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Abstract: Alumina fibers, with an aspect ratio ranging from 9 to 27, were utilized as the reinforcing materials for
silica-sol ceramic shell molds, and the impact of different alumina fiber additions on the green bending strength,
room- and high-temperature bending strength, and self-weight deformation of ceramic shell molds was investigated.
The green bending strength of shell molds is the maximum at an alumina fiber addition amount of 0.2wt.%, reaching
6.20 MPa. Further increases in alumina fiber content do not significantly affect the green bending strength. As
the alumina fiber addition amount increases from 0.2wt.% to 1.0wt.%, the bending strength and the resistance
to self-weight deformation of the ceramic shell molds at high-temperatures show a pattern of first increase and
then decrease. The shell molds after sintering exhibit the highest room-temperature strength of 17.33 MPa
and the highest high-temperature strength (18.97 MPa at 1,100 °C; 17.78 MPa at 1,200 °C; and 15.3 MPa
at 1,300 °C), and the smallest self-weight deformation of 0.022% at 1,000 °C when the alumina fiber addition is
0.6wt.%. The appropriate amount of fibers in the shell mold matrix consume the energy required for crack growth
through mechanisms such as bridging and pulling-out, thereby improving the strength of shell molds. In summary,
the comprehensive performance of the shell molds is the best when the fiber addition amount is 0.6wt.%.

K(‘,}Words: ceramic shell molds; alumina fibers; bending strength; self-weight deformation

CLC numbers: TG221 Document code: A Article ID: 1672-6421(2025)06-646-08

failures”. To obtain high-quality superalloy castings

1 Introduction

with large sizes and complex structures, ceramic shell

Engine casings, as key load-bearing components of  molds must exhibit high bending strength and low

aircraft engines, have been limited by conventional
forming technology. As a result, they were typically
designed with increased wall thicknesses, simplified
geometries, and relied on subsequent machining to
achieve intricate thin-walled configurations. As the
performance and reliability of aircraft engines continue to
improve, the structural design requirements for the next
generation aircraft engines with a high thrust-to-weight
ratio have become increasingly stringent. A great
number of complex structures characterized by high
structural efficiency, large sizes, thin walls, and
complex geometries are adopted” ™. The ceramic shell
mold is an important factor determining the quality of
large and complex superalloy casings. Statistical data
indicate that defects originating from ceramic shell
molds account for 50% to 70% of superalloy casting
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self-weight deformation to withstand the impact of
molten metal during casting. Meanwhile, the shell
molds need to have sufficient strength to prevent
cracking due to the expansion of the wax material during
dewaxing*"".

Research works related to strength improvement
of fiber-reinforced ceramic shell molds are extensive.
Researchers have incorporated organic fibers and
inorganic fibers into ceramic shell molds. The organic
fibers improve the green bending strength and the
permeability of the shell molds"*'". However, the
burn out of organic fibers reduces the high-temperature
bending strength of the molds. As research progresses,
fiber preparation techniques are enhanced. Inorganic
fibers, such as glass fibers, zirconium oxide fibers and
so on, which can boast high temperature performance
and physical and chemical properties, are being used
for reinforcing ceramic shell molds"***. However, the
agglomeration of ceramic fibers and their unintended
sintering with the shell matrix remain significant
challenges in the fabrication of high-performance
ceramic shell molds.
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In this study, micron-sized alumina fibers were incorporated
into the backup slurry of ceramic shell molds at varying
contents. The bending strength and high-temperature self-weight
deformation of the resulting shell molds were systematically
assessed. The objective was to identify an optimal fiber
content that enhances shell strength while minimizing
high-temperature self-weight deformation rate. The results are
expected to provide a foundation for the development of reinforced
ceramic shell molds with improved performance.

2 Experimental procedures

2.1 Materials and ceramic shell mold preparation

Fused white corundum powder, fused white corundum
sand, bauxite powder, and gangue sand were used as the
refractory materials to prepare ceramic shell molds. The
properties of these refractory materials are shown in Table 1.
IN-30 colloidal silica was used as the binder, and its typical
properties are listed in Table 2. Alumina fibers, with an aspect
ratio ranging from 9 to 27, were used as reinforcing material,

and their main components and performance parameters are
shown in Table 3. An alcohol solution of a silane coupling
agent was prepared for fiber surface pretreatment. The agent
was diluted with a small amount of deionized water and well
stirred, assure the silane concentration maintained at 0.25% by
mass of the total solution. The alumina fibers were then added
to the solution and stirred at 110—120 rpm. After being cleaned
and filtered, the alumina fibers were subjected to ultrasonic
dispersion for 20 min and then dried in an oven. Figure 1
displays the SEM (QUANTA-400) micrographs of alumina
fibers before and after pretreatment.

