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Abstract

The effect of natural ageing on fatigue crack growth rate (FCGR) of welded and non-welded
compact tension (CT) specimens (AA2219-T87) has been studied on MTS 810. Results thus
obtained are compared with already published data of same specimens without ageing. AA2319
has been used as a filler material during TIG welding. Fatigue testing has been performed as per
ASTM E399 standard which provides the data for crack length in CT specimen. Standard
procedure for testing is being adopted to draw plot of stress intensity factor (AK) vs crack ratio
(a/W) for different value of crack length in base metal and welded zone. Optical method has been
used to obtain the crack lengths and values are calculated from CMOD in accordance with ASTM
E399 standard. Paris curves are generated for both welded and non-welded specimens and
compared to study the effect of natural ageing (NA) on FCGR and are compared with non-aged

specimens.
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1 Introduction

1.1 Objective

The main objective of our research work is to find out the effect of natural aging on TIG welded
and non-welded AA2219-T87 alloy. AA2219 is an alloy of aluminum with Cu as its main
component. It has wide range of applications in the aerospace and automotive industry. TIG
welding with AA2219 alloy is found to be the best welding technique so far. The filler material
employed in this research is AA2239 which is the best combination with it. When the parts are to
be kept for a three to four month, than it is necessary to find out the changing that may take place
due to natural aging. Our research is to find out the fatigue crack propagation rate of naturally aged
aluminum alloy and compare its results with already published data of same material without
natural aging.

1.2 Motivation

The material being used in our research is AA2219 because of its extensive application in
aerospace and automotive industry. Previously the work had been performed on fresh specimen
and the fatigue behavior was the main subject of investigation in that research. Similarly, the
previous work mainly describes the fatigue crack growth behavior and its effect by employing
different welding techniques. No specific work had been done on the natural aging of TIG welded
material. Our work will not only investigate the fatigue crack behavior on aged speciinen but also

compare them with the already published data on the same specimen in pre-aged condition.
1.3 Organization of Thesis
As per the mandatory requirements of the thesis, it has been compiled in the form of chapters.

Chapter 1: It includes the introduction, objective and the literature review of the research work

which is being carried out by the previous researchers.

Chapter 2: The details of experimental work, machines and all procedures are included in this
chapter.



Chapter 3: Microstructure of A12219-T87 before and after natural aging, welded and non-welded

is being discussed in it.

Chapter 4: Covers the microstructure behavior of base metal & TIG weldment zones, before and

after aging, on the bases of Al-Cu phase diagram.
Chapter 5: Contains before and after aging results.
Chapter 6: Contains before and after aging conclusions with Future Recommendations.

1.4 Literature Review

In the design of engineering components, it is essential to estimate its fatigue life. To avoid such

unexpected failures, a comprehensive study of fatigue failure analysis has been done[1].
The main approaches used in fatigue crack modeling are as:

1. Fracture Mechanics Approach

2. Strain Based

3. Stress based (S-N Curve)

Above these approaches, fracture mechanics approach is mainly used in understanding the fatigue

failures.

It is conventional to check the fatigue life of notched specimens. During the investigation, it is
observed that there are mainly two types of effects which are associated with notches i.¢. statistical
size and geometrical size effect[1]. Statistical size effect is assessed with the maximum depth of
already initiated crack in subjected material if the variation in stresses in effective area is very
high. In other words, it is tried to describe that when specimen is undergoing varying cyclic load,
there will be large number of micro cracks generated in its whole volume. After that crack branches

are created and these mnay totally different on both side of whole thickness [3].






intensity factor, effect of stress ration and crack closure. Two types of new FCR models were being
introduced by the researchers named, state space model and time scale model, and are dealing with
the fluctuating amplitude loadings. Now the Paris model is being described as under:

da _
= =C@K™ 1

Where Z;":E the FCGR, and “C” and “m” is are different testing parameters under testing and AK is

the stress intensity factor[8].

Kionax =

haN

Paris law:
da/dN = C (4K)"

log (Rate of crack growth)

= AK =AK,

log (Stress intensity factor range, AK)

Fig. 1.2 Different regimes of Paris curve

Furthermore, Paris curve is being divided into three main regimes as shown. These are named as
a) threshold regime b) power law regime c) rapid growth regime. Out of these three regions, the
Power law regime in further divided into two sub regions which are not separated in most of the
cases. That should also be kept in mind that the microstructure highly effects the fatigue crack

propagation rate of that material.

The subzones of power law regime are named as intermittent zone and zone of continuous growth
zone. The elastic modulus of fatigue crack growth is mostly associated with the second subzone.
For the lower value of AK, the fatigue crack propagation is not growing with each and every cycle



but it grows occasionally in accordance with specified period and the distance between these two
periods is calculated by the distance between the two adjacent striations[9].

For the high values of SIF, the fatigue crack growth rate varies by a factor of 20. This phenomenon
mostly happens in the case of aluminum alloys AA22xx scries. Whereas, for the lowers value of

stress intensity factor, in Paris curve with a very less scattered data, this factor may drop to 4.5.
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Fig. 1.3 Crack closure behavior

In the investigation of fatigue crack propagation, crack closure plays a vital role and has been
found a very dominant factor by the researchers. Researchers have made a lot of efforts to find out

its impact of means stresses in the FCGR based on the phenomenon of crack closure[10].

The crack closure, which is produced by the plasticity in the crack growth areas and except for the
high values of AK and higher stress ratios, it affects the fatigue propagation in the Pars region.
The load parameters of normalization can better explain the effects of means stresses on the fatigue
crack growth rate hy using the crack closure technique. It can be observed from the previous
literature and experimental results that the fatigue crack propagation in the Paris region is not
mainly depending upon the microstructure of that material when dealing with Kesr, However, when
the value of da/dn are taken against the AK, it showed that the microstructure of that material

influenced the behavior in Paris region[11].

Mostly the alloy AA2219 is welded using TIG type and most frequent joint type is butt joint. It is
considered that simply fatigue failure covers the most of disasters occurs due to fatigue failure of
welded joints. Although the fatigue properties of aluminum are so nice but the problems are

generated when there is sudden change in structure takes place.






With respect to pre heating conditions and temperature during the period of interpass, the impact
energy and fracture persistence of heat affected zone and weld nugget zone is very much less as
compared to base metal, although the these regions have good weld ability[13].

It is already investigated that with respect to tensile strength and structural performance, the base
metal is much better than the welded metals. The reason is that during the welding of metal there
ar¢ considerable changes takes place in microstructure having very poor consistency like

containing both the harder zones along with the very fragile ones.

All aluminum alloys are susceptible to high temperature cracking. The main problems monitored
for welded aluminum structures are (a) cracking during the process of solidification of the molten
pool (b) abundant fissuring at micro level in semi melted zone of heat affected zone of
weldment[14].

A considerable enhancement in tensile strength and fatigue life is experienced by the welded metal
when it is heat treated after welding and let it for aging for different time periods. For some heat,
treatable aluminum alloys the mechanical properties of heat affected zone (HAZ) are degraded up
to such level that it can only be improved when a complete heat treatment process including the

aging is done,

AA2219 is a binary alloy (Al-Cu) along with the small quantities of Mn, Ti, V and Zr. It is heat
treatable aluminum alloy which changes the phases after precipitation. The term wise precipitation
arrangement is as (i) a-Al (ii) secondary particles along with the GP zone. It exists either in the
form of solid solution or in the form of metastable and stable phases[15].

Extensive use of AA2219 after a reliable heat treatment in aerospace industry needs a fail-safe
material behavior prediction. After welding the distribution of second phase particles in solid
solution of aluminum alloy affects the mechanical properties of whole structure. Most of cryogemc
tanks are fabricated by using AA2219 sheets that are pre-heat treated. The most reputable welding
types used for this aluminum alloy is TIG welding[2].

