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Single-crystal blades of Ni-base superalloys CMSX-4 have been directionally solidified using the
downward directional solidification (DWDS) process. The possible benefits of the process were
comparatively evaluated with respect to the Bridgman process’ results. The DWDS process
exhibits good capabilities for casting the single-crystal components. The thermal gradients of
this process are approximately seven times higher than those of the Bridgman process. It
provides more advantages for solidifying the single-crystal superalloy blades by reducing the
casting defects, refining the microstructure, decreasing the size of the c/c¢ eutectic pools, refining
the c¢ precipitates, alleviating the degree of the microsegregation, and minimizing the size and
volume fraction of the micropores.
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I. INTRODUCTION

SINGLE-crystal Ni-based superalloys have found
increasing applications for turbine blades and vanes
for aero-engines as well as industrial gas turbines
(IGTs).[1–5] The increasing operating temperature
requirements for high-efficiency turbines demand that
the blades possess increased high-temperature creep and
fatigue strengths. The improved high-temperature prop-
erties may be achieved via development of alloys[6–11]

and the directional solidification (DS) process. Innova-
tions in processing focus on increasing the thermal
gradient (GL) at the solidification front because, during
solidification, high thermal gradients assure sequential
solidification along the axial direction and prevent
equiaxed grains from initiating in constitutional under-
cooling zones within the melt. The high thermal gradi-
ents also reduce segregation and allow the operat-
ing temperature of the alloy’s components to be
increased.[12]

Since the Bridgman directional solidification process
was developed in the 1920s,[13] a number of directional
solidification processes have to date been developed. In
the 1970s, a few researchers[14–16] presented the high-rate
solidification (HRS) process based on the Bridgman
process in which the concept of mold translation was
utilized. HRS can employ various types of radiation
baffles to sharpen the thermal gradient between the hot
and cool zones of the furnace. Since the original

development of HRS, the process has been highly
optimized for the production of aero-engine scale
components. However, due to the lower rate of radiative
heat exchange, the open baffle insulation between the
heating and cooling zones, and the large thermal
resistance of the thick ceramic molds (especially for
IGTs’ blades[17]), this process results in ineffective
heating in the heating zone and inferior heat extraction
in the cooling zone. These inefficiencies lead to lower
thermal gradients and the occurrence of process prob-
lems, such as mold warping and cracking, mold–metal
reaction and low yield.[18] In addition to this, at the
beginning of HRS process the heat primarily conducts
through the casting to the chill. At increasing distances
from the chill, heat extraction thus quickly becomes
inefficient owing to the low thermal conductivity of the
superalloys. When this occurs, mold radiation to the
cooling chamber becomes the dominant method of heat
extraction resulting in low thermal gradients ahead of
the solidification front.[19] The experimental results[20,21]

show that the thermal gradients and cooling rates
decrease with increasing distance from the chill. There-
fore, in order to keep the solid/liquid (S/L) interface
stable, the withdrawal rate must be reduced; otherwise
casting defects such as stray grains[2] will occur, which
lead to high rejection rates of the castings. Due to the
reduction in withdrawal rate, the dwell time of the mold
in the heating zone is extended which increases the
reaction between the mold and the metal, mold defor-
mation, and the occurrence of cracks.[22] Some research-
ers report that using the HRS process for casting
clusters, the shadow effect is found.[23] The mold’s
shadow side facing the central rod is ineffectively heated,
revealing a shadow zone in the center of the cluster. The
metallographic examinations demonstrate a high sus-
ceptibility to stray grains[23] and freckles[24] on the
shadow side, while the heater side revealed a conspic-
uously lower tendency for this phenomenon. The
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asymmetric thermal conditions cause the asymmetrical
formation of these grain defects.

