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Abstract: By combined numerical simulations and unidirectional solidification experiments, the
temperature field evolution of seeding for nickel-based single-crystal superalloys was studied. At
the steady state, the position of the mushy zone in the seed moves down as the melt is poured into
the mold. The holding time required for the temperature field of the seed segment to reach the
steady state is less for seeds with casting than for those without casting. The holding time required
to completely eliminate randomly oriented broken dendrites in the melt-back zone is much longer
than that required for the temperature field to achieve a steady state. A short incubation stage is
required before the temperature field evolution process; then, the migration rate of the isotherm
gradually increases until it is the vicinity of the withdrawal rate. Finally, the effect of temperature
field evolution on the formation of stray grains in seed segments is discussed.

Keywords: Ni-based single-crystal superalloy; directional solidification; seeding; numerical simulation;
temperature field

1. Introduction

Nickel-based single-crystal (SX) superalloys are widely used for the turbine blades
and vanes in aero-engines, due to their excellent comprehensive high-temperature prop-
erties [1,2]. With the continuous requirements for improved thrust-to-weight ratios in
aero-engines, the turbine inlet temperature has significantly increased over the past few
decades [3]. Therefore, hollow, ultra-cooled blades with more complex structures and lower
minimum wall thicknesses have gradually become the development trend for advanced
aero-engine blades. The mechanical properties of nickel-based superalloy SX casting ex-
hibit obvious anisotropy [4–7], and the complexity of the blade structure leads to a more
significant dependence of service performance on crystal orientation [8–10]. It has become
the consensus that the precise three-dimensional control of crystal orientation (including
primary and secondary orientations) is beneficial to improve the service life of advanced
SX blades.

Directional solidification investment casting, combined with grain selection or seeding
technology, is the main method for preparing SX blades [11–14]. The grain selection
method has the advantages of having a simple process and a high yield when achieving SX
casting, and is currently the most important method for preparing SX turbine blades [11,15].
However, when using this method, it is not possible to control the secondary orientation of
SX blades due to the limitations of the grain selection mechanism [12]. Compared with the
grain selection method, the most significant advantage of the seeding method is that the
three-dimensional crystal orientation of SX casting can be controlled [14,16]. At the same
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time, some scientific research [17–19], such as that on competitive gran growth [20], has
emerged that uses the seeding method to precisely control crystal orientation.

Since the seeding method was first proposed by Petrov in 1978 [21], the problem
of the formation of solidification defects in the early directional solidification stages has
prevented its widespread application in industrial production [22–24]. Extensive efforts
have been devoted to investigating the mechanism of stray grains in the melt-back region
of seeds [13,22–28]. In 1982, Salkeld et al. suggested that strictly controlling the melt-back
ratio and the gap between the seed and the mold could result in the formation of stray
grains and improve the yield rate [29]. In 2004, Stanford et al. found that extensive defect
grains were nucleated at the seed surface, excluded from pinched-off secondary dendrite
arms [22,30]. In 2005, D’Souza et al. proposed that solute-adjusted undercooling and the
rapidly changing curvature of the solidification front at the seed surface were the main
factors contributing to stray grain nucleation during the initial withdrawal stage [25]. Then,
Yang et al. investigated the influence of casting parameters on stray grain formation using
mesoscale numerical simulations and showed that the solute with adjusted undercooling
was more highly sensitive to the solidification rate and the seed orientation than the thermal
gradient [24]. Recently, Li et al. [16] reported that stray grains could nucleate at the gap
between the un-melted seed and the mold. Montakhab et al. [31] and Hallensleben et al. [13]
also found that some stray grains formed near the melt-back interface in the seed’s interior.
However, the mechanism for the formation of stray grains in the melt-back region of
seeding is still not clear.

The formation mechanism of stray grains in the melt-back region of the seed needs
to be further determined to guide the implementation of measures to suppress solidifica-
tion defects. Due to the difficulty of inserting thermocouples into the seed segment, the
temperature field evolution process of seed segment, which is an important factor for the
formation of stray grains, has not been specifically investigated. Numerical simulation is
a powerful tool for studying the evolution of directional solidification temperature fields.
For example, Szeliga et al. used a numerical simulation method realized using ProCAST
software to study the grain evolution process during directional solidification, and the
results showed a good match with the experimental results [32]. In this paper, the tempera-
ture field evolution and the microstructure of the seeding segment are investigated using a
numerical simulation method and indirect experimental verification, and some insights
are obtained that clarify the formation mechanism of stray grains in the melt-back region
of seeding.

