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The effect of pore geometry on the mechanical properties of cast aluminium
Benjamin Coric

Seyedmahdi Seyedraoufi

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

This thesis delves into the influence of pore geometry on the mechanical charac-
teristics of High Pressure Die Cast (HPDC) aluminum. Additionally, it explores
the feasibility of developing a material model capable of capturing the mechanical
behavior for various types of porosity. Utilizing X-ray computed tomography Aided
Engineering (XAE), pores were integrated into a virtual model, accurately mirroring
those observed in the test coupons.

These virtual replicas, in conjunction with Representative Volume Element (RVE)
models, were employed alongside Finite Element Methods (FEM) to simulate the
effects of porosity, including variations in pore shape, volume, and distribution.
Significant findings indicate that larger pores and those situated near boundaries
substantially diminish both material strength and ductility.

An attempt was made to optimize the material model to encompass all findings from
the test coupons. However, due to considerable disparities in failure strain among
certain coupons, it was concluded that a single material model was inadequate for
precise results. Consequently, two distinct material models were devised to address
varying porosity volume fractions. The results demonstrate the potential for pre-
dicting failure in relation to porosity, with optimized models exhibiting a relatively
accurate prediction of similar pore structures, with a maximum relative error of 6 %
and 7%, respectively.

Keywords: Porosity, Cast aluminium, RETOMO, LS-DYNA, GISSMO, FEM, Pore
geometry, XAE, ANSA, Material characterisation.
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Introduction

1.1 Background

High-pressure die-cast (HPDC) aluminum is increasingly employed in structural au-
tomotive applications due to its favorable mechanical properties, high efficiency, and
the facilitation of producing complex-shaped thin-walled castings. Nevertheless, the
HPDC method is notably influenced by diverse process parameters such as melt
temperature, die temperature, pressure, velocity of the plunger, etc [1], [2]. These
factors contribute to notable variability in the local material properties of the pro-
duced components, primarily due to casting defects such as porosity, which arise
during the high-speed turbulent form-filling process [2]. An example of how this
porosity can look in a coupon can be seen in Figure 1.1.

To understand the impact of these defects on material properties, it is feasible to
design coupons with varying degrees of defects and establish empirical relationships
of the mechanical properties. However, such approaches are limited to specific types
of loading and require extensive experimentation for each new load case, which is
time-consuming and costly. Additionally, the geometry, placement, and size of pores
cannot be precisely controlled, making it rare to have coupons with identical poros-
ity characteristics to study all aspects of porosity experimentally.

As a result, developing a virtual model is advantageous, as it is more efficient and
allows for the exploration and evaluation of various scenarios. Thus, analyzing
whether this can be achieved through a virtual model would be highly beneficial.
However, porosity affects material properties and behavior. Therefore, to develop a
material model that can represent material behavior with random porosity, an ex-
tensive investigation into the effects of pores on the mechanical properties of HPDC
aluminum using experimental data and computer tomography (CT) scans is nec-
essary. Such modelling is for example used for biocomposites [3], although then a
microscopic model of a composite was created. For creating the aluminium model
there are some similarities, but more so it is the process that is similar and followed.
For instance, Zhang et al.[4] has performed a similar study on HPDC aluminium
casting, although with the Gurson-Tvergaard-Needleman (GTN) model to capture
the effect of the pores and not modeled the pores explicitly which is the aim for this
study. Choi et al.[5] created a virtual model with the porosity calibrated, however
it was for HPDC magnesium instead of aluminium. Since the process is still very
similar, it was used as a reference and guidance in this report.
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Moreover, the effect of porosity has also been studied before, Lordan et al. [6],
[7] and Cacares et al. [8] have studied the same mechanical properties although
for alloys and not isotropic aluminium as in this report. Despite this the results
should be similar in behaviour, therefore they were used as references during the
project. Streck et al. [9] has studied the effect of the proximity of pores to each
other, noting that pores within a certain distance can be considered as one. This
significantly impacts the material properties and is beneficial for simplifying models
and reducing computational time.
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Figure 1.1: Porosity distribution in a coupon.

1.2 Objective

The main objective of this study is
« Develop a numerical model and using the Finite Element Method (FEM) for
predicting the mechanical characteristics of porous cast aluminum.
Moreover, there is a supplementary goal along side the main objective, which is
e Study how the mechanical properties are influenced by varying pore geometry;,
including alterations in pore size, distribution, and volume fraction.

1.3 Limitations

Limitations are set on the project as to account for available resources in time and
material.

o While various types of defects, including oxide, hot tear, cold shut, and others,
may occur, this project exclusively concentrates on modeling the impact of
porosity.

o Physical testing will not be conducted further unless deemed necessary. The
primary model will be constructed using available data and CT scans.

o The properties of the aluminum alloy are regarded as an isotropic material,
and observations will be made within the aluminium matrix domain.
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Theory

In the following sections, the theory needed for executing the project will be pre-
sented. Some sections will be covered very broadly, whilst other, more important,
sections will be covered more in depth.

2.1 High-pressure die-cast (HPDC)

In HPDC, molten metal or metal alloy is injected at high speed and high pres-
sure into the mould. This is beneficial since it can produce very large light alloy
parts in high volumes and great speeds as well as delivering light alloy parts with
high precision, superior surface finish, excellent uniformity and optimum mechanical
properties. Moreover, it is also useful for producing components with thin walls [10].

However, there are also some drawbacks with this production method as there are
a number of defects that can occur. These defects form due to a range of mech-
anisms, such as oxidation, entrainment, incorporation of exogenous materials from
the containment vessels, dissolved gasses, solidification shrinkage, unwanted micro-
structural phases with detrimental morphologies and the development of stresses in
the solidifying metal [11]. The main defect formed, is that porosity occurs within
the part, which can give significant impact on the mechanical properties.

When it comes to HPDC, there are mainly two types of porosity that are gener-
ated: shrinkage porosity and gas porosity. Solidification porosity is caused by the
density in change from liquid to solid during solidification which is formed when the
shrinkage can no longer be fed by flow of the liquid. This often occurs late in the
solidification, when the solid dendritic network has a low permeability and is rigid.
Consequently, the porosity gets a tortuous shape of the remaining spaces between
the dendrites [12].

Gas porosity, on the other hand, occurs when the molten alloy contains relatively
large amounts of a dissolved gas. In this instance, pores can form much earlier in
solidification, and therefore, the pores have the freedom to adopt a more spherical
shape [12].
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2.2 X-ray computer tomography scanning

X-ray computer tomography was originally used within the medical field in the 1960s
but was later extended to use in both non-medical research and industry [13]. This
was adapted into an engineering tool and is also referred to as X-ray computer to-
mography aided engineering (XAE).

To obtain a 3D model, the sample is turned around itself and exposed to the X-ray
beam from different angles to obtain as many 2D projections as possible [13]. After
acquiring the images, a segmentation needs to be applied to differentiate the differ-
ent objects within the coupon. The segmentation is done by grey-scale thresholds
for the two different parts, voids (pores) and matrix (aluminium).

