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Nickel based superalloys are currently widely 
used as high temperature structural materials. 

However, it is more and more difficult to increase the 
service temperature because of the inherent limitation 
of superalloys. Due to the co-existence of metallic 
and covalent bond, intermetallic materials have higher 
specific strength and rigidity than common metals and 
better ductility than ceramics, which can be a potential 
substitute for conventional superalloys. Among these, 
TiAl based alloys are becoming competitive materials 
for heat-resistant structural components in aero and 
auto engines and have great application potential for 
their low density, at only half of nickel based alloys, as 
well as good creep resistance and oxidation resistance 
[1]. In 2007, the US Boeing company declared that TiAl 
alloys would be used for low pressure turbine blades in 
GEnx engine on the 787 airplane, which could reduce 
the weight of the engine by 800 pounds [2]. That was a 
milestone for the application of TiAl alloys to reduce 
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engine weight and prompt the application of TiAl 
alloys around the world. In recent years, the studies on 
TiAl alloys were focused on the relationship among 
process, microstructure and mechanical properties, 
manufacturing and forming technologies, as well as 
the TiAl based composite materials [3-7]. Until now, 
processes similar to those for nickel based alloys have 
been developed for manufacturing and forming of TiAl 
alloys, including ingot metallurgical methods (casting 
ingot plus thermal mechanical treatment), casting 
process and powder metallurgy. 

Casting methods such as investment casting process[8], 
permanent mold casting process[9] and centrifugal 
casting process[10] are still the main forming technology 
for TiAl components for their low cost and net shape 
advantages over other forming technologies. Among 
which, the investment casting method is usually used 
to form parts for aero and auto engine blades and high 
pressure turbine blade shield plates due to the accurate 
casting dimensions and high surface quality.

Although the investment casting process of TiAl 
alloys has the advantages of net shape and low cost, 
problems including cracks, porosities and surface 
defects are easily found in castings [11, 12]. The investment 
casting process consists of several steps in which one 
of the key steps is production of a ceramic shell since 
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soundness and quality of the ceramic shell has a direct effect 
on the soundness of the castings [13]. The residual stress and 
subsequent distortion in castings can be related to the difference 
between the thermal expansion characteristics of the alloy 
and the ceramic shell [13]. Mechanical interaction between the 
ceramic shell mold and solidifying alloy can cause residual 
stress, distortion and hot tearing cracks. According to statistics, 
more than 70% of defects and scraps of TiAl alloy castings are 
caused by shell mold quality, so the property of the shell mold is 
an important issue for TiAl alloy precision casting[14]. To solve 
these problems, a lot of studies have been carried out on shell 
molds for TiAl alloy castings in the aspect of composition and 
deformability of the shell molds [15-19].

Different shell making processes and refractory materials can 
be tried to improve the deformability of shell mold to match 
the shrinkage of the TiAl alloy during solidification, reduce 
the stress caused by shrinkage difference and finally increase 
the casting quality. In this paper, the development and research 
progress on refractory materials of shell molds for TiAl alloy 
investment castings are reviewed, the study on deformability of 
shell molds is summarized and finally the key points for future 
study on shell mold deformability are proposed. 

1  Research and development progress 
on refractory composition of shell 
molds for TiAl alloy investment 
castings

Considering the characteristic of TiAl alloys such as high 
brittle ductile transition temperature, narrow solidification 
range, reactivity of melt with mold materials[20], most TiAl 
parts, especially complex components, are produced by the 
investment casting process for its advantage over other casting 
processes and forming technologies. Environmental and 
economic pressures have, however, resulted in a need for the 
industry to reduce the rate of rejects and material consumption 
by improving current casting quality, and reduce manufacturing 
costs. Optimization of the mechanical and physical properties 
of the ceramic shell mold will be fundamental to achieve these 
aims [21]. The shell mold should possess properties such as 
sufficient green or unfired strength to withstand the pressure 
during pattern removal, proper fired strength to resist the 
weight of the hot molten alloy, and a certain deformability to 
reduce crack defects in castings caused by residual stress, high 
resistivity to chemical reaction to inhibit alloy-shell reaction, 
good collapsibility to remove the casting without damage, good 
permeability to allow the hot gases inside the melt to release 
easily and reduce the porosity defects in castings[14].