The primary slurry (Layer 1) was prepared using fused white
corundum as the filler with a filler-to-binder ratio of 3.5:1,
while the transitional slurry (Layers 2 to 4) had a ratio of 2:1.
The reinforcement (Layers 5 to 7) and seal (Layer 8) slurries
used bauxite as the filler at a ratio of 2.1:1. Six types of back-up
(Layers 5 to 8) slurries were prepared by incorporating varying
proportions of alumina fibers, specifically 0%, 0.2%, 0.4%,
0.6%, 0.8%, and 1.0% by weight. The primary and back-up
slurries were separately mixed in a slurry mixer for 12 h, then
poured into a L-type mixer for an additional 12 h. Table 4

Table 1: Properties of the refractory materials

Refractory

Granularity

materials (mesh)

Main component (%)

Refractoriness
(°C)

Corundum powder 320 299.00 <0.30 <0.15 <0.35 2,430
Corundum sand 100, 60 298.50 <0.30 <0.16 <0.50 2,430
Bauxite powder 320 255.00 235.00 <3.00 <1 1,700

Gangue sand 46, 24 242.00 >50.00 <2.00 <1 1,700

Table 2: Typical properties of the binder JN-30 colloidal silica

Na,O content (%)

SiO, content (%) Density (g-cm?)

Viscosity (s) Particle size (nm)

<0.5 30.5%1 1.19-1.21

9.5-11 <10

Table 3: Typical properties of the alumina fibers

SiO, content (%)

Length (um)

Diameter (um) Refractoriness (°C)

8-32 1,450-1,600

Fig. 1: SEM micrographs of alumina fibers before (a) and after (b) surface pretreatment
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Table 4: Ceramic shell molds processing parameters for each layer

T~ 1 Viscosity Fiber content
Filler: binder (s) (Wt.%)
1 3.5:1 35+2 -
2-4 2:1 15+2 -
5-7
0,0.2,0.4,
: +
3 214 10£2 0.6, 0.8, 1.0

summarizes the molding parameters, including humidity,
drying temperature and drying time for each layer.

2.2 Experimental method

Five bending strength specimens measuring 40 mmx20 mmx>6 mm
were prepared for each group, corresponding to different fiber
contents, as depicted in Fig. 2. The strength of ceramic shell
specimens was tested using a universal testing machine at a
loading speed of 6 mm-min™. The green strength was tested
after dewaxing. The high-temperature strength was tested
after heating the sintered specimens to the test temperatures
of 1,100 °C; 1,200 °C; and 1,300 °C, and holding for 10 min.
The bending strength (o,,) of the specimens was calculated as
Eq. (1):

3PL M
o. =
Y 2w’
where L is the spanning distance between the two support
points of the three-point flexural testing equipment, P is the
load at fracture of the specimen, b is the width of the specimen,
and 4 is the thickness of the specimen.

(@)

Unit: mm

6+0.5

20

40

(a) | (b)

®80 ' 7
o
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Unit: mm ¢ 20

Drying Humidity Air velocity Drying time
temperature (°C) (%) (m-s™) (h)
50-70 - 12
40-60 6-8 6
22-25
40-60 6-8 6
40-60 6-8 6

The ceramic shell molds feature a multi-layer heterogeneous
structure composed of binder-coated refractory particles, where
thermophysical properties vary across layers due to differences
in refractory composition, particle distribution, and interlayer
bonding. Its own gravity and the stress generated from thermal
phase transformation during the preheating process cause the
deformation in ceramic shell molds. Five high-temperature
self-weight deformation specimens, as shown in Fig. 3, were
prepared for each group, corresponding to different fiber
contents. The sintered specimens were then placed in a furnace
at room temperature and gradually heated to 1,000 °C at a
heating rate of 250 °C-h"'. The specimens were held at 1,000 °C
for 1 h before being cooled down to below 300 °C and removed
from the furnace. They were then cooled to room temperature
before measuring the outer diameter of the specimens. The
high-temperature self-weight deformation rate of ceramic shell
molds can be calculated using the following equation:

P Tk NPV )
4,

where J,, is the deformation of the specimen at a certain

o

Fig. 3: High-temperature self-weight deformation drawing (a), wax pattern (b), and front (c) and side (d) of ceramic

shell mold specimen
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temperature ¢ and time 7, 4, is the original outer diameter of
the specimen, and 4, is the outer diameter of the specimen
after deformation.

