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A comprehensive cellular automaton algorithm coupled with finite element method was developed for the
simulation of temperature field, heat transfer characteristics and the anisotropic grain growth during a
directional solidification (DS) process. Nucleation parameters at the interface of the alloy and the chill plate
were adjusted at four levels, and the evolution of macrostructure during competitive growth of grains has
been characterized. The sensitivity of grain structure to heat transfer coefficients between alloy/chill plate
and alloy/ceramic mold was also evaluated at a constant nucleation condition. The results were compared
with the microscopic images and measurements of the experimentally cast DS specimens. This model was
then utilized for the development of another micro-mechanical finite element model of the cast bars
including the realistic grain boundaries and misorientations. To complete a simulation of a whole manu-
facturing chain from casting process to mechanical behavior evaluation, high-temperature tensile behavior
of the cast bars was then elucidated through experiment and FE analysis.
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1. Introduction

In general, the efficiency of the land-based gas turbines or
aero-engines is significantly affected by their firing tempera-
ture. Therefore, the development of functional materials at
higher temperatures is one of the routes for further improve-
ment in turbine performance. Hence, the researches were
conducted on the high-temperature materials developments, as
well as the technology used for manufacturing the directionally
solidified (DS) and single-crystal (SC) materials (Ref 1). For
instance, in the DS casting process, a columnar-grained
structure with the grain boundaries lined up in a predesigned
direction is desired. Therefore, a unidirectional heat transfer has
to be generated to push the solid/liquid interface only in one
direction (Ref 2). Ideally, growth direction of dendrites in FCC
alloys is (100) direction; hence, any misorientation with respect
to the heat transfer direction will lower the growth rate (Ref 3).
Furthermore, the mold temperature is required to remain
considerably higher than the liquidus temperature, so a proper
vertical thermal gradient is achieved that will prevent distinct
nucleation in front of the liquid–solid interface or at the mold
surface (Ref 4). The final DS product has normally substantially
enhanced mechanical properties such as high-temperature creep
(Ref 5-7), fatigue (Ref 8) and corrosion (Ref 9). However, these

advantages may not be similar in all alloys (Ref 10). In the
Bridgman process (Ref 11), which is the most common method
of DS casting, a preheated ceramic shell mold is filled with
molten alloy in a dual-zone furnace. Then, the mold–alloy set is
driven from the hot zone at a predefined velocity to a second
area of the furnace where the radiational heat transfer enforced
for cooling of the melt (Ref 2).

The GTD111 is one of the Ni-based superalloys that have
been manufactured in both forms of equiaxed (EA) and
directionally solidified (DS). The polycrystalline GTD111 was
first developed by General Electric (GE) in the 1970s as the first
stage rotary blades of a land-based gas turbine. Due to
improvement in its material properties, the alloy was suggested
for substitution of the commercial IN738LC superalloy for the
turbines with higher combustion temperatures (Ref 12). The
DS-GTD111 was later developed and it was widely used in
land-based gas turbines such as the first stage blade in MS7F/
MS9F, MS3002 and MS5002C gas turbines (Ref 12).

Finite element analysis is a beneficial technique used to
reduce the number of experiments and prototypes. It is also
employed for obtaining an in-depth knowledge of complicated
processes such as casting (Ref 13-16). The cellular automaton
(CA) approach (Ref 13, 17, 18) is one of the probabilistic
methods, in which all intended physical rules are used to
determine the state of each cell in relation to the state of
neighboring cells. In this method, the state of all cells is
calculated simultaneously which results in more efficiency. A
CA-based solidification model developed by Gandin and
Rappaz has determined relation between dendrite growth and
orientation with local undercooling (Ref 17) which was shown
to predict well dendritic structures formation in Bridgeman
furnace cooling condition (Ref 19). Heterogeneous nucleation
sites are assumed to have a Gaussian distribution (Ref 14).
Accordingly, a numerical solidification analysis was conducted
through a cellular automaton and finite elements combined
method (Ref 20, 21). The modeling of the solidification process
can lead to a prediction of the thermal and flow profiles. These
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models provide a ground for the study of dendrite nucleation,
morphology and growth rate. Furthermore, the calculation of
primary dendrite arm spacing (PDAS) and secondary dendrite
arm spacing (SDAS) which have a significant influence on the
mechanical properties of directionally solidified superalloys,
can be facilitated (Ref 21-24). Near to real microstructures
obtained through this method can provide the opportunity to
have a 3D model of components and their grain structures
simultaneously. Thus, further numerical evaluation of grain
structure effect on such components in mechanical behavior
modeling and life prediction rules can be simply carried out.

