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A B S T R A C T

The present work takes a new look at a modified Bridgman process (Bridgman seed technique, BST) for the
production of laboratory Ni-base single crystal (SX) superalloy cylinders of 12/120 mm diameter/length. This
type of specimen is needed to perform inexpensive parametric studies for the development of new SX and for
understanding the evolution of microstructures during SX casting. During melting, the seed partially melts back.
The elementary segregation processes cause a certain type of constitutional heating/cooling. Competitive growth
eventually establishes a constant average dendrite spacing. In the present work it is documented how this
dendrite spacing varies in one cylindrical ingot, and how it scatters when a series of SX ingots is produced. This
type of information is scarce. The calculated temperature gradient across the solid/liquid interface (calculated by
FEM) is in excellent agreement with predictions from the Kurz-Fisher equation which yields a dendrite spacing
based on the experimental withdrawal rate and the microstructurally determined average dendrite spacing. The
presence of small angle grain boundaries on cross sections which were taken perpendicular to the solidification
direction can be rationalized on the basis of small deviations from the ideal growth directions of individual
primary dendrites.

G R A P H I C A L A B S T R A C T

1. Introduction

Ni-base superalloy single crystals (SX) are used to make first stage
blades for modern gas turbines which are used in power plants and aero
engines, e.g. [1–8]. There are four aspects, which are important and well

established: First, SX have no grain boundaries and are therefore less
prone to cavitation damage [7,8]. Second, Ni-base superalloys feature
chemical and microstructural heterogeneities which have their origin in
the solidification process (prior dendritic and interdendritic regions [9],
largescale heterogeneity: several hundred micrometers) and in the
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subsequent precipitation heat treatment (γ/γ′-microstructure, small scale
heterogeneity: 1 μm). Superalloy SX represent technical single crystals
which contain two phases, the ordered γ′-phase (L12 crystal structure,
cuboidal particles of a typical edge length of a few hundred nanometers,
typical volume fraction of 75%) and the γ-phase (fcc solid solution, thin
channels which separate the γ′-cubes, typical volume fraction: 25%).
The<001>direction represents a natural solidification direction, but
deviations of up to 15° from this solidification direction are not
uncommon [3,6,10]. Third, Ni-base SX show elastic anisotropy, where
the Young's modulus in the<111>direction is significantly larger than
in the<001>direction, e.g. [11,12]. Orienting turbine blades along
the<001>direction minimizes thermal stresses associated with fast
heating and cooling. Fourth, superalloy SX are produced using the well-
known Bridgman directional solidification process [1–3,5–8,13]. A
detailed overview on industrial scale production of SX turbine blades
was recently given by Kubiak et al. [13]. Two different techniques are
applied to eliminate grain boundaries in superalloys during directional
solidification (DS). First, one can use a narrow spiral-shaped crystal
selector through which the solid/liquid front must pass during solidifica-
tion. The selector only allows one single grain to pass through. The
second option is to use pre-oriented seed crystals. The seed partially
melts back in the early processing stages. Later, epitaxial growth during
crucible withdrawal results in the formation of a solid/liquid interface
which proceeds through the molten material.

The processing of SX has been a research topic for several decades
[13–16]. A first summary of techniques has been given in the seminal
collection of research papers edited by Gilman in 1963 [14]. The
research area has always been closely related to the field of solidifica-
tion of melts [17–21]. As gas turbine technology developed, the casting
and the directional solidification of SX superalloys have received
considerable attention, e.g. [6,10,22–26]. However, the production of
high quality superalloy single crystals has remained challenging
[25,26]. The formation of microstructures in Ni-base superalloys during
SX solidification is governed by various thermodynamic, kinetic and
other constraints and involves different length scales [9,27,28]. The
governing elementary processes are more complex than what is
envisaged in classical crystallization theories, e.g. [29,30]. High con-
tents of refractory elements (e.g. Re, W and Ta) promote segregation
during solidification, which results in heterogeneous microstructures.
Even when solidification conditions are precisely controlled, there is a
risk of defect formation [6,7,25,26,28].

Today there is a good understanding of the coupling between

thermodynamic driving forces and elementary kinetic processes during
SX solidification, e.g. [22,31–33]. Progress has been made in the area of
process modeling, e.g. [26,34–38]. However, there are open questions
related to microstructural and chemical homogeneity across length
scales which the present work addresses in four points. First, it is shown
how microstructures and local chemical alloy compositions evolve
during different stages of a seeded Bridgman solidification process with
special emphasis placed on the early stages of partial seed remelting
and crystal growth. Second, an effort was made to demonstrate that
finite element based calculational procedures can predict temperature
gradients in the solid/liquid region which agree well with experimental
data derived from primary dendrite arm spacings. Third, it is important
to explain the nature of internal interfaces which are inherent features
of cast microstructures and which evolve during solidification. Fourth,
there is a need to evaluate the extent of microstructural scatter which is
observed when a series of single crystals is produced following the same
procedure. All findings are discussed in the light of previous results
reported in the literature.

2. Experimental methods

2.1. Bridgman seed technique (BST)

In the present work we use a Bridgman furnace of type KZV-A40-
400/161G-V from Gero GmbH (Neuhausen, Germany). The lower part
of the furnace is shown in Fig. 1. The furnace has three separately
controlled graphite heating elements (one of which is highlighted with
“1”). These heat a central graphite tube (“2”) which houses the
cylindrical crucible, shown in red in Fig. 1. The crucible contains the
spacer (“3”), the seed (“4”) and the feedstock (“5”). During solidifica-
tion, the crucible/holder assembly remains in position while the
furnace moves upwards. An isolating baffle (shown in blue, “6”)
separates hot (inside of furnace) and cold (outside of furnace) zones.
The crucible holder (“7”) is positioned within a water-cooled cylinder.
The heaters and graphite tube are thermally isolated by a graphite felt
insulation, light grey in Fig. 1. The temperatures in the center of the
heated zone are monitored. Prior to melting and directional solidifica-
tion, the whole melting chamber is evacuated using a rotary vane pump
(Pfeiffer DuoLine) and a turbo pump (type Pfeiffer HiPace 400). Spacer,
seed crystal and feed stock consist of the superalloy ERBO/1C, a CMSX-
4 type of material which has been described in the literature [9].

