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1 Abstract

This thesis investigates the development of a FEM model for aluminum casting virtual

manufacturing. These kinds of simulations are employed in the industries to develop

an optimal mold geometry to reduce manufacturing-induced defects in the final piece.

Manufacturing process simulation allows to speed up time to market and reduce cost

related to testing requiring suitable facilities and a test for each design change. FEM

simulation allows the user to go through the heuristic phase much quicker with a sig-

nificant cost saving. Several commercial software performing casting simulations such

as InspireCast are available, but they don’t disclose the computational methodology to

obtain results and few parameters are tunable. This work is focused on developing a

model within the FEM commercial software Abaqus framework for aluminum gravity

casting by optimizing various simulation parameters. The FEM method is used to solve

the problem with Eulerian, Lagrangian and CEL ( Coupled Eulerian-Lagrangian) formu-

lation. The developed FEM model was assessed and validated against InspireCast results.

2 Thesis introduction

This thesis marks the culmination of my master’s degree in Aerospace Engineering, rep-

resenting the culmination of the knowledge acquired throughout my academic journey

at Politecnico di Torino and the experiences garnered during the Erasmus+ project con-

ducted at Universidad Carlos III Madrid. The foundation for this work was laid during

the degree courses at Politecnico di Torino, where I gained a comprehensive understanding

of the theoretical and practical aspects of Aerospace Engineering. The multidisciplinary

curriculum equipped me with the necessary tools and insights to delve into advanced top-

ics within the field. Additionally, the invaluable experience gained during the Erasmus+

project at Universidad Carlos III Madrid played a pivotal role in shaping the trajectory

of this research. The collaborative and international academic environment at Universi-

dad Carlos III Madrid provided a unique perspective and enriched my understanding of

aerospace engineering, contributing significantly to the development of this thesis.

This thesis delves into the creation of a Finite Element Method (FEM) model for

virtual manufacturing of aluminum casting. Such simulations play a crucial role in in-

dustries by facilitating the development of an optimal mold geometry, thereby mitigat-

ing manufacturing-induced defects in the final product. Utilizing computer simulations

proves to be a more cost-effective, time-efficient, and resource-friendly approach compared

to traditional methods. Although various commercial software exists for such simulations,

they often lack transparency in disclosing their computational methodologies.

This research specifically employs Altair’s Inspirecast software as a benchmark, represent-

ing the current state-of-the-art in the market. The main objective of this master’s thesis is

to create a model for the casting manufacturing process of a piston using Computer-Aided

Engineering (CAE) software, specifically Abaqus. Subsequently, the aim is to compare
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the simulation results regarding velocity, temperature, filling time and defects with those

obtained from the commercial software Inspirecast. This comparative analysis seeks to

gain insights into the behavior of the model, discerning its strengths and limitations. The

key advantages of adopting the approach of creating a model in Abaqus include the abil-

ity to choose the equations and material behavior, providing a detailed understanding of

how each parameter influences the process. In contrast, Inspirecast automates numerous

operations, reducing user control over critical parameters and offering limited insight into

the mathematical models and equations employed by the software to solve the problem.

Before initiating the development of a model, it is crucial to comprehensively understand

the intricacies of the process under investigation. This requires conducting various studies

to understand the equation sets required for material modeling, determining material pa-

rameters, defining boundary conditions, and selecting the appropriate numerical scheme.

An initial overview of the casting process is necessary to comprehend the physical aspects

involved. Additionally, a study of the functionality of commercial software is essential to

identify actions that need to be replicated in the creation of the FEM model in Abaqus.

Casting involves pouring molten metal into a mold to achieve the desired final shape.

After solidification, the part undergoes refinement and heat treatment. To ensure defect-

free and high-performance parts, it is crucial to either test or simulate the casting process.

The final properties of the part are influenced by factors such as material composition,

heat treatment, and the manufacturing process. Simulating the casting process enables

the identification of parameters affecting the end product, allowing for precise control and

the development of an optimal manufacturing process. Specifically, in casting, param-

eters like material composition, pouring temperature, pouring velocity, mold geometry

(including the filling system), material, mold temperature, cooling rate, and casting type

(gravity, high/low pressure, centrifugal, in air or vacuum, etc.) can be controlled. Tuning

these parameters is essential to achieve a defect-free manufacturing process, preventing is-

sues like improper filling, porosity, shrinkage, incorrect microstructure, and inclusion [42].

The structure of the thesis unfolds as follows: an introduction to casting optimization

and commercial software(Chapter 3), a comprehensive literature review (Chapter 4), an

explanation of the physical process (Chapter 5.2), an exploration of the numerical method

(Chapter 6), an in-depth analysis of the simulation process (Chapter 7), an introduction

on the model definition (Chapter 8), an examination of the commercial software Inspire-

cast (Chapter 8.1), a detailed account of the Abaqus simulation (Chapter 8.2), and the

presentation and discussion of results (Chapter 9).

This

3 Casting optimization

The industry has increasingly adopted commercial software for simulating casting pro-

cesses, as these tools enable cost-effective optimization by running various models without

the expense associated with physical experiments. The experimental phase of prototyping

typically involves constructing a mold with a complete filling system. Even optimizing

the existing system necessitates creating a new mold. Furthermore, the experimental

phase involves acquiring a furnace, the required alloy for the part, and machinery for
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conducting mechanical tests on the final part to characterize its performance. These fac-

tors contribute to substantial costs, limiting the number of optimization steps feasible.

Typically, the experimental test is subsequent to a computer-based optimization process

to validate the simulation results before proceeding with the production.

While each commercial software has its unique characteristics, the fundamental steps for

simulating the casting process in casting software include:

1. Design Phase: The design process can be carried out within the software itself,

or alternatively, the CAD part can be imported.

2. Material Selection and Properties: In commercial software, material selection

involves either choosing from a library or manually inputting material properties

such as density, viscosity, melting temperature, heat capacity, latent heat, and

Young modulus. Some of these properties may be temperature-dependent.

3. Casting Process Selection: Different casting processes have unique characteris-

tics and are better suited for specific results. The software typically models various

casting processes such as sand casting, low and high-pressure casting, die casting,

and centrifugal casting.

4. Mold Cavity Design: Designing mold cavities is a critical part of a successful

casting process. It involves the definition of components like runner, riser, core,

pouring cup, vents, and cooling system. Many commercial software offer a quick

design function, allowing users to easily select the entry point for the molten metal

to quickly analyze the filling without the need to design the filling system.

5. Mold and Cast Part Material Selection: Defining mold’s external dimensions,

along with mold and cast material thermal and mechanical properties, is essen-

tial. Several software applications have an automatic function simplifying material

selection. Mold heating or cooling during the process can also be specified.

6. Casting Parameter Selection: Before initiating the simulation, certain param-

eters need to be input into the software, such as pouring temperature, filling time

or inlet velocity, mold temperature, and pressure for low/high-pressure casting.

7. Simulation Execution: To run the simulation, parameters for mesh, including

element size, must be defined. Users may choose to simulate only solidification or

include the filling process and to cycle the process. The simulation can then be

launched.

8. Results Analysis: The simulation generates outputs, including the time history of

part and mold temperatures, shrinkage, velocity, and the identification of porosity

and defects.

These commercial casting simulation software applications are typically utilized as

black boxes, where users are not required to comprehend their internal workings. Users

simply input data and analyze the generated outputs. Notable examples of such soft-

ware include MAGMASOFT [43], ProCAST [44], Inspirecast [45], and FLOW-3D [46].
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Generally, these tools are based on either the finite volume method or the finite element

method. They possess the capability to internally generate meshes without relying on ex-

ternal software. These applications solve the system of Navier-Stokes equations alongside

solid constitutive equations and models for solidification

4 Literature review

Presented here are some notable contributions in the field of casting simulation to illus-

trate the current state of the art. In the work by Venkatesan et al. [3], a C++ code is

developed to address the 2D heat problem in the solidification of pure metals and alloys.

The solution employs temperature as a field variable with temperature-dependent ther-

mal properties. The enthalpy method, incorporating latent heat, models phase change in

the system. The presence of an air gap between the mold and the metal, resulting from

solidification shrinkage, impacts the boundary condition, with interface elements simulat-

ing this air gap. The program utilizes the Finite Element Method (FEM) formulation for

the heat problem, calculating grain structure by considering its dependence on thermal

gradients.

Chang et al.’s papers [4] demonstrate the integration of a cellular automaton method

into a Finite Volume Method (FVM) for solving the solidification structure problem in

aluminum alloy centrifugal casting. The study focuses on understanding how casting pa-

rameters influence solidification structure. A continuous nucleation model is employed,

utilizing Gaussian distributions that correlate increased grain density with local alloy

undercooling. The velocity of a dendrite tip is computed using the KGT model, where

different alloy compositions yield distinct coefficients in the growth velocity equation.

The cellular automaton (CA) method determines the cell state based on nucleation and

growth velocity models, with nucleation sites chosen randomly for the initial condition.

Phase change within a cell occurs through nucleation or by the growth of an adjacent

already solid cell. The heat problem is solved in one-dimensional polar coordinates using

FVM due to the chosen geometry. The rotation of the mold induces a reduction in the

air gap dimensions created by shrinkage, affecting the boundary condition. The coupling

between grain structure (computed with CA) and macroscopic heat transfer (utilizing

FVM) involves first computing the temperature within the cell with FVM, followed by

structure computation from the temperature with CA. Additionally, the latent heat re-

sulting from the cell’s change of state is incorporated. Then, a modified CA is proposed

to account for the behavior of solutes during solidification.

The article by Seetharamu et al. [6] presents a Finite Element Method (FEM) formula-

tion for a 2D solidification problem. The heat problem is addressed for an ingot within

a mold, and the heat transfer coefficients in the boundary conditions are dependent on

the air gap created by shrinkage. Solving the heat problem yields the temperature field,

from which the stress distribution is computed using an elasto-viscoplastic model. The

viscoplastic strain emerges only when the stress exceeds a yield limit.

Chijioke et al.’s paper [10] explores the solidification process of an Al-Cu alloy under

different cooling conditions. The study involves a 2D static casting simulation with three

zones: liquid, solid, and mushy. The model incorporates the Navier-Stokes equations,
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with viscosity being a function of the cell’s volume fraction. The momentum equation

introduces terms that account for drag in the mushy zone, specifically for the fluid part.

Initially, there is no relative velocity between the solid and liquid phases, resulting in no

drag force input in the momentum equation. However, as the grains grow, they form a

structure, and at this point, the flow in the mushy zone can be considered similar to a

flow in a porous medium (following Darcy’s law). The energy equation is dependent on

the volume fraction, and a microscopic model is introduced as a term dependent on the

latent heat of solidification. An equation for solute movement within the domain is also

included. The model is solved using ANSYS Fluent, incorporating user-defined functions

based on the pressure-velocity coupling SIMPLEC for the source term of the latent heat

equation. Three cases of cooling on the bottom face are simulated to analyze the results.

The paper by Pericleous et al. [11] introduces a mathematical model for mold filling

and solidification based on the Navier-Stokes set of equations. The momentum equation

incorporates a source term dependent on the permeability of the mushy zone, which is

further influenced by the liquid fraction. The liquid fraction, acting as a state variable

defining the presence of fluid in a cell, is a function of temperature. To model the free

surface (liquid/gas interface), the mass continuity equation is employed, and the GALA

algorithm is utilized alongside the SEA method, employing the scalar Φ to represent

the liquid volume fraction. This method adjusts the density within the computational

cell based on the material it contains. Although numerical smearing may occur due to

advection, the implementation of the TVD scheme with staggered control volumes helps

mitigate this issue. The heat equation is expressed in the enthalpy formulation, facilitat-

ing the straightforward addition of latent heat for phase change. The source term Sh in

the equation includes the effects of viscosity dissipation, heat from fluid bulk motion, heat

transfer at the wall, and phase change. The problem’s solution follows the SIMPLEC

procedure, an algorithm involving a guessed pressure field to initially solve the problem,

followed by a correction to ensure continuity.

In the work by Hu et al. [15], various analytical and numerical methods are explored. An-

alytical approaches involve certain assumptions, such as infinite or semi-infinite regions

or constant properties within each phase, as seen in Neumann and Stefan’s methods.

To impose flux instead of temperature, approximations like the Goodman method are

introduced. For solving pure heat problems with phase changes, a fixed grid method is

employed, where the Finite Difference Method (FDM) is used to determine temperature,

and the moving boundary (interface) is situated between two cells. However, fixed grid

methods have limitations on how much the boundary can move in a timestep, which can

be addressed by significantly reducing the timestep or employing variable grid methods.

The former tracks the boundary using Stefan’s equation in a finite difference form and

adjusts the grid to follow it. Various latent heat methods are then outlined and briefly

explained. The apparent heat capacity method includes latent heat in the material’s heat

capacity within the temperature range of phase change. The effective capacity method

incorporates latent heat in the form of an apparent capacity, determined by the choice

of a temperature profile between nodes. The heat integration method addresses melting

cases, resetting the control volume temperature to the melting point when it surpasses

this threshold. The amount of heat caused by this operation is stored, and the process is

repeated until the stored heat equals the latent heat. From this point, the control volume
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is free to change temperature. The source-based method involves adding a source term

in the energy equation to account for phase change. The enthalpy method relies on the

fact that the relationship between temperature and enthalpy is a function of latent heat,

represented in step or linear forms for pure materials and alloys, respectively.

In the study by Caraeni et al. [19], the domain is divided by an interface between liquid

and solid phases. The heat problem is modeled considering both convection and conduc-

tion, with the heat flux jump derived from Stefan conditions. The fluid is described by

the Navier-Stokes equations with the Boussinesq approximation, and at the interface, the

movement caused by shrinkage (change of density) is imposed. A fixed mesh is utilized,

and a level set function tracks the interface, following its extension velocity. In the mo-

mentum equation, a penalization term is added to enforce a zero velocity in the solid. The

problem is solved using Finite Element Method (FEM), incorporating enriched nodes to

account for the step change in field variables across the interface with Extended Finite

Element Method (XFEM).

In the study by Verkaik et al. [21], the equations utilized for modeling include the

Navier-Stokes equations for the fluid, adopting an Eulerian formulation with Arbitrary

Lagrangian-Eulerian (ALE) elements to consider mesh movement. For the solid phase,

the model employed is that of a neo-Hookean solid in Lagrangian form. The equations are

solved using Finite Element Method (FEM) and a Coupled Overlapped Domain (COD)

method. This method involves a background fixed mesh of spectral elements, where the

solid can move freely. Background nodes are deactivated when covered by the solid, and

those that aren’t fully covered remain active. An additional FEM solid mesh is intro-

duced to couple the two domains and account for sharp changes in properties.

In the work by Teng et al. [22], a model is presented wherein both the solid and fluid are

described using an Eulerian formulation. Stress in the momentum equation is computed

for each solid element using either a hyper-elastic or elasto-plastic model, while for fluid

elements, zero stress is imposed. A fixed grid is employed, with a separate coordinate

system for each solid present. By introducing particles into each solid and assessing their

relative distances, collisions can be computed, and reaction forces applied to the solid.

Koric et al. [23] compare the solutions obtained using an in-house code, CON2D, and

Abaqus. The model encompasses the energy equation for temperature field computation,

with the solid constitutive equation and a strain model (considering elastic, inelastic,

and thermal types). Local nodal integration for stress computation is performed in the

subroutine UMAT. The mushy zone can be described using an elastic-perfectly plastic

model or a rapid creep function to impose zero fluid stress when the temperature is above

the melting point.

In the study by ZHOU and QI [26], the Extended Finite Element Method (XFEM) is

employed to simulate the interface between solid and liquid. XFEM offers the advantage

of additional shape functions localized only in regions with discontinuities. This feature

allows for larger elements and eliminates the need for an adaptive mesh to follow dis-

continuities. The interface is tracked using a level set function with its zero isosurface

representing the interface, and its evolution is computed through its velocity.

