Indirect Additive Manufacturing of a Cubic Lattice Structure with a Copper Alloy
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Abstract

Direct-metal additive manufacturing (AM) processes such as Selective Laser Melting
(SLM) and Electron Beam Melting (EBM) methods are being used to fabricate complex metallic
cellular structures with a laser or electron beam over a metal powder bed. Even though their
excellent capabilities to fabricate parts with cellular mesostructure, there exist several constraints
in the processes and applications; limited selection of materials, high thermal stress by the high
local energy source, poor surface finish and anisotropic properties of parts caused by combined
effects of one-dimensional (1D) energy based patterning mechanism, the deposition layer
thickness, powder size, power and travel speed of laser or electron beam. In addition,
manufacturing cost is still high with the Direct-metal AM processes. As an alternative way to
manufacture metallic 3D cellular structures, which can overcome the disadvantages of direct-metal
AM techniques, polymer AM methods can be combined with metal casting. We may call this
“Indirect AM based Casting (I AM casting)”. The objective of the study is to explore the potential
of I AM Casting associated with development of a novel manufacturing process - Indirect 3D
Printing based casting which is capable of producing metallic cellular structures within a cell size
of 3mm and cell thickness of 0.5mm. We will characterize polymers making sacrificial patterns by
PolyJet typed 3D printers; e.g., melting and glass transition temperatures and thermal expansion
coefficients. A transient flow and heat-transfer analysis of molten metal through 3D cellular
network mold will be conducted. Solidification of molten metal through cellular mold during
casting will be simulated with temperature dependent properties of molten metal and mold over a
range of running temperature. The volume of fluid (VOF) method will be implemented to simulate
the solidification of molten metal together with a user defined function (UDF) of
ANSYS/FLUENT. Finally, experimental validation will be followed.
Introduction
Cellular metals are increasingly receiving attention for their having combinations of
mechanical, thermal, and acoustic properties that provide potential opportunities for diverse
multifunctional structural implementations. These include ultralight structures with high specific
strength [1] and high specific strain [2], excellent impact absorption [3], acoustic insulation [4],
heat dissipation media and compact heat exchangers [5].
In alignment with recently emerging 3D printing technologies [6], realization of their
structural applications of cellular metals appears to become fast. Direct-metal additive
manufacturing (AM) processes which use a laser or electron-beam over a metal power-bed are
capable of manufacturing fully complex 3D cellular metallic structures. Selective Laser Melting
[7], Electron Beam Melting [8], and Direct-Metal Laser Sintering [9] are the available direct AM
processes to fabricate metallic cellular structures. However, in spite of their capability to fabricate
parts with cellular geometries, there are still several constraints in the process, which limits their
scalability to structural applications. For example, selection of materials is limited: e.g., aluminum
alloys are challenging to process due to their high thermal conductivity and high optical reflectivity
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[10]. Fabricated parts suffer from thermal residual stresses [11]. The 1D energy based patterning
mechanism induces poor surface quality mainly by ‘balling’ phenomenon that occurs during laser
or electron melting [12]. The ‘balling’ phenomenon limits the direct metal AM process resolution
because it causes the formation of discontinuous track, which is responsible for a non-uniform
deposition of material on the previous layers, thus inducing a possible porosity and delamination
between layers that is detrimental to the functional performance of parts such as fatigue [12].
Direct-metal AM processes also induces anisotropic properties of parts caused by a combined
effects of the deposition layer thinness and powder size, power and scanning speed of laser or
electron beam [8]. In addition, both costs for machine and manufacturing are extremely high with
the Direct-metal AM processes. For these reasons, it may be argued that direct-metal AM methods
are not capable of fabricating cellular structural parts with a sufficient scale for structural
applications.
As an alternative way to manufacture 3D cellular metals, which can overcome the
disadvantages of direct-metal AM techniques, an AM of polymers can be combined with
traditional casting methods. We may call this “Indirect AM based Casting (I AM Casting)”. I AM
Casting has been introduced more than two decades ago but quantitative studies on this have not
been fully conducted yet. I AM Casting can give more freedom in selecting materials, e.g.,
aluminum and magnesium cellular structures, with proper design of gate systems related to flow
control of molten-metal. It can produce an isotropic property of cell walls. It can provide excellent
surface quality, which is one of the strong advantages over the direct-metal AM methods. These all
provide one with the potential to scale up the cellular metals and other multifunctional structural
applications with relatively cheap cost due to the mass-production combined with reduced cost of
pattern fabrication using automated 3D printing technologies, which were traditionally used with
wax pattern through die casting in investment casting.
In spite of its scalable potential of periodic cellular metals to (multi)functional applications,
the manufacturing methods of I AM Casting were not fully explored and understood. Only a few
qualitative studies have been conducted. A tetrahedral Be-Cu alloy lattice structure, with a cell size
of 10mm, was fabricated by investment casting of an ABS sacrificial cellular pattern printed by a
Fused Deposition Modeling (FDM) method [13]. Recently, a research group reported a sand
casting of cellular structures, whose cell size is about 25mm x 50mm [14] and significant casting
porosity was reported. This appears to be associated with network structures with sharp corners of
cellular structural molds that may prevent fluid-flow and undesired solidification, resulting in misrun and porosity.
In this study, we explore a new I AM Casting method to build a cellular structure by
combining 3D printing of cellular patterns by a polyJet method and centrifugal casting. A transient
flow and heat-transfer analysis of molten copper alloy through 3D cellular network mold will be
conducted with a sprue system. Solidification of molten metal through cellular mold during casting
will be simulated with temperature dependent properties of molten metal and mold over a range of
running temperature. The volume of fluid (VOF) method will be implemented to simulate the
solidification of molten metal together with a user defined function (UDF) of ANSYS/FLUENT,
which will be experimentally compared.
Preparation of Sacrificial pattern with Additive Manufacturing
In this section, we present a method to produce a 3D cellular pattern fabricated by a 3D
printer. A polyjet type professional 3D printer (ProJet™ HD 3500 Plus, 3D Systems) was used to
produce a cellular sacrificial pattern. The base material used in the printing is VisiJet® Procast, a
castable plastic. The supporting material used for 3D printing is VisiJet® S300, a wax material for
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Figure 1: Stress-strain curve of VisiJet® Procast under a
uniaxial load at a strain rate of 0.001

