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Sammanfattning
Strukturoptimering används ofta i produktutvecklingsprocessen i modern industri
för att ta fram optimala konstruktioner med minsta möjliga materialåtgång för
komponenten. Konventionella konstruktionsmetoder genererar vanligtvis
överdimensionerade komponenter med överflödigt material och vikt. Detta ökar i
sin tur livstidskostnaderna för maskiner både i termer av materialavfall och
användning.
Avhandlingen "Konstruktion av viktoptimerad gjuten ADI-komponent" behandlar
omkonstruktionen av en komponent från en svetsad stålplåtstruktur till en gjutbar
konstruktion med minskad tillverkningskostnad och vikt. Komponenten “Borrstöd”
monterad i framkant av bommen på en ortdrivningsmaskin är omkonstruerad
under detta arbete. Huvudsyftet med avhandlingen är ta fram en alternativ
konstruktion med lägre vikt och som kan monteras på befintlig maskinlayout utan
någon ändring i monteringsgränssnittet.
Denna avhandling innehåller en detaljerad beskrivning av förfarandet för att uppnå
viktminskningen av "borrstödet" och presenterar resultaten samt metodiken som
baseras på både topologi- och parameter- optimering.
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Abstract
Structural Optimization techniques are widely used in product development process
in ‘modern industry’ to generate optimal designs with only sufficient material to
serve the purpose of the component. In conventional design problems, the design
process usually generates overdesigned components with excess material and
weight. This will in turn increase the life time cost of machines, both in terms
material wastage and expense of usage.
The thesis “Design of a weight optimized casted ADI component using topology and
shape optimization” deals with redesigning a component from a welded steel plate
structure into a castable design for reduced manufacturing cost and weight
reduction. The component “Drill Steel Support” mounted in front of the drilling boom
of a Face Drilling Machine is redesigned during this work. The main objective of the
thesis is to provide an alternative design with lower weight that can be mounted on
the existing machine layout without any changes in the mounting interfaces.
This thesis report covers in detail procedure followed for attaining the weight
reduction of the “Drill Steel Support” and presents the results and methodology
which is based on both topology and shape optimization.
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simulation, Weight Optimization
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NOMENCLATURE
Notations
Symbol

Description

E

Young´s modulus (Pa)

r

Radius (m)

t

Thickness (m)

…..

…….

Abbreviations

CAD Computer Aided Design
ADI

Austempered Ductile Iron

CCD Central Composite Design
FEA

Finite Element Analysis

SIMP Solid Isotropic Material with Penalization
DOE Design of Experiments

…

…
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1.

INTRODUCTION

This chapter gives a brief introduction to the formulation of the thesis and describes
the outline and limitations of the project. The chapter covers background and
purpose briefly, also states the research questions which will be tried answered
during the thesis work.

1.1 Background

Figure 1-1: Underground Face drilling Rig

Underground Face drilling rigs are kind of heavy machineries used for mining and
tunneling purposes. These machines have telescopic booms to drill holes on rock
surfaces to tunnel through the rock walls. Underground drilling rigs need to be as
compact as possible to reach the work area in the mine or tunnel, through narrow
and tight passages. The rigs also need to be flexible, require large coverage area on
1
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the drilling face and must be able to drill long hole. Hence the drilling rigs carry
powerful and heavy tools in the absolute front end of the long telescopic booms (See
Figure 1-1).
The booms of drilling rigs are maneuvered using hydraulic cylinders and motors.
One of the parameters for evaluating maneuvering power of the boom is dead weight
of the boom. The higher the weight of the boom, the more power is required to
maneuver the same. Hence, it is highly desirable to reduce the overall boom weight.
Also, as per a rule of thumb used in industry, 1 kilogram saved in the boom front
will save up to 5 kilograms of total weight on the vehicle.
The component of interest here for weight reduction is the Drill Steel Support
located at the front tip of the drilling feed See Figure 1-2. The Drill Steel Support is
the closest to the rock wall or drilling face and is meant to take up the forces when
the feed is applied with a force up to 25 kN against the rock wall through a rubber
dowel. It is also supposed to hold a drill steel centralizer to steer the drill steel in the
collaring and drilling procedure. The Drill Steel Supports are typically a welded
plate design or casted steel structure. The thesis will look into ways to reduce the
weight of the component Drill Steel Support and improve the strength to weight
ratio of the component.

Figure 1-2: Drill Steel Support on Boom

1.2 Purpose
The purpose of the thesis is to reduce the weight of the component Drill Steel
Support and redesign the same without affecting the current machine layout. The
work also includes selecting a suitable grade ADI (Austempered Ductile Iron)
material and applying same in the new design. The new component design must be
verified for the strength and fatigue. The new design will be evaluated in comparison
with previous designs for strength to weight ratios and fatigue life. The wear rate of
the component has to be analyzed at the later stages of design. The first prototype
of this design must be manufactured using 3D printed sand form with ADI material.

1.3 Problem Definition
“Reduce the weight of the component Drill Steel Support in front of the telescopic
boom. Apply ADI (Austempered Ductile Iron) material.”
2
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1.4 Delimitations
The thesis work is carried out in limited time period of 20 weeks and will be bounded
to have the design of the component delivered as a CAD model. This imparts to have
certain boundaries for the thesis and is mentioned as below
1. The thesis will cover only the design and analysis part and will not cover the
manufacturing of the component.
2. As the component is not manufactured during the course of the thesis, the
testing and further modifications will not be included in this thesis.
3. The casting simulations which would be conducted in the analysis part takes
care of only the solidification simulation and thus ignores the effect of the
defects during the filling of the molten material as the knowledge in the
casting simulation is limited while conducting the work.
4. The defects considered during the casting simulation is only the macro
porosity as the software doesn’t give sufficient inputs to evaluate the micro
porosity as such.

1.5 Method
The method(s) used to address the problem defined above may either be defined in
the introductory chapter or elaborated on more in detail in the following chapter.

1.5.1 Method Description
The objective of the thesis is to reduce the weight of the component Drill Steel
Support. The main goal is to reduce weight without compromising the strength and
shock absorption properties of the component. In order to achieve this, the sequential
design approach will be to
1. Perform topology optimization to reduce the component weight.
2. Perform shape optimization to improve the fatigue life of the design.
3. Apply new material ADI to further reduce weight.
The detailed description of the method will be discussed in the dedicated Chapter 3.

1.5.2 Research questions
The following research questions are formulated and will be evaluated during the
thesis work.
•
•
•
•

How the fatigue properties improved with new optimized topology compared
to the existing design? Verify the results.
How to select a proper design domain for conducting topology optimization?
What material will give the better performance? ADI or cast iron or welded
structure? How the new material 'ADI' can affect the existing design
properties?
Formulate a methodology for weight optimization.

3
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1.6 Thesis outline
The thesis tries to explain the procedure followed to reduce the weight of the
component called Drill Steel Support mounted on a Face Drilling Rig. This report
begins with a brief introduction to various structural optimization methods and their
mathematical expressions. There will be a brief section on Austempered Ductile Iron
(ADI) explaining the material properties and manufacturing process. This is
followed by the procedure which was observed during the thesis to complete the
weight optimization. Then the results are presented and discussed briefly along with
the conclusions on the results. Towards the end the methodology will be evaluated
and suggestions on further works will be stated.

4

2.

FRAME OF
REFERENCE

This chapter gives a brief description of the theoretical background for the thesis
work. It begins with introducing the material grade ADI and the Austempering
process. Later discusses more about theoretical information for various optimization
techniques followed and the casting simulation.

2.1 The material ADI
Austempered Ductile Iron materials are type of heat treated cast iron grade, which
has been available in the market for commercial applications since 1972. These
materials are widely used in automobile industry for different applications varying
from attachments to functional components like gears, crank shafts where
parameters like weight, strength, stiffness, noise, cost and recyclability plays a
major role [1]. ADI is mainly used for its high strength to weight ratio and for better
wear properties. These properties can be related to the heat treatment process
Austempering and the microstructure obtained after it.