As TiAl alloy melt has a high chemical reactivity and can react 
with almost all refractory materials, which could cause deteriorated 
inner and surface quality of the investment castings, the selection 
of refractory materials for the shell mold surface becomes a key 
issue for the development of ceramic shell molds [15]. The graphite 
shell mold which is normally used for titanium alloy castings 

were firstly tried for the TiAl alloy. The research found that 
rapid exothermic reactions could occur when the graphite shell 
mold contacted with the melted TiAl alloys, especially for 
castings needing high preheat temperature of the shell mold, and 
also found the large shrink ratio of the graphite shell reduces 
the accuracy of the castings. For solving the problems for the 
graphite shell mold, new materials available were studied. The 
US Rem company developed a ceramic shell to replace the 
graphite shell mold, which was called tungsten surface layered 
ceramic shell mold. Castings can get good surface accuracy 
and less roughness due to the high strength, small contraction 
and low surface adhesiveness of the tungsten surface layered 
ceramic shell mold, which is suitable for small sized titanium 
alloy castings with complex inner shape. However, the high 
thermal conductivity of the metal surface layer could easily 
cause cold shut defect in castings and the cost of the molding 
materials was also high [5]. 

Several kinds of ceramic shell molds were developed for TiAl 
based alloy investment castings. Among those, the oxide ceramic 
shell mold becomes a very promising one to replace the graphite and 
tungsten surface layered ceramic shell mold [6]. The first selection of 
SiO2 as the refractory material was failed for application because of 
the strong reaction with titanium alloy, making Ti to be TiO2. Wictorin 
et al [15] studied the possibility of a MgO shell mold and found Mg 
was easily volatilized at 1,600 oC under vacuum condition which 
caused obvious porosity in the castings. Later on, CaO and 
ZrO2 were used as refractory materials [17]. It was found that a 
strict control for moisture was needed for the CaO type shell mold 
because cracks can easily occur due to its spontaneous hydration 
feature; severe chemical reaction occurred between ZrO2 and 
TiAl alloy melt since many impurities were found when melting 
TiAl alloys using a ZrO2 ceramic crucible. 

With the increased accuracy demand for TiAl alloy castings, 
Y2O3 is gradually becoming the study objectives because of 
the good casting surface quality. While, considering the high 
cost of Y2O3, a mixture of rare earth oxides were also chosen as 
refractory materials to improve the surface quality of TiAl alloy 
castings and at the same time decrease the cost. Some studies 
also considered using CaZrO3 as the surface layer material for 
TiAl alloy casting shell mold to improve casting quality. Kim 
et al. [23] studied the application of CaZrO3 based face coat 
materials. The results showed that the CaZrO3 face coat had 
comparable chemical inertness to ZrO2, at a lower cost than 
yttria based systems. Later, Li [24] developed a CaZrO3 crucible 
by sintering ZrO2 and CaO powders. In 2012, a study was 
proposed to use CaZrO3 as filler material in the face coat [25].
In recent years, A12O3 became the new study interest for shell 
molds. Similar thermal expansion coefficient of A12O3 to γ-TiAl 
is positive for investment casting of TiAl alloys. Although the 
high aluminium content of TiAl based alloys may help to lower 
their reactivity in the molten state, only a few investigations 
have been concerned with casting TiAl alloys using A12O3 
crucibles or shell moulds. Kuang et al. [26] showed that a TiAl 
alloy melted in an A12O3 crucible contained a few inclusions 
and there was evidence of cracks near the interaction region. 
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(1)

Fig. 1:  Schematic for shell mold bending tests: (a) three-
point bending test [18], (b) four-point bending test [29]

Fig. 2:  Schematic loading configuration for wedge test [13]

The chemical reaction was considered to be a more serious 
problem. According to Wang et al. [27], there was a reaction layer 
as thick as 200 µm and a hardened zone about 500 µm thick on 
the surface of cast TiAl material when an alunima shell mould 
was used. However the recent research of Kim et al [28] showed 
that interface reaction between A12O3 and TiAl alloy melt can be 
significantly reduced with a suitable binder, which is favorable 
for TiAl alloy castings and implied future potential application 
of A12O3.

2  Deformability of shell mold for 
TiAl investment casting

2.1 Characterization and testing methods of 
deformability for shell mold 

There is still no standard method for the deformability 
measurement of shell molds. Some researchers use stress level 
induced in castings to assess deformability of molds. However, the 
measurement of casting internal stress is difficult and expensive, so 
the method is not suitable for practical control of casting quality. 

