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Abstract

Abstract: Joining Aluminium alloys by Friction stir welding (FSW) results in different

weld zones viz, nugget zone (NZ), thermos-mechanically affected zone (TMAZ), heat
affected zone (HAZ) and the base metal (BM). Each zone exhibits different
microstructures and mechanical properties across the weld leading to poor mechanical
attributes for the weldment. An insight in to the creep deformation and fatigue crack
growth through these weld zones will enlighten the research community with the usage of
these materials for elevated temperature applications as well as for conditions of dynamic
loading. The present work was therefore taken up with the objective of joining defect free
joints of Aluminium alloys by FSW and investigating the (i) creep behaviour of different
weld zones at elevated temperatures by impression creep (IC) tests and (ii) fatigue crack
growth (FCG) behaviour through different weld zones of the weldments. The materials
chosen for the study are commercial Aluminium alloys viz, AA2014 and AA6061-T6. For
obtaining the best quality joints of the two Aluminium alloys based on the mechanical
properties the process parameters selected were low tool rotational speed, low welding
speed, low plunge depth and moderate shoulder diameter of square pin (SQ) tool profile.
The effect of process parameters on the mechanical properties viz, ultimate tensile strength
(UTS), yield strength (YS), % elongation, Flexural strength (FS) and bend angles of the
weldments were studied. The best AA6061-T6 weldments exhibited 97%, 98% and 98%
of the UTS, YS and FS of the base metal respectively. In the case of AA2014 alloy the
corresponding properties were 86%, 80% and 90% of the base metal. The results of the
microstructure and fractography under field emission scanning electron microscope
(FESEM) are studied and discussed.

The creep deformation behavior of different weld zones is investigated by IC tests.
IC tests were performed at NZ, TMAZ, HAZ and BM with combination of temperatures
310, 330 and 350 °C and stresses 21, 24 and 27 MPa. From the experimental data the
steady state creep rate (SSCR) for each weld zones were estimated and their respective
creep rates € = f(T, o, t) were established using a power law relationship. The creep rate
was the highest for the NZ and decreased in the order of TMAZ, HAZ and BM. The
constants in the power law equation such as stress exponents (n) and apparent activation
energy for the IC deformation (Qic) for each weld zone were determined. The power law
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constitutive equation for creep deformation at each weld zone was developed.
Microstructure of the different weld zones were invested after the IC tests and the creep

deformation behavior was discussed with the support of the microstructure.

The fatigue crack growth rate experiments of the best weldment were performed
by allowing the crack growth along each particular weld zones using compact tension (CT)
specimen. For each weld zone, experiments were performed with three stress ratios, R =
0.10, 0.33 and 0.60. From the FCGR plots, the constants C and m of Paris equation were
determined for the steady state crack growth region and compared with the BM. The
fracture surfaces of the failed specimen after FCGR tests were investigated using FESEM
and correlated to the microstructure and the crack growth behaviour. It is found that fatigue
cracks propagated faster at NZ in compared to the other zones due to the finer grain size
that was mainly due to the dynamic recrystallization as a result of the stirring action during
the FSW process. Though the mechanical properties of the friction stir weldment was
lower than the BM, a post weld heat treatment (PWHT) leads to the release of the stored
internal energy at the weld zones and restored almost all the mechanical properties back
to the BM. The FCGR at NZ was also improved and comparable to the BM after PWHT.

To summarize, the present work highlights the combination of process parameters for
FSW of AA2014 Al alloy and AA6061-T6 Al alloy for obtaining the best mechanical
properties and discusses the microstructure, hardness, impression creep behaviour and
fatigue crack growth behaviour of the four weld zones, viz NZ, TMAZ, HAZ and BM in

the two Aluminium alloy weldments.
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Chapter 1

Introduction

1.1 Overview of Friction Stir Welding

Friction stir welding (FSW) is a recently developed solid state joining process
invented at The Welding Institute (TWI) UK (Thomas et al., 1991). Application of FSW
expedited with joining of aluminium (Al) and its alloys which are difficult to weld by
conventional fusion welding techniques. Aluminium alloys (AA) are the best choice
structural alloys for strategic applications like defense, aircraft, automobiles, etc., where
high strength to weight ratio and low cost to weight ratio are of overriding importance.
Among different grades of Al-alloys, the precipitation hardenable AA2014 and AA6061-
T6 alloys find extensive use for structural applications. However, joining Al-alloys by
fusion welding encounters several difficulties like severe oxidation, gas entrapment in the
molten weld pool, hot cracking, high spatter formation, dissolution of hardening

precipitates, etc., resulting in structure exhibiting inferior properties.

In FSW process a cylindrical non-consumable shoulder tool with a profiled probe
is rotated and slowly plunged into the joint line between the two pieces to be joined
together. Due to friction, heat is generated to plasticize the metal without melting and
allows traversing the tool along the weld line. The stirring action of the tool pin and forging
action of the tool shoulder makes the specimen facilitate the weld joint. A schematic
diagram of the FSW process is represented in Fig.1.1. Before welding, the work-pieces
were placed on a backing plate and rigidly clamped to a fixture. The tool pin-center was
positioned at the middle of the joint line of the two plates as in (Fig. 1.1a). The next step
was the rotation of the tool either clockwise or anticlockwise and the pin is plunged into
the work-piece (Fig. 1.1b). The tool pin rotation plasticizes and mixes the material from
the two pieces to get joined (Fig. 1.1c). After the completion of welding the pin is retracted
(Fig. 1.1d). Out of the three parts of the tool namely shank, shoulder and pin (Fig. 1.1e),
shank holds the shoulder and pin generates heat of friction on the work-piece. The diameter

and height of the pin depends on the thickness of work-piece.

The quality of FSW process is controlled by various parameters like, shoulder

diameter, tool rotational speed, welding speed, downward force by the tool, plunge depth,
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tool tilt angle and tool geometry that includes, pin profile, tool shoulder diameter (D), pin
diameter (d), D/d ratio of tool, pin length etc. Proper selection of these parameters has a
major role in achieving a good joint quality. Due to the peculiar nature of the FSW process,
the weldment exhibits various heterogeneous microstructural zones like nugget zone (NZ),
thermo-mechanical affected zone (TMAZ), heat affected zone (HAZ), and the base metal
(BM) as shown in Fig.1.2. This heterogeneous microstructure results in non-homogeneous
mechanical properties across the weld bead. For example, the creep deformation behaviour
at elevated temperatures and the fatigue crack growth behaviour during cyclic loading at
each of these zones are different. Information regarding the creep deformation and fatigue
crack growth along the distinct weld zones are required a posteriori for improving the
properties of the friction stir welded (FSWed) material as well as from designing point of
view of the component. The main aim of the present work is to investigate the
microstructural features and mechanical attributes of FSWed AA2014 as well as AA6061-

T6 alloy weldments processed at different conditions.

S

() (c)
B Exit hole FSW tool
Tool pin

\
(d) (©)

Fig. 1.1. Schematic representation of FSW process (a) Positioning plates and tool before
plunging, (b) Plunge of the tool pin, (c) Tool traversing along the joint, (d) Pin removal
and (e) Schematic of a FSW tool

Shank
Shoulder

Fig. 1.2. Macro-graph of friction stir welded Al alloy showing various zones
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1.2 Motivation

Structural components for application in aviation industries and energy sectors are
exposed to (i) elevated temperatures for prolonged period and (ii) non-steady loading
conditions. A large number of FSWed components are applied in these energy sectors.
Before being put in to use they require stringent quality control to avoid catastrophic
failures and ensure safe service life. In welded components that are subjected to extended
periods of service at elevated temperatures, the main cause of failure is by creep
deformation. Investigating the creep deformation behaviour of structural materials is a
time-consuming process. Hence, researchers are developing new techniques for faster
evaluation of the creep deformation behaviour of welded components for the safe and
productive application in the relevant sectors. Study of creep deformation behaviour of
welded material was carried out by many researchers by conventional way that has many
drawbacks. Recently impression creep (IC) technique has come in to limelight as a tool
for faster investigation of creep deformation of engineering materials. IC technique has
several advantages compared to conventional creep tests viz., (i) simple instrumentation,
(ii) easy and fast experimental procedures, (c) very small specimen requirement, (d) ability
to test the creep deformation behaviour at localized regions and (e) cost effective. The
newly developed technique resolved all the drawbacks meets the requirements of the

testings.

The high strength AA2014 alloy is extensively used in aircraft structures. During
conventional fusion welding of these alloys, they are prone to solidification cracking, void
generation and dissolution of hardening precipitates resulting in degradation of the
properties of the weldments. To achieve the desired weld qualities AA2014 plates are
joined by FSW due to its inherent advantages over fusion welding. In this technique all the
drawbacks mentioned above are removed as it is a solid-state metal joining process.
AA6061-T6 alloy has extensive applications in sectors like automobile, aerospace, marine
and medical industries. Recently FSW of AA6061 alloys are used as fluid coupler
application in aircraft industry. High corrosion resistance as well as high strength-to-
weight ratio finds AA6061-T6 alloy useful for a wide range of structural applications and
replaces other materials like steel, copper and titanium. Considering the above points, it
was decided to use AA2014 and AA6061-T6 alloys as the material of choice for the present

work.
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Studies has been carried out regarding the creep behavior and fatigue crack growth
behavior of FSWed aluminium alloys. The creep deformation and fatigue crack growth of
the weldments are always along the weaker zones of the weldments. So far investigation
regarding the fatigue crack growth and creep deformation behavior through various weld
zones of the FSWed components has not been reported. Hence, the present work was taken
up to investigate the IC behaviour of Al-alloy friction stir weldment along various
particular weld zones. The creep deformation properties are estimated minutely at each
particular regions of the welded area. It is expected that that the results of the investigation
would benefit the material scientists in identifying failure regions and take precautionary
measures for extending the life of the FSWed structural components.

Fatigue crack growth rate (FCGR) behaviour of the material is required for the safe
and reliable design of FSWed products subjected to cyclic loading. The FSWed region
comprises of heterogeneous microstructural zones each having its own characteristics. The
actual site of the origin failure during the cyclic loading is still not revealed due to the
heterogeneity. FCGR studies of FSWed Al alloys have been carried out by investigators.
However, no attempt has been made to investigate the FCGR behaviour along the
individual zones of the welded area of FSWed materials. Hence, it was also decided to
investigate the FCGR behaviour along each weld zones of FSWed aluminium alloys. The
effect of heat treatment on the microstructure and the fatigue crack growth behaviour of
FSWed AA2014 Al-alloy as well as AA6061-T6 Al-alloy was also investigated.

To conclude, the main objectives of the present work is to join AA2014 Al-alloy
as well as AA6061-T6 Al-alloy by FSW process under various conditions and investigate

the IC and FCGR behaviour along the different weld zones.

1.3 Research Objectives

Based on the research gaps from the published research work, the present work was
taken up with the following major objectives:
» Experimental investigation, microstructural and mechanical properties evaluation of
FSWed AA2014 Al alloy.
» Evaluation of deformation behaviour at different weld zones of FSWed AA2014
through IC technique.
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» To investigate the FCGR behaviour at various weld regions of FSWed AA2014 Al
alloy weldment before and after heat treatment (HT).

» Process parameter’s effect on mechanical and microstructural properties of FSWed
AA6061-T6 Al alloy.

» To investigate the IC deformation behavior at different weld zones of FSWed
AAGB061-T6 Al-alloy weldment.

» Analysis of FCGR behaviour at different weld zones of FSWed AA6061-T6 Al alloy

weldment before and after HT.

1.4 The Most Important Contributions of the Thesis

The important contributions of this research work are summarized as follows:

® Influence of process parameters viz. plunge depth, tool pin profile, etc., on the weld
quality of FSWed (i) AA2014 and (i) AA6061-T6 alloys have been established.

® Considering power law creep deformation, the properties like minimum creep rate,
stress exponent and the apparent activation energy for the IC process for different
friction stir weld zones has been determined.

® Nugget zone has been identified as the weakest region of the weldment in terms of
creep deformation and FCGR.

® Solution heat treatment improved the tensile properties and increased the resistance to
FCGR of FSWed Al alloy weldments at NZ.

1.5 Outlines of the Thesis

The thesis comprises of ten chapters and highlight of each chapter are as follows:

Chapter 1 starts with the overview of FSW followed by motivation behind the present

work, brief objectives, important contribution and organization of the thesis.

Chapter 2 presents brief summary of the research work carried out by other researchers in
the area of FSW, impression creep deformation and FCGR of FSWed aluminium alloys.
This includes the effect of various process parameters on the microstructure, mechanical
properties, weld quality, minimum creep rate, FCGR behaviour of FSWed aluminium
alloy weldments with special thrust on AA2014 and AA6061-T6 alloys. The chapter ends
by highlighting the research gaps and detailed objectives of the thesis work.
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Chapter 3 presents the details of the experimental procedures followed for achieving the
research objectives and different testing techniques considered for conducting FSW
experiments. This chapter also outlines different test techniques used for the considered
sample and characterization technique for different sets of experiments.

Chapter 4 presents optimization of the process parameters and its effects on mechanical
and microstructural properties of FSWed AA2014 Al alloy to get defect free joint.

Chapter 5 deals with the creep analysis at localized weld zones of the selected defect free
joint as optimized from the previous parametric analysis of AA2014 Al alloy through IC

technique.

Chapter 6 deals with FCGR analysis at selected weld zones of defect free AA2014 Al
alloy weld obtained from the parametric analysis.

Chapter 7 starts with the effects of individual process parameters on microstructure and
mechanical properties of FSWed AA6061-T6 Al alloy.

Chapter 8 represents the detail analysis on the IC test performed at various weld zones of
defect free weld joint obtained from previous parametric analysis of FSWed AA6061-T6
Al alloy.

Chapter 9 presents the FCGR behaviour study at localized weld zones of defect free

FSWed AA6061-T6 Al alloy sample obtained from the parametric analysis.

Chapter 10 casts the brief conclusions of the present research work with related future

scope of the work.

This is followed by references.

A methodology flow diagram relating to all the chapters of the thesis is presented as a
flow diagram for the easy and quick understanding of the thesis work. This flow diagram

may add value.
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Aluminium alloy

U

Microstructure study by OM & SEM,
Tensile testing

U

FSW Process parameter | a. Trial experiments
optimization b. Microstructure study

c. Tensile test

FS welding for
IC and FCGR test

samples

Microstructure study and
identification of different weld zones

Specimen preparation for
1. IC testing
2. FCGR testing
through the different weld zones

.

¥ -
Indentation creep testing FCGR testing
of weldments of weldments

V v

a. Data Analysis
b. Fractographic study by SEM / EDX

a. Data analysis
b. Microstructue analysis of IC
tested sample under microscope

Fig. 1.3. Flow diagram of the thesis
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Chapter 2

Literature Review

2.1 Introduction

FSW possesses a number of advantages over the other welding processes. It uses a
non-consumable tool that can be used repeatedly to weld the materials without any arc or
flame, any shielding gas and flux that do not generate any spatter and fumes. The process
is relatively easier to perform and environmentally friendly. FSW process does not need
the material to be melted as the temperature involved is below the melting point
temperature of the material. The material is only brought to a plasticized state and hence
the difficulties of shrinkage after solidification is absent. It is an energy efficient process
with minimum residual stresses and distortion in the weldment compared to the other
welding processes. Superior quality welds are obtained with better mechanical attribute
and finer microstructure with respect to the fusion welding process. FSW process is proved
to be very useful for the alloys those are found to be difficult to weld with fusion welding

processes.

The shipbuilding and marine industries are the initial two industrial sectors that
implemented FSW procedure for commercial purposes. Other sectors are land
transportation, railway industry, aerospace industry and land transportation industry.
Shipbuilding and marine industrial sectors use superstructures, decks panels, bulkheads,
sides, floors, marine and transport structures, offshore accommodation etc. Presently the
aerospace industry accommodates the FSW process to weld different prototype parts. A
successful implementation of FSW process on Al cryogenic fuel tanks for space vehicles
is found. The aerospace companies namely Boeing, Eclipse and Airbus etc. are
successfully applying FSW process to produce the individual parts. FSW process has
brought revolution in Railway industry by producing high speed trains with Al extrusions.
It incorporates container bodies, railway rolling stock, trams, underground carriages,
railway tankers and goods wagons. FSW is widely used in Land transportation sectors for
the welding of wheel rims, chassis cradles, tailored blanks, attachments to hydro formed
tubes, tail lifts for lorries, tail light panels, fuel tankers, buses and airfield transportation

vehicles as well as motorcycle and bicycle frames.
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Extended researches are carried out to explore the application of FSW process on
various materials and sectors all over the globe. The literature reveals selection and effect
of process parameters on weld quality, quality estimation of the joint through different
procedures. Since this research work is focused on the FSW of AA2014 and AA6061. The
relevant literature related to the viz, process parameters and their effects on mechanical
and microstructural properties, high temperature deformation behaviour and fatigue crack
growth behaviour of the FSWed Weldments. The literature study includes six separate

sections.

» Section 2.2 discusses the available work related to the effect of various process
parameters on the mechanical properties and microstructure properties of FSWed Al
alloy joints.

» Section 2.3 presents the work performed in the field of creep deformation of
weldments. In this section special attention is made to highlight the literature related
to the impression creep (IC) of FSWed Al weldments.

» Section 2.4 reviews on the literature related to FCGR behaviour study of FSWed Al

alloys.

2.2 Effect of process parameters on microstructure and mechanical

properties of FSWed Joints

The microstructure and mechanical properties of the FSW joints depend on the
selection of various process parameters. The input parameters for the welding and the
output qualities of the welds are interdependent, nonlinear and complex. The correlation
between the parameters and the output attributes are studied in many FSWed weldments.
The welding parameters viz; the tool rotation and welding speeds with the mechanical
attributes are correlated in FSWed joints of AA2139-T8 and AA7020-T651 (Bertrand et
al., 2019). They found that the joint hardly failed at the NZ and most of the specimens
failed at the HAZ which was the region of low hardness due to the faster coarsening of n-
precipitates present in the matrix (Bertrand et al., 2019). The tensile behaviour and
corrosion resistance of AA2014 aluminium alloy FSWed at seven different speeds
revealed that the highest temperature was achieved at higher tool rotation speed and lower
welding speed. Microhardness and corrosion resistance of the weldment were found to be
the best at low rotation speed and high traverse speed (Sinhmar et. al., 2019). The

10
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influences of various tools with a high ratio of depth-to-width on weld quality, hardness,
grain structure, as well as crystallographic texture in the FSW process were also studied
(Ahmed et al., 2019 and Huang et al., 2018). In the FSW of AA2198/AA2024, it is realized
that as the tool traverse speed was increased the over-all hardness of the joint increased
and kissing bond defects are formed (Khalilabad et al., 2018). In the FSW of AA2219-T6,
it is possible to fabricate higher quality weld at higher speeds using hybrid tool pin profile
without any harm to the tool pin than the conventional conical threaded tool (Mastanaiah
et al., 2018). The mechanical and microstructural characteristics of both similar and
dissimilar FSWed sheets of AA2219 and AA7475 were investigated at process parameters
of rotation speed, welding speed and tool tilt angle and found that grain refinement occurs
at the NZ. The dissimilar metal FSWed joint exhibited poor tensile strength due to
improper metal transfer during welding. The retreating side of the thermo-mechanical
affected zone (TMAZ) showed the lowest microhardness due to thermal softening (Khan
et al., 2017). During the FSW process heat generated by the tool due to friction has a
remarkable effect in reducing the (i) minimum hardness, (ii) heat affected area and (iii) its
distance from the weld centre (Sun et al., 2017 and Wu et al., 2015). Investigation on the
effect of process parameters viz: tool rotation speed, welding speed, axial load and the
shoulder to pin diameter ratio (D/d) for AA2024-T6 and AA7075-T6 in dissimilar FSW
was carried out and found that D/d ratio has the maximum effect on the microstructure and
mechanical properties (Saravanan et al., 2016). The hardness variation at constant tool
rotation speed and different welding speed of FSWed dissimilar joints of Mg—Zn-Gd and
Mg-Al-Zn alloys carried out revealed that the tensile properties of the joints are
significantly influenced by the material’s positions, grain size and crystallographic
orientation. Defects formed at lower heat input conditions due to insufficient metal
plasticization (Luo et al., 2016). FSWed AA2024 produced excellent quality weld by scroll
shoulder and tri-flute pin at high welding speed. The welds achieved were defect-free and
with a good ductility (Trimble et al., 2015). The influence of different process parameters
along with the tool pin design chosen for the experiment on the mechanical aspects of
AA2014-T6 was studied and found that the quality of weld achieved by hexagonal tool
pin profile was superior compared to the conical one (Kadaganchi et al., 2015).
Investigation on the effect of tool rotational speed on the mechanism of bonding at the
interface of FSWed dissimilar Ti-6AlI-4V/AA6061 revealed that the tensile properties and

11
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micro-hardness were increased due to recrystallization. The tool rotational speed causes
the formation of the intermetallics at the joint line (Rajesh et al., 2018).

The effect of various process parameters namely, tool rotational speeds, tool forces,
and welding speeds on the weld strength of FSWed AA2219-T87 were investigated by
(Sahu et al., 2020). The rotational speed, welding speed, diameter of the shoulder as well
as tool pin were considered as process parameters for the and their influence on joint
strength was realized (Arora et al., 2010). The variation in microstructure and mechanical
properties with the tool rotation speed and welding speed in the case of FSWed AA6060
were investigated (Kucukrendeci, 2015). The grain structure at NZ and tensile properties
were studied relating to the chosen process parameters in FSWed AA7075-T6 (Rajakumar
and Balasubramanian, 2012). The authors have studied the relationship between various
process parameters and the microstructural behaviour of the FSWed Al alloy (Padhy et al.,
2018). The study of the process parameters like rotational speed, welding speed and the
axial force on the tensile properties of A356 and C355 aluminium alloys joint were carried
out and the best welding parameters were decided by response surface methodology
(Dwivedi, 2014). Extensive study is carried out on the effect of various tool pin geometries
on the microstructure and mechanical properties of FSWed AA5086-H34 (Rambabu et al.,
2015). Investigation on the effect of alloying element Zn during Friction stir welding of
Al/Cu was revealed that Zn enhances the weld qualities (Sahu et al., 2019). Effect of tool
pin geometry at constant tool rotational speed on the FSW joint quality of AA6061 and
realized revealed that the hexagonal pin yielded the best joint quality (Prasanna et al.,
2013). The influence of tool pin profiles and power consumption during FSW were studied
and modeled by the finite element method (Ahmed et al., 2019). In dissimilar FSW of
AAB061 to AA5086 the effect of process parameters on the joint quality was evaluated

with respect to the tensile and microstructure (llangovan et al., 2015).

More insight is required for FSW of different grades of high strength material like
AAB061 alloy. Jayabalakrishnan and Balasubramanin (2017) investigated the effect of
different process parameters and tool path pattern on the mechanical properties and
microstructure of AA6061 alloy. Kadian and Biswas (2017) studied the material flow
pattern of during FSW of AA6061 alloy and observed that the material movement was due
to tool shoulder and pin profile. Das et al. (2018) worked on the similar and dissimilar
FSW of AA6101-T6 and AA6351-T6 alloy and studied the microstructure and mechanical

12
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properties for the weldments. observed Investigation of the fatigue behavior of AA6061
alloy weldment by Uematsu et al. (2006) indicated that the fatigue strength of the welded
joint is lower than the base material (BM). Haldar et al. (2018) observed the effect of tool
material on the mechanical and microstructural properties of AA6061 alloy joint and found
that the tool was not affected by plastic deformation. Huang et al. (2019) used tool probe
profile with a disc at the top of the tool for the FSW of AA6061 alloy which resulted in
defect free weld. Kumar and Patel (2020) studied the effect of SiC/SisNs micro-
reinforcement at the weld joint and observed enhanced mechanical and wear properties of
AAGB061 alloy weldment. Zhang et al. (2020) studied the fatigue crack growth behaviour
of AA6061 alloy and found that the nugget zone exhibited finer grain size with lower
hardness and impact absorbing energy compared to base material and heat affected zone.
Tao at al. (2016) observed special grain boundary at the nugget zone (NZ) of FSWed
AA6061 alloy at different weld parameters. Kalinenko et al. (2020) detected the
microstructure and strength relationship in FSWed AA6061 alloy. Trueba et al. (2015)
observed the effect of tool shoulder features on defect free weld and its effect on the tensile
properties of the FSWed AA6061 alloy.

2.3 Study of creep deformation behaviour in weldments

In this section literature regarding the high temperature creep deformation in the
welded materials are discussed with a special attention given to the IC behaviour of the
FSWed joints. Researchers have evaluated the FSWed joint quality in terms of mechanical
attributes through several methods. Rao et al. (2010) suggested evaluating the joints by
uniaxial tensile tests. The authors have used hardness measurement and investigated the
variation of strength across the weld area, as hardness measurements can be able to provide
approximate information related to the variation in the stress-strain behaviour. Ceyhan and
Papierflieger (2007) discovered a sophisticated method for the measurement of the local
stress-strain behaviour in welded materials by micro tensile specimen taken out from the
welds. Their research has also been concentrated on the proficiency of the indentation
creep (IC) test to afford the tensile properties of the welded material. Phani and Oliver
(2016) pointed out that IC process is a popular method to study the high-temperature
deformation properties for its simplicity in the instrumental arrangement and simplicity in

carrying out the experiments. Liu et al. (2007) reported that the process can be applied in
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many fields due to its numerous advantages as it requires only a tiny test area,
comparatively less testing time than the conventional creep testing method and cheap.
Torre et al. (1991) cited the IC test as a non-destructive process which decreases the
properties variation from sample to sample. Chu et al. (1977) stated that the IC test is a
localized creep testing method. In this a flat end straight cylinder-shaped indenter of
diameter ‘d’ is pressed with a constant load ‘p’ on the surface of the specimen. The creep
sample and the indenter are embedded in the vertical furnace kept at the same temperature
and environment throughout the whole experiment. A linear variable differential
transducer (LVDT) measures and record the time dependent penetration depth of the
indenter into the sample. IC tests are applied to the FSW joint to estimate the joint quality
through analyzing the local stress strain behaviour. Haeberle et al. (2007) inspected the
creep resistance as well as other mechanical properties such as tensile strength and
compressive strength through micro indentation technique. Wang et al. (2014) carried out
compression creep test on FSWed oxide dispersion strengthed Ni-Cr alloys as well as on
as-received material at different temperatures conditions and estimated the the creep
parameters like stress exponents of the power law creep. They observed that the creep
resistance of FSWed material was lower than the BM and an after-weld heat treatment at
1598 K for 1 hour had significantly improved the creep strength due to the coarse-grained
microstructure. Rao et al. (2010) by a new technique determined the local stress—strain
properties of FSWed AA 5083 sheet based on instrumented indentation testing and found
that the results were compatible with that obtained from micro-tensile testing. Spigarelli
et al. (2011) studied the effect of FSW on the minimum creep rates of magnesium alloys
and also determined the minimum creep rate of the BM at different temperatures. They
compared the results and found that the variation in the creep properties was due to the
changes in the solid solutions and microstructural features. Except for FSWed specimen,
the IC test method is also applied in other welded materials. Vijayanand et al. (2014)
studied the IC behaviour of the high Nitrogen grade 316LN SS manual metal arc welded
joint at weld area, BM and heat-affected zone (HAZ) and found that the creep deformation
characteristics were not identical at each selected zones. The variation was due to the
variation in the microstructure and morphology of the joint. They were able to correlate
the I1C data with the uniaxial creep data and established a good relation. Prasanna et al.
(2016) correlated the mechanical properties of the stainless-steel welded joints derived

from IC studies at different test temperatures with the ultimate tensile strength of the

14
TH-3059_146103012



Chapter 2

welded sample and developed useful correlation equations. Yanga et al. (2018) carried out
in-situ creep test at the subzones in a CrMoV weldment at HAZ. The creep strength was
highest at the weld pass metal in the welding direction decreased in the order of multiple
welds passes through the thickness direction and HAZ and showed an inverse trend with
that of the creep ductility. 1C test differs from the conventional creep testing as: (i) it is
less destructive, quick to perform and a small quantity of testing material is sufficient. (ii)a
constant stress can be obtained with a constant load. (iii) the temperature and stress
dependence of the steady-state (or minimum) creep rate can be obtained on a single
specimen so the sample-to-sample property variation is less and (iv) absence of the tertiary
stage of IC test unlike the conventional creep makes the deformation more stable and hence
the test is better suitable for investigating near brittle materials.