2. Simulation and Experiment

A third-generation nickel-based SX superalloy DD33 was used in this paper, the
nominal composition of which (wt. %) was Ni- 2.5Cr- 9Co- 1.5Mo- 7W-6Al- 8Ta- 0.1Hf- 4Re-
0.2Ti and <0.02C. The thermophysical properties of the DD33 obtained by experimental
measurements or thermodynamic calculations are listed in Table 1. The simulation software
ProCAST ((a trademark of ESI Group, Paris, France) combined with the CAFÉ model was
used to obtain the thermal profile of the seeding region. The directional solidification
furnace was simplified into three parts: the graphite heating zone, the heat insulation baffle
zone, and the cooling zone, and the dimensions of each part were modeled on the basis of
an actual industrial-scale directional solidification furnace, as shown in Figure 1. While
simulating the directional solidification, the furnace body was set as a closed vacuum space.
To improve the calculation efficiency, the furnace body was divided into two-dimensional
meshes, and the assembly, consisting of castings, seed, mold and water-cooled copper
plates, was divided into three-dimensional meshes. The seed simulated in this study was
cylindrical, with a size of Φ12 mm × 50 mm. When simulating the heating stage, according
to the basic process of industrial production for SX blades, the temperature of the heating
zone of the furnace body was increased from 900 ◦C to 1520 ◦C within 10 min at a constant
heating rate. When the temperature of the furnace body reached 1520 ◦C, the holding
stage was maintained for 20 min in order to obtain a stable temperature field, and then
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the furnace body was moved upward at a speed of 100 µm/s to simulate the directional
solidification process. The initial conditions, the boundary conditions, and the interface
heat transfer coefficients were set with reference to literature, with values as presented in
Table 2. Finally, the influence of some key simulation parameters on the simulation results
was also analyzed in this study.

Table 1. Thermophysical properties of the materials used in the simulation.

Material
Liquidus

Temperature
(◦C)

Solidification
Temperature

(◦C)

Density
(g (cm3)−1)

Thermal
Conductivity
(W (m2 K)−1)

DD33 1401 1349 8.95 (25 ◦C)–7.73
(1520 ◦C)

10.9 (25 ◦C)–36.2
(1520 ◦C)
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Figure 1. FEM mesh model of the casting system: (a) the whole model, (b) a partial sectional view of
the assembly marked by the red frame.

Table 2. Model parameters for solidification modeling.

Initial Condition Value

Seed temperature 25 ◦C
Mold temperature 25 ◦C

Chill-plate temperature 40 ◦C

Boundary condition value
Heater temperature 1520 ◦C

Emissivity 0.8
Cooler temperature 25 ◦C

Interface heat transfer coefficients value
Alloy melt and ceramic shell mold 380–2200 W (m2 K)−1

Alloy melt and water-cooled chill plate 1000 W (m2 K)−1

Ceramic shell mold and water-cooled chill plate 50 W (m2 K)−1

To verify the accuracy of the simulation results, corresponding experiments were
also carried out. A cylindrical SX rod with a size of Φ12 mm × 50 mm was used as
the seed in this paper. In addition, the <001> direction of the seed was parallel to the
cylinder axis. An industrial-scale directional solidification furnace was used to carry out
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the directional solidification. Firstly, the seed was placed in the seed segment of the mold,
then the assembly was mounted on the water-cooled copper chill plate in the furnace body.
Then, the position of the water-cooled copper plate was adjusted to ensure that part of the
seed was located in the graphite heating zone, and the other part was located in the heat
insulation baffle zone. At this time, the temperature of the furnace body was about 900 ◦C,
and it was then heated to 1520 ◦C within 10 min, where it was held for a certain period of
time. Finally, the mold was withdrawn from the graphite heating zone at a rate of 100 µm/s.
After that, the longitudinal section of the seed crystal was ground, polished, and then etched
with a solution of 10 mL HNO3, 20 mL HF and 30 mL C3H8O3. The microstructure was
observed using a Leica DM-4000 light microscope (Leica, Wetzlar, Germany).

