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Abstract
Comparisons between virtual prototyping and experimental results are notably beneficial for the development of 
investment casting processes. In this research, such a comparison aimed to study the castability of a Cu-Al-Mn shape 
memory alloy (SMA) in a modified centrifugal investment casting process that uses centrifugal force to inject the 
molten metal into the mold. Virtual prototyping was numerically simulated using the ProCAST software applying a 
rectangular mesh part design. The real and virtual parts were examined for mold filling (castability), pore formation, 
and solidification time. Using Whitlook’s methodology, it was possible to validate the model created in the ProCAST 
software to simulate the modified investment casting process, detecting results regarding filling, solidification, and 
porosity with a high degree of accuracy and reliability. In addition to the validation of the developed model, this work 
also presents estimated values for interface heat transfer coefficient (IHTC) of the metal/mold of aluminum bronze 
(Cu-Al and Cu-Al-Mn) alloys poured by gravity and centrifugation into plaster molds. Among the obtained values, 
the IHTC for the 86.7Cu-7.9Al-5.4Mn SMA were estimated at 535 W/m2 K when poured by centrifugal force and 
75 W/m2 K by gravity. Ultimately, it was possible to verify that Cu-Al-based shape memory alloy presents a high 
castability and a low cooling rate.

Keywords  Casting · Investment casting · Shape memory alloys · Cu-Al-Mn alloy · Casting numerical simulation · 
ProCAST software

1  Introduction

Shape memory alloys (SMA) belong to a class of metals 
known as smart or intelligent materials, a state-of-the-art 
metallic alloy that has been developed and applied in vari-
ous sectors over the last decades. The continuous study and 
development of manufacturing and processing routes to 

obtain such advanced materials make them increasingly 
accessible and reliable, which widens the application range 
for many present and future technologies. SMA present a 
diffusionless reversible solid-solid thermoelastic phase 
transformations between a stable higher temperature austen-
ite phase and a lower temperature martensite phase. These 
reversible transformations are responsible for giving rise 
to interesting phenomena: the shape memory effect (SME) 
and superelasticity (SE). The former (SME) is the ability to 
return to a predetermined shape upon simple heating, and 
the latter (SE) is the ability to recover large strains (∼8% 
under tension) upon unloading under isothermal conditions 
[1]. Due to these specific phenomena, SMA have attracted 
much interest for a wide range of applications, such as aero-
space [2, 3], medical-dental [4–6], automotive [7, 8], and 
civil construction [9].

In general, it is possible to state that there are two 
main classes of SMA: Ni–Ti-based alloys (Ni-Ti, 
Ni–Ti–Cu, Ni–Ti–Mo, Ni–Ti–Nb, etc.) and copper-based 
alloys (Cu–Zn–Al, Cu–Al–Ni, Cu–Al-Mn, Cu-Al-Be, etc.). 
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Cu-Al-based SMA feature not only the functional charac-
teristics of SME and SE but also a lower cost and ease of 
manufacture when compared to Ni-Ti-based alloys [10].

Agrawal and Dube [11] have recently described some 
manufacturing processes used for Cu-Al-Ni SMA, empha-
sizing that casting methods are the most commonly used 
processes. Depending on the particularities of the casting 
process, it can be named investment casting, gravity casting, 
die casting, sand casting, centrifugal casting, among others. 
Regardless of the classification of the casting process, all 
are subject to design and processing errors at some stage, 
but the correct identification of defects in the initial phase 
significantly reduces the probability of product failure.

There are different ways to analyze the phenomena that 
occur in a casting process, among which we highlight real 
casting tests and numerical simulation of casting pro-
cesses. Because it is much faster and cheaper than real 
casting tests, analyzing the casting process by means of 
numerical simulation has become a very viable and advan-
tageous approach [12, 13].

Numerical simulation makes it possible, through a com-
putational model, to represent the real physical problem and 
to conduct virtual experiments that enable the understanding 
of how the process will respond to changes in some of its 
variables. In addition to allowing the study of real systems 
without modifying them, this tool grants a better understand-
ing of which variables are most important regarding perfor-
mance, how they interact with each other and with the other 
elements of the system, and allows the accurate replication 
and analysis of extreme conditions with confidence. Specifi-
cally for the case of virtual casting analysis through numeri-
cal simulation, the filling processes, solidification, defect 
formation, and distribution during the casting process can 
be predicted, avoiding unnecessary raw material expenses, 
labor, energy, and other resources [13].

Recently, Kumar et al. [14] carried out a study using 
numerical simulation of the investment casting process 
to manufacture a part with a complex design and a high 
degree of finishing, called a rotating adapter. In their study, 
the Unigraphics® software was used to build the physical 
model of the part and the ProCAST® software was used to 
simulate the pouring, heat exchange, and solidification pro-
cesses. Simulations were carried out to analyze and identify 
defects, allowing for the design and implementation of a dif-
ferent blocking system to eliminate these identified defects. 
The process was repeated in the ProCAST® software with 
the efficiency having been proven by obtaining a casting 
no defects. Dou et al. [15] developed a numerical simula-
tion approach also based on the ProCAST® finite element 
casting software, having carried out a study of fluid flow, 
solidification and defect formation during each stage of the 
high-pressure casting process: casting, injection and cool-
ing. Air trapping and porosity distribution in the casting 

were foreseen. Alisson et al. [16] described in one of their 
works the virtual aluminum casting methodology, which was 
developed and implemented at Ford Motor Company, where 
the so-called virtual foundries are carried out. Using the 
ProCAST® and Abaqus® software, the only inputs to the 
calculation used were the complex geometry of the matrix, 
the alloy composition, and the required properties. Castabil-
ity, phase transformations, and resulting mechanical proper-
ties (tensile strength and low cycle fatigue properties) were 
simulated in the same 3D virtual domain. The Ford company 
claimed that this new approach reduced the time for design-
ing new engine blocks by 15–20% and therefore saved mil-
lions of dollars.