As the I1C test can accommodate very small area of load application, the test can be
conducted at a localized zone requiring only very small sample size across which the
properties change, requires only less time and is cost effective (Das et al., 2018). Constant
load creep tests are carried out on the FSWed magnesium alloy (Mg Alloy) joint along
with the BM and the creep rates at different temperatures were compared, the
microstructural evolution during the high temperature creep deformation was studied
(Spigarelli et al., 2011). The IC behaviour at constant loading conditions of FSWed
polyethylene plate welded with different process parameters was studied and found that
the creep resistance increased after FSW process (Hoseinlaghab et al. 2015). Heat treated
oxide dispersion strengthened Ni-Cr alloy joined by FSW process exhibited superior creep
properties than the as welded sample and BM. The threshold stress was found to be
dependent on grain size and temperature (Wang et al. 2014). Creep properties were
reported to be reduced after the friction stir processing of AA2024 -T3 than the BM. The
authors have developed a modified constitutive model of the creep deformation
considering the variation in the microstructure and mechanical properties of the processed
alloy (Santecchia et al., 2020).

Except FSWed specimen IC technique was also employed to estimate the
deformation behaviour at high temperature on fusion welded specimen. IC behaviour of
P9 steel at individual zones of the weld carried out with different conventional welding
processes was investigated and result was correlated with the uniaxial creep parameters

(Surya et al., 2019). Automated ball indentation creep method was employed at different
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temperatures to realize the tensile properties of the weld zones of fusion welded 316LN
stainless steel. The weld metal represented the best tensile properties and the BM and the
HAZ showed improved work hardening behaviour than the welded metal (Ganesh Kumar
and Laha 2015). IC test method was applied to high nitrogen grade of 316LN SS manual
metal arc welded joint to evaluate the local creep behavior of different weld regions. The
variation in the creep properties were correlated to the dissimilar microstructural features
of the welded area (Vijayanand et al. 2014). The localized mechanical properties of the
modified indirect electric arc welded AA6061 at BM, weld metal and HAZ were estimated
by indentation creep technique and the evolution of weld zones with respect to the heat
input of the welding method was realized (Ambriz et al., 2011).

Except IC test, creep properties of the FSWed material were also evaluated by
instrumented creep testing process. By instrumented creep test method, the creep
resistance of FSWed 9% Chromium martensitic-ferritic steel which is dependent on the
precipitate evolution at the micro grain boundaries were studied and found out that the
precipitated lave phase particles deteriorate the creep strength of the welded material than
the BM (Cui et al., 2019). The effect of heterogeneity in the microstructure of the HAZ in
the FSWed joint of 9Cr 1.5W RAFM steel was studied. The particle coarsening after the
FSW process decreased the creep resistance of the welded sample (Zhang et al.,2019). The
creep deformation properties of the FSWed pipes of poly-methyl methacrylate along with
the BM at constant loading conditions with different initial stress and temperatures were
studied. The creep life of FSWed pipes subjected to the effect of both internal pressure and
rotation were found to be lower than the BM. Modeling for creep deformation by
constitutive models were also carried out (Vakili-Tahami et al., 2019). Instrumented IC
testing method was employed to FSWed AA5083 to figure out the variation in the
localized stress strain properties. A neural network method was employed to validate the

change in the mechanical properties as well (Rao et al., 2010).

2.4 Fatigue crack growth rate (FCGR) studies of FSWed Al Alloys

Friction stir welding of plates results in non-homogenous microstructures resulting
in different weld zones viz, NZ, TMAZ, HAZ and the BM. The non-uniformity in the
microstructure is mainly due to the variation in grain size and orientation and is of high

concern among researchers with regard to the fatigue performance of the components.
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Investigation by Jata et al. (2000) revealed that the non-homogeneity in the microstructure
of weldment resulting from the FSW process decreased the resistance to fatigue crack
growth rate (FCGR) of the material. Pouget et al. (2008) investigated the effect of weld
microstructure and the residual stress developed during the FSW process on the fatigue
behavior of AA2050. The fatigue crack propagated along both parallel and perpendicular
directions of the weld. During crack propagation parallel to the weld direction, FCGR was
faster through the NZ compared to the base alloy. However, considering FCGR in the
direction perpendicular to the weld direction, considering the correlation between effective
stress intensity factor Akesr and crack propagation rate da/dN and microstructure changes
at various weld zones, the authors observed higher FCGR in the NZ, which was
characterized by fine grain size, compared to other weld zones. Zhang et al. (2020) studied
the fatigue crack propagation (FCP) characteristics of Al alloy FSWed and found that the
resistance of NZ was inferior to the HAZ and BM due to the finer grain structure at NZ.
D’Urso et al. (2014) investigated the effect of welding parameters on the FCGR of FSWed
AA6060 and found that NZ exhibited lower FCGR than the other zones at low AK values.
They also investigated the rate of FCG at different weld zones of FSWed AA6060 and
reported the slower crack growth in the weld NZ than the BM.

Tra et al. (2012) investigated that residual stress and hardness of the FSWed
AA6063-T5 had negligible effect on the FCGR in SZ, rather the recrystallized
microstructure played a more essential role in this case. Gavras et al. (2010) found that in
the absence of weld residual stress, microstructural features have a great impact on the
FCGR in FSWed AA6061-T61 as well as other light weight metals. The threshold value
for the FCG in ultra-fine grains lowered due to the crack deflection. To identify the origin
of the fatigue crack in the FSWed joint, researches carried out further investigations
considering different factors. Lemmen et al. (2011) studied crack origins, examining the
TMAZ and HAZ and the effect of the weld line angle on fatigue life. Basel et al. (2016)
evaluated the location of the fatigue origin of FSW joints for different welding conditions.
Sharma and Mishra (2008) studied the origin of FCG in friction stir processed Al alloy
and investigated the effect of precipitate distribution in fatigue crack origin. The effect of
stress ratio (R) has a great role on the FCGR. Okada et al. (2017) considered three ‘R’
ratios of 0.1, 0.4, and 0.7 to study the FCP behavior of FSWed Al alloy and found that
with the increase in the stress ratios, the FCGR of the FSWed specimen followed the
similar trend as the BM. Also the BM showed a better FCG resistance than the FSWed
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sample with a decrease in R value. On contrary, Ma et al. (2013) did not notice any
effective difference in FCGR at the NZ and BM of FSWed specimen with R ratios.
However, Tanaka et al. (2013) evaluated the influence of stress ratio on FCG in friction

stir Al alloy weldments.

In FSW process, the metal gets plasticized and the temperature may rise to more
than 400 °C due to which the strengthening second phase precipitates are either coarsened
or dissolved in the matrix thereby degrading the tensile properties. To restore the
properties, a heat treatment (HT) process after FSW was carried out and the effect of post
weld heat treatment (PWHT) on the FCGR was studied. Sivaraj et al. (2014) reported that
FCGR at NZ improved and was comparable to BM after PWHT. HT process followed by
aging after FSW results in re-precipitation of the strengthening precipitates that improves
the mechanical attributes. Kafali and Ay (2014) performed PWHT on FSWed Al alloy and
found a decrease in the FCG properties but increase in the hardness. The decrease in the
fatigue properties was due to the defects like porosity in the weld joint. Tra et al. (2012)
conducted a post weld solutionising HT to FSWed Al alloy to restore the softened hardness
at and around the weld zones that improved the mechanical properties and FCP behaviour

of the joint.

Yadav et al. (2020) studied the microstructural effect of FSWed AA2024 on fatigue
crack growth rate (FCGR) at constant load ratio and found that the threshold stress
intensity factor increases after treatment (HT). Ilman et al. (2013) studied the FCP
behavior of FSWed AA2024-T3 and reported that at low stress intensity factor range the
FCGR at nugget zone (NZ) was lower than the others. Zhang et al. (2020) studied the FCP
characteristics of FSWed AA6061 along with other mechanical properties like
microstructure and hardness and found that the FCG resistance of NZ was inferior to the
heat affected zone (HAZ) and base material (BM). Moghadam and Farhangdoost (2016)
estimated the dependency of FCP properties of the FSWed AA2024-T351 at NZ on the
tool rotational and traverse speeds and found that the fracture toughness of the joints was
lower at both lower and higher traverse speeds. The FCP rate at NZ was lower than the
BM at low values of stress intensity factor range and faster at high values of stress intensity
factor range. Urso et al. (2014) investigated FCGR at different weld zones of FSWed
AAB060 and reported the slower crack growth in the weld NZ than BM.
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Fatigue crack growth rate are also known to be sensitive to the stress ratio i.e., R
ratio (ominomax). Okada et al. (2010) studied the FCP behavior of FSWed Al alloy at three
different ‘R’ ratios of 0.1, 0.4, and 0.7 and found that at higher stress ratio the FCP rate of
the FSWed specimen was same as the BM. With the decrease in the stress ratio, BM shows
better FCP rate than the FSWed sample. Moreira et al. (2008) studied the effect of stress
ratios on FCGR and reported that for both BM and NZ the FCGR was higher for high
stress ratios. In contrast, Ma et al. (2013) inspected the effect of stress ratios on the FCP
rates and found that the rate of fatigue crack propagation is not much sensitive to the R

ratio in the NZ as compared to that in BM.

Mishra et al. (2005) reported that during FSW process temperatures may rise up to
400-500 °C at the NZ and other zones as a result of which the strengthening precipitates
in the alloy matrix are either coarsened or dissolves in the matrix. These precipitates play
a major role during the FCGR in the weld. Thus, HT process after FSW is opted to produce
the desired change in the mechanical attributes due to re-precipitation of the strengthening
precipitates by aging. The effect of HT after FSW on the FCGR was studied. Sivaraj et
al. (2014) stated that the FCGR of FSWed Al alloy was more than the BM due to the
dissolution of the strengthening precipitates in the weld NZ. After HT of the welded
component, the FCG resistance improved and was almost equal to the BM. Kafali and Ay
(2009) performed the solutionizing HT at 550 °C followed by artificial aging on FSWed
Al alloy specimen and observed an increase in the hardness but a reduction in fatigue
strength due to the weld defect like porosity in the joint. Costa et al. (2017) compared the
effect of HT after FSW under cyclic and monotonic loading and concluded that FSWed
joint shows better mechanical attributes in monotonic loading in compared to cyclic. Tra
et al. (2012) conducted a post weld solutionising treatment and HT followed by aging on

FSWed Al alloy to improve the mechanical properties and FCG behaviour.

2.5 Major Gaps from the Literature

From the literature survey, several research gaps are evident where research

intervention is required. Few of the research gas are as follows:

» The material deposition and microstructural evolution at NZ of the FSWed AA2014
and the impact of plunge depth and tool pin profile on the weld is not understood

clearly.
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> No studies have so far been reported regarding the creep deformation behavior at
different weld zones of FSWed AA2014. This can be investigated by IC testing

» Limited studies are present on the investigation of FCGR along various weld zones of
FSWed AA2014 Al alloys. Also, only few reports are available regarding the study of
FCGR of FSWed weldments after post weld heat treatment.

> Detailed investigation is required regarding the effect of process parameters especially
the effects of tool pin profile, welding speed, rotational speed and plunge depth on
microstructural and mechanical properties of FSWed AA6061-T6 aluminium alloy
joint.

> Very less studies have so far been reported regarding the impression creep deformation
process at localized weld zones in FSWed AA6061-T6 Al-alloys.

» Almost no information is available regarding the fatigue crack growth rate along
different weld zones in FSWed AA6061-T6 Al-alloys. Study in this line can identify

the weakest region during fatigue loading.

2.6 Objectives of the present work

The main objectives of the present work are as follows:

» Carry out welding experiments to identify the best combination of process
parameters for FSW of AA2014 alloy.

» Study the high temperature creep deformation behaviour at different weld zones of
FSWed AA2014 through IC technique.

» Study the FCG behaviour through different weld zones of FSWed AA2014 Al alloy
weldment before and after HT.

» Study the effect of process parameters on strength, microstructure and fatigue
properties of FSWed AA6061-T6 Al alloy weldments.

> Investigate the impression creep deformation behavior at localized weld zones of
FSWed AA6061-T6 Al alloy weldment.

» Analysis of FCGR behaviour at selected weld zones of FSWed AA6061-T6 Al-alloy
weldment before and after HT.

The methodology adapted to complete the stated objectives, observations and summary of

the present work are discussed in detail in the subsequent chapters.
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Experimental Procedures

3.1 Introduction

This chapter describes in detail the experimental procedures and techniques
followed for achieving the objectives of the work. The different experimental set up used
for the FSW, the post welding processes, the equipment used and the techniques adopted
for the characterization have been presented. The post welding processes carried out viz.,
sample preparation, heat treatment, mechanical test procedure and macro/ microstructural
characterization, etc., have been presented in detail in the subsequent sections.
3.2 Material Preparation

The base materials for the FSW were obtained in the form of plates. The two
mating edges of the plates to be welded were milled to get better surface alignment which
were further smoothed by filing. Subsequent polishing using SiC polishing paper was done
in order to avoid any gap between the adjacent plate edges. Prior to the FSW process, the
workpiece surfaces to be welded, tool pin and the shoulder surface which will be in contact
with the plates were cleaned by acetone to remove any dirt, grease or oil that might have
been present at the edges. After FSW, samples of the required dimensions were machined
using a wire cut EDM machine and band saw followed by milling operation.
3.3 Experimental Methodologies

Two different types of Al alloys, namely AA2014 and AAG6061-T6 were
considered for the experiments. For each alloy similar sets of experiments are performed.
Three sets of experimental analysis were performed by using AA2014 Al alloy and
similarly another three sets by using AA6061-T6 Al alloy. The whole experiment was
divided into few sub-groups depending on the type of process adopted and grade of Al
alloy considered. The following sections represent the sub-groups as mentioned.

3.3.1(a) Optimization of Process Parameters for the FSW of AA2014 All.

It was necessary to identify the optimum combination of process parameters for
obtaining the best quality weldment. After optimized process conditions further
experiments like the impression creep studies and fatigue crack growth rate studies can be
carried out. Experiments were carried out to optimize the process parameters to get the
best defect-free weldment and the effect of process parameters on the mechanical
properties were investigated. In this case a total set of 16 experiments were performed by
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considering 5 individual process parameters. The base material (BM) used is AA2014 Al
alloy plates of 6 mm thickness. As per the standards, the chemical composition (wt.%) of
this alloy is Cu: 3.9-5%, Fe: 0.7%, Mn: 0.4-1.2%, Mg: 0.2-0.8%, Cr: 0.1%, Si: 0.5-1.2%,
Ti: 0.15%, Zn: 0.25% and balance Al. The composition of the alloy, determined by EDX
analysis is shown in Table 3.1 and indicates that the alloy is AA2014. Mechanical
properties of the AA2014 alloy as per the ASTM standard are shown in Table 3.2.

Table 3.1 The chemical composition (weight %) of AA 2014
Cu Si Mn Mg Fe Zn Al
4.7 1.2 0.5 0.4 0.3 0.2 Balance

Table 3.2. Mechanical attributes of the base material

YS (MPa) | UTS (MPa) | Elongation (%) | FS (MPa) | Bend angle (°) | Hardness (HV)

350 460 13 545 140 105

A knee-type vertical milling machine (Fig. 3.1) was used for the FSW of the
AA2014 alloy plates. The machine has provision for different spindle rotational speeds
ranging from 50 to 1500 rev/min in 12 steps and different welding speeds ranging from 22
to 550 mm/min in 8 steps. FSW tools of H13 tool steel with a pin length of 5.6 mm (decided
according to the plate thickness) designed with 4 different tool pin profiles were used for
this process. Figure 3.2 shows the photographs of 4 tool pin profiles: (a) straight cylindrical
(STC), (b) tapered cylindrical (TAC), (c) threaded cylindrical (THC) and (d) square (SQ).
The 100 mmx100 mmx6 mm dimension plates were welded by using FSW set up in the
rolling direction in a single pass butt joint configuration. As mentioned in Section 3.2, the
plates were edge prepared to obtain nearly zero gaps and the surface was cleaned by
acetone to avoid any chance of defect in the welds due to foreign particle. FSW was done
by varying the five process parameters presented in Table 3.3. For each considered process
parameter, three experiments were performed for repeatability. The results of the repeated
experiments indicate very negligible variation.

Subsequent to the FSW process, specimens were prepared from the weldments for
carrying out tensile test, flexural test, three-point bending test, micro-hardness test and
metallographic analysis. Figure 3.3 shows the photograph of the test specimens machined
from the weldment. The tests were carried out to assess the weld quality. The average
values of ultimate tensile strength (UTS), yield strength (YS), percentage elongation (%E),
bending angle, flexural strength (FS), hardness at different zones (HV) were determined

and microstructure of the welded region was also investigated. Tensile tests were carried
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out following the ASTM E8M-04 standard using a hydraulically operated servo-controlled
dynamic universal testing machine (UTM) (Make: INSTRON; Model: 8801). The
elongation during the tensile test was measured by using 50 mm gauge length
extensometer attached to the specimen. The bending test was carried out to determine the
FS and bending angle using a 3-point bending test set up compatible with the UTM. The

hardness of the HAZ, TMAZ, NZ as well as BM was measured using a Vickers micro

Fig. : .2. Tools used for FSW process (a) Straight Iindrical (STC) (b) Tapered
Cylindrical (TAC) (c) Threaded Cylindrical (THC) (d) Square (SQ)

The macro/microstructure of the weldment was studied using an optical
microscope (OM) (make: Carl Ziess, model: Axiotech). The specimen was mounted in
cold setting resin. This was then dry polished using different grades of abrasive papers
(grit sizes in the order of 300, 600, 800, 1000, 1200, 1500, 2000 and 2400) and
subsequently cloth polished using alumina suspension in water following the standard
metallographic sample preparation procedure. In order to observe bead geometry, grain
distribution and variation in the grain size of the different weld zones, the specimen were
etched using modified Keller’s reagent. After etching, the microstructure was investigated
using the OM. The failure surfaces of the tensile tested samples were investigated using a

field emission scanning electron microscope (FESEM).
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Table 3.3 Experiments conducted with different process parameter combinations

Exp. | Shoulder Plunge Tool Pin Profile Tool Rotation Welding

No Diameter Depth Speed Speed
(mm) (mm) (rev/min) (mm/min)

El 16

E2 20

E3 24 0.03 Straight cylindrical 600 22

E4 28

E5 0.06

E6 24 0.09 Straight cylindrical 600 22

E7 0.12

ES8 Tapered Cylindrical

E9 24 0.06 Threaded Cylindrical 600 22

E10 Square

E1l 815

E12 24 0.06 Square 1100 22

E13 1500

El4 36

E15 24 0.06 Square 815 63

E16 98

_____________________________________

Microstructure s

ardness test spem
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Tensile test specimen
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Fig. 3.3. Photographs of different test specimens extracted from the welded plates.

3.3.1(b) Optimization of Process Parameters for FSW of AA6061-T6 Al

The FSW experiments of AA6061-T6 Al alloy were carried out for various process

parameters and their effect on mechanical and microstructural properties were also
evaluated. A total of 10 experiments were conducted with 4 process parameters with the
objective of obtaining joints with best mechanical attributes. The alloy used for this
investigation was commercially purchased AA6061-T6 alloy plates of dimension
200x100x6 mm with chemical composition (in weight percentage) of Mg: 0.8%-1.2%, Si:
0.4%-0.8%, Cu: 0.15%-0.4%, Cr: 0.04%-0.35%, Fe: 0.7%, Mn: 0.15%, Ti: 0.15%, Zn:
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0.25% and balance Al. The composition was also analyzed by EDX. The plates were
FSWed in single pass butt configuration. The mechanical properties of the as-received BM
plates, determined from the tensile test, are presented in Table 3.4. The parameters
considered for the present study are tool pin profile, plunge depth, tool shoulder diameter
and tool tilt angle at different levels. However, from the trial experiments and our previous
research work the welding speed of 60 mm/min and the rotational speed of 875 rev/min
are kept constant for all the experiments. The range and values of each process parameter
are presented in Table 3.5. FSW tools of H13 tool steel with different tool pin profiles as
shown in Fig. 3.2 were used for this investigation with the only difference that the pin
length, as determined from the plate thickness, was fixed as 5.6 mm for all experiments.
FSW experiment was carried out on the same machine setup as shown in the Fig.3.1.

100100

'

- 40 i - 25—~ -~40 -
Hardness N |
Microstructyre 2|0
|Bend test £
: \ 180
Fatigue test

Tensile/Fatigue test specimen with dimension

[Flexural test © 200

- ==z
|Ten51le test 28 —

Flexural test

- 180

Tensile test ] ] ] ] ]
Flexural and Bending test specimen with dimension

All dimension in mm
Fig. 3.4. Schematics of extraction of different test specimens from the welded plates and
specimen geometry

Table 3.4. The mechanical properties of the as-received AA6061-T6 alloy plate
Ultimate Tensile  Yield  Elongation Flexural Bending Grain Hardness
Strength (MPa)  Strength (%) Strength  Angle (°)  Size (HV)

(MPa) (MPa) (um)
310 270 11 505 140 85 105

The quality of the weld processed under the conditions mentioned in Table 3.5 was

evaluated following the similar tests procedures mentioned in Section 3.3.1(a). Figure 3.4
shows the details regarding the specimen geometry and the locations of various specimens
which were extracted from the welded plates. Joint quality attributes such as UTS, YS,
%E, bending angle, compressive strength as well as HV at different weld areas viz. NZ,
TMAZ and HAZ were determined along with the macro-microstructural analysis for each

test specimen.
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Table 3.5 Considered process parameters for the present work

Exp. | Shoulder Diameter Plunge Tool Tilt Tool Pin Profile

No of Tool (mm) Depth (mm) | Angle (°)

E1l 18 Straight Cylindrical (STC)
E2 21 0.03 1

E3 24

E4 0.06 Straight Cylindrical (STC)
E5 21 0.09

E6 2 Straight Cylindrical (STC)
E7 21 0.06 3

ES8 Tapered Cylindrical (TAC)
E9 21 0.06 2 Square (SQ)

E10 Threaded Cylindrical (THC)

* Tool rotational speed 875 rev/min and welding speed 60 mm/min are fixed

3.3.2 Impression Creep Testing

Impression creep (IC) test is carried out as an alternative and fast technique to
obtain the creep deformation behavior-of the weldments. The general principle of the IC
testing is shown schematically in Fig. 3.5. A cylindrical flat end indenter having diameter
‘D’ is pressed on the work piece at a constant temperature and compressive loading ‘P’
The time dependent flow of material under the indenter is understood by recording the
impression depth (d) which is a function of lapsed time. The equivalent compressive stress

(o) which is the mean pressure beneath the indenter for the IC process was found to be

o= (3.1)

D2

IC tests were carried out in an indentation creep testing setup (Make:
Spranktronix). Figure 3.6 shows the photograph of the IC testing set up used for the present
study. The set up consists of the following basic units: (i) a loading frame for load
application, (ii) dead weights, (iii) extension rods to transfer the load from the loading
frame to the sample, (iv) indenter holder fitted at the end of the extension, (v) sample
holder, (vi) thermocouple, (viii) PID controller for temperature control, (vii) resistance
heated furnace for heating the test sample (ix) linear variable differential transducer
(LVDT) for measurement of indenter displacement and (x) data acquisition system (DAQ)
for measurement and acquiring the temperatures, load and indenter displacement data.

During IC test, the load was applied through the tension rod on to the indenter and
was measured through the load cell. The sample and the indenter assembly were
surrounded by a vertical furnace. The displacement of the indenter was measured through

LVDT. The correctness of the displacement and the thermal control were up to 0.1 mm
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and £1°C respectively. The creep curves were acquired and recorded by the DAQ. Creep
curves were obtained only for the primary and secondary creep regions since in IC tests,
tertiary creep region is generally not obtained. IC tests were stopped after achieving a
steady-state creep stage. Assuming power law equation, the creep parameters for the
different weld zones are determined at the secondary creep.

ol

< Indenter

D Work-piece

| |

£

Fig. 3.6. Impression creep test setup and indenter-work piece assembly of the furnace.

IC tests were carried out at temperatures greater than 0.5Tm where, Tm is the
absolute melting point temperature. The applied constant stresses were in the range of (40
—90) % of the measured yield strengths at the respective temperatures. The creep equation

considered in the present study was of a power law creep expressed as

¢ = Aome 7D (3.2)
Where ¢ is the steady-state creep rate, n is stress exponent, A is a constant, Q is activation
energy for the process, R is the universal gas constant, T is the temperature in K and o is
equivalent stress. The equivalent stress for the IC test is calculated using equation 3.1 with

the value of D =1 mm
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The steady state creep rate € is calculated as the lowest creep rate value found
from the strain rate vs. time curve for each experimental condition. The value of stress
exponent n is determined from the slope of the linear fits of the log-log plots presented as

the function of & “with respect to the equivalent stress (¢). The apparent activation energy
for the IC deformation processes (Qic) is evaluated from the slope (slope :%) of the

semi logarithmic plot In(¢) vs (1/T) at constant stress, where T is in K.

3.3.2 (a) Impression Creep Testing of FSWed AA2014 Al Weldments

One of the objectives of the present work is to understand the high temperature
deformation of different weld zones by IC test. The present section describes the
procedures followed for the IC testing of FSWed AA2014 Al alloy weldments. From the
results of the experiments mentioned in Section 3.2.1(a), the welding of plates was carried
out using the process parameters obtained for the best welding conditions thereby
obtaining defect free weldment.

The process parameters for obtaining the best weldment were square tool pin, 24
mm shoulder diameter, tool rotation speed 815 rev/min, welding speed 63 mm/min and
single pass butt FSW. Sufficient number of plates necessary for carrying out all
experiments were welded under the above conditions. Samples with dimensions 24 mm x
6 mm x 6 mm from the welded region (Fig. 3.7(a)) shown in Fig. 3.7(b) were machined
for the IC tests. The machined samples were initially dry polished using SiC polishing
papers and subsequently cloth polished using colloidal silica as medium to achieve a very
smooth surface. Light etching was carried out using modified Keller’s reagent of 2ml HF
(48%), 3 ml HCL (conc.), 5 ml HNOz (conc.), 190 ml H20 for revealing the NZ, TMAZ,
HAZ and BM by macroscopic observation. Once various weld zones are identified, IC
experiments were carried by placing the indenter on the specific weld zone. Tungsten
carbide (WC) indenter with 1 mm diameter and 3 mm height fixed to the holder shown in
Fig. 3.7(c) was used for carrying out the IC test at NZ, TMAZ, HAZ and BM.

The IC experiments were carried out at temperatures above 0.5 T (Tm = 620 °C)
where T is the melting temperature of alloy in Kelvin. For AA2014 alloy, Tm corresponds
to 620 °C. Test temperatures chosen corresponding to 0.5 Tm, 0.53 T, 0.56 Tm. ie., 310,
330 and 350 °C respectively. Experiments were carried out at three stress levels for each

test temperatures. The IC experimental test matrix are shown in Table 3.6 for each
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combination of temperature and stress. IC tests were carried out by placing the indenter at
NZ, TMAZ, HAZ and BM of the weldment using the equipment shown in Fig. 3.6. In each
zone, experiments were carried out for all the nine conditions specified in Table 3.6. The

detailed procedure of the IC test is mentioned in Section 3.3.2.

15mm

B 1 |

3mm

Fig. 3.7. photographs showing (a) FSWed plate with the weld location (b) IC tested
sample with the impression of indenter and (c) WC indenter

Table 3.6 Experimental matrix for the impression creep test

Exp. No. | Temperature Range (°C) | Stress Range (MPa) Creep Test Zones
El 21
E2 310 24 BM, NZ, TMAZ,
E3 27 HAZ
E4 21
E5 330 24 BM, NZ, TMAZ,
E6 27 HAZ
E7 21
E8 350 24 BM, NZ, TMAZ,
E9 27 HAZ

In order to study the microstructure, the IC tested sample was sectioned transverse to
the load axis (i.e., parallel and along the impression mark). Proper care was taken during
the sectioning as well as polishing. The sectioned surface was mirror polished,
metallographically etched and the microstructure below the indenter in each localized zone
was investigated under the OM. The hardness after the IC test was determined using a
micro-hardness tester. The detailed microstructure of the IC tested samples were
investigated using FESEM. EDX analysis of the second phase particle was performed to
determine the chemical composition of the second phases precipitated during the IC test.
3.3.2(b) Impression Creep Testing of FSWed AA6061-T6 Al Alloy

The objective of this section is to highlight the procedure of IC testing and
microstructure studies of IC tested AA6061-T6 weldment. Samples are taken from the best
welded plates of AA6061 Al alloy of Section 3.3.1(b). The plates were FSWed using a
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square pin tool of 21 mm shoulder diameter at tool rotation speed 875 rev/min and welding
speed 60 mm/min, plunge depth of 0.06 mm and 2° tool tilt angle in a single pass butt
FSW. For the extraction of IC test samples from the welded plate the same preparation
method was adopted as in previous case (Section 3.3.2(a)). The IC experiments were
performed on BM and NZ, TMAZ and HAZ of the FSWed samples using the same IC test
set up mentioned in Section 3.3.2. A set of 9 experiments were carried out with the
combinations of temperature and stress for each selected zone as given in Table 3.7. The
procedure of carrying out the experiments were similar to that followed for the AA2014
alloy. Macro/microstructural evolution and characterization of IC tested sample was

carried out and the sample was prepared according to the method as mentioned in Section

3.3.2(a).
Table 3.7 Experimental matrix of IC testing for AA6061-T6 weldment
Expt. No. Temperature (°C) | Stress (MPa) IC test zones
El 24 BM, Nz,
E2 326 28 TMAZ, HAZ
E3 32
E4 24 BM, NZ,
E5 359 28 TMAZ, HAZ
E6 32
E7 24 BM, NZ,
E8 378 28 TMAZ, HAZ
E9 32

3.3.3 FCGR Studies along Different Weld Zones of FSWed Al Alloy

The procedure of carrying out the fatigue crack growth rate (FCGR) experiments
of FSWed weldments is presented in this section. For this purpose, compact tension (CT)
specimen were machined out from the best weldments in both as-welded defect free as
well as post weld heat treated (PWHT) samples. The welded samples for metallographic
observation were initially rough polished and etched with modified Keller’s reagent to
reveal the specified zones; viz. NZ, TMAZ and HAZ under OM. Once the weld zones
were identified and properly labelled, the CT specimens were machined such that the
machined notch tip of the CT specimen is positioned in the particular weld zone and the
machined notch is aligned parallel to the weld direction. This is mainly to ensure that the
crack propagation is along the particular weld zone. CT specimens were prepared as per
the ASTM E-647 standards having width (w) of 50 mm and thickness (t) of 6 mm and
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surfaces were polished with 600 grit polishing papers. The orientation of notches during
the sample preparation of the CT specimen is illustrated in Fig. 3.8. The geometry and
photographs of the CT specimens are shown in Fig. 3.9(a-b) respectively. Photograph of
the CT specimen attached to the testing setup, the crack growth direction and few fractured
surfaces are presented in Fig. 3.10(a-c).