Thermal cycles produced during the TIG welding process are main cause of microstructural

evolution in AA2219 leading to variations in mechanical and structural properties of subjected



Fig. 1.4 Different microstructural zones formed after welding [2]

material. However, fatigue properties are totally controlled by the top surface microstructure rather
than the cross sectional.

The effects of specimen’s thickness on mechanical properties are well known. It is investigated
that as the thickness of welding toe is increasing the fatigue strength decreases. Recently the
researchers have revealed that the specimen thickness influences the fatigue strength and other
properties of weldment. 25 mm is the standard thickness which is usually taken [16].

For a failsafe design, many thickness correction factors have been introduced. It is normally
represented by “p” and as per international recommendation, it ranges in value from 0.3 to the
value of 0.1. From the results, it is also observed that the correction factor also depends upon the
topmost value of stress intensity factor. However, thickness correction factor can only be used for

the specimens which are not adjacent to reference thickness[17].

Weldimg joints also play a vital role in the fatigue strength of that material. Every joint has its own
behavior for fatigue strength like longitudinal butt joint, transverse butt joint, fillet joints and

transverse cruciform joint have diverse manners for the fatigue strength[18].

Welding speed along with the welding pass during the TIG welding process also has different
effects on fatigue crack growth. It is visualized that aluminum alloys welded at high speed have a
small heat affect zone and in other words baving less fragile zone. Multipass TIG weldment have



low fatigue strength as compared to single pass as the coarseness of second phase particles
increases in solid solution of aluminum alloy when applied a second pass. It is also examined that

the cover area of heat affected zone also increases during the multi-pass TIG weldment[19].

Existing defects along with the manufacturing defects have smart effects on fatigue strength of
aluminum alloys. Different types of flaws and porosities assist in fatigue crack propagation. The
shear forces on the boundaries of flaws made them in such a way that they themselves behave as

a crack.

Different grain refinement techniques define the inter-granular or Trans granular fatigue crack
propagation. Grain boundaries concentrations also affect the fatigue crack speed. Grain boundaries
with different concentration of secondary particles in aluminum alloys have different fatigue

strength.

The concept of nominal stress is still predominant in many technical fields. The definition, value
of nominal stress and its allowable value conforming to that structural stresses are necessary to
find out for its application. The fatigue design categories of the welding structure are truncated by
the fatigue design class (FAT) and a corresponding number is combined with it. They represent
the design code of that specific welding joint[20].

Curve for fatigue designs holds true for any value of R ratio. However, we only apply the load
concepts when dealing with the more complex structures because both nominal and structural
stresses fails to deal with that structures. Fatigue design curves are valid for any R ratio. The
application of local concepts can be justified in the way that fatigue growth has a local phenomenon
and this cannot be defined by the nominal stresses. The local concept being used can be further
classified into three major categories. Notch strain or strain concept, elastic structure strain or
structural concept and fracture mechanics concept. Every group is further divided into subgroups
which are shown in Figure 1.6. Both seems spot welded joints are written side by side on both
sides[21).

It is not the aim of following contribution to give a status report on local concepts which can be
derived from the authors recently republished and actualized standard work and its prior reviewing
publication. It is aimned to review some more recently proposed special variants of the local

concepts which are under controversial discussion at the time being. The presented concept
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variants and related issues are arbitrary to some extent, but the authors hope that the selected
concept variants will be of lasting value. Before giving the details about the selected fatigue
assessment methods, the basic physical facts behind these methods are recapitulated. The fatigue
life in numbers of load cycles consists of the technical crack initiation life and the subsequent long-
crack propagation life up to final fracture. The technical crack may be a surface crack, about 1 mm
in depth and 2 mm in length. The technical crack initiation life comprises the microstructural crack
initiation life and the short-crack propagation life up to the technical crack size. In un-notched
specimens, most of the total life may be consumed in microstructural crack initiation. In sharply
notched specimens, on the other hand, the crack initiation life may be very short, but initiated
cracks are arrested to some extent. These basic physical facts are not mirrored in the conventional
global and more recent local fatigue assessment methods for welded joints except for technical

crack initiation and long-crack propagation in some cases[18].

1.4.1 Contributions to the Structural Stress Concepts

The term ‘structural stress’ designates the basic stress in a structure in areas of geometrical
inhomogeneity, where fatigue cracks are initiated (‘hot spots’) while the notch effect is ignored.
Engineering methods of structural analysis, the finite element method among them, ignore the
notch effect in general so that structural stresses are determined. Another, less convincing elder
name for ‘structural stress’ is ‘geometric stress’. The original idea of the structural stress concept

has been proposed in terms of structural strains. The local strain in front of the weld toe measured

by a strain gauge S€rves as the parameter for
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Fig. 1.5 SN curves in the nominal stress concept{18]
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Structural strain Structural stress |

Notch stress or strain concepts
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| Elastic notch stress J Elastic-ptastic notch sfrain

| Fracture mechanics concepts

Crack initiation Crack propagation

Fig. 1.6 Classification of local concepts of fatigue assessment of welded joints.
fatigue assessment{22].

With the introduction of the finite element method, the structural stress variant which was
developed for tubular connections in steel constructions (roofs, bridges, off-shore structures)
gained in importance and led to the hot spot structural stress concept as a codified procedure of
fatigue assessment. In this method, the surface stresses at prescribed evaluation points in front of
the weld seam are linearly extrapolated to the weld toe. Later, the concept was transferred from
tubular connections to plate and shell structures of ships and other technical equipment.[23]

The structural stresses depend, besides on the type and level of loading, on the shape, dimensions
and arrangement of the components in the welded joint. In the method above, predominantly the
normal stresses perpendicular to the weld seam affect the strength. Thus, the structural stress
concept first of all serves for the evaluation of strength under loading in this direction.[24]

1.4.2 Conventional Structural Stress Concept

In general, welded tubular joints are distinguished from welded non-tubular joints. The latter joints
are considered in the following, that is, the structural stress concept is applied to plate-type
structures. The conventional method of determining the hot spot structural stress is the linear or
nonlinear extrapolation of measured surface stresses to the weld toe (two or three evaluation points
at locations. The extrapolation of surface stresses is also applicable hased on finite element models.

For shell or plate structures the intenal linearization of the cross-sectional stresses gained from
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Elastic—plastic notch strain concepts apply to the medium-cycle and low-cycle fatigue range. The
(elastic) notch stress concept for welded joints is based on the early work (notch support effect
according to: critical distance approach). The elastic notch stress concept has been successfully
applied to welded joints in steels and in aluminum alloys[27].

vaximum notch stress oy

Weid toe radius p

Weld toe angle 8

Fig. 1.8 Maximum notch siress o in comparison to the hot spot

The (elastic—plastic) notch strain concept for welded joints (also early proposed by scientist, is
hased on developments for non-welded components loaded predominantly in the low-cycle fatigue
range, incorporating Neuber’s simple equation (“Neuber’s rule’) which relates the elastic—plastic

notch strain to the notch stress in case of local yielding at the notch[28, 29].

1.4.4 Effect of Natural Aging on Al- Alloys

The effect of heat treatment and aging is that it changes the nuclei into the fine precipitates which
changes the AA2219 mechanical properties because the size of precipitates and the structural
distribution of nuclei controls the mechanical properties of Al alloys. Both properties have a
serious impact on the results. After the heat treatment and aging, the morphology of the precipitates
also changes and due to that, the results are far much different from the pre heat treated and unaged
specimens [30, 31].