An accurate and reliable numerical simulation depends 
on a good discretization of the studied domain, model accu-
racy, evaluation methodology, technical knowledge of the 
involved physic phenomena, and input data of precise, self-
consistent and realistic thermophysical properties. In addi-
tion to these requirements, the numerical simulation of a 
casting process requires the knowledge of some important 
parameters, especially the metal/mold interface heat transfer 
coefficient (IHTC). The availability of values for this specific 
heat transfer coefficient in the literature is relatively scarce, 
and the high diversity characteristics of metal/mold systems 
imply the need to develop methodologies for its experimen-
tal determination [17].

In this context, this work presents a computational and 
experimental analysis of a rapid investment casting process, 
which uses centrifugal force to inject the molten metal into 
refractory plaster molds obtained from resin models using 
3D printing. The computational analysis presented in this 
study was carried out using the ProCAST® software, and 
the real parts were manufactured following the standard cast-
ing method proposed by Whitlock and Hinman [18]. With 
this analysis, it was possible to evaluate the influence of the 
alloy and the injection temperature on the casting of the 
manufactured parts. The concept of “castability” adopted 
in this work consists of filling a mold in the form of a net, as 
will be detailed later. In addition to this analysis, this work 
presents important data on the metal/mold interface heat 
transfer coefficient for Cu-Al-Mn SMA, a parameter that 
directly influences the filling capacity of the mold details.

2 � Experimental methodology

This work will be based on numerical simulations and physi-
cal experiments in order to perform the analysis of an invest-
ment casting process applied to manufacturing of miniatur-
ized parts of aluminum bronzes with functional properties 
(SME and/or SE) based on a Cu-Al-Mn SMA.

The following main parameters of the process will be 
evaluated: mold filling, porosity formation, temperature 
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gradients inside the part, and solidification time. The manu-
facturing process of miniaturized parts of aluminum bronze 
alloys using centrifugal force to fill the mold is the main 
process studied in this research. However, due to difficulties 
to access the interior of the equipment during the melting 
and injection, and due to the rotation of the casting arm, 
crucible, and mold, the direct determination of the heat 
transfer coefficient between the metal and the mold in this 
process becomes a challenging task. Knowing that the IHTC 
between the metal and the mold is an essential parameter to 
obtain accurate numerical results, it was necessary to design 
a complementary experiment. Therefore, in the experimental 
part of this work, besides the centrifugal injection method, 
a casting with gravity potential energy to fill the mold was 
applied solely to allow the estimation of the IHTC. The two 
casting experimental methodologies differ only by the pour-
ing method.

In this study, three different compositions of Cu-Al-based 
SMA were evaluated in order to verify the influence of each 
component on the ability to fill the details of the mechanical 
part and on the formation of defects. The alloys were fab-
ricated using an open, unshielded, gravity-filled induction 
melting furnace using a steel metallic mold.

Table 1 shows the chemical compositions in weight per-
centage of the alloys. In this table, alloys 1 and 2 are con-
ventional aluminum bronzes and the alloy 3 is a Cu-Al-Mn 
shape memory alloy. At room temperature, this SMA is in a 

mixed state of martensite and austenite, as determined by a 
differential scanning calorimetry (DSC) analysis. The phase 
transition temperatures of the alloy, which determine if the 
SE or SME occur at a given temperature, were Mf = −28.33 
°C, Ms = 6.22 °C, As = 9.81 °C, and Af = 58.18 °C.

The first step to manufacture a mechanical part through 
the process under study is to obtain a model of the desired 
part. In this work, resin models are obtained by rapid proto-
typing using a 3D printer (AnyCubic, Photon model). The 
CAD models generated for printing have the same dimen-
sions as the models used for computational simulations. 
Figure 1 shows the CAD lattice geometry (Fig. 1a) used 
to compare the virtual prototyping cases with the real ones 
and the plate model used in the IHTC estimation (Fig. 1b). 
The Y 2D lattice design was created based on the Whitlock 
methodology used to study casting of dental alloys [18, 19].

After printing the resin models according to Fig. 1, the 
molds are manufactured using Resincast refractory plaster 
with a water/powder ratio of 38 ml:100 g following the sin-
tering curve shown in Fig. 2.

2.1 � Pouring by gravity to determine IHTC

The gravity pouring process illustrated in Fig. 3 starts with 
melting the alloys in an open induction melting furnace (H). 
The melting and gravity pouring process is done individu-
ally for each composition of Table 1. After the alloy reaches 
the desired temperature, the molten alloy is poured from the 
crucible (G) to the mold prepared with the thermocouples 
(F). The pouring process takes approximately 2 s.

Four thermocouples were used, one positioned in the 
center of the part and the other 3 distributed inside the mold 
at approximately 4 mm, 14 mm, and 24 mm from the center 
of the mold (schematic shown in Fig. 4). The thermocouples 

Table 1   Chemical composition 
(%wt) of the Cu-Al-based alloys

Alloy Cu Al Mn

1 99.95 0.05 -
2 98.40 1.60 -
3 86.70 7.90 5.40

Fig. 1   CAD design of the stud-
ied parts. a Y 2D lattice based 
on Whitlock methodology. b 
Plate model used to estimate 
the metal/mold IHTC by gravity 
casting
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were named T00, T02, T12, and T22 in reference to their 
distance from the metal/mold interface (excluding T00, 
which was named in reference the center of the mold).