3. Results
3.1. Simulation Results

Figure 2 shows the temperature field evolution process of the seed segment during
the heating and holding stage. From Figure 2a, it can be seen that the top of the seed
begins to melt during the heating stage, and the middle region of the seed has a fairly
high temperature, above 1250 ◦C. The temperature of the mold is higher than that of the
seed at the same horizontal position near the melt-back region. When the heating zone
of the furnace body reaches the holding temperature of 1520 ◦C, the approximate one-
third upper of the seed crystal is completely melted; however, the position of the middle
temperature (1250 ◦C–1350 ◦C) region only moves down slightly, as shown in Figure 2b.
From Figure 2c–e, it can be seen that the mushy zone moves down obviously during the
initial holding stage. With the prolongation of the holding time, the downward movement
speed of the mushy zone gradually decreases. Finally, the mushy zone remains in the
middle region of the seed when the holding time reaches 8 min, which means that the
temperature field of the seed reaches a steady state. It is worth noting that the temperature
of the mushy zone is lower than that of the surrounding mold shell, so the melt-back
interface of the seed exhibits a slightly convex morphology.
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Figure 2. The temperature field of the seed segment in the heating (a) and holding (b–e) stages.
(a) Four min prior to the holding stage, and at holding times of (b) 0 min, (c) 2 min, (d) 4 min, and
(e) 8 min.

To further analyze the influence of the holding stage after melt pouring on the tem-
perature field of the seed segment, the evolution process of the temperature field of the
seed segment with the casting was simulated, and the results are shown in Figure 3. The
evolution process of the temperature field in the seed segment is basically the same as that
in the case without casting (Figure 2). The seed begins to melt before the furnace body
reaches the holding temperature, and then the position of the mushy zone moves down
and gradually reaches a steady state. The main differences occur in two aspects. Firstly, the
position of the mushy zone moves down more than in the case without casting. Secondly,
the holding time required for the position of the mushy zone of the seed crystal to reach a
steady state decreases to 6 min. This indicates that the evolution of the temperature field
accelerates after melt pouring, and that the seed continues to melt-back further.
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Figure 3. The temperature field of the seed segment with casting during the heating and holding
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and (e) 6 min.

The temperature field evolution process of the seed segment during the initial direc-
tional solidification stage is shown in Figure 4. Figure 4a shows the stable temperature
field of the seed segment prior to moving the furnace body upward. In the early stage
of directional solidification (as shown in Figure 4b), the temperature profiles basically do
not change between the mold and the seed. Then, the temperature field begins to evolve,
the evolution rate gradually accelerates (as shown in Figure 3c,d), and the migration rate
of the liquidus temperature point in the mold becomes significantly higher than that in
the seed. Therefore, the convex interface curvature of the solidification interface gradually
decreases, and the interface morphology tends to be flat. During the subsequent directional
solidification process, the solidified interface morphology is further transformed into a
concave interface (not shown here).
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To further clarify the evolution of the temperature field during directional solidifica-
tion, Figure 5 shows the variation in the liquidus temperature point on the inner surface of
the mold (Hwt) or the edge of the seed (Hst) from the bottom of the seed with withdrawal
time. These data are obtained from simulation results. It can be seen that the distance
between the liquidus temperature point and the bottom of the seed does not change signifi-
cantly during the initial directional solidification stage. Afterwards, the distance increases
slowly, indicating that the temperature field begins to gradually to evolve after a brief
incubation during the directional solidification process. In addition, the change in distance
between the liquidus temperature point on the seed and the bottom of the seed occurs later
than the change in distance between the mold and the bottom of the seed. The migration
rate of the solid–liquid interface in the initial withdrawal stage is also slower than that of
the liquidus temperature point of the mold. Subsequently, the temperature field evolution
rate (solid–liquid interface migration rate) gradually accelerates. After a withdrawal time
of 150 s, the migration rate of the solid–liquid interface is basically same as that of the
liquidus temperature point on the seed, which is approximately equal to the withdrawal
rate. However, the temperature field evolution does not reach a completely steady state.
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Figure 5. The variation in liquidus temperature point with withdrawal time. Hwt refers to the
distance between the liquidus temperature point on the inner surface of the mold and the bottom of
the seed, while Hst refers to the distance between the liquidus temperature point at the edge of the
seed and the bottom of the seed.

