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Abstract: In this study, the effects of kaolin and TiO; additions on the interaction between DD6 alloys
and Al,Oj3 shells were investigated at 1550 and 1600 °C, respectively. Through the use of optical
microscopy and scanning electron microscopy, the phase composition and microstructure of the shells
and the alloys were studied, and the interaction mechanism was clarified. The results indicate that
the shells adding kaolin and TiO, had a relatively weak interaction with the alloys at 1550 °C, and no
significant sand adhesion could be observed. As the contact temperature was increased to 1600 °C,
the alloy melt could permeate into the shells, resulting in the generation of a thick sand adhesion
layer. The thicknesses of the attached layers in the alloys, which contacted the shell with kaolin and
TiO,, were 120 and 220 um, respectively. No significant chemical products could be detected in the
interaction layer, meaning that only physical dissolution of the shell refractory occurred. This study
provides an experimental foundation for improving shell performance and offers valuable references
for further research in related fields.

Keywords: DD6 alloy; Al,Os shell; additions; contact temperature; interaction

1. Introduction

Hollow turbine blades using single-crystal nickel-based superalloys can remove trans-
verse grain boundaries, showing exceptional high-temperature performance and thermal
endurance [1-3]. Therefore, they find extensive use in the hot sections of cutting-edge
aero-engines and industrial gas turbines. At present, the investment casting technique is a
crucial approach for the preparation of the hollow turbine blades, which are structurally
complex, thin-walled, and lightweight [4]. In the manufacturing process of turbine blades,
the ceramic shell is contacted with the alloy melt for several hours at temperatures exceed-
ing 1500 °C. Consequently, the interaction between the shell and the alloy directly affects
the quality of the prepared alloy [5-8].

DD6 alloy is China’s domestically developed second-generation nickel-based super-
alloy. It has advantages such as high temperature strength, excellent comprehensive
performance, stable structure, and good casting process properties [9]. Currently, Al,Os is
the most common refractory for the preparation of the shell [10]. During the casting of the
DDé6 alloy, the interaction between the Al,O3 shell and the alloy is one of the significant
causes of the sand adhesion and internal defects. The chemical sand adhesion onto the
surface of the cast component can reduce dimension accuracy and increase processing cost
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of the component. How to control the interaction between them has become a focal point
for researchers in precision casting technology for DD6 alloys [11-16].

Researchers have suggested that the modification of the Al;O3 shell with a specific
mineralizer could effectively control the interaction between the alloy and the shell [17,18].
Generally, the Al,O3 shell used for directional solidification was not sintering at a high
temperature, with the result that the level of surface densification of the shell was not
high [19]. Currently, in the preparation of the shell, adding an appropriate mineralizer
is a common method used to lower the sintering temperature of electrofused Al,O3 re-
sulting from forming a three-dimensional network microstructure connected by mullite
bridges [20]. Thus, it could effectively improve the high-temperature performance of the
Al>Oj shell. Currently, mineralizer additives for Al;O3 shells are always used in investment
casting, including refractories like kaolin and TiO, [21-23]. However, the studies focused
on the interaction between the shells with these two types of mineralizers and DD6 alloys
have not been established yet.

In this study, Al,O3 shells with additions such as kaolin and TiO, were prepared.
The interactions between the shells and DD6 alloys were investigated at temperatures of
1550 °C and 1600 °C, respectively, for 40 min. By optical microscopy (OM) and scanning
electron microscopy (SEM), the interactions between them were investigated as well as
the corresponding interaction mechanisms. This study provides theoretical guidance for
selecting suitable additives for the preparation of high-quality Al,Oj3 shells as well as the
fabrication of high-quality DD6 alloy.