A greyscale image is one where each pixel is representing an amount of light, where
black represents the weakest amount of light and white the highest. Most images
have values somewhere in between giving them a grey look and therefore the name
greyscale. The "color" value of these pixels is easiest seen in a histogram, see Figure
2.1, where the x axis shows the different values for the coloring (from black to white)
and the y axis shows the amount of pixels there are for a specific value. In the
histogram there will then be peak values that indicate the different parts/objects.
Here a threshold is implemented to distinguish the different materials and it is often
done at the minimum value between the peaks of the histogram, as shown in Figure
2.1.

h(D)

Background
(voids)

Object

Threshold

Figure 2.1: An example of threshold determination from a histogram of image
data, inspired by [14].

2.3 RVE modeling

Representative Volume Element (RVE) is a volume of the material of a size large
enough that the homogenized (averaged) properties becomes equal to volumes of an

6
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increased size. Therefore it is often sought out to find the minimum possible size of
the RVE since this will lead to the highest computational efficiency.

2.4 Material modeling

To ensure accurate results from the FEM model, it is essential to assign elements
a suitable material model. In LS-DYNA this is employed through different "cards",
where each card employs a unique attribute.

2.4.1 MAT 24
MAT PIECEWISE LINEAR PLASTICITY or MAT 24 as it is more commonly

known, is an elasto-plastic material with a given stress as a function of strain curve
and arbitrary strain rate dependency [15]. This material card encompasses both
linear elastic and plastic properties, and is used to model the behavior of the ma-
terial up to the point of instability. For the elastic region, the essential parameters
include Young’s modulus, mass density, and Poisson’s ratio, with the Von Mises
yield criterion employed to identify the onset of plasticity. For the hardening phase,
several options are available, such as linear hardening, where the yield strength, o,
and the tangent stiffness modulus, Fy,,, are used. The yield strength defines the
stress at which the material transitions from elastic to plastic deformation, while
Eon, provides the linear hardening characteristic.

However, materials rarely exhibit linear hardening behavior. Therefore, employing
a nonlinear hardening curve is more advantageous for accurately predicting mate-
rial behavior. To achieve this, LS-DYNA provides several models, including Swift,
Hockett-Sherby, Voce, and Gosh, which can describe isotropic hardening [15].
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[ MAT24 MAT_PIECEWISE_LINEAR_PLASTICITY [MAT24 MAT_PIECEWISE_LINEAR_PLASTICITY]
Name | Aluminium D #(|E B
Main * Misc
_LOG_INTERPOLATION _STOCHASTIC _MIDFAIL -2D
MID RO E PR SIGY ETAN FAIL TDEL

4 2.85E-9 75000. 0.3 0 1.E20 0

C B Lcss LCSR VP
0 0 3 0

EPS1 EPSZ EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
0 ) 0 o 0 0 o 0

ES1 ES2 ES3 ES4 ESS ESE ES7 ES8
0 ) 0 o 0 0 o 0

0K Plot Cancel

Figure 2.2: MAT 24 PIECEWISE LINEAR PLASTICITY card in ANSA.

2.4.2 Hockett-Sherby hardening curve/Hardening rule

A hardening rule is used to define the evolution of yield surface during a deformation
process. Aluminium, like almost all other metals, increases its strength when being
subjected to plastic deformation and this increase in yield strength leads to changes
in the yield surface. This change due to plastic loading is called the hardening rule
[16].

Generally the hardening behaviour is predicted using a hardening model or curve.
The hardening models are mainly divided into two types, unbounded and saturation.
The difference between an unbounded hardening model and a saturation hardening
model lies in how they describe the behavior of materials under plastic deformation.
In an unbounded model, a material can undergo limitless plastic strain without
reaching a saturation threshold. The strain-hardening exponent, often represented
as 'n", defines the material’s strain hardening during forming, calculated from the
slope of the flow curve in a double-logarithmic format [17]. In contrast, a saturation
hardening model suggests there is a threshold for a material’s strain hardening.
Beyond this saturation point, additional plastic deformation does not cause further
hardening, as observed in materials like aluminum. In such cases, a saturation
model, such as the Hockett-Sherby model is used. In LS-DYNA it is defined as:

oc=A— Be %9, (2.1)

where A represents the yield stress, B stands for the difference between saturation
stress and yield stress, C' is a material constant that determines the rate of harden-
ing, H indicates the strain hardening exponent, which describes how the hardening
behavior changes with strain, and ¢, signifies the plastic strain [15]

2.4.3 GISSMO

As stated earlier, MAT 24 incorporates both linear elastic and plasticity behaviors,
but the damage and failure behaviour is missing. Hence, an additional failure model

8



2. Theory

is necessary. GISSMO is employed for this purpose, and it can be applied by adding
MAT ADD DAMAGE GISSMO to the material model.

The basis of GISSMO is a damage evolution depending on a failure curve €e;(n)
where 7 is the stress triaxiality, which is further explained in section 2.4.3.2.

2.4.3.1 Damage Mechanics

Damage plays a pivotal role in material failure. It affects the material parame-
ters and even small damage can have significant impact. The measure of damage,
D, shows the change of the section area with damage compared with the reduced
'effective" section area, see Figure 2.3, and is described as

S-S
D=——. 2.2
= (2:2)
Overall section area Reduced ("effective”)
containing damage section area
S $<S

Figure 2.3: Visualization of damage measurement, reproduced from [18].

If D = 1 then failure occurs which is shown in eq.(2.3) where the effect of the damage
on the true stress is shown. This is also commonly known as Lemaitres formulation
[19] which is a relation to couple the damage to the stresses

Otrue = Ueff(l - D)7 (23)

where 0.7y is the effective stress that is obtained in the reduced ("effective") section
area, see Figure 2.3. Combining this with the treatment of material instability a
damage threshold can be defined. When the damage parameter D reaches this
value, it will cause damage and flow stress to become coupled [20]. After reaching
necking, eq.(2.3) is altered and a value of critical damage, D..;;, is determined and
implemented for the calculation of the effective stress tensor

D — Dcri "
Otrue = Oeff (1 - (1—D;> ) s for D > Dcm‘t- (24)

Additionally to the true stress, the damage accumulation rule plays a pivotal role
in GISSMO, which is written as:

er(n)

AD = D" Ae, (2.5)
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where D is the damage, 7 is the triaxiality, Ae, is the increment of plastic strain
and, n, the damage exponent [21]. This formula enables GISSMO to give a more
accurate depiction of fracture for non-proportional stress paths [22]. For a constant
value of the failure strain eq.(2.5) can be integrated and a relation of damage and
actual equivalent plastic strain is obtained:

D= (Z)n (2.6)

Additionally, the instability accumulation can be defined as:
n

Eerit (77)

where F'is the current value of instability and e..;;(n) is the instability strain [21].

AF =

F'7% Ae, (2.7)

Understanding the physical implications of the two exponents (n and m) can be
challenging as they are closely intertwined. Figures 2.4 and 2.5 illustrate the effects
of the damage and fade exponents, respectively.

