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ABSTRACT

This thesis presented about the fatigue life of the material, which is focus on aluminium
alloy. There are some important analysis needs to be done including stress analysis, and
also fatigue analysis. People might prefer predict the fatigue life of aluminium alloy
using experimental approach. But in this thesis, it comes out with different ways, by
using software. The software used is MSC PATRAN with MSC NASTRAN as a solver
and MSC Fatigue. The model is developed using the SOLIDWORKS. The results from
initial analysis will be proceeding with second analysis which is fatigue simulation.
Finally, the crack growth graph will be constructed. The effect of stress ranges of
aluminium alloys on fatigue crack growth rate was simulated using the Compact
Tension specimen as a model. The Fatigue Crack Growth curve, da/dn as a function of
stress intensity factor, AK was plotted in order to analyze the crack growth properties of
aluminium alloys. It has been done using MSC FATIGUE software. 4 different stress
ranges were selected in range (4-10) kN in order to investigate the effect of stress range
on crack growth rates. The model were simulated by means of Mode I loading in
constant temperature and frequency. The constant value of C and gradient, m according
to Modified Paris Law equation, are 1.2E-10 and 4.06 respectively. The life cycle graph
(S-N curve) of aluminium alloy under this simulation will be compared to the
established life cycle graph. It was show that the aluminium alloys have endurance limit
of 95MPa.
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ABSTRAK

Tesis ini membincangkan mengenai jangka hayat sesuatu bahan terhadap fenomena
kelesuan bahan, yang memberi fokus kepada aloi aluminium. Terdapat beberapa
analisis penting yang akan dilaksanakan termasuk analisis tegasan dan juga simulasi
kelesuan bahan. Kebanyakan individu lebih suka untuk melakukan analisis jangka hayat
kelesuan aloi aluminium dengan melakukan eksperimen, tetapi untuk tesis ini, simulasi
perisian akan dilakukan untuk mendapatkan graf kadar pertumbuhan retak bagi aloi
aluminium. Perisian yang digunakan ialah MSC PATRAN sebagai medium simulasi
awal dan MSC NASTRAN and MSC Fatigue sebagai medium simulasi akhir. Hasil
daripada setiap analisis akan dikumpul untuk menghasilkan graf pertumbuhan retak.
Kesan julat tegasan terhadap kadar pertumbuhan retak kelesuan bagi aloi aluminium
telah disimulasi menggunakan spesimen Tegasan Padat (Compact Tension Specimen)
sebagai model. Graf kadar pertumbuhan retak melawan keamatan teganan telah
dihasilkan bertujuan untuk mengenalpasti sifat — sifat aloi aluminium. Ia telah
dihasilkan melalui Perisian MSC Fatigue. 4 julat tegasan yang berbeza telah dipilih
untuk simulasi ini, iaitu di dalam julat (4-10) kN dalam mengenalpasti kesan julat
tekanan terhadap kadar pertumbuhan retak. Model ini disimulasi menggunakan Mod 1
dan pada suhu dan frekuensi yang tetap. Berdasarkan persamaan Paris yang diubah
(Modified Paris Law), nilai pintasan paksi Y ialah 1.2E-10 dan nilai kecerunan
ialah4.06 Graf jangka hayat telah dihasilkan dan ia menunjukkan nilai batas ketahanan
aloi aluminium ialah 47MPa.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

The analysis of failures often reveals various weaknesses contributing to an
insufficient fatigue resistance of a structure. This will be illustrated by a case history. A
structure should be designed and produced in such a way that undesirable fatigue
failures do not occur. Apparently there is a challenge which will be referred to as
designing against failure. Various design options can be adopted to ensure satisfactory
fatigue properties with respect to sufficient life, safety and economy, which are related
to different structural concepts, more careful detail design, less fatigue sensitive
material, improved material surface treatments, alternative types of joints, lower design

stress level.

Fatigue is failure under a repeated or varying load, never reaching a high enough
level to cause failure in a single application. The fatigue process embraces two basic
domains of cyclic stressing or straining, differing distinctly in character. In each

domain, failure occurs by different physical mechanisms:

(a) Low-cycle fatigue—where significant plastic straining occurs. Low-cycle fatigue
involves large cycles with significant amounts of plastic deformation and relatively
short life. The analytical procedure used to address strain-controlled fatigue is
commonly referred to as the Strain-Life, Crack-Initiation, or Critical Location
approach.

(b) High-cycle fatigue—where stresses and strains are largely confined to the elastic

region. High-cycle fatigue is associated with low loads and long life. The Stress-



Life (S-N) or Total Life method is widely used for high-cycle fatigue applications.
While low-cycle fatigue is typically associated with fatigue life between 10 to
100,000 cycles, high-cycle fatigue is associated with life greater than 100,000

cycles.

Fatigue analysis refers to one of three methodologies: local strain or strain life,
commonly referred to as the crack initiation method, which is concerned only with
crack initiation (E-N, or sigma nominal); stress life, commonly referred to as total life
(S-N, or nominal stress); and crack growth or damage tolerance analysis, which is

concerned with the number of cycles until fracture.

The three methods used to predict life include total life (S-N), crack initiation
(E-N), and crack growth. S-N analysis is relatively straightforward, being based on the
nominal stress-life method using rain flow cycle counting and Palmgren-Miner linear
damage summation. A range of analysis parameters may be selected, including
Goodman or Gerber mean stress corrections, confidence parameters, manufacturing

details (surface finish), and material heat treatments.

1.2 PROJECT BACKGROUND

The analysis of crack growth is very important and its need to widely known by
engineer and designer. This analysis comes to the priority because there are so many
accidents occur nowadays. The accident such as aircraft accidents, building collapse,
and bridge collapse is mostly caused by material failure. This failure includes two types,
which is overloading and fatigue failure. This analysis will focus on fatigue failure or
cyclic loading. The fatigue life is usually split into crack initiation period and a crack

growth period.