2. Experimental Procedure

The Al,Oj3 shell used in this study followed a conventional preparation process for
investment casting. The surface layer of the shell consisted of 325-mesh Al,O3 powder,
with the addition of either 1.5% by mass of kaolin or TiO, to form composite powders,
respectively. The back layer used ZrS5iO4 sands, which comprised 90-mesh and 54-mesh
powders. The silica sol was used as the employed binder. The powder-to-liquid ratio for
the surface layer was set at 3.5:1, with the addition of dispersants, defoamers, and wetting
agents for thorough mixing. After applying the slurry to the wax, the surface layer of Al,O3
powders was sprinkled. Subsequently, a ZrSiO4 back layer was prepared using the same
method. Once the prepared Al,Oj3 shell underwent dewaxing, it was sintered at 1050 °C
for 2 h in a muffle furnace.

During the contact experiment, DD6 alloy was used, and its nominal composition
(wt.%) was Cr: 4.8, Co: 8.5, Mo: 1.5, W: 8.0, Ta: 7.5, Re: 2.4, Al: 6.2, Nb: 1.2, C: 0.04, and Ni
in balance. The alloys were cut into a cube with a side of 5 mm for the contact experiment
using the wire cutting machine. Before the experiments, the oxide layer on the surface of
the alloy was thoroughly cleaned.

The contact experiments were carried out using the non-in-situ seating-drop method,
which was performed in the furnace, as shown in Figure 1. Firstly, the alloy was placed on
the Al,Oj3 shell and then inserted into a graphite crucible. Secondly, the furnace was evacu-
ated to 3 x 1072 Pa and scrubbed with high-purity argon gas (purity 99.9%) three times.
The experiment was carried out under a high vacuum at 1550 and 1600 °C for 40 min,
respectively. The molten alloy formed hemispherical droplets after solidification. Finally,
the alloy samples were taken out together with Al,Oj3 shells.

Before and after the contact experiment, the macro- and micromorphology of the
bottom of the alloy were analyzed using optical microscopy (OM) and scanning electron mi-
croscopy (SEM, Gemini 300, Oberkochen, Germany) in combination with energy-dispersive
spectroscopy (EDS). Before the analysis, the alloys were cut and inlaid. After grinding and
polishing, the cross-section samples were prepared. The distribution of the alloy elements
and the microstructure of the interaction layer were analyzed.
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Figure 1. The schematic diagram of contact experiment apparatus.

3. Results and Discussion
3.1. Macroscopic Morphology of the Alloys Contacted with Al,O3 Shells

Figure 2 shows the macroscopic pictures of the alloys located on Al;O; shells. From
Figure 2a, it can be seen that the alloy appeared as a nearly spherical shape with noticeable
luster after contact with the shell-added kaolin at 1550 °C. The alloy located on the shell
with TiO, addition also exhibited the same morphology. However, the surface of the
shell became black, as shown in Figure 2b. Apparently, after the contact temperature was
increased to 1600 °C, the interaction between the alloy and the shell significantly intensified.
Firstly, the morphology of the alloy was difficult to maintain as a sphere. Secondly, the
surface morphology of the shell also exhibited a significant change; the surface damage
was evident in contact with the alloy, as shown in Figure 2¢,d.

Figure 2. Macroscopic images of the alloys located on Al,Oj3 shells with kaolin and TiO, additions
at 1550 °C and 1600 °C, respectively: (a) kaolin addition at 1550 °C; (b) TiO, addition at 1550 °C;
(c) kaolin addition at 1600 °C; (d) TiO, addition at 1600 °C.

Figure 3 shows the macroscopic morphology of the bottom of the alloys after the
contact experiment. From Figure 3a, it can be seen that a distinct layer of gray substance
was attached to the bottom of the alloy (referred to as sand adhesion) after contact with the
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shell-added kaolin at 1550 °C. Additionally, some bright white metallic areas (naked alloy)
were also observed. From Figure 3b, the same phenomenon could also be observed between
the alloy and the shell with TiO, addition at 1550 °C. However, the naked alloy areas were
notably smaller than those in Figure 3a, indicating that the extent of the sand adhesion
was larger. After the contact temperature was increased to 1600 °C, the phenomenon of
sand adhesion in the alloy became significantly more severe. From Figure 3c, it can be
seen that the alloy that contacted the shell-added kaolin at 1600 °C had a large area of
block-like black sand adhesion. However, there were still some naked alloys. After contact
with the shell with TiO; at 1600 °C, the sand adhesion phenomenon was the most severe.
Moreover, no naked alloy could be observed any more, as shown in Figure 3d. Obviously,
the corrosion resistance of the Al,O3 shell with the kaolin addition was superior to that of
the Al,O3 shell with the TiO, addition.