Fig. 1. Key elements of the Bridgman seeding technique (BST) used in the present work: 1
- graphite heaters, 2 - graphite tube, 3 - spacer, 4 - seed, 5 - feedstock, 6 - baffle, 7 - cooled
crucible holder. For details see text.

Table 1
Geometries of the seed, the melting feedstock, the alumina tube and
the baffle.

Seed
Diameter 11.6 mm
Length 16 mm

Melting feedstock
Diameter 11.6 mm
Length 110 mm

Al2O3 tube
Inner diameter 12 mm
Wall thickness 2 mm
Length 180 mm
Roughness 0.1 μm

Baffle
Thickness (effective) 20 mm
Hole diameter 18 mm

Table 2
Alloy composition (chemical analysis data provided by supplier).

Element Al Co Cr Hf Mo Re Ta Ti W Ni

Concentration (wt%) 5.7 9.6 6.5 0.1 0.6 2.9 6.5 1.0 6.4 Bal.
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Cylindrical ERBO/1C seeds are used as starter crystals (full diameter
seeding [39]). Critical geometry and material parameters of the seed,
the spacer, the feedstock, the alumina tube and the baffle are given in
Table 1. The seeds were cut by electro discharge machining (EDM) from
ERBO/1C slabs. Prior to EDM, the slabs were precisely oriented using
the Laue method, to ensure that the [001] direction is parallel to the
longitudinal axis of the cylindrical seed. Details on our iterative EDM/
Laue procedure are given elsewhere [40]. For the experiments per-
formed in the present work, the melting feedstock was specifically
prepared by arc melting of ERBO/1C and subsequent drop casting into a
cylindrical Cu-mold as described in [41,42]. The alloy used in the
present study (for spacer, seed and feedstock) was obtained from Alcoa
Howmet (Whitehall, USA). The chemical composition of the alloy is
given in Table 2.

Cylindrical Al2O3 tubes with low surface roughness were used as
crucibles. The tubes were purchased from CeramTec GmbH
(Marktredwitz, Germany). Prior to crystal growth, the inner surfaces
were cleaned with a brush and pressurized air. Using a special support
system, the tubes were mounted onto a crucible holder. The tube was
precisely aligned by means of a support frame and mounted onto a
crucible holder, where it was fixed using a ceramic glue of type
FiberPlast C 1800 D from M.E. Schupp High Temperature Technology
(Aachen, Germany). During the drying process, the crucible tube
remained fixed in the support frame which minimizes angular devia-
tions. A low oxygen partial pressure was established in the furnace by
evacuating and backfilling with Argon (purity 99.995 vol%) for 2 times.
Then, the furnace was heated under vacuum to 400 °C. The system was
evacuated for at least 10 h until a vacuum level of 1·10−5 mbar was
established. Then, the furnace was heated to the target temperature of
1550 °C at a rate of 12 K/min. When the target temperature was
reached, a 30 min hold resulted in melting of the feedstock and partial
melting of the upper region of the seed crystal. Crystal growth
experiments were then carried out at a withdrawal rate of 180 mm/h
[28,43]. Fig. 2 shows ingots which were produced and investigated in
the present study. The crystals have a length of 120 mm and diameter of
12 mm, the targeted growth direction is< 001> . Fig. 2a shows a
directionally solidified polycrystalline sample, which resulted from an
early solidification experiment where the selected process parameters
failed to achieve partial seed melting. After adjusting the position of the
seed crystal (5 mm above the baffle), a high quality SX specimen was

obtained, Fig. 2b. For later reference, Fig. 2c shows the crystallographic
reference system and identifies specific regions along the cylindrical
sample characterized by the space coordinate xS. For metallographic
investigations, longitudinal and cross sectional cuts were prepared from
the locations indicated by dashed lines.

2.2. Sample characterization

The crystallographic orientations of both, seeds (prior to melting) and
single crystals (after BST processing) were characterized using a Laue
system of type MWL120 with a W cathode operating at 21 kV and 21 mA.
Fig. 3 documents our orientation procedure. Fig. 3a shows a Laue pattern
from a seed. We additionally use an optical technique where the (secondary)
crystal orientation is determined accounting for the orientation of secondary
dendrites. Free-standing dendrites can be easily observed in the upper parts
of as-grown crystals, with no need for additional metallographic prepara-
tion. Fig. 3b shows a sample (“1”) in an optical stereo microscope (“2”) of
type Leica MZ 95 which allows to visualize dendrites. The sample is fixed
into a steel tube, Fig. 3c, which can rotate around its longitudinal axis
(Figs. 3d and e) to define precise cutting directions, Fig. 3f.

The as-cast SX ingots were macro etched to contrast surface grains
and related defects, using a solution consisting of 40 ml H2O, 20 ml HCl
and 10 ml H2O2. Examples of two etched ingots are shown in Fig. 2.
Samples for metallographic characterization were cut from the as-
grown crystals using a high precision cutting machine of type Struers
Secotom-10. Specimen surfaces were prepared by conventional grind-
ing and polishing procedures. The final polishing step was performed
using a 1 μm diamond suspension. An etching solution consisting of
100 ml H20, 100 ml HCl, 100 ml HNO3, 3 g MoO3 was finally applied to
establish good contrast. After etching, it was straightforward to
visualize grain orientations, to distinguish between different regions
of the cast microstructure (dendritic and interdendritic regions) and to
identify large γ′ particles. The as grown microstructure was investigated
using optical microscopy (OM), scanning electron microscopy (SEM),
and chemical microanalysis. An OM of type Zeiss Axio was used to
characterize dendrite structures. An effort was made to determine the
evolution of average primary dendrite spacings across the crystal length
using the procedure outlined in [9]. At least 100 spacings of neighbor-
ing dendrites were determined for each sample, with the exception of
the seed material where dendrites were widely spaced and where one

