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ABSTRACT

A model for the prediction of the dendrite structure in single crystal Ni-based superalloys is established. A combined approach of

finite element simulation (FEM) of the temperature conditions during the casting process and phase field simulation of solidifi-

cation is used to determine the influence of withdrawal rates between 0.5 and 10 mm-min™~" on dendrite spacing of CMSX-4 and

CM186LC. The model is compared with experimental data from literature, showing good agreement and thus great potential for

predicting other parameter sets. Furthermore the influence of wall thicknesses between 0.4 and 2.0 mm was determined for these
alloys. The reduction in dendrite spacing with decreasing wall thicknesses can also be predicted by the solidification model. The
lack of competition between neighboring dendrites in the volume close to the surface plays a decisive role.

1 | Introduction

Ni-based superalloys are widely used in high-temperature appli-
cations like gas turbines and jet engines due to their excellent
mechanical properties at high temperatures. The casting of these
alloys has evolved over some decades from conventional casting
to directional solidification to the casting of single crystals. This
development has strongly improved creep properties by elimi-
nating grain boundaries [1-3]. The microstructure of such
single-crystal superalloys is usually characterized by the pri-
mary dendrite arm spacing Ap. Ap is the determining factor
for the length scale of microsegregations and therefore has a
significant influence on the solution heat treatment [4-6]. In
addition, dendrite spacing has a direct influence on mechanical
properties because the microsegregations can be reduced by
heat treatment but not completely removed [7]. It is well-
known, that the dendrite spacing depends on the thermal con-
ditions during solidification [8, 9]. The empirical relationship
between temperature gradient G (in K-m™), solidification rate
vs (in m-s™"), and the primary dendrite arm spacing Ap (in pm) is
therefore as follows, where A (in m®”>.K®.s7%2%) is an alloy-
dependent constant [10]:

j‘P =A- vS—O.ZS . G—O.S (1)

One issue in the research of Ni-based superalloys is the time-
consuming and resource-intensive nature of the required experi-
ments. For this reason, modern materials science increasingly
relies on simulations to predict how process parameters influence
the microstructure of materials. The phase field method is a
widely used tool for predicting microstructural evolution in
materials research, e.g., in solidification and solid-state transfor-
mations [11-13]. This method uses a phase field variable ¢ cal-
culated as a function of time and position. Each phase that occurs
in the simulation is assigned a certain value between 0 and 1
(e.g., in a solidification simulation, 0 corresponds to liquid, and
1 corresponds to solid). The underlying equations for calculating
the variable include the thermodynamic driving forces and the
diffusion properties of the simulated materials. Previous research
has already dealt with phase field simulation of dendritic solidi-
fication, particularly of Ni-based superalloys [14-17].

In order to obtain a correlation between the process parameters
at the macroscale and the resulting microstructure at the micro-
scale, two simulation methods were combined in this work. In a
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first step, a finite element simulation of directional solidification
is carried out to determine the temperature conditions during
processing. Withdrawal rate and sample wall thickness are the

TABLE 1 | Overview of simulated process parameters.

Varied Wall thickness Withdrawal rate

1

parameters varied in the study. In a second step, the determined parameter n mm n mm-min
temperature conditions are used as input values for the phase Withdrawal rate 2.0 0.5, 1.0, 2.0, 3.0,
field simulations. This work aims to establish a simulation model 5.0, 10.0
that can predict microstructures based on casting conditions and Wall thickness 04, 0.8, 1.2, 2.0 30

alloys. This means that, when new process conditions are devel-
oped or new alloys are used, fewer experiments will be required
to determine suitable process conditions, saving time and resour-
ces. The model was developed using two established alloys.

2 | Simulation Setup
2.1 | Temperature Simulations

The model is calculated with the commercial software COMSOL,
simulating the Bridgman process of our lab. It contains the geo-
metric data of the casting samples, the thermophysical data of the
used materials, and the thermal boundary conditions of the vac-
uum induction casting furnace. The model was set up in accor-
dance with the experimental tests carried out at the Institute for
Metals and Alloys of the University of Bayreuth [18, 19]. The cast
samples consist of a single crystal selector followed by a frame
structure with two thin-walled areas (as shown in Figure 1).

Table 1 lists the two series of simulations carried out. The wall thick-
ness of the thin-walled areas was varied to obtain the effect of the
geometry. The withdrawal rate varied to obtain the effect of the proc-
essing conditions. The parameters used in the simulations are con-
sistent with the geometries and withdrawal rates used in experiments
carried out within our group in order to ensure comparability.