The impact of the damage exponent n The impact of the fading exponent m

1
—n=1
—n=2
08 f-n=4 08
—n=6
—n=38
0.6 1 _sg 0.6
_Q —n=100 o |Fm=1
0.4 0.4 1 m=2
m=4
—m=6
02 i 02— m=38
m=20
! —m =100
% 02 04 0.6 08 1 0 ‘ ‘ ‘ ‘
. . € . : 0 0.2 0.4 0.6 0.8 1
o D
Figure 2.4: Effect of the damage Figure 2.5: Effect of the fading exponent
exponent n. m.

It can be observed that the higher value of these variables, the "quicker" or more
sudden the damage rises to 1 and failure occurs.

2.4.3.2  Stress triaxiality Curve

Stress Triaxiality, n, is an essential part of GISSMO as it is a part of the load curve
needed to be implemented. Stress triaxiality is defined as the hydrostatic stress over
the equivalent von Mises stress.

(2.8)

It is used to determine the failure of a material under different stress states, this is
done by doing specific load cases for multiple coupons with the same properties until
failure occurs. Some tests and the respective stress triaxiality values can be seen in
Figure 2.6. Subsequently, by using these stress triaxiality values and corresponding
plastic failure strains, a failure curve can be created. It is worth noting that in this
report, the term "triaxiality" refers specifically to stress triaxiality.

10
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s 1+ s
i
3 = . | 13
SHle i E 3 ¥ all»
* s s . 5! 5! T 4
g 2! 3! gy gl
f=] [<] =31 [oh c
g 2 =) > 2
£ gt ! s!
O,y ] o X
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@ =3 1 i
' =
2 1 0 1 1 2 Triaxiality
3 3 3 3 3

Figure 2.6: Plastic failure strain for different triaxiality, inspired from [23].

2.5 Material Calibration

In FEM, certain material parameters may be unknown. To ensure precise simu-
lations and results that align with experimental data, it is crucial to calibrate the
material model. Various software tools can be used for optimizing these parameters,
such as LS-OPT.
To begin optimization, the force-displacement curve derived from experimental data
serves as the reference. The previously prepared FE model is then simulated. Within
this simulation, the points representing the extensometer in the real coupon are
identified, and the force-displacement data from the simulation is extracted. Addi-
tionally, desired variables are designated as parameters. Using LS-OPT, the model
undergoes simulation iterations, adjusting parameter values to minimize the error
between the simulation and experiment. For this optimization, the Mean Square
Error (MSE) function is employed. The formula for MSE is as follows:
1 _
MSE ==> (Y, - Y’ (2.9)
n=1

where Y; is the estimated value points, Y; is the actual value points and, n, is the
number of data points. To globally minimize the error and avoid converging to lo-
cal minima, it is crucial to set appropriate bounds for the parameters and provide
a well-informed initial guess. Having a thorough understanding of the parameters
leads to better, faster, and more accurate calibration [24].

11
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Methodology

In this chapter, the methodology of the project will be presented. All the decisions
taken will be highlighted along with motivations for the different chosen methods.

3.1 X-ray computer tomography aided engineer-
ing

This section outlines the X-ray computer tomography aided engineering process
and its interpretation within this thesis project. The process consists of three main
stages: image acquisition, segmentation, and meshing. However, due to constraints
mentioned in the limitations section, the C'T scans were already extracted by Volvo
Cars prior to this thesis project. As a result, only the segmentation and meshing
phases were performed in this study.

Segmentation and meshing phases were conducted utilizing the commercial software
RETOMO from BETA CAE Systems. The input file necessary for analysis was in
"raw' format. Segmentation was a critical procedure aimed at modeling distinct
phases such as void and matrix as separate materials. This segmentation was ac-
complished using the grey-scale threshold method, as detailed in Section 2.2.

In RETOMO, one has the option to mesh using surfaces or solids. For this thesis,
a surface mesh elements was employed. Due to complex geometry of the pores,
tetrahedral elements were chosen to mesh the coupon. Concerns about potentially
missing shapes and very small pores led to the selection of the fine mesh option.
Figure 3.1 illustrates the mesh extracted from RETOMO. Opting for the fine mesh
option in RETOMO resulted in approximately 23 million extracted elements, leading
to prolonged computational times.

Figure 3.1: Extracted mesh from RETOMO.
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3. Methodology

3.2 FE-modelling

The procedure entailed developing a FE model using the ANSA software, which
was based on the model prepared using RETOMO. Subsequently, the coupon with
actual pores was prepared in ANSA along with additional pre-processing actions,
i.e. applying boundary conditions. At the final stage, the model was run by using
LS-DYNA explicitly.

3.2.1 Creating the geometry

The geometry created was a virtual replica of the standard coupon used in the
mechanical test, which can be seen in Figure 3.2. The geometry was created directly
in ANSA which made it easy to interact with the model for the extracted pores.

80 M
—
2,5 3 20 ||
d ) ;
28 14 28

Figure 3.2: The geometry of the coupon used in the mechanical testing.

3.2.2 Meshing

As mentioned in section 3.1, a significant number of elements led to expensive com-
putational time. Consequently, a decision was made to retain the surface mesh
around the pores while deleting the remaining surface meshes. Subsequently, the
previously prepared coupon model was meshed. Then the pores were subtracted
from the coupon and finally, a coupon with real distribution of the pores was gen-
erated. This approach significantly reduced the overall number of elements and a
visual representation of the procedure can be seen in Figure 3.3. Second order tetra-
hedral elements are recommended for simulating accurate fracture behaviors in this
setup.

14
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Number of
Elements

Before Cleaning 23,041,768

After Cleaning 222,866

Figure 3.3: The process of creating a coupon with pores.

3.2.3 Material modelling

The material behavior was captured using a combination of MAT 24, the Hockett-
Sherby function, and MAT ADD_DAMAGE_GISSMO, allowing for representa-
tion of different sections such as linear elastic, hardening, and failure. Material
parameters for the linear elastic and hardening sections are presented in Table 3.1.
The plasticity part, a Hockett-Sherby hardening curve was implemented by applying
a 'Define Curve Stress" in LS-DYNA.

Table 3.1: Material parameters.

Parameters
Elasticity E|lp| v -
Plasticity and hardening | A | B | C | H
GISSMO failure m|n | € | -

Implementing GISSMO failure was indeed more complicated than the initial two
parts. This involved several material parameters (Table 3.1) as well as the failure
curve.

As discussed in section 2.4.3, a GISSMO failure curve is typically derived from vari-
ous tests like uniaxial tension, biaxial tension, pure shear, etc. With cast aluminum,
each coupon’s porosity varied, which led to different properties. Consequently, for
the coupon, only a tensile test load case could be implemented in the GISSMO
curve, as it was the mechanical test performed on it.

To address this constraint, two approaches were taken.For the initial failure curve,
the average plastic failure strain (e,7) was derived from multiple tests conducted on
cast aluminum data for each triaxiality.