Normally, bending strength both at ambient temperature and 
high temperatures are used for deformability characterization. 
Both three-point and four-point bending tests can be used, as 
shown in Fig. 1. For the three-point bending test, the shell molds 
are cut into rectangular test bars and the bending strength is 
calculated using Eq. (1) [18]:

(2)

where P is the load at breaking point, L is the span between two 
supports, b is the sample width and d is the sample height.

The most frequent site of mold failure during dewaxing and 
casting is at the sharp radii and corners, but the bending test 
cannot determine the ability of the mold to resist cracking in 
these areas. Thus, a wedge test was then developed by Leyland 
et al. [13] to evaluate the strength and load capacity at edges and 
corners of shell molds, as shown in Fig. 2. The adjusted fracture 
load of the wedge sample (AFLw), defined as the load needed 
to break a 10-mm wide wedge test piece with a 20-mm span 
length, normalizes the load bearing capacity of the shell mold at 
edges and can be expressed as Eq. (2):

where AFLw is the adjusted fracture load of the wedge sample, 
fw is a constant equal to 0.17, σedge is the strength of the edge.

Some researchers proposed to use high temperature compressive 
strength and elastic modulus to assess the deformability of molds. 
The problem is that the high temperature elastic modulus is not 
easily measured because of small deformation during compression 
tests [29].

At present, the I-shaped specimen for TiAl castings, as shown 
in Fig. 3, is frequently used for the deformability assessment 
of a TiAl alloy casting shell mold by counting the cracks in the 
casting specimen. The greatest advantage of this method is that 
it can directly relate the deformability of shell molds to crack 

(a)

(b)

Fig. 3:   Schematic drawing for stress analysis and 
crack counting of I-shaped TiAl casting [20]
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formation of castings. The drawback is that the method cannot 
give a quantitative characterization of the deformability index of 
shell molds. 

2.2  Research progress in China
During the past 20 years, China domestic institutes and scholars 
have carried out many studies on microstructure, deformation 
property, alloying and manufacturing technologies of TiAl 
alloys. Several studies also have been done on deformability 
of shell molds for TiAl alloy castings. Chen et al. [30] found that 
particle size distributions (PSDs) of zirconia powders play an 
important role in determining the quality of zirconia ceramic 
molds and thus on the quality of TiAl components produced by 
the investment casting process. Three CaO stabilized zirconia 
powders with different PSDs were used in the study: CSZ1, CSZ2 
and CSZ3 with the median particle diameters of 20, 30 and 40 μm 
respectively. The PSDs of the zirconia powders were shown in 
Fig. 4. The sand CSZ3 had a broader PSD while the sand CSZ1 
presented a narrow PSD among the three zirconia powders. The 
sand CSZ2 contained mixed powder sizes and had a moderate 
PSD. As seen from the data presented in Fig. 5, the bend strength 
of zirconia ceramic molds was affected by two factors, namely, 
particle size and PSDs. The CSZ2 with a moderate PSD had the 

highest strength. Although CSZ1 had the highest specific surface 
area (smaller particle size) than others, its bend strength was 
lower than that of the CSZ2. This most probably resulted from the 
higher porosity associated with lower stacking density of CSZ1. 
It was recommended that the mechanical properties of zirconia 
ceramic molds can be attributed to the contact surface and residual 
porosity within the ceramic body [30]. Therefore, it is possible to 
improve the deformability of a ceramic shell mold by selecting 
certain PSDs.

Fig. 5:  Stress-strain curves of zirconia mold prepared with different PSDs: (a) green, (b) fired [26]

Fig. 4:  Particle size distributions of zirconia powders[26] 

The research of Li et al. [31] found that the deformability and 
air permeability of a shell mold can be effectively increased by 
adding a small amount of carbon fibers and dextrines. In 2013, 
Zhou in AVIC Shenyang Engine Design Institute studied the 
deformability by adding high polymers and water emulsions 
in the back layer of shell mold [16]. Porosities can be found in 
the shell molds after baking with certain amount additions of 
high polymers and water emulsions, which reduced the shell 
strength and caused increased deformability of the shell mold. 
Meanwhile, the porosities reduced the heat transfer between the 
shell mold and castings, which will also reduce the contraction 
stress of the castings. The results showed that the optimal 
amount of polymers+ water emulsions addition is 0.02%-0.03%, 
when the highest qualified rate of TiAl thin walled castings 
can be achieved by an obvious reduction of the crack defects, 
which can be attributed to increased shell deformability and 
reduced heat transfer between the shell mold and castings by 
the introduction of porosities in shell molds. Zhao from Harbin 

Institute of Technology studied the deformability of the ceramic 
shell mold by adding nylon fibers, carbon fibers and glass fibers 
in the coating materials [20]. Shell molds with different fibers 
additions were prepared and I-shaped TiAl specimens were 
cast, as shown in Fig. 6. The comparison of cracks in different 
specimen castings indicated that shell molds with nylon fibers 
had better deformability and could reduce the crack rate. 