Fig. 2. As-grown Ni-base superalloy cylinders (growth direction< 001> : from left to right). (a) Directionally solidified (DS) structure with elongated grains. (b) Single crystal (SX)
structure obtained using our BST method (seed region highlighted by white arrow). (c) Cut up plan for metallographic sectioning.
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therefore could only consider smaller dendrite numbers.
A field-emission electron microprobe (EPMA) of type Cameca

SXFiveFE was used to obtain small scale chemical distribution maps
of all alloy components. The instrument was operated at an acceleration
voltage of 20 kV and a probe current close to 75 nA. Quantitative EPMA
data sets were obtained by acquiring both peak and background data
and performing a matrix correction (X-Phi procedure [44]) using
intensity data of appropriate reference materials. The dimension of
each element map was 2048 × 1536 pixel. The pixel step size was
0.5 μm and the dwell time per pixel was 150 ms. Three neighboring
sample regions were mapped with a horizontal overlap of 50 μm, which
allowed for subsequent merging of the datasets. Depending on their
atomic numbers, either Kα, Lα or Mα X-ray lines of the elements were
detected, except for Re, where the Mβ line was measured simulta-
neously on two wavelength-dispersive spectrometers. The large scale
chemical homogeneity of the as-grown SX ingots was evaluated using a
SEM of type Tescan MIRA3 equipped with an energy dispersive X-ray
analysis (EDX) detector of type Oxford X-MaxN. The microscope
operated at 20 kV where EDX spectra were recorded within 4 min.
For each chemical analysis, an area of 7.3 mm2 was considered. A SEM
of type FEI Quanta FEG 650 equipped with an electron backscatter
diffraction (EBSD) camera of type EDAX Ametek Hikari was used to
investigate microstructures (20 kV) and to perform orientation imaging
SEM (30 kV). A step size of 3.3 μm was selected for EBSD scans.
Appropriate grain reconstructions were used in EBSD data processing,
which were embedded in the software package MTEX [45,46]. EBSD
data analysis allowed to determine the misorientations between the
targeted [001] direction and the resulting sample orientations. An
effort was made to characterize misorientation angles (axis/angle pair
rotation [47]) of low angle grain boundaries (LAGBs). A minimum
angle of 0.5° was set for the identification of grain boundaries. In the
present work five SX ingots (1–5) were produced, none of which
showed macroscopically noticeable defects. Microstructural parameters
of all five ingots were determined. All micrographs shown in the
present work were obtained from ingot 1.

2.3. Calculation of temperature distribution in the furnace

An effort was made to calculate the temperature distribution which
characterizes our BST process. For this purpose the whole furnace/
crucible setup was modeled using the finite element (FEM) software
package Wincast Expert from RWP GmbH in Aachen, Germany (for
details see: [48]). In Fig. 4 we show the part of the FE model which
contains the crucible holder, the baffle, the crucible, the feedstock (for
thermal analysis no difference was made between spaceholder, seed
crystal and melt feedstock), the graphite tube and the heater elements.
Fig. 4b and c show how the system was geometrically meshed. Fig. 4c
shows the region marked with a horizontal arrow pointing to the left in
Fig. 4b at a higher magnification. In fact to properly account for the
temperature distribution in our BST process we need to consider a large
model which consists of 164 layers and 3,8·106 nodes which define
7,6·106 cells. For the calculations we need as input the heat conductiv-
ities, the heat capacities and the emissivities of the related materials
which were taken from the literature [49–51] or from data sheets
provided by component manufacturers [52]. Some key parameters used
for our calculations are listed in Table 3.

3. Results

3.1. Calculated temperature profile across solid/liquid interface

In Fig. 5 we present results for the temperature distribution in the
furnace. In Fig. 5a, temperature levels are represented by colors (see
corresponding color code on the right). The horizontal dotted lines in
the center of the figure represent calculated isotherms for 1653 and
1593 K, which correspond to the liquidus and solidus temperatures of
our alloy, as experimentally determined by Quested et al. [49]. In
Fig. 5b we show the calculated temperature profile along the dashed
central vertical line. The coordinate along this line was introduced as
xBF in Fig. 1, position xBF = 0 corresponding to the upper limit of the
baffle. In addition to the calculated T(xBF)-profile, Fig. 5b highlights the

Fig. 3. Orienting SX samples. (a) Laue diffraction patterns obtained from an ERBO seed. (b) Optical method to orient secondary dendrites (as-gown sample “1” is positioned below a
stereo microscope “2” to identify the orientations of secondary dendrites). (c) Cylindrical steel holder with several slits which allow to apply markers. (from d to e) The sample is rotated
such that secondary dendrite arms are aligned vertically/horizontally. (f) End result: Specimen oriented with respect to primary and secondary dendrites.
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liquidus (small red circle) and the solidus temperatures (small blue
circle) as reported in [49]. A linear fit of the calculated data between TL

and TS yields a temperature gradient of 13.9 K/mm.

