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Abstract: Some active metal oxides (Al>O3, TiO,, and Cr,O3) were selected as dopants to the Al,Os-based ceramic shells
for investment casting of K417G superalloy. The effects of dopant types and contents (0, 2, 5, and 8 wt.%) on the
wettability and interfacial reaction between the alloy and shell were investigated by a sessile-drop experiment. The results
show that increasing the Al,O; doping contents (0—8 wt.%) reduces the porosity (21.74%—10.08%) and roughness
(3.22—1.34 pm) of the shell surface. The increase in Cr,O3 dopant content (2—8 wt.%) further exacerbates the interfacial
reaction, leading to an increase in the thickness of the reaction layer (2.6—3.1 pm) and a decrease in the wetting angle
(93.9°-91.0°). The addition of Al,O3 and TiO dopants leads to the formation of Al,TiOs composite oxides in the reaction
products, which effectively inhibits the interfacial reaction. The increase in TiO» dopant contents (0—8 wt.%) further
promotes the formation of Al TiOs, which decreases the thickness of the interfacial reaction layer (3.9—1.2 um) and
increases the wetting angle (95.0°-103.8°). The introduced dopants enhance the packing density of the shell surface,
while simultaneously suppress the diffusion of active metal elements from the alloy matrix to the interface.

Keywords: Al,Os-based ceramic shell; K417G superalloy; metal oxide dopants; interfacial reaction; wettability

processing (e.g., sandblasting, grinding, and
polishing) for removal, which increases production
costs and even causes recrystallization, ultimately
reducing the service life of the blades [6,7].

The interfacial reaction often happens between

1 Introduction

Investment casting technology [1,2] enables the
near-net-shape formation of complex components,

making it the primary method for manufacturing
high-melting-point, lightweight, and intricately
structured Ni-based superalloy blades [3]. However,
the interfacial reaction between the molten alloy and
the ceramic shell during the casting process can lead
to surface defects such as sticking sand and
blowholes, which negatively impact the fatigue
performance and mechanical properties of the blades
[4,5]. These defects typically require secondary

active metal elements in the molten alloys (e.g., Al,
Ti, Cr, and Hf) and oxides in ceramic shell (e.g.,
AlO3, Si0;, Na,O, and Fe;03) [8—10], resulting in
the formation of more stable oxides (e.g., Al,Os,
Cr;0;, and HfO,) and composite oxides (e.g.,
(Al;Cry),03) [11-13]. The wettability between
them represents the spreading behavior of the molten
alloys on the shell surface, which indicates the extent
of the interfacial reaction [10]. Proper wettability
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promotes uniform spreading of the molten alloy,
thereby reducing surface defects. In contrast,
excessive wettability can exacerbate the interfacial
reaction, leading to the formation of harmful
phases [13]. Currently, the sessile-drop experiment is
usually adopted to evaluate the wettability and
interfacial reaction, as it can directly measure the
wetting angle and hence facilitate the analysis of
reaction products [14]. The wettability and
interfacial reaction are primarily influenced by the
composition of both the superalloy and the ceramic
shell. Therefore, studying the relationship between
wettability and interfacial reactions is essential for
improving the surface quality of the cast products.
Previous studies have investigated the effects of
alloy composition on wettability and interfacial
reaction [15—18]. LI et al [16] found that reducing
impurities (O, N, and S) in the DZ125 superalloy
decreases the thickness of interfacial reaction layer
while increasing the wetting angle. ZI et al [17,18]
regulated the wettability and interfacial reaction
between the Ni-based superalloy and the AlLOs-
based ceramic shell by adding Re and Y into the alloy
matrix. The results showed that, the extent of
interfacial reaction reduced, and the wetting angle
increased when the Re content increased. When
the Re content reached 6 wt.%, the displacement
reaction between Hf in the molten alloy and SiO; in
the shell was completely inhibited [17]. As the Y
content increased, the extent of the interfacial
reaction was intensified, and the wetting angle
decreased. The Y in the molten alloy reacted with the
ALO; and SiO; in the shell to form Y»0; and
Y203—-Al03 composite oxides [18]. Similarly, the
composition of the ceramic shell not only influences
the wettability and interfacial reaction, but also

changes the composition of the alloy surface [19—22].