The thermocouples used are K-type (Cromel-Alumel) 
with a diameter of 100 μm. It allows measurements between 
−220 and 1260 °C with a sensitivity of approximately 41 
μV/°C. To preserve the integrity and guarantee the correct 
acquisition of the temperature inside the part, the T00 ther-
mocouple, which was in direct contact with the molten alloy, 
was encapsulated. Temperatures are read using an Agilent 
34970A data logger. After acquiring the temperatures for 
the 3 alloys, the data were processed and it was possible to 
estimate the IHTC value for each alloy and mold material. 
These values are used as initial inputs in the simulations 
with ProCAST to allow the definition of the final value of 
the IHTC for the assembly.

Fig. 2   Sintering profile used to prepare the Resincast plaster molds

Fig. 3   Experimental setup to 
determine the IHTC by gravity 
pouring

Fig. 4   Positioning of thermo-
couples in the alloy and mold
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The calculations were based on the fact that the IHTC, 
hi, depends on the heat flow from the molten to the mold 
across the interface, qN, and on the temperature drop ∆T at 
the interface, as numerically described as follows [17]:

The total heat flux, qN, at the metal/mold interface con-
sists of the sum of the flux that the melt loses to the mold, qc, 
and the flux due to the exothermic nature of solidification, qs 
[20]. The flow qc is calculated by decreasing the temperature 
in the considered volume, as shown below:

And the flux qs due to the exothermic nature of solidifi-
cation is assumed to decrease linearly in the solidification 
interval and is calculated as follows [20]:

where ρf is the density of the melt, χ is half the thickness 
of the plate, cp is the heat capacity of the melt, T(t) is the 
temperature at time t, t is the time increment, Es is the latent 
heat of the alloy, tlíquid is the beginning of solidification, and 
tsoliod is the end of solidification.

The alloy properties required to feed Eqs. (2) and (3) 
were calculated by ProCAST via the right link to the Com-
puTherm database. The time increment used was 0.17 s. 
For the calculation, some simplifications were made: heat 
is only transported perpendicular to the mold surface; the 
heat transfer in the melt is infinitely high; constant mold 
thermal conductivity; temperature propagation is linear due 
to constant thermal conductivity in the mold; solidifica-
tion energy decreases linearly during solidification. Tak-
ing these simplifications into account, it was considered 
that the heat transfer in the alloy is much faster than in the 
mold. Therefore, it is assumed that the temperature meas-
ured by the thermocouple T00 in the center of the mold 
(Fig. 4) is uniform throughout the alloy. The temperature 
on the mold side of the metal/mold interface was estimated 
by linear extrapolation of the temperatures measured by 
thermocouples T02, T12, and T22. The difference between 
these temperatures at the interface is the temperature drop 
∆T. The temperature at the interface is then determined 
by the extrapolation procedure for each time step in the 
solidification interval and thus the heat transfer coefficient 
can also be calculated directly from Eqs. (1), (2), and (3) 
for each time step.

Figure 5 shows the determination of the temperature 
drop ∆T at the alloy/mold interface (example for time 
node t = 32s).

(1)qN = hi
(

Tis − Tim
)

(2)qc(t) =
�f �cp[T(t) − T(t + Δt)]

Δt

(3)qs(t) =
2
{

1 −
[(

t − tliquid
)

∕
(

tsolid − tliquid
)]}

�f�ES

Δt

(

tliquid ≤ t ≤ tsolid
)

2.2 � Injection by centrifugal force

The manufacturing process of the miniaturized parts of 
Cu-Al-Mn SMA studied in this work (Fig. 1a) uses centrif-
ugal force to fill the molten alloy into the mold. The Pow-
erCast 1700 machine, supplied by EDG Equipamentos e 
Controles (Brazil), was employed. Figure 6 shows a picture 
of this machine and illustrates a schematic drawing of the 
rotation and injection centrifugal system described by Mun 
et al. [21]. To carry out the centrifugal force filling, small 
discs of each alloy are cut from the manufactured ingots. 
Masses ranging from 8 to 9 g were employed, depending 
on the alloy. The machine has a melting capacity of up to 
50 g, but the geometries studied in this research did not 
require loads above 9 g. These small discs are placed in a 
ceramic crucible installed on the crucible holder.

The plaster mold is then removed from the oven at 450 
°C and inserted into the mold cradle. Once the mold is in 
place, the mold cradle support arm is adjusted to main-
tain the mold in the injection position and the casting 
arm is balanced by the counterweight setting. The door 
of the PowerCAST 1700 is manually closed, and the cast-
ing parameters such as rotation speed, acceleration, and 
temperature are set. When the start button is pressed, an 
automatic safety verification is performed and the induc-
tion coil starts heating.

After the alloy is melted, or reaches the desired heat-
ing time, the rotation lever is activated and the casting arm 
containing the crucible rotates at the predetermined speed, 
which in the case of this research was 350 rpm, for approxi-
mately 11 s, forcibly injecting the melt into the mold.
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interface at t = 32 s for the Cu-Al-Mn SMA



2568	 The International Journal of Advanced Manufacturing Technology (2023) 127:2563–2579

1 3

3 � Virtual casting methodology

The computational modeling and simulation in this work will 
be carried out using the ProCAST software (ESI group) and its 
tools. The following sections detail the numerical simulation pro-
cess, starting by the obtention of the casting crucible geometry.