(©)

Figure 3. The macroscopic pictures of the bottom of the alloys contacted with Al,O3 shells with kaolin
and TiO, additions at 1550 °C and 1600 °C, respectively: (a) kaolin addition at 1550 °C; (b) TiO,
addition at 1550 °C; (c) kaolin addition at 1600 °C; (d) TiO, addition at 1600 °C.

Figure 4 shows the macroscopic pictures of the surface of the Al,Oj3 shells contacted
with the alloys. From Figure 4a, it can be seen that the shell with kaolin addition contacted
at 1550 °C remained an intact structure without any significant changes. The contact surface
between the shell and the alloy appeared white in color, while the non-contact surface
showed a faint pinkish color. Additionally, the contact surface between the shell with TiO,
and the alloy appeared light gray. The non-contact surface appeared gray, as shown in
Figure 4b. Despite the fact that the color of the shell changed after the experiment, there
were no apparent anomalies in the surface structure of the shell. By investigating the
surface morphology of the shell and the sand adhesion in Figure 2a,b, it can be concluded
that the contact experiment at 1550 °C for 40 min did not cause a significant interaction.
This condition was suitable for the subsequent directional solidification preparation of
the DD6 alloy. Apparently, when the contact temperature was increased to 1600 °C, the
interaction between the alloy and the shell significantly intensified. From Figure 4c, it can
be seen that the surface of the shell with kaolin addition contacted with the alloy exhibited
an incomplete structure. Compared to the morphology of the shell without contact with the
alloy, the shell in contact with the alloy clearly exhibited a layered structure. It indicated
that a significant interaction occurred between them. A more significant sand adhesion
phenomenon could be observed in the shell with TiO; addition at 1600 °C, as shown in
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Figure 4d. There were evident traces of significant peeling in the contact layer. Additionally,
some pores were apparent in the shell. It could be concluded that the surface structure of the
shell had been essentially disrupted. The increase in the contact temperature could intensify
the interaction between them, leading to an increased level of sand adhesion. Therefore, the
macroscopic internal structure of the exposed shell could be used to assess the interaction.
Apparently, the shell with the kaolin addition demonstrated better corrosion resistance
compared to adding TiO5.

Figure 4. Macroscopic images of the surface of Al,O3 shells with kaolin and TiO, additions contacted
with the alloys at 1550 °C and 1600 °C, respectively: (a) kaolin addition at 1550 °C; (b) TiO, addition
at 1550 °C; (c) kaolin addition at 1600 °C; (d) TiO, addition at 1600 °C.