JEMHUC et al [21] found that the interfacial
reaction increased the Cr content in the ceramic shell
from 0.2% to 1.2%, leading to a Cr deficiency on the
alloy surface. So, pre-absorption of a certain amount
of Cr on the surface of ceramic shell could suppress
the diffusion of Cr from the alloy matrix. SHI et
al [22] found that the addition of Cr,Os particles
enhanced the density of the shell surface and formed
an AlO3;—Cr,03—SiO, composite oxide, which
inhibited the interfacial reaction.

Despite these advancements, systematic
research on the effects of ceramic shell composition
on wettability, interfacial reaction, and changes in

active metal elements are rarely reported. As a result,
this work introduced some active metal oxides as
dopants into a stereotype Al,O3-based ceramic shell
to enhance the packing density of the shell surface,
and to suppress the diffusion of active metal
elements from the alloy matrix to the interface. The
effects of dopant types and contents on wettability
and interfacial reaction were studied through a
sessile-drop experiment, and the reaction products
were analyzed to elucidate the mechanisms
underlying the acquired results. The findings of this
work are crucial for designing some advanced
ceramic shells, and for developing precision casting
technology.

2 Experimental

2.1 Composition design of Al,Os-based ceramic

shell

In this study, K417G superalloy was used as the
research material (with composition (wt.%): Al
4.80—-5.70, Ti 4.10—4.70, Cr 8.50-9.50, Co 9.00—
11.0, Mo 2.50-3.50, C 0.13-0.22, Zr 0.05-0.09, O
0.0006, N 0.0002, S<0.0004, and Ni Bal.). The
primary components of the AlOs-based ceramic
shell surface are Al,O; (fused corundum) and SiO,
(silica sol) [16,17]. The interfacial reaction is
assumed to arise from the oxidation of active
elements in the alloy [23,24]. Therefore, the
thermodynamic stability of the oxides of these
elements was used to evaluate their involvement in
the interfacial reaction [25]. Notably, the stability of
each element can only be compared when it reacts
with 1 mol O, to form the corresponding oxides
(with equivalent oxygen content) [26]. Figure 1
shows the temperature-dependent trend of the
standard Gibbs free energy change (AG) for potential
oxide formation in the interfacial reaction system
between the K417G superalloy and Al,Os-based
ceramic shell [27]. Within the temperature range of
1000—2000 K, the thermal stability of the oxides
follows the order: ALL,Os; > TiO; > SiO; > Cr,03 >
MoO; > CoO > NiO. Thus, the relative reactivity of
the alloying elements can be ranked as follows: Al >
Ti > Cr > Mo > Co > Ni. Based on this calculation,
AlLO3, TiO», and Cr,0s fine particles were selected
as dopants for the shell. On one hand, the addition of
dopant particles can enhance the packing density of
the shell surface, thereby reducing thermal erosion
caused by the molten alloy. On the other hand, the
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dopants enable the shell to pre-absorb active metal
elements, which suppresses their diffusion from the
alloy matrix to the interface area, and also inhibits
the interfacial reactions.
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Fig. 1 Gibbs free energy change (AG) of different oxides
in alloy/shell interfacial reaction system

The Al>Os-based ceramic shell was fabricated
by the lost wax method [16,17]. The slurry used for
shell production comprised fused corundum
(refractory material), silica sol (binder), and dopant
particles, with a mass ratio of fused corundum to
silica sol of 3:1. The dopant content was determined
based on its proportion to the fused corundum. The
sample names and their corresponding dopant
contents are given in Table 1, while the composition
and particle size information of the raw materials are
detailed in Table 2. After thoroughly mixing the
slurry, the wax mold underwent a cyclic processes of
slurry coating, stuccoing, and drying, and these
processes were repeated for many times until the
shell reached a thickness of 6 mm. The molds were
then dewaxed at 473 K (200 °C) for 2 h and sintered

Table 1 Sample and corresponding dopant contents

Sample Dopant Content/wt.%
FC - -
2Cr-FC 2
5Cr-FC CI’203 5
8Cr-FC 8
2Al-FC 2
5AI-FC ALO; 5
8AI-FC 8
2Ti-FC 2
STi-FC TiO, 5
8Ti-FC 8

Table 2 Composition of raw materials in preparing
ceramic shell

Composition or

Material Powder Size/pm content/wt.%

Fused Al0399.28, Si0,0.41,

Refractory corundum 45 Ca0 0.03, Fex030.04,
Na,O 0.15, Loss 0.09

Cr03 1-3 Cr;03>99.9, Loss <0.1

Dopant  AlLOs 1-5  ALO3>99.9, Loss <0.1
TiO, 1-3 Ti02,>99.9, Loss <0.1

Binder ~ Oined - Si0; 30, water bal.
solution

at 1223 K (950 °C) for 2 h, after which the shells
were cut into 20 mm X 20 mm * 6 mm blocks using
diamond wire cutting.

