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ABSTRACT

ABSTRACT

The successful application of friction stir spot welding (FSSW) technology has
attracted considerable attention from the automotive industry with energy consumption and
operational cost are significantly lower than other welding methods. Previous research of FSSW
has focused on mechanical properties, microstructure analysis, and how to produce a joint that
optimizes the corresponding parameter sets. However, some stress concentration parts remain at
the area welded by FSSW: a hollow called a keyhole caused by the tool shape, a discontinuity in
shape called a lip, and a slit between the upper and lower sheet. Furthermore, the area welded by
FSSW has several microstructures: the heat-affected zone, thermo-mechanically affected zone,
and stir zone. It is highly advantageous to identify the relationship between the shape of the
welded area unique to FSSW, the microstructure, and the fatigue crack behavior; however,
details are not definitively known. Moreover, automobile loads randomly vary in service and
very little is known about fatigue properties under random force amplitude conditions, which

are assumed to occur in actual force situations.

Herein, fatigue tests were performed under constant force amplitudes to investigate the
fatigue properties and fracture mechanism of FSSW-joined AISI 1012 cold rolled-steel sheet.
Welded components are often subjected to variable force amplitudes, which call for fatigue life

prediction methods that consider fatigue damage accumulation. Therefore, this study proposes
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and demonstrates the effectiveness of a method for evaluating cumulative fatigue damage under
variable force amplitude conditions which are including repeat two-step and random force

amplitude.

Fatigue tests were performed under constant force amplitude condition to investigate
the fundamental fatigue properties and elucidation of fatigue fracture mechanism. The specimen
used for this study had a fatigue limit of 0.1 kN. This value is very low compared with the
maximum tensile force of the base metal and FSSW joint itself. The crack initiation occurred as
a boundary between the welding interface zone and non-interface zone or slit tip regardless of
amplitude level. In addition, the slit tip is located in the heat affected zones. The fatigue crack
was found on the upper sheet at the distal slit through to the surface of sheet up to the concave
zone. The fracture morphology is the mixed mode fracture. Therefore, fatigue fracture modes
were independent on force amplitude level. Base on the 3-dimensional observation, the
macroscopic fracture modes were independent on the force amplitude. The fatigue initiation life
was dependent on the force amplitude. In other words, the fatigue crack initiation life under low
force amplitude accounted for a comparatively large proportion of the entire fatigue life;
whereas the fatigue cracks initiation life occurred in a relatively early stage under high force

amplitude

An approach of fatigue damage evaluation method under repeated two-step force
amplitudes was investigated based on the results under constant force amplitude. The FSSW
joints used in this study show a deformation behavior specific to the thin plate structure.
Therefore, the deformation behavior around the welded zone with the constant applied force
amplitude was observed prior to the repeated two-step fatigue tests. The plastic deformation near

the welded zone occurred under a force of 0.4-0.5 kN. Therefore, two cases were considered: in
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the first, macroscopic plastic deformation near the welded zone did not occur, and in the second,
significant plastic deformation occurred. In fatigue tests with repeated two-step force amplitude,
the fatigue limit of the welded joint disappeared. However, the fatigue damage evaluation using
the modified Miner’s rule erred too much on the side of safety, as the modified Miner’s rule
tends to overestimate the damage by applied forces below the fatigue limit. Thus, it was
determined that, within the testing conditions used in this study, the fatigue damage evaluation
using Haibach’s method yielded an accurate evaluation. In the case where significant plastic
deformation caused by the applied force occurred near the welded zone, the cumulative fatigue
damage value based on Miner’s rule was often larger than unity. Therefore, it is important to
consider a cumulative damage estimation that takes into account the effect of pre-strain from the

high force amplitude.

Also an approach of fatigue damage evaluation method under random force
amplitudes was investigated based on the results under constant force amplitude. Two kinds of
difference bandwidth force amplitude history generated using the stationary Gaussian random
process, having narrow band and broad band frequency content. The various force ratios have
no mean stress effect on the fatigue life of the welded joints. Therefore, it was possible to
consider the cumulative damage by the rainflow counting method. The fatigue damage
evaluation with the modified Miner’s rule tends to underestimate the damage by applied random
wave form which was include the force below fatigue limit, which yields an evaluation
approaching on the dangerous side. However, the modification of fatigue damage using
Corten-Dolan’s method has been the results are satisfactory and the frequency ratio affects the
evaluation of damage, and the frequency ratio to the suitable for consideration the fatigue
damage is a few number of cycles below fatigue limit in a block of random force amplitude. By

considering the cumulative fatigue damage evaluation base on Corten-Dolan’s method, it was
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possible to evaluate the fatigue life of the FSSW joints under random force amplitude conditions,
which appropriated the strength designed range to considerable attention in the automotive

industry.
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CHAPTER 1 INTRODUCTION

CHAPTER 1

Introduction

1.1 Introduction

In the 21* century and beyond, world-wide experts have agreed that propitiation of
climate change is humanity’s greatest threat and challenge. Coal, natural gas and oil fuel is
about 86% of the world energy consumption in 2012 as showed in Fig. 1-1 [1]. With the global
economy set to quadruple by mid-century, energy related carbon dioxide emission would be
according to current trends, more than double putting the world into a potentially catastrophic
trajectory that lead to temperature more than 5°C warmer than in preindustrial time. Greenhouse
gas emission and pollution progressive particularly from power plants generators are identified

as the main cause global warming [2]-[5] .
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B Nuclear
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Fig. 1-1 World primary energy consumption (%) in 2012.

Nowadays, manufacturing need an energy-efficient, reliable welding program that not
only produces quality welds processes but also saves on operating and electricity costs. One
approach to reduce the energy is the new production technology which is a new welding method.
This chapter will introduce new welding method, which is the friction stir welding technology
including its application. It also proposes the method to study for confirmed the implementation
in the industrials. However, this chapter also informs the fatigue damage which is the cause of

failure in the structural.
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1.2 Principle of friction stir welding and its application

1.2.1 Welding and joining process

Welding is not new. The earliest known form of welding called forge welding dates
back to the year 2000 BC. Forge welding is a primitive process of joining metals by heating and
hammering until the metals are fused together [6], [7]. Welding is widely used by metalworkers
in the fabrication, maintenance and repair of parts and structures. While there are many methods
for joining metals, welding is one of the most convenient and rapid methods available. The term
welding refers to the process of joining metals by heating them to their melting temperature and
causing the molten metal to flow together. Their application ranges from simple steel brackets to

nuclear reactors.

Currently, many products are made by construction and manufacturing which is
required some type of joining process be used in production of those products. There are three

main kinds of material joining processes as shown in Fig. 1-2.

