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Anisotropic Growth of the Primary Dendrite Arms in a
Single-Crystal Thin-Walled Nickel-Based Superalloy
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and secondary dendrite arm spacings.
The spacings are linked to the mechanical
behavior of the ﬁnal parts and relate solidiﬁcation conditions, such as the local temperature gradient and the solidiﬁcation
rate. Signiﬁcant amount of research work
in the literature is dedicated to the relation
of these spacings to the process variables of
directional solidiﬁcation. For a recent
review on the subject, the reader is referred
to Strickland et al.[3]
Franke et al.[4,5] and Grudzień-Rakoczy
et al.[6] studied the inﬂuence of thermophysical properties, such as enthalpy of
fusion, heat conductivity, and speciﬁc heat,
on the solidiﬁcation of nickel-based superalloys. The temperature gradient at the
solidiﬁcation front and the solidiﬁcation
rate plays a major role in the formation
of as-cast microstructures. Casting nickelbased superalloys in a Bridgman furnace,
Liu et al.[7] showed that low withdrawal rates lead to a cellulardendritic microstructure with blocky or rosette-like γ/γ 0 -eutectics, whereas high withdrawal rates lead to ﬁne dendritic structures with ﬁne γ 0 -precipitates. Milenkovic et al.[8] and Lee et al.[9]
investigated the inﬂuence of different solidiﬁcation conditions
on the microstructure of directional solidiﬁed cylindrical specimens of the nickel-based superalloy M247LC and showed that an
increase in the temperature gradient and solidiﬁcation rate leads
to decreasing dendrite arm spacings and accordingly to ﬁner
microstructures.
Zhang et al.[10] investigated the inﬂuence of the wall thickness
on the dendritic structure of directionally solidiﬁed turbine
vanes. They observed decreasing primary dendrite arm spacings
in increasingly thinner casting geometries. Similar observations
were made by Krawczyk and Bogdanowicz[11] in single-crystal
cored turbine blades in the vicinity of the cooling bores.
These areas with smaller primary dendrite arm spacings around
the cooling bores are about 3–4 mm wide and already clearly indicate a dependence of the primary dendrite arm spacing on the
wall thickness. These scales are still very large compared with
the largest microstructure length scale in single-crystal casting
of nickel-based superalloys, that is, the spacing of primary dendritic trunks, which is in our case between 0.3 and 0.4 mm. To
the best of the authors’ knowledge, there is no fundamental study
available in the literature discussing microstructure effects in
thin-walled single-crystal castings with wall thicknesses that
reach the scale of the primary dendrite arm spacing.
In this work, the resulting primary and secondary dendrite
arm spacings during thin-walled single-crystal solidiﬁcation

The inﬂuence of the withdrawal rate and wall thickness on the primary and
secondary dendrite arm spacings of single-crystal specimens manufactured by
the Bridgman process is investigated. Thin-walled specimens with wall thicknesses of 0.4, 0.8, 1, and 2 mm are compared with conventional cast singlecrystal cylindrical specimens with a diameter of 15 mm of the nickel-based
superalloy MAR M247LC. It is found that the average primary dendrite arm
spacing decreases slightly with decreasing wall thickness, whereas the secondary
dendrite arm spacing is relatively independent of the cast wall thickness. The
slight decrease in primary dendrite arm spacing relates to an  0.2 mm wide
boundary zone next to the ceramic mold/cast metal interface that is not only
present in the thin-walled specimens, but also within cylindrical single-crystal
specimens. Within this boundary zone, the primary dendrite arm spacing is
anisotropic. While the spacing of two dendritic cores sitting aside each other
(y-direction) remains at the bulk value, the spacing of two dendritic cores sitting
in line with the interface normal (x-direction) is signiﬁcantly reduced.