Table 2 lists the thermophysical properties of the two Ni-based super-
alloys CM186LC and CMSX-4 and the material of the shell mold
(Al,03), which were used for the simulation. For properties that
are temperature dependent, the value at Ty, is given as an example.

Figure 1 shows the experimental route of the casting process and
the FEM-model of temperature simulation schematically. The
ceramic shell mold is manufactured by a positive 3D printed
polymer model of Polyvinylbutyral, which is repeatedly dipped
into a slurry and subsequently sanded with fused aluminum
oxide [18]. The polymer is burned out, and the ceramic shell mold

(a) vacuum investment casting process

@ner model casted sam;h

/

ceramic mold

is sintered. This mold is used to cast metallic samples in the
Bridgman process. For the thermophysical properties of the shell,
values from previous tests on the ceramic system of the shell molds
were used [22]. The thickness of the shell mold is assumed to be
constant at 5mm for all simulations.

Before simulating the Bridgman process, the temperature distri-
bution Ty in the furnace was measured along the withdrawal
direction z. To simulate the withdrawal process, the sample was
virtually placed in a temperature field corresponding to the mea-
sured temperature distribution. This z-dependent temperature
field was then varied over time ¢ (in s), dependent on the with-
drawal rate vy, (in m-s™):

T(Z’ t) = Tgist. (Z —Vy t) 2

Figure 2 shows the variation of the temperature field during the
simulation schematically. The initial temperature of the sample
(including the metal and the ceramic part) is set to match the tem-
perature distribution at the starting time of the simulation, which
is equal to the temperature distribution in the Bridgman furnace.

As the process takes place in a vacuum, only thermal radiation is
considered for the heat transfer between the temperature field
and the surface of the shell mold. In the shell mold, heat transfer
was solved exclusively by thermal conduction. In the liquid vol-
umes of the sample, heat convection and heat conduction were
used to calculate the heat transfer. By simulating the laminar
flow in the liquid volumes of the sample, the contribution of con-
vection was calculated. In the areas that are solidified during the
simulation process, the laminar flow was prevented, so there is
no convection in these volumes.

Figure 3 shows the division of the mesh into submeshes with dif-
ferent resolutions. The subdivision is made in order to achieve

(b) temperature simulation model
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(a) Steps of experimental testing and (b) model for simulation setup.
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TABLE 2 | Thermophysical properties used for simulations, marked values (*) are temperature dependent, therefore values at Ty, are given as an
example.
Thermophysical property CMSX-4 CM186LC Al O3
Liquidus temperature Ty, in K 1653 [20] 1666 [20] —
Solidus temperature Ts in K 1593 [20] 1540 [20] —
Enthalpy of fusion AH in kJkg™* 240 [20] 190 [20] —
Density * p in kgm™> 7754 [20] 8147 [20] 1930 [21]
Heat capacity * Cp in Jkg™"K™* 630 [20] 720 [20] 2500 [21]
Thermal conductivity * k in W-m™.K™* 24.9 [20] 30.5 [20] 1.15 [21]
Heat transfer coefficient h in W-m™2K™* 500 [22] 500 [22] 500 [22]
Viscosity *  in Pa-s 0.0084 [23] 0.0077 [24] —
b 180 180 t 180
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FIGURE 2 | Schematic illustration of the ambient temperature field (T}, and Ts are indicated for CMSX-4) at different times t, <, < t3.

entire geometry

FIGURE 3 | Mesh sizes in the different areas of the simulation.

a good compromise between computation time and accuracy of
the results. The shell mold has a coarse mesh with an element
size between 0.7 and 9.8 mm. The frame structure of the sample
has a mesh with an element size between 0.8 and 2.8 mm. The
thin-walled areas have been given a detailed mesh with an ele-
ment size between 0.009 and 0.5 mm.

solidification areas

detail of thin-walled areas

2.2 | Microstructure Simulations

A phase field simulation approach is chosen to simulate Ap for
the different solidification conditions. The commercial software
MICRESS is used. An approach was used, which considers chem-
ical and interfacial contributions to calculate the phase field
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equation. A diffusion solver is also integrated to calculate the con-
centration field [25]. To provide the required multi-component
and multiphase quasiequilibrium conditions, the software was
linked to the thermodynamic database TCNI12 via Thermocalc
and the mobility database MOBNI6 via DICTRA.

