gee materials by

Article

Application of Inner Radiation Baffles in the
Bridgman Process for Flattening the Temperature
Profile and Controlling the Columnar Grain Structure
of Directionally Solidified Ni-Based Superalloys

Dariusz Szeliga 1-2-*(, Waldemar Ziaja 12, Maciej Motyka 1-2(2, Krzysztof Kubiak 2 and
Jan Sieniawski 12

1 Department of Materials Science, Faculty of Mechanical Engineering and Aeronautics,

Rzeszow University of Technology, 12, Powstancow Warszawy Avenue, 35-959 Rzeszow, Poland;
wziaja@prz.edu.pl (W.Z.); motyka@prz.edu.pl (M.M.); krkub@prz.edu.pl (K.K.); jansien@prz.edu.pl (J.S.)
R&D Laboratory for Aerospace Materials, 4, Zwirki i Wigury Str., 35-036 Rzeszow, Poland
Correspondence: dszeliga@prz.edu.pl

check for
Received: 22 February 2019; Accepted: 19 March 2019; Published: 21 March 2019 updates

Abstract: The technique of flattening the temperature profile and controlling the formation of both the
dendritic microstructure and grain structure in the directional solidification of nickel-based superalloy
casting, using the novel inner radiation baffles (IRBs) in the Bridgman process, is presented in this
paper. These baffles matched to the shape of mold and were placed horizontally along its height at
various distances from the casting base. The plate castings of CMSX-4 superalloy were fabricated
without and with the use of IRBs, withdrawing the mold at the rate of 6 mm/min from the heating to
the cooling area of the industrial Bridgman furnace. Thermal analysis of the directional solidification
of castings was carried out using the ProCAST software for a process where the various designs of the
radiation baffle were applied. The results of the solidification conditions, the shape of liquidus and
solidus isotherms, and grain structure obtained for the IRBs were compared with those reached for the
standard ring-shaped (AERB) or perfectly adjusted (PARB) radiation baffles. The use of IRB resulted
in flattening of the temperature distribution and decrease of the curvature of liquidus and solidus
isotherms, as well as an increase of temperature gradient and cooling rate, compared with the process
where AERB was only used. Consequently, primary dendrite arm spacing (PDAS) reached similar
values across the width of casting and equaled to approximately 370 um, reducing its average value
by 26%, compared with the standard process. The change in predicted axial temperature gradient in
casting was not found when thermophysical properties of molybdenum IRBs were used. The increase
in graphite IRBs number in mold from seven to 14 caused the reduction of inhomogeneity of axial
temperature gradient along the casting height.

Keywords: directional solidification; inner radiation baffle; Ni-based superalloys; Bridgman process;
grain structure

1. Introduction

Ni-based superalloys are used to produce hot section components of the aircraft turbines or
industrial gas turbines (IGT) [1]. These are mainly blades and vanes with conventional equiaxed
(EX), columnar (DS) or single crystal (SX) structure [2—6]. These components are produced using
investment casting by pouring the melt into the ceramic mold and then cooling at a controlled rate
of the specific casting volumes [7]. The columnar or single crystal structure is formed as a result of
the directional solidification process. This process is carried out by withdrawing the mold containing
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the melt at a specific rate from the heating to the cooling chamber of the furnace, which is separated
by a thermal baffle, providing a suitable positive temperature gradient at the solidification front [8].
In the conventional Bridgman solidification process, the heat extraction from the mold surface into
a water-cooled copper chill plate and chill ring proceeds by radiation. The lower part of the mold
and casting are mainly cooled by intensive interaction with the chill plate. When a certain part of
the alloy solidifies, the heat conduction in the direction of the chill plate is reduced, and the cooling
rate of casting decreases due to the low thermal conductivity of superalloys [9,10]. However, at a
certain distance from the chill plate, heat transfer becomes dominant in the radial direction to the chill
ring. A ceramic mold with a complex shape, where the components are evenly distributed around the
circumference, is used in the industrial cast process of directional solidification [11]. The mold surface
close to the chill ring is cooled the most intensively, and the temperature gradient in the radial direction
also occurs apart from the one in the axial direction. Thus, the temperature profile in the casting is
uneven, and the mushy zone attains the unfavorable concave shape [12-14]. The curvature of the
mushy zone increases with an increasing withdrawal rate of the mold when the liquidus isotherm is
located in the cooling area of the furnace, especially in the large-size IGT blades. For too large curvature
of the liquidus isotherm, the lateral growth of secondary dendrite arms near the casting walls can be
observed which overgrow well-aligned primary dendrites [15]. Also, the shape of liquidus isotherm
and value of radial temperature gradient affect the mechanism of competitive dendrite growth and the
evolution of the boundary between two immediate neighbor grains with different crystal orientation.
It was found that grain boundaries have the tendency to grow in a direction similar to that of heat
transfer or perpendicular to the liquidus isotherm in the casting [3,9,16]. Hence, for the concave shape
of liquidus isotherm, the grain boundaries will be inclined towards the middle of casting.

Besides the shape of the liquidus isotherm, thermal conditions, such as temperature gradient
and cooling rate, must be strictly controlled during the directional solidification process of Ni-based
superalloys [3,13,17]. Especially, the temperature gradient at the solidification front plays a key role in
preventing the formation of undesirable casting defects, for example, stray grains or freckles, as well
as it limits the withdrawal rate of the mold [18,19]. The increase of temperature gradient enables the
growth of the withdrawal rate and reduction of production time of larger blades. Besides the economic
benefits, the larger temperature gradient favorably refines the dendrite structure [10,20]. During
the production of the turbine blades, one should aim for flattening the liquidus isotherm, obtaining
elongated grains with the <100> growth direction and boundaries with the smallest inclination angle
with respect to the withdrawal direction, simultaneously keeping the highest possible withdrawal rate
of the mold [3,9,16,21].

The conventional Bridgman process has been still the most commonly used for the production
of turbine blades with columnar or single crystal structure [5,8,9,13,22]. In general, in the castings
produced using this process, the temperature gradient and the shape of liquidus isotherm are mainly
controlled by well-known grain continuator technique [23-25], withdrawal rate deceleration of the
mold [21-24,26,27] or using a radiation baffle placed between the heating and cooling area of the
furnace [8,11]. It was found that the temperature gradient at the solidification front is the largest when
the radiation baffle is perfectly adjusted to the shape of mold [11]. However, the blades have a complex
shape, and their location in the mold makes it impossible to realize perfect thermal separation of the
heating area from the cooling one of the furnace. Therefore, a ring-shaped radiation baffle is usually
used, whose opening is matched as much as possible to the largest cross-section of the blade, providing
undisturbed withdrawal of the mold from the heating to the cooling area of the furnace [8]. However,
this solution does not provide the same solidification conditions on the whole cross-section of the
blade because non-axial heat extraction occurs from the surface of the mold [8,12,13,28]. Therefore,
the directional solidification of Ni-based superalloy using the conventional Bridgman process has
been still subjected to modifications of either the baffle, mold or heaters. The application of these
novel solutions, such as non-uniform mold thickness techniques [29], parallel heating and cooling
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method [30] or graphite chillers [28], ensures the decrease of the liquidus isotherm curvature in the
platform region, and thus increases the yield and quality of castings.

Another approach to control the solidification of single crystal platform and whole blades with
the use of so-called inner radiation baffles (IRBs) have been recently developed by the authors [31,32].
It was found that the modification of the mold design by placing the IRBs between the blades and the
central rod significantly reduced the curvature of liquidus isotherm and increased the temperature
gradient along the single crystal component compared with the standard Bridgman process [31,32].
Due to the promising results previously obtained and lack of information in the literature about this
technique, an attempt was made to control the directional solidification of casting with columnar grain
structure using the IRBs. The results indicate that by modifying the Bridgman process (introducing
the IRBs), it is possible to obtain the solidification conditions similar to those of the process, in which
the perfect thermal separation of the heating from the cooling chamber of the furnace is realized.
In this way, the cooling rate increases and dendritic microstructure is more homogenized and refined
at the whole cross-section of the casting. The effectiveness and usefulness of this technique for the
production of the directionally solidified casting of nickel-based superalloy with columnar grains have
been confirmed in this study.