A modified directional solidification process based on
the HRS is the liquid-metal cooling (LMC) process.
After pouring the melt, the mold is withdrawn from the
heating zone to a liquid-metal bath which can effectively
extract the heat through convection. In addition to this,
a dynamic floating baffle used in this process can
effectively insulate the heating and cooling zones of
the furnace, which improves the thermal gradient.
Previously, much research work was conducted on this
process[25–29] because this process was considered to
have great potential for industrial applications to reduce
the casting defects occurring in HRS solidified compo-
nents. The liquid metals used in the LMC process were
either Al, Sn, Ga-In alloy, or Ga-In-Sn alloy. In the
1980s, the former Soviet Union originally uses Al as the
cooling medium to produce nickel-based superalloy
aero-engine parts.[30,31] Some researchers[25,27] also use
Sn as a coolant to produce IGTs blades. Sn may have
more advantages than Al because of its significantly
lower melting point. Some researchers report that Ga-In
alloy and Ga-In-Sn alloy, which remain liquid at the
room temperature, are also used as coolants in the
laboratory-scale furnace.[31–36] These coolants can fur-
ther enhance the thermal gradient, refine the microstruc-
ture, and improve the performance of castings. The
LMC process typically produces thermal gradients more
than double those achievable with the Bridgman pro-
cess.[25] However, this process is also characterized by
ineffective radiative heating in the heating zone and
large thermal resistance in the thick ceramic molds
which limit further improvement in the LMC process’
thermal gradient. Moreover, during the LMC process
the ceramic mold is subjected to huge thermal impact
when immersing into the liquid bath. Mold cracking is
very difficult to avoid. This indicates that the liq-
uid-metal coolant will come into contact with the
superalloy components. In this case, the casting will be
contaminated, and the performance of the castings will
be degraded.[37] The high cost of the coolants and the
complex operation of the process also limit its wide
application.[38]

The gas cooling casting (GCC) process was developed
at ABB ALSTON Power Technology[39] for manufac-
turing large single-crystal components, and provides
further improvements upon the LMC. Apart from the
radiation cooling, typical for the conventional HRS, the
GCC process injects an inert gas directly below the
furnace baffle to cool the casting as it is withdrawn from
the heating zone. This additional heat extraction due to
the convection of the cooling gas not only improves the
thermal gradient but also avoids the contamination by
the coolants in the LMC process. In addition to this, the
cost is greatly reduced compared to that of the LMC
process. The thermal heat transfer coefficients of the
GCC process are similar to the LMC process.[39]

However, similar to the HRS and the LMC processes,
ineffective radiative heating in the heating zone and
large thermal resistance due to the thick ceramic molds
also exist in this process, and these restrict further
enhancement of the thermal gradients of the GCC

process. Moreover, owing to the open baffle insulation
between heating and cooling zone in the GCC process,
the cooling gas may cool the heating zone. This leads to
a reduction in the thermal gradient, and the formation
of the stray grains.
The disadvantages stated above limit the wide indus-

trial application of these processes. Recently, the down-
ward directional solidification (DWDS) process was
developed.[40] This process combines the Bridgman
process, the GCC process, the dynamic baffle, and the
Czochralski process. Here, alloys are overheated to a
stable temperature in a crucible and covered with hollow
ceramic beads which function as a dynamic baffle.
Ceramic molds having single-crystal seeds or a helical
selector connected to a chill at one end are inserted into
the alloy melt through the dynamic baffle. The other end
of the molds is wrapped and sealed by a nickel foil to
prevent the entrance of the baffle’s beads. When the foil
has melted, the alloy melt flows into the molds and
comes into contact with the seed or the chill. After a
steady-state thermal condition is reached, which is
monitored by thermocouples embedded in the seeds or
the molds, the molds are withdrawn from the alloy melt
at a uniform withdrawal rate and, if necessary, cooled
by argon to then form the single-crystal casting. This
process permits thin-walled (1 to 2 mm) ceramic molds
to be employed since no thermal impact or hydrostatic
pressure is exerted by the melt during the pouring
process. The molds are much thinner than those used in
the above processes (7 to 8 mm). As a consequence, an
improved heating and heat extraction efficiency can be
achieved which gives rise to an enhanced thermal
gradient. Owing to the higher thermal gradient, larger
withdrawal rates can be used which can reduce the dwell
time of the mold at the high temperature and thus
further decrease the reaction between the melt and the
mold. Besides this, the castings cannot be contaminated
by the coolant because the gas cooling method is
employed. However, the pressure of the cooling gas
should be controlled to an appropriate value because
excessive pressures can cause a transversal diffusion of
heat and an occurrence of stray grains. Previous
investigations[40] show that this process exhibits an
excellent capability for casting single-crystal blades of
pure Al (99.93 pct). In addition to this, our previous
research work[41] demonstrates that this process is also
able to cast single-crystal bars of superalloys possessing
high monocrystallinity. The GL in the DWDS solidified
superalloy single-crystal bars is 10 to 12 times that of
bars solidified in the Bridgman process. The microstruc-
tures of these DWDS bars are significantly refined, and
the degree of segregation of alloying elements is greatly
reduced.[42] Meanwhile, the freckle defect can be essen-
tially eliminated in the DWDS solidified single-crystal
bars of the superalloys.[43] Indeed, DWDS process has
some possible disadvantages such as mold deformation,
limitation for the blade size, entering ceramic materials
into the melt, and the required mold surface prepara-
tion, which will be verified and investigated in our next
work.
Previous studies[44,45] suggest that geometrical fea-

