
nozzle at the bottom. Further, the molten stream is atom-
ized by a nitrogen stream through a scanning atomizer. The
droplets are accelerated and finally impinged and solidified on
the rotating substrate.

3.2. Relative density of the preform

Specimens out of the spray-formed PM superalloy are
taken from the top, middle, and bottom parts of the deposited
billet. Archimedes method is used to measure the density of
the sample. It is easy to compute the relative density of the
specimens in different parts of the billet by using the theoret-
ical density of the alloy, which can reflect the densification

(491 The mea-

states of the different parts of deposited billet.
surement results of the spray-formed superalloy FGH102, a
new 3rd generation PM superalloy in China, are reported in

Table 2.

Table 2. Densities and relative densities of deposited billets.

All Sampling Density measurement Relative Theoretical
%Y location /(g/em?) density/% density/(g/cm?)
top 8.28 99.04
FGHI102 middle 8.32 99.52 8.36
bottom 8.29 99.16

Table 2 shows that the average density among the three
parts of the billet is higher than 99%, which translates into a
< 1% of porosity. Spray-formed superalloy FGH102 preform
has a higher relative density. For the case of billets deposited
after hot isostatic pressing (HIP), the densification improves to
a value close to 100%.

3.3. Microstructure of spray-formed superalloy

The deposited billet of the superalloys exhibits a fine
structured and uniform distribution of grains. The grain struc-
ture of FGH102 is shown in Fig. 7(a). The morphology shows
remarkably spherical grains, with the grain sizes ranging from

Fig. 7. Microstructures of (a) grains structure, (b) ¥ morphology, (c)
Y phase in the forgings after heat treatment of spray-formed superalloy
FGH102.
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10 pm to 40 pm, the average grain grade is about ASTM 7-8.
The gamma prime phases are observed in the spray-formed su-
peralloy FGH102, classified within three distinct size groups.
This phase originally precipitates at the grain boundaries and
disperses within the matrix (Fig. 7(b)). The gamma prime
phase constitutes the following three groups: primary ' phase
with ~ 1.2 pum, secondary ¥’ phase with 0.3 um—-0.5 pwm, and
tertiary 7 phase with ~ 50 nm.

3.4. Mechanical properties of the spray-formed superalloy

All spray-deposited billets of FGH102 alloy are pro-
cessed by hot isostatic pressing (HIP) so as to improve the de-
gree of densification. The ‘HIPed’ preforms are isothermally
forged (IF) to produce several pancake-shaped forgings with
about 210 mm in diameter and 40 mm in height. The disk
forgings are solution heat-treated at 1130 °C for 1 h with fast
cooling, and aged at 850 °C for 4 h followed by 770 °C for 8 h

with air cooling. The ¥ morphology of disk forgings after the
heat treatment is shown in Fig. 7(c). After the heat treatment,
the ¥ precipitates in the form of primary ¥’ phase (~ 1 pm),
a large amount of secondary ¥ phase (0.2 um-0.4 pm), and a
fine tertiary ¥ phase (~ 40 nm).

The key mechanical properties of the turbine disk pre-
pared by HIP+IF pressing spray-formed superalloy FGH102,
after heat treatment are listed in Table 3. The experimental re-
sults in Table 3 show that the main mechanical properties of
the FGH102 turbine disk are higher than those required by the
design. The spray-formed superalloy FGH102 disk forgings
have excellent relatively high strengths with plasticity at room
and high temperatures. On the whole, the alloy has an ex-
cellent comprehensive performance.These encouraging results
indicate that the pilot study on spray-formed superalloy has
corroborated the potential of the process for producing high
performance disk parts.

Table 3. Key mechanical properties of the spray-formed superalloy FGH102 disk forgings.

Items UTS/MPa YS/MPa EL/% RA/%
. 1610 1175 18.5 20.0
Room temperature tensile
1610 1170 20.0 22.0
Design value > 1500 > 1120 >10.0 >12.0
o . 1330 1090 19.0 22.5
705-°C temperature tensile 1360 1090 21.0 235
Design value > 1100 >900 >12.0 >15.0
lif EL RA
Smooth rupture (705 °C, 897 MPa) rupture life/h % %
73 5 8
Design value > 50 / /
life/h EL RA,
Creep tests (705 °C, 793 MPa) creep life/ % %
181 / /
Design value > 100 / /

4. Conclusions

(i) EIGA powders show high sphericities and smooth sur-
faces, with particle sizes in a range from 5 pum to 150 pum.
With increasing particle size, solidification microstructure
changes from cellular to dendritic type. EIGA method basi-
cally suppresses the occurrence of hollow particles, and also
avoids secondary introduction of ceramic impurities, owing to
the absence of any close proximity refractory components.

(i) SPDS powders are superfine and uniform, with a
mean size of about 5 um-10 pm. The particle size can be
controlled by adjusting the instrumental parameters, as well as
by changing the type of the dielectric liquids.

(iii) Breaking through the conventional powder metal-
lurgy process, a new 3rd generation superalloy FGH102 tur-
bine disk is first prepared by spray forming + hot isostatic
pressing + isothermal forging route in China. The key per-
formances of the superalloy exceed the design indices.

(iv) The work presented in this paper serves as a the-

oretical support to provide new ideas necessary for innova-

tion and development in PM superalloy, which can be realized
through further research of novel powder preparation process

and spray-forming technology.
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