The effect of Natural aging, when the specimen is being kept at room temperature, limits the
growth and applications of Al Alloys. The changes that takes place during natural aging limits its
use. Accordingly, the problems that are being developed due to natural aging had been the area of
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research of many scientists[32].They have investigated that the effect of natural aging on the yield
strength of Al-Alloys. After extensive studies on that natural aging effect, they have concluded
that the main effect of natural aging on the mechanical properties of Al-Mg-Si—Cu alloy
{AAG6111) was dependent upon the connections hetween the precipitates and the motion with
which they dislocate after the natural aging. They have investigated that the response of Al-Mg—
Si—Cu in regard of its hardness, the alloy in its T6 condition, its value decreases very sharply when
keeping it up to 3h preceding to the room temperature. They have also investigated that it was due
to the fact that hy keeping the alloy for a longer tme reversed the formation of main strengthening
phase which is phase p [33].

Many researchers have also examined the natural aging effect on the hardening behavior of
Aluminum alloys Al-Mg-Si by introducing aging in different and multi stages. After The results
indicated that clusters/GP zones forming during natural aging could reduce the rate of hardening

during subsequent multistage aging and the influence was more distinct during over-aging.[34].
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2 Experimental Setup

2.1 Material

In this thesis, Aluminum alloy AA2219 has been used to study the fatigue crack propagation
behavior in natural aged TIG welded and non-welded specimen with T-87 pre-weld heat treatment.
It is a wrought aluminum alloy with copper as a main constituent. Due to its vast applications in
aerospace and automobile industry, it is necessary to study its behavior on experimental basis. As
cyclic or fatigue loading is the contrary factor for automotive and acrospace structures failure, it is

highly recommended to test the material for fatigue crack propagation.

Table II Chemical composition of AA2219

Alloy Al Si |V Cu |Mn (Mg |Zr Ti Fe Zn

AA2219 |Balance (0.2 |0.04 |63 |03 |0.02 |0.18 | 0.06 {0.23 | 0.04

The chemical composition of aluminum alloy is shown in above table which portrays that the main

ruling alloying element in AA2219 is Cu.

Due to its high strength to wait ratio, it is highly suitable for the manufacturing of cryogenic tanks.
The profusion of Cu in AA2219 and other alloy of 2XXX makes it highly suitable for the acrospace
industry. The solidus and liquids temperature of AA2219 are noted to be 543°C and 643 °C

respectively. The annealing temperature of research material is nearly 413°C.

Mechanical properties of AA2219 are listed below in Table II.

Table III Mechanical Properties of AA2219

Hardness, Vickers 149

Modulus of Elasticity | 73.1 GPa

Tensile Strength 170 MPa

Poison Ratio 0.33

Shear Modulus 27 GPa
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The ultimate tensile strength of subjected AA2219 material can be improve by applying different
heat treatment techniques. There are two methods that can be used to enhance the strength of
AA2219 which are:

e Solution Heat Treatment

» Precipitation Hardening

The most common one between these two is the solution heat treatment process.

2.2 Pre-Weld Heat Treatment (T87)

The subjected aluminum alloy AA2219 is increased by employing pre-weld heat treatment process
instead of post-weld heat treatment process which is being investigated by different researchers in
the past. According to ASTM international, for best aerospace properties, the suitable pre-weld
process is T-87. The detail preview of this type of pre-weld heat treatment has been shown in
Figure 2.1.

A

335°C For I Bowr

¢ $ H65°C For H Howrs

Cooling Rete 145 Cincn

Water at 60 °C

H

Fig. 2.1 Details of T87 Heat Treatment

A digital and sophisticated electric furnace is being used for that heat treatment process. Initially
the plates were kept in the furnace and temperature went on increasing. The set temperature was

535°C and the calculations were being done till the temnperature reaches.
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the TIG welding process. In other words, we are getting a strengthen butt joint and the true
properties of weldment.

2.4 TIG Welding

The next step is the Tungsten Inert Gas Welding, in which two different types of electrodes and
an inert gas is being used. The one electrode is non-consumable and is made of tungsten while the
other consumable one is made of filler material which is compatible with the subjected alloy. In
our research work, the filler electrode is AA2319 which is highly recommended by the researchers.
Due to high melting point and good electric conductivity, tungsten electrode safe from being

burning up.
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Fig. 2.6 A process schematic of TIG Welding process

Following three are the pre-requisite for TIG welding:
(i) Filler alloy

(i)  Shielding

(iii)) High Temperature

During the welding process, heat is generated when the electricity passes from non-consumable
tungsten electrode. To cope with this heat, shiclding is required which is provided by cylinder
compressed with inert gas (protects the flame from air or in other words, protects the weldment

from unnecessary oxide formation).
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The other consumable electrode is AA2319 which is in the form of wire and placed in the welding
zone with hands. The filler alloy melts and fills the groove. The gas valve is provided with the
torch and controlled from it. The welded provides shielding effect many times during the whole

welding process to avoid any misfortune.

Fig. 2.7 Shielding Effect during TIG Welding

As soon as the arc create, it starts to melt the metal plate and produces a pool. Once this puddle is
being created, the consumable electrode starts to melt the filler alloy and produces the weldment.

For aluminum TIG welding, a few points sbould be considered:

(i) Non-consumable electrode should be of pure tungsten or zirconium fungsten.
(1)  The current used should be A/C type.
(iii)  Puddle should be shiny for a perfect TIG welding of aluminum.

(iv)  Non-consumable should have ball shaped end so that heat distribution sbould be

uniform and properly.
(v) Overheating of metal should be avoided.
(vi) welding starting frequency should be high.

In this research, the filler alloy used for the welding of AA2219-T87 is AA2319 which is highly
suitable and compatible for this alloy. The chemical composition of AA2319 is shown in Table
III.
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Detail description of hardness test is as under:

2.6.1 Procedure

Diameter of the steel indenter used is 2.5 mm and the applied load is 613 newton (62.55 kgf). They
are selected from the information provided by the manufacturer of the tester. The Brinnell hardness
value of the specimens is obtained to be 101.38 BHN. The formula used to calculate the value of
Brinnell hardness value is given in Eq. 2

H= 2F
nD [D-/(DZ-Di2)]

Where:

BHN = Brinnell hardness number

F = Applied load in kg

D = Diameter of the spherical indenter in mm

Di = Diameter of the resulting indenter impression in mm.

The indentation is circular so the vertical and horizontal readings are taken by measuring the
diagonal values d1 and d2

di

Fig. 2.11 Horizontal and vertical diameter

0.004 is the least count of the tester. In Table IV, which is the method of calculating the hardness
number, represents the supposed value. From the values of the BHN obtained above, an average
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Table IV Brinnell Hardness number calculation for AA2219

Sr. | Horizontal Verucal Di = ((di + d2) /2) BHN = 2F/nD(D —
# | Reading Reading *0,004 V(D2 - Di2)
di dx
1 215 206 v.342 109.11
2 213 308 1.042 70.04
3 213 205.5 0.837 110.5

value has been calculated. The mean value comes out to be 96.55. Tbus, the Brinnell hardness

number of the Aluminum specimens is 96.55 BHN.

2.7 Fatigue Test

To examine the fatigue crack propagation behavior of the subjected material, a servo hydraulic
universal testing machine (MTS 810) has been used in this research work which shown in Figure
2.11. This machine is available in fracture mechanics and fatigue laboratory of UET Taxila. All
fatigue tests are being carried out at a stress intensity ratio of R = 0.1. Initially, the frequency was
kept 20 cycles/sec. That was for the initiation of crack in the specimen. It was then reduced to 5
cycles/sec and later on 02 cycles/sec when the crack propagates rapidly so as to avoid fracture of

specimen.
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2.7.2 Optical Data
Besides the data produced by the MTS, it is necessary to modify the machine and take data from

that means as well to compare on later stages. For such modification, two methods are commonly

employed with universal testing machine by the researchers which are briefly describe as under:

2.7.2.1 Manual measuring of crack length

In this type of modification, a light microscope is attached to the column of the fatigue testing
machine to check the crack length with a single eye piece on it. The front section of the microscope
is kept near the specimen under cyclic loading. The studying area of the loaded specimen is
graduated with small equidistant lines i.e. 0.2 inm with the help of electric discharge machine

(EDM).

