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Abstract: A spiral fluidity test model of superalloys with 10 mm in height and 3 mm in thickness was designed to
evaluate the fluidity of two distinct Ni-based superalloys IN718 and IN939. The factors influencing fluidity are
ascertained through comparative analysis utilizing methodologies such as JMatPro, differential scanning calorimetry
and high-temperature confocal laser scanning microscopy. The results show that under identical testing conditions, the
fluidity of the IN939 superalloy surpasses that of the IN718 superalloy. When subjected to the same temperature, the
melt viscosity and surface tension of IN939 superalloy are considerably reduced relative to those of IN718 superalloy,
which is beneficial to improving the melt fluidity. Furthermore, the liquidus temperature and solidification range for the
IN939 superalloy are both smaller compared with those of the IN718 superalloy. This condition proves advantageous in

delaying dendrite coherency, thereby improving fluidity.
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1 Introduction

Ni-based superalloys are extensively utilized
in core components of aeroengines and industrial
gas turbines, primarily owing to their exceptional
strength, and superior creep and corrosion
resistance at high temperatures [1,2]. As engine
performance advances, the demand for larger, more
intricate, and thin-walled castings, such as cases,
nozzles, and cartridges grows, thereby rendering
difficulty in simultaneously controlling the filling
and cooling processes in investment casting [3,4].
Concurrently, the addition of more refractory
elements endows the superalloys with high viscosity
and a wide solidification temperature range, which
can result in significant defects, reduced yield, and
compromised performance [5—7].

The fluidity of the alloy melt, indicative of its

castability, serves as fundamental data for designing
the casting process and significantly influences
filling ability and solidified microstructure of the
casting. High fluidity ensures complete mold filling
and exceptional dimensional accuracy during the
casting formation process, while mitigating casting
defects such as cold shuts and shrinkage cavities.
Additionally, improved fluidity allows for a
reduction in pouring temperature, thus promoting
grain refinement. Extensive research indicates that
fluidity is dictated primarily by melt features,
including composition, temperature, purity, and
thermal history [8§—13]. The interaction between the
melt and the mold also plays a crucial role in
fluidity [14].

Fluidity is traditionally measured by the length
of the sample formed in a designated test model
after melt solidification [8]. Currently, numerous
test models, including spiral, radial, step-shaped,
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octopus, U-type, and various derivatives, are
popularly used [8—13,15—24]. With the development
of a mathematical model for liquid metal ground
in  thermophysical parameters, solidification
characteristics, and transport processing, fluidity
can be theoretically predicted and characterized
using simulation software [25—29].

However, there are at least two important
issues that require further exploration concerning
superalloy fluidity. First, current fluidity test models
are designed primarily for low-melting-point alloys
under non-vacuum conditions, thus rendering them
inappropriate for superalloys with high melting
points, viscosities, and chemical activities.
Additionally, the accuracy and applicability of
the calculated data are questionable owing to the
severe scarcity of thermophysical parameters for
superalloys. Second, fluidity evaluations for
superalloys are fundamentally empirical owing to
insufficient research on melt flow characteristics,
particularly for different types of superalloys.
Further, comparative fluidity data for wvarious
conditions are limited.

In this study, a standard, versatile fluidity test
model for superalloys was proposed under vacuum
conditions. The fluidity of two prominent and
extensively utilized Ni-based superalloys, IN718
and IN939, was evaluated using this novel test
model. To elucidate the difference between the two
alloys, thermophysical properties were computed
using JMatPro software, solidification characteristics
were examined using differential scanning calorimetry
(DSC), and the solidification process was observed
in-situ via high-temperature confocal laser microscopy
(HLCLSM). Thus, this work aimed to provide a
versatile standardized method for superalloy fluidity
testing and assessment, which may be beneficial to
the design of investment casting techniques.

