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Abstract: DZ22B alloy is commonly used as a blade material for aircraft engines and gas turbines, and
its preparation process is an important factor affecting its performance. In the present work, a reliable
numerical model is established through ProCAST numerical simulation and auxiliary experimental
verification methods, based on which the effect of casting speed on the grain and dendrite growth
of DZ22B superalloy blades is studied. The results indicate that increasing the pulling speed can
reduce the spacing between secondary dendrites, which is beneficial for the growth of dendrites.
Based on numerical simulation and experimental verification, it is suggested that the pulling rate of
the directional solidification DZ22B superalloy blade should be 6-2 mm/min variable speed pulling
to improve the production success rate.

Keywords: directional solidification; DZ22B superalloy blades; ProCAST numerical simulation

1. Introduction

Nickel-based superalloys have been widely used in aero engines and gas turbines to
produce turbine blades with excellent high-temperature tensile strength, stress fracture, and
creep properties [1–7]. DZ22B nickel-based superalloy has good casting performance, high-
temperature oxidation resistance, and corrosion resistance, and is a common material for
directional column crystal blades of aero engines [8–10]. However, during the solidification
process, the blade is often prone to casting defects such as holes, shrinkage, and hot
cracks [11,12]. Random testing of samples in different furnaces shows that the qualification
rate of the samples is low, and through analysis, it is found that the main reason is defects
such as slag inclusions or cracks in the samples.

Pulling speed has always been one of the most important process parameters in the
directional solidification process of DZ22B superalloy blades, which affects the growth
rate of dendrite tips, is closely related to the temperature gradient of the leading liquid
phase of the solid-liquid interface, and also affects the occurrence of various defects in the
casting process [13–20]. Therefore, the method of combining experiment and numerical
simulation is used to study the effect of pulling speed on grain and dendrite growth of
DZ22B superalloy blades [21], and the optimization parameters can be proposed in a
targeted manner.

2. Establishment of ProCAST Numerical Simulation Model
2.1. Pre-Process Run Parameters

The casting material is DZ22B superalloy from the first author’s affiliation with Aecc
South Industry Company Limited, and the alloy composition is shown in Table 1. By
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consulting the manual [22] and combining the Procast database, the thermal physical
parameters of some DZ22B superalloys are obtained as shown in Figure 1. Firstly, in order
to ensure the uniformity of the composition, the DSC sample is taken from the DZ22B
master alloy rather than the blade. Furthermore, a sample of about 20 mg is cut from the
base metal of the DZ22B alloy, and the DSC curve is measured by using the DSC404F3
differential scanning calorimeter. As shown in Figure 1g, it can be concluded that the liquid
temperature of DZ22B is 1392.6 °C and the solid temperature is 1330.9 °C. While the heat
transfer coefficients of the mold shell and water-cooled crystallizer have constant values,
the interfacial heat transfer coefficient between the casting and the mold shell changes with
temperature according to the actual casting phase. For instance, in the solid phase range,
this coefficient is 600 W·m−2·K−1, value that increases in the melting process to a range of
600–1500 W·m−2·K−1; according to the solid-liquid proportion, above the liquid phase is
1500 W·m−2·K−1. Other simulation parameters are shown in Table 2.

Table 1. Chemical composition of DZ22B superalloy (wt.% ).

C Cr Co W Nb Ti Al Hf B Ni

0.140 9.000 9.500 12.000 0.900 1.900 4.900 1.000 0.015 60.645

Table 2. Main simulation parameters.

Parameter (Unit) Value

Heating zone temperature (°C) 1500
Cooling water temperature (°C) 26

Pumping speed (mm·min−1) 6
Heating zone emissivity 0.8

Mold shell emissivity 0.4
Mold shell density (kg·m3) 3970

Specific heat capacity of the mold shell (KJ·kg−1·K−1) 1.28–1.37 (1000 °C–1500 °C)
Thermal conductivity of the mold shell (W·m−1·K−1) 9.2–5.9 (600 °C–1500 °C)

Interfacial heat transfer coefficient of Alloy and chilled plate
(W·m−2·K−1) 2400

Interfacial heat transfer coefficient of Mold shell and quench plate
(W·m−2·K−1) 1000

Interfacial heat transfer coefficient of Cooling water and chilling
plate (W·m−2·K−1) 2500

2.2. Casting and Mold Shell Model Building and Meshing

In the actual directional solidification casting production, it requires a longer time for
the entire directional solidification process, which includes preheating and solidification
cooling. Thus, the form of multiple blades in one mold is generally used to improve casting
production efficiency.