In the present study, the evolution of columnar grain
formation during directional solidification of GTD111 super-
alloy is explored both experimentally and numerically. The
grain nucleation parameter�s effects on the predicted grain
structure and SDAS are evaluated numerically and compared to
real specimens. Then the resulted microstructures are applied
for high-temperature tensile test simulation, in order to find a
tool for mechanical behavior prediction of any grain geometry
and misorientation distribution.

2. Experimental Procedure

2.1 Casting Process

The material used in the casting process was GTD-111DS
Ni-based superalloy which has a chemical composition close to
Rene80 and IN738LC superalloy (Ref 25, 26). Using Oxford
optical emission spectroscopy (OES), the chemical composition
of the superalloy primary ingots was defined and is presented in
Table 1.

Vacuum induction melting (VIM) furnace (10�3 mbar) was
used for the casting process. Figure 1(a) and (b) presents the
wax model of the casting and riser assembly and the alumina
shell mold placed on a water-circulating copper plate applied to
produce a set of directionally solidified bars in a circular
arrangement. The manufacturing process produced 16 bars of
12 mm diameter and 190 mm length. Molten alloy pouring was
carried out at 1500 �C, and then, the casting was drawn
downward at a rate of 4 mm/min to conduct the growth of the
grains in the axial direction.

2.2 Metallurgical Investigation

Metallurgical investigations were carried out on the final
casting bars at the surface and the transversal and longitudinal
sections. A macro-etch reagent of FeCl3 + HCl was applied to
display the surface grain structure of the cylindrical casting
bars. A similar reagent was used on longitudinal sections of
rods, which was followed by stereo-microscopy to reach a
better contrast on surface grain pictures.

Microstructural analysis of the bars was performed using an
Olympus optical microscope at multiple cross sections. Each
section was sequentially polished using silicon carbide paper of

grit size ranging from 120 to 2500. Final polishing was carried
out using alumina suspension with 1 lm particle size. The
specimens were then etched in two stages using Waterless
Kalling�s (5 g CuCl2 + 100 mL HCl + 100 mL ethyl alcohol)
and Adler etchants (9 g Cl3CuH4N + 150 mL HCl + 45 g
FeCl3 + hydrated DI water), respectively.

2.3 High-Temperature Tensile Testing

Three tensile specimens were cut and machined from the
upper one-third of the cast bars where the grains are mostly
aligned with the longitudinal axis (Fig. 2). Thus, the misori-
entation of the grains was expected to be the minimum. Then,
tensile tests were conducted at 650 �C according to the ASTM
E8M standard (Ref 27) using a SATEC servohydraulic testing
machine. The fracture surfaces and microstructure of tensile
specimens were studied using field emission scanning electron
microscopy (FE-SEM).

3. FE Microstructure Modeling

Several parameters in directional solidification, e.g., the
furnace specifications, alloy chemical composition, heat extrac-
tion parameters and nucleation parameters, have been reported
to be influential on final microstructure. Among these, nucle-
ation parameters and heat transfer coefficients were chosen to
be studied due to their remarkable effect on the number of
nucleated crystals and orientations of directionally solidified
grains. Furthermore, the main focus in the directional solidi-
fication is the control over the grain boundaries in a way that
promote the growth of dendrites along the longitudinal
direction. Certainly, the optimum properties are attained when
the proper volume fraction of c¢ phase and carbide precipitates
are formed during heat treatment. Since considering all
macroscopic and microscopic parameters in the simulation is
not possible, microstructural anomalies and inhomogeneities
such as c¢ size variations (between the dendrite core and the
interdendritic zone), and the effects of the carbides and
detrimental TCP precipitates were neglected in the evaluation
of the effects of the grain boundaries and misorientations.

