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Abstract: The microstructual evolution and stability of a second generation single crystal (SC) nickel-based superalloy DD5 with
minor grain boundary (GB) strengthening elements (C, B and Hf) were studied as a function of as-cast, heat treatment and thermal
exposure. The microstructure and composition of the alloy were investigated by optical microscopy, scanning electron microanalysis
(SEM), electron probe microanalysis (EPMA), energy dispersive spectrometry (EDS) and extraction analysis. In the as-cast condition,
the microstructure observations and composition analysis showed that y phase was the primary solidification phase and there were
three microsegregations in the metal matrix. The morphology of these microsegregations depended on element segregations. After
heat treatment, the dendrite cores contained fine and cuboidal-shaped y’ particles with an average edge length of about 0.5 pm, while
interdendritic regions contained irregularly-shaped y’ particles and MC/M,;Cg carbides. The mass fraction of y’ phases was 61.685%.
After exposure at 980 °C for 1000 h, no TCP phase was observed in both dendritic and interdendritic regions, indicating a good

microstructual stability of the DD5 alloy at 980 °C.
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1 Introduction

Nickel-based single crystal (SC) superalloys are
critical to the continuous development of high-
performance turbine engines, because they possess a
good balance of the properties required for operation in
the severe high temperature conditions. SC superalloy
vanes have demonstrated to possess excellent aircraft
engines performance and durability benefits compared
with polycrystalline vanes [1-5].

At the present stage, the production of SC
superalloys vanes is expected to increase as a result of
emerging markets, such as utility gas turbine. However,
the main factors to limit the manufacture of the mass
market SC superalloys components are the high
production costs resulting from low casting yields due to
rejectable grain defects such as low angle boundary
(LAB) and high angle boundary (HAB) [6-11].
Moreover, these grain defects cannot be completely
eliminated during casting due to the complex
configurations of the vanes. Research so far has revealed
that the addition of minor grain boundary (GB)

strengthening elements, such as carbon (C), boron (B)
and hafnium (Hf), is usually the best solution to increase
the maximum allowable angle boundaries, which
increase casting yields, and as a result, decrease the
production costs [12—14]. In recent years, superalloy
developments have focused on making SC vanes to
obtain the high manufacturing yields necessary for
meeting cost objectives using intentionally adding minor
GB strengthening elements to SC superalloys, indicating
that an optimum use of these elements and tight control
can maintain optimum properties and castability [15—22].
Therefore, it is a tendency to develop SC superalloys
containing minor GB strengthening elements as a
material for high temperature structural applications in
the aircraft engines and utility gas turbine.

DDS5 alloy is a C-, B- and Hf-containing second
generation nickel-based superalloy, which is driven by
the industry call for advanced technology SC vanes at
affordable production costs. In comparison with typical
second generation SC nickel-based superalloys, e.g.,
PWA 1484 and CMSX-4, GB strengthening elements are
employed in DDS5 alloys to enhance GB strength.
Besides, these elements also modify matrix properties by
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forming second phases and adjusting partitioning of
elements on solidification. However, there is little
information about the microstructure of relatively high
GB strengthening elements containing SC nickel-based
superalloys. Therefore, it is necessary and instructive to
investigate the microstructures of GB strengthening
elements containing DDS5 alloys as a new material for
applications in the aircraft engines and utility gas turbine.
In this work, the microstructual evolution and stability of
DD5 alloy were studied as a function of as-cast, heat
treatment and thermal exposure.

2 Experimental

The DDS5 master alloys used in this work were
produced starting from pure elements in a vacuum
induction furnace. The SC bars with dimensions of
15 mm (diameter) X 180 mm (length) were directionally
solidified in an industry Bridgeman furnace with a seed
technique. The bars were directionally solidified in the
[001] direction at a constant withdrawal rate of
3.5 mm/min. The longitudinal orientation of each bar
was determined by X-ray diffraction techniques. Only
bars with orientations within 10° of [001] and without
defects, such as slivers, freckles, low or high angle
boundaries, were used in this work. The results of
chemical composition analysis of DD5 SC bars are
shown in Table 1.