The initiation period is supposed to include some micro crack growth, but the
fatigue cracks are still too small to be visible by the unaided eye. In the second period,
the crack is growing until complete failure. It is technically significant to consider the
crack initiation and crack growth periods separately because several practical conditions

have a large influence in the crack initiation period, but a limited influence or no



influence at all on the crack growth period. In the analysis, the stress range values, AK
threshold and AK critical will be determined in fatigue crack growth rate curve. The
analysis will using Finite Elements Analysis (FEA) and stress strain analysis. It will
also using a mode 1 under axial loading, and for the stress analysis, it will use a MSC
PATRAN and MSC NASTRAN as pre-processor, solver, and post-processor. The final
result will display in stress elements, strain elements, displacement element and also
force elements. For the model in software stimulation, compact tension (CT) model is
the best model to use since we apply the axial loading. There are parameters include in
this analysis to determine the AK from fatigue crack growth rate curve, like cyclic
loading, temperature, weight, and environment conditions. All this parameters need be

constant.

1.3 PROBLEM STATEMENT

Predicting fatigue life is a critical aspect of the design cycle because virtually
every product manufactured will wear out or break down. The critical issues are
whether the product/component/assembly will reach its expected life, and if damaged,
whether the product/component/assembly will remain safely in service until the damage
can be discovered and repaired. And as with most simulation analysis, the earlier fatigue
analysis is deployed in the product development process, the more benefits will be

realized, including safety and economic.

For example, fatigue analysis early in the design phase can locate areas that are
likely to succumb to fatigue quickly, minimizing expensive and unnecessary prototypes
and tests. Due to this problem, common products manufactured are using non-suitable
material. Aluminium alloys have a good characteristic in order to prevent or minimize
the crack such as what happened to steel. So, analysis will be conduct on aluminium
alloy to approve that aluminium alloy is better. The analysis will using Finite Elements
Analysis (FEA) and stress strain analysis. The final result will display in stress

elements, strain elements, displacement element and also force elements.



1.4 PROJECT OBJECTIVES

(1) To construct a curve of fatigue crack growth rate (differential crack length

respect to number of load cycles to the range of stress intensity factor).

(i1) To determine the of stress intensity factor at threshold point and critical point.

(iii) To analyze and determine the S-N curve by numerical method using modified

Paris Law equation.

1.5 SCOPES OF PROJECT

Scope of this project is limited to:

1. Investigate the effects of stress range on fatigue crack growth.

2. Identify the behavior of aluminum alloy under cyclic stress range under axial
loading

3. Predict the total life of aluminum alloy based on fracture mechanics equation,
from fatigue crack growth rate curve.

4. Analyze the model of Compact Tension (CT) in simulation using Finite

Elements Analysis.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This final year project basically analyze on the fatigue behaviour of aluminium
alloy under Mode 1 or axial loading. The topic needs to be discussed and conclude
because each material has their limitations. This research also important as reference to
anyone especially manufacturers while produce a part using metal. Fatigue is the
progressive and localized structural damage that occurs when a material is subjected to
cyclic loading. The nominal maximum stress values are less than the ultimate tensile

stress limit, and may be below the yield stress limit of the material.

Fatigue occurs when a material is subjected to repeat loading and unloading. If
the loads are above a certain threshold, microscopic cracks will begin to form at the
surface. Eventually a crack will reach a critical size, and the structure will suddenly
fracture. The shape of the structure will significantly affect the fatigue life; square holes
or sharp corners will lead to elevated local stresses where fatigue cracks can initiate.
Round holes and smooth transitions or fillets are therefore important to increase the

fatigue strength of the structure.



2.2 FINITE ELEMENT ANALYSIS

Figure 2.1: The example of finite element analysis on part.

Source: Christophe Pierre 2003

The boundary conditions applied to the mesh included a cyclically varying
uniform traction with a minimum value and a maximum value applied on the surface for
the axial loading analysis. To prevent rigid body movement, all nodes on the bottom
surface of the mesh were fixed in the vertical (two-axis) direction. The nodes at the
lower right hand corner were additionally fixed in the one-axis direction. This
simulation model is actually a half part of the actual model. Smaller the component
simulated, the result will be clearer and easy to analyze. The mesh was created with
nodal pairs along the crack propagation path. The contact elements can also be used to
prevent elements overlapping along the crack surface. During loading, the applied
traction increased from minimum shear to maximum shear. Crack advance was
executed with the loading held constant at maximum shear. The crack was grown by
releasing all of the connector elements currently at the crack tip. The newly released
connector elements were then replaced by contact elements. During the unloading cycle,

the applied traction was returned to minimum shear. (Elwood 1992)



The finite element method (FEM) (its practical application often known as finite
element analysis (FEA) is a numerical technique for finding approximate solutions of
partial differential equations. The opening stress for each cycle was defined as the
applied tensile stress on the uppermost elements of the aluminium alloy specimen when
the crack first completely opened. The contact pressure for each crack surface node was
monitored during the loading stage of each cycle. When all of the crack surface nodes in
a particular calculation region (specimen surface or specimen interior) first experienced
zero contact pressure, the applied tensile stress was the opening stress in the region.
Although this is just a small angle disorientations, particles are more significant than
bicrystal boundaries for fatigue crack growth as will be shown later in this paper when

larger disorientations angles were employed. (Horstemeyer 2009)

2.3 SOFTWARE USED FOR MODEL SIMULATION

There is a lot of software available for Finite Element Analysis, such as ALGOR
(FEMPRO), ANSYS, ABAQUS, and MSC PATRAN. All this software widely used
nowadays, in order to analyze the part. In solving partial differential equations, the
primary challenge is to create an equation that approximates the equation to be studied,
but is numerically stable, meaning that errors in the input and intermediate calculations
do not accumulate and cause the resulting output to be meaningless. There are many
ways of doing this, all with advantages and disadvantages. The Finite Element Method

is a good choice for solving partial differential equations over complicated domains.