2. Materials and Methods

2.1. Experimental Castings

Melting and the directional solidification of CMSX-4 nickel-based superalloy castings were
carried out using the conventional industrial scale Bridgman furnace located at the R&D Laboratory for
Aerospace Materials in Rzeszow, Poland. The wax assembly consisting of five plates with dimensions of
195 mm x 47 mm X 6 mm uniformly placed on the circumference, as shown in Figure 1a, was produced.
The prepared wax assemblies were the basis for manufacturing ceramic shell molds with the average
wall thickness of approximately 8 mm (Figure 1b,c). Each of the molds consisted of 8 coatings. Wax
assemblies were immersed into a refractory slurry and coated with refractory grains. The wax was
melted out from the mold cavity using an autoclave. The residual wax and moisture were removed by
burnout of the mold.

Two molds which were then used to carry out the experiments were prepared (Figure 1b,c).
One standard mold was modified by placing so-called inner radiation baffles (IRBs) between the
central rod and plates (Figure 1c). Seven IRBs were placed at the distance of 0, 27, 54, 81, 108, 135, and
162 mm from the mold base. Each inner radiation baffle consisted of five separate graphite elements
with the same shape and thickness of 2 mm (Figure 1e). These elements were placed next to each other
and then fixed in the area of the central rod creating one IRB with an external diameter of 180 mm
(Figure 1e). The shape of these elements has been selected in order to provide the best matching of IRB
to the external surface of the mold. One standard mold was left unmodified (Figure 1b). Five type
B thermocouples with a diameter of 0.2 mm were installed in the mold (Figure 1f). The temperature
was measured at three points (1, 2, 3) located along the axis of the plate at the distance of 1-100 mm,
2-125 mm, and 3-150 mm from the casting base. Additionally, the temperature measurement was
conducted in the outer area (close to the heater, point 4) and the inner area (near the central rod, point
5) at the plate height of 100 mm. The method of temperature measurement with the use of uniform,
bent alumina tubes was precisely explained in previous publications [9,13].

The mold was mounted on the chill plate in the cooling chamber, and it was then moved into the
heating chamber of the furnace. The ring-shaped radiation baffle (Figure le), with an inner diameter
of 200 mm, which was adjusted to the shape of the mold, was placed on the thermal insulation plate
(thickness 30 mm) of the heating chamber (Figure 2a). In the following section of the article, this part is
called the adjusted external radiation baffle (AERB). The schematic image of the furnace with AERB
was shown in earlier works [13,31], and, in the present study, is shown in Figure 2a,d. The mold was
preheated to the temperature of 1520 °C, and then the molten CMSX-4 Ni-based superalloy of the
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same temperature was poured into the cavity. The directional solidification of the melt was carried out
by withdrawing the mold from the heating to the cooling area of the furnace at the rate of 6 mm/min.
Two experiments were conducted using the same withdrawal rate, mold and melt temperature, as well
as the shape of AERB. The standard mold was used in the first experiment, while in the second
experiment, the IRBs were introduced into the mold. The same AERBs were used in both experiments.
In the following part of this article, the experiment, where only AERB was used, is referred to as
a standard process (AERB) (Figure 1b). The experiment, in which both IRBs and AERB were used,
is called as a modified process (IRBs) (Figure 1c).
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Figure 1. Wax model assembly (a); ceramic shell mold with mounted thermocouples without (b) and
with introduced inner radiation baffles (c). Design of ring-shaped adjusted external radiation baffle
(AERB) and inner radiation baffle (IRB) (e) as well as perfectly adjusted radiation baffle (d) which were
used in experiments (e) and simulations (d,e). Geometric model (in mm) of plate casting with the
location of measurement points (1-5) of temperature (f).

The plate-shaped castings were sandblasted, and then the grains structure was revealed on the
surface using etchant of following chemical composition: 2 mL HNO3 + 80 mL HCI + 16 g FeCl3 +
20 mL H;O. The plates were vertically placed in the container and etched at the room temperature
for 15 min. After that, the castings were washed with water and alcohol and finally dried with air.
Macrographs of etched plate were obtained by the digital camera. Additionally, a detailed analysis
of the grain structure was conducted on the casting surface using a Zeiss Stemi 2000-C stereoscopic
microscope (Zeiss, Oberkochen, Germany). For this purpose, the plate castings were cut to the height
of 100 and 120 mm, and smaller elements with 20 mm height and 47 mm width were one more
time sandblasted and etched (using the same process conditions as for macroscopic observation).
Metallographic specimens were taken from the casting zone located close to the chill ring, symmetry
axis, and central rod, which in the following section of this article are called as an outer, middle,
and inner area of the plate, respectively (Figure 1a). On the plate cross-section located at the distance
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of 100 mm from its base, the dendritic microstructure was observed. The etching reagent used was
the same as for macroscopic observation but the etching time was shorter (1-2 s). The microstructure
was examined and stored using Nikon EPIPHOT 300 light microscope (Nikon, Tokyo, Japan). Primary
dendrite arm spacing (PDAS) was calculated using a well-known relationship:

PDAS = VA/N (1)

where A is analyzed area on cross-section and N is the number of dendrite cores on the surface.
The value of N was in the range from 74 to 201 on the analyzed area, depending on the solidification
conditions of casting. The smallest number of dendrite cores was 74 in the inner zone of casting for
the standard process while the biggest one was 201 in the outer zone of casting for the solidification
conditions when IRBs were used. Secondary dendrite arm spacing (SDAS) was established on the
longitudinal section using the equation:

SDAS=L/(n—1) 2)

where n is the number of secondary dendrite branches on the line segment of length L. These
measurements were conducted for the average number of line segments equal to 12 on each
longitudinal section. Both PDAS and SDAS were determined in casting zone located in the outer,
middle, and inner area of the plate.
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Figure 2. Finite elements mesh generated on model assembly for (a) standard process with adjusted
external radiation baffle (AERB); (b) modified process with inner radiation baffles (IRBs); (c) modified
process with perfect adjusted radiation baffle (PARB); (d) inner surface of heating and the cooling
chamber of the furnace (enclosure), where h is interface heat transfer coefficient, ¢ is emissivity
of surface.

2.2. Numerical Simulation

The numerical simulation of the shape of the temperature profile, thermal parameters, and directional
solidification of castings was performed with the use of the macro-scale ProCAST 2015.0 software,
which is widely applied to support the casting process design on an industrial scale. The geometrical
models of the assembly and furnace were designed and then implemented to the software (Figure 2).

A finite element mesh was generated on the model assembly, which contained the models of chill
plate, plate castings, central rod, and pouring cup. Then, the 8.5 mm-thick layer of the ceramic shell
was created on the model assembly, taking into account the IRBs in the modified process (Figure 2b).
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These models were placed inside a geometric ambiance which describes the internal surface of the
furnace consisting of the heating and cooling areas (Figure 2d). The thermal insulation plate of the
heating chamber and external radiation baffle with the shape and size as in the experiment were
taken into account in the proposed model. In addition, the numerical simulation of solidification was
conducted for the process where the radiation baffle was used entirely separating the heating area from
the cooling one of the furnace (Figure 2c). This radiation baffle contained the openings fitted to the
external surface of the mold. It is called the perfectly adjusted radiation baffle (PARB) in the following
part of the article. However, in the real manufacturing process of casting, it cannot be applied for
practical reasons. For this process with the PARB, the solidification conditions and temperature profiles
can only be determined using the numerical simulation. The influence of material and quantity of IRBs
on the predicted axial temperature gradient were additionally checked (simulation 4 and 5, Table 1).
Thermophysical properties of molybdenum were assumed for IRBs, instead of graphite (simulation 4).
In simulation 5, the IRBs were increased from 7 to 14. The selected solidification conditions, as well as
the design and size of radiation baffles, used in the numerical simulations and experiments, are given
in Table 1.

Table 1. Process conditions for experiments (E) and numerical simulations (P) conducted.

Experiment (E) or

Simulation (P) Inner Radiation External Radiation Process Solidification
Designation Baffle Baffle Designation Process Conditions
1(E, P) ) AERB, d :h?OO mm StandafElg‘];)cess Mold temperature:
D - 180 graphite or 1520 °C;
2 (E,P) L:antitm;n AERB,d=200mm  Modified process ~ Pouring temperature:
’ q h'}t/ graphite or IRBs 1520 °C;
graphite . Withdrawal rate
3 (P) ; PARB Modified process 6 mm,/min
graphite or PARB
D =180 mm
4(P) quantity 7 AERB'rd ‘h?to 0 mm IRBs
molybdenum graphite
D =180 mm
5(P) quantity 14 AERB, d ‘h?to 0 mm IRBs
graphite graphtte

Initial and boundary conditions, as well as thermophysical properties of the materials, were
assumed during modeling of directional solidification. The temperature of the mold and that of
the molten alloy, as well as the withdrawal rate, were assumed the same as in the experiments.
The boundary condition (interface heat transfer coefficient h) and thermophysical properties of CMSX-4
Ni-based superalloy, ceramic mold, thermal insulation, radiation baffle, as well as their emissivity ¢,
were chosen based on the research conducted by Szeliga et al. [13,31] (Figure 2). These values have
been carefully verified in the previous studies by comparing a large number of experimental cooling
curves with the predicted ones [13,31].