Sun et al. studied the deformability of TiAl casting shell mold 
by using silica sol, ethyl silicate and alternating with silica sol 
and ethyl silicate as the back layer binders [32]. The research 
showed that the bending strength of shell molds using silica sol 
and ethyl silicate alternatively as the back layer binders could be 
reduced compared with the shell molds using silica sol or ethyl 
silicate individually as the back layer binder. The deformability 
of the shell mold using silica sol and ethyl silicate alternately 
as the back layer binders can be verified to be improved 
accordingly by comparing the I-shaped specimen castings with 
different shell molds, as shown in Fig. 7.

(a) (b)
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Fig. 6:  Ti-47.5Al-2.5V-1Cr I-shaped specimen castings 
with different fibers addition in shell mold: 

             (a) glass fibers; (b) carbon fibers; (c) without 
fiber addition; (d) nylon fibers [20]

Chen et al. studied the deformability improvement of ZrO2 type 
ceramic shell mold for TiAl investment casting [18]. High polymers 
were also added in the ceramic shell mold and the influence was 
systemically studied. The stress-strain curves before and after 
baking of the shell molds with different contents of high polymers 
were compared, as shown in Fig. 8 and Fig. 9. It could be seen 
that the strength of the shell molds with high polymers addition 
increased before baking and decreased after baking, which caused 
improvement of shell deformability. This method of adding high 
polymers in the shell mold to improve deformability can also 
be helpful for reducing the sand cleaning work on TiAl castings 
because of reduced surface cracks of the shell mold.

Fig. 7:   I-shaped specimen castings using shell molds 
with different back layer binders: (a) with alternate 
binders; (b) with silica sol binder [32]

Fig. 8:   Stress-strain curves of different shell molds 
before baking [18]

Fig. 9:  Stress-strain curves of different shell molds 
after baking [18]

2.3 Research progress overseas
Norouzi et al. [33] inspected the effect of ceramic shell mold 
strength on hot tearing susceptibility during solidification with the 
same casting conditions, but different ceramic shell mold systems. 
The same primary slurry was used for all shell mold systems. In 
the back-up layers, flours and stuccos used for the ceramic shell 
molds were the same, and the differences were raised exclusively 
by different binders and additives as shown in Table 1. 

Table 1:  Different ceramic shell mold systems [33] 

Ceramic 
set No. Binder Polymer added

1 Colloidal silica -

2 Colloidal silica+ ethyl silicate* -

3 Colloidal silica+ ethyl silicate* 6wt.% polymer 

(a)

(b)

* odd layers: colloidal silica; even layers: ethyl silicate

According to Table 2, polymer addition greatly decreased the 
fired shell mold strength due to the cavities left by the volatilized 
polymer. It also shows that there was a direct relationship 
between the ceramic strength and crack length and consequently 
the hot tearing susceptibility. The ceramic set No. 3 had low 
strength, and consequently, no hot tear was found in this group. 
In this case, the contraction stress during solidification can be 
partially released, since the external hindrance was not large 
enough due to the low strength of this kind of ceramic shell mold. 
The results showed that the lower the ceramic shell mold strength 
upon using polymer additives, the lower the hindered contraction 
rate, and the smaller the hot tearing tendency. Polymer additives 
reduced the fired shell mold strength and consequently reduced 
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Table 2:  Length of hot tearing crack corresponding to shell 
mold strength [33]

Ceramic
set No.