Weld line

T = |
= | Y S
f [ | |

Notch at HAZ ~ Weld line

Notch at NZ Notch at TMAZ

Fig. 3.8. Schematic extraction of CT samples from welded plate with initial notches
at NZ, TMAZ and HAZ

FCGR experiments were carried out in the closed loop servo hydraulic controlled
universal testing machine (UTM; Make INSTRON; Model: 8801) following ASTM E-
647(1) and ISO 12108 (2) test procedures. Initially pre-cracking of the machined notch
was carried out as per the standard. This was mainly to achieve a very sharp crack at the
crack tip. After the pre-cracking, all the experiments were carried out at room temperatures
at a constant Pmax at a sinusoidal frequency. For the FCGR studies through each weld zone,
experiments were done at three R values of with a constant amplitude cyclic loading. The
crack length is measured by the crack opening distance (COD) gauge according to the
concept of unloading compliance technique. The test is stopped when COD travel reaches
the desired limit or crack becomes unstable.

The crack length vs. number of cycles (a vs. N) and 4K vs. N data were recorded
during the entire period of the experiment. The a vs. N data was smoothed by seven-point
incremental method. From this, the da/dN vs. 4K plot was evaluated and plotted. Stress
intensity factors for each experimental condition are calculated by following the ASTM
E647 guidelines. Using 4K,z the effective stress intensity factor range for the FCGR
testing, fatigue crack growth rate curves are obtained. Figure 3.11 shows schematically a
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da/dN vs. 4K plot for general ductile alloys. For analysis of the data, especially for

determining the constants of the Paris law for crack propagation through each zone for the
three R values.

6=0.25
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e 50=0.25 1
13.75£0.25 T 103 |
> v ~
SV, NN ) ropmpepemn,. ~~ =" 3 60=0.5
]
13.75£0.25 i _/_mzs
I
v
|
3 ip 62.520.5

Fig. 3.9. Shows the (a) schematic drawing, and (b) photograph of a machined CT specimen

Fig. 3.10. Photographs showing (a) FCGR testing set up, (b) FCGR specimen crack
line, (c) fracture surface after FCGR testing

Stage | as shown in the figure is called as threshold (AKth) crack growth region
where the FCG rate is considered to be almost zero, i.e., 107° m/cycle. Microstructural
features affect the FCP rate at this region. In the stable crack growth region or stage I, for
most of the metallic materials the FCGR generally lies in the range of 10 to 10 m/cycle.

Stage Il is the unstable crack growth region that involves rapid crack growth of
nearly10® m/cycle and the curve approaches the critical stress intensity factor (SIF) (Kic)
of the material. The Paris law, da/dN vs 4K is applicable only in uniform crack growth
region (stage I1). The Paris constants C and m are determined by curve fitting by the linear

regression analysis, where m and C corresponds to the slope and intercept of the best fitted
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line. The maximum and minimum load values for the load ratios are selected as per the

ASTM standard and is governed by the following relations,

M
' |
Stage I | Stage II Stage III
Log(da/dN) :
|
mm/cycle I
[ yele] i Paris law :
I
! |
' [
[
_ [
! da/dN = C(AK)™ |
e |
: Stable crack growth 1
!
I
| =~

Fig. 3.11. Log-log plot of the da/dN vs 4K regions during the FCGR test

R=Pmin/Pmax (3.3)
Prmax=AP/1-R (3.4)
Pmin = AP/ (1/R — 1) (3.5)

To get the FCGR, Paris model is implemented as follows:

Da/dAN=C(UK)™  for AK >AKth (3.6)
Where C and m are material constants, 4K is the threshold stress intensity factor range.
The expression for ZK for the CT specimen is given as:

AK=(AP/BNW) f(a/W) (3.7)
Where 4P is the applied tensile load range, B the specimen thickness, W is width of the

CT-specimen from load line, a is the initial crack length, and the function f(a/W) is:
fla/W) = [2+B)/(1-p)*?] (0.886+4.645—13.32°+14.725°—5.605% (3.8)

Where S = a/W.

In order to achieve a uniform microstructure thereby avoiding the non-
homogeneity in the properties across the weld, a post weld heat treatment (PWHT) of the
welded samples were also carried out. The FCGR studies of the post weld heat treated
samples were also carried out. Since, it was found that the heat treatment resulted in a

homogenous microstructure across the weld, the studies were carried out only through the
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NZ. Tensile tests and Vicker’s micro-hardness tests were performed on the samples after
HT and the results were compared to the results without HT. Metallographic study by OM
was also carried out after the FCGR test. Fractographic study of the surfaces of the fatigue

ruptured and tensile fractured specimen before and after HT was carried out by FESEM.

3.3.3 (a) FCGR Studies of Different Weld Zones in FSWed AA2014

The section is about the FCGR analysis at specified weld regions of the best
FSWed AA2014 Al alloy sample in the as welded conditions and after PWHT. For the
FCGR analysis, specimens were extracted from the defect-free best quality welds in terms
of the mechanical and metallurgical properties achieved from Section 3.3.1(a). The
samples are extracted from the FSWed plates welded with 24 mm shoulder diameter with
squared pin, 0.06 mm plunge depth, tool rotational speed and welding speeds of 815
rev/min and 63 mm/min respectively with a single pass butt geometry. The dimensions
and method of extraction of CT specimens for the FCGR study were as per that mentioned
in Section 3.3.3. Figure 3.12 shows the photograph of CT samples extracted from FSWed
plates. FCGR tests were performed at room temperatures at a constant Pmax = 3.5 kN and
sinusoidal frequency of 20 Hz. The studies are done at each weld zone at three R values
of 0.1, 0.33 and 0.6 with initial notches at NZ, TMAZ, HAZ and BM. Paris law was
employed in the crack propagation region and from the linear fits of the double logarithmic
plot between the da/dN vs. AK, C and m values were calculated.

Fig. 3.12. shows the CT specimen location for different weld zones. Dashed line
corresponds to the weld bead width
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The samples were PWHT at 530°C for 1hr then water quenched and then subjected
to a precipitation heat treatment at 175 °C for 18 hr. FCGR tests were performed at NZ
with R=0.1 on the PWHTed sample. Tensile tests and Vickers micro-hardness tests were
performed on the samples after HT and the results were compared to the results without
HT. Metallographic study by OM was performed to visualize the microstructural
characteristics. Fractography of the fatigue fractured and tensile tested sample after HT
was carried out by FESEM.

3.3.3 (b) FCGR Studies of Different Weld Zones in FSWed AA6061-T6
The procedure followed for the FCGR studies of AA6061 Al alloy is presented in
this section. As per the results obtained from the experiments mentioned in Section
3.3.1(b), the defect free and best welded samples were obtained when FSWed using a
square pin tool having 21 mm shoulder diameter, a tool rotation speed 875 rev/min,
welding speed 60 mm/min, plunge depth of 0.06 mm, 2° tool tilt angle and with a single
pass butt FSW. The UTS, YS and flexural strength of the best considered sample was 97%,
98% and 98% of the BM respectively. The extraction of CT samples, geometry of the
specimen used and preparation method of the FCGR sample is similar to that mentioned
in Section 3.3.3(a). Crack growth studies through the BM, NZ, TMAZ and HAZ were done
at the same Pmax and the three R values opted for AA2014 Al alloy. The data recorded
during the testing and post processing and analysis of data were carried out by the same

procedure mentioned in Section 3.3.3(a).

In order to achieve a homogeneity in the microstructure and properties of the weld
region, a PWHT was given to the welded sample. This was solutionising at 515 °C for 1hr.,
followed by quenching in water and subsequently age hardening at 175 °C for 18hr. The
results obtained for the as welded and heat treated (HTed) samples were compared with
the BM. Hardness values at various weld zones after HT was determined and the results
were compared with the sample without HT. Tensile properties of the welded sample were
estimated after HT. Microstructure and fractographic studies of the failed samples were
carried out by similar procedure adopted for AA2014 Al weldments.

3.4 Tensile Test

Tensile tests were carried out per ASTM standards E8BM-04, using the UTM in

which the FCGR tests were carried out. Figure 3.13 depicts the schematic geometry of the

tensile test specimen. A 50 mm gauge length extensometer was used to measure the
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elongation across the gauge length during the tests. Tensile specimens were machined
from the as-welded and post weld HTed plates. For each experimental conditions two
samples were tested and the average of the readings is reported in the present work. The
UTS, YS and percentage of elongation are measured determined for the as-welded as well
as post-weld heat treated samples.

jr|'— 45 —" - 25— b

J’—
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. 190
Fig.3.13. Schematic diagram of the tensile test specimen

3.5 Hardness Test

The hardness across the weld zone was measured using a Vickers micro-
hardness tester as per ASTM standards E384 (Make: Buehler; Model: Micromet-2101).
Figure 3.14 shows the photograph of the hardness testing equipment. The specimens for
the hardness testing were sliced from the welded plates, normal to the welding direction.
The sliced surfaces were metallographically polished dry using different grades of
polishing papers in the order of grit sizes 200, 400, 600, 800, 1000 and 1500. The location
at which the hardness measurement was carried out is illustrated in Fig. 3.15. Hardness
was measured along three layers: near to the top, middle and bottom of the cross section.
Each specimen consisted of 60 total considered points (20 points in one layer) at a regular
spacing of 1 mm in the NZ and 2 mm in other zones. Hardness testing was carried out
using a diamond pyramid indenter by applying a load of 500 gmf for a dwell time of 10s.

Hardness was measured on the specimen after IC test just below the impression mark.

=ac

Fig. 3.14. Vickers micro-hardness measuring machine
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Fig. 3.15. Hardness specimen with indentation marks

3.6 Flexural and Bend Test

Flexural strength of the welded samples was evaluated by bend test. Flexural test
was carried out on the UTM machine according to ASTM E9-09 guidelines. A 3-point
bending test fixture was used for flexural stress. A photograph showing the three-point
bend bending test is presented in Fig. 3.16. The bending angle was measured for all sets
of experiments through the bending test. The dimension and geometry of the test
specimens employed to measure the flexural strength is given in Fig. 3.17. The specimen
was placed in the 3-point bend test fixture and the load was applied at the centre. The load

vs. ram displacement data was recorded and plotted. The flexural stress (oy) is determined

from the maximum load before rupture using the relationship.

3FL
O'f = 2bdZ (39)

where, F is the maximum applied load (N), L is the support span length (mm), that is 90

mm for the existing setup, b is taken as width of the considered beam (mm), that is 20 mm

for all considered samples, d is the thickness (mm), which is 6 mm.

Fig. 3.16. Flexural/bending test setup connected to UTM
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Fig. 3.17. Schematic of flexural and bending test specimen.

3.7 Macro/Microstructure Study by Optical Microscope

The weld bead geometry was studied using an optical microscope (Make: Carl
Zeiss; Model: Axiotech-100HD). Figure 3.18 shows the photograph of the OM used for
studying the microstructure of the joints after (i) FSW, (ii) Post weld heat treatment, (iii)
IC test. All the welded sample’s microstructure are compared with the BM. The specimen
was sliced normal to the welding direction and polished with different grades of emery
papers (400, 600, 800, 1000, 1200, 1500, 2000, 2500 grade). Final polishing was carried
out by cloth polishing using alumina suspension as the abrasive medium. The specimens
were then etched with modified Keller’s reagent to reveal the microstructure and then
investigated under the OM. Grain size at each weld zone along with BM are measured by
Heyn Line Intercept method.

il 4 —~

Fig. 3.18.. Photograph of the optical microscope

3.8 Field Emission Scanning Electron Microscope (FESEM) Study

The micro structure of the weldments at higher magnification were investigated
using a field-emission scanning electron microscope (FESEM) attached with an energy
dispersive X-ray spectroscope (EDS) system. The photograph of the FESEM (Make:
Zeiss; Model: sigma) used is shown in Fig. 3.19. For microstructure investigation, the
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specimen preparation was same as followed for OM. The fracture surface of the tensile
tested and FCGR samples are examined by FESEM to analyze the fracture behaviour of
the joints. Microstructure of the IC tested samples were also studied using the
FESEM/EDS system.

Fig. 3.19. Field emission scanning electron microscope
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Mechanical and Microstructural Property Analysis of
FSWed AA2014 Joints

4.1 Introduction

The experimental procedures followed in this work has been discussed in detail in
Chapter 3. The results obtained during optimization of process parameters of FSW of
AA2014 alloy are analyzed and the weld quality attributes are correlated to the process
parameters and presented in this chapter. The chapter starts with the presentation of the
mechanical properties of the joints under different processing conditions. The impact of
the tool shoulder diameter, plunge depth, tool pin profile, tool rotational speed, welding
speed, etc. on the mechanical attributes are discussed in detail. This is followed by
discussion on the microstructure of the welded joints. A detailed discussion on the effect
of process parameters on the grain size and mechanical properties are included. The results
of the fracture surface investigation carried out under FESEM is discussed. At the end, the

findings of the study are summarized.

4.2 Mechanical Properties of AA2014 Al Alloy Weldments
4.2.1 Tensile Properties

The tensile properties of the weldments for the considered parameter settings are
presented in Table 4.1. In all the cases, the UTS, YS and % elongation of the weldment
was lower than the BM. The best mechanical properties were obtained for experiment no.
15 followed by experiment nos. E14, E11 and E10. The process parameters (Table 3.3)
presented in Chapter 3 is reproduced here for the easy recapitulation. The stress vs. strain
plots of few weldments along with the BM is depicted in Fig.4.1. The UTS, YS and %
elongation is the highest for the BM. The UTS and YS of the best specimen are 394 MPa
and 282 MPa and corresponds to 86% and 80% of the BM respectively. The welded
specimen shows lower amount of work hardening. During the tensile straining of BM, the
stress continuously increased with strain till fracture, exhibiting a large work hardening
region whereas for the sample welded as per E15, the stress increased up to a strain of

4.2% and remained constant at this value with further deformation till failure.
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Table 3.3 Experiments conducted with different process parameter combinations

Exp. Shoulder Plunge Tool Pin Profile Tool Rotation  Welding Speed
No. Diameter  Depth (PD) Speed (RPM)  (WS) (mm/min)
(SD) (mm) (mm) (rev/min)
El 16
E2 20
E3 24 0.03 Straight cylindrical 600 22
E4 28
E5 0.06
E6 24 0.09 Straight cylindrical 600 22
E7 0.12
E8 Tapered Cylindrical
E9 24 0.06 Threaded Cylindrical 600 22
E10 Square
Ell 815
E12 24 0.06 Square 1100 22
E13 1500
El4 36
E15 24 0.06 Square 815 63
E16 98

Table 4.1 Mechanical properties of joints with various process parameters
Exp.no UTS (MPa) YS (MPa) %E

BM 460 350 13
El 280 166 7.08
E2 320 200 7.95
E3 355 236 8.86
E4 330 210 7.98
ES 370 250 9.03
E6 360 230 8.00
E7 343 221 7.71
E8 372 256 9.07
E9 375 261 9.20

E10 380 265 9.91

Ell 389 277 10.58

E12 377 270 9.20

E13 359 260 8.89

El4 391 279 10.86

E15 394 282 11.75

E16 380 265 10.08

Variation of UTS, YS and % elongation vs. shoulder diameter (SD) for the
specimen welded at a constant plunge depth, tool rotational speed and welding speed using
a straight cylindrical tool pin is shown in Fig.4.2. During the initial trial experiments,
proper welding was not achieved while attempting to join the metal using tools having
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shoulder diameters less than 16 mm. The mechanical attributes increase with increase in
shoulder diameter up to 24 mm. With further increase in shoulder diameter, the mechanical
attributes show a decreasing trend. As the shoulder diameter increases from 16 mm to 24
mm, the UTS, YS, and % elongation increased by around 27%, 42% and 25%,

respectively.
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Fig. 4.1. Stress vs. strain curve of E10, E11, E14 and E15 obtained from experiment with
base metal
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Fig. 4.2. Plot of UTS, YS and % Elongation vs. tool shoulder diameter

Variation of UTS, YS and % elongation vs. plunge depth for the specimen welded
at a constant shoulder diameter (24 mm), tool rotational speed (600 rpm) and welding
speed (22 mm/min) using a square tool pin is shown in Fig 4.3. The properties increased
marginally (<4.2%) with increase in plunge depth up to 0.06 mm and decreased

continuously with further increase in plunge depth.
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Fig. 4.3. Plot of UTS, Y'S and % Elongation vs. plunge depth.

The values of UTS, YS and % elongation of the weldment processed using
different tool pin profile at constant shoulder diameter, plunge depth, tool rotational speed
and welding speed is shown in Fig. 4.4. Specimen welded with square tool profile
exhibited the highest mechanical attributes. By changing the tool profile, the mechanical

attributes changed only marginally (by < 2.5%).
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Fig. 4.4. Plot of UTS, YS and % Elongation vs. tool pin profile

Figure 4.5 illustrates the plot of UTS, YS and % elongation vs. tool rotational speed
by keeping all other parameters constant. A marginal increase in tensile property attributes
is observed when the tool rotational speed was increased from 600 to 815 rpm. The

attributes showed a decreasing trend with further increase in the speed.
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Fig. 4.5. Plot of UTS, YS and % Elongation vs. tool rotational speed.

The variation of UTS, YS and % elongation vs. welding speed keeping other
parameters constant is shown in Fig.4.6. The figure indicates that the tensile attributes
remain almost constant (variation < 1%) up to a welding speed of 63 mm / min. Further
increase in the welding speed up to 98 mm/min showed a decreasing trend for the

mechanical attributes.
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Fig. 4.6. Plot of UTS, YS and % Elongation vs. welding speed.

4.2.2 Flexural Strength

The results obtained from the flexural test for the samples welded with various
process parameters are presented in Table 4.2. The variation of FS of the weldments vs.
process parameters is plotted in Fig. 4.7.(a-e). The values shown in the figures are the case
where experiments were carried out by varying one parameter at a time keeping all the
remaining parameters constant. As the shoulder diameter increases from 16 to 24 mm, FS
increases from 271 MPa to 408 MPa (Fig. 4.7(a)) indicating an increase of 51%. Further
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increase in the tool shoulder diameter indicates a deceasing trend. Effect of plunge depth
on FS shown in Fig 4.7(b) indicates lower FS for the weldments compared to that of the

BM. Maximum FS of 420 MPa for the weldment was achieved while welding with a

plunge depth of 0.06 mm. This value was 77% of the BM value. It may be noted that the
variation of the FS with plunge depth (plunge depth in the range 0.03 mm to .12 mm) was

only marginal.
500
E3
450 1 E2 E4 450 { g3 ES E6
—_ — E7
S 350 { EL £ 400 -
2 2
» 250 - &L 350 -
150 . . : 300
15 21 24 27 30 0.02 0.05 0.08 0.11
Shoulder diameter (mm) Plunge depth (mm)
(a) (b)
550
500 -
—~ 450 -
= % © E11 E12 E13
o % % % S E10
2 400 - E10 >
4 E5 E8 E9 o
300 250 r r r
STC TAC THC SQ 550 800 1050 1300
Tool pin profile Tool rotational speed (rev/min)
(c) (d)
550

Fig. 4.7. Variation of FS with respect to (a) shoulder diameter, (b) plunge depth, (c) tool pin

E12 E14

‘< 500 - E14
o
g %/%/_q%\é
wn
L

E15

4IS 7IO 9I5
Welding speed (mm/min)
(e)

profile, (d) tool rotational speed and (e) welding speed

TH-3059_146103012

46




Chapter 4

Figure 4.7 (c) depicts the FS for different tool pin profiles. The results indicate
minimum FS (420 MPa) with STC profile and maximum (445 MPa) with the SQ profile.
Though the % increase in the value is marginal, 81.65 % of BM value is achieved for the
joint while using the SQ pin tool. The FS vs. tool rotational speed is plotted in Fig. 4.7 (d).
The plot shows an increase in the FS value (6%) as the tool rotational speed increased from
600 rev/min to 815 rev/min followed by a decrease in the trend. The increase in the FS
value with respect to the BM is 87 %. The welding speed vs. FS is represented in Fig. 4.7
(e). The trend shows an increase in the FS value for 22 mm/min to 63 mm/min welding
speed from 474 MPa to 490 MPa. The achieved FS is 90% of BM.

Table 4.2 Flexural strength of joints with various process parameters

EXp. no El E2 E3 E4 ES E6 E7 E8
FS (MPa) 271 365 408 356 420 402 385 422
EXxp. no E9 E10 Ell E12 E13 E14 EI15 EI16

FS (MPa) 428 445 474 390 381 485 490 467
*Flexural strength of BM is 545 MPa

4.2.3 Bend Test
The photographs of the specimen after the bend test are shown in Fig. 4.8. The

results of the bend test for the specimens welded with considered process parameters are
shown in Table 4.3. The BM sample could be bent to a bending angle of 140°. The bend
angle that could be achieved for the weldments were either equal to or less than that
exhibited by the BM. The weldment obtained using the cylindrical tool pin showed the
lowest bend angle while the bend angle of 140 ° could be achieved using the square tool
pin, though the same could be achieved in one case each with threaded and taper tool pins.

Fig. 4.8. Bending tested specimen

47
TH-3059_146103012



Mechanical and Microstructural Property Analysis of FSWed AA2014 Joints

Table 4.3 Bending properties of joints with various process parameters

Exp. no El E2 E3 E4 E5 E6 E7 E8
Bend angle (°) 120 130 135 130 135 120 115 130
Exp. no E9 E10 El11 E12 E13 E14 EI15 E16

Bendangle (°) 135 140 140 130 120 140 140 130
*Base material bend angle is 140°

4.2.4 Micro-hardness

The hardness of the weldment in every case was higher than the hardness of the

base metal. The maximum hardness is obtained at the NZ of sample E15. This hardness is
56% higher than that of the hardness of the BM. Vickers hardness values (HV) of the
welded specimen measured along the thickness direction at the top, middle and bottom of
the section as shown in Fig. 4.9 (a) are plotted in Fig. 4.9 (b). At NZ the hardness was
measured at 1 mm distances apart and in other zones at 2 mm distances. The microhardness
profile of the specimen E15 (welded with tool shoulder diameter of 24mm, plunge depth
of 0.03 mm, square tool pin at a tool rpm of 815, welding speed of 63 mm/min) is shown
in Fig. 4.9 (b). The hardness at the upper portion of the weldment is higher than the middle
and lower sections. The highest hardness is obtained for the NZ followed by TMAZ, HAZ
and BM respectively.

(a)

180
170
160

150
140 HAZ

—A—Upper
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-15 -10 -5 0 ) 10 15

Distance from the weld center (mm)
(b)

Fig.4.9. (a) Location of the hardness tests across the joint (b) variation of Vicker’s
hardness along the upper, middle and lower part across the joint
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The variation of micro-hardness vs. shoulder diameter for the specimen welded at
a constant plunge depth, tool rotational speed and welding speed using a SQ tool is shown
in Fig 4.10 (a). The plot depicts 7% increase in hardness value as the shoulder diameter
was increased from 16 to 24 mm. The maximum hardness achieved at 24 mm shoulder
diameter is 39 % of the BM. Figure 4.10(b) illustrates the change in the HV value with
change in the plunge depth. The plot shows a marginal increase in the hardness value (<
2%) with increase in the plunge depth from 0.03 mm to 0.06 mm. As the plunge depth was
further increased to 0.09 mm, the hardness decreases by 5%. The maximum HV was
attained at 0.06 mm plunge depth is 39% of the BM.
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Fig. 4.10. Plot of HV vs. (a) shoulder diameter, (b) plunge depth, (c) tool pin profile, (d)
tool rotational speed and (e) welding speed

49
TH-3059_146103012



Mechanical and Microstructural Property Analysis of FSWed AA2014 Joints

The plots of HV vs. tool pin profile is shown in Fig. 4.10(c). Maximum HV value
for the weld was achieved while using the tool with SQ pin profile. The hardness value
achieved for the weldment using the SQ pin profile was 4.7 % higher than that of the STC
tool. The variation in HV vs. tool rotational speed for the FSWed specimen is plotted in
Fig. 4.10 (d). As the tool rotational speed is increased from 600 rpm to 815 rpm, the
hardness increases marginally. The hardness decreases continuously with further increase
in the speed up to 1500 rpm. The maximum hardness is achieved at tool rotational speed
of 815 rev/min which is 49% of the BM. The plot of HV vs. welding speed is shown Fig.
4.10 (e). As the welding speed increases from 22 mm/min to 63 mm/min the hardness
increases by 4.5%. However, with further increase in the welding speed from 63 mm /min
to 98 mm/min resulted in a decrease in the hardness by 10.7%. The maximum hardness
achieved by varying the welding speed is 55% of the BM.

Photographs of few tensile tested specimen is shown in Fig. 4.11. The failure of
the tensile samples was not confined to any particular location. For examples specimen
labeled in Fig. 4.11(a-c) (corresponding to Expt. No. E10, E11 and E 15 respectively) are
the case where the failure occurred outside the weld zone. Specimen labeled in Fig. 4.11d
(Expt. No. E3) is the case where failure occurred at the HAZ and specimen labeled in Fig.
4.11(e-f) (Expt. No. E1 and E2) corresponds to the case where failure occurs at the NZ.
Most of the specimens failed at the retreating side of the joint.

Fig. 4.11. Tensile tested specimen

4.3 Metallographic Study

Microstructure of the welded joints was investigated using the optical microscope
(OM). The grain morphology and its size at various zones of the weld and the significance
of variation in process parameters on the grain size at NZ are analyzed and presented

below.
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4.3.1 Weld Bead Analysis

Figure 4.12(a-d) shows the optical micrographs of few weldments. The features
reveal the following: (i) improper mixing of metals at low shoulder diameter (ii) tunnel
defects while welding using straight and tapered cylindrical tool pin (iii) porosity
associated with threaded cylindrical pins (iv) features indicating good flow of metal when
welded using threaded cylindrical tool pin or square tool pin (v) no evidence of
microscopic defects was there while joining using square tool pins. Observation of the
microstructure of the weldment under OM at low magnifications reveals tunnel defects
(Fig. 4.12 (a) & (b)) when welded using the straight cylindrical or tapered cylindrical tool
pins. This was evident for specimen nos. E1 to E8. The tunnel defects were present along
the full weld length. Though tunnel defect was observed in the specimen welded using
threaded cylindrical tool pin, the size of the defect was very small compared to that found
in samples welded using straight or tapered cylindrical tool pin and very fine sized
porosities are evident as in Fig. 4.12(c). Neither tunnel defect nor porosities were observed

in the specimen welded using square tool pins as shown in Fig 4. 12(d).