2.1.1 Austempering process
Austempering process is a high performance, isothermal heat-treatment process
that imparts superior properties to ferrous materials [2]. It is this heat treatment
process which changes a normal grade ductile iron to higher grade ADI.
Austempered Ductile Iron (ADI) component begins its journey as a normal Ductile
Iron casted component. The selected design will be casted using one of the Normal
ductile Iron grades as base material (for the current design the base material
considered is EN-GJS-600), which will later undergo heat treatment known as
Austempering, to form the higher-grade ADI. The basic process of the heat
treatment is as explained below.
The casted ductile iron component will be heat treated in a controlled environment
to produce the desirable mechanical properties. This is done by heating the casted
component to the austenitizing temperature to about 900°C in a controlled
atmosphere. These castings are then held at austenitizing temperature long enough
to saturate the austenite with carbon in solution [3]. Later the castings will be cooled
at a sufficiently fast rate to avoid the formation of pearlite and other hightemperature transformation products to the appropriate transformation
temperature. The transformation temperature varies from 400°C to 230°C and the
5
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castings are a held at the chosen transformation temperature for long enough to get
the desired properties. The final material properties vary according to the chosen
transformation temperature. The Figure 2-1 referred from [4] shows the variation of
mechanical properties w.r.t various transformation temperatures.

Figure 2-1: Effect of Austempering temperature with mechanical properties of ADI

For the project the material selection will be carried out according to the
requirement of the application and will be discussed in detail in Method chapter.
The above-mentioned trend will be considered when choosing the final grade of ADI.

2.1.2 Ausferretic Microstructure and influenced material properties
Noise Damping
The ADI materials have ausferretic microstructure consisting of acicular ferrite and
carbon enriched austenite (FCC- matrix structure). The ausferretic microstructure
plays a major role in the mechanical properties of this material. When compared to
as-cast microstructure of ductile iron (ferrite and pearlite microstructure) the ADI
microstructure shows better noise damping properties. This property is proportional
to the size and distribution of ferrite plate in Ausferretic matrix [2]. The acicular
ferrite will provide with rougher inter angular contacts in microstructure which will
improve the noise damping ability of the material [5]. Also, the BCC microstructure

6
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of the ferrite can accommodate higher deformation in the individual crystal level
which may also help in more noise dampening.

Low Ductile to Brittle transformation temperature
FCC austenite which is a major constituent of ADI behaves similar to Aluminum (Al
is 100% FCC), when it comes to transition temperature from ductile to brittle.
Aluminum can withstand and work normal in really low temperature in range of
-60oC. In FCC metals, the flow stress, i.e. the force required to move dislocations, is
not strongly temperature dependent. Therefore, dislocation movement remains high
even at low temperatures and the material remains relatively ductile [6]. Thus,
austenite present in the ADI will help to impart similar characteristics and lowers
the ductile brittle transition temperature.
A

B

Figure 2-2: Microstructure: - A) Normal Ductile iron (white phase is ferrite, black nodules of graphite
and black micro constituents of pearlite) B) ADI (needle like acicular ferrite and whit region carbon
enriched austenite called “ausferrite” and black nodules) [3]

Work hardening
One another desirable benefits of the ausferretic microstructure is the work
hardening of the outer surfaces, when the component undergoes deformation or
surface working. Under sufficient normal stresses a strain induced metallurgical
transformation occurs to the carbon stabilized austenite in ausferretic
microstructure to Martensite. Martensite which has higher hardness will in turn
provide better surface hardness and abrasion resistance to ADI components. Also,
this localized volumetric expansion dramatically improves the surface compressive
stress and allowable fatigue load, making ADI comparable with carburized steel [2].
The specific component which is considered for design in this project has the working
lifecycle of mostly coming in contact with abrasive rock surfaces. The formation of
martensite is expected to improve the life of the component.
The increase in Austempering temperature increases the retained austenite content,
which will in turn improve the ductility and impact energy as shown in Figure 2-1:
Effect of Austempering temperature with mechanical properties of ADI. Also, ADI
is incrementally more corrosion resistant than steels and other cast irons due to the
presence of graphite and Austenite.
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Undesirable working conditions
There are some undesirable properties which are worth mention here as the ADI
material won’t work as desired under certain working conditions. The long-term
exposure to operating temperature above 60oC, the isothermal transformation
temperature (Austempering), will cause gradual degradation of tensile strength and
toughness of the material. This degradation is due to the breaking down of Austenite
into ferrite and carbide at elevated operating temperatures [2]. Also, there is a
possibility of Environmentally Assisted Fatigue of the component under the
presence of following three conditions: A high and constant stress near the proof
stress and/ or local plastic deformation, a slow strain rate and a hydrogen or liquid
source of hydrogen ions. One more undesirable characteristic is that the
Austempered Ductile Iron have higher coefficient of thermal expansion than Steel,
Cast Iron, will in turn affect the volumetric expansion in high temperature working
environment [2].

2.2 Structural Optimization
Structural optimization methodologies are used for optimizing design parameters to
improve the performance of load carrying mechanical structures. As an optimization
problem structural optimization will try to optimize an objective function f, w.r.t
design variables v and state variables c. The optimization problem can be
generalized as [7]
min 𝒇(𝒙, 𝒚) with respect to 𝒗 and 𝒄
constraints on 𝒗

(𝑜𝑝𝑡)

subject to { constraints on 𝒄
{

equilibrium constarint

(1)

In this project to optimize the weight of the component, multiple structural
optimization methodologies were overseen. Topology optimization and shape
optimization are the methodologies used for the optimization purpose. Even though,
individually each methodology is powerful enough to provide significant weight
reduction, the decision was made to use both the methodologies, to get the best
possible result for the design.

2.3 Topology Optimization - a heuristic approach
Topology optimization is an optimization method in which material in the defined
design space will be redistributed to improve the performance of the load carrying
component for the given load cases and boundary conditions. The structure is free to
take any shape within the design domain. [8]
As an optimization problem the two major objective functions commonly used in
topology optimization are minimizing compliance (max. stiffness) of the structure
and minimizing volume for a stress level for the component. The objective function
used for the analysis purpose in this thesis would be to minimize the compliance
since the minimizing volume for stress level will not give a definite solution for the
topology run in the software and found optimization runs time consuming.
8
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Figure 2-3: Topology Optimization representative image

To conduct numerical analysis for finding the optimized topology, the design domain
must be discretised using finite elements i.e., the whole design domain will be split
into small elements by defining element size. The individual elements will be defined
with material properties which are assumed to be constant. There will be a relative
material density function which is a variable ranging from 0 to 1. Now the material
properties are modelled as the relative material density raised to some power times
the material properties of solid material densities, [9]. This can be represented as
𝐸𝑖𝑗𝑘𝑙 (𝑥) = 𝜌(𝑥)𝑝 𝐸 0 𝑖𝑗𝑘𝑙 ,

∫ 𝜌(𝑥)𝑑Ω ≤ 𝑉;

𝑝>1

0 ≤ 𝜌(𝑥) ≤ 1, 𝑥 ∈ Ω

(2)

(3)

Ω

Where,

Ω

design domain

E ijkl

Elemental material property,
E ijkl (ρ = 0) = 0, E ijkl (ρ = 1) = 1

E 0ijkl

property of given isotropic material

p

penalization power

V

Design domain Volume

The approach mentioned above is a power law approach called Solid Isotropic
Material with Penalization otherwise known as SIMP. The expression (2) will make
sure that the material gets distributed continuously during the topology
optimization without a rasterization problem (discontinuous distribution looks like
pixels, See checkerboard problem in topology optimization, for more information
[10]). Also, the SIMP can interpolate the material properties of a physical material
as long as the penalization power (p) satisfies simple conditions (for e.g. p ≥ 3 for
Poisson’s ratio equal to 1/3) [9].
Now the topology optimization problem based on power law approach for the
objective function minimizing compliance can be written as

9
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N
𝑇

min: 𝑐(𝑥) = 𝑈 𝐾𝑈 = ∑(𝜌𝑒 )𝑝 ue T k 0 ue
ρ

e=1

𝑉(𝑥)
=𝑓
𝑉0

s. t ∶

Where,

∶

𝐾𝑈 = 𝐹

:

0 < 𝜌𝑚𝑖𝑛 ≤ 𝜌 ≤ 1

(4)

c

Compliance function

K

global stiffness matrix,

ue and ke

element displacement vector and stiffness
matrix

U and F

global displacement and force vector

𝜌𝑒

vector of design variables

ρmin

vector of minimum relative densities (nonzero to avoid singularity)

N (nelx×nely)

number of elements used to discretize the
design domain

p

penalization power (typically p = 3)

V (x) and V0

material volume and design domain volume

For the software Inspire, there is flexibility to modify the element size and member
size. The penalization power p is fixed as 3 in the software.