3.2. Microscopic Morphology of the Alloys Contacted with Al,O3 Shells

Figure 5 shows the SEM images of the bottom of the alloys contacted with the shells
with kaolin and TiO, additions at 1550 °C, respectively. From Figure 5a, it can be seen
that a clear, thin layer of adhered sand could be observed on the bottom of the alloy after
contacting the shell with the kaolin addition. A magnified image of area A in Figure 5a
is shown in Figure 5b. It can be seen that the boundary between the alloy and the shell
was clear, and the shell refractory was only adhering to the alloy without the appearance
of penetration of the refractory. EDS results in Table 1 for points 1 and 2 indicated that
the alloy (point 1) consisted of the alloy matrix with some attachment of Si elements. In
addition, the shell refractory (point 2) consisted of Al and O elements, indicating that the
face layer of Al,O3 shell was attached to the alloy. Figure 5c shows the same phenomenon
as Figure 5a, indicating that the shell with TiO, addition also exhibited good corrosion
resistance to the alloy at 1550 °C. A magnified image of area B in Figure 5c is shown in
Figure 5d. EDS results in Table 1 for point 3 and 4 indicated that the Al,O3 refractory were
also attached to the alloy. Compared to the surface layer of the shell-added kaolin, the
structure of the surface layer with added TiO, appeared more dense and had distinct grain
clusters. This suggested that a further sintering phenomenon occurred during the contact
process with the alloy. Actually, the phenomenon of secondary sintering was not beneficial
for the application of the shell, as it led to further adhesion of the shell to the alloy. Zan [24]
demonstrated that TiO, was a good aid for the sintering of Al,Oj3 refractory because Ti**
ions could replace AI** ions in the lattice of Al,O3 refractory, resulting in the solid solution
sintering effect.
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Figure 5. SEM images of the bottom of the alloys contacted with Al,O3 shells with kaolin and TiO,
additions at 1550 °C, respectively: (a) with kaolin addition; (b) magnified image of area A in Figure 4a;
(c) with TiO, addition; (d) magnified image of area B in Figure 4c.

Table 1. EDS results of point 1~4.

. Element/at%

Point Al o Si Ni Ti
1 20.15 12.32 15.77 57.87 /
2 62.10 37.79 / 00.11 /
3 21.32 07.90 12.70 58.08 /
4 49.63 50.18 / 00.18 /

Figure 6 shows the elemental mapping images for the bottom of the alloy. As shown
in Figure 6a~by, it can be seen that the attached shell refractory on the bottom of the alloy
consisted of Al and O elements. Although Si was the constituent element of the shell
refractory, it didn’t overlap with Al elements. It was mainly distributed along the bottom
of the alloy, overlapping with Ni elements. The same phenomenon was also observed at
the bottom of the alloy contacted with the shell with TiO, addition.

Figure 6. EDS elemental mapping pictures of O, Ni, Al, and Si: (a) the bottom of the alloy contacted
with the shell with kaolin addition at 1550 °C; (b) the bottom of the alloy contacted with the shell
with TiO, addition at 1550 °C.
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Figure 7 shows the SEM images of the surface of the Al;O3 shell with kaolin and TiO,
additions, which was contacted with DD6 alloy melts. From Figure 7a, it can be seen that
the surface of the shell with the kaolin addition consisted of some grains of small and large
size. The structure of the surface was complete. From Figure 7b, it can be seen that only
the large-sized grains were apparent at the surface of the shell with TiO, addition. This
indicates that the shell-added kaolin still contained numerous small-sized Al,O3 particles,
and these small particles did not adhere to the alloy. This indicates that the kaolin addition
resulted in better surface quality and corrosion resistance of the alloy melt.

Figure 7. SEM images of the bottom of the alloys contacted with Al,O3 shells with kaolin and TiO,
additions at 1550 °C, respectively: (a) kaolin addition; (b) TiO, addition.