Mechanical fastening

Materials joining Adhesive bonding

Welding

Fig. 1-2 Materials joining process.
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The welding is a joining process that produces coalescence of materials intelligible
heating them to the welding temperature with or without the application of pressure or by
application of pressure alone and with or without the use of filler metal [8]-[11]. Nowadays,
there are as many as 94 difference types of welding processes available. Fig.1-3 provides a list
of processes used in modern metal fabrication and repair. This list published by the American
welding society shows the official abbreviations for each process, such as, RSW stands for
resistance spot welding. Shielded metal arc welding (SMAW) is an arc welding process that
melts metal by heating with an electric arc created between a covered metal electrode and the
metals being joined of the welding processes listed in Fig.1-3, shielded metal arc welding is the
most common welding process. The primary differences between the various welding processes
are the methods by which heat is generated to melt the metal. Once one understands the theory

of welding one can apply it to most welding processes.
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Atomic hydrogen welding (AHW)
Shield metal Arc welding (SMAW)
Gas metal arc welding (GMAW)

Arc welding (AW)
Electrogas welding (EGW)
Flux cored arc welding (FCAW)
Submerged arc welding (SAW)

Plasma arc welding (PAW)
Carbon arc welding (CAW)
Stud Arc welding (SW), etc

Solid state welding (SSW)
Cold welding (CW)
Coextrusion welding (CEW)
Diffusion welding (DFW)
Friction welding (FRW)
Forgewelding (FOW), etc

Resistance welding (RW)
Dip soldering (DS)

Furnace soldering (FS)
Induction soldering (IS)
Infrared soldering (IRS)
Resistance soldering (IS) ,etc

Soldering (S)

Flash welding (FW)

Projection welding (RPW)
Resistance seam welding (RSEW)
Upsetwelding (UW)

Resistance spot welding (RSW, etc

Brazing (B)
Arcbrazing (AB)

Block brazing (BB)
Diffusion brazing (DFB)
Dip brazing (DB)

Flow brazing (FLB)
Furnace brazing (FB)
Induction brazing (IB), etc

WELDING
PROCESSES

Other welding

Electron beam welding (EBW)
Electroslag welding (ESW)
Flow welding (FLOW)
Induction welding (IW)

Laser beam welding (LBW)
Thermit welding (TW), etc

Oxyfuel gas welding (OFW)
Aiir acetylene welding (AAW)
Oxyacetylene welding (OAW)
Oxyhydrogen welding (OHW)
Pressure gas welding (PGW), etc

Thermal spraying* (THSP)
Electric arc spraying (EASP)
Flarne spraying (FLSP)

Plasma spraying (PSP)
*Sometimes a welding process

Oxygen cutting (OC)
Chemical flux cutting (FOC)
Metal powder cutting (POC)
Oxyfuel gas cutting (OFC)
Oxygen arc cutting (AOC)
Oxygen lance cutting (LOC), etc

ALLIED

Adhesive bonding (ABD)

PROCESSES

Arc cutting (AC)

Air carbon arc cutting (AAC)
Carbonarc cutting (CAC)

Gas metal arc cutting (GMAC)
Gas tungsten arc cutting (GTAC)
Plasma arc cutting (PAC), etc

THERMAL

CUTTING

Other cutting
Electron beam cutting (EBC)
Laser beam cutting (LBC)

Fig. 1-3 Welding processes.
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1.2.2 Friction stir welding

Friction stir welding as FSW, which is a solid-state joining technique, was invented at
The Welding Institute (TWI) of the United Kingdom in 1991 in an attempt to aluminum and
aluminum alloys [12]-[16]. This relatively new solid-state joining process is energy efficient,
environment friendly, and versatile [17]-[19]. Friction stir welding is a continuous hot shear
process relating to a non-consumable rotating tool with a specially designed pin and shoulder is
inserted into the abutting edges of sheets or plates to be joined and subsequently traversed along
the joint line [20], [21]. Figure 1-4 illustrates process definitions for the tool and work-piece.
Most definitions are self-explanatory, but advancing and retreating side definitions require a
brief explanation. Advancing and retreating side orientations require knowledge of the tool
rotation and travel directions. According to Fig.1-4, the friction stir welding tool rotates in the
counterclockwise direction and travels into the page (or left to right). The advancing side is on
the right, where the tool rotation direction is the same as the tool travel direction (opposite the
direction of metal flow), and the retreating side is on the left where the tool rotation is opposite
the tool travel direction (parallel to the direction of metal flow). An indigenously designed
friction stir welding machine is shown in Fig. 1-5. The machine can rotate the tool pin at up to
3000 rpm, by applying an axial load of up to 30 kN and the transverse speed can be 500
mm/min. And an example of friction stir processing of 1080 carbon steel plate is shown in Fig.

1-6.
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Fig. 1-4 Schematic illustrations of friction stir welding process [22].

Fig. 1-5 Friction stir welding/friction stir spot welding machine [16].
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Fig. 1-6 Friction stir processing with the argon gas shield [21].

As a results of the tool action and influence on the work-piece, when performed
properly, a solid state joint is produced, that is no melting [23], [24]. Because of various
geometrical features on the tool material movement around the pin can be complex, with
gradients in strain, temperature, and strain rate. Accordingly the resulting nugget zone
microstructure reflects these different thermomechanical histories and is not homogeneous. In
spite of the local microstructural inhomogeneous one of the significant benefits of this solid
state welding technique is the fully recrystallized, equiaxed, and fine grain microstructure
created in the nugget by the intense plastic deformation at elevated temperature. The fine grain
microstructure produces excellent mechanical properties, fatigue properties enhanced
formability, and exceptional super-plasticity. Figure 1-7 identifies the different microstructural
zones existing after friction stir welding, and a brief description of the different zones is

presented. The system divides the weld zone into distinct 4 regions as follows:

1. Unaffected material or base metal: this is material remote from the weld that has not

been deformed and that, although it may have experienced a thermal cycle from the
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weld is not affected by the heat in terms of microstructure or mechanical properties.

2. Heat-affected zone (HAZ): in this region which lies closer to the weld center the
material has experienced the thermal cycle that has modified the microstructure and/or
the mechanical properties. However, there is no plastic deformation occurring in this

area.

3. Thermomechanically affected zone (TMAZ): in this region, the friction stir welding tool
has plastically deformed the material and the heat from the process will also have
exerted some influence on the material. In the case of aluminum, it is possible to obtain
significant plastic strain without recystallization and there is generally a distinct
boundary between the recrystallized zone (weld nugget) and the deformed zones of the

TMAZ.

4. Weld nugget: the fully recrystallized area, which is called the stir zone, refers to the
zone previously occupied by the tool pin. The term stir zone is commonly used in

friction stir processing, where large volumes of material are processed.

Retreating Advancing

Fig. 1-7 Various microstructural regions in the transverse cross section of a friction stir welded

material FSP 7075Al-T651 (standard threaded pin, 400 rpm, and 51 mm/min) [25].
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The friction stir tool (shoulder and pin) was manufactured with a different function.
Therefore, the best friction stir tool design may consist of the shoulder and pin constructed with
different materials [26]-[31], such as the example of tool pin in Fig. 1-8 which is the truncated
cone pin and convex shoulder friction stir welding tool. The factor parameter to consider when
selecting the friction stir welding tool pin designs are work-piece, materials, joint configuration,

welding parameter including to user’s experiences.

Tool shoulders are designed to produce heat through friction and material deformation
to the surface and subsurface regions of the work-piece. The tool shoulder produces a majority
of the deformational and frictional heating in thin sheet while the pin produces a majority of the
heating in thick work-pieces. Also the shoulder produces the downward forging action
necessary for weld consolidation. Friction stirring pins produce deformational and frictional
heating to the joint surfaces. The pin is designed to disrupt the laying or contacting surfaces of
the work piece, shear material in front of the tool and move material behind the tool. In addition,

the depth of deformation and tool travel speed are governed by the pin design.

4 mm

Fig. 1-8 Truncated cone pin and convex shoulder friction stir welding tool [32].