The temperature profiles calculated using macro-scale ProCAST were then coupled to the
meso-scale Cellular Automaton Finite Element (CAFE) model for the prediction of grain structure
formation and crystallographic orientation of grains, as well as the growth kinetics of the dendrite
tips, during directional solidification of the plate casting. In the current study, it was assumed that the
heterogeneous nucleation of new grains of random location and crystallographic orientation took place
at the casting and chill plate interface. The heterogeneous nucleation, in the CAFE model, is described
by Gaussian distribution of nucleation sites according to the following equation [33,34]:

dn _ nea _1<AT—ATm>2 @
d(AT) ~ AToan P72\ AT,
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where AT is the current value of undercooling, ATy, is mean nucleation undercooling, AT is
standard deviation, nmax is the maximum density of nuclei. In this study, ATy, =0.5K, AT =0.1K,
Nmax = 108 m~2. The growth rate of dendrite tip (grains) is controlled by the total undercooling
according to the Kurz-Giovanola-Trivedi (KGT) model [35], which was simplified as follows:

V(AT) = ap-AT? + az-AT? (4)

where AT is total undercooling of the dendrite tip, a; and a3 are the grain growth coefficients which
equal to ap =3.149 x 1077 m-s~1-K~2 and a3 = 4.257 x 1077 m-s~1-K~3. A detailed description of the
selection of nucleation parameters and calculation of the grain growth parameters for the CMSX-4 Ni
superalloy was given in [33].

3. Results and Discussion

3.1. Thermal Analysis

The thermal analysis of the castings and mold were carried out in order to determine the conditions
of the directional solidification process taking into account the various designs of radiation baffle
(Figures 3-9). The temperature measurement was performed at various points of castings which were
fabricated using standard process with the ring-shaped adjusted external radiation baffle (AERB).
The measured cooling curves were then compared with the predicted ones (Figure 3a). In that way,
the values of thermophysical properties of the materials and boundary conditions used in numerical
simulations were verified in the investigations, as well as in the previously conducted studies [9,13,31].
Good agreement of the predicted and measured temperature distribution versus time was found
at points from one to five of the casting manufactured using AERB (Figure 3a). The same values
of thermophysical properties and boundary conditions were used in other numerical simulations
of directional solidification, in this paper, in which the inner radiation baffle or perfectly adjusted
radiation baffle were introduced to the manufacturing process of the casting (Figure 3b,c).

(a) (b) 1500 | IRBs
1500 AERB 1400 - Liauidus
£ 1300 Soldus
1400 Liquidus 'E 1200
OO § 11007 E : \
- 1300 Solidus 1000 O
0‘_) | A
2 s ‘Tou 1000 1500 2&) 2500
S 1200 (c)
3 © 3 o 1500 | PARB
£ % - 2 1400 Liquid
m o —- 5 N ! Iquidus
1100 - o N I
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Figure 3. Comparison of experimental (a) and predicted (a-c) cooling curves at test points of casting for
the process with the application of (a) ring-shaped adjusted external radiation baffle (AERB); (b) inner
radiation baffles (IRBs); (c) perfectly adjusted radiation baffle (PARB).

The highest temperature gradient and cooling rate of the casting can be obtained by introducing
PARB into the Bridgman furnace. Therefore, in the following part of this research, the predicted results
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obtained for the process with AERB and IRBs are compared with the simulations where PARB was
taken into account.
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baffle (AERB); (b) inner radiation baffles (IRBs); (c) perfectly adjusted radiation baffle (PARB). Results

are presented for time 1081 s from the start of the filled mold withdrawal.
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Figure 5. Predicted cooling rate (a—c), axial temperature gradient (d—f), and solidification rate (g—i)
along the casting height. AERB: adjusted external radiation baffle; IRBs: inner radiation baffles; PARB:
perfectly adjusted radiation baffle.
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baffles; PARB: perfectly adjusted radiation baffle.
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The predicted temperature field at the mold surface, depending on the design of the radiation
baffle, is shown in Figure 4a—c for a time equal to 1081 s from the start of the filled mold withdrawal.
It was found that the temperature values changed significantly along the mold height as well
as from its outer area towards the central rod for the standard process. That inhomogeneous
temperature distribution between the outer and inner area of mold was caused by a shadow effect
(Figure 4a) [13,28,32,36]. The radiation heat transfer between the heater surface and the mold surface
(being close to the central rod) was reduced due to the shadowing caused by the neighboring plate
castings (Figure 4a). The increase of surface area of the radiation baffle by using the IRBs or PARB
resulted in better shielding and separation of the heating area (heater) from the cooling area (chill ring)
of the furnace. Thus, the temperature increased in the inner area relative to its value in the outer area
of the mold, and the shadow effect lowered (Figure 4b,c). In that way, the temperature distribution
across the width of mold and in its part above the IRB or PARB was more homogeneous compared
with the standard process.

The temperature distribution in the mold also influenced the heat transfer through the casting
and determined the shape of the mushy zone [3,13,15]. Therefore, in order to establish the intensity of
thermal impact of heater or chill rings on the mold, the temperature distributions were determined in
the outer (point 4), middle (point 1), and inner (point 5) area of the casting at the height of 100 mm from
its base, depending on design of radiation baffle (Figure 3). When the melt was above the radiation
baffle (heating area), its volume, being near the heater, reached the higher temperature (curve 4) than
in the inner area (curve 5) (Figure 3a). However, below the radiation baffle, the solidified casting close
to the chill ring (curve 4) was intensively cooled and attained the lowest temperature value. In the
middle and inner area of the casting, the temperature was similar (curves 1 and 5) independently of
the baffle design used. The temperature difference between the outer (curve 4) and inner (curve 5)
area decreased significantly when the IRB or PARB was introduced to the process (Figure 3b,c).

The predicted temperature profile along the height of the casting symmetry axis was also
determined after a time equal to 1081 s from the start of the filled mold withdrawal (Figure 4d).
Change of this temperature AT at height Az affects axial temperature gradient Gz at the liquidus
isotherm according to the following formula [9]:

Gz =AT/Az 5)

Therefore, the temperature difference AT should be as high as possible in order to maximize Gz.
It is possible to be realized, for example, by increasing the temperature of the heaters [13]. In this study,
the melt temperature, above the liquidus isotherm, was the highest when IRBs or PARB were used
(Figure 4d; curves II, III). However, below the liquidus isotherm (in the mushy zone), temperature
decreased significantly compared with the standard process (curve I) where only AERB was used.
For the modified process with the use of IRBs, the temperature remained higher (curve II) than in the
casting fabricated using PARB (curve III). Temperature difference AT and temperature gradient Gz
are the highest when the shape of openings in the baffle is perfectly fitted to the outer surface of the
mold [11]. Consequently, the heater has not got a thermal impact on the mold surface below the baffle
to a greater extent. In this case, the chill ring and additionally chill plate have a thermal influence
on the mold surface, providing the reduction of shadow effect. However, such a perfect shielding,
between the heater and cooling area, by introducing the radiation baffle is not possible due to the
complex shape of the blade geometry and the design of the mold [11]. IRBs, introduced to the furnace,
more effectively separated the heating area from the cooling area of the furnace than the AERB. Hence,
below the solidification front, the temperature was also lower compared with the standard process
(Figure 4d).