Table 1 Chemical composition of DDS5 SC bars (mass
fraction, %)

Co Cr Al Mo W Ta
7.62 7.05 6.2 1.56 5.02 6.58
Re C B Hf Ni
2.93 0.049 <0.01 0.17 Bal.

In order to study the microstructual evolution as a
function of as-cast, heat treatment and thermal exposure,
the as-cast bars were experienced the standard heat
treatment (SHT) and long-term unstressed thermal
exposure. The SHT schedule was described as follows:
1300 °C, 2 h; AC + (1120 °C, 4 h); AC + (1080 °C, 4 h);
AC + (900 °C, 4 h); AC. The heat treatment was
performed in a vacuum furnace with temperature
fluctuations within +5 °C. The long-term unstressed
thermal exposure after SHT was performed in an
antivacuum furnace at 980 °C for 1000 h.

The microstructures of the
characterized using 10 mm height samples sectioned
from the bars by electrical discharge machining (EDM).
The microstructures of the as-cast, heat-treated and
thermal exposed samples were examined after grinding,
polishing and etching with the etchant (100 mL HF +

samples  were

200 mL HNO; + 100 mL C3HgO3) which dissolves the '
precipitates. The microstructures were characterized by
optical microscopy (OM), scanning electron microscopy
(SEM) and electron probe microanalysis (EPMA).
Energy dispersive spectrometry (EDS) was used to
analyze the chemical composition of the samples. The
compositions, lattice constants and mass fractions of
various phases in the as-cast, heat-treated and
thermal-exposed samples were determined by extraction
analysis which is frequently applied for identifying
precipitates in metallic systems.

3 Results and discussion

3.1 Microstructures of as-cast samples

The microstructure and phase composition of the
second generation SC nickel-based superalloys were
systematically studied, e.g., PWA 1484 and CMSX-4.
However, there 1is little about the
microstructure of relatively high GB strengthening

information

elements containing second generation SC nickel-based
superalloys. In comparison with the samples without
these additions, there were strong element segregations
within the interdendritic regions which are usually
observed in high GB strengthening elements containing
directionally solidified (DS) superalloys, e.g., DZ406
and IC10 [23,24].

Figure 1 shows typical microstructures of as-cast
DD5 samples. The primary dendritic morphology is
clearly visible (Fig. 1(a)) and there are three micro-
segregations in the two-phase y+y’ microstructure
(Fig. 1(b)). The first microsegregation is the flower-like
phase (Phase 4) within the interdendritic regions. It is the
typical  y/y' (y/y'-segregation, TaAl-rich,
Fig. 2(a)) as is usually observed in as-cast SC nickel-
based superalloys. The presence of regions of y/y’
eutectic phase with relatively large size disrupts the
continuity of the y+y’ microstructure of samples, as
shown in Fig. 1(b). The second microsegregation (Phase
B) is a small amount of black regions within the
interdendritic regions, surrounded by gray regions
consisting of the y+y’ microstructure (Fig. 1(b)). The
black regions are larger, irregular and rich in Ta and Al
(TaAl-rich, Fig. 2(a)), indicating that it is the coarse y’
phase (y'.-segregation, plate-like eutectic). The size of
the coarse y' phase is relatively large, as compared with
the y" phase within the dendritic regions. Figure 1(c)
shows the micrograph of y' phase within the dendritic
regions. It can be seen that the y' phase is irregular and
the size is not homogeneous within the dendritic regions
(Fig. 1(c)). The last microsegregation (Phase C) is the
white/gray  particles  dispersed in the finally
solidified interdendritic regions (Figs. 1(b) and (d)). The
EDS analysis reveals that they are MC carbides (MC-

eutectic
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Fig. 1 Microstructures of as-cast DD5 sample: (a) Dendritic morphology (OM); (b) Three microsegregations in interdendritic regions;

(c) y' phases in dendrite cores; (d) MC carbides
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Fig. 2 EDS analysis of phase composition in Fig. 1(b): (a) Eutectic phase compositions without Ni element; (b) MC carbide

compositions

segregation, Fig. 2(b)). The morphologies of these
particles exhibit two shapes: script/rod-shaped particles
(MC()) and blocky particles (MC,)).