Fig.4.12. Tunnel defect in (a) STC (E1-E7) (b) TAC (E8)(c) minutepores in THC (E9)
(d) defect free in SQ (E10-E16)
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The optical micrographs of various weld zones of the best weldment (sample E15),
based on mechanical properties, is shown in Fig. 4.13(a). The variation in grains size at
the weld zones viz. top and bottom of NZ, TMAZ and HAZ are evident from the figure.
The two dashed lines drawn in the figure represents the transition between the NZ/TMAZ
as well as TMAZ/HAZ. The microstructure of BM as well as advancing side and retreating
side of TMAZ are presented in Figs. 4.13(b-c-d) respectively. The microstructure indicates
very fine equi-axed recrystallized grain having an average diameter of 15 um at the top
region of the NZ, as revealed by line intercept method. Compared to the top region of the
NZ, the grains at the bottom region are marginally coarser. The grain diameter marginally
increases as we move away from the center of the NZ towards the TMAZ. At the TMAZ,
very coarse and non-equiaxed grins are visible. The average grain size of the TMAZ region
is 33 um (Fig. 4.13(c)) at the advancing side, whereas it is 35 um (Fig 4.13(d)) at the
retreating side. The average grain size at the HAZ is determined as 63 um. The BM is
characterized by coarse and almost equiaxed grains with an average grain diameter of 93

Flg 4 13 (a) Weld bead mlcrograbh W|th different w‘eld zones“(b) base méterlal (©)
advancing side TMAZ, (d) retreating side TMAZ
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4.3.2 Grains Size Variation at NZ with respect to Process Parameters

The average grain diameter at NZ with the process parameters is depicted in Table-
4.4. The micrographs revealing the grain size for different shoulder diameter are shown in
Figs. 4.14 (a-d). Analysis indicates that shoulder diameter 24 mm results in finer grains of
23 um at the NZ in compared to the grain sizes of 37 um and 28 um at 16 and 20 mm of
shoulder diameter respectively. At higher shoulder diameter, i.e., at 28 mm, size of grains
observed is 45 um and hence no further grain refinement was observed with further
increase in shoulder diameter. The photo-micrographs of Fig 4.15 (a) to (d) shows the
variation in the grain size with variation in plunge depth while keeping all other parameters
constant during the FSW process. The average grain size obtained for the NZ of the
weldment when welded with a plunge depth of 0.03 mm is 23 um. The grain size analysis
indicates a reduction in the grain diameter as the plunge depth was increased to 0.06 mm.
However, the average grain diameter increased to 27 um and 30 um as the plunge depth is
increased to 0.09 mm and 0.12 mm, respectively.

Table 4.4 Variation of average grain size at NZ with different experimental conditions

Exp. No El E2 E3 FE4 E5 E6 E7  ES8
Grain Size (um) 27 26 23 32 21 24 30 25
Exp. No E9 E10 E11 EI12 E13 E14 EI5 EI6

Grain Size (um) 20 18 17 28 31 16 15 25

Figure 4.16 shows the optical photo-micrographs of the NZ of the weldments using
different tool pin profiles. The grain size obtained for the weldments processed using the
straight cylindrical tool is 21 um (Fig 4.16(a)) whereas the grain sized obtained while using
the square tool pin profile is 18 um (Fig 4.16(d)). Figure 4.17(a) to (d) shows the photo-
micrographs of the NZ of the weldments showing the average grain diameter when welded
at different tool rotational speeds. At low rotational speed of 600 rev/min, fine grains were
achieved whereas the grain size increased with increase in the tool rotational speed. In
addition, the grain morphology changed from almost equiaxed grain at 600 rev /min to
elongated grains by increasing the tool rotational speed to 1500 rev/min. Figure 4.1 (a) to
(d) indicates that the variation in the welding speed under the conditions investigated did
not have much effect on the average grain size. The grain size obtained at WS of 22
mm/min is 17 pum where as it is 15 um at 63 mm/min. Grains were slightly coarse when
welded at 98 mm/min. However, features of fine recrystallized grains can be observed at

the grain boundary regions as the WS is increased from 22 mm /min to 63 mm/min.
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Fig. 4.15. ékin sze v'aric').n. with 'respect to I‘ung épt a) 0.3 mm, (b) 0.06 mm,
(c) 0.09 mm, (d) 0.12 mm
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Fig. 4.18. Grain size variation with respect to welding speed (a) 22 mm/min, (b) 36
mm/min, (c) 63 mm/min, (d) 98 mm/min

4.4 Fracture Surface Studies

Fractograph of few tensile tested fractured surfaces are presented in Fig. 4.19. The
fracture location varies according to the quality of the welds which is a function of the
process parameters chosen as described in the previous section. The fracture located
outside the weld zone for the best quality welds is presented in Figs. 4.19 (a-d). The
fracture features observed under FESEM of the specimen E15 is similar to the BM as
shown in Fig. 4.19(a) and (b) respectively. The figure depicts dimple feature indicating
pure ductile mode of fracture and is also evidenced from the mechanical test result. This
is typical of the alloys since the material is face centered cubic (FCC) lattice where the
number of active close packed slip systems are large. However, the tensile fractograph of
specimen E3 shown in Fig. 4.19(c) reveals cleavage and micro-cracks which are typical of
brittle fracture, along with ductile features. Due to some amount of brittle fracture, the
ductility of specimen E3 is lower compared to E15. The fracture in E3 occurred at the
interface (transition region) of TMAZ/HAZ. The lower ductility for E3 compared to E15
is due to the influence of the stirring by the tool pin.
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Fig. 4.19. FESEM image of different tensile tested fractured surfaces (a) specimen E15
(b) BM, (c) specimen E3, (d) specimen E1, (e) enlarged view of specimen EL1, (f)
specimen E12

The fracture surfaces of specimen E1, E2, E6 and E7 also revealed features similar
to E3 is quasi ductile features, which is a combination of ductile and brittle features.
However, the dominant features were dimples as is evident from Fig. 4.19 (d) and (e). The
fracture features in most of the specimen exhibiting lower tensile strength are characterized
by quasi-cleavage fracture. In the case of E12 and E13, second phase particle breakage

and debonding at the particle matrix interface are also observed (Fig. 4.19(f). These
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features were also reported by others (Sahu and Pal 2017). It may be noted that in these
specimens the fracture occurred at TMAZ and is attributed to the variation in grain size at
this region.

4.5 Discussions

The Mechanical test results reveal the FSWed specimen using square tool pin
having tool shoulder diameter 24 mm, plunge depth of 0.06 mm at a tool rotational speed
of 815 rev/min and welding speed of 63 mm/min gave the best quality of joint. The stress
strain diagram shown in Fig. 4.1 reveals higher UTS, YS and % elongation for the base
metal. However, mechanical properties of the joint in the as welded condition were lower
than that of the BM. This is expected for any FSWed joint due to either or a combination
of the following: (i) the recrystallization of the alloy during processing as a result of heat
generated, leading to softening (ii) the 2014 Al alloy is a precipitation hardenable alloy.
The as-received alloy was subjected to thermo-mechanical treatment resulting in the
precipitation of hard intermetallic particles of CuAlz in the Al matrix which contributes to
the strengthening of the alloy. During FSW, the high heat generated results in dissolution
of these hard second phase particles in the matrix thereby the effect of precipitation
strengthening is nullified (Liu et al., 2003) and (iii) formation of various weld zones viz,
NZ, TMAZ, HAZ, etc. during the FSW. The microstructure evolved across these zones
are different and hence the mechanical properties are different. This results in non- uniform
material behavior during load application resulting in early failure of the weldment and
(iv) FSW with process parameters outside the parameter window leads to formation of
defects at the weld zone resulting in deterioration in the mechanical properties.

From Fig.4.11 and Table-4.1, it is found that failure of the specimen during tensile
loading was not confined to any particular location. Samples where failure occurred
outside the weld zone exhibited better UTS, US and % elongation compared to the cases
where failure occurred in the weld zone. As tunnel defect was observed in the weld regions
in samples E1 to E7 hence failure occurred at the weld region in these samples. Presence
of defects at the weld zone results poor ductility and lowering of UTS and YS. Presence
of recrystallized grain at the NZ and absence of defects result in higher ductility thereby
achieving high bend angles for the samples E10, E11 and E15 whereas the presence of
defects in samples E1-E7 results in lower bend angles. Like mechanical properties, the
same trend was also reflected in the flexural strength of the weldments as seen from Table
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4.3. Weldments exhibiting higher tensile strength, ductility, flexural strength and bend
angle (sample E10, E 11, E14, E15) did not reveal any defects under the OM. Presence of
defects formed during FSW was the main cause of deterioration in the mechanical
properties of the weldments.

The process parameters during FSW have a strong influence on the defect
formation and hence on the mechanical properties of the weldments. During FSW, major
part of the heat is generated due to friction at the tool shoulder - work piece interface. The
frictional heat generated can increase with increase in tool pin diameter, or increase in the
tool rotational speed (RPM). A major part of the heat generated is used for softening the
work piece resulting in the material becoming plastic thereby favoring the proper flow of
metal and subsequent mixing. During the initial experimental trials, proper welding could
not be achieved using the tools with shoulder diameter less than 16 mm. This is due to the
fact that at very low tool shoulder diameters, the heat generated is highly inadequate for
the material to plasticize, hence could not achieve proper welding. Figure 4.2 indicates
that the tensile properties increase with an increase in shoulder diameter from 16 mm to
24 mm and then decreased for a shoulder diameter of 28 mm. The best tensile properties
were achieved at a shoulder diameter of 24 mm. Higher shoulder diameter results in higher
shoulder-work piece interface area which generate higher frictional heat during the tool
rotation. Hence with increase in the shoulder diameter in the range 16 to 24 mm, the heat
generation is adequate to heat the workpiece to the temperature required for plasticizing
the metal to the desired level thereby facilitating proper mixing and interlocking resulting
in a superior joint (Khan et al., 2017). The strength of the weldment was reduced as the
tool shoulder was increased from 24 mm to 28 mm. The reason behind this is that heat
generated at a shoulder diameter of 28 mm was higher resulting in high fluidity of the
plasticized metal at the stir zone. This leads to (i) removal of material from the weld region
in the form of flash thereby local thinning of the metal, (ii) formation of tear line defect at
the weld region and (iii) formation of wider TMAZ and HAZ, and (iv) grain coarsening at
the NZ due to higher heat input. All these results in lowering of UTS and YS of the
weldment (Saravanan et al., 2016; Peel et al., 2003).

The effect of the shoulder diameter on flexural strength (FS) revealed that the trend
is similar to that followed by the tensile properties and shown in Fig. 4.7(a). FS increased
to 408 MPa, which is around 74% that of the BM, as the shoulder diameter was increased
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to 24 mm due to the proper heat generation and recrystallization of the grains at NZ.
Further increase in the shoulder diameter lowered the FS due to the grain coarsening for
the unnecessary heat generation and grain growth (Peel et al., 2003).

Plunge depth is a parameter which controls the final quality of the weld. The plunge
depth maintains the work piece in contact with the tool shoulder and the base plate and
thereby facilitate transfer the frictional heat generated by friction between the rotating tool
shoulder and the work piece (Jamalian et al., 2016). Figure 4.3 indicates the best tensile
properties is achieved with plunge depth of 0.06 mm. The UTS, YS, % E as in Fig. 4.3 and
FS as shown in Fig. 4.7(b) attained for the considered plunge depth are 370. MPa, 250
MPa, 9.03, and 420 MPa respectively, which are 80.45 %, 71.40 %, 69.50 %, and 77 % of
the BM respectively. The lower strength and ductility at a plunge depth of 0.03 mm is due
to the improper contact between the tool shoulder and the work piece. Under this condition,
sufficient heat is not generated to soften the material, thus hinder the mechanical
intermixing of the two metal pieces. The strength and ductility of the weldment decreases
continuously with increase in plunge depth from 0.06 mm to 0.12 mm. This is attributed
to the fact that with higher plunge depth, higher amount of insertion of the tool shoulder
in to the work piece takes accompanied by trimming off some amount of the work piece
material. This results in reduction in thickness of the weld zone and at the same induces
stress concentration at the NZ (Sahu et al., 2016).

Figure 4.4 depicts the weld quality in terms of tensile properties and FS in Fig. 4.7
(c) obtained while welding using four different tool pins such as STC, TAC, THC and SQ.
The tool pin profile affects the heat generation and plastic flow of material. The material
filling effect during FSW due to the various tool pin profile is represented in Fig. 4.12 (a-
d). Volumetric tunnel defects are evident at the NZ (Fig.12 (a-b)) at the lower corner of
the tool pins regions, when welding is carried out with STC and TAC tool profiles. The
defects prevent the plastic metal filling during the joining process and induces high levels
of stress intensity during external loading resulting in the deterioration of mechanical
properties (Liu et al., 2013). Very small pores are evident in the welded zone while joining
using THC pin profile as shown in Fig. 4. 12(c) which affects the microstructural evolution
and hence the quality of the FSW joints. The welds obtained were defect free in case of
SQ tool pin profile as shown in Fig. 4.4 (d) due to its unique pulsating action on the plastic
metal (Liu et al., 2013) and a superior metal interlocking during welding.
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The SQ pin tool is found to yield the best tensile results as compared to the others.
The % E and FS of the joint are also improved. The UTS, YS, % E and FS achieved with
square pin profiles are 380.22 MPa, 265 MPa, 9.91, and 445 MPa respectively, and are
82.65%, 75.71%, 76.23% and 81.65 % of BM respectively. The flat edge surface of the
tool pin profile generates more frictional heat relative to the other tool pin with the same
input energy. The plasticized metal gets swirled beneath the tool pin and the edges of the
SQ pin tool pulsate the material in a regular manner due to which an imposed plastic flow
of metal occurs across the two work-piece interface. The high heat and plastic flow of
metal also results in dynamic recrystallization of very fine crystal grains at the NZ
(Jamalian et al., 2016). The fine grain size leads to improvement in the tensile, flexural
and bending properties of the weldment (Liu et al., 2013).

The effect of tool rotational speed (RPM) on the tensile properties, as shown in
Fig. 4.5and on FS as in shown in Fig. 4.7 (d) reveals that the best weld quality is achieved
at a tool rotation speed of 815 rev/min. The UTS, YS, %E and FS achieved at this sped are
389.34 MPa, 277 MPa, 10.58, and 474 MPa respectively, and are 84.63 %, 79.14 %, 81.38
%, and 87 % of the BM respectively. Further increase in RPM to 1100 rev/min and 1500
rev/min results in a decrease in the mechanical properties. At high tool rotation speed,
excessive frictional heat is generated which favors the metal becoming more plastic causes
excessive grain growth at the NZ (Malika et al., 2014). The high temperature and the
stirring of the plasticized metal also results in dissolution of the strengthening hard second
phase precipitates in the matrix (Moradi et al., 2018). The coarse-grained structure as well
as the dissolution of strengthening particles formed at tool rotational speeds of 1000
rev/min and more decreases the yield strength, UTS and % elongation

Welding speed is another process parameter controlling the weld quality. At higher
welding speed there is less contact time between the tool and the work piece material due
to which heat input per unit length necessary for plasticizing the material is not achieved.
Hence poor material stirring and inferior filling across the two parts do not occur resulting
in poor weld quality. Improper plasticization and material transfer result in presence of
weld defects like microvoids thereby reducing the mechanical properties. At lower
welding speed, the tool pitch travel distance is less. Therefore, the heat generated per unit
length increases and may be adequate for plasticizing the material and favour the mixing
of the plasticized material. This also results in refined grain sizes. At the conditions of very
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low welding speed, the heat input is very large, cooling rates low and grain growth occurs

at the NZ and results in lowering of the mechanical properties (Salari et al. 2014 and Sahu

et al. 2017). For the present experimental condition, the welding speed of 63 mm/min

yields the best mechanical properties as evident Fig. 4.6 and FS as shown in Fig. 4.7(e).

The UTS, YS, % E and FS achieved are 393.87 MPa, 282 MPa, 11.75, and 490 MPa

respectively, and are 86%, 80.57%, 90.4%, and 90% of the BM respectively. From the

bend tests, the best bend angle obtained is 140°. The bending angle for the best
combination of process parameters without any visible crack is E15. The bend angle
without formation of defect may be higher than 140° since the limitation in obtaining the
bend angle with the present setup is 140°. From the above tests carried out, the best

combination of mechanical properties is achieved when FSWed at a plunge depth of 0.06

mm, at a tool rotational speed of 815 rev/min and welding speed of 63 mm/min using SQ

tool pin profile having 24 mm shoulder diameter.

4.6 Summary

From the obtained results the conclusions extracted are summarized as below

e FSW process is a suitable method to join AA2014 of 6 mm thickness plate with a
modified vertical milling machine with full penetration which yielded zero-defect
joints by a 24 mm shoulder diameter SQ tool with 0.06 mm plunge depth at 815
rev/min tool rotational speed and 63 mm/min welding speed.

e The excellency of the joint is justified by the UTS and FS values which are 86% and
90% of the BM respectively. The microstructural feature is found to be the best with
outstanding metallurgical characteristics contributed by the grains which are 84% finer
than the BM.

e Hardness profile of the FSWed specimen along the thickness represents an inverted V
shape with the maximum value at NZ and the lowest at HAZ. The hardness measured
at the upper zone of the joint is the highest among the middle and lower zones.

e The metallurgical transformation at the NZ was revealed individually with respect to

the considered process parameters by studying the grain size variation.
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Creep Behavior of Weld Zones of FSWed AA2014
Alloy by Impression Creep Testing

5.1 Introduction

Understanding the creep response from impression creep (IC) has been of great
interest to researchers in the last two decades. Structural components of Aluminium alloy
joined by FSW process for application in aviation industries and energy sectors are
subjected to elevated temperatures and non-steady loading conditions. A large number of
components require stringent quality control before being put in to use. In welded
components that subjected to extended periods of service at elevated temperatures, the
main failure is by creep deformation. The FSWed joints observed under OM revealed
different zones viz. NZ, TMAZ, HAZ and BM. The metallurgical features at these regions
are different from each other. Hence the creep properties at these regions are different with
failure occurring at the weakest regions. Hence it is necessary to establish the creep

behaviour of each weld zones.

The process parameters for obtaining the best weldment are arrived based on the
mechanical property attributes. The results of the tensile properties, flexural strength,
hardness of the FSWed AA2014 alloy weldments is presented in Chapter 4. The creep
deformation behavior at different weld zones of the best FSWed Aluminium alloy
weldment is studied at temperatures in the range 310-350 °C and at stresses 21-27 MPa
by impression creep (IC) test. In this chapter, the IC deformation phenomena of different
individual weld zones of FSWed AA2014 is investigated and the results are compared with
the BM. The deformation characteristics are correlated to the microstructural changes
throughout the FSW process and at different zones. The hardness and the microstructural
evolution of the creep tested samples are investigated using OM and FESEM. The
precipitated particles and dislocation structures are studied by transmission electron
microscope (TEM). The composition of the intermetallic particles is ascertained through
an EDX which provides an insight in to the metallurgy relating to the creep behaviour. The
results obtained is presented in the subsequent sections. This is followed by discussion of

the results and finally the chapter ends by summarizing the findings.
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5.2 Mechanical Properties

The weld qualities were judged based on the mechanical properties: tensile tests,
flexural and bend tests and the properties of the weldments chosen for the IC study are
reproduced in Table 5.1. The UTS and YS of the best FSWed samples are 394 MPa and
282 MPa which corresponds to 86% and 80% of the BM respectively. The bending angle
of this weldment is same as that for the BM. Vickers microhardness at NZ is the maximum
followed by TMAZ and HAZ. The mechanical properties at the upper surface of the weld
cross section are higher compared to the lower and middle sections.

Table 5.1 Mechanical properties of the best FSWed sample (sample No. E15)

UTS YS % Flexural ~ Bending Hardness Hardness Hardness

(MPa) (MPa) Elong. stress angle at NZ atTMAZ atHAZ
(MPa) ) (HV) (HV) (HV)
394 282 11.75 490 140 165 160 150

5.3 Microstructural Features of the FSWed Joint before IC Test

Figure 5.1 shows the optical photo-micrographs of different weld zones of FSWed
specimen along with the BM. Figure 5.1(a) is a very low magnification image indicating
the NZ, TMAZ and HAZ while the high magnification images of these zones are presented
in Fig. 5.1 (b-e) respectively. The microstructure of the HAZ (Fig. 5.1¢) in FSWed material
is similar to that of the BM shown in Fig. 5.1 (b) and do not reveal any feature representing
either plastic deformation or recrystallization (Sahu et al. 2016). However, the grain size
measurement by line intercept method revealed that the average grain diameter at the HAZ
(Fig 51(d)) is 63 pm which is almost 68% of that of the BM (93 pum) (Fig. 5.1(b)). It is
also observed that the average grain diameter at NZ is around 23 pm which is 25% of the
BM. The finer grain structure improves the mechanical properties which are the outcomes

of the process parameters chosen for the FSW process.

5.4 Creep Analysis of Base and Welded Material

The plots of impression depth vs. time for the BM as well as for the welded sample
at NZ, TMAZ and HAZ at 310 °C for three different applied stresses are presented
Fig.5.2(a-d) respectively. The plots show two stages of creep: (a) an instantaneous strain
at the instant of load application followed by the transient creep called primary creep stage
which is characterized by an increase in strain but at a decreasing rate with time and (b) a

secondary creep stage or the viscous creep in which the rate of indenter penetration
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remains constant. This creep rate is known as the steady state creep rate or minimum creep
rate. During impression creep tests, the tertiary creep stage is generally not observed since
after a certain amount of indenter depth, the frictional forces at the indenter-work piece

interface impede further penetration.

i B e i it

o TR, AR S Y oA :

Fig. 5.1. (a) Low magnification OM photographs of weld bead of FSWed sample.
high magnification micrographs at (b) BM (c) NZ (d) TMAZ and (e¢) HAZ

The impression depth h, at a stress of 27 MPa for the BM, as illustrated in Fig.5.2
(a), increases continuously up to 0.23 mm during a period of 600 minutes. At 24 MPa
stress, h increases continuously up to around 0.17 during a period of 400 minutes and
almost remain constant with further increase in time. At a stress of 21 MPa, the impression
depth of 0.12 mm is reached within around 200 minutes. With further increase in the
impression time, the change in strain is found to be negligible. Investigation of the
deformation in the HAZ shown in Fig.5.2 (b) reveals that h value increases with time and
after a certain time, no further increase in penetration depth was visible. However, the
maximum strain that could be achieved in the HAZ was lower than that of BM. The
impression depth vs. time plot for the TMAZ shown in Fig.5.2(c) indicates trend similar
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to that of the HAZ. However, the maximum penetration that could be achieved was less
compared to the HAZ for the similar stress levels.
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Fig. 5.2. Creep curves at 310 °C for (a) BM and welded samples at (b) HAZ, (c) TMAZ and
(d) NZ at different loading conditions.

For the NZ as in Fig. 5.2 (d), the penetration depth that could be achieved was the
least with the least time duration among the four weld zones i.e the secondary creep stage
is achieved earlier than the other zones. The variation in h vs. time plot reveals the trend
similar to that of the trend in the TMAZ. The plots of impression depth vs. time for the
different individual weld zones when tested at 330 °C and 350 °C are presented Fig. 5.3
and Fig. 5.4 respectively. From the figures, the following are the observations of IC tests:
(i) at a particular test temperature, the maximum impression depth (hm) increases with
increase in applied stress, (ii) at a particular stress, hy increases as the test temperature
increases from 310 to 330 °C (Fig. 5.5) and decreases with further increase in test
temperature and (iii) as the test temperature increases, the rate of change of hm w.r.t the

stress applied increases linearly (Fig 5.6).
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Fig. 5.3. Creep curves at 330 °C for (a) BM and welded samples at (b) HAZ, (c)
TMAZ and (d) NZ at different loading conditions.

Figure 5.7 shows typical plots of the creep rate vs. time (% vs t). As mentioned

earlier, the creep rate decreases with time, reaches a minimum value and remains almost
constant for some time and then starts increasing with time. At this stage the experiments
were interrupted. The value of minimum creep rate (referred to as steady state creep rate,
SSCR) was determined from the plot. The values of SSCR obtained from the tests for all
the weld zones for various test temperatures and stresses are presented in Table 5.2.

The penetration of the indenter into the test material is controlled by the
deformation of the material beneath the indenter and hence the overall creep deformation
process is controlled. From the graphs (Fig. 5.2 — Fig. 5.4), it is evident that the indenter
velocity is the maximum in NZ followed by TMAZ, HAZ and the lowest in BM zone. The
variation in the indenter velocity at different zones is attributed to the heterogeneity in the
microstructure i.e., mainly the variation in grain size (Vijayanand et al., 2014). Tertiary
creep stage which is commonly detected in uniaxial creep curves is usually not present in
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IC curve since necking does not take place under compressive loading (Wang et al., 2014).
Under this condition, fracture of the creep specimen do not take place unlike in the case of

tensile loading.
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Fig. 5.4. Creep curves at 350 °C for (a) BM and welded samples at (b) HAZ, (c) TMAZ
and (d) NZ at different loading conditions.
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Fig. 5.6. Plot of rate of change of penetration depth w.r.t stress applied % (hp) vs. T

Table 5.2 SSCR at various weld zones with different stress and temperature

Zone Stress (MPa) SSCR, & (mm/ sec)
310 °C 330 °C 350 °C
21 435x10°  1.33x10* 1.00 x103
BM 24 6.06 x10° 2.50 x10*  1.28 x10°
27 1.38 x10* 3,51 x10*  2.30 x10°
21 1.0 x10* 3.18x10*  4.42x10*
NZ 24 3.0x10* 3.99x10*  6.32x10%
27 4.0x10* 6.31x10*  7.94x10*
21 9.20 x10° 2.81 x10%  2.94 x10*
TMAZ 24 1.56 x10* 2.69 x10*  3.24 x10*
27 2.33 x10* 2.53 x10% 5.18 x10*
21 1.34 x10* 2.01 x10* 2.13 x10°
HAZ 24 2.33 x10* 598 x10*  4.17 x1073
27 3.39 x10* 1.00 x10°  4.76 x10°®
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Fig. 5.7. Plot of creep rate vs time (% vs t) of NZ at 310 °C

The basic text book information of a typical creep curve reveals that the decreasing

creep rate with time during the primary creep stage has been attributed to strain hardening
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or reduction in the density of mobile dislocation. The secondary or steady-state region is
characterized by a constant creep rate which is the result of maintaining a balance between
softening and work hardening. The former is the result of recovery and the later due to
dislocation generation. In the case of IC testing in addition to the applied stress, generation
of dislocation, dynamic recovery and dynamic recrystallization, the other factors to be
considered are the frictional resistance at the indenter-work piece interface and the
constraint of metal beneath the indenter to move sideways during the advancement of the
indenter. Evolutions of sub-grains occur due to the higher strains at the beginning of the
IC experiments and at steady-state creep stage the sub-grains became saturated (Blum,
1991). The time dependent strain () was measured during the experiments at different
temperatures and stresses from which the steady-state creep rate (€) or the minimum creep
rates were evaluated. From Table-5.2, the ¢ value was found to be the least in BM and the
maximum at NZ indicating the highest creep resistance at BM region and low resistance
at NZ. In TMAZ, ¢ was higher than that of HAZ. The different values for & observed in
different weld zones is due to the variation in the grain structure and size formed during
the FSW process.