Another approach considered was to utilize a failure curve obtained from a literature
review for comparative analysis. To achieve this, an extensive review was conducted
to select a failure curve that closely aligns with our experimental data [25]. The
failure curve for both approaches are shown in Figure 3.4.
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GISSMO failure curve
0.8 \ ‘ ‘ ‘
—Modified Gissmo curve
—Experimental Gissmo curve
0.6 8
S04 r :
02r |
0 | | | | |
-0.4 -0.2 0 0.2 0.4 0.6 0.8

Triaxiality n

Figure 3.4: GISSMO failure curve from experimental data and literature.

3.3 Calibration

The calibration was divided into several steps, to ensure that each obtained vari-
able was as independent and accurate as possible. Firstly the parameters for the
Hockett-Sherby hardening curve were calibrated against experimental data to ob-
tain the parameters A B,C and H. To achieve a precise alignment with experimental
data, the failure criterion was excluded to prevent any influence of failure damage
on the results.

To calibrate the failure, various parameters like the damage exponent, n, and fading
exponent, m, were chosen for calibration. Additionally, as discussed in sections 1.3
and 3.2.3, the failure curves obtained from section 3.2.3 were adjusted up and down
until satisfactory experimental results were achieved. It is important to note that
€.rit, Which represents the critical plastic failure strain, was derived from experimen-
tal data.

The optimization algorithm for a single coupon optimization is depicted in Figure
3.5.

In this project, five different coupons were used for optimization and to assess the
performance of the calibrated material, three additional coupons were investigated.
For each individual coupon, the same optimization algorithm shown in Figure 3.5
was employed to calibrate the material parameters and capture experimental data.

Upon examination of the CT scans, it was observed that coupon 1-4 had the biggest
pore size among the selected coupons. Consequently, the simulation and optimiza-
tion were initially conducted on this coupon. Moreover, to obtain material param-
eters applicable for different coupons, a parallel optimization was conducted, which
is seen in Figure 3.6.
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Figure 3.5: single optimization algorithm.
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Figure 3.6: Multiple optimization algorithm.

3.4 Mesh regularization

The GISSMO failure model depends on the element size, meaning that different
element sizes can yield varying results. To visualize this discrepancy caused by the
element size, a study was conducted on mesh dependency. To ensure the model
was independent of element size, the smallest possible element size was chosen as
a reference. A simulation was then conducted using larger element sizes, and the
failure curve was adjusted by a factor to align the results of the new simulation with
those of the reference size. This procedure was repeated for different element sizes.
In the final stage, a table or curve was generated to ensure that the GiSSMO failure
curve was independent of element size.

Due to the necessity of capturing pore geometry, an element size of 0.0l mm was
utilized in this study. However, for computational efficiency and to meet constraints
for the subsequent stages, the element size in the middle of the coupon was around
0.5mm. Consequently, the presence of porosity resulted in a mesh with varying
sizes, ranging from 0.01 mm to 0.5 mm. Moreover, investigating the element size at
0.01 mm presented challenges, as it resulted in a model with millions of elements,
making computation time intensive and costly. Additionally, tetrahedral elements
were sensitive, and their element size computation logic differed from that of hexahe-
dral elements. Therefore, to achieve a more uniform element length, it was preferable
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to avoid geometry complexities such as curves. To address these limitations, a deci-
sion was made to study the effect of element size in a cube without any pores.

The boundary condition was configured such that one of the corner nodes at the
bottom of the cube was fixed in translation in all directions. Additionally, all other
nodes on the bottom were fixed in the vertical direction and free to translate in all
other directions. On the top surface, a displacement of 3mm was applied over a
period of 0.01 seconds. This boundary condition setup was chosen to prevent the
cube from being over-constrained, which could lead to inaccurate results.

It is also worth noting that the material model used for this regularization is divided
into two parts. As shown in Figure 3.8, the material without any failure is assigned
to the top and bottom parts of the cube, while the material model that includes
failure is assigned to the middle of the cube (highlighted in purple).

[mm] I

AAAAAA

1

Figure 3.7: The boundary condition used for the mesh dependency study of the
GISSMO failure curve.

Figure 3.8: The material model used for the mesh dependency study of the
GISSMO failure curve.
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3.5 Pore geometry study

To comprehensively understand the effects of the pore geometry, which encompasses
parameters such as shape, size, and placement, this study was divided into three
distinct stages: shape analysis, size analysis, and placement analysis. This approach
enabled a systematic examination of each parameter’s individual impact without the
risk of interfering effects.

3.5.1 Effect of pore shape on material behavior

For the purpose of studying the impact of pore geometry, an RVE model was ini-
tially created with the intention of using periodic boundary conditions. However,
in LS-DYNA, periodic boundary conditions were only feasible for implicit simu-
lations. Unfortunately, the implicit solution encountered difficulties in achieving
convergence once failure was initiated, leading to unreliable results. To address
this, some damping was introduced to better capture failure behavior, although
this yielded only minimal improvement. Instead of pursuing periodic boundaries
for the RVE, an alternative approach was taken, constructing a model similar to a
coupon. This model was still a cube, similarly to the RVE, however the size was
10x10x10 mm?, see Figure 3.9. The boundary conditions were similar to those used
in the case with mesh regularization as described in section 3.4.

(mm)

10

10 1

RVE_10 model RVE_1 model

Figure 3.9: The two different RVE models used in the studies in section 3.5. The
small RVE model is called RVE 1 whilst the model with similar size to the
coupons is referenced as RVE_ 10.

In this model, different types of pore geometries were constructed, however, with
one constant factor, which was that the volume fraction was always 0.5%. The

19
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different geometries that were analyzed are shown in Figure 3.10. The main shape
analyzed was a spherical shape, although also ellipsoid shapes were examined as well
as including a real pore from coupon 1-4. The goal was to both analyze how the
different shapes of a pore behave, but also to see what has a greater impact, a few
large pores or many smaller ones. Another thing of interest was to see the impact
of the distance, both between the pores themselves but also the distance from the
pore to the boundaries (the edges of the coupon).

The interest in the ellipsoid shape stemmed from its resemblance to the shape of
a small crack initiation. Consequently, it allowed for visualization of its behavior
under various loading conditions.

The reason for the spherical shape being the main one used was that it was consid-
ered to be the shape that was the least influential of the loading direction, since it
had an universal radius. Additionally, it was considered to resemble the real pores
quite well, and therefore it was considered that it would also capture the behaviour
of the pores in the test coupons.

Lastly, also a large pore from the real coupon was chosen and scaled up, as to observe
the difference in behaviour in comparison with the spherical and ellipsoid shaped
pores.

To better understand and see the effect of the interpolar distance, a model with
two pores, still with a volume fraction of about 0.5%, was used. The pores were
modeled as spheres with a radius of 0.84 mm each. The distance between the outer
edges of the pores (the smallest distance between them) was altered from 0.32 mm to
1.32mm, 3.32mm and finally 4.32mm. By starting from 0.32 mm, it also included
the effect of the pores merging as according to Streck et al. [9], when the distance
between two pores was less than the diameter of the smallest pore, they could be
considered as one pore.
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(a) Three spherical pores (b) Three spherical (c) 9 Pores clustered.
diagonal. pores horizontally.