The results of extraction analysis further confirm
that the microstructures of as-cast, heat-treated and
thermal-exposed DD5 samples consist of y, y' and
carbides, as shown in Table 2. Under the as-cast
condition, it can be seen that the mass fractions of )’
phases and MC carbides are 61.403% and 0.7377%,
respectively. They have a FCC crystal structure, and their
lattice constants are @,=0.358—0.359 nm and amc=
0.442-0.443 nm.

It is known that the y phase forms as a primary
solidification phase in most second generation SC

Table 2 Phase compositions and crystal structures of various
DDS5 samples (extraction)

Processing Phase Crystal lattice Crystal Mass
condition pattern  constant/nm _ system fraction/%
Y 0.358-0.359  FCC 61.403
As-cast
(Ta,HHC 0.442-0.443 FCC 0.7377
Y 0.358-0.359  FCC 61.685
Heat- 1 HRC 0460-0461 FCC 04610
treatment
Mp;Ce  1.072-1.074  FCC 0.1487
Thermal y' 0.358-0.359  FCC -
exposure .
(980 °C, (Ta,Hf)C 0.460-0.461 FCC 0.4975
1000 h) M,;C¢  1.072-1.074 FCC 0.4104
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nickel-based superalloys during directional solidification.
The chemical compositions of DDS5 alloys used in this
work are similar with these alloys, except for additions
of GB strengthening elements (C, B and Hf). Thus, it can
be deduced that the y phase is the primary solidification
phase for DDS5 alloys. This is in line with the
microstructural evidence shown in Fig. 1(a) where the
secondary dendrite arms are vertical to the primary arms,
i.e., fourfold symmetry dendrites, which are typical
dendrite morphologies of cubic crystal structure y phases.
As the primary phase, y dendrite cores are rich in y
stabilizers (Co, Cr, W, Re and Mo) and depleted in )’
stabilizers (Ta and Al), whereas the interdendritic
regions exhibit high Ta and Al concentrations

K5k

¥ stabilizer >1 and

(partition coefficients for elements:

P

) stabilizer <1)» indicating that the MC carbides and
eutectic y/y’ phase may have formed in these TaAl-rich
interdendritic regions. The presence of white/gray
particles dispersed in the interdendritic regions confirms
the precipitations of MC carbides (MC-segregation,
Ta-rich) after the solidification of y primary phases. The
black regions in the interdendritic regions (Fig. 1(b))
were found to consist of the flower-like y/y’
microstructure, confirming the occurrence of the eutectic
reaction L—y+y’. Once the eutectic temperature is
reached, the eutectic y/y’ phase will form from the

interdendritic liquid (y/y’-segregation k;“;;ﬁmzer>l) and

consume the interdendritic liquid. However, this eutectic
reaction is probably incomplete due to the quick cooling
rate and low diffusivity of elements. Therefore, the

remaining liquid (L,,) which later transforms to the
S

J/ stabilizer >1), is present

coarse )’ phase (y'.-segregation,

in the interdendritic regions (Fig. 1(b)). As cooling
proceeds, the y' phase precipitates in an irregular form
from the y matrix, resulting in a y+y’ microstructure.
Besides MC carbides, other precipitated phases resulting
from the GB strengthening elements Hf and B were not
found in the as-cast sample by both extraction analysis
and EPMA, e.g., NisHf and M;B,. These findings
indicate that for the processing conditions used in this
work, DD5 alloy evolves the following solidification and
solid-state transformation path: L—L+y—L+y+MC—
L, +ytMCHyly' =y ctytMCHyly'—y oyt ) MCHy/y'.
The morphologies of the above three micro-
segregations  (y/y'-segregation, y'.-segregation and
MC-segregation) depend on element segregations. It is
known that the yp/y’-segregation or )'.-segregation is
controlled by composition. For most nickel-based
superalloys, the eutectic phase formed during directional
solidification is the flower-like y/y' morphology
(y/y'-segregation, Fig. 1(b)). Only in high y’ stabilizers
containing nickel-based superalloys, the single y" eutectic