Figure 2: DSC curve of VisiJet® Procast

Mechanical Properties: A 3D printed dumbbell-shaped sample is prepared according to
ASTM D638 with an extra high resolution printing mode (16
resolution and 750x750x1600
DPI in the x, y, and z directions). A uniaxial test using a universal testing machine (AGS-X
Series, Shimadzu) with a load cell of 5kN and a strain rate of 0.001/s shows a modulus of 549MPa
and a yield strength of 8.7MPa (Figure 1), which is about 2-20 times higher than waxes in
modulus and strength. It should be noted that waxes have been generally used as materials for
building sacrificial patterns in investment casting [15]. The relatively high modulus of the base
material of a 3D printer is preferred to the conventional wax materials for fabricating 3D cellular
sacrificial patterns with thin walls because the patterns need to bear loads by ceramic slurry or
plaster coating.
Thermal analysis: For planning burning out of sacrificial patterns, estimation of melting
temperature is necessary. We conducted thermal analysis of VisiJet® Procast with a Differential
Scanning Calorimeter (DSC). It shows a melting temperature of
(Figure 2). For a
reference value, a wax material’s melting temperature was also measured (
) with DSC as
well. In general, waxes have been popular as a material for fabricating sacrificial patterns due to its
low melting temperature so that one can easily melt away the wax patterns during the burning out
processing to make ceramic mold. The relatively high melting temperature of VisiJet® Procast is
not favorable but it can be manageable.
Thermal expansion coefficient of VisiJet® Procast was measured with a thermo mechanical
⁄ which is 140 times lower than that of wax
analyzer (TMA4000, PerkinElmer);
⁄
(
). This shows that VisiJet® Procast has the potential to avoid thermal stress
related cracking which is generally observed with a wax pattern during burning out process. Even
considering its relatively high melting temperature of
, VisiJet® Procast has about 30
times lower thermal strain than that of wax materials. The density of VisiJet® Procast is
⁄ , which is 30% higher than that of wax (
⁄ ).
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Figure 3: CAD model of a sacrificial pattern of a 3D
cellular structure

Figure 4: A cellular structural pattern fabricated by a polyjet type
3D printer with VisiJet® Procast