As soon as the crack starts, the graduated lines are calculated from the starting point of the crack
till the end of crack tip from the eye piece of attached microscope and repeat the cycle after
different intervals. This procedure is repeated on fixed intervals and a data chart is obtained.

Due to some technical difficulties and reading problems, this method has been restricted to only
single fatigue test. This was only used when computer controlled digital microscope was not

available in fracture mechanics & fatigue lab.

2,7.2.2 Vernier caliper measuring crack length

Now a day, a modern and sophisticated attachment is available with MTS. In this technique, a light
microscope attached with a computer or laptop is fixed in front of specimen and the display of

which can easily be viewed on the screen.

The microscope is attached in such a way that its foundation is fixed at the top edge, the crack
initial point is marked with removable marker. When the crack starts propagating, the microscope

is advance further and the crack length is calculated using the Vernier caliper.

In comparison of the other one, this technique is more reliable and is widely used in the fatigue
testing. By using this technique, exact values of crack lengths can be obtained and when the crack

length crosses a certain limit, there will be no complexities in data acquisition.
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3 Microstructure Evolution
3.1 Introduction

Aluminum and its alloys have assorted applications in automobile and aerospace industry which
depicts the importance of right selection of welding technique for respective method. Due to the
inducing of residual stresses and the structural change, the welding of aluminum and its alloys is
always remaining a tough and chore challenge for the designers. Different alloys of the said
material which belongs to the family of 2XXX, 6XXX and 7XXX are mostly used in the above
mentioned industries because of their high strength to weight ratio, good weldability, good
formability and high resistance to corrosion[35].

Fig. 3.1 Failure of TIG weldment in aluminum alloy

There are numerous factors allied with the welding process as the augmentation of thermal
conductivity and expansion coefficient, manifestation of tenacious oxide coating, solidification

shrinkage and the most overwhelming one is the trapping of gases during the molten state.

The behavior of welded and heat treated aluminum alloys remains a key subject of investigation
of researchers for decades because the heat evolved during the welding abruptly changes the
mechanical properties due to the phase shifting of alloys. Due to welding, a weak zone is formed
near the welding zone which is responsible for strength decline of that zone. It is highly considered
that the precipitation of molten alloys, the recrystallization and nucleation of grains developments
are the key factor for the softening of this zone, Grain development are liable for softening of this

zone.
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Fig, 3.2 Schematics of different zones generated after welding

Extensive research has been made to reinforce this zone by applying different welding techniques,
post and pre-heat treatment processes and the erraticism in these methods. From the microstructure
evaluation, different zones are formed after the welding process with all have different

characteristics.

3.2 Apparatus for Microstructure Examination

To study the microstructure of given AA2219, two type of apparatuses are available in UET Taxila
lab named as Metallurgical Microscope (Olympus D-20) and the other is Scanning Electron
Microscope (SEM). A brief description of both apparatuses is given as under:

3.2.1 Metallurgical Microscope
As the subjected metallurgical microscope is equipped with five different lenses having different

magnifications, the microscopic study is more instructive. For suitable metallographic view, a

range of image light appearance is also available in Olympus DP-20.

A comprehensive data acquisition system is also available which supports the automatic storage

of captured metallographic pictures.
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3.3 Specimen Preparation

3.3.1 Surface Preparation
For metallographic study, it is necessary to prepare the specimen as per ASTM E399 which is a
specific process because due to the aging and keeping the specimens for a longer period produces

a layer of oxide on the upper surface which make it difficult to observe the grain structure.

Fig. 3.5 Emery papers of different grades

After the etching has been done, for nonferrous metals especially in the case of aluminum alloy, a
fine oxide layer is being formed. Another difficulty whicb is being faced during the surface

preparation is that even a minor over etching because the grain structure to disappear.

Due to all the above troubles, a great care has been done during the surface preparation because a

little negligence in etching can lead to the wastage of specimen.
A detail method of specimen preparation is given below

» First step is to remove the scratches and abrasion from the specimen surface. For this
purpose, the emery papers of different grades are being used. Aluminum and other soft
metals need sandpapers of high grade. When the specimen felt soft and scratch free, then
the emery paper was changed with relatively greater number and reached the maximum
higher grade i.e. 2000.keep it in mind that the emery papers works best with kerosene oil.

» After the specimen surface preparation with emery paper, the surface still needs some more
finishing and this is done with the help of buffing. The buffing is done with thick fibers
and then with thin fibers.
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» S5ml HNOS3 (conc.)

» 2ml HF (48% conc.)

» 3ml HCL (conc.)

» 90ml distilled Water (H20)

When etching has performed properly, a clear and fine grain structure can be obtained. One thing
should always be kept in mind that best results of microstructure observation can be done only by
freshly etched specimen. A greater care should be done during the etching process and specimens
should be dipped in solution with the help of Plier or any other tool.

After completing the etching process, wash the specimen with fresh water for a considerable time

before placing it on the metallurgical microscope.

3.4 Microstructure Evaluation (Before Aging)

From previous literature, it is observed that the mechanical properties of solution type alloys are
significantly affected by primary grain structure. Particularly the alloy which is being used m this
research, a clear and uniform micro grain structure is necessary to check the anticipated mechanical

properties.

3.4.1 Base Metal (BM)

Before the welding, AA2219 is a solution type solid in which the main constituent Cu atoms
remains dissolve in the lattice structure of a-Al to form the monophasic structure which is clear

from the Figure 3.7 of aluminum-copper phase diagram.
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torch. With the passage of time, the temperature of the welded specimen decreases and the alloying
components (Cu) starts to rush towards the grain boundaries. As a result of this movement, a Cu-
depleted a-solid solution region is formed[38]. Due to the absence of strengthening particles i.e.
intermetallic, this zone is the flimsiest zone. The detailed microstructure of HAZ is shown in figure

above.

Clusters of nearly same and equal sized grain can be observed in the HAZ. This happens because
of the recrystallization and Intermetallic depletion of Cu atoms from that zone. At some places in
the micro structure, the deposition of Cu is found to be higher than the remaining area which
accumulates on the grain boundaries of that zone. When a certain level of concentration, the grains
are detached with the neighboring ones this segregation leads to the abrupt loose of mechanical
properties[39].

3.4.3 Weld Nugget Zone (WNZ)

A clear and distinct solidified dendritic structure can be observed in fusion or weld nugget zone as
shown in figure below. Due to the high temperature of welding process, a molten pool of metal is
formed at weld nugget zone. Due to the fast cooling and solidification of welding, a metastable
stage (a + Liquid) is formed. This stage exists between liquid and solidus parting. Meanwhile the
second phase particles 8 (Al;Cu) starts to deposit around the already deposited and hardened a-
grains where maximum solubility of the studying alloying element parallel to the solidus limit
exists. The concentration of copper in both base metal (AA2219) and filler material (AA2319) is
the same i.e. 6.3%. Due to that effect, the two phases “8” and “a” instantaneously separate out as
the solidification temperature drop to the solvus limit. This phenomenon is basically the major
cause of deterioration in mechanical properties in this zone. Due to that abrupt mechanical changes,
two metastable species of second phase particles have been formed which are donated 8" and 6.
Both have the chemical composition of second-phased particle (Al2Cu). They are generated with

due to the successive declining of temperature{40].
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are recrystallized after aging process. The main difference in the metallurgy of base metal before
and after aging process is the diminishing of minute pseudo, grain boundaries, which ultimately
turns the incomplete grains into long, flat patched grains which are shown in Figure 3.12 (a).
However, the base metal zone which is in the neighboring of Heat affected zone (HAZ) shows the
adverse behavior as compared to the zone which are far from HAZ. They are overlapped, inter
merged and partially recrystallized small sized grains as shown in Figure 3.12 (b).