5.4.1 Factors Governing Steady-State Creep Rate

Investigation of the grain size effect on the high temperature creep rate in various
materials reveal that coarse grain size decreases the steady state creep rate, i.e., coarse
grain increases the creep resistance. Fleck et al. (1970) stated that the increased number of
sub-grain boundaries at the secondary stage of high temperature creep deformation process
leads to a decrease in the creep resistance and weakens the material. The authors reported
that at temperatures above 0.4Ty and at low strain rates and stresses, fine grain sized
materials show poor creep resistance since the mechanism of creep deformation is by grain
boundary sliding. Al-Ganainy and Mostafa (2000) observed that when grain size increases,
the total grain boundary energy is reduced thereby reducing the precipitation of the
intermetallic compounds at grain boundary regions. Thus, the precipitation of intermetallic
phases is mainly confined to inside the grain and restricts the dislocation motion which
decreases the €. The NZ of the FSWed material possesses an equiaxed and finer grain
structure than the BM. In the present examination, the grain size of the NZ is 23 um and
BM is 93 um. This may be one of the reasons for the lower creep resistance at the NZ of
the FSWed sample compared to the BM as shown in Fig. 5.2. Another reason may be
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generation of high dislocation density resulting in dislocation tangles at the weld zone as
well as dissolution of the second phase precipitates as a result of the high frictional heat
developed during the stirring process. TEM micrographs of Fig. 5.8 show the presence of
precipitated particles and dislocation tangles. During the load application, the dislocations
are pinned by the second phase (CuAl,) precipitations (Sahu et al., 2016) resulting in an
increase in the rate of creep deformation (Al-Ganainy and Mostafa, 2000).
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Fig. 5.8. Dislocation structures at FSWed area captured by TEM (Das et al. 2021)

FESEM micrographs of Fig 5.9(a-d) reveal presence of CuAl, second phase
precipitates at the NZ, TMAZ, HAZ and BM respectively. The volume fraction of
precipitates is higher in the NZ compared to the other zones as shown in Fig 5.9(a). This
is due to high rate of nucleation of the CuAl. precipitates in the matrix due to the high heat
generated at the NZ during the FSW process. These larger precipitates decrease the creep
strength by facilitating the dislocation glide during the deformation process. The region
with high precipitate density is the NZ and is presented in Fig. 5.10(a). The figure depicts
the precipitations along the grain boundaries as well as inside the grain. The precipitates
inside the grains were mainly rod-shaped as shown in Fig. 5.10(b) since their growth at
the I1C tested temperatures were along certain crystallographic planes. In contrast, very fine
sized spherical precipitates are found at the grain boundary regions as well as inside the
grains as evident from Fig. 5.10(c-d). These precipitates speed up the creep deformation
process due to stress concentration and also due the particle-matrix interfacial energy.
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Fig. 5.9. FESEM image of IC tested surface with precipitations at (a) NZ, (b) TMAZ, (c)
HAZ and (d) BM.
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Microstructure of TMAZ revealed coarse grains deformed along the flow direction
due to the tool rotation. As mentioned earlier, the average grain size was coarser than that
of the NZ. The precipitation accumulation at the grain and grain boundaries at TMAZ are
less than the NZ as shown in Fig 5.9(b). The calculated value of the (¢) at TMAZ was
found lower than the NZ and higher than the BM at the same experimental conditions.
This indicates higher creep strength for the TMAZ compared to the NZ. The grain structure
of HAZ is nearly similar to the BM as it does not undergo any recrystallization process
and conducts only a portion of frictional heat during the FSW process (Sahu et al., 2016).
A comparatively finer and less no of precipitation accumulation is seen as in Fig.5.9 (c).
Whereas, this type of structure is only marginal in case of BM (Fig. 5.9(d)). Hence the &
value obtained at HAZ is nearly equal to the BM. Observation under FESEM reveals many
micro-creep dimples on the surface for all the cases. The creep cavities nucleated and grew
only up to certain limits since the experiment was prematurely stopped as the steady-state
creep rate was achieved. No evidence of the growth and coalescence of the creep dimples

were observed as the sample did not enter into the tertiary creep stage.
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Fig.5.10. FESEM images of preC|p|tat|ons after IC test (a) at grain boundary, (b)
magnified image of (a) rod shaped precipitations within the grain, (c) spherical
precipitates and (d) magnified image of (c)

Different models exist for correlating the creep strain rates with the applied stress
and temperatures. Out of these the power-law relationship is found to be the most suitable
for metallic alloys especially at temperatures > 0.5Tm. The power law expression for creep
deformation is of the Arrhenius rate type of equation expressed by (Das et al., 2018).

g§= Ao" Exp (—Q/RT) (5.1)
Where & = steady-state creep rate (SSCR), n = stress exponent, A = a constant, Q =
activation energy for creep deformation, R = the universal gas constant and T =
temperature in K.

For impression tests, the strain rate (&) and stress can be expressed in terms of

minimum impression velocity (Vimp) and punching stress (o) by using conversion factors.
Oimp=4LITd?=C1r0 (5.2)
€= VimplCod (5.3)
Where, L is the applied load, d is the indenter diameter (1 mm for this case). The constants
or conversion factor C; varies from 2 to 4 and C; varies from 0.5 to 1.5. For most materials,
Ci=3and C> =1
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For the present case C> =1, Hence, € = Vimp (5.4)

The value of stress exponent (n) can be determined from the IC tests. At
temperatures above 0.5Tm (where power law creep is effective), the creep deformation of
polycrystalline materials is controlled by the mechanisms associated with the stress
exponent values. Mahmudi et al. (2004) found that with n values around 1 the deformation
is by diffusional creep, for n values almost 2 the deformation is by grain boundary sliding,
and with n values in the range 46 the deformation mechanism is by dislocation climb.
The n value was determined from the slope of the log ¢ vslog o plot. where € and ¢ are
the SSCR and applied stress ¢ is determined as the value of the lowest creep rate obtained
from a strain rate vs. time plot for each experimental condition. The n values for the present
IC tests were determined at three different testing temperatures viz; 310, 330 and 350° C.
The plots are shown in Fig.5.11(a-d) for BM, NZ, TMAZ and HAZ respectively.

For the present investigation, the stresses are 21, 24, and 27 MPa. & was calculated
as the lowest creep rate value found from the strain rate (¢€) vs. time curve for each
experimental condition. The plot represented a linear relationship of log ¢ with log € . The
stress exponent values at three considered temperatures of 310, 330 and 350°C and loads
are calculated for each zone individually and are presented in Table-5.3. The stress
exponent decreases with an increase in temperature. Plot of n vs. T revealed that the n
value was decreased with test temperature. The n could be correlated to T with a

polynomial of order 2 with a coefficient of correlation R? = 1. The equations for n = F(T)

are:
For BM, n = - (0.00007 T2 +0.081 T +22.482) (5.5)
for NZ, n = - (0.0003 T2 +0.1875 T +26.505) (5.6)
for TMAZ, n = - (0.0004 T2 +0.2785 T +51.645) (5.7)
for HAZ, n = - (0.0004 T2 +0.228 T +32.114) (5.8)

The values of n at BM are 4.58, 3.92 and 3.32 when tested at 310, 330 and 350 °C
respectively. The respective values for NZ at these temperatures are 2.79, 2.70 and 2.37,
for TMAZ are 3.75, 3.29 and 3.17 and 3.73, 3.65 and 3.28 are for the HAZ.
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Fig. 5.11. Plots of log (¢ ) vs. log(e) for (a) BM, (b) NZ, (c) TMAZ and (d) HAZ for

the IC test
Table 5.3 Stress exponent values at various zones at considered temperatures

Zone Temperature ("C) n Value
310 4.58
BM 330 3.92
350 3.32
310 2.79
NZ 330 2.70
350 2.37
310 3.75
TMAZ 330 3.30
350 3.17
310 3.73
HAZ 330 3.65
350 3.28

Sharma et al. (2000) reported that during IC, due to the applied stress, accumulation

of dislocations occurs in the elastic-plastic region leading to increase in dislocation density

at high temperature. The elastic-plastic zone beneath the indenter is subjected to stress at

elevated temperature, thereby resulting in material flow from these elastic-plastic region
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to the surface. The process leads to the dislocation glide which is facilitated only by
vacancy diffusion. The results of the IC test reveal that, in each zone, the value of stress
exponent decreases with increase in temperature. This is attributed to the generation of
excess vacancies at the high IC test temperatures. The high concentration of vacancies at
higher temperatures promotes dislocation climb process and aids in softening of the
material. The low n values indicate creep by dislocation climb at high temperatures.

The apparent activation energy for the IC deformation processes (Qic) was
estimated by plotting the log € vs. 1000/T at constant stresses. The slope of the plot gives
the value of Qic/2.3R (Yadav et al., 2019). Fig. 5.12(a-d) depicts the log € vs. 1000/T plots
for the BM and welded samples at NZ, TMAZ and HAZ respectively from which the
apparent activation energy values were determined. The values of Qic presented are the
average of the three values.

The calculated average value of Qi for the IC process for BM was estimated as
226.34 kJ/mol. The activation energy of HAZ was 221.45 kJ/mol and is near to that of the
BM. Qic for the TMAZ was 118.5 kJ/mol and depends on the level of the stress applied
during the test. In the case of welded samples, NZ has the lowest activation energy which
was 53 kJ/mol and was characterized by very fast creep deformation process. The values
of Qic for the IC test for the BM and HAZ are higher than the activation energy for self-
diffusion in pure aluminium (~142 kJ/mol). Sharma et al. (2000) considered the role of
temperature on elastic modulus during the calculation of the activation energy (Qic) for IC

process by the relationship given by:

Qe = Qu + R (5222) (5.9)

d (1/T)
where, Qq is the activation energy for self-diffusion and E is the elastic modulus.

As the term d (In E)/d(1/T) is positive, the above equation predicts that Qic > Q.
The quantity of the above term increases with temperature at temperature > 0.5Ty. The
values of n and activation energy presented in Table 5.4 reveals dislocation glide (n = 3)
as the deformation mechanism at BM, TMAZ and HAZ. From the stress exponent and also
since the calculated activation energy for the creep deformation is lower than the value of
the lattice energy for self-diffusion, it appears that grain boundary sliding is the

deformation mechanism at the NZ (Kutty et al., 2010). Different activation energy at
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different zones is mainly due to the change in vacancy concentration (McKamey et al.,
1992). The creep strength at different localized zones was found to be in the order of BM
> HAZ > TMAZ > NZ and depends on the grain size as discussed earlier. As this creep
deformation process is under low stress regime (n<5) (Sharma et al., 2000) the creep

strength increases as the grain size is increased.
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Fig. 5.12. Plots of In (£) vs 1000/T(K?) at (a) BM, (b) NZ, (c) TMAZ and (d) HAZ
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Table 5.4 Activation energy Qic at different IC tested zones.

Zones Qic value(avg) (KJ/mol)
BM 226.34
NZ 53.04
TMAZ 118.51
HAZ 221.45
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5.4.2 Hardness and Microstructure during Creep

The effects of high temperature IC deformation process on hardness and
microstructural properties in FSWed AA2014 are presented and discussed in this section.
Owing to the combined effects of the plastic deformation caused by the tool pin due to the
stirring process and the frictional heat generated during the tool rotation, recrystallization
occurs at the NZ resulting in fine grained structures. The average hardness of the welded
area was more than the BM after FSW due to the finer grains as discussed earlier. The
hardness of welded specimen after IC test was determined at locations as shown in Fig.
5.13 at 0.5 mm interval between two consecutive points and 1mm between two lines. Table
5.5 shows the microhardness values of the BM as well as different weld zones after IC
tests. It is observed that the hardness of the BM as well as that of the welded samples
increased after IC. The reason for this is attributed to the fine grain size due to
recrystallization and precipitation of intermetallics at the grain boundaries during the 1C
test (Gupta, 2020). The presence of precipitated particles is seen at the grain periphery and
also inside the grain. At NZ, the concentration of these particles is more compared to that
in other zones as discussed earlier. Further recrystallization due to IC testing phenomena

decreases the grain size which increases the compactness and hence the hardness.

Vs ASAS A O C (0 S5 S«

LEWECICGU LT Gy ¢

S S S S L W S S S S S

Fig. 5.13. Hardness tested sample after IC test

Table 5.5 Average micro-hardness values at different IC tested zones

Zones Avg. microhardness after IC test
BM 117
NZ 190
TMAZ 180
HAZ 165

During IC test, with the advancement of the indenter, the material gets deformed
with three noticed zones viz: zone I, zone Il and zone 111 as shown in Fig. 5.14 (a) in the
specimen cut transverse to the impression mark. Zone-l1 comprises of a dead metal zone
just below the indenter which does not deform during the IC test. The bulk metal in the
dead metal zone acts as a constraint for the metal flow during the creep deformation
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process and hence the metal flows along the lateral sides of the indenter. The optical
micrographs of the zone | below the indenter is shown in Fig. 5.14 (b) which represents
the undeformed grain structure with fine agglomerated Al>Cu second phase particles. This
non-deformed hemispherical core incorporates a hydrostatic pressure within (Butt et al.,
1996) this region. This zone is surrounded by an elastic-plastic hemispherical zone
represented as zone Il shown in Fig.5.14(c). In zone 11 grains are plastically deformed due
to shear force (Vijayanand et al., 2014). This region is characterized by the flow lines
emerging from the indenter lateral side surface. The zone accommodates the punch
displacement and deformation occurs heavily and the metal flows radially as is evident
from the flow lines in the figure. In addition, very fine grains due to dynamic

recrystallization are also evident in this region.

From the optical micrographs, it was noticed that the grains get deformed heavily
due to the IC testing conditions. The deformation occurs due to the punching force applied
during the testing. Agglomerated second phase particles at the grain boundary were found
to be more at this zone. The figure also reveals fine grains with average diameter of 12 um
at NZ i.e., the grain diameter is around 50% that of the diameter of NZ before IC test. This
is the result of dynamic recrystallization and accelerated aging during IC test (Gupta et al.,
2020). The microstructure study also reveals a fine grain size at other creep tested zones.
Zone Il (Fig. 5.14(d)) indicates that not much metal flow has taken place since the distance
of this zone is far from the indenter tip. The secondary precipitation process discussed

above occurs during the IC process of the FSWed as well as the BM (Rajak et al., 2020).

The area below the indenter at each localized zones of NZ, TMAZ, HAZ as well as BM
were viewed under optical microscope from the top surface after IC test. The photo
micrographs of these regions are shown in Fig. 5.15(a-d) respectively. The features
indicate that, below the indenter, neither the grains are deformed not recrystallization has
taken place and the microstructure is similar to that observed before the IC test. The grains
in NZ are finer than that of BM (Fig. 5.15a). The TMAZ retains the usual pulled out grains
shown in Fig.5.15b and are finer than HAZ (Fig.5.15¢) and BM (Fig.5.15d). The
unchanged grain size below the indenter indicates the presence of hydrostatic pressure
(Butt et al., 1996). Intermetallics at the grain boundaries and embedded inside the grain as

shown in Fig.5.9. was also observed in Fig. 5.15. in the respective zones. From the EDX
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analysis, the composition of the intermetallics before and after the IC test of the welded
sample were identified as the compounds of Al with the Cu, Fe, Si, Mn and Mg from the

EDX study shown in Fig. 5.16(a-b) respectively.

daFy of zone Ul aﬁd'lll.

e 2001 LT

Fig. 5.14 (a) Optical micrograph of different zones below the indenter after I1C test, detail
microstructure at (b) zone I, (c) zone 11 and (d) zone I11.

Fig. 5.15 Optical micrographs of top view of IC tested surface at (a) NZ (b) TMAZ (c)
HAZ and (d) BM
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Fig. 5.16 EDX image of intermetallic (a) before and (b) after the IC test of FSWed

samples

5.5 Summary

The IC behaviour of FSWed AA2014 was analyzed at different localized area and
remarkable differences in the creep behaviour of FSWed and BM material was observed
and the following conclusions are extracted.

e Plastic deformation occurred on account of intense material flow in FSW process, finer
equiaxed grain structures were obtained in the NZ.

e The creep strength of AA2014 was declined considerably after FSW and was
incorporated with the lower activation energy which is dependent on the temperature
and grain size.

e NZ shows the least value of creep rate, stress exponent and apparent activation energy
for the IC process in compared to the TMAZ and HAZ. For the coarse grain structure,
creep strength is equivalent to the BM at the HAZ.

e Hardness of the creep tested sample was increased due to further decrease in the grain
structure of the localized area for the recrystallization during IC test and agglomeration
of precipitates.

e The intermetallic compounds of Al + Fe + Cu as ascertained by the EDX analysis were
clustered at the grain boundaries.

e The precipitated intermetallic at the NZ surface is more than the BM and shows the

highest among all the zones.
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Chapter 6

Fatigue Crack Growth Rate Studies at Different Weld
Zones of FSWed AA2014

6.1 Introduction

Aluminium alloys find wide applications in aerospace and locomotive industries
as structural materials due to their high strength to weight ratio. FSW is employed as the
best metal joining process in these materials for its numerous advantages over the
conventional fusion welding process. These structural components are always subjected
to reversed / repeated and / or random stress cycle conditions for longer period. For having
higher service life of these components, a better fatigue performance of the materials is
required. Better fatigue property of these components can be achieved by controlling the
microstructure of the weld area. The microstructure changes that can be achieved by
varying the process parameters of the FSW process for AA2014 was investigated and the
results have been presented in Chapter 4. Due to the inherent nature of the FSW process,
the microstructure of the weld region is heterogeneous and hence the mechanical
properties will be different for different zones (Mishra and Ma 2005). The fatigue failure
during the application will therefore be along the weakest zone of the weldments. The
weakest zone during the FSW process therefore is required to be identified and the
necessary thermos-mechanical treatment may be carried out to eliminate or reduce this

effect.

In this chapter the FCG characteristics are studied at the selected zones of FSWed
AA2014 Aluminium alloy. The FCGR of FSWed AA2014 plate through various weld
zones was studied with initial notches located parallel to the welding direction. The effects
of microstructures on the FCGR at NZ, TMAZ and HAZ have been examined and
compared with that of the BM. The result of heat treatment (HT) carried out in this case
on the mechanical properties (hardness and tensile strength) is studied in this section. The
results of the studies are presented in the subsequent sections followed by discussion and

finally, the chapter ends by summarizing the findings.
6.2 Tensile Properties and Hardness of FSWed Specimen After Heat

Treatment
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The tensile stress vs. strain curve of FSWed sample without and with heat treatment
are shown in Fig 6.1. The mechanical properties of both samples are presented in Table
6.1. During the PWHT, release of internal stresses (that are induced during the FSW
process) results in enhancement of the mechanical properties. The UTS and Y'S were 102%
and 103 % of the as-welded samples respectively. The reduced tensile strength of the
welded joint was recovered up to a certain extent after the PWHT. Though the tensile
properties like UTS and YS were improved, % elongation was decreased after PWHT and
is 93% of the as-welded sample. The tensile fracture features as in Fig 6.2 show dimple
features indicating ductile failure. Figure 6.2(a) represents complete ductile tensile
fractured surface before HT process. Figure 6.2(b) depicts finer and shallow dimples all
over the fractured surface of the HTed sample indicating a slight decrease in the ductility.
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Fig. 6.1. Stress vs. strain curve of specimen after FSW and FSWed specimen after HT
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Fig. 6.2. Tensile fractography of FSWed sample (a) before and (b) after the HT process

Table 6.1: Tensile properties after HT
Hardness (average) at

Properties UTS (MPa) YS (MPa) %E NZ TMAZ HAZ

FSW HT 403 293 11 168 153 147

FSW 393 282 11.75 165 150 132
84
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The hardness of the FSWed samples after HT were analyzed and compared with
the FSWed sample without HT. Figure.6.3 shows the location of the hardness testing
points along the weld area. Fig. 6.4 shows the variation of hardness across various weld
zones in the FSWed sample before and after PWHT. The hardness distribution across
different weld zones of the FSWed sample is uneven in addition to the fact that the
difference in hardness from HAZ to the NZ is large. It is also evident that the variation in
hardness from HAZ to NZ has reduced and the distribution of hardness across the weld
zones are almost even after heat treatment. Due to the post weld heat treatment of
solutionizing followed by ageing the strength of the FSWed joint is restored. From the
figure it is found that there is only a marginal increase in the hardness value at NZ and at
TMAZ (both almost ~ 2%), whereas, the hardness at the HAZ increases by 10% after the
PWHT. This may be due to the dynamic recovery and recrystallization process. It is
probable that a higher dislocation density in this zone repairs the precipitation hardening
during aging by adding the nucleation sites (Wei et al., 2000). Ageing following quenching
caused the homogeneous precipitation of strengthening phases resulting in even
distribution of the hardness across all weld zones (Krishna and Ramanaiah 2011). Since
the role of hardness in fatigue crack propagation is insignificant (Tra et al., 2012) the effect

of hardness is ignored in this study.

Fig. 6.3. Vickers microhardness tested sample along the weld area after HT
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2 60 /.n\ ~-FSW (HT)
§150 ] \‘;:\ .
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T 130 "
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Distance from the weld center (mm)

Fig. 6.4. Hardness at different weld zones of FSWed sample before and after HT
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6.3 Microstructure at Nugget Zone Before and After the HT

The microstructure at NZ of the welded sample before and after the HT was studied
under OM and illustrated in Fig 6.5 (a) and (b) respectively. During the FSW process the
weld zone is subjected to stirring and plastic deformation process resulting in the presence
of large amount of residual stress in the weld zone. This residual stress degrades the
mechanical attributes of the friction stir welded structures. NZ is exposed to maximum
temperature during FSW thereby altering the distribution of strengthening precipitate with
associated change in the Mechanical properties. During FSW fine equiaxed grains are
formed at the NZ due to recrystallization. OM micrographs of FSWed zones shown Fig.
6.5 (a) reveals sub-grains which are indicative of recrystallization during the joining
process. The grain size measured by line intercept method was 23 um. After the
solutionising HT, it is observed that the sub-grains are absent and structure shows fine and
almost equi-axed grains as shown in Fig. 6.5 (b). No change in the grainsize was observed
after heat treatment.

Fig. 6.5. Microstructure at NZ (a) before and (b) after the Heat Treatment process

It was reported from a number of studies that the finer the grain size, the greater
the fatigue crack propagation (FCP) rate (Hanlon et al. 2003, VVasudevan et al. 1997). This
is valid from nanocrystalline metallic materials to the conventional microcrystalline alloys.
In FSWed materials, the NZ experienced an intense plastic deformation as a result of which
a huge number of dislocations would be generated. The dislocations are aligned and pinned
at sub-grain boundaries or near second phase precipitations resulting in a deformed region
around these sites. The fraction of the energy possessed by the NZ is called partial
deformation energy. Since existence of the partial deformation energy adds to the total

energy, the energy barrier is lowered thereby making the crack propagation faster at the
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NZ compared to other zones. Study regarding the effect of dislocations on the FCG rate
substantiated the fact that the FCP behavior was affected by dislocations (Nishimura and
Miyazaki 2004), i.e., during the loading cycle, the vacancy generation, the emission and
absorption of the dislocations at the crack tip and subsequent coalescence of cracks favors
the crack propagation.

For the dynamic recovery and recrystallization in FSW process, the potential forces
were the resultant of the deformation energy (Su et al. 2005). However, due to the rapid
cooling of the weldments to room temperature the recrystallization process could not be
fully accomplished. Hence some amount of energy is stored in NZ. Dai et al. 2013
evaluated this residual stored energy by the DSC analysis and studied its effect on the FCP
rate at NZ as well. They concluded that this stored energy in the NZ contributes to the
crack propagation. It was suggested that the stored energy provided additional driving
force when crack propagated in NZ, thus made the crack propagation easier and faster. In
the present work, a post weld heat treatment was performed to release the stored energy at
NZ to validate its role in crack propagation. As the FCG property is affected by the grain
structure (Vasudevan et al. 1997), the main aim of the HT is to just release the extra energy
without altering the grain size. Grainsize analysis of the microstructure shown in Fig. 6.5
revealed that the grain size of the NZ was not altered by the PWHT and the grains were
distinct with well-defined boundaries. The sub grain boundaries were not evident in the
heat-treated samples indicating annihilation of dislocations thereby lowering the residual
energy during HT (Dai et al. 2013). The hardness of the sample was increased as discussed
earlier due to the re-precipitations of the strengthening precipitates. But according to the
study carried out the effect of hardness on the FCG property was negligible and was not
considered in this study (Bussu and Irving 2003, and Tra et al. 2012).

6.4 Fatigue Crack Growth Characteristics of FSWed AA 2014Alloy

Figures 6.6 (a), (b) and (c) present the crack length vs. no. of cycles (a vs. N) plots
for the various FSW zones (NZ, TMAZ, HAZ and BM) at load ratios of 0.1, 0.33 and 0.6
respectively. The figure reveals same nature of plots along all the four zones. However,
the crack growth rate was different along the different zones. It is also evident that the
FCGR depended on the R ratio. The crack growth along all the four zones increased at a
slow rate at the initial stages of the fatigue loading. After reaching around 10 cycles, the
crack growth was faster through the NZ and TMAZ indicating the transition from second

stage to the third stage of crack propagation.
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Fig. 6.6. Crack length vs. no. of cycles for stress ratios (a) 0.1, (b) 0.33 and (c) 0.6
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As shown in Fig. 6.6 (a) at stress ratio 0.1, NZ shows a rapid crack growth after
1.20x10° no of cycles and TMAZ after 1.30x10° no. of cycles. The cracks in the HAZ and
BM show linear growth in crack length for a greater number of cycles followed by a
sudden increase with increase in the N. Rapid FCG occurs after a higher no. of cycles of
2.25x10° for HAZ and 2.35x10° for BM. The samples failed after 1.49 x10° and 1.75 x10°
cycles when propagated along the NZ and TMAZ, respectively. In contrast to the above,
the transition from second stage to the third stage crack growth occurred only after around
18x10* fatigue cycles when the crack growth was along the HAZ and BM. The failure of
the samples occurred after 2.45 x10° and 2.5 x10° cycles for the crack propagation taking
place along the HAZ and BM, respectively. With increase in the stress ratios as in Fig. 6.6
(b) and Fig. 6.6 (c), the no. of cycles required to enter third stage rack growth was less.
The sample failed at less no. cycles also. For all the stress ratios BM shows the highest
resistance to the FCG followed by HAZ and TMAZ. NZ represents the lowest resistance
to FCG. However, differences in crack length are observed between the zones of the weld

with a change in stress ratio with respect to N.

The critical crack size, ac, is the crack length at which it enters the third stage of
crack growth i.e., the crack length at which the crack has a tendency to propagate faster
thereby catastrophic failure is about to happen and depends on the R value. The a. value
for each zone for all the three R ratios are determined from the da/dN vs. a plot shown in
Fig. 6.7 (a) (b) and (c) for load ratios of 0.1, 0.33 and 0.6 respectively. For all R values,
maximum ac was observed for the BM samples followed by HAZ, TMAZ and NZ in
decreasing order. The critical crack length evaluated is presented in Table 6.2. At stress
ratio of 0.1, BM specimens exhibit the maximum ac of 32.01mm whereas HAZ exhibits
30.44 mm followed by TMAZ of 27.44 mm. NZ represents the least ac of 25.77 mm that
is 80.5% of the BM. There is a noticeable percentage decrease in the ac of 19.5% in
compared to the BM. For all the stress ratios the critical crack length for the BM is the
highest and for the NZ is the least. For stress ratio 0.33 the ac for BM, HAZ, TMAZ and
NZ are 30.17 mm, 28.0 mm, 27.22 mm and 22.45 mm respectively. The ac for NZ is 74.4%
of the BM. For the stress ratio of 0.6, the ac for BM, HAZ, TMAZ and NZ are 29.13 mm,
26.52 mm, 25.46 mm and 18.31 mm respectively. The ac for NZ is 62.8% of the BM. BM

requires the highest and NZ the lowest no. of cycles for the respective acto achieve. This
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behaviour may be due to the decrease in the ductility of the welded metal compared to the

BM due to the coarsening of the strengthening precipitates of the alloy during FSW.
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Fig. 6.7 (a). da/dN vs. crack length at R=0.1 for the four weld zones.
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Fig. 6.7 (b). da/dN vs. crack length at R=0.33 for the four weld zones.

90
TH-3059_146103012



Chapter 6

0.03
0.025
0.02
0.015
0.01
0.005

da/dN (mm/cycle)

0.03
0.025
0.02
0.015
0.01
0.005
0

da/dN (mm/cycle)

oBM
o
(@)
8
8
5 15 25 35
a (mm)
ATMAZ
A
-A—MﬁMﬂMﬂMMM;
5 15 25 35
a (mm)

0.03
0.025
0.02
0.015
0.01
0.005
0

da/dN (mm/cycle)

0.03
0.025
0.02
0.015
0.01
0.005
0

da/dN (mml/cycle)

5

OHAZ

B

15 25
a (mm)

35

5

o coooconasd

ONZ

o

15 25
a (mm)

Fig. 6.7 (c). da/dN vs. crack length at R= 0.6 for the four weld zones.

Table 6.2 Critical crack length at different stress ratios

35

Stress Ratio

Critical crack length, ac (mm) at different zones

(R) BM HAZ TMAZ NZ
0.1 32.01 30.44 27.44 25.77
0.33 30.17 28.0 27.22 22.45
0.6 29.13 26.52 25.46 18.31

Fatigue behaviour of the BM as well as welded sample are studied at stress ratios

0f 0.1, 0.33 and 0.6. The crack growth rate phenomena in this study satisfies the following

equations according to ASTM E647 as follows

4 K
—q) > 2 fmax
(w a)_n 5,

(6.1)

Where (W- a) is specimen’s uncracked length, Kmax IS the maximum stress intensity, oy is

the yield strength (Sharma and Mishra, 2008). A typical curve for the FCG is a sigmoidal

curve with three different regions viz: crack initiation region or stage I, stable crack growth

region or stage Il and unstable fracture region or stage I1l. The fatigue performance of the

specimens at NZ, TMAZ, HAZ and BM were estimated and analyzed at region Il

according to Paris formula (Suresh, 1985) as given below.
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S = C(AK)™ for AK > MKy, (6.2)

Where, da/dN is the FCGR, C and m are material constants (intercept and slope of
the log-log plot respectively), m is Paris index, 4K is stress intensity factor range, AKin is
the FCP threshold. The fatigue crack growth rates da/dN as a function of 4K applied for
the respective R ratios of 0.1, 0.33 and 0.6 at different weld zones along with the BM are
presented in Fig.6.8 (a), (b) and (c) respectively. The double logarithmic plot represents a
linear relationship between the FCG and 4K applied. From the best fit result at Paris region
or region Il, Paris constants are estimated and presented in Table 6.3.