Cleary et al. [27] utilize a Smoothed Particle Hydrodynamics (SPH) method, well-suited

for complex flows due to its Lagrangian formulation and absence of a grid. The pressure

is computed from the equation of state and is then used to calculate particle motion with
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the SPH momentum equation. The boundary is modeled with boundary particles inter-

acting with those in the domain. The solutions are compared with MAGMAsoft results.

In Wang et al.’s work [30], a non-isothermal phase change problem is modeled, dividing

the domain into three zones: solid, liquid, and mushy. The enthalpy-based heat equation

is solved across the entire domain, with the enthalpy being a step function dependent on

temperature to accurately model the three zones. The model is tested in both 2D and

3D problems and compared with ANSYS solutions when analytical ones are unavailable,

demonstrating good agreement.

Trovant and Argyropoulos [32] address a phase change problem while considering how

properties change with temperature. Equations for energy, momentum, and continuity

are written in axisymmetric cylindrical coordinates. The enthalpy-temperature relation

introduces a discontinuity for pure material during phase change, making the energy

equation nonlinear. Viscosity is set to an arbitrarily high value for the solid, and an

exponential law is introduced to eliminate the viscosity discontinuity between the solid

and liquid domains. Shrinkage is influenced by thermal expansion in both the liquid and

solid phases and the density change during phase change. The Finite Difference Method

(FDM) with the SIMPLER algorithm is employed, featuring a staggered mesh with tem-

perature at the center and velocities at the interface of the computational cell.

Shepel and Paolucci [33] develop a model that simulates the filling process, recognizing

its significant impact on the final casting results. The solid phase is modeled as a highly

viscous material, with viscosity dependent on the solid fraction. Turbulent viscosity is

assumed constant everywhere based on the eddy viscosity model. The free surface is

tracked using the Volume of Fluid (VOF) method, with the function F representing the

fractional volume of a cell. Cooling channels for water are incorporated in the mold, con-

tributing to the definition of heat transfer in the mold. The considered casting process is

cyclic, to first obtain the steady state of the mold temperature field. Boundary conditions

are derived by analyzing the mold material and its surface coating. The air gap is not

considered due to insufficient experimental data to model variations in the heat transfer

coefficient, so it is assumed to be constant. The mesh is generated in ANSYS, and the

problem is solved with FIDAP.

In the work by Rouboa and Monteiro [34], the authors analyze heat transfer in a mold

by considering the energy equation in enthalpy form. The latent heat for phase change

is introduced as a source term, and all parameters are functions of the solid fraction and

are computed using the lever rule. The problem is solved using both Finite Difference

Method (FDM) and Finite Volume Method (FVM) with a multi-block mesh.

Jalali and Najafi [37] investigate solidification in a pipe under different boundary condi-

tions. The model is based on the Navier-Stokes equations, with the enthalpy and liquid

fraction used to incorporate latent heat for solidification. The study explores the impact

of changing conditions at the inlet and wall temperature on the solidification process.

Thomas [38] delves into the complexity of casting modeling, focusing on the solid consti-

tutive equation where strain is composed of elastic, inelastic, and thermal components.

Modeling the inelastic term, especially at high temperatures, poses challenges, often ad-

dressed by using a viscoplastic model due to difficulty distinguishing between creep and

plasticity effects. The modeling complexity intensifies during solidification, with evolving

microstructures potentially inducing material anisotropy. Phase change significantly al-
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ters mechanical properties and material density. The interaction with the mold introduces

both mechanical and thermal effects, including stress from friction, heat absorption, and

the formation of an air gap due to shrinkage. Modeling both solid and liquid phases

typically involves temperature-dependent properties such as viscosity, Young’s modulus

or Poisson’s ratio, with large variations near the liquidus and solidus temperatures. In

stress models, convective flow effects are often simplified by increasing thermal conductiv-

ity with temperature. When fluid effects are crucial, solving the fluid equations becomes

necessary but it is computationally expensive. An alternative approach is to separate the

simulation into the mechanical problem and thermal problem, utilizing the appropriate

models without excessive assumptions.

In [39], Venkatesan et al. simulate the heat problem in casting using the enthalpy equation

and accounting for the air gap between the metal and the mold. This air gap influences

thermal flux between the two components and is modeled with coincident nodes. Latent

heat is incorporated to consider solidification. The solver, implemented in a C++ code,

employs Finite Element Method (FEM) and is validated through simulations of an infi-

nite slab and an aluminum alloy casting. The grain structure is predicted by correlating

the thermal gradient with the resultant structure.

Ravindran and Lewis [41] develop a FEM formulation of the Navier-Stokes equation to

model the casting process. The metal front is computed using the pseudo-concentration

advection equation. The phase change is modeled using the apparent heat capacity, de-

pendent on the solid fraction and latent heat. Two models for inter-dendritic flow are

introduced, one for the equiaxed region and one for the columnar region. Temperature

and front tracking are solved with an explicit scheme, while the flow is solved with an

implicit scheme with a longer timestep, coupled during the simulation.

5 Physical process

The casting process can be divided into three distinct phases. The first phase is the

filling stage, where molten metal flows through designated ducts to reach the mold cavity,

which represents the negative space of the final cast part. The second phase, known as

solidification, commences when the cavity is completely filled. During this stage, the

material begins to cool down by exchanging heat with the mold. Considering an alloy, as

the material passes through the temperature range between solidus and liquidus it starts

to solidify and concludes this phase as a solid. The final phase is the cooling process. In

this stage, the now completely solid material continues to exchange heat with the mold

or, if extracted from the mold, with the surrounding air. It gradually reaches thermal

equilibrium with the environment. The last two phases, solidification and cooling, could

also be considered as a single phase, as the liquid metal inside the cavity is static at the

beginning of the solidification phase, so the process could be considered purely thermal

apart from the volumetric shrinkage.
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5.1 Filling phase

Prior to the filling phase, the material is heated beyond its melting point and, depending

on the casting process type, is poured or pressed into the mold. The design of the mold

is crucial to facilitate rapid filling, preventing premature solidification before the cavity is

completely filled. To mitigate the risk of premature solidification, the material is heated

well above the melting point, typically by over 100 °C. This precaution is necessary

because the boundary layer tends to solidify instantaneously upon contact with the cold

mold, and if the temperature is not sufficiently high, other parts of the flow may also start

to solidify, potentially blocking the rest of the material flow. During this filling phase,

the material is entirely molten and behaves as a highly viscous liquid and the typical

properties of a metal as Young modulus and Poisson ratio are not valid during this stage.

5.2 Solidification phase

The primary physical phenomenon to model is solidification, which occurs within the

molten pool of material. The process initiates with the nucleation of atoms, leading to

the formation of the crystal structure. If these nuclei reach a critical size, they develop

into grains. Subsequently, the grains grow in various directions, influenced by the tem-

perature gradient [1]. The temperature at which this phase change occurs is composition-

dependent. In the case of a pure metal, solidification takes place at a constant tempera-

ture known as the solidification temperature. This constancy arises because, during the

phase change, latent heat is released, maintaining the temperature at a constant level.

Figure 1: cooling curve of pure metal [2] Figure 2: phase diagram of an Al Si alloy

In the case of alloys, the phase transformation is more intricate. This transformation

occurs over a temperature range, which is contingent on the alloy’s composition. The

two extreme temperatures within this range are referred to as the liquidus temperature

and solidus temperature. The liquidus temperature signifies the lowest temperature at

which the entire alloy is in a liquid state, while the solidus temperature denotes the

maximum temperature at which all the material is entirely solid. The composition of

the liquid phase plays a crucial role in determining the final composition of the material.

This is due to the fact that during solidification, the alloy does not solidify uniformly

at once; instead, it solidifies over different times. Consequently, during this process, the
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various elements dissolved in the alloy are not evenly distributed throughout the solid

matrix. This leads to the formation of grains with varying compositions and distinct

matrix structures.

Figure 3: phase diagram and cooling curve of an Al Cu alloy [2]

5.3 cooling phase

In the final stage of the casting process, the material fully occupies the cavity volume and

is completely solid, resulting in a velocity of zero for the entire material. The cast part

continues to exchange heat with the mold or the surrounding air, gradually approaching

an equilibrium temperature with the environment. The cooling process starts from the

external surfaces and progresses towards the center of the part. This temperature gradient

creates variations in local material properties due to distinct crystal structures, generating

undesired residual stresses in the final part. Therefore, mold design must consider the

cooling phase, for example by incorporating cooling channels and heat sinks to facilitate

even solidification of the part.

At the beginning of this stage, the material exhibits solid properties, typically with low

stress resistance, as the temperature remains close to the solidus point. With time, the

material gradually acquires its typical behavior and properties.

6 Numerical method

To numerically solve the equations in the model, the continuous domain must undergo

discretization through a definition of a mesh. Subsequently, a numerical method is se-

lected to solve the discretized equations. The primary numerical methods include Finite

Element Method (FEM), Finite Volume Method (FVM), and Finite Difference Method

(FDM), briefly explained below. These three methods could be solved with different
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formulations of the numerical problem such as Lagrangian and Eulerian. Furthermore,

these two formulations can be combined to derive formulations more suitable for specific

types of problems, such as Arbitrary Lagrangian-Eulerian (ALE) and Coupled Eulerian-

Lagrangian (CEL). Another specific formulation derived from the Lagrangian approach

is Smoothed Particle Hydrodynamics (SPH), which, while accurate, is computationally

demanding.

Each method and formulation comes with its own set of advantages and disadvantages,

and the choice is heavily dependent on the specific problem being modeled and the desired

results. In this work, the Finite Element Method (FEM) is employed in Abaqus with an

Eulerian formulation due to its accuracy in tracking material flows, which is essential for

simulating the filling phase of the casting process. Subsequently, a model is developed

using the Coupled Eulerian-Lagrangian (CEL) formulation to showcase its capabilities in

modeling both the mold as a solid and the flow of molten metal. Additionally, a model

with a Lagrangian formulation is implemented to simulate the thermal aspects during the

solidification and cooling phases. This choice is driven by its swiftness and the absence

of the need to consider flows inside the material during these particular phases.

6.1 Discretization

The problem at hand is represented by differential equations within a continuous domain,

but prior to solving it numerically, discretization is necessary. There are two approaches

to discretize the problem: Eulerian and Lagrangian. The Eulerian approach involves

computing the variation in time of physical properties at a fixed point. In contrast,

the Lagrangian approach solves the problem by tracking a particle and computing the

variation around it.

Figure 4: Eulerian vs Lagrangian [31]

6.2 Finite Element Method (FEM)

The Finite Element Method (FEM) involves discretizing the domain into elements com-

posed of nodes and edges, where the properties values are stored. The method then

approximates the unknown function over the element domain. These approximations

form a system of algebraic equations that can be expanded to consider all the degrees of

freedom in the problem and subsequently solved. The shapes of these functions, which

define the properties within the element, depend on the number of nodes, the shape of
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the element, and the properties of the element. In the context of the heat equation, the

FEM formulation is expressed as [6]:

KT + CṪ = F (6.1)

In the given context, where K represents the conductivity matrix, C stands for the

capacity matrix, T is the vector of temperature, Ṫ is the vector of temperature derivatives

with respect to time and F is the vector of external loads, inclusive of both thermal loads

and forces. In stress and strain analysis, the Finite Element (FE) formulation is as follows:

σ = K · d (6.2)

Where σ is the stress vector, K is the stiffness matrix and d is the vector of displace-

ment of the nodes.

6.3 Finite Volume Method (FVM)

The Finite Volume Method (FVM) relies on solving conservative laws in integral form.

Specifically, for conservative discretization, the sum of the solution in a sub-domain Ωi

with i = 1, 2, 3...n is equivalent to the solution of the entire domain Ω =
∑n

i=1 Ωi. A

general conservation law is expressed as:

∂

∂t

∫
Ω

UdΩ = −
∫
S

F⃗ · n⃗dS +

∫
Ω

QvdΩ +

∫
S

Q⃗s · n⃗dS (6.3)

6.4 Finite Difference Method (FDM)

The Finite Difference Method (FDM) is a numerical technique employed to solve partial

differential equations (PDE). This method relies on the Taylor series expansion to solve

derivatives by computing finite differences from the truncation of the limit that defines

the derivative. The approach involves discretizing the domain into small control volumes

with constant properties inside. For instance, the first-order forward 1st derivative in x

can be expressed as:

∂u

∂x
= lim

x→0

u(x+∆x)− u(x)

∆x
(6.4)

By eliminating the limit and expressing u(x+∆x) as a Taylor expansion, the partial

derivative of u with respect to x in the point i is obtained as:

∂u

∂x
|i =

u(x+∆x)− u(x)

∆x
+ ε (6.5)

Considering the truncation error ε, it is proportional to ∆xn, where n represents the

order of the formula, which, in this case, is first order

14



6.5 Coupled Eulerian Lagrangian (CEL)

The Coupled Eulerian Lagrangian method, also known as CEL, is a modeling approach

that facilitates the interaction between two bodies described in distinct formulations.

Typically, the problem is formulated with an Eulerian fixed domain containing a La-

grangian deformable body free to move. Initially, the Lagrangian domain is constrained

not to overlap with the Eulerian material instance but only with void regions [49]. The

assignment of material to a specific zone within the Eulerian domain is achieved through

the volume fraction method, which utilizes a variable to determine whether an element

contains material or not. To model the interaction between the two bodies, various in-

teraction properties, depending on the problem, must be defined. The CEL formulation

allows for large displacements with great material tracking accuracy without encountering

the errors associated with classic Lagrangian formulations.

6.6 Arbitrary Lagrangian Eulerian (ALE)

The Arbitrary Lagrangian-Eulerian (ALE) formulation combines the advantages of both

methods, offering accurate material tracking typical of the Lagrangian method and the

mesh regularity characteristic of the Eulerian method. This formulation utilizes two ref-

erence coordinate systems and meshes, one for each formulation along with an additional

arbitrary coordinate system and mesh [28] [35]. The supplementary ALE mesh moves

independently of the material, resulting in a velocity disparity between the material and

the mesh, dependent on how the ALE mesh is moving. Two specific cases represent

extremes: when the mesh moves with the material (Lagrangian) and when the mesh

remains stationary (Eulerian). This velocity difference constitutes the advective term,

representing the material flow through the mesh. In the ALE formulation, it is crucial

to compute the ALE mesh velocity with respect to the Eulerian mesh that tracks it, as

well as the relative velocity of the material with respect to the ALE mesh. This flexible

mesh movement approach helps maintain less deformed element shapes, facilitating easier

computations. The algorithm for solving ALE equations divides the timestep into two

phases. The first, a Lagrangian phase, computes the variations in velocity and internal

energy as the mesh moves with the material. The second phase calculates the transport

of mass, momentum, and internal energy across cells in the advection phase. This ap-

proach enhances surface tracking accuracy and improves transport computations without

necessitating an extremely fine mesh.

The complexity of the ALE method lies in choosing the mesh update at each timestep—by

defining the velocity or displacement of the mesh nodes—since this choice significantly

impacts the results. Mesh regularization approaches, maintaining the mesh as regular as

possible to minimize distortion errors, offer one solution. Another method involves adap-

tive mesh movement to enhance accuracy, such as refining the mesh by moving nodes

toward zones with high gradients.
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6.7 Smoothed Particle Hydrodynamics (SPH)

The Smoothed Particle Hydrodynamics (SPH) is a Lagrangian method that discretizes

the domain without the need for a mesh. It assigns values of the quantity field to the

centers of elements, now considered particles, and establishes relations between these

particles based on the constitutive equation [27, 47]. The evolution of a quantity in a

particle depends solely on neighboring particles within a certain radius 2h.

A(r) =
∑
b

mb
Ab

ρb
W (r− rb, h) (6.6)

Here, W represents the interpolating kernel, h is the interpolation length, Ab is the

value of the quantity A at rb, and mb and ρb are the mass and density of neighboring

particles, respectively.

Boundary conditions can be imposed by introducing boundary particles that interact

with other particles through forces. This method proves useful for simulating free surface

flow, as its Lagrangian nature ensures automatic tracking of the flow. Additionally, since

particles contain all computational information and do not rely on a mesh, issues related

to element deformation are avoided.