-10 -
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Friction stir welding is considered to be the most significant development in metal
joining, and in addition, is a green technology. As compared to the conventional welding
methods, friction stir welding consumes considerably less energy, no consumables such as a
cover gas or flux are used and no harmful emissions are created during welding thereby making
the process environmentally friendly. Furthermore, friction stir welding does not involve the use
of filler metal and because there is no melting, any aluminum alloy can be joined without
concern for compatibility of composition or solidification cracking issues associated with fusion
welding. Also dissimilar aluminum alloys and composites can be joined with equal ease.
Additional advantages of friction stir welding compared to fusion welding are summarized in 3

parts as below [15], [33]-[38];

1. Metallurgical advantage
— Low distortion
— Solid phase process
— Good dimension stability and repeatability
— Excellence of mechanical characteristics in the welded zone
— Virtually defect-free welding

— Join dissimilar materials

2. Energy advantage [39]-[41]
— Only 2.5% of the energy needed for a laser weld

— Decreased fuel consumption in lightweight aircraft, automotive and ship applications

3. Environmental advantage
— No shielding gas required

— Low energy input and lack of fumes, gases, etc., resulting from the process, makes-
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FSW friendly to our environment

— Eliminate grinding wastes

1.2.3 Friction stir spot welding

Friction stir spot welding (FSSW) [42]-[48] is a new relatively recent trend for joining
materials which is a new application of friction stir welding technique. Friction stir spot welding
has been developed as superior alternative to resistant spot and riveting for fabricating
automobile and railway body components[35], [38], [49]-[51]. This technique was invented at
Kawasaki Heavy Industries Ltd. in 2000 as a variant of a linear friction stir welding method [37],
[52]-[54]. Further, in 2003, friction stir spot welding was first used to fabricate in rear door
panel of Mazda RX8 [48], [55], [56]. Mazda proved to have reduced the energy consumption by

99% of the used by the conventional welding process [57].

The friction stir spot welding method was evaluated an alternative welding technique
used for lightweight materials assembly is one of key technology leaded to enhance weight
reduction in the automobile industries which was important in the automobile industries in the
order to improve fuel economy [33], [43], [58]. Those materials such as aluminium, titanium
and magnesium, can be used to replace equivalent steel assemblies with approximately half the
weight after appropriately designed. Figure 1-9 illustrates the friction stir spot welding process.
The process is applied to a lap joint consisting of upper and lower sheets. A rotating tool with a
probe is plunged into the material from the top surface for a certain time to generate frictional
heat. At the same time, a backing plate contacts the lower sheet from the bottom side to support
the downward force. Heated and softened material adjacent to the tool causes a plastic flow. In
addition, the tool shoulder gives a strong compressive force to the material. After the tool is

drawn away from the material, a solid phase bond is made between the upper and the lower
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sheets. Figure 1-10 shows the friction stir spot welded joints and the cross-sectional area
configuration of the welded joints. The upper surface of the weld looks like a button with a hole,
and the bottom surface is kept almost flat. In the cross-section, there is a hole that is made by

the tool pin which is the shoulder and probe, and reaches into the lower sheet.

Rotation Rotation

Elﬁ éﬁ Retracting
<Y

Shoulder —~ Pin
4
( 2 [ [ |
Upper sheet Lower sheet
@) (b) ()

Fig. 1-9 Schematic illustration of FSSW: (a) Plunging, (b) Rotating, (c) Drawing out.
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Doubler

10 mm

Stir zone

Base metal

Thermo-mechanically
affected zone

Fig. 1-10 The friction stir spot welded joints and the cross-section area [54], [59].
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1.3 Fatigue

Fatigue a mainly cause of failure, especially in weld structure considering the
physically poor fatigue performance of the weld joints [60]. Fatigue damage has been important
aspect of designing automobile parts to perform a specific function for their safety and
reliability. Fatigue life is one of the most important properties when designed the automotive
components. Most engineering components contain discontinuities geometric, such as holes,
shoulders, keyways grooves, and notches. When the component is loaded, local stress and strain
concentrations are generated in their areas. The stress often exceeds the yield limit point of the
small area around the concentration point, equal to relatively low nominal elastic stresses. The
cyclic inelastic strain in the concentration area of stress and strain may cause by formation of
crack and grow lead to the component failure, when the concentration areas is subject to cyclic
loading. The crack occurred from a shallow of the stress concentrations areas. The fatigue
behavior has a commanding influence by crack initiation. The cracks that initiate from the shape
of component often nucleate quickly due to the hold up local stresses, and crack growth often
dominates the fatigue behavior. Schijve et al. [61] has used the picture shown in Fig. 1-11 to
survey prediction problems associated with fatigue properties of structures. The prediction is the
output of a number of procedures and presents the scenario of the various aspects involved. The
input problems occur in three categories; design work, basic information used for the
predictions and fatigue load spectrum to which the structure is subjected. Each of the categories
contains a number of separate problems, which again can be subdivided into specific aspects,
such as a joint, cover welded joints and adhesively bonded joints. Figure 1-11 illustrates that the
full problem can be very complex depending on the structural design, type of material,
production variables, load spectrum and environment. The prediction of the fatigue performance

of a structure is the result of many steps of the procedures adopted and in general a number of
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plausible assumptions are involved. It implies that the accuracy of the final result can be limited,

the more so if statistical variables also have to be considered. The reliability of the prediction

should be carefully evaluated, which requires a profound judgment, experience and intuition.

Fatigue loads
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Fig. 1-11 Survey of the various aspects of fatigue of structures.
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1.4 Objective and scope of present research

With FSSW, energy consumption and operational cost are significantly lower than
other welding methods such as arc, laser, and gas welding techniques. And, the successful
application of FSSW technology has attracted considerable attention from the automotive
industry. Previous research of FSSW has focused on microstructure analysis, mechanical
properties, and how to produce a joint that optimizes the corresponding parameter sets. However,
to this end, most previous studies of mechanical properties have employed only static tensile
and hardness tests [33], [62]-[64]. Few authors have performed fatigue tests on alloy series to
analyze the strain behavior [65], [66] or determine fatigue life, failure modes, and
microstructure of the failed specimens[35], [53], [67]. Some studies have reported on the FSSW
of carbon steels [68]-[70]. However, few reports exist on the fatigue fracture mechanism and
fatigue crack propagation behavior in FSSW-joined carbon steel, particularly for cross-tension
FSSW specimens [58]. Moreover, some stress concentration parts remain at the area welded by
FSSW: a hollow called a keyhole caused by the tool shape, a discontinuity in shape called a lip,
and a slit between the upper and lower sheet. Furthermore, the area welded by FSSW has
several microstructures: the heat-affected zone (HAZ), thermo-mechanically affected zone
(TMAZ), and stir zone (SZ). It is highly advantageous to identify the relationship between the
shape of the welded area unique to FSSW, the microstructure, and the fatigue crack behavior;
however, details are not definitively known. Moreover, most studies on the fatigue properties of
FSSW joints were conducted under constant force amplitude conditions; although some studies
have reported the fatigue properties under variable force amplitude conditions [19], [71].
However, automobile loads randomly vary in service and very little is known about fatigue
properties under random force amplitude conditions, which are assumed to occur in actual force

situations.
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Herein, fatigue tests were performed under constant force amplitudes to investigate the
fatigue properties and fatigue fracture mechanism of FSSW-joined AISI 1012 cold-rolled steel
sheet. Welded components are often subjected to variable force amplitudes, which call for
fatigue life prediction methods that consider fatigue damage accumulation. Therefore, this study
proposes and demonstrates the effectiveness of a method for evaluating cumulative fatigue
damage under variable force amplitude conditions which are including repeat two-step and

random force amplitude.
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1.5 Organization of the thesis

The general of the thesis is divided into 7 chapters excluding the first chapter is the
introduction which cover the literature reviews and the conclusion as a last chapter. The thesis is

outlined as follows:

Chapter 1; Discusses the background of the research as well as the introduction of
welding processes particularly friction stir welding and friction stir spot welding objective scope

of the research and organization of the thesis.

Chapter 2; Reviews the theoretical background and the present researches on friction
stir welding and friction stir spot welding and related research that lead to make the optimum
joints. The fatigue mechanisms of welded joint under constant amplitude loading are discussed.
The cumulative fatigue damage under variable amplitude loading is detailed to clearly
understand the cracking phenomena and the systematic approach of prediction the fatigue life.
This includes fatigue as a material phenomenon prediction models for fatigue properties of

structures, and load spectrum.