Crack 
length
(mm)

Standard 
deviation

(mm)
Strength

(MPa)

1 42 7 10.3±1.5

2 12 3 7.1±1.1

3 0 0 5.6±1.3

polymer, coconut fiber and sawdust were added to make P-type, 
C-type and S-type ceramic shell molds, respectively, as shown in 
Fig. 10. The strength, porosity and permeability of different shell 
molds, as shown in Fig. 11 and Fig. 12, indicated that different 
additions had different influences on ceramic properties: porosity 
and permeability of P-type, C-type and S-type ceramic shell molds 
increased with increasing percentage of additives. S-type and 
P-type ceramic shell molds had the highest and lowest porosity 
and permeability, respectively. It is seen that the median value 
of porosity and permeability of S-type shell mold is the highest 
among all shell molds and the plots are almost symmetric about 
the median except for the hot permeability of C-type shell mold, 
which is negatively skewed. Due to this higher porosity and hot 
permeability of the S-type shell mold, more pores are present inside 
it, thereby decreasing its fired strength. This means the ceramic 
shell mold properties can be improved by adding sawdust and 
coconut to the SiO2 slurry. Meanwhile, the research also found that 
shell mold crack may occur for different ceramic shell molds with 
certain additives, such as 2% liquid polymer addition in a P-type 
shell mold. This happened because the shell mold was very weak 
and thin, and least impervious, it was unable to bear the pressure of 
expanding wax during the dewaxing process. Porous ceramic shell 
mold provides space to the expanding wax thereby relieving the 
stress on the ceramic shell mold and thus, shell mold cracking is 
reduced. However, a shell mold with too much porosity also causes 
shell mold cracking, as it happened in the case of 6wt.% additions 
of coconut fibers and sawdust to the ceramic slurries. Too much 
amount of uneven loading of additives in the ceramic matrix with 

the hot tearing probability. The ceramic shell molds fabricated 
by colloidal silica binder were stronger than the ceramic shell 
molds fabricated by a binder comprising colloidal silica and 
ethyl silicate. The ceramic shell mold had to be strong enough 
to undergo dewaxing and pouring steps; and meanwhile, weak 
enough to prevent hot tearing in a susceptible alloy.

Improvement of the shell molds deformability by adding 
fibrous materials such as glass, nylon, etc. is a conventional 
idea. Meanwhile, Nadolski et al. [34] proposed a new idea of 
the significant replacement of silica materials with fibrous 
aluminosilicate materials to improve technological properties of 
the mold (permeability, deformation susceptibility, and thermal 
expansion). The examinations have been done according to the 
orthogonal design of the second order for four various mass 
fractions of the material components: ceramic fiber, silica flour, 
binder, and latex modifier LBS3030. The results showed that 
an addition of ceramic fiber to the ceramic molding material 
distinctly increases the permeability value of the ceramic 
shell mold, thus promoting gas evacuation from the mold. 
Simultaneously, the density of the mould decreases with an 
increase in the fiber quantity, which results from the skeleton 
structure characterized by the increased porosity. Voids in the 
inter-fiber spaces which caused the decrease in the bending 
strength can then improve the deformability of the shell mold. 
Another advantage of this method is that the green strength of the 
shell mold can also be improved due to the reinforcement effect 
of fiber additives, which is favorable for shell mold preparation 
in addition to improvement of shell mold deformability.

Recently, an investigation has been reported to improve the 
properties of colloidal silica based ceramic shell mold by the 
addition of naturally available products such as sawdust and 
coconut fibers into the ceramic slurries [35]. Traditional liquid 

Fig. 10: Different types of ceramic shell molds: 
(a) P-type, (b) S-type, (c) C-type [35]

Fig. 11: Flexural strength of different ceramic shell molds at different weight percentage 
of additives: (a) green strength, (b) fired strength [35]

(a) (b)
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Fig. 12:  Characteristics of different shell molds: (a) porosity, (b) permeability [35]

more porous structure led to shell mold cracking at 6wt.% addition 
in the case of both C-type and S-type ceramic shell molds. So, there 
should be a proper percentage of additives. 

Normally, bending strength, both at ambient temperature and 
high temperatures, is used for deformability characterization. 
Wedge test and I-shaped specimen methods are also proposed for 
improvement. However, a standard method for the deformability 
measurement of shell molds is still lacking.

The main method to improve shell mold deformability is to 
add dextrines, fibers, polymers or natural based materials into 
the back layers of the shell mold. The remaining porosities by 
additives after baking result in reduction of shell mold strength 
and improvement of shell mold deformability. 

