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grain structure in the critical sections of the experimentally cast NGV is carefully
analyzed, the experimental results are compared with the modeling outcomes, and the
model is calibrated via tuning parameters which govern grain nucleation and growth.
The grain structures predicted by the calibrated model show a very good accordance
with the real ones observed in the critical sections of the as-cast NGV. It is demonstrated
that the calibrated CAFE model is a reliable tool for the foundry industry to predict grain
structure of the as-cast NGVs with very high accuracy.
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Background

Solidification microstructure is of great importance for controlling the properties and
the quality of the nozzle guide vanes (NGVs) produced via investment casting. In the
last decades, emergence of accurate simulation capabilities and development of rigor-
ous analytical models have contributed to a better understanding of solidification
process and enabled prediction of solidification grain structure.

Phase-field models have attracted considerable interest since the early 90s to describe
phase transitions for a wide range of systems [1]. Phase-field models based on the
rigorous framework of reversible thermodynamics [2,3] have been developed to de-
scribe both the solidification of pure materials [4] and binary alloys [5,6]. They also
have been used extensively to simulate numerically dendritic growth into an under-
cooled liquid [7-10]. These computations provide realistic simulations of dendritic
growth, including side arm production and coarsening. Systems with three phases as
well as grain structures with an ensemble of grains of different crystallographic orienta-
tions have also been modeled by the phase-field method using a vector-valued phase
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field [11-16]. The shortcoming of phase-field method is the very fine grid size (<1 pm)
required to capture the solid liquid boundary layer, limiting the size of domains which
can be simulated (e.g., <1 mm? in 2D) [17].

Cellular automata (CA) is another technique widely applied in modeling of solidifica-
tion. The CA technique was originally developed by Hesselbarth and Gbel [18]. It is
based on the division of the simulation domain into cells, which contain all the neces-
sary information to represent a given solidification process. Each cell is assigned infor-
mation regarding the state (solid, liquid, interface, grain orientation, etc.) and the value
of the calculated fields (temperature, composition, solid fraction, etc.). In addition, a
neighborhood configuration is selected, which includes the cells that can have a direct
influence on a given cell. The fields of the cells are calculated by analytical or numerical
solutions of the transport and transformation equations. The change of the cell states is
calculated through transition rules, which can be analytical or probabilistic. When these
rules are probabilistic, the technique is called stochastic. The important feature of the
method is that all cells are considered at the same time to define the state of the system
in the following time step. Thus, the computational time step can be directly related to
the physical time step.

The CA technique is often coupled with finite difference (FD) or finite element (FE)
methods that makes it possible to obtain more accurate results. The modeling technique
based on combining the CA method for tracking the solid liquid front location with a
ED solution of solute diffusion is referred to as CAFD model. This model was success-
fully used to simulate dendritic growth in a range of alloys [19,20]. The CAFD model
solves the solute conservation equation subjected to equilibrium conditions at the
solid liquid interface. The model simulates the solutal interaction within the develop-
ing dendritic network, predicting when overgrowth or branching will occur. The model
was applied to investigate the effect of changing the pulling velocity on directionally so-
lidified dendritic structures in Ni-based superalloys [20].

Rappaz and Gandin [21] started to explore the possibility of coupling FE heat flow
computations with two-dimensional (2D) CA calculations describing the mechanisms
of nucleation and growth of dendritic grains. The first model was applied only to small
specimens of uniform temperature, ie., it was an isothermal model. One year later,
Gandin and Rappaz [22] extended the model to non-uniform temperature situations,
and the modeling tool was referred to as cellular automata - finite element (CAFE)
module. In 1997, Gandin and Rappaz [23] proposed a three-dimensional (3D) CA algo-
rithm to model the growth of octahedral dendritic grains from the liquid phase. The
3D CAFE module was able to account for different cooling conditions, crystallographic
orientations, and growth kinetics parameters. The CAFE model is based on the concept
of marginal stability to uniquely define the dendrite tip radius, allowing the analytical
solution of Kurz, Giovanola, and Trivedi (KGT) to be applied [24]. CAFE models do
not incorporate details of dendritic growth, but they are very useful for simulating grain
structures on orders of magnitude larger simulation domains than is possible using the
phase-field method. Another advantage of CAFE models is a clear prediction of grain
size and shape.

