
TECHNICAL ARTICLE

Study of Solidification Process of Ni-Based Superalloy Castings
Manufactured in Industrial Conditions with the Use of Novel
Thermal Insulating Module Technique

DARIUSZ SZELIGA ,1,2,5 MACIEJ MOTYKA,1,2 WALDEMAR ZIAJA,1,2

RAFAŁ CYGAN,3 SYLWESTER FUGLEWICZ,3

and MAGDALENA GROMADA4

1.—Department of Materials Science, Faculty of Mechanical Engineering and
Aeronautics, Rzeszow University of Technology, 12, Powstancow Warszawy Avenue, 35-
959 Rzeszow, Poland. 2.—Research and Development Laboratory for Aerospace Materials, 4,
_Zwirki i Wigury Str., 35-036 Rzeszow, Poland. 3.—Investment Casting Division, Consolidated
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The solidification process of IN713C Ni-based superalloy rod castings made by
the investment casting method without and with the use of novel insulating
module applied on the ceramic mold was studied in this article. The design of
the cone-shaped insulating module was developed based on numerical simu-
lations of the distribution of local solidification parameters, ensuring the
lowest centerline shrinkage porosity along the castings. The effectiveness of
the design of the insulating module was tested in industrial casting trials. It
was found that the use of a novel insulation module increases temperature
gradient G and decreases cooling rate v, thus leading to a favorable increase of
the Niyama criterion value (Ny = G/�v) and also ensuring directional solidi-
fication of the casting rod compared to the process where thermal insulation
was not used. In this way, the centerline shrinkage porosity was removed,
maintaining the equiaxed grain structure of the castings. The presented re-
sults show that it is possible to use the same insulating module multiple times,
in the subsequent manufacturing processes, to control the solidification of Ni-
based superalloy precision castings in industrial conditions.

INTRODUCTION

Precision castings of blades and nozzle guide
vanes, used in the hot section of gas turbines of
aircraft engines, are made of nickel-based superal-
loys in the investment casting process.1 In this
method, the liquid melt is poured into a preheated
ceramic mold in a vacuum furnace. During cooling
the melt alloy solidifies inside the mold, and the
grain structure and defects are formed, which
determine mechanical properties of precision cast-
ings.2,3 Uniform cooling of mold and melt alloy can
result in formation of especially dangerous

microporosity and centerline shrinkage porosity,
caused by insufficient liquid metal feeding into
interdendritic channels.4,5 Proper control of the
mold cooling process enables forming of the tapered
liquid feeding channel in casting, through which the
liquid melt is supplied from gating system to the
interdendritic space of moving solidification front,
eliminating shrinkage porosity.2,6 It can be achieved
by gradual cooling of consecutive casting volumes
using various controlling methods for heat transfer
from mold to environment.2,7–11 For this purpose, in
the standard industrial investment casting process,
thermal insulation mounted on the mold surface is
used. Usually, insulation blankets having different
thickness are used as a cover of the external surface
of the mold, enabling to control the cooling rate of
particular casting volumes.12 Depending on the
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casting complexity, a few blankets can be used as a
multi-layer thermal insulation of ceramic mold.13

This is a time-consuming stage, demanding precise
blanked mounting to mold surface or sometimes to
another insulation layer, usually by ceramic adhe-
sive. This kind of solidification control is commonly
used in investment casting of aircraft engines or gas
turbine parts. However, ceramic waste generated
after casting productions using disposable molds is
a big problem for precision foundries, requiring
expensive disposal, especially when insulating blan-
kets are attached to ceramics molds. The standard
manufacturing process of nickel superalloy castings
can be improved by application of a novel insulating
module for controlling the solidification process
instead of standard insulating blankets.14 Com-
pared to standard blankets, the insulating module
can be used many times in subsequent processes
because it is not attached to the surface of the
ceramic mold. Hence, the time and cost of manu-
facturing castings and subsequent utilization of
ceramic waste can be reduced by removing the
insulating blankets from the process. Also, the
shape and method of mounting the insulation
module to the mold make it possible to use other
types of high-temperature insulation materials or
use a different method of their production. So far,
the use of the insulating module in the production of
nickel superalloys castings has been tested only in
laboratory conditions, where the mold with the
applied thermal insulation was heated and poured
in a vacuum induction furnace equipped with a
preheating heater.14 The promising results and
benefits obtained encouraged the authors to test
the effectiveness of the insulating module, applied
instead of standard insulating blankets, during the
production of castings in industrial conditions. The
aim of these tests was also to develop the initial
conditions for the solidification of nickel superalloy
castings, enabling the replacement of the standard
insulating blankets with an insulating module.