tures of the castings have a great influence on the
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integrity of the single-crystal castings of the superalloys.
During the solidification of the single-crystal blades
having a complex shape, the liquidus isotherm becomes
curved. As a result, an isolated, thermally undercooled
region of melt is formed. This may lead to heteroge-
neous nucleation and the formation of stray grains. In
addition to this, considering the low hydrostatic pres-
sure in the DWDS process, the mold filling may become
a predominant issue for casting single-crystal blades.
Admittedly, an excellent casting capability of the
DWDS process is exhibited in casting single-crystal
blades of pure Al, but major distinctions exist between
pure Al and the superalloys. As a consequence, the
investigations reported in this paper have been carried
out to study the feasibility of the DWDS process to
produce single-crystal blades of the superalloys. The
possible benefits of the DWDS process are discussed
based on comparisons of the experimental results
obtained in the Bridgman process regarding the thermal
gradients, the microstructures, the microporosity, and
the segregation behavior.

II. EXPERIMENTAL PROCEDURES

A. Materials and Mold Preparation

A second-generation single-crystal superalloy CMSX-4
with a chemical composition of Ni-5.6Al-9.0Co-6.5Cr-
0.6Mo-3.0Re-6.5Ta-6.0W (wt pct) was used for this
investigation. The ceramic molds used in the DWDS
and the Bridgman processes were prepared following the
traditional production steps of ceramic molds used in
investment casting. For the DWDS solidified mold,
since no thermal impact or hydrostatic pressure exerted
by the melt during the pouring process, a high strength
of the mold is not required and the wall- thickness of the
mold can be greatly reduced, therefore the investing and
stuccoing operations were repeated only three times and
the diameter of the sand was 0.12 to 0.25 mm, whereas
the traditional operations are repeated 12 times and the
diameter of the sand was 0.12 to 1 mm. Following the
repetitive operations, the DWDS solidified mold was
polished so as to increase the surface smoothness and
alleviate the adhesion of the melt on the surface of the
mold, and then sealed using the slurry in order to

increase the smoothness of the molds’ surfaces. Figure 1
shows the ceramic molds having the blade’s shape used
in the DWDS and Bridgman processes. It can be clearly
seen that the ceramic molds used in the DWDS process
(about 1.5 mm in wall thickness) were much thinner
than those used in the Bridgman processes (about 8 mm
in wall thickness).

B. Casting Single-Crystal Blades Using the DWDS
Process

The DWDS experiments were performed using an
in-house designed non-vacuum furnace. The casting
procedure is schematically depicted in Figure 2. During
the experiments, the CMSX-4 superalloy was over-
heated to 1793 K (1520 �C) in a crucible and covered
with hollow Al2O3 beads (1 to 3 mm in diameter) acting
as a dynamic baffle. Single-crystal seeds of CMSX-4
superalloy with [001] crystal orientation in the longitu-
dinal direction were inserted into one end of the molds,
and connected to a water-cooled chill-plate. The other
end of the mold was wrapped and sealed using a nickel
foil acting as a plug in order to prevent the penetration
of the dynamic baffle. The molds were then inserted into
the alloy melt. When the foil melted, the alloy melt

Fig. 1—Ceramic molds used in the (a) Bridgman process and (b) DWDS process.