The developed 3D CAFE module found a wide application for simulation of solidifi-
cation grain structure in casting of complex shape parts. Gandin et al. [25] were first to
apply it for grain structure prediction in directionally solidified blades. In particular, the
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growth competition occurring among columnar grains was directly reproduced, taking
into account the crystallographic orientation of the grains and the temperature evolu-
tion in representative 3D investment cast parts. Seo et al. [26] successfully applied the
model to predict grain structure in turbine blades produced via investment casting of
CM247LC Ni-based superalloy. The overall appearance of grain structure in the cast
blades was very well reproduced by the CAFE module at various investment casting
conditions. Wang et al. [27] applied the CAFE module for simulation of grain selection
during single crystal casting of a DD403 Ni-based superalloy with spiral grain selector,
and the model was validated experimentally via investment casting using different spiral
geometries. It was demonstrated that the CAFE module was a reliable tool for
optimization of crystal orientation via manipulation with mold geometry.

The second part of our work aims to develop the CAFE module for grain structure
prediction in the new generation NGVs to be produced via investment casting in a real
plant process. Along with the thermal model and ProCast model for porosity
prediction, it will form a modeling tool for further optimization of the NGV design at

industrial scale.

Description of the modeling tool

The CAFE module is a software tool which allows the prediction of structures of cast-
ings in which columnar and equiaxed crystals are formed. CAFE is based on a stochas-
tic model which combines grain nucleation and grain growth algorithms with the
calculation of the heat transfer by FE as described by Gandin et al. [28]. These algo-
rithms and their parameters are considered below.

Grain nucleation algorithm
The CAFE model assumes that grains may nucleate on the surface of the mold (surface
nucleation) or in the bulk (volume nucleation). Both types of nucleation are described

by Gaussian distributions as

dn Mimax 1 (AT-AT,,\* )
exp |-z | ———
dAT  garxv/2n P2\ oAT

where AT is the local undercooling, AT, the mean undercooling, oar the standard de-
viation, and 7,,,,x the maximum nucleation density which can be reached when all the
nucleation sites are activated while cooling. These parameters mainly depend on the
selected alloy, the shape of the cast part, its volume, and the casting procedure. Their
determination is difficult in our case, since no previous references can be found in the
literature. Calibration with experimental results is the only possible procedure for their
precise estimation. Precicast Bilbao has provided a set of preliminary values from previ-
ous experimental work on investment casting of Ni-based superalloys (Table 1), but

Table 1 Initial values of the parameters for the surface and volume nucleation algorithms

Parameter Surface Volume
Nenax 110° 1107
AT, 6C 6C

OAT 1C 1C
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their final calibration and validation are still necessary for reaching more accurate
results.

Grain growth algorithm

Grain growth kinetics during metal solidification can be determined by the undercool-
ing at dendrite tips. Different theories have been developed for growth kinetics, with
the Lipton-Glicksman-Kurz (LGK) model selected as the one to make the linkage
between growth velocity and the given undercooling as described by Kurz et al. [24]
and Lipton et al. [29]. Thus, the following simplified equation is used by CAFE module
for calculations:

v AT  aAT? a3 AT? 2

where v is the dendrite tip velocity, AT the undercooling, and a, and a3 are the specific
material parameters. The value of the local undercooling (AT) is provided by the ther-
mal resolution of the model during ProCAST calculation [28] as the difference between
the liquidus temperature and the local temperature in each finite element. The value of
the parameters a, and a3 may be calculated by the CAFE module based on the alloy
chemical composition and the phase diagram properties, such as liquidus temperature
(1,366C for Mar-M247 Ni-based superalloy), Gibbs-Thomson coefficient of the solvent
(2 10 7 for Ni), chemical concentration of each solute element (Table 2), liquidus
slope, and partition coefficient of each element. For multi-component systems, the
latter two can only be obtained with the help of thermodynamic databases [30]. Once
input data are known, values of parameters a, and a3 are calculated (Table 3).