Change of shell mold materials is also a potential method 
for manufacturing a shell mold with improved strength and 
deformability, i.e., by using different back layer binders. The 
method of adding fibers in the shell mold back layers or using 
them alternatively with silica sol and ethyl silicate as the back 
layer binders have significant advantages for the increased 
strength before baking as well as the reduced strength after 
baking, which is favorable for shell mold preparation in addition 
to improvement of shell mold deformability. 

3  Effect of shell mold deformability 
on results of investment casting 
numerical simulation

In order to obtain perfect quality castings, it is essential to select 
the appropriate casting process and technological parameters. 

Considering the efficiency and cost, the traditional trial and error 
method is no longer suitable for the needs of modern industrial 
development not only because of huge cost but also the long 
experimental period. Numerical simulation technology shows 
great advantages over the conventional trial and error method on 
forecasting defects such as shrinkage and crack [36]. 

  Many researches have been carried out for numerical 
simulation of TiAl alloy investment casting process for defects 
and dimension prediction. However, most of the studies 
only considered the shell mold as a rigid body which caused 
obvious discrepancies between simulated and experimental 
results especially on residual stress and crack possibility of 
the castings. For example, Yang et al [37] used the numerical 
simulation method to study the investment casting process 
of high Nb-TiAl alloy for low pressure turbine blades. The 
thermophysical parameters of the alloy and mold material 
calculated by the Pandat software were applied, as shown in 
Table 3. Although the stress related parameters for TiAl alloy 
were calculated and applied for stress prediction, the ceramic 
shell mold was considered to be non-deformable rigid body 
and only heat transfer properties were taken into account for 
the simulation. The comparisons of predicted shrinkage and 
crack defects with experimental results are shown in Fig. 13 and 
Fig. 14, respectively. The predicted shrinkage defects had good 
agreement with actual blades for both castings; however, there 
were obvious differences on crack positions between predicted 
results and actual blades for both castings, which may be due to 
the simple supposition of a rigid shell mold.

The effects of shell mold properties on casting deformation 
were actually discussed as early as the 1990s by Snow [38] 

(a) (b)

Table 3:  Thermophysical parameters of TiAl alloy and mold materials [37]

Ti-45Al-8Nb-1.5 (Cr,B,Si) Value Ceramic mold Value

Conductivity (W·m-1·K-1) 15-26 Conductivity (W·m-1·K-1) 0.83-0.97

Density (kg·m-3) 4,135-4,513         Density (kg·m-3) 2,780

Specific heat (kJ·kg-1·K-1) 0.63-1.02 Specific heat (kJ·kg-1·K-1) 0.44-0.85

Enthalpy (kJ·kg-1) 330

Liquidus temperature (°C) 1,578

Solidus temperature (°C) 1,405

Viscosity (Pa·s) (4.65-8.8)×10-3
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and Piwonka [39], and their research results indicated that the 
deformation of the mold must be considered in order to predict 
the final dimensions of the investment casting parts. However, 
for a long time, while the study of casting quality using 

numerical method became popular, the effect of shell mold 
deformation was not fully considered as the shell mold was only 
set to be a rigid part . 

Fig. 13:  Positional distribution of shrinkage porosities: 
(a) and (c) simulation results; (b) and (d) X-ray/
fluorescence detection of actual blades[37]

Fig. 14: Stress concentration and cracks: (a) 
and  (b) gravity casting; (c) and (d) 
centrifugal casting[37]

Only very recently trials were made to consider the shell mold 
as a deformable body during casting process simulation. For 
example, Adrian S S [40] predicted the dimensions of investment 
castings by changing the property of molds. Case studies were 
carried out for parts with no hole and two holes, as both rigid 
and elastic models were selected for the shell mold. The Young’s 
modulus of 2,586 MPa provided by Minco, Inc. was used for 
numerical simulation when the shell mold was considered a 

linear-elastic deformable material. The comparison of the results 
of the experimental and numerical simulations, as shown in 
Table 4, indicates that the best results were obtained for the case 
in which an elastic mold and fpk = 90 pct were considered (fpk 
=90 pct was considered the point at which the stress calculations 
started in ProCAST). The final results showed that accurate 
predictions were obtained for all measured dimensions when the 
shell mold was considered as a deformable material.