2.2 Sessile-drop experiment

The sessile-drop experiment [18] was performed
in a vacuum induction directional solidification
furnace to study the wettability and interfacial
reaction between the K417G superalloy and the
Al,Os-based ceramic shell at high temperatures. The
experimental setup is presented in Fig. 2(a). Firstly,
the K417G superalloy was cut into 5 mm X 5 mm X
5 mm blocks using electric discharge machining,
polished with sandpaper to obtain a smooth and
bright surface, and then ultrasonically cleaned in
anhydrous ethanol to remove surface oils and
impurities. A ceramic bracket was placed on the
water-cooled crystallizer within the furnace. The
alloy block and ceramic shell were placed on the
bracket in a sealed furnace, and then the bracket was
lifted into the graphite electrode. The pressure in the
furnace was reduced to 5x1072Pa. The furnace
temperature was then increased from 20 °C (293 K)
to 1350 °C (1623 K) at a heating rate of 40 °C/min
[28], where it was held for 40 min to melt the alloy
block into a nearly spherical droplet (Fig. 2(b)).
Finally, the power of furnace was turned off,
allowing the alloy droplet to solidify as it cooled
within the furnace, thereby obtaining the final
samples. The wetting angle is calculated using the
following equation [29]:
f=2arctan(2h/d) (N
where 6 represents the actual contact angle (wetting
angle) between the alloy droplet and the ceramic

shell, 4 is the droplet height, and d is the bottom
diameter of the droplet. These dimensions were
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Fig. 2 Schematic diagram: (a) Experimental setup; (b) Method for measuring wetting angle

measured using a vernier caliper. To ensure experimental
accuracy, the final wetting angle value was calculated
as the average of five independent measurements.

2.3 Characterization methods

Surface morphology of the shell was observed
by scanning electron microscopy (SEM, CLARA,
TESCAN, Czech Republic), the porosity was
calculated using Image-Pro software, and the
roughness was measured with a 3D profiler (GT-K
3D, Bruker, Germany). After the sessile-drop
experiment, the front view of each sample was
captured using a camera (EOS-M50, Canon, Japan).
Micro-area X-ray diffraction (XRD, Bruker DS
Advance, Germany) was used to analyze the phase
composition of the reaction products on the alloy and
shell surfaces. The micro-morphology of the alloy
and shell surfaces was observed by SEM, and the
chemical composition was analyzed by energy-
dispersive spectrometer (EDS, Xplore 30). The
alloy droplets were sectioned perpendicular to
the interfacial reaction layer and prepared as
metallographic samples. Subsequently, the micro-
morphology and elemental distribution of the
interfacial reaction layer on the alloy surface were
examined by SEM and EDS. Finally, X-ray
photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha, USA) was used to analyze the elemental
valence states of the reaction products.

3 Results and discussion
3.1 Effect of dopant content on shell morphology,

porosity, and roughness
In sintering process, water evaporates from the

shell surface, resulting in a porous structure [28],
which allows the molten alloy to penetrate the
surface pores through capillary effect, leading to
thermal erosion by the molten alloy [16,17]. The
microstructure of the shell surface (Figs. 3(ai—d))
and its 3D contour (Figs. 3(a;—d>)) illustrate an
obvious change with the increase of Al,O3; dopant
content. The corresponding porosity and roughness
values (Fig.4) clearly demonstrate that the
incorporation of dopant particles modifies the
microstructure of the shell surface. A significant
enhancement in the density of the shell surface
increases with the dopant content (0, 2, 5, and
8 wt.%), which is attributed to the filling of large
pores on shell surface by small dopant particles,
where the porosity decreases from 21.74% to
10.08%, and roughness diminishes from 3.22 to
1.34 pm. As the particle size of the other dopants is
even slightly smaller than that of the Al,Os (Table 2),
this inevitably results in a similar effect with that of
Al,Os on density of the shell surfaces.