3 Results and discussion

3.1 Effect of alumina fiber content on green
bending strength of ceramic shell molds

Figure 4 illustrates the impact of alumina fiber content on
the green strength of ceramic shell molds. The green bending
strength of ceramic shell molds is 4.60 MPa without alumina
fiber addition. However, when 0.2% of alumina fibers are
added, the green bending strength of ceramic shell molds
increases to a peak value of 6.25 MPa, which represents a
36% increase. The addition of a small amount of alumina
fibers improves the interlayer bonding of ceramic shell molds.
Figure 5(b) shows that the interfacial bonding between fibers
and silica-sol gel in the reinforced ceramic shell molds forms
a supporting skeleton™ that strengthens the connection
between the refractory powder and the binder. The pinning
and connecting force of the fibers in the interlayer play a
major role in enhancing cohesion, as these fibers fill the voids
in the shell mold interlayer. The improvement in interlayer
cohesion correspondingly increases the bending strength of
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Fig. 4: Effect of alumina fiber content on green bending
strength of ceramic shell molds

the green ceramic shell molds when compared to the ceramic
shell molds without fiber addition. Further addition of alumina
fibers decreases the bonding between the fibers and refractory
material, resulting in a reduction of the green bending strength.
The bending strength of the specimen with a fiber content of
0.4% decreases to 3.92 MPa, representing a minimal value
among the six groups of specimens. Cracks and voids in the
green blank increase in interlayer compared with the other
samples, as shown in Fig. 5(c). The refractory materials cannot

Fig. 5: SEM mirographs of green strength fracture surfaces of shell molds with different fiber contents by weight:
(a) 0%; (b) 0.2%; (c) 0.4%; (d) 0.6%; (e) 0.8%; (f) 1.0%
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tightly wrap around the alumina fibers when the fiber content
is 0.6% and 0.8%, as shown in Figs. 5(d) and (e). Because the
fiber agglomerations are not evenly dispersed, the fibers
act more as stress concentrators or crack initiators than as
reinforcing agent, resulting in a looser shell mold matrix
structure. Therefore, although the bending strength of the
ceramic shell molds slightly increases with the addition of fibers
increases from 0.4% to 0.6% and 0.8%, it still lower than that
without fibers. As the fiber content further increases to 1.0%,
the bending strength decreases again to 3.97 MPa. This is due to
uneven fiber dispersion and agglomeration, the matrix integrity
is severely compromised, resulting in a decrease in the ceramic
shell mold’s green strength, as shown in Fig. 5(f).

3.2 Effect of alumina fiber content on
room-temperature bending strength of
ceramic shell molds

The sintering process of a ceramic shell mold involves the
removal of free water and wax material, followed by a series of
complex physical and chemical reactions, ultimately resulting
in a dense structure with sufficient mechanical strength. In Fig. 6,
the impact of alumina fiber content on the room-temperature
strength of ceramic shell molds is depicted. The strength of
ceramic shell molds without the addition of alumina fibers is

14.65 MPa. Under loading, many cracks initiate within the
dense matrix when no fibers are added, as shown in Fig. 7(a).
However, with alumina fiber addition, specially as the alumina
fiber content increases from 0.2% to 0.6%, the bending
strength obviously increases, as shown in Figs. 7(b) to (d).
This is attributed to the sintering process, during which the
alumina fibers are wrapped by the matrix more tightly. The
evenly distributed alumina fibers effectively resist crack
growth, absorbing energy during deformation, and thereby
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Fig. 6: Effect of alumina fiber content on room-temperature
strength of ceramic shell molds

Fig. 7: SEM micrographs of fracture surfaces of ceramic shell molds with different fiber contents by weight:
(a) 0%; (b) 0.2%; (c) 0.4%; (d) 0.6%; (e) 0.8%; (f) 1.0%
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enhancing the bending strength. At 0.6% alumina fiber content,
the bending strength peaks at 17.33 MPa, an 18% increase
compared to the specimen without alumina fibers. Further
increases in fiber content result in a reduced strengthening
effect, as the fiber tends to agglomerate within the matrix
[Figs. 7(e) and (f)]. At 1.0% alumina fiber content, the bending
strength significantly decreases to 9.82 MPa, its lowest value
among the six fiber-reinforced specimens.

3.3 Effect of alumina fiber content on
high-temperature bending strength of
ceramic shell molds

At high temperatures, the ceramic shell mold experiences
internal stress caused by phase transitions and external forces
from molten metal during casting. To prevent deformation
or damage, ceramic shell molds must have a sufficient
high-temperature strength. Figure 8 illustrates the impact of
alumina fiber content on the high-temperature strength at
1,100 °C; 1,200 °C; and 1,300 °C. Across all three temperatures,
the high-temperature strength of ceramic shell molds exhibits
a consistent dependence on alumina fiber content. Specifically,
as the alumina fiber content increases from 0.2% to 0.6%, the
high-temperature strength gradually increases, peaking at 0.6%
alumina fiber content. At 1,100 °C, the bending strength of the
molds with 0.6% alumina fibers is 18.97 MPa, representing
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Fig. 8: Effects of alumina fiber content on high-temperature
bending strength of ceramic shell molds