EXPERIMENT PROCEDURES
AND NUMERICAL SIMULATION

Rod-shaped castings of IN 713C nickel based
superalloy were produced by investment casting
method in industrial conditions. Wax assemblies
were the basis for manufacturing of two ceramic
molds (Fig. 1b). The thermal insulating module was
applied on one mold, while the other mold was left
without thermal insulation; these are referenced
further as the modified and standard process,
respectively (Fig. 1d). The design of a cone-shaped
insulation module used in the casting processes was
selected based on numerical simulations of the
solidification process in castings (Fig. 2). Detailed
drawing of the insulating module used in these
investigations is shown in Fig. 1i. The insulating
module is a 215-mm-high cylinder with an outer and
inner diameter of 230 and 170 mm, respectively.

The outer surface of the cylinder is tilted 11�,
causing the wall thickness of the insulation to
expand gradually towards the gating system. There
is a 114-mm-diameter hole in the top part of the
module. The insulating module is an integral ele-
ment built in the vacuum forming process from a
mixture of fibers and both organic and inorganic
binders having the following chemical composition:
Al2O3 34 wt%, SiO2 49 wt% and ZrO2 17 wt%. The
mold pouring cup with a slightly smaller diameter is
freely inserted through the opening in the top part
of the module. The top part of the module rests
directly on the gating system. The size of the inner
diameter of the module is matched to the shape of
the ceramic to allow its easy application to the mold
in a short time. This way of mounting the module
leads to a gap, approximately 9 mm wide, between
the outer surface of the mold (test casting zone) and
the inner surface of the module (Fig. 1e). In this
way, the module was not divided into smaller parts
to be put on the mold, facilitating the subsequent
handling of the entire assembly and heating in the
furnace. The pouring cup was then attached to the
mold with ceramic adhesive (Fig. 1d). Then, molds
of both types were placed in the chamber furnace.
All elements of the mold were simultaneously
preheated to 1200 �C like in the standard produc-
tion process in industrial conditions (Fig. 1f). The
preheated mold together with the insulating module
was placed inside vacuum induction melting fur-
nace (VIM) on the insulation plate of the mold
withdrawal system and then transferred to the
melting chamber (Fig. 1a). The molten metal at
1480 �C was poured into the mold cavity, and after
about 15 min the chamber was vented with air to
atmospheric pressure (Fig. 1g, h).

The effectiveness of the insulating module in the
casting process was determined mainly based on the
assessment of microstructure and porosity on the
cross sections of the rods. Two rod castings, which
were made in two experiments, were selected for
microscopic examination. The rods were sectioned
perpendicularly at the distance of 15, 35, 57, 77, 97,
121, 142 and 165 mm from the casting base, and the
cross sections were numbered 1 to 8, respectively.
The surface and the cross sections of the rods were
etched in the solution of the following composition:
HNO3 � 2 cm3 + HCL � 80 cm3 + FeCl3 � 16 g +
H2O � 20 cm3 to reveal dendrite and grain struc-

tures. The light microscope was used to take images
of the microstructure at magnification of 259. The
dendritic microstructure was characterized by mea-
suring the secondary dendrite arm spacing (SDAS)
using the relationship:

SDAS ¼ L

n� 1ð Þ ð1Þ

where L is length and n is number of secondary
dendrite branches.15 About 20 measurements of
SDAS were made on each cross section. The porosity
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assessment was carried out on all cross sections of
the rods. Fourteen images with pores were taken at
50 9 magnification on each cross section.

