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Abstract
The influence of the solidification process parameters on the microstructure is still identified by the trial and error method. It is
common practice to perform multiple casting tests to defecate the optimum process parameters for high-quality casting parts. In
order to establish the solidification-microstructure relationship, a high-efficiency experimental method is proposed to accelerate
the speed of finding the optimum casting process parameters by the controlled cooling rate of 0.25 °C/s, 1 °C/s, 5 °C/s, and 10 °C/s,
respectively. It demonstrated that the physics simulation can successfully predict the microstructure of the GTD-222 Ni-based
superalloy casting and the relationship between the secondary dendrite arm spacing (SDAS) and cooling rate is λ2 =
76.4747(GV)−0.2926.The response behavior of secondary dendrite arm spacing is sensitive to the change of solidification param-
eters. Moreover, the microhardness tends to decrease along the axial direction as well. The relationships between the temperature
gradient, cooling rate, and microstructure are discussed as well. The results also show that the prior model of the numerical
simulation and the physical simulation of the high-efficiency experiment design can reproduce the conventional casting conditions
and the high-efficiency experiment can be applied to other casting studies of all kinds for the enhancement of time- and cost-saving.
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1 Introduction

Investment casting, as an advanced near net shape technology
with superior surface smoothness and dimensional exactitude,
is particularly suitable for the casting of intricate interface-

cavity structures. In the past 10 years, investment casting has
been developed rapidly all over the world and is widely ap-
plied to the aero-engine and gas turbine components such as
cylinder blocks, turbine blades [1–3], etc. These parts are usu-
ally serviced under extreme conditions (i.e., high temperature
and high pressure) since they are made of nickel-based alloys
and served at high temperatures for its high strength, good
oxidation resistance, and creep resistance. Hence, a new cast
nickel-base nozzle alloy named GTD-222 Ni-based superal-
loy emerged and was considered to be a replacement for
cobalt-base alloy FSX-414 due to its good castability, better
creep resistance, and oxidation resistance [4]. Furthermore,
the GTD-222 superalloy is considered to be a latent applicant
for large, complicated thin-walled castings with high-
temperature resistance in next-generation aircraft generators.

Still, numerous efforts and time have been put into the
development of the investment casting process to build mul-
tiple shape parts for producers in the form of experiments as
well as numerical simulation. The casting trials and simula-
tions are typically conducted to discover the excellent casting
parameters for fabrication of high-quality outputs. Wang [5]
found that the uniform distribution of TiN particles strongly
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affects the microstructure as well as the mechanical properties
of TiN/IN718C composites during investment casting.
Kartavykh [6] studied the formation of equiaxed grains under
the directional solidification by changing the process condi-
tion and the mental dopant. Aveson [7] studied the deforma-
tion of the dendrites in investment castings and quantified the
misorientation by EBSD, it turned out that the defects were
produced by the bending movements through different ther-
mal shrinkage. Li [8] utilized the ProCAST software to simu-
late the porosity of TiAl based alloy blade and the optimized
processing result indicated that the porosity could be reduced
by preheating the shell, which means that the reliability and
precision between simulation and experiment were well com-
bined. Yang [9] investigated the gravity and centrifugal invest-
ment casting processes by ProCAST software and pointed out
that the fast cooling rate was the crucial factor to refine the
microstructure where a large number of γ segregation oc-
curred simultaneously in Nb-TiAl alloy.

In spite of numerical simulation for investment casting,
physical simulation can also well predict the thermal dis-
tribution of complex structure castings and defects in the
casting process, and therefore reduces the cost and time
for production. Bergman [10] firstly made the thermal
simulator to simulate the actual manufacturing process
of material processing. Lewandowski [11] conducted ther-
mal compression experiments on IN718 through a Gleeble
physical simulator, further characterizing the mechanical
response behavior of the IN718 superalloy in the solid
and semi-solid state. Rahimian [12] conducted a double
heat-treatment via physical simulation to explore the mi-
crostructure and hardness evolution of MAR-M247 super-
alloy and further discussed the relationship between ma-
terial processing, microstructure, and microhardness.

