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Abstract: The size and shape effect (SSE) of components has become a critical issue for mechanical
properties, application reliability, and processing. In this study, the creep rupture life (CRL) of components with
different wall thicknesses and positions in a combustion chamber casing simulator made of K439B superalloy
was investigated. The intrinsic mechanisms of the SSE were explored from the dendrite structure, volume
fraction and size of the y' phase, and element segregation, etc. It is shown that this casting exhibits a strong SSE
of creep rupture life, characterized by a significant difference in the CRL values up to 60% with the variation of
wall thickness and position in the casing. In terms of casting technology, the influence of SSE on CRL is actually
determined by the cooling rate. The SSE on the creep rupture life originates from the dendrite structure (such
as the secondary dendrite arm spacing), volume fraction size of the y' phase in the dendrite trunk, and elements
segregation rate. This work may have implications for the design and application of engineering components with
large sizes and complex structures.

Keywords: K439B superalloy; size and shape effects; creep rupture life; cooling rate; y' phase; combustion
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1 Introduction

The main combustor casing is a key component of
turbine engines. Traditionally, the combustor casing is
manufactured through a complicated process involving
the sheet-metal processing of the internal and external
casings, the precision casting of the diffusive casing,
and the welding of the three parts. In recent years, the
traditional processing technology for the main combustor
casing has been simplified to integrated precision casting,
which brings significant advantages in reducing the
weight of the engine, enhancing the stiffness and high-
temperature strength, and lowering the manufacturing
cost "1 However, this new technology has presented
some challenges, such as the microstructure and
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properties of the integrated casing vary significantly at
different positions due to the changes in wall thickness,
size, and complexity of the casing shape, also known as
the size and shape effect (SSE). Even for the positions
with the same wall thickness in the casting, the
microstructure and properties still differ ™. In this case,
the microstructure and properties of the casing cannot be
evaluated solely based on the corresponding properties
of the standard samples of alloys. It has been found
that thin walls have the greatest impact on the equiaxial
crystal castings, with a significant effect on room and
high-temperature properties . Unfortunately, the SSE
has not been adequately considered, forcing engine
designers to increase the safety margin to ensure the
reliability of the hot-end components. As a result, it
is difficult to achieve the goals of the relevance of
the structure, weight reduction, and homogeneous
mechanical properties of the components.

Superalloys, including nickel, cobalt, and iron-
based superalloys, have been rapidly developed
for blades, discs, and casings of aeroengines and
heavy-duty combustion turbines since the 1940s "',
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Among them, cast Ni-based superalloys have been widely
applied in the manufacture of complex components due
to their excellent high-temperature mechanical properties,
heat and corrosion resistance, castability, and relatively low
cost "' Currently, the most common Ni-based superalloy
for complex components is still Inconel 718 alloy "> ",
which has outstanding mechanical properties, castability,
and weldability below 650 °C. With the increase in the
temperature of the gas at the front inlet of the engine, the
heat capacity of the main combustor casing is required
to be correspondingly enhanced. In this regard, GTD222
(K4222) and Waspaloy nickel-based superalloys have been
developed for guide blades and turbine discs operating at
750 °C "* " Nimonic C263 (K4163) nickel superalloy has
been prepared for igniters and diffusers operating at 800 °C,
but its strength was found to be insufficient and n phase
was precipitated after aging for several hundred hours .
BX4JI-BU (K4648) superalloy has excellent oxidation and
corrosion resistance and has been applied to the diffuser, but
its high-temperature strength is relatively low "7, Mar-M247
superalloy is innovated for interstage guides at temperatures
above 1,000 °C. One of the major drawbacks of Mar-M247
alloy is poor weldability "®. In recent years, new cast Ni-based
superalloys such as IN939 and CM939 alloys with a heat
capacity of up to 800 °C have been developed "> **. Another
novel cast superalloy, named K439B alloy, with excellent
high-temperature strength, microstructure stability, and good
processing properties, was also innovated by the Beijing
Institute of Aeronautical Materials *'!. This alloy shows
promising prospects for large complex components such as
combustion casings and gate apparatuses of turbine engines.
So far, many investigations have been carried out on the ambient
and high-temperature tensile strength, creep properties,
structural stability, and physical and chemical properties of
the standard samples of K439B alloy. Chen et al. ' reported
the microstructure, mechanical properties and microstructural
stability after long-term aging at 800 °C of K439B. Men et al. ™
characterized the microstructure and mechanical properties
of laser welded and post-weld heat-treated K439B superalloy.
Zhang and Gao et al. **** have studied the evolution of the
microstructure and mechanical properties of K439B equiaxed
superalloy after long-term aging at 800 °C. However, in the
casing simulator, the structure and solidification sequence of
the casing result in significant variations in creep rupture life
(CRL) due to the different wall thicknesses and positions.
During the solidification process of the casting, different areas
show significantly different cooling rates, which then leads to
different microstructures and composition redistribution, and
finally causes the obvious difference in CRL. To date, only
the CRL of K439B rod specimens has been studied *!. The
relationship between the wall thickness and shape of the actual
casting, which actually affects the solidification process, has
not been studied. The internal mechanism of SSE generated
by casting structure and phase constitution has not been
thoroughly understood. In this work, a combustion chamber
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casing simulator that integrated the internal and external
casing and diffuser was designed. This casing simulator
was manufactured using precision casting method, and was
subjected to heat treatment and hot isostatic pressing. CRL
at the flange face and in the wall with different thicknesses
was studied. An investigation was performed into the
effects of varying positions of the simulator on the dendritic
microstructure, the volume fraction and size of the y' phase, as
well as the elemental partitioning. The intrinsic mechanism of
SSE was discussed in detail. This work is expected to provide
a reference for the design and application of combustion
casings with large sizes and a complex structure.