2 Experimental
2.1 Materials

The IN718 and IN939 superalloys utilized as
experimental materials in this study have been

implemented in large and complex castings in
aeroengines owing to their impressive castability
and mechanical properties. The chemical
compositions of both alloys are detailed in Table 1.
IN939 is a y' phase-strengthened nickel-based
superalloy boasting a service temperature around
850 °C and superior corrosion resistance, essentially
surpassing the quality of IN718, which is
predominantly strengthened by the y” phase.
Thermophysical properties, such as viscosity,
surface tension, specific heat, and latent heat
of the superalloys, were calculated employing the
JMatPro software.

2.2 Fluidity test model

The proposed spiral fluidity test model is
shown in Fig.1. A small-sized model is
advantageous for testing under vacuum conditions.
Herein, the flow channel of the model was designed
as an asymptote expanding along the radial
direction with the gate at the center, and the
maximum running length was 980 mm [30].

All wax patterns illustrated in Fig. 1(a),
utilized in this study, were prepared by laser
prototyping with polystyrene powders. The various
layers of the model shell were composed of a
mixture of silica-sol and fused mullite in differing
proportions. Following the drying process, the
model shell underwent dewaxing in an electric
furnace, ultimately producing the ceramic mold for
the fluidity test (Fig. 1(b)).

2.3 Fluidity test

The influence of the pouring temperature on
fluidity was examined using a vacuum induction
melting furnace, melting each 1 kg batch of alloy
ingot under 0.5 Pa. The parameters for the fluidity
test comprised a mold preheating temperature of
900 °C and pouring speed of 0.5kg/s. Each
experiment was conducted at least thrice under
these consistent conditions.

2.4 DSC analysis
DSC tests were performed using a NETZSCH

Table 1 Chemical compositions of IN718 and IN939 superalloys (wt.%)

Alloy Cr Mo Al Ti Ta W

Nb Fe Co C Zr B Ni

IN718 18.9 3.1 0.57 092 0.005 0.05
IN939 22.48 - 1.88  3.65 1.4 2.01

5.03 1891

0.005 0.05 0.014 0.0027 Bal.

1.0 - 1896 0.16 0.10 0.014 Bal
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Fig. 1 Wax pattern (a) and ceramic mold (b) for fluidity
test

STA 449F3 to ascertain the solidification
characteristic temperatures. The DSC samples,
weighing approximately 30 mg, were first heated
from room temperature to 900 °C at a rate of
20 °C/min, then to 1500 °C at a rate of 10 °C/min.
After holding at 1500 °C for 1 min, the samples
were cooled to 900 °C at a rate of 10 °C/min. All
tests were performed in high-purity alumina
crucibles under an argon atmosphere.

2.5 In-situ observation of solidification processing

In-situ observation of solidification processes
by HTCLSM offers invaluable firsthand-
information on fluidity. The HTCLSM experiments
were performed using a VL2000DX-SVF18SP.
Cylindrical samples of d7.5 mm x 3.0 mm were
polished and placed into high-purity alumina
crucibles under an ultra-pure argon atmosphere.
Helium gas was served as an auxiliary cooling
agent during solidification. The sample was heated
to 1400°C at a rate of 60°C/min, held for
2 min, then cooled to 1000 °C at 50 °C/min, and
subsequently cooled to room temperature with the
furnace being turned off. The entire process was
recorded in real time through both video and
photographic means.

3 Fluidity test results

3.1 Design of fluidity test model for superalloys

By referencing the recommended or critical
minimum wall thickness of superalloy investment
casting, the spiral thickness that is a key parameter
affecting the flow length was analyzed. For
thin-walled casting, the critical wall thickness can
be expressed using the following equation [31]:

5, = = (1)

© \pg

where & represents the critical wall thickness; o
denotes the surface tension; p stands for the
alloy density; g represents the acceleration due to
gravity.

Given that the critical wall thickness for most
Ni-based superalloys falls below 4.5 mm as per
Eq. (1), the selected spiral thicknesses were 3 and
4 mm, respectively. Four fluidity test models, each
with varying spiral heights and thicknesses, were
designed as depicted in Fig. 2. Models 1 and 2 both
featured spiral heights of 25 mm, and thicknesses
of 3 and 4 mm, respectively. Model 3 boasted a
gradually decreasing spiral height, transitioning
from 25 to 10 mm, with a thickness of 4 mm. By
contrast, Model 4 displayed a spiral height of
10 mm and thickness of 3 mm.