For castings, the cooling rate varies much along the
surface to the center of the mold, which means that a tem-
perature gradient occurs in the different area (such as thin-
and thick-wall) of the casting. However, when the temper-
ature gradient exists, the cooling rate is not a single factor
affecting the growth of the microstructure, but also related
to the growth rate of solidification interface [13, 14].

Alloys for given components, the temperature gradient
(G) and solidification rate (V) are the crucial parameters
governing the morphology of the alloy together with solid-
ification behavior. In addition, the inherent thermodynamic
properties of the alloy and the extrinsic factors such as the
heat flux of the melt are affecting the relationship between
G and V [15, 16]. Generally, investigating the relationship
between solidification parameters and microstructural
growth needs to be realized by numerous investment cast-
ing experiment. However, such a strategy is time-
consuming and expensive, which is not conducive to mass
production. High-efficiency experiment in investment cast-
ing modeling is another way to ascertain the optimum pro-
cess parameters for doing multiple sets of experiments
[17]. Makihata [18] proposed a new method in printing
machine for the printing speed was five times faster than
before. Kirklin [19] used high-efficiency approaches to
search for high-strength precipitation-hardened systems.
Sáfrán [20] proposed a high-flux combination technique
to realize the preparation and detection of two-component
thin-film materials on a single transmission sample. Li [21]
studied the influence of process parameters including ini-
tial temperature, area reduction, and rolling speed on the
cross wedge of TC6 alloy, it turned out that the best rolling
speed should be 8 r/min and further discussed the influence
of the parameters on the alpha phase.

Recent progress in science and technology contributes to
researchers for producing the physical simulation of casting
processes and building the relationship between parameters
and microstructure. Different parameters such as cooling
rate have different influences on the microstructure of the
same casting parts, therefore, inducing the versatile me-
chanical performance simultaneously. However, bringing
such a relationship into reality one by one is not possible
in a short time with low costs. In this study, a novel high-
efficiency experimental method is proposed to investigate
the solidification behavior with the occurrence of G and V,
leading to the acquisition of the relationship between solid-
ification parameters and microstructure during the invest-
ment casting process. This paper aims to present a novel

Fig. 1 a The actual turbine guide
for investment casting; b a half
3D model of the turbine guide; c
the various spots located in cross-
section for obtaining the local
cooling rate
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scientific method to investigate the solidification-
microstructure relationship. The technical routes are as fol-
lows: (1) the construction of actual castings in UG software;
(2) the prior model of numerical simulation in ProCASTand
(3) the physical simulation based on high-efficiency exper-
iment design. All the experiments in this paper are based on
investment casting technology with a feature part of the
turbine guide of GTD-222 Ni-based superalloy.

2 Material and methods

2.1 The numerical simulation for investment casting
parts

The casting used in this research was the turbine guide as
shown in Fig. 1. After the three-dimension model of the tur-
bine guide was established in UG NX10.0, it was imported

into ProCAST software. Subsequently, the surface mesh and
the volume mesh were generated by Visual-Mesh and the
mesh size was 3mm. Then, the shell was selected from a fused
silica shell and preset to a uniform thickness of 6 mm. At the
same time, the pouring temperature was 1500 °C, and the
preheating temperature of the shell was 1000 °C for the tur-
bine guide casting. Additionally, all the thermodynamic prop-
erties of the alloy utilized in the numerical simulation were
obtained from the material database of ProCAST calculated
before and were seen in Fig. 2.

For the turbine guide casting, a few feature points from the
cross-section was selected as shown in Fig. 1c. The variation
of the temperature of the selected feature points was presented
in Fig. 3. The temperature in the solid-liquid phase region
showed a linear relationship from different thickness so as
the cooling rate could be obtained by the linger fitting. The
results indicate that the cooling rate of feature points ranges
from 0.32 to 4.22 °C/s, which means the cooling speed of the
blades was larger than that of the inner ring and outer ring.