At the same time, when grains grow, their orientation is randomly determined by the
model. Since growth velocity of each grain tip is calculated by undercooling in front of
each dendrite tip, the grains better aligned with the maximum undercooling direction
will grow faster than those which are not (Figure 1). This effect makes possible the
growth of secondary and tertiary side arms on dendrites having favorable orientation as
shown in Figure 1.

To obtain good results from calculation, a proper cell size must be defined. If the
cell size is too big, poor results will be achieved, but if too small, time calculation will
shoot up. A proper cell size is given by the value of the typical secondary dendrite arm
spacing measured in the casting, being values between 50 and 100 pm most commonly
used [20]. This small size of the cells means that the amount of cells to be considered
for the calculation can be extremely high. To tackle this problem, the software first
divides the part into blocks, which will be composed by a defined number of cells
(Figure 2). The number of cells contained in a single block is chosen by the user in
order to improve the calculation. Once the software has divided the part into blocks,
each block is given one of three statuses: stand by, active, or inactive (Figure 2). Blocks
in stand by position are located in the liquid but out of the mushy zone where solidifi-
cation is taking place. The active ones are located in the mushy zone and, therefore,

Table 2 Chemical composition of Mar-M247 Ni-based superalloy
Ni C Cr Co Mo w Ta Al Ti Hf
Base 0.15 84 10 0.7 10 31 55 1.05 14
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Table 3 Values of parameters for the growth kinetics function of Mar-M247 Ni-based
superalloy (CAFE database)

Parameters Values
a, 631077
as 33310°

these blocks enter into calculation by the solver. Finally, the inactive blocks correspond
to those in the solid zone. The inactive blocks have undergone calculation and their
results have been stored. This approach is applied in order to reduce the number of
blocks that are in calculation simultaneously, so the solution can be achieved faster.
This technique is especially useful for parts produced via directional solidification as
demonstrated by Qingyan et al. [31], since the number of blocks that are being calcu-
lated simultaneously, can be much smaller than in the cases when the solidification
process is more distributed.

All parameters defined above are considered by the software to calculate the transi-
tion from equiaxed to columnar grains. No specific parameter is used to determine this
transition, being described by the grain growth competition, which depends on the
mean undercooling in each location of the mushy zone [23].

It is seen that the most important data to perform correct calculations with the CAFE
module are provided by the thermal model, so a reliable thermal model well describing
the real solidification process is required. A detailed description of the thermal model
used in our work can be found in the first part of this manuscript.

Model definition

For the prediction of the NGV grain structure, a reliable thermal model was developed
(see part I). This model is imported to the CAFE pre-processor, where parameters ne-
cessary to define the nucleation and growth algorithms and the calculation conditions

Iv' I v,=v,cos 0

4

(Heat flux)

Figure 1 Effect of grain alignment with the heat flux direction on the grain growth rate v.
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Figure 2 Cellular automata mesh.

are established. For the given example of NGV, the pre-processor is setup as described
below.

Domain selection: the model includes not only the cast part but also other
elements such as the mold, insulation layer, etc. Therefore, the domain of interest is to
be selected. The areas of no interest, such as the feeding system, the pouring cap, etc.
can be ignored.

General parameters: the cell size and the number of cells per block are defined at
this point. In our case, the selected values are 60 um for the cell size, and each block is
composed of a cube of 10 10 10 cells.

Window definition: the zones for calculations are to be defined. In our case, only
critical sections of the NGV are investigated. Modeling results for these sections will be
compared with results from experimental analyses of real grain structure. Otherwise,
analysis of a whole part would lead to very time-consuming calculations.

Surface nucleation (nucleation algorithm): values that describe Gaussian distribu-
tion for surface nucleation (Equation 1) must be defined (Table 1). Since these values
depend on the alloy, cast shape and casting procedure, they are calibrated by compari-
son of modeling and experimental results.

