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Background

Nozzle guide vanes (NGVs) are important structural parts of gas turbines [1]. NGVs
are typically made from Ni-based superalloys because they have to withstand very high
temperatures and aggressive environments [2]. Investment casting in vacuum, also
often referred to as lost-wax process, is the only commercially used manufacturing
route of these parts that have very complex shapes [3]. Large improvements in turbine
efficiency can be achieved with improved designs of the NGVs that normally lead to
more complex shapes and thinner geometries. However, these innovations are hin-
dered by the complexity of the manufacturing process, which leads to an increasing
number of defects (mainly porosity) during investment casting of parts with complex
shapes and very thin elements. As a result, the development of investment casting
routes for the new generation of NGVs is carried out via a ‘trial and error’ approach or,
in other words, via experimental casting trials. But this strategy is very expensive and
time consuming and thus dramatically limits the rate of innovation.
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Presently, a paradigm shift is underway in which the experimental casting trials are
partially replaced by the numerical simulation of the investment casting process to
overcome the limitations of standard ‘trial and error’ approach [3]. Reconfiguration of
the mold that was made on the foundry floor can now be made on a computer and
simulated. In addition, the thermal history of a casting can be examined by means of
simulations, and the effect of the casting parameters on the microstructure and quality
of the as-cast parts can be evaluated. For example, Anglada et al. [4] and Rafique and
Igbal [5] successfully performed the simulation of heat transfer during investment cast-
ing of prototypes from Ni-based superalloys. A short description of the modeling tools
developed to date and their application to casting of Ni-based superalloys is provided
below.

Models developed for porosity prediction

Porosity is known to be the most common defect found during investment casting and
dramatically limits the strength and fatigue life of aerospace components [6]. Thus, in-
vestment casting foundries strive to minimize, if not eliminate, this insidious and per-
sistent defect. The available modeling strategies for the prediction of porosity can be
classified into three main groups, which are briefly described below.

Analytical models

Computer models describing the formation of microporosity on the scale of the casting
are based on volume-averaging methods for the calculation of the local temperature
and pressure fields in the inter-dendritic liquid. These quantities are then used to esti-
mate the level of gas segregation and to determine if the conditions for the nucleation
of a pore are met. Most of these approaches originate from the pioneering work by
Piwonka and Flemings [7], who developed analytical models that range from exact
mathematical solutions to asymptotic approximations using 1D Darcy’s law for pore
nucleation. A constant solidification velocity together with a constant thermal gradient
were assumed in these models. In order to obtain a more accurate prediction of the
pore size, the gas pressure within the pores was included in the model, leading to a
reasonable agreement with experimental results.

Criteria function models

Criteria functions were developed in the 1950’s for dimensioning the size of risers and
prevent inter-dendritic centerline shrinkage and porosity in steel plates [8]. Among the
different criteria functions proposed, the Niyama criterion is the most widely used in
metal casting to predict feeding-related shrinkage porosity caused by shallow
temperature gradients [9]. The Niyama function N, is a local thermal parameter de-
fined as N, = G/ T, where G is the local temperature gradient and T the local cooling
rate. It is assumed that shrinkage porosity will form in regions in which the Niyama
parameter is below a given threshold, which should be experimentally determined for
each alloy. A dimensionless form of the Niyama function was presented in [10] that ac-
counts for not only the thermal parameters but also the properties and the solidifica-
tion characteristics of the alloy and it is able to predict the shrinkage pore volume
fraction from the solid fraction-temperature curve and the total solidification shrinkage
of the alloy.
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Numerical models

The first model for porosity prediction was developed by Kubo and Pehlke in two-
dimensions (2D) [11] and was based on the relationship between the fraction of
porosity and local pressure. Lee and Hunt [12] simulated the growth of pores due to
hydrogen diffusion in Al-Cu alloys using a 2D continuum diffusion model, combined
with a stochastic model of pore nucleation. Although the model did not include the
effect of pressure drop due to shrinkage, it showed a good correlation with in situ ob-
servations of pore growth. Later, Lee et al. [13] developed a multi-scale model of so-
lidification in Al-Si-Cu alloys, including microsegregation and microporosity.
ProCAST was used to solve the energy, momentum, and continuity equations to de-
termine the temperature and pressure evolution with time. This information was
coupled to a mesoscale model for microstructural development. Carlson et al. pro-
posed a volume-averaged model for finite rate diffusion of hydrogen in Al alloys [14].
They coupled the calculation of the micro/macroscale gas species transport in the
melt with a model for the feeding, flow, and pressure field. This was the first work
considering hydrogen diffusion in the growth of pores for three-dimensional (3D) cal-
culations. Pequet et al. developed a 3D microporosity model based on the solution of
Darcy’s equation and microsegregation of gas [15]. The model coupled microporosity
with macroporosity and pipe-shrinkage predictions in a coherent way, with appropri-
ate boundary conditions. Later, this approach was improved by developing a porosity
model for multi-gas systems in multi-component alloys, including a realistic model
for pore pinching [16,17].