7 Simulation

To conduct numerical simulations, it is essential to have models that accurately describe

material behaviors while remaining simple enough for analysis and computation within

a reasonable timeframe. The model needs to account for fluid metal behavior during

pouring, solidification, and the subsequent behavior of the solid material during cooling.

In the liquid phase, an accurate mathematical model consists of the three Navier-Stokes

equations governing mass, momentum, and energy conservation. The boundary condi-

tions include the no-penetration condition of the mold by the fluid and the results of

the heat problem solved at the material mold interface. Heat exchange occurs through

convection, conduction, and radiation for the fluid, while the solid experiences only ra-

diation and conduction [34]. The heat problem within the mold can be simulated, or

boundary conditions on the fluid can be derived from theory or experimental results.

It’s noteworthy that during pouring, the mold is already filled with air, although not all

models account for this factor.

In the case of metals, the solid is denser than the liquid, causing the material to shrink

inside the mold during phase change, creating an air gap between the mold and the part.

This affects final dimensions, tolerances, and heat flux during the casting process [3].

After the solidification, the material constitutive equations are the generalized Hook’s

law, relating strain and stress, and Fourier’s law, relating heat flux and temperature.

Boundary conditions involve imposing temperatures or heat fluxes at the interface and

preventing penetration. At the solid-liquid interface, there are transfers of mass, mo-

mentum, heat, and species, influenced in part by the phase change. Mass transfer is
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proportional to the velocity of the interface related to the phase change, while momen-

tum, heat, and species transfers are proportional to mass transfer. Additional sources

of momentum, heat, and species exchange include convection and diffusion. For momen-

tum, this involves dissipative stress caused by the flow moving around a solid for the

liquid part, following Darcy’s law [8] and a solid moving in a liquid, where a drag force

is applied. The momentum takes the form of a coefficient multiplied by the difference in

velocity between the two phases. Heat and species transfers are modeled as dissipative

stresses with proportional coefficients multiplying the difference in heat or concentration

between the solid and the interface.

7.1 Fluid and solid simulation

To numerically simulate phenomena involving both liquid and solid phases, a mathemat-

ical formulation of the problem is required to describe the distinct behaviors of the two

phases in a manner that is both accurate and straightforward to model and solve. The

model must incorporate a method for distinguishing between the domains and solving dif-

ferent equations or additional terms to consider their distinct physical behaviors. Various

approaches exist to achieve this:

• One approach is to model both phases as a liquid, requiring the solution of the

Navier-Stokes equations throughout the entire domain [17]. In this method, vis-

cosity is a function of temperature. For temperatures above the liquidus, it adopts

the normal viscosity of the fluid. For temperatures below the solidus, the viscos-

ity becomes infinite. Between these temperature limits, viscosity takes on a value

between the normal viscosity and infinity, effectively simulating the coexistence of

solid and liquid within the cell [32].

µ =


µl(T ) T > Tl

0 < µ < ∞ Ts < T < Tl

∞ T < Ts

(7.1)

In this approach, where Ts represents the solidus temperature, Tl the liquidus tem-

perature, and µ denotes viscosity. A similar strategy involves treating the solid as

an extremely viscous medium. However, in this case, viscosity in the mushy zone

is correlated with the solid fraction rather than directly with temperature [33].

• Another approach to model the interaction between solid and liquid involves consid-

ering the entire domain as a fluid. In the solid region, penalization terms are added

to the momentum equation to enforce rigid body modes inside the solid [19,20]. The

penalization term, βχs(ui − ul), comprises the penalization parameter β (typically

greater than 106), the characteristic function of the solid χ, and ui representing the

rigid body velocity (average of velocity and angular velocity of the solid), while ul

denotes the flow velocity.

• Simulation can be conducted using two distinct software, one for Computational

Fluid Dynamics (CFD) and another for stress and strain analysis, with coupling

mechanisms in place [18]. The coupling process exchanges information between

the fluid simulation and the structural analysis. Specifically, the fluid loads on
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the structure from the previous time step, expressed as pressures, are transmitted

to the Finite Element Method (FEM) simulator to compute displacements for the

current time step. Subsequently, these displacements are conveyed to the CFD

simulation to calculate fluid loads at the current time step. This iterative process

continues, emphasizing the importance of synchronizing time steps for accurate

coupling between the two simulations.

• The Immersed Boundary Technique builds upon the Arbitrary Lagrangian-Eulerian

(ALE) method and employs a dual-mesh approach—comprising a background Eu-

lerian mesh for the fluid and a Lagrangian mesh for the solid [?,25]. The interaction

between the two involves surface forces F⃗ and body forces B⃗ calculated within the

Lagrangian mesh. These forces are then transferred to the fluid through appropri-

ate boundary conditions in the momentum equation. The mass and momentum

equations are solved while considering the movement of the solid with local velocity

and adhering to traction boundary conditions (no-slip) to couple the two domains.

A similar approach, the Coupled Overlapping Domain technique (COD) [21], also

employs a dual-mesh structure. In addition, it can activate or deactivate nodes in

the background based on the Lagrangian mesh’s position, addressing the issue of

fictitious fluid in the overlapped zones encountered in the Immersed Boundary ap-

proach. The solid-fluid coupling is accomplished by imposing the condition v = u̇ at

the boundary, where v represents fluid velocity and u denotes solid nodal displace-

ment. In both methods, the algorithm revolves around solving for velocity and

pressure in the fluid (Eulerian mesh), computing forces in the solid (Lagrangian

mesh), transmitting them to the fluid, and ultimately updating the Lagrangian

mesh.

• The coupling of a deformable solid with an incompressible fluid can be achieved

through an Eulerian formulation for both components [22]. In this approach, the

Eulerian solid employs a material space coordinate field from which the displace-

ment field u is computed. This displacement field is then used to calculate the

deformation gradient F⃗ using the expression:

F⃗ =

(
I⃗ − ∂u⃗

∂x

)−1

(7.2)

Here, F⃗ and a constitutive model are utilized to compute the internal forces within

the solid.

To facilitate computations and apply appropriate models, the position of the solid

is tracked. This tracking mechanism also enables the handling of contact between

solids. The coupling is achieved by solving the momentum equation, incorporating

an elasto-plastic/hyper-elastic model for the stress tensor σ in the solid domain

and setting σ = 0 in the fluid domain. The entire system is solved using the

Finite Element Method (FEM), where stiffness and mass matrices are computed,

accounting for the presence of either solid or liquid. Velocity, displacement, and

force values are stored at the nodes, while pressure is stored at the center of the

cells.

• One approach to simulate the solidification process involves solving the solid con-

stitutive equation to obtain the stress tensor σ⃗, considering the strain rate as

18



ε̇ = ε̇el + ε̇ie + ε̇th (7.3)

Here, the subscripts el, ie, and th respectively denote elastic, inelastic, and thermal

components.

To account for the liquid zone, a constitutive law is chosen such that, when the

temperature is higher than the solidus temperature, it results in negligible strength

and stress [23]. This is achieved in the elastic-perfectly plastic model by imposing a

yield stress σy = 0.03 MPa to eliminate the strength of the liquid. Alternatively, the

rapid creep rate function is employed, imposing a viscoplastic relation that generates

strain as a penalization term proportional to the difference between the equivalent

stress and the yield stress. All equations are solved using the Finite Element Method

(FEM) solver ABAQUS, with the implementation of user subroutines.

• The Extended Finite Element Method (XFEM) offers a solution for tracking the

liquid-solid interface without the need for continuous mesh updates, as opposed to

the classical Finite Element Method (FEM). XFEM achieves this by enriching nodes

and elements close to the discontinuity with additional basis functions to capture

the desired features [26]. A level function is employed to track the interface, locating

it where the function has a zero value.

The FEM formulation of the problem must satisfy both mechanical equilibrium,

represented as [K]{u} = {F}, and thermal equilibrium, given by [KT ]{T} = {Q},
where [K] and [KT ] are stiffness matrices, u is displacement, T is temperature, and

Q is the thermal force. The matrices [K] and [KT ] exhibit discontinuities due to

the interface, and the elastic modulus matrix [D] and the thermal conductivity k

must be appropriately chosen to reproduce solid or liquid behavior.

7.2 Solid/liquid interface

During the casting process, a binary system of solid and fluid forms. The two phases

exhibit distinct properties, leading to a discontinuity at the interface. Moreover, as

the material undergoes solidification, changes in properties result in density variations,

inducing natural convection that shifts the interface. Consequently, tracking the interface

becomes imperative. The Stefan condition represents the heat condition at the interface,

yielding the normal velocity of solidification, denoted as the interface velocity:

Vn =
1

ρsLf

[
ks

(
∂ϕ

∂n

)
s

− kl

(
∂ϕ

∂n

)
l

]
(7.4)

Here, ϕ represents temperature, subscripts s and l denote solid and liquid, n is the

normal vector, and k is the conductivity [36]. Neumann expanded upon Stefan’s work [16],

considering two phases in the study of the melting of an infinite slab with non-constant

temperature. This purely thermal problem provides an analytical solution applicable to

rectangular coordinates [15]. Interface tracking methods vary between Lagrangian and

Eulerian approaches. The former employs an evolving mesh that tracks the free surface

by moving nodes, while the latter uses a fixed mesh with an additional variable φ that

signifies the state of the interface.
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Figure 5: Lagrangian approach (left) and Eulerian approach (right) [35]

Additionally, alternative methods exist for tracking the surface [35]. The Particle-in-

Cell (PIC) method, for instance, adopts a meshless approach utilizing massless particles

(markers) that move with the flow, as illustrated in Figure 6. Another approach employs a

level set function φ, where a value of zero indicates the interface, and positive or negative

values delineate the two sides of the surface, as depicted in Figure 7.

Figure 6: PIC [35]
Figure 7: level function [35]

Another approach involves using the pseudo-concentration function [41], where a func-

tion F varies between -1 and 1 across the interface, following a first-order pure advection

equation.

∂F

∂t
+ (u⃗ · ∇)F = 0 (7.5)

7.3 Volume of fluid

The Volume of Fluid (VOF) method is employed to model multiphysical phenomena,

particularly the interface of phase-change materials and the simultaneous presence of one

or both phases in the computational domain [7,33]). The volume fraction, denoted as α,

characterizes the distribution of fluids within a cell:

α =


1, cell contains fluid A

0 < α < 1, cell contains interface

0, cell contains fluid B
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The transport equation for α is given by:

∂α

∂t
+∇ · (αu) +∇ · (urα(1− α)) = 0

where ur represents the relative velocity.

To extend this model beyond structural phase changes, thermal analysis is incorporated.

The specific enthalpy equation accounts for the sensible heat of the fluid and the latent

heat of the material going through phase change:

h =

∫ T

Tref

cp dT + αγ(T )L = cp(T − Tref) + αγ(T )L

where α serves as an auxiliary variable defining the cell composition, Tref is the ref-

erence temperature, cp is the specific heat at constant pressure, and γ(T ) ∈ [0, 1] is the

melt fraction. The melt fraction, a function of temperature, is defined as:

γ(T ) =


0, T < Tsol, (solid)
T−Tsol

Tliq−Tsol
, Tsol ≤ T ≤ Tliq, (mushy zone)

1, T > Tliq, (liquid)

Here, Tsol and Tliq represent the solidus and liquidus temperatures, respectively. In

this temperature range, some parts of the metal are solid, while others remain liquid, and

this is modeled by incorporating a term in the momentum equation derived from Darcy’s

law ( [8]) that describes the slow movement of fluid in a porous medium ( [7]).

7.4 Mushy zone

During the solidification process, a mushy zone emerges in the domain, representing the

coexistence of the two phases, liquid and solid. Several methods exist to model solidifica-

tion, one of which is the continuous nucleation model. This model describes heterogeneous

nucleation in both the melted pool and at the mold surface using a Gaussian distribution,

with undercooling acting as the triggering factor for nucleation:

n(∆T ) =

∫ ∆T

0

dn

d(∆T )
d(∆T ) (7.6)

Here, n is the grain density, and ∆T is the local undercooling. The automaton cell

method is employed to model microstructure, assigning parameters such as temperature,

state (liquid or solid), and crystallographic orientation. These parameters are updated at

each step, considering nucleation and growth kinetics, grain density, and dendritic growth

(modeled with KGT), and then coupled with the macroscopic model.

To address phase change in the mushy zone’s heat problem, the enthalpy form of the

energy conservation equation is often utilized [29,37,39], in some model the enthalpy is a
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piecewise function [30]. The enthalpy equation incorporates latent heat of solidification

as a source term [11]:

Sh =
∂

∂t
(ρfLL)−∇(ρu⃗fLL) (7.7)

Here, L is the latent heat, and fL represents the liquid fraction, indicating the presence

of solid, liquid, or mushy zones. The solid or liquid fraction is typically a function of

temperature [41], following the lever rule for binary alloys:

fl =
T − Tl

Tl − Ts

(7.8)

for Ts ≤ T ≤ Tl, where Ts is the solidus temperature and Tl is the liquidus tempera-

ture. fl has a value of one in the liquid zone and zero for the solid zone. More complex

models, such as the one presented in [11], introduce equations like:

fs =
(Tl − T ) + 2

π
(Ts − Tl)

(
1− cos

[
π(T−Tl)
2(Ts−Tl)

])
(Tl − Ts)(1− 2

π
)

(7.9)

Solidification in the mushy zone introduces additional terms to the momentum equa-

tion due to the movement of forming solid and liquid flow in the closing space around:

S⃗ =
µ

K
u⃗ (7.10)

Here, K is the permeability of the mushy zone, and µ is viscosity. Other models, like

the one in [41], distinguish between columnar interdendritic flow and equiaxed mushy

regions, introducing terms like:

S⃗ = K0
f 2
s

(1− fs)3
u⃗ (7.11)

Here K0 represents the permeability coefficient, and fs denotes the solid fraction.

This term is derived from Darcy’s law, capturing the interaction between the fluid flow

and the mushy zone. On the other hand, in the case of equiaxed mushy regions, instead

of introducing an additional term like in Equation 7.11, the viscosity is modified. This

modification is based on a function involving the viscosity of both solid and liquid phases

and the solid fraction 7.12. The solid viscosity is adjusted to a sufficiently large value

to effectively bring the velocity to zero within the solid region. This ensures that the

viscosity modification contributes to modeling the distinct behavior in equiaxed mushy

zones.

µmush = µl

(
µs

µl

)fs

(7.12)
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In another model for the mushy zone [9], a two-phase approach is taken for an isotropic

mushy zone where both solid and liquid phases can move. Conservation equations for

mass, momentum, and energy are formulated, accounting for phase transformations

caused by mass transfer. The mass conservation equation is the sum of the ones for

the solid and liquid and is defined as:

−(ρs − ρg)
∂gs
∂t

− gs

(
∂

∂t
+ v⃗s · ∇

)
ρs = ρl∇ · (glv⃗l) + ρs∇ · (gsv⃗s) (7.13)

Here gi is the volume fraction of phase i that is computed by the lever rule for a binary

alloy, ρi is the density of phase i and v⃗i is the velocity of phase i. The first term is the

solidification shrinkage the second one is the cooling contraction and both contribute to

the source term on the right side.

Some approximations are made (see [9]) and the conservation equation for the energy

with contributes from solid and liquid is written as:

−(gsρsCs + glρlCl)
∂T

∂t
+ (gsρsCsv⃗s + glρlClv⃗l) · ∇T = ∇ · [(gsλs + glλl)∇T ] + LΓ (7.14)

Here, Ci is the heat capacity, λ is the heat conductivity, L is the latent heat, and Γ

represents the mass transfer caused by phase transformation. The index i=[s,l] defines

the solid or liquid phase.

The momentum equation undergoes a similar treatment. In this context, the equations

for elastic and inelastic strain, denoted by ε, are derived under the assumption that

thermal-induced deformation is exclusively present in the solid phase. The momentum

exchange between the two phases is governed by Darcy’s law [8]:

M⃗ =
1

K(gl)
g2l µ(v⃗l − v⃗s) (7.15)

Here, µ represents viscosity, and K denotes permeability. The stress-strain relation-

ship for the mushy zone follows the creep law, with the parameters n and k being functions

of the volume fraction of the liquid phase and the volume fraction of the coherent liquid

phase:

gsσ⃗s = kεns (7.16)

Yet another model [10] describes the entire domain as a mixture of solid and liq-

uid, employing only the conservation equations for mass, momentum, and energy. This

approach considers the material as a continuous blend of the two phases.