The most suitable software used in this Finite Element Analysis is MSC
PATRAN, because the Linear Static results will be proceed with Fatigue Analysis. The
final analysis will determine the objective of this Final Year Project, which is generated
Crack Growth from simulation under axial loading. From this graph, Life Cycle graph
of metal also can be calculated, using a modified Paris Law or fracture mechanic
equation. This simulation also will produce a data analysis of Safety Factor in order to

prove that load applied is acceptable.



Figure 2.2: Example of MSC PATRAN analysis.

Source: www.mscsoftware.com/Solutions/Applications/Default.aspx

2.3.1 Crack Growth Graph from Database

Using MSC PATRAN as software in simulation is beneficial because it already
provide user with database results. There are so many database graph that we can
produced, include the Crack Growth graph. Even though we can use the database graph
for results, it is not accurate according to the simulation. The final data must be different
from analysis, especially C Value (Y-axis intercept) and m Value (Gradient of the
straight line). In conclusion, the database results only act as references, and the Crack

Growth Graph must be generated from the simulation and fatigue analysis.
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Figure 2.3: The crack growth graph get from the database for different stress
ratio values.

Source: www.mscsoftware.com/Products/CAE-Tools/MSC-Fatigue.aspx

The Stress Ratio, R that inserted manually is different which is 0.2 and 0.6.
Although the Stress Ratio is different but C Value (Y-axis intercept) and m Value
(gradient of straight line) is constant. The data can’t be used to create S-N Curve

manually from Paris Law Equation.
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24 MATERIAL SELECTION

The research material selection must be accurate and beneficial in future. As
well as this Final Year Project use Aluminium Alloy (AA 1060), it’s properly fulfill the
requirement of needed data to produce a product. This type of material is widely used

especially in producing automotive parts and other tooling parts.

2.4.1 History of Aluminium

The earliest citation given in the Oxford English Dictionary for any word used
as a name for this element is aluminium, which British chemist and inventor Humphry
Davy employed in 1808 for the metal he was trying to isolate electrolytically from the
mineral alumina. The citation is from the journal Philosophical Transactions of the
Royal Society of London: "Had 1 been so fortunate as to have obtained more certain
evidences on this subject, and to have procured the metallic substances I was in search
of, I should have proposed for them the names of silicium, alumium, zirconium, and

glucium.

Aluminum is the third most abundant element of the Earth’s crust, behind that of
oxygen and silicon. Of the metallic elements, it is the most abundant, 7.3% by mass of
the total crust. Due to Aluminum’s high affinity to bind with oxygen, it is not found in
naturally occurring in its elemental state, but only in combined forms such as oxides or
silicates. The metal originally obtained its name from the Latin word for alum, alumen.
Finally, in 1807, Sir Humphrey Davy proposed that this still unknown metal be referred
to as aluminum. This was then altered further to that of aluminium so to agree with the
"tum" spelling that ended most of the elements. This is the spelling that is generally
used throughout the world. That is, until the American Chemical Society in 1925
officially reverted the spelling back to aluminum, which is how it is normally spelled in

the United States. (Kaufman 2004)
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2.4.2 Aluminium Alloy

For the pure aluminium, it is a soft, durable, lightweight, malleable metal with
appearance ranging from silvery to dull grey, depending on the surface roughness.
Aluminium is nonmagnetic and none sparking. It is also insoluble in alcohol, though it
can be soluble in water in certain forms. The yield strength of pure aluminium is 7—-11
MPa, while aluminium alloys have yield strengths ranging from 200 MPa to 600 MPa.
Aluminium has about one-third the densit and stiffness of steel. It is ductile, and easily
machined, cast, drawn and extruded. Corrosion resistance can be excellent due to a thin
surface layer of aluminium oxide that forms when the metal is exposed to air,
effectively preventing further oxidation. The strongest aluminium alloys are less
corrosion resistant due to galvanic reactions with alloyed copper. This corrosion
resistance is also often greatly reduced when many aqueous salts are present,

particularly in the presence of dissimilar metals. (Ishihara 2001)

Aluminium atoms are arranged in a face-centred cubic (fcc) structure.
Aluminium has stacking-fault energy of approximately 200 mJ/m?. Aluminium is one of
the few metals that retain full silvery reflectance in finely powdered form, making it an
important component of silver paints. Aluminium mirror finish has the highest
reflectance of any metal in the 200400 nm (UV) and the 3,000-10,000 nm (far IR)
regions; in the 400-700 nm visible range it is slightly outperformed by tin and silver
and in the 700-3000 (near IR) by silver, gold, and copper. Aluminium is a good thermal

and electrical conductor, having 62% the conductivity of copper.

Aluminium is capable of being a superconductor, with a superconducting critical
temperature of 1.2 Kelvins and a critical magnetic field of about 100 gauss (10
milliteslas). It is a strongly reactive metal that forms a high-energy chemical bond with
oxygen. Compared to most other metals, it is difficult to extract from ore, such as
bauxite, due to the energy required to reduce aluminium oxide (Al,O3). For example,
direct reduction with carbon, as is used to produce iron, is not chemically possible, since
aluminium is a stronger reducing agent than carbon. Aluminium is the most widely used

non-ferrous metal. Global production of aluminium in 2005 was 31.9 million tonnes.
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It exceeded that of any other metal except iron (837.5 million tonnes). Forecast
for 2012 is 42—45 million tons, driven by rising Chinese output. Relatively pure
aluminium is encountered only when corrosion resistance and/or workability is more
important than strength or hardness. A thin layer of aluminium can be deposited onto a
flat surface by physical vapour deposition or (very infrequently) chemical vapour
deposition or other chemical means to form optical coatings and mirrors. When so
deposited, a fresh, pure aluminium film serves as a good reflector (approximately 92%)

of visible light and an excellent reflector (as much as 98%) of medium and far infrared

radiation.