2 Experiment and simulation methods

2.1 Design of cast technology of the simulate
combustion casing

The outline of the combustion chamber casing simulator
is shown in Fig. 1(a). The casing simulator has an uneven
wall with the thickest part being 16 mm and the thinnest part
being 2.5 mm, along with a complex flange bottom. In order
to obtain a homogeneous casting without casting defects,
Zheng ™ from our team optimized the casting technology
using the PROCAST software. And the optimized casting
technology is shown in Fig. 1(b). For this casting, the gating
system, including the downsprue, cross gate, and pouring
basin, was set up. Especially, 8 feeding sprues were designed
to avoid shrinkage, cavity and porosity .

2.2 Manufacture and heat treatment of casing
simulator

The casing simulator was cast using precision casting
technology under a vacuum condition. Before pouring, the
mold was preheated to 930 °C. The pouring temperature of
the melt was 1,520 °C. The pouring was completed in 6 s.
Then, the casting was held in the mold until the temperature
dropped to 500 °C. The final product of the casting is shown
in Figs. 1(c) and (d).

The casting was then heat-treated in an air-conditioned
environment with the following parameters: 1,160 °C/4 h+air
cooling (AC), 1,080 °C/4 h+AC, and 845 °C/20 h+AC. Finally,
the casting was further processed using hot isostatic pressing
(HIP) at 1,165 °C for 4 h under 150 MPa.

2.3 Sectioning scheme of the casting

The characteristic size and the range of thickness of the wall in
different parts of the casting are shown in Fig. 2. To investigate
the microstructure and mechanical properties of different
parts of the casting, the sectioning of the casting was carried
out, as shown in Fig. 2. Samples were sectioned from 6 areas,
named as Areas A, B, C, D, E, and F, respectively. Among
them, Areas A and B belong to the thick wall, Areas C and D
are the medium-thickness wall, Area E is the thin wall, and Area F
is the flange bottom with a thickness of 6-7 mm. For each
part, 4-8 samples with a size of 34 mmx10 mmx1.5 mm were
sectioned for the creep rupture life testing.
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Fig. 1: Drawing of combustion chamber casing simulator (a) and the casting technology ** (b) of K439B superalloy,
and the view of real casting of combustion casing (c, d)
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Fig. 2: Sectioning scheme from the casting: front (a) and vertical (b) views of the sectioning position

and the size of samples

2.4 Characterization of microstructure and
properties

The samples for microstructure observation were prepared
using the electrolytic etching method in the solution of
H,PO,:HNO;:H,S0,=3:10:12 to obtain the high-definition v'
phase morphology. The chemical etching was carried out with
the solutions of HCL:H,0,=9:1 and HNO,:HF:C;H;O,=1:2:1,
respectively. The former was used to obtain dendrite
morphology, and the latter was used for y' phase data statistics.
The microstructure of the samples was analyzed by an Olympus
GX71 optical microscope and a Zeiss Supra 55 scanning
electron microscope (SEM) in the modes of secondary electron
microscopy and backscattering electron. The experimental
parameters of a scanning electron microscope were: a voltage
of 15 kV, an aperture size of 60 um, a working distance of
9-11 mm. The composition of the sample was analyzed by
EDS. The secondary dendrite arm spacing, the size and
volume fraction of the y' phase were analyzed using the
Image-Pro Plus software. The CRL of the samples was tested
under the conditions of 815 °C/379 MPa using a J-30 type
high-temperature creep tester, and the samples were tested 4-8
times to obtain the average CRL.