Table 6.3 Parameters from Paris equation at different weld zones

Sample Stress ratio R= 0.1 Stress ratio R=0.33  Stress ratio R=0.6
C m C m C m
NZ 4.85x1011 4.22 6.33x101°  6.24 9.2x10°° 6.94
TMAZ 6.63x 10710 3.43 4.8x1011 5.11 3.1x10°%° 5.81
HAZ 8.79x10 2.69 6.4x101° 4.16 4.7x10° 4.36
BM 1.38x 10710 242 1.9x10° 3.87 7.1x10°10 3.95
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Fig. 6.8. Plots of da/dN vs. 4K at different weld zones with stress ratios R values of
(@) 0.1, (b) 0.33 and (c) 0.6
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Figure 6.8 (a) represents the relationships between the FCP rates da/dN at each
zone at constant load ratio of 0.1 and within a particular range of 4K. As from the figure,
the FCGR of welded metal at NZ is the maximum and resistance to FCGR is the lowest at
the same range of 4K in compared to the other zones. Paris equation is employed to fit the
experimental data of FCGR at different zones of the FSWed specimen along with the BM

to find out the rates as follows:
da

& = 4.85 x 10711 (AK)*?? (6.3)
Z—; = 6.63 x 10710(AK)343 (6.4)
= = 8.79 X 10711(AK)29° (6.5)
Z—; = 1.38 x 10~10(AK)?42 (6.6)

The equations (6.3), (6.4), (6.5) and (6.6) expressed above are for the FCGR Da/dN
of NZ, TMAZ, HAZ and BM respectively. NZ represent the maximum Paris constant and
the highest rate of FCGR followed by TMAZ, HAZ and BM respectively. Figure 6.8 (b)
represents the relationships between the FCP rates da/dN at each zone at constant load

ratio of 0.33. The Paris equations fitted are as follows:

Z—; = 6.33 x 10~1°(AK)62* (6.7)
= = 4,80 x 10711 (AK)31 (6.8)
Z_; = 6.40 x 10~ 10(AK)*16 (6.9)
= = 1.90 X 1079(AK)3% (6.10)

The equations (6.7), (6.8), (6.9) and (6.10) expressed above are for the FCGR
Da/dN of NZ, TMAZ, HAZ and BM respectively. The resistance to FCGR is the lowest
for the NZ as assured from the highest Paris index. At the lower range of stress intensity
factor, the FCGR of HAZ is equivalent to the BM and the trend coincides at a particular
range. With increase in the stress intensity range the FCGR of HAZ is marginally increased
than BM as found from the plot. The expressions for the FCGR da/dN at higher load ratio

of 0.6 for the selected zones are presented in Fig. 6.8 (c) as follows:

Z—; =9.20 x 10~9(AK)5%* (6.11)
= =3.10 x 10710(AK)3# (6.12)
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= = 470 x 1079(AK)*3° (6.13)
2 = 7.1 x 10710(AK)3 (6.14)

The equations (6.11), (6.12), (6.13) and (6.14) expressed above are for the FCGR
Da/dN of NZ, TMAZ, HAZ and BM respectively. With the increase in the load ratio there
is a decrease in the fatigue life observed for all the selected zones. For all the three cases
as mentioned above, the fatigue life of BM is superior with the lowest FCGR. At the lower
AK regions, the FCG for NZ is the fastest due to the finer grain structure and higher strain
hardening resulting in lower crack blunting effects for all the loading conditions. For The
superior tensile properties of the BM as ascertained from the tensile test, fatigue crack
growth resistance increases due to the decrease in the plastic strain per load cycle. Pao et
al. 2009 reported that residual stresses had comparatively more significant effect on FCG
rate than the microstructure effect, except at low threshold regimes where the impact of
the microstructure was more dominant. In the present work, the residual stress was not
evaluated but compared with the FCG behaviours of the as-welded and PWHTed
specimen. The heat treatment of the weldment results in better homogeneity in the
microstructure and reduces the residual stresses at the weld zones. The compressive
residual stress had a positive effect on increasing the resistance to fatigue failure (S.J. Hong
et al. 2006).

The high scatter in the FCG test results is the consequence of non-homogeneity in
the microstructure in the region of crack propagation (D. Taylor 1992). In the upper Il
region, cracks propagated very quickly in FSWed samples than the BM due to the lower
threshold. At NZ, crack propagated with maximum rate followed by the TMAZ. The crack
growth rate in HAZ region was identical to the base which defines that the range of
threshold stress intensity factor 4K« for FCG at NZ was the lowest than the TMAZ. The
value of 4K w for HAZ was similar to the BM and the variation in the crack propagation
history was more prominent at lower 4K value (Muzvidziwa et al. 2016).

Near threshold characteristics of the fatigue cracks can be understood by the
closure mechanism associated with the sample during the fatigue loading which in turn
depends on the microstructure. Crack deflection is a phenomenon which is generally
observed at the initial stages of crack propagation, i.e., at the near threshold regime. Crack

deflection is also influenced by the grain size. Coarser the grain size, higher is the crack
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deflection. In case of the BM, the grain size is 97 um whereas for the HAZ, it is 63 pm.
Due to the coarse grains, the roughness is more and the actual crack path in the BM is large
due to the zig zag path which crack propagates along the grain boundary. The increased
crack length along with the presence of precipitated intermetallic or second phase particles
at the grain boundary region results in higher number of fatigue cycles for the initiation of
threshold region for the BM as well as HAZ compared to the other zones (Fig.6.9(a,b). In
the case of NZ, since the grains are fine (~15 um), the crack is almost smooth and follows
a straight path as shown in Fig.6.9(c,d). The elongated grain structure of the TMAZ (35
um) which is a characteristic feature of the FSWed joint, yielded a moderately rough
fracture surface as shown in Fig.6.9(e,f) due to a comparatively more average grain size

than the NZ (Gavras et al. 2010) in the initial stages of crack propagation.

% &
20 4aitx
————

Fig. 6.9. FESEM and OM image of the fatigue cracks at near
threshold/region 1 at (a, b) HAZ, (c, d) NZ and (e, f) TMAZ respectively.
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In regions Il and 111 of the FCP, the crack path is different from region I. The crack
closure due to microstructure has a less effect on the crack growth rate. With the increase
in the crack driving force 4K at this region, the interference between the two fracture
surfaces is decreased, as a result of which, the shielding of the crack at the crack tip is
reduced. In the upper 11 and lower I11 regions of the sample, the crack propagation rate was
higher in the FSWed sample than the BM. The FCG mechanism in this region, to a great
extent, depends on the size of the plastically deformed zone in front of the crack tip (Gavras
et al. 2010). In region Il the deformed material zone size is less and covers more grain
boundary area to allow for the intergranular cracks as shown in Fig. 6.10(a). In region IlI,
the plastic zone size is large and the cracks propagated through grain boundaries at very
high AK. Fractograph shown in Fig. 6.10(b) reveals a mixed mode of failure as evidenced
from brittle as well as ductile features along with features of secondary crack propagation

(crack branching) though grain boundaries.

Fig. 6.10. Fatigue cracks (a) through grain boundary (b) Mixed mode with
crack branching

6.5 Fatigue Crack Growth After Heat Treatment

FCG tests were carried out on the HTed samples. Figure 6.11 shows the da/dN vs.
AK plots for the weldment at NZ after HT tested with an R value of 0.1. Analysis of the
plot revealed the Paris constants as ¢ = 2.9 x 107 and m = 2.60. These values are very
close to the values of the BM (¢ = 1.38 x107*° and m = 2.42) (discussed earlier in section
6.4) indicating that the heat treatment has improved the fatigue properties of the weldment.
The release of the stored internal energy from the weld zones during the heat treatment

results in the improvement of the fatigue properties.
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Fig. 6.11. Plots of da/dN vs. 4K at NZ for load ratio R = 0.1
6.6 Fractographic study

Photograph of a typical fractured surface of the sample failed during the FCGR test
is shown in Fig 6.12. The middle portion of three regions: left region is near the pre-crack
which is the crack initiation region; the middle region representing- the steady state crack
growth region and the right side the unstable crack growth region, demarcated by the lines
shown in the figure were observed under FESEM. The samples in which crack propagation

through the three zones NZ, TMAZ and HAZ were investigated.

Fractograph of crack initiation regions in the samples of TMAZ, HAZ and NZ are
shown in Fig 6.13 (a)-(d). The dominant features are second phase particle cracking, and
debonding at the particle-matrix interface. Similar features are observed in all the four
weld zones at the crack initiation regions. In general, the features represent a quasi-brittle
fracture. More or less similar features are seen for all the four zones. In addition, few
porosities evident at the heat affected zone, which might have formed during the FSW
process. During the fatigue loading stage, the crack initiation in all the weld zones occurs
either by particle cracking or by particle-matrix interface debonding. Lugo et al. 2011 and
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Balasundaram et al. 2003 reported that during tensile loading, cracks initiated at sites of
particle fracture or interface debonding since these are regions of high stress
concentrations. In the present study, since the features are almost same for all the weld
zones it is established that the crack intuition is by either particle fracturing or interface

debondlng espeC|aIIy during the tensile Ioadlng stage of the fatigue cycle.

Fig. 6.13 Crack initiation sites in (a) TMAZ, (b) HAZ (c) NZ and (d) BM

Figure 6.14 shows the fractorgraphs at the three regions in Fig. 6.12 for the NZ and
BM for comparison. Due to the severe plastic deformation associated with the FSW
process the fracturing of the intermetallic particles occur. Since micro-cracks are
associated with particle fracturing a large number of micro cracks will be uniformly
distributed in the matrix prior to the FCGR test. The fractured intermetallic particles
mainly in the TMAZ, which are the source of crack initiation and growth are evident in
Fig. 6.13(a). During the fatigue loading stage, these intermetallics acts as stress
concentration site and generates crack in the adjoining matrix (Payne J et al. 2010) and
eventually leads to final failure. It is generally known that the Young’s modulus of the
intermetallic particles are higher than that of the metallic matrices by one or more orders
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of magnitude. During the FSW process, plastic deformation is not experienced at the HAZ.
However, during the loading stage, due to the large difference in Young’s modulus values
between the matrix and the intermetallic particles results in shear stresses at the particle-
matrix interface. During the cyclic loading, as the shear stress at the interface reaches a
level higher than the interface bond strength, debonding of the particle-matrix occurs
resulting in nucleation of micro cracks. In addition, micro-porosities present in the HAZ,
as shown in Fig. 6.13(b) also act as crack nucleation sites at the HAZ.

In NZ, due to the severe plastic deformation and simultaneous recrystallization, the

grains are refined. The fragmented fine particles during the FSW process are dispersed
uniformly in the matrix due to the high plasticity developed during the intense stirring
action. This along with the recrystallization, results in elimination of the micro-cracks
associated with the particle fracture. Under these conditions, the crack initiation sites are
debonding at particle matrix interface as evident in Fig. 6.13(c) and similar to the BM in
as in Fig.6.13 (d).
Features of fine striations, crack branching due to nucleation of fine micro-cracks ahead
of the growing crack and evidence of quasi ductile features at the stable crack propagation
stage (stage Il region) are evident in Fig. 6.14 (a) & (b). The fracture features during the
stable crack propagation stage were similar in all the weld zones. Stage Ill crack
propagation, i.e., the region of unstable crack growth leading to final rupture are
characterized by dimple features, as shown in Fig. 6.14 (c) & (d), indicating that the
material failed in a ductile manner. This is expected since due to the typical loading nature,
the final failure of ductile material during FCGR testing is by ductile shearing and is
characterized by dimple features.

After heat treatment (HT), the fatigue property of the weldment was improved
appreciably and almost equivalent to the BM. In the steady crack growth regions (Stage
I1, crack growth), fatigue striation type features are evident as shown in Fig. 6.15 indicating
crack closure mechanism which are typical for ductile materials. The restoration of the
fatigue properties of the weldment due to PWHT is mainly due to the improvement in the
mechanical properties especially the ductility by release of the residual energy stored in
the weldment during the welding process (Lakshminarayanan and Balasubramanian
2012). This resulted in almost similar fatigue crack growth behaviour for the weldment
after HT compared to the BM.
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EHT= 300kV  SignalA = InLens WD= 43mm

SU8220 10.0kV 16.4mm x

/,‘/

(©) (d)
Fig.6.14. FESEM images of fatigue propagation at (a) BM, (b) NZ and final failure at (c)
BM and (d) NZ respectively.

Fig. 6.15. Fatigue fractured surface of HT sample at NZ.
6.7 Summary

FCGR of FSWed AA2014 at different load ratios and weld zones has been
estimated and the following conclusions are derived.
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e Fatigue crack grows faster in fine grained NZ as compared to the strained grains of
TMAZ and coarser grained HAZ/BM.

e The number of cycles to attain ac was the highest for the BM and lowest for the NZ at
all R values. With the increase in R value the no. of cycles required to attain the
respective ac decreases.

e NZ represents the highest FCG rates with the highest Paris index m for all the load
ratios.

e FCGR at NZ was equivalent to the BM and tensile properties are also improved after
the HT.

e The fragmented intermetallic generated during the FSW process was the main point of
stress concentration and fatigue crack initiation at TMAZ. At NZ, the cause of FCGR
was mainly for the particle-matrix detachment.

e The crack profile of the BM was more torturous than the FSWed sample.
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Chapter 7

Microstructure and Mechanical Properties of FSWed
AAG6061-T6 Joints

7.1 Introduction

The experimental details of this chapter are explained in Chapter 3. The results of
FSW on AA6061-T6 alloy are examined and correlated to the effect of process parameters.
The chapter starts with the analysis of mechanical properties of the FSWed joints under
various processing conditions. The influence of the parameters like tool shoulder diameter
(SD), plunge depth, tool tilt angle, tool pin geometry etc. on the weld qualities are
discussed in detail. The discussion is continued with flexural properties and bending angle
study, micro-hardness at weld zones, fatigue strength analysis followed by a brief
discussion on the microstructure study of the welded parts. Discussion on the impact of
process parameters on the grain size are included thereafter. The investigation carried out
on the fracture surface under FESEM is discussed. The findings of the study are
summarized at the end. The process parameters table presented in Chapter 3 is reproduced

here for the easy recapitulation.

7.2. Mechanical Properties of AA6061-T6 Al Alloy Weldments

7.2.1 Tensile Properties

Tensile properties like UTS, YS and elongation percentage of the weld samples are
evaluated and compared with the BM properties as shown in Table 7.1. For all the
experimental conditions, the BM attributes are more than the welded sample. The stress
vs. strain plots of few weldments along with the BM is presented in Fig.7.1. BM shows
the highest UTS, YS and % elongation. The UTS and YS of the best specimen (E9) are
302 MPa and 266 MPa and correspond to 96% and 98% of the BM respectively. The
welded specimen shows less work hardening. During the tensile straining, the stress
increased continuously with strain up to fracture exhibiting a wide work hardening region
for the BM whereas, for the welded sample (E9) the stress increases and remained constant

afterwards with further deformation till failure.
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Table 3.5 Considered process parameters for the present work

Exp. | Shoulder Diameter Plunge Tool Tilt Tool Pin Profile
No of Tool (mm) Depth (mm) | Angle (°)
El 18 Straight Cylindrical (STC)
E2 21 0.03 1
E3 24
E4 0.06 Straight Cylindrical (STC)
E5 21 0.09 1
E6 2 Straight Cylindrical (STC)
E7 21 0.06 3
ES8 Tapered Cylindrical (TAC)
E9 21 0.06 2 Square (SQ)
E10 Threaded Cylindrical (THC)
* Tool rotational speed 875 rev/min and welding speed 60 mm/min is kept fixed for all
experiments

Table 7.1 Mechanical properties of joints with various process parameters

Exp. No

E1 E2 E3

E4

ES5

E6 E7 E8 E9 E10 BM

UTS (MPa) 180 246 220 256 250
140 201 180 205 203

YS (MPa)
Elong. (%)

7.22 8.28 7.78 9.30

271 255 283 302 291 310
210 204 219 266 227 270

9.0 10.32 10.11 10.87 12.00 11.48 11.00

--A] Base Metal

Experiment E8
~o-Experiment E9

0

2

4

-v-Experiment E10
6 8 10 12

Strain %
Fig.7.1. Stress vs. strain curve of E8, E9 and E10 obtained from experiment with BM

The tensile properties like the UTS, YS and elongation percentage are co-related

with the change of shoulder diameter (SD) for the cases E1, E2, E3 as represented in

Fig.7.2. During the trial experiments, suitable joints were not obtained by using tools with

shoulder diameters lower than 18 mm. The best quality joints were achieved with shoulder
diameter 21mm with UTS, YS, and % elongation values of 246 MPa, 201MPa and 8.28
that are 36%, 43.6% and 14.6% increase in value at 18 mm SD respectively. With further

increase in the SD to 24 mm, mechanical attributes show a decreasing trend. As the

shoulder diameter increases from 21 mm to 24 mm, the UTS, YS, and % elongation
decreased by around 10.72%, 10.44% and 6.0%, respectively.

TH-3059_146103012
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Fig.7.2. Plot of UTS, YS and % Elongation vs. tool shoulder diameter

UTS, YS and % elongation variation of with respect to plunge depth for E2, E4
and E5 are shown in Fig 7.3. UTS and YS increased marginally (< 3.6 %) with increase in
plunge depth up to 0.06 mm and decreased with further increase in plunge depth.
Elongation % increased by 12% from 0.03 to 0.06 mm plunge depth and with further

increase in the plunge depth decrease the tensile properties marginally.
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Fig.7.3. Plot of UTS, YS and % Elongation vs. plunge depth

The effect of tool tilt angle on UTS, Y'S and % elongation for the cases E4, E6 and
E7 are shown in Fig.7.4. In this case the tool with 2° tilt angle gave more strength compared
to 1° tilt angle. With increase in the tilt angle from 1°to 2 °the properties improved but by

6%. With further increase in the tilt angle the plot represents a marginal (<6%) decline in

the mechanical attributes.
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The effect of 4 types of tool pin geometry considered namely straight cylindrical
(STC), taper cylindrical (TAC), threaded cylindrical (THC) and square pin for the cases
E6, E8, E9 and E10 respectively and their effects on mechanical properties of the weld are
represented in Fig.7.5. Out of the considered pin profiles, square (SQ) pin gave the best
tensile properties in compared to the others. The UTS achieved in case of SQ pin is 11%
more than STC tool and 6.3% more than TAC tool pin. The properties deteriorate at THC

tool pin profile.

—=— UTS —a— % Elongation

300 —*—YS # 12.8
g 3 L pil2d
= 250 {E6 §E9 {1202
78] ® E9 El()%lll 6 ?
=208 ¥ A2
2 - EIN[12 2
< (=]
150 4 E‘g 110.8 =
— 1104

100 MEo ‘

STC TAC SQ THC
Tool pin geometry
Fig.7. 5. Plot of UTS, YS and % Elongation vs. tool pin geometry

7.2.2 Flexural and Bend Test

The flexural stress (FS) and bending angle of each test are directly proportional to
each other. Some of the bend tested specimens without any fracture are shown in Fig.7.6.
The FS trend of the measured values is quite similar to the variation in the tensile strength.
The variation in FS and bend angle of the weldments w.r.t process parameters are
presented in Table 7.2. The variation in FS and bend angle with respect to shoulder
diameter for the cases of E1, E2 and E3 is shown in Fig. 7.7. As the shoulder diameter
increases from 18 to 21 mm, FS increases from 284 MPa to 300 MPa indicating an increase
in value of 5.6%. With further increase in the tool SD to 24 mm, the FS obtained is 288
MPa that is 4% less than the maximum value at 21 mm SD.

g

—.;_

Fig. 7.6. Specimens after bend test
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Table 7.2 Bending properties of joints with various process parameters

Exp. No El E2 E3 E4 E5 E6 E7 E8 E9 EI0 BM
FS (MPa) 284 300 288 311 301 329 321 357 496 381 505
Bendangle (°) 95 110 105 115 110 120 115 130 140 135 140

Flexural stress-m-Bending Angle

;!‘ E2 . 5
S 300 Y g
> B 1110 &
\g 295‘ E2 E3 U%
3 1105

Z 290 * =
= b Yl100%
5 285(y 2
2 Hgoltn >
- TR 7T 74

Shoulder diameter (mm)
Fig.7. 7. Plot of Flexural Stress and bend angle vs. Shoulder diameter

Variation of FS and bend angle vs. plunge depth (E2, E4 and E5) is shown in
Fig.7.8. Flexural stress increases from 300 MPa to 310 MPa (3.3%) and bend angle from

110 to 115 ° with increase in the plunge depth from 0.03 to 0.06 mm respectively. With

further increase in the plunge depth to 0.09 the FS and bend angle decreases as observed

in the trends.
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Fig.7. 8. Plot of Flexural Stress and bend angle vs. plunge depth

When considering the tool tilt angle (E4, E6 and E7) it was found that 2°tool tilt

angle gave the maximum flexural stress of 329 MPa and bend angle of 120 ° compared to

1°and 3°as shown in Fig.7.9. The % increase in the FS is 6.1%. With further increase in

the tilt angle a nominal decrease in the value is observed from the graph.
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Fig.7. 9. Plot of Flexural Stress and bend angle vs. tool tilt angle

Figure 7.10 illustrates the variation of flexural stress and bend angle obtained for
weld with respect to various tool pin geometry for the cases E6, E8, E9 and E10. From the
graph it is observed that the maximum FS (495 MPa) and bend angle (140 °) is achieved
in case of SQ pin tool. The FS of 329 MPa and bend angle 120° are obtained in case of
STCtool pin. For TAC pin the values are 356 MPa and 130°respectively. The THC profile
shows a decrease in FS value of 380 MPa and bend angle of 135°.

lexural stress ==Bending angle
= 150
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-
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100~

Tool pin geometry
Fig.7. 10. Plot of Flexural Stress and bend angle vs tool pin geometry

7.2.3 Micro-hardness

Welds obtained from E9 exhibited the maximum Vickers microhardness (HV) of

138 at NZ in compared to others as shown in Table 7.3. Hardness was measured at a gap
of 1 mm distance at NZ and at 2 mm apart in other zones and at the top, middle and bottom
of the cross section of sample E9 as shown in Fig.7.11(a). The microhardness profile of
the specimen E9 (welded with tool shoulder diameter of 212mm, plunge depth of 0.06 mm,
tool tilt angle of 2°, and welding speed of 63 mm/min) is shown in Fig.7.11(b). Vickers
microhardness of the FSWed sample is superior to the BM. NZ represents the maximum
hardness in compared to the other zones. This hardness is 33% higher than the hardness of
the BM (105). Average HV at TMAZ is 118 and increased by 12.4%, whereas at HAZ the
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HV is 108 and a nominal increase of 3% is achieved. The hardness at the upper part of the
weldment is higher than both middle and lower sections. From the graph it is also observed
that the highest value of hardness is obtained for the NZ followed by TMAZ, HAZ and

1404Retreating side; Advancing side

=— UPPER
—e— MIDDLE
BOTTOM

HAZ

icro-hardness(HV)
[\
]

HAZ _
BM 'BM
1101 5
< Nz AW
- IMAZ IMAZ

M
—_
=
S

28 40 4 % 12
(b)Dlstance from weld center(mm)

Fig.7.11. (a) Hardness indentation of the tested specimen, (b) Hardness value at the
upper, middle and lower zones in thickness direction

The variation of microhardness vs. shoulder diameter is shown in Fig.7.12(a). The
plot depicts an increase in the HV value from 103 to 113 when SD increase from 18 mm
to 21mm and that is the maximum hardness achieved. With further increase in the SD to
24 mm HV decreases to 110. There is a marginal increase in the HV (7.6% of BM) is
observed for 21mm SD. The variation in HV value with respect to the plunge depth is
illustrated in Fig.7.12(b). A marginal increase in the hardness value (< 2%) is observed
with increase in the plunge depth from 0.03 mm to 0.06 mm. As the plunge depth was
further increased to 0.09 mm, the hardness decreases nominally. The maximum HV is
attained at 0.06 mm plunge depth and is 115. The plots of HV vs. tool tilt angle is shown
in Fig.7.12(c). The plot represents an increase in the trend as the tool tilt angle is increased
from 1 to 2°. At 2° tilt angle the maximum HV of 120 that is 14.3% of BM is achieved.
Hardness decreases marginally at 2° tilt angle. Figure 7.12(d) shows the trend in HV with
respect to various tool pin geometry. The maximum HV value at the weld NZ is achieved
with SQ pin tool profile. The hardness value achieved for the weldment using the SQ pin
profile is 138 and is 31.4 % higher than that of the BM.

Table:7.3 Vickers microhardness at NZ for each experimental condition
Exp. No El E2 E3 E4 E5 E6 E7 E8 E9 E10 BM

Hardnessat | 103 113 111 115 114 120 118 127 138 133 105
NZ (HV)

109
TH-3059_146103012



Microstructure and Mechanical Properties of FSWed AA6061-T6 Joints

> b 115
El 124 l—.Z\i E [4
5 E3 @0
£ 108 £114 ]
< = ’
= =
& 104 )
E ! : . 5 1134%},
= 18 21 24 S 0.03 0.06 0.09
(a) Shoulder diameter (mm) (b) Plunge depth (mm)
120 <140
2118 g 810
= E7 g
"E = 120
= 1161 =
[ i 21101
= £4 2
21145 - . = 100.
= 1 2 3 STC TAC SQ THC
(c) Tool tilt angle (") (d) Tool pin geometry

Fig.7.12. Plot of HV vs. (a) shoulder diameter, (b) plunge depth, (c) tool tilt
angle, (d) tool pin profile
7.2.4 Fatigue Test

Photographs of few fatigue tested samples of E9 at different stress levels with
respect to the maximum stress of the BM are represented in Fig.7 .13a. The considered
stress levels for E9 are in the range 40% to 80% of the BM UTS at 10% step interval. In
each test the considered stress ratio R is -1. At this stress intervals, the stress amplitude vs
no of cylces to failure (Sa vs N) plot obtained is shown in Fig.7.13b. The failure zones of
the tested sample provide information regarding the fracture at different zones of the weld.
At the stress amplitudes of 120 MPa and 150 MPa which corresponds to 40% and 50% of
UTS, fracture occurred in TMAZ. However, at stress amplitude from 180 MPa to 240 MPa
corresponding to 60%, 70% and 80% of UTS, fracture occurred at NZ after completing a
higher number of fatigue cycles as shown the plot. The plot also represents that at the
lowest stress amplitude of 120 MPa which is 40% of UTS, the number of cycles to failure
in both E9 and base metal sample are nearly same. However, at higher amplitude there are
some more differences in the number of cycles due to the higher impact of the strength of

the weld zone. The fatigue strength of experiment E9 sample is higher than the BM.
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Fig.7.13 (a) Some of the fatigue tested specimen showing failure zones at different stress
levels, (b) S-N analysis of the sample extracted from experiment E9 and base metal.

7.3 Metallographic Study
7.3.1 Weld Microstructure

The weld bead in case of FSW consists of three regions, namely NZ or stir zone
(S2), TMAZ and HAZ. The weld bead of the best experimental sample E9 (based on
mechanical properties) is shown in Fig.7.14. The macro-view (Fig.7.14(a)) shows different

zones at advancing and retreating sides of the weld. It is observed that the weld bead is

uniform in advancing as well as retreating side, however the TMAZ area on advancing

side is somehow more than the retreating side.

Fig.7.14 Weld bead of the sample and optical microstructure at different zone.
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Similar observations were reported by others (Sahu et al., 2018). The
microstructure specifies the variation of grain size at different zones. The NZ grains are
equiaxed, finer with average diameter of 24 um (that is 28 % of base metal grain 85 pm)
as shown in Fig.7.14b. A distinct boundary present between the NZ and TMAZ is called
the transition line as observed in the TMAZ region and represented in Fig.7.14c. Elongated
and deformed grains of 45 um are visible in TMAZ region. Flow lines in the tool pin
movement direction are also visible in this region. However, there was a negligible effect
of heat on the grain of HAZ as shown in Fig.7.14d. HAZ shows similar grain of 78 pm

size and similar to the BM. The base metal grain is around 85 pm as shown in Fig.7.14e.