At a distance greater than 25 mm from the chill plate, the temperature increased in the casting
with IRBs (curve II), relative to its value where PARB was used (curve III) (Figure 4d). The IRBs,
located below the AERB (Figure 4b) in the cooling area of the furnace, can create the radiation shields,
reducing the heat extraction by radiation from the mold area (at the position of the mushy zone) to
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the chill plate. Each of the consecutive IRBs increases the thermal resistance in the radiation path [37].
Therefore, in the process with IRBs, the cooling of the mold is mainly realized by the radiation heat
transfer from its surface to the surface of the chill rings, while the thermal impact of the chill plate can
be neglected at a certain height of the casting. Hence, below the solidification front, the temperature
was also higher than in the casting with PARB (Figure 4d). On the other hand, IRBs located above
the solidification front can effectively prevent heat loss from the heating chamber, through the gaps
between the castings, to the cooling chamber. Due to the application of IRBs or PARB, the thermal
impact of the heater on the bottom surface of the mold decreased, especially in its inner area located
close to the central rod, resulting in homogeneous temperature distribution across the width of casting
(Figure 4a—c).

The predicted temperature distribution was used as a basis for determining the solidification
parameters, such as cooling rate, the temperature gradient at liquidus and solidus isotherms, as well
as solidification rate in the castings, which were produced using AERB, IRBs or PARB (Figures 5
and 6). Figure 6 shows the profiles of these solidification parameters along the height of the casting.
These parameters reached the lowest values in the bottom part of the casting, in the area of contact
between the melt and chill plate, as expected. With increasing distance from the casting base, these
values decreased significantly, and at the height of 20 mm, the cooling rate and solidification rate
attained the lowest values. In the height range from approximately 45 mm to 170 mm, they changed
slightly, and the steady-state solidification conditions (SSSC) were formed as it was also reported in [9].
In this range, the solidification rate reached a similar value to the mold withdrawal rate of 6 mm/min
(Figure 6c). It was found that for the standard manufacturing process, the lowest average values of
cooling rate and the axial temperature gradient of approximately 0.3 K/s and 16 K/cm were achieved,
respectively, in the SSSC area. The application of IRBs resulted in an increase of these parameters to
approximately C = 0.4 K/s and Gz =25 K/cm. As expected, the highest axial temperature gradient
and cooling rate of 0.5 K/s and 33 K/cm, respectively, were reached for the process with the use of
PARB (Figures 5 and 6).

The predicted profiles of the axial temperature gradient at the solidus isotherm were also
determined along the casting height (Figure 6b). It was the highest in the area of contact between the
melt and chill plate, and it was then reduced significantly until the stabilization was obtained, for the
range of casting height from 25 to 175 mm. This value was much higher than the temperature gradient
at the liquidus isotherm and was approximately 47, 56, and 63 K/cm for the process with AERB, IRBs,
and PARB, respectively.

It was found that the solidification parameters also changed across the width of the casting,
attaining various values in its internal and external areas (Figure 5). The cooling rate and axial
temperature gradient were the highest in the outer area located close to the chill ring. Their values
decreased toward the inner area, especially for the process in which only AERB was used. For the
modified process, the cooling rate and temperature gradient changed to a lesser extent from the outer
area towards the inner one, compared with the standard process.

Based on the analysis of the profiles shown in Figure 6, it was concluded that the inhomogeneity of
solidification rate and axial temperature gradient occurred along the height of the casting manufactured
using IRBs, while they reduced if only one baffle was used (Figure 6b,c). In this modified process,
the IRBs were continuously moved relative to AERB which was placed on the thermal insulating plate
(Figure 2) of the heating chamber. The relationships between the position of IRBs (relative to AERB)
and both the axial temperature gradient and solidification rate were established (Figure 5e,h and
Figure 7e,f). The highest temperature gradient occurred locally at selected regions of the casting which
correspond to the location of IRBs (Figure 5e). When the liquidus isotherm was shifted to the position
of IRB no. 4 (Figure 7e), the solidification rate decreased locally to its smallest value (Figure 5h). At that
time, the AERB was between IRB no. 4 and 5 (Figure 7e). Hence, it was found that the maximum
temperature gradient corresponded to the minimum solidification rate (Figure 6b,c), as it was also
reported in [13]. When the mold was withdrawn to the next level (Figure 7f), the liquidus isotherm



Materials 2019, 12, 935 12 of 22

moved towards the IRB no. 5. For the time when IRB no. 5 was at the same position as AERB, the gap
between them was the smallest (Figure 7f). For such a position of the liquidus isotherm, the mold
part, which was below IRBs, was most effectively cooled by the chill ring (Figure 5b). Consequently,
the liquidus isotherm shifted toward the position of IRB no. 5 at an increased rate. The height of the
mushy zone increased as well (Figure 7f).

The predicted shape and height of the mushy zone at a different distance from the casting base
were determined (Figure 7). It was found that the shape of liquidus and solidus isotherms changed
depending on their distance from the casting base. For the process with AERB, the liquidus isotherm at
the plate height of approximately 40 mm was inclined towards the inner area of the casting (Figure 7a).
However, for a larger distance from the casting base, the shape of liquidus isotherm was concave while
the solidus isotherm was inclined (Figure 7b,c). Hence, the height of the mushy zone unfavorably
increased in the inner area of the casting. The use of IRBs in the process resulted in maintaining a
similar height of the mushy zone across the width of the casting as well as along its height (Figure 7d-g).
For the process with PARB, the height of the mushy zone was the smallest (Figure 7h—j), while its
shape was similar to the one when IRBs were applied.

The degree of curvature of the liquidus or solidus isotherms is often characterized by the
inclination angle o (Figure 7g) [15]. It is defined as the angle between the tangent to the curved isotherm
and the horizontal. The shape of the liquidus and solidus isotherms, and hence the inclination angle,
is directly associated with the predicted local temperature gradients in the axial Gz and transverse Gy
directions according to the following relationship [20]:

tga = Gy /G, (6)

Hence, the Gy/Gz ratio also corresponds to the isotherm curvature. In this study, the Gy/Gz ratio
was determined at three points evenly spaced across the casting width, in its outer, inner, and middle
area (Figure 8). The axial temperature gradient was calculated for the temperature equal to 1320 °C
and 1382 °C at the distance of 40, 100, and 155 mm from the casting base. When the transverse
temperature gradient was 0 K/cm, then o lowered to 0° and the liquidus isotherm attained a flat shape.
Consequently, Gz was equal G and the axial heat transfer occurred. The inclination angle increased
with the increasing value of Gy/Gz ratio. It was found that the value of Gy/Gz ratio for liquidus
and solidus temperatures varied in a small range along the height of casting fabricated using IRBs or
PARB (Figure 8b,c), unlike the process where AERB was used (Figure 8a). For the modified process,
the Gy/Gz ratio was similar for the liquidus and solidus temperatures as well (Figure 8b,c). Hence,
these isotherms reached identical shape along the whole casting height (Figure 7d—j).

It was found that the Gy/Gz ratio for the liquidus temperature reached the lowest value in the
middle area of the plate and it increased towards the edge of the plate, regardless of the baffle design
or conducted process. The Gy/Gz ratio and inclination angle were higher in the outer area than in
the inner one of the casting for all used radiation baffle types. It should be noted that despite the use
of PARB, the flat shape of the liquidus and solidus isotherms was not fully obtained (Figure 7h—j).
That showed that the non-axial thermal conditions still occurred along the casting height for such a
design of the baffle and the mold.

The analysis of the shape of liquidus and solidus isotherms, as well as the Gy/Gz ratio, confirmed
that nearly the steady-state thermal conditions were attained along the casting height for the process
with IRBs, similar to the conditions of the process with the perfectly adjusted radiation baffle.
The unfavorable significant change in the inclination of isotherms, especially in the lower part of the
casting, was not found in spite of those observed in the process with AERB.

Radiation baffle component is usually made of graphite sheets [16] because graphite is
characterized by high melting point and relatively low thermal conductivity; additionally, it can
be quite easily machined—compared to the metals. Besides graphite, tungsten or molybdenum seems
to be good sheet components of radiation baffle because of their low surface emissivity [38]. However,
their application in directional solidification of turbine blades was not confirmed in publications
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yet. Whereas zirconium thermal baffle was already used as reported in references [3,38]. Therefore,
it is important to determine the effect of IRBs material on the temperature gradient (Figure 9a).
However, IRB should be thin for easy mounting in the mold and should be characterized by
relatively good machinability. Hence, molybdenum IRB was taken for the analysis, while zirconium
was definitely excluded. The value ¢ = 0.2 of surface emissivity was employed [39] and required
thermophysical properties, as the function of temperature was taken from the reference [40]. Exemplary,
thermal conductivity, specific heat, and density of molybdenum at the temperature of 1227 °C are
A =98 W/(m-K), ¢, = 0.33 kJ/(kg-K), d = 10220 kg/ m3, respectively. The temperature gradient in
castings with graphite IRBs was compared with the value obtained for molybdenum ones (Figure 9c).
It was found that the application of IRBs made of Mo did not cause a noticeable increase in the
temperature gradient along the casting height.