1. Introduction
Over the last years, complex cooling channels inside hollow turbine blades as well as their trailing edges became increasingly
thinner.[1] The wall thickness on the trailing edge of a turbine
blade currently goes down to 0.2 mm.[2] In addition to weight
savings, thinner structures are beneﬁcial for aerodynamics
and cooling. All these effects have beneﬁcial impact on the
efﬁciency of ﬂight engines.
Quite often, these turbine blades are manufactured as single
crystals by the Bridgman process. The ﬁnal parts as well as the
microstructure and mechanical properties result from the directional solidiﬁcation of the metallic melt within the given casting
geometry. The microstructure of directionally solidiﬁed
single-crystal materials is usually characterized by the primary
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Table 1. Composition of MAR M247LC [wt%].
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are systematically investigated, focusing on two important process parameters: the withdrawal rate and the cast wall thickness.
Three different withdrawal rates are selected and the singlecrystal dendritic solidiﬁcation in very thin specimens with wall
thicknesses down to 0.4 mm is studied. Furthermore, the
thin-walled solidiﬁcation behavior is compared with the singlecrystal bulk solidiﬁcation within a cylindrical specimen with
15 mm diameter.

2. Experimental Section
2.1. Single-Crystal Casting
The nickel-based superalloy MAR M247LC with the composition
given in Table 1 was investigated. Batches of the masteralloy
M247LC were positioned in a ceramic crucible and melted in
an induction furnace under vacuum at a pressure of
5  102 Pa. A ceramic mold was positioned on a water-cooled
copper chill plate and preheated to a temperature of 1450  C.
After pouring the molten material into the preheated mold,
the ceramic mold was withdrawn through a water-cooled copper
bafﬂe, as described by Konrad et al.[12] The ceramic molds were
produced by an adaptation of the standard lost-wax process using
positive polymer models instead of wax.[13] The layers consisted
of a slurry of colloidal silica bound by ZrSiO4 and aluminum
oxide particles with varying grain sizes. The innermost layer consisted of aluminum oxide particles with a grain size of 0.1 mm,

followed by four ﬁne backup layers (0.25–0.5 mm) and four
coarse backup layers (0.5–1 mm) of aluminum oxide particles.
In addition to conventional single-crystal cylindrical specimens with a diameter of 15 mm and a length of 120 mm,
thin-walled single crystal specimens with wall thicknesses of
0.4, 0.8, 1, and 2 mm were cast. The single-crystal thin-walled
specimens consisted of two different windows, each having
the wall thicknesses of either 0.4 and 0.8 mm or 1 and 2 mm,
see Figure 1a. Withdrawal rates were varied between 0.5, 3
and 6 mm min1 for each casting geometry, so a total of nine
single crystal specimens were produced.
2.2. Specimen Preparation
Electron backscattered diffraction investigations on cross
sections of the cast samples were carried out to determine the
deviation of the crystal orientation with respect to the [1]-orientation. In any case the deviation of the single-crystal thin-walled
specimens was less than 5 . The single-crystal cylindrical specimens were oriented using a goniometer. The cylindrical cross
section of the cylindrical specimen was ground with SiC paper
with grits of 500, 1000, and 2000 and etched with a solution of
3 g Mo-(VI)-oxide, 100 mL H2O, 100 mL HNO3, and 100 mL HCl
to make the dendritic structure visible. Then, the cylindrical
specimens were ground in the longitudinal direction and also
etched, so the dendrites could be aligned vertically using a
goniometer. The single-crystal cylindrical specimens were cut
by electrical discharge machining longitudinally and perpendicular along the aligned dendrites to obtain longitudinal and cross
sections of each oriented cylindrical specimen. This process is
not possible for the thin-walled specimens as the possibilities
for orientation were restricted by thin-walled volumes. In addition to a cross section, two longitudinal sections were prepared by

Figure 1. Geometry of cast samples and section positions of a) thin-walled specimen and b) single-crystal cylindrical specimen.
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electrical discharge machining for the single-crystal thin-walled
specimens for each wall thickness. The geometry of the two
different casting samples and the section positions are exemplary
shown in Figure 1.
The cut sections of the single-crystal cylindrical and also the
thin-walled specimens were embedded in phenolic resin, ground
by SiC paper with grits of 500, 1000, and 2000, polished with a
diamond suspension, and ﬁnally etched again. For the examination of the dendrite arm spacings by means of optical microscopy, a Zeiss Axioplan in the reﬂecting light mode was used.
2.3. Methods for Evaluation
Primary dendrite arm spacings were determined using cross sections (surface normal parallel to growth direction) by measuring
the distances between neighboring dendritic cores. Secondary
dendrite arm spacings were determined using longitudinal
sections (surface normal perpendicular to growth direction).
This is schematically illustrated in Figure 2a.
Especially in the study of the anisotropy of the primary dendrite arm spacings due to the thin-walled geometry, distances
between neighboring dendrite cores in x- and y-directions
(perpendicular and parallel to the thin wall) were measured,
see Figure 2b.
As a complement of these two evaluation methods, the area
counting method[14] was applied for the determination of the primary dendrite arm spacing. Hence, cross-sectional macroimages