Porosity prediction in casting of Ni-based superalloys

Most of the research on porosity prediction has been focused in Al alloys and steels
[18,19], and the work on Ni-based superalloys is more limited. Simulation of solidifi-
cation to predict porosity in investment castings from Ni-based superalloys started a
long time back; though, very simple geometries were considered in the earlier works.
Overfelt et al. [20] developed a computer solidification model for the castings of plates
with thicknesses of 2.54, 12.7, and 25.4 mm made from the In-718 Ni-based superalloy.
The model was used to validate and disprove various phenomenological criteria for
predicting porosity. The computer model was shown to be effective in predicting
unfed centerline shrinkage in the 25.4-mm-thick plates, but it did not provide precise
results for the thinner plates. Monastyrskiy [21] proposed a modeling tool based on
liquid metal deformation due to solidification to model shrinkage porosity formation
in a GS 32 Ni-based superalloy with low gas content. The model predicted the volume
fraction and size of the shrinkage porosity. Nucleation of pores depended on the local
stress level in the melt and the pore growth was driven by stress relaxation after pore
nucleation. Numerical studies of directional solidification under an imposed temperature
gradient and cooling rate were in good agreement with experimental data on porosity for-
mation in Ni-based superalloys [21].

Modeling of investment casting of complex-shape parts has shown to be a more
challenging task. Kang et al. [22] applied a model based on the dimensionless Niyama
criterion to predict the formation of microporosity in a Ni-based superalloy casting
containing complex shapes with thin walls. The theoretical predictions of microporosity
showed reasonable agreement with the experimental results, though they underestimated
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the porosity content in the complex thin-wall regions. However, the model was not suit-
able for the shrinkage porosity prediction in the thick parts of the casting, since those sec-
tions often formed isolated liquid pools.

In this work, an advanced modeling approach is applied to the development of a
new generation of NGVs with complex shape for aero engines. The objective of this work
is twofold. Firstly, a thermal model capable of predicting the thermal history during
investment casting of the new generation NGVs is developed. The principles of the
thermal model were earlier described by Calba and Lefebvre [23]. Once the developed
thermal model is validated against experimental results, the overall casting process
can be analyzed in detail. The second aim of the present work is to simulate the deve-
lopment of defects in the as-cast NGVs (such as shrinkage porosity) and the final
grain structure. The present manuscript consists of two parts and this (first) part
focuses on the development and validation of the thermal model and the porosity pre-
diction tool.

Material and experimental procedures

Investment casting of the NGVs was carried out using MAR-M247 Ni-based superalloy.
The chemical composition of the material is presented in Table 1. The MAR-M247
superalloy is characterized by high temperature strength and excellent corrosion and
oxidation resistance at elevated temperatures [24].

The ceramic molds for the experimental casting trials were prepared using the standard
manufacturing route. The wax pattern for the NGV was prepared via injection molding
and then assembled with a wax feeding system. The obtained wax cluster was immersed
into a ceramic slurry and allowed to dry, and this step was repeated until the desired thick-
ness of ceramic mold was reached. The assembly was dewaxed in an autoclave for 15 min
at elevated temperature and high pressure. To burn the wax remains, the ceramic cluster
was fired at 900°C for 1 h. Finally, the interior of the ceramic cluster was thoroughly rinsed.

The ceramic cluster was wrapped by an insulation layer (made from kaolin wool),
having a thickness of 13 mm and was preheated to 1,200°C. The geometry and mesh
for the model, including different cross sections, are presented in Figure 1b. Before entering
the casting furnace, the thermocouples for recording the thermal history during invest-
ment casting were quickly set on the assembly. The equipment for in situ temperature
measurements consisted of K- and S-type thermocouples and a standalone data logger
able to withstand high vacuum (10~ mbar), magnetic fields (coming from the induc-
tion furnace), and thermal radiation due to the high temperature of the melt. Thermo-
couples were placed at defined points in the insulation wrap, ceramic mold, and metal.
Temperature in the wrap was measured with a thermocouple placed in the center of
the wrap layer (marked by a blue spot in Figure 1c). Shell temperature was measured
with a thermocouple placed on the leading edge of one external airfoil. Three thermo-
couples were used to measure the temperature in the alloy but only the results of one
of them are shown because the other thermocouples failed during investment casting.
The location of each thermocouple is illustrated in Figure 1c, and it was identified by

Table 1 The chemical composition of the MAR-M247 Ni-based superalloy
Ni C Cr Co Mo w Ta Al Ti Hf
Base 0.15 84 10 0.7 10 31 55 1.05 14
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Figure 1 The NGV, model and mesh of the model for half shell, and location of thermocouples.
a) The NGV produced by investment casting process; b) model and mesh of the model for half shell with
insulation wrapping; ¢) location of thermocouples (in yellow color) to measure temperature on the alloy
(left in gray color), shell (middle in green color), and insulation (right in violet color).

nodes in the thermal model (see ‘Development of the thermal model section). The
preheated assembly was placed in the vacuum casting furnace where the ceramic
mold was filled by the molten metal poured at 1,549°C with a melt pouring velocity
of 1,700 mm/s. The assembly was then removed from the furnace and allowed to
cool. The thermal history at defined nodes of the metal, the ceramic mold, and the
wrap was recorded.