It was found that spacing of IRBs at the distance of 27 mm from each other in the mold
caused inhomogeneity of solidification rate and axial temperature gradient along the casting height
(Figure 6b,c). The highest temperature gradient occurred locally at the place of IRB mounting. Hence,
a further modification of the mold was performed. Insertion of seven additional baffles caused the
reduction of the distance between IRBs to 12.5 mm (Figure 9b). Based on the numerical simulation,
it was found that such modification positively reduced local inhomogeneity of axial temperature
gradient along the height of casting and simultaneously increased its value up to about 3 K/cm
(Figure 9¢c). However, application of too little distance between IRBs can make considerably difficult
their assembling in mold and complicate mold preparation. Hence, it was stated that the distance of
27 mm between IRBs is justified practically.

3.2. Dendritic Microstructure

The dendritic microstructure of castings manufactured using AERB and IRBs was examined
(Figures 10 and 11). Primary dendrite arm spacing (PDAS) and secondary dendrite arm spacing
(SDAS) were determined in the outer, middle, and inner areas at the transverse (Figure 10) and
longitudinal (Figure 11) sections of casting. The measurements were carried out at the distance of
100 mm from the casting base, where the steady-state solidification conditions occurred (Figure 6).
It was found that the distribution of PDAS changed across the width of the casting, depending on the
distance of the analyzed area from the chill rings and the baffle design used. In the inner area, close to
the central rod, PDAS reached its largest value 585 pum, and it decreased towards the chill rings for the
standard process (Figure 10). The use of IRBs reduced PDAS significantly, reaching a similar value
across the width of the casting equal to approximately 370 pm (Figure 10d—f). The PDAS lowered by
nearly 35% and 19% in the inner and outer area, respectively, compared with the standard process.

On the basis of thermal analysis and results of microstructure examination, the relationship
between the PDAS and the temperature gradient, as well as the solidification rate, were confirmed
according to the well-known equation [41]:

PDAS = K;G /2y~ 1/4 7)

where K is material constant, Gz is an axial temperature gradient, and v is solidification rate. Assuming
that the solidification rate was similar in both modified and standard processes (Figure 6c), the PDAS
mainly depended on the axial temperature gradient. Therefore, in the castings manufactured using
IRBs, the PDAS was lower compared with its value obtained in the standard process. In addition,
a correlation between PDAS (Figure 10) and mushy zone height H (Figure 7) could be observed.
The average height also depends on the value of the axial temperature gradient Gz in the mushy zone:

H=AT;_s/Gy 8)

where AT] _g is the difference between liquidus and solidus temperature. Therefore, PDAS would
decrease with the reduction of mushy zone height. The relationship between the measured PDAS
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and the predicted height of the mushy zone could also be determined across the width of the casting.
The PDAS value for the process with IRBs varied in a small range over the entire cross-section of the
casting (Figure 10d—f), in the same way as the height of mushy zone (Figure 7d-g) despite the curvature
of liquidus and solidus isotherms. However, for the standard process, the PDAS and H increased
gradually from the inner area towards the outer area of casting (Figures 7a—c and 10a—c). Based on
the analysis of dendritic microstructure, the results of numerical simulation of thermal conditions,
in different casting areas, could also be approximately verified. The predicted mushy zone height is in
reasonable agreement with the change of PDAS in this investigation.

Inner

Outer Middle Inner
Figure 10. Example of dendritic microstructure (a—f) and primary dendrite arm spacing (PDAS) values

(g) in outer (a,d), middle (b,e) and inner (c,f) area of cross-section placed at casting height of 100 mm

for the process with use of adjusted external radiation baffle (AERB) (a—c) and inner radiation baffles
(IRBs) (d—f).
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Figure 11. Example of the dendritic microstructure (a,b) in middle area of casting and secondary
dendrite arm spacing (SDAS) values (c) at height 100 mm for the process with the use of adjusted
external radiation baffle (AERB) (a) and inner radiation baffles (IRBs) (b).

The average value of the SDAS over the entire cross-section of the casting was approximately
55 um and 43 pm for the Bridgman process with the use of AERB and IRBs, respectively (Figure 11).
The SDAS reached the smallest value in the outer area, close to the chill rings, and then increased
towards the inner area independently of the baffle design used. It was found that the SDAS values
changed in a different way than the PDAS in particular casting areas. That effect was the most
noticeable in the casting of the standard process, where in the inner area, the SDAS was similar to the
value in the middle area (Figure 11c), unlike for the PDAS. The PDAS increased gradually towards the
central rod. The relationship between the SDAS and cooling rate was analyzed, and it was found that
the change of SDAS values over the entire cross-section was dependent more on cooling rate (Figures 3
and 5a) than on the temperature gradient. These results agree with a well-known relationship [42]:

SDAS = K,C /3 ©9)
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where Kj is material constant, C is the average cooling rate. Therefore, SDAS decreases with increasing
cooling rate.

The experimental results of the PDAS obtained in the current studies were compared with the
values presented previously in the literature for the LMC [16,20] (Liquid Metal Cooling), GCC [43]
(Gas Cooling Casting), DWDS [44,45] (Downward Directional Solidification), and FCBC [46] (Fluidized
Carbon Bed Cooling) processes (Table 2). The results of PDAS in this analysis were mainly adopted
for the dummy blades which were manufactured with the use of both the complex mold geometries
and industrial scale furnace. The average PDAS value was about 500 pm and 365 pm for the standard
Bridgman and modified process, respectively (experiments 1-6). For other processes, the PDAS
reached approximately 275 pum (LMC, experiments 8, 10), 320 um (GCC, experiment 12), 275 pm
(DWDS, experiments 14, 16), and 300 um (FCBC, experiment 18). The effectiveness of a given process
was assessed on the basis of the refinement of the dendritic microstructure. The PDAS values obtained
for the standard Bridgman process were compared with those achieved using other methods, and the
percentage of reduction in the PDAS was calculated. It was found that the use of IRBs resulted in a
reduction of the PDAS approximately by 26% at the withdrawal rate of 5 and 6 mm/min (experiments
1-5). The refinement of dendrite microstructure for this technique was much higher than when
only the wall thickness of the mold was taken into consideration in the standard Bridgman process
(experiment 19). The decrease of the wall thickness by 32.3% led to the reduction of PDAS by 8% [47].
In the dummy blades solidified using the DWDS process at the withdrawal rate of 2.5 mm/min,
the PDAS decreased by 33% (experiments 13, 14). In these experiments, the withdrawal rate was
assumed the same in the conventional Bridgman process and in the improved processes. The analysis
of the obtained results showed that the refinement of the dendritic microstructure increased with
an increasing withdrawal rate of the mold for the LMC, DWDS, and FCBC processes (experiments
7-12,17,18) [16,20,46]. However, for the process with IRBs, the PDAS reduced approximately by 14%
compared with a lower withdrawal rate of 3 mm/min (experiments 5, 6). The results presented in
Table 2 allowed the approximate comparison of the effectiveness of dendritic microstructure refinement
in the analyzed processes, because different withdrawal rate, the design of casting and mold, as well
as heater temperature, than those in the current study were applied.

Table 2. Percentage reduction of primary dendrite arm spacing (PDAS) in casting for different
manufacturing processes and solidification conditions.
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Generally, the IRBs can be applied in the manufacturing process of complex shaped blade castings
made of Ni- or Co-based superalloys, instead of standard ring-shaped baffles. Due to the complex
shape of the mold, currently used standard ring-shaped baffle can be only partially fitted to the
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biggest cross-section of the blade. Therefore, heat loss occurring through the gap between casting and
central rod increases the curvature of liquidus isotherm. It is believed that the efficiency of IRBs in
the directional solidification process is getting greater for the bigger size of chill plate and castings
and higher shape complexity causing a bigger size of the gap. Based on literature data, it was found
that single crystal components made of such materials like silicon, gallium arsenide, and sapphire
usually are in the shape of the cylinder located in the center of the furnace [48]. Such location in the
furnace and their simple shape enable the use of ring-shaped single-hole baffles, with holes that can be
maximally fitted to the crucible shape. Therefore, application of AERB instead of IRBs is purposeful
for manufacturing simple shaped elements made of materials other than Ni-based superalloys.

