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Status and development of powder metallurgy
nickel-based disk superalloys

Nickel-based superalloys are crucial materials for the de-
velopment of aero-engine components, since their excellent
properties can meet the demands of turbine disks. For the
formation of such alloys, powder metallurgy is considered
as the ideal method, due to the resultant uniform composi-
tion and structure, fine grain, high yield strength, and good
fatigue performance. This paper provides a critical review
of the development of powder metallurgy nickel-based disk
superalloys, their composition, as well as the evolution of
the nickel-based superalloys’ microstructure in the past
few decades. Moreover, the influence of various elements
on the material properties and the three major defects of
powder metallurgy superalloys are reviewed. The analysis
indicates that these defects may be directly or indirectly
caused by the quality of the powder. Therefore, the innova-
tive powder techniques of electrode induction melting gas
atomization and spark plasma discharge spheroidization
are presented, in order to prepare ceramic-free and super-
fine nickel-based superalloy powders. The powders pre-
pared by electrode induction melting gas atomization and
spark plasma discharge spheroidization have been found to
be beneficial in improving the properties of powder metal-
lurgy nickel-based disk superalloys.
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1. Introduction

Powder metallurgy (P/M) nickel-based superalloys are con-
sidered as a kind of back-bone materials in the aerospace
field, since their performance is associated with excellent
characteristics, such as high temperature strength, fatigue

Int. J. Mater. Res. (formerly Z. Metallkd.) 110 (2019) 10

resistance, ductility, low creep, and structural stability [1—
3]. In particular, owing to their promising properties, P/M
nickel-based superalloys have been used in aero-engine
hot section components, and account for approximately
50 % of the weight of all components [4]. However, due to
the fact that in the future the aero-engine thrust-weight ratio
is expected to reach 15—-20 [5], turbine disks will face much
higher temperatures and pressures. Figure 1 shows the de-
velopment trend of turbine inlet temperature, turbine disk
temperature, and thrust-weight ratio of aero-engines [6].

In order to further improve the performance of P/M nick-
el-based superalloys, more requirements have been put for-
ward for the composition design, powder preparation, and
forming process of such superalloys. In this study, the de-
velopment of P/M processes for nickel-based superalloys
is reviewed. Moreover, two innovative superalloy powder
technologies are introduced.
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Fig. 1. Development trend of the turbine inlet temperature, turbine
disk temperature, and thrust-weight ratio in aero-engine.
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2. Development process of P/M superalloys

2.1. Development of P/M processes

The conventional casting process is suitable for producing
superalloys with few elements, such as the Waspalloy which,
along with Ni and Cr, contains only a small amount of
strengthening elements (Al, Ti, and Nb). Unfortunately, the
thermal properties of casting alloys can be deeply affected,
since a large number of additional elements can cause segre-
gation during the casting process. Besides, it is a common
problem that cast alloys crack during hot-working processes
[7—10]. Therefore, the P/M process has emerged.

In the P/M process, metal powder or mixtures with non-
metal powders are used as raw materials '!l. In general,
there are two types of production processes for disk superal-
loys [12]. The first is mostly used in the United States
(Fig. 2), and consists of master alloy melting, argon atomi-
zation (AA), hot extrusion (HEX), and isothermal forging
(ITF). The second process is preferred in Russia (Fig. 3),
and consists of plasma rotating electrode processing
(PREP) and hot isostatic pressing (HIP). Near net-shape
HIPping is a new powder metallurgy processing technology
which eliminates the extrusion and forging procedures and
massive machining operations by using appropriate tooling
for direct HIPping to produce near-shape or net-shape com-
ponents. Moreover, near net-shape HIPing is expected to
solve drawbacks, such as the long process time, high cost,
and low fly-to-buy ratio [13—15].

