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Abstract: A new directionally solidified Ni-based superalloy DZ24, which is a modification of K24 alloy without rare and expensive ele-
mental additions, such as Ta and Hf, was studied in this paper. The microstructure and stress rupture properties of conventionally cast and
directionally solidified superalloys were comparatively analyzed. It is indicated that the microstructure of K24 alloy is composed of vy, ', v/’
eutectics and MC carbides. Compared with the microstructure of K24 polycrystalline alloy, y/y’ eutectic completely dissolves into the y ma-
trix, the fine and regular y’ phase reprecipitates, and MC carbides decompose to MgC/My;C carbides after heat treatment in DZ24 alloy. The
rupture life of DZ24 alloy is two times longer than that of K24 alloy. The more homogeneous the size of y' precipitate, the longer the rupture

life. The coarsening and rafting behaviors of y' precipitates are observed in DZ24 alloy after the stress-rupture test.
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1. Introduction

K24 superalloy is one of the most excellent conventional
cast superalloys that can tolerate average temperature from
900 to 1000°C. It is widely used in aircraft and power-gen-
eration turbines, rocket engines, and other challenging envi-
ronments as equiaxed polycrystal materials. However,
equiaxed grain boundaries of K24 superalloy are the sites
for damage accumulation at high temperature; crack growth
will suddenly occur in the use of early stages. To solve this
problem, the directional solidification process is applied for
producing columnar-grained blades with a directional structure
(without grain boundaries perpendicular to the blade axis).

The cost of directionally solidified casting is substantially
lower than that of single crystal casting. This is because the
directional solidification process is faster, the yield is higher,
and the inspection cost is considerably lower [1-2]. Direc-
tionally solidified castings possess only a few columnar
grains, which are oriented in the <100> crystallographic di-
rection. The stress-rupture life of directionally solidified
castings is much higher than that of polycrystal castings,
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which accounts for the absence of transverse grain bounda-
ries in directionally solidified castings.

In this paper, the microstructure of new directionally so-
lidified Ni-based superalloy DZ24 by modification of K24
and its rupture properties were discussed, comparing with
those of polycrystal K24 superalloy.

2. Experimental

The conventionally and the directionally solidified super-
alloy specimens (13 mm in diameter) were produced by
vacuum precision casting. The grain size of the convention-
ally cast specimen is about 2 mm and uniform, as shown in
Fig. 1(a). DZ24 specimens were cast with a withdrawal rate
of 6 mm/min in a Bridgeman type furnace. The macrostruc-
ture of a longitudinal section of the directionally solidified
casting (Fig. 1(b)) shows a short chill zone of fine grains
having a random orientation and an extended columnar zone
of grains growing normal to the copper chill plate and in the
direction of temperature gradient. The compositions of K24
and DZ24 alloys are shown in Table 1.
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Fig. 1. Macrostructures of K24 (a) and DZ24 (b) alloys.
Table 1. Chemical compositions of the tested alloys wt%
Alloy C Cr Co w Mo Al Ti v Nb B Zr Ni
K24 0.17 9.88 13.33 1.43 3.13 543 4.46 0.88 0.78 0.0061 0.011 Bal.
DZz24 0.16 9.33 13.92 1.41 3.25 542 457 0.84 0.83 0.0063 0.013 Bal.

The as-cast K24 alloy can be directly used without heat
treatment. Heat treatment of the DZ24 cast specimens
(DZ-H) is given as follows: 1220°C/4 h AC + 980°C/16 h
AC (AC: air cooling). Specimens for the stress-rupture test
with a diameter of 5 mm and a gage length of 25 mm were
machined longitudinally from the bars. Stress-rupture was
carried out at 975°C under a stress of 196 MPa. Samples for
microstructure observation were cut from the as-cast and
heat-treated and fractured specimens. The samples were
fabricated by the conventional method and electrochemi-
cally etched with an electrolyte consisting of 12 mL H;PO,
+ 48 mL H,SO, + 40 mL HNO;. The microstructure and the
fracture surface after stress-rupture tests were examined by
optical microscopy (OM) and scanning electron microscopy
(SEM) equipped with energy-dispersive X-ray spectroscopy
(EDS).