Figure 2a is a three-dimensional model diagram of the casting of DZ22B superalloy
blades with multiple sets of blades established by UG modeling software. The casting
consists of a gating system, blades and a chassis, and the casting consists of 12 blades with
an axisymmetric distribution as a whole.

Firstly, the model was split into quarters by using the UG modeling software because
the model structure is symmetrical. Furthermore, considering the complexity of the turbine
blade structure, the visual-mesh model was used to segment the surface mesh. The mesh
was refined at the exhaust edge of the blade body and the small size of the truncated surface
to ensure that there are enough mesh layers in the cross-sectional thickness direction, as
shown in Figure 2b. Finally, the assembly of each part of the mesh was carried out after
careful inspection and repair. The non-shaped shell surface and two symmetrical surfaces
were specified. The thickness of the shell is set to 8mm, and the shell mesh is generated as
shown in Figure 2c.
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Figure 1. Thermophysical parameters as a function of temperature, (a) Temperature—density.
(b) Temperature—average coefficient of expansion. (c) Temperature—Poisson’s ratio. (d) Temperature—
thermal conductivity. (e) Temperature—solid fraction. (f) Temperature—Young’s modulus. (g) DSC curve.
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Figure 2. A multi-set blade geometry model and mesh model. (a) geometric model; (b) quarter mesh
model and (c) shell mesh model with shell thickness of 8 mm.

2.3. Temperature Field Heat Transfer Model

In the directional solidification process, the metal pouring and solidification steps of
turbine blade castings take place in a vacuum environment. In the simulation of the whole
process of directional solidification, the geometry of the furnace, the shape of the blades on
the quenching plate, and the pulling speed are very important. The heat transfer process of
the directional solidification process can be described by the law of conservation of energy,
which can be written as:

ρCp
∂(T)
∂(t)

= ∇(λ∇(T)) + QM + QR (1)

where T is temperature; t is time; ρ is the density of matter; Cp is the specific heat of the
material; λ is the thermal conductivity; QM is an internal heat source; QR is the heat flux
density between the surface element and the environment. When solidifying, the liquid
alloy releases latent heat, and the internal heat source can be expressed as:

QM = ρ∆H
∂( fs)

∂(t)
(2)

In the formula, ∆H is the latent heat, fs is the volume fraction of the solid phase,
and the heat flux density of different directional solidification technologies is different.
Using the improved Monte Carlo ray tracing model [23], the thermal radiation between the
current cell and the nth reference unit is calculated as:

QR = σ
N

∑
n=1

βn(T4 − T4
n)

1−ε
ε + (1−εn)S

εnSn
+ 1

(3)

where σ is the Stefan-Boltzmann constant; “N = 50” is the number of rays; βn is an energy
factor; T, ε, and S are the temperature, blackness coefficient, and surface area of the surface
unit, respectively. Tn, εn, and Sn are the surface temperature, blackness coefficient,t, and
surface area of the nth element, respectively.

2.4. Grain and Dendrite Growth Models

In order to simulate grain growth during the solidification process of superalloys,
an improved correspondence analysis (CA) method is used [24,25]. The total nucleation
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point density n(∆T) given a supercooled ∆T is calculated using the continuous nucleation
model [24]:

n(∆T) =
∫ ∆T

0

dn
d∆T′

d(∆T) (4)

dn
d∆T′

=
nmax√
2π∆Tσ

exp[−1
2
(

∆T − ∆TN
∆Tσ

)] (5)

According to the Kurz-Giovanola-Trivedi (KGT) [26] kinetic equation, the growth rate
of the interdendrite during solidification v(∆T) is:

v(∆T) = α∆T2 + β∆T3 (6)

where α and β are kinetic coefficients.