Fig. 2—Schematic description of the DWDS process procedure.
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flowed into the mold and made contact with the seed.
Each seed was instrumented with a type-B thermocouple
located along its center line. The measurement position
in the blades was located 30 mm from the chill.
Thermocouple readings were recorded each second
during the entire process. When a portion of the seed
had melted, the molds were elevated at a withdrawal
rate (V) of 2.5 mm min�1 (without argon cooling), and
the single-crystal blades were then solidified. During the
overheating and withdrawal processes, the alloy melt
was protected by Ar gas.

C. Casting Single-Crystal Blades Using the Bridgman
Process

For comparison, the Bridgman’s blades were solidi-
fied using an ALD Vacuum Technologies, Inc. Bridg-
man furnace. The details of the schematic diagram can
be found elsewhere: see Reference 25. During this
process, the CMSX-4 superalloy was melted in a
crucible which was positioned in the induction melting
coil. An investment mold cluster with single-crystal
seeds having the same geometry of the components as
the DWDS castings was mounted on a water-cooled
chill-plate and raised into the mold heater. A vacuum of
about 3 9 10�4 mbar was obtained before preheating
the mold to a temperature of 1793 K (1520 �C). After
equalizing the mold temperature, the melted superalloy
was bottom poured into the mold, and the withdrawal
sequence was then initiated thus forming the single-crys-
tal castings. Prior to casting, a protective alumina tube,
sealed at one end, was embedded in the mold. A type-B
thermocouple was inserted into this tube and the cooling
curve was recorded during the withdrawal process. The
parameters, such as the position of the thermocouple
and the withdrawal rates, were identical to those
employed in the DWDS process.

D. Microstructure Analysis

After solidification, the blades were then knocked out
of the ceramic molds. The blades were then sand blasted
to remove any ceramic debris attached to its surface. 80
ml HCl+20 ml H2O2 etchant was employed to examine
the macrostructures, and to ascertain the integrity of the
single-crystal blades. The blades were then sectioned
transversely (perpendicular to the growth direction), and
samples were mounted and polished for microstructural
analyses. Figure 3 shows the positions of the sectioned
DWDS solidified and Bridgman’s samples. The trans-
verse sections A of the samples which have a same
distance from the bottom of the blades were used
to perform the metallographic examination. 60 mL
C2H5OH+40 mL HCl+2g (Cu2ClÆ2H2O) etchant
was used to reveal the microstructures. The microstruc-
tural analyses included measurements of the primary
dendrite arm spacing (PDAS) (k1), the mean areas of the
c¢/c eutectic pools, the average size of the c¢ precipitates,
and the segregation behavior. The triangle method[46,47]

was used for measuring k1. The triangle is formed by
joining the three neighboring dendrite centers, the sides
of the triangle corresponding to k1. Using these

methods, 30 values of k1 were measured. Three blades
are used in the measurements. The mean areas of the
eutectic pools were determined by the metallographic
analytical software Image-Pro Plus. The size of the c¢
phase was determined using A = (ST/n)

1/2, where ST is
the cumulative total c¢ area of the whole field of view of
the micrograph and n is the number of c¢ variants. The
transverse section of the non-etched samples was pho-
tographed using an Axioplan 2 optical microscope (OM)
to reveal micropores. Micropore size measurements
were obtained using the Image-Pro Plus software. At
least 50 micropores were measured in each of the
DWDS and the Bridgman solidified blades. The detailed
morphologies of the micropores were further char-
acterized using a Zeiss 1540 XB Cross Beam scan-
ning electron microscope (SEM) equipped with an
energy-dispersive spectroscopy (EDS) system. The seg-
regation behavior of alloying elements was also exam-
ined using this device. Ten dendrites and interdendritic
regions were investigated. Three points in the dendrite
core and the interdendritic regions were examined, and
the average values of the contents of the alloying
elements were used to calculate the segregation coeffi-
cient (k¢).

