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Microstructure evolution of a new directionally solidified Ni-based
superalloy after long-term aging at 950 °C upto 1 000 h
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Abstract: The microstructure evolution of a new directionally solidified (DS) Ni-based superalloy used for gas turbine blades after
long-term aging at 950 °C was investigated. The results show that the y' phase becomes more regular in dendritic arm and
interdendritic area, while both the mass fraction and the size of y’ phase increase gradually with increasing aging time. During
long-term aging, the MC carbide dissolves on the edge to provide the carbon for the formation of My;Cy carbide by the precipitation
of Cr at the grain boundary. The rose-shaped y'/y eutectic partly dissolves into y matrix and the aging promotes it transform into
raft-shape y’. The microstructure is generally stable and no needle-like topologically close-packed phase (TCP) can be found after

aging for 1 000 h.
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1 Introduction

The directionally solidified (DS) Ni-based
superalloy possesses good physical, mechanical and
corrosion properties and high stability at high
temperatures, so it has been widely used as parts in fields
of aviation and aerospace [1—3]. Due to the elimination
of grain boundaries and the introduction of a preferred
grain orientation by DS casting [4], it becomes the first

choice materials to apply for advanced gas turbine blades.

During service, the alloy used as gas turbine blades is
subjected to severe working conditions, such as high
temperature and long time. As a result, the
microstructure of the alloy greatly changes [5]. However,
all the properties of the alloy are dependent on
microstructure. Therefore, the microstructural stability of
the superalloy is a critical issue for the reliability and
economy of entire gas turbine systems [6—8]. In recent
years, more researchers focused on the microstructure
evolution and the degeneration of microstructure during
long-term aging at high temperature for safety in
utilization [9—10]. They summarized some rules of
microstructure in the superalloy after long-term aging,
such as coarsening of y’ phase [11], decomposition of

prime carbide [12—13] and precipitation of second phase
[14]. In the present work, the microstructural stability of
the new Ni-based superalloy developed by directionally
solidified (DS) technology at 950 °C for 1 000 h used as
the gas turbine blades was investigated. The complex and
multi-phase microstructures of the alloy were studied.
The microstructure evolution process of the alloy was
also summarized.

2 Experimental

A new directionally solidified Ni-based superalloy
with the chemical composition (mass fraction, %) of 0.12
C, 12.3Cr, 8.9 Co, 4.4 W, 1.8 Mo, 4.0 Ta, 3.4 Al, 3.9 Ti,
1.0 Hf, 0.014 B, 0.05 Zr and balance Ni was used in the
present research. The alloy was prepared by double
vacuum method and directionally cast into the bar with
dimensions of d13 mmx 220 mm. Then, the samples
were sectioned into 10 mm in height for preparation of
metallographic samples and subsequent long-term aging
treatment. The samples were standard heat-treated at
1 180 °C for 2 h followed by air cooling, and then held at
845 °C for 24 h with air cooling. After standard
heat-treatment, the samples were subjected to long-term
aging for 100, 500 and 1 000 h at 950 °C, respectively.

Foundation item: Projects (2006CB605005, 2010CB631203) supported by the National Basic Research Program of China; Project (IRT0713) supported by
Changjiang Scholars and Innovative Research Team in University, China
Corresponding author: WANG Lei; Tel:+86-24-83687725; E-mail: wanglei@mail.neu.edu.cn

DOI: 10.1016/S1003-6326(11)60995-3



2200 HUANG Yan, et al/Trans. Nonferrous Met. Soc. China 21(2011) 2199-2204

The microstructures of samples aged at each stage
were examined by an optical microscope (OLYMPUS
GX71 type) and a laser scanning confocal microscope
(OLYMPUS OLS 3100 type), as well as the field
emission scanning electron microscope (JEOL 7001
type) with an energy dispersive spectroscope (EDS). The
specimens for observation were etched in a solution
consisting of 4 g CuSO4; 20 mL HCl and 80 mL
C,HsOH. High magnification observation was carried
out on a transmission electron microscope (TECNAL G2
20) and the thin foil was electropolished with an
electrolyte consisting of 10% HCIO, and 90% C,HsOH
at —25 °C.