2.5. Thermal Crack Susceptibility Model

In order to predict the thermal cracking sensitivity of castings, a thermal cracking
sensitivity model based on Gurson’s constitutive model is used [27] hot tearing indicator
(HTI). The model is based on a strain-driven model of total strain during solidification.
When the solids fraction is in the range of critical solids fraction (typically 50%) and 99%,
the model calculates the elastoplastic strain at a given node and describes the thermal crack
sensitivity of the casting by considering the initiation and growth of pores in the mushy
zone of the casting. HTI is defined as follows:

eHT = εP
ht =

∫ t

tc
ε̇Pdt, tC ≤ t ≤ tS (7)

where εP
ht is the critical cumulative effective plastic strain at the beginning of the hot

cracking state, tC is the time at the condensation temperature at which the liquid state
begins to transition to a solid state, and ε̇P is the effective plastic strain rate, and tS the time
at the solid phase temperature. HTI is actually a cumulative plastic strain in the semi-solid
region corresponding to the pore nucleus. Therefore, it can reflect the sensitivity of hot
cracking during solidification. Gurson’s constitutive model and the proposed HTI model
are implemented in ProCAST finite element software, and HTI should be used to explore
different influencing factors of the same alloy.

3. Procast Numerically Simulates the Effect of Pulling Speed on DZ22B
Superalloy Blades
3.1. Effect of Pulling Speed on Temperature Field of DZ22B Superalloy Blade

In order to investigate the effect of pulling speed on the temperature field of DZ22B su-
peralloy blades during directional solidification while keeping other simulation parameters
such as shell wall thickness, thermal conductivity of the mold shell, interfacial heat transfer
coefficient, shell temperature, and insulation time unchanged. The ProCAST preprocessing
module set the pulling speed to 2 mm/min, 6 mm/min, and 10 mm/min, respectively. The
temperature field simulation results obtained are shown in Figure 3.

From the simulation results, the change in pulling speed will significantly affect the
temperature field and mushy zone. In the early stage of pulling, the whole casting has
just entered the cooling area made of the water-cooled copper ring through the thermal
insulation zone; the main heat dissipation method at this time is the cooling provided by the
cold plate in contact with the bottom of the casting, and the three different pulling speeds
have no obvious effect on the mushy zone at the lower end of the blade. The temperature
gradient is large, and the isotherm interface is very flat. As the pulling progresses, the body
of the blade begins to enter the cooling zone, at which time the cooling effect provided by
the cold plate is weakened due to distance, and the furnace radiation plays the main role in
heat dissipation. At this time, the isotherm at the blade position showed different shapes
with the change of pumping speed, and the solid-liquid interface isotherm showed an



Coatings 2023, 13, 1225 6 of 17

upward convex form at 2 mm/min, and the mushy zone became uneven. When the pulling
speed is 6 mm/min, the solid-liquid interface isotherm turns stable, and the mushy zone
tends to be horizontal. When the pulling speed is increased to 10 mm/min, the solid-liquid
interface isotherm is concave, the paste area deviates significantly from the straight state,
and the solidification speed of the exhaust edge position is much greater than that of the
intake side. The morphology of the mushy zone affects the growth trend of grains, and the
speed of 6 mm/min at the three pulling speeds is more conducive to the growth of straight
columnar crystals.

Figure 3. Schematic diagram of the temperature field and the corresponding paste zone at different
pulling speeds, (a,d) 2 mm/min. (b,e) 6 mm/min. (c,f) 10 mm/min.

3.2. Effect of Pulling Speed on the Microstructure of DZ22B Superalloy Blades

Figure 4 shows the grain trend diagram at different pulling speeds, and it can be seen
that the number of grains is not much different under the three pulling speeds, but the
pulling speed has a certain influence on the grain direction. At low pulling speeds, the
grain trend is relatively stable because the paste area is relatively stable. At the pulling
speed of 10 mm/min, the paste area is concave, the grain trend has a tendency to diverge,
the angle between the grain trend and the <001> direction in the microstructure is large,
and the angle is close to 30°. Deviated grains can produce hetero-crystalline defects, which
degrade the structure properties formed by the final solidification.

Figure 4. Schematic diagram of grain direction at different pulling speeds, (a) 2 mm/min. (b) 6 mm/min.
(c) 10 mm/min.

The simulation results show that the dendrites have not fully grown when the pulling
speed is too high. Moreover, too fast pulling speed resulted in thenges bec growth direction
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of the casting changes because the thermal radiation direction of the blades is uncertain
and the heat loss is excessive, leading the dendrites to be tilted. Too fast pulling speed
will also make the growth of columnar crystals unstable; the upper part of the blade grain
will be few and divergent, and even transverse columnar crystals may appear. Only by
increasing the ratio of a temperature gradient to growth rate and adjusting to determine
the appropriate pumping rate can better columnar crystals be obtained.