The as-cast NGV (Figure 1a) was cut into smaller specimens for the analysis of porosity.
The selected areas for porosity evaluation are shown in the ‘Porosity characterization in
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the as-cast new generation NGV and experimental validation of the model” section. The
specimens for porosity characterization were ground and polished to the mirror-like sur-
face using standard metallographic techniques. The optical microscope OLYMPUS BX51
was used for porosity characterization. At least three images were taken from each area of
interest. Quantitative analysis of porosity (pore size and porosity volume fraction) was per-
formed using ANALYSIS software. The pore size was given by the equivalent circle diam-
eter due to the complex shape of pores.

Modeling

A modeling approach to investment casting of the new generation NGVs should allow the
definition of the cast component, gate, mold, and insulation wrapping configuration and
geometries. Starting from the component geometry, the casting process can be gradually de-
veloped and optimized, and critical design decisions can be made. Such a model has to be
able to cover issues such as heat transfer (including radiation, convection, and conduction),
mass transfer (mainly fluid dynamics), and phase transformations, considering at any mo-
ment the conservation of mass, momentum, and energy. And it should be able to assess the
influence of the geometric and physical parameters on the porosity and structure of the as-
cast NGVs. For investment casting of the new generation NGVs, most geometrical parame-
ters such as gating, mold thickness, and wrapping scheme are already defined by the manu-
facturer, but most of the physical parameters remain unknown. The development of the
modeling tool and definition of the thermophysical parameters are described below.

Thermal model

Development of the thermal model

The basis for reliable modeling of investment casting is a very accurate prediction of
the thermal history at each point of the cast. Development of the thermal model re-
quires the optimal selection of the thermophysical parameters along with the proper es-
tablishment of boundary conditions as noted in the ASM Handbook [25]. It should
also be noted that each manufacturing process has unique boundary conditions that
have to be identified, understood, and characterized for the specific application being
simulated. The boundary conditions can also be equipment specific, meaning that a
furnace may not give rise to the same boundary conditions as another furnace under
the same nominal processing conditions.

Mold filling during investment casting was modeled using the three-dimensional fi-
nite element solver ProCAST (a trademark of ESI group) by solving the conservation
of mass, momentum, and heat flow equations [26]. Conservation of mass is enforced
through the continuity equation

dp O (pui)

S 1
5t T o (1)

where u; is the corresponding component of the velocity and p stands for the density.
The momentum equation as used in ProCAST is given by

ou; Ou; ) Ou; _ H“
pﬁiju’(S—x,’er_x, (Pfi/(ﬂ+ﬂr)6—uj> *PQi‘K—p”z (2)
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where {; is the Kronecker delta, p the pressure, g; the gravitational acceleration, y the
viscosity, y7 the eddy viscosity, and Kp the permeability. These equations are solved
under the assumption that the spatial derivatives of viscosity are small and that the
fluid is nearly incompressible.

During investment casting, heat flows by conduction through the metal, ceramic
mold, and insulation wrap and is removed from the surface by natural convection and
radiation. The heat flow is transient, i.e. the temperatures in the casting, mold, and
insulation wrap change with time. The governing partial differential equation of heat
flow by conduction is expressed as

SH T
PS5y ~VIKVT]-S(r) =0 (3)

where V = % + a% + a%' T stands for the temperature, ¢ for the time, K for the thermal

conductivity, S(r) is a spatially varying heat source, and H the enthalpy of solidification,
which encompasses both the specific heat term (c,) and the evolution of latent heat (L)
during solidification according to

H(T) = IO cpdr + L(1-/((T)) (4)

where f; is the fraction of solid.

Initial and boundary conditions for the resolution of previous equations are applied on
temperature, velocity, pressure, fixed turbulent kinetic energy, fixed turbulent dissipation
rate, and specific, convective, and radiation heat flux. An iterative algorithm is used to
simulate solidification by solving Equation 2, finding a coherent solution between enthalpy
and temperature results. Further details about this strategy can be found in [27,28].