The stored phase-field model is solved by finding the solution to
the free energy functional over the domain Q. This includes the
contributions of surface energy density fi,,; and chemical energy
density fehem- These depend on the respective local proportion of
phases {p} (where {¢} is the fraction of all phases ¢, ¢y, ... ¢n),
the number of present phases n, and the local composition c [25].

F({9},0) = / S {0}) + e ({0},0) 3)

The change in local composition required to solve the functional
is determined using a diffusion solver. Where D is the diffusion
matrix of the present phase [25].

‘_}':VZ%‘DWVEI‘ 4

Table 3 lists the composition of the used alloys CMSX-4 and
CM186LC. These alloys were chosen because they contain 3 wt.%
Rhenium. Due to its very low diffusivity, rhenium is prone to pro-
nounced microsegregation and difficult to homogenize during
heat treatment. Consequently, the primary dendrite arm spacing
plays a crucial role in the resulting microstructural distribution.
MAR-M247LC alloy is also included in the table because extensive
reference data are available for it, and the geometries and process
parameters used in this study have already been experimentally
validated in the furnace depicted in the simulation [19].

Figure 4 shows the simulation setup of the phase field model sche-
matically. An approach is chosen that simulates different 1p by
varying the width of the simulation domain. A stable 1p is then
determined using a stability criterion. This is a well-established
method that has been used in previous studies to determine Ap
[16, 28]. A single initial seed of the solidified fcc-phase is initially
placed in the lower left-hand corner of the simulation domain,
whereby the width of the simulation domain is equal to Ap/2.

The simulations were performed in two dimensions as a compro-
mise between computational cost and accuracy. Previous studies
have shown that reducing a problem from three to two dimen-
sions can significantly decrease simulation time while maintain-
ing high accuracy, provided that the temperature gradient lies
within the plane of the simulation domain [29]. It has also been
reported that, with respect to predicting Ap, two-dimensional sim-
ulations tend to yield slightly larger spacings than their three-
dimensional counterparts [30]. This discrepancy is considered
acceptable, since real solidification does not exhibit a single, well-
defined dendrite spacing but rather a distribution of spacings.

TABLE 3 | Nominal composition of the used alloys in wt.%.

1653 b

constant
distance

Temperature in K

1646

Ap/z

FIGURE 4 | View of the simulation at different time points with tem-
perature in color; areas that have already solidified are shown in gray.
CMSX-4 alloy with a withdrawal rate of 5 mm-min~" and a wall thickness
of 2 mm.

Moreover, the methodology employed in this work, as described
in the Section 3, determines the smallest stable spacing, corre-
sponding to the lower bound of this distribution.

To link the microstructure simulations directly to the process
conditions during casting, the microstructure simulation was
linked to the FEM simulation. To achieve this, the temperature
simulation results were used as input for the solidification tem-
perature conditions. This was achieved by transferring the tem-
perature gradient and cooling rate from the FEM simulation to
the phase field simulation domain. A co-moving frame was used
to keep the distance from the dendrite tip to the upper boundary
of the simulation domain constant. To achieve this, the lower
part of the dendrite is pushed downwards out of the simulation
domain so that the simulation domain does not become too large.
The simulation was performed until a steady state was reached
where the temperature at the dendrite tip did not change.

Table 4 lists the range in which the width of the simulation was
varied, the height of the two-dimensional simulation domain, and
the grid size for different casting conditions. This was adjusted
because the resulting process parameters produce dendrite struc-
tures of varying fineness. Setting the domain size to these values
strikes a reasonable compromise between computing time and
accuracy.

A numerical problem in phase-field simulations is the so-called
solute trapping. It occurs when the interfacial thickness is not
significantly smaller than the diffusion length of the solute ele-
ments. As a result, the composition changes from the equilibrium
state, leading to an increase in the rate of solidification. It is pos-
sible to get rid of this problem by adjusting the value of the

Ni Cr Al Co Mo Ti Ta Re w Hf
CMSX-4 [26] 60.6 (bal.) 6.5 5.6 9.6 0.6 1.0 6.5 3.0 6.5 0.1
CM186LC [27] 61.5 (bal.) 6.0 5.7 9.2 0.5 0.7 3.5 3.0 8.5 14
MAR-M247LC [19] 61.5 (bal.) 8.1 5.7 9.3 0.5 0.7 3.3 0.0 9.4 1.4
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TABLE 4 | Parameters of the simulation series.

