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Abstract: The effect of melt superheating treatment on the solidification microstructure and mechanical
properties of the y' phase precipitation-strengthened K424 superalloy was investigated. Differential scanning
calorimetry (DSC) experiments were conducted to explore the influence of melt treatment temperature on the
undercooling of the superalloy. Additionally, pouring experiments were carried out to assess how alterations in
both the temperature and duration of melt treatment impacted the grain size, secondary dendrite arm spacing
(SDAS), elemental segregation, and mechanical properties of the alloy. Metallographic analysis, scanning electron
microscopy, energy dispersive spectroscopy (EDS) and Thermo-Calc software were employed for microstructure
characterization. The test specimens were subjected to tensile testing at room temperature and stress rupture
testing at 975 °C under 196 MPa. The findings reveal that appropriate melt treatment conditions result in decreased
grain size, refined SDAS, minimized elemental segregation, and significant improvements in mechanical
properties. Specifically, the study demonstrates that a melt treatment at 1,650 °C for 5 min results in the smallest
average grain size of 949 ym and the smallest SDAS of 25.38 um. Furthermore, the room temperature tensile
properties and creep resistance are notably affected by the melt treatment parameters. It is shown that specific
melt treatment conditions, such as holding at 1,650 °C for 5 min, result in superior room temperature strength and
extended stress rupture life of the K424 superalloy, while a balance between strength and stability is achieved at
1,600 °C with a holding time of 10 min. These findings offer guidance for optimizing the melt treatment parameters
for the K424 superalloy, laying a foundation for further investigations.
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demands on the performance of high-temperature

1 Introduction )

structural materials

Nickel-based polycrystalline superalloys are utilized Heat treatment processes can be utilized to enhance

in the production of aero-engine turbine blades due to
their substantial strength, excellent structural stability,
superior heat resistance, and lower production costs !,
However, technological advancements in the aerospace
industry have led to continuous enhancements in the
thrust-to-weight ratio and operating temperatures of

combustion chambers, thereby imposing more stringent
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the comprehensive mechanical properties of superalloys
by refining the as-cast solidification structure, reducing
segregation, promoting the precipitation of strengthening
phases, and thus achieving a uniform distribution of
solid solution strengthening elements and phases within
the matrix . Nevertheless, given that solidification
fundamentally involves a liquid-solid phase transition,
the impact of melt characteristics on the solidification
structure of castings should not be ignored. Research
results showed that the liquid metal consists of atomic
clusters with a specific number of nearest neighbors, and
these clusters exhibit a crystal-like structure, interspersed
with free atoms and electrons . The melt structures
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could be influenced by variations in melt temperature
these structural changes are proved through alterations in the
physical parameters of melt ""'*. The melt structure, which is
modified by melt superheating treatment, positively influences
the subsequently formed solidification microstructure, thereby
enhancing the comprehensive mechanical properties of alloy.
Kolotukhin et al. " and Tyagunov et al. "“ have demonstrated
that the melt structure undergoes alterations with an increase in
temperature, which can effectively refine the microstructure and
augment the mechanical properties of the superalloy. Jie et al. ')
investigated the solidification structure of IN718C superalloy
across melt treatment temperatures ranging from 1,380 °C
to 1,680 °C. The study revealed that higher melt treatment
temperatures corresponded to a marked reduction in grain size
and elemental segregation.

In summary, extensive research has been conducted to
examine the impact of melt temperature on the melt structure, as
well as the resulting alterations in microstructure and mechanical
properties of alloys after solidification. However, the influence
of melt treatment duration, a factor of equal significance,
has not been sufficiently explored. This study focuses on the
widely used material for high-pressure turbine blades, i.e., the
y' phase precipitation-strengthened K424 superalloy "®. The
influence of melt treatment temperature on the undercooling of
this superalloy was studied through DSC experiments. On this
basis, the effects of varying melt treatment temperatures and
duration on grain size, secondary dendrite arm spacing (SDAS),
elemental segregation, and mechanical properties were
investigated by pouring experiments. The findings of this study
assist in determining the optimal parameters for melt treatment
of the K424 superalloy, thus providing a foundation for
subsequent, more detailed research.