CAD drawing and printing: A complex 3D network cellular structure is pursued to cast
with pattern fabricated by additive manufacturing. A computer aided design (CAD) model for the
sacrificial pattern of a 3D cellular solid is generated with commercial CAD software, Pro-E, as
shown in Figure 3. All necessary dimensions of the 3D cellular pattern are indicated in Figure 3.
Figure 4 shows a cellular structural pattern with internal channels manufactured by a polyjet type
3D printer (ProJet™ HD 3500 Plus) with VisiJet® Procast. The average thickness of the 3D
sacrificial pattern is 1.016mm and the standard deviation is 0.027mm.
In terms of its high modulus and low thermal expansion coefficient, VisiJet® Procast has
the potential to be used as a base material for fabricating cellular structural sacrificial patterns over
conventional wax materials. Especially, the high modulus is good for building cellular structural
patterns with thin cell walls and the low thermal expansion coefficient is favorable for lowering
thermal stress during the burning out process of the sacrificial pattern.
Preparation of a Plaster Mold System
After building cellular patterns from additive manufacturing, a mold for an assembled
sacrificial lattice pattern with a sprue system is prepared. Gypsum (CaSO4 H2O) (Satin Cast
20™, FindingKing Kerr) is used for mold preparation of 3D cellular structural plaster mold.
Figure 5 shows the procedure of the preparation of the mold. First, Satin Cast 20TM was
weighed for the plaster mold as shown in Figure 5 (1). Then, the quantity of water for mixture with
investment was determined, which is recommended to add 40 ml water to 100 g investment
powder as shown in Figure 5 (2). Water of
was added to investment powder in this
experiment as shown in Figure 5 (3). At the fourth stage as shown in Figure 5 (4), water and
investment powder was mixed with water. Adding and mixing investment powder to water stage
through stage (3) to (4) were conducted for 3.5 minutes by recommended work time. After mixing
water and investment powder together, this mixture was placed in a vacuum chamber for 2.5
minutes in order to remove the remained air bubbles inside of the mixture as shown in Figure 5 (5).
Then, the sacrificial pattern is prepared as shown in Figure 5 (6) and it is covered with a flask as
shown in Figure 5 (7). The investment mixture in the vacuum chamber is taken out and is poured
into the flask as shown in Figure 5 (8). Then, in order to get rid of the air bubbles inside the flask,
the flask with mixture was vacuumed again in the vacuum chamber for 1.5 minutes as shown in
Figure5 (9). Then, it is placed outside for two hours to be solidified (Figure 5 (10)). For the
burning out process; the furnace was preheated at a temperature of
as shown in Figure 5
(11). The flask was placed into the furnace at a temperature of
for 2 hours as shown in
Figure 5 (13) after removing sprue base as shown in Figure 5 (12). The burning out procedure is as
follows;
for 2 hours
for 2 hours
for 2 hours
for 4 hours and
for 2 hours.
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Figure 5: Procedure for preparation of a plaster mold

After mixing VisiJet® Procast is burnt out and only a gypsum plaster mold cavity is left.
Table 1 shows thermal and mechanical properties of the gypsum plaster mold. Those properties
will be used for simulation in Section 4.
Table 1: Material properties of gypsum plaster mold

Property
Density at
Thermal conductivity at
Specific heat [31]
Roughness
Thermal expansion coefficient
Preheated temperature
Heat diffusivity [31]

Value (unit)
650
0.47
1

[ ]

Centrifugal Casting
Experimental
Once the cellular structural plaster mold is prepared, molten metal is prepared for casting.
The chemical composition and properties of the molten copper alloy (Jewelry Bronze) are shown
in Tables 2 and 3, respectively [16]. Cu is the dominant chemical composition of the material.
Table 2: Chemical composition of the bronze tested in this study [16]
Material
Unit
Chemical Composition
(%max, unless shown as range or mean)
Cooper alloy
Cu
Si
Zn
Mg
(Jewelry bronze)
Min./Max.
91.9
4.0
4.0
0.25 Max
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Pb
0.25 Max

Table 3: Thermo-physical properties of the copper alloy [16]
Property
Unit
Melting point – liquidus temperature at
1035 [
Melting point – solidus temperature at
1005
Density at
8774.53
Specific heat
380
Thermal conductivity at
173.07
Viscosity
0.00031
Thermal expansion coefficient at
18.54

In this experimental procedure, a centrifugal casting machine (Rey Motorized Centrifugal
Casting Machine Rey Industries Inc.) was used for the metal casting as shown in Figure 6. Figure 6
shows a schematic of the centrifugal casting machine which has a width of 70cm, a length of
70cm, and a height of 90cm. It is composed of eight parts of components. As shown in Figure 6,
the casting arm, ③, which has a diameter of 30cm is rotated with the main shaft, ①, as the center
surrounded with the base, ②. The experimental flask sample is installed into the flask cradle, ⑤,
held by the flask cradle holding arms, ⑥. This flask holder accommodates flasks up to
. Then, the crucible holder, ⑦, accommodating up to 30oz is held by the crucible holding
arms to melt the casting metal.
The copper alloy is melted in the crucible holder with an oxygen-acetylene torch by
applying a maximum temperature of 1200
as shown in Figure 7 (a). Meanwhile, flask is
preheated up to 482
from an oven then is placed in the flask cradles as shown in Figure 7(b).
Once the flask is installed into the flask cradle, ⑤, the arm mechanism is appropriately balanced
with the arm weight adjustment system, ④. Then, the casting arm, ③, is rotated clockwise with a
rotating speed of 500rpm for about two minutes.

Figure 6: A schematic of the centrifugal casting machine

Once the rotating procedure is done, the plaster flask is removed from the flask cradles to
be cooled down at room temperature for about five minutes as shown in Figure 7(c). Then, the
removed flask is dipped into water at room temperature in order to quench the plaster mold and
casted product as shown in Figure 7 (d). A lattice structure is obtained by cracking the plaster mold
and by polishing the final product with a sand blaster.
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Figure 7: Centrifugal casting procedure

The final product of the lattice structure is shown in Figure 8. As shown in Figure 8 (a), (b),
and (c), very few defects such as mis-run, metal penetration, and air gap were detected and the
molten metal filled the plaster mold cavity well. It is known that copper alloys fill the mold cavity
well during centrifugal casting due to its high density and low viscosity [17]. On the other hand, it
is known that aluminum and magnesium alloys with low density and high viscosity are difficult to
fill the mold cavity during centrifugal casting [17]. The thickness of the final product is 1.012mm
and the standard deviation is 0.077mm.