Wall thickness Withdrawal rate Mesh size Domain height Range Ap Step size Ap
in mm in mm-min™ in pm in pm in pm in pm
2.0 0.5 2.0 1500 120-600 60

2.0 1.0 2.0 1500 120-600 60

2.0 2.0 2.0 1500 120-600 60

0.4, 0.8, 1.2, 2.0 3.0 1.0 1000 100-400 50

2.0 5.0 1.0 1000 100-400 50

2.0 10.0 0.5 800 60-300 40

interface mobility. Interfacial mobility can either be calibrated by
comparison with a high-resolution reference simulation [31] or a
numerical solidification theory [32]. Due to the shorter compu-
tation time, the second approach is chosen. The model by Kurz,
Giovanola, and Trivedi (KGT) [33] was selected for the calibra-
tion step. The model describes the dendrite tip temperature at a
steady state during solidification with a constant temperature
gradient and solidification rate. As the model was set up for
binary alloys, a pseudo-binary phase diagram is set up for the pres-
ent case of a multicomponent alloy according to the approach of
Bottger et al. [32].

Table 5 lists the calculated temperatures and interface mobilities
used in the simulations. In the calibration step, the dendrite tip
temperature from the simulation is compared to that of the
model. The value of the interface mobility is then adjusted until
the two temperatures match. The calibration step was performed
on the largest simulated Ap for each casting condition. The varia-
tion of 1p was then simulated with the same interface mobility for
each casting condition.

3 | Results
3.1 | Temperature Simulations

Figure 5 shows the temperature gradient at the liquidus temper-
ature, which is 1666 K for CM186LC and 1653 K for CMSX-4 [20].
To compare the temperature gradients, the center of the thin area
was investigated for each simulation. For both alloys, the temper-
ature gradient increases as the withdrawal rate decreases and as

the wall thickness decreases. However, the influence of the
withdrawal rate is greater than that of the wall thickness.
Therefore, the highest temperature gradients occur at a with-
drawal rate of 0.5mm-min~' and a wall thickness of 2mm
(5.17 and 5.43 K-mm ™ for CM186LC and CMSX-4, respectively).
It is also noticeable that the effect of the variation in the with-
drawal rate is more significant for CMSX-4 than for CM186LC.
The effect of wall thickness variation is similar for both alloys,
but the level of the temperature gradient is slightly lower for
CMSX-4 (between 4.48 and 4.81 K-mm™) than for CM186LC
(between 4.61 and 4.93 K-mm™).

Figure 6 shows the temperature gradient across the isothermal
surface in the z and y directions. The temperature gradient in
the z direction, which is the solidification direction of the sample,
is nearly constant over the entire cross-section for the respective
withdrawal rate. The temperature gradient in the y-direction,
perpendicular to the surface of the thin-walled areas, on the other
hand, is not constant. It is lower in the center of the thin area
than at the boundary areas of the sample. It can also be seen that
the effect is more pronounced at higher withdrawal rates.
However, the magnitude of the temperature gradient in the
y-direction is in a significantly smaller range than the temperature
gradient in the z-direction.

3.2 | Phase Field Simulations

Figure 7 shows the deviation of the dendrite tip temperature at a
steady state from the KGT-temperature [33] for different domain

TABLE 5 | Tip temperature and used interface mobilities for the simulations.
CM186LC tip CM186LC interface CMSX-4 tip CMSX-4 interface

Wall thickness Withdrawal temperature mobility in temperature mobility in
in mm rate in mm-min! in K 10 "m* s in K 10" m* 3 tst
2.0 0.5 1662.83 3.30 1651.45 2.45

2.0 1.0 1661.77 2.66 1650.96 2.67

2.0 2.0 1660.49 3.00 1650.36 345

0.4 3.0 1659.50 6.97 1649.91 15.70

0.8 3.0 1659.50 6.58 1649.91 16.43

1.2 3.0 1659.50 6.69 1649.91 16.62

2.0 3.0 1659.50 6.60 1649.91 16.35

2.0 5.0 1658.06 7.85 1649.26 22.80

2.0 10.0 1655.52 7.77 1648.12 11.95
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widths. For the largest domain width, there is no deviation. This
is because the simulation was calibrated with this width. With a
decreasing domain width, corresponding to a smaller 1p, the den-
drite tip temperature decreases. As there is a temperature gradi-
ent in the direction of solidification, the distance of the dendrite
tip from the z-position of the KGT temperature increases as the
deviation increases. The distance dggr is calculated from the
ratio of the temperature difference AT (in K) to the temperature
gradient G (in K-m™"). When comparing two dendrites with dif-
ferent Ap, the tip of the smaller dendrite lies behind the tip of the
wider dendrite in the direction of solidification. Another effect to
mention is that the distribution of the solutes in the region of the
dendrite tip changes with domain width (shown, for example,
with the Re content).