3.1 � Crucible and part modeling

Due to its complexity, the crucible geometry was digitized 
by a 3D scanner (Matter and Form Desktop 3D scanner). 
This scanner emits two red light beams that, once they reach 
the surface of the object to be digitized, are detected by the 
equipment camera and converted into digital points. The 
mesh representing the crucible is then generated from these 
points. Figure 8 shows the Matter and Form Desktop 3D 
Scanner digitizing the crucible geometry.

Assuming that the thickness of the real crucible is constant, 
the internal profile of the crucible was generated from the cru-
cible external profile by a 3-mm offset operation in Autodesk 
Inventor. In this step, two different CAD geometries were 
designed. The first one was used in the simulations to obtain 
the IHTC for the gravity pouring process based on the work 

of Konrad et al. [20], as previously described (Fig. 4). The 
second design was employed for the simulations of the filling 
(castability) elaborated based on the Whitlock methodology, 
initially presented in the study of Hinman et al. [18] and later 
mentioned in the work of Qiu et al. [19].

3.2 � Discretization of the study domain 
and modeling

After producing the model geometry in Autodesk Inventor, 
ProCAST Visual-Mesh is used to discretize the domain of 
study by generating a mesh composed of tetrahedral ele-
ments, shown in Fig. 7.

Visual-CAST is the environment used to impose condi-
tions on the process and feed the software the necessary 
input data to perform the calculations. Firstly, gravity direc-
tion is defined, and then, the material is set for each volume 
of the geometry, as well as the initial temperature and the 
percentage of initial filling of each material. For the mold 
(volume that will be filled), the initial filling is set at 0%, and 
for the crucible, a volumetric percentage compatible with the 
total mass needed to fill the part and the riser is imposed.

In the HTC Manager Interface tab, the user selects the 
type of contact between the parts. In this work, the COINC 

Fig. 6   Picture showing the inside of the PowerCast 1700 equipment and illustration of the centrifuge system used in the equipment

Fig. 7   Mesh generated for 
analysis in ProCAST software. 
a Complete set: mold, part, and 
crucible. b Detail of the part 
mesh refinement
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type contact was used at the contact between mold and 
metal. The COINC option doubles the nodes at the interface 
and allows to set different temperatures at each node loca-
tion. This allows to represent the temperature drop between 
two different materials, such as the casting and the mold.

Boundary conditions such as thermal conditions of heat 
transfer, rotation geometry and fluid dynamics of pressure 
are created in the Process Condition Manager. Table 2 sum-
marizes the input data used in all evaluated cases.

For the cases aiming the estimation of IHTC, the injection 
temperatures presented in Table 2 were imposed taking into 
account the acquisition made by the K-type thermocouple 
inserted in the center of the part and in contact with the alloy 
(T00). For the cases aiming the validation of the model, some 
data and input conditions are kept the same for each simula-
tion and experiment, and some properties change depending 
on the alloy composition (e.g., pouring temperature). There-
fore, in order to properly perform the validation comparison, it 
was necessary to create some standardized definition methods 
to impose these properties, thus generating similar simulation 
conditions.

Finally, the simulation parameters are imposed for a pre-
defined centrifugal process, however with some modified 
parameters to better suit our specific case. Furthermore, 
besides the thermal and flow analysis provided by the 
ProCAST software, a turbulence module was used with a 
Realizable k-epsilon model, as it has already been proven in 
several experiments that the realizable k–ε model provides 
better accuracy for flows involving rotations, strong recircu-
lation, or separation [22].

4 � Model validation using Whitlock 
methodology

Model validation was carried out through the comparison 
with the casting and solidification parameters obtained 
from the Cu-Al-based manufactured parts. The geometry 

Table 2   Input data used in the simulations to estimate the IHTC by gravity pouring

Input data Gravity pouring Centrifugal pouring

Alloy 1, 2, and 3
Mold Refractory plaster Resincast
Pouring method Gravity Centrifugal
Filling time (s) 2 (Not applicable)
Pouring temperature (TInj in °C) 1158 (Alloy 1)

1255 (Alloy 2)
1272 (Alloy 4)

5 above liquidus temperature

Solidus temperature (°C) Calculated for each alloy using CompuTherm
Liquidus temperature (°C) Calculated for each alloy using CompuTherm
Mold temperature (°C) Initially at 450 Constant at 420
Temperature outside the mold (°C) Room temperature
Coefficient of heat exchange between the mold and the envi-

ronment (W/m2 K)
Natural convection with 10 Forced convection with 65

IHTC (hi in W/m2 K) Estimated for each alloy and mold assembly 895 (Alloy 1)
100 (T < 880 °C) (Alloy 2)
200 (T > 1030 °C) (Alloy 2)
535 (Alloy 3)

Cast alloy mass (g) 50 8
Distance between mold inlet and center of rotation (mm) - 120

Fig. 8   Method for counting segments considered incomplete (I) in the 
Y 2D lattice part Hinman et al. [18]
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of the specimen used for the validation is a Y 2D (shown in 
Fig. 1a) consisting of a grid with 100 open squares and 200 
segments. This geometry is based on the Whitlock method-
ology, initially presented in the study of Hinman et al. [18] 
and later mentioned in the work of Qiu et al. [19].