(a)

(b)

(c)

Figure 8: Final product and defects

The final product by the centrifugal casting shows a smooth surface. Direct additive
manufacturing methods such as selective laser melting (SLM) and electron beam melting (EBM)
are known to have poor surface quality in the parts due to the one dimensional (1D) energy based
patterning mechanism combined with the deposition layer thickness, powder size, power and travel
speed of laser or electron beam [12]. Due to the poor surface quality, SLM and EBM need a postprocess for surface polishing. On the other hand, the indirect AM based casting method shows a
promising surface finish.
Modeling and Simulation of Centrifugal Casting
Hydrodynamics of the molten metal flow in the lattice structure
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Flow of molten metal into the cellular structural mold is estimated using fluid simulation.
An inlet velocity into the mold is estimated from the radial speed of the centrifugal machine.
Considering the angular speed of 500rpm of the rotating arm, the radial speed of fluid particle is
obtained.
= √
(1)
where, is the velocity of the molten metal in the radial direction, is the angular velocity of the
⁄ , is the radius of the casting arm and
rotating arm in
is the released distance of the
weight from the origin of the casting arm. The radial velocity , into the cellular plaster mold and
sprue system is obtained as
from Equation (1).
Figure 9 shows dimensions of the lattice structure with holes including sprue system.
⁄ at the sprue (1 in Figure 10) obtained from Equation
Considering the inlet velocity of
(1), the inlet velocity into the cellular mold (5 in Figure 10) is obtained.

Figure 10: A schematic of the lattice structure with a sprue
system to estimate flow speed of molten metal

Figure 9: A schematic of lattice structure and its
dimensions

Simulating flow of molten metal in the cluster – cellular mold and strue was carried out.
First, the flow type at the inlet of the sprue needs to be identified to check whether or not it is
laminar and turbulent at a macroscopic level. The Bernoulli equation with losses is considered to
estimate the flow of molten metal after pouring at the sprue gate:
𝑔

𝑔

=

𝑔

𝑔

(

∑ )

𝑔

(2)

where, is the height between points of interest, is the pressure, is the density of the molten
metal, is the gravitational acceleration, is the velocity of the molten metal, is the frictional
coefficient associated with viscosity of metal, is the length of pipe,
is the diameter of the
channel, and is the loss coefficient at the bend or exit. It should be noted that the energy loss by
interface friction associated with resistance of the mold walls to the passage of metal is not
considered.
Then, the flow speed of the copper alloy at each channel can be estimated using the
modified Bernoulli’s theorem with losses in Equation (2). Table 4 shows initial parameters of the
molten metal for estimation of flow regime in the sprue. Table 5 shows the losses used in the sprue
system.
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Table 3: Losses used in the lattice structure in Figure 10

Relative
roughness

Section

Friction Coefficient
(Moody chart)

1-2
2-3

Minor losses coefficient
Sudden contraction + entry
=
No minor losses
=
Sudden contraction
+ entry loss
=
=

3-4

=

The flow speed of the molten metal at each channel can be estimated using the modified
Bernoulli’s equation with geometric loss values in Table 5. The corresponding Reynolds numbers
were obtained to determine the flow type at each point [18, 19]. It is found that the flow is
turbulent through the entire sprue. Two cases of inlet velocity at the gate of the cellular plaster
mold are used; 5
and 0.005
for Case 1 and Case 2, respectively, as obtained from
Table 6. Flow simulations without the sprue system are followed with the different inlet velocities
as shown in Figure 10.
Critical inlet velocity exists to overcome solidification inside of the mold, which is one of
the important parameters to avoid casting defects such as mis-run, metal penetration, and air gaps
including gating design, initial melting temperature of the liquid metals, etc. [17], in which the
laminar is used for the flow type of the liquid metal based on the calculation of the Reynolds
number ( =
.
Table 4: Reynolds numbers to identify flow type

Section
1-2
2-3
3-4
4-5
5

Velocity Magnitude (
)
=
=
=
=
Case 1
Case 2
=
=

Reynolds number

Case 1

𝑇
𝑇
𝑇
𝑇
𝑇

Case 2

Estimation of heat transfer in the lattice structure with sprue system
In order to estimate the type of the heat transfer for the numerical simulation, Prandtl
number, Rayleigh number, and Nusselt number were calculated using the initial conditions in
Table 7.
The Pandtl number can be calculated using Equation (3) [20].
=
where,

=

is the kinematic viscosity ( =

(3)

=

𝑚

,

is the thermal diffusivity ( =

),

is the

dynamic viscosity, is the thermal conductivity,
is the specific heat, and is the density.
From Equation (3), we obtain a Prandtl number of
for Case 1 and
for
Case 2, which indicates that conduction is dominant compared with the heat convection as shown
in Table 8 for Case 1 and Case 2.
The Rayleigh number is calculated from the relation with Prandtl number [20];
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𝑔