3.2. Microstructure evolution across the seed/new grown crystal interface

Fig. 6 shows optical micrographs which allow to appreciate how the

microstructure changes as we move from the seed on the left of Fig. 6a
along the horizontal [001] solidification direction to the right towards
the newly grown single crystal. The primary dendrites grow along the
natural [001] solidification direction, e.g. [3,24,53]. Primary dendrite
spacings are larger in the seed crystal than in the new crystal. A white
vertical dashed line in the right part of Fig. 6a indicates the position of
the original seed tip. The region between this vertical dashed line and
the bright yellow transition zone close to the center of Fig. 6a represents
the melt-back zone. This region extends over approximately 6 mm.
Fig. 6b shows the dendritic structure of the seed prior to melting. Fig. 6c
shows the seed region highlighted by the rectangular field 1 in Fig. 6a.
This region did not melt during processing, however, it was exposed to
a temperature close to the solidus temperature. A comparison with
Fig. 6b shows that this exposure causes microstructural changes. The
bright yellow zones in Fig. 6b represent large γ′ particles located in
interdendritic regions which shrink during high temperature exposure,
Fig. 6c. Fig. 6d shows the microstructure of field 2 from Fig. 6a. Fig. 6d
shows a seed region, which underwent partial melting. Its microstruc-
ture appears blurred and no longer features the distinct dendritic
patterns which characterize Figs. 6b and c. Two bright horizontal
bands extending along the [001] solidification direction are marked by
white arrows in Fig. 6d. They represent former interdendritic regions
which underwent partial melting. The microstructure represents a prior
mushy zone region after solidification. Fig. 6e shows the dendritic
structure of the newly grown SX, as observed in field 3 of Fig. 6a. No
grain boundaries are found in this region and most primary dendrite
arms are parallel and well aligned along [001]. Comparing Fig. 6b and e
shows that the dendrites in the newly grown crystal exhibit smaller
primary dendrite arm spacings than in the seed material.

Fig. 7 shows EPMA results which provide information on element
partitioning in the zone where the seed partly melts. The vertical
dashed line on the right of Fig. 7a (same position as indicated by the
central black dashed line in Fig. 6a) separates the partially melted seed
(left of dashed line) from the newly formed crystal. Fig. 7a shows the
partitioning of Re between prior dendritic and interdendritic regions
(200–700 μm). Close to the dashed line, Re is seen to partition towards

Fig. 4. Illustration of parts of the FEM model which was used to calculate temperature distributions in the Bridgman furnace. (a) Lower part of the Bridgman furnace. (b) Details of FEM
mesh in the crucible, crucible holder, feedstock, baffle, graphite tube and lower heater. (c) Details of the FEM mesh at the position of the horizontal arrow in Fig. 4b.

Table 3
Input data used for numerical simulation in the present study. For brevity, only minimum
and maximum values of each data set are listed.

Heat conductivity/W/
(cmK)

Heat capacity/J/
(cm3K)

Emissivity

Heater/tube
(Graphite)

4 Datapoints [52]

293 K: 0.85 (min)
1673 K: 0.40 (max)

9 Datapoints [52]

473 K: 1.9116 (min)
1873 K: 3.6108
(max)

0.75 [52]

Ceramic crucible
(Al2O3)

16 Datapoints [52]

373 K: 0.1722 (min)
1823 K: 0.0407 (max)

8 Datapoints [50]

473 K: 4.0201 (min)
1873 K: 5.24 (max)

0.9 [52]

Feedstock
(CMSX-4)

6 Datapoints [49]

400 K: 0.09 (min)
1700 K: 0.25 (max)

8 Datapoints [49]

298 K: 3.4539 (min)
1700 K: 4.8573
(max)

–

Crucible holder
(Stainless steel)

6 Datapoints [52]

293 K: 0.15 (min)
1073 K: 0.251 (max)

5 Datapoints [52]

293 K: 3.965 (min)
1073 K: 4.9959
(max)

0.2 [52]

Baffle
(Graphite felt)

10 Datapoints [52]

296 K: 0.00116 (min)
1873 K: 0.0094 (max)

16 Datapoints [51]

373 K: 0.115947
(min)
1873 K: 0.979947
(max)

0.95 [52]

P. Hallensleben et al. Materials & Design 128 (2017) 98–111

102



prior dendritic regions of the seed crystal (green contrast). Fig. 7b
shows integral concentration results which represent average values
obtained from rectangular fields like the one shown on the left of
Fig. 7a. Fig. 7b presents the corresponding concentration profiles for W,
Ta, Al and Re in the region where the seed underwent partial remelting.
As can be seen from Fig. 7b, the concentrations of the elements W and
Re (with a distribution coefficient k′ > 1, [9,23,54]) increase as we
approach the dashed line (indicated by little blue arrows pointing up).
In contrast, the concentrations of Ta and Al (k′ < 1, [9,23,54])
decrease (indicated by little blue arrows pointing down). The effects
are small but significant and represent direct chemical evidence for
interdiffusion processes on the mm-scale which accompany the melting
and re-solidification of parts of the seed crystal. Fig. 7c and d show
chemical distribution maps from the quadratic region which is high-
lighted in Fig. 7a. The dark blue regions in Fig. 7c and d indicate low Cr
and W concentrations. These regions represent large primary γ′-phase
particles. Fig. 7c suggests, that the large γ′ particles are surrounded by a
Cr-rich zone.

We now take a closer look at the microstructure between the prior
mushy zone and the newly grown crystal, Fig. 8. The left part of Fig. 8a
represents the partially remelted seed crystal, on the right we see the
newly grown SX. The horizontal arrows in Fig. 8a point to small
protrusions. Not all new crystals which form on the seed evolve into
large primary dendrites. Instead, some dendrites outgrow others. White
arrows in Fig. 8b and c highlight dendrites which underwent some
growth before they were outgrown by competing dendrites. The white
arrow in Fig. 8b points to a rarely observed [001] tertiary dendrite arm
which forms too late to be able to compete with the primary [001]

dendrites. In Fig. 8c, one large dendrite has split into two. Thereafter,
the lower part of the split dendrite took over and suppressed the growth
of its competing co-dendrite.