Table 2 and Fig. 3 present the flow length for
IN939 superalloy across the four fluidity test models
under the same test conditions. Evidently, Model 2

@s
&@

Fig. 2 Fluidity test models: (a) Height 25 mm, thickness
3 mm; (b) Height 25 mm, thickness 4 mm; (c) Height
25—-10 mm, thickness (d) Height
thickness 3 mm

4 mm; 10 mm,

Table 2 Statistical data of flow length measurements in
four fluidity test models for IN939 superalloy

Model

Average length/mm  Standard deviation/%

1 321 16.4
2 819 22.5
3 732 7.15
4 425 8.32
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Fig. 3 Flow length of four fluidity test models for IN939
superalloy

300

200

demonstrated the maximum flow length, closely
followed by Model 3, whereas Model 1 registered
the minimal flow length. This can be attributed
primarily to the reduced flow resistance of the alloy
melt arising from the increased thickness of the
mold cavity [23].

The standard deviations in Table 2 illustrate
that the data dispersions of flow length in Models 1
and 2 exceeded 10%, whereas those of Models 3
and 4 remained below 10%, indicating that the
measured values for Models 3 and 4 are more
reliable [20,24]. This can be chiefly attributed to the
elevated mold cavity of Models 1 and 2, potentially
leading to noticeable shrinkage at the flow end
where the melt ceases to flow and solidifies
simultaneously (Fig. 4(a)). When the mold cavity
height is diminished, as seen in Models 3 and 4, the
flow end reverts to its standard shape without
shrinkage (Figs. 4(b, c)), suggesting that Models 3
and 4 are more appropriate for evaluating
superalloy fluidity.

To expand the test range of fluidity, fluidity
must be characterized with the shortest flow
length. Consequently, considering the test range,
reproducibility, and convenience, Model 4, with a
spiral height of 10 mm and spiral thickness of 3 mm
was chosen as the standard test model. Using flow
length as the evaluation criteria, this model is
simple, practical, reliable, and reproducible.

3.2 Fluidity comparison between IN718 and IN939

Figure 5 displays the measured flow lengths
(Lr) of the IN718 and IN939 superalloys at various
pouring temperatures using Model 4. Evidently, the

fluidity of the IN939 superalloy surpasses that of
the IN718 superalloy at an equivalent pouring
temperature. As the pouring temperature increased
from 1400 to 1500 °C, the flow length of the IN939
superalloy was 2.2%—12% longer than that of the
IN718 superalloy, and a linear relationship was
observed between flow length and pouring
temperature.

Fig. 4 Shape of flow end for different models: (a) Model
1; (b) Model 3; (c) Model 4

630, IN939 — Fitting line
@ IN718 — Fitting line
600 |
E 550t
£ L¢=1.706T,-1965.11
= R*=0.995
2500 | \
2 \
o 450+
L¢=1.1397,-1180.34
2—
400k R*=0.999
35

1400 1420 1440 1460 1480 1500
Pouring temperature, 7,/°C

Fig. 5 Flow length of IN718 and IN939 superalloys at

different pouring temperatures

4 Discussion

4.1 Thermophysical properties related to fluidity

Figure 6 presents the melt thermophysical
properties of the IN718 and IN939 superalloys
obtained by the JMatPro calculation. Evidently,
IN939 alloy maintains lower viscosity and surface
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Fig. 6 JMatPro calculation results for IN718 and IN939 superalloys: (a) Viscosity; (b) Surface tension; (c) Latent heat;

(d) Specific heat capacity

tension than IN718 alloy, although both viscosity
and surface tension decline with increasing melt
temperature (Figs. 6(a, b)). Simultaneously, the
latent heat and specific heat capacity of the two
alloys exhibit significant difference (Figs. 6(c, d)).
In comparison to IN718, the IN939 superalloy
exhibits higher latent heat below 1322 °C
(Fig. 6(c)) and higher specific heat capacity peak
below 1337 °C (Fig. 6(d)).