When the contact temperature between the alloys and the shells was increased to
1600 °C, the phenomenon of sand adhesion significantly intensified. From Figure 8a, it can
be seen that the bottom of the alloy contacted with the Al,O3 shell with kaolin addition
exhibited a dense structure, and no naked alloy like Figure 4a appeared. It can be concluded
that the interaction between them was more consequential because the increase in the alloy
temperature could result in an increase in the activity of the alloy melt. A magnified image
of area C in Figure 8a is shown in Figure 8b. It can be seen that the attached shell refractory
exhibited a dense structure. The presence of a bright gray substance could be observed,
and EDS results in Table 2 for point 5 and 6 indicate that this substance was the alloy. This
indicates that the increase in the contact temperature not only promoted the increase in the
thickness of the adhered layer but also facilitated the infiltration of the alloy melt towards
the shell. This was because the fluidity of the alloy melt could be significantly increased
at a higher temperature, intensifying the infiltration of the melt towards the shell. Then,
the contact area between them was enhanced, consequently exacerbating the interaction.
From Figure 8c, it can be seen that the bottom of the alloy contacted with the Al;O3 shell
with TiO, addition exhibited an uneven structure. By combining with the morphology in
Figure 4d, it can be concluded that a large amount of shell refractory was attached to the
bottom of the alloy. A magnified image of area D in Figure 8c is shown in Figure 8d. It can
be seen that some small particles were observed in the attached layer. EDS results Table 2
for point 7 and 8 indicate that these particles consisted of Zr and O elements. Actually,
ZrSiO4 powder was used during the preparation of the back layer of the Al,O3 shell. Thus,
during the vacuum experiment, the decomposition of ZrSiO4 occurred, leading to the
generation of the ZrO, phase in the shell, due to the fact that ZrSiO, was the raw material
in the backing layer. However, it was found at the bottom of the alloy, indicating that
the alloy melt had completely corroded the surface layer, thus reaching and entering the
backing layer.
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Figure 8. SEM images of the bottom of the alloys contacted with Al;O3 shells with kaolin and TiO,
additions at 1600 °C, respectively: (a) kaolin addition; (b) magnified image of area C in (a); (c) with
TiO, addition; (d) magnified image of area D in (c).

Table 2. EDS results of points 5~9.

. Element/at%

Point Al o Si Ni Ti Zr
5 27.01 06.67 17.39 48.94 / /
6 41.67 38.26 21.06 / / /
7 / 54.08 / / / 45.92
8 / 34.85 / / / 65.15
9 47.68 37.07 15.25 / / /

Figure 9 shows the SEM images (BSE mode) of the cross-section of the alloy contacted
with Al,Oj3 shells with kaolin and TiO, addition at 1550 °C and 1600 °C, respectively. From
Figure 9a, it can be seen that the cross-section of the alloy was clear, and no significant
refractory was attached to the alloy. However, there also existed a clear black layer, which
could be found on the alloy side. EDS results in Table 3 for point 10 and 11 indicate that
this layer was the attached layer, which was enriched with Si elements. Figure 9b shows
the cross-section of the alloy contacted with the shell with TiO, addition at 1550 °C. It
can be seen that some cracks were apparent at the bottom of the alloy, resulting in the
permeation of the alloy melt. This was due to the rapid contraction of the alloy during rapid
cooling. Being different from Figure 9a, no black layer (segregation layer) was observed
on the alloy side. However, the EDS results in Table 3 of points 12~14 indicate that some
Ti elements were observable in the alloy. In addition, no Si elements appeared along the
bottom of the alloy. In fact, the silica sol was used in the preparation of the Al,Oj3 shell;
however, no Si diffusion was detected. This indicates that TiO, addition in the shell could
suppress the solid solution of Si elements in the alloy, and this phenomenon will require
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a more in-depth investigation in further study. When the contact temperature between
the shell and the alloy was increased to 1600 °C, a significant interaction layer could be
observed. Figure 9c shows the cross-section of the alloy contacted with the shell with kaolin
addition at 1600 °C. It can be seen that an interaction layer with a 120 pm thickness could be
observed in the alloy. The EDS results in Table 3 for point 15 and 16 shows the alloy matrix
was distinguished from the interaction layer. The EDS result for point 17 indicates that the
interaction layer was also Al;O3, Also, the alloy matrix (points 18~19) had a significant
interaction with the shell with TiO, addition at 1600 °C, leading to the appearance of a
220 pm thick interaction layer (point 20). Apparently, the interaction between the shell and
the alloy only caused the attachment of Al,O3 refractory. A larger extent of interaction
resulted in a larger corresponding adhesive layer. No other interaction product could be
observed. Long revealed that the Ni-based superalloy had low chemical activity and did
not easily chemically react with the Al,O3 shell [25]. Only the dissolution of the Al,O3 shell
refractory could occur in the alloy melt, and it was consistent with the phase analysis in
Figures 8 and 9.