3.2 Effect of dopant type and content on

wettability and interfacial reaction

Figure 5(a) shows the front view of samples
after the sessile-drop experiment. Figure 5(b)
presents the longitudinal profile microstructure
of the alloy surface. The wetting angle and the
thickness of the interfacial reaction layer are
calculated based on these observations (Fig. 6). The
results of the sessile-drop experiment indicate that
the alloy block melts at high temperatures, forming
nearly spherical droplets on the shell surface, and the
dopants significantly affect the wetting angle and
thickness of the interfacial reaction layer. In the FC
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Fig. 3 Micro-morphology (ai—d;) and 3D profile (a,—d,) of shell surface with different Al;O; dopant contents:
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Fig. 4 Porosity and roughness of shell surface with
different Al,O3 dopant contents

sample, the wetting angle is approximately 95.0°,
and the thickness of interfacial reaction layer is about
3.9 um. As the Cr,O; dopant content increases (2, 5,
and 8 wt.%), wetting angle decreases (93.9°, 92.1°
and 91.0°), while the thickness of interfacial reaction
layer increases (2.6, 2.9 and 3.1 um). In contrast,
increasing the Al;O; dopant contents (2, 5, and
8 wt.%) results in an increase in the wetting angle
(96.2°, 97.1° and 99.4°) and a decrease in the
thickness of interfacial reaction layer (2.3, 2.2 and
2.1 pm). Similarly, with the increase of TiO, dopant
content (2, 5, and 8 wt.%), the wetting angle
increases (98.8°, 100.6° and 103.8°), while thickness
of the interfacial reaction layer decreases (2.0, 1.5
and 1.2 pm).

Cr-FC Al-FC Ti-FC

Bottom

profile of 8Cr-FC 8AI-FC 8Ti-FC

Al-FC Ti-FC

alloy droplet Cr-FC

Fig. 5 Sessile-drop experiment results: (a) Front view
of each sample; (b) Micro-morphology of longitudinal
profile on alloy surface

3.3 Phase composition and morphology of
reaction products with different dopants
Due to the low density of the shell surface in
the FC sample (Figs. 3 and 4), the molten alloy
experiences very severe thermal erosion, leading to
the most intense interfacial reaction and the largest
thickness of the interfacial reaction layer (Figs. 5 and
6). The reaction products (Fig. 7(a)) on the alloy
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Fig. 7 XRD patterns of reaction products on alloy surface: (a) FC; (b) Cr-FC; (¢) Al-FC; (d) Ti-FC

surface in the FC sample contains Cr,03, Al,O3, TiOa,
mullite (3A1:03-2S8i03), and 9AL0;-Cr,03. Some
other potential reaction products may exist in the
shell but they cannot be detected due to the very
small quantity in the raw sources and products.
The mullite and 9A1,03-Cr,0; phases are formed

following Eq. (2) [29] and Eq. (3) [22] in the high-
temperature circumstance:

3A1,0:+2S10,=3A1,03-2Si0; (2)
9A1203+C1'203:9A1203'CI'203 (3)
Figure 7(b) shows that when the Cr,O3 dopant
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content is 2 wt.%, the phase composition on alloy
surface is the same as that of the FC sample.
However, when the Cr,Os dopant content increases
from 5 wt.% to 8 wt.%, diffractions from Cr,O; and
the CrTi,0s are observed. Although the Cr,O; dopant
enhances the density of the shell surface, its lower
thermal stability (Fig. 1) allows it to react with the
active metal elements in the molten alloy, resulting
in the formation of CrTi,Os composite oxides. Some
Cr203 does not participate in the reaction, resulting
in the observation of single Cr,O3 phase. In contrast,
the AlO; and TiO; dopants have higher thermal
stability compared to Cr,Os, making them less
reactive with the molten alloy. Notably, the
presences of Al,Os and TiO, dopants lead to the
formation of Al TiOs composite oxides in the
reaction products (Figs. 7(c, d)). When the TiO;
dopant content reaches 8 wt.%, a diffraction from
Al TiOs appears at 20=81.8°, indicating that TiO,
dopant is favorable for the formation of AlLTiOs
composite oxides.

Figures 8 and 9 illustrate the micro-morphology
and elemental distribution on the alloy surfaces
(Fig. 8) and shell surfaces (Fig. 9) of FC, 8Cr-FC,
8AI-FC, and &8Ti-FC samples. The interfacial
reaction leads to the formation of reaction products

on both the alloy and shell surfaces (Figs. 8(a) and
9(a)). These products are primarily composed of
Al,O3 (dark gray area, composition (at.%): Al 61.9,
O 38.0) with a honeycomb-like microstructure
observed on the alloy surface (Region I). YAO et
al [12] found that SiO; in the ceramic shell forms a
liquid phase at high temperatures, which intensifies
the local interfacial reaction, leading to the formation
of Al,Os3 and the development of Si-rich “reaction
pits” on the casting surface (Region II). Additionally,
Ti-rich phases appear as bright white areas in the
secondary electron (SE) and backscattered electron
(BSD) images. According to the phase analysis
results (Fig. 7), the primary phase in these areas is
identified as TiO,.