3.1 Solidification Modeling

The domain adopted for the casting process simulation is
shown in Fig. 3. It was a one-eighth section of the total casting
cluster consists of two test bars out of sixteen as well as the
equivalent section of the furnace and alumina mold. During the
directional casting process, the heat was mainly transferred
through the radiation from the heating elements of the furnace
and it was then conducted through the furnace lining and the
mold. Therefore, the simulation was simplified by neglecting
the effect of filling stages. A similar approach was reported
previously (Ref 15). Hence, the mold was instantaneously filled
with 1500 �C molten alloy such that all bars were in contact

Table 1 Chemical composition of GTD-111DS (wt.%)

Element C Cr Co W Mo Ti Al Ta Ni

wt.% 0.08 13.44 9.50 4.18 1.80 4.71 3.07 2.62 Bal.
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with a 15 �C chill plate. The back wall of the furnace was
introduced as an enclosure to control the heat transfer through
the radiation. The solidification process was conducted by
moving the castings and the chill plate downward with a

constant velocity of 4 mm/min. The subsequent grain nuclei
were grown in the direction of the test bars axis.

The solidification progress was simulated using a 3D
cellular automaton approach model (Ref 20). The nucleation

Fig. 1 Casting process details: (a) wax assembly and (b) and ceramic shell mold

Fig. 2 Tensile specimen schematic and its position in casting bar

Fig. 3 Finite elements mesh of one-eighth of casting cluster in addition to chill plate, thermal baffle, shell mold and peripheral thermal
insulation
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equation for the grain formation modeling (Ref 14, 28) was
taken into account as:

dn
dðDTÞ ¼

nmax
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pDTr
p exp � DT � DTmð Þ2

2DT2
r

" #

ðEq 1Þ

where DT is the undercooling (�C), nmax is the maximum
number of nuclei per unit area, and DTm and DTr are the mean
undercooling (�C) and the standard deviation (�C) of the
Gaussian nucleation distribution, respectively. Four sets of
nucleation conditions were used to define the related
microstructural effects. The nucleation conditions designated
by state codes A, B, C and D had various DTm, DTr and nmax

that are presented in Table 2. The dendritic grain growth rate
(Vtip) was applied according to Kurz, Giovanola and Trivedi
(KGT) model (Ref 29):

Vtip ¼ aðDTÞ2 þ bðDTÞ3 ðEq 2Þ

where DT is the undercooling (�C), while a and b are the
surface and volume growth coefficients, respectively. The grain
growth coefficients a and b of KGT model were calculated as
a = 7.29097E�8 m/s/K2 and b = 9.66761E�9 m/s/K3 for
GTD111DS alloy using ProCAST software.

For conditions codes of A, B, C and D which had various
nucleation parameters, the heat transfer coefficient of 100 W/
m2 K was considered at the contact surfaces of alloy/mold
along with the heat transfer coefficient of 1000 W/m2 K at the
alloy/chill interface. Three other heat transfer conditions named
as state codes E, F and G with similar nucleation parameters as
state code A were introduced, as listed in Table 2, to gain
insight into the effects of various heat transfer coefficients
during the casting process. Similar to the experimental process,
as the castings and the chill plate were moved downward by a
constant velocity of 4 mm/min, solidification of the superalloy
went forward and the nucleated grains grew along the bar
longitudinal axis.

Bulk nucleation during the directional solidification was
assumed to be negligible; thus, grain nucleation occurred only
at alloy–chill interface.

3.2 High-Temperature Tensile Modeling

Finite element simulations were performed to predict the
high-temperature tensile behavior of the GTD111DS alloy
considering the grain boundaries and misorientations. The FE
domain included the full geometry of the gauge size of a tensile

test specimen that is built based on the predicted grain structure
obtained in the solidification model. The location of test
specimen in the simulated bar was identical to the location of
real specimen in the cast bar. The purpose of such modeling
was introducing a new procedure to obtain a geometrical model
of the microstructure, instead of classical multiple sectioning

Table 2 Simulation conditions for modeling directional
solidification

State
code

DTm,
�C

DTr,
�C nmax, m

22
Halloy/chill,
W/m2 K

Halloy/mold,
W/m2 K

A 10 1 106 1000 100
B 5 1 108 1000 100
C 10 1 108 1000 100
D 0.5

(Ref
16)

0.3
(Ref
16)

107 (Ref 16) 1000 100

E 10 1 106 2000 100
F 10 1 106 2000 500
G 10 1 106 1000 500

Table 3 Anisotropic elastic and Hill�s parameters of
GTD111DS at 650 �C (Ref 49)