Intuitively, a reduction in surface tension and
viscosity may increase the melt flow rate, thereby
enhancing fluidity, whereas an increase in latent
heat and specific heat capacity may prolong the
solidification time, further improving fluidity [20].
Thus, the melt thermophysical properties collectively
promote superior fluidity for the IN939 superalloy.

4.2 Solidification
fluidity
The liquidus temperature and solidification
range considerably influence fluidity [15,19,20].
From the DSC measurement results depicted in

characteristics related to

Fig. 7, the liquidus temperatures, solidus temperatures,
and solidification ranges of the IN718 and IN939
superalloys can be summarized in Table 3.
Evidently, IN939 alloy boasts a lower liquidus
temperature and solidification range compared with
IN718 alloy. Under identical test conditions, a
lower liquidus temperature results in high superheat,
which can extend the melt flow time [15,19,20].
Furthermore, numerous researchers [15,16,18-20,29]
have reported that the solidification range is
inversely proportional to the melt fluidity.

The solidification process was observed in situ
via high-temperature confocal laser scanning
microscopy (HTCLSM), as illustrated in Fig. 8. As
the temperature decreased, the melt began nucleation
and the formation of dendrites. Once the melt is
fully solidified, dendrites become prominently
visible (Figs. 8(d, h)). Evidently, the temperature
at which the solid phase begins to precipitate in
IN718 (1334.1°C) is higher than that in IN939
(1327.9°C), thus signifying a delay in the
precipitation of the solid phase. Additionally, complete
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Fig.7 DSC curves of IN718 (a) and IN939 (b)
superalloys

Table 3 Solidification characteristic temperatures of
IN718 and IN939 superalloys

Alloy Liquidus Solidus Solidification
temperature/°C temperature/°C  range/°C

IN718 1337 1247 90

IN939 1331 1280 51

dendrite development is achieved at 1223.3 °C for
IN718 (Fig. 8(d)) and 1232.5°C for IN939
(Fig. 8(h)).

Owing to the wide solidification range, a
dendrite network may form when a certain degree
of solid phase appears in the superalloy melt during
solidification. This dendrite network obstructs the
melt flow, thus resulting in increased melt viscosity.
Typically, when the solid fraction reaches 20%—40%
at the dendrite coherency temperature, the dendrites
intersect, thereby arresting the melt flow [8,15].
Based on the HTCLSM results, Fig. 9 depicts the
relationship between the liquid fraction and
temperature. As the melt temperature decreases, the
liquid fraction of both alloys also declines. At the

Fig. 8 In-situ observation for solidification process of
two superalloys: (a—d) IN718; (e—h) IN939
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Fig. 9 Curves of liquid fraction as function of melt
temperature

same melt temperature, the IN939 superalloy
presents a higher liquid fraction than the IN718
superalloy. Figure 9 reveals a substantial difference
in the melt temperature between IN718 and IN939
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superalloys when the solid fraction attains 40%.
Hence, the aforementioned experimental results and
analyses suggest that the inherent solidification
characteristics also contribute to superior fluidity
for the IN939 superalloy.

5 Conclusions

(1) A spiral fluidity test model, specifically
tailored for superalloys, was designed with a height
of 10 mm and a thickness of 3 mm. The test model
utilizes flow length as the primary evaluation
criterion, thus offering simplicity, practicality,
reliability, and repeatability in its application.

(2) As the pouring temperature increases, the
fluidity of the alloy increases. When the pouring
temperature increases from 1400 to 1500 °C, the
flow length of the IN939 superalloy is observed to
be 2.2%—12.0% longer than that of the IN718
superalloy. Moreover, a linear relationship between
the flow length and pouring temperature is
observed.

(3) The IN939 superalloy exhibits superior
fluidity compared with the IN718 superalloy. This
advantage is attributed primarily to the inherent
thermophysical  properties and solidification
characteristics of the IN939 superalloy.
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