Table 2.1 Mechanical properties of pure aluminium.
Mechanical Properties Values
Youngs Modulus 70 GPa (in alloys)
Ductility & Malleability High
Hardness 420 MPa
Density 2700 kg / m?
Melting Point 660.32 °C
Boiling Point 2519 °C
Electrical Resistivity 2.65x10° Qm
Reflectivity 71% (unpolished) 97% (polished)

Source: http: http://sam.davyson.com/as/physics/aluminium/site/properties.html

Aluminium alloys are alloys in which aluminium is the predominant metal.
Typical alloying elements are copper, zinc, manganese, silicon, and magnesium. There
are two principal classifications, namely casting alloys and wrought alloys, both of
which are further subdivided into the categories heat-treatable and non-heat-treatable.
About 85% of aluminium is used for wrought products, for example rolled plate, foils
and extrusions. Cast aluminium alloys yield cost effective products due to the low
melting point, although they generally have lower tensile strengths than wrought alloys.
The most important cast aluminium alloy system is Al-Si, where the high levels of
silicon (4-13%) contribute to give good casting characteristics. Aluminium alloys are
widely used in engineering structures and components where light weight or corrosion

resistance is required.
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Aluminium alloy surfaces will keep their apparent shine in a dry environment
due to the formation of a clear, protective oxide layer. Aluminium alloys with a wide
range of properties are used in engineering structures. Alloy systems are classified by a
number system (ANSI) or by names indicating their main alloying constituents (DIN
and ISO). Selecting the right alloy for a given application entails considerations of
strength, ductility, formability, workability, weld ability and corrosion resistance to
name a few. A brief historical overview of alloys and manufacturing technologies is
given in Ref. Aluminium is used extensively in modern aircraft due to its high strength

to weight ratio. (Allison 1991)

2.4.3 Aluminum Alloy in Applications

Conductors in either the 1000 or 6000 series alloys are sensible technical
alternatives to copper for all electrical conductors, even in domestic wiring. A very
large proportion of overhead, high voltage, power lines utilize aluminium rather than
copper as the conductor on weight grounds. The relatively low strength of these grades
requires that they be reinforced by including a galvanized or aluminium coated high

tensile steel wire in each strand.

Aluminium alloys have a conductivity averaging 62% of the International
Annealed Copper Standard (IACS) but, because of its density, it can carry more than
twice as much as electricity as an equivalent weight of copper. Aluminium and its alloys
have been the prime material of construction for the aircraft industry throughout most of
its history. Even today, when titanium and composites are growing in use, 70% of
commercial civil aircraft airframes are made from aluminium alloys, and without
aluminium civil aviation would not be economically viable. The combination of
acceptable cost, low component mass (derived from its low density), appropriate
mechanical properties, structural integrity and ease of fabrication are also attractive in
other areas of transport. There are now very many examples of its use in commercial
vehicles, rail cars both passenger and freight, marine hulls and superstructures and

military vehicles.
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Volume car production now includes aluminium as engine castings, wheels,
radiators and increasingly as body parts. For general production the 5000 and 6000
series alloys provide adequate strength combined with good corrosion resistance, high
toughness and ease of welding. In aircraft the very strong 2000, 7000 and 8000 series
alloys are preferred, and in military vehicles the weldable 7000 series alloys can provide

ballistic properties to match steel armour. (Hudak 1974)

The addition of scandium to aluminium creates nanoscale Al;Sc precipitates
which limit the excessive grain growth that occurs in the heat-affected zone of welded
aluminium components. Scandium is also a potent grain refiner in cast aluminium
alloys, and atom for atom, the most potent strengthened in aluminium, both as a result
of grain refinement and precipitation strengthening. However, titanium alloys, which

are stronger but heavier, are cheaper and much more widely used.

The main application of metallic scandium by weight is in aluminium-scandium
alloys for minor aerospace industry components. These alloys contain between 0.1%
and 0.5% (by weight) of scandium. They were used in the Russian military aircraft MIG
21 and MIG 29. Some items of sports equipment, which rely on high performance
materials, have been made with scandium-aluminium alloys, including baseball bats,
lacrosse sticks, as well as bicycle frames and components. U.S. gun maker Smith &
Wesson produces revolvers with frames composed of scandium alloy and cylinders of

titanium. (Schultz 2005)

2.5  Fatigues in Metal

Fatigue is the progressive and localized structural damage that occurs when a
material is subjected to cyclic loading. The nominal maximum stress values are less
than the ultimate tensile stress limit, and may be below the yield stress limit of the

material. (Tianwen 2007)

Fatigue occurs when a material is subjected to repeat loading and unloading. If
the loads are above a certain threshold, microscopic cracks will begin to form at the

surface. Eventually a crack will reach a critical size, and the structure will suddenly



15

fracture. The shape of the structure will significantly affect the fatigue life; square holes

or sharp corners will lead to elevated local stresses where fatigue cracks can initiate.

Round holes and smooth transitions or fillets are therefore important to increase the

fatigue strength of the structure. In metals and alloys, the process starts with dislocation

movements, eventually forming persistent slip bands that nucleate short cracks.

Fatigue is a stochastic process, often showing considerable scatter even in

controlled environments, and the greater the applied stress range, the shorter the life.

Fatigue life scatter tends to increase for longer fatigue lives, and damage is cumulative.

(Caddel 1976)

2.5.1 Factors That Affect the Fatigue Life

ii.

1il.

1v.

Cyclic stress state: Depending on the complexity of the geometry and the
loading, one or more properties of the stress state need to be considered, such as
stress amplitude, mean stress, biaxiality, in-phase or out-of-phase shear stress,

and load sequence.

Geometry: Notches and variation in cross section throughout a part lead to stress

concentrations where fatigue cracks initiate.

Surface quality: Surface roughness cause microscopic stress concentrations that
lower the fatigue strength. Compressive residual stresses can be introduced in
the surface by e.g. shot peening to increase fatigue life. Such techniques for
producing surface stress are often referred to as peening, whatever the

mechanism used to produce the stress.

Material Type: Fatigue life, as well as the behavior during cyclic loading, varies
widely for different materials, e.g. composites and polymers differ markedly

from metals.
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Vii.

Viil.

1X.
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Residual stresses: Welding, cutting, casting, and other manufacturing processes
involving heat or deformation can produce high levels of tensile residual stress,

which decreases the fatigue strength.