3 Results and discussion

3.1 Microstructure characteristics of as-cast alloy
Figure 1 shows the microstructure of the as-cast
samples. The dendrite and interdendrite region in the
as-cast alloy can be seen clearly. The microstructure of
the alloy is composed of y'/y eutectic, y' phase, y matrix
and carbides. The rose-shaped y'/y ecutectics are
distributed in interdendritic area, which is the last
solidified part. The carbides are observed in the
interdendritic area with both block shape and rod shape,
as shown in Fig. 1(b). According to EDS pattern shown
in Fig. 2, the carbide is rich in Ta (41.02% in mass
fraction) and Ti (50.91%), probably TaC and TiC, which

Fig. 1 Optical micrographs of as-cast alloy (a) Dendritic
pattern; (b) y '/y eutectic and carbide

is similar to other superalloy. MC carbides with the high
carbon contents among the other kinds of carbides are
the resources of the carbon for the formation of other
carbides in the subsequent heat treatments or services.
Through SEM observation shown in Fig. 3, it is clear
that the primary y’ is of cubic type with a diameter of
0.2—0.6 pm.
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Fig. 2 SEM image (a) and EDS spectrum (b) of MC carbide of
as-cast alloy
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Fig. 3 SEM image of y’ phase in as-cast alloy

3.2 Microstructure characteristics of alloy after aging

Figure 4 shows the OM photographs of y’ phases in
alloys aged for different time. It can be found that the
morphology of y’ phases is near spherical, and their size
is almost the same. With increasing aging time, the y’
phase grows gradually. Heavy elements such as W and
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Fig. 4 Optical micrographs of y' phase in alloys aged at 950 °C
for 100 h (a), 500 h (b) and 1 000 h (c)

Mo with high melting points tend to segregate at the core
of dendrites, while the interdendrite region of
microstructure enriches in Al and Ti [15]. Therefore, the
average size of y' phase in the interdendrite regions is
larger than that in the dendrite cores, as shown in Fig.
4(c), but the y' phase in interdendrite regions has an
irregular cubic morphology. At the same time, y' phase
remains cuboidal under whole testing conditions, and
there is no particle agglomeration in the dendrite region,
as shown in the Fig. 5. The y’ coarsening during the
long-term aging follows Wagner’s theory of Oswald

maturing to y’, which is realized by the dissolution of
small p’ and the growing of big y’. When a moving
dislocation encounters a series of obstacles, the obstacles
will hinder the moving of dislocation. With the growing
of y’', the distance between two neighbor y’ phase
increases. When a dislocation passes large obstacles,
there will be a dislocation loop left behind the obstacles,
and the resistance for dislocation to move decreases.
Thus, the strengthening effect is smaller. Therefore, with
the increase of aging time, the y' phases grow gradually,
resulting in the decrease of strength.
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Fig. 5 TEM image of y ' phase in alloy aged at 950 °C for
1000 h

There are mainly two kinds of carbides in this alloy
after long-term aging, which are MC and M,;Cs. MC
carbides are prime carbides, which can be easily
observed with plates and regular geometric shape.
During aging, the carbide morphology changes slightly,
as shown in Fig. 6, which shows that the carbides
dissolve on the edge during aging, and this variation
starts from aging of 100 h, and becomes obvious with
increasing the aging time. According to the EDS
analyses (Table 1), it is found that no change occurs in
the composition of carbides after long-term aging, as
shown in Fig. 7 (remarked with A). While, the
dissolution part of carbides, as shown in Fig. 7 (remarked
with B), is rich in Al, Ti and Ni which almost have
become a part of the matrix.

