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Abstract: The as-cast microstructure, the heat-treated microstructure and the composition characteristics of freckle chains in the third

generation single crystal superalloy DD9 were studied by OM, SEM, EBSD and TEM. The results show that freckles are composed of

fine disorder-oriented equiaxed grains. They are in the shape of a chain roughly along the direction of crystal growth and only appear

on the surface of single crystal castings. The depth and width of freckle chains are 400~800 pm. Freckled area contains a large amount

of y/y" eutectics. A certain amount of MC carbides and porosity also appear in as-cast freckled area. After heat treatment, large-size y’

phase and granular M,C phase appear at the equiaxed grain boundary of freckled region. The freckled area contains more Ta and Al,

but less Re and W. The composition of the freckled area is similar to the interdendritic composition.
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Nickel base single crystal superalloy has become the
preferred material for aeroengine turbine blade due to its
excellent comprehensive mechanical properties™. In order to
meet the increasing demand for thrust-to-weight ratio of
aeroengine, the structure of turbine blade is becoming more
and more complex, and the content of high melting point
alloying elements is increasing. This brings a great challenge
to the control of solidification defects in the process of turbine
blade preparation™®.

Stray grain, low angle boundary, sliver defects and freckles
are typical grain defects in directional solidification of single
crystal superalloy”*. Freckles are a kind of grain defects that
appear in the directional solidification process of advanced
single crystal superalloy castings. It is generally believed that
freckles are caused by thermal-solutal convection due to
elemental segregation”"”. Freckles are usually in the shape of
a long chain and distributed in the casting surface along the
solidification ~direction”. For the essence of macro-
segregation, once the freckles form on the castings, they
cannot be eliminated by subsequent heat treatment, which will
adversely affect the performance of the final castings>'". So
far, researches have shown that the formation of freckles is
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influenced by the composition of the alloys'™", the
21,22

solidification process parameters”*?, the geometry of the

castings™?" and the crystal orientation of the castings””.

Up to studied the
microstructural features of the freckle defects in single crystal
castings. Giamei et al® found that freckle lines are linear

assemblies of small random equiaxed grains which are

now, many researchers have

enriched with all elements but inversely segregated ones.
Chmiela * s® investigation revealed that freckled area is
characterized by high porosity and a high number of y/’
eutectics in PWA 1426 alloy. Chen et al”” prepared the nickel-
based single crystal superalloy DD488 rods with freckle
defects by reducing the temperature gradient, and found that
the freckles appear in the shape of long chains which are
distributed on the surface of the rod along the direction of
gravity. The primary dendrite arm spacing of the freckled
region is larger than that of normal region. Han et al®" used
EBSD to study the structure of the freckles in DD33 alloy and
found that there are equiaxed grains with disorder-orientation
in the freckled area.

Current researches on the microstructural characteristics of
freckles in single crystal superalloys are focused on the as-cast
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macrostructure. However, the study on the microstructural
characteristics of equiaxial crystal grain in freckled area, the
microstructural evolution after heat treatment, and the
composition characteristic of freckled area is insufficient,
especially for the single crystal superalloys with high content
of refractory elements. An in-depth study on the
microstructural characteristics and composition characteristics
of freckles can help us to understand the formation
mechanism of freckles more comprehensively and to develop
effective control methods. In this study, the as-cast and heat-
treated microstructures, the composition characteristics of
freckles and the precipitated phase at the equiaxed grain
boundary of the freckled area were studied for the third
generation single crystal superalloy DD9. This study is
expected to offer further understanding on the formation

mechanism of freckle defects.
1 Experiment

The material used in this research is the third-generation
single crystal superalloy DD9 developed by Beijing Institute
of Aeronautical Materials. The chemical composition of DD9
alloy is shown in Table 1%, The master alloy was melted in a
vacuum induction furnace with commercially pure raw
materials. Single crystal superalloy slabs with dimensions of
200 mmx30 mmx15 mm were cast in a directional
solidification vacuum furnace by conventional high rate
solidification (HRS) Bridgman technique. Seed crystal
method was employed to obtain single crystal specimens. To
obtain freckles, a relatively low withdrawal rate was applied
in the directional solidification. The heat treatment regime of
DDO alloy is as follows: pre-heat treatment+1340 °C/6 h/air
cooling+1140 °C/4 h/air cooling+870 °C/32 h/air cooling.