3. Results and discussion
3.1. Microstructures of the as-cast alloy

The as-cast microstructures of K24 alloy are shown in

Fig. 2. The microstructure of the as-cast samples is heavily
cored (Fig. 2(a)) and composed of v, y', y/y" eutectics and
carbides. The blocky-shaped microstructure between the
dendrites is the y/y'" eutectic liquid at the far end of the so-
lidification process [3-4]. The volume fraction of y/y' eutec-
tics is 2%. The y/y" eutectics are known as solidification de-
fects, which affect the ductility obviously [5-6]. The average
volume fraction of y' in the as-cast condition is determined
by surface area measurement from the SEM micrograph,
and it is found to be 70% of the matrix with the size of 0.6 to
2 um. Fig. 2(b) is the SEM micrograph of the as-cast K24
emphasizing on the morphologies of vy’ distribution. It can be
seen that the average size of y' in interdendritic regions is
larger than that in dendrite cores (Fig. 2(b)). Fig. 2(c) shows
that y" particles in the interdendritic region possess irregu-
larly aligned cubic morphology, and some of them have
been split from their corners.

In DZ24 alloy, the microstructure of directionally solidi-
fied castings is shown in Fig. 3. The microstructure of
as-cast samples is heavily cored (Fig. 3(a)). The microstruc-
ture of the alloy consists of cuboidal y', carbides, and y'/y
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Fig. 2. Micrographs of the as-cast K24 alloy: (a) dendritic pattern; (b) morphology of ¥’ distribution; (c) morphology of y’ phase in

the interdendritic region.
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Fig. 3. Micrographs of the as-cast DZ24 alloy: (a) dendritic pattern; (b) morphology of y' distribution; (c) mor

in the interdendritic region.

eutectics in the y matrix. A limited amount (nearly 2%)
of y'/y eutectics are distributed in the interdendritic area,
as shown in Fig. 3(a). The average volume fraction of
v' phase is found to be 75% of the matrix with the average
ledge size of 0.2 to 0.9 um. Fig. 3(b) shows the SEM micro-
graph of the as-cast DZ24 emphasizing on the morphology
of y' distribution. The size of y' phase in interdendritic
regions is larger than that in dendrite cores. The morphology
of y' phase in the interdendritic region is shown in Fig.

3(c).

The as-cast microstructures of K24 and DZ24 alloys both
have serious dendritic patterns due to the partitioning of
some elements to dendrite cores and interdendritic regions.
Heavy elements, such as W and Mo with high melting
points, tend to segregate at the core of dendrites, while the
interdendritic region of the as-cast microstructure is en-
riched in Al and Ti [7]. Due to the segregation of solute
elements, the cast microstructures are different in each part
of the casting. The average size of y' in interdendritic re-
gions is larger than that in dendrite cores. The microstruc-
tures of K24 and DZ24 alloys have an irregular cubic mor-
phology. The volume fraction of y' phase precipitating in
DZ24 alloy is larger than that in K24 alloy, and the size of '
phase precipitating in DZ24 alloy is smaller than that in K24
alloy.

To eliminate the elemental segregation and obtain uni-
form microstructures, homogenization treatment was per-
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3.2. Microstructures of DZ24 after heat treatment

After heat treatment, the segregation of alloy elements is
dramatically reduced by diffusion at high solution tempera-
ture. The prime Y’ phase and y'/y eutectics are dissolved in y
phase, and the dendritic structure is completely removed
(Fig. 4(a)). Fine and regularly aligned cubic y' phase of 0.3
to 0.5 um in size reprecipitates homogeneously during aging,
as shown in Fig. 4(b). The average volume fraction of y'
phase in the matrix is 79%.

Fig.4. OM (a) and SEM (b) morphologies of y' phase in DZ24 alloy after heat treatment.

formed by high-temperature diffusion. After the treatment,
coarse Y’ and y/y' eutectics in the as-cast microstructure are
fully dissolved into the y matrix and the fine and regular cu-
bic y' reprecipitates. The microstructure is much ideal and
beneficial to the mechanical properties of this alloy.

3.3. Carbides

K24 and DZ24 superalloys comprise of blocky and script
carbides in the as-cast structure (Fig. 5). EDS analyses show
that these carbides are MC carbides, where M is predomi-
nantly Ti and Nb, as shown in Figs. 5(c) and 5(d). The
blocky-shaped MC carbides are located at grain boundaries
and in interdendritic regions. The script carbides are
so-called ‘Chinese script” with long arms extending to the
grain boundaries and primary vy’ islands, which will promote
the initiation and propagation of cracks and impair the me-
chanical properties [8-9].
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Fig. 5. Microstructures of MC in K24 (a) and DZ24 (b) alloys as well as EDS spectra of MC in K24 (c) and DZ24 (d) alloys.