𝑇 𝑇
=
(4)
where, is the characteristic length,
is the Rayleigh number at position ,
is the Grashof
number at position ,
is the Prandtl number, is the gravitational acceleration, 𝑇 is the
surface temperature (temperature of the wall), 𝑇 is the ambient temperature , is the kinematic
viscosity, is the thermal diffusivity, and is the thermal expansion coefficient. The Rayleigh
number
obtained
from
Equation
(4)
is
for
Case
1
and
for Case 2, which indicates the conduction flow is dominant and air by natural
convection on the mold surface is a laminar flow for both cases, as indicated in Table 8.
=

The Nusselt number can be calculated as follows [20, 21]:
=

=

(5)

=

where,
is the characteristic length,
is the thermal conductivity of the fluid,
is the
convective heat transfer coefficient,
is the Reynolds number,
is the Prantld number, and
for heating and
for cooling. Here, the casting mold is cooled at room temperature,
is the
=
is used for this study. The Nusselt number obtained from Equation (5) is
for Case 2, which indicates that the flow type of heat transfer type is
for Case 1 and
conduction for the both cases as well. Therefore, based on the calculation of the Reynolds,
Rayleigh, Prandtl, and Nusselt numbers, the flow type of the molten metal can be considered
turbulent and conduction for Case 1 and laminar and conduction for Case 2 are the dominant heat
transfer mode in this study.
Table 5: Initial conditions for the numerical simulation

Initial conditions

Value (unit)
Case 1
Case 2

Injection velocity (linear velocity)

0

Initial temperature of the inlet
Flow regime

Turbulent

Laminar

Table 6: Heat transfer criterion for flow regime justification

Criteria
Prandtl
number
Rayleigh
number
Nusselt
number

Value
Case 1

Case 2

Justification for numerical
approach
Case 1
Case 2
Conduction
Conduction
Conduction

Flow simulation through the lattice structural mold
Once we obtain the initial velocity of molten metal at the gate of the plaster mold for both
cases, we go into the estimation of the metal flow in the lattice structural mold. A commercial
finite difference (CFD) code, ANSYS/FLUENT, is utilized to simulate the liquid metal casting to
the cellular structural mold [19, 22]. A fully developed turbulent velocity profile for Case 1 and a
fully developed laminar velocity profile were applied at the inlet as well as the entire lattice
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structural mold, which were determined through the criteria of Reynolds number whose velocity
input was estimated by the energy equation. An unsteady momentum equation coupled with the
unsteady heat transfer (energy equation), the turbulence equations, species equations, and back
diffusion equations are applied to solve fluid problems involving solidification of cooper alloy
(jewelry bronze) through the cellular structural mold cavity. A Newtonian flow is applied to the
simulation under an incompressible condition of the liquid metal.
Homogeneous and isotropic properties of molten metal in solid and liquid phases whose
properties are shown in Table 3 are applied to the simulation. A conduction heat transfer is applied
to the simulation based on the estimation of heat transfer determined by the Rayleigh, Prandtl, and
Nusselt numbers. Surface roughness (2.5 micron) as shown in Table 1 on the wall of the plaster
mold is neglected during the simulation for simplifying the problem in our initial attempt to study
simulation of molten metal in the cellular structural plaster mold.

Figure 11: A schematic of flow simulation of a molten metal in the lattice structural mold

Coarse meshes consisting of 1,461,875 elements and 352,218 nodes with a minimum mesh
size of
and a maximum mesh size of
are generated for the flow
simulation for both cases. The properties of plaster mold used for the cellular structural plaster
mold are shown in Table 1. The constant values of physical properties, e.g. viscosity, density,
thermal conductivity, etc., have been used for the simulation of metal casting in spite of their
variation with temperature during casting due to the difficulties in implementing temperature
dependent properties in the simulation [23]. This may mislead the solidification, resulting in
underestimation of solidification of molten metals which are typically experiencing a temperature
varying of ~200C. If the molten metal flows through thin tubes, which is the case of this study with
a lattice structural mold, the solidification may be more sensitive to temperature due to more
surface area exposed to air.
Therefore, a user-defined function (UDF), a used subroutine of ANSYS/FLUENT, where
one can implement temperature dependent properties of the molten metal. Temperature dependent
properties of viscosity, density, and thermal conductivity for the molten copper alloy were
employed as the input values of the simulation using UDF in ANSYS/FLUENT [19, 24].
Continuity and Momentum Equations for fluid flow
The continuity equation for unsteady fluid flow can be written as follows:
⃗ = 𝑚
(6)
where, is the density of fluid, ⃗ is the velocity vector, and 𝑚 is the mass added to the continuous
phase from the dispersed second phase due to the phase change. Here, 𝑚 can be any user-defined
source terms according to the problems [19].
The conservation of momentum can be described by
675