2 Materials and experiment

The material used in this study was the commercial K424
superalloy with a nominal chemical composition of
Ni-9.6Cr-13.5C0-0.8Nb-8.9Mo-1.4W-4.45Ti-5.58A1-0.17C
(percentage in weight). The DSC was employed to determine
the characteristic temperature and other relevant information
during the solidification process of K424 superalloy at varying
melt superheating treatment conditions. The DSC test scheme is
shown in Fig. 1.

A commercial alloy ingot weighing 5 kg was placed inside
an alumina crucible within a ZGW25B vacuum induction
melting furnace. The system was initially evacuated to a
pressure of less than 0.1 Pa. After that, the power was increased
until the desired melt treatment temperature (1,550 °C; 1,600 °C;
1,650 °C) was reached, which was then maintained for a
specified period (5, 10, 20 min). It should be noted that pouring
experiments at 1,650 °C were not carried out for durations of
10 min and 20 min due to two key factors: (1) longer exposure
increases the reaction between the melt and the crucible,
affecting the accuracy and reliability of results, and (2) extended
high-temperature operation increases the risk of equipment

damage. Following this, the temperature of the melt was rapidly
lowered to 1,450 °C and held for 5 min. Finally, the melt
was transferred into a corundum shell mould, preheated to
1,020 °C, within a span of 5 s. Table 1 lists the superheating
treatment parameters for the melt. To standardize the cooling
rate of the casting, the shell mould was embedded in sand,
mitigating the impact of external environmental temperature
fluctuations. Figure 2 presents the schematic illustration of the
shell mould used in investment casting and the test specimen
of K424 superalloy.

T: 1450 °C/1500 °C/1550 °C/1580 °C/1600 °C, 1 min

10 K-min"'

Temperature (°C)

v

Time (min)

Fig. 1: DSC schematic diagram

Table 1: Parameters of melt superheating treatment

Superheating Duration Pouring Pouring
temperature (°C) (min)  temperature (°C) time (s)
5
1,550 10
20
5) 1,450 <5
1,600 10
20
1,650 5

Test specimen

Fig. 2: Schematic diagram of the shell mould and test
specimen
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Following the sandblasting process to eliminate the residual
shell mould on the casting surfaces, the test specimens were
subsequently cut from the casting assembly. Tensile tests
were conducted at room temperature, and stress rupture tests
were performed at 975 °C and 196 MPa, in accordance with
the Chinese National Military Standard GJB 5512.1-2005.
Considering the variability in test outcomes, four test specimens
were taken from each module. Of these, two were subjected to
room temperature tensile testing, while the other two underwent
stress rupture testing. The procedures for both room-temperature
tensile testing and high-temperature creep testing followed the
National Standards GB/T 228.1-2020 and GB/T 2039-2012,
respectively.

The samples for metallographic analysis were sectioned
transversely from the test specimens. Following grinding and
polishing, samples were chemically etched with a solution
composed of 1.5 g CuSO,, 40 mL HCIl, and 20 mL C,H;OH. A
stereomicroscope, an optical microscope (OM, ZEISS Axio Vert. A1),
and a scanning electron microscope (SEM, EVO MA25) were
utilized to examine the solidification microstructures. The
grain size on the cross-section was measured using standard
quantitative metallographic techniques, and the SDAS was
measured using the line intercept method. The SDAS (4,) was
calculated using the equation: A4,=Il/n, where [ is the length of the
measured line, and # is the number of dendrite arms intersecting
the line. At least five measurements were taken from different
regions of each sample to ensure statistical reliability. The
average SDAS and standard deviation were calculated. EDS
was employed to semi-quantitatively analyze the chemical
composition in the interdendritic regions and dendritic arms.
For each area, at least three points of measurement were
selected to ensure accuracy and reliability in the results.