2.3.1 Topology for Multiple load cases
It is common for structures to undergo multiple loading patterns, which may occur
separately or simultaneously during its life. A topology optimization problem with
multiple load cases has to be defined in such a way that the derived topology must
withstand all loading conditions of different load cases. Hence, the minimum
compliance design problem for a component with multiple load cases, the solution
will be to minimize weighted average of the compliances for the individual load
cases. The expression for the weighted average of the objective function is expressed
as

10
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𝑀

𝑓 = ∑ 𝑤𝑘 𝑓𝑘
𝑘=1

(5)

Where f is the compliance function, w is the weightage, M is the number of load
cases.

2.4 Shape Optimization
Shape optimization works on the principle of optimizing design for an objective
function mostly minimizing mass/ volume of the component, for a defined constraint
like deformation, stress level acting on the component. Shape optimization can be
done in multiple ways. One could use parametric or non-parametric approach to find
the optimum design. In a parametric optimization method, a parametric CAD model
is designed with all the identified design features explicitly defined as individual
parameters [11] like position, length, radius etc. While Non-Parametric shape
optimization uses implicit features and optimizes the placement of the nodes of the
FE model to optimize the design for the defined objective function. When compared
to parametric method the non-parametric method can shape optimize even rough
topologies with explicit surfaces directly as this approach optimizes nodes of a FE
model rather than any explicit parameters defined from a parametric model.

Figure 2-4: Shape Optimization representative image

In this thesis, the focus will be on parametric optimization methodology where a
parametric model is defined in Ansys Design Modeler and computed for optimum
shape. The optimization is done using a response surface method where the
optimized results are generated from the surrogate model made up by interpolation
using a Meta modelling algorithm.

2.4.1 Response surface optimization
Direct shape optimization of a design problem will try to optimize the design for the
formulated objective function iteratively in a trial and error method to achieve an
appropriate parameter set which satisfies all the stated constraints. Shape
optimizing a parametric design with large number of variables will lead to longer
computing time. But to get a reliable result for high number of input parameters,
the number of parameter configurations examined plays an important role [12]. The
surrogate model comes into picture when the number of parameters is high that
direct optimization will cause excessive computing time. A surrogate model will
work with the principle of creating an approximate model which mimics the behavior
of the simulation model as closely as possible [8]. For this purpose, a set of high
Fidelity DOE will be carried out with the input parameters by using one of the DOE
methodologies with the expense of some computing time. Here the focus will be on
11
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to find the global behavior of the system rather than finding the optimal parameters.
The model will be used to generate the response surface with a Meta-modelling
algorithm using regression method. Kriging is used in this thesis work. The
optimized design parameters will then be identified from this Meta-surface as per
the requirement. A flow chart for the working of Surrogate model can represented
as in Figure 2-5, referred from [8] and [13].

Initial Design

Construct Surrogate
Model

Optimize Surrogate
Model

Evaluate High Fidelity
Model

Termination
Condition

Yes
Final Design

No

Figure 2-5: Surrogate Model Methodology

2.4.2 CCD Central Composite Design - DOE
Central composite Design is a factorial design methodology which is used for doing
Design of Experiments for finding influence of different design parameters defined
for a given design problem. The methodology is used to find a response surface with
quadratic terms with reduced number of experiments, which otherwise will require
3k factorial experiments (k stands for number of factors) to find the response surface.
In short CCD is a modified factorial design which uses 2k factorial experiment points
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(as in factorial design, 2k experiments, [8]) plus added center points and star points.
i.e. CCD use lesser design points considering the design exploration over a curvature
with center points and star points which are the quadratic terms on the periphery
of the curvature, See Figure 2-6.
The image represents the distribution of the experiment points over a curvature, for
3 factors single center point CCD where the number of runs will be 2k +2*k+1. The
value of α represents the distance between the center point and the star points [8].
The accuracy of the design exploration will depend on the value of α. Here for the
thesis work value of α is assigned to be default value provide by Ansys Workbench.
Factor A
Factor B

α

Factor C

Figure 2-6: CCD curvature representation: - Black points represents the 2k factorial points, Green
point quadratic points curvature, Red point represents center point

2.4.3 Kriging Model – Surrogate Model
Kriging is a meta-model algorithm used for interpolating deterministic noise-free
data, [13]. It combines a polynomial model like the standard response surface
(provides a global model of the design space) and stochastic deviations to accurately
interpolate the DOE points. The model provides an improved response quality and
fits higher order variations of the output parameter, [14]. Kriging is a Gaussian
process, [13], based modelling method and models the function of interest f as
𝑓(𝑥) = 𝑔(𝑥)𝑇 𝛽 + 𝑍(𝑥),

(6)

where,
𝑔(𝑥) = [𝑔1 (𝑥)𝑔2 (𝑥) … … … . 𝑔𝑛 (𝑥)]𝑇
𝛽 = [𝛽1 𝛽2 … … … . 𝛽𝑛 ]𝑇

Known functions/ constants
Unknown model parameters

𝑍(𝑥) Gaussian random process with
zero mean and variance σ2.
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The regression part g(x) T β approximates globally the function f, and Z(x) takes into
account localized variations [13]. The Model will plot a response surface with the
information from DOE and refinement points created to improve the quality of the
generated surface.

2.5 Casting
Casting process is one of the oldest conventional manufacturing methods being used
by humans for past many millennials. This manufacturing process uses hot molten
metal poured into prefabricated mold/die made in sand, ceramic, metal. Later the
hot metal formed inside the mold will be cooled down, until it is having structural
integrity and finally formed into the desired shape. The newly formed component
will be then taken out from the die/mold for after cleaning and machining before
being used for applications. There are many casting methodologies available which
are being used for manufacturing components, depending on the complexity and
application of the components. The most conventional of these methodologies is the
gravity casting. The conventional sand mould casting process will use a system of
ingates, feeders, mould box, risers. Each of these individual parts are assembled for
making the cast box, fully functional for casting.
The component Drill Steel Support is planned to be casted in a 3D printed sand
mould and uses ADI material for casting the component. In this process the casting
mould will be 3D printed in sand using binders, with the attached ingate feeder
system. The metal will be poured directly into the mould and the final product will
be taken out by breaking the mould, and permanently destroying the 3D mould.

2.5.1 Casting Defects
The casting process can be used for manufacturing intricate components with less
number of manufacturing process steps. But casting process is prone to leave defects
inside the final component, which will adversely affect strength and structural
integrity of the casted component. There are n numbers of casting defects, which can
be rectified by simple measures while casting. Also, there are number of post casting
repairing techniques to improve the casting integrity [15].But few defects can form
inside castings, which would be hidden from naked eyes. These are shrinkage and
porosity defects created inside the component during the cooling down process of the
casts in the mould. Shrinkage defects, which is evaluated in this thesis, are formed
by the shortage of liquid molten metal to feed the space created while the molten
metal solidifies. The density difference while the phase transformation from liquid
face to solid phase of the cast will create space/voids which has to be filled by
supplement material. The molten metal usually compensates for filling these spaces,
but in certain cases the flow of molten metal gets stopped due to uneven solidification
in the flow front and shutting down the flow source. The results will be that these
voids will starve, and some porous space will remain after solidification.
The porosities can be classified into micro porosity and macro porosity. Macro
shrinkage forms in regions which are isolated and last to solidify during the
solidification of the cast. Whereas microposorsity formed near the end of
solidification in the interdendritic regions when capillary feeding becomes
insufficient [15]. The thesis will look into Macro Shrinkage and check whether the
proposed design is castable with minimum shrinkage defects.
14

2. Frame of Reference

2.5.2 Casting Simulation
Process of casting components require large amount of preparation time and initial
investment. As discussed earlier the casting box will have a system of components
like ingates, feeders, risers etc. which have parameters affecting the quality of cast.
It is difficult to predict these parameters with the regular knowledge of the materials
and casting. Large amount of experience is required in the field, to be able to produce
defect free casts. Otherwise trial and error method have to be carried out to identify
the right parameters for the castings. This itself will affect cost of casting process
and will increase development time. Casting simulation software will help in
predicting the right parameters and the castabilty of the design, by evaluating
performance of the casts for different casting parameters.
The casting simulation software will help in analyzing the performance of casting
both for filling process and solidification of the castings separately. The filling
process is analyzed using CFD simulations to represent the behavior of molten
metals, whereas solidification simulation is considered as a thermal problem, and
analyses thermal behavior of the filled cast when solidifies. Here in the thesis
solidification simulation part is only analyzed since the mould filling process is
highly dependent on feeders and ingates, which is not considered in the scope of the
thesis.