Volume nucleation (nucleation algorithm): no volume nucleation is expected for
this part so all parameters for volume nucleation set to zero (Table 4).

Physical data (growth algorithm): defines the growth kinetics of the given alloy
(Mar-M247 Ni-based superalloy), parameters a, and a3 for Equation 2 are
introduced (Table 3).

Results: after definition of zones for modeling (window definition), the CAFE
module may request to store additional information such as cuts/planes of interest.

Table 4 Calibrated values of parameters for the surface and volume nucleation algorithms

Parameters Surface Volume
Nemax 55 10° 0
AT, 5.2C 0

Oar 12C 0
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Once the CAFE pre-processor is settled, the CAFE solver is run. The obtained grain
structure is demonstrated by Visual-Viewer (CALCOM Software).

Methods

Material and experimental procedures

The MAR-M247 Ni-based superalloy was chosen as the material for this investigation.
The chemical composition of the material is presented in Table 2. Preparation of the
ceramic molds and investment casting process was described in detail in the first part
of the manuscript. The as-cast NGV was cut into smaller specimens for analysis of
grain structure. The selected areas for grain structure evaluation are shown below in
the Conclusions section. The specimens were ground and polished to a mirror-like
surface using standard metallographic technique. The polished specimens were etched
using a chemical solution consisting of 25 g FeCl;, 60 ml HCI, and 25 ml H,O to reveal
grain structure.

The optical microscope OLYMPUS BX51 (Olympus Corporation, Shinjuku-ku, Japan)
was used for characterization of grain structure. At least three images were taken from
each area of interest. Quantitative analysis of grain structure (grain size, standard devi-
ation of grain size, and aspect ratio) was performed using ANALYSIS software. The
grain size was measured as an equivalent circle diameter due to complex shape of some
grains. Aspect ratio was calculated as a ratio of grain length to its width, as specified in
the ANALYSIS software.

Results and discussion

Modeling vs. experimental

After first comparison between experimental and calculated results, the parameters
governing the nucleation algorithm in the CAFE module were calibrated. The final
grain structure predicted by the CAFE module for four critical NGV sections (transversal
section of a hollow vane, transversal and longitudinal sections of a solid vane, and
longitudinal section of the bottom platform) is compared with the real grain structure of
the as-cast NGV. The comparison is based on (1) visual comparison of grain structure for
critical sections of the NGV and (2) comparison of average grain size, standard deviation
of the grain size, and aspect ratio of grains for these NGV sections.

The final calibrated values for the surface and volume nucleation algorithms are pre-
sented in Table 4. As calibrated values will remain the same for the full cast part, the
prediction of the grain structure at any location of the piece will be possible. It should
be noted that the final values of parameters for surface nucleation are close to the
original ones proposed by Precicast Bilbao (Table 1). Nevertheless, even such a small
difference can significantly affect the final modeling result.

Grain structure on transversal section of a hollow vane

The location of the selected section is marked by a red circle in the NGV icons in
Figure 3, where the general view of the grain structure predicted by CAFE (Figure 3b)
and grain structure of the real NGV (Figure 3a) are illustrated. An accurate comparison
of the modeling and experimental results can be made analyzing optical microscopy
images taken at higher magnification from leading and trailing edges of the hollow vane
and its middle part (Figure 4). Qualitative and quantitative analysis shows that the
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Figure 3 Transversal section of a hollow vane. a) Optical microscopy image of grain structure. b) Grain
structure predicted by CAFE model. The dashed line on b) marks the cut plane on a). TE stands for trailing
edge, LE for leading edge and MP for middle part.

modeling results perfectly match the grain structure of the hollow vane in all areas of
the hollow vane. Fast solidification occurs in the thin walls (Figure 4b) resulting in the
formation of homogeneous grain structure consisting of small equiaxed grains. Both
equiaxed and columnar grains are observed in the leading edge (Figure 4a) and trailing
edge (Figure 4c) of the hollow vane due to a more complex character of the local heat
flux during solidification. The average grain size, its standard deviation, and aspect ratio
from modeling and experimental results have nearly the same values in all areas of the
hollow vane (Table 5).