(d) 9 Pores spread out. (e) Real pore form CT (f) Spherical pore.
scan.

(g) Two spherical pores (h) Two spherical pores (i) Two spherical pores
distanced 0.32 mm. distanced 1.32 mm. distanced 3.32 mm.

(§) Two spherical pores (k) Ellipsoid shaped (1) Ellipsoid shaped
distanced 4.32mm.  pore, orthogonal to the  pore, parallel to the
loading direction. loading direction.

Figure 3.10: The different geometries that were analyzed. All the different

models have a volume fraction of about 0.5 %. 91
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3.5.2 Effect of pore volume on material behavior

The volume of pores had a notable impact on material behavior. Larger pores gener-
ally resulted in the material being weaker and more prone to brittleness. To visualize
where this limit occurred a study on the pore volume fraction was performed and an
RVE model consisting of a box with the dimensions 1x1x1 mm? was used (illustrated
in Figure 3.9).

The tested pore sizes ranged from a volume of 0.0001 mm? to 0.005mm?, with a
consistent spherical shape employed across all volumes. Additionally, to eliminate
any potential discrepancies in results attributed to pore placement, the center of
each pore was positioned at the center of the box.

The boundary conditions were set up as in the case with the mesh regularization,
where one of the bottom node corners was fixed completely in translation and the
other bottom nodes only fixed in translation in the loading direction (in this case
in y-direction), see Figure 3.7 for a visualization. The loading was applied as a
displacement of 1 mm over 0.01 seconds and the material and failure models were
exactly the same as for coupon 1-4.

3.5.2.1 Effect of porosity on the ductility of the material

In addition to examining the failure strain, the RVE 1 model was used to assess
the influence of pores on the ductile properties of the material, particularly on the
parameter €..;;, which denoted the onset of damage. Increasing this value implied
that damage initiation occurred later, while the failure strain should remain the
same, consequently, the ductility should decrease.

To observe this impact, the RVE__ 1 model was initially simulated using the €..;; value
obtained from coupon 1-4. Thereafter, the simulation was rerun with an elevated
€.rit value of 0.2. The pore was assumed to be spherical and its radius and respective
volume is shown in Table 3.2. The pore sizes analyzed were chosen to be very small
as to capture the smallest amount of pores required to observe the effect it has on
the ductility.

Table 3.2: The pore volumes (and subsequential sphere radius) used for studying
the effect of €.

Radius (mm)
r=0 | r=0.005 | r=0.01 | r=0.02 | r=0.03 | r=0.05
Pore Volume (mm?) | 0 | 5.24e-7 | 4.19e-6 | 3.35e-5 | 1.13e-4 | 5.24e-4

3.5.3 Effect of pore placement on material behavior

Additionally to considering the pore geometry, it was also necessary to consider its
environment and its placement. Therefore a study was performed to analyze the
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impact that the boundary had on the pore and the failure of the material. For this,
the RVE_ 10 model was used since it had a similar size to the coupons. As the
distance to the boundary was of interest here, the volume of the pore was set to a
fixed value and shape, here chosen to be a sphere with a volume of 0.0015 mm?. This
volume was close to the average maximum pore size extracted from the coupons and
therefore it was regarded as an accurate representative pore volume.

The way the boundary was then altered was by shifting the distance between the
outer edge of the pore to the boundary on the right side. The initial distance
was S5mm, then 3mm, 2mm and finally 1mm. Since the RVE_10 model was
10x10x10 mm?®, it meant that a distance of 5mm was in the middle of the model
and the furthest possible distance from one boundary. Moreover, the material model
and the loading conditions were the same as for the volume studied in section 3.5.2.
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Results

In this chapter, the results of the project will be presented, following the method-
ologies outlined in Chapter 3. Eight different coupons were studied and investigated
in this project. These coupons were extracted from a prototype tool and can be
observed in Figure 4.1.

The location of pores within the material structure plays a crucial role when de-
termining its behavior. The flow stream initiates from the top, leading to the first
row of coupons being closest to the in-gate and consequently exhibiting the high-
est porosity. Conversely, the coupons in the fourth row, situated farthest from the
in-gate, demonstrate the lowest porosity.

Ingate

i
i

)l

I

4-2]

Figure 4.1: An illustration of the plate from which the coupons are extracted.
The ones marked with green are the ones that were used in this report.
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4.1 Simulation result

In this section, the simulation results for the material model and will be presented.
It contains different results such as plasticity and failure simulation and calibration
for different coupons.

4.1.1 Plastic hardening calibration

Figure 4.2 shows the results for the calibrated parameters for the linear and plastic
hardening part of the material model. It is evident that the parameters effectively
capture the material’s hardening behavior.

Stress vs strain coupon P1-4

1 T T T T T
—P1-4 Experimental
—P1-4 Simulation
0.8 .
n
0
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~
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]
]
g 04 |
7‘6 .
:
z, 0.2 5
0 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Normalized Strain [-]

Figure 4.2: Coupon 1-4 stress-strain without damage criteria.

4.1.2 Damage calibration

Table 4.1 provides the optimized parameters and Figure 4.3 illustrates optimized
failure curves. It is evident that the modified GISSMO failure curve requires a
downward adjustment of about 34 % compared to the experimental failure curve.

Table 4.1: The normalized GISSMO parameters optimized for coupon 1-4.

Failure curve type m | n | Normalized SF
Experimental failure curve | 5 | 3 1
Modified failure curve 513 0.66
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GISSMO failure curve
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Figure 4.3: Optimized GISSMO failure curve for coupon 1-4.
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Figure 4.4: Coupon 1-4 stress-strain with damage criteria.

(a) Real coupon fracture  (b) Simulation coupon
surface. fracture surface.

Figure 4.5: Comparison of fracture surface.
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Figure 4.4 illustrates the comparison between experimental data and the optimized
stress-strain curve for coupon 1-4 which align perfectly. Figure 4.5 displays the
fracture surface from both mechanical tests and simulations. It is evident that the

simulation accurately captures the fracture surface, closely resembling that of the
real coupon.

In Figure 4.6, the result for when applying the optimized material model for coupon
1-4 on the other coupons is shown. The optimized material model predicts the failure
of coupon 2-3 fairly well, while the prediction for coupon 1-3 is less accurate but

still acceptable. However, the optimized material model fail to reflect the behavior
of coupons 4-1 and 4-3.

Stress vs strain based on P1-4 optimized parameter
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Figure 4.6: Stress-strain for different coupons based on optimized parameter of
coupon 1-4.

As the other coupons are not captured with the optimized material model for coupon
1-4, identical optimization procedures are conducted for all coupons. The result for

this is shown in Figure 4.7, and in Table 4.2 the value of the material parameters
are shown.