a 58% increase compared to the shell mold without alumina
fibers. Similarly, at 1,200 °C, the bending strength reaches
17.78 MPa, a 60% improvement over the shell molds without
alumina fibers, and at 1,300 °C, it measures 15.3 MPa, representing
a 72% enhancement. This indicates that the reinforcing impact of
0.6% alumina fibers becomes more pronounced with increasing
the test temperatures. Figures 9(a) to (c) demonstrate that at 0.6%
fiber content, the fibers are evenly distributed in the shell mold
matrix. As the ceramic shell mold matrix undergoes further
sintering and shrinkage, the fibers remain thermally stable
and become more tightly wrapped. This tighter wrapping
impedes crack growth, leading to greater energy absorption
and improved strength. However, once the fiber content reaches
0.8%, the dispersion effect weakens, and the high-temperature
bending strength begins to decline. When the fiber content is up
to 1.0%, as illustrated in Figs. 10(a) to (c), the fiber aggregation
in the matrix leads to the growth of numerous cracks in regions
lacking fibers. Stress concentration initiates in areas with fiber
aggregation, negatively affecting the integrity of the matrix.
The aluminum fiber structure is denser compared to the ceramic
shell, and they exhibit different thermal expansion behavior.
When the temperature rises, the mismatch of thermal expansion
between fibers and matrix can lead to an increase in internal
stress®* *. This stress generates microcracks at the interface,
weakening the overall bending strength of the material.
Excessive fiber exacerbates this mismatch, thereby increasing
internal stress. Moreover, fiber aggregation results in localized
weak zones. These areas are more prone to cracking and fracture
at high temperatures.

3.4 Effect of alumina fiber content on self-weight
deformation of ceramic shell molds

Figure 11 illustrates the impact of alumina fiber content on
the high temperature self-weight deformation rate of ceramic
shell molds. At 0.2% fiber content, the fiber reinforcement
effect is minimal, with the deformation rate similar to that of
ceramic shell molds without fibers, approximately 0.090%.
As the alumina fiber content increases from 0.2% to 0.6%, the
self-weight deformation rate gradually decreases to a minimum
0f 0.022%, decreases by 76%. Given the high thermal stability
of alumina fibers and their physical compatibility with the
refractory matrix, uniformly distributed alumina fibers
effectively resist shell mold deformation at high temperatures.

Fig. 9: SEM micrographs of fracture surfaces of ceramic shell molds with 0.6% fibers at different temperatures:
(a) 1,100 °C; (b) 1,200 °C; (c) 1,300 °C
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Fig. 10: SEM micrographs of fracture surfaces of ceramic shell molds with 1.0% fibers at different temperatures:
(a) 1,100 °C; (b) 1,200 °C; (c) 1,300 °C
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Fig. 11: Influence of fiber content on high-temperature
self-weight deformation rate of ceramic
shell molds

However, this dispersion effect weakens at 0.8% fiber content,
leading to a potential increase in high temperature shell mold
deformation. At 1.0% alumina fiber content, the self-weight
deformation rate peaks at 0.12%. Uneven distribution of
alumina fibers results in a higher self-weight deformation rate
compared to shell molds without alumina fibers.

4 Conclusions

Alumina fibers were utilized as the reinforcing material
in ceramic shell molds, and were added with varying
contents in the back-up slurry. The study examined the
green bending strength, room-temperature bending strength,
high-temperature bending strength, and high-temperature
self-weight deformation of the shell molds under consistent
technological conditions. Based on the results of this
experimental investigation, the following conclusions are drawn:

(1) When adding 0.2% alumina fibers, the green bending
strength of ceramic shell molds reaches its peak value of
6.25 MPa, which is about 36% higher than that of the shell
mold without fiber addition. This enhancement is attributed
to the pinning and bridging effects of alumina fibers between
layers, which improve interlayer cohesion, leading to the green
bending strength of the ceramic shell mold.

(2) At an alumina fiber content of 0.6%, the ceramic shell
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molds exhibit the greatest enhancement in both room- and
high-temperature bending strengths, primarily due to fiber
bridging and energy dissipation during the shell bending
process. At this fiber content, the room-temperature bending
strength of the ceramic shell mold is 17.33 MPa; the bending
strengths under high temperature conditions are 18.97 MPa
(1,100 °C), 17.78 MPa (1,200 °C), and 15.3 MPa (1,300 °C),
respectively.

(3) The uniformly distributed alumina fibers exhibit
excellent thermal stability and good physical compatibility
with the refractory matrix, and they can effectively inhibit the
deformation of the shell molds at high temperatures. When
the fiber content is 0.6%, the self-weight deformation rate
of the ceramic shell molds decreases to 0.022%, which is
approximately 76% lower than that of the fiber-free ones.
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