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Abstract: In this paper, the effects and the mechanisms of melt superheating treatment (MST) on a
directionally solidified alloy were investigated. The mass loss rate of the superalloy becomes severe
as the MST temperature rises. The chromium, tantalum, and hafnium are the primary evaporation
elements during MST. As the MST temperature increases from 1500 to 1600 ◦C, the secondary dendrite
arm spacing is reduced by 13.3%, and the average size of γ′ particles are reduced by 11.5% and
18.2% in the dendrite core and inter-dendritic area, respectively. The content of oxygen and nitrogen
gradually reduces with the increase in the MST temperature. However, the sulfur content is not
significantly affected by the MST temperature. The essential cause of γ′ phases transition is supposed
to be the MST-induced changes in solute distribution and the decomposition of atomic clusters. In
addition, the nitrides and Ti (N, C)-type carbides are continuously dispersed as the MST temperature
increases, which promotes the removal of nitrogen impurities.

Keywords: melt superheating treatment; vacuum induction melting; composition; microstructure;
impurity; superalloy

1. Introduction

The development of aero-engines and gas turbines requires higher inlet temperatures
at the front end of the turbine to increase thrust and efficiency. Accordingly, higher demands
are put forward for superalloys and manufacturing processes. At present, directionally
solidified superalloys are widely used in the manufacture of modern aircraft engines, such
as turbine blades and guide blades [1–3].

The harsh operating conditions of aero-engines impose more stringent requirements on
the performance of directionally solidified superalloy parts. Studies have shown that changes
in the parameters of the alloy casting process also affect the properties of the alloy [4–6]. Since
the beginning of the 20th century, the superheating treatment of alloy melts has been found
to be effective in reducing element segregation, decreasing dendrite arm spacing, increasing
the amounts of precipitation phases, and improving the size and distribution of precipitation
phases. As a result, it helps enhance the properties of alloys [7–9].

Recent studies have shown that MST (melt superheating treatment) can not only
optimize the microstructure of the alloy, but also improve the purity of the alloy [10–12].
Pei and Tian [10] studied the variation of nitrogen content in a nickel-based alloy after a melt
superheat treatment at different temperatures. Under the same casting temperature and
mold shell temperature, increasing the MST temperature can promote the denitrification of
the alloy. The experimental values are well matched with the theoretical predictions. For
alloys requiring a liquid–solid phase transition, the state of the alloy in the liquid phase
can have a significant impact on the subsequent solidification structure and solidification
process [13–16]. Therefore, the melt superheating temperature is a vital factor affecting
the properties of the superalloy, which will affect the metallurgical quality and even
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eliminate the heritability of the alloy structure. Zhang et al. [17] investigated the effect of
the melt characteristics on the mechanical behavior of the DD3 nickel-based single-crystal
superalloy. The results show that the superheating treatment can improve the stress rupture
performance under 1040 ◦C/190 Mpa. The segregation of titanium, molybdenum, and
tungsten in dendrite areas is reduced greatly under MST treatment, and, thus, the stability
of the γ′ rafts increases significantly.

In conclusion, metallurgical quality and service performance can be effectively im-
proved by MST of superalloys [18,19]. However, there are few relevant studies on the
aspect of MST on the purification behavior of superalloys. MST is an economical and
simple way to treat alloys. It is of great significance to study the effect of MST treatment on
the removal of impurity elements. Therefore, the impact of MST on the microstructure and
purification behavior of a superalloy prepared by directional solidification was studied in
this paper, and the influencing mechanisms were also revealed.

2. Materials and Methods
2.1. Alloys and Pretreatment

The alloy studied in this paper is a directionally solidified superalloy. It exhibits
exceptional comprehensive properties and remarkable high-temperature creep resistance,
rendering it suitable for the fabrication of gas turbine rotor blades operating at temperatures
below 1000 ◦C as well as other high-temperature components functioning below 1050 ◦C.
The compositions of the raw material are shown in Table 1, which are prepared by the
traditional vacuum induction melting (VIM) process.

Table 1. The content of alloy elements in the raw material (wt.%).