Elastic parameters Hill�s parameters

E1, E2, GPa 156.2 F, – 0.32
E3, GPa 120.9 G, – 0.32
m13, m31, – 0.195 H, – 0.25
m12, – 0.4 L, – 1.05
G, MPa 97.9 M, – 1.05

N, – 0.81

Fig. 4 Grain structure at longitudinal section of a real cast
specimen
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methods. The predicted geometry of the solidified bar was
imported from the solidification model explained in the above
section; hence, the grain geometries and orientations were also
imported. The FE mesh is presented later in section 6-5, for
which class C3D8R linear brick elements were used. Each
grain was assumed to be transversely isotropic, which means
isotropy was only defined in X–Y plane, i.e., E1 = E2 = ET,
m12 = m21, m13 = m23, m31 = m32, (m31/E3) = (m13/E1) and
G13 = G23. Equation 3 (Ref 30) describes the grain elastic
behavior. The anisotropic elastic properties of GTD111DS at
650 �C (Ref 31) presented in Table 3 were used for predicting
elastic behavior. The simulation was performed using ABA-
QUS software code.
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ðEq 3Þ

Hill�s anisotropic equivalent stress (Eq 4) was chosen for the
calculation of the specimen plastic deformation by calculating
the Hill�s constants of F, G, H, L, M and N for GTD111DS bars
(Table 3), as defined in the literature (Ref 32, 33).

req¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F r22�r33ð Þ2þG r33�r11ð Þ2þH r11�r22ð Þ2þ2Lr223þ2Mr231þ2Nr212

q

ðEq 4Þ

4. Results and Discussion

4.1 Metallurgical Investigation

Figure 4 illustrates the macro-etched longitudinal section of
a cast bar specimen. The trend of annihilating high-angle
boundaries by getting away from the chill plate is evident in
Fig. 4. Numerous grains were nucleated at the interface of the
superalloy and the chill plate with arbitrary orientations which
most of them were converging toward the core of the bar.
Rosenberg et al. (Ref 34) showed that the preferred orientation
of primary dendrites in FCC structured alloys is Æ100æ direction.
Thus, adjusting the heat flow direction at the predefined axis of
the casting results in the growth of the dendrites at a preferred
direction. However, perturbations that may occur in the
solidification front mostly make it challenging to reach such
ideal orientation (Ref 35). Macrostructure of the bar near the
chill plate (Fig. 4) shows deviation angle of more than 30�. At
the upperparts, highly misoriented grains were eliminated; thus,
the maximum detected deviation of dendrites was 4.5�.

The dendritic microstructure evolution on the cross sections
of the bar is also shown at different heights in Fig. 5. The
dendritic microstructure and secondary dendrite arms are
displayed in seven cross section. An enormous number of
grains were recognized at the cross section adjacent to the chill
plate. Getting far from the chill plate, the number of grains was
constantly decreasing, while dendrite secondary arms had
increased in size.

4.2 Numerical Modeling

The latent heat released during the solidification process was
considered in calculations due to its influences on the cooling

Fig. 5 Evolution of dendritic microstructure at cross sections of a real cast specimen
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rate. Hence, the temperature distribution of the furnace
chambers, shell mold and casting during the process was
predicted.

Figure 6 illustrates the temperature distribution prediction in
the different parts of the casting system including bars, riser and
baffle during the transient solidification process. The temper-
ature at chill plate and enclosures had been kept constant. In
such configuration, upper enclosure and baffle compensate the
lateral heat transfer of bars through radiation. As the castings
were drawn downward, the fraction of the cluster that were
entered to the lower and cooler chamber started to solidify. The
mushy zone, which is defined by liquidus and solidus
isothermal surfaces, had been kept in front of the baffle to
provide a planar solidification front (Fig. 7).

The prediction of the temperature history at the 12 locations
along the bars is compared in Fig. 8. The central axis of one of
the casting bars in the FE mold was divided by 12 points with
an approximate distance of 20 mm from each other (Fig. 8(a)),
and the temperature records of these points are compared in
Fig. 8(b). The cooling rates shown in Fig. 8(a) are decreased as
the longitudinal distance from the chill plate is increased.
Controlling lateral heat flow in DS process is critical (Ref 36)
as the lateral heat flow declines by increasing the thermal
conductivity ratio between the alloy and ceramic mold (Ref 37).
Therefore, five points were selected at the transversal section of
the mid-height of the bar and the temperature variations at
radial and peripheral directions are shown in Fig. 8(c) and (d).
Comparing the cooling rate at the cross section of mid-height of

bars revealed negligible deviation in both radial and peripheral
directions (Fig. 8(d)). This result was predictable due to the
geometry and small diameter of cylindrical bars; however, it
can be greatly different for complicated components, e.g.,
turbine blades (Ref 37). Hence, further evaluations were
performed only at the longitudinal direction of the bars. The
built-up of internal stresses during directional solidification due
to different thermal gradients in each direction has been
discussed elsewhere (Ref 38).