2.2 Physical simulation experiment

2.2.1 Material

The material used in this investigation is a GTD-222 Ni-based
superalloy, and the chemical composition of the material is
presented in Table 1.

2.2.2 Experimental procedures

The cylindrical testing sample with the diameter of 10mm and
the length of 121.5 mm is cut from the ingot (provided by
Central Iron & Steel Research Institute (CISRI, China) and
the diameter of it was 100 mm and the height 150 mm.) by
linear cutting. The sample was grounded by sandpaper to re-
move the surface oxide layer and subsequently washed in

Fig. 2 The thermodynamic
properties of the GTD-222
superalloy

Fig. 3 The schematic diagram of linear-fitting of the curve for various
local cooling rates in the solid-liquid phase region
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acetone for ultrasonic cleaning. Finally, the sample was ma-
chined to the standard sample as the Gleeble device required,
and the processing dimension is shown in Fig. 4.

Four different positions located from the center at 0 mm, 4
mm, 8 mm, and 12 mm in cross-section were selected.
Hereafter, the R-type Pt-Rh thermocouples were welded on
the surface of the four selected positions of the specimen
marked as TC4, TC3, TC2, and TC1 (seen in Fig. 4 with
colorful lines). Since the sample was symmetrical in the cen-
ter, the thermocouples were welded on one side of the sample.
The Gleeble 3800 simulator is based on temperature control
with an accuracy of ±0.1 °C so that the real-time temperature
change of the sample can be acquired accurately. Furthermore,
the samples are coated with quartz tubes (Φ13 × 30, unit: mm)
for the sake of thermal dissipation in the radial direction. At
the same time, high-temperature cement was applied to the
thermocouple welding area to prevent the alloy from falling
off due to the thermal expansion and contraction of the

sample. Finally, the sample was fixed by a pair of copper
clamps in Gleeble chamber.

According to the results of numerical simulation discussed
above and considering to obtain the maximum temperature
gradient for better observation of its effect on the microstruc-
ture [22], four suitable cooling rates, 0.25 °C/s, 1 °C/s, 5 °C/s,
and 10 °C/s, were selected in this study. The detailed Gleeble-
processing steps for melting/solidification experiments are
presented in Fig. 5. Firstly, the sample was heated to 1250
°C at a rate of 40 °C/s, and then in the range of 1250 °C–
1300 °C, the heating rate was reduced to 2 °C/s. After that, the
temperature was raised manually and heated to 1380 °C at a
very slow rate until the signs of melting were observed, indi-
cating that the sample temperature was already in the liquids.
So, the heating needed to stop immediately and kept it warm
for 10 seconds. Subsequently, there were two crucial steps to
be set up: the first step was programmed to cool down to 1260
°C at four different cooling rates of 0.25 °C/s, 1 °C/s, 5 °C/s,

Table 1 Chemical composition of the GTD-222 nickel-based superalloy (wt.%)

Element C Cr Nb Ti W Al B Zr Co N O S Ni

Content 0.08–0.12 22.2–22.8 0.7–0.9 2.2–2.4 1.8–2.2 1.01–1.03 0.002–0.007 0.005–0.02 18.5–19.5 ≤0.01 ≤0.005 ≤0.007 Bal.

Fig. 4 Dimensions of
melt/solidification test specimens
and the distribution of
thermocouples welded on it

Fig. 5 Gleeble processing curve: a overall process; b four different cooling rates: 0.25 °C/s, 1 °C/s, 5 °C/s, and 10 °C/s from right to left
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and 10 °C/s. Then the second step was naturally cooled to
room temperature. During the experiment, argon was injected
into the chamber to avoid oxidizing. In case of shrinkage
defects, the displacement feeding amount is set in advance
in the execution procedure. Each experiment was repeated
three times to ensure a reliable and repeatable experiment.