3 Results and discussion

3.1 Strong SSE on creep rupture life

The average CRL tested at 815 °C/379 MPa in the 6 areas of
the casting is shown in Fig. 3. Generally, the CRL of casting
decreases with the increase in the wall thickness. The CRL of
the casting in Area E reaches up to 114.7 h, while that in Area A
is only 45.1 h, a decrease of more than 60%, indicating a strong
size effect. In addition, the structure and shape also have an
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Fig. 3: Creep rupture life of casting in different areas under
815 °C/379 MPa

important impact on the CRL of the casting. The CRL in Area F
is higher than that in Area D, although Area F is thicker than
Area D. Furthermore, the CRL in Area F is 33.5% higher than
that in Area C, although the upper limit of the thickness of
Area F is close to the lower limit of the thickness of Area C,
as shown in Fig. 2. These results indicate that the CRL of the
casing simulator also has an obvious shape effect. Intuitively,
the shape effect is due to the difference in the position where
the solidification sequence and feeding ability are different
under the conditions of this casting process.

3.2 Cooling rate dependence of CRL

In order to investigate the impact of SSE on the creep rupture
life in the context of the solidification process, the cooling
rate in various areas of the casting was examined. The cooling
rate curves in different regions of the casting obtained using
PROCAST software are depicted in Fig. 4(a). It can be observed
that the temperature in the solid-liquid region is between 1,299.3
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and 1,361.2 °C. The cooling rate of each area decreases with
solidification process. Hence, the slope of the solidification
curve at the liquidus line is regarded as the effective cooling
rate of the casting. The cooling rates in different areas are
presented in Fig. 4(b). It can be seen that the maximum
cooling rate of the casting reaches up to 18.5 °C's™ in Area E,
while the lowest cooling rate in Area A is only approximately
1°Cs’"
areas is more than one order of magnitude. It is also notable
that the cooling rate in Area F reaches up to 10.5 °C-s”, which
is higher than those in Areas C and D. The CRL is closely
related to cooling rate, and the claim that only wall thickness
and location affect CRL is incomplete.

. The difference in the cooling rates between these two

3.3 Dendrite structure and precipitation phase
in different areas of casting

Basically, the variation of the cooling rate in different areas of
the casting will result in different microstructures. The dendrite
structures of the casting in 6 different areas are shown in Fig. 5.
It is obviously observed that the dendrite structures in all 6
areas are thriving. The secondary dendrite arm spacing (SDAS)
decreases with the increase of the cooling rate. Among them,
the maximum and minimum SDAS are 91 pm and 72.1 pm
in Areas A and E, respectively. According to Ref. [27], the
relationship between SDAS (4,) and the cooling rate (GR) can
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be expressed by
b= pHGR)™ (M

where the coefficient  was calculated to be 27.8 by using the
cooling rate in Fig. 4(b) and the average secondary dendrite
arm spacing measured in Fig. 5. The cooling rate dependence
of 4, is shown in Fig. 6. It is seen that the relationship between
these two parameters fits Eq. (1) very well.

Considering that precipitation of y' phase plays a critical
role in the high temperature strengthening of the superalloy,
the size and volume fraction of y' phase in different areas
were studied using SEM, as shown in Figs. 7 and 8. Most of
v' phases in all the 6 areas take subsphaeroidal shape. A small
quantity of y' phases appear in square rotundity. The dendrite
trunk contains only small y' phase particulate, whereas dual-
state y' phases with small and large size are distributed in
interdendritic region. The size of small y' phase particulates
in dendrite trunk is similar to that in interdendritic region.
The size and volume fraction distribution of large and small
v' phase particulates in different areas were counted, as shown
in Fig. 9. It is obviously seen from Fig. 9(a) that the volume
fraction of y' phase particulates in dendrite trunk increases
with the increase of cooling rate, which is opposite to variation
tendency of the size of y' phase. The average size of y' phase in
dendrite trunk is decreased by 36.8% and that in interdendritic
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Fig. 4: Cooling rate of castings: (a) cooling curves of the casting in different areas during cast process;
(b) cooling rates corresponding to different areas
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region is decreased by 30.9%, when compared those in
Areas A and E, respectively. The above results of the structural
characteristics indicate that the fine dendrite structure, high
volume fraction and small size of y' phase are the main factors
to endow superior CRL in Area E.