Adjusting the pulling speed is an artificially adjustable process to effectively change
the cooling rate of castings, this change will be reflected in the dendrite spacing of the
solidified structure of castings, especially on the secondary dendrite arm spacing (SDAS)
with the same temperature gradient. Figure 5 shows the distribution of secondary den-
drite spacing at different pulling speeds, and it can be seen that the secondary dendrite
spacing significantly decreases with an increase in pulling speed. At a pumping speed of
2 mm/min, the SDAS range of the blade body position is between 44–56 µm; At a pumping
speed of 6 mm/min, the SDAS range of the blade body position is between 36–48 µm;
When the pulling speed is increased to 10 mm/min, the SDAS drops to 32–40 µm. The
secondary dendrite spacing is reduced and the microstructure performance is improved,
so an appropriate increase in the pulling speed can achieve the purpose of optimizing
the structure.

Figure 5. Secondary dendrite spacing diagram at different pull-out speeds, (a) 2 mm/min. (b) 6 mm/min.
(c) 10 mm/min.

3.3. Effect of Pulling Speed on the Thermal Cracking Tendency of DZ22B Superalloy Blade

Figure 6 is the effective plastic strain diagram of the blade and the corresponding
thermal crack index HTI diagram at different pulling speeds, from which it can be seen that
changing the pulling speed has a certain effect on the plastic strain and thermal cracking
sensitivity of the blade after solidification. The chance of thermal cracking of the blade is
lowest at a pulling speed of 6 mm/min, and only a small number of hot crack-sensitive
areas are located at the junction of the upper part of the blade body with the blade crown.
However, the thermal cracking sensitivity of the blade formed by directional solidification
at lower or higher pulling speeds is large, and hot cracks may be formed in many places.
The effective plastic strain value obtained by simulation has a certain relationship with
the pulling speed, and the effective plastic strain of the blade at the pulling speeds of
2 mm/min and 10 mm/min is significantly greater than the pulling speed of 6 mm/min.
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Figure 6. Effective plastic strain diagram of the blade at different pulling speeds and HTI diagram of
the thermal crack index, (a,d) 2 mm/min. (b,e) 6 mm/min. (c,f) 10 mm/min.

3.4. Experimental Verification

Experiments are conducted on blades with hot cracks produced by AECC Southern
Industry Company Limited. The cracks are detected using fluorescence detection, while the
macroscopic grain distribution is observed after the sample is corroded with hydrochloric
acid, and it is found that the hot crack is generated in the middle and upper part of the
exhaust side of the blade body; usually a crack penetrates the blade body. The fluorescence
detection and macroscopic grain corrosion results are shown in Figure 7. The pulling
speeds are 2 mm/min, 6 mm/min, and 10 mm/min for DZ22B superalloy blades, which
are the same as those actually produced, and cross-sectional samples are prepared by taking
the middle and upper positions of the blade body. SEM images of the blade pores after the
corrosion process are obtained at various pulling speeds (Figures 8 and 9).

Figure 7. The fluorescence detection and macroscopic grain corrosion of the hot cracked blade, and
the red circle is the hot crack.

By observing the sample SEM diagram at different pulling speeds, it can be seen that
as the pulling speed increases, the secondary dendrite spacing is significantly shortened,
and the secondary dendrite spacing is the largest at the pulling speed of 2 mm/min, so its
cracking tendency will be higher. The dendrite spacing depends mainly on the temperature
gradient GL and the solidification rate R, the product of which is called the cooling rate, so
(GL·R) determines the size of the dendrite spacing as follows:

λ1 = [−64θDLmL(1− k)C0]
1/4G−1/2

L R−1/4 (8)



Coatings 2023, 13, 1225 9 of 17

λ2 = B(GLV)−1/3 (9)

Figure 8. Cylindrical specimen mid-pore SEM diagram at different pull-out speeds, (a) 2 mm/min.
(b) 6 mm/min. (c) 10 mm/min.

Figure 9. SEM diagram of the upper porosity of a specimen at different pulling speeds, (a) 2 mm/min.
(b) 6 mm/min. (c) 10 mm/min.