Ni Cr Co Al Ti W Mo Ta Hf

Nominal Bal. 8.4–9.4 9.5–10.5 4.8–5.4 0.7–1.2 6.5–7.5 1.5–2.5 3.5–4.4 0.9–1.8
Raw material 59.69 9.31 10.01 5.14 0.94 7.23 2.13 4.38 1.11

The raw material was cut into three groups using wire cutting equipment and used
for the melting experiment. The grinding prototype is used to remove the oxide skin
and the wire cutting contamination layer from the surface of the raw material, so as to
prevent the introduction of external impurity elements and other pollutants during the
experiment. The obtained samples were placed in alcohol for ultrasonic cleaning for 15 min
and thoroughly dried in a drying oven at 70 ◦C. After being weighed on an electronic scale,
the raw materials were placed in alumina crucibles for melting.

2.2. Melt Superheating Treatment

Figure 1a is a schematic diagram of the melting equipment in this experiment. The
equipment mainly consists of electrical control system, vacuum system, melting system,
and water-cooling system. The equipment is heated by high-frequency power supply, and
the temperature in the melting process can be adjusted by controlling the heating power.
The vacuum system can maintain the ultimate vacuum of the melting process at 4× 10−2 Pa.
Figure 1c shows the flow chart of MST by vacuum induction melting. The melting point of
the DZ125 alloy is 1295–1377 ◦C. To investigate the impact of MST on the microstructure
and purity of the DZ125 alloy, MST temperatures that are at least 50 ◦C higher than
the maximum temperature used in traditional vacuum induction melting processes for
DZ125 alloy have been selected, namely, 1500 ◦C, 1550 ◦C, and 1600 ◦C. The alloy raw
materials were individually heated by the melting system from room temperature to a set
superheating temperature and retained for 20 min. Then, the vacuum induction melting
temperature was reduced to 1450 ◦C and kept for 10 min. Subsequently, the induction
coil was slowly pulled upwards by 20 cm at a speed of 3 µm/s, until the underside of the
induction coil was placed above the upper part of the ingot. During the slow raising of
the induction coil, the power of the electronic control system gradually dropped to zero.
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Until the ingots were completely solidified, the argon valve and the vacuum valve were
closed. When the temperature was reduced to about 200 ◦C, the ingots were taken out for
subsequent testing.
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Figure 1. The schematic diagram of (a) vacuum induction melting equipment; (b) the process flow of
MST; (c) the sampling positions of different characterization methods.

2.3. Materials Characterization

The ingots obtained by the MST experiments were weighed with an electronic balance.
The electrical discharge machining was used to cut the ingot into two parts along the height
direction. One part of the ingots was used to characterize the macrostructure, while the other
part was used to detect the composition, purity, and microstructure of the alloy. The samples
for macrostructure observation were ground and polished, followed by etching in a solution
composed of 20 g CuSO4·5 H2O + 5 mL H2SO4 + 100 mL HCl + 80 mL H2O. The macrostruc-
tures were then obtained using the DS-1630 S4-type HD scanner. The macrostructures were
then rendered employing the Photoshop 2018 software. The sampling for composition
analysis was performed at the position marked by the red frame in Figure 1c. The dimen-
sion of the samples was 15 × 15 × 10 mm3, in which a circular region with diameter of 10
mm was used to detect the average alloy composition by X-ray fluorescence spectrometer
(XRF, Axios, PANalytical B.V., Almelo, The Netherlands). The surfaces of the samples were
ground and polished, and then ultrasonic cleaned with deionized water before detection.

The yellow dots in Figure 1c represent the positions where the secondary dendrite
arm spacing was measured with metallographic microscopy (OM, Axioscope 5, ZEISS
Oberkochen, Germany). The measurement of dendrite spacing was carried out by selection
of the evenly spaced secondary dendrites from the metallographic photos. The length of
more than ten consecutive dendrites was subsequently measured, employing the Image-Pro
Plus 6.0 analysis software. According to this method, the average secondary dendrite arm
spacing of ten different locations were measured. Similarly, the size and distribution of γ′

particles in the alloy were captured using the scanning electron microscope (SEM, SU5000,
HITACHI, Tokyo, Japan). The commercial Photoshop software was used to render the γ′

particles in inter-dendritic region and dendrite cores with different colors. The average size
of γ′ particles were then measured using the above-mentioned Image-Pro analysis software.