7.5 Boundary condition

Boundary conditions during casting are contingent on the chosen model, encompassing

both thermal and mechanical aspects. Mechanical boundary conditions vary significantly
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based on the chosen model and the materials involved. For the liquid phase, a no-

penetration condition with the solid is generally imposed. Additionally, conditions of slip

(for inviscid fluids) or no-slip (for viscous fluids) are considered. As for the solid phase,

boundary conditions include no penetration with the mold and no slip, often expressed

as normal traction forces 7.17 and tangential traction forces 7.18 [41].

σn = −p+ 2µ
∂un

∂n
(7.17)

στ = µ

(
∂un

∂τ
+

∂uτ

∂n

)
(7.18)

Considering n and τ as the normal and tangential vectors, and µ as the viscosity,

thermal boundary conditions can be expressed either as Dirichlet conditions by imposing

a temperature (at the interface with the mold or with the air) or as Neumann conditions

by imposing a heat flux at the interface.

Throughout the solidification process, the density of the specimen increases, leading to

shrinkage. This results in a change in the thermal boundary condition with the mold

[34, 39]. Initially, when the material is in direct contact with the mold, heat exchange

occurs over the entire surface through conduction 7.19. Subsequently, as an air gap

begins to develop, heat exchange differs because only the asperities are in contact, and

eventually, it occurs exclusively through the air gap [12]. This gap can be modeled using

diffusion 7.20 or Newtonian heat transfer 7.21 (refer to [34]).

(
∂ϕ

∂n⃗

)
m1

=

(
∂ϕ

∂n⃗

)
m2

and ϕm1 = ϕm2 (7.19)

Km

(
∂ϕ

∂n⃗

)
m

= Ks

(
∂ϕ

∂n⃗

)
s

(7.20)

Km

(
∂ϕ

∂n⃗

)
m

= hi(ϕm − ϕs) (7.21)

In the context where Φ represents temperature, m, s, and a stand for the mold,

the solid, and the environment, K is the thermal conductivity, h is the Newtonian heat

transfer coefficient, and n⃗ is the normal vector at the boundary. The convective heat

transfer can also be expressed as a function of the Nusselt, Grashof, and Prandtl numbers

(Nu, Gr, and Pr respectively) [40].

7.6 Thermo-mechanical model

The viscoelastic/plastic model is the most comprehensive approach to describe the thermo-

mechanical behavior of a metal during casting. It is formulated by a set of five equations.

σ = Dεe (7.22)
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εe = ε− εT − εv − εpc (7.23)

εT = α∆T (7.24)

εv = f(σn, T, ε, s) (7.25)

εpc = βfs (7.26)

Here, D denotes the stiffness matrix, ε represents the total strain, and the indices T ,

v, pc correspond to thermal, viscous, and phase change components, respectively [13].

The thermal strain is defined as the change in temperature multiplied by the coefficient

of thermal expansion. The phase change strain is determined by the alteration in solid

fraction multiplied by the volumetric contraction. The viscous strain is derived from the

law of power creep at low temperatures and follows the Norton-Hoff law.

εv =
(σnet

K

) 1
m

(7.27)

Here, K represents the consistency of the metal, σnet denotes the stress exceeding

the threshold where viscoplastic phenomena occur, and m is the strain rate sensitivity.

The overall strain can also be considered as the sum of elastic and irreversible strains,

both dependent on the phase state. In certain scenarios, the molten phase may be

approximated as a solid. For instance, this approximation is applicable when the molten

pool is small and appears for a short duration. The phase transformation induces strain

in the material, resulting from changes in density. Additionally, there are models for

thermal, viscous, and plastic strain [14].

εthsol = αsol[θ − θref ]I (7.28)

ε̇vismel =
1

ηbismel

σ (7.29)

ε̇plsol = λ
∂Φ

∂F pl
loc

(7.30)

Here, α denotes the isotropic heat expansion coefficient, θ represents the temperature,

θref is the reference temperature, λ stands for the Lagrange multiplier, and Φ is the yield

function. F pl
loc represents the local plastic driving force, ηvismel is a viscosity-related material

constant, and σ is the stress. All the strain terms (thermal, elastic, and inelastic) can

also be expressed in the form of strain rate ε̇ since the generation of stress is a transient

phenomenon during solidification [38].

The Helmholtz free energy density Ψ(ε, θ, ν), which depends on stress ε, temperature θ,

and another internal variable ν, is employed to model the material [14]. The Helmholtz

free energy comprises a thermal part, which is a function of temperature, and a mechanical

part, which is a function of strain. The strain can be readily computed from the energy

equation.

σ⃗ = ρ
∂Ψ

∂ε
(7.31)
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During the cooling and solidification process, the material in contact with the mold

experiences lower temperatures than the material within. This discrepancy results in dis-

tinct thermal histories, giving rise to residual stress and deformation within the material

due to the temperature gradient.

Figure 8: Shell solidification without friction [38]

7.7 Abaqus theory

7.7.1 Eulerian formulation

The Eulerian formulation is based on a fixed grid of elements through which the material

flows. This formulation outperforms the Lagrangian approach for problems involving sig-

nificant material deformation, as the grid remains fixed instead of being integral with the

material. In this approach, material is not assigned to an element but can move through

the grid, requiring computation of the material boundary at each time increment to track

its position.

In Abaqus/Explicit, the Eulerian formulation is based on the volume of fluid method

(paragraph 7.3), used to compute the Eulerian volume fraction (EVF). This method en-

ables an Eulerian element to contain multiple materials. For each element, the sum of

all material contributions to the volume fraction must equal one, ensuring the element is

fully occupied. Otherwise, Abaqus fills the element with a fictitious material, ”void,” to

satisfy the condition EVF=1. The material’s external boundary is computed based on

the EVF, approximating it as a planar face inside the element with EVF¡1. Elements with

EVF=1 are considered inside the volume occupied by the material, and nodal averaging

algorithms can address visualization issues resulting from this approximation.

The Eulerian time incrementation algorithm consists of two phases: a Lagrangian phase

followed by an Eulerian phase, known as Lagrange plus remap [57]. In the Lagrangian

phase, nodes follow materials, causing element deformation. In the Eulerian phase, grid

deformation stops, and elements with greater deformation are re-meshed. Material flow

is computed through the relative motion of nodes with respect to the material, and state

variables of the material follow the material itself during advection. Second-order ad-

vection is the default setting in Abaqus/CAE and considers linear distribution of the
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variable in the element, this is computed by quadratic interpolation of the value in the el-

ements and the adjacent ones. A first linear distribution is differentiated by the quadratic

function to compute the slope at the middle point. Then it is limited to be inside the

minimum and maximum of the value in the adjacent elements. This is done to guarantee

that the advection is monotonic and it is called flux limiting.

Eulerian nodes permit the addition of boundary conditions in the form of velocity and ac-

celeration. However, displacement is not allowed during the Eulerian phase, as automatic

re-meshing occurs. By default, materials can flow freely inside and outside the domain,

depending on the velocity at boundary nodes. If a boundary element is filled with more

than one material the material that will flow inside or outside the domain follows the

volume fraction of that element.

Elements compatible with Eulerian analysis in Abaqus are EC3D8R and EC3D8RT,

based on the Lagrangian elements C3D8R and C3D8RT, respectively, mechanical and

thermally coupled elements. These Eulerian elements allow the use of multiple materials

inside the element and support the Eulerian transport phase. Strain and temperature

are applied uniformly to all materials within an element, with state variables evolving

separately according to the volume fraction then the results are averaged.

Eulerian material interaction is, by default, defined as sticky behavior, enabling the trans-

mission of tensile stress at the interface. More complex interactions can be implemented

in Eulerian-Lagrangian simulations (CEL). The Lagrangian body will interact with the

Eulerian material and in the overlapped region the Eulerian elements will be filled with

void. The interface is tracked automatically, allowing the use of a regular Eulerian grid,

which is more efficient. The default contact condition for general contact (supported by

the Eulerian formulation) is hard contact for normal behavior, preventing penetration.

The default tangential behavior is frictionless, meaning there is no exchange of shear

forces.

7.7.2 Thermal equations numerical scheme

Fully coupled thermal-stress analyses are supported by Abaqus/Explicit, addressing tem-

perature and displacement fields simultaneously [52]. This approach is essential when

stress and temperature distributions are closely interrelated. The thermal component of

the problem is integrated using a forward difference scheme in time in Abaqus/Explicit:

θN(i+1) = θN(i) +∆t(i+1)θ̇
N
(i) (7.32)

Here, θN represents the temperature at node N, and i refers to the time increment.

This is an explicit scheme because it calculates the temperature at the next time step

solely based on the temperature value and its derivative at the current time step. The

derivative is computed at the beginning of each time step as:

θ̇(i)N =
(
CNJ

)−1
(
P (i)J − F J

(i)

)
(7.33)

In this equation, CNJ is the lumped capacitance matrix, F J
(i) is the internal flux vector,

and P J
(i) is the nodal source vector [58].
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The forward-difference operator is conditionally stable, and the stability condition limit

for the thermal problem can be approximated as:

∆t ≈ L2
min

2α
(7.34)

Here, Lmin is the minimum element dimension, and α = k
ρc
, where k is the thermal

conductivity, ρ is the density, and c is the specific heat.

7.7.3 Mechanical equations numerical schemes

Abaqus/Explicit relies on an explicit central-difference time integration method along

with the lumped (diagonal) form of the mass matrix [50]. The equations of motion are

given by:

u̇N

(1+ 1
2)

= u̇N

(1− 1
2)

+
∆t(i+1) +∆t(i)

2
üN
(i) (7.35)

uN
(i+1) = uN

(i) +∆t(i+1)u̇
N

(i+ 1
2)

(7.36)

Here, uN represents the degree of freedom on node N, and i is the increment number.

This explicit scheme calculates the next increment using the previously computed values

of velocity and acceleration.

The use of the lumped mass matrix is crucial for the efficiency of the explicit method, as

its diagonal nature simplifies the computation of its inverse. It is used to compute the

acceleration at the beginning of the increment as:

üN
(i) =

(
MNJ

)−1 (
P J
(i) − IJ(i)

)
(7.37)

Here, MNJ is the mass matrix, P J is the load vector, and IJ is the internal force

vector. In Eulerian elements, nodes may not require mass or inertia if the neighboring

elements are void.

The central difference scheme is stable, with stability dependent on the highest frequency

of the system. Abaqus introduces a small damping as bulk viscosity to control oscillations

at high frequencies. The stable time increment can be expressed in terms of the smallest

element dimension and the dilatation wave speed:

∆t ≈ Lmin

cd
(7.38)

Here, Lmin is the smallest element dimension, and cd is the dilatation wave speed. This

condition ensures that material cannot flow across more than one element in a single time

increment. This ∆t is not a conservative estimation and for 3D problem it is divided by

a factor between
√
3 and 1. The reported stable time increments during the simulation

can be found in the status file. Further details about the FEM formulation in Abaqus

can be explored in the Abaqus guide [59].
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7.7.4 Equation of State

For modeling hydrodynamic behavior, Abaqus provides support for various equations. In

this study, the Linear Us − Up Hugoniot form is employed to characterize both air and

aluminum:

pH =
ρ0c

2
0η

(1− sη)2
(7.39)

Here, c0 represents the bulk speed of sound, and s is the slope of the linear Us − Up

Hugoniot form of the equation of state. The relationship between particle velocity Up

and shock velocity Us is defined by the material parameter c0 as

Us = c0 + sUp (7.40)

This leads to the linear Us − Up Hugoniot in the form

p =
ρ0c

2
0η

(1− sη)2

(
1− Γ0η

2

)
+ Γ0ρ0Em (7.41)

Here, Em denotes energy per unit of mass, Γ0 is a material constant representing the

Gruneisen ratio, and η is the nominal volumetric compressive strain.

8 Model definition

This study focuses on developing a Finite Element Method (FEM) model for casting

simulation in Abaqus and subsequently analyzing the results by comparison with the

commercial software InspireCast.

Throughout the model development phase, various assumptions and decisions were made

to carefully select parameters and problem formulations. The objective was to ensure

that the simulation time remains sufficiently short to serve as an effective tool for virtual

manufacturing, without compromising the accuracy of the results. It is crucial to note

that the primary goal of this work is to create a robust FEM casting model and assess

its validity and accuracy. The emphasis is on understanding the utilization of the FEM

solver Abaqus to simulate the intricate casting process, rather than optimizing mold ge-

ometry to reduce defects in final parts. A balance was requested in choosing the geometry,

which needed to be complex enough to depict the flow of molten aluminum and capture

potential air entrapment during filling and solidification phases. Simultaneously, it had

to be simple enough to facilitate the creation of a mesh with an optimal element count

and regular shapes, ensuring efficient simulation times.

Below is a general overview of the main assumptions, with detailed explanations of the

decisions made during the model’s development provided in the subsequent Abaqus sec-

tion (refer to paragraph 8.2). The initial decision was to employ an Eulerian formulation,

offering precision in tracking molten aluminum during filling and the ability to capture
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multiple materials, including air. Eulerian simulations show shorter computation times

compared to other formulations like Coupled Eulerian-Lagrangian (CEL) and Arbitrary

Lagrangian-Eulerian (ALE). However, drawbacks include the absence of the mold in the

model, necessitating proper boundary conditions (mechanical and thermal). Abaqus pro-

vides specific conditions for mechanical Eulerian boundary conditions in the load module,

allowing users to define material flow properties on external surfaces. For the mechanical

one more assumption have to be made considering Abaqus capabilities. While Eulerian

simulations offer advantages, they also come with limitations in Abaqus, such as the in-

ability to have density as a function of temperature and the inability to import a thermal

map for boundary conditions. These limitations impact the model’s accuracy in tracking

shrinkage during the solidification phase.

To complement this work, a CEL model is also developed as an extension of the Eulerian

model. The CEL model simulates the mold with a Lagrangian domain, eliminating the

need for assumptions in the thermal problem. However, this formulation requires track-

ing the overlap of Eulerian and Lagrangian domains, and interaction properties must be

defined. While providing enhanced result accuracy, CEL simulations have longer compu-

tation times, making them practical only with substantial computational resources. In

this work, a simplified CEL model is developed to illustrate its capabilities.

After analyzing the results of the Eulerian model, a Lagrangian model is also devel-

oped to monitor the evolution of the thermal problem for both the mold and the cast

part throughout the entire solidification and cooling phases. This formulation does not

consider the movement of the molten metal still present at the end of the filling phase.

However, it provides a significantly faster yet accurate method for tracking the evolution

of the temperature field over an extended period, with shorter run times compared to the

Eulerian approach.

8.1 Inspirecast

InspireCast, developed by Altair, serves as a casting simulation environment specifically

tailored to support the manufacturing design phase. Engineered for user-friendly in-

teraction, it streamlines simulations by automating numerous actions, enabling rapid

assessments without the need for extensive parameter configuration. This tool proves

invaluable throughout the design process, aiding in the elimination of defects such as air

entrapment, cold shuts, and shrinkage in the final product.

Creating a casting simulation in InspireCast involves two main steps: defining the geom-

etry and specifying the casting process. The initial step requires defining the part’s ge-

ometry, achievable through InspireCast’s CAD capabilities or by importing a pre-defined

geometry from a dedicated CAD tool. Once the part’s geometry is established, subse-

quent actions involve defining the cast part, material, mold, gates, and other components,

along with detailing the casting process. InspireCast allows users to assign the status of

a cast part to solid objects, to differenciate other parts such as inlets, risers, and molds.

Material selection is facilitated through a built-in library offering various options, in-

cluding cast-iron, aluminum, brass, copper, magnesium, and steel. Material properties,

accounting for fluid and solid characteristics at varying temperatures, include dynamic

viscosity, density, conductivity, specific heat, latent heat, solidus, and liquidus temper-
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ature, volumetric shrinkage, solid fraction, Poisson ratio, thermal expansion coefficient,

Young modulus, and yield stress. Upon defining the material, users must specify the

pouring temperature of the metal, with InspireCast providing recommended initial tem-

peratures for each material.