Moreover, from the obtained microstructure of aged material, we have found no evidences of
secondary phase precipitates {AloCu), which supports the fact that the dissolution of these
precipitates is not crystalized regardless of the different zones segregated in the base metal. From
Figure 3.12 (c) & (d), it is clear from the aging of the zone that the grain boundaries are more vivid
near the BM/HAZ boundary as compared to the BM zone which is very far from heat source. It
might be possible that it’s either due to the coagulation of precipitates at the pseudo boundaries or

the shrinking of peripheral area of immature grains.

3.5.2 Heat Affected Zone (HAZ)

The microstructure of aged HAZ is shown in Figure 3.13. The supersaturated solution, which is
formed after welding process at HAZ, is turned into its saturation after aging process. The
excessive amount of precipitates, which were forcefully dissolved into aluminum solution, are now
seen at dense grains boundaries as shown in Figure 3.13 (a). The migration of Cu, from grain’s
interior to boundaries, is excelled due to aging. High resolution light microscopy of grain
boundaries, as shown in Figure 3.13 (b), reveals that the concentration of copper can be easily
judged due to light yellowish color.

Copper rich boundaries makes HAZ more fragile as compared to non-aged one. This happens due
to extra brittleness of the metal at aged boundaries of HAZ. Small sized grains which originate at
HAZ spreads a net of dense grain boundaries are responsible of intergranular crack propagation.
Due to presence of crystallographic disarrangement near foreign particles at grain boundaries, the
fatigue strength of this zone is very poor as compared to any other zone investigated in this
research. From the fractography of the subjected zone, it is found that somewhere still secondary
phase particles (enriched with Cu) are detected with in the grains instead of boundaries as shown
in Figure 3.13 (d). These seldom appearing cuprous particles with in the grains are thought to be

responsible
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4 Modeling of Fatigue Crack Propagation

4.1 Introduction

In this chapter, we have tried to express the damage criteria of aged aluminum alloy on empirical

and analytical bases. Usually the fatigue life is ought to have many stages.

4.1.1 Initiation of crack
» First, the changes take place due to the application of cyclic fatigue which later, converted

into permanent change.

» Initially the crack produced at micro level.

» The amalgamation of these micro cracks was taken place after a definite crack length and
then advancement of crack taken place.

» These micro crakes were then combined and turned into macro cracks which are termed as

“dominant cracks”,

4.1.2 Propagation

» In this stage, the dominant cracks start to propagate.
» When the size of that dominated, cracks crosses a certain limit, then failure of structure

takes place.

The initiation of failure damage is'being judged by the “total life approach” which based on the
different ranges of cyclic stress (High Cycle Fatigue or HCF) and strain range approach (Low
Cycle Fatigue or LCF). In general, when the specimens are smooth, the fatigue testing of low
cyclic fatigue has a diminutive amount of plastic deformation along with some compressive and

tensile stresses[42].

4.2 Defect Tolerant Approach

The crack propagation because of fatigue testing is mainly determined by this approach. In this
approach, the testing material is already given a crack or it is necessary to find out the flaws in the

material before performing the experimentation.
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% Thickness effects on FCGR
» Conditions applied during testing

> Applied load ratio (R) effects

%+ Temperature effects

4.3 Goals of Fatigue Crack Propagation Modeling

The objective of fatigue crack propagation modeling may include many methods and approaches.

» First approach is to find out a criterion in which fatigue crack propagation should be
independent of specimen’s scale and all testing conditions.
» In second approach, there will be defined a criterion which is focused on a single function

containing both the scale parameters and testing conditions.

The working temperature is room temperature for both types of materials and no test is held in
other range of temperature however, the tested alloy is pre-heat treated. The applied load ratio is
kept same R=0.1 for welded and non-welded aluminum alloy.

Pmin
~ Pmax 4
For comprehensive and satisfactory results, it is advised that tests should also be performed at
some other load ratio (R = 0.7)

4.4 Effects of ‘R’ Ratio

It is generally considered that when the value of R is increases then the crack propagation rate is
also increases for a specified value of AK. Up till now there are two types of approaches developed

to consolidate the curves of fatigue crack propagation.

First method depends upon on physical features of R ratio. The main factor that is mvolved in this
method 1s crack closure. And it is general concept that the value of crack closure is higher at low
value of R ratio and its effects are totally negligible when the load ratio increases to a high
value[46].
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This crack closure phenomenon shiclded the propagating crack for specified cycles of applied load
ad it happens even for tensile loading. When this shielding is present against loading then
resultantly there will be decrease in the value of applied AK.

When the value of AK decreases then definitely there will be a decrease in the rate of crack
propagation. For consolidation of results under these shielding effects, it is advised that AK (for
which the whole fatigue crack is shielded) is subtracted from the total value of AK.

The other method is totally principle base and empirical nature type. This approach is totally
defined by mathematical methods. In this approach, it is narrated that the fatigue crack propagation
rate is not only dependent on stress intensity factor. It is said that it is dependent on both, the AK
and Kmax[47].

For this method, there are many possible techniques and works are developed to consolidate the
data. Most of the approaches are generalized up till now.

4.4.1 Crack Closure Based R Ratio Effects

It is considered that there is apparent small crack propagation rate is in Paris zone of Paris curves

under the effects of R ratio on fatigue crack propagation as shown in Fig 4.1.

A

log da/dN

log AK

Fig. 4.1 R ratio effects on FCGR of ductile material

From the above figure, it can be concluded that the propagation of crack can be made slow by

decreasing the value of stress intensity factor under the effects of crack closure. The crack closure

44



phenomenon has further explained in next figure, which shows a solid relationship between

applied stress and crack opening displacement which is measured by strain gauge[47].

»

The strain gauge results are shown by the line OE if the tested specimen has no previous
crack. The strain gauge responses are totally elastic in nature and dependent on the Young’s
modulus of the tested material.

In the condition when the specimen already has a crack then the zone named as A-B shows
a non-varying a- & plot slope.

The crack is starts to close at point B. Due to this crack closure there is increase in stiffness
of the tested specimen.

When the curve leads to point C then the value of stiffness is further increased and it
happens because the length of already closed crack is increased.

After some time a condition comes when the C point is totally closed and the C-D region
is treated as like the solid crack free specimens.

It is noteworthy that the already mentioned plot of ‘a- §” considered as ‘P- 8’ plot in old
literature[48].

It is considered that at point B the applied stresses are termed as crack opening stresses,
Cop.

The value of the stress which is below the limit of crack opening stress has no notable

effect on the condition of crack. The reason is that the crack front is totally shielded.

The matching plot is taken as a function of stress intensity factor instead of applied stress.
o
Omax[~
Gasge
5,
‘/ bﬂ.ﬁé‘f Uop i
o
Fosd A Omax &

Fig. 4.2 Strain gauge measured COD and stress relationship — Crack closure explanation
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4.4.2 Crack Driving Force Based R Ratio Effects

The effects of crack closure on R ratio is described due to many reasons including crack roughness,
formation of oxide layers on the lips of cracks, debris and plastic regions formation at crack front.
These all factors are true but crack closure is not limited to these factors and it should be fully
shielded when crack opened for a complete correction, which is not always true in daily services
of different parts. Many crack closure models are available in literature depending on

environmental effects, partial closeness of crack, compressive stresses and residual stresses.

There is another model which has no need of account of crack closure model. In this approach, it
is considered that the fatigue life of the specimen at crack initiation stage has a close relationship
with the crack propagation stage. In this model the effective stress responsible for crack
propagation depends on maximum value of stress along with the upper limit of applied varying
stress[49, 50].