The predicted temperatures were employed for the determi-
nation of the liquid alloy undercooling to determine the grain
growth kinetics. Hence, the final grain structures at two heights
of the specimens are compared with the experiments in Fig. 9.
To have a more precise evaluation of the casting parameters
effects on the microstructure, SDAS had been chosen as a
quantitative factor (Ref 39). SDAS was calculated through
Eq 5, where ts was solidification time at a point and M and n
were alloy constants.

k2 ¼ M � tsð Þn ðEq 5Þ

4.3 Nucleation Parameters Effect

Based on Eq 1, the microstructure of the solidified specimen
is controlled by three variables. There is a Gaussian distribution
for heterogeneous nucleus density (Ref 40). By increasing the
maximum active nucleation sites, the final microstructure is
more dominated by the nucleation process, and hence, finer
grain size can be achieved. This effect is shown in Fig. 9 in

Fig. 6 Temperature distribution predictions in the melt, baffle and riser during the directional solidification
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which the resulted microstructure for four different sets of
parameters that are defined in Table 2 has been shown at two
different heights. The polished and etched cross section of the
real specimen at the same heights of 2 and 100 mm distance
from the chill plate has also been included for microstructural
comparison. Figure 9 shows that B and C states lead to a
greater number of grains and finer grain structure at both
heights. It is evident that the grain structure is more sensitive to
the maximum density of the nuclei and less dependent on the
DTm. This can be attributed to the fact that states B and C were
defined with the same nucleus density having a 50% difference
in the DTm; however, the microstructure and the resulted grain
density are similar. It is worth noting that the growth variables
have been kept constant for all four states. Figure 10(a) and (b)
shows the variation of the grain density and misorientation
from Æ001æ direction along the bar, respectively. It is evident
that the states B and C are following the same trend in both
figures. Also, the grain density seems to be more dependent on
nucleus density than undercooling. The nucleus density of state
A is two orders of magnitude greater than states B and C, and
state D is the middle condition; the undercooling of states A and
C are two times greater than of state B. In other words, while

the maximum undercooling is the same between A and C, and
differs from B, the resulting grain densities of B and C are much
closer to each other than that of A.

Figure 9 and 10 demonstrates the dependency of the grain
structure on the nucleation parameters and the distance from the
chill plate. The simulation results of all four sets of parameters
show a monotonic decreasing curve with a sharp drop in both
grain density and misorientation, in the vicinity of the chill
plate. As the grain nucleation was assumed to be limited to the
interface of the alloy and the chill plate, the solidification
process in other regions of the specimen was more dominated
by the grain growth rather than the grain nucleation. The sharp
temperature drop in the regions adjacent to the chill plate
(Fig. 8) resulted in an instantaneous nucleation (Ref 28) and
generation of a thin layer of fine grain structure. As the
solidification front migrates further from the chill, the impact of
longitudinal temperature gradient diminishes. This leads to the
elimination of the initially formed grains and thus a lower grain
density. Figure 9 shows that the difference in the microstruc-
ture and grain size is much more pronounced in section 1 than
section 2, which proves that the effect of the nucleation
parameters decreases by moving away from the chill plate.

Fig. 7 Mushy zone position in relation to baffle during the directional solidification
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Toward the end of the solidification, the slop of the diagram in
Fig. 10 decreases and the microstructural change is negligible
and less dependent on the nucleation variables.

Figure 11 shows the solidification time versus distance from
the chill plate for all four sets of parameters. The negligible
difference between the sets shows that there is no relation
between the nucleation parameters and solidification time and it
is strictly growth dependent. Based on Eq 4, it could also be
deduced that these parameters have no noticeable impact on the
SDAS. In general, the dendritic growth direction and distance
are a function of the alloy composition, temperature gradient
and solidification rate which control the stability of the dendrite
tip in the solidification front (Ref 41, 42).