Numerical simulations of solidification of rod-
shaped castings were carried out using ProCAST
software for processes without and with different
designs of the insulating module placed on mold
(Fig. 2). The geometric model used in the simulation
included the mold, castings, thermal insulation on
which the mold was placed and insulating module.
Four designs of insulating modules were analyzed,
which differed in height and wall thickness inclina-
tion. The shape and dimensions of modules, labeled
M1–M4 throughout the text, are shown in Fig. 2.
Technological parameters such as the initial tem-
perature of mold and alloy were assumed to be the

same as in the experiments. All boundary conditions
and thermophysical properties of the materials
used, which were assumed for these simulations,
were presented in the references.14,15

RESULTS AND DISCUSSION

Simulation Results

Numerical simulation of thermal and solidifica-
tion conditions of castings was mainly performed to
determine the optimum design of the insulating
module, which will provide the formation of shrink-
age porosity along the height of the rod in the
acceptable range. In this way, the predicted distri-
butions of the cooling rate, temperature gradient,
Ny criterion and shrinkage porosity were obtained

Fig. 1. Schematic illustration of vacuum induction melting furnace with the mold placed inside the melting chamber (a), wax assembly without
and with prime coat of mold (b and c), mold with and without applied insulating module used in the casting trials (d), view of the mold and
insulating module showing the gap between them (e), the preheating of mold inside chamber furnace (f), the mold filled with molten metal during
cooling inside the furnace (g, h), the shape and dimensions of the insulating module (i).

Fig. 2. Geometric model of mold with insulating plate (a) and various shapes of insulating modules: (b) M1, (c) M2, (d) M3, (e) M4.
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in the cast rods (Figs. 3, 4). The boundary conditions
and thermo-physical coefficients of the materials
assumed in the simulations were verified experi-
mentally by comparing the predicted cooling rates
in the casting with the results obtained experimen-
tally. The cooling rate was determined using
equation:

v ¼ TL � TS

tL � tS
ð2Þ

where TL and TS are temperatures of liquidus and
solidus, respectively; tL and tS are times required to
reach the liquidus and solidus temperature in the
selected points of the casting, respectively.

Application of the thermocouples in the furnace
and therefore measurement of the temperature
inside castings manufactured under production
conditions was not possible, because the mold was
transferred from the chamber furnace to the VIM
furnace in a short time of about 20 s to prevent its
excessive cooling. Hence, the application of the
traditional numerical simulation verification
method based on a comparison of the experimental
and predicted cooling curves could not be used.
Therefore, a method of verification of the predicted
solidification parameters was developed, which con-
sidered the characteristic of the experimentally
obtained dendritic microstructure. The methodology
of determining the experimental cooling rate is
discussed in the next section. It was found that the
predicted and experimental cooling rates showed a
right degree of consistency along the casting height
(Fig. 3f). The analysis of results showed that the
cooling rate and temperature gradient reached

constant values in the height range from 40 to
140 mm for the casting produced without the use of
an insulating module (Fig. 3a, g). The solidification
parameters changed intensively only in the area of
the casting base and the contact area of the rod with
the gating system.

The use of insulating module significantly
affected the solidification process. The solidification
conditions for the rods varied significantly depend-
ing on the designs of M1-4 insulating modules
applied. The use of M1 or M2 module with a
constant wall thickness resulted in unfavorable
distribution of the cooling rate and temperature
gradient in terms of formation of shrinkage porosity
(Fig. 3b, c, h, i). The cooling rate attained a similar
value, while the temperature gradient reached the
unfavorable smallest value at a height range from
80 to 140 mm in the casting with the module M1
applied on the ceramic mold. For larger wall
thickness of the module (M2), the cooling rate
decreased, but the temperature gradient reached
the smallest value in the casting area at a height of
approximately 140 mm. More favorable distribution
of the solidification parameters in the upper part of
the casting existed when module (M3) with variable
wall thickness along its height was used (Fig. 3d, j).
However, too low height of a module led to an
increase in the cooling rate in the lower part of the
rod. Consequently, in this area, the zone with the
lowest temperature gradient was formed, as in the
casting made without using thermal insulation.
Hence, in the next simulation, the M4 module with
a greater height and gradually changing wall
thickness was used (Fig. 2e). For this design of the
module, the cooling rate continuously decreased

Fig. 3. Distribution of simulated cooling rate (a–e) and temperature gradient (g–k) on the longitudinal section of the rod manufactured without (a,
g) and with use of various insulating modules (M1–M4) (b–e, h–k). Comparison of simulated and experimental cooling rates in the symmetry axis
of the rod (f).
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along the rod height when the insulating module
wall thickness increased (Fig. 3e, f). Such solidifi-
cation conditions allowed achieving the most favor-
able cooling conditions of the casting, enabling
directional solidification along the whole rod height.