3.3. Structure of Grains

The real grain structure was analyzed at the external surface of both left and right sides of plate
castings after the directional solidification process without and with the use of IRBs (Figure 12a,be,f).
The grain structure and crystallographic orientation of grains were predicted using the CAFE model for
the experimental manufacturing processes (AERB, IRBs) and additionally for the process with the use
of PARB (Figure 12¢,d,g—j). The CMSX-4 Ni-based superalloy consists of two main phases, such as the y
phase and y/ intermetallic phase (NizAl), with a face-centered cubic lattice [1,44]. The growth direction
of the dendrite trunks (dendritic grains) coincides with <100> crystallographic direction in the new
nucleus (grains) nucleated at the surface of the chill plate [5,12,33,34,42]. The mechanical properties
of directionally solidified Ni-based superalloys are dependent on the crystallographic orientation of
grains. Therefore, the preferential <001> growth direction of grains should be parallel to the casting
axis [3,16,21]. In this study, the crystallographic orientation of grains was defined as deviation angle
between <001> direction of the grain and casting axis which coincides with withdrawal direction of the
mold. It is represented by different colors at the surface of the casting. The simulated grain structures
were compared with experimental macrographs of the plate casting obtained after etching, and good
agreement was found (Figure 12). In both the experiments and simulations, typical elongated columnar
grains along the casting height were detected, independently of the process carried out. The number
of these grains decreased while their transverse size increased with increasing distance from the
chill plate, due to the mechanism of competitive dendrite growth, similar to the other presented
investigations [3-5,12,16,22,33,34]. However, in the outer area of casting, the grain boundaries were
inclined mainly towards the plate axis in both the simulation and experiments for the standard process
without IRBs (Figures 12a—-d and 13a,b). Thus, in that analyzed area, their transverse size also increased
especially in the upper part of the plate. As can be seen, the boundaries in the inner area were better
oriented than in the outer one. It should be emphasized that the boundaries and columnar grain
should be oriented parallel to the turbine blade axis as close as possible [3,16,21]. The application
of IRBs or PARB in the manufacturing process ensured the reduction of grain boundary inclination
towards the center of the plate (Figures 12e—j and 13c,d). The boundaries were better oriented, and the
grains seemed to grow more parallel to the axis of the plate, especially in its outer area.

The formation of grain boundaries and the crystallographic orientation of grains in the castings
depends mainly on the ability to have a competitive grain overgrowth and the heat flow direction.
This direction is consistent with the direction of the total temperature gradient. The mechanism of
competitive grain growth and boundary formation in the directionally solidified castings is well-known
and have already been described in many studies [9,49-51]. The most accepted model of competitive
dendritic growth (also called competitive grain growth) was described by Walton and Chalmers [49].
In this model, unfavorably oriented dendrites are blocked by favorably oriented ones, which grow
with respect to the total temperature gradient or heat flow direction.
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Figure 12. Real (a,b,e,f) and predicted (c,d,g—j) grain structure at left (L) and right (R) side of casting
surface along its height for the process without (a—d) or with the use of inner radiation baffles (IRBs)
(e-h) or perfectly adjusted radiation baffle (PARB) (i,j), where I-IV are areas of detailed analysis of
grain and dendrite microstructure. AERB: adjusted external radiation baffle.
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Figure 13. Grains structure at left (b,d) and right (a,c) side of casting surface at a height ranging from
100 to 120 mm for the process without (a,b) and with use of inner radiation baffles (IRBs) (c,d). Example
of dendritic microstructures at selected areas (e—j) of casting surface—the direction of dendrite trunk
growth (D1-D10) is schematically marked with arrows in grains.

The examples of converging (Figure 13h,j) and diverging (Figure 13g) dendrite growth can be
seen in Figure 13 as in the Walton and Chalmers model. For the converging growth (Figure 13j), some
of the dendrite tips (D2) from grain B were stopped on the lateral surface of grain A (D1). In the
case of diverging growth, favorably oriented dendrites arms D7 from grain G overgrew unfavorably
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oriented dendrites D8 from the neighboring grain H (Figure 13g). However, it can also be seen, that the
presented results of grain formation, in both cases of diverging and converging dendrite growth, differ
from those achieved in the model proposed by Walton and Chalmers (Figure 13f,i). It was found,
that for the converging growth, the unfavorably oriented dendrites (D3 and D5) were able to overgrow
the favorably oriented ones (D4 and D6) as shown in Figure 13f,i. Zhou et al. [50] also observed such
a phenomenon.

As previously concluded, the value of Gy/Gz ratio and thus the shape of the liquidus isotherm
may have also an important effect on the morphology of columnar grains. On the basis of the analysis
of heat flow and macrostructure of the castings, it was established that a noticeable relationship
occurred between the shape of liquidus isotherms and grain boundary formation (Figures 7 and 12).
Therefore, for the process without IRBs (Figure 12a—d), the greatest inclination of grain boundaries
towards the casting axis was observed, especially in the outer area of the plate at the distance of 40 mm
from its base. By applying the IRBs, it can be possible to reduce the curvature of liquidus isotherm
and improve the grain structure quality (Figure 12e-h), to the level similar to that obtained in the
castings solidified using a perfectly adjusted radiation baffle (Figure 12i,j). The inclination of the grain
boundaries to the casting center decreased and grains became more elongated when the lateral heat
flow decreased.

The effect of the inclination of heat flow direction on the competitive grain growth can be seen in
Figure 13h, where another case was considered. For the converging growth (Figure 13d,h), dendrites
D9 with a smaller inclination to the casting edge were more favorably oriented relative to the heat
flow direction (Figure 7e) than dendrites D10. Hence, the favorably oriented dendrites D9 from grain I
gradually blocked the growth of misaligned dendrite tips D10 from grain J, creating a grain boundary
along the height of the casting, slightly inclined towards the casting axis (Figure 13d), thus to the heat
flow direction. When the heat flow direction becomes parallel to the casting axis (for the above case),
the grain boundary should be also aligned to the plane of dendrites D9, or it will be even inclined
towards the outer region.

The predicted deviation angle between the <001> direction of the grains and withdrawal direction
of the mold was determined at the casting height of 100 mm (Figure 14) depending on the design of
the radiation baffle. The average deviation angle was less than 12.5° at that casting height for three
baffle designs. However, the largest number of grains with the highest deviation angle in the range of
7.5°-12.5° was found in the casting produced using the standard Bridgman method. In contrast to the
standard process, the number of unfavorable oriented grains (with the deviation angle in the range of
7.5°-12.5°) decreased in the casting solidified using IRBs or PARB, indicating that such baffle designs
can be applied to improve the grain structure quality.
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Figure 14. Predicted distributions of deviation angle between <001> direction of grains and withdrawal
direction of mold at casting height of 100 mm. AERB: adjusted external radiation baffle; IRBs: inner
radiation baffles; PARB: perfectly adjusted radiation baffle.
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4. Conclusions

The manufacturing process of directionally solidified castings of CMSX-4 nickel-based superalloy,
using industrial Bridgman furnace with inner radiation baffles (IRBs) applied along the mold, was
developed and the results were presented in this paper. Based on the results obtained, the following
conclusions were drawn:

1.  For the process with IRBs, the temperature profile across the width of the casting plate and mold
became more flattened than in the casting produced using only the standard ring-shaped adjusted
radiation baffle (AERB). By the application of IRBs, the shadow effect in the inner area of the
casting and mold was significantly reduced. Hence, the mushy zone reached a smaller curvature
and attained a similar shape along the entire casting height.

2. The steady-state solidification conditions developed at a distance from the casting base ranged
approximately from 45 to 170 mm. At the casting height of 100 mm, the cooling rate and axial
temperature gradient increased favorably from approximately 0.3 K/s and 16 K/cm to 0.4 K/s
and 25 K/cm for the process without and with the use of IRBs, respectively.

3.  Both the PDAS and SDAS decreased at the casting height of 100 mm due to an increase in axial
temperature gradient and cooling rate. The PDAS was similar over the entire cross-section of
the casting and reached approximately 370 um, the value lowered even by 35% in the inner
area of the plate, compared with the standard process. The average value of the SDAS equaled
approximately 55 um and 43 um for the process with the use of AERB and IRBs, respectively.
Consequently, the dendritic microstructure was more homogenized and favorably refined across
the width of the cross-section of the casting.