3.3. Dendrite spacings

In Fig. 9 we take a look at the dendritic microstructure after casting.
Fig. 9a shows a SEM micrograph which was obtained from the upper
end of an as-grown SX cylinder where free standing dendrites can be
seen without further metallographic preparation. The view direction of
Fig. 9a is [00-1]. Four secondary arms emanate from the central
primary dendrite, which show a fourfold symmetry. A small black
arrow marks the beginning of the formation of a tertiary dendrite,
which has not grown to a significant length. Fig. 9a suggests that the
primary dendrite spacing is close to 200 μm. Fig. 9b shows a lower
magnification optical micrograph from a perpendicular cross section of
the as-grown crystal. A statistically relevant number of primary
dendrites can be clearly distinguished. The small inset in Fig. 9b shows
a central dendrite DC together with seven direct neighbors, numbered
from 1 to 7. Fig. 9c shows how dendrite spacings change along the
position of a cylindrical bar as illustrated in Fig. 2c. We compare two
materials states, where the melt was held for 30 (empty circles) and
90 min (full square symbols) at 1550 °C before the furnace was moved
up. For both conditions, a complete melting of the seed crystal could be
avoided while a good contact between seed and feedstock was
established. Both thermal pre-exposures yielded similar dendrite spa-
cings, Fig. 9c. The primary dendrite spacings in the seed are of the order
of 400 μm. In the newly formed SX, average dendrite spacings are close
to 200 μm. Dendrite spacings are distributed quantities and typical
distributions at different xs positions along the longitudinal axis of the
cylindrical SX bar are shown in Fig. 9d, e and f. It can be seen that the
dendrite spacings in the seed crystal (lower number of dendrites) show
a wider distribution (ranging from 250 to 712 μm) than in the new SX
(ranging from 54 to 348 μm), Figs. 9d and e. Moreover, the dendrite
spacing distributions do not change significantly as we move from
xS = 27 mm (where solidification started) to xS = 114 mm (close to the
end of newly formed SX), Fig. 9e and f.

In Fig. 10 we present results for average values from five dendrite
spacing measurements which were performed on five SX cylinders at
bar position xS = 56 mm (middle of bar). About 100 measurements
were performed for each of the five SX bars: The results are presented in
Fig. 10 together with the corresponding standard deviations. From
Fig. 10 one can conclude that our Bridgman process yields reproducible
primary dendrite spacings. The average spacing of the five ingots is
205 μm.

3.4. Chemical homogeneity

Fig. 11 shows how the alloy chemistry changes as a function of the
location in the cylindrical bars. In Fig. 11a we move along the central
cylindrical bar axis using xS as defined in Fig. 2c to indicate the
longitudinal position in the bar. Our SEM EDX results suggest that there
is no significant change in alloy composition as we move in the
longitudinal direction along the bar. In Fig. 11b we consider whether
alloy compositions change when we move away from the cross section
center of the bar. For this purpose, chemical compositions were
measured at five cross-sectional locations as indicated in the light grey
circle at the lower right of Fig. 11b. The data in Fig. 11b were obtained
for the central position 3 at a longitudinal xS coordinate of 56 mm, see
Fig. 2c. The distances between the positions a, b, c, d and e were of the
order of 1 mm. The results shown in Fig. 11b suggest that the chemical
composition of our cylindrical bars does not vary in the circular cross
section of the bar.

Fig. 5. Temperature distribution during solidification. (a) Color-coded representation of
temperature distributions in the lower part of the Bridgman furnace. The dotted red and
blue lines represent isotherms which corresponds to TS and TL [49], respectively. The
dashed vertical line represents a central reference line (for details see text). (b)
Temperature profiles along the central dashed reference line in Fig. 5a.
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3.5. Formation of crystal defects

Fig. 12 shows two misoriented regions which were only found in
one of the five SX bars. Fig. 12a and b represent optical and orientation
imaging SEM micrographs, respectively. Fig. 12b represents a colored
coded image, where different crystallographic directions that are
parallel to the sample surface normal are represented by different
colors as documented in the standard triangle (inset of Fig. 12b).
Fig. 12b shows that most of the analyzed crystal region (appearing in
red) is oriented in the targeted [100] direction. However, there are two
regions where new grains have formed which differ in orientation and
appear in orange (misorientation angle: 11°) and blue color (misor-
ientation angle: 35°). These regions were found in only one of the five
SX bars. They were located in the melt back zone of the seed close to the
mushy zone of the seed.

While new misoriented small grains like those shown in Fig. 12 are
rarely observed, a finer scale mosaicity is a common feature of cast SX.
Darwin [55] has introduced the term mosaicity as a measure of the
spread of crystal orientations, assuming that a mosaic crystal represents
an idealized model of an imperfect crystal, which one can imagine to
consist of many crystallites which are to some extent randomly
misoriented [55]. In the present work we refer to these regions as
subgrains and to their boundaries as low angle grain boundaries
(LAGBs). Fig. 13 compiles results from SEM and OM investigations
which show mosaicity in one of our SX crystals. Fig. 13a shows a cross

section of a SX bar at position xS = 27 mm. The cross section was taken
perpendicular to the [001] solidification direction. The figure presents
results from orientation imaging SEM and shows a color-coded orienta-
tion distribution superimposed over an image quality map. In Fig. 13a
we cannot distinguish between primary dendrites. But one can clearly
see different regions or subgrains, which are all slightly misoriented
from [001]. The inset in Fig. 13a shows a standard triangle which
specifies the color coding, where a precise [001] direction corresponds
to red. Increasing levels of green or blue in the basic red color tone in
subgrains, indicate orientation deviations towards [101] and [111],
respectively. Fig. 13b presents the same region as shown in Fig. 13a,
two distinct features are highlighted by arrows in both images. Fig. 13b
does not show the orientations between different subgrains. Instead it
shows all LAGBs, which are color-coded as indicated, to document the
degree of misorientation. As can be seen in Fig. 13b, most of the LAGB
misorientations are close to 2°. They hardly ever reach values of 8–10°.