The predicted area of shrinkage porosity forma-
tion in rod castings was determined based on the
Niyama (Ny) criterion and the shrinkage porosity
model of the ProCAST software (Fig. 4). The Ny
value depends on the local thermal parameters such
as cooling rate v and temperature gradient G,
according to the relationship:16,17

Ny ¼ G
ffiffiffi

v
p ð3Þ

It is assumed that increasing the Ny value above a
given threshold reduces the tendency to the forma-
tion of shrinkage porosity. The shrinkage porosity
model is based on the knowledge of the local solid
fraction contour distribution in the casting (Fig. 5).
It allows to determine the location of porosity and
volume fraction of pores in the casting (Fig. 4f–j).
Assuming the critical value of the solid fraction for
which poor feeding of interdendritic areas with
liquid metal during the last stage of solidification
takes place, and knowing the predicted contours of

Fig. 4. Distribution of the Ny value (a–e) and shrinkage porosity> 2% (f–j) in rod-shaped castings manufactured without (a, f) and with the use of
insulating module of various design M1–M4 (b–e, g–j).

Fig. 5. Solid fraction contours at different solidification time of rod
manufactured without (a–c) and with the use insulating module M4
(d–f).
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the solid fraction, the areas of porosity formation in
the casting are determined. The physical basis of
the model used is presented in detail in Refs. 12 and
18. The simulation results showed that contours
with Ny< 10 (Ks)0.5/cm were located in the area of
casting where the predicted shrinkage porosity
reached the value > 2% (Fig. 4). This showed that
the shrinkage porosity formation was related to the
local solidification parameters. The highest pre-
dicted shrinkage porosity was formed along the
casting height in the area of symmetry axis when
thermal insulation was not used in the process
(Fig. 4a, f). The surface layer of the rod solidified
first, and then the solidification front moved
towards the casting axis (Fig. 5a–c). The completion
of the solidification process in the middle area of the
rod promoted the formation of centerline shrinkage
porosity along the casting height. The use of an
insulation module significantly increased the Ny
values in selected areas of the casting (Fig. 4b-e).
However, for the M1 and M3 modules, the large
porosity was still present in the upper and lower
parts of casting, respectively. On the other hand,
the most favorable distribution of solid fraction and
Ny values, in terms of porosity formation, was
obtained for rods manufactured with the M2 and
M4 modules applied. The lower part of the rod
solidified first and then the solidification front
gradually moved towards the gating system (Fig. 5-
d–f). For the M4 module design, centerline shrink-
age porosity in the casting was the lowest. Hence,
the cone-shaped module (M4) was selected for the
casting trial because of the promising results of the
numerical simulation of solidification process and
shrinkage porosity formation.

Casting Trials, Macro- and Microstructure

The casting microstructure was assessed on cross
sections located at distances of 15, 35, 57, 77, 97, 121
and 142 mm from the rod base. A typical dendritic
microstructure of polycrystalline nickel superalloy
was detected on the etched surfaces (Fig. 6a1–b3).
Dendrite morphology was characterized by measur-
ing the secondary dendrite arm spacing (SDAS)
according to the well-known relation SDAS = L/
(n � 1). It was found that SDAS changed to a
various extent along the casting height depending
on whether the thermal insulation module was
applied or not (Fig. 6c). A similar value of approx-
imately 35 lm was obtained for the entire casting
when thermal insulation was not applied on the
mold. The use of an insulating module with a
gradually changing wall thickness resulted in the
change of cooling conditions of the casting. The
SDAS continuously increased with increasing dis-
tance from the casting base. An obvious relationship
between the SDAS in the casting and the wall
thickness of the thermal insulation was found. The
increase of the thickness of thermal insulation
resulted in an increase of thermal resistance and

thus a reduction of heat extraction from the casting
trough of the mold to the cooling area of a furnace
according to the relation:

q ¼ k
d

ð4Þ

where k is thermal conductivity, and d is thickness
of insulating module.10,15 SDAS is often related to
the cooling conditions, represented, for example, by
the cooling rate v, according to the relation:

SDAS ¼ Kv�n ð5Þ

For the IN713C nickel superalloy, the material
constants of K = 0.42 and n = 0.33 were adopted
from the data determined experimentally in other
studies.14 Hence, based on dendritic microstructure
characteristic obtained experimentally, after trans-
formation this of relation the approximate average
cooling rate of the casting during its solidification
can be calculated using following equation (Fig. 6d):

v ¼ 42:6

SDAS

� �2:695

ð6Þ

The cooling rate determined in this way was the
basis for the verification of a numerical simulation
of rod casting solidification, manufactured using
various insulating modules. The predicted cooling
rates were compared with those obtained from the
experiment (Fig. 3f). A good agreement between
those cooling rates was found along the rod height
produced without and with the use of the insulating
module M4.

It should be emphasized that the inconsistency in
matching the simulated values and the values
obtained from the microstructure assessment may
result from some simplifications adopted in the
simulation and in the calculation of the cooling rate.
First, the incompatibility occurs in the lower area of
the casting for the height range of 20–80 mm of the
rod manufactured by the process with the insulat-
ing module used (Fig. 3f). For this process, the
cooling rate varies significantly between the lower
and upper regions of the casting. It is well known
that the thermo-physical coefficients of an alloy
depend on the cooling rate. Also, the temperatures
of the beginning and end of the alloy solidification
process, which is used in the calculations, depend on
the cooling rate of the casting. On the other hand,
the values of thermo-physical coefficients of mate-
rials adopted in the geometric model are the same
despite extremely different cooling rates obtained
along the height of the same casting. Also, the
values of K = 0.42 and n = 0.33 (previously pub-
lished in Ref. 14) were determined assuming con-
stant values of liquidus and solidus temperatures in
all the experiments, despite different cooling rates
of plate castings and blade airfoil.14 Hence, the
cooling rate calculated based on the dendritic
microstructure in this article may slightly differ
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from the real one. However, despite the simplifica-
tions used in the simulation and a slight inconsis-
tency of the simulated and calculated values of the
cooling rate, the effectiveness of the numerical
simulation used in predicting the course of solidifi-
cation process and formation of shrinkage porosity
in castings manufactured under industrial condi-
tions was proved.

An example of the grain structure on a casting
surface and on its cross sections, after etching, is
shown in Fig. 7. It was found that the size of
equiaxed grains on the rod surface is related to the
cooling conditions of the casting, in a similar way as
it was for SDAS. Consequently, both the cooling rate
and grain size changed in a small range along the
height of the casting produced without the use of
solidification control in the form of insulating
module (Fig. 7a). The use of thermal insulation
with varying thickness on the ceramic mold signif-
icantly changed the grain structure on the rod
surface (Fig. 7b). The grain size gradually increased
with increasing distance from the rod base. During
the contact of the molten alloy with the inner
surface of mold, its temperature dropped to the
equilibrium melting point (liquidus temperature).
By further reducing the temperature, the liquid
melt was undercooled, which led to formation of
nuclei of equiaxed grains on the inner mold surface
as a result of heterogeneous nucleation.19 It is well

known that the grain density at the casting surface
depends on the undercooling of the liquid melt. The
amount and nucleation rate of equiaxed grain
increase with increasing undercooling. In turn, the
increase of cooling rate promotes the undercool-
ing.19,20 Hence, the grain size increased in the upper
part of the casting since the use of an insulating
module reduced of cooling rate in this area (Fig. 7b).

Based on the examination of casting cross section
area, it was found that the grain morphology also
depended on the cooling and solidification condi-
tions of the castings. From the numerous randomly
oriented grains formed on the mold surface, den-
drite arms grew as a result of progressive under-
cooling of the adjacent region of liquid melt. As a
result of the competitive growth mechanism, the
grains unfavorably orientated relative to the direc-
tion of heat flow were blocked, resulting in forma-
tion of columnar grains and boundaries.21

Columnar dendrites grew mainly from the mold
surface towards the symmetry axis of the casting in
the process without the use of thermal insulation
(Fig. 7a1–a5). The direction of growth of these
grains was approximately consistent with the direc-
tion of heat flow and coincided with the simulation
of the movement of solid fraction contours (Fig. 5a–
c). The lateral growth of columnar dendrites
occurred, and fully columnar structure was formed
almost along the whole casting height. The use of an