4.  For the process with IRBs, it was possible to reach the solidification conditions and grain structure
similar to those obtained in the manufacturing process with the application of the perfectly
adjusted radiation baffle (PARB). In these castings, the grains are more elongated, and both their
crystallographic orientation and inclination of boundaries towards withdrawal direction of the
mold can be reduced, especially in the outer area of the plate.

5. Employment of molybdenum IRBs thermophysical properties in simulation did not cause a
significant change of temperature gradient along the casting height, compared to the process
using graphite IRBs. The increase of graphite IRBs amount in mold from seven to 14 reduced the
inhomogeneity of the axial temperature gradient along the casting height.

Author Contributions: Methodology, D.S.; software, D.S.; investigation, D.S.; writing—original draft preparation,
D.S.; writing—review and editing, W.Z., D.S., M.M.; formal analysis, W.Z., M.M., D.S.; supervision, K.K. and J.S.

Funding: This research was financially supported by the Polish National Science Centre in the framework of the
PRELUDIUM research project (Grant No. DEC-2013/09/N/ST8/02042).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reed, C.R. The Superalloys Fundamentals and Applications, 1st ed.; Cambridge University Press: Cambridge,
UK, 2006; pp. 1-32.

2. Miller, ].D.; Pollock, T.M. Process simulation for the directional solidification of a tri-crystal ring segment via
the bridgman and liquid-metal-cooling processes. Metall. Mater. Trans. A 2012, 43, 2414-2425. [CrossRef]

3.  Kermanpur, A,; Rappaz, M.; Varahram, N.; Davami, P. Thermal and grain-structure simulation in a
land-based turbine blade directionally solidified with the liquid metal cooling process. Metall. Mater.
Trans. B 2000, 31, 1293-1304. [CrossRef]

4. Rezaei, M.; Kermanpur, A.; Sadeghi, F. Effects of withdrawal rate and starter block size on crystal orientation
of a single crystal Ni-based superalloy. |. Cryst. Growth 2018, 485, 19-27. [CrossRef]

5. Zhang, H.; Xu, Q. Simulation and Experimental Studies on Grain Selection and Structure Design of the Spiral
Selector for Casting Single Crystal Ni-Based Superalloy. Materials 2017, 10, 1236. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11661-012-1104-x
http://dx.doi.org/10.1007/s11663-000-0017-z
http://dx.doi.org/10.1016/j.jcrysgro.2017.12.040
http://dx.doi.org/10.3390/ma10111236
http://www.ncbi.nlm.nih.gov/pubmed/29077067

Materials 2019, 12, 935 20 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Sun, D,; Liu, L.; Yang, W.; Huang, T.; Huo, M.; Hu, S.; Zhang, J.; Fu, H. Influence of Secondary Dendrite
Orientation on the Evolution of Misorientation in the Platform Region of Single Crystal Superalloy Turbine
Blades. Adv. Eng. Mater. 2018, 21, 1800933. [CrossRef]

Kubiak, K.; Szeliga, D.; Sieniawski, J.; Onyszko, A. The Unidirectional Crystallization of Metals and Alloys
(Turbine Blades). In Handbook of Crystal Growth: Bulk Crystal Growth, 2nd ed.; Nishinaga, T., Ed.; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 413-457.

Szeliga, D.; Kubiak, K.; Jarczyk, G. The Influence of the radiation baffle on predicted temperature gradient in
single crystal CMSX-4 castings. Int. ]. Metalcast. 2013, 7, 17-23. [CrossRef]

Szeliga, D.; Kubiak, K.; Motyka, M.; Sieniawski, J. Directional solidification process of nickel based superalloy
castings: Thermal analysis. Vacuum 2016, 131, 327-342. [CrossRef]

Elliott, A.J.; Pollock, T.M. Thermal analysis of the Bridgman and liquid metal cooled directional solidification
investment casting processes. Metall. Mater. Trans. A 2007, 38, 871-881. [CrossRef]

Franke, M.M.; Hilbinger, R.M.; Lohmidiller, A.; Singer, R.E. The effect of liquid metal cooling on thermal
gradients in directional solidification of superalloys: Thermal analysis. J. Mater. Process. Technol. 2013, 213,
2081-2088. [CrossRef]

Li, Y;; Liu, L.; Sun, D.; Yue, Q.; Huang, T; Gan, B.; Zhang, J.; Fu, H. Quantitative analysis of withdrawal
rate on stray grain formation in the platforms of a Ni-Based single crystal dummy blade. J. Alloys Compd.
2019, 773, 432-442. [CrossRef]

Szeliga, D. Effect of processing parameters and shape of blade on the solidification of single crystal CMSX-4
Ni-based superalloy. Metall. Mater. Trans. B 2018, 49, 2550-2570. [CrossRef]

Lian, Y.; Li, D.; Zhang, K. A method for flattening the solidification front in directional solidification
technology. J. Cryst. Growth 2015, 426, 186-197. [CrossRef]

Miller, J.D.; Pollock, T.M. Stability of dendrite growth during directional solidification in the presence of a
non-axial thermal field. Acta Mater. 2014, 78, 23-36. [CrossRef]

Elliott, A.J.; Tin, S.; King, W.T.; Huang, S.C.; Gigliotti, M.EX.; Pollock, T.M. Directional solidification of
large superalloy castings with radiation and liquid-metal cooling: A comparative assessment. Metall. Mater.
Trans. A 2004, 35, 3221-3231. [CrossRef]

Miller, ].D.; Pollock, T.M. The effect of processing conditions on heat transfer during directional solidification
via the bridgman and liquid metal cooling processes. Metall. Mater. Trans. A 2014, 45, 411-425. [CrossRef]
Ebrahimiyan, H.; Kermanpur, A.; Heydari, A R.; Heydari, D.; Bahmani, M. On the formation of stray grains
in directionally-solidified Ni-based superalloys with varying cross sections. Iranian ]. Mater. Sci. Eng.
2017, 14, 12-24.

Pollock, T.M.; Murphy, W.H. The breakdown of single-crystal solidification in high refractory nickel-base
alloys. Metall. Mater. Trans. A 1996, 27, 1081-1094. [CrossRef]

Brundidge, C.L.; van Drasek, D.; Wang, B.; Pollock, T.M. Structure refinement by a liquid metal cooling
solidification process for single—crystal nickel-base superalloys. Metall. Mater. Trans. A 2012, 43, 965-976.
[CrossRef]

Hofmann, N.; Olive, S.; Laschet, G.; Hediger, F.; Wolf, J.; Sahm, PR. Numerical optimization of process
control variables for the Bridgman casting process. Model. Simul. Mater. Sci. Eng. 1997, 5, 23. [CrossRef]
Matache, G.; Stefanescu, D.M.; Puscasu, C.; Alexandrescu, E.; Biihrig-Polaczek, A. Investigation of
solidification microstructure of single crystal CMSX-4 superalloy—Experimental measurements and
modelling predictions. Int. ]. Cast Met. Res. 2015, 28, 323-336. [CrossRef]

Meyer ter Vehn, M.; Dedecke, D.; Paul, U.; Sahm, P.R. Undercooling related casting defects in single crystal
turbine blades. In Proceedings of the Superalloys 1996; The Mineral, Metals and Materials Society: Pittsburgh,
PA, USA, 1996; pp. 471-480.