3 Results

3.1 Microstructures of K424 superalloy

Figure 3 illustrates the microstructure of the K424 superalloy,
which has been subjected to a melt treatment at 1,600 °C for
5 min. The element distribution within the microstructure
of the alloy was analyzed utilizing the energy dispersive
spectroscopy (EDS) mapping, and the results are shown
in Fig. 4. It can be seen that the K424 superalloy primarily

consists of the y phase, y' phase, a sunflower-like y+y' eutectic,
and MC carbides. It should be noted that certain elements,
including Ti, Nb, and Mo, that segregate significantly to the
interdendritic region, are also major components of carbides.
Conversly, it can be observed that Cr and Co are not the main
components of the carbides. As shown in Fig. 4, the brightness
of the area surrounding the interdendritic carbides is slightly
higher than that of the dendritic arms, indicating that Cr and
Co exhibit weak segregation in the interdendritic areas. To
further clarify the composition of the solidified microstructure
of the K424 superalloy, the Thermo-Calc software (Version
2019b) was utilized to calculate the fraction of the main
phases at equilibrium conditions, as shown in Fig. 5. It is
evident that the calculated results are essentially consistent
with the experimental results except for the absence of ¢ phase
and M,,C, carbides in the specimens, as well as the (y+y")
eutectic structure in the calculated results. This discrepancy
can be attributed to the difference between equilibrium
cooling conditions and the actual cooling rate of the casting
experiment, which varies the solidification process.

3.2 Grain size

Figure 6 illustrates average grain size of the as-cast
solidification structure of K424 superalloy under various melt
superheating conditions. The as-cast grains are predominantly
equiaxed, but columnar grain structures are visible in the
edge region of the samples after a treatment at 1,650 °C for
a duration of 5 min. Moreover, the size of equiaxed grains in
the central region at this treatment condition is smaller than

Fig. 3: SEM microstructure of the K424 superalloy

Al Ti Cr
Nb Mo W

Fig. 4: EDS mapping results of as-cast microstructure of K424 superalloy
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Fig. 5: Calculated fraction of phases as a function of
temperature in K424 superalloy
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their counterparts at other superheating conditions. The average
grain size initially decreases and then increases with increased
treatment time at a melt superheating condition of 1,550 °C. The
size is 2,466 pum after holding for 5 min, reduces to 2,138 um
after 10 min, and finally increases to 2,590 um after 20 min.
At a superheating condition of 1,600 °C, the trend of grain size
change is the same as that at 1,550 °C. The smallest average
grain size of 1,582 pm is achieved after holding for 10 min.
The average grain size, following a 5 min melt treatment,
progressively decreases as the melt treatment temperature
increases. The smallest average grain size of 949 pum is
recorded at 1,650 °C for a duration of 5 min.

2590 pm

1656 ym

Fig. 6: Grain size of K424 superalloy superheated at different conditions; (a) 1,550 °C, 5 min; (b) 1,550 °C, 10 min;
(c) 1,550 °C, 20 min; (d) 1,600 °C, 5 min; (e) 1,600 °C, 10 min; (f) 1,600 °C, 20 min; (g) 1,650 °C, 5 min

The experimental findings indicate that a suitable extension
of the melt treatment duration, coupled with an elevation
in treatment temperature, can result in a reduction in grain
size. This, in turn, contributes to the enhancement of the
comprehensive mechanical properties of the K424 equiaxed
grain nickel-based cast superalloy.

3.3 Secondary dendritic arm spacing

Figures 7 and 8 illustrate the dendritic morphology and
average SDAS of the K424 superalloy under various melt
treatment conditions. In general, SDAS tends to decrease as the
melt treatment temperature increases with the same treatment
duration. At a treatment temperature of 1,550 °C, SDAS
increases from 46.05 um after a duration of 5 min to 52.44 um
after 10 min, but decreases to 41.78 pm after 20 min. At a
treatment temperature of 1,600 °C, SDAS diminishes from
38.88 pm after a duration of 5 min to 31.76 pm after 10 min,
and then ascends to 34.10 um after 20 min. The minimum
SDAS of 25.38 um, is recorded at a superheating temperature
of 1,650 °C for a duration of 5 min. These findings indicate

that melt treatment temperature exerts a more pronounced
influence on SDAS compared to treatment duration.

3.4 Element segregation

The redistribution of solute elements during solidification
significantly influences the segregation behavior. The
segregation coefficient &; serves as a useful metric to quantify
the degree of solute element segregation. In this research, the
segregation coefficient £; is defined as the element content ratio
between the interdendritic region and dendritic arm.