III. RESULTS AND DISCUSSION

A. Thermal Gradients at the Solidification Front (GL)

Figure 4 shows the cooling curves measured during
the solidification of the DWDS and Bridgman solidified
single-crystal blades. To obtain the thermal gradient at

the solidification front (GL), the cooling rate ( _T) was first
calculated from the cooling curve’s slope at the liquidus
temperature. The thermal gradient was then calculated
by dividing the cooling rate by the withdrawal rate (V):

GL ¼ _T=V. The calculated thermal gradient in the
DWDS process was 14.16 K (14.16 �C) mm�1, while
that in the Bridgman process was 2.16 K (2.16 �C)
mm�1. The thermal gradient in the DWDS process is
approximately 6.56 times higher than that in the
Bridgman process.
Previous studies[48] showed that a higher thermal

gradient (GL) in a cylindrical rod can be functionally
expressed according to Eq. [1]:

GL ¼ 2h Ts � T0ð Þa=Vr� qsLV½ �=kL; ½1�

where qs is the density; kL is the liquid thermal
conductivity; V is the crystal growth velocity (supposing
that V is equal to withdrawal rate); r is the radius of the
cylindrical rod casting; Ts and T0 are the temperatures
of the solid casting and the cooling medium, respec-
tively; h is the combined coefficient of heat transfer; L is
the latent heat; and a is the heat diffusivity.
Since, in this experiment, a low withdrawal rate was

employed, the second term on the right-hand side of
Eq. [1] can be neglected. The ratio between the thermal
gradient (GL(DWDS)) in the DWDS process and that
(GL(Bridgman)) in the Bridgman process can be expressed
as
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GLðDWDSÞ
�
GLðBridgmanÞ ¼ hDWDS

�
hBridgman: ½2�

Assuming that the conduction through the ceramic
mold to the mold’s outer surface is the heat transfer
limiting step, and the other steps are negligible,
the combined heat transfer coefficients (hDWDS and
hBridgman) of the DWDS and Bridgman casting systems
are then equal to the conductive heat transfer coeffi-
cients (hmold). These coefficients can be calculated by
kmold/l, where kmold is the thermal conductivity and l is
the wall thickness of the molds. As a consequence,
Eq. [2] can be expressed as

GLðDWDSÞ
�
GLðBridgmanÞ ¼ lBridgman

�
lDWDS: ½3�

In terms of Eq. [3], the thermal gradient in the DWDS
process can be approximately evaluated as 5.3 times
larger than that in the Bridgman process. Previous
investigation suggests that the baffle geometry has a
strong effect on the thermal gradient.[49] In comparison
to the baffle in the Bridgman process, the dynamic baffle
used in the DWDS process can perfectly shield from the
heat, and further increases the thermal gradient. If the
effects of the improved thermal insulation of the
dynamical baffle are considered, the thermal gradient

Bridgman DWDS

2 mm

Bridgman DWDS Bridgman DWDS

Fig. 3—DWDS and Bridgman processes of single-crystal blades solidified and macro-etched, and the sectioned position of the metallographic
samples (red rectangle) (Color figure online).

Fig. 4—Cooling curves and cooling rates measured in the (a) DWDS and (b) Bridgman solidified blades during the solidification.
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in the DWDS process is almost equal to the measured
values. This, in turn, is good evidence that the assump-
tions made above are reasonable.

B. Macrostructure

Figure 3 shows the macro-etched surface characteris-
tics exhibited by the blades solidified using DWDS and
Bridgman processes. It depicts typical features of the
single-crystal blade surfaces with clear traces of [001]
oriented dendrites. Typical freckle defects, arising due to
density inversions and exhibiting a small chain of
equiaxed grains aligned approximately parallel to the
solidification directions, were found on the surfaces of
the Bridgman solidified blades but not visible on the
surfaces of the DWDS solidified blades. No other
defects, such as stray grains, silvers, and high-angle
boundaries, were observed on the solidified blade
surfaces of either process.