The next step involves designing gates, which can be done by importing a dedicated

geometry or through InspireCast’s rapid definition of inlet surfaces without additional

geometry requirements. Subsequently, the mold is defined, accompanied by additional

features such as risers, cooling systems, and cores. InspireCast streamlines this process

by automatically generating mold geometry without requiring extensive user input.

The final step involves defining the casting process, offering choices like gravity, high pres-

sure, low pressure, and general processes. InspireCast suggests initial process parameters,

such as filling time, pressure, or velocity, providing flexibility for manual adjustments.

Throughout the model definition, InspireCast provides automatic suggestions, allowing

users to conduct quick preliminary simulations while also offering the flexibility for ex-

pert users to manually fine-tune parameters, making it accessible to both beginners and

seasoned professionals.

8.1.1 Model

The chosen geometry remains consistent to facilitate direct comparison between casting

simulation results obtained from Abaqus and InspireCast. The model geometry derives

from the requirement for a complex geometry that allows for in-depth analysis of flow

patterns and potential defects in the cast part. Simultaneously, the geometry is kept

sufficiently simple to prevent excessively long simulation run times, especially within

Abaqus. The selected design features a piston head with a double inlet channel affixed

to the bottom side and a riser on the top surface. To introduce complexity, holes were

strategically incorporated on the sides, and two o-ring grooves were added.

Figure 9: Geometry of the cast part (piston head) with inlet ducts and riser

The geometry was initially created and scaled in the Abaqus CAD environment before

being imported into InspireCast. The initial step involved assigning the status of a cast

part to this geometry, along with specifying the material and filling temperature. The

chosen material is aluminum A7075, an alloy primarily composed of around 5.5% zinc,
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with additional elements such as magnesium and copper. This alloy is known for its

excellent mechanical properties and corrosion resistance.

The measurement system was set to [mm Kg N s] as the imported geometry was designed

in millimeters. InspireCast offers flexibility in selecting different measurement systems

based on the design and properties used. It automatically handles conversions without

requiring input from the user. The material properties of A7075 in InspireCast are defined

over a temperature range from a minimum of 298.15 K (25 °C) to a maximum of 973.15

K (700 °C). The following diagrams illustrate the curve of A7075 material properties as

a function of temperature.

Figure 10: A7075 density curve data

from Inspirecast

Figure 11: A7075 specific heat curve

data from Inspirecast

Figure 12: A7075 conductivity curve

data from Inspirecast

Figure 13: A7075 Poisson ratio curve

data from Inspirecast

Figure 14: A7075 yield stress curve data

from Inspirecast
Figure 15: A7075 Young modulus curve

data from Inspirecast
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It is important to note that the two following curves, the solid fraction and the

viscosity are defined only for the temperature interval in which the liquid phase is present

as the properties do not have value for the solid state.

Figure 16: A7075 solid fraction curve

data from Inspirecast

Figure 17: A7075 dynamic viscosity

curve data from Inspirecast

Following the definition of geometry and material in InspireCast, the next step involves

specifying the inlet by selecting its shape, position, and dimensions. In this simulation,

the inlet ducts were pre-defined in the imported geometry. Consequently, the top hori-

zontal faces of these ducts were selected as the inlet. The areas have a diameter of 5 mm,

resulting in a total inlet surface area of 1.57× 10−4m2.

Figure 18: Inlet position in the Inspirecast model

The next step involves defining the mold, which is an automated feature in Inspire-

Cast. By selecting the corresponding command, the software automatically generates a

mold that encapsulates the part, typically taking on a generic parallelepiped shape.
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Figure 19: Mold generated automatically by Inspirecast

The final mandatory step to complete the model is defining the casting process, with

options including general process, gravity, high pressure, and low pressure. In this case,

the general process was chosen, providing the flexibility to set parameters such as inlet

velocity or filling time. Specifically, an inlet velocity of 2×103mm/s was selected to align

with the same boundary condition applicable in Abaqus.

Before launching the simulation, the user must specify whether to simulate only filling,

solidification, or both. Additionally, the mean thickness and the temperature at which the

mold will be opened are required inputs. InspireCast automatically selects these param-

eters; for this work, the mean thickness is 11.72 mm, and the opening mold temperature

is set at 673.15 K (400 °C). Upon launching the simulation, InspireCast automatically

generates the mesh and proceeds with computing output parameters, including temper-

ature, velocity, solid fraction, mold temperature, porosity, and air entrapment for filling,

cooling, and demolding phases.

8.2 Abaqus

In this study, the Abaqus software, a Finite Element Analysis (FEA) tool developed by

Dassault Systèmes, is employed for simulating the casting process. Abaqus is renowned

for its capability to compute various parameters such as stress, strain, displacement,

velocity, and temperature. Specifically, it is used here to simulate a casting process

involving the solution of thermal and mechanical equations. The model is created through

a series of modules, each allowing the definition of specific aspects of the modeling process:

Part Module: Allows users to import a CAD model or utilize Abaqus CAD capabilities

to define part geometry.

Property Module: Enables the definition of materials and their properties, assigning

materials to sections specifying the type of parts (solid, shell, etc.) and their char-

acteristics (homogeneous, Eulerian, composite, etc.).
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Assembly Module: Involves positioning parts together in a coordinate system and per-

forms Boolean operation on them.

Step Module: Allows the creation of simulation steps, offering various possibilities such

as static, dynamic, thermal, electric, implicit and explicit simulations, with the

inclusion of field and history output requests.

Interaction Module: Focuses on creating and assigning interactions, constraints, con-

nectors, and fasteners between parts.

Load Module: Allows users to define loads, boundary conditions, and fields.

Mesh Module: Involves defining the mesh, selecting the type and shape of elements,

and subsequently meshing the parts.

Optimization Module: Provides the capability to create an optimization process by

setting constraints or objectives within the simulation.

Job Module: After defining all model parameters, this module is used to create and

manage the job for running the simulation.

Visualization Module: Allows users to visualize the output of the job requested in the

step module.

Sketch Module: Provides a platform for drawing sketches.

In the upcoming sections, these modules will be explored in detail, elucidating the

step-by-step procedure for creating an Eulerian aluminum casting model in Abaqus.

8.2.1 Part

The initial step in creating a model is to define the geometry. In Abaqus, this is accom-

plished within the ”Part” module. The part list for this model includes inlet ducts, a

riser, and a piston head. These parts are individually created and subsequently assembled

in the assembly module.

All components are designated as 3D Eulerian in the ”Create Part” menu. For the inlet

ducts, the swept solid function is employed, specifying both the sweep path and section.

The piston head exhibits a more intricate shape, requiring a multi-step creation pro-

cess. Initially, a cylinder is formed using the ”Extrude Solid” command (radius=0.05m,

height=0.1m). Subsequently, two circular crowns are generated as o-ring grooves (radius:

max=0.055m, min=0.045m, height=0.005m). Another smaller cylinder defines the in-

ternal empty volume of the piston head (radius=0.035m, height=0.08m). The riser is a

cylinder (radius=0.03m, height=0.13m). Lastly, two small cylinders create the side holes

– the first generating two circular holes in the side wall (radius=0.0125m), and the second

forming two semicircular holes at the bottom of the piston head (radius=0.03m).

It is noticeable the great dimensions of the riser, that derive from studies performed in

previous models and will be explained in the result section.

8.2.2 Properties

The subsequent step in model creation involves defining the materials utilized in the

simulation and assigning them to the respective volumes. In Abaqus, material prop-

erty definition is carried out in the ”Properties” module within the ”Create Material”
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menu. This entails assigning a name and specifying material behaviors. To allow mate-

rial assignment in subsequent modules, it is necessary to create a section. The section is

established by indicating the type of part to which the material will be assigned, in this

case, Eulerian. Subsequently, the materials created earlier are selected for assignment.

The initial task is to create the materials: aluminum and air. All properties must adhere

to the same unit system; in this work, the International System of Units (SI) is employed.

The material properties for air are considered constant, as their variation does not sig-

nificantly impact the results given the other assumptions made for aluminum properties.

For air, the chosen Equation of State (EOS) is a linear Us −Up Hugoniot equation. This

choice addresses issues created by the ideal gas equation during the evolution of the air

flow.

Air

density 1.2 Kg/m3

sound speed 343 m/s

specific heat 1000 J/Kg K

conductivity 0.026 W/m K

dynamic viscosity 1× 10−5 Kg/ m s

Table 1: Air mechanical and thermal properties

The primary assumption that introduces a degree of error into the simulation is the use

of a constant value for density due to Abaqus limitation in the Eulerian formulation of the

problem. This limitation prevents the accurate assessment of the shrinkage phenomenon

during the phase change and solidification. The density of aluminum varies in the range

from 2500 kg/m3 at around 1000 K (726.85 °C) to 2800 kg/m3 at 300 K (26.85 °C). A
value of 2700 kg/m3 is chosen, as for all temperatures below 800 K (526.85 K), the density

exceeds the selected value (refer to the graph in Figure 10).

Aluminium

density 2700 Kg/m3

latent heat 3.96×104 J/Kg

speed of sound 1500 m/s

Table 2: Aluminium mechanical and thermal properties

During the casting process, aluminum undergoes a phase change from liquid to solid,

which needs to be implemented in Abaqus material parameters. The Abaqus Explicit

Eulerian simulation only allows for one definition of material behavior, preventing the

insertion of two equations – one for the liquid phase and one for the solid phase. The

filling process requires a fluid material, so a linear Us −Up Hugoniot equation is selected

in the Equation of State (EOS) menu. This choice aligns with Abaqus guide information

on using this formulation to model incompressible viscous flow governed by the Navier-

Stokes equation of motion.
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To model the transition from liquid to solid, the assumption is made that a highly viscous

material will act as a solid if the simulation time is short enough. Viscosity can be defined

as a function of the Solid Fraction parameter [54]. Generally, after the material reaches

a Solid Fraction value above 0.7, it can be considered solid, as the forming structure

creates constraints to the fluid aluminum flow, which is now less than 30% of the volume.

This assumption dictates that the viscosity has a steep curve, increasing rapidly with

decreasing temperature in a range from 920 K (646.85 °C) to 870 K (596.85 °C). The
value of dynamic viscosity grows by five orders of magnitude from the initial value for

fluid aluminum, 1.2 × 10−3 kg/(m s), to a value of 100 kg/(m s). After this significant

variation, dynamic viscosity continues to increase until reaching a value of 5000 kg/(m s)

for a temperature of 800 K (526.85 °C) and remains constant for temperatures below this

threshold.

Figure 20: aluminum viscosity

To determine an appropriate viscosity value for modeling the solid phase, several tests

were conducted by varying the viscosity and observing the material behavior. To expedite

run time, a simple geometry was employed, a cube of aluminum that impact a planar

surface under the influence of gravity. Four viscosity values were tested, and the results

after t=0.85 s revealed significant deformation for viscosity up to 100 kg/(m s), which is

already 105 times greater than the viscosity of fluid aluminum. At 1000 kg/(m s), the ma-

terial began to exhibit solid behavior but still showed notable deformations. Ultimately,

the model with a viscosity value of 5000 kg/(m s) demonstrated a fully solid behavior

(figure 21) and was subsequently chosen as the viscosity for the solid aluminum in the

casting model.
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Figure 21: aluminum viscosity equal

5000 kg/(m s)
Figure 22: aluminum viscosity equal

1000 kg/(m s)

Figure 23: aluminum viscosity equal

100 kg/(m s)
Figure 24: aluminum viscosity equal

10 kg/(m s)

Aluminum conductivity and specific heat data are taken from Inspirecast A7075 ma-

terial properties.

Figure 25: aluminum conductivity Figure 26: aluminum specific heat

After defining the material properties, an Eulerian section needs to be defined to

assign materials to the part. The section is created with the create section command by

selecting the solid category and Eulerian type. Subsequently, the two materials, air and

aluminum, are assigned to the section.
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8.2.3 Assembly

In the assembly module, the previously created parts can be assembled to form complex

geometries. All the parts described before, including the inlet ducts, riser, and piston

head, are joined together. The piston head is created by performing boolean operations

on simpler parts, including an external cylinder, internal cylinder, two circular crowns, a

cylinder for the circular holes, and another cylinder for the semicircular holes. Initially,

these parts are added to the same space, positioned relative to each other, and then the

boolean operations are performed.

Figure 27: Assembly before boolean

operations
Figure 28: Final assembly

8.2.4 Step

In the Step module, the user specifies the type of analysis to be performed. Abaqus

is capable of performing Eulerian analysis only with explicit schemes. For this model,

which includes a thermal problem, a Dynamic, Temp-disp, Explicit analysis is chosen.

The explicit analysis, although slower than implicit ones due to instability issues in the

scheme, is necessary for solving the Eulerian formulation. The casting simulation involves

both displacement and temperature degrees of freedom, so Temp-disp analysis is the

correct choice to compute the evolution of all degrees of freedom.

Two steps are defined to allow a better definition of Boundary Conditions in the next

stages of model definition. Both steps follow the Dynamic, Temp-disp, Explicit procedure

but have different durations. The first step is created to simulate the filling phase with

a total time of 1.6 s, a duration derived from the Inspirecast simulation. The second

step represents the solidification phase and lasts for 4 s. This time is chosen to allow the
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solidification of the aluminum but does not represent the entire cooling phase, as FEM

simulations have substantially longer run times compared to Inspirecast. The output

request is set at 0.01 s, serving as a compromise between result accuracy and memory

usage.

8.2.5 Interaction

In the Interaction module, the user can define how different parts interact. General

contact is the only option available for models that include Eulerian parts. For purely

Eulerian models, interactions are not explicitly defined because Abaqus automatically

tracks material surfaces inside the volumes and computes their interactions and energy

exchange. In models that include Lagrangian bodies, such as CEL models, interaction

properties must be defined to allow Abaqus to compute the exchange of energy between

Lagrangian and Eulerian bodies. For Eulerian models, Abaqus, after the initial definition

of the material field inside the Eulerian volume, automatically tracks material’s external

surfaces.

Material position can be defined as a discrete field in this module by creating a part

that represents the initial volume of material and its position at t = 0 s. Abaqus then

computes the volume fraction for each Eulerian element partially or totally overlapped by

the part (for more information, refer to Section 7.3). This action needs to be performed

for every material involved in the model, as Abaqus has the capability to take into account

multiple materials, such as air and aluminum in this model. For simpler geometries or

geometries that are partitioned in a manner where a single or multiple partitions are

entirely filled with a single material, the material assignment can be made as a uniform

field in the load module, as performed in this work.

8.2.6 Load

In this module the user could define loads, boundary conditions and fields.

• Loads

Loads can only be added in the user-defined step and not in the initial one al-

ready present in Abaqus. In this work, only gravity load is defined with a value

of −9.8m/s2 along the Y-axis, applying to the entire model for every step of the

simulation.

• Boundary Conditions

Boundary conditions are essential as the absence of the mold needs to be substituted

by appropriate mechanical and thermal boundary conditions. The first condition

to define is the non-penetrability of the mold by the material. On all the Eulerian

external surfaces where the mold is supposed to be, an Eulerian boundary condition

of ”inflow=none” and ”outflow=none” is imposed (see Figure 31). In addition, the

circular crown on the top surface is closed to resolve numerical errors that arise at

sharp corners. The remaining surfaces are the two inlets and the riser (outlet). For

the inlets, the imposed conditions are ”inflow=free” and ”outflow=equilibrium” for

the filling step and ”inflow=none” and ”outflow=none” for the cooling step to stop
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the aluminum from continuing to flow inside the domain. For the riser, the Eulerian

boundary conditions for both steps are ”inflow=free” and ”outflow=equilibrium”

as the air can continue to flow inside the domain for the entire duration of the

simulation. With Eulerian boundary conditions, Abaqus computes the material

that enters or exits the domain using information about normal velocity to the

boundary and the material on the elements at the boundary. This means that if

the material has a negative normal velocity at an open boundary, the same material

continues to flow inside the domain, as it happens at the inlet. For a positive

normal velocity, the material exits the domain, and the ”equilibrium” condition

selected allows the material to flow outside the volume while maintaining a zero-

order continuous stress across the surface by imposing artificial traction forces [53].