Figure 9 shows the solute segregation coefficient of K424
superalloy at different melt superheating conditions. Figure 9
illustrates that the segregation coefficient k; of Al and W
elements is less than 1, suggesting these elements segregate to
the dendritic arm. Conversely, the segregation coefficient ; of
Ti, Cr, Co, Nb, and Mo elements exceeds 1, signifying their
segregation to the interdendritic region. Among all elements,
Nb has the highest degree of segregation. As shown in Fig. 9(a),
an increase in melt treatment temperature typically reduces the
segregation degree of each element. However, the segregation
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Fig. 7: Secondary dendrite morphology of K424 superalloy superheated
at different conditions: (a) 1,550 °C, 5 min; (b) 1,550 °C, 10 min;
(c) 1,550 °C, 20 min; (d) 1,600 °C, 5 min; (e) 1,600 °C, 10 min;

(f) 1,600 °C, 20 min; (g) 1,650 °C, 5 min

coefficients of Al and Cr elements rise at 1,650 °C compared 80 s
to 1,600 °C, which may be caused by changes in the melt I 10 min

structure due to the consumption of each melt elements at high 20 min
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o
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superheating temperature. Figure 9(b) illustrates the change of
element segregation coefficient with treatment time at the melt
treatment temperatures of 1,550 °C and 1,600 °C. As treatment
time and temperature increase, the segregation coefficient of each

element progressively gets closer to 1, although the pace of this i

SDAS (um)
N
o

N
o
T

convergence slows down over extended periods. This suggests
that prolonging treatment time aids in achieving a uniform element

distribution, consequently leading to a more homogeneous melt 0

1550 1600 1650
Temperature (°C)

Fig. 8: SDAS of K424 superalloy superheated at different
melt treatment conditions

structure. However, the impact of this process diminishes over
time. The segregation coefficient of the W element is considerably
influenced by temperature, whereas those of Nb and Ti elements
are predominantly affected by treatment time.
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Fig. 9: Segregation coefficient of elements in K424 superalloy superheated at different conditions: (a) at temperatures of
1,550 °C, 1,600 °C, and 1,650 °C for a duration of 5 min; (b) at temperatures of 1,550 °C and 1,600 °C for a duration of
5,10, and 20 min, respectively
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3.5 Mechanical properties

Figure 10 shows the mechanical properties of K424 superalloy
at varying melt treatment conditions, assessed at room
temperature. An analysis of Figs. 10(a) to (c) reveals that all
mechanical properties initially increase and then decrease with
extended melt treatment time across different temperatures.
At a treatment temperature of 1,550 °C, the yield and tensile
strengths reach their peak values of 760.5 MPa and 917.5 MPa,
respectively, after a holding time of 10 min. Concurrently,
the elongation and area reduction reach their maximum
values of 13.5% and 20.5%, respectively. When the treatment
temperature rises to 1,600 °C, both the yield and tensile
strengths reach their maximum values also after a holding time

of 10 min. The yield strength peaks at 795 MPa, while the
tensile strength reaches a maximum of 960 MPa. After holding
for 10 min, the elongation and area reduction are relatively
higher, which are 13.5% and 19.25%, respectively. It can be
seen from the standard deviation that the property stability
after treated at 1,600 °C is better than that treated at 1,550 °C.
At the highest treatment temperature of 1,650 °C, the yield
and tensile strengths reach their overall maximum values of
852.5 MPa and 1,007.5 MPa, respectively, after holding for
5 min. However, the standard deviation of yield strength is also
the largest, indicating a compromised strength stability. The
elongation and area reduction are lower at this temperature.

(a) 1100 Yield strength  [Hll 1550 °C [l 1600 °C (b) — Elongation [l 1550 °C [l 1600 °C (C) 1050 30 .
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and at 1,650 °C for a duration of 5 min (c)

In conclusion, the mechanical properties of the alloy at
different treatment conditions exhibit a mix of strengths and
weaknesses. Choosing the right treatment conditions requires
a careful balance between the significance and stability of each
property index, tailored to meet the specific demands of the
intended application. For instance, a treatment at 1,650 °C for
5 min may be chosen for high strength, whereas a treatment
at 1,600 °C for 10 min may be preferable for superior overall
performance and stability.