C. Microstructures

1. Primary dendrite arm spacing (k1)
Images of transverse sections of the DWDS and

Bridgman solidified blades are illustrated in Figures 5(a)
and (b). Enlarged images which were chosen from the
thickest blade sections are shown in Figures 5(c) and
(d). A substantial refinement in the primary dendrite is
observed in the DWDS blades. In order to quantita-
tively assess the degree of the refinement, the primary
dendrite arm spacings at the thickest section were
measured and averaged. The average k1 is shown in
Figure 6. The measured average k1 of the DWDS
solidified blades was 299.28 lm, while the average is
almost 445.61 lm in the Bridgman blades. A reduction
of 146 lm in k1 was observed in the DWDS solidified
blades. Although the thermal gradient of the DWDS
process is 6.5 times higher than that in the Bridgman

process, the k1 does not significantly change. The reason
for this is that k1 is not a monotone decreasing function
with increasing thermal gradient.[50]

Previous studies[51] reported that the primary dendrite
arm spacing is inversely proportional to the square root
of thermal gradient at the solidification front. The
DWDS process produces higher thermal gradients than
those in the Bridgman process. These higher thermal
gradients can significantly refine the primary dendrites
and reduce the primary dendrite arm spacing. Therefore,
the DWDS blades have finer primary dendrites and k1 is
smaller than that for Bridgman blades (Figures 5 and 6).

2. c/c¢ eutectic in the interdendritic regions
c/c¢ eutectic is a non-equilibrium microstructure

which forms during the final stage of the solidification
process and is detrimental to the performance of the
resulting components. For this reason, this eutectic must

(a) (b)

(c)

100μm

(d)

100μm

Fig. 5—Images of transverse sections and the enlarged thickest regions of (a, c) the DWDS and (b, d) the Bridgman solidified blades.

Fig. 6—Average k1 and area of the c/c¢ eutectic pools of the DWDS
and Bridgman solidified single-crystal blades.
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be dissolved by the subsequent heat treatment (solution
treatment) process. The size of the eutectic pool deter-
mines the time of the solution treatment process, and
further influences the cost of the heat treatment. Typical
morphologies of the c/c¢ eutectic in the blades solidified
using the two processes are shown in Figure 7. A large
block-like c/c¢ eutectic pool is found in the blades cast by
the Bridgman process, whereas a small pool is revealed
in the DWDS solidified blades. The average sizes of the
c/c¢ eutectic pools were measured and are shown in
Figure 6. A decrease of about 1198 lm2 in the pool area
is observed in the DWDS cast blades. In addition to
this, the area fractions of the eutectic pools were also
measured. They are 3.45 pct for the DWDS process and
4.59 pct for the Bridgman process. A reduction of
1.14 pct in the area fraction is found in the DWDS
solidified blades.

During the final stage of the solidification, the
residual liquids in the interdendritic regions are divided
into a number of liquid pools and, because they impinge
on the dendrites, are enclosed by the dendrite arms. As
the solidification proceeds, the c¢/c eutectic-forming
elements (Al, Ti, and Ta) are significantly enriched in
the liquid pools. When the concentrations of these
elements reach the eutectic reaction point, the c¢/c
eutectic transformation occurs. Higher thermal gradi-
ents result in a higher solidification rate (the cooling
rate) which greatly reduces the primary and secondary
dendrite arm spacings, and thus further decreases the
sizes of the isolated liquid pools. As a consequence of
this, the DWDS solidified blades have smaller c¢/c
eutectic pools than those solidified using the Bridgman
process, as shown in Figure 7. On the other hand, higher
thermal gradient can improve the homogeneity
of the distribution of alloying elements (shown in
Figure 11(b)), which reduces the area fraction of the
eutectic pools. Therefore, in comparison to the Bridg-
man solidified blades, the DWDS cast blades have
smaller area fraction of the eutectic pools.