To solve the complex view factor radiation capability, ProCAST uses a net flux
model, in which an overall energy balance for each participating surface is considered
rather than tracking the reflected radiant energy from surface to surface. At a particular
surface i, the radiant energy being received is denoted g;,;. The outgoing flux is gy ;-
The net radiative heat flux is the difference of these two.

qnet,i: qaut,i - qin,i (5)

Utilizing the diffuse gray-body approximation, the outgoing radiant energy can be
expressed as:

Qo= 0 &Ti* + (1- &) q,,; (6)

The first term of this equation represents the radiant energy which comes from direct
emission. The second term is the portion of the incoming radiant energy which is being
reflected by surface i.

The incoming radiant energy is a combination of the outgoing radiant energy from all
participating surfaces being intercepted by surface i. Specifically, the view factor F;; is the
fraction of the radiant energy leaving surface j which impinges on surface i. Thus,

Dini= Zf[: 1 Fi - Dout,i (7)

where N is the total number of surfaces participating in the radiation model and the
view factors are calculated from the following integral.
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1

J cos 8 j cos 0 i
Fi ;= A AT

712

dAdA; (8)

where A; is the area of surface i, 6; the polar angle between the normal to surface i
and the line between i and j, and r the magnitude of the vector between surfaces i and
j.

Traditionally, Equation 8 is evaluated by numerical integration, either in the form
shown or converted into an equivalent line integral. In ProCAST, the view factors are
computed using a proprietary technique.

Solving Eq. 6 for g, ; yields:

1
Qini = [] (qout,i_ 0 & T?) (9)

1—85

Combining Equation 9 with Equation 7 gives a relationship involving the outgoing ra-
diant fluxes only. These outgoing fluxes are known as radio sites. The final form is:

S(Gi - -e) Fro)) duey = o& T (10)

where the Kronecker delta {; has been included to incorporate the diagonal term. Since
there are equations of the form (10), a simultaneous solution is required for a large non-
symmetric system. Because of the reciprocity relation, A;F; _;= A;F; _; can be transformed
into a symmetric form which is more economical to solve. Multiplying (10) by

A:
1 —l & (1)
L
yields
N A; A;
Zj_l(ﬁ Cj - As Ff-j) Gy = 75 & Ti (12)
L L

which is solved for the vector of radiosities, gou,;. The net radiant flux is obtained by
combining Equation 5 and Equation 9 that gives

Dneti = |:1 il ‘J {0 T? - qout,z} (13)

This heat flux then appears as a boundary condition for the heat conduction analysis
in ProCAST.

Several software packages were used to generate the thermal model. The NGV design
was created with SolidWorks software (powered by Dassault Systems SolidWorks Cor-
poration), while the feeding system was created with Unigraphics software (powered by
Unigraphics Solutions Incorporation). Both packages are linked to the casting simula-
tion software ProCAST. Surface and volume meshes were generated by Visual-Mesh
(ProCAST software package), considering a maximum distance between nodes of
2 mm inside the NGV, and 6 mm for the gating system and pouring cup. The invest-
ment casting ceramic mold was composed of layers which were created by ProCAST
3D-Mesh. The ceramic mold has an average thickness of 13 mm. The thickness of the
insulation wrap was also 13 mm and was created and meshed, following the same
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procedure. Only one half of the mold was considered due to symmetry (Figure 1b) in
order to speed up the simulations.

Data from different sources were carefully analyzed to assign the thermophysical
properties to all the components of the casting system. Those sources include the Pro-
CAST database which was described in detail by Pequet et al. [15], experimental data
from industrial companies (Precicast Bilbao and Precicast Novazzano), as well as tech-
nical references from previous similar exercises. The thermophysical properties of
MAR-M247 Ni-based superalloy (including temperature-dependent thermal conductiv-
ity, density, specific heat, and viscosity) were extracted from the ProCAST database
(Table 2). Figure 2 illustrates dependence of these properties with temperature. The
values of the liquidus and solidus temperatures (1,366°C and 1,266°C, respectively) were
also taken from the ProCAST database. It should be noted that a comparison with the
Lever Rule model and Scheil model (both described in the ASM Handbook [29]) was
made to confirm these data.

Regarding the ceramic mold and wrap insulation, the density and specific heat as
functions of temperature were taken from the ProCAST database (Table 2). Values for
the thermal conductivity as a function of temperature (Figures 3a and 4a) were ob-
tained by an inverse simulation procedure by comparing the simulation results for sim-
ple casting geometries with experimental data generated earlier by Precicast Bilbao.
The description of the inverse simulation procedure can be found in O’Mahoney and

Table 2 Thermophysical properties and boundary conditions used in the thermal model