After heat treatment, primary MC carbides are still pre-
sent, and their compositions remain the same in DZ-H su-
peralloy, but their shape and size are changed slightly (Fig.
6). The formation of ¥’ envelope around MC carbides is ob-
served (Fig. 6(a)). The overall interfacial energy (o) around
the carbide includes owcyy, omcy and oy, where oncy, is the
interfacial energy between y and y' phases, omcyy is the in-
terfacial energy between MC and y' phases, and oyicy, is the
interfacial energy between MC and vy phases. In bo-
ron-containing alloys, boron addition induces the formation
of y" envelope, and carbon atoms may be replaced by boron
during the formation of carbides [10]. Since the misfit of
MCly in boron-containing carbides will increase due to the
large atom size of boron, oy, may increase. The oy may

(a)

Intensity / a.u.

also increase as the lattice constants of y and y' are very
close at high temperature. Consequently, the only way to
compensate the increase in overall interfacial energy seems
to be the reduction of interfacial energy between y and y’
phases around the carbide. On the other hand, y" forming
elements, such as Al and Ti, are rich near the primary MC
carbides after solidification. Consequently, Yy’ envelopes
form around the boron-containing carbides. In addition, the
v’ envelope is relatively ductile, which can prevent the
propagation and have a beneficial effect on the creep life-
time [10-11].

Carbide reactions during the aging at 980°C for 16 h
cause the precipitation of discrete MyCy and MgC grain
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Fig. 6. Microstructure (a) and EDS spectra (b) of carbides in DZ alloy after heat treatment.
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MC + 7 — M¢C or My Ce +y' [11-13].

The presence of refractory metal elements, such as W and
Mo, leads to the precipitation of M¢C carbides (Fig. 6) on
the gain boundary. After aging for a long time, carbon has
enough time to diffuse and react with Cr to form M,;C car-
bides (M rich in Cr) (Fig. 6(b)). Obviously, M,;C¢ carbide
precipitates at grain boundaries are the ideal morphology for
inhibiting grain boundary sliding. Fine M¢C carbides can
effectively reduce local stress concentration and increase the
resistance of shearing y' phase, which are beneficial to creep
properties [14-15].

3.4. Rupture properties

Stress-rupture tests were conducted at 975°C under a
stress of 196 MPa. The rupture time of K24 and DZ-H al-
loys is 53.7 and 175.6 h, respectively. The rupture time of
DZ-H alloy is two times longer than that of K24 alloy. The
microstructures of the longitudinal section after the rupture
test were observed by SEM. Fig. 7 illustrates the micro-
structures 2 cm apart from the fracture surface and near the
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fracture surface of the ruptured specimens, respectively.

After the rupture test, the rafted y' microstructure is not
found in K24 alloy 2 cm apart from the fracture surface and
near the fracture surface of the ruptured specimens. In K24
alloy, the spacing between y' precipitates is wide because of
the small volume of y' precipitates. It is difficult for y' parti-
cles to join each other; therefore, no raft y' microstructure is
(Figs. 7(a)-(c)). The formation of such rafts is known to oc-
cur in DZ-H alloy by the growth of precipitates perpendicu-
lar to the direction of stress followed by their coalescence
(Figs. 7(d)-(f)). In the high-temperature stress-rupture test,
the atoms diffuse fast, and the higher uniaxial stress pro-
vides a favorable environment for the growth along the
same orientation and rafting of y". The y' rafts in the necked
zone (near the fractured surface, Fig. 7(f)) are no longer
perpendicular to the tensile load axis but inclined to it. In
addition, the fine and spherical y' phase precipitates have a
radius of about 50 nm in the matrix channel during the rup-
ture test (Fig. 8). The spherical ¥’ phase precipitates more as
the distance to the fractured surface becomes smaller.

2 um

Thcfractured surface

Fig. 7. SEM images of the directional coarsening of y' precipitates 2 mm away from the fractured surface, near the fractured sur-
face, and at the fractured surface, respectively: (a)-(c) K24; (d)-(f) DZ-H alloy.