2.5.3 Solidification Simulation
Shrinkage defects will occur during the solidification of the casted components. The
idea behind evaluating the solidification behavior is to check how the shrinkage
defects get distributed in the redesigned component and occurrence of the same in
critical loaded areas of the component.
At the beginning, solidification simulation considers the mould to be filed with liquid
metal, as a single liquid pool, [15]. When solidification begins, this liquid pool will
get smaller. In ideal case, the volume depletion caused by the solidification of a
portion of the cast will be compensated by the adjacent liquid metal volume that is
extended till the sources, like feeder, riser, and ingates. The process will continue,
till the whole cast solidifies. But with the progress of solidification of the cast, solid
fraction in the casting will increase and the fluidity of the liquid metal will decrease
[15]. This is temperature dependent and there is a critical limit of the liquid fraction
fLCR, below which liquid cannot feed formed shrinkage. The volume changes due to
shrinkage during the solidification in a zone with an initial volume V and fL > fLCR
can be represented as
∆𝑉 = 𝛽. 𝑉. ∆𝑓𝐿 ,

(7)

where,
𝛽=
𝛽
𝜌𝑠 , 𝜌𝑙

𝜌𝑠 − 𝜌𝑙
𝜌𝑙

(8)

Volume fraction change
Densities of solid and liquid
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𝑉
∆𝑓𝐿

Initial volume before solidification
Difference between liquid fraction to the
critical liquid fraction limit

Click 2 Cast, the software used for solidification simulation for the thesis, considers
the solidification problem as thermal problem. The thermal model is derived as
combination of phase change (from liquid phase to solid phase) and heat convection
– diffusion equation in the software. The solidification expression is represented as
𝜌𝐶𝑝 [
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𝜕𝑇
𝜕𝑓𝐿 (𝑇)
+𝑢
⃗ . 𝑇] + 𝜌 [𝐿
+𝑢
⃗ . 𝐿(∇𝑓𝐿 (𝑇))] = ∇. 𝑘∇𝑇
𝜕𝑡
𝜕𝑇

(9)

3.

METHOD

This chapter covers the method which was followed during the thesis work and
discusses assumptions and choices made during the process. The chapter also
contains material data and the fatigue models used during the project work.

3.1 Introduction
The weight optimization of Drill Steel Support and redesigning the same from a
welded plate design into a castable one with a new material (ADI) poses wide range
of challenges. In order to provide a solution which considers all the requirements
defined in the problem statement, a systematic methodology must be formulated.
This is to make sure that all the individual aspects of the weight optimization and
redesigning are covered without missing any information during decision making
cycle. The major difficulties will arise when selecting a design space while computing
the best heuristic profile of the topology and selecting the design which is having a
better casting property. Considering all the above-mentioned aspects, following
methodology was derived.

Analyse Structural properties of the existing design
Evaluate and select the right toplogy
Evaluate the castability
Construct Parametric model
Conduct Shape Optimization
Generate a CAD model
Evaluate the castability
Figure 3-1: Method

3.2 Analysing the existing design
The current available design of the ‘Drill Steel Support’ used in the existing Face
drilling machine is manufactured as a welded plate structure. As an initial phase of
the project, the first step carried out was to analyse the existing design for
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evaluating its structural worthiness. The analysis was carried out in Ansys
Workbench using static structural module. The material properties were available
from the design team of Epiroc, which is mentioned in the table below.

Material

Yield
Strength

Young’s
Modulus

Poisson’s
ratio

Ultimate
Tensile Str.

Density

Structural
steel

350 MPa

2.1*105
MPa

0.3

470 MPa

7850
kg/m3

Table 3-1: Structural Steel, Material Data

During the analysis process, the existing design will be analysed for finding the
deformation behaviour, stresses and Fatigue life. The load cases available from the
design team were applied as a different load steps, and the critical information were
gathered to compare with the final design characteristics.

3.2.1 Load Cases and Assumptions

C

B

A

Figure 3-2: Face Drilling Machine, A. Drill Steel Support, B. Drilling Rod, C. Drill Boom

The Face drilling machine drills holes against the rock walls by using drilling rods
mounted on the machine boom. For a face drilling machine, to get the position
control and accuracy while drilling long/deep holes on the rock wall, the boom has to
be held against the rock face with a strong contact force. The Drill Steel Support in
front of the boom is the member which helps to hold the boom against the rock wall
(See Figure 3-2). The rock engaging force of 25 kN is provided to the Drill Steel
Support by a hydraulic cylinder attached behind via a pin joint (See Error! Reference
source not found.). This force will make sure that the boom is always engaged to its
position while drilling. The reaction forces from the rock wall acts on the boom
though the rubber dowel attached in front of the Drill Steel Support.
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3.3 Normal Forces
The boom of the face drilling machine has the capability to orient itself in different
angles in order to drill holes all across the rock face easily without reorienting the
position of the whole machine. For each orientation angle, the reaction force offered
from the rock back to the boom is different. These reaction forces are available from
Epiroc, which were obtained analytically from parametric modelling of the boom
using beam theory. For redesigning the Drill Steel Support these forces are
considered for optimizing component weight. All together there are 14 load cases as
listed in the Table 3-2 which are the worst load cases obtained at individual
orientation.
Drill Rod
locating Bushing
Housing
Rubber
Dowel

Drill Steel
Support
Bush Mounting
pin Joint

Drilling Rod

Reaction
Force From
Rock Wall
Piston Force

Rock Wall
Figure 3-3: Drill Steel Support with mounts
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No

Fx

Fy

Fz

1
2
3
4
5
6
7
8
9
10
11
12
13
14

-25.0
-22.0
-25.1
-25.0
-25.0
-22.1
-25.0
-24.8
-25.0
-25.0
-22.1
-22.1
-25.0
-25.0

-2.8
-6.9
-5.4
0.0
3.5
+4.6
-3.5
-5.0
-6.9
6.6
+1.6
+5.2
-2.9
-3.9

0.1
0.0
7.4
8.3
7.4
3.0
-7.1
-0.5
-2.3
-0.1
5.1
1.7
2.8
0.0

Table 3-2: Reaction forces in kN

3.4 Side Forces causing Boom slippage
In normal working conditions, the rock surfaces available for drilling may not have
even surface texture. Mostly there will be uneven faces at the wall contact and the
boom has to hold against such surfaces. In some cases, these uneven textures may
cause slippage of the boom against the wall in lateral direction. This is caused by
excessive reaction side forces offered by the rock wall on the Drill Steel Support while
pushed against it.
For the load cases with side forces exceeding 5 kN, poses a higher risk of slippage of
the Drill Steel Support against the rock wall. It may happen that the slippage of the
Drill Steel Support occurs during the ongoing drilling process. In such scenario the
drilling rod will remain engaged into the rock wall and the Drill rod locating bush
housing along with the Drill Steel Support will move and hit on the drilling rod. See
the highlighted forces in the Table 3-2: Reaction forces in kN
In order to apply the load cases and simplify the model, the following assumptions
were made for slippage conditions. The drill rod will remain engaged to its drilling
position in the rock wall. The locating bush (drill steel centralizer) inside the bush
housing mounted on Drill Steel Support along with the attachments will move and
hit on the drilling rod. The hitting force will be same as the disengaging side force
provided by the rock wall. Now at the contact point between the drill rod and bush
housing a reaction force will be generated. This reaction force on the bush housing
will be transferred to the Drill Steel Support via four bolts. It is considered that the
bush housing is rigidly mounted on the Drill Steel Support and loads are equally
transferred among the four bolts. The Table 3-3 represents the load cases with
slippage. During the drilling process the drilling rod is assumed to provide a
constant drilling force of 22 kN, even though the drilling process is a complicated
reciprocating and rotating procedure. This force will be subtracted from the reaction
force in x direction as these 2 forces are opposite to each other.
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Resultant Reaction