The microstructures of freckled and normal areas were
observed by optical microscope (OM) and FEI Nova450 field
emission scanning electron microscope (FE-SEM). The
composition of freckled and normal area was tested by X-
Max-50 energy dispersive spectroscopy (EDS). Electron back
scattered diffraction (EBSD) was used to analyze the size and
orientation distribution of equiaxed grains in freckled area.
The primary dendrite arm spacing and the content of eutectics
were counted by metallographic analysis software Image-pro

Plus 6.0. The specimens for OM and FE-SEM observation
were polished and etched with a chemical etchant of 100 mL
H,0+80 mL HCI+25 g CuSO,+5 mL H,SO, for 5~10 s.
Specimens for EBSD test were electropolished. The
electrolyte was 80% anhydrous methanol+20% sulfuric acid,
and the electrolysis was conducted at 20~30 V for 10~15 s.
TEM samples were prepared by focused ion beam (FIB).

2 Results and Discussion

2.1 Microstructure of freckles

Fig. 1 shows the macro-etched morphology of freckles in
single crystal superalloy slabs. It can be seen that the freckles
only appear on the surface and edges of the castings. They
exist in the shape of chains, roughly along the solidification
direction. Fig.2 shows the metallographic microstructures of
freckled and normal areas in single crystal superalloy DDO9.
Fig.2a is the transverse section microstructure and Fig.2b is
the longitudinal section microstructure of as-cast freckles. As
can be seen, misoriented dendritic fragments appear in the
freckled area, and a large amount of eutectics are present
around the dendritic fragments. It is worth pointing out that
freckles only appear on the surface of the castings. Statistics
reveal that the depth and the width of freckles are 400~800
pm on the surface of the castings. Fig.2c shows the as-cast
transverse section microstructure of the mnormal area.
Compared with the normal area, the freckled area contains
more eutectics. Tertiary dendrites can be observed near the
freckled area as shown in Fig.2a. Fig.3 shows the average
primary dendrite arm spacing and the content of eutectics in
freckled and normal areas. The average primary dendrite arm
spacing in freckled area is 487 um which is much larger than
347 um in normal area. The average secondary dendrite arm
spacing in normal area is 88 um. The heat-treated
microstructure of freckles is shown in Fig.2d. A large amount
of eutectics can be found in the freckled area after heat
treatment, which suggests that heat treatment process cannot
eliminate freckle defects.

The microstructural characteristics of the freckles were
further studied by EBSD and the results are shown in Fig.4.
The EBSD analysis provides a detailed description for the
crystallographic orientation of freckled area. The orientation

Table 1 Chemical composition of single crystal superalloy DD9 (wt%)

Cr Co Mo W Re Al

Ta Nb Hf C Y Ni

3.5 7 2 6.5 4.5 5.6

7.5 0.5 0.1 0.008 0.001 Bal.

Freckle chains

= 10 mm
— ——
Solidification direction

Fig.1 Macro-etched morphology of the freckle chains in single

crystal superalloy slabs

map and inverse pole figure (IPF) in Fig.4b and 4c show the
orientation of equiaxed grains in the freckled area. Freckle
grains have a quite different orientation and deviate from the
matrix orientation. The grain size distribution and the
misorientation angle distribution of the equiaxed grains are
shown in Fig.5a and 5b, respectively. The average grain size is
151 pm. It can be seen that the orientation of equiaxed grains
in the freckled area is disordered and 70% of orientation
deviation between grains and matrix is less than 10°. This
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Fig.2 OM microstructures of freckled and normal areas in DD9 alloy: (a) as-cast transverse section microstructure of freckles; (b) as-cast