200 nm

Fig. 8. SEM images of fine and spherical y’ precipitates at different sites in DZ-H alloy: (a) 2 mm away from the fractured surface;

(b) near the fractured surface; (c) at the fractured surface.
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Directional coarsening of y' phase is the result of the in-
tegrated action of thermodynamics and kinetics. During
high-temperature uniaxial tensile rupture, the distance of
atom diffusion and the elastic strain energy increase. The
growth of ¥’ phase has high rate, and it is easy for neighbor-
ing y' phase to join for the small spacing between y' precipi-
tates. On the other hand, the orientation of <100> in the
{100} crystal plane has a lower Young’s modulus [16]. The
orientation of <100> has large elastic stress and elastic strain
energy. Therefore, initially, v’ phase grows in this orienta-
tion; last, ¥ phase has the shape of rafting, which is perpen-
dicular to the direction of stress. However, ¥’ rafts in the
necked zone are no longer perpendicular to the tensile load
axis but inclined to it. It is related to the variation of the de-
formation process. In the necked zone, the crystal lattice is
rotated around the tensile load axis, thus the cross section of
the specimen gradually decreases, and the multiaxial stress
appears. Therefore, continuous y' rafts transform into dis-
crete y' rafts. In addition, the closer to the fractured surface,
the larger the rupture strain and strain energy, which makes
further contributions to lattice rotation and leads to precipi-
tates more fine and spherical y' particles.

Alloys with a high volume fraction of fine and regular
cubical y" will provide the optimal rupture resistance. In
DZ24 alloy, y' precipitates are spaced as closely together as
possible due to the large volume of y' precipitates, and it is

difficult to be sheared. In the process of the high-tempera-
ture rupture test, the coarsening behavior of ' precipitates
has significant effect on rupture properties by changing the
v’ morphology, shape, or the matrix channel dimension. It is
well known that the more even the size of cubical-shaped y’
precipitates, the more continuous the y' rafts formed under
stress ruptured conditions [17]. This structure improves the
rupture resistance effectively by providing effective barriers
to dislocation climb around vy’ rafts [18-19].

3.5. Fractographs

The fractographs of K24 and DZ-H alloys after fracture
during the stress rupture test at 975°C under a stress of 196
MPa are shown in Fig. 9. The fracture surface exhibits
mixed intergranular and transgranular fracture features in
K24 alloy. While for DZ-H alloy, transgranular fracture is
observed. Figs. 9(a) and 9(b) show the fracture surfaces of
K24 alloy, which indicate that cracks initiate from small
cavities. The cracks start from blocky carbides or casting
defects, such as shrinkage cavities and porosities. There are
some dimples in the fracture surface. The fractographs of
DZ-H alloy are shown in Figs. 9(c) and 9(d). There are
many small cavities and large planes in Fig. 9(c). The small
cavity is the site of crack initiation, and the large plane is
related to y' rafting. DZ-H alloy shows more dimples on the
fracture surface than K24 alloy, which demonstrates that

Fig. 9. Fractographs of K24 and DZ-H alloys after rupture testing: (a) macro- and (b) micro-fractographs of K24 alloy; (c) macro-

and (d) micro-fractographs of DZ-H alloy.
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DZ-H alloy has good ductility. The dimples start from
blocky carbides or casting defects.

4. Conclusions

(1) The microstructures of as-cast K24 and DZ24 alloys
both have serious dendritic patterns and are composed of v,
v, and y/y" eutectics and carbides. After heat treatment, the
dendritic structure was completely removed; coarse y' and
v/y" eutectics were fully dissolved into the y matrix; and fine
and regular cubic y' reprecipitated in the microstructure of
DZ-H alloy.

(2) During aging, My;Cq carbides, M¢C carbides, and 7y’
envelopes around MC carbides formed in DZ-H alloy, re-
sulting from the reaction of carbides and the matrix.

(3) The rupture time of DZ-H alloy is two times longer
than that of K24 alloy. In K24 alloy, the volume of y' pre-
cipitates is small, the spacing between ' precipitates is wide,
and there is no ¥’ raft during the stress rupture test. In DZ-H
alloy, vy’ precipitates are spaced as closely together as possi-
ble due to the large volume of them, and y’ rafts formed un-
der stress ruptured conditions. Alloys with a high volume
fraction of fine and regular cubical y" will provide the opti-
mal rupture resistance.
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