Melt » Powder « Screen «

2.2. Powder densification during the P/M process

It is generally considered that powder densification during
P/M process can be divided into several stages [16—19] in-
cluding mechanical compacts, plastic yield, creep, and dif-
fusion. First of all, after the powder particles are packed
into vessel prior to pressing and heating, point contact be-
tween particles takes place, which is called the particle rear-
rangement mechanism. Secondly, at the beginning of the
heating and pressurizing stage, the powder particle state
transforms from point contact to area contact, leading to
elastic deformation. With increasing temperature and pres-
sure, the deformation increases sharply, and as a result,
necks will be formed between particles. In addition, at this
stage, the particles undergo plastic deformation in a slip-
ping manner. Thirdly, when the contact stress falls below
the yield stress, densification will cease by plastic yielding.
Plastic deformation does not occur during this period.
Further densification depends mainly on law creep in the
contact zones, which is the creep mechanism. In this stage,
the density of the particles is close to the theoretical value.
Next, due to some voids that are surrounded by spherical
thick shells being retained [20], when densification occurs,
material diffusion will take place through diffusion from
the particle interior boundaries. Besides, since a concentra-
tion difference exists in particle interior and between parti-
cles, diffusion will also occur. Finally, the internal concen-
tration tends to be balanced, the voids are filled, and the
materials become denser.
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Fig. 2. Sequence of the conventional P/M process for powder disk superalloy.
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Actually, there is no clear critical point in these micro-
scopic mechanisms during the densification process of
superalloy powder particles. Sometimes these mechanisms
interact and promote powder densification [21].

2.3. Development of P/M nickel-based superalloys

The origin of P/M nickel-based superalloys goes back in the
1960s [22] (Fig. 5). Until today, nickel-based superalloys
have undergone three generations of development. The
properties of nickel-based superalloys have also been
greatly improved. It has been reported that in the United
States, research on the fourth generation of P/M superalloys
has already begun, in order to further improve the "three
high and one low" performance of such superalloys (high
temperature, high strength, high phase stability, and low fa-
tigue crack growth rate) [23]. Superalloys prepared by P/M
have the advantages of uniform composition and structure,
and high fatigue and yield strength. Consequently, the P/M
process is widely used to manufacture high performance
aero-engine components.
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Fig. 5. Development timeline of nickel-based powder superalloys [22}.

As can be seen in Table 1 [12, 24—-26], the content of Co
has been slightly increased through the generations, and
especially in the third generation. In the first and second
generations of nickel-based superalloys, the content of Co
ranges from 8 % to 18 %, while the content of Co reaches
21.3 % in third generation alloys such as LSHR. The con-
tent of Cr has been slightly decreased, but it remains be-
tween 9 % and 18 %. The content of precipitation strength-
ening elements Al, Ti, and Nb is between 6 % and 13.5 %.
In addition, caution has been raised about the addition of
grain boundary strengthening elements such as C, B, Zr,
Hf and V.

2.4. Microstructural evolution

The evolution of the nickel-based superalloy microstruc-
ture during the past few decades is shown in Fig. 6 [27],
which is magnified about 10000X. As is known, sub-
sequently added elements create new microstructure,
which promotes the improvement of alloy strength and
ductility. At the same time, topological close-packed
(TCP) phase forms, which is harmful to the superalloy ma-
terial, since it increases its brittleness and decreases its
strength [28—31]. As can be clearly seen in Fig. 6, from
the early 1930s to 1950s, the development of alloys was
mainly focused on “structure” increasing. In the first
20 years of development, the strengthening mechanism of
nickel-based superalloys was mainly dependent on solid
solution strengthening and carbide strengthening. After
the 1950s, the main strengthening mechanism was solid
solution strengthening and ' phase strengthening. Nowa-
days, nickel-based superalloys have a high temperature ca-
pacity up to 850°C, which is greatly improved compared
to the initial stages.