The samples utilized for microstructure characteriza-
tion were cut from the welding area (TC1, TC2, TC3,
and TC4, as seen in Fig. 4 with color lines); the size of
it was Φ10 × 2 mm. To reveal the dendritic microstruc-
ture, the flake-shape sample was corroded by a mixture of
50 mL C2H5OH, 50 mL HCl, 3.5 mL H2SO4, and 15 g
CuSO4 after grinding and polishing. The microstructure
was adopted by Leica DM-4000 M optical microscope
(OM). Microhardness is obtained by the Vickers hardness
test later. The measurement of SDAS is achieved by
counting the number of secondary arms over a length on
at least one hundred well-defined trunks.

2.2.3 Calculation of cooling rate, temperature gradient,
and solidification rate

Firstly, the cooling rate of different parts of the sample can be
expressed as follows:

R ¼ dT=dt ð1Þ

After selecting one or more time points, the four
welded thermocouples can acquire the individual temper-
ature along the axial direction at every time point. As a

Fig. 6 The actual process curve of Gleeble samples in midsection under
different cooling rates

Fig. 7 The temperature evolution in the liquid-solid zone along the axial direction based on various controlling of cooling rate: a 0.25 °C/s, b 1 °C/s, c 5
°C/s, and d 10 °C/s, respectively
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result, the temperature-distance (T-D curve) can be ac-
quired by the fitting of a multi-curve via a polynomial
function as follows:

T ¼ aD2 þ bDþ c ð2Þ

The constants a, b, and c can be easily determined from the
fitting lines, while the D is the distance along the axial direc-
tion. As for the temperature gradient, the derivation of the
formula (2) can be obtained as follows:

G ¼ dT=dD ¼ 2aDþ b ð3Þ

Fig. 8 Temperature distribution in the samples cooled at (a) 0.25 °C/s, (b) 1 °C/s, (c) 5 °C/s, and (d) 10 °C/s, respectively

Fig. 9 Temperature gradient evolution along the axial direction with
different cooling rates

Table 2 Summary of the temperature gradient(G), true cooling rate(R),
and solidification rate(V) in different sections along the melted/solidified
samples

Cooling rate Distance (mm) R (°C/s) G (°C/mm) V (μm/s)

0.25 0 0.25 - -
4 0.20 1.24 161.29
8 0.22 2.48 88.71
12 0.19 3.72 51.08

1 0 1.00 - -
4 1.13 3.62 312.15
8 1.23 7.25 169.66
12 1.45 10.87 133.39

5 0 5.09 - -
4 5.22 4.48 1169.18
8 4.83 8.96 539.06
12 5.04 13.44 375.00

10 0 10.69 - -
4 12.23 6.86 1782.80
8 7.86 13.72 572.89
12 7.76 20.57 377.25
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For the existing cooling rate (R) and temperature gradient
(G), the solidification rate (V) of GTD-222 alloy in the solid-
liquid zone can be obtained, and the solidification rate V can
be expressed as [23]:

V ¼ R=G ð4Þ

3 Results and discussions

The actual temperature curve of the sample in the thermocou-
ples welding area is shown in Fig. 6. Though the high tem-
perature is different to control, the result is more likely to the
heating process curve that has been set before.

3.1 Temperature gradients

The actual temperature-time curves (T-t) of GTD-222 Ni-base
superalloy extracted from the solid-liquid region are presented
in Fig. 7. Through those colorful points, the actual cooling rate
can be easily estimated with the aid of spot-welded thermo-
couple. It turns out that the cooling rates (namely, the slope of

each fitting line.) in the solid-liquid region are close to a preset
value, making it clear that the control of the temperature in
Gleeble is much more accurate and reliable.

Two-time points are selected at each cooling rate to obtain
the temperature along the axial direction. Fig 8 shows the
temperature change of the sample obtained along the axial
direction at the same time point (blue and red color). It turns
out that those points are more likely to distribute around the
quadratic function lines.

As a result, the average temperature gradient (G) can be
extracted from Fig. 8 and is shown in Fig. 9. The value of each
point is the average of two different timesteps that previously
selected. It turns out that the increase of the controlled cooling
rare lead to an increase of the temperature gradient. The gra-
dient is much steeper in the case of the higher cooling rate.
Additionally, at the cooling rate of 10 °C/s, it increased more
rapidly than that of 0.25 °C/s. When the controlled cooling
rate gets to 10 °C/s, the temperature gradient of the sample can
correspondingly reach 20.57 °C/mm.