Lastly, for the purpose of characterizing the purity of the MST-prepared ingots, speci-
men rods with dimensions of ϕ 5 × 5 mm were prepared by electrical discharge machining
at the location marked by the green area in Figure 1c. The impurity contents of different
MST ingots were tested by the oxygen and nitrogen analyzer (TC-436 AR, ELTRA, Frank-



Crystals 2023, 13, 1632 4 of 14

furt, Germany). An infrared carbon and sulfur analyzer (CS-3000G, NCS, Beijing, China)
was used to measure the sulfur content with the accuracy of 0.0001 wt.%.

3. Results and Discussion
3.1. Effect of MST on the Volatilization Behavior of Alloy Elements

Based on the mass difference before and after vacuum induction melting, it is possible
to deduce the mass loss rate of the alloys subjected to MST at different temperatures. The
mass loss ∆m is given in Equation (1), while the mass loss rate ζ after the MST can be
determined using Equation (2), which is described as:

∆m = mb −ma, , (1)

ζ =
∆m
mb
× 100%, , (2)

where mb is the mass of the ingot before MST and ma is the ingot mass after MST. The
calculated mass loss rates of alloys processed at different MST temperatures are shown in
Figure 2a. From the diagram, it can be noted that the mass loss rate of the alloy tends to
increase with the elevation of the MST temperature. The mass loss rate of ingot is 0.16%,
0.37%, and 0.69% when the MST temperature is 1500 ◦C, 1550 ◦C, and 1600 ◦C, respectively.
The mass loss rates for the alloy treated with different MST temperatures were fitted to a
curve. It is indicated that the mass loss rate follows a linear relationship with the increase
in the MST temperature. The fitted relation can be described as y = 0.00532x − 7.84228, in
which R2 is determined as 0.9838.
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superheating treatment) temperatures.

The compositions of the three groups of ingots subjected to MST are shown in Table 2
and Figure 2b. As can be seen from Table 2, the mass fractions of chromium, tantalum,
and hafnium in the alloy decrease after MST. The mass loss of chromium, tantalum, and
hafnium becomes more severe with the increase in MST temperature. The mass fraction
of Ni increases with the MST temperature; however, the concentration of other elements
does not vary significantly. The evaporation loss of alloy elements, especially Cr, is much
greater than that of the base element with the increase in MST temperature, which results
in an increase in the mass fraction of nickel. As the MST temperature increases to 1600 ◦C,
the mass fraction of chromium decreases to 8.85 wt.%, which decreases by 4.9% compared
with the raw material. In addition, the content of Ta and Hf were reduced by 4.3% and
1.6%, respectively, after the melt superheat treatment at 1600 ◦C, in comparison with the
raw material. Therefore, Cr, Ta, and Hf are the main volatile elements in the MST process.
However, since the elements are within the standard composition range after MST, there is
no need to regulate the alloy composition.
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Table 2. Composition of three groups of DZ125 ingots after MST (melt superheating treatment) (wt.%).

Alloys Ni Cr Co Al Ti W Mo Ta Hf

MST1 59.79 9.12 10.11 5.10 0.91 7.41 2.09 4.25 1.22
MST2 59.94 9.00 10.20 5.07 0.89 7.67 2.06 4.20 0.98
MST3 60.20 8.85 10.14 5.08 0.93 7.57 2.10 4.19 0.93