3. Influencing factors on the P/M nickel-based disk
superalloy properties

The research on nickel-based superalloys began in the
1930s, and was based on the Cr20Ni80 alloy. Due to their
good strength, resistance to oxidation and corrosion resis-
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Fig. 6. Panorama of nickel-based superalloy
microstructure development.
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tance at high temperatures, they have been rapidly devel-
oped. The development of temperature bearing capacity of
nickel-based superalloys is shown in Fig. 7 [32]. As can be
seen the temperature bearing capability of the P/M nickel-
based superalloys is higher than that of cast & wrought
(C&W) superalloys. The P/M superalloy LSHR can with-
stand approximately 730°C, which is significantly in-
creased compared to early stage alloys. Due to the excellent
overall performance at high temperatures and despite their
defects, nickel-based superalloys have been widely used in
many fields.

3.1. Influence of alloying elements

3.1.1. Role of various elements and topological dense
phase formation

The quality of superalloys is not only related to the maturity
of the P/M process, but also to the optimization of the
superalloy composition. As compared to the initial stages,
the composition of superalloys has become more and more
complex. In order to meet application needs several new
elements have been added to nickel-based superalloys. Dif-
ferent elements have different effects on the performance of
superalloys. The effect of each added element on the perfor-
mance of nickel-based superalloys can be seen in Fig. 8 [1].
Basically, the added elements affect the microstructure of
the superalloy, which influences the overall performance.
Some added elements cause solid solution atoms leading
to lattice distortion, which will increase the dislocation
movement resistance and make the plastic deformation
more difficult [33, 34]. Therefore, the strength and hardness
of the solid solution can be increased. In addition, the im-
provement of superalloy properties also relies on the preci-
pitation of intermetallic compounds ' (NizAl, Ni;Ti, etc.)
and y" (NisNb, Ni5V, etc.), the uniform distribution of fine
stable MC and M,;Cq in crystal grains [35—39], and on ele-
ments such as B, Zr, and Re [40, 41], in order to purify and
strengthen the grain boundaries. These additional elements
are beneficial to the improvement of the superalloy perfor-
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Fig. 7. Development of temperature bearing capability of Ni-based
disk superalloy.
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mance, while at the same time can form harmful phases.
For example, the added elements may result in alloy com-
position segregation. Additionally, excessive Cr, Nb, and
Re may lead to precipitation of TCP phases, which will
cause brittleness [42, 43]. Therefore, the content of addi-
tional elements should be controlled in a suitable range.
For example, the content of carbon in a superalloy should
be within 0.03-0.20 % [1].

3.2. Factors affecting material properties

As is well-known, the three major defects in P/M superalloy
are prior particle boundary (PPB) precipitation, thermally
induced porosity (TIP), and nonmetallic inclusions. These
drawbacks have great influence on the performance of
superalloy. Several studies have focused on reducing the ef-
fect of these defects on superalloys.

3.2.1. Prior particle boundary

One of the three major defects is superalloy-PPB precipita-
tion along the prior particle boundaries, which consists of
high-density carbide particles, oxide, oxy-carbides, and lar-
ger sized v’ phase [33, 44]. Much further and wider applica-
tions of superalloys are greatly restricted, since PPB has
significant effects on their ductility, tensile strength, and
high temperature creep behavior.

In general, many factors can lead to PPB precipitations.
Some researchers believe that PPB formed due to powder
surface contamination, since it can lead to increased oxygen
and carbon content, and then the elements will segregate
[45]. The carbides can be eliminated by high-temperature
solution treatment, while, if the cooling rate is not correct,
secondary precipitation will occur. Chang et al. developed
a new method [46], called hot isostatic pressing, which in-

[§]

4 +

1 - Solid-solution strengthening; 2 - Precipitation hardening;
3 - Grain boundary strengthening;
4 - TCP phase; 5 - Oxidationresistance

Fig. 8. Effects of different added elements on the properties of super-
alloys.
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cludes a short holding time above the solidus temperature
and a long annealing time below the incipient temperature
of the Laves phase. It has been found that HIP can signifi-
cantly reduce the PPBs and the Laves phase. In addition,
several studies have investigated the influence of proces-
sing variables on PPB precipitation. It has been found that
in P/M superalloy APKI, PPB precipitation can be sup-
pressed under optimized HIP parameters [47].