Figure 11 depicts the stress rupture life of the K424
superalloy subjected to various melt treatments, tested under
conditions of 975 °C and 196 MPa. Firstly, the melt treatment
temperature significantly affects the stress rupture life of the
K424 superalloy. With a treatment duration of 5 min, the
stress rupture life substantially increases as the melt treatment
temperature rises. When the treatment temperature is raised
from 1,550 °C to 1,600 °C, the stress rupture life increases
from 37.30 h to 44.11 h, and further increasing the temperature
to 1,650 °C boosts the stress rupture life to 51.40 h. This
indicates that within this temperature range, the durability
of alloy is enhanced. Secondly, the melt treatment time also
exerts a certain effect on the stress rupture life. The stress
rupture life initially increases and then decreases with the
extension of the melt treatment time. Taking the treatment
temperature of 1,550 °C as an example, as the melt treatment
time increases from 5 to 10 min, the stress rupture life slightly
increases from 37.30 h to 37.64 h. However, when the melt
treatment time extends to 20 min, the stress rupture life reduces

g. 10: Mechanical properties of K424 superalloy at 1,550 °C and 1,600 °C for a duration of 5, 10, and 20 min (a)-(b),

to 35.09 h. This suggests that excessively long melt treatment time
may lead to the degradation of material’s properties. This trend
is more pronounced at the treatment temperature of 1,600 °C.
Furthermore, when treated at 1,550 °C and 1,600 °C, as the melt
treatment time is extended from 5 min to 20 min, the standard
deviation of stress rupture life shows an overall decreasing
trend. Therefore, considering the standard deviation level of
stress rupture life, extending the melt treatment time appears to
be beneficial for enhancing the stability of durability.

In conclusion, the melt treatment temperature and the holding
time are crucial factors influencing the stress rupture life of
the K424 superalloy when tested under conditions of 975 °C
and 196 MPa. Appropriate melt treatment temperatures and
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Fig. 11: Rupture life of K424 superalloy superheated at
different melt superheating conditions
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holding times can improve the stress rupture life of superalloy.
Additionally, the standard deviation of the data indicates that
the effect of treatment conditions on the consistency of stress
rupture life is also an important consideration. Therefore, when
optimizing the melt treatment process for K424 superalloy,
both the stress rupture life and its consistency should be taken
into account to ensure the reliability and stability of material
performance.

4 Discussion

4.1 Influence of melt superheating on
solidification characteristics and
microstructures of K424 superalloy

Figure 12(a) reveals the solidification characteristic parameters
of the alloy at various melt treatment conditions, thereby
determining the nucleation undercooling and solidification range
for the respective melt treatment scenarios. Figure 12(b) reveals
that as the melt superheating temperature rises from 1,450 °C
to 1,600 °C, the nucleation undercooling of the melt escalates
from 5.28 °C to 23.72 °C, while the solidification range narrows
from 9.02 °C to 6.08 °C. Notably, the nucleation undercooling
exhibits a modest increase between 1,450 °C and 1,500 °C,
but it surges markedly from 1,500 °C to 1,600 °C. The sudden
increase or decrease in the level of undercooling indirectly
reflects the changes in the cluster structure within the alloy
melt ). These structural changes significantly affect the
solidification characteristics, providing an essential basis for
adjusting the microstructure and properties of the melt. Many
researchers ™ '* ' have investigated the structure of superalloy
melts, their characteristics, and solidification behavior
in relation to superheating temperature. The existence of
two distinct anomalous temperatures, i.e., the first critical
temperature (Tanl) and the second critical temperature (Tan2),
marks the transitions in the structure of superalloy melts. Close
to the liquidus temperature, nickel-based superalloy melts
exhibit Niy(Al, Ta) type cluster structures, along with refractory
particles such as carbides and nitrides. Upon heating to the
critical temperature Tan1, the medium-range ordered Ni;(Al, Ta)
clusters undergo a transition to short-range ordered structures.