Material Property (units) Value
MAR-M247 Thermal conductivity (W-m™'-K™") 15-352
Density (kg-m ™) 7,300-8,600°
Enthalpy (kJ/kg) 100-800°
Viscosity (kg-m~'-s7) 2-325-107*
Liquidus temperature (°C) 1,366
Solidus temperature (°C) 1,266
Mold Thermal conductivity (W-m™"-K™") 04-1.7°
Density (kg-m ) 1,860-1,915°
Specific heat (kJ-kg™"-K™) 0.7-1.3?%
Emissivity 0.7
Insulation wrap Thermal conductivity (W-m™'-K™") 0.1-0.5°
Specific heat (kJ-kg™"-K™) 09-1.3%
Emissivity 0.7
Metal mold HTC (W-m™-K™) 200-2,500°
Mold wrap HTC (W-m™—2-K™) 100
Mold enclosure HTC W-m~2-K™) 3
Wrap enclosure HTC W-m™2-K™) 106
Enclosure Emissivity 0.9
Others Units Value
Melt pouring velocity (mm/s) 1,700
Melt temperature Q) 1,549
Preheating temperature Q) 1,200

“The value depends on the temperature.
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Browne [30]. Figures 3 and 4 illustrate the variation of these properties with temperature
for the ceramic mold and wrap, respectively.

It is known that pouring of the melt at high temperature leads to radiation heat loss. As
this heat loss is not always correctly taken into account during the modeling process, the
value of mold conductivity at high temperatures should be increased to account for this
phenomenon. Experimental studies on this topic were earlier carried out by Precicast Bil-
bao and the experimental data from earlier measurements using the laser flash method
(according to the ASTM E1461-07 standard) were considered. Analysis of all available data
led to a final interval of mold conductivity in the range from 0.4 to 1.75 W.m ™' . K!
(Table 2), which is in a very good accordance with the data provided by Konrad et al. [31]
for low temperatures, and coincide with the experimental data measured by the laser flash
method at high temperature (Figure 3a). The ProCAST database, data from the manufac-
turer of the kaolin wool, and Precicast Bilbao were considered to define the thermal con-
ductivity of the insulation wrap. The final values of the thermal conductivity in the
insulation wrap were in the range of 0.1 to 0.5 W.m . K™ (Figure 4a and Table 2).

A suitable temperature-dependent functional form (shown in Figure 3d) was used to de-
termine the values of heat transfer coefficient (HTC) at the metal-mold interface. It is
known that the HTC at the metal-mold interface is influenced by many factors such as
casting geometry, pouring and preheating temperature, mold thickness, etc. Inverse and
direct simulations were carried to obtain the final form of this function, which is plotted in
Figure 3d as a function of temperature. This function is slightly different from the one pro-
posed by the ProCAST database as was demonstrated by Santos et al. [32] and Dong et al.
[33]. Nevertheless, the final HTC at the metal-mold interface was in a very good agree-
ment with the data reported in the literature for molten Ni-based superalloys in contact
with ceramic molds. For example, Sahai and Overfelt [34] reported a HTC in the range
50-5,000 W m™> K™* for IN-718 Ni-based superalloy. The HTC at the mold-wrap, mold-
enclosure, and wrap-enclosure interfaces have less influence on the final result of the ther-
mal model as shown by Yuang et al. [35]. Thus, it was assumed that they were constant
with temperature and time, and the data from the ProCAST database were used (Table 2).
Values of emissivity for mold, wrap, and enclosure were also taken from the ProCAST
database, and the environmental conditions were fitted with those registered during ex-
perimental casting trials (Table 2). The pouring of the melt into the mold was introduced
in the model by the definition of a planar surface on the top of the pouring cap, where a
velocity to the liquid was applied to simulate the pouring process. The preheating
temperature of the mold and temperature of melt poured into the mold were also specified
(Table 2). The same filling steps performed during the experimental procedure were simu-
lated by the software, using 2 s of filling time to introduce the molten alloy into the mold.
Thus, the full solidification process was completed 830 s after the pouring. All the ex-
perimental data were taken into account during the simulations to synchronize the experi-
mental data with the simulation results. The simulation process was operated by the
ProCAST Parallel Solver with four processors (2.40 GHz) and took nearly 11 h to simulate
the whole thermal history of the NGV investment casting process.

Experimental validation of the thermal model
Experimental casting trials were carried out for validation of the thermal model as de-

scribed above. Figure 5 illustrates the experimental temperature-time plots for metal,
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ceramic mold, and insulation wrap during investment casting. Temperature recording
was started once the thermocouples were located in the defined spots. The thermo-
couple placed in the metal is close to reach the preheating temperature 1,200°C, while
the thermocouple placed in the mold records a temperature slightly over 1,100°C. In
the readings from the thermocouple fixed to the insulation wrap, temperature rises up
to 900°C. Significant difference of temperatures between metal and wrap was registered
at the beginning since it took time to place correctly each thermocouple into its loca-
tion. This loss of time leads to partial cooling of the mold that, in turn, increases the
temperature gradient between metal and mold.