The thermal undercooling during directional solidification obtained on the basis of
CAFE simulation with a withdrawal rate of 100 µm/s is shown in Figure 6. Since there is
no phenomenon of melting and re-solidification, the undercooling below the melt-back
interface is forcibly modified to 0. It can be seen that the thermal undercooling gradually
increases during the initial withdrawal stage, and is not affected by the curvature of S/L
interface. It should be noted that local, solute-adjusted undercooling is ignored by ProCAST
combined with the CAFÉ simulation.
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Figure 6. Thermal undercooling during solidification obtained by CAFE simulation with a with-
drawal rate of 100 µm/s.

3.2. Experimental Results

The microstructure of the seed after directional solidification is shown in Figure 7.
According to the microstructure characteristics of the longitudinal section (Figure 7a), the
seed can be divided into four regions: firstly, zone I, with the original microstructure.
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This region is close to the bottom of the seed, and the temperature is maintained at a
lower temperature during the preparation of the SX casting. Compared with the original
microstructure (Figure 7b), there is no obvious change, and a lot of (γ + γ’) eutectics can
be found, as shown in Figure 7c. Secondly, the heat-affected zone II. This zone is located
above the zone with the original microstructure, and the boundary is not obvious. The
zone is subjected to a relatively high temperature during the holding stage, according to
the simulation results (Figures 2 and 3), leading to the (γ + γ’) eutectics being completely
or partially dissolved, as shown in Figure 7d. This indirectly indicates the accuracy of
the simulation results. Thirdly, the mushy zone III. This zone is heated to between the
liquidus and solidus temperatures during the heating and holding stages, and is bounded
by the heat-affected zone through the formation of the initial melting microstructure. The
top of the mushy zone contains a large number of re-solidified (γ + γ’) eutectics during
directional solidification, as shown in Figure 7e. Finally, the completely melted zone IV.
This zone is completely comprised of liquid during the later holding stage, and is bounded
by the mushy zone at the melt-back interface, marked by dotted line in Figure 7a. After
directional solidification, a typical columnar microstructure is re-formed, and a small
amount of (γ + γ’) eutectics can be found, as shown in Figure 7f.
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The effect of holding time on the microstructure in the mushy zone is shown in
Figure 8. It can be seen that when the holding time is too short (as shown in Figure 8a),
there are a large number of broken dendrites that have not been completely melted in the
mushy zone. Therefore, a large number of randomly oriented stray grains can be found
above the melt-back interface, resulting in the failure of the SX casting preparation. As
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shown in Figure 8b, appropriately prolonging the holding time could significantly reduce
the number of stray grains formed above the melt-back interface, which is beneficial for
improving the success rate of SX casting preparation. Furthermore, the broken dendrites
can be completely melted by applying a sufficient holding stage, as shown in Figure 8c.
This indicates that a sufficient holding (or standing) stage is beneficial to achieving SX
casting using the seeding method.
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4. Discussion

To eliminate the influence of melt pouring on the re-melting of seed, the height of
the seed used in industry for preparing SX casting is usually several tens of millime-
ters [16,25,29]. The simulation results in this paper show that the position of the mushy
zone in the seed segment moved down a little following a long standing time during which
the melt was poured into the mold. This indicates that even if a long seed crystal is used
for SX casting preparation, the effect of melt pouring on the re-melting zone of the seed
cannot be completely eliminated. In particular, if the melt is directionally solidified during
a short standing stage following melt pouring, this can result in a portion of the broken
dendrites in the mushy zone not being completely melted, thus originating stray grains
during directional solidification. Stanford et al. also reported finding randomly oriented
broken dendrites in the mushy zone of the seed when applying a short holding stage
prior to directional solidification [22]. Fortunately, after a long standing stage, the broken
dendrites with random orientations near the melt-back interface were completely melted,
ensuring the integrity of the SX casting during directional solidification. Comparing the
simulation and experimental results, we further found that although the temperature field
in the re-melting zone of the seed was able to reach a steady state in a short time, it took a
much longer time for the broken dendrites to melt competely in the melt-back zone.