phase can be found, which is actually the coarse y'
primary phase formed from remaining liquid
(y'--segregation, Fig. 1(b)). In the present study, both
eutectic phases were observed in one sample. The
reasons for such finding can be attributed to strong
element segregations within the interdendritic regions,
probably resulting from the higher additions of GB
strengthening elements. As discussed above, the eutectic
reaction L—y+y’ is probably incomplete, resulting in
remaining liquid. Therefore, once the ' stabilizers
concentrations are high enough, the coarse y' phase will
directly form from remaining liquid (L,—9'.). This is in
agreement with the present phase composition shown in
Fig. 2(a) where the coarse y’ phase is further enriched in
Ta and Al as compared with the eutectic y/y’ and
interdendritic regions.

Also, the element segregation plays a key role in the
MC carbide morphology. It is known that the carbide
morphology is controlled by solidification and
composition [19—22]. The solidification conditions used
in this work are similar. Thus, it can be deduced that the
composition is the important factor. It can be seen from
Fig. 2(b) that the compositions of two MC carbides are
similar, except for the Hf content. If a carbide particle
contains a higher Hf level, the lattice constant of the
carbide consequently increases, causing the relatively
large lattice misfit between matrix and carbide. This will
promote the formation of the blocky carbides, because
blocky particles have much smaller surfaces than
rod-shaped ones. This is in line with the present phase
composition shown in Fig. 2(b) where the blocky carbide
(MCy)) is rich in Hf as compared with the rod-shaped
one (MC). Therefore, it is indicated that the
Hf-segregation is the reason for the carbide morphology
change.

The distribution of microsegregations depends on
the structure of the primary phase. During primary y
solidification, y stabilizers are segregated to y dendrites
and Ta and Al are rejected to the interdendritic regions
(TaAl-rich). As cooling proceeds, MC carbides rich in
Ta are regularly present in these interdendritic regions
and the growing y dendrite as a primary solidification
phase rejects the MC particles to the finally solidified
interdendritic regions. Similarly, the eutectic y/y" and
coarse y' phases rich in Ta and Al are also present in
these finally solidified interdendritic regions.

Figure 3 shows a schematic diagram of the
microstructual evolution and microsegregation origin
during cooling and directional solidification for a DD5
alloy: “1” represents the liquid present at the solid—liquid
interface; “2” represents the growing y dendrites as a
primary solidification phase; “3” represents the script/
rod-shaped carbides formed during cooling to
solidification (MC)-segregation); “4” represents the
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Fig. 3 Schematic diagram of microstructure evolution and
microsegregation origin during cooling and directional
solidification for DD5 alloy

blocky carbides in the interdendritic regions (MC-
segregation); “5” represents the formation of the flower-
like y/y" microstructure in the interdendritic TaAl-rich
regions through a eutectic reaction L—y+y" (p/y'-
segregation); “6” shows the remaining liquid, which later
transforms to the coarse )’ phase (y'.-segregation); “7”
shows the precipitation of the y' phase in an irregular
form from the y matrix, resulting in a two-phase y+y’
microstructure.

3.2 Microstructures of heat-treated samples
Figure 4 shows typical microstructures of fully

heat-treated DDS5 The alloy shows an
incomplete-solution-treatment and aged microstructure.
For the DD5 alloy, the incipient melting temperature
decreases due to the additions of the C, B and Hf
elements. The reduction in solution heat treatment
temperature to avoid incipient melting results in an
incomplete solution of the y’ phase, including a small
amount of eutectic y/y’ phases. Whilst the dendrite cores
contain fine and cuboidal shaped j' particles with an
average edge length of about 0.5 um (Fig. 4(c)),
interdendritic regions contain irregularly shaped 9’
particles and a small amount of residual eutectic phases
with a volume fraction less than 1% (Fig. 4(d)). This
microstructure helps to easily recognize the initial
dendritic/interdendritic  regions using SEM/EPMA
(Fig. 4(a)), although the element segregations reduce and
microstructures gradually become homogeneous after
heat treatment. In the heat-treated condition, the mass
fraction of ' phases is 61.685% (Table 2).