Figure 3. Cross section of a thin-walled specimen with a wall thickness of
0.8 mm, which is divided into four rectangles of equal size for the evaluation of the primary dendrite arm spacing by the area counting method.

were divided into rectangles of the equal area, which are exemplary shown in Figure 3 for a thin-walled specimen with a wall
thickness of 0.8 mm.
The height of the rectangles was 0.2 mm, whereas the width
was  3 mm. The height of 0.2 mm ensures that a sufﬁcient
number of dendrites can be counted in every rectangle and that
cross sections of the thin-walled specimens in this study can be
divided into even-numbered strips. The area counting method is
described by Equation (1).
λp ¼ ðA=nÞ0.5

(1)

where λp is the primary dendrite arm spacing and n is the
number of dendrite cores in a deﬁned area A.

Figure 2. Schematic illustration of the determination of a) primary and secondary dendrite arm spacings of neighboring dendrites and b) primary dendrite
arm spacings in the x- and y-direction between neighboring dendrite cores.
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3. Results
Figure 4 shows the dendritic structures on cross and longitudinal
sections of 0.4 mm thick thin-walled single-crystal specimens in
comparison with single-crystal cylindrical specimens with
15 mm diameter. An increase in the withdrawal rate from 0.5
to 3 and 6 mm min1 (left to right) leads to signiﬁcantly ﬁner
dendritic structures.
The dependence of the primary and secondary dendrite arm
spacings on the withdrawal rate for all ﬁve specimen thicknesses
is shown in Figure 5. As expected, a reduction of the withdrawal
rate leads to higher primary and secondary dendrite arm
spacings. The secondary dendrite arm spacing turns out to be
independent from the cast wall thickness. The average primary
dendrite arm spacing decreases slightly with decreasing wall
thickness. This slight decrease results from a boundary zone
of anisotropic reduced primary dendrite arm spacings, which
becomes increasingly important with decreasing wall thickness.

This will become more clear in the following studies and is
discussed in detail below.
The inﬂuence of the cast wall thickness on the primary dendrite
arm spacing was further investigated at a withdrawal rate of
3 mm min1. Primary dendrite arm spacings in x- and
y-directions are plotted against the cast wall thickness in
Figure 6a. It can be clearly seen that the primary dendrite arm spacings, especially with the extremely thin wall thicknesses of 0.4 and
0.8 mm, differ strongly in these two directions. With a wall thickness of 0.4 mm, the primary dendrite arm spacing λpy in y-direction
is by a factor of 1.6 higher than λpx in x-direction. In contrast, the
primary dendrite arm spacings λpx and λpy are equal for the singlecrystal cylindrical specimen with a diameter of 15 mm. Figure 6b
area 1 exemplary shows dendrites arranged very close to one
another perpendicular to the wall, whereas the distance between
the two adjacent dendritic cores in area 2 is signiﬁcantly higher.
With the results described in Figure 6, it is clear that, in
addition to the dependency between the primary dendrite arm

Figure 4. Light microscopic micrographs of dendritic structures on cross and longitudinal sections for thin-walled specimens with a wall thickness of
0.4 mm in comparison with a single-crystal 15 mm cylindrical specimen; from left to right increasing withdrawal rates during Bridgman single-crystal
growing process.
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Figure 5. Inﬂuence of the withdrawal rate v and wall thickness on a) primary dendrite arm spacing λp and b) secondary dendrite arm spacing λs.

Figure 6. a) Primary dendrite arm spacing of pairs of neighboring dendritic cores in x- and y-direction at a withdrawal rate of 3 mm min1.
b) Cross sections of thin-walled specimens with a wall thickness of 0.8
and 0.4 mm; to illustrate the determination method of primary dendrite
spacings in x- (area 1) and y- (area 2) directions, two exemplary chosen
pairs of dendritic cores are shown, as surrounded by gray circles.

spacing on the cast wall thickness, there is an anisotropy that
leads to lower primary dendrite arm spacings in x-direction
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Figure 7. a) Cross section of a thin-walled sample with a wall thickness of
0.8 mm divided into four equal-sized rectangles, the boundary zone is
exemplary represented by rectangles 1 and 4 and the center area by
rectangle 2 and 3. b) Primary dendrite arm spacings of the boundary
and center area determined using the area counting method by dividing
cross sections into rectangles of equal size.