Chapter 3; The base material, shape and type of specimen, and experimental methods
for all the experiments conducted in the present work are explained in this chapter.
Experimental procedures of the hardness test, the static tensile test, the fatigue test under service

loading, and strain measurement are also described.

Chapter 4; This chapter cover the fatigue test under constant force amplitude
conditions. This study have investigate the fatigue properties and crack growth behavior of
friction stir spot welded AISI 1012 cold rolled-low carbon steel sheets used as the general

automobile steels. Furthermore, fatigue crack initiation and fatigue crack propagation were
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observed by using the three-dimensional observation.

Chapter 5; The fatigue tests were performed under repeated two-step force
amplitudes to investigate the fatigue properties of FSSW-joined AISI 1012 cold-rolled steel
sheet by using the results of fatigue tests under constant force amplitude from the chapter 4.
Welded components are often subjected to repeated two-step force amplitudes, which call for
fatigue life prediction methods that consider fatigue damage accumulation using Miner’s rule
and modified Miner’s rule. Two cases of repeated two-step fatigue test were considered: in the
first, macroscopic plastic deformation near the welded zone did not occur. Within the testing
conditions, the fatigue damage evaluation using Haibach’s method. And in the second,
significant plastic deformation occurred. This case is important to consider a cumulative

damage estimation that takes into account the effect of pre-strain from the high force amplitude.

Chapter 6; This chapter was evaluating fatigue damage of cross-tension specimen by
using friction stir spot welding technique, under random force amplitude conditions. The
damage evaluation was conducted using the power regression equation was obtained from P-N
curve. The difference bandwidth of the random force amplitude signal was obtained by digital
simulation which simulated using the stationary Gaussian random process. The capabilities of
rainflow cycle counting method and Miner’s linear damage rule are used. Finally, the
modification method was used. The modification method by Corten-Dolan’s method was
proposed using the fatigue test under repeated two-step force amplitude was investigated for the

effect of frequency ratio base on the results under constant force amplitude from previous study.

Chapter 7; In this chapter, the thesis is concluded making clear the experimental

results.
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CHAPTER 2

Literature reviews

2.1 Introduction

This chapter discusses the theory background and previous researches on friction stir
welding and friction stir spot welding. Also, those researches are related to the welding
parameter due to the optimum of welded joints and the successful of the welded joints on
several kinds of material. Moreover, reviews the properties on dynamic and static test such as
tension, fatigue and failure. The literatures review also provided a thought background and
theory on the fatigue damage with the aim of well understanding of the research on prediction

and fatigue damage based on the similarity of conditions and damage accumulation.
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2.2 The previous studies on of friction stir welding and friction stir spot welding

Several previous researches of friction stir welding and friction stir spot welding
studies the corresponding parameters used to make the joint that leads to better parameter sets.
The applications of friction stir welding to materials have been limited due to the absence of
suitable parameters such as tool pin, tool rotational speed and tool travel speed [72]-[82]. Sun et
al. [13] studied microstructure and mechanical properties dependent on the welding parameter
of friction stir welded joints of pure copper under variant welding parameters included
rotational speed of 200-1200 rpm, welding speed of 200-800 mm/min and applied load
1000-1200 kgf. However, the welded properties were made to associate the change with the
variations in the welding parameters such as the increases of applied load have an effect on
microstructure refinement, increasing the hardness value and ultimate tensile strength. Ghosh et
al. [36] evaluated the influence of process parameters of friction stir welded joints ultra high
strength steel on the strain rate and stress. The faster travel tool speed responded in higher strain
rate and lower peak temperatures. And it would mainly cause for controlling the dynamically
recrystallizion of austenitic grain size and the variation of recrystallized austenitic grain size as
shown in Fig. 2-1, which can obtained by power law relationship with the Zener-Hollomon

parameter.

Badarinarayan et al. [47] studied the effect of tool geometry of friction stir spot welded
aluminum alloy with a cylindrical pin and a triangle pin. This study found that the tool pin
geometry has significant effects on the hook formation, grain size, and material deformation. In
addition, the tensile strength of welded joint made with the cylindrical pin is a half that of
welded joint made with triangle pin. Rajakumar et al. [83] have reported the effect of tool

geometry and varying process parameters on microstructure and hardness value of friction stir
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welded AA7075-T6 joints. The optimum joints process was success with the parameter of tool
rotational speed of 1400 rpm, welding speed of 60 mm/min and applied force 8.0 kN with tool
parameter of 15.0 mm of tool shoulder diameter, 4.0 mm of pin diameter and 45 HRC of tool
hardness that detect free fine grain microstructure of the weld nugget and the joints yielded

higher strength compared to the other joints.

Fig. 2-1 Microstructure of sample 2: (a) ferrite+pearlite at the faying surface, (b) ferrite+pearlite

at the bottom of second sheet, (¢) HAZ-1, (d) HAZ-2 [36].

Yang et al. [42] described the material flow during friction stir spot welding of AZ31
Mg sheet by using three different tools that material flow of each zones were difference such as
on flow transition zone, material flow was induced by shoulder and pin. An incorporation of
upper and lower sheet materials takes place and intermixed materials flow towards the pin. The

materials flow expanded the material outside the stir zone, flow towards the pin direction
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following farthest point and be force directly the stir zone. In addition, in the torsion zone, the
material beneath the pin moves downward in the swirling motion. Nandan et al. [84] calculated
three dimensional heat and material flow during friction stir welding on experimentally and
theoretically. The computation method was used non-Newtonian viscosity with the computed
value of strain rate, material properties and temperature. The predicted temperature versus time
plot, and torque value was good agreement with experimental results. Moreover, the significant
plastic flow occurred near the tool especially on the retreating side. Su et al. [85] investigated
the material flow during friction stir spot welding of dissimilar AI5754/A16111. This paper
described that upper sheet material was moved downwards into the lower sheet on an inner flow
zone nearly to pin. And, the lower sheet material was displaced upwards and outwards in a
spiral movement on an outer flow zone. As shown in Fig. 2-2, the results correspond with some
indicate found during numerical modeling of material flow, that there was a rotational flow
around the pin. In Fig. 2-2(a), incorporation of tracer during spot welding, showing material
displacement upwards and outwards and tool rotates in anticlockwise direction that the particle

tracer is sequence as shown in Fig. 2-2(b).

Rotation
direction

Fig. 2-2 Displacement of Al,O5 tracer material during spot welding of Al 6061-T6 [85].
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Krishnan [86] explained the formation of onion rings in friction stir welding due to the
process of friction heating as the rotating tool and movement extrudes the material around the
retreating side. The appearance of the onion rings was found to be geometric effect that

cylindrical sheet are extruded during rotation of the tool.

However, friction stir welding is solid-state joining method and has been widely used
and investigated for low melting materials such as Aluminium [87]-[92], Boron [43],
Magnesium [93]-[95], Copper alloys [96]. Recently, many reports have research on several
types of steel sheets, such as plain carbon steels [97]-[101], stainless steel [102]-[106] and high
strength steel [107], [108]. In addition, these steels were successfully welded and their
microstructures and mechanical properties were studied. For example, Fujii et al. [109]
determined the effect of carbon content and transformation on mechanical and microstructure of
friction stir welded three types of carbon steel with difference carbon content and various
welding condition. The low temperature of welding process of carbon steel was successful
around 650 °C without any transformation as shown in Fig. 2-3. S12C joints were increases
tensile strength with the increasing welding speed. The welded joints are performed in
ferrite-austenite dual phase that the microstructure was refined grain and highest strength was
achieved. Although several demonstration of friction stir welding and friction stir spot welding
materials such as Chung et al. [68], [110] successfully produced friction stir spot welds in high
carbon steel in 0.72%C and 0.85%C steels at variant welding parameter without martensite
transformation that the joints of high carbon steel performed peak temperature as shown in Fig.
2-4. In Fig.2-4 (F-H) consisted fine ferrite with globular cementite, similar to microstructure in
Fig.2-4 (A and E) which was locate in base metal. Therefore, below A; condition has been
successful achieved, since without transformation and no martensite forms. These results

indicated that the joints have good mechanicals properties and toughness.
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Fig. 2-3 SEM microstructures of the stir zone in S35C FSW joints [109].