As shown in Fig. 9(a), the high porosity of the
shell surface in the FC sample (Figs. 3 and 4) allows
the reaction products to fill in the pores, thereby
enhancing the local density of shell surface (Region
VI). However, this filling is not uniform, and two
distinct forms of Ti-rich phases, blocky and striated,
can be observed within the reaction products. EDS
analysis at Points 1 and 2 reveals that the blocky
structure is composed of TiO,, while the striated
structure is identified as AlLTiOs composite oxides
(Table 3). Although the dopant fills in the pores and

Fig. 8 Micro-morphology and elemental distribution on alloy surface: (a) FC; (b) 8Cr-FC; (c) 8AI-FC; (d) 8Ti-FC
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Fig. 9 Micro-morphology and elemental distribution on shell surface: (a) FC; (b) 8Cr-FC; (c) 8 Al-FC; (d) 8Ti-FC

Table 3 Element contents in Ti-rich areas of reaction products on shell surface detected by EDS (at.%)

Point No. in Fig. 9 @) Si Al Cr Ti Co Mo Ni
1 62.6 0.6 13.6 1.3 16.7 0.3 4.4 1.5
2 324 0.1 5.2 0.4 61.6 - - 0.3

enhances the density of the shell surface (Figs. 3 and
4), the results indicate that the thermal stability and
reaction activity of the dopant in the ceramic shell
are more crucial for the interfacial reaction.
According to Fig. 1, the thermal stability of the
dopants follows the order: Al,O3 > TiO; > Cr0s.
Therefore, Cr,O3 dopants can react with Al and Ti
elements within the molten alloy. As the Cr,0O;
content increases, the thickness of the interfacial
reaction layer also increases (Figs. 5 and 6), leading
to a much rougher alloy surface (Fig. 8(b)) with
deeper “reaction pits” (Region III). At the same time,
the Cr,Os dopants within the shell surface are largely
consumed, compromising the original structure and
reducing the surface density (Fig. 9(b)). In the 8AI-
FC sample, the alloy surface shows improved
smoothness (Fig. 8(c)), and the “reaction pits”
become shallower (Region IV). Additionally, the
reaction products on the shell surface are less

abundant and more dispersed (Fig. 9(c), Regions VII
and VIII). This can be attributed to the adoption of
Al,O3 dopant, which enhances the density and
thermal stability of the shell surface, thereby
reducing the filling of pores with the reaction
products. In the 8Ti-FC sample, the alloy surface
achieves the highest degree of smoothness
(Fig. 8(d)), as well as fewer and shallower “reaction
pits” (Region V). As shown in Fig. 9(d), the shell
surface is observed with a layer enriched with Al, Ti,
and O elements. This formation is attributed to the
TiO, dopant, which promotes the formation of
Al,TiOs composite oxides within the reaction
products and significantly inhibits the interfacial
reaction.

The reaction products on the shell surface
of FC sample primarily consist of AlOs3, TiO,,
3A10;3-2S10,, and 9ALO; Cr;0;, as shown in
Fig. 10. In the 8Cr-FC sample, the diffraction peak
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Fig. 10 Phase analysis of reaction products on shell
surface

for 3A1,05-2Si0; is absent, while a diffraction peak
for the CrTi,Os appears. In contrast, the CrTi2Os is
not observed in the 8AI-FC and 8Ti-FC samples,
whereas the Al,TiOs is detected. This confirms that
the layer enriched with Al, Ti, and O elements on the
shell surface of the 8Ti-FC sample primarily consists
of Al TiOs composite oxides (Fig. 9(d)).

3.4 Cross-sectional microstructure and elemental
distribution of interfacial reaction layer

Figure 11 shows the micro-morphology and
elemental distribution in the interfacial reaction layer
on the alloy surfaces of the FC, 8Cr-FC, 8AI-FC, and
8Ti-FC samples. The alloy matrix primarily consists
of Ni and other elements. The reaction products
primarily consist of Si, O, Al, and Ti elements. Al