Table 2 lists the summary of the cooling rate (R), temper-
ature gradient (G, calculated by formula 3), and solidification
rate (V, calculated by formula 4) of GTD-222 alloy in solid-

Fig. 10 The dendritic
microstructure of the Gleeble
samples cooled at 0.25 °C/s from
the transversal section at a 0 mm,
b 4 mm, c 8 mm, and d 12 mm,
respectively
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liquid phase zone. The range of the temperature gradient and
the solidification rates are 1.24 to 20.57 °C/mm and 0.05 to
1.78 mm/s, which is obtained by the high-efficiency experi-
ment. It can be seen that the cooling rate (R) and the temper-
ature gradient (G) will gradually increase as the distance (D)
from the center increase simultaneously. However, the solidi-
fication rate (V) appears to the contrary. It was observed that
the R/G value greatly changed at the same cooling rate, which
means the solidification rate was changing rapidly. In other
words, the solidification interface moved fast from the micro
perspective, resulting in the significant change of the
microstructure.

3.2 The characterization of microstructure

In general, the secondary dendrite arm spacing (SDAS) is one
of the primary structures of solidified castings, which is cru-
cial to mechanical performance. Especially, the size of SDAS
directly affects the mechanical properties, the micro-segrega-
tion, the distribution of the second phase, and the micro-
porosity of the casting. The SDAS is determined by many
factors, especially the temperature gradient (G), the

solidification rate (V), and cooling rate (R) as well [24].
Many studies have been carried out to investigate the interac-
tion of G, V, and R on SDAS [25–27].

The cross-sectional microstructure of GTD-222 conducted
by a high-efficiency experiment method under different
cooling rates is obtained and presented in Fig. 10, 11, 12,
13. The impacts of temperature gradient on the dendritic-like
microstructure of GTD-222 Ni-based superalloy in the
Gleeble samples gradually emerge. The results confirm that
solidification parameters, such as R as well as G, decree the
microstructural morphology (seen in Fig. 10). From the se-
quential pictures (seen in Fig. 10, 11, 12, 13), the SDAS de-
crease with an increasing cooling rate which is in a good
agreement with the results reported earlier by Zhang [28]
and many other research groups [29, 30]. As a result, increas-
ing cooling rates can lead to the refinement of the microstruc-
ture. The growth of SDAS is influenced by the local solidifi-
cation time, which means enough contact with liquid helps a
better secondary branch since the solute diffusion coefficient
is larger than that in the solid.

Moreover, it demonstrates that primary dendrite arm spac-
ing (SDAS) of the disordered arrangement will gradually

Fig. 11 The dendritic
microstructure of the Gleeble
samples cooled at 1 °C/s from the
transversal section at a 0 mm, b 4
mm, c 8 mm, and d 12 mm,
respectively
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grow parallel to each other with the increase of the tem-
perature gradient. While the primary dendrite arm spacing
(PDAS) increase, the secondary dendrite arm spacing
(SDAS) will increase simultaneously. The reason is that
with the increase of the temperature gradient, the distribu-
tion of solute atoms between the dendrites inhibits the
regeneration of secondary dendrites, resulting in secondary
dendrite coarsening. Consequently, the solidification rate is
blamed for the SDAS coarsening.With the increase of solidifi-
cation rate, the responsebehavior ofSDAS is changing sharply.
Additionally, for those that are uneven, which means the inter-
section angle occurs, the growth of SDAS has been terminated
since the diffusion of the solute between the dendrites is favor-
able to the well-aligned structure.