⃗

⃗⃗ =

̅

⃗

⃗

(7)

where, is the static pressure, ̅ is the stress tensor, ⃗ is the gravitational body force, and ⃗ is
the external body force. Also, ⃗ can contain other model-dependent source terms such as userdefined sources.
Volume of fluid (VOF) method for flow fill
To describe and track the interphase between the solid and the liquid phases, the VOF
method was used. This enables to track the transition of the interfaces with arbiter topology and
deformation [19, 25]. To define the fractional volume of each phase in the computation domain,
the time derivative of
is expressed as:
(8)

=

This function has a range from zero to the unity
. = indicates that a cell
contains no fluid, =
indicates the interphase between liquid and solid phases, and =
means that a cell is full of fluid.
Simulation of solidification
The fluid flow problems involving solidification taking place at one temperature for pure
metals or over a range of temperatures for binary alloys. In this study, an enthalpy-porosity method
for the solidification is used instead of tracking the liquid-solid front (VOF method) explicitly [26].
This means that the liquid-solid phase (mush zone) is treated as a porous zone with porosity equal
to the liquid fraction [19].
The conservation of energy equation can be written as follows [27]:
=
where,
is the source term,
specific heat.
[27]:

is the sensible enthalpy,

(

)
is the thermal conductivity, and

(9)
is the

The source term derived by Benon and Incropera for a two-phase system can be written as
=

[

(10)

]

where is the thermal conductivity,
is the specific heat of the solid phase,
is the sensible
enthalpy of the solid phase of the solid phase, is the sensible enthalpy, is the mass fraction of
the solid phase, is the velocity vector,
is the velocity vector of the solid phase,
is the
sensible enthalpy of the liquid phase, and
is the sensible enthalpy of the liquid phase.
The momentum source in liquid, mush zone (liquid + solid), and solid phases can be
written as follows, respectively [27].
(11)

=
𝑚

=

𝑚
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(12)

(13)

=

where, is the dynamic viscosity,
is the liquid volume fraction, is a small number (0.001) to
prevent division by zero, 𝑚
is a mushy zone constant, is the velocity vector, and is a
constant. The momentum source is proportional to the x, y, and z components of the velocity vector
, which has the opposite sign, therefore [19, 27]:
(14)

=

This means that its motion will be reduced to zero (no velocity) as the liquid cools down,
implying formation of solid. So, the derivative of Equation (14) with respect to velocity vector
becomes a constant or zero. For the temperature-dependent viscosity one needs to assume that
liquid becomes more viscous as liquid cools down and its velocity decreases, which implies
solidification. The used equations for the temperature-dependent density, viscosity, and thermal
conductivity of the copper alloy are shown in Figures 12 through 14.
The energy equation for heat transfer is given by
(15)

𝑇=

Viscocity, Kg/m-s

where, 𝑇 is the temperature,
is the density,
is the specific heat, and
is the thermal
conductivity. In general, viscosity of a material decreases with temperature. Viscosity of the
copper alloy as a function of temperature is plotted in Figure 12.
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Figure 12: Temperature-dependent viscosity of molten copper alloy [22, 24]

Density decreases with temperature due to the increase in volume. The reason on the rapid
decrease between
in Figure 13 is due to the phase transformation from liquid phase
to solid phase. In the solid phase, the volume which contains atoms is smaller than that of liquid
phase.
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Figure 13: Temperature-dependent density of the molten copper alloy [28]

Many literatures studied about temperature-dependent thermal conductivity for liquid metal
or alloys. It has been shown that thermal conductivity of liquid metal deceases when its
temperature reaches melting point on the assumption that the frequency of vibration of molecules
changes near the melting point [29].

Conductivity, W/m-k

In many cases, a constant thermal conductivity of molten metal has been used for
estimating flow and solidification of molten metal [29]. However, it appears that one needs be
careful to implement the thermal conductivity of the molten copper alloy: As can be seen in Figure
14, thermal conductivity is highly nonlinear over a range of 860-980 , which may cause a
significant difference in the solidification in molten metal.
180
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1400

1600

1800

Temerature, C◦
Figure 14: Temperature-dependent thermal conductivity of the copper alloy[30]

An overall numerical scheme on simulation of molten metal’s flow and solidification
coupled with heat transfer is illustrated with a flow chart in Figure 15. Both flow and heat transfer
equations are iterated with updated temperature-dependent properties until the temperature reaches
the solidification (1,005 ) of the molten copper alloy.
From a preheating temperature of 482 to the solidified temperature of the molten copper
alloy, temperature-dependent material properties are updated to both flow and heat transfer
equations.
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Figure 15: A flowchart on the computation of casting using UDF and internal solidification function

The initial temperature of the copper alloy and the entire plaster mold were maintained as
1200
and 482 , respectively. The time step size used in the simulation was 0.01 . The
computational time was about 72 hours with an Intel ® Xeon® CPU E5603 @ 1.60GHz (2
processors) and 24.0 GB RAM.
Simulation Results
Simulation of Flow-fill
Flow-fill of molten metal through a cellular structural mold is simulated as a function of
time. Figures 16 and 17 show the volume fraction of the molten copper alloy as a function of time
when the temperature dependent material properties for density, viscosity, and thermal
conductivity for molten jewelry were applied.