3. c¢ precipitates
c¢ precipitates are a major strengthening phase in the

Ni-based superalloy. These coherently precipitate from
the c matrix by solid-state transformation. Figure 8

shows the metallographic images of the c¢ precipitates in
the dendrite core and interdendritic regions for the
DWDS and the Bridgman solidified blades. Based on
these images, the average diameters of the c¢ precipitates
were measured, and the averages are shown in Figure 9.
These results reveal that the size of the c¢ precipitates is
smaller in the dendrite core than that in the interden-
dritic regions. In comparison to the Bridgman process,
the c¢ precipitates are significantly refined. The average
diameters of these phases in the dendrite core and
interdendritic regions are 49.9 and 30.2 pct, respectively,
smaller than those in the Bridgman cast blades.
The size of the c¢ phase is influenced by the nucleation

and growth conditions. The driving forces for the
nucleation of the c¢ phase are the degrees of supercool-
ing and supersaturation. At constant withdrawal rate,
the higher cooling rates caused by the higher thermal
gradient result in an increase in the degree of super-
cooling, and thus not only promote the nucleation rate
of the c¢ phase but also reduce the phase’s growing time.
As a consequence, a more refined c¢ phase was found in
the DWDS solidified blades. Previous study indicates
that the equilibrium partition coefficients of the c¢-form-
ing elements Al and Ta are smaller than one.[52] It
suggests that during the solidification, Al and Ta are
enriched in the interdendritic regions. At temperature
close to the solidus, the c phase in these regions dissolves
relatively larger amounts of Al and Ta than that in the
dendrite core. On decreasing temperature, the c phase in
the interdendritic regions achieves a larger supersatura-
tion than that in the dendrite core, which enhances the
growth kinetics and velocity for the c¢ phase.[53] For this
reason, the size of the c¢ phase in the interdendritic
regions is larger than that in the dendrite cores, as
shown in Figures 8 and 9.

4. Microporosity
Microporosity is a critical defect of the as-cast

single-crystal Ni-based superalloys, and occurs by the
shrinkage during the final stage of solidification.
Figure 10 depicts micropores within the transverse
sections of the DWDS and Bridgman solidified blades.
Figure 9 illustrates the volume fractions of the micro-
pores measured in the metallographic sections.

(a)

100μm
(b)

100μm

Fig. 7—Morphologies of the c/c¢ eutectic in (a) the DWDS and (b) Bridgman solidified blades.
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Differences in the volume fractions and size of the
micropores can be found in Figures 9 and 10, respec-
tively. In contrast to the Bridgman blades, both the size
and the volume fraction of the micropores are reduced.
The volume fractions of the micropores are 0.13 and
0.02 pct in the Bridgman and DWDS solidified blades,
respectively. This indicates that using the DWDS
process, the microporosity can be effectively reduced.

Hydrostatic pressure due to the bulk liquid con-
tributes to the feeding (mass feeding) during the
solidification. In comparison to the Bridgman process,
the hydrostatic pressure is low during the DWDS
process. However, some researchers reported[54] that

mass feeding due to the hydrostatic pressure ceases
when about 70 pct of the alloy has solidified. Previous
studies[55–59] also reported that the extent of the
microporosity is directly related to the thermal gradi-
ent, and that an increase in thermal gradient decreases
the volume fraction and size of the micropores. Higher
thermal gradients in the DWDS process significantly
reduce the dendrite arm spacings, and these smaller
spacings can decrease the amount of the residual liquid
enclosed by the impingement of dendrites in the
interdendritic regions. During the solidification, shrink-
age is low and the size of the micropores is reduced. In
addition to this, the interdendritic feeding path (mushy
zone) can be significantly shortened under higher
thermal gradients. The shortened mushy zone also
further improves the feeding capability. Apart from
this, Campbell[60] suggests that at other times, what
appears to be shrinkage porosity is most often not
shrinkage at all but is a mass of oxides generated by
the entrainment of the oxide bifilms in the turbulence
of the alloy melt’s pouring. In the Bridgman process,
the alloy melt is poured from a furnace and travels
through a funnel and a series of channels before
entering the casting. The defects from previous pouring
events will be inherited. The pores can form from the
entrained defects. However, the DWDS process does
not involve pouring of the alloy melt. In other words,
the DWDS process is reasonably free from oxide
bifilms, and the volume fraction of micropores is
therefore decreased. Based on the reasons outlined
above, a huge reduction in microporosity was observed
in the DWDS process.

DWDS Bridgman
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Fig. 8—Typical morphology of the c¢ precipitates in (a, b) the dendrite core and (c, d) interdendritic regions of (a, c) the DWDS and (b, d)
Bridgman cast single-crystal CMSX-4 blades.