After the mold entered the vacuum casting furnace, vacuum was pumped and melt
was poured into the ceramic mold. The thermocouples placed in the metal and wrap
clearly registered this event by showing a rapid temperature rise, whereas the thermo-
couple located in the ceramic mold showed a temperature decrease (Figure 5). The
liquidus-solidus transition in the metal can be easily identified in the experimental
temperature-time plot because of the reduced slope. The cooling rate increases once
the melt is solidified.
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Figure 5 Temperature-time plots for metal, mold (shell), and insulation wrap. Comparison of the
thermal model prediction with the experimental results.

The temperature-time plots generated by the thermal model are compared with the ex-
perimental results in Figure 5. A very good agreement is observed for the thermal history
in the metal and in the wrap, where the simulation results match very well the experimen-
tal results during first 6,000 s of the solidification/cooling process. However, a difference of
nearly 100°C is found between the predicted temperature and the experimental data in the
ceramic mold. Despite the close location of the thermocouple to the inner surface of the
ceramic mold, the temperature registered by this thermocouple hardly achieves 1,100°C,
though the melt was poured into the ceramic mold at 1,459°C. The reasons for such dis-
crepancy are discussed in the ‘Accuracy of the thermal model’ section.

A proper prediction of the liquidus-solidus transition has to be achieved in a reliable
thermal model. A deeper analysis of the liquidus-solidus transition is found in Figure 6,
which shows a perfect match between simulation and experimental results. The most
significant deviation between numerical predictions and experimental results occurs at
300 s after pouring, and the difference is just 4°C.

Since the solidification process of the metal and its thermal history are correctly de-
scribed, the thermal model can be further utilized to predict the microstructure and de-
fects of the as-cast parts. The next section of this manuscript focuses on the ProCAST
model for porosity prediction, which is developed on the basis of the thermal model.

Model for porosity prediction

Description of the model

The ProCAST tool was employed in this work to simulate the development of porosity
during investment casting. The physical basis of the model is following. The key vari-
able is the fraction of solid (FS) which extends from FS =0 for liquid to FS =1 for solid,
as shown schematically in Figure 7. When the melt solidifies, pockets of liquid are cre-
ated, surrounded by a mushy zone and then a solid shell. Automatically, the casting is
divided into ‘regions’ having the FS <1. These ‘regions’ are bounded by isosurfaces. As
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Figure 6 Comparison of experimental measurements with model prediction. Comparison of
experimental measurements from metal with the thermal model prediction in the temperature range
between liquidus (1,366°C) and solidus (1,266°C).

solidification proceeds and depending upon the complexity of the geometry, the num-
ber of ‘regions’ may increase with time, i.e. one ‘region’ can be split in more ‘regions’.
The ‘region’ disappears once all nodes are completely solidified.

The model is based on comparison of the local FS with a few parameters describing
‘key stages’ of solidification which determine the porosity in the cast. The first param-
eter, PI, is a measure of limit of local solid fraction under the surface until piping® on
the surface can occur. In other words, the model predicts formation of pipe (empty
nodes) while FS <PI (Figure 7). In the present calculations, the default value recom-
mended in the ProCAST database PI =0.3 was used, i.e. piping occurs until the solid
fraction reaches 30%. No porosity formation takes place in the bulk of the casting while
local FS < PI. The second important parameter, PF, is a limit of solid fraction until the
liquid can still feed a hot area. PF =0.7 (the default value recommended in the Pro-
CAST database) was used in the present simulations. The model predicts the formation
of pipe in the form of a shrinkage pore on the surface while PI < FS < PF (Figure 7). If
there are no nodes of the ‘region’ on the free surface having PI < FS < PF, no pipe can
be formed and the model predicts macroshrinkage in the bulk of casting (Figure 7). In
this case, the macropore nucleates and grows at the highest point of the liquid pocket.

According to the model, microporosity can appear only in the zone having PF < FS <1.
The third parameter FL, critical feeding length, is introduced into the model to predict
microporosity. The FL value depends upon the size of the mushy zone and thus, the size
of the casting. In the present calculations, FL =0.005, following the value recommended in
the ProCAST database. Two scenarios are possible in the bulk of casting:

1) There is still some mushy zone (liquid) below PF. Microporosity forms only at the
distance higher than FL from the PF isosurface (see zone A for the corresponding
situation in Figure 7). The amount of microporosity is equal to the density change
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Figure 7 Schematic presentation of the porosity prediction model.

between the local solid fraction and 1. No micropores can form in the case of
high-temperature gradients, since the distance between PF and solidus isosurface is
smaller than FL (see zone B for the corresponding situation in Figure 7). On the

contrary, low-temperature gradient promotes formation of microporosity (see zone

A for the corresponding situation in Figure 7).