Grain structure on transversal section of a solid vane

The analyzed transversal section of the solid vane is marked by a red circle on the NGV
icons (Figure 5). A very good agreement between modeling and experimental results is
observed (Figure 5). The fast solidification in the thin trailing edge leads to formation of
small equiaxed grains (Figure 6a). As the mushy zone moves towards the middle part of
the solid vane, the condition of directional solidification is achieved resulting in
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Figure 4 Microstructure of transversal section of a hollow vane (Figure 3) at higher magnifications.
Optical microscopy images (left) are compared with CAFE prediction (right): a) leading edge, b) middle
part, and ¢) trailing edge.

Table 5 Comparison of grain structure predicted by CAFE model with experimental
results for transversal section of the hollow vane (Figures 3 to 4)

Leading edge Middle part Trailing edge

Experiment Model Experiment Model Experiment Model
Average grain size (um) 756 732 550 541 269 271
Standard deviation (um) 347 362 226 228 170 165

Aspect ratio 17 16 15 14 19 20
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Figure 5 Transversal section of a solid vane. a) Optical microscopy image of grain structure. b) Grain
structure predicted by CAFE model. The dashed lines on b) marks the cut planes on a). TE stands for
trailing edge, LE for leading edge and MP for middle part.

transition from equiaxed to columnar grains (Figure 6b). A similar effect is observed on
the leading edge of the solid vane, where equiaxed grains initially appear on the edge
and transform into columnar grains when solidification proceeds into middle part
(Figure 6c).

Average grain size and its standard deviation from the CAFE prediction are in a good
accordance with those experimentally measured on the transversal section of the solid
vane (Table 6). However, the model predicts somewhat higher aspect ratio in all parts
of the transversal section of the solid vanes. Nevertheless, the visual comparison of the
predicted and real grain structures shows a good match also for grain shape (Figure 6).

Grain structure on longitudinal section of a solid vane

For analysis of grain structure on the longitudinal section of a solid vane, it was cut
along its axis. The cut plane is marked by a blue line on Figure 5b. The location of the
analyzed section is marked by a red circle in the NGV icon in Figure 7a, where grain
structure of the real NGV is also presented. The grain boundaries have been marked by
a red line for easier identification. The grain structure predicted by CAFE model
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Figure 6 Microstructure of transversal section of solid vane (Figure 5) at higher magnifications.

a) trailing edge, b) middle part, and c) leading edge. Optical microscopy images (left) are compared with
CAFE prediction (right).

(.

Table 6 Comparison of grain structure predicted by CAFE model with experimental
results for transversal section of solid vane (Figures 5 to 6)

Leading edge Middle part Trailing edge

Experiment Model Experiment Model Experiment Model
Average grain size (um) 1,560 1,345 785 869 281 397
Standard deviation (um) 813 508 451 361 213 138

Aspect ratio 2.2 25 2.5 3.0 16 20
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Figure 7 Longitudinal section of a solid vane. a) Optical microscopy image of grain structure. b) Grain
structure predicted by CAFE model.

(Figure 7b) is similar to the experimental results. Microstructure with small grains close
to the surface of solid vane (on the top of images), where solidification begins, is grad-
ually transformed into microstructure with coarse grains when the mushy zone moves
towards the central part of the solid vanes which is solidified in the last stage. It should
be noted that the grain structure does not vary along the vane axis (horizontal axis in
Figure 7).

Quantitative analysis shows that the CAFE model underestimates the average grain
size, though the values of grain size from the model and experimental measurements
overlap if standard deviation is taken into account (Table 7). The CAFE model provides

a somewhat higher average value of grain aspect ratio which fits better to the grains

Table 7 Comparison of grain structure predicted by CAFE model with experimental
results for longitudinal section of solid vane (Figure 7)

Experiment Model
Average grain size (um) 2,153 1,458
Standard deviation (um) 1,179 738

Aspect ratio 1.5 2.2
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Figure 8 Grain structure predicted by CAFE model on the longitudinal section of the bottom platform
and four zones for microstructural analysis.

close to the solid vane surface (top part of the images in Figure 7). Nevertheless, it can be
concluded that there is a good match between the modeling and experimental results.