After heat treatment, most MC carbides maintain
their initial shape (Fig. 4(b)). However, it can be deduced
that a part of MC carbides will decompose due to the
high temperature of the solution treatment. This is in line
with the present extraction analysis results shown in
Table 2 where the mass fractions of MC carbides
decrease from 0.7377% to 0.4610% after heat treatment.
The decomposition of MC carbides promotes the
precipitation of other carbides. As shown in extraction
analysis results, My;C¢ carbides form during heat
treatment. This carbide is FCC crystal structure with a
lattice constant ay;, ¢ =1.072-1.074 nm (Table 2).

samples.

(d) Irregularly shaped y' particles and residual eutectic phases in interdendritic regions



2084 Ren-jie CUI, et al/Trans. Nonferrous Met. Soc. China 26(2016) 20792085

3.3 Microstructures of thermal-exposed samples

According to the following equation (Eq. (1)) given
by aecrospace standard [25], the electron—vacancy
number (N,) of the DDS5 alloy used in this work is 2.14.
The N, value of the ¢ phase precipitation is 2.45-2.52,
and those of the u and Laves phases are higher than 2.3.
Therefore, it is predicted from the calculated results that
no TCP phases will precipitate during thermal exposure
of the DDS alloy. This is in line with the microstructual
analysis results where no TCP phase was observed in the
samples under 980 °C and 1000 h exposure.

N, =Y m(N,), 1)
i=1

where m; is the mass fraction of element i in the alloy
composition; (V,); is the electron—vacancy number of
element 7.

The microstructures of the samples subjected to
thermal exposure are shown in Fig. 5. In the dendritic
regions, there is a slight coarsening of y' phases taking
place after exposure at 980 °C for 1000 h (Fig. 5(a)). No
TCP phase was observed. In the interdendritic regions,
most carbides are in discrete/blocky shape. The
script/rod-shaped carbides were observed to decompose
after exposure at 980 °C for 1000 h (Fig. 5(b)). However,
it can be deduced that they are still MC carbides. This is
in line with the extraction analysis results shown in
Table 2 where the mass fractions of MC carbides in the
heat-treated and thermal-exposed samples are similar,

Fig. 5 Microstructures of thermal-exposed DD5 sample: (a) y’
phases in dendrite cores; (b) Carbides in interdendritic regions

ie., 0.4610% and 0.4975%, respectively. For M,;Ce
carbides, the mass fraction increases from 0.1487% to
0.4104% after exposure at 980 °C for 1000 h (Table 2),
indicating a further precipitation during exposure. In
addition, no other new phase was found.

In summary, no TCP phase was observed in both
dendritic and interdendritic regions, indicating a good
microstructual stability of the DD5 alloy at 980 °C.
During exposure, the main microstructual evolutions are
the slight j' coarsening and the My;C¢ carbide
precipitation. After exposure, the microsegregations
further reduce and microstructures gradually become
homogeneous.

4 Conclusions

1) Under the as-cast condition, y phase was the
primary solidification phase and there were three
microsegregations in the metal matrix, i.e., y/y’ eutectic
phase, coarse j' phase and carbide particles. The
morphology of these microsegregations depended on
element segregations. The microstructural analysis
revealed the presence of script and blocky MC carbides
in the interdendritic regions. The morphology of the
carbides was a strong function of composition, with the
presence of significant Hf levels, leading to the blocky
morphology. For the processing conditions used in this
work, DD5 alloy evolved the following solidification and
solid-state transformation path: L—L+y—L+y+MC—
LAy+MC+y/y'—y' Ap+MCHyly'—y A(p+y ) FMCHy/y'.

2) During heat treatment, M,3Cs carbides formed
and ¢ particles in dendrite cores became fine and
cuboidal shaped with an average edge length of
about 0.5 ym. The microsegregations reduced and
microstructures gradually became homogeneous after
heat treatment.

3) During exposure, the main microstructual
evolutions were the slight y’ coarsening and the M,;Cg
carbides precipitation. After exposure at 980 °C for
1000 h, no TCP phase was observed in both dendritic
and interdendritic regions, indicating a good
microstructual stability of the DD5 alloy at 980 °C.
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