longitudinal section microstructure of freckles; (c) as-cast transverse section microstructure of normal area; (d) heat-treated longitudinal

section microstructure of freckles
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Fig.3 Comparison of primary dendritic arm spacing and eutectics

content in freckled and normal areas

suggests that freckle chains are composed of fine equiaxial
grains with disorder orientation.
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Fig. 6 shows the as-cast and heat-treated longitudinal
section microstructures of freckled area. Compared with
normal area, more solidification porosity can be seen in
freckled area and most porosity appears near the y/y’ eutectics
which can be seen from Fig.6a. Fig.6b shows the heat-treated
microstructure of freckles. After heat treatment, large amounts
of y/y" eutectics and porosity still exist in the grain boundary in
freckled area, which suggests that heat treatment cannot
eliminate y/y’ eutectics in freckled area.

Further studies were conducted on the boundary of
equiaxed grains of the as-cast freckled area. Fig. 7a reveals
that massive blocky precipitated phases appear in the grain
boundary which are near the eutectics. The morphology of the
blocky precipitated phase cut by FIB is shown in Fig. 7b.
Fig.7c¢ shows the results of composition analysis of the blocky
precipitated phase, and it discloses that precipitated phase is

Fig.4 Microstructural characteristics of as-cast freckles: (a) longitudinal section microstructure of as-cast freckles, (b) orientation map of

freckled area, and (c) corresponding IPF
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Fig.5 Grain size distribution (a) and misorientation angle distribution (b) of equiaxed grains in freckled area
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Fig.7 Precipitated phase at grain boundary of as-cast freckled equiaxed grains: (a) location of precipitated phase in freckled area; (b) morpho-
logy of precipitated phase obtained by FIB; (c) EDS spectrum of precipitated phase; (d) SAED pattern of precipitated phase

rich in element Ta. Combined with SAED result in Fig.7d, it
can be determined that the blocky precipitated phase is Ta-rich
MC type carbides. Further research on the distribution of
elements in the blocky precipitated phase and matrix is shown
in Fig.8. Another kind of banded precipitates rich in Re, W,
Mo can be seen at the edge of the block MC type carbide.

Composition analysis of the banded precipitated phase is
shown in Fig.9a. Combined with SAED result in Fig.9b, it can
be assured that the banded precipitated phase is Re-, W-, Mo-
Ta-rich M,C type carbides.

Fig.10a shows the microstructure of the freckled area after
heat treatment, which indicates that freckled area still contains
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Fig.8 Morphology and distribution of elements in precipitated phase and matrix
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Fig.9 EDS spectrum (a) and SAED pattern (b) of the banded precipitated phase near the MC carbides at grain boundary of as-cast freckled

equiaxed grains

a large amount of y/y’ eutectics after heat treatment. As shown
in Fig. 10b, after heat treatment, grain boundary with a width
of about 4 pm appears among equiaxed grains in the freckled
region, and coarse p’ phase and a large number of granular
precipitates are precipitated at the grain boundary. TEM
samples were prepared by FIB, and the composition and the
crystal structure of granular precipitates at grain boundary
were analyzed. The result is shown in Fig. 10c and 10d. It

suggests that the precipitates are M,C type carbides rich in W,
Re, Mo and Ta, which is similar to the M,C type carbides in
as-cast freckled area shown in Fig.9a.
2.2 Component characteristics of freckle defects

Table 2 makes a comparison among the composition of
freckled area, dendrite core and inter-dendritic of normal area.
The results show that there are more Ta and Al in the freckled
area, but less Re and W in the freckled area, whose
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Fig.10 Analysis of microstructure and precipitated phase at equiaxed grain boundary of freckled area after heat treatment: (a) equiaxed grain in

freckled area after heat treatment; (b) equiaxed grain boundary and precipitated phase at grain boundary; (c) EDS spectrum of

precipitated phase at grain boundary; (d) SAED pattern of precipitated phase

Table 2 Composition comparison among as-cast dendrite core,

inter-dendritic of normal area and freckled area (wt%)