(a) os
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~ 02 ) .
2
- 0.0 Cooling
g
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0-04f ——1500 °C
—— 1550 °C
06} ——1580 °C
——1600 °C
-0.8 1 1 1 1 1
1260 1280 1300 1320 1340

Temperature (°C)

Concurrently, refractory particles with sizes ranging from
1 to 10 nm dissolve and form new multicomponent clusters,
resembling Ni;(Al, Ta) type clusters. As the temperature of
melts approaches Tan2, these multicomponent cluster structures
disintegrate, leading to a more homogenous melt structure
and composition. For the K424 superalloy in this study, Tanl
could be determined to be about 1,500 °C, while Tan2 could be
confirmed to be above 1,600 °C [Fig. 12(b)]. This signifies a
substantial change in the melt structure of K424 superalloy at
temperatures exceeding 1,500 °C, highlighting the crucial role of
superheating the alloy within this specific temperature range.
The effect of melt treatment temperature on grain size can
be explained by the classical nucleation theory. According to
the classical nucleation theory, the critical nucleation size and
the corresponding critical nucleation energy and nucleation

rate can be expressed as follows ™

S 20T, (1)
AH AT
. 16nc’T?
T 3AHZAT? @)
\%
] = K .o MGVKT o=Q/kT (3)

where 7 is the critical nucleation radius, m; o is the liquid-solid
interface energy per unit area, J-m™; T, is the melting
temperature of metal, K; AH, is the melting enthalpy per unit
volume of melt, J-m™; AT is nucleation undercooling, K; AG"
is the critical nucleation work, J-m™; K is the proportional
constant, s'-m”; [ is the nucleation rate, s'-m™; k is Boltzmann
constant; T is nucleation temperature, K; and Q is the diffusion
activation energy of metal atoms through the solid-liquid
interface, J'm”.

Equations (1) through (3) demonstrate that an increase in
nucleation undercooling reduces the critical nucleation radius
and energy, thereby enhancing the nucleation rate and eventually
leading to an increase in the number of grains. Within a given
solidification region, the more grain number results in a reduction
of individual grain size, contributing to a grain refinement effect.

Secondary dendritic arm spacing is a significant parameter
that characterizes the solidification structure. According to

(b) 30 10
—a— Undercooling
—e— Solidification range
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Fig. 12: (a) DSC curves at various melt treatment temperatures; (b) undercooling and solidification range based on

the DSC findings
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the Kurz-Fisher model, secondary dendrite arm spacing (1,) is
correlated with the non-equilibrium solidification temperature

range, as described by the following equation "'”:

1/3
A =55 [M A—T'j )]
T
where M is a coefficient related to the alloy composition, which
varies minimally and is typically regarded as a constant; AT"
is the non-equilibrium solidification range, K; 7 is the cooling
rate, K's™. In this research, the raw materials originate from a
single batch, and the cooling rate for each experimental group
is uniformly maintained, therefore, 7" can be allowed to treat
as invariable constants. Consequently, it can be concluded
from Eq. (4) the secondary dendrite arm spacing 4, decreases
as AT" decreases. The study reveals that as the melt treatment
temperature increases, the solidification range decreases,
as depicted in Fig. 12(b). This trend explains the observed
variations in the size of the secondary dendrites illustrated in
Fig. 8.

It is important to recognize that the duration of melt
treatment also influences the alteration of the melt structure.
The transformation of certain cluster structures and the
breakdown of particles within the melt necessitate a specific

duration of holding time, which is calculated as follows "

o [0(1+ﬂ)}23

t, = k 5
0 6w’ Dp| L(1+k) | ©)

where ¢ is the holding time required for melt treatment, s;
is the radius of the unmelted particles in the melt, m; D is the
diffusion coefficient of particles in the melt, m’s™”; o is the
surface energy, J-m™; f is the dimensionless structure coefficient
(p=L\/CT,, where L,, is the atomic heat of crystallization,
T-mol™; C is the atomic heat capacity of the melt, J K mol™;
T, is the overheating temperature, K); k; is the temperature
criterion, k=T,/AT (where AT is the undercooling, K);
k is a dimensionless coefficient, k&=k./f; L is the product of S,,
by 7, (S,, is the entropy of melting, J-m>-K™).