Fig 13(a–d) illustrates the typical structure of SDAS
in GTD-222 Ni-based superal loy after melt ing/
solidification experiments displaying some well-aligned
SDAS; on the contrary, the secondary dendrites are disor-
dered. Along the axial direction, there is an obvious trans-
formation from the dendritic structure (Fig. 13a, b) to cellu-
lar growth (Fig. 13c, d) at a cooling rate of 10 °C/s

which means the microstructure is changed with the thermal
gradient increasing.

Fig 14(a, b) shows the variation of the secondary dendrite
arm spacing (SDAS) and microhardness of GTD-222 alloy
under different cooling rate along the axial direction. It turns
out that the maximum SDAS is 71.90 um at the section of
12 mm from the midsection, almost 1.5 times as much as it is
in the center, which is also accounting for the sharply chang-
ing of SDASwhile the thermal gradient exists.What’s more, it
can be seen that the SDAS trend to decrease with the cooling
rates increasing at the same section from the center of the
sample. Apparently, the hardness of the Victorinox is de-
creased along the axial direction because it is mainly governed
by the carbide. One possible reason may account for this phe-
nomenon. The carbide could not precipitate in time with the
sharp increment of the temperature gradient.

The relationship between the secondary dendrite arm spac-
ing (SDAS) and the temperature gradient (G) have been wide-
ly studied before [31]. Generally, the growth of the secondary
dendrite is accompanied by the grain coarsening, which seri-
ously affects the secondary dendrite arm spacing (SDAS).

Fig. 12 The dendritic
microstructure of the Gleeble
samples cooled at 5 °C/s from the
transversal section at a 0 mm, b 4
mm, c 8 mm, and d 12 mm,
respectively
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Melo et al. [32] quantitatively described the relationship be-
tween solidification parameters and secondary dendrite arm
spacing (SDAS) as follows:

λ2 ¼ 6:8
DΓ
GVK

� �1=3

ð5Þ

It indicates that the SDAS and the cooling rate (R = G × V)
obey the rule: λ2 ∝ R−1/3. Figure 15 presents the relationship
between the SDAS and (a) solidification rate and (b) cooling
rate, respectively. Fig 15(a) shows the SDAS of GTD-222 in
relation to solidification rate (V) has low convergence and R2

is 0.0941. However, the SDAS corresponding to cooling rate

Fig. 14 The distribution of a SDAS and b Vickers hardness along the axial direction at 0 mm, 4 mm, 8 mm, and 12 mm, respectively

Fig. 13 The dendritic
microstructure of the Gleeble
samples cooled at 10 °C/s from
the transversal section at a 0 mm,
b 4 mm, c 8 mm, and d 12 mm,
respectively
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R has a higher convergence and R2 has a value of 0.6651. The
regression equation for SDAS is:

λ2 ¼ 76:4747 GVð Þ−0:2926 ð6Þ

4 Conclusions

In this paper, a physical simulation has been conducted to
establish the solidification-microstructure relationship of
GTD-222 superalloy via a new high-efficiency method. The
following conclusions can be drawn:

1. The range of the cooling rate is 0.32 to 4.22 °C/s, which is
acquired from the turbine guide by simulation.
Furthermore, the range of the temperature gradient and
the solidification rates are 1.24 to 20.57 °C/mm and
0.05 to 1.78 mm/s, which is obtained by the high-
efficiency experiment.

2. The physics simulation can successfully predict the mi-
crostructure of solidified casting. The relationship be-
tween the microstructure and the macroscopic behavior
of the alloy are analyzed quantitatively and qualitatively.
The relationship between the SDAS and cooling rate
isλ2 = 76.4747(GV)−0.2926. The microhardness tends to
decrease along the axial direction.

3. With the increase of solidification rate, the response be-
havior of secondary dendrite arms spacing (SDAS) is sen-
sitive to the change of solidification parameters. The
SDAS of GTD-222 Ni-based superalloy transforms from
a dendritic structure to cellular growth for the
increasement of the temperature gradient.

4. A novel high-efficiency experiment method is proposed to
reproduce the conventional casting conditions by the prior
model of the numerical simulation and the physical simu-
lation, which can be also applied to other casting studies of
all kinds for the enhancement of time- and cost-saving.
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