Figure 29: BC with no inflow or outflow Figure 30: Inlet BC

On the inlet surfaces, a boundary condition is also imposed to define the inlet

velocity at −2m/s along the Y-axis. This is only imposed for the filling step and

is modified to a value of 0m/s for the cooling step to stop the inflow of aluminum

inside the domain.

To simulate the boundary layer on all external surfaces (representing the mold

surface), the material is considered to stick to the surface. The velocity magnitude

along the three axes is defined as v1 = v2 = v3 = 0 from the initial step for all the

steps.

To impose boundary conditions for the thermal problem, some assumptions have

to be made. Firstly, there is a need to consider Abaqus capabilities and how the

mold acts during the casting process. Abaqus allows the definition of surface heat

flux (Neumann BC) as a load or the imposition of the temperature at the surface

(Dirichlet BC). The former could be computed by defining all the heat exchanged

by the aluminum during its cooling, given the aluminum’s thermal properties and

the temperature difference. However, applying this load becomes challenging as

Abaqus does not distinguish between air and aluminum in the domain. This leads
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to subtracting heat from the Eulerian domain based on the load defined, causing the

air to cool below 0°C. This issue might be resolved by user-defined load distribution

using a subroutine that computes the heat flux based on the material present in the

element at the surface. Another challenge is the need to know the mold temperature

evolution at each point, as the heat flux depends on the temperature difference

between aluminum and the mold.

For this work after several tests and studies, the boundary condition that defines the

surface temperature is chosen, assuming that in a simulation of first approximation,

the temperature of the mold could be considered as fixed if the mold has some

surface treatment and has a significant heat capacitance. The temperature is set

for all surfaces except inlets and outlets at 500K (226.85 ◦C).

• Fields

Material assignment is made through the field manager as a uniform field. For this

model, the initial volume of aluminum is a small length of the inlet canals to ensure

that all the elements forming the inlet surface are full of aluminum. This ensures

that during the simulation, no air or void will enter, as explained in the Boundary

Condition paragraph. As that volume is full of aluminum, the value of the volume

fraction is set to 1, automatically imposing the volume fraction of air and void to be

0. The process is repeated for the air volume by adding a row to the predefined field

creation, selecting the rest of the Eulerian domain, and again assigning the volume

fraction of air to be 1, while the volume fraction of aluminum and void is imposed

to be 0. The material called ”void” is a fictitious material with no properties that

Abaqus uses to fill the elements that are not 100% full of materials, enabling the

solution of the equations.

The other fields to be defined are the temperature ones for aluminum and air. The

aluminum is set at t = 0 s with a temperature of 1000K (726.85 ◦C), and the air at

310K (36.85 ◦C).

8.2.7 Mesh

In this module, the mesh is created. Since the Eulerian volume has a complex geometry,

Abaqus cannot mesh it directly. There is a need to divide the volume into simpler

shapes that the software can mesh automatically; this action is called partitioning. The

Eulerian simulation in Abaqus supports only hex element types from the explicit library,

and the selection of the thermally coupled option activates the temperature as a degree of

freedom. The element type is ”EC3D8RT: An 8-node thermally coupled linear Eulerian

brick, reduced integration, hourglass control” (ref. Abaqus elements library).

To create the mesh, a global seed is defined at 0.0028m, generating a mesh of 47982

elements. The mesh is generated following different rules; the green zones are structured

zones, while the yellow ones follow a sweep rule with advancing front.

42



Figure 31: Eulerian domain partitions
Figure 32: Eulerian domain mesh

8.2.8 Job

Here, with the job manager, the simulation is created and launched. You can choose the

number of domains in which the simulation is solved, also known as parallelization, and

how many processors are going to be used to solve it. Abaqus then divides the elements

and nodes to evenly split them between the domains. When the job is submitted, its

status can be tracked in the monitor window, which displays the increment, time, stable

increment, total energy, and kinetic energy.

8.2.9 Visualization

In this module, the results of the job can be analyzed by selecting the different outputs

requested in the step module. Additionally, single elements can be queried to analyze

output values with more precision. It is also possible to create plots of various data.

9 Results

9.1 Inspirecast

The previously developed model in Inspirecast (refer to paragraph 8.1.1) is executed

on a PC with the following specifications: Intel Core i7-1360P 2.2GHz processor and

16GB of RAM. The program’s efficiency is evident in the time required to complete the

simulation on this non-workstation machine with limited processing power. The runtime
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for this model, characterized by a simple geometry, is 3:58 minutes. This showcases

the software’s effectiveness during the design phase, providing a swift evaluation of the

manufacturing process without the need for iterative design and feasibility loops.

The simulation is segmented into three distinct steps: filling, cooling, and demolding.

According to Inspirecast results, the aluminum successfully fills the mold in 1.75 seconds,

followed by a cooling phase lasting 24.80 seconds. Subsequently, the demolding phase

and final cooling take an additional 234.82 seconds.

9.1.1 Filling Phase

In the filling phase, the molten aluminum is introduced through the specified inlet, rapidly

occupying the entire chamber volume within a brief period of 1.79 seconds. The inlet

velocity is defined at -2000 mm/s along the Y axis. Due to the influence of gravity, acting

along the Y axis with an acceleration of -9800 mm/s2, the aluminum flows downward

through the inlet duct. It achieves a peak velocity magnitude of approximately 3300

mm/s at the midpoint of the duct, precisely at the intersection with the piston head

(highlighted in red in the subsequent images).

Figure 33: velocity results t1 = 0.1s Figure 34: velocity results t1 = 0.3s

Figure 35: velocity results t1 = 0.7s Figure 36: velocity results t1 = 1.1s
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Figure 37: velocity results t1 = 1.55s Figure 38: velocity results t1 = 1.79s

The velocity magnitude at selected points is plotted below to illustrate its evolution

during the filling phase. It is important to note that Inspirecast does not compute the

velocity of the air present in the mold; the plots begin when the aluminum reaches that

specific zone of the mold. Inspirecast only calculates the pressure for the air.

Point 1 (End of Inlet Duct) experiences a high-speed flow resulting from the conversion

of potential energy into velocity during the descent of the aluminum, which starts at a

velocity of 2000mm/s.

The flow at point 2 (same height as Point 5) is much slower as it is already within the

piston head, where the aluminum flow begins to spread to fill the entire volume.

Points 3 and 6 exhibit smaller velocities due to a constant mass flow at the inlet but an

increasing area in the piston head compared to the inlet. According to the conservation

of mass flow equation (ρvA = const.), an increase in area results in a decrease in velocity.

At point 4 following the same principle, as the area decreases, the velocity increases.

All the plots exhibit an initial peak, indicating the arrival of aluminum flow in that

particular region. The temporal delay in the peaks corresponds to the distance from the

inlet, as illustrated by the graph.

Figure 39: Points for which the

velocity is plotted Figure 40: plot of velocity magnitude [mm/s] for

the point highlighted in figure 39

The inlet temperature of the aluminum is set at 1000K (726.85 ◦C). Points 1 and

2, closer to the inlet, exhibit higher temperatures throughout the filling time as new

aluminum at 1000K continuously reaches them from the inlet. When the other three

points are reached by the aluminum, the temperature decreases over time as the aluminum

exchanges heat with air and the mold. The farther a point is from the inlet, the more
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the aluminum temperature decreases. Specifically, point 6 is reached at t = 0.4 s, point

3 at t = 1 s, and point 8 at t = 1.42 s. As the graph shows, point 4 sees the aluminum

starting from a temperature of 899K.

Figure 41: Temperature field a

t1 = 1.79s

Figure 42: plot of temperature for the point high-

lighted in figure 39

The points closer to the edges are colder due to the higher contact area with the

mold, resulting in a higher heat flux and faster temperature decrease. Points such as

those at the bottom corner of the piston head lateral surfaces (highlighted in blue in

the image) exhibit a temperature of 844K at the end of the filling phase. Other colder

regions include areas where the aluminum follows a longer trajectory, such as the upper

edges of the lateral holes over the ducts, with a temperature of 842K. These two points

are nearly 150K colder than the material closer to the inlet (see Figure 43).

Figure 43: Colder points of piston

head at the end of filling phase t1 =

1.79s

Figure 44: Solid Fraction at the end of the

filling phase t1 = 1.79s

These colder zones of material start to solidify during the filling phase. At time

t1 = 1.79 s, some regions (highlighted in blue) are completely solid, indicated by the

parameter called Solid Fraction (SF) = 1, meaning that the elements of the mesh are

100% full of solid material. Solid Fraction is directly related to the temperature; in the

material definition, the Solidus temperature is specified. In the temperature range below
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Tsolidus, the material is completely solid. Between Tsolidus and Tliquidus, the material is in

a mixed phase with some parts solidified and some parts still liquid, resulting in a Solid

Fraction with a value between 0 and 1. Finally, above Tliquidus, all the material is in liquid

form.

The corner point of the piston lateral surface is the first point to solidify; after around

0.6 s, its SF is above 0.7, indicating that 70% of the material in the element containing

that point is below Tsolidus. The other points have a similar history, while point 10, the

one closer to the inlet duct, remains nearly completely liquid after the filling phase.

Figure 45: Solid Fraction plot for points

in figure 44
Figure 46: Mold temperature plot for points

in figure 44

The two inlet ducts maintain a temperature of 1000K throughout the entire filling

time as new aluminum is continuously poured inside. The volumes of the piston head

attached to the ducts exhibit a temperature gradient pointing toward the ducts. The

temperatures show a slightly positive trend during the filling phase, primarily influenced

by the heat exchange occurring between the material already present in the zone and the

incoming, hotter aluminum entering the cavity.

Figure 47: Temperature points to com-

pute gradient plot
Figure 48: plot of temperature for the point

highlighted in figure 48

9.1.2 Solidification Phase

During this phase, Inspirecast computes temperature, mold temperature, solid fraction,

and solidification time. With no more aluminum flowing from the inlets, the fluid material
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is now considered static. This phase spans a duration of 40.55 s.

Below is the temperature evolution of the part, with a consistent legend for all plots:

Figure 49: Temperature fields at t2 = 0s of

the solidification phase

Figure 50: Temperature fields at

t2 = 5.5s of the solidification phase

As previously explained, the corners and edges cool more rapidly due to increased heat

dissipation to the mold. Additionally, the inlet ducts, characterized by a high surface-to-

volume ratio, tend to cool faster. This is because mass is proportional to volume, and

the heat flux exchanged with the mold is proportional to surface area. Consequently,

the inlet ducts commence the solidification phase as the hotter regions of the part and

conclude as the cooler regions. Refer to the graph in Figure 52.

The top of the piston head, being thicker (20 mm) have greater heat capacitance, remains

the hottest part. The volume of the mold surrounding it is confined by the sides of the

piston head, so it absorbs more heat compared to other zones of the mold cooling slowly

the part as the temperature difference is smaller. curve per un tratto orizzontali per il

calore latente
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Figure 51: Temperature fields

at t2 = 40.55s of the solidifica-

tion phase

Figure 52: Temperatures plot during solidifica-

tion phase relative to the points in figure 51

Internal points exhibit the same pattern, points farther from the inlet, like points

35 and 36, tend to have a lower initial temperature. However, these points are situated

in a thicker region, resulting in a flatter curve during the initial part of the cooling

phase. The increased thickness allows them to retain more heat due to the proximity

to a greater volume of hot material. Conversely, points in proximity to or within the

ducts, exemplified by points 40 and 41, showcase a higher initial temperature but display

a remarkably steep cooling curve, particularly for point 40 located inside the duct.

Figure 53: Temperature fields

at t2 = 40.55s of the solidifica-

tion phase
Figure 54: Temperatures plot during solidifica-

tion phase relative to the points in figure 117

The evolution of mold temperature initiates at a base temperature of 500 K (226.85

°C) at the beginning of the filling phase. As the solidification phase unfolds, the heat

transferred from the aluminum to the mold contributes to a rise in mold temperature. In

the initial stages of this phase, the warmer regions are in proximity to the intersection of

the inlet ducts and the lateral surface of the piston head (depicted in red zones in Figure

55, point 25 in Figure 51). After 5.5 seconds, the ducts exhibit a significant decrease

in temperature, hovering just above 585 K (illustrated in light blue zones in Figure 56

and the plot of point 24). At this timestep, the top of the piston head and the edges

intersecting with the riser are the warmer zones at around 780 K.
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Figure 55: Mold temperature fields at

t2 = 0.0s of the solidification phase Figure 56: Mold temperature fields at

t2 = 5.5s of the solidification phase

Figure 57 illustrates the heat distribution within the mold, reaching even the farthest

zones from the cast part. The hottest regions are found in proximity to the top of the

piston head, where a substantial amount of aluminum is present, releasing a significant

amount of heat (refer to the plots of points 27 on the top surface and 29 on the inside

top surface of the piston head in Figure 58).

The temperature profile of the mold, as depicted in the plots of Figure 58, exhibits a

sharp increase initially, as molten aluminum, at 1000 K, is poured into a mold at 500 K.

This substantial temperature difference results in a high heat flux. Subsequently, as the

material begins to exchange heat with the mold and dissipate heat from the system, the

metal undergoes a cooling process.

Figure 57: Mold temperature fields

at t2 = 40.55s of the solidification

phase

Figure 58: Mold temperature plot of points

in figure 51 during the solidification phase

The temperature field of the mold and cast part, at the end of the solidification

phase, highlights a distinctive pattern. Specifically, in the upper section of the piston

head, where the thickness increases and a riser is present, a significant volume of hot

aluminum retains higher temperatures throughout the solidification process compared

to other areas of the part also because of the major distance from the external mold

surfaces. This phenomenon is observable in both the cast part and the mold, indicated

by a prominent red zone with a temperature reading of 673 K.
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Figure 59: Temperature field in mold and cast part at the end of the solidification phase

t2 = 40.5 s

The trend of the solid fraction is the inverse of the temperature trend. Over time,

the solid fraction increases to gradually approach 1 as the material undergoes cooling.

As the temperature decreases, the solid fraction increases, reaching a plateau of 1 for the

entire volume at t2 = 30.54 s when the maximum temperature of the aluminum is 723

K (449.85 °C). This temperature is below the solidus temperature of 728.15 K (455 °C),
indicating complete solidification of all the aluminum.

Subsequently, the cooling phase continues until the entire volume reaches a temperature

below 673.15 K, the specified mold opening temperature during the model’s development.

This threshold is achieved at time t2 = 40.55 s. This precaution is taken to ensure that

all the material is fully solidified before initiating the demolding process.

Figure 60: Plot of Solid Factor of points in figure ??

9.1.3 Demolding

This is the lengthiest phase of the simulation, lasting 261.9 s, and it models the cooling

of the solidified part exposed to the open air after the mold is opened. In this step,

Inspirecast calculates various potential defects in the final part, such as porosity, micro-

porosity, shrinkage volume, and cold shuts, alongside temperature and solid fraction, as
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in the preceding steps.

The temperature profiles of all points exhibit similar trends. They tend to approach ther-

mal equilibrium with the air around the part and neighboring points, eventually reaching

the same final temperature. This equilibrium is achieved through heat exchange. The

hotter zones, represented by points 27 and 29, experience a rapid temperature decrease

initially due to the higher temperature differential with adjacent materials (air and alu-

minum). In contrast, the slightly cooler zones, such as point 25, initially exhibit a positive

temperature trend, receiving more heat from the hotter zones than they lose to the air.

As the temperature differentials within the aluminum diminish, all zones cool down at

a uniform rate. The behavior of the ducts (point 24) is similar, but slower, as they are

surrounded only by air, and with a lower temperature differential.