The results presented in Fig. 13a and b suggest that there are
misorientations between dendrites or between regions which contain a
few dendrites. The OM micrographs presented in Fig. 13c and d were
taken parallel to the solidification direction (perpendicular to Fig. 13a
and b). Primary dendrites which solidify in the [001] direction can be
clearly distinguished. A closer look at the two images confirms the
EBSD results presented in Fig. 13a and b. In Fig. 13c (taken close to
xS = 20 mm), two dendrites which extend over the whole image are
marked by white dashed tracer lines. These two lines appear to be

Fig. 6. Evolution of microstructures during BST processing. (a) Overview (growth direction: from left to right). On the left: seed material. Right part: newly grown crystal. White dashed
line: position of prior seed tip. (b) Initial microstructure of seed material prior to melting. (c) Heat affected zone in seed material after processing. (d) Partially remelted zone in the seed.
Arrows highlight band-like prior interdendritic regions. (e) Fine dendritic microstructure in the newly grown superalloy single crystal.
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parallel but a closer look reveals that they run in a projected angle of
2.3° with respect to each other. We expect that the two dendrites are
separated by a LAGB which accounts for this angle. As we move close to
the end of the new SX bar, deviations become more pronounced. In
Fig. 13d four positions were chosen which allow to appreciate this
increase of crystallographic deviations. At position 1 two dendrites
which are parallel to each other are highlighted. As one follows these
two dendrites in solidification direction, one finds that the secondary
dendrites gradually disappear. This indicates that the two dendrites are
slightly inclined with respect to the macroscopic solidification direc-
tion. At position 2 we find another dendrite, which clearly does not
have the same direction as the two shown at position 1. At position 3,
this dendrite branches into two. Both, the original and the new dendrite
grow in parallel towards the end of the image. The dendrite marked
with 4 in the upper part of the image seems to be more strongly
inclined. This can be concluded because its secondary dendrites
periodically appear and disappear as we move along the dendrite.

4. Discussion

4.1. Bridgman seed technique (BST)

In the present work we use a Bridgman technique with a seed
crystal, Fig. 1. The seed crystal partially melts, Fig. 6a. Its remaining
solid part provides a starting point for epitaxial growth of the new SX
which forms during solidification when the furnace is removed at a rate
of 180 mm/h, while the cylindrical Al2O3 mold (inner diameter:
12 mm, containing: spacer, seed crystal and feedstock, Fig. 1) remains
fixed. It is well known that the temperature gradient across the solid/
liquid interface is of crucial importance. Therefore numerous efforts
were made to calculate temperature fields analytically (e.g. [56,57])
and numerically (e.g. [58,59]). Typical results reported in the literature
range from 1 to 15 K/mm [4,7,28,43,54,60,61]. For the present setup
and assuming quasistatic conditions we calculate a value of 14 K/mm
using the WinCast Expert FEM software [48]. We obtain the thermal
gradient by a linear fit of the temperature profile, Fig. 5b, between TL

and TS. Table 4 lists different values for TL and TS for CMSX-4, which
were compiled from the literature [49,62–64]. In addition, Table 4
contains one data triple for TL, TS, and TS-Scheil obtained using the

Fig. 7. Results from electron probe microanalysis (EPMA) obtained from the interface region between the back-melted seed and the newly grown crystal. (a) Re partitioning (micro scale
between dendritic and interdendritic) and segregation (mm scale along solidified bar). (b) Concentration profiles of W, Ta, Al and Re in the region shown in Fig. 7a. (c) and (d) Color-
coded distribution maps of Cr and W as observed in the square highlighted in Fig. 7a. For details see text.
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software Thermo-Calc and the thermodynamic database TCNI8 [65]. In
this case, TL and TS correspond to equilibrium temperatures, whereas
TS-Scheil represents a technical solidus temperature where compositional
changes in the solid phase during solidification are excluded. TS-Scheil

was assessed using the Scheil-equation [66] as implemented in Thermo-
Calc. Fig. 14 shows the positions of the different characteristic
temperatures listed in Table 4 as isothermal lines in a color-coded
temperature distribution map. The region shown in Fig. 14 contains the
lower part of the crucible and parts of the baffle. All characteristic
isotherms are located above the baffle. Therefore, one can conclude that
solidification in our BST process occurs above the upper side of the
baffle. The mushy zone, i.e. the region between TL and TS, extends over
≈4 mm. Fig. 14 and Table 4 show that different authors report very
similar TL and TS. We note that our calculated TS-value represents a

theoretical equilibrium temperature, which cannot be observed or
measured in a technical solidification process. However, the calculated
TS-Scheil temperature is close to the TS data reported in literature
[49,62–64]. The last column of Table 4 lists values of the thermal
gradient G which was assessed by using the different TL and TS

(respectively TS-Scheil) values. Our study yields thermal gradients
between 11.1 and 14 K/mm.

The thermal gradients of our BST process obtained by numerical
simulation are in excellent agreement with an estimate which one can
make based on the equation suggested by Fisher and Kurz [19],

λ k G v= ⋅ ⋅α β
1 (1)

where λ1 is the average primary dendrite arm spacing in μm, G
represents the temperature gradient (unit: K/m) with an exponent α
of −1/2 and v is the withdrawal rate (m/s) with an exponent β of −1/
4 and k is a constant. Recently Matache et al. [54] have reported a value
for the constant k for CMSX-4 type alloys as 1865.4·10−6 m(3/4)·K(1/

2)·s(−1/4). With an average dendrite spacing of 205 μm from Fig. 10, this
allows us to estimate a G of 11.7 K/mm. This value, derived from the
microstructure (Eq. (1)) is in good agreement with the FEM data, Table.
4. Fig. 15 shows, that the average primary dendrite spacing which was
determined in the present work is also in good agreement with
literature data [31,60,67,68], which were compiled by Whitesell
et al. [31] for various Ni-base superalloys, with additional data point
for CMSX-4 from Matache et al. [54]. As has been outlined in the
present work, our BST procedure allows to reproducibly process SX
cylinders as shown in Fig. 2b. The size of these cylindrical crystals is
small enough to establish homogenous temperature fields during
melting and to allow for inexpensive parametric studies while their
volumes are sufficiently large to take out miniature creep specimens of
the type described by Wollgramm et al. [40].