4.4 Interfacial Heat Transfer Coefficient Effect

The initial simulation was performed based on the heat
transfer coefficients presented as state code A in Table 2 that
was reported in Ref 20 and 43. It should be noted that several
parameters may practically alter the interface heat transfer
coefficients such as interface roughness, application of pres-
sure, interface orientation regarding gravity and melt surface
tension (Ref 44, 45). Therefore, further analyses were carried

out as state codes E, F and G in Table 2. It should be noted that
nucleation parameters in such four states remained similar. The
microstructural predictions at the same location as Fig. 9 are
shown in Fig. 12 where effects of interface heat transfer
coefficients can be seen for mentioned state codes. The
temperature gradients were also calculated at each node along
the longitudinal axis of cast bars. The results are then compared
in Fig. 13 showing the effects of heat transfer coefficients at the
interfaces. It can be seen that states G and F have the upper and
lower limits, respectively. It can also be seen that at the heights
upper than 120 mm from the chill plate, effects of heat transfer
coefficients can be neglected and all four curves have an
identical trend.

Figure 14 shows solidification time along the longitudinal
axis of modeled cast bars in four thermal states. At the first
50 mm from the chill plate, bars with Halloy/mold of 100 W/
m2 K had experienced lower solidification times, states A and
E. The trend appeared to be going in the reverse direction at the
upper sections. Therefore, the increase in Halloy/mold to 500 W/
m2 K in states F and G resulted in a drop in solidification time.
As a result, the change of Halloy/mold had a much considerable
effect on solidification time and also on SDAS, according to
Eq 4.

Fig. 8 Temperature history at different points in (a, b) longitudinal section and (c, d) cross section of a bar

Journal of Materials Engineering and Performance Volume 30(2) February 2021—869



The longitudinal section of the real directionally solidified
specimens is shown in Fig. 15 which reveals the unidirectional
growth of the dendrites. Secondary dendrite arm spacing was
also measured in the real specimens along the bars longitudinal
axis. Considering the scatter band of solidification time
(Fig. 14) and the measured SDAS, the unknown coefficients
of n = 0.48 and 17 < M < 20 were achieved for Eq 4.

The thermal gradient and cooling rate are the two important
parameters controlling microstructure and grain structure of
solidified alloys. Generally, reaching single crystals and
directionally columnar-grained structures needs high thermal
gradient and very low cooling rates. Ideally, the thermal
gradient should be increased at very low cooling rates to change
the directionally columnar-grained structures into single-crystal
structure. However, it is difficult to set such a configuration.
Figure 13 reveals that the thermal gradient in all four heat
transfer states had limited to a narrow range of 3.0-4.8 K/mm at
upper sections of the bars. Considering that the growth rate had
been remained at a constant amount of 4 mm/s due to
controlled progress of solidification front in Bridgeman fur-
nace, a cooling rate of 12-19 K/s had been experienced.

4.5 High-Temperature Tensile Behavior Experiment
and Simulation

Three high-temperature tensile test results showed average
yield stress of 819 MPa that is consistent with the literature

(Ref 46). The average ultimate tensile stress of 1200 MPa and
the average elongation of 16% were also achieved which is
higher than 7-10%, the reported amount for longitudinal
direction at 650 �C (Ref 13, 46, 47). It should be noted that
the GTD111DS superalloy exhibits a remarkable increase in the
yield stress, UTS and elongation in the range of 600-800 �C in
the longitudinal direction due to change in the slip system of c¢
phase from octahedral to cubic (Ref 5, 48-50). The microstruc-
ture of cross section of the specimen, below fracture surface, is
presented in Fig. 16. The microstructure comprised of typical
Ni-based superalloys components, i.e., duplex c¢ precipitates,
MC carbides rich in Ta, Ti and W, and c–c¢ eutectics. As
depicted in Fig. 17, the observations of the specimen fracture
surfaces revealed a fracture surface normal to the loading
direction, with some small inclined areas. This can be
associated with multiple grains in cross section of a DS
material fracture at different angles, leading to an uneven
transgranular fracture surface. The same behavior was reported
by other researchers (Ref 39, 48, 50). The SEM images
(Fig. 17(b) and (c)) also show cleavage facets at both edge and
core of the fracture surface. These observations along with low
reduction area of fracture surface led to the conclusion that the
alloy had a brittle fracture. A similar behavior has been reported
for directionally solidified superalloys at intermediate temper-
atures (Ref 47, 51, 52).