8AI-FC 8Cr-FC FC

8Ti-FC

and O form a continuous Al,O; layer within the
reaction products. Si is observed to diffuse into the
reaction products due to a displacement reaction
between the active metal elements in the molten
alloy and the SiO; of the shell surface. Ti is observed
outside the Al,Os layer, which is attributed to the
presence of TiO; above the Al,O3 layer (Figs. 7 and
8). No obvious Cr-rich area is observed in the
reaction products, indicating that 9Al,Os3-Cr,0O;
composite oxides are absent in the interfacial
reaction layer, but should exist in the sticking sand.
The elemental distribution in the alloy matrix
and the interfacial reaction layer was further
investigated through EDS spectra with line scan
model. The test position and scanning direction are
shown in Fig. 11, and the test results are shown in
Fig. 12. The intersection points of the Al and Ni
signal intensities between the alloy matrix and
the interfacial reaction layer indicate significant
compositional differences in these two sides. As
shown in Fig. 12(a), the interfacial reaction layer in
the FC sample is mainly composed of O, Si, Ti, and
Al. An AL,Os3 layer with a thickness of about 2.9 pm
is located on the alloy matrix, with Si and Ti located
outside Al,Os layer. The active metal elements Cr,
Al, and Ti are consumed during the interfacial
reaction, leading to a relative increase in the Co and
Mo content on the surface of the alloy matrix. In the
8Cr-FC sample (Fig. 12(b)), the Cr content within
the alloy matrix shows a significant increase,
confirming that the Cr,O; dopant can inhibit the
diffusion of Cr from the alloy matrix to interfacial

Fig. 11 Micro-morphology and elemental distribution in interfacial reaction layer on alloy surface (Arrows in the first

column indicate the EDS line scan traces)
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Fig. 12 EDS line scan results from interfacial reaction layer to alloy matrix: (a) FC; (b) 8Cr-FC; (c) 8AI-FC; (d) 8Ti-FC

reaction layer. However, due to the instability of
Cr,0s dopant, it further reacts with Al and Ti in the
alloy matrix, leading to a reduction in their content
within the alloy matrix and an increase in the
thickness of AlOs layer to over 3 um. In 8AI-FC
sample (Fig. 12(c)), the content of Al and Ti in the
alloy matrix increases, while the thickness of the
Al,Os layer is about 1.2 um. In the 8Ti-FC sample
(Fig. 12(d)), the Ti content in the alloy matrix further
increases, and the thickness of the Al,Os layer is less
than 1 um. It should be noted that the thickness of
the interfacial reaction layer is not uniform and has a
margin of error (Figs. 5(b) and 6(b)). Thus, the
thickness measured in the EDS line scan results is
less than the average value.

3.5 Role of dopant type and content on wettability

Under ideal conditions (a smooth solid surface
and non-reactive solid—liquid interface), wettability
characterization follows Young’s three-phase
equilibrium equation (Eq. (4)) [30]. For non-smooth
solid surfaces, the Wenzel equation (Eq. (5)) [31] is

applicable:
con 8y=(0sy—01s)/ o1y 4)
con &1=m(osv—01s)/ 0 ®)

where 0, is the wetting angle on a smooth solid
surface; oy, ois and o1, represent the surface tensions
of ceramic/steam, alloy/ceramic, and alloy/steam,
respectively; 6, is the wetting angle on a rough solid
surface; m is the roughness factor of solid surface.
Since m > 1, it follows cos &) > cos 6p. Therefore,
if the actual contact angle is less than 90°, then
61 < 6o. The greater the roughness, the higher the m
value, leading to a smaller measured wetting angle
and improved wettability of the molten alloy on the
ceramic shell. Conversely, if the actual contact angle
exceeds 90°, increased surface roughness results in a
larger wetting angle and decreased wettability [26].
Based on the above conditions, as the dopant content
increases, the porosity and roughness of the shell
surface decrease (Figs. 3 and 4). Therefore, assuming
no interfacial reaction occurs, the wetting angle is
expected to decrease as well.
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In this study, the dopants have a significant
impact on both the wettability and interfacial
reaction (Figs. 5 and 6). According to the theory of
wettability changes during interfacial reactions [32],
a strong interfacial reaction is essential for achieving
good wettability. The more intense the interfacial
reaction, the greater the wettability, leading to a
smaller wetting angle. Conversely, when the
interfacial reaction is inhibited, the wettability
deteriorates, resulting in an increased wetting angle.
In the FC sample, the wetting angle is about 95°,
indicating a non-wetting relationship between the
alloy and the shell [33]. As the Cr,O3 dopant content
increases, the interfacial reaction intensifies, leading
to an increase in the thickness of the interfacial
reaction layer and a decrease in the wetting angle.
Conversely, as the contents of AlLO; and TiO»
dopants increase, the interfacial reaction is inhibited,
leading to a thinner interfacial reaction layer and a
larger wetting angle.