(perpendicular to the thin wall). In order to investigate this
anisotropy more closely, the macroimages of the cross sections
are broken down into equal-sized rectangles (Figure 7a) and the
primary dendrite arm spacings were determined using the area
counting method for each rectangle, described with Equation (1).
The height of the rectangles is 0.2 mm, which is slightly larger
than half the undisturbed primary dendrite arm spacing. A
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distinction is made accordingly between the boundary and center
areas for all wall thicknesses except for 0.4 mm, as with this thin
wall thickness no delimitation can be made between the boundary and center areas. Figure 7b shows that the primary dendrite
arm spacings in the boundary areas are smaller compared with
the center areas for all wall thicknesses.

4. Discussion
In the theory of directional solidiﬁcation, the temperature
gradient at the solidiﬁcation front and the solidiﬁcation rate
are generally regarded as the most important parameters. In
the Bridgman process for single-crystal growth, the solidiﬁcation
rate is in good approximation constant over the solidiﬁcation
time and is identical to the withdrawal rate. Sahm et al.[15] derived
the dependencies of the primary dendrite arm spacing, λp, and of
the secondary dendrite arm spacing, λs, from the solidiﬁcation
rate, v.
λp  v1=4

(2)

λs  v1=3

(3)

The primary and secondary dendrite arm spacings observed in
this investigation do both indeed increase with the withdrawal
rate, see Figure 5. The ﬁts shown in Figure 5 illustrate the dependency of the primary and secondary dendrite arm spacings on the
withdrawal rate, which is also described by Equation (2) and (3).
An increase in the withdrawal rate leads to a reduction in the
primary and secondary dendrite arm spacings. The dependency
of the primary dendrite arm spacing on the withdrawal rate is in
good agreement with the ﬁt described by Equation (2). In contrast to that there are differences in the ﬁt described by
Equation (3) for the secondary dendrite arm spacing, which is
due to the higher standard deviation at a withdrawal rate of
0.5 mm min1. The dependency of primary and secondary dendrite spacings from the withdrawal rate is in good agreement
with the results of Elliott et al.[16] and Zhou et al.[17]. They
investigated the inﬂuences of the process parameters during
directional solidiﬁcation on the dendrite arm spacing of the
nickel-based superalloys IN792 and RENÉ N4. The primary
and secondary dendrite arm spacings of the cylindrical specimen
with 15 mm diameter measured in this work at a withdrawal rate
of 3 mm min1 are in good accordance with the results of
Whitesell et al.[18,19]. They measured a primary dendrite arm
spacing of 350 μm and secondary dendrite arm spacing of about
80 μm.
The inﬂuence of the wall thickness on the solidiﬁcation
microstructure during single-crystal casting within the
Bridgman process was discussed earlier. Grudzień-Rakoczy
et al.[6] and Franke et al.[5] mentioned that the temperature
gradient on the surface of thin-walled specimens is higher
and decreases with growing distance to the surface.
Goldschmidt[20] investigated the working range regarding temperature gradient and withdrawal rate for the single-crystal solidiﬁcation of the nickel-based superalloy SRR 99 and showed that
the temperature gradient at the solidiﬁcation front decreases with
an increase in the ingot cross section. This correlates with the
decreasing primary dendrite arm spacing at decreasing wall
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thicknesses in this work. Zhang et al.[10] reported decreasing
primary dendrite arm spacings with decreasing specimen wall
thickness. This was explained by an increasing heat transfer
by thermal radiation with decreasing wall thicknesses of the
specimens.[10]
Possible physical origins of this anisotropic effect during
directional solidiﬁcation in the Bridgman process are as follows.
Goldschmidt[20] as well as Zhang et al.[10] argued that a decreasing primary dendrite spacing could simply relate to locally
increased temperature gradients in thin-walled specimens with
decreasing wall thickness. Konrad et al.[12] determined a temperature drop of 89  C at the interface between the ceramic mold
and the melt. The heat dissipation at the interface between
the ceramic mold and the melt is higher, which may lead to local
higher lateral temperature gradients in x- and y-directions at
positions next to the ceramic mold/cast interfaces. This results