3.2. Effect of MST on the Macrostructures and Microstructures of the Alloy

Figure 3a–c is the macroscopic cross-sectional view of ingots processed at different
MST temperatures. It the obvious columnar grains caused by directional solidification
can be seen. The columnar grains in the MST3 ingot in Figure 3c is enlarged to obtain the
dendrite morphology, which is shown in Figure 3d–f. In the center of the ingot (green
area), the dendrite grows in a straight line. However, the edge position of the ingot (yellow
and red areas) grows diagonally, and the growth directions on both sides of the ingot are
symmetrical. This is due to the bidirectional temperature gradient generated by the vacuum
induction melting furnace during MST. Firstly, the alternating current generated by the
induction coil generates an alternating magnetic field in the coil, and further generate eddy
current on the graphite crucible placed at the center of the coil. During the continuous
energization of the induction coil, the graphite crucible will also continue to generate
eddy current, and then the crucible continues to generate Joule heat. The heat is then
transmitted to the raw material to melt the raw material. Therefore, the crucible edge is at a
higher temperature relative to the center of the alloy melt during the melting process. As a
result, the alloy melt near the edge of the crucible solidifies preferentially. Secondly, when
directional solidification is carried out after the melt thermal field is stable, the induction
coil is kept at the previous power to pull up at a certain speed, so that the melt forms
a top–down temperature gradient, which is conducive to the solidification of the ingot
along the direction vertically upward from the bottom of the crucible and the formation of
columnar crystals until the ingot is completely solidified.
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Figure 4 displays the dendritic morphology of ingots after MST with three different
temperatures. With the rise in MST temperature, the dendritic structure of the alloy is grad-
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ually refined. The secondary dendrite arm spacing is a key indicator of the solidification
structure of the superalloy. With the reduction in the secondary dendrite arm spacing, it is
conducive to reduce the degree of segregation, reduce or even eliminate the solidification
defects such as shrinkage, and shorten the homogenization time of heat treatment, so the
characteristics of superalloy are also improved. Figure 5 shows the secondary dendrite
arm spacing of ingots after MST with different temperatures. The secondary dendrite arm
spacing of the alloy tends to reduce with increasing the MST temperature. The average
secondary dendrite arm spacing decreased from 78.3 µm to 67.9 µm as the temperature
increased from 1500 ◦C to 1600 ◦C, showing a decrease of 13.3%. The experimental results
show that MST has a positive effect on reducing the secondary dendrite arm spacing of
superalloys. The temperature interval for non-equilibrium crystallization gradually de-
creases as the MST temperature increases. Therefore, the average secondary dendrite arm
spacing of the alloy reduces with higher MST temperature. On the basis of the Kurz–Fisher
model, the local solidification time is the primary factor that affects the spacing of secondary
dendrite arms, which can be expressed as:

λ2 = 5.5× (µ0 × tf)
1
3 , , (3)

tf =
∆T′

.
T

, , (4)

where λ2 is the secondary dendrite spacing, tf is the local solidification time, µ0 is a material-
specific constant (coarsening constant),

.
T represents the cooling rate, and ∆T′ is temperature

interval for non-equilibrium crystallization. The cooling rates in this study remain con-
sistent. Consequently, the secondary dendrite arm spacing is directly proportional to the
local solidification time. When the MST temperature increases from 1500 ◦C to 1600 ◦C,
the temperature interval for non-equilibrium crystallization is reduced. As a result, the
local solidification time is shortened, leading to a reduction in the secondary dendrite
arm spacing.
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Figure 6 presents the morphology of γ′ particles in the inter-dendritic region and
dendrite cores of the alloy processed with different MST temperatures. As the MST tem-
perature grows from 1500 ◦C to 1600 ◦C, the morphology of the γ′ phases becomes more
regular. However, it is evident from the figure that the size of the precipitates is not uniform.
There is a large number of precipitates in the gap between the large-sized precipitates. At
1600 ◦C, the small-sized γ′ phases in the gap tends to grow. This ensures that the range of
the maximum and minimum precipitated phase sizes is narrowed, and the size of the γ′