Figure 61: Plot of temperature of points in figure 51

Inspirecast also analyzes potential defects in the part, such as microporosity and

porosity. Microporosity is evaluated using the Dimensionless Niyama criterion [56]. This

criterion considers local thermal conditions, including the Niyama criterion, defined as

the local thermal gradient divided by the square root of the local cooling rate. If this

value falls below a certain threshold, dependent on material properties, microporosity is

likely to form. The resulting microporosity distribution is presented below, providing a

clearer visualization of the affected zones. Porosity, on the other hand, is the ratio of

void volume to solid volume.

Figure 62: Microporosity of the final part
Figure 63: Porosity of the final part
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Microporosity primarily forms in the inlet ducts due to the steep temperature decrease

and the relatively small volume-to-area ratio compared to other zones. While this type

of defect could be mitigated by increasing the diameter of the ducts, it is not a significant

concern as it is confined to the ducts and does not affect the final part extensively.

Another critical zone affected by microporosity is the volume below the riser. In the

same area, porosity also develops for the same reason as microporosity: as the aluminum

solidifies, it contracts, and if the riser fails to supply molten metal, a porous and highly

stressed zone will form. In these regions, porosity reaches a value of 90%, indicating that

the void-to-solid ratio is 0.9, implying that void and solid material occupy nearly the

same volume in these areas.

9.2 CEL

To delve deeper into Abaqus’ capabilities in modeling a casting process, a Coupled Eule-

rian Lagrangian (CEL) model was developed. This model is distinguished by its ability to

accurately track the interaction between two entities: the solid mold (Lagrangian body)

and the fluid aluminum (tracked in the Eulerian domain). In contrast to the Eulerian

model, this approach enables a more precise analysis, particularly for the thermal prob-

lem. In this case, the mold is treated as a body with its material properties, eliminating

the need for approximations through boundary conditions.

To allow the computation of interactions between the material in the Eulerian volume

and the Lagrangian body, these two domains must overlap, at least partially. Abaqus

requires the definition of interaction properties to compute the exchange of forces and

energy between the two domains. However, incorporating these additional interactions

significantly increases the simulation time, approximately by a factor of 10 with respect

to an equivalent Eulerian model. Consequently, the geometry used for this simulation is

simpler than that in the Eulerian model, deviating from the classical casting geometry.

The simplified geometry consists of a Lagrangian body, represented as a circular plate

(the mold), and a circular cylinder for the Eulerian domain. The Lagrangian domain

completely overlaps with the Eulerian one to ensure interaction. Tests conducted during

model development revealed the necessity of eliminating all sharp edges and introducing

a very fine mesh near the contact zone, especially in the Eulerian domain.

This fine mesh is crucial because in the portion of the Eulerian domain overlapped with

the Lagrangian domain, Abaqus automatically inserts a fictitious material called ”void.”

This material lacks mechanical or thermal properties, but the solver requires it to compute

equations in the Eulerian domain. Without taking these measures, during the simulation,

some of this void material could penetrate other parts of the Eulerian domain where the

Lagrangian body is not present. The chosen geometry facilitates meshing the two parts

with a finer mesh close to the interaction zone. This approach helps eliminate numeri-

cal problems in this part of the volume while ensuring the generation of regular-shaped

elements.
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Figure 64: CEL model’s geometry section. Aluminum (blue), air (red) and mold (grey)

In the figure above, the volume occupied by aluminum at the beginning of the simula-

tion is highlighted in blue. To expedite the simulation time before contact, aluminum is

initially placed in close proximity to the Lagrangian body. In red, the air is represented,

and at the bottom, the gray volume denotes the Lagrangian body. As previously men-

tioned, the Eulerian domain in this zone is entirely composed of void material.

Material assignment in the load module for the initial step involves specifying a uniform

field by selecting the cells occupied by aluminum and air and assigning the volume frac-

tion value. All elements in the aluminum cells must start with a volume fraction value of

1, indicating complete material occupancy. The same principle applies to cells occupied

by air. Abaqus automatically assigns fictitious void material to the remaining elements

without material assignment or incomplete filling. In this case, due to the partitioning of

the domain with cells defining the initial volume of air and aluminum, only the elements

overlapped with the mold are filled with void.

Boundary conditions are imposed on all surfaces of the Eulerian domain, excluding the

top blue circular surface (refer to the figure below) of Inflow and outflow imposed to

none to keep the materials inside the volume. On the top surface, Eulerian boundary

conditions are defined as inflow=free and outflow=equilibrium, allowing aluminum to

enter.
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Figure 65: In red the closed boundary, green arrows the open boundary

To enable Abaqus to compute interactions between Lagrangian and Eulerian bodies,

contact interactions need to be defined. For the mechanical problem, both tangential

and normal behaviors are specified using penalty conditions with a value of 0.2 and hard

contact. The former indicates friction between the aluminum and the mold, while the

latter ensures that the aluminum cannot penetrate the mold. For the thermal aspect,

thermal conductance is defined as pressure-dependent (the only option supported for the

Eulerian domain), with a value of 0W/m K for pressure = 0 and 50W/m2K for all other

pressure values [55]. This implies that as soon as the Eulerian material (air or aluminum)

comes into contact with the mold, heat conduction begins.

The mesh is generated with a general seed of 0.002m, and a local seed is imposed to create

a finer mesh close to the interaction zone. Local seed is applied to the edges (zone A)

that encompass the volume between the aluminum and the mold, with an approximate

dimension along the Y -axis of the mesh set to 0.0004m. In the region of the volume

overlapped with the Lagrangian body (zone B), the seed is imposed on the edges with

a bias to create a finer mesh near the interaction zone, resulting in an approximate

dimension along the Y -axis ranging from 0.002m to 0.0004m.

Figure 66: Detail of Eulerian mesh in the interaction zone
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The simulation results indicate that at time 0.00 s, the aluminum occupies a columnar

volume. However, by time 0.04 s, it spreads to cover a broader volume as more material

enters from the open top surface. This material enters with an imposed velocity along

the Y -axis with a magnitude of −1m/s. Despite the applied gravity load, the aluminum

tends to adhere to the upper surface of the volume, suggesting that the current model still

suffers from numerical problems caused by errors in the definition. A primary hypothesis

is that numerical issues arise from the presence of sharp corners, particularly in the

vicinity of the convex corner. In this area, the material attempts to separate from the

surface due to the acting gravity force. However, due to the imposed boundary condition

preventing material entry through the corner, the aluminum remains stuck to the surface

even after the corner, resulting in this non-physical behavior.

Figure 67: Aluminum at t = 0.04s

The outcomes of this simulation serve as the foundation for advancing the model to

address existing issues. The initial improvement involves opening a section of the surface

to facilitate air escape and prevent an increase in pressure inside the cavity. The second

enhancement, informed by insights gained from other simulations, is to enforce zero

velocity on all closed boundaries. This condition proves effective in resolving numerical

challenges that arise at sharp corners, as observed in the previous simulation.
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Figure 68: In red the new open boundary
Figure 69: In red the boundary with the

imposed zero velocity

The enhancements implemented resulted in improved outcomes, addressing the earlier

issue of material adhesion to the upper surface of the domain. Moreover, the material flow

is now directed towards the bottom, reflecting a more realistic behavior. The material

does not stick anymore through the edge curvature as the imposed zero velocity does not

allow the material to move around the edge but it just detaches and falls. To further

enhance the results, it is advisable to refine the mesh near the interaction zone along the

X and Z axes. Currently, these dimensions align with the global seed, resulting in flat

but large elements.

Figure 70: Aluminum at t = 0.025 s
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9.3 Eulerian

Here are the results of the simulation obtained from the Eulerian model, elaborated

extensively in Section 8.2.

9.3.1 Filling phase

The Abaqus simulation runtime for the filling phase, lasting 1.6 s, is 20:42 h. Throughout

this phase, molten aluminum enters through the inlets, initiating the process of filling

the Eulerian domain. At t1 = 0.0 s, aluminum is initially confined to a small section of

the inlet ducts (depicted in red). Driven by gravity, it gradually descends, and, due to

the specified boundary conditions (inflow=free), pulls more aluminum into the domain.

As the flow reaches the surface of the piston head, it begins to disperse, creating a spray

pattern caused by the impact (see Figure 72).

Figure 71: Volume Fraction of alu-

minum at t=0.0 s

Figure 72: Volume Fraction of alu-

minum at t=0.30 s

Subsequently, the flow decelerates as it enters the larger volume of the piston head

compared to the ducts (see Figure 73). Despite the ongoing filling process, certain regions

(depicted in blue and green) remain entrapped air within the aluminum volume because

of the turbulence.
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Figure 73: Volume Fraction of alu-

minum at t=0.70 s
Figure 74: Volume Fraction of alu-

minum at t=0.95 s

At the conclusion of the filling step, the entire domain is occupied by aluminum, apart

from residual air pockets, particularly noticeable in the o-ring grooves and on the top of

the piston head. The coarseness of the mesh in these intricate features together with the

BC of velocity equal to zero for the node at the surface limits the accuracy of tracking

air entrapment, a finer mesh will solve the problem.

Figure 75: Volume Fraction of alu-

minum at t=1.25 s

Figure 76: Volume Fraction of alu-

minum at t=1.60 s

By selectively displaying elements with aluminum fill exceeding 50%, we can better

illustrate the division of aluminum flow upon contact with the wall at t1 = 0.19 s. Subse-

quently, t1 = 0.47 s, the flow slows down while filling the cavity, still exhibiting significant

turbulence and entrapment of air (blue and green zones).
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Figure 77: Aluminum at t=0.19 s Figure 78: Aluminum at t=0.47 s

Plotting the velocity provides insights into the dynamic behavior of specific points

during the filling phase. For instance, point 20881, located at the end of the inlet duct,

experiences an initial transient phase when filled with air. Subsequently, as aluminum

reaches the element, the velocity stabilizes at a constant value of 3.62 m/s for the majority

of the step. Point 20529, situated in the piston head lateral surface, exhibits a velocity

profile with two distinct peaks. The first peak corresponds to the displacement of air

pushed away by the descending aluminum in the duct, while the second peak marks the

passage of the aluminum front. The velocity then stabilizes at 2.94 m/s. Examining the

point above the semicircular hole in the side wall (45999), the velocity plot fluctuates

due to the influence of aluminum turbulent flow reaching this cavity zone, as depicted

in Figure 77. Subsequently, the velocity stabilizes around 0.28 m/s during the filling,

approximately at t1 = 1 s. Similarly, the point at the corner of the top surface (14273)

initially exhibits a near-zero velocity until t1 = 0.65 s, when the air accelerates to exit the

mold. The velocity then stabilizes for the remainder of the filling phase. Finally, the point

in the riser (4656) shows minimal velocity until around t1 = 1 s when it is reached by the

aluminum, resulting in a velocity peak. Subsequent undulations occur before settling at

a filling velocity of 0.13m/s.
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Figure 79: Velocity magnitude plot for the filling phase for point in figure

79

Figure 80: point selected to plot the velocity

The aluminum volume fraction swiftly attains a value of 1 in the initial two points,

signifying that they are the first zone of the piston head to be filled with aluminum. As

expected, the other points are subsequently reached by the material. The presence of

numerous oscillations is attributed to the turbulent flow of aluminum.

Since there is no void in the volume at the start of the simulation, the void volume

fraction remains zero for all elements throughout the entire simulation. The air volume

fraction is then calculated as 1 minus the aluminum volume fraction.
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Figure 81: Aluminum volume fraction plot for the points in figure 80

The figure below highlights areas that still contain air. Predominant air entrapped

is located in the spaces between the o-ring grooves, where the mesh’s coarseness limits

accurate tracking of the air as it escapes when the aluminum fills these spaces. Another

notable area is the corner of the top surfaces, where the completely flat and horizontal

surface makes it challenging for the air to flow away into the riser, also because of the

velocity BC imposed on all the external surfaces.

Figure 82: Remaining air (in blue) at t1 = 1.60s

The temperature evolution during this phase is primarily influenced by the aluminum

temperature. The molten metal enters the volume at a constant temperature of 1000

K (726.85 °C), while the air, initially at 310 K (36.85 °C), experiences a rapid increase

in temperature. No heat flux is present on the lateral surface of the Eulerian domains,

indicating that heat exchange occurs solely between the air and aluminum. As seen in

Figure 84, the aluminum remains at the inlet temperature of 1000 K, showcasing its high

capacitance during the short filling phase. A comparison of the left image highlights
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that, where the aluminum is present, the temperature remains at 1000 K, while the

surrounding air has undergone a temperature change from the initial 310 K because of

the heat exchanged with the aluminum.

Figure 83: Aluminum at t=0.95 s Figure 84: Temperature at t=0.95 s

Initially, all points begin at a temperature of 310 K, reflecting the initial air-filled

conditions. Subsequently, the temperature begins to rise as the air exchanges heat with

the entering aluminum, reaching a uniform temperature of 1000 K across all nodes once

they are reached by the molten metal.

Figure 85: Temperature plot during filling phase

The temperature is nearly homogeneous throughout the entire aluminum domain due

to the adiabatic behavior with the external world considered during the filling step. In

fact, during the filling step, no thermal boundary conditions are imposed to model the

mold. Another contributor to this temperature field is the negligible heat absorbed by

the air because of the low conductivity and brief time step.
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Figure 86: Aluminum temperature field at t=1.6 s

The geometry underwent modifications following attempts on a similar design fea-

turing a different riser geometry. Initial simulations yielded comparable results until the

point where the molten aluminum reached the top surface of the piston head. Then the

material was drawn into the narrower section of the riser, resembling a nozzle, leading to

a swift vertical flow of aluminum reaching the outlet surface. This caused the surface to

act as an inlet allowing new aluminum material inside the domain. To address this issue,

various tests were conducted. Initially, a taller riser was designed to prevent aluminum

from reaching the outlet, but this adjustment introduced non-physical outcomes (see Fig-

ure 87). After further troubleshooting, the current design was chosen for its larger riser

surface area, eliminating the undesirable results.

Figure 87: Aluminum volume fraction t1 = 1.42s
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9.3.2 Cooling phase

The simulation is conducted in two steps to facilitate the modification of Eulerian bound-

ary conditions on the inlet surface. Specifically, at the beginning of the cooling phase,

the boundary conditions are adjusted to inflow=outflow=none to prevent further influx

of aluminum into the domain. During this step, thermal boundary conditions as Dirichlet

conditions are introduced by fixing the temperature of the external surface. This temper-

ature is assumed to remain constant at 500 K (226.85 °C). The decision to impose a fixed

condition is motivated by the absence of data, and alternative values or time-dependent

variations would not improve accuracy or validity without supporting data.

Figure 88: Temperature field at t2 = 0s

It is evident that the air in the riser retains its initial temperature, while the air

trapped inside the mold heats up rapidly due to the heat flux from the aluminum. The

material within the mold begins to conduct heat with the material at the boundary, where

a fixed temperature value is imposed while the core material still remains at 1000 K.

Figure 89: Temperature field at t2 = 0.50s, total simulation time t=2.1 s
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As time progresses, the aluminum continues to exchange heat with the mold through

the imposed boundary conditions, resulting in a temperature gradient directed toward

the center. Notably, the inlet ducts, characterized by a larger area-to-volume ratio, cool

down more rapidly than the rest of the part, exhibiting a temperature of 569 K in the

middle of the duct.