3.4 Microsegregation in different areas of
casting
In casting, microsegregation refers to the difference between
the dendrite trunk and the interdendritic regions. The
segregation ratio, K, is expressed as:
K=Cy ! Cy 2
where C,, and C,; are the element content in dendrite trunk
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c region (a-f) and dendrite trunk (g-l), respectively
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Fig. 9: Volume fraction (a) and size (b) of y' phase in different areas of the casting

and interdendritic region. Although the casting was processed
using heat treatment and HIP, the microsegregation in the
casting can be alleviated, it cannot be completely eliminated,
which may damage the CRL of the casting. In this work,
the microsegregation of each element in different areas was
measured using the SEM-EDX method. The microsegregation
coefficients of each element in different areas are shown in
Fig. 10. It can be seen that the W element shows obvious
positive microsegregation, while Ta and Nb show obvious
negative microsegregation. The other elements show slight
microsegregation. The positive microsegregation of W
means that more W atoms in the dendrite trunk can produce a
stronger solid solution strengthening (SSS) effect. Regarding
the difference in microsegregation in different areas, it can
be seen that the microsegregation of the Ta elements in Area E
is relatively low among 6 areas. The minimum negative Ta
segregation coefficient in Area E among 6 areas indicates that
there are fewer Ta atoms in the interdendritic region of Area E,
which is also beneficial to SSS and the formation of the y'
phase in the dendrite trunk, compared to those in other areas.
This is consistent with the statistics of the content of y' phase
at the dendritic trunk in each region in the previous section:
the content of y' phase at the dendritic trunk in Area E is the
highest among all regions, reaching 25.8%. It is noted that
the microsegregation of Nb in Area E is not the minimum,
indicating that the segregation of Nb is not only affected by
the cooling rate, but also by the formation of carbides, heat
treatment, and HIP processes. Therefore, it is the positive
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Fig. 10: Segregation coefficient K between dendrite trunk and
interdendritic regions in different areas of casting
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microsegregation of W in the dendrite trunk and the minimum
microsegregation of Ta in the interdendritic region of Area E
that result in the enhanced SSS effect in Area E.

Based on the above results, the CRL of the casting is strongly
affected by the wall thickness and position, and the cooling
rate is well correlated with the CRL. The SSE is actually
attributed to the cooling rate and solidification sequence under
the casting process conditions. The variation of the cooling
rate in different areas of the casting leads to different SDAS.
The relationship between SDAS and the cooling rate fits the
classical dendrite growth equation very well. Furthermore, the
sizes of both large and small y' phase particles decrease with
the increase of the cooling rate, and the volume fraction of '
phase particles in the dendrite trunk increases with the increase
of the cooling rate. The structural characteristics indicate that
the fine dendrite structure, high volume fraction, and small size
of the y' phase are the main factors to confer superior CRL. The
W element shows obvious positive microsegregation, while
Ta and Nb show obvious negative microsegregation in the part
with the highest cooling rate. The positive microsegregation of
W and the minimum negative Ta segregation coefficient in the
interdendritic region is beneficial to SSS and the formation of
the y' phase in the dendrite trunk, which may contribute to the
improvement of CRL.

4 Conclusions

(1) For the combustion chamber casing simulator made of
K439B superalloy, there is a significant size and shape effect on
creep rupture life, meaning that the creep rupture life is highly
dependent on the wall thickness and structure of the casing.
Specifically, the maximum difference in creep rupture life
values in different areas can reach up to 60%.

(2) The impact of the size and shape effect on creep rupture
life is actually related to the cooling rate in different areas,
while the cooling rate is determined by the casting shape and
solidification conditions. The creep rupture life of the area with
a high cooling rate is longer, and as the cooling rate decreases,
the creep rupture life gradually shortens. In terms of casting
technology, the creep rupture life in different areas is mainly
affected by the cooling rate rather than just the wall thickness
or structure of the casting.
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(3) The impact of the size and shape effect on creep rupture
life can be explained by the microstructure features. The
secondary dendrite arm spacing is inversely proportional to
the cube root of the cooling rate, which satisfies the classical
dendrite growth theory. With the increase of the cooling rate,
the volume fraction of y' phase in the dendrite trunk increases,
but the size shows a downward trend. The maximum difference
in the size of the y' phase in the dendrite trunk in different areas
can reach up to 36.8%. The microstructure changes in different
areas are mainly affected by the cooling rate. Different dendritic
structures, volume fractions and sizes of y' phase are also the
main factors for the change of creep rupture life in the 6 areas of
the casing simulator.

(4) The change of the cooling rate directly affects the solute
distribution of W and Ta during solidification. W shows positive
microsegregation in the dendrite trunk, and Ta shows the
minimum negative Ta segregation coefficient in Area E among
the 6 areas, which is beneficial to solid solution strengthening
and the formation of the y' phase in the dendrite trunk.
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