Bolt
s

Disengaging
Force Resultant

z
x
y

Locating bush housing
hitting the drill rod

Side force Pushes Drill
Steel Support

Figure 3-4: Assumption of reaction forces during slippage
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No

Fx

Fy

Fz

2
3
4
5
7
9
10
11
12

0
-3,1
-3
-3
-3
-3
-3
-0.1
-0.1

-6.9
-5.4
0.0
3.5
-3.5
-6.9
6.6
+1.6
+5.2

0.0
7.4
8.3
7.4
-7.1
-2.3
-0.1
5.1
1.7

Table 3-3: Side forces causing slippage in kN

3.5 Material Selection -ADI
One of the steps in the process of redesigning the Drill Steel Support is to find a
suitable grade of ADI material which could be used for manufacturing the final
component. As discussed in the frame of reference chapter on the properties of the
ADI materials, the functionality and working environment of the Drill Steel Support
was evaluated to find the suitable grade of the material. The Face drilling machines
may have to work in extreme corrosive environment and with conditions of high
wear rate. So, it is highly desirable to have high hardness with low wear rate. There
could be some instances where the component may come in contact with falling rock
debris. A material which can take high impact energy will be useful in such
situations. Also, the temperature in these mines may have temperature well below
the atmospheric temperature. So, it would be better to have a material with lower
ductile to brittle transition temperature.
From the available material data and information from the material research the
decision was to go forward with ADI 900. The material data was available from the
standard SS-EN 1564:2011 and is represented in the Table 3-4 [16]. The fatigue life
data, S-N curve for probability of failure 50% and for cyclic load with R = -1 was
taken from a research paper [17] and used during the project. The S-N curve is
presented in Figure 3-5.

Material

Yield
Strength

Young’s
Modulus

Poisson’s
ratio

Ultimate
Tensile Str.

Density

ADI 900

600 MPa

1.69*105
MPa

0.27

900 MPa

7100
kg/m3

Table 3-4: Material Data ADI
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Figure 3-5: Fatigue life S-N curve for ADI 900

3.6 Topology optimization
The optimization and redesigning process of the Drill Steel Support begins with
topology optimization. As an initial step it is necessary to identify the design domain
for the simulations. After identifying the design domain, various simulations will be
conducted in both constrained and unconstrained form. This process is iterative, and
the optimal solution will be found. Topology optimization will be conducted in Altair
Inspire using Optistruct solve. The results from various optimization input
parameters will be logged and evaluated.

Figure 3-6: Representative image of the design domain with loads and boundary conditions

3.6.1 Unconstrained Topology optimization Runs
The initial runs will be conducted as unconstrained topology runs without any
restrictions in the material distribution, like process and manufacturing constraints.
The only input will be defined for this purpose is the min and max. member
thickness. A member thickness parameter makes sure that the distribution of the
thickness of the formed geometry will remain within specified limit of minimum and
maximum member thickness. This is to make sure that the topologies obtained are
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having the geometry members as discrete as possible without discontinuities. One
must do lots of trial and error, to find the right combination of the member size
limits. The only criteria which is enforced by the software to observe is that member
thickness must be in an interval of 3 x ‘average mesh element size’ to 12 x ‘average
mesh element size’. In software Altair inspire, a tetrahedral element is assigned as
default to the mesh the component.
3 x average mesh element size < Member thickness < 12 x average mesh element size

3.6.2 Constrained Topology optimization Runs
As a further optimization analysis, topology optimization will be carried out with
constraints. For a topology optimization, other than the previously defined
parameters minimum member thickness, optimization runs will be provided with
constraints used for manufacturing. The software Altair Inspire provides with some
of the manufacturing constraints options such as symmetric constraints like
‘Symmetry w.r.t a central plane, cyclic and Cyclic Symmetry’. Also, the software
provides process constraints used for specific process such as casting, stamping, or
extrusion. To make sure that the design space is physically manufacturable using
the before mentioned processes, the software provides Draw direction constraints
such as Single Draw, Split Draw, and Extrusion options. The results from the
topology optimization will be analysed and the best among these will be selected for
further optimization.

3.7 Shape optimization
The result from the topology optimization will be taken out in as a basic CAD format
as a STEP file and a parametric model will be created with reference to this geometry
in the design modeller in ANSYS Workbench. Certain features will be modified into
basic shapes like holes of uniform radius, cut-outs with distinctive boundaries, in
order to easily define these feature dimensions as parameters. This is to capture the
topology profile into the parametric model at its full sense. Positions of these
features will be defined w.r.t the geometric boundaries of Drill Steel Support in order
to see the effect of reorientation of these features on the fatigue life of the component.
Later a response surface optimization will be carried out with this parametric model
for evaluating the optimized design for the Drill Steel Support.

3.7.1 Parametric model
The parametric modelling will begin with analysing the geometry to identify the
right feature dimensions and providing relationship between the parameters. The
identified features will be parametrized and evaluated for any conflicts with related
parameters and relations. For example, a hole is defined by two parameters the
centre point (x, y) (One should note that the centre position is defined in relation to
boundaries of the geometry, as it is dependent to the boundary position) and radius
(r). When modelling a 2 D parametric shape, a conflict will occur if the position of
this hole is moved and overlapped over the existing boundary line during one of the
optimization runs. This will cause error in creating a 3D extrusion out of it. So, it
would be eminent to check if the position of hole or hole radius itself can cause any
conflict at the beginning, when any relative parameters are changed. Similarly,
when dealing multi directional geometry, i.e. a shape which have profiles defined in
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multiple planes, it is recommended to check for conflicts, and accordingly define
relationship between adjacent parameters.

3.8 Final Cad
The results after shape optimization will be taken into CAD software Creo and the
design will be remodelled with chamfers and fillets to make the design castable.
Modifications on the final design will be made with additional design features to
include the design improvements suggested by the design reviewers. Later the final
CAD model will be verified for the mounting interfaces and static structural analysis
will be conducted to analyse the structural properties of the final design.

3.9

Casting Simulation

Casting simulation will be conducted using simulation software Click2Cast to check
the distribution of the shrinkage porosity distributions in the design. Only
solidification simulation results will be analysed in this step. Porosity distribution
will be analysed once in the initial stage to compare the worthiness between two
topology results and at the end of the project to evaluate the final result.
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4.

RESULTS &
DISCUSSIONS

This chapter covers the results obtained during the thesis works and cover a brief
description of the same.

4.1 Introduction
Weight optimization of the Drill Steel Support began with analyzing the structural
properties of the existing design. The results obtained were used for comparing the
structural properties of new design of the Drill Steel Support with the initial design
and to verify the structural worthiness of the same. Thereafter topology optimization
was carried out on a new design space which was developed in iterative steps and
topology optimization runs results will be analyzed to select the best topology. This
design will be optimized again using shape optimization to get the final results. The
chapter have individual sections with the results described in detail for each step.

4.2 Design Evaluation - Welded Plate Structure
The existing design for the Drill Steel Support is a welded plate structure with one
of the grades of alloy steel, see Table 3-1 for the material property. The component
was evaluated in Ansys Workbench for finding structural properties and fatigue life.
The boundary conditions were defined according to the loading conditions explained
in method session. The existing design was evaluated in two different analysis runs.
For the first run load cases were considered acting only on the front plate of Drill
Steel Support. In the second analysis run, the special load cases when the Drill Steel
Support is slipping away from the rock wall were analyzed. The boundary conditions
were almost the same for both analyses runs. But certain modifications were made
in boundary conditions in the second analysis run to reflect the response in Drill
Steel Support when the slippage on the rock wall happens. The boundary conditions
are explained in detail below.

4.2.1 Boundary conditions
For the first set of analysis the Drill Steel Support was considered attached to the
boom and the boundary conditions were defined accordingly. In Ansys workbench
the contact surface between the Drill Steel Support and the boom was defined as a
frictionless support. The bolted joints were represented by fixed holes, since the
boom material properties are unknown to define a bolt joint in between the two
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components. A load step with 14 load cases (See Table 3-2) was defined, for the
structural analysis and was applied on the face of round front plate of the Drill Steel
Support. These loads represent the reaction force from the rock wall on the Drill
Steel Support. An additional load of 25 kN was applied to the back of the Drill Steel
Support for the piston force acting from behind the Drill Steel Support (See Figure
4-1).