phases is more uniform. The sizes of γ′ particles in different ingots are calculated, which
are given in Figure 7. It can be seen that the γ′ particle size in the dendritic core and inter-
dendritic area show a decreasing trend with increasing MST temperature. Furthermore,
the size of precipitates in the dendritic core region is significantly smaller than that in the
inter-dendrites.
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Figure 7. The size of γ′ phases at the dendrite core and inter-dendrite areas of the alloys prepared by
different MST temperatures.
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The size of the precipitates in the dendrite cores and inter-dendritic regions shows
minimum values of 0.52 µm and 0.66 µm when the MST temperature is 1500 ◦C. When the
MST temperature reaches 1600 ◦C, these two values will reduce to 0.46 µm and 0.54 µm,
which are reduced by 11.5% and 18.2%, respectively. It is worth noting that the size
difference of γ′ phases between the dendritic core and inter-dendritic region gradually
decreases with increasing MST temperature. The smallest size difference and the highest
degree of homogenization were observed at an MST temperature of 1600 ◦C.

The underlying cause of the variation in the γ′ phase should be the MST-induced
changes in solute distribution and the decomposition of atomic clusters. The alloy under-
goes a diffusive deconvoluted phase transition during solidification to form γ phase and γ′

precipitates. Suppose the volume of γ′ phases is Vγ′ , and the area of phase boundary is
Aγ→γ′. The change in free energy during the phase transition is:

∆G = −Vγ′∆GV + Aγ→γ′ργ→γ′ + Vγ′∆GS, , (5)

The γ′ particles are spherical when they are formed from the matrix. Consequently,
their volume can be approximated as 4

3 πr3, and the area of phase boundary can be deter-
mined as 4πr2. The above Equation (4) can be expressed as:

∆G = −4
3
πr3∆GV + 4πr2ργ→γ′ +

4
3
πr2∆GS, , (6)

The critical radius for nucleation of γ′ and the critical nucleation work can be obtained
by deriving the r in (6) when setting it equal to zero:

r* =
2ργ→γ′

∆GV − ∆GS
, , (7)

∆G* =
16πρ3

γ→γ′

3(∆GV − ∆GS)2 , , (8)

In the formula, ∆GV and ∆GS denote the variation in chemical free enthalpy and
strain energy due to the formation of γ′ particles per unit volume. ργ→γ′ is the free
energy per unit area of the phase interface between the γ phase and γ′ particles. During
MST, the temperature gradient is constant at the solidification rate. The variations in
γ′ phase morphology and size are apparently attributed to the MST-induced changes in
melt structure.

In this study, the Ni3A1-type intermediate-range-ordered atomic group in the alloy
disappeared after MST at different temperatures. During the solidification process, the
Ni3A1-type intermediate-range-ordered atomic group reappears, while their structure and
composition are altered. As a result, the formation elements of the Ni3A1-type γ′ phases
become more uniform, leading to difficulties in the formation of the solute-poor element
region and the solute-rich element region in supersaturated γ phases. Consequently, the
temperature of formation of the γ′ phases reduces and the undercooling degree ∆T grows
after the alloy melt experiences superheating treatment. Because ∆GV is proportional to the
supercooling degree ∆T, the increase in ∆T also leads to the increase in ∆GV Therefore, the
value of critical nucleation work and critical radius decreases, and the rate for nucleation of
γ′ precipitates increases. As a result, the γ′ precipitates will be smaller with the increasing
MST temperature [4,20].

Figure 8 shows the effect of MST temperature on the eutectic structure and carbides.
The light gray areas in the figure are the eutectic microstructure, and the bright white
carbides are distributed in a grid pattern in the dendritic gap. The γ/γ′ eutectic and
carbides morphology of the ingots treated at different temperatures were not obviously
distinct, and were all sunflower-like. The only difference is that the area of eutectic structure
tends to decrease as the MST temperature increases. This is mainly because the number
of eutectic structures depends on the solidification temperature range. With the increase
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in MST temperature, the temperature range for non-equilibrium crystallization gradually
decreases. The width of the mushy zone is also shortened, so the number of eutectic
structures will be reduced.
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3.3. Effect of MST on Removal of Gas Impurities in Superalloy