2) There is no more mushy zone in zones with PF < FS <1. In this case, the parameter
FL is not active. In this case, there can be microporosity in the whole region with
PF < FS <1 to compensate the shrinkage during cooling. The level of porosity is
calculated based on the change of the density for each node as solidification takes
place. This variation in the density of the material allows the software to compute
the volume corresponding to shrinkage porosity as the limit value of PF is achieved

in the nodes.

The modeling results are displayed in ViewCast software. The unit is volume fraction [%].

The results are classified as follows:

Page 16 of 25
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— the porosity values below 1% correspond to microporosity;
— the porosity values in the range between 1% and 2.3% correspond to shrinkage

porosity;
— the porosity values above 2.3% correspond to the macroporosity.

The present tool was applied for porosity prediction in the as-cast NGVs, and the
simulation outcomes are presented in the next section.

Results and discussion

Porosity characterization in the as-cast new generation NGV and experimental validation

of the model

Figure 8 shows the porosity predictions (left) and the experimental data (right) of
transversal section of a solid vane in the as-cast NGV. The optical micrographs corre-
sponding to the trailing edge (zone a), middle part (zone b) and leading edge (zone c)
are also plotted in Figure 8. The analysis of these results shows a good agreement be-
tween simulation predictions and experimental results in all zones. The highest level
of porosity (<2.91%) is predicted for the middle part of the solid vane and it is in
quantitative agreement with the experimental shrinkage porosity of 3.07% in this area
(Figure 8b and Table 3). The average pore size is 22 um. Analysis of the histogram of
pore size distribution shows that the frequency of pores decreases with increasing size
and a few macropores with a size up to 196 pm are present in the middle part
(Figure 9a). For the leading edge, lower levels of shrinkage porosity (<2.17%) are pre-
dicted by the model, but this prediction overestimates the experimental result, 0.63%
(Figure 8a and Table 3). The average pore size slightly decreases to 20.4 pm and the
maximum pore size does not exceed 79 um (Figure 9b). Finally, shrinkage porosity
was not predicted in the trailing edge and this is confirmed by experimental study
(Figure 8a and Table 3).

Figure 10 illustrates the outcomes of porosity modeling for the longitudinal section
of the solid vane along with the optical microscopy images for selected areas. A good
correlation between simulation and experimental results is observed. The simulation
results show the highest level of macroporosity (<2.90%) in the red zone (b). The ex-
perimental evaluation of porosity in the red zone (b) yields porosity of 4.87% with the
average pore size of 113 um (Table 4). The frequency of pores decreases with increas-
ing size and a few macropores with a size up to 280 um are present in the hot spot
(Figure 11b). Macroporosity of <2.83% is expected in the zone (c) according to the
model, whereas the experimental results show macroporosity of 4.82% (Table 4). The
amount of the large pores decreases in this area (Figure 11c) and the average pore size
is reduced to 27 um, correspondingly (Table 4). A decrease of porosity should
take place in zones a and d and shrinkage porosity of <2.43% is predicted, though the
experimental characterization of these areas shows much lower values of porosity
(Table 4).

The simulation results were also validated for the hollow vane of the new gener-
ation NGV (Figure 12). Generally lower porosity is predicted at the top (<2.17%) and
bottom (<2.47%) sections of the hollow vane since the small thickness of the walls
hastens the solidification process, thus reducing porosity. The highest porosity (<2.73%) is
expected in the midsection of the hollow vane as it solidifies last. The experimental
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Figure 8 Porosity prediction by the ProCAST model and optical microscopy images of porosity.

Porosity prediction by the ProCAST model (left) and optical microscopy images of porosity for the defined
areas (right). The location of the analyzed section in the NGV is marked by red circle.

data of porosity in all these areas follow the trends predicted by the simulation
(Figure 12), although the modeling results tend to overestimate the porosity in the
hollow vane (Table 5).

Accuracy of the thermal model

The analysis of the simulation results and their comparison with the experimental
data clearly show that the thermal history of the metal and wrap is very well described
by the thermal model during the solidification and cooling processes (Figure 5). The
differences between predictions and experimental measurements in the mold do not
seem to be due to the model. The thermal plot measured from the ceramic mold
seems to underestimate its real thermal history since the thermocouples record
slightly higher temperatures for the insulation wrap compared to the ceramic mold in
the time range of 1,300-3,000 s (Figure 5), which cannot be true. This discrepancy
can be rationalized on the basis of the shortcomings of the experimental procedure
utilized to measure the temperature in the ceramic mold. In particular,

1) Cement was used to fix the thermocouple to the ceramic mold;
2) Some ‘air gaps’ can appear between the thermocouple and cement due to significant

thermal expansion/contraction;
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Table 3 The porosity characteristics of the transversal section of the solid vane on
Figure 8

Leading edge Middle part Trailing edge
Local porosity fraction [%] 0.63 3.07 No porosity
Average pore size [um] 204 220 -

3) There could also be some deviations from the correct positioning of the
thermocouple in the ceramic mold during its fixing to the ceramic mold, since this
operation has to be performed manually at extreme conditions in limited time.