7.3.2 Grain Size Variation at NZ with respect to Process Parameters

The effect of process parameters used for the FSW process on the grain size at NZ
is studied and presented in Table-7.4. With the increase in shoulder diameter the grains
became finer as shown in Fig.7.15a-c. The grains become finer from 62 to 46 um with
increase in the shoulder diameter from 18 to 21mm. Further increase in the shoulder
diameter up to 24 mm results in coarser grains with an average diameter of 50 um. The
grain size varies according to the plunge depth as shown in Fig.7.15 b, d and e. Finer grains
of 40 um are obtained in case of 0.06 mm plunge depth in compared to 46 and 42 pum
average grain size at 0.03mm and 0.09mm plunge depth respectively. Tool tilt angle
variation also plays an important role in grain size as shown in the Fig.7.15 d fand g. Fine
grain size of average diameter of 36 um is achieved with tilt angle 2° as compared to 40
and 38 um average grain size at 1° and 3 ° tool tilt angle. Out of all the considered process
parameters, tool pin profiles have a vital role in grain refinement as the grain refinement
mostly occurs during stirring action by the tool pin. Out of four considered tool pin
profiles, SQ exhibits the finest grain as shown in the Fig.8i (E9, 24um which is 72% finer
than base metal grain size). So, the best weld output of experiment E9 is achieved with the
selected process parameters of SQ tool with 21 mm shoulder diameter, 0.06 mm plunge
depth and tool tilt angle of 2° with the other combinations of process parameters like tool
rotational speed and welding speed which are already kept constant for this research work.

Table 7. 4 Variation of grain size with different experimental conditions

Exp. No El E2 E3 E4 E5 E6 E7 E8 E9 E10 BM

Grain Sizeof NZ(um) 62 46 50 40 42 36 38 30 24 27 85
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Fig.7.15 Optical photographs of variation of grain size at NZ with variation of shoulder
diameter (a) E1, (b) E2, (c) E3, plunge depth (b) E2, (d) E4, (e) E5, tool tilt angle (d) E4,
(f) EG, (g) E7 and tool pin profile (f) E6 (h) E8 (i) E9 (j) E10

7.4 Fractography

7.4.1 Tensile Fractograph

Tensile fractography revealed two dissimilar fracture mode in the specimens failed
at and before the joint based on the quality of the joint. The specimens, failed before the
FSWed zone (E6, E9,) represent ductile fracture behaviour with dimples features as shown
in Fig.7.16a and 7.16b. On the contrary, features of brittle fracture are also evident in
fracture surface of specimens failed at the weld zone (E1, E2). The variation in weld
softening during the FSW process leads to different fracture modes during the tensile
testing. Due to the material hardening process during the FSW leading to brittle joints,
poor joint strength was achieved in compared to the BM. Hence, brittle fracture pattern is
seen in FSWed samples (TMAZ region, E1) as shown in Fig.7.16c. In addition, some
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secondary cracks are also visible in sample E2 as shown in Fig.7.16d. In spite of the brittle
fracture mode in the welded region, the NZ of E10 is characterized by dimples features
indicative of ductile failure. Since the microstructure at top and bottom portions in each
zone of the weldments is different, the size of the dimples also varies across these regions.
In the top area of the weld NZ, larger dimples are found and shown in Fig.7.16e, indicative
of good plasticity and toughness at this zone. The fracture surfaces on the bottom area of
the NZ represents comparatively smaller and shallow dimples uniformly distributed shown
in Fig.7.16f. This change in microstructure is mainly due to less frictional heat input and

poor metal plasticization in the lowest region of the tool pin.
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Fig.7.16 FESEM images of tensile fractured surface of (a) specimen E6, (b) specimen
E9, (c) specimen E1, (d) specimen E2, (e) specimen E10 upper NZ and (f) specimen E10
bottom of NZ
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7.4.2 Fatigue Fractograph

The FESEM images of the fractured surfaces after fatigue test are represented in
Fig.7.17. The fractured surface of the micro-crystalline ductile AA6061-T6 FSWed metal
can be divided into three main regions namely (1) crack initiation region (2) stage | and
stage Il of crack propagation region, followed by (3) void nucleation, coalescence and
growth. The crack initiates at regions of stress concentrations like surfaces (both internal
or external surfaces) and discontinuities like voids, inclusions, second phase particles,
grain boundaries, etc. Figure 7.17 a shows a single crack on the surface with Stage | crack
propagation. The stage Il crack propagation regions (Fig 7.17b & c) show striations which

is typical of steady state crack propagation in ductile materials. Grain size plays a vital role

in the fatigue life mainly in high cycle regime and dominates the stage I crack propagation.
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Fig.7.17. FESEM fractography and %igue crack growth at different regions
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The fatigue fracture at different zones was attributed to the stress concentration,
the grain refinement and the dynamic loading due to the cyclic loading. The fatigue tested
sample indicates that during the testing the crack initiated from the specimen edge and
propagated towards the center. As the considered sample (E9) for the fatigue test was weld
defect free, the fracture occurred only due to the repeated cyclic loading rather than any
other cause. The striation observed in fatigue tested sample is shown in Fig.7.18a. Across
the entire fracture surfaces, varying sizes of dimples features are seen. In addition to these
features, particle cracking, voids at grain boundaries and brittle features are also evident

as shown in Fig.7.18b.
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Fig.7.18. SEM detected fatigue fractograph and different crack feature of Exp.9 and BM.

7.5 Discussions

The mechanical properties of the welded joint decreased after the FSW process.
The stress strain diagram as shown in Fig.7.1 represents that the UTS, YS and %
elongations are decreased after the welding. This may be due the following reasons (i)
softening due to the recrystallization of the alloy due to plastic deformation and high heat
generation during the FSW process (ii) dissolution of the second phase strengthening
precipitates at the high temperature condition during the FSW process (iii) formation of
heterogeneous weld zones with nonuniform mechanical properties resulting in failure
during mechanical loading (iv) degradation in mechanical properties due to weld defects
if present any. The best joint quality is attained with the SQ pin tool with shoulder diameter
22 mm, plunge depth 0.06 mm and tool tilt angle of 2°. The tool rotational speed and
welding speed are kept to be constant as 875 rev/min and 60 mm/min respectively for all

sets of experiments that are optimized from the previous experiments.

The effect of SD on the weld quality as illustrated in Fig.7.2. Tool with 21 mm SD

indicates the highest tensile strength. With increases in SD the contact surface between the
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work piece and tool increases and leads to more frictional heat generation. In case of 18
mm shoulder diameter, the tensile strength is less due to insufficient frictional heat
generation for less contact area. However, in case of 24 mm shoulder diameter the tensile
properties again deteriorate due to more heat generation that leads to coarser grain structure
thereby reducing the strength.

The effect of plunge depth on mechanical properties shown in Fig.7.3. indicates
that with an increase in plunge depth the tensile properties are enhanced up to a certain
level and beyond which it decreases with further increase in the plunge depth. As the
plunge depth creates the downward pressure and proper contact to generate frictional heat.
So, in this case of 0.06 mm plunge depth, a proper contact is established and the tensile
strength increases compared to 0.03 mm. However, at 0.09 mm plunge depth due to
extreme pressure more heat is generated that leads to coarsening of the grain and
deteriorate the tensile properties. Also, at higher plunge depth more downward pressure
creates high volume of flash and excessive local thinning occurred at the shoulder and
work piece contact area that leads to decrease in tensile strength of the joint.

The variation of mechanical properties of the FSWed joint with tool tilt angle
illustrated in Fig.7.4 reveals that at a constant plunge depth, if tool tilt angle is considered
than the pressure at the front side of the tool is more and yield higher plasticization
compared to the back side of the tilted tool. Hence, tilting effect can eliminate the tear line
and root defect of the FSWed sample. Defect free welds are obtained with considered tool
tilt angles. The tool with 2° tilt angle exhibited higher strength compared to 1°. At 1° tilt
angle the pressure at the front of the tool is negligible compared to the 2°. At 2° tilt angle
the exerted pressure at the front of the shoulder is increased favoring proper stirring
resulting in defect free joint. However, as the tool tilt angle is increased to 3°, excess
ploughing occurred at front region and loss of some plasticized extra material deteriorate
the overall strength of the joint. In this study 4 types of tool pin geometry are considered
namely straight cylindrical, taper cylindrical, threaded and squire pin and their effects are

represented in Fig.7.5.

Flexural stress or bend strength can represent the highest stress of the tested
material during the moment of yield. Flexural stress and the bending angle of the test are
directly proportional to each other. The flexural stress trend of the measured values is quite

similar to the tensile strength. When considering the flexural stress variation due to the
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shoulder diameter, it was observed that flexural stress increases up to certain limits and
then decreases as shown in the Fig.7.7. The experiment at 21 mm shoulder diameter gives
more flexural stress because of proper heat generation which leads to better weld qualities
compared to 18 mm and 24 mm shoulder diameter. Also, at 21 mm shoulder a better
bending angle is achieved. Similar observation is found in case of the experiment with
0.06 mm plunge depth as shown in Fig.7. 8. The flexural stress and bending angle are more
in this case because of the proper contact of shoulder with work piece fraying surface and
generation of better heat to plasticize the material. However, at 0.09 mm plunge depth
more amount of heat generation leads to maximum flush generation and weakens the
strength of the joint with less flexural strength and bending angle. 2°tool tilt angle gives
better flexural stress and bending angle compared to 1°and 3°as shown in Fig.7.9. During
tool tilt it was observed that the plasticized material entered from front and stirs more at
backside of the traversed tool due to more amount of tool face plough into the plate. In this
case the weld defects are eliminated due to the highest pressure of shoulder plough and
restriction of the soft material beneath the shoulder without flare out. Out of all the
considered process parameters, tool pin geometry has more effects on flexural stress and
bending angle as shown in Fig.7.10. It is clear from the figure that the highest flexural
stress is achieved with SQ tools because of the highest strength achieved due to the
pulsating effect of the tool pin that leads to the highest strength compared to other tool pin
geometry. The above results show that the weld with 21 mm shoulder diameter of the SQ
tool at a 2°tool tilt angle and 0.06 mm plunge depth gives the highest flexural stress of
495.93 MPa that is around 98% of the BM. The highest bending angle at this condition is
140°.
7.6 Summary
From the experimental results the summary of the conclusions is extracted as follows
e FSW process can be fruitfully implemented to join 6 mm thick AA6061-T6 plate
without any weld defect by a 21 mm shoulder diameter SQ tool with tilt angle 2°, 0.06
mm plunge depth and at 815 rev/min tool rotational speed and 60 mm/min welding
speed.
e Weldments with very good joint quality with UTS and FS values 97% and 98% of the
BM respectively was achieved. The best joint obtained for the case where the grain

size was 72% of the grain size of BM.
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e The maximum hardness value is obtained at NZ and the lowest at HAZ. The hardness
measured at the upper zone of the joint in the cross-section direction is the highest than

the middle and lower zone.

e At stress amplitude of 120 MPa which is 40% of UTS the number of cycles to failure
in E9 is same as the base metal.

e The properties of the weldment are influenced by the grain size at NZ

e The specimens, failed before the FSWed zone represent ductile fracture behaviour with
dimples features whereas features of brittle fracture are evident in specimens failed at
the weld zone.

e As the considered sample (E9) for the fatigue test was weld defect free, the fracture

occurred only due to the repeated cyclic loading rather than any other cause.
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Impression Creep Deformation Behaviour of FSWed
AA6061-T6 at Various Weld Zone

8.1 Introduction

Creep properties of materials are very important for various applications especially in
areas of aviation and energy sectors like power plants. A quick method of studying the creep
behavior is by impression creep testing. FSW is a process of welding the materials below its
melting point temperature. However, the weld region of a FSWed component has mainly
three zones: (i) NZ, (ii) TMAZ and (iii) HAZ. The nature of the material at these zones is
highly heterogeneous due to the heterogeneity in the microstructure (Sahu and Pal 2017). The
mechanical properties and deformation behavior at high temperatures of these three zones are
different and the final failure of the material is decided by the properties of the weakest zone.
Hence the creep properties of various zones are needed to be estimated for the safe application
of the components. Through the IC method, the in-service deformation phenomena under

high temperature of the material can be estimated through a small volume of the material.

The process parameters for getting the best weldments of FSWed AA6062-T6 are
obtained on the basis of mechanical property attributes and was presented in Chapter 7. In
this chapter the IC deformation behavior at selected weld zones of the best weldments in
FSWed AA6061 alloy is studied at temperatures in the range 326, 359 and 378 °C and at
stresses 24, 28, and 32 MPa. IC tests are carried out at three different weld zones of NZ,
TMAZ and HAZ along with the BM and compared. The microstructure of the creep tested
samples is observed under OM and FESEM. The composition of the intermetallic particles
has been analysed using EDX study. This is followed by discussion of the results and finally
the chapter ends by summarizing the findings.

8.2 Mechanical Properties

The mechanical properties: tensile tests, flexural and bend tests of the best quality
weldment is presented in Table 8.1. The UTS and YS of the best specimen (E9) are 302 MPa
and 266 MPa and correspond to 96% and 98% of the BM respectively. The bending angle
obtained for the best weldment is same as that obtained for the BM. Vickers microhardness
at NZ was the maximum followed by TMAZ and HAZ.
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Table 8.1 Mechanical properties of the best FSWed sample (sample No. E15)

UTS YS % Flexural Bending Hardness Hardness  Hardness
(MPa) (MPa) Elong. stress angle (°) at NZ at TMAZ at HAZ
(MPa) (HV) (HV) (HV)
302 266 12 496 140 138 118 108

8.3 Microstructural Features of the FSWed Joint before 1C Test

During FSW, the plasticized material from the two plates is intensely mixed up and
form the joint. Due to the peculiar nature of FSW, the weld bead yielded a heterogeneous
microstructure consisting of NZ or the stirred zone, TMAZ and HAZ along with BM and
is shown in Fig. 8.1a. NZ consists of equiaxed fine grains as compared to the other zones
as shown in Fig. 8.1b. This fine size at the NZ is due to the dynamic recrystallization as a
result of the frictional heat developed and plastic deformation.

(b) NZ, (b)

(e) BM
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The grains at the TMAZ are heavily deformed in the direction of the tool pin
motion. Due to this the grains are coarse grains and elongated along the metal flow
direction as is evident from Fig. 8.1c. HAZ is far away from any influence of the FSW
process and has nearly unaltered grain structure (Sahu et al., 2017) and is shown in Fig.
8.1d. The grain structure of BM is similar to HAZ and is shown in Fig. 8.1e. The average
grain size at each zone was measured by line intercept method. The average grain size at
NZ is 24 pm. TMAZ is comprised of elongated grains of 45 pm and HAZ is 78 um which
is close to the BM grains of 85 pum. The grains at NZ are 73% finer than the BM. The
optical micrographs also evidenced the agglomerated particles clustered inside the grain
and at the grain boundaries due to the thermo-mechanical action during the FSW process
(Wang et al., 2014).

8.4 Impression Creep Results Analysis

Results of the IC test at temperature greater than 0.5T (Tmis absolute melting point
temperature) can be explained by various models. Among these the power law creep
equation of the Arrhenius rate type (Das et al., 2018) is widely accepted model. In power
law creep equation, the strain rate is co-related to the applied stress and temperature by the
expression:

&= Ao™ Exp (—Q/RT) (8.1)
where, ¢ is the SSCR or minimum strain rate, A is a material constant, n is stress exponent,
o is equivalent stress, Q is activation energy for creep, R is universal gas constant and T is
the temperature in K. For the impression creep test, the strain rate ( &) and stress can be
expressed in terms of minimum impression velocity (Vimp) and punching stress (o) by
using the conversion factors.

Oimp = 4LITd? = C10 (8.2)
€ = Vimpl C2d (8.3)
Where, L = applied load, d = indenter diameter (1 mm for this case). C; and C; are
constants. The constants or conversion factor C; varies from 2 to 4, and C; varies from 0.5
to 1.5. For most materials, C1 = 3 and C> =1

For the present case C; is considered as 1, Hence, é=Vimp (8.4)

The impression depth vs. time plots for the IC test represents an increase in the
impression depth with increase in time. The plot is similar to the primary and secondary

stages of creep deformation of a general creep curve. The third stage of the curve is not
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possible to obtain. This is since beyond a certain stage of the indenter advancement in to
the specimen, the frictional forces at the lateral surfaces of the indenter will be dominating
and impede the penetration (Yadav et al., 2019). The creep curve represents the two stages
viz; (i) the primary creep stage, where the impression depth increases with a sudden
application of load increases at a decreasing rate. This is due to the evolution of the sub
grains with increased number of sub grain boundaries which hinder the movement of the
dislocations and lower the creep deformation rate. (ii) In the second stage, the rate of creep
deformation becomes minimum or nearly constant is called SSCR due to the balanced
effects of the processes i.e., strain hardening and recovery. The second part of the graph
represents a steady state at constant stress. It represents a minimum change in strain value.

The impression depth vs. time plots for each selected zones viz: BM, NZ, TMAZ
and HAZ at a temperature of 326 °C and stresses of 24, 28 and 32 MPa are presented in
Fig.8.2(a-d) respectively. For the case of BM (Fig. 8.2(a)), the impression depth h
increases up to 0.20 mm at a stress of 32 MPa and remains constant with further increase
in time. The impression depth is 0.19 mm for the stress of 28 MPa and 0.15 mm at 24 MPa

and remains almost constant with further increase in impression time.
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Fig. 8.2. Impression depth vs. time of (a) BM, (b) NZ, (c) TMAZ and (d) HAZ at 326 °C.
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The change in strain is negligible here. At HAZ as shown in Fig. 8.2(b), the
impression depth h increases, with all conditions of applied load, up to a certain time. With
further increase in time, no change in the h observed. The maximum strain achieved for
HAZ is less than that for the BM. For TMAZ (Fig. 8.2(c)) the plot is similar to the HAZ
and the maximum h obtained was less than HAZ for the same loading conditions. For the
NZ as shown in Fig. 8.2(d) the least value of h is obtained in compared to all the four zones
and the time required to achieve is also the least. The specimen entered into the steady
state creep stage earlier than the other cases. The plots of h vs. time at 359 and 378 °C for

the selected zones are presented in Fig. 8.3 and Fig. 8.4 respectively.
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Fig. 8.3. Impression depth vs time for (a) BM, (b) NZ, (c) TMAZ and (d) HAZ at 359 °C

Following are the observations found from the plots: (i) the maximum impression
depth (hm) increases with increase in applied stress at a constant temperature (ii) at a
constant applied stress, hm increases as the test temperature increases from 326 to 378 °C.

The hm decreases with further increase in test temperature (Fig. 8.5) and (iii) as is evident
from Fig. 8.6, the rate of change of hy, w.r.t the stress applied ;—J (hy,), increases linearly

with increase in temperature. The minimum creep rate (SSCR) value determined for all

125
TH-3059_146103012



Impression Creep Deformation Behaviour of FSWed AA6061-T6 at Various Weld Zone

the experimental conditions at various weld zones are presented in Table 8.2. The SSCR

was minimum for NZ and maximum for the BM.
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Table 8.2 SSCR at various weld zones with different stress and temperature

Zone Stress (MPa) SSCR, & (mm/ sec)
326 °C 359 °C 378 °C
24 1.3 x10° 3.1x10°  6.3x10°
BM 28 2.3 x10° 5.1x10° 8.3 x10°
32 3.5 x10° 7.9 x10° 1.4 x10*
24 1.0 x10°3 2.3x10°® 3.7x10°3
NZ 28 1.7x10°® 4.1x103 6.7x1073
32 2.3x10° 4.9x103 7.6x10°
24 8.2 x10° 4.1 x10* 5.3 x10*
TMAZ 28 1.9 x10* 6.1 x10* 7.2 x10*
32 3.1 x10* 7.0 x10* 8.1 x10*
24 1.4x10° 2.2x10* 4.3 x10*
HAZ 28 1.2 x10* 4.0 x10* 6.1 x10*
32 2.8 x10* 5.6 x10* 9.2 x10*
0.011
y = 6E-05x - 0.0139
0.008 - R2 = 0.9987
S
£
S0.005 -
0.002

320 330 340 350 360 370 380 390
Test Temperature, T (°C)

Fig 8.6. Plot of rate of change of penetration depth w.r.t stress applied dd—a (hp)vs. T

The stress exponent values of the power law creep equation at different considered
weld zones can be determined from the IC experiments and the deformation mechanism
at these zones can be understood (Mahmudi et al., 2004). Numerous mechanisms have
been proposed regarding the deformation of the material during the IC process due to their
ordered atomic structures. Under these conditions the stress exponent value n of the power
law equation can identify the controlling factor for the deformation process. For n = 1 the
deformation is by diffusional creep; for grain boundary sliding n = 2 and for dislocation
glide n = 3. When 4 < n <5, the deformation is by dislocation climb and when n=6, it is
particle strengthening (Jung et al., 1987 and Sharma et al., 2000). For the present
investigation, the plots of (¢) (as estimated from the experimental curve) as a function of

equivalent stresses are presented in Fig. 8.7. The ¢ vs. o plot on a log-log scale for the three
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different temperatures indicate straight line relationships for all the weld zones. Since the

slope of these lines represents n, the values of n at each temperature for the BM, NZ,
TMAZ and HAZ were determined from Fig. 8 and is presented in Table 8.3. With the rise

in the testing temperature from 326 ° C to 378 ° C at each selected zone, the stress exponent

n decreases which is an IC phenomenon. This is because as the temperature increases, the

material deforms easily due to the dislocation intersection as well as generation of new

dislocations with high mobility showing a declining value of n at each zone and constant

stress conditions. The stress exponent decreases with an increase in temperature. Plot of n

vs. T revealed that the n value was decreased with test temperature.
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Fig. 8.7. Function of (¢) with respect to (o) at different temperatures for (a) BM, (b) NZ,

(c) TMAZ and (d) HAZ

The n could be correlated to T with a polynomial of order 2 with a coefficient of

correlation R?=1. The relationships n=F(T) for the 4 weld zones is shown by equation (8.5)

to equation (8.8).
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for BM, n = —(0.0001 x T? — 0.0957 X T + 12.483) (8.5)
for NZ n = —(0.0007 x T? — 0.0495 X T + 5.1986) (8.5)
for TMAZ n = —(0.0007 X T? — 0.0469 X T + 4.7148) (8.5)
for Haz n = —(0.0004 X T2 — 0.0026 X T + 2.8162) (8.5)
Table 8.3 The stress exponent values n at various weld zones at considered temperatures
Zone Temperature ("C) n Value

326 3.40

BM 359 3.30

378 3.10

326 3.12

NZ 359 3.09

378 3.00

326 3.20

TMAZ 359 3.18

378 3.10

326 3.22

HAZ 359 3.21

378 3.20

The value of ¢ is dependent on the applied stress and temperatures as seen from the
graphs and is different for the base and the welded samples. The welded samples exhibit
higher creep rate and deform easily as compared to the BM at the same experimental
conditions due coarsening of the strain hardening particle during FSW process. In FSWed
samples, the creep rate was different for each selected zones at the same experimental
conditions. The variation in the creep properties was due to the complexity and variation
in the microstructure of the individual weld zone. Due to the complex phenomenon of the
FSW process, weld area develops a heterogeneous structure at different weld zones due
arising from the uneven temperature distribution resulting in non-uniform,
recrystallization. It was observed that NZ creeps faster than any other zones. This may be
due to several reasons: i) The finer grain size - at temperature greater than 0.5Tn, the
smaller grain size increases the creep rates and hence the phenomenon of impression creep
becomes easy (Fleck et al., 1970). The grain size has a significant effect on the SSCR in
the low stress regimes (n < 5). In the present IC test conditions, the average grain size of
NZ is the smallest followed by TMAZ, HAZ and BM as discussed earlier. There is an
increase in the number of sub grain boundaries when the IC process enters in to the
secondary stage. These sub grain boundaries accelerate the creep deformation process. ii)

generation of new dislocations at the grain boundaries along with the dislocations already
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generated during the FSW process. These dislocations deteriorate the strengthening effect
of the alloy by creating the sites for the precipitation process of the second phase particles.
Also, the second phase particles act as the stress concentration factors. The precipitates at
sub-boundaries of smaller grains accelerate the dislocation motion (Al-Ganainy and
Mostafa 2000) and hence the creep deformation occurs with a higher creep rate. With the
increase in the grain size, the grain boundary width increases which therefore constrain the
motion of the dislocation and at the same time, greater number of second phase
precipitations remain embedded inside the grain rather than at the boundaries. Figures 8.8
(a-c) depict the micrographs of the indented surface at NZ revealing precipitated phases at

sub-grain boundaries and inside the grains.

\\bl ”
s P Y R

- - % A
|2° pm | EHT= 7.00kV  WD= 3.8 mm Mag= 500X Signal A = InLen W

' Fig.8.8 (a) Indented surface at NZ, and its (b) precipitates accumulation at sub-grain '
boundary and inside grain, (c) magnified rod-shaped precipitates embedded in the grain

Figure 8.9 shows the OM and FESEM micrographs at different 1C tested areas
revealing the distribution of the intermetallic particles. At NZ, large number of irregular
shaped intermetallic particles can be seen (Fig. 8.9 (a-b)) and in several sites these particles
appear to be agglomerated. These intermetallic facilitate the creep deformation process in
NZ. Semi equiaxed precipitates with lesser in number are evident at TMAZ as seen from
Fig. 8.9 (c-d). Figure 8.9 (g-h) indicates that at the BM area, a smaller number of finer

precipitates are found dispersed inside the grains.
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D 4 :
v Fine precipitates
K. 1 %<

Mag= 1000KX SignalA«inLens
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Iiig;8.9. Precipitation revealed through O and correlated with FESEM analysis at (a-b)
NZ, (c-d) TMAZ, (e-f) HAZ and (g-h) BM after IC test
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The higher number and bigger size of the agglomerated intermetallic at NZ may
be due to the prior agglomeration of the strengthening precipitates due to the thermo-
mechanical process of FSW. During IC test condition, these precipitates grow in size due
the exposure to applied temperature and stress. The more no. of intermetallics reflect that
NZ creeps at the highest rate than TMAZ followed by HAZ and BM at the same IC test
condition.

The results of the EDX study performed on the agglomerated particles on the
FSWed samples before and after the IC test are shown in Fig.8.10(a-b) respectively. The
most common strengthening precipitate which is Mg.Si of the AA6061 was not found in
the FSWed component. The high heat generated during FSW process results in the rise in
the temperature of the weldment. Dawood et. al 2015 reported that at temperatures above
200 °C, Mg2Si precipitates dissolve in the matrix. However, after the I1C test, second phase
particles of AlsMg., (AIMg), and possibly compound of AI-Mg-Si—Cu—Fe were found in
the microstructure which was similar to the reported findings (Sahu et al., 2020)

= Spectrum 12 E ! =] Spectrum 9
W1t% -

Al
Si
Mg
Fe
Cu
Co

Fig.8.10. EDX spectra of intermetallic particles before and after IC

The apparent activation energy values also help in understanding the deformation

mechanism of the IC process. The average activation energies for the IC process (Qic)

were estimated from the slope of the log (€) vs. 1°T—°° , Where T is the test temperature in

Kelvin. The plots of log (&) vs. loTﬂ for the BM and FSWed samples at NZ, TMAZ and

HAZ were presented in Fig.8.11(a-d) respectively. It is evident that activation energy for
the IC test decreases with the increase in the applied stress. The experimental value of Qic
for the BM and FSWed sample showed different values at different weld zones which is
due to the in-homogeneous microstructure, as discussed earlier. The calculated average

activation energies determined for the graphs for the NZ, TMAZ and HAZ are shown in

132
TH-3059_146103012



Chapter 8

Table 8.4. The values of activation energies of the IC process were found to be higher than
the activation energy for self-diffusion of pure Al which is ~142 kJ/mol (Sherby and
Burke, 1968). This is due to the fact that while calculating the activation energies as per
the relationship given below the correction for elastic modulus was not performed.

_ d (InE)
Qc = 0+ R(55D) (8.9)

Where, Q, is the activation energy for the IC process Q, is the self-diffusion activation
energy and E is the elastic modulus.
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Fig. 8.11. Plots of In (¢) vs 1000/T for (a) BM, (b) NZ, (c¢) TMAZ and (d) HAZ

As (%) has a positive value, Q. should be greater than Q, i.e Q, > Q4. At
d (InE)
d (1/T)
carried out at temperatures higher than 0.5Tm, the term increases with increase in

low temperature the term ( ) has negligible value, but as the experiments were

temperature. Hence the values of Q,. are more than the value of Q,. From the above
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investigation, it was realized that NZ of FSWed sample showed the lowest value of
activation energy and stress exponent whereas BM has the highest. As the IC process in
the present case was in a low stress regime (n<5), the creep strength is directly proportional
to the grain size i.e., creep strength is more when grain size is more (Sharma et al., 2000).
From the metallographic study, the average grain size of the NZ is found to be 9 um and
the TMAZ, HAZ and BM are 16 pum, 31 pmand 35 pm, respectively, after 1C test. Though
there was a variation in the grain size within the welded area, the transition in the n value
is not very sharp. From the observed values of the stress exponent and activation energy,
the deformation is observed to be homogeneous and predicted to be through dislocation

glide in all the selected zones.