Table 4.2: Material parameters, values are normalized with coupon 1-4 being
used as the reference value, hence all its coefficients are equal to 1.

coupon number | A B C H SF
1-3 1 1.02 | 1.03 | 1.01 | 1.08
1-4 1 1 1 1 1
2-3 1 1 1.08 | 1.02 | 0.95
4-1 1 1 1.08 | 1.02 | 1.35
4-3 1.01 | 1.02 | 1.27 | 1.11 | 1.62
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Stress vs strain
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Figure 4.7: Stress - Strain for different coupons based on optimized parameter

4.2 Mesh regularization

Figure 4.8 and Table 4.3 illustrate the results of the mesh regularization study. It is
apparent that for element sizes smaller than 0.1 mm, the failure response has con-
verged. Additionally, the difference in failure strain between 0.5 mm and 0.025 mm
is approximately 11 %.

Mesh regularization
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Figure 4.8: Result of the mesh regularization for smaller element sizes.

4.3 Investigating porosity-related factors

The disparity between the simulation and experimental data, as illustrated in Figure
4.6, can be attributed to various factors stemming from the presence of pores. To
conduct a comprehensive investigation, different factors have been explored, and the
results are explained as follows.
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Table 4.3: Failure strain for different element size.

Element size [mm] Normalized Strain [-]
0.025 0.7843
0.05 0.7857
0.1 0.7971
0.25 0.8257
0.5 0.8857

4.3.1 Non-porous conditions

As outlined in Chapter 3, various factors influence the material failure in the presence
of porosity, including pore placement, size, volume, and stress triaxiality. Conse-
quently, it is valuable to explore material behavior under pore-free conditions.

To accomplish this, the initial step involves calibrating all coupons with porosity for
both plasticity and failure. Subsequently, the optimized parameters corresponding
to each coupon are applied to simulate pore-free coupons, enabling the observation
of material behavior in the absence of pores.

The stress-strain curves for these coupons are presented in Figure 4.9. Interestingly,
contrary to real test data, coupon 2-3 breaks earlier than coupon 1-4.

Based on the findings derived from Figure 4.9, it is determined that the presence of
pores significantly impacts the material’s behavior. Consequently, the next phase
of the study will focus on investigating various aspects of the pores, including their
shape, size, and distribution.
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Stress vs strain
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Figure 4.9: Comparison of stress-strain behavior in pore-free and porous coupons

4.3.2 Porous conditions

This section presents results from various studies on different types of pore geome-
tries. Initially, the impact of the location and shapes of simplified pores is discussed.
Subsequently, the results regarding the influence of the pore volume fraction on the

material’s ductility is presented. Finally, findings related to the geometries of pores
derived from CT scanned coupons is discussed.

4.3.2.1 Effect of pore shape on material behavior

The results from the pore geometry study, as depicted in Figure 4.10, indicate a
significant impact of pore geometries on the failure of the material. The plasticity
part of the different pore geometries is very similar, hence the graph only shows the
failure part of the curves, where there is a difference.

Moreover, in Figure 4.11, the effect of the distance between pores is shown. However,
one more parameter comes into play in this test, which is the distance between the
pores and the boundaries, which affects the results. A more detailed result of the

impact of the boundary is presented in section 4.3.2.2, which complements the results
presented here.
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Figure 4.10: Comparison of stress-strain behavior for different pore geometry.
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Figure 4.11: Comparison of different models containing two pores.

32



4. Results

4.3.2.2 Effect of Pore size and boundary on material behavior

Figure 4.12 shows the effect the pore size on the failure strain. Moreover, the results
regarding the impact of the boundary can be seen in Figure 4.13, where the label
shows the smallest distance from the pore to a boundary.

Pore size vs strain reduction factor
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Figure 4.12: Impact of pore size on failure strain.
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Figure 4.13: Impact of distance from boundary on failure strain.

4.3.2.3 Effect of pore radius on ductility

In Figure 4.14a, the difference in failure behaviour between a lower €..;; value and
a higher €..;; value for different pore sizes is shown. Moreover, in Figure 4.14b the
tensile ductility is shown. The tensile ductility is defined as the failure strain, ey,
subtracted by the critical strain (where critical damage initiates), €.
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Impact of ductility due to pores
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Figure 4.14: Impact of pores on a materials ductility.

4.3.3 Porosity-related factors on real coupon

In Figures 4.15 and 4.16, the relationship between the experimental failure strain
and maximum pore size as well as the relationship between the experimental failure
strain and the shortest distance to a boundary, are shown. Figure 4.15 illustrates
that as pore size increases, failure strain decreases. Consequently, coupon 1-4, with
the largest pore, exhibits the lowest failure strain, while coupon 4-3 demonstrates
the highest failure strain. Notably, although coupon 3-1 and 2-3 possess the smallest
pore size, smaller than coupon 4-3, they fail earlier.
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Pore size vs strain reduction factor
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Figure 4.15: Impact of pore size on failure strain for coupons.
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Figure 4.16: Impact of distance from boundary on failure strain for coupons.

As depicted in Figure 4.16, the further the pores are from the edge, the higher the
failure strain is. Coupons 3-1 and 2-3, characterized by the smallest pore size, fail
sooner due to the proximity of the pores to the boundary, in contrast to coupons
4-3 or 4-1.

Figure 4.17 shows the evolution of porosity and the propagation of cracks from the
inception of the simulation until failure at three distinct time steps. This visualiza-
tion illustrates the evolution of pores, the propagation of cracks through the coupon,
their interaction with other pores, and their eventual contribution to fracture.
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Figure 4.17: Crack propagation due to porosity.
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4.3.4 Calibration across all coupons

As seen in Table 4.2, the material constants for the different material models are
very similar, however it is the scale factor of the failure curve that show significant
differences. Because of this, it is not possible to generate one material model that
captures all coupons, instead two material models are created. The material param-
eters for these models are shown in Tables 4.4 and 4.5. The first set, designated as
group A, is tailored for coupons located close to the in-gate, suitable for those in
the first and second rows of the prototype. The second set, referred to as group B,
is intended for coupons situated farther from the in-gate, such as those in the third
and fourth rows of the prototype.

Table 4.4: Material parameters for group A, normalized against the values from

coupon 1-4.
A B C H m n €crit SFE
0.9971 0.9731 0.9990 1.0271 ) 3 1.07 1.026

Table 4.5: Material parameters for group B, normalized against the values from

coupon 1-4.
A B C H m n €crit SF
1.0218 0.9996 1.1349 1.1031 5 3 1.03 1.41

In Figure 4.18 the result for when simulating all coupons with the material models
group A and B is shown together with the experimental data. It is evident that the
material parameters set of group A effectively captures the behavior of coupons 1-3,
1-4, 2-3, and 3-3, and with a reasonable approximation for coupon 2-2. Conversely,
the material parameters for group B adequately predicts the behavior of coupon 3-1,
4-1 and 4-3.