In which, λ1 is the primary dendrite spacing; λ2 is the secondary dendrite spacing; θ is
the capillary constant; GL is the temperature gradient at the front edge of the solid-liquid
interface; k is the solute partition coefficient; C0 is the concentration of alloying elements;
DL is the diffusion coefficient of solute elements in the liquid phase; mL is the slope of
the liquid line; k is the solidification rate; B is a constant; V is the pulling speed. It can be
seen that for superalloys with fixed composition, except for GL and R, the other quantities
have fixed values. Primary dendrite spacing, secondary dendrite spacing, and cooling
rate (GL· R) satisfy a positively correlated relationship. In general, the increase in the
pulling speed makes the temperature gradient of the liquid phase smaller but not large,
the overall cooling rate (GL· R) increases, and the distance between primary and secondary
dendrites decreases. In addition, with the continuous improvement of the pulling speed,
the cooling rate of the blades accelerates, and the heat dissipation effect becomes better and
better, resulting in the refinement of the cast dendrite structure, so the crystalline size also
decreases. Therefore, the tendency for thermal cracking can be reduced to a certain extent
by increasing the pulling speed.

The number of shrinkage holes at the three pulling speeds in the middle of the sample
was relatively small; fine shrinkage holes were distributed between the dendrites at the
pulling speeds of 2 and 6 mm/min, and irregular shrinkage holes were clustered together
at the 10 mm/min pulling speed, and the pore length reached 160.2 µm. By observing the
pore SEM diagram of three different pumping speeds in the upper part of the specimen,
it can be found that with the increase in pulling speed, the number of pores increases
significantly, and the shrinkage holes have aggregation at the pulling speed of 10 mm/min.
The percentage of porosity at 2 mm/min, 6 mm/min, and 10 mm/min pulling speeds
is calculated by Image-pro, which is 0.079%, 0.239%, and 0.643%, respectively; the faster
the pulling speed, the more pores in the upper part of the test bar. When the pulling
speed is 10 mm/min, although the transverse dendrite group obtained is small, it can
be seen that the dendrite orientation is disordered and the occlusion of the longitudinal
secondary dendrite is inadequate. The reason for this phenomenon is that the growth
rate of the crystal is lower than the pulling rate, the solid-liquid interface growth front
is below the insulation plate, the solidification environment of the axial one-dimensional
heat flow changes, and the heat loss occurs along the transverse direction, resulting in
dendrite orientation disorder. At the same time, a large pulling speed will increase the
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solidification rate of the blades and the volume of solidified solids per unit of time, thus
releasing more heat from the latent heat of crystallization. Furthermore, it will decrease the
negative temperature gradient parallel to the growth direction of the secondary dendrite
and reduce the growth driving force, resulting in insufficient occlusion of the secondary
dendrite. In addition, when the pulling speed is too fast, the radiation heat dissipation
will deviate from the directional solidification direction, which can easily lead to oblique
crystals and crystal-breaking defects. In short, excessive pulling speed will increase the
tendency of alloy hot cracking.

In summary, with the increase in pulling speed, the cooling rate during the directional
solidification of castings gradually becomes faster, while the primary and secondary den-
drite spacing of the alloy decreases. When the pulling speed of directional solidification is
too small, although the temperature gradient is improved, the cooling rate of the casting is
slow, the dendrite spacing is large, and the solidification segregation is significant. When
the directional solidification pulling speed is too large, although the cooling speed is fast
and the dendrite spacing is small, it is not conducive to the sequential solidification of the
casting, the secondary dendrite bite is insufficient, and the tendency to form micro con-
striction is increased; therefore, in order to reduce the enthusiastic tendency of directional
solidification, a moderate pulling rate should be selected, and the experimental results are
in good agreement with the simulation results.

4. ProCAST Numerically Simulates the Effect of Variable Speed Pulling Process on
DZ22B Superalloy Blades

Turbine blades are often prepared at a single pulling rate in the industrial production
of directional solidification. In the previous work, the influence of a constant pulling rate
on the shape and temperature gradient of the solid-liquid interface, as well as the influence
on the structural performance of blades, were systematically analyzed. Appropriate pulling
speed can reduce the secondary dendrite spacing of microstructure, improve casting
performance, reduce pore formation, and reduce the thermal crack sensitivity index. The
uniform speed pulling law obtained above is applied to the exploration of the variable
speed pulling process: the initial pulling rate is 6 mm/min, the pulling height is 110 mm,
the later variable speed is 2 mm/min or 10 mm/min, and the pulling height is not less than
180 mm, and the pulling speed scheme of different parts of the blade is obtained as shown
in Figure 10.