3.6 Role of dopant type and content on interfacial
reaction

Three main mechanisms of reactive wetting
have been identified [16]: solution-driven wetting,
interfacial adsorption-driven wetting, and interfacial
reaction-driven wetting. As shown in Fig. 13, the
interfacial reaction between K417G superalloy and
Al,Os-based ceramic shell can be divided into four
primary steps [33]: (1) liquefaction or decomposition
of the ceramic shell material, (2) diffusion of
atoms from the decomposed shell to alloy/shell
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interface, (3) diffusion of active atoms from the
alloy matrix to alloy/shell interface, and (4) the
occurrence of interfacial reaction at the alloy/shell
interface. Thus, the interfacial reaction in this system
can be categorized into the following types [34]:

M.O(s)=M,0O (6)
M, O=x[M]+[O] (7
Y[NJ+[O]=N,0 (8)
Y[NJHM,0=N,0+x[M] 9)

where M,O represents the oxides in ceramic shell,
including Al,Os;, SiO,, and dopants. “N” represents
the active metal elements in the alloy matrix.
According to Figs. 1 and 7, the active metal elements
involved in the interfacial reaction are Al, Ti, and Cr.
Before the interfacial reaction occurs, the active
elements in the alloy gather and adsorb at the
alloy/shell interface [16] (Fig. 13(a)). When the
critical concentration or temperature is reached, the
interfacial reaction occurs, leading to the formation
of reaction products at the interface. The thermal
erosion caused by the molten alloy is the primary
factor driving the liquefaction and decomposition of
the shell materials (Egs. (6) and (7)), and thus the
density of the shell surface significantly influences
the thermal erosion. The thermal stability of oxides
in the interfacial system follows the order: Al,O3 >
TiO; > SiO; > Cr,0s (Fig. 1). Therefore, Al and Ti in
the alloy exhibit stronger oxidation abilities (Eq. (8))
and can undergo displacement reactions with SiO»
and Cr,03, resulting in the formation of more stable

@) . _ *[Crlaioy  (b) 4B[AI+Si0=2/3AL,05+[Si]
[Ni/Co/Mo/Cr/Al/Ti] *[Allaioy  2[AI+3[0]—ALO
L 0O 0o 0o o 0o 0o 0 O O .[Ti]Alloy E} e . °
q \ayel -~ ©O 0O 0o o o o o o L2 * e o
g0 0,0 o o o a 2 D
B ," -y C' S0 eyl 00y %> 20? 2
e ey o < A ?%g).]]M.\O A4 A
a = S 23 [V e A A A A
AL,O5-base . ~ - o [Al] Ti]+Si0,=TiO,+[Si
- chell -y ) . Mo [Ti]+Si0y=TiO,+[Si]
ceramic $ . MO ALO;VSIO; @ Dopant D] /11 [Ti|+2[0]=TiO,

M,0()=M,O(l) [Cy[N]+[O]=N,0
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Fig. 13 Diagram of interfacial reaction: (a) Interfacial reaction system; (b) FC; (¢) 8Cr-FC; (d) 8 Al-FC; (e) 8Ti-FC
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oxides (Eq. (9)). Figure 14 shows the XPS spectra
obtained from the alloy surface in the FC, 8Cr-FC,
8AI-FC, and 8Ti-FC samples. The chemical states of
the elements Al, Ti, Cr, and Si were determined by
deconvolving their corresponding detailed XPS scan
spectra [16,35—37]. This analysis provides a more
detailed and accurate understanding of the interfacial
reaction processes. The reaction products primary
include ALOs (AI*Y), TiO; (Ti*"), Cr,0; (Cr*"), SiO,,
and SiO, (Si**, 0<x<2). In this case, SiO, is
generated by the reaction of Si with atmospheric
O, during the cooling process at the end of the
experiment. Additionally, a peak observed at
581.5eV corresponds to Cr®. According to
Ref. [37,38], the oxidation state transition from
Cr’" to Cr® is likely attributed to charge balance
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considerations. Although there is a possibility of
forming trace amounts of chromates, their quantities
are insufficient to produce distinct diffraction peaks
in the XRD pattern (Fig. 7).