2
.:
q

Figure 9. SEM images of the cross-section of the alloys contacted with Al,O3 shells with kaolin and
TiO, additions at 1550 °C and 1600 °C, respectively; (a) with kaolin addition at 1550 °C; (b) with TiO,
addition at 1550 °C; (c¢) with kaolin addition at 1600 °C; (d) with TiO, addition at 1600 °C.

In order to further clarify the diffusion pattern of the constituent elements in A;,O3
shells, the elemental mapping analysis for the cross-section of the alloys in Figure 8 is shown
in Figure 10. From Figure 10a,b, it can be seen that large amounts of Si elements were
enriched in the alloy; however, no enrichment of Al elements was found. In fact, researchers
had reported that the interaction between the Ni-based superalloy and the Al,O3 shell
was dominated by physical dissolution—diffusion [26,27]. However, the dissolution extent
of the elements was determined by the thermodynamic stability of the respective oxides.
Apparently, due to the lower stability of SiO, in comparison with Al,Os, the Si elements
exhibited a prior dissolution in the alloy. Due to the lower stability of TiO, in comparison
with Al,Os, from Figure 10b-by, it can be seen that no Al elements were enriched in the
alloy. However, no Ti elements were also observed. It was because the dissolution extent of
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the Ti elements was larger than that of Si elements. Apparently, due to the increase in the
interaction extent at 1600 °C, large amounts of Al elements were enriched in the alloy, as
shown in Figure 10c,d. Additionally, the same enrichment phenomena of Si and Ti elements
were also confirmed with the above analysis.

Table 3. EDS results of points 10~20.

Point Element/at%
Al o} Si Ni Ti Nb, Mo,

Cr.
10 6.66 / 7.62 48.50 / Bal.
11 14.65 / / 65.12 / Bal.
12 15.21 / / 63.71 0.11 Bal.
13 13.55 / / 64.80 0.13 Bal.
14 15.44 / / 63.73 0.08 Bal.
15 12.70 / 0.32 44.03 / Bal.
16 / / / / Bal.
17 28.72 57.29 12.92 1.07 / Bal.
18 28.45 / 2.40 61.12 / Bal.
19 14.93 / 5.31 64.46 / Bal.
20 33.94 55.44 10.61 / / Bal.

&) = N

100y

100
)=

100

===

100pm
} | e— |

Figure 10. (a—d) The combination of all elements for the cross-section of the alloys contacted with
Aly O3 shells with kaolin and TiO, additions at 1550 °C and 1600 °C, respectively; (a;j—ds) the EDS

element mapping pictures for O, Al, Zr, Ba, Ti, Cr, Co, Ni, Hf, W, and Re elements.

4. Conclusions

In this study, the interactions between DD6 alloys and Al,Oj3 shells with kaolin and
TiO, addition were investigated at 1550 °C and 1600 °C, respectively. Conclusions were
obtained as follows:

(1) Ata contact temperature of 1550 °C, both Al,O3 shells with kaolin and TiO, additions
exhibited good corrosion resistance to DD6 alloys, although a thin shell refractory
layer appeared at the bottom of the alloys and no penetration of the shell refractory
was observed in the interior of the alloys.

(2) When the contact temperature was increased to 1600 °C, a significant interaction
occurred between Al,Oj3 shells with kaolin and TiO, additions. Both shells exhibited
noticeable damage at the contact interface. This indicates that the increase in tempera-
ture could significantly intensify the interaction between the shell and the alloy.
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(3) Additionally, the thicknesses of the sand adhesions on the shells with kaolin and
TiO, additions were 120 pm and 220 um, respectively. Although the temperature
of 1600 °C was not suitable for utilizing Al,O3 shells in preparing the DD6 alloy.
However, compared to adding TiO,, the addition of kaolin could also enhance the
stability of the Al,Oj3 shell. This study provides theoretical guidance for the systematic
investigation of the effect of an additive on the interaction between the shell and alloy.
Additionally, it offers a reference for the preparation of high-quality Ni-based alloys.
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