Figure 4-1: Boundary conditions: 1st set of Analysis

Figure 4-2: Boundary Conditions: 2nd set of Analysis

For the second set of analysis the Drill Steel Support was considered not fully
mounted on the boom but only considered having contact between the boom and back
of the Drill Steel Support. This contact was defined as frictionless support. The
bolted joints previously defined in the first set of analysis were avoided between the
boom and the Drill Steel Support. Now, the component was considered hanging on
the drilling rod via the locating bush, there drilling rod was considered as an abstract
component in analysis, without considering the material properties, See Figure 3-4,
with lateral slippage due to excessive side force and subsequent contact to the
drilling rod, as explained in the method session. This contact was defined as Remote
Displacement in Ansys Modeler, from a point above the Drill Steel Support,
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representing the centerline of drilling rod, See Figure 3-4. The Remote point was
defined as RBE3 element (with all degrees of freedom fixed), so as to represent the
contact point between the drilling rod and the main body.

4.3 FEA Results of the Welded Plate Structure
The FEA results obtained for the weld plate structure is analyzed and results are
represented below. Only the highest stress value results for the individual analysis
sets are shown in the session.

A.

B.

C.

D.

Figure 4-3: FEA Results for 1st set of Analysis: A) von-Mises Stress, B) Principal Stress, C) Total
Deformation, D) Fatigue life

The results obtained from the 1st set of analysis represented in Figure 4-3, have the
von Mises stress values near to 163 MPa. But it was found that these high stresses
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were appeared at singularity points and was mesh dependent. Otherwise the highest
von Mises stress value observed on the structural analysis was around 150 MPa.
The maximum Principal Stress observed to be at one of the cut-out corners which
was around 148 MPa and the maximum deformation was occurring at the corner of
front plate. The structure is experiencing a stress range which is well below the yield
point and hence will have infinite life as shown in the Figure 4-3.

A.

B.

C.

Figure 4-4: FEA Results for 2nd set of Analysis: A) von-Mises Stress, B) Principal Stress, C) Total
Deformation

The results were found to be mesh independent even though the stress spike was
observed for the singularity points for reduced mesh size. The mesh independence
was verified for the areas other than singularity point which was found to remain
unchanged throughout the analysis.
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Figure 4-4, represents the results obtained after the second set of static structural
analysis. The stress levels are well below the yield limit and deflection observed is
small. Hence further analysis on the life is not done, since the structure is not
observed to have severe stressed areas.

4.4 Topology Optimization
Topology Optimization begins with defining a design domain with design spaces and
non-design spaces, as discussed earlier in the Theory Chapter. For evaluating the
most suitable topology for the Drill Steel Support, multiple designs domains were
identified after analyzing the loading points and boundary areas of the existing
design. All these design domains were then subjectively evaluated for the results
from the basic evaluation with the same design parameters and load cases. The
design domain with convincing result was taken for further evaluation and the
selected heuristic design was used for further design steps.

4.4.1 Design domain selection
The identified design domains have to be compared with each other for a fixed set of
design parameters and manufacturing constraints in order to shortlist the one
design domain which can be used for further analysis. In software Altair Inspire,
these parameters were arbitrarily picked with some trial and error method for the
min. element size of the mesh and min. member thickness. The parameters are
represented in the Table 4-1
Min/ Max
Member
Thickness
30 mm/
default

Volume Min. Element Manufacturing
Fraction size of mesh
constraints

Elemental
Retention
density

20%

0.5

10 mm

None

Table 4-1: Parameters used for unconstrained optimization

The design domains were analyzed with unconstrained topology optimization so as
to get a preliminary understanding on how the design domains respond to the
optimization runs. The unconstrained optimization gave an added advantage of
reduced running time. Mesh size was kept high, as the focus was on selecting design
domain for further studies. The criteria for analyzing the design domain were that
the results obtained after optimization runs gave a satisfactory structural integrity
and had weight below 15.3 kg, which is the weight of the existing design of the Drill
Steel Support.
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Design Domain

Remarks

Design Domain Weight 71kg
Obtained topology 18.2 kg
Structural Integrity: poor

Design Domain Weight 33.8 kg
Obtained topology 8.2 kg
Structural Integrity: poor

Design Domain Weight 54.3 kg
Obtained topology 12.6 kg
Structural Integrity: poor

Design Domain Weight 71.5 kg
Obtained topology 20 kg
Structural Integrity: poor

Design Domain Weight 46.9 kg
Obtained topology 11.5 kg
Structural Integrity: good

Table 4-2: Design Domains Evaluated and results

The evolution of design domain from a basic shape (a cube) to a domain which closely
resembles the existing design of Drill Steel Support can be justified by the
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distribution of elements in the design space and the surface area of the loaded parts
in the design domain. As the surface area of the load bearing part increases, the
number of discretised elements in FE model under stress will increase, since the
load distribution is even out in wider area. Though the stress value of the individual
elements will be lower with increasing surface area of the loaded parts, the topology
optimization run with minimizing compliance will try to retain elements with most
stress in the loaded region. Hence as the number of load bearing elements increases
and so did the number of elements retain after topology. Thus, while doing topology
optimization with min. compliance for a limited volume fraction (like 20% used in
the analysis of design domain selection), the software will try to retain more
elements in the most stressed region and lesser elements in the other parts. This
will end up having higher element concentration at highly stressed parts and sparse
elements distribution with missing elements between, for other parts which will end
up having poor structural integrity. So, a conscious decision was made to reduce the
design domain volume and ended up having a domain that closely resembles the
existing design of Drill Steel Support.

4.4.2 The Design Domain Discussion
Top Plate

Front Plate

Figure 4-5: Selected Design Domain: design space is resented in Grey color; Non-design space in
Brown Color

The Selected Design domain consists of finely segregated design space and
Non- Design spaces. The non - design spaces are defined considering the contact area
of various interfaces of the Drill Steel Support as in the current machine layout.
These areas were considered to be as small as possible, in order to keep maximum
volume of the Design Domain included in the design space. All the loads and
boundary conditions were defined on the non-design spaces. The Entire Design
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domain is defined with material properties of ADI 900. (See Table 3-4 for material
information). The mounting bolts between the Drill Steel Support and the boom are
considered to be grounded bolts, as the boom properties are considered unknown in
the scope of this thesis work.
Two more non-design spaces were defined; 1. On the top of the Drill Steel Support
(represented as green component), which represents the base contact surface of the
drilling rod locating ring housing assembly, 2. In front of the Drill Steel Support,
which was considered as the base plate contact area (represented as blue
component), of the rubber dowel. These two non-design areas were created to make
sure that the loads were equally distributed to the design spaces.

4.4.3 Boundary conditions & loads

Figure 4-6: Boundary Conditions for First Set of Load Cases

Loads from the Table 3-2 are applied in front of the plate of Drill Steel Support for
simulating the 1st set of loading conditions. An additional load of 25 kN is applied
behind the component for the cylinder force. Other boundary conditions were defined
as similar to boundary conditions assigned for the FE analysis. The component was
considered mounted on the boom through the bolts. Also, frictionless support was
defined between the Drill Steel Support and the boom. See Figure 4-6.
In order to consider the slippage on the rock face (2nd set of load cases See Table 3-3)
and drilling rod, as explained earlier for the FE Analysis in Ansys, the top plate is
assumed to be fixed in all other direction other than Y (The boundary condition
assumption was made as remote displacement constraint similar to Ansys design
modeler couldn’t be established properly without rigid body motions. The defined
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boundary condition will make sure that the load will be transferred to the drill boom)
See Figure 4-7.
The design domain is given with manufacturing constraints of symmetry w.r.t the
Y-Z plane and given with casting constraints of split draw with ‘No hole’ condition
w.r.t the X-Z plane, see co-ordinate system represented within the Figure 4-7.

Figure 4-7: Boundary Conditions for second set of Load cases

4.4.4 Topology results
The design domain was analyzed for various input parameters and results obtained
from the optimization runs were logged. Selected results of topology optimization
are discussed below.