Fig. 6. Macro-etched surface of rod-shaped casting (a, b), dendrite microstructure at the cross sections 1, 4 and 7 (a1–b3) as well as SDAS
along the rod height (c) manufactured without (a, a1–a3) and with (b, b1–b3) the use of insulating module, (d) cooling rate calculated from SDAS
values.
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insulating module totally changed the solidification
conditions and thus the morphology of grain struc-
ture in the casting as well. Equiaxed grains in the
center area of the rod were also formed apart from
columnar grains (Fig. 7b1–b5). These equiaxed
grains nucleated and grew in the undercooled liquid
metal region ahead of columnar grains. The size of
the columnar grain zone decreased in favor the
equiaxed grains with increasing distance from the
casting base. Reduction of heat extraction from the
casting trough for the mold and thus decrease in
both temperature gradient and cooling rate in the
radial direction of the casting resulted in reduction
of the extent of columnar grain zone. In this case,
the heat mainly flowed in the axial direction instead
of the radial one, which was also confirmed by the
change in the direction of movement of solid fraction
contours, promoting directional solidification of the
rod (Fig. 5d–f).

Shrinkage Porosity

During manufacturing of thin-walled nickel-
based superalloy precision castings, the priority is
mainly to eliminate large and unfavorable center-
line shrinkage porosity in castings, which can
drastically reduce their mechanical properties.22

Therefore, the proposed novel module insulating
technique was mainly used to remove centerline
shrinkage porosity in rods, simultaneously control-
ling the morphology of the dendritic microstructure

and grain structure. Rod castings were radio-
graphed to detect the actual location and estimate
the amount of porosity (Fig. 8). The x-ray images
show that centerline shrinkage porosity was mainly
formed in the distance range of 2 to 14 cm from the
rod base produced without insulating module
(Fig. 8b, d, f).

Centerline shrinkage porosity was removed in the
rod made using an insulating module (Fig. 8a, c, e).
To confirm the x-ray inspections, the evaluation of
porosity on the eight cross sections placed at the
distance of 15, 35, 57, 77, 97, 121, 142 and 165 mm
from the casting base was carried out using light
microscopy. Figure 8c–f shows exemplary images of
porosity on cross sections nos. 3 and 6 at the casting
height of 56 and 121 mm, manufactured without
and with insulating module. It was found that the
largest shrinkage porosity was formed in the center
part of the cross section.

For the quantitative assessment of porosity, the
average area fraction of pores was determined on
the eight cross sections placed along the rod height
(Fig. 9a). For this purpose, 14 images with porosity
were taken on each of them. Additionally, one image
with the largest area fraction of pores (the largest
porosity) was chosen from each cross section, on the
basis of which the area fraction of pores in the worst
field was determined (Fig. 9b).23 The experimental
results show that average area fraction of pores and
their size reached much larger values in the cast-
ings without thermal insulation applied. In the

Fig. 7. An example of grain structure on the surface (a, b) and cross sections (a1–b5) of the rod casting produced without (a–a5) and with (b–b5)
the use of insulating module.
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process where insulating module was applied, the
porosity decreased significantly along the whole
height of the casting rod (Fig. 9).

The results obtained experimentally were the
basis for the verification of numerical simulation of
both the location and volume fraction of pores

(Figs. 4, 8, 9). Good agreement was found between
the predicted areas and position of shrinkage poros-
ity in the experimental castings. The simulation
results of Ny value also considered the increase in
porosity at the casting height of approximately
142 mm, which was produced with the insulating
module applied. In this case, Ny attained the lowest
value (Fig. 4e).