Size and distribution of internal defects: Casting defects such as gas porosity,
non-metallic inclusions and shrinkage voids can significantly reduce fatigue

strength.

Direction of loading: For non-isotropic materials, fatigue strength depends on

the direction of the principal stress.

Grain size: For most metals, smaller grains yield longer fatigue lives, however,
the presence of surface defects or scratches will have a greater influence than in
a coarse grained alloy.

Environment: Environmental conditions can cause erosion, corrosion, which all
affect fatigue life. Corrosion fatigue is a problem encountered in many
aggressive environments.

Temperature: Extreme high or low temperatures can decrease fatigue strength.

FRACTURE MECHANICS EQUATION

Fracture mechanics is the field of mechanics concerned with the study of the

propagation of cracks in materials. It uses methods of analytical solid mechanics to

calculate the driving force on a crack and those of experimental solid mechanics to

characterize the material's resistance to fracture. In modern materials science, fracture

mechanics is an important tool in improving the mechanical performance of materials

and components. It applies the physics of stress and strain, in particular the theories of

elasticity and plasticity, to the microscopic crystallographic defects found in real

materials in order to predict the macroscopic mechanical failure of bodies.
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Figure 2.4: The example of crack growth graph and uses of Paris Law Equation.

Source: Allison 1991

The Paris-Erdogan law (more commonly known as Paris' law) relates the stress
intensity factor range to sub-critical crack growth under a fatigue stress regime. As
such, it is the most popular Fatigue Crack Growth model used in materials science and

fracture mechanics. The basic formula reads

dN 2.1)

Where a is the crack length and NV is the number of load cycles. Thus, the term
on the left side, known as the Crack Growth Rate denotes the crack length growth per
increasing number of load cycles. On the right hand side, C and m are material

constants, and AK is the range of the stress intensity factor.
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2.6.1 Modified Paris Law Equation

Since the Paris Law is only for the Paris region or region 2, it must be modified
in order to calculate the bigger region. Paris region only consider for the straight line,

while there still a life cycle and crack propagation even in other region.

di . -
— = ((AK™ — AKD)

dN (2.2)

The modified Paris Law equation will determined the crack propagation value of the
model. Where a is the crack length and N is the number of load cycles. Thus, the term
on the left side, known as the Crack Growth Rate denotes the crack length growth per
increasing number of load cycles. On the right hand side, C and m are material
constants, and AK is the range of the stress intensity factor. This equation use stress
intensity at critical point, and also at threshold point where the crack is starting to

propagate.
2.7  LIFE CYCLE GRAPH (S-N CURVE)

The S-N method is used in a variety of situations, including long life fatigue
problems where there is little plasticity, and for components where crack initiation or
crack growth modelling is not appropriate, such as non-ferrous materials, composites,

welds, and plastics. The example of S-N Curve is shown below in figure below.
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Figure 2.5: Example of S-N Curve.

Source: Caddel 1976



CHAPTER 3

METHODOLOGY

3.1 INTRODUCTION

This chapter is focused on the methodology process which is the sets of methods
to analyze fatigue crack growth. The model that been implement are need to specify
certain criteria to achieve project objectives. The information in the literature review is
interpreted to select the suitable load, material, mesh density, stress ratio and type of
specimen. The model needs to be specified in PATRAN software model. The steps that

involve in analyzing the model are stated. Lastly, stress analysis is done by NASTRAN.

The three methods use different techniques with different degrees of accuracy.
Note that in theory this equation is true, but in practice it seldom works when the three
methods are applied to the same problem. In reality, it's unusual to utilize the three
methods on the same problem, because different industries favour different design

philosophies, which drive the analysis methods.
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For overall of the project, there a flow charts to show the general flow of this

project.

START

A 4

MODELLING

A 4

PREPROCESSING
[ MSC PATRAN ]

GEOMETRY
MATERIAL
LOAD
PROPERTIES

l

SOLVER
[ MSC NASTRAN ]

ANALYSIS

CALCULATION

l

POST PROCESSING
[ MSC PATRAN ]

A

!

FATIGUE ANALYSIS
[ MSC FATIGUE ]

A

RESULT OF ANALYSIS

(1) Stress Tensor
(i1) Strain Tensor
(ii1) Displacement

l

TOTAL LIFE PREDICTION

RESULT
-Fatigue Crack Growth Rate
Curve

A

(S-N CURVE)

Modified Paris Law Equation

Figure 3.1: Flow chart of the project
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To achieve the objectives of this project, a methodology has been constructed.

The methodology flow chart is purposed to give guidelines and directions to

successfully accomplish the main goal of this project. The following is the summary

methodology flow chart

<TITLE AND BRIEFING>

INTRODUCTION

A 4

LITERATURE REVIEW

v

MODELLING

ANALYZING MODEL USING
MSC PATRAN SOFTWARE

ANALYZING RESULT INTO MSC NASTRAN
SOFTWARE

Yes

ANALYSIS ON MSC FATIGUE

No

ANALYSIS AND RESULT

[ END ]

Figure 3.2: Methodology flow chart
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33 MATERIAL

Using metal material such as steel or stainless steel is common chosen material
in fatigue life prediction analysis. When we come out with different material which is
aluminium alloy, it is beneficial analysis because there can be a comparison between the
two material, depend on the part requested. Aluminium alloy AA1060 is widely used,

and this is main reason for the material selection.

3.3.1 Aluminium Alloy

Aluminium alloys are alloys in which aluminium is the predominant metal.
Typical alloying elements are copper, zinc, manganese, silicon, and magnesium. There
are two principal classifications, namely cast alloys and wrought alloys, both of which
are further subdivided into the categories heat-treatable and non-heat-treatable. About
85% of aluminium is used for wrought products, for example rolled plate, foils and

extrusions.

Cast aluminium alloys yield cost effective products due to the low melting point,
although they generally have lower tensile strengths than wrought alloys. The most
important cast aluminium alloy system is Al-Si, where the high levels of silicon (4-
13%) contribute to give good casting characteristics.