Evaluation of material parameters

* Experimental
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©
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Figure 4.18: Failure strain for all coupons based on material parameters of
groups A and B
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5.1 Damage Calibration

Table 4.1 and Figure 4.3 display the calibrated parameters and failure curve for
both the modified and experimental failure curves. The significant difference in
adjustment stems from the optimized modified failure curve used in this study, in
contrast to the experimental failure curve, which was based on raw, unprocessed
data. Theoretically, the stress triaxiality for a tensile test is assumed to be around
0.33. Thus, the data for the uni-axial tensile test was adjusted to reflect a triaxiality
of 0.33.

However, during the simulation, tracking the stress triaxiality in critical elements
revealed that this variable deviates when damage couples with plasticity. In the ini-
tial experimental failure data, the plastic failure strain for stress triaxiality ranges
of 0.18 to 0.25 and 0.4 to 0.56 are considerably lower than the failure strain at a
stress triaxiality of 0.33. This requires a substantial upward adjustment.

This occurrence prompted further investigation into the effect of the failure curve
shape. Consequently, another failure curve was added to assess its impact. A new
failure curve was created based on the experimental one, with the assumption that
all stress triaxialities between -0.044 and 0.565 have the same plastic failure strain.
The optimization was also conducted based on this failure curve and the result is
shown in Table 5.1 and Figure 5.1.

Table 5.1: Coupon 1-4 GISSMO failure curve parameters.

Failure curve type m | n | Normalized SF
Experimental failure curve | 5 | 3 1
Flat failure curve 513 0.97

By comparing the results, it was concluded that most of the critical elements ex-
hibited a stress triaxiality between 0.4 and 0.56 at failure, although other triaxiality
states were also present. Moreover, it could be concluded that since most of the fail-
ures occur within a triaxiality range of 0.25 to 0.56, the shape of the failure curve
does not significantly affect the results as long as the deviation from a straight line
is minimal for the case of a uniaxial test and in the presence of pores.
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Figure 5.1: Optimized GISSMO failure curve for coupon 1-4

5.2 Investigating porosity-related factors

5.2.1 Non-porous conditions

As illustrated in Figure 4.9, coupon 2-3 breaks earlier than coupon 1-4 in non-
porous condition. This discrepancy arises because, without any porosity, the stress
triaxiality of all coupons have similar trend at critical element, as shown in Figure
5.2. Consequently, coupon 2-3, which has the lowest failure curve as shown in Figure
5.3, exhibiting the most brittle failure curve, breaks earlier. Based on this result
and observations from the simulation, it is concluded that stress triaxiality varies
depending on the presence or absence of porosity, as well as differing among different
coupons. Although, it was shown in the previous chapter that, the other factor such
as size and location of the pores have significant effects the stress triaxiality and
also failure strain.
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Triaxiality Vs time
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Figure 5.2: Stress triaxiality vs time for different coupons.
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Figure 5.3: GISSMO failure curve for different coupons.

5.2.2 Porous conditions

The examination of the results presented in Figure 4.10 reveals that an optimal sce-
nario involves a pore elongated parallel to the load direction, while the least favorable
scenario occurs when the pore is elongated perpendicular to the load at 90°. This
marked contrast underscores the substantial influence of pore shape and orienta-
tion, although such idealized pore configurations are rarely encountered. Typically,
a mixture of orientations is found, as evidenced by the intermediate failure strain
of the actual pore from the CT-scan, situated between the horizontal and vertical
ellipses.

Further analysis of Figure 4.10 highlights the effect of numerous smaller pores on
the material strength. It is evident that a multitude of small pores contributes to a
higher failure strain compared to a few larger ones, with the nine-pore models out-
performing the spherical ones. It is also apparent that dispersing the pores rather
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than clustering them is advantageous, as it reduces the likelihood of pore coalescence
into a larger defect. This is demonstrated by the nine-pore model clustered at the
center, which exhibits a failure strain similar to that of a single spherical pore model.
Given the consistent volume fraction across these models, it can be inferred that the
practice of merging adjacent pores [9] into a single entity is a valid approximation
for accurate results.

While the relative positioning of pores is important, the critical factor is the distance
between them rather than their arrangement. For instance, models with three hori-
zontal pores and three diagonal pores show negligible differences in failure when the
inter-pore distance is identical, despite varied placements. Conversely, Figure 4.11
presents an opposite scenario where two horizontally aligned pores vary in separation
distance. As anticipated, and in line with the nine-pore model, increasing the inter-
pore distance enhances failure strength. However, an additional factor emerges: the
proximity of the pore to the boundary. The greatest separation (4.32mm) results
in a lower failure strength compared to distances of 1.32 and 3.32mm, indicating
that the boundary’s proximity exerts a more pronounced effect than the inter-pore
spacing.

The significance of boundary proximity is further discussed in section 5.2.4.

5.2.3 Ductility with pores

The effect of the €., is such that a lower value leads to earlier onset of critical dam-
age while a higher value leads to later onset of critical damage. The failure should
not be affected by the onset of critical damage, instead it should always fail at the
given failure strain. Therefore, it would result in that a lower €..;; value results in
higher ductility and vice versa. In contrast, the results seen in Figures 4.14a and
4.14b show that for nearly all pore volumes, a reduced failure strain is recorded, and
a lower €..;; correlates with decreased ductility.

This phenomenon might be attributed to the characteristics of the GISSMO curve.
A decrease in the €..; implies an earlier initiation of critical damage, which can
be seen in eq.(2.7) where a smaller €..;; gives a higher F' meaning the instability /-
critical damage point is reached faster. This earlier initiation of critical damage is
potentially causing an earlier and more significant shift in triaxiality, as depicted
in Figure 5.3. This shift results in the curve being intersected at a different point.
Given that the GISSMO curve is not linear, a new failure strain emerges, which can
be either greater or lesser, hence the variation in results and the non-uniformity of
the failure strain. Consequently, ductility varies, and a higher €.,.; could potentially
result in greater ductility.

In light of these findings, the coupons were also scrutinized to determine if the €..;
influenced their outcomes. As evidenced in Figures 5.4a and 5.4b, there is an effect,
albeit significantly less pronounced than in the RVE, to the extent that it can be
disregarded. This is deduced from the near-perfect congruence of the curves in Fig-
ure 5.4a, suggesting the €..;; has minimal impact on these models.
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Impact of ductility due to pores
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Figure 5.4: Results showing the impact the pores have on a materials ductility.

Despite these findings, the outcomes are considered trustworthy, as the behavior of
ductility is consistent with anticipated trends: a higher volume of porosity results
in a reduced failure strain. This behavior is in agreement with previously conducted
research and the tendencies that have been documented [6].

5.2.4 The effect of pore size and distance to the boundary

Building upon the insights from the preceding section, a thorough investigation into
the boundary’s influence reveals that the proximity to the boundary significantly
affects the material’s strength, as depicted in Figure 4.13. This pattern is mirrored
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in the coupon tests, illustrated in Figure 4.16, where the failure strain exhibits a
roughly linear relationship with the boundary distance.