On the other hand, after aging the grain boundary
carbides M,;Cs (as shown in Fig. 8) can be seen, which
cannot be found under the as-cast condition. During the
aging at 950 °C, MC carbide changes into the My;Cs
grain boundary carbides. By the EDS analysis of the
carbide at grain boundary, it is found that the carbides
are rich in Cr. After aging for a relatively long time, MC
type carbide reacts with the matrix by MC +y— M,;C¢t+
y" [16]. As shown in Fig. 8, the M,;C¢ type carbides are
distributed at the grain boundary, and their size becomes
larger with increasing the aging time. When carbides are
granular, the strengthening mechanism is the same as



2202 HUANG Yan, et al/Trans. Nonferrous Met. Soc. China 21(2011) 2199-2204

e
s gog O3,
a%ﬁﬁg{

Fig. 6 Optical micrographs of dissolved carbides in alloys aged
at 950 °C for 100 h (a) and 500 h (b)

for 1 000 h

Table 1 EDS point analysis results of chemical compositions

Point 4 in Fig. 7 Point B in Fig. 7

Element

w/% x/% w/% x/%
Ti 19.90 45.20 5.79 7.09
Cr 0.75 1.57 3.27 3.69
Ni 3.20 5.93 68.75 68.71
Mo 3.00 341 6.01 5.99
Hf 2.90 1.77 5.03 10.93
Ta 60.00 36.07 6.61 2.14
w 10.24 6.06 4.54 1.45

that of y' precipitate. So, it is helpful that the block
carbides dissolve into small carbides after the aging.
Nevertheless, when the alloy is aged for a long time, the
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Fig. 8 Optical micrographs of grain boundary carbides in alloys
aged at 950 °C for 100 h (a) and 1 000 h (b)

precipitated carbides along grain boundary connect with
each other and the sizes of grain boundary carbides
increase. These grains are encompassed by these
chain-like carbides, and crack may be formed easily.
Because of above reasons, chain-like carbides along
grain boundary are detrimental, and can decrease the
strength and other mechanical properties of the alloy. As
well known, the plasticity of carbides is lower than that
of the matrix, since the carbides can be enlarged after
long-term aging, which will be very helpful for the
plasticity of the alloy. However, it is important to avoid
the carbides to continuously distribute at the grain
boundary, so that it will cause the grain boundary
brittleness.

The y'/y eutectic is an indication of the remaining
melt at the end of the solidification process. After
solution heat treatment at 1 180 °C for 2 h, the
microstructure with y'/y eutectic has been homogenized
and alloying element segregation become weaker and
weaker, while the primary y' in the as-cast alloy cannot
be resolved fully. Figure 9 shows that the y'/y eutectic
like rose remains during the aging. It can be noticed that
with increasing the aging time, the y'/y eutectic partly
dissolves into y matrix, at the same time, the shape of y’
changes into the shape of raft, but the chemical
composition of y'/y eutectic changes a little after aging
under the experimental conditions.
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950 °C for 100 h (a) and 500 h (b)

Figure 10 shows the optical micrograph of the alloy
after aging for 1 000 h. Due to the element diffusion, the
distribution of alloying elements in the alloy tends to be
more homogeneous. The difference between the
interdendrite and dendrite becomes vaguer and vaguer.
And no needle-like TCP affecting the mechanical
properties of the alloy can be found after aging for 1 000
h. Based on the results, it can be considered that the
microstructure of new directionally solidified alloy is
generally stable at 950 °C.

Fig. 10 Optical micrograph of alloy aged at 950 °C for 1 000 h

4 Conclusions
1) The microstructure of the as-cast alloy was

composed of coarse y' precipitates, hyperfine y’ particles
in the matrix, y'/y eutectic and blocky carbides.

2) With increasing the aging time, the y’ phases in
both dendritic and interdendritic grew and changed from
spherical into cubic morphology.

3) During aging, part of MC type carbides reacted
with the matrix and changed into M;Cq type carbides.

4) After long-term aging, the y'/y eutectic partly
dissolved into y matrix, and at the same time, the shape
of y’ changed into the shape of raft.
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