Table 8.4 Average activation energy values at different IC tested samples.
Zones  Qic valuegvg) (KJ/mol)

BM 175
NZ 143
TMAZ 150
HAZ 169

8.5 Microstructure after Impression Creep

In IC process, the flat end cylindrical indenter penetrated into the test material due to the
applied load at elevated temperatures. The material beneath the indenter gets deformed in
different distinct zones named zone-i, zone-ii and zone-iii which are demarcated by the
curved lines in Fig.8.12a. Zone (i) is the volume of the hemispherical shaped dead metal
zone just below the indenter which remained unaffected during the IC deformation
process. A magnified view of the microstructure of zone-1 is shown in Fig.8.12b. In this
region the nature of the stress is hydrostatic in nature as reported by Butt et al (Butt et al.,
1996). The micrographs at this region shows undeformed grain structure with
precipitations of second phase particles at the grain boundaries. Zone-ii is the elastic plastic
hemispherical region surrounding zone-i. As evident from Fig.12c, plastic flow occurs
resulting in deformation of the grains during the creep (Vijayanand et al., 2014). The
deformation near the bottom edge of the indenter was severe and alternate dark and faint
curved lines are seen which was due to the unaffected volume of metal at zone-i. Zone-i
releases the stress applied on the indenter in radial direction to its nearby zone. The metal
in this zone restricts the flow during the movement of the indenter and remained

unaffected. So, the indenter movement was supported by zone-ii where heavy plastic
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deformation occurs for which the flow lines are visible. Zone-iii is the far field region
where the effect of indenter was not felt as can be seem from Fig.8.12d due to the absence
of plastic deformation. From the metallographic investigation carried out at the BM, as
well as at NZ, TMAZ and HAZ of FSWed material it was found that there was a refinement
in grain size after the IC test due to recrystallization and aging process (Chu et al., 1979).
The precipitation of intermetallic compounds occurred inside the grain and at the grain
boundaries during the creep tests both in BM and in welded samples (Regev et al., 2018).
The grains at just below the indenter remained unaffected during the IC test.

Metallographic study was carried out at each selected zone.

st .
y

AR WAL ¢
ut transvers
mark cross-sectional view of (b) zone i (c) zone ii (d) zone iii

The impression mark after the IC test at BM, NZ, TMAZ and HAZ is presented
in Fig.8.13(a-d). As the grain experiences hydrostatic stress, it retained its structure
unaffected throughout the IC test. The original grain size of BM before and after the IC
are found to be the same Fig.8.14a. The border line shown in figures depicts the indenter
outer edge inside which the grains experiences creep during IC test. The structural features
inside and out the border was found to be similar at each welded zone. The dynamically
recrystallized NZ also reflects the same grain morphology after the creep test. Precipitated

particles were also found all dispersed inside the grain but the size was visible to be more
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as discussed earlier and shown in Fig.8.14b. The usual elongated grain in TMAZ was also

found same as shown in Fig.8.14c.

Fig.8.13. IC tested samples with impression mark at (a) BM, (b) NZ, (c), TMAZ, (d) HAZ

The microstructural features of HAZ shown in Fig 8.14d depicts similar features
before and after IC test. From the metallographic analysis it was realized that the grain
structure just below the indenter remained unaffected throughout the IC test due to the
hydrostatic stress. Though the size remained unaffected, the structure and morphology of
the grains changed owing to the applied stress and temperature of the test. Second phase

particles were formed inside the grain boundary due to the IC test conditions.

SRR e R e

in (Fig.12.) at

ot

20 pilicy . i ea e e e i
Fig.8.14. Microstructure at the indented area of IC tested samples shown
(@) BM, (b) NZ, (c) TMAZ, (d) HAZ
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8.6 Summary

The present analysis on the IC testing of FSWed AA6061 at individual weld zones

along with the BM was concluded with the following results

The creep rate of AAG061 decreases after FSW process with highest creep rate at NZ
than TMAZ followed by HAZ.

Creep strength of the FSWed material was declined due to the smaller grain structure
resulted during the FSW process as a result of dynamic recrystallization as well as for
the dislocations pinned with precipitation evolved during the creep phenomenon.

The stress exponent and activation energies for the IC process were highest for the BM
and lowest for the NZ.

Microstructural investigation of the creep tested sample confirms the recrystallization
process with reduced grain size.

The deformation is observed to be homogeneous and through dislocation type for all

the cases.

The grain size below the indenter after IC test was remained unaffected due to

hydrostatic pressure.
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Chapter 9

Fatigue Crack Growth Rate Behaviour of Friction Stir
Welded AA6061-T6 Aluminium Alloy

9.1 Introduction

Aluminium 6xxx series find extensive use in transportation industries due to their
excellent mechanical properties obtained by solution heat treatment followed by artificial
aging. This alloy being a wrought alloy, many times, it becomes necessary of joining
various parts of a component. For safe design of the component subjected to varying
stresses, information regarding fatigue crack propagation (FCP) phenomenon is required
especially at the joints. Since FSW process introduces different weld zone, each having
their own characteristic microstructure, the FCP rate along these zones will be different.
The present work is aimed at understanding the fatigue crack growth rate (FCGR) along
the different weld zones of FSWed AA6061-T6 alloy and compared. FCGR tests were
carried out for different load ratios (R values). Compact tension (CT) specimens were
prepared such that the crack propagation under mode-I conditions is along the specific
weld zones viz. NZ, TMAZ, HAZ and BM. The results obtained are presented and

discussed in the subsequent paragraphs.

9.2 Tensile Properties and Hardness of FSWed Specimen after Heat

Treatment

The tensile properties of the heat treated (HTed) sample after FSW were analyzed
and compared with the sample without heat treatment (HT) as shown in Fig.9.1. The tensile
properties of the FSWed sample after the HT is presented in Table-9.1. The strength is
restored by the HT process after welding. The reduction of the strength of FSWed joint is
because the precipitates are dissolved due to the stirring action of the rotating tool which
generates approximately 400°C—500°C temperatures during weld thermal cycle (Bussu
and Irving 2003). In the HT process, the internal stresses induced during the thermos-
mechanical process of FSW were released and re-precipitation of the hardening
precipitates occurs as a result of which the tensile properties were enhanced. The UTS and
YS are 304 MPa and 268 MPa and are 98 % and 99% of the BM respectively. Though the

tensile properties like UTS and YS were improved, a marginal decease in the % elongation
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was observed after HT. The tensile specimen most often breaks between the NZ and
TMAZ of the weld. Figure 9.2 shows the fractograph of the sample failed at the NZ before
and after heat treatment. The tensile fracture feature shows dimples indicting ductile
failure in both samples and is shown in Fig. 9.2. However, the heat-treated samples reveal
bi-modal dimple features. The re-precipitated strengthening particles after the HT are all

seen in the fractured surfaces also.

UTS (MPa)
—_— = NN W
(=) wn o h ()
S .32 3
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v FSW (HT)
0 2 4 6 8 10 12
Strain %
Fig. 9.1. Stress vs. strain curve of specimen after FSW and FSWed specimen after HT

Table 9.1: Tensile properties after HT
Hardness (average) at
Sample UTS (MPa) YS(MPa) %E Nz TMAZ HAZ
FSWHT 304 268 11 141 131 126
FSW 302 266 12 138 118 108

EHT= 7.00kV WD= 28mm

- v bl
3 k. y o £ A0 J ~ i o A
i o7 i . L J 2um Mag= 500KX SignalA=intens
= lag = = 56mm ignal A = InLens
EHT= 3.00 &V M 200KX WD=56 Signal A = InL J

Fig. 9.2. Tensile Fractograph of NZ'(a) before and (b) after the HT process

The results of Vickers micro hardness and tensile properties of the FSWed sample
after HT were compared with the results without HT. Figure 9.3 compares the

microhardness values of the FSWed specimen before and after the HT. The figure shows

140
TH-3059_146103012



Chapter 9

an increase in the Vickers microhardness values for each weld zones after the HT. NZ
represents a nominal increase of 2.2% in the hardness value. At TMAZ the increase in the
value is 11% whereas at HAZ the value is the maximum and is about 17%. The softening
problem due to the FSW is solved and the hardness is improved. After HT, the differences
in the hardness value at each weld zone are decreased. During the high temperature
conditions of FSW, the strengthening phases of the alloy were dissolved. Ageing following
quenching caused the homogeneous precipitation of these strengthening phases. Due to re-
precipitation process, the characteristics compounds of Al-Mg-Si in 6xxx alloy system i.e
Mg2Si and Al2CuMg are all distributed uniformly along the welded area. The evenly
distributed hardened second phase compounds have an outcome of homogeneously
distributed hardness as found from the graph. The average microhardness values before
and after the HT is presented in Table-9.1.

_1504Retreating side: Advancing side
> : = ESW
%140' o ESW(HT)
2130-
= HAZ HAZ
g__? 120-BM BM.,
o
5 1101
"2“ 100 TMAZ IMAZ,
-12 -8 4 0 4 8 12
Distance from weld center(mm)

Fig. 9.3. Vickers microhardness at different weld zones as FSW and HT FSW sample

9.3 Microstructure before and after Heat Treatment at Nugget Zone

The microstructural study at nugget zone before and after the HT of FSWed
AA6061-T6 was performed and the OM image is presented in Fig. 9.4. Due to FSW, severe
material flow occurs at the NZ since the metal becomes more plastic due to the high heat
generated at this region compared to other zones. At this high temperature, dynamic
recrystallization occurs resulting in finer grains of average size 24 um (Fig 9.4a). As can
be seen from Fig. 9.4b, no noticeable change in the grain size has occurred during the heat
treatment. This was expected since the heat treatment temperatures was decided such that
no grain growth occurs and rather only the residual stresses are removed or reduced. As a
result of the solutionising HT, re-precipitation of strengthening particles occurs in the Al-
Mg alloy and was found uniformly distributed throughout the weld section thereby

improving the strength of the FSW joints (Cavaliere et al. 2009).
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i
ures at NZ (a)

Fig.9.4. OM micrgrahshowing grain strljét
9.4 Fatigue Crack Growth Rate Phenomena
The crack length vs. no of cycles (a vs N) at various weld zones for stress ratios of
0.1, 0.33 and 0.6 respectively are presented in Fig. 9.5 a, b, ¢ respectively. Irrespective of
the load ratios the plots depict the same trend. The crack growth rate along four zones is
almost similar in the first stage of crack propagation region. However, the beginning of
stage 2 crack growth is different for all the four zones. Along the NZ and TMAZ the crack
enters stage-1l region after almost 1.20 x10° cycles and 1.40 x10° cycles respectively.
However, it took around 2.2x10° and 2.35x10° no. of cycles to enter in to stage Il crack
growth region in the HAZ and BM, respectively i.e., crack growth resistance was higher
in the case of HAZ and BM. These observations are attributed to the following reason.
Severe plastic deformation occurs during FSW in the NZ and TMAZ followed by sudden
cooling that results in loss in ductility and induces residual stress. Whereas, in the HAZ
and BM zone, plastic deformation is almost absent and is not much affected by heat input.
The fine-grained structure and loss of ductility in the NZ and TMAZ results in less
resistance to crack propagation through these regions compared to that through the HAZ
and BM. Same trend was observed when experiments were conducted for stress ratios of
0.33 and 0.6 also Fig. 9.5(b-c). The plots of da/dN with respect to a at three different load
ratios of 0.1, 0.33 and 0.6 for each selected zones are illustrated in Fig. 9.6 a, b, ¢
respectively.
The critical crack length (ac) determined from the plots are presented in Table 9.2.
At R = 0.1, the critical crack length a. determined for the BM was 30.1 mm and was the
maximum. The ac for HAZ, TMAZ and NZ determined were 28.8 mm, 27.1mm and 23.6
mm respectively. NZ exhibits the least ac and is 78% of BM and hence fracture of the
sample occurs at lower no. of cycles. There is only a marginal difference in the ac (1.7 mm)
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between HAZ and TMAZ. At R=0.33, the critical crack length for BM was 29.6 mm. With
the increase in load ratio, the critical crack length decreases and the cycle to achieve the
critical crack length is also decreased. The maximum ac is observed in the HAZ (a.=28.0
mm) whereas it was minimum (a.=20.4 mm) in the NZ. The ac in the TMAZ is 27.0 mm.
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Fig.9.5. Crack length vs. no. of cycles for stress ratios (a) 0.1, (b) 0.33 and (c) 0.6
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Table 9.2 Critical crack length at various stress ratios

Load Ratio Critical crack length, ac (mm) at different Zones
BM HAZ TMAZ NZ

0.1 30.1 28.8 27.1 23.6
0.33 29.6 28.0 27.0 20.4
0.6 28.1 26.5 25.5 19.6

As the R value increases from 0.1 to 0.22, the value of ac decreases by 13% in the

NZ. Percentage % decrease in the ac with increase in R from 0.1 to 0.33 for NZ is 13%.

With further increase in the R value, the ac decreases further. For load ratio 0.6 the acvalue
in the BM, HAZ, TMAZ and NZ are 28.1mm, 26.5mm, 25.5mm and 19.6mm,
respectively. BM needs the highest and NZ the lowest cycles to achieve the respective
critical crack length. This is due to the decreased ductility of the FSWed material due to

the coarsening of the strengthening precipitates during the FSW process. Critical crack
length ac for NZ at this condition is 69.6% of BM. In the NZ a. decreases by 4% where,
the R is increased from 0.33 to 0.6. Plots of da/dN vs. crack length are shown in Figs 9.6:
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From the a vs. N data plots of da/dN vs. AK were obtained. The Z—; vs.AK plots

for the three R values along the different weld zones are shown in Fig. 9.7. The data in the
figure corresponds to region Il i.e., stable crack propagation region. A linear relationship
was found in the stable crack growth region. For a particular value of AK, the FCG rate
through the BM was lower compared to other weld zones. The highest crack growth rate
was observed for the NZ and decreased in the order TMAZ, HAZ and BM. Figure 9.7(a),
(b) and (c) show similar trend for the experiments carried out with three R values. The
exponent ‘m’ and ‘C’ determined from the data are presented in Table 9.3. It was observed
that the crack growth rate was sensitive to the particular weld zone. FCG rate in the weld
zone was significantly higher than that in the BM. With the increase in the stress ratio R,
the threshold value for the fatigue crack initiation was decreased and also the cracks
propagated very fast as compared to the BM. The value of A4Kw for the BM was the
maximum whereas for NZ it was the lowest which is attributed to the fine grain size and

more residual stresses in NZ.
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Fig. 9.7 Plots of (da/dN) vs. 4K at (a) R=0.1, (b) R=0.33 and (c) R= 0.6 along different
zones of weldments
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Table 9.3 Constants of Paris equation for various weld zones

Sample Stress ratio R=0.1 Stress ratio R=0.33 Stress ratio R=0.6
C m C m C m

NZ 2.81x107° 4.8 6.5x1012 6.9 1.2x101 7.8
TMAZ 5.34x 10°° 4.2 4.7x107% 6.0 3.1x10%? 6.8
HAZ 8.89x108 4.0 7.3x10° 4.8 5.2x10710 5.1
BM 1.38 x10°° 3.7 1.2x10°8 5.7 7.1x10° 4.2

From Table 9.3, the Paris equations for the different weld zones are as follows:

(@ atR=0.1;
For NZ, S8 —2.81x10°(4K) ** (9.1)
For TMAZ, % =534x 10° (K) *? (9.2)
For HAZ, 2 = 8.89x10° (4K) *° (9.3)
For BM, 8 = 1.38 x10°° (4K) 37 (9.4)
(b) atR =0.33;
For NZ, 2 = 6.5x102 (4K) o (9.5)
For TMAZ, <2 =4.7x10%° (4K) & (9.6)
For HAZ, 2% =17.3x10° (4K) ** 9.7)
ForBM, <% =1.2x10° (4K) 5.7 (9.8)
(c) atR =0.6;
ForNZ, 2 =1.2x10% (1K) 78 (9.9)
For TMAZ, %2 =3.1x10"2 (4K) ©8 (9.10)
dN
For HAZ, %% =52x101 (1K) 5* (9.11)
dN
For BM, 2% =7.1x10° (4K) 42 (9.12)
dN

9.4.1 Effect of Microstructure on Fatigue Crack Propagation Path

Several researchers have reported that the FCP rate is sensitive to the grain
structure (Tra et al. 2012, Hanlon et al. 2003, Vasudevan et al. 1997). The nature of the

FSW alloys that makes it unique from the other structural materials is the microstructural
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difference. The ultra-fine grains have the effect of lowering the threshold value for the
FCP rate (Gavras et al. 2010). During testing at low stress ratio, the effects were more
prevalent. Basically, at near threshold or at region I, the FCP rate depends the grain size.
Finer the grain size, lower the threshold for the FCP. The grain boundaries are regions of
higher energy and hence are potential sites for crack nucleation and propagation. The grain
boundary area in finer grained structure is higher as compared to coarse grained structure.
Any crack which has nucleated propagates through the grain and when it reaches the grain
boundary region gets deflected through the grain boundary. Crack deflection leads to
longer crack path and hence retards the crack propagation. The crack path in coarser grains
is higher compared to finer grains and at the same time the orientation angle of the
crystallographic planes also increases. Hence in fine grained structure, the crack nucleation
occurs early and crack propagation rate is faster as compared to coarse grained structure
(Lutjering and Williams 2009, Attanasio et al. 2013). For the finer grain size at NZ and
TMAZ the crack deflection is less in compared to the zones such as HAZ and base
material. The paths through which the crack has propagated along various weld zones are
shown in Fig. 9.8. The crack path through NZ shown in Fig. 9.8a. is smoother while is
rough for the case of BM (Fig. 9.8b). The crack path along TMAZ and HAZ shows a
moderately rough fractured surface shown in Fig. 9.8(c, d) respectively. Since the grain

size increases in the order of NZ-TMAZ-HAZ-BM, the threshold values also increase in

the same order. Similar observation was also reported by other investigator (Hanlon et al.
2003).

50 pm %
—;

Fig. 9.8. Crack propagation path in region I at (a) NZ, (b) BM, (c) TMAZ and (d) HAZ
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The properties of various constituent phases in the matrix influence the crack
growth phenomenon in regions Il and Ill. Figure 9.9 a shows grain boundary failure
indicating that the crack propagated through the grain boundary region during stage Il
crack growth in NZ. Similar features were also observed for TMAZ samples. Figure 9.9b
shows the typical fracture feature of HAZ and BM. Brittle features typical of trans-granular
facture and micro-cracks along the grain boundary regions are evident. The plastic zone
size ahead of the crack is large as the crack enters stage Il crack growth region (Pilchak
and Williams 2011). Presence of dimple features in regions of Stage Il crack growth

indicates that the final failure is by shear deformation.

Fig. 9.9. Crack propagation path in region Ilat (@) NZ and (b) HAZ

9.4.2 FCP Behaviour at NZ After HT

In FSW process, severe plastic deformation occurs at NZ and an excess number of
dislocations would be generated during this deformation process (Sahu et. al). The energy
possessed by the dislocations represents partial deformation energy. Recovery and
recrystallization process occurs during the FSW process (Tra et al. 2012). But due to the
faster cooling rate all the deformation energy was not utilized and the unused energy
remains stored as residual internal energy thereby raising the total energy at these
locations. Since these occurs at the NZ, the FCP rate along this region in the FSWed
weldments is high. It was expected that PWHT will release the residual energy during the
welding stage and thereby decrease the FCGR.

Figure 9.10 shows the da/dN vs. 4K plot for R = 0.1 for the crack growth along NZ
after PWHT. Comparing this figure with Fig 9.7 for the same case but without heat
treatment indicates that the FCP rate after HT reduced considerably. The PWHT resulted
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in an improved strength as well as the fatigue crack growth resistance. Analysis of the plot
for the PWHTed sample reveals that the constants in the Paris equation are ¢ = 2.22 x 10°°
and m = 4.0. The results are comparable to the BM (¢ =1.38 x 10°%, and m = 3.7). The
PWHT has improved the crack growth resistance at the NZ, which was the weakest weld

zone, by release of stored residual energy.
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Fig. 9.10 Plots of da/dN vs. 4K at NZ for load ratio R = 0.1

9.5 Fractography of FCG Tested Sample
The fractured surfaces of the fatigue failed samples were observed under FESEM.
A typical photograph of the failed sample surfaces at very low magnification is shown in
Fig. 9.11. In general, three distinct regions are visible; the region of crack initiation, steady
state crack propagation regions and the final unsteady crack propagation region. The
fracture surfaces are not identical for all the specimens and all the regions. Three visually
distinct fractured regions are noticed viz: fatigue pre-cracking, crack propagation and final

failure parts corresponding to the three stages of fatigue crack propagation.

Final rupture| ™ Crack propagatisx.l

Pre cracking

y :
A 3

- -

e e el ’A‘. S

Fig. 9.11. Fatigue crack propagation at different distances from the initial notch tip

Figure 9.12 shows the fractograph of the sample where the crack propagated through the
NZ. The fractograph taken at the crack initiation region (Fig.9.12a) reveals brittle features,
striations, short micro cracks and intergranular failure. At the stable crack propagation

region, quasi-cleavage features (Fig.9.12b) are evident characterized by second phase
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particle fracture and debonding at the particle matrix interface. The final failure region is
characterized by ductile failure (Fig.9.12c).

A N L
F o~ 77z
§

(b)

Fig. 9.12. Fracture surfaces of NZ at regions of (a) crack initiation, (b) steady state
propagation and (c) unstable crack growth region

The crack propagation region of the TMAZ shown in Fig.9.13(a) depicts features
of cleavage fracture. The stable crack propagation region, as evident from Fig.9.13(b), is
characterized by inter-granular fracture and micro-cracks indicating that the crack path
was through the grain-boundaries. Features in the stage-11 crack growth region (Figure
9.13(c)) indicates that the final failure is by ductile failure.

fj,

(a) (b) (c)
Fig. 9.13. (a). Fracture surfaces at (a) pre-cracking, (b) propagation and (c) final fracture
regions at TMAZ

The crack growth region of the HAZ indicates (Fig 9.14a) brittle failure. The
feature of steady state region of FCG shows fish bone type of features (Fig.9.14b)
indicating transgranular cleavage failure whereas the final failure (Stage-I1I1) is by ductile
failure, as reveled from Fig 9.14c.

Fractograph of the fatigue failed surfaces of the BM is shown in Fig.9.15. The stage
I region of the crack propagation reveals brittle features as is evident from Fig.9.15a.
However, striations are seen at the steady state crack growth region (Fig. 9.15b) indicating
fatigue crack growth of ductile materials. The mechanism of the formation of the striations

in ductile materials during cyclic loading are well documented in the literature. The stage-
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111 crack region shown in Fig 9.15c reveals bi-modal dimple features, i.e., mixture of fine
and coarse dimples indicating that the final failure was by ductile shearing.

£, N i | s V7

= Vi | ¥ b5
s RS " - >

@ O 0
Fig. 9.14. Fracture surfaces at (a) pre-cracking, (b) propagation and (c) final fracture
regions at HAZ

(a)
Fig. 9.15 Fracture surfaces at (a) pre-cracking, (b) propagation and (c) final fracture
regions at BM

9.6 Fatigue Fractograph at NZ after HT

Figure 9.16 depicts the FESEM image of the fractured surface of the post weld heat
treated sample. Though at low magnification it appears as brittle failure, observation at
high magnification reveal fine dimples distributed over the entire fracture surface,

characteristics of ductile failure.

Fig. 9.16. Fractograph of NZ after HT at (a) low magnification and (b) high

magnification.
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9.7 Conclusion

In this research FCGR before and after the HT of FSWed AA6061-T6 alloy at low,

intermediate and high load ratios and at different weld zones with notch placed parallel to

the welding direction has been estimated and the following conclusions are derived.

FSW of AA6061-T6 alloy reduced the fatigue crack resistance of the material. The
weakest part of the weldment w.r.t. FCGR was the NZ.

The critical crack length ac for the NZ was the lowest compared to other weld zones
and was 78% of the BM.

The critical crack length a. decreased with increase in R value.

NZ enters into stage 11l of FCGR with less no. of fatigue cycles compared to the other
zones.

The loss of strength, uneven hardness throughout the weld zones and FCG resistance
of the weldment was restored by post weld heat treatment. No significant grain growth
was observed after post-weld heat treatment in the NZ and was characterized by fine
equi-axed grains and re-precipitation of hardening second phase particles.

The initiation of fatigue crack was by cleavage and nucleation of micro-cracks ahead
of the crack. The steady state crack growth region was in a ductile manner. The
unstable crack growth region was characterized by ductile failure.

The crack propagation and failure in post weld Heat treated sample was by ductile

mode of fracture.
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Chapter 10

Conclusions and Future Scope of the Work

10.1 Conclusions of the Present Work

In the present work, similar metal friction stir welded joints are produced from
AA2014 as well as AA6061-T6 Aluminium alloys by optimization of process parameters.
The quality of the weldments is established based on the output characteristics viz., UTS,
YS, %E, bending angle, flexural strength, average micro-hardness and microstructure. The
best welded specimen, with respect to the microstructure and mechanical properties, are
IC tested to study the creep deformation behavior of different weld zones. The constitutive
parameters viz, n and Qic of the power law creep equation for the individual weld zones
were determined and compared with the BM. The FCGR tests in mode-I loading were
performed on the best welded specimen in such a manner that the crack propagation was
parallel to the welding direction and through the individual weld zones. From analysis of
the steady state crack growth region, the Paris constants (C and m), were determined. The

FCG behaviour for the individual weld zones were compared with the BM.

The detailed results and findings of the present work has been highlighted at the end of

Chapters 4 to 9. However, the main conclusions of the thesis are as follows:

1. The experimental investigation on similar metal FSW of AA2014 Al and AA6061-T6
alloys revealed that joints obtained with moderate shoulder diameter, square pin tool
with lower plunge depth, moderate tool rotational speed and lower welding speed
yielded the best joint qualities.

2. The maximum UTS, YS and FS of the optimum sample obtained from the weld of
AA2014 were 86%, 90% and 92% of the BM sample respectively. For AA6061-T6
Alloy, the corresponding values were 97%, 98%, 978% of the base metal. Vickers
micro-hardness at the top layer of the welded plate was the highest and is independent
of all parameter’s settings. Hardness was the highest at NZ and the grain size at this
region reduced by 84% and 72% respectively for the AA2014 and AA6061-T6 alloy,
after FSW.
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3.

10.

11.

12.

Failure in the best weld joint occurred outside the weldment region indicating good
weld quality. The failure of the weldment was by ductile failure which is similar to
that of the base metal

The resistance to creep deformation of AA2014 Al alloy reduced after FSW. The creep
resistance was least at the NZ and increased in the order of TMAZ-HAZ-BM.

The creep deformation is due to the grain deformation / flow of metal in zone-ii below
the indenter whereas, zone-i and zone-ii above and below zone-ii do not contribute to
the creep process.

Increase in the overall hardness of AA2014 alloy weldment after IC testing is attributed
to the precipitation and coarsening of strengthening phases.

The high re-precipitation of strengthening phases at the NZ for both alloys weldments
is due to the low activation energy for creep deformation as a result of the high stored
internal energy during the FSW compared to other zones.

The resistance to FCGR of FSWed AA2014 Al alloy was lower than the BM. The
highest FCGR was found to be at the NZ and decreased in the order TMAZ-HAZ-BM.
This is attributed to the high deformation energy stored in the NZ due to partial
recrystallization resulting from the faster cooling rate during FSW.

Post weld heat treatment improved the FCGR along the NZ area and was comparable
to the BM.

The creep deformation resistance of AA6061-T6 alloy plates decreased due to FSW
process. The NZ is the region of early creep deformation and failure in the FSWed
AAB061-T6 joint during the high temperature deformation process of IC test. Creep
deformation behavior in AA6061-T6 alloy was similar to the AA2014 alloy weldment.
The fatigue crack propagation resistance was decreased after FSW in AA6061-T6. NZ
was the weakest point during the fatigue loading. Post weld heat treatment resulted in
homogeneous distribution of hardness across the weld region. The FCGR of the NZ
improved due to HT and was comparable to BM.

Initiation of fatigue crack in both alloys weldments was by fracturing of second phase
particles and/or particle-matrix interface debonding. Steady state fatigue crack growth
was quasi-ductile in nature favouring nucleation of fine micro-cracks and branching
ahead of the growing crack. Fine striations like features were also observed. The final

failure in all weld zones of both alloys were by ductile shearing.
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10.2 Future Scope

A few of the future scope of investigations which are to be addressed are enumerated

below:

® The effect of different pre-heat treatment like homogenous anneal or solutionize
anneal on the quality of friction stir weldments is to be performed.

® An in-depth TEM study is to be carried out regarding the dislocation generation and
its effect on the grain refinement during the FSW.

® Study regarding the grain growth and recrystallization during 1C testing and its effect
on creep deformation is to be carried out.

® Study regarding the improvement of creep and FCGR properties at NZ is to extended.

® Study on the effect of plastic deformation at zone ii during the IC deformation process

on the microstructural and mechanical properties of the material is required.

®  Study regarding stress corrosion cracking /corrosion fatigue of FSW weldments with

and without heat treatments are required.
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