Whitlock’s methodology presents a simple counting pro-
cedure to assess castability through the counting of incom-
plete lattice segments. By observing the filling in the virtual 

and real Y 2D parts, castability values are determined and 
compared. Equation 4 is used to quantify the castability (C) 
of the alloy.

where C is the castability, given as a percentage, NT is 
the total number of segments in the Y 2D lattice part, and 
Ni is the number of incomplete segments after casting. The 
segment was considered incomplete (indicated by the letter 
“I”) according to the illustration in Fig. 8.

5 � Results and discussions

5.1 � IHTC estimation from gravity pouring castings

The IHTC is an important parameter that describes the 
temperature drop in the melt and mold contact zone during 
solidification [20]. In numerical simulations of casting and 
solidification, IHTC is imposed as a boundary condition 
that must be either known or adequately approximated to 
allow results with a high degree of reliability.

During the process of pouring the alloy into the mold to 
manufacture the part shown in Fig. 4, temperature measure-
ments were made at three points in the mold and one point 
in the alloy. After the acquisition of these temperatures and 
with the aid of Eqs. (1), (2), and (3), the IHTC values were 
calculated as a function of time. However, to enable a more 
general use these coefficients as reference values for future 
simulations, the IHTC of each assembly was considered 
constant, and for that it was necessary to calculate average 
values. According to O’Mahoney and Browne [23], this is a 
common approach, although we must be aware that the con-
ditions at the alloy/mold interface did not remain constant 
throughout the solidification process.

Table 3 presents the calculated average IHTC values, sug-
gesting that the IHTC decreased with the increase in alu-
minum content. Moreover, the manganese addition strongly 
affected the coefficient, presenting a 6-fold decreased com-
pared to alloy 1.

The values presented in Table 3 were used as initial 
boundary conditions in an iterative process to determine 

(4)C(%) =

(

NT − Ni
)

NT

× 100%

Table 3   Average IHTC calculated for the studied alloys

Alloy Composition IHTC calculated 
with Eq. (1) (W/
m2 K)

1 99.95Cu–0.05Al 481.76
2 97.40Cu–1.60Al 288.78
3 86.70Cu–7.90Al–5.40Mn 68.41

0 25 50 75 100 125 150 175 200 225 250 275
200

400

600

800

1000

1200

Te
m

pe
tu

re
 (º

C
)

Time (s)

Acquired Thermocouple T00
Acquired Thermocouple T02
Acquired Thermocouple T12
Acquired Thermocouple T22
Simulated Point 00
Simulated Point 02
Simulated Point 12
Simulated Point 22

Cooling curves 99.95Cu - 0.05Al
(IHTC=481.76 W/m².K)

a

0 25 50 75 100 125 150 175 200 225 250 275
200

400

600

800

1000

1200

Te
m

pe
ra

tu
re

 (º
C

)

Time (s)

Acquired Thermocouple T00
Acquired Thermocouple T02
Acquired Thermocouple T12
Acquired Thermocouple T22
Simulated Point 00
Simulated Point 02
Simulated Point 12
Simulated Point 22

Cooling curves 99.95Cu - 0.05Al
(IHTC=435.00 W/m².K)b

Fig. 9   Experimental versus simulated cooling curves for alloy 1 with 
a IHTC = 481.76 W/m2 K and b) IHTC = 435.00 W/m2 K

Table 4   Error and root-mean-square error (RMSE) between experi-
mental and numerical cooling curves for alloy 1

IHTC (W/
m2 K)

Error 
region 1 
(%)

Error 
region 2 
(%)

Error 
region 3 
(%)

Total 
error (%)

RMSE (°C)

481.76 2.07 0.43 1.65 1.30 17.10
435.00 2.17 0.41 1.62 1.30 14.12
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the IHTC for each alloy using the inverse method, similar 
to Konrad et al. [20], O’Mahoney and Browne [23], and 
Chen et al. [24] approaches. More details are given in the 
following.

5.1.1 � IHTC for 99.95Cu–0.05Al (alloy 1)

Figure 9a compares the experimental and simulated cool-
ing curves of alloy 1 in the plaster mold (geometry shown 
in Fig. 1b) with IHTC = 481.76 W/m2 K, estimated by the 
average of the values calculated by Eq. 1, and showing a 
good approximation. The curve presents two points where 
the cooling rate changes sharply, dividing the curve in 3 
distinct regions: region 1 is the cooling region before the 
phase transition; region 2 is where the phase transition tem-
peratures are located, being a region of great importance for 
this study; and region 3 is associated with the alloy cooling 
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after solidification, associated with the formation of some 
defects such as hot spots and shrinkage porosities.

In order to improve and approximate the simulated 
and experimental curves, the IHTC value was iteratively 
refined. The approximation for alloy 1 started at 10 W/m2 
K above the reference value (481.76 W/m2 K), present-
ing a greater divergence in relation to the experimental 
curves. Considering this result, the following simulations 
were carried out reducing 5 W/m2 K from the previous 
value until reaching an optimal value. Figure 9b shows the 
simulation with IHTC = 435.00 W/m2 K, which was the 
best obtained result.

Table 4 displays the errors calculated in the three regions 
of the cooling curves, the total error. and the root-mean-
square error (RMSE). The percentage errors were obtained 
taking the experimental value as reference.

The total error for the two IHTC are the same. However, 
the RMSE is smaller for the optimized value of 435 W/m2 
K, thus presenting a smaller standard deviation. Another 
important point is that the percentage error of region 2 was 
lower for the optimized value. This is a region of interest, 
as it is where the alloy changes from liquid to solid phase.