The ‘air gaps’ and cement can significantly reduce the heat transfer from the mold to
the thermocouple since they have lower thermal conductivity compared to the ceramic
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Figure 9 Histograms of pore size distribution on transversal section of the solid vane. a) The middle
part (Figure 8b) and b) the leading edge (Figure 8c).
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Figure 10 Porosity prediction by the ProCAST and optical microscopy images of defined areas of
the solid vane. Porosity prediction by the ProCAST model (left) and optical microscopy images of porosity
for defined areas (right) of the solid vane (marked by red dashed line on the NGV icon).

\

mold. Therefore, the experimental measurements on the mold can yield lower
temperatures than the real temperatures, as seen from Figure 5. These shortcomings
could also lead to the drop of temperature readings from the thermocouple placed in
the ceramic mold at the moment of melt pouring which could result in thermocouple
shifting due to thermal expansion of ceramic mold (Figure 5).

Table 4 The porosity characteristics of the longitudinal section of the solid vane on

Figure 10
Area a b 4 d
Local porosity fraction [%] 0.19 487 482 0.14

Average pore size [um] 32 113 27 29
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Figure 12 Porosity results from simulation (middle) and experimental analysis (left and right hand
sides). Top, middle, and bottom sections of the hollow vane are considered. The locations of the analyzed
section in the NGV are marked by red circles.

It should be noted that the possible ‘air gaps’ and the cement were not considered in
the thermal model, since it would increase enormously the time required for calcula-
tions. Another experimental procedure should be developed for more accurate record-
ing of thermal history in the ceramic mold. Nevertheless, the thermal histories of metal
and wrap were accurately predicted as a result of the right selection of thermophysical
parameters of the ceramic mold in the thermal model.

Accuracy of the model for porosity prediction

Analysis of the overall porosity prediction shows that the model predicts well the loca-
tion of hot spots and areas prone to porosity formation throughout the NGV. These
areas are located mainly in the solid vanes and this was confirmed by the experimental
characterization of the as-cast NGV. A very good match between the simulation predic-
tions and the experimental results was found in many NGV areas. However, the model
tends to slightly underestimate porosity in the areas located in the thickest parts of the

Table 5 The porosity characteristics of the transversal section of the hollow vane on

Figure 12
Area Top Middle Bottom
Average porosity fraction [%] 0.06 0.08 0.08

Average pore size [um] 19 17 15
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NGV (Figure 10b). This discrepancy could be related to liquid pools which can be
formed in those areas during solidification, as reported recently by Kang et al. [22]. An-
other shortcoming of the model is the overestimation of shrinkage porosity in the thin-
nest parts of the NGV, which are the hollow vanes with a wall thickness nearly 1 mm.
This effect could be explained by formation of skin which can significantly affect the
local thermal history of the metal in the thin parts. It should be noted that the rapid
skin formation due to freezing of melt with a colder ceramic mold is not taken into ac-
count by the model.

All in all, it can be outlined that the simulation tool for porosity prediction can be
successfully utilized for further improvement of NGV design. Its application can signifi-
cantly reduce the number of expensive experimental casting trials which are typically
required to find the suitable casting parameters and to develop a manufacturing route
for investment casting of complex shape parts at industrial scale.

Conclusions

Investment casting of NGV from Ni-based superalloys was simulated by means of a
finite element model. The simulation strategy is targeted to predict the heat ex-
change during solidification and cooling and the porosity. The casting assembly,
consisting of the hollow ceramic mold with NGV-shape interior and insulation wrap,
is created and meshed. The thermophysical parameters and boundary conditions are
defined for all the parts of the casting assembly, and simulation is carried out using
ProCAST. Experimental casting trials are performed for validation of the developed
models.

The thermal history of the metal and the insulation wrap during investment casting
was accurately predicted. The critical thermal-physical parameters of the casting sys-
tem were obtained either from the literature or by an inverse simulation procedure by
comparing the simulation results for simple casting geometries with experimental
data. The hot spots and areas with enhanced porosity which are located in the thick-
est parts of the NGV were accurately predicted. In addition, the porosity predictions
were in good agreement with the experimental results in many NGV areas. The short-
comings of the porosity predictions include a slight underestimation of porosity in
some very thick areas and an overestimation of shrinkage porosity in the thinnest
parts of the NGV. It is concluded that the developed modeling tool can be success-
fully utilized for further improvement of NGV design, allowing to minimize the
number of casting trials.

Endnote
*Piping is the formation of pipes during solidification. Pipes are open-air shrinkage
defects which form at the surface of the casting and burrow into the casting.
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