K =KL AK™ = (1 — R)™Kpax 5

In Eq. 5 ‘m’ is represented as material property while ‘K’ is known as stress intensity factor for

positive R value of the fatigue crack propagation data consolidation.

As it is previously mentioned that load ratic effect may be due many known and unknown reasons
and it is also not necessary that these depend on material properties. So, it is possible to replace

‘m’ by ‘a’.
After replacing ‘m’ by ‘a’ the eq. is changed into;
K= (Kmax)a(ﬁl()(l_a) 6

The sensitivity of ‘K’ is measured on ‘Kmax” when the conditions of above equation is0 < a < 1.
The ‘a’ depends upon many parameters like as environmental effects, material properties and

specimen thickness.
The effective stress intensity factor can be explained by taking two different assumptions.

» At crack tip the damage is due to two mechanisms which are simultaneous in nature. One
is based on monotonic damage and second is based on cyclic damage. These are due to

Kmax and AK respectively.
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5 Results & Discussions

In this chapter, a detailed discussion has been done about the results of all tests performed in this

research work. Two types of tests are being conducted in this research which are are:

1. Hardness Test
It is another type of tensile test in which hardness of welded metal is investigated. The main
objective of conducting this test is to check the fragileness of different zones which are formed
after TIG welding.

2. Fatigue Crack Propagation
The behavior of fatigue crack at room temperature has been studied in this test for welded and un-
welded CT specimens. It is necessary to explain here that all tests are conducted on pre-heat treated
metal.

Along with these tests the post-mortem analysis of cracked surface and the path followed by the
crack with respect to microstructure is also enlighten.

5.1 Hardness Test (Before Aging)

A detailed micro-hardness test has also been done to measure the hardness number of naturally
aged specimen at different weldment zones formed during the TIG welding.

5.1.1 Formation of Different Weldment Zones

As the flame temperature of TIG welding torch is above 2000 °C and aluminum is non-ferrous soft
metal, so during welding process the metal under the torch is totally melted and as the torch passed
away then rapid recrystallization takes place. The zone adjacent to this melted portion is also
changed due to its properties variations.

5.1.1.1 Base Metal
» This zone has the highest Brinell hardness number with respect to competitive ones.

» As the hardness number is checked while the pre-heat treatment process is completed so
the effects of T87 heat treatment also affect the hardness number of original base metal.
» The reason of high hardness number is due to presence of high amount of a-Al, however

some amount is disturbed while performing pre-heat treating.
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» The intermetallic are arranged in such a manner that they are providing the maximum
strength to base metal.
» Asitis very far away from heat source so the effects of welding temperature are very

negligible on this zone,

5.1.1.2 Heat Affected Zone
Heat affected zone (HAZ) is formed between two different zones named as base metal and weld

nugget zone.
The hardness characteristics about this zone are described below:

» The hardness number of this zone is greater than weld nugget zone while lower than the
base metal.
» The thickness of this zone is totally varying from notch tip of the CT specimen to the end

of the specimen as shown in figure below,

HAZ Thickness Variations

T 3.15
E 3.05
2 295
&
£28
o
= 2.75 l : -
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E Distance from notch tip to end of specimen
(mm)

Fig. 5.1 HAZ Thickness variations in CT specimen

» In this zone the hardness number is suddenly lost due to improper recrystallization of semi-
melted portion of metal.

» The readjustment of second phase particles in this zone is not helpful to provide proper
strength to the subjected alloy.

» Due to high temperature, the main alloying component, Cu, is melted and move away from

this zone to molten pool of weld nugget zone causing the strength decrement of this zone.
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5.1.1.3 Weld Nugget Zone
It is the most important area of weldment because it is the real joint portion of two bulk materials.

This zone is created by a molten pool of base metal and filler alloy. The hardness characteristics

of this zone are described below:

» It is the most fragile zone having the lowest hardness number as compared to other
competitive zones.

» In this zone the recrystallization of molten metal pool is taken place very quickly.

» During rapid recrystallization of grains the strengthening particles failed to find proper

positions in grain structure.

TIG Welded AA2219-T87
Filler: AA2319
« 150
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110

O
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1 1 ! i _ L
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Weld Centre Distance (mm)

Hardness,
~J
=

Fig. 5.2 Micro hardness of TIG welded A42219-T87

# In this zone, some secondary particles concentrate on grain boundaries are also helpful in
decreasing the hardness of the WNZ.
» There is dendritic structure is formed after recrystallization in this zone and as the dendritic

structure depicts the softer area so resultantly this zone has lowest hardness numher.

5.2 Hardness Test (After Aging)

The considerable variations in hardness after aging of Aluminum weldment are detected in heat
effected zone and fusion zone. This is because the impact of welding heat is more prominent in
above mentioned zone. From the fig.5.3 shown below, it is concluded that the hardness of the HAZ

and FZ has increased after aging process. The main cause of this increase in hardness is due to the
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describe. But these regions are differentiable when observed under microscope having high
magnifications. Most of the visualized region in broken welded specimens is sudden brittle failure

region.

5.4 Relation between f (a/W) and a/W Before Aging

5.4.1.1 Geometric Correction Factor for Base Metal
The f (a/w) is called geometric correction factor. Its relation is determined with respect to ratio

between “a” and “w”. The correction factor is calculated from the formula of stress intensity factor
under the load of “F”[53].

K1 = ovma.f(0) 10
This relation is calculated for CT specimen having H/'W =1
From Fig 5.5 it is elaborated that there is linear relation between geometric correction factor and

ratio of crack length to specimen width. The linear relation in Figure 5.5 that there is uniformity

in material microstructure up to satisfied level.

AA2219-T87
(CT Specimen)
6.4
%‘ 6.3
= 6.2 — —
6.1 -
0.33 0.335 0.34 0.345 0.35
a’'W

Fig. 5.5 Relation between f (a/w) and a/w for non-welded CT specimen
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5.4.1.2 Geometric Correction Factor for Welded Metal
It is observed that the geometric correction factor behavior with respect to crack length to specimen

width ratio of welded specimens before aging are not same as for the base metal which depict that
there are some structural changes takes place after welding of the subjected material. From the
previous test results of without natural aging, it can be concluded that initially there is linear
relation between geometric correction factor and a/w, At start the line is less steep with respect to
base metal respective line but from mid-point it is considered that the steepness of the welded and

non-welded specimens is the same as shown in Fig 5.6.

TIG Welded AA2219-T87
(CT Specimen)
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Fig. 5.6 Relation between f (a/w) and a/w for welded CT specimen

The nonlinear behavior shows that the crack propagation trend is varying in TIG welded specimen
during the test, As the crack propagation behavior varies then definitely the geometric correction
factor also varies because it is the function of “a/w”. This relation is calculated at “H/W=1" of

welded specimens.

5.5 Relation between f (a/W) and a/W after Natural Aging

5.5.1 Geometric correction factor for base metal

As the geometry of the specimen which are used for fatigue resting before and after aging is the
same, it is proposed that the geometric effects are not the contributing factor in varying the fatigue
results after aging.
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f(a/w) Vs a/w for Non-Welded
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Fig. 5.7 Relation between fla/w} and a/w for non-welded CT specimen after aging

However, for the sake of extra care and results accuracy, geometric factor effects are verified in
Figure 5.7 & Figure 5.8. From the below mentioned figure, it is revealed that for base metal, the
geometric effects are almost equivalent to zero. The slope of line is almost the same in aged and

non-aged base metal.