Choi et al. [111] successfully welded high carbon steel by friction stir welding with

without a gas torch. Aldajah et al. [21] experimentally studied effect of tribological performance

of friction stir welded 1080 high carbon steel. Moreover, high carbon steel, S70C with carbon

content 0.72% was successfully welded friction stir process without any heat treatment. This

process is developed by Cui et al. [70], the results indicated that martensite transformation is

uncertain only in the friction stir welding process of high carbon steel. The matensite formation

is related with the post-treatment cooling rate and the temperature cycles during the friction stir

welding process showed that the cooling occurred after the tool pin passed.

-26 -



CHAPTER 2 LITERATURE REVIEWS

Fig. 2-4 The specimen for the optical microscopy observations was cut perpendicular to the

welding direction: microstructure of the base metal (A and E), the joint formed above A; (B-D),
the joint formed below A; (F-H) [68].

The friction stir welding and its application allow for the possibility of joining high
strength steel with the low welding temperature such as API grade, DP600 and M190 [36], [56],
[112]-[115]. Nowadays, this steel is still the mainly material for body structures of high-volume
mass-produced cars by all major car makers. The great emphasis on safety and vehicle weight
reduction to improve fuel efficiency has been driving the increased use of AHSS in automobile
body construction. Thus, this steel should be joined with a low heat input and high welding
speed, and friction stir welding has attracted attention as an alternative welding process in the
manufacture of a pipeline. For example, Cho et al. [112] studied evolution of microstructure
during friction stir welded API X100 pipeline steel with a complex process. This paper reports
that during friction stir welding process, the various grain structures developed including
dynamic recrystallization in the thermomechaniclly affected zone and acicular-shape bainite
ferrite phase transformation in stir zones. Regarding to the researches on mild steel, aluminum
and its alloy, there are many studies are reported the friction sir welding and its application [17],
[43], [51]. Many researches is gaining popularity for joining light-weight materials like

aluminum, copper, magnesium as used in automotive body. Lee et al. [51] used friction stir
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welding process for joining of copper 4 mm thick with general tool steel. The paper founded
that friction stir welding process can be successfully applied to join copper which defect free
weld zone with insert speed 61 mm/min and tool rotational speed 1250 rpm. Friction stir
processed AZ91/SiC composite joint was proposed by Asadi et al. [116] by improved the effect
of process parameter such as traverse speeds, tool penetration depth, formation of crack, and
sticking of matrix material. This paper founded that SiC particle is used as reinforcement and
grain size of surface composite layer of AZ91/SiC is refined. Increasing in the rotational speed

and increasing in the traverse speed leads to a decrease in the grain size as explain in Table 2-1.

Table 2-1 Effect of rotational and traverse speed on grain size and microhardness [116].

Rotation speed Transverse speed Grain size Microhardness
(rpm) (mm/min) (mm) (HV)
900 12,5 16.74 75
25 10.94 79
40 9.79 84
50 8.77 88
63 7.16 94
1,400 125 25.76 69
25 20.85 71
40 16.94 75
50 14.08 78
63 12.96 83
80 9.90 89
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Aluminum and its alloys are strong and offer significant light weight materials. Hence,
applications stretch from automotive industries by replacing heavy steel. A rapid development
of applications of lightweight materials in the automotive industry is reflecting in the increasing
use of aluminum. Nowadays, many works of friction stir welding and friction stir spot welding
have been carried out concerning of several difference aluminum alloys such as AA7075-T6
[83][117][118], AA6061-T6 [119], [120], AA5083 [121], AA5754 [122] and AA2014-T4 and
T6 [55]. Babu et al. [55] has been studied in aluminum alloy AA2014-T4 by using friction stir
spot welding with microstructural analysis and mechanical properties. The optimum welded
joints can be achieving satisfactory with good correlative between process parameter, joint
formation and joint strength. There is considerable interest in the aerospace industry as well, as
the use of FSSW in place of riveting in aluminum structures can potentially result in
considerable weight savings as well as reduced assembly times and costs. Other than that, some
researchers are studied on titanium alloy. For example, Zhou et al. and Pilchak et al. [123],
[124] were investigated friction stir welding on T1-6Al-4V titanium alloy. Zhou et al. concluded
that the welding rotational speeds have a significant effect on the microstructure and mechanical
properties of the joints. A full lamellar microstructure could be developed in heat affected zone
and not influenced by rotational speed. Moreover, the tensile strength of the joints was lower
than that in the base metal, and the tensile strength was decreased tensile strength with

increasing rotational speed as shown in Fig. 2-5.
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Fig. 2-5 Effect of rotation speed on transverse tensile properties [123].

Once the friction stir welding and its application were successfully then achieved on
some materials. The mechanical properties have been studied on the welded joints including to
hardness value, static strength, fatigue strength and fracture analyses [125]-[132]. Many
previous researches show that the strength of friction stir spot welds mainly depends on the size
of the welding region which is closely related to welding conditions and tool rotational profile.
Bozzi et al. [48] proposed the influence of the friction stir spot welded tool rotational speed on
tensile shear strength on aluminium 5182-O alloy. The results found that the tensile shear
strength of the welded joints was found to mainly depend on microstructural features and the
probe plunge depth with the friction stir spot welds fail by nugget pullout. The tensile residual
stresses were increased with the rotational speed, and then the tensile strength thought
concentration effect around the interface tip (Fig. 2-6). Badarinarayan et al. [47] concluded the
mechanical performance of friction stir spot welded aluminium alloy on effect of tool geometry.
The tool pin geometry significantly affects the hook. The joint strength is determined by the

failure mode and the microstructure. Under the same process condition, the tensile strength of
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the joint made with the triangular pin is 2 times the welded joint made with the cylindrical pin.
In particular, an assessment of microstructure, and mechanical properties of friction stir welded
ferritic stainless were investigated by Lakshminarayanan et al. [133], proposed that grain size
and static strength investigation through the weld. Zadpoor et al. [117] found that the global and
local mechanical properties of friction stir welds with dissimilar materials. The fracture
mechanism of friction stir welded specimen was found to be mixtures of ductile and brittle
fracture as the definition of quasi-cleavage fracture, an example is shown in Fig. 2-7. Moreover,
there are also studies fracture mechanisms in several reports[134]-[141]. Jonckheere et al. [35],
Borino et al. [142], Pathak et al. [122] and Wang et al. [37] have studied the tensile strength and
fracture of friction stir spot welds and its application, for instance Jonckheere et al. found that
the fracture initiating at the triangular cavity and locating the thermomechaniclly affected zone
by pullout the welded nugget. This fracture type leads to significant plastic deformation and

generally large ultimate static strength.

(@) (b)

Fig. 2-6 (a) Nugget pullout in a failed lap-shear specimen, (b) cross-section of an interrupted

shear loaded specimen showing the crack propagation around the stir zone [48].
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Fig. 2-7 Fracture surfaces of sample welds from some configuration [117].