Finite element simulations were performed to predict the
high-temperature tensile behavior of the GTD111DS consider-

Fig. 9 Effect of nucleation parameters on microstructure at two heights of 2 and 100 mm
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ing the predicted misorientation of the grains to provide a
simulation of the whole manufacturing chain from casting
process to mechanical properties evaluation. Grain geometries
and misorientation at mid-height cross section of state C
modeled specimen, as the closest structure to real bars in Fig. 9,
were extracted and used for 3D model construction. It should
be noted that all longitudinal grain boundaries were assumed to
be parallel to Z axis to simplify the 3D model (Fig. 18). The
Euler angles of each grain were assigned to the FE model by
introducing a local coordination, and the grains were tied to
each other. The anisotropic elastic and plastic properties
presented in Table 3 were used for predicting tensile behavior.

Figure 19(a) illustrates the average stress–strain curve were
extracted from all nodes of grains at the necking. It is also
compared to the experimentally obtained results that revealed
an acceptable fit. The significance of introducing grains in the
model is clearly displayed in Fig. 19(b). The solid line in
Fig. 19(b) shows the stress–strain curve of an element at the
necking of a simple cylindrical specimen with a 4� deviation
from Z axis and no grain boundaries. Although the highest
misorientation of the first model was applied, the tensile
behavior of the specimen had changed by removing grain
boundaries showing less strain hardening.

On the other hand, any variation of grain Euler angles with
similar grain geometries resulted in a different stress–strain
diagram. The dotted line in Fig. 19(b) was extracted from
elements of a grain with 20� deviation from Z axis, while other
grains had their previously defined misorientation. A 100 MPa
difference in tensile strength was achieved by increasing the
misorientation of one grain to 20�. Therefore, modeling tensile
testing of a directionally solidified specimen as a simple
cylinder is not accurate. Moreover, it is significant to consider
the effects of both grain boundaries and misorientation in
predicting tensile behavior.

5. Conclusion

Numerical simulations of a manufacturing chain from
casting to mechanical behavior evaluation were conducted,
and a microstructure-based model was developed for the Ni-
based superalloy, GTD111. The predicted FE model of DS
specimens included grain boundaries and misorientations that
were generated during casting process. The FE model was
verified with the experimentally manufactured DS bars. The
following conclusions were obtained:

(1) It was found that nucleation parameters have a consider-
able effect on the grain density and the mean misorien-
tation, although the effects of such parameters on
secondary dendrite arm spacing were negligible.

(2) The results revealed that the effects of Halloy/chill on the
thermal gradient are more pronounced in the lower two-
third of the bars. In the upper one-third, the thermal gra-

Fig. 10 Effect of nucleation on (a) cross-sectional grain density
and (b) mean misorientation

Fig. 11 Effect of nucleation parameters on solidification time
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dient follows the same trend for different heat transfer
conditions and varies between 3.0 and 4.8 K/mm.

(3) The variation of Halloy/mold had a considerable effect on
solidification time and consequently on SDAS.

(4) SDAS was measured in the real specimens along the
longitudinal axis of bars, and the scatter band of the
solidification time was calculated numerically. In the
power law equation describing the correlation between
the SDAS and solidification time, constants were calcu-
lated as n = 0.48 and 17 < M < 20.

(5) Misorientation calculated at each node through solidifi-
cation modeling was applied for 3D model built-up
comprising grain geometry and misorientation. The re-
sults showed the significance of considering both grain

Fig. 12 Effect of heat transfer parameters on microstructure at two heights of 2 and 100 mm

Fig. 13 Thermal gradients along the bars longitudinal axis at four
different heat transfer boundary conditions

Fig. 14 Effect of alloy and shell mold heat transfer parameters on
solidification time

Fig. 15 Directional growth of the dendrites in real cast bars
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Fig. 16 Cross-sectional microstructure of a tensile specimen tested at 650 �C

Fig. 17 Tensile specimen tested at 650 �C (a) path and location of
rupture (b) and (c) FE-SEM images of edge and core of fracture
surface, respectively

Fig. 18 Separation of a tensile specimen gauge microstructure
comprising five grains, from microstructure state C
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boundaries and misorientation in predicting tensile
behavior.
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