5.5.2 Geometric Correction factor for Welded Metal

f(a/w) vs a/w for Welded AA2219
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Fig. 5.8 Relation between f{a/w) and a/w for welded CT specimen after natural aging
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The relation between f {a/W) and /W for welded CT specimen after natural aging is shown in
Figure 5.8. The extra linearity of obtained curve which is shown, however, in welded metal, the
initial non-linearity of the curve is due to the minute variations incorporating parameters instead

of the geometric factors.

5.6 Dependence of AK on “a/W” Before Aging
5.6.1 Base Metal

The values of stress intensity factor are calculated for both the welded and non-welded specimens.
The procedure to find out the value of “Kq” is briefly described in previous chapter. The relation

between critical stress intensity factor and ratio between crack lengths to specimen width is shown

in Figure 5.9.
AA2219-T87
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Fig. 5.9 Kq dependence on “a/w” for un-welded specimens

Critical stress intensity factor shows a clear dependence on the crack length to width ratio a/W.
The dependence ratio is in the range of 0.333 < a/W < (.347 which is in the limit of ASTM general
standards recommendations, 0.3 < a/W <0.6[51]. The dependence curve of Kq is steeper from
0.333 to 0.338. However, the steepness of curve is relatively low from 0.338 to 0.347. The
dependence of critical stress intensity factor increases as the “a/W™ value increases in the whole
trend. Before fracture for a very small period the dependence, rate is suddenly increases for non-

welded base metal.
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5.6.2 Welded metal

As the critical stress intensity factor depends upon “a/W” in this research so it means it depend
upon the fatigue crack propagation behavior. The dependence ratio should be changed when the
crack propagation trend is changed as observed in base metal and TIG welded aluminum alloy
compared with each other. The relation between critical stress intensity factor and ratio between
crack lengths to specimen width is shown in Figure 5.10.

TIG Welded AA2219-T87
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Fig. 5.10 AK nom dependence on “a/w” for base metal specimen after aging

It has also mentioned in literature that Kq also depend on thickness of the specimen but in this
research the thickness value is kept constant for both, the welded and un-welded specimens so that
results are The dependence of stress intensity factor on “a/W™ is same from 0.35 <a/W < (.47 but
it minutely increases after the value of 0.47. Most of the values are in range between 0.3 < /W <
0.6 as recommended by ASTM standards, however some data are observed out from this range
due to unknown reason. The a/W range on which Kq depends for welded metal is higher than the

un-welded metal,

5.7 Dependence of AK on “a/W” after Natural Aging
5.7.1 Base Metal

The dependence of critical stress intensity factor on propagating crack length to specimen width
ratio is more prominent in after aging results as shown in figure 5.11. The obtained results of base

metal after aging remained within the standard recommendations mentioned below.
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It is easily observed from below figure that critical stress intensity factor dependence is finding
itself more reliable after aging as there is no kink in the middle stream of the curve and the data

reinforcement is in harmony as compared to the non-aged hase metal.

AK nom vs a/w for aged Base Metal
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Fig. 5.11 Kq dependence on “a/w” for non-welded specimens

5.7.2 Welded metal

The comparison of K dependence on a/w is not efficiently describe while considering only
mechanics based observations. Because with respect to the data plotted before and after aging of
welded metal, one can only conclude that the K dependence is more efficiently predicted in after

aging scenarios as compared to the previous ones.
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AK nom vs a/w for welded aged
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Fig. 5.12 AK nom dependence on “a/w” for welded specimens

The comprehensive details can only be provided while considering the metallurgical approach. As
the second phase precipitates, which are maturely oriented at their equilibrium sites, reinforce after
aging so this is the main reason of uniform dependence of K on a/w in this case as compared to

non-aged metal.

5.8 Comparison of AK and a/w for Welded and Non-Welded (After
aging)

Comparison of both welded and welded specimen after natural aging has been shown in the figure

5.13. A brief comparison of both graphs of f (a/w) vs a/w for welded and non-welded after aging

can be done by seeing the above fig5.13. The details of individual graph have already been

discussed in detail above.
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Comparison of aged TIG welded and nonwelded
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Fig. 5.13 AK nom dependence on “a/w” for welded and non-welded specimens

5.9 Paris Law

The most widespread law for determining the fatigue crack growth rate represented in fracture
mechanics is the Paris‘s law[6]. It covers the fracture mechanics and material sciences technology.

It relates the fatigue crack propagation in stress regime with stress intensity factor. It is represented

as under;
Ha _ m
o~ COK 11

Where, on the left-hand side of equation,
“a” is the crack length and
“N” are the number of cycles

Whereas da/dn indicates the number of crack opening to the number of load cycles.On the other
side of the equation, “C” and “m” are constants totally dependent on material type and “AK” is
stress intensity range, a difference of stress intensity factors at maximum and minimum loading

conditions.
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Fig. 5.14 Fatigue crack opening at Pmax.
The mathematical definition of stress intensity factor can be described as;

K = oYv/ma 12

[{ym. } ]

On the right-hand side of the equation, “Y” represents a dimensionless constant while “c™ is

quantity of stress perpendicular to crack surface.

By substituting the value of stress intensity factor into Paris’s law
S = CAK™ = C(AoY+ma)™ 13

When there are small fatigue cracks, then it is assumed that “Y™ did not depends upon the value
of crack length then the above-mentioned equation can be solved by using the methods of

separation of variables.

While describing about the joints of alloys, it is more useful to explain Paris’s law based on fracture

energy instead of stress intensity factor.

In this research the fatigue model using stress intensity factor instead of fracture energy is used by
assuming the specimens of infinite length[54].

5.10 Paris Curve

To follow the Paris model of fatigue crack growth rate, a typical type of curves is drawn per law’s

limitations.

The Paris curves drawn in this research have the following characteristics:
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The curves are drawn on log-log scaled paper

Stress intensity factor is represented on the X-axis of the curve

Y-axis of Paris curves represents the fatigue crack propagation rate per increasing number
of cycles

The curves are drawn by keeping the load ratio R= 0.1 for both welded and non-welded,
naturally aged and non-aged specimens

The frequency rate has kept 20Hz during crack propagation of both type of the specimens
For crack initiation, each specimen takes infinite number of cycles to initiate a fatigue crack
The most visualized portion of the curve is “fatigue crack propagation” zone, which is
mostly an inclined line in case of aluminum

The fatigue failure required just a few numbers of cycles in both cases, welded and non-
welded aluminum specimens.

The failure phenomenon may be different between in welded and non-welded specimen.
Comparison of Paris curves for both welded and non-welded, before and after aging has

been done in this research.

5.10.1 Paris curve Before Aging
5.10.1.1 Base Metal

The non-welded specimens before aging had been tested on servo hydraulic machine and they

were calculated. The data obtained from machine and optically taken was organized. Then, Paris

curves were drawn by utilizing both types of data on the same grapb.
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Fig. 5.15 Paris Curves for base metal
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Optical and Machine Data Mismatching

Initially crack initiation required many cycles which are depicted from Paris curve formed from
machine data. There is negligible difference between optical data and machine data for base metal
during the crack propagation and failure of the specimens. For design purpose, the Paris curve
obtained from optical data is more reliable instead of machine data [55].

5.10.1.2 TIG Welded

After TIG welding there are some internal structural changes are taken place in the metal. The
positive point is that the mismatching between optical and MTS-810 data is near about zero as
compared to base metal. The fatigue failure of base metal is completely ductile type, as the
specimen is not completely parted off during the test. While the failure of welded aluminum alloy
is totally brittle nature as the specimens are parted off with opposite machine clevis.

TIG Welded AA2219-T87
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Fig. 5.16 Paris Curves for base metal
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5.10.2 Paris curve After Aging
5.10.2.1 Base Metal

As Aluminum is a soft metal as compared to steel and other ferrous metals, so we are unable to
obtain its endurance limit. This softness of the tested alloy and the alloy composition of as received

aluminum sheets show a weird behavior after aging process in non-welded cases.