The properties of aluminium alloy used are stated in the table below

Table 3.1 Mechanical properties of aluminium alloy AA 1060

Properties Values
Density 2.7x1000 kg/m?
Poisson’s Ratio 0.33

Elastic Modulus 70 — 80 GPa
Yield Strength 76 MPa

Shear Strength 55 MPa
Tensile Strength 83 MPa

Source: http://www.efunda.com/materials/alloys
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3.4 MODELLING

There need to be modelling in this simulation in order to define geometry,
properties, type of load, direction of load, and meshing process. Modelling process need
to be accurate according to the international specification of Compact Tension

specimen.

3.4.1 Modelling Method

To run the Linear Static analysis in MSC PATRAN, we can use both methods to
get the analysis result, which is initial drawing in SOLIDWORKS before transfer, or
sketch the model using MSC PATRAN geometry function. Better way is create a model
in SOLIDWORKS, because it is easier and compatible in MSC PATRAN in term of

Parasolid (.xt) format.
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3.4.2 Modelling Using Solid Works

Divide for symmetrical axis

Full model of compacttension

(isometric view) 10000N

Symmetry condition

Fixed at the base and apply a vertical force in Y axis

Figure 3.3: Modelling using SOLIDWORKS
3.5 MESHING
Meshing process is very important in order to complete the element analysis and
produce the accurate results. The most suitable meshing need to analyze based on the
size, and also ability of the processor or desktop.
3.5.1 Type of Meshing
Compact Tension specimen required a suitable meshing for the analysis, because

the stress and strain result from MSC NASTRAN solver will be proceed to next step. If

the mesh types are not suitable, the fatigue analysis will behave some problems and this
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will damage the results. The chosen meshing type is tetrahedral, because this types of

mesh fully symmetrical the Compact Tension specimen.

3.5.2 Meshing Efficiency

There are 6 size of mesh tried in this simulation. It is necessary to run all the 6
different mesh because we need to choose the most suitable mesh for simulation, and
also to have a precise and accurate result. Mostly people will prefer a smallest size of
mesh in simulation in order to have most accurate results, but we need to consider the
ability of hardware (desktop) used. In fact, smaller mesh will take longer time to
analyze and show final result. To make the analysis is not burden the desktop, this
simulation use the second smallest mesh size, which is 0.04. Before choosing the most
suitable size, the simulation also uses other size, and based on desktop efficiency, the
smallest mesh which is 0.02 is not suitable. Otherwise, bigger mesh then 0.04 is not
compatible with the requested results of analysis. The results of displacement tensor,

strain and stress tensor are not really accurate due to meshing inefficiency.

Figure 3.4: The mesh used in simulation after meshing efficiency consideration.
3.6 TYPE OF SIMULATION APPLIED LOADING
Basically, 3 type of apply loading available in fatigue life prediction. It is Mode

1 (Axial loading), Mode 2 (X-axis Shear loading) and the last one is Mode 3

(Horizontal Shear loading). This analysis uses Mode 1 because the type of force exerted
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on specimen in widely happen. The force or load apply in axial form and model are
seems to be pulled from above and below repeatedly. In fatigue life prediction, the load
will keep on applied in simulation until the model achieves limitation of crack growth

measurement.

In order to follow the scope of project, Stress Range R is constant. Even though
there are variables of load applied in this stimulation, the maximum and minimum value

need to be fixed. For all simulation, the Stress Range value is constant, which is 1.
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CHAPTER 4

RESULT AND DISCUSSION

4.1 INTRODUCTION

This chapter discuss about the result obtained from the simulation by using the
software and solver. The objective of this chapter is to determine the final result of the
Compact Tension specimen and also its features. The data was collected, analyzed and
graphs are constructed. The final graph of crack growth is generated from the
simulation, and these results are little bit different from the software database. After the
crack growth graph is generated, the values will used in substitution of Paris‘s Law
Equation. While using a fix stress range value, the calculated data from Paris’s law
Equation will be transform into life cycle graph (S-N Curve). Finally, there will be a
comparison between establish Life Cycle graph and generated Life Cycle graph based
on stimulation. If there are similarities, it will prove that this simulation using Compact
Tension Specimen under Mode 1 is correctly done, and the Crack Growth graph is

theoretically can be generated with manual simulation using MSC PATRAN software.
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4.2 RESULT

4.2.1 Linear Static Analysis

Since the best mesh has validated, which is 0.04, the simulations precede to the
next step of analysis. After using MSC NASTRAN solver, the simulations are showing
impressive result if displacement, strain tensor, and also a stress tensor. This simulation
is using variable loads that have been fixed since the previous analysis. The purpose is

to produce a different stress range in results in analysis.

i. Load = 10kN

(a) Displacement




(b) Strain Tensor

AYERED)

(©) Stress Tensor

P:

Fringe: Defal

Figure 4.1: Linear static results for 10kN axial load simulation
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Load = 8kN

(a) Displacement

(b) Strain Tensor
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(c)  Stress Tensor

Figure 4.2: Linear static results for 8kN axial load simulation

iii. Load = 6kN

(a) Displacement




(b) Strain Tensor

(c) Stress Tensor

Figure 4.3: Linear static results for 6kN axial load simulation
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iv. Load = 4kN

(a) Displacement

(b)  Strain Tensor
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(©) Stress Tensor

Figure 4.4: Linear static for 4kN axial load simulation

4.2.2 Fatigue Analysis Result

At present, the laws of material fracture under static loading in mode 1 are under
active study. A lot of results of studies have been published concerning the laws of
material fracture under cyclic mode 1. The aim of the present work is to study the laws
of fatigue crack propagation threshold, Ak under cyclic loading. In propagation of
fatigue cracks from the initiation to final fracture distinguished are a few stages, such as
propagation of surface micro cracks in the plane of maximum shear stresses which is the
process of a shear type. The propagation of the main crack coincides with the direction
of the action of maximum normal stresses. Fracture occurs by tearing. The propagation
of the main crack occurs in the plane of maximum shear stresses. Fracture occurs by

shear.
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= 10kN

Load

(a)