Figure 10. Variable speed pulling scheme.
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After measuring the blade length in advance, taking the position of the heat insulation
baffle as the reference point, the pulling speed of 6 mm/min is adopted in the early
stage because the alloy liquid is affected by the excited chill plate during the directional
solidification in the early stage, the cooling gradient is very large, and the mushy area
moves faster. The variable speed is realized below the marginal plate, and the effect
of variable speed pulling on the hot cracking tendency of DZ22B alloy is studied from
6 mm/min to 2 mm/min or 10 mm/min.

4.1. Effect of Variable Speed Pulling on Temperature Field of DZ22B Superalloy Blade

The pulling speed has a great influence on the temperature gradient of the liquid phase
at the front edge of the solid-liquid interface, and the regulation of the variable speed pulling
process is directly reflected in the evolution of the temperature field and the morphological
change of the mushy zone during the directional solidification process of the casting. The
temperature field comparison chart of the 6–2 mm/min and 6–10 mm/min variable speed
pulling processes is shown in Figures 11 and 12; it is the comparison chart of the solidified
mushy area of 6–2 mm/min and 6–10 mm/min variable speed pulling processes.

Figure 11. ProCAST simulation of variable speed pulling directional solidification temperature field
results, (a) 6–2 mm/min. (b) 6–10 mm/min.

Figure 12. ProCAST simulated variable speed pulling directional solidification mushy zone morphol-
ogy, (a) 6–2 mm/min. (b) 6–10 mm/min.

When the mushy area is in the upper position, the casting has just completed the decelera-
tion pulling of 6 mm/min–2 mm/min or the accelerated pulling of 6 mm/min–10 mm/min, it
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can be seen that the mushy area of the upper part of the blade in Figure 12a is relatively flat,
while the mushy area of the upper part of the blade in Figure 12b is concave, which will
affect the solidification behavior of the upper part of the blade, making the solidification
structure uneven and easy to form uneven stress, resulting in hot cracks.

4.2. Effect of Variable Speed Pulling on the Thermal Cracking Tendency of DZ22B
Superalloy Blade

Figures 13 and 14 show the effective plastic strain diagram of the variable speed
pulling blade and the corresponding thermal crack index HTI diagram, in which it can
be seen that the plastic strain is concentrated in the upper position of the blade. It can be
seen that the strain diagram of 6 mm/min slowing down to 2 mm/min or accelerating to
10 mm/min is obtained by decelerating the pulling speed to 2 mm/min or accelerating
to 10 mm/min at the upper part of the blade, and the stress gap in the upper part of the
blade is particularly obvious compared with the strain diagram accelerated to 10 mm/min.
When the pulling rate accelerates to 10 mm/min, the cooling is accelerated due to the
increase in speed, which increases the internal stress and finally leads to the generation of
thermal cracking.

The color bars and corresponding numbers on the left side of the simulated image
indicate the trend of the simulation parameters. In Figure 14, purple represents a small
tendency for thermal cracking, while red represents a large tendency for thermal cracking.
It can be seen from Figure 14 that the variable speed pulling rate of 6 mm/min–10 mm/min
is larger than the variable speed pulling rate of 6 mm/min–2 mm/min, and the dark blue
region is larger and the purple region is smaller, indicating that the area with a large thermal
cracking tendency is wider. According to the simulation results of uniform pulling, it can
also be seen that when the pulling rate is constant, the hot cracking tendency of the upper
edge of the last solidified blade is greater, and the pulling rate should be reduced so that
the last solidified part can be fully compensated, thereby reducing the thermal cracking
tendency. Therefore, from the perspective of reducing the tendency of thermal cracking, a
variable speed pulling rate of 6 mm/min–2 mm/min should be selected.

Figure 13. Comparison of the equivalent force of variable speed pulling blades, (a) 6–2 mm/min.
(b) 6–10 mm/min.
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Figure 14. Comparison of the thermal cracking tendency of variable speed pulling blades,
(a) 6–2 mm/min. (b) 6–10 mm/min.

4.3. Experimental Verification

In order to study the effect of variable speed pulling rate on DZ22B directional so-
lidification single crystal blades, three experiments with different variable speed pulling
rates are designed, namely: (a) the first 110 mm crystal pulling speed is 6 mm/min, then
reduced to 2 mm/min, the pulling height is not less than 180 mm. (b) The front and rear
pulling rates remain unchanged, and the pulling speed is 6 mm/min. (c) The first 110 mm
crystal pulling speed is 6 mm/min and then rises to 10 mm/min, and the pulling height is
not less than 180 mm.