From the comparison of results show in Figure 5.15 & 5.16 it can be concluded that after aging

process, the base metal has shown extra softness against cyclic loading.

Aged Base Metal da/dnvs K,
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Fig. 5.17 Paris Curves for base metal after aging

It is proposed that the data scattering and discussed sofiness is due to the disturbance of alloy
balanced percentage or some unusual chemical reaction or mechanical mixtures between the trace

elements of the subjected metal.

However, it is strongly recommended for future researcher that a deep investigation should be

conducted to explore the solid reason of this non-trivial behavior of soft metals after aging.

5.10.2.2 Welded Metal

From the comparison of the fatigue strength results of the welded aluminum before and after aging,
as shown in figure 5.17 & 5.18, it is clearly shown that afier aging, the resistance against fatigue

crack growth has increased enormously. The vivid reason of this behavior is the uniform
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distribution of second phase strengthening particles within the grain and at the grain boundaries.
This hindrance in crack propagation is equally available in the case of intergranular as well as
trans-granular failures, There is another reason of strengthening of aged metal is the maturing of
Al>Cu particles which were available above the eutectics equilibrium points. This phenomenon is
responsible for extra availability of strengthening particles per unit volume of the weld metal.
Form the fig 5.18, it is observed that maximum numbers of cycle are consumed in the intermediate
section of the curve which shows that fatigue crack initiation and propagation becomes difficult in
aged metals and this factor supports that the uniform distribution of strengthening particles is not
only on the surface area which was under examination during microscopy but present three

dimensionally in the whole cross section of the joint.
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Fig. 5.18 Paris curves for TIG welded AA2219-T87
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6 Conclusion and future recommendation

In this research work, a little effort has been done to investigate the effect of natural aging on TIG
welded and non-welded Al-2219-T87. A similar work was performed on the same material and
testing parameters but without aging 02 years ago. My work is to compare the results with the
already published data of same material and specimen without natural aging condition and draw
the conclusion on A lot of work has also been performed previously on artificial aging but no such
specific work has yet been done on naturally aged specimens and their comparison with the same
specimens without natural aging. Here are some of the main factors which played a vital role in

my research work:

» For fatigue crack growth rate study, compact tension (CT) specimens of AA-2219 have
been selected and prepared as per ASTM Standard E399. The hest suitable welding
technique used for this research is TIG and filler material is AA-2319.

» Hardness test is being performed on hardness tester and microstructure evaluation has been
done on metallurgical microscope as well as on Scanning Electron Microscopy (SEM) to
examine the mechanical changing in microstructure due to natural aging. The effect of
natural aging on different zones of TIG welding has also been investigated.

» All the fatigue testing has becn done on MTS-810 in fracture mechanics and fatigue lab,
UET Taxtla. During fatigue testing, the load ratio R and room temperature is kept constant.

» After testing, suitable equations are developed corresponding to the CT specimen to show
the fatigue data in a reasonable manner.

» From the above equations, graphs are plotted and the results are compared with the

previous published data of same specimens before natural aging.

6.1 Conclusion
6.1.1 Before Aging

The results of previous research have been concluded below:

In Chapter No 03, the microstructure evaluation has been done at different welding zones before
aging for given specimen. Due to pre-heat treatment of given specimen, the strengthening particles,
which are the main source of strength in base metal, are dispersed in the grain. With respect to the
strength, most fragile zone is the recrystallized dendritic structure of weld nugget zone (WNZ).
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Due to welding, high temperature is produced and due to that, copper is depleted near the weld
fusion zone and loses its strength as compared to base metal.

During the modeling of fatigue crack growth behavior before aging, the effect of load ratio R can
never be ignored as discussed in chapter no. 04. In the research of without aging, two type of data
consolidation techniques, one is based on crack closure and other on mathematical expression,
have been introduced to find the fatigue phenomenon. The equations of stress intensity factor and
da/dn for a given CT specimen are specific in nature and they cannot be used for any other type of

specimens.

In Chapter No. 05, it is concluded that due to TIG welding, though the tensile strength has
increased from 50 to 52% of AA2219-T87, but the fatigue crack propagation rate has decreased as
compared to the base metal before aging. In short, due to the application of TIG welding, the
fatigue strength of AA2219-T87 has increased. From the graphs of stress intensity factor and
correction factor of welded and non-welded unaged specimen, it is very clear that relationship has

some variations which show the research material has turned into brittle nature after welding.

6.1.2 After Aging:

After the natural aging at room temperature, the specimens with same dimensions and testing
parameters have been tested again and the results were discussed and compared with the already

published data without aging. These results are as under;

In Chapter No 03, the microstructure evaluation of naturally aged specimen has been done on
different zones of welded and non-welded zones using metallurgical microscope as well as SEM,
It is clear from the aging of the bas¢ metal zone that the grain boundaries are more vivid near the
BM/HAZ boundary as compared to the BM zone which is very far from heat source. It might be
possible that it’s either due to the coagulation of precipitates at the pseudo boundaries or the

shrinking of peripheral area of immature grains.

Copper rich boundaries makes HAZ more fragile as compared to non-aged one. This happens due
to extra brittleness of the metal at aged boundaries of HAZ. Due to presence of crystallographic
disarrangement near foreign particles at grain boundaries, the fatigue strength of this zone is very

poor as compared to any other zone investigated in this research.
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From the microstructure of aged weld nugget zone, it is observed that the dendritic structure, which
is obtained after welding due to segregation of a and 0 phase, has been recrystallized completely.
The precipitates which are arrested due to the rapid cooling of welding, started to separate out from
plain aluminum contents. In WNZ, we have aiso observed that after aging, the dendrite arms are
merged to each other or shifted/matured to grain boundaries. This factor might be responsible of
decreasing fatigue strength of this zone.

In Chapter No 05, the dependence of critical stress intensity factor on propagating crack length to
specimen width ratio is more prominent in afier aging results. It has been observed that critical
stress intensity factor dependence is finding itself more reliable after aging as compared to before
aging as there is no kink in the middle stream of the curve and the data reinforcement is in harmony
as compared to the non-aged base metal. It can easily be concluded that the K dependence is more

efficiently predicted in after aging scenarios as compared to the before aging ones.

After natural aging process, the base metal has shown some extra softness against cyclic loading
and that is due to the disturbance of alloy balanced percentage or some unusual chemical reaction

or mechanical mixtures between the trace elements of the subjected metal.

After aging, the resistance against fatigue crack growth has also increased enormously. The vivid
reason of this behavior is the uniform distribution of second phase strengthening particles within
the grain and at the grain boundaries. This hindrance in crack propagation is equaily available in
the case of intergranular as well as trans granular failures. There is another reason of strengthening
of aged metal is the maturing of Al:Cu particles which were available above the eutectics
equilibrium points. This phenomenon is responsible for extra availability of strengthening particles
per unit volunie of the weld metal.

It has also been observed that maximum numbers of cycle are consumed in the intermediate section
of the curve which shows that fatigue crack initiation and propagation becomes difficult in aged
metals and this factor supports that the uniform distribution of strengthening particles is not only
on the surface area which was under examination during microscopy but present three

dimensionally in the whole cross section of the joint.
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6.2 Future Recommendations

Determination of effect of changing H/W ratio of specimen on fatigue strength.

Study of effects of changing R ratio on fatigue strength for different filler weldments.

Crack opening displacement (COD) investigation for specimens having different weldments.
Study of different aging time on fatigue crack propagation rate of research material

Study and comparison of experimental results of this research with simulation results by using
Abagqus software package.

Study of Numerical simulation of COD of TIG welded aluminum alloy using different types
of fillers.

Microstructural investigation of post weld heat treated AA2219 TIG welded using three
different type of fillers under different welding conditions.
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