The analysis of the simulation results of solid
fraction contour distribution, grain morphology and
size and location of pores allowed for a better
understanding of the reason for the formation of
the centerline shrinkage porosity and then their
reduction in the casting using the insulating module
technique. In the standard process, the liquid metal
area, which is near the mold surface, solidified first.
Then, the contours of the mushy zone moved
towards the symmetry axis. This course of solidifi-
cation led to the radial columnar dendrite growth
and the formation of columnar grain structure
almost at the whole casting height. Finally, the
residual liquid metal solidified in the symmetry axis
area of the rod, promoting the formation of the
centerline shrinkage porosity. The location of liq-
uidus isotherm contours and the dendrite tips
created the shape of the tapered liquid feeding
channel extended from the gating system towards
the casting base.2,5 From this channel, the inter-
dendritic regions were fed by liquid metal during
solidification. When the cooling rate reached similar
values along the whole casting height, as it was in
the process without using an insulating module, the
liquid feeding channel was long and narrow. This
resulted in limitation of continuous liquid metal
feeding the further volumes of interdendritic areas.6

At the last stage of solidification, the columnar
dendrite growth was finished in the symmetry axis
area of the rod, creating the large isolated liquid
pool regions, where the liquid feeding channel

Fig. 8. X-ray images of casting rod (a, b) and exemplary images of
porosity on cross sections nos. 3 and 6 at the casting height of 56
and 121 mm, manufactured without (b, d, f) and with an insulating
module (a, c, e). The red arrows on the x-ray images show the
position of an exemplary shrinkage porosity in the inspected rod.

Fig. 9. Mean area fraction of pores (a) and the area fraction of pores in the worst field (b) at the cross section placed at various distances from the
casting base.
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existed earlier. The interdendritic regions were
completely surrounded by solid; thus, the liquid
metal feeding through them into the large isolated
liquid pool regions was stopped, creating pore
clusters during cooling of liquid metal.9,24

The use of thermal insulating module signifi-
cantly changed the method of the solidification
process of casting. The results of the numerical
simulation of the solid fraction contours showed
that the liquid feeding channel created gradually
widened towards the gating system because of the
formation of a positive temperature gradient. Its
favorable widening maintained the continuous liq-
uid metal feeding of the interdendritic regions
during the solidification of the further volumes of
the casting. In consequence, the large isolated liquid
pool regions, which promoted the formation of pores
clusters, were removed.

SUMMARY AND CONCLUSIONS

The novel insulating module technique for solid-
ification control of Ni-based superalloy precision
castings in industrial conditions has been presented
in this article. Due to the promising results obtained
during the numerical simulation of solidification,
the design of cone-shaped insulating module M4
was chosen for solidification control, giving the
largest Ny values and axial temperature gradient
along the whole casting height. Application of the
proposed insulating module on ceramic mold signif-
icantly changed the solidification process of castings
compared to the process without thermal insulation.
The solidification front moved from the casting base
towards the gating system (directional solidifica-
tion) instead of the simultaneous solidification in
the whole volume of the rod produced without
insulation that resulted in the unfavorable lateral
growth of columnar grains and consequently cen-
terline shrinkage porosity formation. For a pre-
dicted threshold value of Ny> 10 (Ks) 0.5/cm, the
solidification conditions were obtained, which
enabled the formation of a gradually widened liquid
feeding channel along the casting height, providing
a continuous liquid metal feeding of the next
volumes of interdendritic areas. Consequently,
shrinkage porosity clusters of the large sizes were
not formed. It has been shown that the proposed
insulating module technique can be successfully
used to control the solidification of Ni-based super-
alloy castings produced in industrial conditions.
Due to the possibility of using the insulating module
many times, the duration and cost of the casting
process can be decreased while reducing the amount
of casting waste compared to the conventional
investment casting process where the standard
insulating blankets are attached to the mold.
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tigue 41, 47 (2012).

23. S. Roskosz, M. Staszewski, and J. Cwajna, Mater. Charact.
56, 405 (2006).

24. E. Plancher, P. Gravier, E. Chauvet, J.-J. Blandin, E. Boller,
G. Martin, L. Salvo, and P. Lhuissier, Acta Mater. 181, 1
(2019).

Publisher’s Note Springer Nature remains neutral with re-
gard to jurisdictional claims in published maps and institutional
affiliations.

Szeliga, Motyka, Ziaja, Cygan, Fuglewicz, and Gromada2044


	Study of Solidification Process of Ni-Based Superalloy Castings Manufactured in Industrial Conditions with the Use of Novel Thermal Insulating Module Technique
	Abstract
	Introduction
	Experiment Procedures and Numerical Simulation
	Results and Discussion
	Simulation Results
	Casting Trials, Macro- and Microstructure
	Shrinkage Porosity

	Summary and Conclusions
	Acknowledgements
	Open Access
	References