Element W Re Al Ta Cr Co Mo Ni
Dendriticcore 93 69 49 39 32 7.1 12 Bal
Inter-dendritic 4.8 3.0 6.1 7.1 32 63 14 Bal
Freckled area 5.6 32 64 6.1 34 64 15 Bal

composition is more similar to the inter-dendritic regions. The
element partition coefficients of the freckled and normal area
are statistically analyzed, which are shown in Fig.11 (element
segregation coefficient k=C/C,, where C, is the content of
element in dendrite core and C; is the content of element in
inter-dendritic region). It can be seen that for the element
segregated into the dendrite core such as Re, W, Co, their
segregation coefficient &, in freckled area is greater than

e
n

" I Normal area
- Freckled area

o
=

Element Partition Coefficient,

0.0

Ta Al Mo Co Cr W Re
Element

Fig.11 Element segregation coefficient between dendritic core and

interdendritic region in normal and freckled area

that in the normal area. In contrast, for the element segregated
into the interdendritic region such as Al and Ta, their
segregation coefficient £, in freckled area is less than that in
the normal area. It suggests that the element segregation in the
freckled area is more serious.

3 Discussion

Up to now, it has been generally agreed that freckles initiate
due to the formation of dendritic fragments which are caused
by thermosolutal convection in the mushy zone®***. The
thermo-solutal convection is driven by an density inversion
originating from inter-dendritic segregation. During upward
directional solidification of single crystal superalloy, light
alloy elements (with a partition coefficient less than unity, like
Al, Ta) are preferentially rejected into the melt. At the same
time, heavy alloy elements (with a partition coefficient greater
than unity, like Re, W) are preferentially incorporated into the
solid. Such micro-segregation can cause the local melt density
to decrease and result in the gravitationally instability of the
melt inside the mushy zone. When the degree of density
inversion reaches a certain level, convection will occur in the
liquid phase.

The application of the microscale numerical model
proposed by Kao"™ has demonstrated that the distribution and
size of freckles are strongly dependent on the transverse
thermal profile. The conventional Bridgman directional
solidification furnace used in this experiment has a certain
lateral temperature gradient, which makes the solidification
interface concave™. Philippe’s research shows that due to the
existence of the lateral temperature gradient, the liquid phase
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in the mushy zone is subjected to horizontal force®”. Philippe
deduced the formulas for the calculation of horizontal
(perpendicular to the primary dendritic) permeability and
vertical (parallel to the primary dendritic) permeability of the
liquid phase in the mushy zone during the directional
solidification of single crystal superalloys as follows"":

k. =3.62 x 107 2997137 )

k,=3.75x 10" £ 1] 2)
where k, is permeability in the horizontal direction, m’; k, is
permeability in the longitudinal direction, m’ 1, is primary
dendrite arm spacing, m; 4, is secondary dendrite arm spacing,
m; £, is liquid fraction.

Researches show that liquid phase in the mushy zone has
the greatest convection tendency, f=0.5 in directional
solidification of single crystal superalloys™, so the value of f;
is chosen to be 0.5 in this study. Take the values of 4,=347 pm
and 1,=88 um into Eq.(1) and Eq.(2), and obtain £=6.37x10"
m” and £,=1.49x10"" m”.

Permeability characterizes the resistance of liquid
convection. The greater the permeability, the smaller the
resistance. Thus it can be deduced that fluid flow along
horizontal direction is noticeably easier than that along
longitudinal direction because the former permeability is
about 4 times greater than that of the latter, so it is reasonable
to think that the existence of lateral temperature gradient will
promote the lateral liquid convection.