In addition, the fatigue properties have been largely studied by several researchers
including to fracture analysis, fatigue strength and failure mode. For example, Bussu et al. [143]
and John et al. [15] have studied the effect of residual stress on the fatigue propagation of crack.
Jata et al. [144], Lin et al. [53], [54], Malafaia et al. [46], [145], Tran et al. [67], [146], [147],
and et al [148], [149] have studied the fatigue properties of welded joints produced by friction
stir welding and its application. Bussu et al. [143] concluded that the fatigue crack
propagation behavior and crack growth were sensitive to the weld orientation and distance from
the crack lines. In addition, residual stress was mechanically relieved and effect on crack
propagation as shown in Fig. 2-8. The failure modes and fatigue life estimation of friction stir
spot welded joints were reported by Lin et al. [53], [54]. These researches have studied failure

mode of spot friction welded lap-shear specimen of aluminium alloy produced by flat tool and

-32 -



CHAPTER 2 LITERATURE REVIEWS

concave tool. The results found that the micrographs shown the microstructure, geometry and
failure modes of the joints made by the flat tool are slightly different from those of the joints
made by the concave tool. The fatigue crack growth model presented in concave tool is adopted
to estimate the fatigue life of the joints produced by the flat tool. In addition, the fatigue life

estimation base on the crack growth model and experiment result were gave agree well.
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Fig. 2-8 AK to produce a growth rate of 10° m cycle™ plotted against the residual stress

measured at the starting defect location [143].

Malafaia et al. [46] proposed that this study was compare the fatigue resistance of the
welded joints produced by friction stir spot welding and riveted joints. The friction stir spot
welded joint exhibited shorter lives in fatigue comparing to rivet joints. The fatigue failure
modes were observed to two types. The first mode was presented in the tension shearing mode
which occurring for high load level and the second mode, with the transverse cracks which
observed in some high-cycle test with load level applied. Tran et al. [67] investigated the fatigue
behavior of friction stir spot welded aluminium alloy in lap shear specimen under quasi-static

and cyclic loading. Under both of loading conditions, the failure modes of welded joints are

-33-



CHAPTER 2 LITERATURE REVIEWS

slightly different such as under quasi-static, the weld joints mainly fail from the nearly the flat
fracture thought the nugget as shown in schematic plot of the cross-section in Fig. 2-9. The weld
joints mainly crack from the kinked crack thought the nugget under low-cycle loading, and, the
weld joints mainly crack from the kinked crack thought the upper and lower sheet thickness
under low-cycle loading. In addition, the kinked crack growth model on stress intensity factor
and structure stress model were adapted to estimate the fatigue lives of the welded joints.
Moreover, Tran et al.[146], [147] have studied the fatigue failure mode of friction stir welded
joint of the dissimilar lap shear specimens. Uematsu et al. [58] have studied the dissimilar
friction stir spot welded between aluminium and low carbon steel on the fatigue behavior. This
research results found that the fatigue fracture modes of the welded joints were dependent on
fatigue load level while shear fracture occurred on the nugget under high load level and grew

though the aluminium sheet under low loading levels.

Kinked crack 2
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Fig. 2-9 A schematic plot of the cross-section along the symmetry plane of the spot friction weld
under a statically equivalent combined tensile and bending load (shown as the bold arrows):

(a) AI5754, (b) Al6111 [146].
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2.3 The previous studies on prediction and fatigue damage

Fatigue damage has been important aspect of designing automobile parts to perform a
specific function for their safety and reliability. The prediction of fatigue properties of the
structure and avoiding structural fatigue were recognized an engineering problem. This section
will descript the fatigue damage which is divided to 2 parts, the predictions based on the
similarity of conditions or constant amplitude loading, and damage accumulative or variable

amplitude loading.

2.3.1 Predictions based on the similarity of conditions

The physical of similarity approach is similar condition applied to the similar system,
then, it should produce the same consequence. This principle is the basis of many predictions of
properties of materials and structures. It can also be applied to fatigue prediction. It should be
realized that the physical mechanism of the fatigue characteristics must be understood. For
example, the fatigue of notched elements the similarity concept implies that the similar stress
cycles applied to an un-notched specimen and to the material at the root of a notch in a notched
specimen will give the same crack initiation life. It is not essential to know how the initiation
occurs. The requirement of similar systems implies that the un-notched and notched specimen
should be of the same material. However, some other aspects which may violate the similarity
are easily recognized. A significant aspect is that the stress cycle in the un-notched specimen is
present in a large volume of the material with a relatively large area of surface material. In the
notched specimen, the stress cycle of the peak stress or nominal stress (K;) at the notch root is

present in a relatively small volume of the material with a relatively small surface area.
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2.3.2 Predictions based on the damage accumulation

Disposal of accumulative fatigue damage has received a large amount of attention
during the century. Many investigations have been carried out to develop the prediction model
for the fatigue life, when it takes a time and strength to construct a stress-fatigue life curve (S-N
curve). The first method has known as a linear damage rule which is proposed by palmgren
[150]. The same rule was later independently suggested by Langer [151] and Miner [152].
Langer proposed that the fatigue damage process separated into two stages of the crack
initiation and crack propagation. After that, Miner represented first the Palmgren linear damage
concept in mathematic form. The applicability of Palmgren and Miner cumulative fatigue
damage has been reported which called as Palmgren-Miner rule (P-M rule) is often appropriated

for many kind of materials. The Palmgren-Miner rule is given by Eq. (2-1)

>—=——+—"—+---=10 (2-1)

when ny is the number of cycles at the stress/strain range level 1, and Ny, is the number of cycles
to failure at that stress/strain range, etc. The experimental results do not support the postulate.
When cyclic loading of high stress/strain range are applied first followed by the lower range
until the specimen was broken. In this case the summation of the cyclic ratio is generally less
than unity. On the other hand, for the reverse case, the cyclic loading of low stress/strain range
are applied first followed by the higher range until the failure takes place, the summation of the
cyclic ratio is greater than unity. Coffin et al. [153] expressed the linear damage rule in the term

of plastic strain range, which was relate to fatigue life thought the Coffin-Manson relation [154]

Fatemi et al. [155] proposed a comprehensive review of the cumulative fatigue

damage theories for the metals and its alloy. Since the introduction of cumulative damage
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proposed by Palmgren and linear damage rule proposed by Miner, the treatment of cumulative
fatigue damage has received increasingly more attention. As the result, more than 50 fatigue
models have been proposed. These theories are grouped into six categories: linear damage rules,
nonlinear damage curve and two-stage linearization approaches, life curve modification
methods, approaches based on crack growth concepts, continuum damage mechanics models,
and energy based theories. Though many damage models have been developed, none of them
enjoys universal acceptance. Each damage model can only account for one or several
phenomenological factors, such as load dependence, multiple damage stages, nonlinear damage
evolution, load sequence and interaction effects, overload effects, small amplitude cycles below
fatigue limit and mean stress. For example of fatigue damage and cumulative damage, Golos et
al. [156] have presented the cumulative damage theory for multilevel cycle loading. This
research is included both of the crack initiation and propagation stage, and the effect of the
mean stress/strain on the damage accumulation. The results show that a number of earlier
proposed models can be derived ad a particular of the present criterion. The predictions of the
proposed damage accumulation criterion are compared with the experiment data for 2, 3, 5 and
6 steps cyclic loading as an example shown in Fig. 2-10, the comparison between calculated and
experimental data of two stage test with the condition of N = 1000 and N{- = 2000. In addition,
the results note that a good agreement between the predicted and experimental results.
Tanegashima et al. [157] have studied the fatigue fracture mechanism in spot welded joints
under constant, and variable force amplitude which included both of two-step and random force
amplitude. In this study, three dimensional observations were made on the propagation behavior
of fatigue cracks initiating at the edge of the slit. It was found that the fatigue limit of spot
welded joints vanished under repeated two-step loading conditions. An evaluation method of the

fatigue life was proposed for random loading conditions. Since the mean load obviously
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affected the fatigue life of the spot welded joints, the proposed evaluation method was applied
to account for this load effect. The proposed evaluation method was satisfying the application
range in the automobile industry. The results showed that this proposed method is suitable for

practical applications.
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Fig. 2-10 the comparison between calculated and experimental data of two stage test with the

condition of N = 1000 and N;- = 2000 [156].