5.1.2 � IHTC for 97.40Cu–1.60Al (alloy 2)

Figure 10a shows the experimental cooling curves obtained 
with IHTC = 288.78 W/m2 K, the estimated average of the 
values calculated by Eq. (1) for alloy 2. Although this aver-
aged value was a good initial estimation, it is clear that this 
IHTC value is not adequate.

Figure 10b presents the results of simulation performed 
with IHTC = 200 W/m2 K, leading to a better approximation 
up to 55 s of cooling. Afterwards, the simulated curve devi-
ates significantly from the experimental curves. However, 
it is worth noting that after this time the alloy has already 
passed its solidus temperature (~1081 °C). Thus, the IHTC 
= 200 W/m2 K for alloy 2 is considered good for simulations 
in this region. For the subsequent cooling, another IHTC 
value was optimized.

Figure 10c shows the simulation results for the IHTC = 
100 W/m2 K. In this case, the simulated curves approached 
the experimental curves of cooling after approximately 880 
°C. However, there is a greater distance in the transition 

Table 5   Error and root-mean-
square error (RMSE) between 
experimental and numerical 
cooling curves for alloy 2

IHTC (W/m2 K) Error region 
1 (%)

Error region 
2 (%)

Error region 
3 (%)

Total error (%) RMSE (°C)

288.78 4.25 4.00 14.00 10.53 98.19
200 3.34 0.60 8.76 5.55 53.88
100 3.29 1.61 4.02 2.03 32.14
200 (T > 1030 °C) and 

100 (T < 880 °C)
3.42 0.73 3.19 2.51 32.66
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Fig. 12   Experimental versus simulated cooling curves for alloy 3 
with a IHTC = 68.41 W/m2 K and b IHTC = 75 W/m2 K

Table 6   Error and root mean square error (RMSE) between experi-
mental and numerical cooling curves for alloy 3

IHTC (W/
m2 K)

Error 
region 1 
(%)

Error 
region 2 
(%)

Error 
region 3 
(%)

Total 
error (%)

RMSE (°C)

68.41 5.54 1.18 5.30 4.16 43.76
75.00 5.78 1.16 2.31 2.53 35.37
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regions with this coefficient value. In order to further 
improve the approximation of the numerical and experi-
mental results, an additional analysis was made using the 
two optimized IHTC values.

Figure 11 presents the simulation results of the cooling 
curves using IHTC = 200 W/m2 K at temperatures above 1030 
°C and IHTC = 100 W/m2 K at temperatures below 880 °C. 
Since this result is better for the entire solidification and cool-
ing processes, compared with the single IHTC curves shown 
in Fig. 10b and c, both averaged values were adopted in the 
analysis. The calculated errors in Table 5 reinforce this result.

5.1.3 � IHTC for 86.7Cu–7.9Al–5.4Mn SMA (alloy 3)

Finally, Fig. 12 compares the experimental and simulated 
curves obtained with the averaged initially at IHTC = 68.41 
W/m2 K (Fig. 12a) and the optimized value 75 W/m2 K for 
the Cu-Al-Mn SMA (Fig. 12b). The cooling curve with the 
optimized IHTC value presented a better approximation with 
the experimental curves, especially during solidification, 
from 993 to 1038 °C, and the final cooling.

The calculated errors shown in Table 6 for the IHTC 
estimation of the SMA (alloy 3) shows the improvement 
achieved with the optimized value in the general through 
the total error and RMSE, but especially for the region 3.

5.2 � Model validation using the Whitlock 
methodology

The IHTC value depends on the conditions of the solidifica-
tion process (vacuum, protective atmosphere, air, casting, 
and mold temperature), external pressure of the molten, 

surface roughness of the mold and casting, and others [23]. 
In view of this, the IHTC previously determined needed 
to be adjusted for the centrifugal process evaluated in this 
research.

The adjustment was made iteratively, firstly comparing the 
castability of the experiment with the results of simulations of 
centrifugal casting for alloy 1 (99.95Cu–0.05Al). After defin-
ing the value of IHTC that provides a castability close to the 
experimental one, the difference between the IHTC obtained 
by gravity pouring simulation and the iteratively adjusted 
IHTC for the centrifugal casting is calculated. This identified 
difference was applied to the IHTC values obtained for alloys 
2 and 3, thus making it possible to obtain an initial value for 
the adjustment simulations of the other alloys.

Table 7 summarizes the values of IHTC obtained via 
simulation for the gravity pouring process and for the 
centrifugal process, as well as the values of castability 
obtained by numerical simulations and experiments for 
the studied alloys.

From the data shown in Table 7, it can be noted that 
the change in process and geometry caused a substantial 
increase in IHTC. The difference between the estimated 
IHTC for the gravity pouring process of the plate sample 
and for the centrifugal process for the Y lattice part was 
460 W/m2 K for the three alloys.

The increase in the aluminum content generated a signifi-
cant improvement in the castability for the evaluated invest-
ment casting process, for both real and virtual prototyping 
cases. This behavior was expected, since it is known that 
pure copper has a low melting capacity, generally leading to 
filling defects, surface cracks, and porosity problems [25]. 
Comparing alloy 1, with only 0.05% of aluminum, with 
alloy 3 with 7.9% aluminum and 5.4% manganese, there is 
an improvement of approximately 58.50% in the castability 
for both real and virtual castings. This significant increase 
observed in castability when adding aluminum or aluminum 
combined with manganese to copper is associated with an 
increase in the solidification interval and reduction of IHTC, 
which, in turn, decreases the cooling rate. According to [26], 
the castability is generally influenced by the shrinkage char-
acteristics and cooling range of the alloy. Another character-
istic that corroborates the improvement of castability with 