Flow
direction

Figure 16: Simulation of flow-fill at the plane a for Case 1 (Turbulent flow)

Figure 16 shows the simulation of flow-fill at a plane along the flow direction for Case 1
with the turbulent velocity flow type. It takes about
to fully fill the cellular structural mold
with the molten metal with an initial inlet velocity of
. Mis-run is detected near the edge
(top and bottom) of the cellular structure. The flow-filling pattern shows that the molten metal is
first filled in the x direction, followed by filling in the y direction as shown in Figure 16.
Figure 17 is the simulation results of flow-fill at the center plane perpendicular to the flow
for Case 1. The filling time is the same with that at the xz-plane. Symmetric flow profile is
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observed with mis-run at the edge of the lattice mold.

Flow
direction

0s

1.5 s

2.0 s

3.0 s

Figure 17: Simulation of flow-fill at the xz-plane for Case 1 (Turbulent flow)

Figures 18 and 19 show the flow-filling of the copper alloy for Case 2 with the laminar
flow type as a function of time when the temperature dependent material properties of the molten
copper alloy were applied. Figure 18 shows the simulation of flow-fill at a plane along the flow
direction for Case 2. It takes about
to fully fill the cellular structural mold with the molten
copper alloy with an initial inlet velocity of
.

Flow
direction

Figure 18: Simulation of flow-fill at the xz-plane for Case 2 (Laminar flow)

Figure 19 shows the simulation results of flow-fill at the center plane perpendicular to the
flow. It takes about
to fill the cellular structural mold with the molten meal with an initial
velocity of
. Even though it took about
to fill the structural mold at point 5, the
casting defect often called mis-run (blue part) was detected. This is due to the slow velocity of the
molten copper alloy at the inlet.
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Flow
direction

Figure 19: Simulation of flow-fill at the xy-plane for Case 2 (Laminar flow)

Solidification (Liquid fraction)
Transient solidification of the molten copper alloy through the cellular structural mold is
simulated with the temperature-dependent material. Figures 20 through 24 shows the volume
fraction of the copper alloy for Case 1 with the turbulent flow type and Case 2 with laminar flow
type as a function of time when the temperature dependent material properties for density,
viscosity, and thermal conductivity for molten copper alloy were applied.
Figure 20 shows the simulation of transient solidification at the xy-plane along the flow
direction for Case 1 with the turbulent velocity profile. The red color represents the liquid phase
and blue color means the solidified molten metal. It shows that the molten metal becomes
solidified as soon as it passes through the lattice mold.

Flow
direction

.

Figure 20: Simulation of transient solidification at the xy-plane a for Case 1 (Turbulent flow)

Figure 21 shows the simulation results of the transient solidification at the center plane
perpendicular to the flow. Also, the solidification shows similar tendency with that from Figure 20.
Also, it can be seen that air gaps, unfilled empty part, at the edge of the cellular mold, were
detected.

681

Flow
direction

Figure 21: Simulation of transient solidification at the xz-plane for Case 1 (Turbulent flow)

Figure 22 is the simulation of transient solidification at the xy-plane along the flow
direction for Case 2 with the laminar velocity profile. Even though the molten metal was fully
filled, many air gaps (red colored parts) were detected as shown in Figure 22.

Flow
direction

Figure 22: Simulation of transient solidification at the xy-plane for Case 2 (Laminar flow)

Figure 23 shows the simulation results of the transient solidification at the center plane
perpendicular to the flow. Similarly, many air gaps are shown inside of the cellular mold as shown
in Figure 23. The solidification along the flow direction is more developed compared to that at
perpendicular direction to the flow, which is due to the fact that the velocity magnitude is
decreased with the converting of the molten metal flow inside of the cellular mold.

Flow
direction
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Figure 23: Simulation of transient solidification at the xz-planefor Case 2 (Laminar flow)