During the last decade, many investigations have been carried out to develop
prediction model as mention above. There are at least 50 models for fatigue damage and life
prediction. However, none of which approach which has been generally accepted. Therefore,
many researchers are still necessary to study the fatigue accumulation process. For example,
Zheng et al. [158] have studied the fatigue accumulative processes, and Savadis et al. [159]
analysis of an asymmetric circular cylinder with a circumferential notch subject to multi-axial
non-propagation fatigue loading with variable amplitude. Moreover, many studies also studied

the fatigue behavior under variable force amplitude.
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Heuler et al. [160] have discussed a criterion for omission of variable amplitude
loading history. This study results show that the crack initiation lives were longer when
compares with the fatigue life under the unedited sequence. In addition, for letter two spectra,
the crack propagation lives were longer by up to 90% with a detrimental influence of higher
loading levels. Total live of notch aluminium is increased by 30-70% using a filter level of 50%
of the material’s fatigue limit. Stanzl et al. [161] has been investigated as a time and energy
saving method for measuring the fatigue life under service loading conditions using ultrasound
technique. The experimentally found lifetimes are compared with predictions according to
Miner and the Miner-Haibach rule. Good agreement is found for measured and calculated
results according to the Miner-Haibach rule. This agreement is especially good for Markov
random loading. Predictions according to the original Miner's rule give lifetimes that are too
long in the very high cycle range. This result is explained by damaging effects of amplitudes
below the fatigue limit. Moreover, Beden et al. [154] proposed his research to assessment the
fatigue life under variable amplitude loading. This paper presents a technique to predict the
fatigue life of a shell structure of different materials with application of measured variable
amplitude loading. The finite element analysis technique was being used for the modeling and
simulation.

Fatigue damage has long been an important aspect of designing the component to
perform a specific function. Engineers have to accurately predict the service performance of
their components. Among others, fatigue life is one of the most important properties when
designing such components and structure. The majority of structural components under actual
conditions are subjected to random amplitude service loading, during their lives. However, the
fatigue strength of alloys and components has conventionally been measured in laboratory,

using constant amplitude tests. The fatigue lives for components subjected to variable amplitude
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loads can be quite below the fatigue life predicted using constant amplitude experiment results.
Thus, determining the service life of a component can be quite complex due to variations in
component geometry, materials, and load histories. The solution on this realistic problem
requires assessment of these variable parameters by performing experiments under actual
conditions. In the last decade, many studies [162]-[167] were proposed the fatigue damage of
materials components and structures. Lim et al. [162] have discussed the fatigue damage and
crack nucleation of polycrystalline copper at intermediate strain. Xiaohua et al. [163] have
studies the low cycle fatigue (LCF) damage evolution of the engineering materials is studied by
use of continuum damage mechanics (CDM) theory. Based on thermodynamics, on a continuum
damage variable and on the effective stress concept, a continuum damage model of isotropic
LCF is derived and is used to analyze the strain-controlled LCF damage evolution of steam

turbine blade material 2Cr13 steel.
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CHAPTER 3

Experimental methods

3.1 Introduction

The base material, shape and type of specimen, and experimental methods for all the
experiments conducted in the present work are explained in this chapter. Experimental
procedures of the hardness test, the static tensile test, the fatigue test under service loading, and

strain measurement are also described.
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3.2 Material and specimen

3.2.1 Material

The base material used in this study is AISI 1012 cold rolled-low carbon steel with the

carbon content 0.12 wt%(Equivalent material to JIS G 3141 carbon steel in Japan industrial

standards). Plate thickness is 0.8-mm. This type of steel is used in general applications, in

particular in the manufacturing of automobile parts as roofs, fenders, hoods, quarters, oil pans

and spring houses. Chemical composition and mechanical properties of this material were given

in Table 3-1 and 3-2, respectively.

Table 3-1 Chemical composition of AISI 1012 (wt%).

C Mn P S Fe

0.12 0.50 0.04 0.045 Bal.
Table 3-2 Mechanical properties of AISI 1012.

0.2YS uTsS Elongation Hardness

172 MPa 314 MPa 48 % 115 HV
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3.2.2 Specimen and welding conditions

This study used the cross-tension specimen type with the welded area in the center of
specimen. Figure 3-1(a) shows the shape and dimensions of the FSSW specimens after the steel
sheet was machined into rectangular pieces measuring 150 mm in length, 50 mm in width, and
8.1 mm in punch diameter. As shown in Fig. 3-1(b), two rectangular steel plates were used to
prepare the cross-tension FSSW specimens at the Joining and Welding Research Institute
(JWRI), Osaka University. The two rectangular sheets were placed one on top of the other to
form a cross shape and welded in the center of the overlapping square region. The FSSW tools
were manufactured from tungsten carbide (WC) with a shoulder diameter of 12.0 mm, probe
length of 1.0 mm, and diameter of 4.0 mm as shown in Fig.3-2. The welding conditions were
given in Table 3-3. On completion the welding process, the peak temperature of the welded
zone (approximately 973 K) could be achieved when welding in air condition with a force of
15.0 kN, rotational speed of 550 rpm, and weld holding time of 2 s. The welded region on the
front side of upper sheet and rear side of lower sheet were indicated in Fig. 3-3 (a) and (b),

respectively.

Table 3-3 Welding conditions.

Applied force 15 kN
Rotational speed 550 rpm
Tool holding time 2s
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Fig. 3-1 (a) Schematic illustration of shape and dimensions of specimen, (b) FSSW

cross-tension specimen.
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Fig. 3-2 Rotational tool for FSSW.

Fig. 3-3 The welded region: (a) The front side of upper sheet, (b) Rear side of lower sheet.
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3.3 Experimental methods

3.3.1 Macro and microstructural observation

The metallurgical inspections were performed on a cross-section of the joint after
polishing using emery paper and using polishing cloths for fine grinding with alumina powder
until 0.1 pm in diameter, finally, the specimen was etched with 2% Nital (99.5% Ethanol mixed
with 61% Nitric acid) for holding time 15-20 s. The specimen was investigated the
macrostructrue and microstructure using the light microscope ZEISS Axio observer for material

as shown in Fig. 3-4.

Fig. 3-4 The light microscope, ZEISS Axio observer for material.
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3.3.2 Hardness test

The hardness test was performed on FSSW specimen using BUEHLER Vicker
hardness testing machine as shown in Fig. 3-5. The Vickers hardness was measured in the
cross-sectional area perpendicular to the FSSW tool direction. A force of 9.8 N was applied for
10 s with a Vickers indenter to examine the hardness distribution based on microstructure

classification. The hardness survey location is illustrated in Fig. 3-6.

Fig. 3-5 The BUEHLER Vicker hardness testing machine.

Lower line ~0.2 mm

/ ~0.2 mm
! Lower line

The center of welded region

Fig. 3-6 lllustration of hardness survey on FSSW specimen.
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3.3.3 Static tensile test and fatigue test

The static tensile test was carried out at room temperature by using the servo-hydraulic

testing machine (SHIMADZU EHF-EV050K1-020-0A) at force speed 0.1 kN/s.