The oxygen, nitrogen, and sulfur contents after various MST processes were calculated
by averaging the number of impurities at different locations in the ingots, which are shown
in Figure 9. The content of oxygen and nitrogen gradually decreased with the increase in the
MST temperature. The minima appear at 1600 ◦C, which are 4.3 ppmw and 4.4 ppmw. At
1500 ◦C, the concentration decreased by 44.2% and 74.1% compared to values of 7.7 ppmw
and 17.0 ppmw, respectively. However, the sulfur content is not significantly affected by
the MST temperature. The sulfur concentration declines and then gradually increases as
the MST temperature increases. The sulfur content in the ingot is basically stable at about
3 ppmw. In general, the MST is effective for the removal of nitrogen impurities, and not so
effective for the removal of oxygen and sulfur impurities.
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During the metallurgical process, the melt tends to inhale impurity gases and form
various inclusions. Therefore, it is necessary to select a suitable metallurgical process to
achieve the index of the superalloy. In techniques such as vacuum induction melting, the
removal of dissolved impurities from the alloy matrix is usually facilitated by a higher
vacuum condition. The O is the most active impurity element in superalloys, which can
easily form oxide inclusions. Therefore, the high vacuum mainly facilitates the removal of
N impurities. The dissolution reactions of nitrogen are shown in Equation (9).

1
2

N2(g) = [N]Ni, , (9)
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The solid solubility of N [wt.% N] adheres to Sievert’s law in theory:

kN =
[wt.%N]× fN√pN2

, , (10)

where kN indicates the equilibrium constant, PN2 denotes the gas partial pressure, and fN
is the activity coefficient of N. The standard free energy for the solid solution of nitrogen is
given by:

∆Gθ
N = 34518 + 37T

(
kJ ·mol−1

)
, , (11)

From K = e−
∆Gθ

r
RT , then derive:

lgkN = −1803
T
− 1.93, , (12)

Therefore, the theoretical solubility of nitrogen can be expressed by incorporating
Equations (10) and (12):

lg[wt.%N] =

(
−1803

T
− 1.93

)
+

1
2

lg
(

pN2

)
− lgfN, , (13)

The activity coefficient fN can be expressed as:

lgfN = ∑j ej
N ·wj + ∑j rj

N ·w
2
j , , (14)

where wj is the mass fraction of element j, and ej
N and rj

N are the first and second order
interaction parameters between nitrogen and element j, respectively. It has been reported
by Yasushi Haruna et al. that the activity coefficient of nitrogen in Ni-based superalloys
depends not only on the content of alloy elements, but also on the melt temperature [21].
The temperature modification factors for the calculation of activity coefficients were ob-
tained according to the nitrogen solubility in five Ni-based superalloys [22]. Accordingly,
Equation (14) can be modified as follows after consideration of the effect of temperature:

lgfN = (4.5− 5580
T

)∑j ej
N ·wj + ∑j rj

N ·w
2
j , , (15)

The interaction parameters between the major elements and nitrogen impurities can reference
the values for pure nickel and iron alloy melts at 1600 ◦C, as listed in Table 3 [23–28]. The effect of
MST temperature and vacuum on nitrogen solubility are derived from Equations (13) and (15), as
seen in Figure 10. With the increase in MST temperature, the theoretical solid solubility of
nitrogen increases slightly. That effect relative to vacuum is not significant. The theoretical
solid solubility of nitrogen declines sharply with the decrease in vacuum in the melting
chamber. The vacuum of the melting chamber in this study is about 0.5 Pa (purple line), so
the actual amount of nitrogen impurity in the alloy is plotted in Figure 10. From the graph,
it can be noted that the actual amount of nitrogen impurity is higher than the theoretical
calculation value. With the increase in MST temperature, the actual value is closer to the
theoretical calculation value. It fully indicates that the removal of nitrogen impurities in
the superalloy melt is not only affected by the vacuum, but also by the MST temperature.

Figure 11 illustrates the mass transmission process of nitrogen impurities during vacuum
induction melting. The nitrogen removal process can be classified into five steps [29–31]:
(1) [N] is transferred from the alloy melt to the boundary layer of the liquid by convective
migration; (2) [N] is transferred to the liquid–gas interface through the boundary layer of
the liquid phase by convection or diffusion; (3) the gas atoms in the liquid–gas interface
combine with each other to form gas molecules; (4) the generated N2 is subjected to diffusive
mass transmission in the boundary layer of gas phase; and (5) N2 transfers from the gas
phase boundary layer to the gas phase, and is eventually sucked away.
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Table 3. Interaction parameters between major elements and nitrogen impurities at 1600 ◦C.