Figure 8a shows the concentration field of Re at the dendrite tip
in the steady state of the directional solidification simulation for a
primary dendrite spacing of 600 pm. The high-melting alloying
elements (rhenium in this case) solidify first and segregate
mainly in the center of the dendrite. The concentration in the
remaining melt decreases accordingly. A concentration gradient
is established that decreases from the top of the simulation
domain and from the side boundaries of the domain towards
the already solidified areas.

Figure 8b shows the distribution of alloying elements at the right
boundary of the simulation domain. This boundary is chosen
because when comparing two dendrites with different distances,
they are placed imaginarily next to each other at this boundary
(symmetry line). The dendrites are displaced relative to each
other in the direction of solidification, so that this difference
needs to be taken into account in the concentration profiles when
comparing different spacings.

Figure 8c shows the solutal undercooling at the right domain
boundary for the different Ap. This parameter was used due to
the fact that the simulated alloys contain several alloying elements.
Therefore, a weighting of the elements and their concentrations is
required, which is calculated according to (Equation (5)). The con-
centration profiles show that the concentration gradient increases
with decreasing Ap.

(@) (b)

1500 um

4.0

k|
AT = Zm{‘iq . (cﬁq - Cm?) (5)
%

The constitutional undercooling acts as a criterion for deviation
from the equilibrium composition of the alloy, where my;q is the
liquidus slope at the equilibrium composition, c¢;q is the local
composition, cohq is the equilibrium composition, and k is the
alloy element.

To establish a stability criterion for Ap, two dendrites with differ-
ent spacings are imaginarily placed side by side at the boundary
with the liquid phase. As there are different concentrations of
solutes (represented by the constitutional undercooling) at the
interface, a gradient is created which acts as a driving force
for diffusion. According to the theory of Lu et al. [34] a smaller
unit cell gets overgrown if there is a solute flow from a larger
neighbor cell. If the solute flow is from the smaller cell to the
bigger one, the smaller cell will grow until it is equal to the larger
cell. Using the stability criterion, the minimum stable dendrite
spacing can be determined.

With increasing absolute constitutional undercooling, and hence
increasing deviation from equilibrium composition, there is an
increasing driving force for the dendrite to expand its boundaries
by solute flow. Since the distribution of elements at the boundary
is not homogeneous, the integral of the constitutional undercool-
ing over the boundary length is used. This allows the driving
force for the solutal flow to be considered over the entire inter-
face. The 1p at which the integral of the constitutional undercool-
ing is highest has the greatest driving force to send a solutal flow
to its neighbors. Since all smaller dendrites are overgrown, due to
the theory of Lu et al. [34], this Ap represents the minimum of the
stable range of primary dendrite spacing.

Figure 9 shows the results of both simulation series. An increase
in the withdrawal rate leads to a decrease in Ap. The range of 1p
reduces from 514 ym at 0.5 mm-s~* to 130 pm at 10 mm-s* for
CMSX-4 and from 432 pm at 0.5 mm-s* to 124 pm at 10 mm-s
for CM186LC. A difference in the dendrite spacing of the two
alloys is determined. CM186LC has a larger primary dendrite
spacing for all parameters used. Compared to CMSX-4 lp is

(©)

1000 pym

Content in wt.%

500 pm

Concentration of Re in mt.%

(8]

constitutional undercooling in K

0 300 600 900

ol 0 um z-position in pm

1200 1500 0 300 600 900 1200 1500

z-position in pm

FIGURE 8 | (a) Re- concentration field of the steady state, (b) concentration of alloying elements along the right boundary of the simulation

domain, and (c) constitutional undercooling for different 1, for CMSX-4 with the casting conditions of a withdrawal rate of 2 mm-min~" and a wall

thickness of 2 mm.
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FIGUREY9 | (a)Jpfor withdrawal rates between 0.5 and 10 mm-min " at a constant wall thickness of 2 mm with experimental data from Korber et al.