Fig. 9—Average diameters of the c¢ precipitates in the dendrite core
and interdendritic regions, as well as the volume fraction of the
microporosities in the DWDS and Bridgman cast blades.
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5. Microsegregation
A parameter used to characterize the segregation

behavior is the segregation coefficient (k¢) which can be
expressed as CDC/CID, where CDC and CID are the
concentrations of an alloying element (wt pct) in the
center of dendrite cores and in the interdendritic regions,
respectively. When the value of an alloying element’s
coefficient is less than one, it indicates that this element
segregates to the interdendritic regions and is a positive
element; otherwise it segregates in the dendrite core and
is a negative element. The more the coefficient value

deviates from one, the more severe the alloying ele-
ment’s degree of segregation.
Figure 11(a) shows the examined positions of the

alloying elements’ concentrations. The calculated segre-
gation coefficients are illustrated in Figure 11(b). From
these figures, one can obtain that Al and Ta are the
positive segregation elements, whereas Re, W, and Co
are the negative elements. Cr and Mo have no strong
tendency to segregate to either the dendrite core or the
interdendritic regions. In addition to this, the segrega-
tion coefficients of the respective alloying elements in the

(a)

200μm

(b)

200μm

(c)

Fig. 10—Micrographs of transverse sections of the DWDS and the Bridgman solidified blades. Microporosity is shown as dark voids for (a) the
DWDS and (b) Bridgman solidified blades. An image of a micropore taken using scanning electron microscopy (SEM) is shown in (c).

(a) (b)

Fig. 11—The examined positions of the alloying elements’ concentrations in the cross sections of the blades (a) (CDC and CID are the concentra-
tions of an alloying element in the center of dendrite core and in the interdendritic regions, respectively) and the calculated segregation coeffi-
cients (b).
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DWDS solidified blades are closer to one than those in
the Bridgman process. This indicates that the alloying
elements’ degrees of segregation are weaker in the
DWDS cast blades.

A large thermal gradient leads to a high cooling rate.
Subjected to this high cooling rate, the local solidifica-
tion time (DT/GLV, where DT is the solidification
interval) is significantly reduced. The solutes built up
ahead of the solidification front have insufficient time to
preferentially diffuse to the remote locations in the
liquid (the partition coefficient (k) of the elements<1) or
in the solidified metal (the partition coefficient (k) of the
elements>1) by the homogeneous back-diffusion. These
solutes will be entrapped by the solidification front and
solidified in situ rendering microsegregation less pro-
nounced in the final stage of the solidification.[61] As a
consequence, the segregation coefficients of the alloying
elements in the DWDS solidified blades are closer to one
(shown in Figure 11(b)), and the degree of the microseg-
regation of these elements is thus reduced.

D. Casting Defects

During the solidification of single-crystal superalloy
blades, two types of the macro-casting defects, stray
grains and freckles, are frequently found. The occur-
rence of these defects not only depends on the compo-
sition of the alloy, but also on the casting conditions. In
comparison to the Bridgman process, the DWDS
process can essentially eliminate the freckles.[43] Apart
from this, the higher thermal gradient of the DWDS
process can keep a straight liquid and solid (L/S)
interface, which can effectively reduce the occurrence of
the stray grains, especially in the shroud of the blades.
However, in terms of the characteristics of the DWDS
process the ceramic mold materials may be entered into
the melt, and form the inclusions, which need to be
further investigated in the future work.

IV. CONCLUSIONS

Using the downward directional solidification (DWDS)
process, single-crystal blades having a complex geometric
shape were solidified. The possible benefits of this process
were evaluated based on comparative results for the
Bridgman process. The DWDS process demonstrates
good capabilities for casting the single-crystal superalloy
blades. This process generates thermal gradients which are
approximately seven times that of the Bridgman process.
Moreover, the process provides more advantages for
solidifying the single-crystal superalloy blades by refining
their microstructures, reducing casting defects, and allevi-
ating the degree of the microsegregation.
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Compd., 2015, vol. 620, pp. 24–30.
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