4.2. Interface between seed and new SX

The results obtained in the present work show that the seed crystal
partially melts, Fig. 6a. A mushy zone evolves at the interface between
the seed and the new SX. A high quality optical micrograph of this zone
is shown in Fig. 6d. The presence of mushy zones in back-melted seed
regions was reported for CMSX-4 solidification in the literature
[61,69–71]. CMSX-4 has a relatively large solidification interval
[49,62,64]. The seed material used in the present work was an as-cast
material state with a large average dendrite spacing close to 450 μm,
Fig. 6b. It seems reasonable to assume that a seed material with better
microstructural/chemical homogeneity will result in a narrower mushy
zone and a smaller deviation from ideal dendrite growth directions.
Fig. 7 compiles some interesting new results which were obtained in the
region where the seed crystal was partially remelted. Remelting and the
subsequent resolidification are associated with significant differences in
local alloy composition. There are differences between prior dendritic
and prior interdendritic seed regions, which extend over distances of
the order of the primary dendrite arm spacing (a few hundred
micrometers). Re and W partition to the prior dendrite cores, while
Al and Ta partition to prior interdendritic regions. It must be kept in
mind that this region of our system is kept for longer times (30 min) at a
temperature where it is semi solid. This allows for large scale
interdiffusion in the mushy zone. The small scale heterogeneities which
we observe in Fig. 7a, c and d are associated with the resolidification of
this mushy zone.

There are also long range concentration profiles which extend over
several mm distances along the longitudinal direction of the bar,
Fig. 7b. At higher temperatures, the molten material can solve more
W and Re (k′ > 1, [9,23,54]). As a consequence, W and Re diffuse to
the right in Fig. 7b, i.e. towards the hotter regions of the melt, where TL

increases. The original degree of overheating required for melting
decreases and this stabilizes the solid phase (constitutive cooling of the

Fig. 8. Growth of dendrites from the seed/melt interface. (a) Formation of small
protrusions (highlighted by arrows) between larger dendrites. (b) Formation of secondary
and tertiary dendrites. The growth of one tertiary dendrite (highlighted by arrow) was
stopped by secondary dendrites. (c) Competitive growth of two primary dendrites. The
arrow highlights the position where the lower dendrite successfully outgrew its upper
neighbor.
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melt). The opposite holds for Al and Ta, which diffuse to colder zones
(left part of Fig. 7b), where, as a consequence TL decreases. Here the
local overheating increases (constitutive heating of the melt). Where
the mushy zone emerges from the fully solid seed crystal, melting
appears to be promoted. On the other side of the mushy zone, the
redistribution of elements stabilizes the solid phase. The seed seems to
fight melting on the hot side of the mushy zone, on the expense of
melting further in its colder parts. It also seems to be surprising that a
system which shows so strong chemical heterogeneities can solidify as a
single crystal and the question arises whether these heterogeneities are
at the very heart of defect creation in SX.

The small protrusions shown in Fig. 8a show a striking resemblance
to what was reported in the literature for an organic model system (see
for example Fig. 24 of [72]). Due to constitutional undercooling, a flat
interface is not stable [17,19,20]. The evolution of this type of

morphology during casting can be well rationalized using phase field
modeling [73,74]. The microstructural details shown in Fig. 8 suggest
that not all protrusions evolve into full dendrites. This is related to the
competitive growth and the underlying elementary selection processes,
e.g. [19,72–75]. Only dendrites, with a large enough distance from
competing dendrites, survive. When competitive growth has established
the dendrite spacing enforced by the solidification conditions, stable
growth is observed, Eq. (1).

4.3. Appearance of small randomly oriented grains

Only one of the five SX crystals processed in the present work contained
two relatively small (1 mm) randomly oriented grains in the melt-back zone
of the seed, close to the mushy zone, Fig. 12. Stanford et al. [69] reported
similar microstructural features. They related their findings to the pinching

Fig. 9. Microstructure evolution during SX solidification. (a) SEM micrograph showing free-standing dendrites at the very end of the solidified bar. (b) Optical micrograph with dendrites
taken from a cross section perpendicular to the growth direction. The inset exemplarily shows distances between one central dendrite DC and its seven neighbors. (c) Two data sets
(holding times: 30 and 90 min) showing how average primary dendrite arm spacings vary with xS (as specified in Fig. 2c). (d, e and f) Histograms showing the distribution of dendrite arm
spacings for different longitudinal bar positions xS (for a 30 min holding time).
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off of dendrite fragments. Neither in the study of Stanford et al. [69] nor in
the present work it was observed, that this type of defect gives rise to the
growth of larger misoriented regions. Regularly solidifying dendrites appear
to have better growth conditions [76] and the size of these defects is
therefore kept at a minimum. Even though it has been reported in the
literature that Bridgman processing with seed crystals can give rise to the
formation of stray grains [53,61,69,70,77,78], no stray grains were detected
in the present work. As an example, Fig. 1a in reference [70] shows that
stray grains form in surface regions during seeded DS casting. They are
known to form close to the perimeter of the seed close to the mold wall.
Stanford et al. [70] suggest that these defects can survive competitive
dendrite growth for concave solid/liquid interfaces. Zhou et al. [53]
describe a blocking mechanism, which allows misaligned stray grains to
overgrow favorably oriented, regular grains. The stray grains represent one
of the reasons why commercial seeded directional SX solidification is often
performed in combination with a crystal selector [61,70,77]. Our procedure
seems to be less prone to stray grain formation than approaches, where the
superalloy melt is poured into a mold which contains a colder seed crystal
[61,70,77]. In our case, seed and melting feedstock are in direct contact
throughout the whole processing cycle, where they melt simultaneously.
Casting convection in the melt may have an influence, and it may cause
flotation of pinched-off or leached-off dendrite fragments [36,79,80] which
later evolve into larger grains. Most probably, the non-convective nature of

our technique in combination with our small melt volume hamper these
processes.