Grain structure on longitudinal section of a bottom platform

The location of the selected section in the bottom platform is marked by a red circle in
the NGV icon in Figure 8. For convenience, the longitudinal section has been divided
into four zones as shown in Figure 8, which also illustrates the grain structure pre-
dicted by the CAFE module. The modeling results show a good match with the real grain
structure on the longitudinal section of the bottom platform in all four zones (Figure 9).
Again, fast solidification in very thin elements (zones 2 and 3) leads to formation of
homogeneous microstructure consisting of small equiaxed grains as seen from the
optical microscopy image and grain structure generated by the model (Figure 9). On
the contrary, columnar grains prevail in the microstructure of the thicker element
(zones 1 and 4).

The average grain size measured from optical microscopy images in zones 1 and 2
are in a very good accordance with the model prediction (Table 8). The model tends to
underestimate the average grain size in zones 3 and 4, though the ranges of grain size
from model and experiment overlap (Table 8). The shape of grains in the modeled

oy ok 3:“3. N X -
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Figure 9 Microstructure of longitudinal section in zones 1 and 2 of the bottom platform (Figure 8).
Optical microscopy images (left) are compared with CAFE prediction (right).
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Table 8 Comparison of grain structured predicted by CAFE model with experimental
results for longitudinal section of the bottom platform (Figures 8 to 9)

Zone 1 Zone 2 Zone 3 Zone 4

Exp. Model Exp. Model Exp. Model Exp. Model
Average grain size (um) 1,742 1,500 672 575 1,008 675 1610 1,070
Standard deviation (um) 1,458 866 300 287 713 337 189 418
Aspect ratio 1.8 20 24 22 23 20 23 2.1

grain structure is very similar to that observed in the optical microscopy images in all
four zones (Figure 9). From Table 8, it is seen that the CAFE model predicts well the
aspect ratio of grains in all analyzed zones of the bottom platform.

The comparison of the modeled grain structure with the real one formed in the crit-
ical sections of the as-cast NGV clearly shows that the CAFE module is a very useful
tool for prediction of grain structure in the complex shape parts manufactured from
Ni-based superalloys via investment casting. It is able to predict with high accuracy the
size, shape, and orientation of grains throughout the complex shape part. The thermal
model and models for porosity and grain structure prediction constitute a tool for
further improvement of NGV design. This tool can provide the optimum parameters
for investment casting at low cost in a quick manner. It should be also noted that thus
obtained modeling results on porosity and grain structure could potentially be used for
modeling of mechanical and functional properties of various sections of NGVs. So the
integrated modeling tools could be developed in the future, which will dramatically

minimize or even eliminate the number of experimental casting trials.

Conclusions

A CAFE module was employed to predict the 3D grain structure in NGVs manufac-
tured from Ni-based superalloys via investment casting. The grain structure of the crit-
ical sections in the experimentally cast NGV was carefully analyzed, the experimental
results were compared with preliminary grain structure prediction, and the model was
calibrated via tuning parameters in the algorithms describing grain nucleation and
growth.

It is demonstrated that the calibrated CAFE model is a reliable tool for the foundry
industry to predict grain structure in the new design NGVs with high accuracy. Micro-
structure consisting of small equiaxed grains is predicted in the trailing edge and thin
walls of the vanes, where fast solidification occurs. Grain growth follows the heat flux
directions described by the thermal model, so larger grains appear in the thicker sec-
tions. The predicted grain size is always in the range of grain sizes measured in the real
as-cast NGV, though the CAFE module provides smaller standard deviation. Transition
from equiaxed to columnar grains is correctly predicted in the bottom platform of
the NGV.

It is outlined that the calibrated CAFE module is a useful and reliable tool for the
foundry industry to predict grain structure of the as-cast NGVs.
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