Element Cr Co Al Ti W Mo Ta Hf

ej
N

−0.0766 −0.0118 0.018 −0.212 −0.0015 −0.011 −0.032 ~

rj
N

0.0021 0.0105 ~ ~ ~ ~ ~ ~
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Figure 11. Schematic diagram of the mass transmission process of nitrogen impurities in superalloy melt.

In the process of vacuum induction melting, the electromagnetic induction coil is
heated to generate an alternating magnetic field, which further produces an eddy current
on the graphite crucible placed at the center of the coil. Finally, the alloy melt undergoes
strong melt flow, so step (1) is not the control step of nitrogen mass transfer. With the
increase in vacuum, the mass transfer coefficient of gas phase will also increase significantly.
Under the action of vacuum system, the mass transfer coefficient of N2 in the gas phase is
much greater than that in the liquid phase and the gas formation reaction at the gas–liquid
interface. Therefore, step (5) will not be the control step limiting the denitrification process.
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The mass transmission coefficient of step (4) is two orders of magnitude higher than that of
step (3). Therefore, the control step of nitrogen removal may be step (2), step (3), or their
combined action.

When the MST temperature is low, the denitrification reaction of the alloy melt cannot
be carried out effectively, even if the vacuum is high. This is mainly because there are a large
number of nitrogen-containing refractory particles in superalloy, such as Ti (N, C), TiN,
HfN, and so on. When superalloys are heated and melted, their melt structure produces
a change from ordered to disordered. When the superalloy is just melted, the inclusion
clusters and carbide-based refractory particles cannot be effectively melted. Only at higher
MST temperature, these nitrogen-containing refractory particles melt into the alloy melt.
Then the reaction (9) can continue to move to the left and produce N2 to be discharged
into the vacuum environment. At this time, the denitrification rate is controlled by the
gas formation reaction at the gas–liquid interface and the process of mass transmission
from the melt to the gas–liquid interface. With the increase in MST temperature, the
nitrides and Ti (N, C)-type carbides are continuously dispersed, and the alloy melt becomes
more uniform, which promotes the removal of nitrogen impurities. Therefore, the actual
amount of nitrogen impurity in the superalloy tends to be consistent with the theoretically
calculated nitrogen solid solubility.

4. Conclusions

In this work, the effect of melt superheating by vacuum induction melting on the
composition, microstructure, and impurity content of a directionally solidified superalloy
were investigated. The major findings are summarized below:

1. The mass loss rate increases with the increase in the MST temperature. The chromium,
tantalum, and hafnium are the main evaporating elements during the MST;

2. With the increase in MST temperature, the dendrite structure is gradually refined. The
secondary dendrite arm spacing can be reduced from 78.3 µm to 67.9 µm when the
MST temperature increases from 1500 ◦C to 1600 ◦C;

3. The refining of γ′ precipitates in the inter-dendritic area and dendrite cores occurs
with the increase in MST temperature. The γ′ particles in the inter-dendritic area
and dendrite cores show a minimum size of 0.54 µm and 0.46 µm when the MST
temperature is 1600 ◦C;

4. The underlying cause of the variation in the γ′ phases should be the MST-induced
changes in solute distribution and the decomposition of atomic clusters;

5. The content of oxygen and nitrogen gradually decreased with the growth of the
MST temperature. There are the lowest values at 1600 ◦C, which are 4.3 ppmw and
4.4 ppmw, respectively. However, the sulfur content is not significantly affected by
the MST temperature;

6. The removal of nitrogen impurities in the superalloy melt is not only affected by the
vacuum, but also by the MST temperature. With the increase in MST temperature, the
nitrides and Ti (N, C)-type carbides are continuously dispersed, which promotes the
removal of nitrogen impurities.
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