Parameters
Volume Fraction
Min and max
member thickness
Draw Direction
Holes Allowed
Symmetry
Weight

Result 1
15 %
30mm/
default
Split
draw
No
Yes
10 kg

Result 2
20 %
30mm/
default
Split
draw
No
Yes
10.5kg

Result 3
20 %
40mm/
default
Split
draw
No
Yes
11.5 kg

Result 4
20 %
15mm/
default
Split
draw
No
Yes
11.2 kg

Table 4-3: Parameters for the results
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The Optimized results under various design setups for the minimum member size
and volume fraction were tested. The topologies with minimum masses were selected
and results with parameters are represented in Table 4-3 and in Figure 4-8. Result
1, was obtained for a constrained topology optimization run for a volume fraction of
15%. The minimum member thickness was kept as 30mm and maximum member
size was left default. A 10mm mesh size was defined for the optimization analysis.
The topology was observed to have a weight of 10kg. Similarly result 2, was
analyzed for a volume fraction 20% with mesh size kept as default and minimum
member thickness a 30 mm. The constrained topology optimization gave a solution
with a weight of 10.5 kg. Results 3 and 4 were analyzed with mesh size of 10mm and
5mm respectively for a volume fraction of 20%. Corresponding optimization results
were found to have weight of 11.5 kg and 11.2 kg from the analysis.

1.

3.

2.

4.
Figure 4-8: Selected Topologies
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Later a static structural analysis was conducted on the obtained results in Altair
Inspire itself. Principal stress, von Mises stress and safety factor were analyzed. The
structural analysis results were in favor of topology Result 2 and 3. Further analysis
was carried out on these topology results to shortlist the topology.

4.5 Solidification Simulation selected topologies
The selected topologies were analyzed for shrinkage porosity distribution to find the
better topology results among obtained results. Solidification simulation was
conducted in simulation software Click2Cast. The setup for the analysis is discussed
in the table below. These material and process parameters were selected with the
help of the casting specialist.

Parameters
Part Material
Pouring Temperature
Sand Type
Sand temperature
Ingate velocity

Values
GGG60 (Older denomination of
EN GJS 600-10)
13800C
Furan Sand
200C
0.75 m/s

Table 4-4: Solidification simulation setup

Figure 4-9: Shrinkage Porosity results of selected topologies
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The results from the shrinkage porosity distribution showed that there is not much
difference in the distribution. The porosity distribution was found to be highly
concentrated on same areas in more or less similar amount. Hence it was decided to
proceed with the topology result with minimum weight among the topologies.

4.6 Further Topology optimization
The results obtained from the initial Topology optimization runs were found to have
elements which could be removed from the final design. These elements were found
to be in the area of previously defined non-design spaces of the analyzed design
domain. Hence a new design domain was formulated in which these removable areas
were included in design space and analyzed for the results. The motivation was to
incorporate both the results from these 2 different topology optimizations runs into
a single design to have a design with lesser weight and better structural integrity.
The new design domain was created with the influence from the previous design
domain to get the results close to the earlier obtained topology. This measure had
reduced the effort on evaluating the avoidable areas in the final design, and for
generating the new design model out of it. All the load cases, boundary conditions
and manufacturing constraints remain the same as in the earlier design domain
analysis.

Figure 4-10: Boundary conditions and manufacturing constraints

The Topology results obtained from the second design domain gave a clear indication
of the removable areas on the front plate and the top plate. It was evident from the
new results that these areas from the non-design spaces defined as top plate and
front plate could be removed regardless of the design parameters and manufacturing
constraints given in the topology optimization. Thus, will further reduce the weight
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of the final design. Hence a new design was derived taking into account the material
distribution in the two topologies obtained for the design domains See Figure 4-12.

Figure 4-11: Topology results for the modified design domain

Figure 4-12: The cumulative design

4.7 Shape optimization
Shape optimization was carried out on the topology optimized results, to further
improve the fatigue life with reducing weight of the design. As an initial step, the
design obtained after topology optimization runs was parameterized in Ansys
Design Modeller. The component is then optimized using a surrogate model
(Krigging model). The results were then captured in a Pareto front plot. The final
design dimensions were selected from the chart for life of 107 cycles and for a reduced
weight.
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4.7.1 Parametric Model
The new design obtained after topology optimization was parametrized using
primitive sketching options in the drawing toolbox in Ansys Design modeler. Since
the component is symmetric w.r.t to the central plane A-A (See Figure 4-13), only
one half of the new Drill Steel Support design was parameterized in the design
modeller (See Table 4-5). The newly defined half parametric model was applied with
half the loads in all load cases. In the parametric modelling the load cases with
highest effect on the fatigue life was only considered. It was clear from the static
structural analysis for the initial design that the second set of loads which causes
the slippage of the Drill Steel Support will not take the component to a fatigue cycle,
when compared to the normal loads on the front plate (See Figure 4-3, Figure 4-4).
Hence more importance was given to the normal loads on the front plate and only
these loads were considered for the shape optimization.
A

A
Figure 4-13: Parametrized design

After parameterization, the sensitivity of parameters was tested for the objective
function; Minimizing the Volume of the component. This initial response surface
optimization run without constraints using surrogate model (Kriging Model) was
conducted for the parameter ranges as per Table 4-5. This optimization run gave a
set of response points with fatigue life over 107 cycles. The sensitivity of each
parameter was plotted against the objective function. It was clear from the plot that
the thickness of the sections of the component has more effect on the volume
reduction of the Drill Steel Support (See Figure 4-14). Also, individual cut out
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parameters have negative influence on the fatigue life of the component (See Figure
4-15). Hence the thickness parameters were shortlisted for the main run with
constraints on fatigue life, as these parameters have most positive effect on the
weight reduction of the component. In the new optimization run, section thickness
of the front part of the Drill Steel Support is also included as three new parameters
(See Table 4-6).
Parameter
type

Input
Parameters

Output
Parameters

Parameter
Name

Parameter
Parameter
Designation range for
in Ansys
analysis

Angle 1

P13

41°– 48°

Angle 2

P14

158°– 188°

P15

23 mm – 30
mm

P21

8 mm – 13 mm

Diameter
1
Back plate
thickness

23 mm – 30
mm
23 mm – 30
mm

Remarks

Side cut out
profile angle
Side cut out
profile angle
Side cut out hole
diameter
Thickness of the
section
Side cut out arc
radius
Side cut out arc
radius

Rad 1

P27

Rad 2

P26

Side plate
thickness

P28

9 mm – 11 mm

Thickness of the
section

P19

Minimize
Volume

Objective
function

P25

-

Constraint

Geometry
Volume
Life
Minimum

Table 4-5: Initial Parameters and values set for Sensitivity analysis of parameters,

Figure 4-14: Parameter sensitivity against geometry volume
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Figure 4-15: Sensitivity plot of Parameters against fatigue life

Parameter
type

Input
Parameters

Output
Parameters

Parameter
Name

Parameter
Designation
in Ansys

Parameter
range for
analysis

Back plate
thickness

P49

1 mm –
12 mm

Thickness of
section, discrete
values with 0.5
mm increment

Side plate
thickness

P55

5 mm –
10 mm

”

Frontdowelplt

P52

1 mm –
12 mm

”

Frontdowlpt1

P53

1 mm –
12 mm

”

Frontplate.thk

P54

8.5mm –
12 mm

”

Geometry
Volume

P19

Life Minimum

P25

Minimize
Volume
0 - 1.5*107
cycles

Remarks

Objective
function
Constraint

Table 4-6: New Parameter set and the parameter range

Now with the new set of parameters, a full run of response surface optimization was
conducted. The new run was set with Fatigue life constraint for a range of 0 to 1.5
*107 cycles in order to get Pareto front of solution with all the limiting values for the
fatigue life. Here Fatigue life was computed for the Max. Principal Stress over the
time of analysis and with Mean stress correction theory, for adjusting the S-N curves
for the Zero – Based cyclic loading ( As the fatigue data available for S-N curve of
the ADI material is for the cyclic loading of specimen with loading ratio R -1, i.e.
loading cycle with equal and reciprocating loading with mean value = 0 ). The fatigue
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life of the component was analyzed assuming that the Drill Steel Support will be
loaded only in one direction (not a reciprocating loading) and would go back to
normal position when released. Hence, only the maximum principal stress in the
tensile regime was considered for the analysis because as per the loading the
compressive loading will not cause fatigue failure. Now after the optimization run,
a Pareto Front with feasible design points for range of volumes and fatigue life was
available (See Figure 4-16). An optimum design point was selected and verified (See
final design variable and figure). The result was taken for the next level of design
and casting simulations and further verification. The verified most optimized result
and selected result are described in the Table 4-7.