In the FC sample, the density of the shell
surface is the lowest, leading to intense liquefaction
and decomposition under thermal erosion by the
molten alloy (Egs. (6) and (7)). This increases the
oxygen concentration at the interface, resulting in the
most severe interfacial reaction (Figs. 5(b) and
13(b)). Although the increase in dopant content
enhances the density of the shell surface (Fig. 3), the
thermal stability of the dopant significantly affects
the extent of interfacial reaction. When the Cr2Os3
dopant content is 2 wt.%, the interfacial reaction
layer is thinner compared to that of the FC sample.
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Fig. 14 XPS spectra of alloy surface: (a) FC; (b) 8Cr-FC; (c) 8Al-FC; (d) 8Ti-FC
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This reduction can be attributed to the formation of
ALO3;—Cr,0; or AlLO3;—SiO,—Cr,03 composite
oxides, which inhibit the interfacial reaction [22].
However, as the Cr,O; dopant content increases
(2—8 wt.%), a displacement reaction between Cr,0O3
dopants and the Al and Ti in the molten alloy
intensifies (Eq. (9)), leading to an increase in the
thickness of the interfacial reaction layer and a
decrease in the wetting angle (Figs. 12(b) and 13(c)).
Notably, the reaction products in the 8Cr-FC samples
exhibit complex valence states of Ti, including
Ti (Ti%), TiO (Ti*"), Ti»0; (Ti*"), and TiO, (Ti*),
as shown in Fig. 14(b). The AG of the potential
chemical reaction within the interfacial system at
1623 K is calculated to evaluate the thermodynamic
feasibility of these reactions, as detailed in the
literature [39] and Eq. (10):

O/ _ Ap® ) r _
AG®(T)=AHgy  ~TASS + [ Ac,dT

TjT A ar

298K T

(10)

where AG®(T) represents the standard Gibbs free
energy change of the chemical reaction at
temperature 7, AHsy, . is the standard enthalpy of
formation of the chemical reaction, ASi . is the
standard entropy of the chemical reaction, and Ac,
refers to the sum of the constant pressure heat
capacities of the substances involved in the chemical
reaction. The calculated results are presented in
Table 4. For every 1 mol of Cr,O; consumed, the AG
for formation of Ti oxides is as follows: 0 > TiO, >
Ti,O; > TiO. Therefore, at 1623 K, all these reactions
are feasible, leading to a diversity of Ti valence states
in the reaction products. Thus, the equation for the
formation of the CrTi,Os composite oxides may take
place as follows:

1/2Cr,03+1/2Ti,03+Ti0>,==CrTi,0s (1 1)

Table 4 Gibbs free energy change (AG) for displacement
reaction between Ti and Cr203 at 1623 K

Reaction AG/(kJ-mol™)
3/2Ti+Cr,03=3/2TiO»+2Cr —262.445
2Ti+Cr,05=Ti,03+2Cr —365.282
3Ti+Cr,0;=3TiO+2Cr —455.504

In the AI-FC and the Ti-FC samples, the
interfacial reaction is significantly inhibited by three
factors: (1) The dopant increases both the density

and high-temperature stability of the shell surface,
thereby reducing thermal erosion from the molten
alloy; (2) The dopants reduce the diffusion of active
metal elements to the interfacial reaction layer;
(3) The ALTiOs composite oxides are formed.
Compared to Al>Os, TiO, dopants are more favorable
for the formation of Al,TiOs composite oxides on the
shell surface (Figs. 9(d) and 13(e)), which can be
formed as follows:

ALOs+TiO=ALTiOs (12)
4 Conclusions

(1) AL, Ti, and Cr are critical elements in the
interfacial reaction of the K417G superalloy. Their
oxides (Al>O3, TiOs, Cr203) have significant effect
on property of the Al,O3-based ceramic shell.

(2) Appropriate dopants should enhance the
surface packing density of the shell surface. As the
content of Al,O3; dopant increases (0—8 wt.%), both
the surface porosity (21.74%—10.08%) and the
roughness (3.22—1.34 um) decrease.

(3) The dopants can suppress the diffusion of
active metal elements from the alloy matrix to the
interface, thereby increasing their concentration at
the surface of the alloy matrix.

(4) The poor thermal stability of the CrO;
dopant leads to displacement reactions with Al and
Ti in the molten alloy. Increasing its content
intensifies the interfacial reaction and decreases the
wetting angle.

(5) Al,O3 and TiO, dopants can enhance the
thermal stability of the shell surface, reduce thermal
erosion caused by the molten alloy, and promote the
formation of AlLTiOs composite oxides within the
reaction products. This effectively inhibits the
interfacial reaction and increases the wetting angle.
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