Flow-filling time for Case 1 with the turbulent flow regime showed faster filling time
compared to that of laminar flow type, as expected. As well as, air gaps at the edges of the cellular
structure were detected for Case 1 (turbulent flow). On the other hand, more air gaps were detected
which is relatively more spread in overall cellular structure as shown in Figures 22 and 23, which
causes degradation in the mechanical properties such as strength, toughness, and etc. this might
due to the fact that the initial inlet velocity of the molten metal is not high enough to flow through
thin circuit of the cellular structure and to overcome parameter affecting the fluidity such as
surface roughness, friction, and etc.
In order to systematically analyze the solidification, liquid fraction (the degree of
solidification) of the five points are monitored with the flow-filling time during the simulation time
for the both of Case 1(turbulent flow) and Case 2 (laminar flow), as shown in Figures 24 through
29.
Figures 24 and 25 show the flow-filling time for both Case 1 (turbulent flow) and Case 2
(laminar flow) at the local points of interest, respectively. Filing time and the solidification time at
the local points of interest can be obtained from the flow-fill simulation. Figure 24 shows the
filling time from the local points ① to ⑤ as shown on the left in Figure 24, respectively. From
Figure 24, it is shown that flow-filling time of the molten copper alloy in the cellular structural
plaster mold is about 2s. Once molten copper alloy passes the points of interest, it cools down and
solidification occurs. The flow-filling time at each point of interest for Case 1 with the turbulent
flow regime is obtained; 0.08s at point 1, 1.1 s at point 2, 2.01s at point 3, 3.86 at point 4, and 4.31
at point 5. The flow-filling time at each point of interest for Case 2 with the laminar flow regime is
obtained; 0.35s at point 1, 5.25s at point 2, 9.2s at point 3, 10.35 at point 4, and 20.1 at point 5. It
can be obviously seen that the flow-filling time is faster for Case 1 with the turbulent flow type
rather than case 2 with laminar flow regime. This is important parameter affecting on the casting
process to reduce the casting defects such as mis-run, metal penetration, air gap, and etc.
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Figure 24: Flow-filling time for Case 1 (Volume fraction for turbulent flow)
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Figure 25: Flow-filling time for Case 2 (Volume fraction for laminar flow)

Figures 26 and 27 show the solidification time for both Case 1 (turbulent flow) and Case 2
(laminar flow) at the local points of interest, respectively. Also, the local solidification time at each
point of interest for Case 1 is also obtained; 4.18s at point 1, 2.98s at point 2, 2.27s at point 3, 0.23
at point 4, and 0.01 at point 5. for Case 2 with the laminar flow, the local solidification time at each
point of interest is; 22.2 s at point 1, 3.95s at point 2, 1.05s at point 3, 0.5s at point 4, and 0.13s at
point 5.
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Figure 26: Solidification time for Case 1 (Turbulent flow)
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Figure 27: Solidification time for Case 2 (Laminar flow)
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According to the monitored solidification time at the points of interest, the global and local
solidification time at the five points were represented for Case 1 (turbulent flow) and Case 2
(laminar flow), as shown in Figure 28 and 29, respectively. Figure 28 shows the flow-filling time
and solidification time on the points of interest for Case 1 (turbulent flow) as a function of time.
The global and local solidification for the both cases shows similar tendency as shown in Figure 28
and 29. However, as represented Figures 28 and 29, it is shown that faster solidification occurs for
Case 2 (laminar flow), in particular at point 2. There is limit in the initial injection velocity of the
molten metal for the casting process to overcome faster solidification. That is, if the initial
injection velocity of the molten metal at inlet of the casting mold is not enough faster to go through
entire casting mold, the molten metal cannot be filled inside the casting mold causing faster
solidification.
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Figure 28: Flow-filling time and solidification time on the points of interest for Case 1 (Turbulent flow)
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Figure 29: Flow-filling time and solidification time on the points of interest for Case 2 (Laminar flow)

Concluding Remarks
An indirect additive manufacturing method combining 3D printing technology and
centrifugal casting was suggested and was implemented to manufacture a 3D cellular structure
with a quantitative study on flow simulation of molten metal. A 3D cellular structural pattern was
built with 3D printing of VisiJet® Procast, followed by molding and centrifugal casting.
Centrifugal casting with copper alloy was conducted to fill the cellular structural mold cavity made
of a gypsum plaster in the experiment. Filling and solidification during the centrifugal casting
process were simulated in the plaster mold over a range of running temperature (
).
Temperature-dependent material properties of molten metal were applied for simulation of filling
and solidification using a user defined function (UDF) in ANSYS/FLUENT. The major findings
through this study are
 Additive manufacturing can be used for building sacrificial patterns of 3D cellular structures
for casting. VisiJet® Procast has the potential to be used as a base material for manufacturing
sacrificial pattern over conventional wax materials due to its high modulus and low thermal
expansion coefficient: These properties are especially good for making for building cellular
structural patterns with thin cell walls and lowering thermal stress during the burning out
process of the sacrificial pattern, respectively.
 I AM Casting shows an excellent surface quality, which can be used for manufacturing cellular
structures.
 A coupled flow and heat transfer of molten metal successfully simulated flow-fill and
solidification and is compared with the experiment.
 More mis-runs were detected in overall cellular structure for the simulation with the laminar
flow regime. On the other hand, fewer mis-runs were observed with the faster flow-filling time
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at the edges of the cellular structure for the simulation with the turbulent flow regime of the
velocity profile.
 It is required to get limitation in the initial injection velocity of the molten metal to avoid faster
solidification and to overcome bad fluidity of the molten metal for the casting process.
The present study with copper alloy will be extended to other metallic alloys for manufacturing
light -weight and multifunctional cellular structures in near future.
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