4.4. Low angle grain boundaries, mosaicity, chemical homogeneity

The results presented in Fig. 13 show that our material contains
small angle boundaries. These can be easily detected using orientation
imaging SEM, Fig. 13a and b. The presence of these small angle grain
boundaries on cross sections which were taken perpendicular to the
solidification direction, is directly related to the growth directions of
primary dendrites, Fig. 13c. On cross sections which are parallel to the
axis of the cylindrical specimen, small misorientations between this
targeted growth direction and the actual growth direction of a dendrite
also become apparent, when it is observed that secondary dendrite arms
seem to appear and disappear as one moves along the dendrite axis. The
small deviations from ideal primary dendrite growth directions are
responsible for the mosaicity which is apparent in Fig. 13a and b
[55,81,82]. Mosaicity which accompanies dendritic solidification has
been observed in Ni-base superalloys on several occasions and typical
misorientation angles of the order of 2° were reported [28,43,83], in
agreement with what we find in Fig. 13b. Bogdanowicz et al. [28]
studied this phenomenon using X-ray diffraction. They come to the
conclusion that new dendrite branching events introduce additional
misorientations. D'Souza et al. [43] investigated this phenomenon by
EBSD in an as-cast superalloy turbine blade. They observed an increase
of misorientation angles when dendrite growth deviated from the
original solidification direction. They suggested that this phenomenon
is related to deformation of dendrites driven by thermal and (less likely)
convection-related stresses. Dendrite bending and torsion were experi-
mentally observed by Aveson et al. [84] during in-situ synchrotron
solidification experiments. Many of the complexities briefly discussed
in this section do not necessarily play a role in our system. There clearly
is pre-existing mosaicity in our seed crystal which the newly forming
crystal inherits. But as the micrographs presented in Fig. 13c and d
suggest, the degree of mosaicity evolves towards a higher spread as
directional solidification proceeds. This may be related to additional
deformation of dendrites, which is caused by thermal or shrinkage
stresses as reported in [84–88]. Further work is required to study this
phenomenon and to optimize processing conditions with the objective
to keep crystal mosaicity at a minimum.

4.5. Homogeneity and reproducibility of processing route

The results presented in Figs. 11a and b show that our cylindrical
bars show a good chemical homogeneity. This proves that the method

Fig. 10. Primary dendrite arm spacings (with error bars) at xS = 56 mm in five
cylindrical SX bars produced with the BST process.

Fig. 11. Chemical homogeneity of cylindrical SX bars. (a) Variation of concentrations of alloy elements along the cylinder axis. (b) Variation of concentrations in different cross sectional
regions. For details see text.
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which we document in the present work can provide chemically
homogenous samples even in the case of an alloy like CMSX-4 which
has a strong partitioning tendency, e.g. [6]. Moreover, the results
shown in Fig. 10 show that very similar microstructural features are
established in five SX ingots which were solidified under the same
conditions. This shows that the method yields reproducible SX material.

5. Summary and conclusions

In the present work we use a Bridgman seed technique (BST,
withdrawal rate v: 180 mm/h, temperature gradient G across liquid/
solid interface region: 14 K/mm) to cast cylindrical ingots (length:
120 mm, diameter: 12 mm) of a single crystal (SX) Ni-base superalloy.
A number of open questions were studied which address the evolution
of local alloy chemistry and microstructure in the technical single
crystal. From the results obtained in the present work, the following
conclusions can be drawn:

(1) When using a BST method, the seed crystal melts partially. A

mushy zone develops between the remaining seed and the melt. In the
semi liquid state, a specific type of segregation results in constitutive
cooling/heating on the hot/cold side of the mushy zone where it

Fig. 12. Detection of rare grain defects. (a) Optical micrograph. (b) EBSD/OIM data confirming significant deviations in crystal orientations (IPF-ND map, see inset with color coding).
Grain defects were only observed in the transitional zone between the mushy zone of the seed and the newly formed crystal in one out of 5 samples.

Fig. 13. Crystal mosaicity in as-grown superalloy samples. (a) EBSD/OIM data (IPF-ND, cross section sample) with superimposed image quality map showing regions with slightly
different orientations. (b) Distribution of misorientation angles (values given in degree). (c) Optical micrograph obtained from longitudinal sections showing misoriented dendrites at
xS ≈ 20 mm. (d) Same type of microstructure at xS ≈ 116 mm. For details see text.

Table 4
Compilation of liquidus and solidus temperatures for CMSX-4 and derived thermal
gradients G for the BST procedure applied in the present work.

TL/K TS/K TS-Scheil/K Remark G/(K/
mm)

Quested et al.
[49]

1653 1593 – Experimental 13.9

Aune et al. [62] 1655 1585 – Experimental 14
Matsushita et al.

[63]
1680 1655 – Calculated 11.1

Szczotok et al.
[64]

1658/
1654

1599/
1591

– Exp. heating/
cooling

13.7/
13.9

Present work 1655 1613 1587 Calculated 13.3
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stabilizes/destabilizes the solid phase.
(2) The elementary microstructural evolution processes which

govern solidification in the early stages of crystal growth were
characterized. Competitive growth can interrupt the formation of
primary dendrites which evolve from small protrusions which emanate
from the seed crystal. Branching events, where new primary dendrites
originate from secondary dendrite arms were observed. Competitive
growth eventually establishes a constant average dendrite spacing
across the specimen length.

(3) The calculated temperature gradient of 14 K/mm, which was
obtained using a numerical FEM procedure is in excellent agreement
with an experimental gradient which can be obtained from the Kurz-
Fisher equation, using the experimental withdrawal rate and the
microstructurally determined average dendrite spacing.

(4) The presence of small angle grain boundaries on cross sections
which were taken perpendicular to the solidification direction could be
directly traced back to deviations from the ideal growth directions of
primary dendrites. An effort was made to identify misorientation angles
of low angle grain boundaries using EBSD/OIM. Misorientation angles
were typically close to 2°, only occasionally higher deviations of up to
8° were observed.

(5) The present work provides information on microstructural

scatter associated with the processing of five individual SX ingots.
The five ingots show very similar primary dendrite spacings. Only in
one of five ingots two little (1 mm) grains were found which likely are
associated with the back melting of the seed crystal and the break out of
seed dendrite segments.
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Fig. 14. Comparison of the positions of liquidus and solidus isotherms in the crucible
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Fig. 15. Literature data for the dependence of primary dendrite arm spacings on thermal
gradients (G) and solidification rates (v) for various Ni-based superalloys (taken from
[31], with additional data points from [54]). The full circular symbol represents the result
obtained in the present work.
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