Table 4: Summary of numerical simulation results (- under predicted, +over predicted, X good agreement) [40]

Cases fpk (pct) Mold type
Unrestrained dimensions Restrained dimensions

Representative length 
(two holes)

Agreement
Representative 

length (no holes) Width (no holes) Width (two holes)

2 90 rigid X X X -

3 70 rigid + + + -

4 90 elastic X X X X X

5 70 elastic + + + X
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In 2016, Wang et al. [41] adopted a coupled thermomechanical 
analysis method for dimensional shrinkage prediction during the 
investment casting process by setting both the casting and the 
mold deformable bodies in a contact boundary model. Although 
the detailed deformable parameters for the mold were not given, 
the perfect agreement between numerical results and practical 
productions showed that the method was effective and could 
improve dimensional accuracy and consistency in investment 
casting.

From the above review of numerical study of investment 
casting with different considerations of mold properties, it can be 
found that a deformable setting for the shell mold is crucial for 
accurate prediction of stress and dimension related defects. So, 
the characterization of deformability and proper modeling of the 
deformability for a shell mold is very important for the further 
development of investment casting process of TiAl alloys. 

4   Proposal for future study of  
deformability of TiAl casting 
shell mold

With a more and more wide application of TiAl alloy investment 
castings, increasing casting quality and reducing cost become 
important considerations. Reduction of defects including cracks 
through the improvement of shell mold deformability can be 
an efficient method. However, the present study on shell mold 
deformability cannot meet the demand of practical application, 
and further research is needed in the following aspects:

(1) Methods for shell mold deformability assessment
The operation of frequently used I-shaped specimen method 

for deformability assessment is complex and the results strongly 
depend on the geometry of specimens. The compressive 
strength and bending strength are normally only usable for 
room temperature testing of the shell mold and the measured 
deformability shows a great difference compared to high 
temperature which is the real service condition of shell molds. 
So, proposing a simple quantitative assessment method for real 
deformability of shell molds under service condition is the base 
of a systematic deformability study in the future.

(2) Numerical prediction of the effect of shell mold 
deformability during investment casting process

 With the development of computers and numerical methods, 
numerical simulation of the casting process can be an efficient 
tool for designing the shell mold. Present available research 
already indicates that considering the shell mold as a deformable 
body in the numerical models is important to accurately predict 
results. However, only linear elastic materials were considered 
in present studies for deformable shell mold for simplification, 
while the experiment of stress-strain curves for ceramic shell 
mold indicated more complicated deformation behavior [3]. So, 
introduction of a certain deformability index or proper materials 
deformation model for shell mold in numerical models to 
simulate the influence of shell mold deformability on casting 
quality and obtain an optimized shell mold design will be a main 

development trend for shell molds in the future.    
(3) Methods for shell mold deformability improvement
The present method for the reduction of deformability by 

some additions to form cavities after shell mold baking has a 
certain effect, but is only applicable for certain simple castings 
because systematic study is still lacking. So, systematic and 
quantitative study for deformability improvement methods can 
achieve universal results to guide the design and manufacturing 
of shell molds for large and complex TiAl alloy castings.

5 Summary
Based on a review of the research progress on the deformability 
of shell molds for TiAl alloy castings and numerical simulation 
advancement for a TiAl alloy precision casting process, the 
following conclusions can be reached:

(1) A standard method for deformability measurement of 
shell molds is still lacking. At present, bending strength both at 
ambient temperature and high temperatures are frequently used 
for deformability characterization. Wedge test and I-shaped 
specimen methods are also proposed and applied recently. 

(2) The main method to improve shell mold deformability is 
to change the composition of the shell mold, and two ways were 
reported: by adding dextrines, fibers, polymers or natural based 
materials into the back layers of the shell mold, and by using 
different back layer binders. For the first way, the remaining 
porosities by additives after baking result in reduction of shell 
mold strength; and for the second way, reduction of binding 
strength between slurry and sands can be realized by reducing 
the viscosity of the slurry. For both ways, the increased strength 
before baking as well as the reduced strength after baking, are 
favorable for shell mold preparation in addition to improvement 
of shell mold deformability. However, the present methods 
for deformability improvement were only applicable for 
certain simple castings. Systematic and quantitative studies for 
deformability improvement methods are still needed to obtain 
universal results and guide the design and manufacturing of 
shell molds for large and complex TiAl alloy castings.

 (3) Considering the shell mold as a deformable body in 
the numerical models is important for the predicted result 
accuracy for stress and dimension related defects. However, 
only linear elastic materials were considered in present studies 
for deformable shell mold for simplification. Introduction of 
a certain deformability index or proper materials deformation 
models for a shell mold in numerical models will be a main 
development trend for shell molds in the future.    
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