Table 7   Castability measured 
for the studied cases

Alloy (% wt) Simulated IHTC 
for gravity pour-
ing (W/m2 K)

Simulated IHTC 
for centrifugal 
force (W/m2 K)

Castability (pouring temperature 
~5 °C above liquidus temperature)

Experimental (%) Virtual (%)

1 (99.95Cu–0.05Al) 435 895 34.50 33.50
2 (97.40Cu–1.60Al) 200 (T >1030 °C) 

and 100 (T < 
880 °C)

660 (T >1030 
°C) and 560 (T 
< 880 °C)

45.00 43.50

3 (86.70Cu–7.90Al–5.40Mn) 75 535 93.00 92.00

Table 8   Calculated Newtonian viscosity at 1100 °C of the studied 
alloys

Alloy (% wt) Newtonian viscosity 
at 1100 °C (Pa s)

1 (99.95Cu–0.05Al) 0.00432021
2 (97.40Cu–1.60Al) 0.00395046
3 (86.70Cu–7.90Al–5.40Mn) 0.00266682
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the addition of these alloying elements is the reduction of 
Newtonian viscosity. Table 8 shows the theoretical viscosity 
values at 1100 °C calculated by ProCAST for each studied 
alloy.

Figure 13 compares the real and virtual prototyping of the 
Y lattice part with the centrifugal pouring investment cast-
ing process at an approximate temperature of 5 °C above the 
liquidus temperature of each alloy. Overall, the real meas-
ured castability was very close to the simulated cases, with 
maximum variations around 3%. The alloy 1, with the lowest 
aluminum content, has only 34.50% (real casting). The real 
part showed a more uniform fill with defects concentrated in 
the central region with two full segment sections close to the 
inlet channel. The virtual part showed a similar filling trend, 
but with a greater development of the peripheral segments 
and with some incomplete segments in the second line.

Similar to alloy 1, alloy 2 presented defects more cen-
tralized and directed to the edge of the Y lattice in the real 
case. For the case of virtual prototyping, the filling trend 
was towards the outermost regions with central defects, but 
also punctual defects in the segments of the second line sec-
tion. The castability increased due to the higher amount of 
aluminum, reaching 45% in the real casting.

The casting of the copper-based SMA (alloy 3) was the 
best achieved, reaching 93% in the real casting. The defects 
presented in the real part were concentrated in the central-
left region. In the virtual part, the defects appeared in two 
nodes in the center, in two nodes on the left and one node 
on the right of the part. Figure 14 shows in more detail the 
filling problems observed in alloy 3.

5.3 � Segment network solidification time

It was possible to verify during the validation of the model 
that the addition of aluminum and/or aluminum and man-
ganese in the pure copper influence the value of IHTC. It 
is known that this parameter has a strong relationship with 
the cooling rate, which, in turn, influences the castability, 
solidification kinetics, and the resulting microstructure [17].

Taking into account the importance of this information, 
this section will present an analysis of the solidification time 
for each alloy in order to verify the influence that these alloy 

Alloy1

Alloy2

Alloy3

a b

C = 34.5% C= 33.5 % 

c

C = 45.0%

d

C= 43.5 %

e

C = 93.0% C= 92.0 % 

f

Fig. 13   Comparison of the lattice filling of segments with alloys 1, 2, 
and 3 at 5 °C above the liquidus temperature. a, c, e Real segment lat-
tice part. b, d, f Virtual segment lattice part

Fig. 14   Details of the filling failures for alloy 3 poured at 5 °C above 
the liquidus temperature
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elements have on the solidification of the part. To carry out 
this evaluation, 4 points were defined on the Y lattice part. 
Figure 15a shows the location of these points. Due to the lack 
of filling in some cases, results in point 4 were not observed.

Table 9 summarizes the solidification time for each alloy 
with centrifugal pouring at a temperature of 5 °C above the 
liquidus temperature.

It is possible to identify that the solidification time at 
all evaluated points becomes greater with the increase of 
aluminum (alloy 2) and aluminum and manganese content 
(alloy 3). Graphically, we can visualize this effect in the 

curves presented in Fig. 15b. These curves show that the 
cooling rate of alloy 1 is much higher than that of alloys 2 
and 3 and that alloy 3 has the lowest cooling rate, probably 
associated to the lowest IHTC.

It is also possible to observe from the data in Table 9 
that the difference in solidification times between points 1 
and 2 for alloys 2 and 3 is 1 s, but for alloy 1, it is 0.22 s. 
Probably, this occurs due to the lack of material in the riser, 
as the alloy 2 and 3 have a more filled riser and thus have a 
greater amount of mass, generating a greater thermal load to 
be dissipated. Moreover, the parts have different solidifica-
tion times depending on the evaluated point. Points closer 
to the entrance gate have a lower solidification rate, as noted 
by comparing the solidification times of the farthest points 
(point 1 and point 4) for alloy 3, with a difference of 6.50 s.

Moreover, the curves in Fig. 15c present the solid frac-
tion evolution with time at the evaluated points between 
0 and 8 s for alloy 3, showing the difference in cooling 
rates between the evaluated points. Points 4 and 3 show 
a similar behavior profile with a high solidification rate, 

Fig. 15   a Selected points for the 
analysis of solidification time. 
b Solid fraction versus time 
curves for point 3 alloys 1, 2, 
and 3. c Solid fraction versus 
time curves for points 1, 2, 3, 
and 4 between 0 and 8 s for 
alloy 3

 

Table 9   Solidification times for centrifugal pouring with temperature 
5 °C above the liquidus temperature

Alloy Solidification time (s)

Point 1 Point 2 Point 3 Point 4

1 (99.95Cu–0.05Al) 1.76 1.54 0.31 -
2 (97.40Cu–1.60Al) 5.88 4.88 0.66 -
3 (86.70Cu–7.90Al–5.40Mn) 7.18 6.18 0.81 0.68
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related to the low amount of mass present in these regions, 
leading to a greater ease of losing heat and solidifying.