Figure 90: Temperature plot until t2 = 0.50s, total simulation time t=2.1 s

The temperature plot in the graph begins at the initiation of the filling phase, and

the cooling phase commences at t=1.6 s. Notably, point 3158, situated on the boundary,

exhibits a step-like behavior due to the imposed boundary condition. Points 19895 and

19897 within the inlet duct display a remarkably steep cooling curve, aligning with the

previously explained swift cooling phenomenon in the duct compared to the rest of the

mold because of the high surface-to-volume ratio. Additionally, point 2049, positioned

near the o-ring groove, experiences distinctive behavior owing to the intricate geometry

created by the grooves, resulting in a thinner volume with a substantial area. Conversely,

point 20529, located in a thicker zone, requires more time to cool down. Point 12326,

situated in proximity to a boundary but inside the thicker portion of the piston head,

demonstrates a flatter cooling curve due to its higher heat capacitance for the first portion,

then a sharp step because of the heat extracted by the boundary points acting as heat

sink and then again the curve tends to flatten thanks to the equilibrium of heat received

from the hotter material on top and the colder under. Lastly, point 12321, positioned in

the middle of the top of the piston head, does not immediately reflect the influence of

the boundary condition during this short period, maintaining a temperature of 1000 K.
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Figure 91: Points with plotted temperature

The simulation concludes at t=2.1 s after running for 50 hours and 17 minutes. No-

tably, during the filling step where the temperature boundary condition was not imple-

mented, the simulation exhibits a stable time increment of approximately 1.015× 10−6s,

determined by the dominant mechanical problem. In contrast, during the cooling step,

the critical stable time increment is influenced by the thermal problem and amounts to

about 4.287 × 10−8s. Consequently, the presence of temperature BC implementation in

the cooling step leads to a significantly prolonged runtime. Initially, the time required to

compute the output field every 1×10−2s is 4 minutes and 47 seconds. Towards the end of

the simulation, this time increases to 1 hour and 15 minutes, resulting in a computation

time escalation of 15.6 seconds.

Due to these challenges, the simulation was prematurely terminated without completing

the cooling process. The cooling phase, which lasts 40 seconds according to the Inspire-

cast simulation, would require approximately 500 hours of run time in Abaqus.

Furthermore, the simulation results reveal inconsistencies with reality. Surface points

display an abrupt temperature step, indicating non-coherent behavior. Points in prox-

imity to these surfaces exhibit an extremely rapid cooling curve, transitioning from 1000

K to temperatures ranging from 600 K to 900 K within approximately 0.5 seconds. This

abrupt cooling rate is excessive, especially considering the real casting process where the

mold absorbs heat from the aluminum, causing both materials to approach an equilibrium

temperature between their initial temperatures causing a slower cooling rate.

9.4 Lagrangian model

Starting from the results of the Eulerian model a Lagrangian simulation was developed

using the same geometry to explore the impact of various thermal boundary conditions

on the results, considering the shorter run time. Specifically, a surface heat flux was

introduced as a load to observe the outcomes. In the Eulerian model, the filling phase

was defined as adiabatic with respect to the heat exchanged by the material with the

mold, resulting in a temperature field at the end of the step with an almost constant

value of 1000 K for all the aluminum. This facilitated the creation of a Lagrangian model
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that assumes the mold is already filled with material with a velocity value equal to zero

for all the points. The surface heat flux was calculated as the total heat exchanged by

the aluminum to decrease from 1000 K to 400 K using the heat equation:

Q = Mcp∆T (9.1)

The values are approximations, as the overall behavior remains insensitive to the

decimal precision in the equation. The total volume of the part multiplied by the density

yields a mass (M) of approximately 1.25 kg. The specific heat of aluminum is cp =

910 J/(kg K), and ∆T is 600 K. These values result in a total heat of around 7 × 105 J.

This value is then introduced in Abaqus over a duration of 10 seconds as the total heat

flux, and the software computes the value per unit area. Initially, this load was applied on

all surfaces, but it resulted in the inlet ducts cooling down faster than the rest, leading to

unrealistic temperatures below 0 K. To rectify this, the model was enhanced by applying

the load exclusively to the piston head surfaces. Additionally, another load was applied

to the ducts with a value of 3× 104 J computed using the same formula.

Figure 92: Points selected to plot temperature history

This approach yields superior results compared to the one employed in the Eulerian

model, where the temperature was imposed at the surface. The primary drawback of

the earlier approach was that the material at the boundary had an externally imposed

temperature, resulting in a step-like temperature history. These points then act as tem-

perature sinks and the material inside the mold begins to exchange heat with them. In

this new approach, all nodes exhibit a more coherent temperature behavior, although

some points still reach an extremely low temperature because of the uniform heat flux

distribution. Some zones as the riser are thicker and the flux, dependent on the temper-

ature difference, should have a higher value than in other thinner zones that cool down

faster. This leads to an unrealistic scenario of some points that approach and trespass

0 K. Furthermore, the assumption of a constant heat flux generates a nearly uniform

descending curve, for every point throughout the entire cooling phase, while a steeper

initial phase is expected due to the greater temperature difference with the mold.
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Figure 93: Temperature plot for points in figure 92

This model is constructed with an estimated heat flux that only partially reflects

reality, as several assumptions were made about its intensity and, more importantly, its

spatial and temporal distribution.

A potential enhancement to this approach involves conducting multiple simulations to

refine the definition of the heat flux absorbed by the mold, particularly by specifying it

on a zone-by-zone basis rather than as a total flux. This also necessitates an external

approximation of the heat exchanged by each region of the part based on its volume and

adjacent surface area.

Always under the assumption that the aluminum still shows a uniform temperature of

1000 K at the end of the filling phase and completely fills the cavity, an enhanced model is

constructed to consider both the mold and the cast part. In this model, a Lagrangian body

is utilized to define the geometry of both instances. The mold geometry derives from the

Inspirecast one to be able to later compare the results. Two distinct materials, aluminum

for the cast part and steel for the mold, are then assigned to their respective regions

within the volume. This approach represents a more comprehensive model, as the mold

is explicitly modeled rather than being replaced by simplified boundary conditions. This

problem formulation demonstrates a brief run time compared to the Eulerian approach,

resolving a step time of 40 seconds in approximately 2 hours and 21 minutes.
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Figure 94: Lagrangian model geometry with the mold (blue) and cast part (red)

In this comparison, the color legend is kept constant to illustrate the cooling process

for both the mold and cast part more effectively. The temperature begins at 1000 K for

aluminum (red) and 500 K for the steel mold (blue). It concludes with the majority of the

mold (blue) at around 507 K, featuring a central hotter zone (light blue) at approximately

593 K.

Figure 95: Aluminum temperature field at

t=0.0 s
Figure 96: Aluminum temperature field at

t=40 s

A dynamic legend enhances the comprehension of how heat is exchanged between

the mold and aluminum, highlighting the most affected zones. As detailed in earlier

sections, the top portion of the piston head, along with the riser, exhibits significant heat

capacitance due to its high mass, making it consistently the hottest part of the system.

Inlet ducts cool down faster than other areas due to their smaller volume and being

enveloped by a substantial portion of the mold. Notably, the heat flux exchanged from

the aluminum to the mold is conducted through the mold, causing the temperature to

rise also in farther regions over time. The central part of the mold, surrounded by the

hot cast part, emerges as the hottest zone at the conclusion of the cooling phase.
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Figure 97: Temperature field at t=1.06 s Figure 98: Temperature field at t=4.61 s

Figure 99: Temperature field at t=10.04 s Figure 100: Temperature field at t=40 s

The temperature history of aluminum highlights the rapid cooling of the inlet ducts,

which could potentially result in defects, particularly in the small volumes that impede

the flow of molten material to the region where porosity forms. On the contrary, the

red area, representing the hotter section, experiences a slower cooling process. However,

due to the considerable thickness of the material, the thermal volumetric shrinkage is

important and may lead to a highly stressed area in the middle. This central region is

the last to solidify, and insufficient material is available to adequately fill it because of

the shrinkage.

Figure 101: Aluminum temperature field at

t=3.8 s
Figure 102: Aluminum temperature field at

t=40 s

This model demonstrates higher accuracy compared to the Eulerian approach, as the

only assumption made here is that, at the end of the filling phase, all the aluminum

maintains a temperature of 1000K. The thermal problem is subsequently addressed by

calculating the heat exchange between the two components without relying on additional

assumptions.
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9.5 Comparison Inspirecast Abaqus

The comparison of the two simulations allows us to extrapolate several important infor-

mation that are useful for further improving the model.

It is noticeable how In Abaqus the aluminum is quicker than in Inspirecast to fill the

cavity even if the velocities in the ducts are comparable. This is because to ensure that

the material entering the domain is all aluminum a portion of the ducts was previously

filled in the model definition giving an advantage in time. Furthermore Inspirecast inlet

definition creates a small volume on top of the geometry of the part that imposes another

delay with respect to Abaqus.

It is also important to notice how the aluminum flow in Abaqus is more turbulent and

at contact with the surface at the end of the duct, it divides and creates several complex

flows with respect to Inspirecast’s slower and calmer flow dynamic.

Figure 103: Abaqus aluminum at t=0.19 s Figure 104: Inspirecast aluminum at t=0.2

s

Figure 105: Abaqus aluminum at t=0.35 s Figure 106: Inspirecast aluminum at t=0.35

s
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Figure 107: Abaqus aluminum at t=1 s Figure 108: Inspirecast aluminum at t=1 s

One of the assumptions embedded in the Abaqus model definition was to incorporate

the thermal effects of the mold exclusively during the cooling phase, considering that

the mold acts adiabatically in the filling phase. This simplification was necessitated by

the absence of data to introduce a spatial and temporal thermal boundary condition

that varies together with the aluminum flow entering the cavity. The imposed fixed

temperature boundary condition forces the boundary nodes to remain at 500 K, leading

to the instantaneous solidification of aluminum. However, due to the coarse mesh, only a

few elements inside the ducts, not constituting the external surface, witness the aluminum

flow, resulting in a non-realistic behavior. This issue would be mitigated with a very fine

mesh, where the majority of the duct area sees the flow, and only a few elements in

contact with the surface witness the material solidifying, mirroring reality.

This assumption in Abaqus causes the aluminum to remain at 1000 K, owing to the

minimal heat flux at the air-aluminum interface during the short duration of the initial

phase. In contrast, Inspirecast comprehensively considers all thermal aspects of the mold,

extracting heat from the aluminum, resulting in a significant temperature decrease, as

deeply explained in the preceding section dedicated to analyzing Inspirecast results.

Figure 109: Abaqus aluminum temperature

at t=1.6 s

Figure 110: Inspirecast aluminum tempera-

ture at t=1.6 s

In the following series of images, the disparity between the temperature fields gen-

erated by the two software platforms becomes apparent. In the images produced by

Abaqus (on the left), the imposed temperature at the boundary generates a substantial
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temperature gradient due to the presence of aluminum at 1000 K within the part and

the surface temperature set at 500 K. This results in a faster cooling process compared

to the Inspirecast simulation. Consequently, in the Abaqus simulation, the green area

near the o-ring groove reaches around 650 K at t=2.1 s, whereas the corresponding area

in the Inspirecast simulation registers a temperature of 893 K, indicating a temperature

difference of approximately 240 K.

Figure 111: Abaqus aluminum temperature

at t=2.1 s

Figure 112: Inspirecast aluminum tempera-

ture at t=2.1 s from the start and t2 = 0.5 s

from the beginning of the solidification step

Figure 113: Abaqus aluminum temperature

at t=2.1 s
Figure 114: Inspirecast aluminum tempera-

ture at t=2.1 s from the start and t2 = 0.5 s

from the beginning of the solidification step

Here is a comparison of the temperature evolution in the cast part during the so-

lidification phase. Both graphs exhibit similar behavior, but the Abaqus plot appears

more compressed to the left, suggesting faster heat dissipation through the mold, likely

influenced by the coarse mesh of the model.
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Figure 115: Abaqus aluminum

temperature plotted points
Figure 116: Aluminum temperature curves for

points in figure 115

Figure 117: Temperature fields

at t2 = 40.55s of the solidifica-

tion phase
Figure 118: Temperatures plot during solidifica-

tion phase relative to the points in figure 117

The temperature fields exhibit a comparable shape in the results from both soft-

ware applications. In the case of a simple geometry, such as the one chosen for this

model, predicting the final temperature field based on the initial conditions becomes

more straightforward. The outcomes align with the anticipated field, indicating higher

temperatures where more aluminum is concentrated. Moreover, this zone is positioned

at the center of the mold, necessitating more time for cooling compared to regions closer

to the boundary.

Figure 119: Inspirecast temperature field

t2 = 40.5 s

Figure 120: Abaqus temperature field at

t=40 s
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9.6 Conclusions

The utilization of Abaqus for modeling casting phenomena offers the advantage of fine-

tuning various parameters in the model and simulation. However, this comes with the

drawback of making several assumptions due to the software’s limitations. An Eulerian

formulation becomes necessary to track fluid aluminum and air during the filling phase

and air entrapment during solidification. This formulation imposes certain limitations,

such as the need for assumptions in defining boundary conditions to compensate for the

absence of the mold in the model. Additionally, material density remains constant and

cannot be a function of temperature, and material behavior equations are fixed and can-

not vary with temperature.

Addressing the absence of the mold in the model involves creating a Coupled Eulerian-

Lagrangian (CEL) model, introducing challenges in defining interactions between Eu-

lerian and Lagrangian domains. Near the interaction zone, if the mesh is not refined

enough, ”void” tends to penetrate the Eulerian domain occupied by other materials be-

cause of numerical errors, requiring a significantly finer mesh. Tests performed show the

need to refine the mesh of more than an order of magnitude with respect to the global

seed. This refinement substantially increases model runtime (more than an order of mag-

nitude) compared to an equivalent purely Eulerian model.

When opting for a purely Eulerian model, defining mechanical and thermal boundary

conditions to substitute the mold introduces challenges. Mechanical boundary conditions

are easily implemented through Eulerian BC option in Abaqus, but for the thermal BC

assumptions are necessary, degrading model accuracy.

Another limitation lies in the inability to define material density as a function of tem-

perature, preventing the tracking of shrinkage, microporosity, residual stress at the end

of solidification and buoyancy effects between solid and liquid phases.

The final limitation pertains to phase change, as Abaqus only allows the definition of

a single behavior equation for each Eulerian material. To model aluminum’s behavior

throughout the casting process, involving a transition from liquid to solid, compromises

are needed, such as approximating solid behavior by defining viscosity as a function of

temperature during the filling phase. This is feasible as the simulation time is short and

a highly viscous media could be assumed as solid.

In comparison with specialized casting simulation software like Inspirecast, Abaqus ex-

hibits significant limitations, particularly in simulation runtime, which is approximately

1000 times longer, not accounting for the time needed for model setup, especially in the

load and mesh modules.

To optimize runtime, two distinct models are developed: one based on the Eulerian for-

mulation to accurately track the flow of aluminum during the filling phase, and another

based on the Lagrangian formulation to precisely monitor the evolution of the tempera-

ture field during the solidification and cooling stages. The latter model operates on the

assumption that during the short time of the filling stage, the aluminum retains its pour-

ing temperature, enabling the definition of a homogeneous temperature in the Lagrangian

model. This assumption is partially supported by the Eulerian simulation, even though it

considers adiabatic filling conditions. Inspirecast indicates a temperature drop of nearly

100 K in some small regions at the boundaries. Despite this, the Lagrangian model could
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serve well as a first approximation or when considering specific mold materials or surface

treatments that reduce heat exchange.

The accuracy of Inspirecast has not been directly tested in this study due to the un-

availability of facilities for performing aluminum casting. However, previous studies com-

paring results from virtual casting environments and experimental results highlight the

capabilities of such software [60]. Inspirecast, classified as a medium-level virtual casting

environment, ensures good accuracy with short simulation times and relatively low costs.

Nevertheless, it comes with limitations for advanced users, as certain operations, such

as mold creation, are automated and not customizable by the user. An RX analysis on

the cast part, when compared with simulation results, reveals accuracy in identifying the

position of defects, such as porosity in the final part, but tends to overestimate their

dimensions [61].

In general, Inspirecast serves as a valuable tool during the design phase, particularly in

defining the running system to eliminate defects. However, in the author’s opinion, a

final experimental test is imperative to validate the designed geometry. This practice

contributes to a reduction in design time and cost, ensuring a more robust and reliable

outcome.

Developing an in-house Finite Element Method (FEM) model for virtual manufacturing

in Abaqus is an insightful exercise. This hands-on approach not only enhances proficiency

in utilizing Abaqus but also contributes to a deeper understanding of the complexity in-

volved in virtual manufacturing simulations. The acquired knowledge can be instrumental

in refining and optimizing future simulations for more accurate and reliable results.

Different assumptions during the model definition focus the solution of the problem on

different aspects of the process leading to various results and grades of accuracy. How-

ever, the practical utility of this in-house model, in the author’s opinion, is significantly

limited, primarily due to the extended run time required for simulations.
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