According to Eq. (5), the dissolution time of unmelted
particles within the melt correlates with the surface tension,
diffusion coefficient, supercooling degree, and additional physical
parameters, all of which are intricately linked to the chemical
composition of melt. If the melt treatment duration exceeds
the time necessary for the unmelted particles to dissolve, these
particles can be essentially fully dissolved in the melt.

4.2 Influence of melt superheating on solute
partition coefficient of K424 superalloy

The variation in elemental segregation in K424 nickel-based
superalloy is predominantly attributed to the melt superheating
treatment. This process results in modifications in the melt
structure, affects the arrangement of atoms within the melt,
and consequently leads to changes in the distribution of solute
elements within melt prior to solidification. Moreover, the
melt treatment enhances the diffusion of elements within the
solidified alloy, and the diffusion coefficient can be determined

by the Arrhenius equation '

D=Dye ¢’k (6)

where D, is the pre-exponential factor, m*s™; Q is activation
energy, J; ky is the Boltzmann constant, J'’K'; and T is the
absolute temperature, K.

DSC results in Fig. 12(a) reveal that an increase in melt
treatment temperature causes a leftward shift in the curve,
signifying a decrease in the nucleation temperature of the K424
alloy. Extending the melt treatment duration appropriately
enhances the homogenization of the melt composition
without depleting elemental content, consequently increasing
undercooling and further lowering the nucleation temperature.
Fredriksson et al. "' suggests a liner relationship between the
activation energy and the nucleation temperature of an alloy: A
reduction in the nucleation temperature means a concomitant
decrease in activation energy. As assumed in Eq. (6), a
diminished activation energy results in an augmented diffusion
coefficient of atoms, which in turn improves their diffusion
rate within the solid phase matrix and mitigates elemental
segregation. Therefore, optimal melt treatment conditions,
in terms of both temperature and duration, are crucial for
achieving a homogenized melt structure. They also play a vital
role in facilitating elemental diffusion in the solidified alloy,
thereby reducing the potential for elemental segregation.

4.3 Influence of melt superheating on
mechanical properties of K424 superalloy

Tensile properties at room temperature and stress rupture life
are crucial parameters for assessing whether K424 superalloy
satisfies usage requirements. The influence of grain size on
the mechanical characteristics of alloys has been a subject of
interest for decades. In the 1950s, Hall and Petch introduced
the Hall-Petch relationship, derived from their studies on

low-carbon steel 2% 1:

o=0,+Kd"? (7)

where ¢ is the yield strength of the metallic material; g, is the
frictional resistance of the grain against dislocation movement;
K, is the level of stress concentration at the grain boundary
caused by dislocation accumulation, which correlates with
the number of effective slip systems; d is the grain diameter.
Equation (7) illustrates the quantitative correlation between
grain size and yield strength. As the grain is refined, the yield
strength of the material enhances, concurrently boosting the
tensile strength, as depicted in Figs. 6 and 10. However, this
study reveals that while the strength of the alloy is enhanced,
the corresponding plasticity diminishes to various extents.
Nevertheless, Eq. (7) does not pertain to the deformation
behavior of polycrystalline alloys across all temperature ranges.
The influence of grain size on the tensile strength of nickel-
based polycrystalline alloys during creep varies between
medium temperatures (700 °C to 900 °C) and high temperatures
(above 900 °C) . The study of Du et al. ** demonstrates that
at 760 °C, cracks propagate transgranularly. At this temperature,
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Fig. 13: As-cast morphologies of y' phase at different melt superheating conditions

260



Research & Development CHINA FOUNDRY

Vol. 22 No. 3 May 2025

the grain boundary strength surpasses the intragranular strength,
leading to plastic deformation primarily through intragranular
slip system activation. Consequently, a smaller grain size results
in shorter slip band lengths, more uniform deformation within
grains, easier coordinated deformation among grains, and
enhanced creep resistance . In contrast, at 950 °C during creep,
cracks exhibit an intergranular fracture pattern, with plastic
deformation localized at the grain boundaries, indicative of a
pronounced grain boundary slip mode . Even beyond 900 °C,
the stress rupture life of the K424 superalloy is prolonged as the
grain size diminishes, suggesting that grain size is not the sole
determinant of stress rupture life. The improvement of element
segregation may be one of the factors to improve the stress
rupture life. The uniform distribution of atoms in the matrix may
improve the properties of grain boundary carbides, subsequently
strengthen the grain boundary and ultimately improving the
stress rupture life. However, this hypothesis requires further
investigation and research to validate.