5.4 � Shrinkage porosity

The most critical regions regarding the presence of shrink-
age porosities were identified in the virtual parts using sec-
tional planes. The real parts were then sectioned at these 

Fig. 16   a Section of the virtual casting of alloy 1 showing a porosity region. b Section of the real casting showing the internal cavity formed by 
shrinkage during cooling of alloy 1

Fig. 17   a Section of the virtual casting of alloy 2 showing porosity regions. b Evolution riser contraction and cavity development in alloy 2

Fig. 18   Cavity formed by 
shrinkage in alloy 2 (a) before 
and (b) after sectioning
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identified regions. Figure 16 shows the regions that present 
shrinkage porosities in the virtual and real parts obtained by 
centrifugal casting with alloy 1. The virtual part presented a 
7% contraction porosity in the right inlet channel and a more 
substantial contraction next to the riser (Fig. 16a). The real 
sectioned part of alloy 1 indeed presents a significant poros-
ity in this region (Fig. 16b), which clearly is caused by the 
contraction of the cooling alloy due to its irregular cavity.

For the alloy 2, obtained by centrifugal pouring at 5 °C 
above the liquidus temperature, the virtual prototyping 
showed some points with shrinkage porosity of up to 23% 
located in the two feed channels. These regions can be seen 
in Fig. 17a. In this case, a cavity generated by the contraction 
of the riser was also identified. Figure 17b shows the riser 
contraction and cavity development at different instants.

This shrinkage behavior signaled by the virtual prototyp-
ing is confirmed in the real part manufactured with alloy 2, 
as shown in Fig. 18. Inspecting the part before the section-
ing, it is possible to observe the presence of a contraction 
cavity in the riser (Fig. 18a). The sectioned part reveals the 
depth of this cavity as well as a new cavity in the central feed 
channel (Fig. 18b).

For the alloy 3, in Fig. 19a, the virtual prototyping indi-
cated the appearance of shrinkage porosities of up to 66% 
in the central feed channel. However, as can be seen in 
Fig. 19b, when sectioning the real part no cavity is observed. 
A hypothesis for this divergence is that the shrinkage porosi-
ties indicated by the software appear in alloy 3 instead in the 
form of microporosities. Generally speaking, microporosity 
in alloys is a result of incomplete feeding into the pasty zone; 
i.e., the volume contraction associated with solidification 
cannot be compensated for by the interdendritic liquid flow-
ing in opposition to the displacement of the isotherms [27, 
28]. Pure metals and metallic alloys with a small solidifica-
tion interval, as in the case of alloys 1 and 2, have small 
dendrites in the pasty zone that favor the formation of macr-
oporosities when contraction occurs, while metallic alloys 
with a large solidification interval, similar to alloy 3, have 
large dendrites at the liquid/solid interface, which favors the 
formation of microporosities that often cannot be seen with 
the naked eye [17, 29].

6 � Conclusions

Virtual prototyping was used to simulate a modified invest-
ment casting process where centrifugal force is applied 
to inject the melt into the mold. The modified process was 
simulated in the ProCAST software and enabled the study of 
castability, solidification and porosity for copper-based alloys, 
including a Cu-Al-Mn shape memory alloy (SMA). Regarding 
the performed analysis, the following conclusions are drawn:

•	 The addition of aluminum and manganese to copper to 
obtain a Cu-based shape memory alloys causes a reduc-
tion in the IHTC, leading to a reduction in the cooling 
rate;

•	 Compared to the gravity casting process, the centrifu-
gal casting increases the IHTC significantly. For Cu-
Al-Mn SMA (alloy 3), a 7-fold increase was observed; 
for aluminum bronze (alloy 2), a 3-fold increase was 
observed, and for near-pure copper (alloy 1), a 2-fold 
increase was observed;

•	 The assumption that the IHTC is constant for the func-
tional Cu-Al-Mn SMA is a simplification that does not 
negatively affect the approximation of the actual cool-
ing conditions of the alloy;

•	 The addition of aluminum and manganese considerably 
improved the castability of the copper-based alloys;

•	 The 86.7Cu–7.9Al–5.4Mn SMA, the composition of 
greatest interest for this work, presents a high castability 
and a low cooling rate.

This study also enabled, through data collection such as 
IHTC and model validation, the use of commercial soft-
ware to design and analyze a casting process that differs 
from traditional centrifugal casting method, in which the 
molten metal is poured in the same direction as the axis of 
rotation. It is worth noting that the proposed and performed 
analysis is not yet part of the ProCAST software scope and, 
therefore, potentially serves as basis for new virtual process-
ing routes. Furthermore, the analysis benefits the design of 
new complex casting systems such as axisymmetric or non-
symmetrical parts manufactured with functional CuAlMn 

Fig. 19   a Section of the virtual 
casting of alloy 3 predicting a 
porosity region. b Section of the 
real casting showing no visual 
defects
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SMA. The increased efficiency achieved by virtual prototyp-
ing of the investment casting process is possible through the 
analysis of mold filling, temperature gradients, solidification 
time, and development of contraction porosities before real 
castings are manufactured.
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