in an  0.2 mm thin anisotropic boundary zone, which could
explain the observed decrease in the primary dendrite arm spacing. This boundary zone also exists in the single-crystal cylindrical specimens with a diameter of 15 mm. This is schematically
illustrated for the casting geometry with a thin-walled section of
0.4 and 2 mm by Figure 8. The anisotropic arrangement of the
primary dendrites, which is characterized by smaller primary
dendrite arm spacings in the boundary zone, is illustrated by
a schematic illustration in Figure 8b.
From the studies presented in Figure 6 and 7, we conclude
that within the boundary zone next to the ceramic mold, the average primary dendrite arm spacing is anisotropic. The anisotropic
reduction of the primary dendrite arm spacing leads to signiﬁcantly lower average values within these boundary zones, located
next to the ceramic mold, see Figure 7. This  0.2 mm thin
boundary zone of anisotropic primary dendrite arm spacings
is not only evident in the thin-walled single-crystal specimens,
but also in the cylindrical specimen. However, the thinner the
casting geometry, the larger the fraction of the boundary zone
with respect to the total volume of the cast specimens and the
more important is this anisotropic reduction of the primary
dendrite arm spacing for the overall properties.
As a general introduction to this ongoing topic of intense
research, we refer to the recent review papers on directional dendritic solidiﬁcation and primary dendrite arm spacings.[3,21–23]
During solidiﬁcation, two neighboring dendrites also compete
with each other for solute atoms out of the melt. This competition results in a complex interaction between the two dendritic
trunks, which is mediated by the surrounding liquid concentration ﬁeld. The primary dendrite arm spacing is a result of this
complex interaction. Of course, also the present observation of
reduced anisotropic primary dendrite arm spacings in the
boundary zone relates to this complex interaction, as the solute
competition is fundamentally different at the mold/cast interface
as compared with the inner of the cast. Remarkable progress was
made in the ﬁeld of dendritic solidiﬁcation in recent years using
sophisticated models and detailed computer simulations, such as
phase-ﬁeld models or more coarse-grained approaches.[23] Finiteelement simulations of the single-crystal solidiﬁcation represent
a possible solution for further investigation of the anisotropic
growth of the primary dendrite arms. This allows predictions
regarding the established temperature proﬁles depending on
the specimen geometry and the resulting microstructure.
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Figure 8. a) Sketch of the casting geometry of a thin-walled specimen including a coordinate system in the middle of the specimen to deﬁne the three
directions. b) Schematic illustration of the anisotropic arrangement of the primary dendrites in the boundary zone. Schematic illustration of the temperature distribution as a function of the distance to the center of the thin-walled specimen in c) x-direction for d ¼ 0.4 mm, d) x-direction for d ¼ 2 mm,
e) y-direction for both wall thicknesses, and f ) z-direction for both wall thicknesses. c–e) An increased temperature gradient in the boundary zone due to
higher heat dissipation by the ceramic mold.

5. Conclusion
Primary and secondary dendrite arm spacings were determined
as a function of the withdrawal rate and the cast wall thickness. In
addition to conventional single-crystal cylindrical specimens with
15 mm diameter, thin-walled single-crystal specimens with
different wall thicknesses of 0.4, 0.8, 1, and 2 mm were cast from
the nickel-based superalloy MAR M247LC. 1) The usually
expected withdrawal rate dependence during single-crystal casting also applies to thin-walled specimens: increasing withdrawal
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rates lead to decreasing primary (λp  v1/4) and secondary
(λs  v1/3) dendrite arm spacings. 2) The primary dendrite
arm spacing decreases slightly with decreasing wall thickness,
whereas the secondary dendrite arm spacing is relatively independent of the wall thickness. 3) An anisotropy of the primary
dendrite arm spacing is observed due to smaller spacings in
x-direction. 4) Anisotropic primary dendrite arm spacings are particularly in the boundary zones, which extend up to 0.2 mm in size
inward from the surface. This boundary zone is also present
within the cylindrical specimens with 15 mm diameter.
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