Li, Y;; Liu, L;; Huang, T.; Sun, D.; Zhang, J.; Fu, H. The Formation Mechanism, Influencing Factors and
Processing Control of Stray Grains in Nickel-Based Single Crystal Superalloys. In Proceedings of the
Superalloys 2016; The Mineral, Metals and Materials Society: Pittsburgh, PA, USA, 2016; pp. 293-301.
Meng, X.; Li, J.; Zhu, S.; Du, H,; Yuan, Z.; Wang, J.; Jin, T.; Sun, X.; Hu, Z. Method of Stray Grain Inhibition
in the Platforms with Different Dimensions During Directional Solidification of a Ni-Base Superalloy.
Metall. Mater. Trans. A 2014, 45, 1230-1237. [CrossRef]

Zhang, H.; Xu, Q.; Liu, B. Numerical Simulation and Optimization of Directional Solidification Process of
Single Crystal Superalloy Casting. Materials 2014, 7, 1625-1639. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/adem.201800933
http://dx.doi.org/10.1007/BF03355555
http://dx.doi.org/10.1016/j.vacuum.2016.07.009
http://dx.doi.org/10.1007/s11661-006-9085-2
http://dx.doi.org/10.1016/j.jmatprotec.2013.06.001
http://dx.doi.org/10.1016/j.jallcom.2018.09.217
http://dx.doi.org/10.1007/s11663-018-1347-z
http://dx.doi.org/10.1016/j.jcrysgro.2015.06.003
http://dx.doi.org/10.1016/j.actamat.2014.05.040
http://dx.doi.org/10.1007/s11661-004-0066-z
http://dx.doi.org/10.1007/s11661-013-1986-2
http://dx.doi.org/10.1007/BF02649777
http://dx.doi.org/10.1007/s11661-011-0920-8
http://dx.doi.org/10.1088/0965-0393/5/1/002
http://dx.doi.org/10.1179/1743133615Y.0000000021
http://dx.doi.org/10.1007/s11661-013-2098-8
http://dx.doi.org/10.3390/ma7031625
http://www.ncbi.nlm.nih.gov/pubmed/28788535

Materials 2019, 12, 935 21 of 22

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Monastyrskiy, V. Modeling and Numerical Optimization of Withdrawal Rate in Directional Solidification
Process. IOP Conf. Ser. Mater. Sci. Eng. 2012, 33, 012023. [CrossRef]

Ma, D.; Biihrig-Polaczek, A. Application of a heat conductor technique in the production of single-crystal
turbine blades. Metall. Mater. Trans. B 2009, 40, 738-748. [CrossRef]

Qin, L.; Shen, J.; Yang, G.; Li, Q.; Shang, Z. A design of non-uniform thickness mould for controlling
temperature gradient and S/L interface shape in directionally solidified superalloy blade. Mater. Des.
2017, 116, 565-576. [CrossRef]

Ma, D. Novel casting processes for single-crystal turbine blades of superalloys. Front. Mech. Eng. 2018, 13,
3-16. [CrossRef]

Szeliga, D.; Gancarczyk, K.; Ziaja, W. The Control of Solidification of Ni-Based Superalloy Single-Crystal
Blade by Mold Design Modification using Inner Radiation Baffle. Adv. Eng. Mater. 2018, 20, 1700973.
[CrossRef]

Szeliga, D.; Kubiak, K.; Sieniawski, J. Control of liquidus isotherm shape during solidification of Ni-based
superalloy of single crystal platforms. J. Mater. Process. Technol. 2016, 234, 18-26. [CrossRef]

Szeliga, D.; Kubiak, K.; Burbelko, A.; Motyka, M.; Sieniawski, J. Modeling of directional solidification of
columnar grains structure in CMSX-4 nickel based superalloy castings. J. Mater. Eng. Perform. 2014, 23,
1088-1095. [CrossRef]

Gandin, C.-A.; Desbiolles, J.-L.; Rappaz, M.; Thevoz, P. A Three-Dimensional Cellular Automaton-Finite
Element Model for the Prediction of Solidification Grain Structures. Metall. Mater. Trans. A 1999, 30, 3153-3165.
[CrossRef]

Kurz, W.; Giovanola, B.; Trivedi, R. Theory of Microstructural Development During Rapid Solidification.
Acta Metall. 1986, 34, 823-830. [CrossRef]

Wang, R.; Yan, X,; Li, Z.; Xu, Q.; Liu, B. Effect of Construction Manner of Mould Cluster on Stray Grain
Formation in Dummy Blade of DD6 Superalloy. High Temp. Mater. Proc. 2017, 36, 399-409. [CrossRef]
Karwa, R. Heat and Mass Transfer, 1st ed.Springer: Singapore, 2017; pp. 762-770.

Guo, Y.;; Ge, N.; Wang, K_; Shen, M.; Wang, M. Effect of heat shield on the thermal fields during sapphire
crystal growth by Kyropoulos method. J. Ceram. Process. Res. 2016, 17, 1175-1180.

Alekseev, A.; Andreenko, E.; Orlovskiy, I.; Gorshkov, A.; Akhtyrsky, S.; Kozlov, A.; Smekalin, V,;
Ulyanitskiy, V.; Khmelnitsky, R.; Evlashin, S.; et al. A study of methods to enhance infrared emissivity of
Molybdenum surfaces. Fusion Eng. Des. 2018. [CrossRef]

Available online: http:/ /www-ferp.ucsd.edu/LIB/PROPS/PANOS/moa.html (accessed on 12 March 2019).
Kurz, W,; Fisher, D.J. Dendrite growth at the limit of stability: Tip radius and spacing. Acta Metall. 1981, 29,
11-20. [CrossRef]

Stefanescu, D.M. Science and Engineering of Casting Solidification, 2nd ed.; Springer: New York, NY, USA, 2009;
pp- 177-183.

Konter, M.; Kats, E.; Hofman, N. A novel casting process for single crystal turbine components. In Proceedings
of the Superalloys 2000; The Mineral Metals and Materials Society: Pittsburgh, PA, USA, 2000; pp. 189-200.
8 Wang, E; Ma, D.; Bogner, S.; Biihrig-Polaczek, A. Comparative Investigation of the Downward and
Upward Directionally Solidified Single-Crystal Blades of Superalloy CMSX-4. Metall. Mater. Trans. A 2016,
47,2376-2386. [CrossRef]

Wang, F.; Ma, D.; Zhang, J.; Bogner, S.; Bithrig-Polaczek, A. A high thermal gradient directional solidification
method for growing superalloy single crystals. ]. Mater. Process. Technol. 2014, 214, 3112-3121. [CrossRef]
Hofmeister, M.; Franke, M.M.; Koerner, C.; Singer, R.F. Single Crystal Casting with Fluidized Carbon Bed
Cooling: A Process Innovation for Quality Improvement and Cost Reduction. Metall. Mater. Trans. B 2017, 48,
3132-3142. [CrossRef]

Xu, W.; Zhao, Y; Sun, S.; Liu, M.; Ma, D.; Liang, X.; Wang, C.; Tao, R. Effect of modified mold shell on the
microstructure and tensile fracture morphology of single-crystal nickel-base superalloy. Mater. Res. Express
2018, 5, 046504. [CrossRef]

Derby, J.J.; Yeckel, A. Heat Transfer Analysis and Design for Bulk Crystal Growth: Perspectives on the
Bridgman Method. In Handbook of Crystal Growth: Bulk Crystal Growth, 2nd ed.; Nishinaga, T., Ed.; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 793-843.

Walton, D.; Chalmers, B. The origin of the preferred orientation in the columnar zone of ingots. Trans. Am.
Inst. Min. Metall. Eng. 1959, 215, 447-457.


http://dx.doi.org/10.1088/1757-899X/33/1/012023
http://dx.doi.org/10.1007/s11663-009-9274-7
http://dx.doi.org/10.1016/j.matdes.2016.12.071
http://dx.doi.org/10.1007/s11465-018-0475-0
http://dx.doi.org/10.1002/adem.201700973
http://dx.doi.org/10.1016/j.jmatprotec.2016.03.003
http://dx.doi.org/10.1007/s11665-013-0820-8
http://dx.doi.org/10.1007/s11661-999-0226-2
http://dx.doi.org/10.1016/0001-6160(86)90056-8
http://dx.doi.org/10.1515/htmp-2016-0138
http://dx.doi.org/10.1016/j.fusengdes.2018.12.002
http://www-ferp.ucsd.edu/LIB/PROPS/PANOS/moa.html
http://dx.doi.org/10.1016/0001-6160(81)90082-1
http://dx.doi.org/10.1007/s11661-016-3415-9
http://dx.doi.org/10.1016/j.jmatprotec.2014.07.020
http://dx.doi.org/10.1007/s11663-017-1110-x
http://dx.doi.org/10.1088/2053-1591/aab72c

Materials 2019, 12, 935 22 of 22

50. Zhou, Y.Z.; Volek, A.; Green, N.R. Mechanism of competitive grain growth in directional solidification of a
nickel-base superalloy. Acta Mater. 2008, 56, 2631-2637. [CrossRef]

51. Li,J.; Wang, Z.; Wang, Y.; Wang, J. Phase-field study of competitive dendritic growth of converging grains
during directional solidification. Acta Mater. 2012, 60, 1478-1493. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.actamat.2008.02.022
http://dx.doi.org/10.1016/j.actamat.2011.11.037
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Castings 
	Numerical Simulation 

	Results and Discussion 
	Thermal Analysis 
	Dendritic Microstructure 
	Structure of Grains 

	Conclusions 
	References