[19] and (b) for wall thicknesses between 0.4 and 2.0 mm at a constant withdrawal rate of 3 mm-min~".

up to 82 pm larger. No significant influence on dendrite spacing
was observed when wall thickness was varied. The values for Ap
are between 243 and 267 pm for CM186LC and between 220 and
228 pm for CMSX-4. Again, the dendrite spacings are smaller for
CMSX-4 than for CM186LC.

4 | Discussion

4.1 | Dependence of the Temperature Gradient on
Wall Thickness and Withdrawal Rate

Figure 5 shows that both the withdrawal rate and the wall thick-
ness influence the temperature gradient. In order to understand
these results, they are compared with the temperature gradient
of the adjacent temperature field. At a Temperature of 1666 K
(Thig, cmiserc), the measured temperature field of the furnace
has a gradient of 6.4 K-mm™, and at 1653 K (Thig, cmsx—4), A gra-
dient of 6.7K-mm™. It can be observed that the temperature
gradient at the solidification front deviates more and more from
the gradient of the external temperature field with increasing
withdrawal rate as well as with increasing wall thickness. The
decrease in the temperature gradient at higher withdrawal rates
can be explained by the fact that the sample has less time to adapt
to the external temperature field. This field represents the equi-
librium state of temperature that the sample would assume with
a long residence time. By changing the external temperature field
more quickly, the sample deviates more from the equilibrium
state, and the temperature gradient is reduced. The decrease
in temperature gradient with increasing wall thickness can also
be explained by the nonadaptation of the equilibrium state. As
the wall thickness increases, the heat capacity of the sample
increases, and therefore, more energy is stored in the form of
heat. It therefore takes longer for the sample temperature to
equal the temperature of the external field, and the gradient
decreases. With increasing deviation from the equilibrium tem-
perature field, and consequently a larger temperature difference
between the melt and the external temperature, natural convec-
tion is enhanced. Larger temperature gradients can therefore be
compensated more rapidly by the intensified convective trans-
port, which partially counteracts the effect described above. As
a result, the curve flattens at very high cooling rates.

1

Looking at the contributions of the temperature gradients d7/dz
and dT/0y (Figure 6), the main direction of the temperature gradi-
ent is, as expected, the z-direction (direction of solidification). The
differences in the temperature gradient in the y-direction are sig-
nificantly less than the temperature gradient in the z-direction.
Even the differences in temperature gradient in the z-direction
due to variation in wall thickness and withdrawal rate are higher
than the absolute values of the temperature gradients in the
y-direction. We therefore conclude that the influence of the process
parameters, like withdrawal rate and external temperature gradi-
ent, during dendritic solidification is significantly greater than the
local differences in temperature gradients due to sample geometry
down to thicknesses of 0.4 mm.

4.2 | Influence of Wall Thickness on Dendrite
Growth

Figure 9 shows the influence of the withdrawal rate, which is
significantly higher than the influence of the wall thickness.
This behavior can be attributed to two main factors. First, varia-
tions in the withdrawal rate lead to significantly larger changes in
the temperature gradient than variations in the wall thickness.
Second, according to (Equation (1)), the solidification rate is a
key parameter in dendrite formation. While the solidification
rate is directly affected by the withdrawal rate, it is only weakly
influenced by changes in wall thickness alone. It can also be seen
that the simulated dendrite spacing for different withdrawal rates
shows good agreement with experimental results from Korber
et al. [19] for MAR-M247 LC. The simulated dendrite spacing
tends to be smaller than the experimental spacing. The results
with which the simulation was compared were carried out on
the same furnace [19]. Therefore, the temperature conditions
during casting are comparable. The small deviations in the
simulation are due to two factors. On the one hand, in the experi-
mental data, MAR-M247 LC was used [19]. In contrast to CMSX-
4 and CM186LC, this alloy does not contain Re. An increased Re
content has been demonstrated to result in a reduction in den-
drite spacing in Ni-based alloys [35, 36], a phenomenon that may
provide a rationale for the observed discrepancies between exper-
imental and simulated results. On the other hand, the method
used in the simulation determines the smallest stable dendrite
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spacing. However, since there is no specific stable spacing for a
solidification state, but rather a stable range, the experimental
average spacing is larger. However, when the simulation series
for different wall thicknesses was also compared with experimen-
tal data from Korber et al. [19], a discrepancy became apparent.