Figure 4-16: Pareto Front

Parameter
Name
Back plate
thickness
Side plate thickness
Frontdowelplt
Frontdowlpt1
Frontplate.thk
Geometry Volume
Life Minimum
Mass

Parameter
Designation
in Ansys
P49
P55
P52
P53
P54
P19
P25

Most
Optimized
Result, Verified

Selected
Optimized
Result, Verified

4

8.5

12
11.5
10
5.5
3.48*105 mm3
3.95*106
4.95 kg

10
10
11
9
5.43*105 mm3
1*107
7.72 kg

Table 4-7: Pareto points
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4.8 Final Design

Figure 4-17: Final CAD design

Now the optimized result was taken out to do detailed design. Weight optimized
solution of the Drill Steel Support was remodeled in Creo to make it closer to a
castable design. Individual section thicknesses were maintained as per the
information from optimization. Fillets and chamfers were provided at the
intersections and additional ribs were provided to improve the stiffness of the front
plate. The front plate was retained in the final design in order to avoid the excessive
deformation and damage (erosion) of rubber dowel mounted in front of the Drill Steel
Support (The rubber dowel back plate is not thick enough to withstand the
deformation under loading).
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Additional holes were provided at the both sides of the Drill Steel Support with
mounting surfaces towards the bottom part of the legs of new Drill Steel Support
design, so as to provide side connecting plates as existed in the previous design (the
ones which are meant for cases of excessive corrosion). Some features like cut outs
from the topology optimization which were present at the lower portion of the design
were covered by the newly added mounting surface. However, the overall design
weight ended up being 9.5 kg.
The component is further analyzed using solidification simulation and structural
analysis. The final results are represented in the figures below. The final design was
evaluated using static Structural analysis module in Ansys Workbench using the
same boundary conditions earlier defined in the beginning of the chapter (See:
Figure 4-1,Figure 4-2).

Figure 4-18: FEA Results for 1st set of Boundary conditions: A) von-Mises Stress, B) Principal Stress,
C) Total Deformation, D) Fatigue life
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The structural analysis results of the final design for the 1 st set of boundary
conditions shows that the component has infinite life (107) and the principal stress
used for analyzing life was found to have a maximum value of 196 MPa (See Figure
4-18). The maximum von Mises Stress was found to be around 193 MPa at the
intersection of the top rib to the side portion of the Drill Steel Support. Deformation
was found to be maximum at the same point as before in the old design and the
deformation value was found to be 0.4 mm.

Figure 4-19: FEA Results for 2nd set of Boundary conditions: A) von-Mises Stress, B) Principal
Stress, C) Total Deformation

Results for the second set of boundary conditions are represented in Figure 4-19.
The Maximum von Mises Stress was found to be 164 MPa, principal stress 175 MPa
and deformation of 0.06 mm. All the deformation and stress are found to be localized
in top portion of Drill Steel Support. The fatigue life was found infinite as well.
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When coming to the casting defects in the final design, the macro porosity for a
shrinkage percentage of 20% shows that the defects are mainly concentrated on the
front surface. As per the FEA result for the structural loads, these areas are not
heavily stressed when compared to the rest of the parts. Also, as per the casting
specialists these defects representations are foundry dependent and they may have
different confidence level of picking the shrinkage percentage for analyzing the
porosity defects, which will alter the result represented in the Figure 4-20. Also,
these defects can be rectified by adding proper ingate and feeder systems. So, the
result from casting simulation can be considered as an indication of possible location
of defects.

Figure 4-20: Casting simulation result
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CONCLUSION

The weight optimization process of Drill Steel Support had reduced the weight of the
component by 40%, 6 kg, which will effectively reduce 30 kg of the total machine
weight, as 1 kg saved in front of the machine saves 5 kg of total weight of the machine
(See Introduction). This weight reduction can also improve the manoeuvrability of
the boom, as the load on the lifting mechanism will be reduced and thus can reduce
the effort on lifting the component. Also, it will reduce a large amount of weight from
the machines with multiple booms. The weight optimization will reduce the required
operating power which can proportionally reduce the fuel consumption and the
lifting load ratings of corresponding equipment.
The maximal von Mises stresses acting on the component was increased from 150
MPa to 192 MPa when comparing between the initial design and final design of Drill
Steel Support. The max deformation values were found to be increased from 0.26
mm to 0.38 mm at the same point for both designs, and this increment was found to
be of less magnitude when compared to the extent of weight reduction happened.
Also, the life of the component was found to be unchanged.
During the analysis it was found that the design domain for the topology
optimization problem can influence the optimized results. For the Drill Steel
Support, the effect was clearly visible; as the surface area of the loading faces
increases, the distribution of elements in the topology optimized results were found
to be sparsely distributed for a volume fraction. More elements happened to get
retained in areas close to load distribution elements. If the domain volume is high,
relatively high stressed elements will get retained when compared to low stressed
elements. So, it could be inferred that when dealing with designs which are having
large number of shape constraints where the mounting points and layout are
defined, it would be better to keep the design domain as tight as possible close to the
reference design.
The alloyed steel used for manufacturing the existing welded plate design of Drill
Steel Support found to have a Young’s Modulus of 210 GPa with a Poisson’s ratio of
0.3 when compared to ADI 900 which have these values of 169 GPa and 0.27
respectively. The structural analysis carried out in Ansys workbench considers the
component to have isotropic material properties and hence the change in the values
material properties will act as a scaling factor for the physical deformation and
stress values when considering the same design. The new Drill Steel Support design
has same load cases and the design features almost similar (loading surfaces and
boundary conditions), which also resembles old design. As expected for lower Young’s
modulus, from the results more deformation could be seen in the similar area of the
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component. The stress values are in safe zone. The advantage from using ADI
material is that the, the reduced density of the material and higher fatigue life
helped in achieve a better weight to life ratio. This proves that the new material ADI
900 has a better effect on the Drill Steel Support design.
Weight optimization of a component can be done in multiple ways. The optimization
methodology followed here during this project is a conventional way of doing weight
optimization. The optimization runs may not give a designer with final solution
which can be directly manufactured into a physical component. For example, results
from the topology optimization will give a coarse profile which has to be modified to
uniform shapes with definable features, in order to manufacture the same with
using conventional manufacturing process at low costs. Thus, the designer has to
improvise the profile of the obtained topology to generate a manufacturable design.
But one cannot exactly capture the exact optimized topology profile into a design
with these basic features. Hence the shape optimization followed after topology
optimization can reallocate these features which will give a better solution than only
doing topology optimization. And it is possible to generate multiple designs in a
single optimization run, from where one can select best solution that suits their
need.

Figure 5-1: Weight Reduction Achieved within individual steps
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6.

RECOMMENDATIONS
AND FUTURE WORKS

The weight optimization of Drill Steel Support was started as a semi conservative
design and ended up having a conservative design which has infinite life. Though
the final design was having a weight reduction of 40% without affecting much on the
deformation and stresses, one cannot say the component is fully optimized. Hence,
the following recommendations are made
1. The optimization was conducted for fixed probability S-N curve of 50%. The
fatigue life of selected result was well in the safe limit. It would be of great interest
to understand how the result will vary with a probabilistic life approach, where
one can select the probability of failure rather than the volume reduction for the
shape optimization.
2. The results used for analysing the casting defects in the designed component only
uses solidification simulation. The porosity defects could affect the life of the
component. Though the solidification simulation gave a result which has lower
porosity, other casting defects were not evaluated. A filling simulation with all
the casting setup will provide with a realistic data about the castabilty of the
component.
3. Porosity penalized topology optimization will be an advanced approach which
could be tried where the porosity defects influence on the strength of the
component were quantified. The optimization with this approach can provide
designs with excess material which could avoid of the failure due to porosity
defects.
4. The component was not manufactured during the project period. The Drill Steel
Support has to be manufactured and verified with the results from the analysed
data. The component has to be mounted on the machine, tested and validated.
5. The wear rate of the component has to be analyzed as per the defined purpose.
This has to be analyzed after the manufacturing of the component.
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