Examining the role of pore size, Figure 4.12 demonstrates that the failure strain
varies exponentially with pore size. Initially, the introduction of porosity leads to a
sharp decline in failure strain, but the rate of change diminishes as the porosity in-
creases. This behavior is consistent with other research findings that have observed
a similar trend in the curve [8], [7]. The coupon comparisons, as shown in Figure
4.15, suggest a more linear variation, a discrepancy that may stem from limited data
and the varying distances of the pores to the boundary. Notably, coupon 2-3, with
the smallest pore size yet nearest to the boundary, exhibits a significantly low failure
strain.

This raises the question of whether pore size or proximity to the boundary has a
greater impact. The coupon data, presented in Figures 4.15 and 4.16, suggests that
the influence of boundary distance becomes more pronounced with smaller pore
sizes. This is inferred from comparing coupons 4-3 and 2-3, which, despite similar
pore sizes, show a pronounced contrast in failure strain due to the differing boundary
proximities. A comparison between coupons 2-3 and 2-2 reveals comparable failure
strains, despite a significant difference in pore size, underscoring the boundary dis-
tance’s effect.

In a simplified scenario with a single pore, as discussed in Section 4.3.2.2, identi-
fying a pattern becomes more feasible. Data encompassing various pore sizes and
boundary distances are plotted in Figure 5.5. It is apparent that the failure strain’s
rate of change in relation to pore size remains relatively constant, while the effect
of boundary proximity is such that the closer the pore is to the boundary, the lower
the failure strain appears on the graph.
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Figure 5.5: The effect of the pore size and distance to the boundary on the
failure strain.
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The data also suggests that the boundary’s influence is more significant for larger
pore sizes, as indicated by the greater disparity between lines for larger pores com-
pared to smaller ones.

These observations lead to the conclusion that the material model effectively cap-
tures the trends and behaviors associated with pore inclusion. However, only the
behaviour of a single pore has been studied and including multiple may lead to
inconsistent results.

5.3 Calibration across all specimens

Figure 4.18 displays stress-strain comparisons between experimental and simulation
data, utilizing the optimized parameters from Tables 4.4 and 4.5 respectively. Ta-
bles 5.2 and 5.3 present the maximum relative error between the experimental and
simulation data for both material sets.

This highlights the necessity of having two material models. The model for group
A accurately captures the behavior of coupons 1-3, 1-4, 2-2, 2-3 and 3-3 as evi-
denced by the relative error of approximately 6 %, which is acceptable. Conversely,
for coupon 4-1 and 4-3 a maximum relative error are about 20 % 22 %,respectively,
indicating a significant discrepancy.

The opposite behavior is observed when using the material model related to group
B; the mentioned coupons exhibit a high relative error, with a maximum of 39 %,
while coupons 3-3, 4-1 and 4-3 show a lower error, with a maximum of 7 %.

It should be noted that the error may also be attributed to various factors in the
modeling process, such as CT scanning, porosity extraction, cleaning procedures or
material characteristics that are not accounted for in the model. In conclusion, it
can be observed that two sets of parameters are reasonably effective in predicting
the material’s behavior.

Table 5.2: Comparison of failure strain between experimental and simulation
based on material parameters of group A

Coupon number €f cap €, sim Relative error

1-3 0.648 0.622 4%

1-4 0.578 0.568 1.73%

2-2 0.642 0.682 6.23 %

2-3 0.634 0.648 22%

3-1 0.732 0.651 11.9%
3-3 0.58 0.579 0.14 %

4-1 0.74 0.586 20.76 %
4-3 0.784 0.608 22.45%

45



5. Discussions

Table 5.3: Comparison of failure strain between experimental and simulation
based on material parameters of group B

Coupon number €f cap € sim Relative error
1-3 0.648 0.770 18.89 %
1-4 0.578 0.791 39.23%
2-2 0.642 0.808 25.86 %
2-3 0.634 0.782 23.34 %
3-1 0.732 0.788 7.65%
3-3 0.58 0.781 25.76 %
4-1 0.74 0.785 6.11 %
4-3 0.784 0.755 3.65%

5.4 Mesh regularization

In finite element analysis, it is expected that larger element sizes result in larger fail-
ure strain, as demonstrated by the findings depicted in Figure 4.8 and summarized
in Table 4.3. It is observed that convergence occurred for element sizes smaller than
0.1mm. Additionally, the difference in failure strain between element sizes of 0.5 mm
and 0.025mm is approximately 11%. However, if the aim is for the element size
of 0.5 mm to exhibit the same failure strain as the 0.025 mm one, the failure curve
would need to be multiplied by a factor of 0.992, which is roughly equal to 1. Conse-
quently, it can be assumed that for this range of element sizes, mesh regularization
is not necessary.

5.5 General discussion

The transition from a CT-scanned image to a finite element model encountered sev-
eral challenges. The software RETOMO was employed to generate a mesh, which
presented the primary issue. The CT-scanned images lacked orientation with re-
spect to any plane, as illustrated in Figure A.1. Consequently, manual orientation
was required to align the images with the modeled coupon, potentially introducing
placement errors. Additionally, certain pores needed to be cleaned to prevent er-
ror messages during LS-DYNA simulations. This cleaning process involved either
remeshing the pores in ANSA, which could slightly alter their shape, or remov-
ing/deleting elements with complex geometries or those inadequately captured in
the CT scans. These steps introduced potential sources of error, suggesting that
some results could be enhanced by refining this process. Nevertheless, the failure
surface and the location of the failure were accurately captured for all coupons,
indicating that the results remain reliable.
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Conclusions and future work

The goal of this report was to predict the behavior of pores in aluminum using
a virtual model and apply a homogenized material model capable of capturing all
types of porosity. A virtual model that achieved results comparable to test outcomes
was successfully created, with reproduced results being nearly identical in terms of
stress-strain curves and failure surfaces. However, it was not possible to develop a
material model that could capture all coupons with varying porosity levels. Despite
this, the behavior of the pores was successfully captured, indicating that creating a
homogenized model is within reach.

Since it is possible to generate a virtual model that captures the failure with pores,
the next step is homogenization. The most important aspect is to determine all the
variables and factors that impact the material model and then implement them. In
this project, it was discovered that pore size and distance can be quite similar, but
the failure strain can vary significantly, making it challenging to capture all coupons.

Some errors could be due to the failure model, specifically the GISSMO curve. The
only loading case for which there was a CT-scanned coupon was uniaxial tension, and
the other loading cases were based on old tests done on cast aluminum, where the
porosity content was unknown. Therefore, an improvement would be to reproduce
the GISSMO curve with different loading scenarios, as shown in Figure 2.6, using
coupons with known porosity content. This would eliminate some errors and thereby
provide more accurate results.
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Appendix 1

A.1 Orientation of coupons from CT scan

Figure A.1, shows the orientation of the coupon when imported from RETOMO to
ANSA.



A. Appendix 1

(a) The coupon in the x-y plane. (b) The coupon in the x-z plane.

(c) The coupon in the y-z plane.

Figure A.1: The orientation of coupon 2-2 relative to the original XYZ planes
when imported into ANSA.
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