Through fluorescence non-destructive testing, no cracks were found at these three
pulling rates, indicating that the change in pulling rate would not result in cracks. As
shown in Figure 15, microcracks can be observed in the microstructures whose pulling rates
are different. However, it should be noted that the crack size is significantly larger when
the pulling rate is constant at 6 mm/min. Therefore, variable speed pulling can effectively
reduce microcracks, thereby reducing the tendency for hot cracking.

Figure 15. SEM diagram of precipitated phase in the middle of the air intake side, (a) 6–2 mm/min.
(b) 6–6 mm/min. (c) 6–10 mm/min.

Figure 16 shows the sampling position of the secondary dendrite spacing, no obvious
cracks were found on the cut surface of each group of blades after sampling, and Figure 17
shows the secondary dendrite photos of the upper position of the blades with different
pulling rates, and there is no obvious change in the secondary dendrite spacing in the area
where the speed has changed. However, it can be observed that when the pulling rate
is 6–10 mm/min, the dendrite orientation is disordered and the longitudinal secondary
dendrite bite is insufficient. The microstructure of different pulling rates is shown in
Figure 18: it can be found that the structure size is more uniform at the pulling rate of
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6–2 mm/min, there is no abnormally developed secondary dendrite, and the grain trend is
relatively stable.

Figure 16. Sampling position of secondary dendrite spacing.

Figure 17. Secondary dendrite SEM diagram at the upper position of the intake end, (a) 6–2 mm/min.
(b) 6–6 mm/min. (c) 6–10 mm/min. Secondary dendrite SEM diagram at the upper position of the
exhaust end, (d) 6–2 mm/min. (e) 6–6 mm/min. (f) 6–10 mm/min.
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When the pulling speed is too high, the shape of the mushy area is concave, which
is not conducive to the formation of uniform, straight columnar crystals. Under the three
pulling speeds, the grain orientation with lower and medium pulling speeds is better.
The structure size is more uniform at the pulling speed of 6–2 mm/min, and there is
no abnormally developed secondary dendrite; while the grain trend is relatively stable,
the higher the pulling speed, the greater the chance of forming pores when the casting
solidifies in the later stage, and the formation of pores may be the cause of thermal cracking.
Therefore, a pulling rate of 6–2 mm/min should be selected when changing the speed
of pulling.

Figure 18. 6–2 mm/min pulling speed, blade cross-section, SEM diagram, (a) lower part of the blade.
(b) the middle part of the blade. (c) the upper part of the blade. 6–6 mm/min pulling speed, blade
cross-section, SEM diagram, (d) lower part of the blade. (e) the middle part of the blade. (f) the upper
part of the blade. 6–10 mm/min pulling speed, blade cross-section, SEM diagram, (g) lower part of
the blade. (h) the middle part of the blade. (i) the upper part of the blade.

5. Conclusions

DZ22B alloy is commonly used as a blade material for aircraft engines and gas tur-
bines, and its preparation process is an important factor affecting its performance. In the
present work, a reliable numerical model has been established through ProCast numerical
simulation that assumes a set of fixed operating and thermo physical parameters and
complemented with an auxiliary experimental verification method. The effect of casting
speed on the grain and dendrite growth of DZ22B superalloy blades is studied. Based
on numerical simulation and experimental verification, the following conclusions can be
drawn:

(a) The simulation results show that the solid-liquid interface isotherm is convex at
a pulling speed of 2 mm/min, the solid-liquid interface is concave at a pulling speed of
10 mm/min, the solid-liquid interface isotherm changes smoothly at a pulling speed of
6 mm/min.

(b) The morphology of the mushy zone affects the growth trend of grains, and the
speed of 6 mm/min is more conducive to the growth of straight columnar crystals, which
is consistent with the experimental results.

(c) Variable-speed pulling can effectively reduce micro-cracks, thereby reducing the
tendency for hot cracking. At the pulling speed of 6–2 mm/min, the grain size is more
uniform, and there are no abnormally developed secondary dendrites.

(d) Based on the above results, it is recommended to select 6–2 mm/min variable
pulling speed for the directional solidification of the DZ22B superalloy blade.
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