The boundary conditions played a crucial role in the accuracy of the results during
the numerical simulation of the temperature field. Elliott and Pollock et al. [33] analyzed
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the effect of the boundary conditions on heat transfer during the directional solidification
of HRS, and concluded that the surface emissivity of the mold was the most important
factor affecting the heat dissipation of the castings. Because the heat transfer coefficient,
both between the seed and the water-cooled copper plate and between the mold and
the water-cooled copper plate, had no significant effect on the temperature field at the
component segment, the values used by different scholars have been quite different [33–35].
At the same time, the value of the heat transfer coefficient between the mold and the
casting has also differed in the literature [33–35]. However, in the initial stage of directional
solidification, the heat transfer coefficient between the mold and seed, the heat transfer
coefficient between the seed the water-cooled copper plate, and the heat transfer coefficient
between the mold and water-cooled copper plate also have a significant impact on the
evolution of the temperature field. Therefore, the influence of boundary conditions on the
temperature field evolution in the melt-back zone was analyzed, and the results are shown
in Figure 9. From Figure 9a, it can be seen that the heat transfer coefficient between the
seed and water-cooled copper plate significantly affects the thermal profile evolution in the
melt-back zone, e.g., with increasing heat transfer coefficient, HW0 and HS0 increase gently,
while TP and HP increase sharply. The heat transfer coefficient, both between the mold and
the casting and between the mold and chill plate, has a mild effect on the thermal profile in
the melt-back region, as shown in Figure 9b,c.
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Figure 9. The effect of boundary conditions on the thermal profile of the seed segment: (a) the
influence of heat transfer coefficient between the seed and the chill plate, (b) the influence of the heat
transfer coefficient between the mold and the casting, and (c) influence of the heat transfer coefficient
between the mold and the chill plate. Hw0 refers to the distance between the liquidus temperature
point on the mold (inner surface) and the bottom of the seed at the end of the holding stage. Hs0

refers to the distance between the liquidus temperature point on the mold (inner surface) and the
bottom of the seed at the end of the holding stage. At a withdrawal time of Tp, the solidified interface
morphology is transformed into a flat interface, and at the same time, the distance between the flat
solidified interface between the bottom of the seed is Hp.



Metals 2022, 12, 817 10 of 12

By combining the simulation and experimental results, the general law of the tempera-
ture field evolution of seed segments can be summarized. First, a short incubation period
is required before the evolution of the temperature field; second, the migration rate of the
isotherm increases gradually during the initial temperature field evolution stage, rather
than exhibiting a sudden jump to a constant value, like the withdrawal rate. Third, the
convex shape of the solid–liquid interface gradually transitions to a flat interface, and then
to a concave interface upon initial directional solidification, instead of there being an abrupt
change in the interface morphology, as has been recognized for a long time. Therefore, the
mechanism of stray grain formation as a result of a sudden change in the morphology of the
solidification interface during the initial stage of solidification is debatable [24,25]. Recently,
Hu et al. found that the gap between the mold and the seed, the surface roughness of the
mold, and the original microstructure of the seed were the main factors determining the
formation or not of stray grains [36]. In addition, the transformation of the solidification
interface from a convex interface to a concave interface is only an important factor for the
growth of the stray grains, rather than their nucleation.

5. Conclusions

The temperature field of the seed segment during the heating, holding, and directional
solidification stages was investigated by means of numerical simulations combined with
experiments. The upper part of the seed begins to melt during the heating stage, and the
temperature field of the seed reaches a steady state after a short holding stage. However, it
takes a much longer holding time for the microstructure of the seed segment to achieve
a steady state than for the temperature field to do so. In the steady state, the seed can be
divided into the original microstructure zone, the heat-affected zone, the mushy zone, and
the completely melted zone. Even if the length of the seed reaches 50 mm, the melt pouring
will cause the seed to melt back further. Furthermore, there is a short incubation stage prior
to the temperature field evolution during the initial directional solidification stage. Then,
the migration rate of the isotherm begins to gradually increase until it reaches the vicinity
of the withdrawal rate, resulting in the gradual evolution of the isotherm from a convex to
a concave interface.
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