3.2.2. Thermally induced porosity

Thermally induced porosity (TIP) is caused by entrapped
insoluble gases, which expand during post HIP thermal
treatments and form discontinuous porosity in the product.
It is widely accepted that the formation of TIP derives from
the following reasons [48]: a) powder particles may actu-
ally be Ar bubbles, formed during Ar atomization; b) bub-
bles may exist if the powder is not sufficiently outgassed
before pressurizing; c) the Ar pressing medium may be
pumped into the product if there are leaks in the container.
In addition, it is believed that the presence of TIP is detri-
mental to the mechanical properties of superalloy parts
[49]. The effect of TIP on the tensile strength and yield
strength of P/M superalloys has been studied by Zhang
et al. [50], and their results revealed that the tensile strength
will decrease with increasing porosity. Moreover, TIP can
be a source of cracks after the post HIP process thermal
treatment. It has been reported that an atomization technol-
ogy can reduce TIP in y’ precipitation strengthened nickel-
based superalloys [51].

3.2.3. Inclusions

Many reports have shown that inclusions are harmful to the
mechanical properties of superalloys, especially under low-
cycle fatigue (LCF) [52-54]. The notched LCF behavior of
P/M gas-turbine disks has been investigated [55], and the
results indicated that the majority of LCF failures initiated
from inclusions (oxides), with a minority of initiation sites
being grain facets in the microstructure. The initiation sites
are surface or subsurface, and reduced LCF life is generally
associated with surface initiation at the notch root. In addi-
tion, crack nucleation around inclusions has a significant
effect on the tensile strength of P/M superalloys [56]. In or-
der to investigate the micro-crack nucleation mechanisms,
electron backscatter diffraction (EBSD) combined with
high spatial resolution digital image correlation (HR-DIC)
were used [57], and the relative importance of inclusion/
matrix shape on crack nucleation was found. The propaga-
tion mechanism of fatigue cracks initiated from inclusions
has been examined in fine-grained IN718 [58]. On the basis
that the faceted fatigue crack propagation time scales with
the inclusion size, Denda. et al. found the significance of
the inclusion size effect and developed a predictive protocol
for determining this effect.

In general, the inclusions in P/M superalloy parts are
mainly a result of two aspects [S9—62]. a) they can be intro-
duced during powder preparation processes. Despite pro-
cesses such as screening and electrostatic separation being
employed, the inclusions are difficult to completely re-
move. b) Inclusions can derive from the master alloy.

According to the aforementioned discussion, we can
draw the conclusion that the mechanical properties of
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superalloys are highly related to the three major defects.
Therefore, it is important to eliminate or reduce the effects
of these defects. Moreover, it has been found that the raw
powder quality may be associated with the formation of de-
fects. Consequently, the preparation techniques of superal-
loy powders need to optimized.

4. Innovative technologies for nickel-based
superalloy powders

High-quality superalloy powders guarantee the excellent
performance of P/M nickel-based disk superalloys. As is
known, there are several methods for producing metal pow-
ders [63]. Among them, inert gas atomization is mainly used
for the preparation of superalloy powders. Currently, in the
United States and some European countries the vacuum in-
duction gas atomization process is mainly used to produce
metal or alloy powders, while in Russia the plasma rotating
electrode process (PREP) is adopted [63, 64]. In addition,
in order to reduce the inclusions and refine the particle size
of the powder as much as possible, new metal powder pre-
paration methods have been proposed, such as the spark
plasma discharge spheroidization process (SPDS) [65, 66]
and electrode induction gas atomization (EIGA) [67, 68].