Moreover, the size of the y' phase in nickel-based superalloys
is crucial for augmenting their high-temperature mechanical
performance “%. Reducing the y' phase size and increasing
its content not only significantly improves the yield strength
of nickel-based superalloys ", but also extends their
creep rupture life ®***. Figure 13 illustrates the morphological
characteristics of the y' phase in the K424 as-cast structure under
varying melt treatment conditions. In general, the trend exhibited
by the size of the y' phase with respect to melt treatment
temperature and duration aligns with the trends observed in grain
size under similar conditions. This correlation can be ascribed
to the influence of melt treatment on the nucleation and growth
processes of the y' phase. The melt treatment affects the size of
the y' phase, and the variations in its size significantly affects
the mechanical properties of the alloy *"****. Additionally,
Fig. 13 reveals that the y' phase within the interdendritic regions
is typically larger than that within the dendrite. This discrepancy
is due to higher supersaturation levels in the interdendritic regions
during the solidification of alloy melt, promoting preferential
nucleation of the y' phase in these areas ”*'. Consequently, the
y' phase in the interdendritic regions has more space to grow,
resulting in larger sizes. These findings are in agreement with
those reported in Ref. [36]. Furthermore, as the melt treatment
temperature rises, the size disparity of the y' phase between
dendrites and interdendritic regions diminishes. This indicates
that melt treatment enhances the elemental distribution within
the melt. Such treatment not only influences grain nucleation
but also the nucleation of the y' phase, thereby improving
the alloy’s mechanical properties through microstructural
refinement and homogenization.

5 Conclusions

The impact of melt superheating temperature on the nucleation
undercooling of K424 superalloy was examined through DSC
analysis. The influence of superheating temperature and its
duration on the alloy's solidification structure and mechanical

properties was further explored through casting experiments.
The effects of various melt treatment conditions on grain size,
secondary dendrite arm spacing, elemental segregation, and
mechanical properties were also analyzed. The main findings
are summarized as follows:

(1) The temperature of the melt superheat treatment exerts
a significant impact on the characteristic temperature of
the K424 superalloy. As the melt superheating temperature
increases from 1,450 °C to 1,600 °C, the nucleation
undercooling of the melt correspondingly rises from 5.28 °C to
23.72 °C.

(2) The grain size in the as-cast solidification structure of
K424 superalloy can be effectively controlled by adjusting
the melt superheating time and temperature. It has been
demonstrated that the smallest average grain size of 949 um can
be achieved with a melt superheating treatment at 1,650 °C for
5 min.

(3) The influence of the melt treatment temperature on
SDAS is markedly more significant than that of the treatment
duration. The smallest recorded SDAS, measuring 25.38 pm,
is detected when the superalloy is subjected to a melt treated at
1,650 °C for a duration of 5 min.

(4) The segregation of Al and W elements occurs in the
dendrite arm, while Ti, Cr, Co, Nb, and Mo elements are
segregated in the interdendrite region. With the increase
of melt treatment time, the segregation coefficient of each
element gradually tends to 1, but the rate of convergence
slows down. At a melt treatment temperature of 1,650 °C, the
segregation coefficients for Al and Cr elements rise, potentially
owing to alterations in the melt structure and the consumption
of these elements at elevated superheat temperatures.

(5) The mechanical properties and stress rupture life of
K424 superalloy are significantly influenced by melt treatment
temperature and holding time. Optimal mechanical strength
is achieved at 1,650 °C with a short holding time of 5 min,
while a balance of strength and stability is found at 1,600 °C
with a holding time of 10 min. The stress rupture life increases
with temperature up to 1,650 °C with a holding time of 5 min.
However, both strength and stress rupture life can degrade
with an excessive holding time. Consistency in properties, as
indicated by standard deviations, also varies with treatment
conditions, highlighting the need for careful selection of
temperature and time to balance performance and reliability.
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