= 8kN

Load

(b)
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(c) Load=6kN

(d) Load = 4kN

Figure 4.5: Fatigue analysis results for applied axial load
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4.3 GRAPHICAL RESULTS

The analysis of the results presented shows that under mode 1 loading the
resistance to Fatigue Crack Growth decreases as well as the values of Ak. It allows
formulating the conditions of failure at the cyclic loading subject to the mechanism of
crack propagation and values Ak. All the given simulation results prove that the
presence of the shift component in the external loading increases the dander of failure
and the role the influence the shift component to the characteristics of the cyclic crack
resistance should not be neglected in the strength analysis. We do not give absolute
significance to this prediction, but we would like to note its usefulness: the operating

staff must understand what they have to prepare for, if the pipes from aluminium alloy.

4.3.1 Compliance Graph and Proportional Force

For the compliance graph, we can conclude the stimulation are going well, as the
graph is seems to be proportional. The crack ratio is set to be limited from 0.2 till 0.8,
and compliance value limited to 30 as in Y axis. Second graph show the proportional
force applied in this stimulation. Even though overall load is repeated, but the graph
show only in 1 cycle of loading, not in repeated loading. The value of the second graph
is not really important, because our main objective is to apply a repeated loading with
certain variable loads until the model having a crack in this stimulation. The final value
of crack and number of cyclic loading obtained from the Crack Growth graph, with data

served.



40

E 0 E st SO gallats B

SOl ot

(Rm o Ll = e e

7 v ol i e w4
ESCIN paeaiarbe

Froarm gt 1
il Filler <lewten

Bolimass R MO

B R T

Complianca (Y)

Pl o= A5 TR

L s Y AT

Fotessars = S EMES

.. - 8BS
£ i L FRbASE == W CeEs
o2 Crock rotio (oo 0.8

LS5 0 OO Ly

P == c
A0
U = e L= ]
v gl e e

) prcsi ryln

Foall Filar clanton:

[ P e =]
wal IE ESemccorrwcies

Polllon = R

Forca (Nawions)

s e =T =
Pl g — RS

L. = 2O

10 i FRAASE - 27 S

o Time (Secomnds) 5 ij

Figure 4.6: The compliance graph and force applied to the model in
simulation using MSC PATRAN

4.3.2 Comparing the Database Crack Growth Graph

In order to compare the result of simulation, there is database Crack Growth
graph that can obtain easily. This database has multi choices of Stress Range, R that can
be used, but the results are constant, in term of Y-axis intercept and gradient of the
straight line of graph. Here are some examples of Crack Growth graph used R equal to

0.2, 0.4, and 0.6 produced from database result for the purpose of comparing.



41

Dalta K Apparent Flot
AlSl_ 4340 Ratg 0.8 Environmeant air

o1 2E-T11T ml 2.8 Ko 81 DoD: 2.9 D1 2 Roc: 0.88
TE-G
1 1E-7F
&
.
= 1 E-0
Z
~ 1E-S
-
T1E-10
| 1.
1E-11 = . - - . - _—
1ED 1E1 1E2
Dala s AaApparnen! (MPa mT1s2)

Figure 4.7: The crack Growth rate graph from the database in order to
comparing with manual calculation in generating S-N curve.

4.3.3 Generated Crack Growth Graph

Simulation of aluminium alloy using MSC PATRAN with MSC FATIGUE as
finalize analysis has produced a Crack Growth graph. This result is little bit different
from database results in term of straight and smooth line construction. Even though in
multi-point form, the gradient and Y-axis intercept still can be calculated. This

generated values are approximately obey the limitation of the mode specification.
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Figure 4.8: Generated crack growth curve from 10 kN simulation

The results are obeying the specification that inserted before the graph was
plotted. Most important part is the crack size and cyclic time repeats. Both values will
determine the accuracy of this simulation and whether this final result can be used for
references or not. The figure below show the other crack growth generated from
simulation, using 8kN load and 6kN. For the S-N curve prediction, only 10kN load will

be chosen.
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Figure 4.12: Data based on the generated crack growth curve 10kN load

There are also some steps to prove that simulations are running under certain
condition. All the required data inserted based on the specification. To plot the Crack

growth graph, there are some options we need to follow and analyze.
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Figure 4.13: Example of step to generated crack growth curve

Overall results for all the simulation using variables axial loads are conclude in

the table below. This will make the data collected clearer to analyzed and conclude.

Table 4.1: Data from the linear static analysis

Load (kN Displacement (mm) Stress (MPa Strain Safety Factor
10 3.38 0.23 2.96 1.43
8 2.72 0.17 2.14 2.03
6 2.03 0.13 1.59 2.74
4 1.36 0.08 1.07 4.98
Table 4.2: Data from the analysis of fatigue crack growth curve
Load Life Cycles Crack Size Ak Threshold Ak Critical
_(kN) N) (mm) (MPavVm) (MPavm)
10 690972 8.11 12.57 66.09
8 1655572 9.62 12.39 65.02
6 5050964 11.39 12.38 64.97
4 5594108 12.00 - -
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4.4 FATIGUE LIFE PREDICTION

S-N Curve will be determined using manual calculation by using the modified
Paris Law Equation. The collected data will arrange in the table with the formula. Based
on the journal, all material has their initial crack even before applied static load or cyclic
load. This initial crack is very small, and has been assumed in calculation according to
the material. From the calculation, the Y-axis intercept, C and the gradient of the

straight line, m is determined, and inserted in the table.
4.4.1 Sample of Calculation

Next calculation will focus on stress intensity factor and also the life cycle, N.
Then, the S-N curve will be constructed in term of maximum stress and life cycle.
Equation 4.1 show the modified Paris Law used in the manual calculation for the S-N
curve. Detail calculations are shown in appendix C which is using Microsoft Excel.
Overall calculations are based on values from the equation below, which is show

already in chapter 2.

da m m
—=CAK" -AK,")
dN (4.1)

Based on the numerical method calculations, the Y axis intercept and gradient of
the crack growth curve are determined as C = 1.2 E-10 and m = 4.06. Only one load
selected, which is 10kN for manual calculation as long as the final S-N curve for
aluminium alloys are constant eventhough use different load. The value of endurance

limit also determined and the value is constant based on aluminium alloy AA1060.