It is necessary to look at the difference between the solidification
in bulk volume and in the vicinity of the metal surface. As
already experimentally observed [19], there is a difference in
Ap between these two regions. Ap is for a constant withdrawal rate
within a small range in bulk volume, independent of the wall
thickness. The dendrite spacing in volumes close to the surface
is lower than in the bulk volume. Because the influence of the
interface area is greater on thin samples, a decrease in the wall
thickness leads to a decrease in the mean dendrite spacing of the
entire sample. The mean Ap can be described by (Equation (6)),
dependent on the dendrite spacing in the bulk area Ap py (in pm),
the dendrite spacing in the interface region Ap i, (in pm), the
thickness of the area with reduced dendrite spacing d,; (in mm),
and the wall thickness d (in mm):

/TLP — 2dint : ’lP,int + (d B 2dint) 3 j'P,bulk

; ®

Figure 10 shows a closer look at the comparison between the
bulk and interface regions of dendrite growth. There is a differ-
ence in diffusion between the dendrites and their neighbors in
these regions. While a dendrite in the bulk material has to com-
pete with four neighbors for solutes, a dendrite at the boundary
only has to compete with three neighbors. According to Lu’s the-
ory [34], which states that a smaller dendrite will be overgrown if
there is a flow of solutes from a larger neighbor, a dendrite at the
boundary cannot be overgrown from the side of the metal sur-
face. The theoretical minimum value for the dendrite spacing
perpendicular to the interface is therefore half the dendrite spac-
ing from the bulk material. The dendrite spacing parallel to the
interface is not affected by this effect and therefore remains the
same. This model agrees with experimental results [19], where a
directional dependence of dendrite spacing at the boundaries is
observed.

symmetry planes

VARN

Ni-base superalloy

ceramic shell mold

The anisotropic growth behavior of the dendrites in the vicinity
of the metal surface results in an average dendrite spacing of
0.71 Ap, puik> and a thickness of the edge area with smaller den-
drite spacings of 0.5 Ap, puik = dint. The following relationship can
therefore be established for the average dendrite spacing as a
function of wall thickness and primary dendrite spacing in bulk

volumes:
B /9 Ap puik for d < Appuix
Ap= Apputk * (d—0.29 + Appy) Q)

d for d > /1P,bulk

Figure 11 shows an example of this relationship for primary
dendrite spacings in bulk volumes of 100, 200, and 300 pm. The
influence of wall thickness plays a major role for small wall thick-
nesses, while for larger wall thicknesses the value of the average
dendrite spacing approaches that of the bulk dendrite spacing. A
similar trend was also observed in experimental studies [19, 37].

300
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FIGURE 11 | Dependence of the mean dendrite spacing on the wall
thickness, exemplary for dendrite spacings in the bulk of 100, 200, and
300 pm.
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FIGURE10 | Schematic illustration of the Ap and the neighborhood relations between the dendrites close to the metal surface and in the bulk material.
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5 | Conclusion

Our model predicts the microstructure during direct solidification
of Ni-based superalloys using a combined approach of finite ele-
ment (FEM) and phase field simulation. This approach makes it
possible to estimate the microstructure and determine the influ-
ence of process parameters and geometry. The parameter ranges
considered in this study (wall thicknesses of 0.4-2.0 mm and with-
drawal rates of 0.5-10.0mm/min) can be readily extended as
desired, and the investigated alloy systems can likewise be
adapted, provided that the required thermophysical and thermo-
dynamic material data are available.

» The temperature simulations show a dependence of the tem-
perature gradient on withdrawal rate and wall thickness.
The influence of the withdrawal rate is stronger.

« The microstructural simulation of the dendrite spacing at
different withdrawal rates shows agreement with experi-
mental results.

« The effect of the wall thickness on dendrite spacing is more
pronounced in volumes close to the surface. The width of
this volume is half the primary dendrite spacing in bulk vol-
ume. A model has been established that describes a reduced
dendrite spacing in this region due to the lack of competition
for dendrite growth from one side.

« As volumes close to the surface of thin specimens occupy a
larger proportion of the total cross-section, the influence
increases with decreasing wall thickness. The influence also
increases with increasing Ap puik- FOr Ap, puix = 300 pm, a sig-
nificant decrease in the mean primary dendrite spacing is
observed for a wall thickness of <0.8 mm.
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