Based on the above analysis, the formation mechanism of
freckles on the specimen is proposed. Fig. 12 shows the
schematic diagram of freckles formation. There is not only
vertical convection but also horizontal convection of the
segregated liquid in the mushy zone. Partial dendrite
fragments caused by liquid convection in the mushy zone
reach the edge of the sample with the liquid flow. At the same
time, the heat dissipates more quickly at the edge of the
sample than in the inside, so the cooling rate is larger at the
edge of the sample. Due to vertical convection along the edges
of the sample, dendrite fragments will solidify and form
freckles along the direction of gravity along the edges. In
addition, another part of the dendritic fragments are solidified
in the convection channel before reaching the edge of the
sample, resulting in the formation of inclined freckle chains,

Liquid

Non-segregated heavier liquid »

A
Liquid convection

' = | Edge
Inside S &

Fig.12 Schematic diagram of freckles formation

as shown in Fig. 1. Due to the disorder orientation of these
dendrite fragments, equiaxed grains with disorderly
orientation will form in freckled area after solidification.
Recently, Reinharta et al”®” have observed the directional
solidification process of CMSX-4 alloy through synchrotron
radiation X-rays and found that the dendrite fragments with
disorder orientation appear on the edge of the sample, which
agrees with the results of this study. As a result of the narrow
liquid convection channel, the affected zone is at the scale of
the primary dendritic arm. Therefore, the depth and width of
the freckled region are observed to be 400~800 um, which is
comparable to the average dendritic spacing of the freckled
region of 487 um.

Al and Ta produce positive segregation to inter-dendritic
region during directional solidification of single crystal
superalloy, while Re, W produce negative segregation to
dendritic core™”. Table 2 shows that compared with normal
area, the freckled area contains more Al, Ta and less Re, W,
indicating that the composition of the freckled area is more
similar to the composition of inter-dendritic region. Compared
with the normal area, the composition of dendrite core in the
freckled area is similar to that of the normal area, but the inter-
dendritic region contains more Al and Ta, and less Re and W
in the freckled area. Therefore, as shown in Fig. 11, the
element segregation in the freckled area is greater, making the
segregation coefficient of elements Al and Ta smaller, while
the segregation coefficient of Re and W elements is larger.

The presence of a large amount of Al and Ta in the freckled
area leads to the formation of plenty of y/y’ eutectics, as shown
in Fig.3. At the same time, the higher Ta content in the liquid
phase also leads to the formation of Ta-rich MC carbides, as
shown in Fig.7a. Due to the formation of coarse fan-shaped y/
y" eutectics in the freckled area, the final solidification position
of the freckled area is not well fed, and much solidification
porosity appears in the freckled area, as shown in Fig.6a.

After heat treatment, coarse p’ phase and granular M,C
carbides are precipitated on the equiaxed grains boundary in
freckled area, as shown in Fig. 10b. These granular M.C
carbides are different from the banded M,C carbides in as-cast
microstructure. Coarse y’ phase and granular M,C carbides are
mainly formed by the reaction of blocky MC carbides and y
phase during the heat treatment. This reaction can be clarified
by Eq.(3), which is consistent with the evolution mechanism
of carbides in single crystal superalloy studied by Liu et al™*'":

MCHy —M,C+y’ 3)

4 Conclusions

1) Freckles only appear on the surface of the single crystal
superalloy castings, and a large number of dendritic fragments
appear in the freckled area. Freckles are composed of fine
disorder-orientated equiaxed grains. Compared with normal
area, more y/p’ eutectics form in the freckled area, and the
dendrite arm spacing is larger in as-cast freckled area.

2) A certain amount of solidified micro-porosity and a few
Ta-riched MC carbides appear around the fan-shaped eutectics
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in the as-cast freckled area. After heat treatment, grain
boundary of the equiaxed grains in freckled area becomes
wider, and coarse y’ phase and M,C phase rich in Ta, Re, Mo
and W precipitate at the grain boundary.

3) Compared with the normal area, the freckled area
contains more Ta and Al but less Re and W. The element
segregation in the freckled area is more serious. The
composition of the freckled region is more similar to that of
the interdendritic region.
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