4.4.2 S-N Curve Prediction

Table 4.2: The values of all variable stress ranges and total life

47

Stress Range, Ac (MPa) Total Life, AN
1200 935
1000 1649
800 3658
600 10374
400 46139
200 127918
100 789555
95 1458499
90 679044

From the table above, it shows that the material has been achieve the endurance

limit, where the value of total life decrease even the stress also increase. This situation

proves that there is no failure in the aluminium alloy under stress 47MPa.

Maximum Stress, o (MPa)

700

600

500

400

300

200

100

Figure 4.14

2 3 4 5

Endurance Limit,
=47 MPa

Number of Cycles to Failure, N (Log 10}

: S-N curve for the aluminium alloy under 10kN cyclic loading




CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

The main objective of this project is simulating to produce generated Crack
Growth Rate graph from the fatigue analysis using MSC PATRAN, with MSC
NASTRAN and MSC FATIGUE as solver. From the variable loads applied, the graphs
have been successfully constructed. These results have proved that fatigue analysis can
be run properly using MSC PATRAN analysis. Besides from tools experimental values,
fatigue life of materials also can be predicted from software simulation. The effects of

cyclic loading under Mode I also can be analyzed from the Crack Growth graph.

Second objective also have been achieved from this project, which is
determining the values of stress intensity factor range AK, for both point. At threshold
point, stress intensity factor seems to be changed proportional to the axial load applied.
For the critical point, the stress intensity is acceptable according to the rate of crack
growth respect to the number of load cycles number. For the 10kN applied load, the
stress intensity factor at threshold point is approximately 12.57MPaVm. For the critical
point, the stress intensity factor is approximately 66.09 MPaVm. For 8kN applied axial
load, the stress intensity factor at threshold is approximately 12.39 MPavVm. For critical
point, the stress intensity factor is approximately 65.02 MPaVm. Third simulation which
use 6kN load, show the threshold stress intensity factor approximately 12.38 MPavVm,

and at critical point stress intensity approximately 64.97 MPa\m.

Last simulation which use 4 kN axial load have a undefined results, because the

load is small, and take a very long time to display the results. Created S-N Curve from
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manual calculation using Modified Paris law, has shown the crack propagation or
growth rate of aluminium alloy will be faster if the load applied is increased. This is
common situation for all material, except for the value from the S-N Curve. Finally, the
endurance limit of aluminium alloy has been determined as 47 MPa. This is because the

value of total life decrease, and shown that the material has failed by the repeated load.

Besides that, there is important information stated from the S-N Curve. Log
Cycle (Life) AN, for each axial loadings applied that in cyclic form is different. From
the initial simulation that use 10kN load, the life of aluminium alloy is shorter compared
to smaller load applied, which is decreasing every 2kN. In this project, 4kN axial load
applied have the longest life. In conclusion, bigger load applied to the model, the Log
Cycle (Life) of the material will be decreased. It proved that life of the material is

inversely proportional to the amount of load exerted.

Since this simulation fixes the maximum crack propagation value, the load will
repeat until the maximum crack achieved. Different load will repeat in different number
until the final propagation point. All the values can be observed in the results obtained.
Bigger load will repeat less number cyclically. In the other hand, numbers of repeated
loads also have clear effects in this fatigue life simulation. If the load is constant and
final propagation value not fixed, the repeated condition will be the main parameter in
determining the life of aluminium alloy. It will state as the bigger cyclically repeated
load will have longer crack propagation. That why we come out with this analysis and

simulation, to predict fatigue life of the material.

5.2 RECOMMENDATIONS

Fatigue analysis not necessarily follows the same design and model as used in
simulation. Compact Tension Specimen can be replaced with other model of
experimental or stimulation, especially Keyhole model. Compact Tension Specimen
used because it quite easy to run under Mode land produces consistent results.

Dimension of the model used also exchangeable. There are no limit in determine the
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dimension, but for the most common, this software simulation using a specified

dimension used in previous research and experiments.

In the analysis, other results also can be produced from MSC FATIGUE such as
S-N curve and E-N curve. This graph is important for the prediction of fatigue life for
any materials. While using the single load, or variable loads, the steps to produce these
graphs is not really different from Crack Growth graph. The data collected can be useful
for the future research and experiment in fatigue life prediction. In addition, the results
and graphs also can be used in manufacturing process especially in case of material

selection.

Besides, analysis of fatigue life prediction also can be done using Mode II and
Mode III. The final result is approximately same with Mode I, except the applied load.
There are different directions shear and force exerted on the model if we use Mode 11
and Mode III. These types of Mode are available according to the need of the parts we
used. Using this software simulation also available with static loading or repeated
loading, but researcher prefer repeated loading because common uses material is related
to repeated or cyclic loading. Other materials are also acceptable for the simulations
using MSC PATRAN and MSC FATIGUE. For the base material, researcher always
uses common metal especially stainless steel and aluminium alloy. There are so many

material that we can choose from the options.
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APPENDIX A

SOLIDWORKS DRAWING

Parfl e
Figure 6.1: SOLIDWORKS drawing for the compact tension model.

b

Figure 6.2: SOLIDWORKS drawing for half of the model used in simulation.
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(a) Stress Range = 90 Mpa
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(b) Stress Range = 95 Mpa
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(c) Stress Range =100 Mpa
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(e) Stress Range = 400 Mpa
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(g) Stress Range = 800 Mpa
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(h) Stress Range = 1000 Mpa
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(i) Stress Range = 1200 MPa
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Figure 6.4: Manual calculation for S-N curve after using Modified Paris Law

Equation
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