4.1. Spark plasma discharge spheroidization technique

4.1.1. Mechanism of the spark plasma discharge
spheroidization technique

The spark erosion technique was proposed by Svedberg in
1924 [69], and has been used to produce colloidal suspen-
sions in the early years. Nowadays, it is widely used in ap-
plications in many industries, such as fabrication of hard
or tough materials, wire-cutting, or powder production.
American Materials and Electrochemical Research (MER)
has used the plasma discharge spark process to produce ul-
trafine Ti and tool steel powders with tightly controlled size
distribution ranging from 1 pm to 10 pm [70]. In addition,
Ti—Ni—Zr and Ti-Ni-Hf powders have been obtained via
spark-erosion in liquid argon from preliminary melted
shape memory master alloys [71]. The Ge group was the
first to report the preparation of superalloy powder using
the spark erosion technique.

Pulse power source

Electrode

Charge .
Screen

Dielectric liquid —

:_.L_._——u—-'._

Particle

Fig. 9. Schematic diagram of SPDS.
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The schematic diagram of spark erosion can be seen in
Fig. 9 [72]. As can be seen, a repetitively pulsed spark dis-
charge between the electrodes immersed in dielectric fluid
is maintained. The forming mechanism of particles can be
divided into four steps [73, 74]:

1. when the gap between the electrodes becomes narrow
enough, a plasma channel is generated between the elec-
trodes that are immersed in the dielectric fluid (water,
kerosene, or liquid inert gas) and a pulsed power source,
while the plasma channel is surrounded by a sheath of
vaporized dielectric [75];

2. due to the repetitive spark discharge, a super-high tem-
perature, as high as 10000 K, develops at local of the
electrode, which leads to localized melting or vaporiza-
tion of the electrode;

3. the molten metal droplets and vapors are inserted into an
insulating medium;

4. finally, the powders can be obtained by cooling of the
molten droplets or condensation and cooling of the va-
pors in the dielectric liquid [76—78]. SPDS can avoid
the introduction of ceramic during the powder prepara-
tion process.

(@)

Interval distribution, %
°3888883883
Cumulative distribution. %

4.1.2. Superalloy powder prepared by SPDS

As can be seen in Fig. 10a, the resulted particle size is ap-
proximately 5 ~ 10 um, which means the powders produced
by SPDS are fine. Due to the rapid cooling rate of 10% ~ 10°
K -s7! [78], SPDS can produce ultrafine powders. Addi-
tionally, the cooling rate is faster than that in the argon ato-
mization process (10° ~10° K - s). An SEM micrograph
of Rene88DT superalloy particles produced by SPDS in al-
cohol and liquid argon is presented in Fig. 11a. It can be
seen that the Rene88DT superalloy powder has a high de-
gree of sphericity, smooth surface and uniform particle size
[79]. A higher magnification SEM micrograph of the pow-
der is displayed in Fig. 11b, and it can be seen that the sur-
face of the powder particles exhibits cellular structures.

4.2. Electrode induction melting gas atomization (EIGA)

4.2.1. Mechanism of the electrode induction melting gas
atomization technique

The EIGA equipment was designed by the ALD company
in order to solve the ceramic inclusions problem. It can be

Fig. 11. SEM micrograph of Rene88DT superalloy powder produced by SPDS in alcohol and liquid argon: (a) low magnification; (b) high magni-
fication [79].
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seen from Fig. 12 that in this method a superalloy electrode
is immersed in a conical induction coil and the molten met-
al falls directly into the atomization zone, and thus using a
ceramic crucible can be avoided. Therefore, EIGA prevents
the introduction of ceramics from the crucibles. The elec-
trode bottom is immersed in an induction coil, where it
melts and produces dripping or streaming liquid metal,
which directly breaks down and is atomized by the high-
pressure inert gas from the nozzles. Finally, the melt dro-
plets cool and particles are obtained. In the past, EIGA
was mainly used for the production of powders of Ti, Nb,
Zr, and other low melting point alloys [80]. The Ge group
was the first to propose the production of super-clean and
super-spherical superalloy powders through EIGA by pro-
cess parameter and nozzle optimization [68, 82].

Rotating electrode «

Induction coil «

Metal flow «

Nozzle «

Atomization chamber

Fig. 12. Schematic diagram of the electrode induction melting gas ato-
mization.
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4.2.2. Superalloy powders prepared by EIGA

High-purity FGH4096 superalloy powder has been success-
fully prepared by EIGA. Figure 13a shows the distribution
of particle diameter, which accounts for about 70 % in the
range of 0 ~300 um. As can be seen in Fig. 13b, the powder
particles have high sphericity and smooth surface. The soli-
dification microstructure of the particles ranging between
0~50 um exhibits cellular structure. In particles whose
size ranges between 50~ 100 um, both cellular structure
and dendritic microstructure occur. In particular, the den-
dritic microstructure increases rapidly when particle size is
larger than 80 pm, and the cellular morphology will de-
crease at the same time. When the particle size is greater
than 100 um, the solidification microstructure of particles
is dendritic. The reason why the surface solidification mi-
crostructure transforms from cellular to dendritic is prob-
ably a result of different cooling rates, since the fine parti-
cles cool faster than the coarse ones. In addition, there are
no hollow particles ranging between O~ 150 um, while
few hollow particles are present when the particle size is
greater than 150 um. This indicates that EIGA can effec-
tively prevent TIP, which is caused by hollow particles
[65].

4.2.3. Microstructure of nickel-based superalloy powders

The cross-sectional morphologies of nickel-based superal-
loy powders prepared by EIGA and SPDS are presented in
Fig. 14. The internal structure of the powder prepared by
EIGA is uniform (Fig. 14a), and dominated by dendritic
structures, while on the other hand, the internal structure
of the powder prepared by SPDS is uniform, small, with
no obvious dendritic structures. One of the reasons explain-
ing the different internal microstructures is supposed to be
the different cooling rate. In addition, the cooling rate is
also related to the particle size, since a higher cooling rate
can produce smaller-sized powders. It has been reported
that the cooling rate of gas atomization is approximately
10> ~10° K - s7!, while the cooling rate of SPDS is about
10° ~10° K - s7!. Therefore, the size of the powder parti-
cles prepared by SPDS is much smaller than of that pre-
pared by EIGA.

Fig. 13. FGH4096 superalloy powder produced by EIGA: (a) distribution of particle diameter, and (b) micro-topography.
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Fig. 14. Cross-section morphology of superalloy powders produced by (a) EIGA, and (b) SPDS.

5. Conclusions and outlook

P/M nickel-based superalloys are key materials for the pro-

duction of high-temperature parts of aerospace engines.

Thus, it is important to maintain and improve the high-tem-

perature properties of nickel-based superalloys. According

to the previously discussed studies, the following conclu-
sions can be drawn:

1. The properties of nickel-based superalloys are influ-
enced by their microstructure, and the role of various
elements in superalloys has been well investigated. On
this basis, composition optimization is a practical meth-
od for determining good combinations of mechanical
properties of nickel-based superalloys. In addition,
composition design of next generation high perfor-
mance superalloys is also very important.

2. The powders prepared by SPDS have high degree of
sphericity, smooth surface and uniform particle size
ranging between 5 ~ 10 um. Thus, SPDS is an important
supplement to the powder preparation techniques for P/
M superalloys.

3. Powders prepared by EIGA have high sphericity,
smooth surface, and few hollow particles. Inclusions de-
rived from the crucible or tundish that contain the mol-
ten metal can be avoided by EIGA. Therefore, EIGA is
beneficial to improve the performance of superalloys.

This work was supported by the Scientific Research Fund of Central
Colleges and Universities(FRF-TP-17-044A1).
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