Fatigue tests were performed at room temperature with the servopulser testing
machine, as shown in Fig. 3-7 (SHIMADZU EHF-FD5KN-4LA) operating at a sinusoidal wave
frequency of 5-10 Hz at a force ratio R of approximately 0.01, (force ratio (stress ratio) is the
ratio of maximum force (maximum stress) to minimum force (minimum stress) in one cycle
loading of fatigue test). The specimen was set up in the machine with the upper and lower sheets
clamped with rectangular jigs where the plates do not overlap, as shown in Fig. 3-8. The load
was applied to the specimen in the direction perpendicular to the face of the plate. The failure
criterion was specified as the point of complete separation of the FSSW joints between the
upper and lower sheet. The fracture surface of the specimens after fatigue tests were observed
by HITACHI S-3000N scanning electron microscope. The waveform for the constant force
amplitude P,, which mainly performed in Chapter 4, is shown in Fig. 3-9(a). Figure 3-9(b)
shows the repeated two-step force amplitude waveform, which is composed of high and low
force amplitudes, denoted by Py and Py, respectively. This waveform was generally used to
investigate the fatigue damage evaluation in Chapter 5. And, Figure 3-9(c) is an example of
random force amplitude wave form in Chapter 6, which is simulated using the stationary

Gaussian random process.
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SERVOPULSER]|

Fig. 3-7 The servopulser testing machine (Max. capacity 5 kN).
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Fig. 3-8 Installed to testing machine.
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Fig. 3-9 lllustration of force amplitude wave form: (a) Constant force amplitude wave form, (b)

Repeated two-step force amplitude wave form, (c) Random force amplitude history.
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3.3.4 Strain measurement

The local strain behavior was measured during the fatigue test by considering strain
behavior near the welded zone. The local strain was measured using strain measurement system
KYOWA sensor interface PCD-300B, as shown in Fig. 3-10. The strain gage used in this study
is KYOWA type KFG-2-120-C1-11. The specification of strain gage was given in Table 3-4.
The Four strain gages were attached 9 mm from the center of the welded zone in the
longitudinal direction on the front side of the upper sheet and the rear side of the lower sheet, as

shown in Fig.3-11.

Fig. 3-10 Strain measurement devices (PCD300B).

Table 3-4 The specification of stain gage.

Strain gage type KFG-2-120-C1-11
Gage factor (24 °C, 50%RH) 2.09 +1.0%

Gage length 2mm

Gage resistance (24 °C, 50%RH) 120+£0.2Q
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Fig. 3-11 Four strain gage locations on FSSW specimen.
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CHAPTER 4

3-Dimensional observation of the interior
fatigue fracture mechanism on friction stir spot

welded cross-tension specimen

4.1 Introduction

Recently, automotive and aerospace industries have been manufacturing light weight,
operational cost and environment friendly vehicles [25] by replacing iron based with light alloy
and high strength materials, such as aluminum, copper, fiber reinforced polymer and carbon
steel [34], [56] . Friction stir welding (FSW) developed and patented by The Welding Institute
(TWI) in 1991, it serve a purpose to initially apply to aluminum and it alloys [122]. The basic
concept of FSW is remarkably simple. A non-consumable rotating tool with a specially
designed pin and shoulder is inserted into the abutting edges of sheets or plates to be joined and
traversed along the line of join. And, friction stir spot welding (FSSW) is a relatively recent

trend of joining carbon steel, that provides a superior alternative to resistant spot welding and
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riveting for fabricating automotive and railway body component. FSSW technique was invented
by Kawasaki Heavy Industries Ltd. in 2000 as a variant of the linear friction stir welding (FSW)

method [55], [85].

The FSSW studies correlate the mechanical properties and the parameters used to
make the joint, aiming to find better parameter joins. The mechanical properties measured in
most research are restricted to tensile tests [37], [168], however cross-tension tests have also
been cited [169]. Regarding fatigue tests, some authors have performed studies in alloys series,
determining fatigue lives, failure modes and microstructural analysis [63], [64]. Recently, FSW
of carbon steel was studies. Several previous studies [53], [147] have reported the friction stir
welding of carbon steels. However, there are few reports about fatigue properties and crack
growth behavior of friction stir spot welded carbon steel, especially on cross tension FSSW
specimen. In this study, we have investigate the fatigue properties and crack growth behavior of
friction stir spot welded 300 MPa-class low carbon steel sheets used as the general automobile
steels. Furthermore, fatigue crack initiation and fatigue crack propagation were observed by

using the three-dimensional observation.
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4.2 Experimental results and discussions

4.2.1 Microstructure classification and structural observation

The microstructure of the cross section of the welded area was observed using an
optical microscope. The welded area was divided into four primary regions, as indicated in Fig.
4-1. BM represents the base metal, which was unaffected by heat and deformation. HAZ
presents the heat-affected zone which was affected by heat only with the largest area on the
welded joint. TMAZ represents the recrystallized structure, termed the thermomechanically
affected zone which was affected by both heat and deformation. The TMAZ was small area,
corresponding to the width of the shoulder on the upper surface and to the probe diameter at the
root. The recrystallized structure was within SZ, termed the stir zone, which corresponded to the
smallest area of the probe diameter. Figure 4-2 shows the microstructures of the four zones on
the welded joint. The results show that the base metal and the HAZ contain ferrite in their band
structures. The welded zones (the SZ and TMAZ) had a fine ferrite-pearlite dual-phase
structure, resulting from the prevention of martensite formation. Therefore, the microstructures
can be explained in terms of the peak temperatures of the welding process, which is below the
A, point (eutectic temperature) on the Fe—Fe;C phase diagram, as shown in Fig. 4-3 [68].

Additionally, the FSSW specimen was tested without inducing a phase transformation [69].
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TMAZ sz TMAZ

BM HAZ BM

Area of each zones; TMAZ=1.9 mm?, SZ=0.7 mm?2, HAZ=11.0 mm?

Fig. 4-1 Optical microscopic image showing the cross-sectional macrostructure of the welded

Zone.

Fig. 4-2 Optical microscopic image showing the cross-sectional microstructure of 4 zones on

the welded joint in Fig. 4-1: (a) Base metal, (b) HAZ, (c) TMAZ, (d) SZ.
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Fig. 4-3 Fe-FesC phase diagram.
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4.2.2 Hardness results

Figure 4-4 shows the horizontal micro-Vickers hardness profile for the two
measurement lines of the welded area’s cross-section. The hardness of the welded area was
typically 160-180 HV, which is higher than that of the base metal at approximately 105 HV, as
shown in Fig. 4-5. Therefore, hardening occurred up to 60% relative to the base metal. This was
caused by the generation of extremely fine grains and pearlite phase structure in the SZ and

TMAZ, and the impulse compressive force from the welding process.

Upper line

The center of stir zone

Lower line

Fig. 4-4 The hardness survey locations of the welded area’s cross-section.
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Fig. 4-5 Result of Vickers hardness test.
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4.2.3 Static tensile test results

The result of tensile test for the welded joints is shown in Fig. 4-6. The tensile test
specimen was used in this study do not have uniform cross sectional area. The maximum tensile
force is approximately 8 kN. The welding joint fractured at the region between base metal and
HAZ around the diameter of shoulder of FSSW tool on the upper sheet which is called the

button fracture, as shows in Fig. 4-7.
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Displacement (mm)

Fig. 4-6 Force-displacement curve of FSSW.

Upper sheet Lower sheet

Fig. 4-7 The fracture of welded joint after tensile test.
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4.2.4 Fatigue test results
4.2.4.1 P-N curve

Fatigue test results under constant force amplitude are shown in Fig. 4-8 as a plot of
the force amplitude versus the number of cycles to failure. The fatigue limit of the welded joint
was obtained by the JSMS standard ““Standard Evaluation Method of Fatigue Reliability for
Metallic Materials: Standard Regression Method of S-N Curves”. The results show that the
specimen had a fatigue limit of approximately 0.11 kN. The FSSW joints can be seen to possess
significantly lower fatigue resistance, as their fatigue limit was very low compared to the static

strength of the welded joint (approximately 8 kN), as mentioned above.

1 T TTTTTI T TTTTTI T TTTTTT T TTTTTL

Fatigue limit

0.1 o>

Applied force amplitude, P, (kN)

0.01 Lol Lol Lol L1
103 104 105 106 107
Number of cycles to failure, N (cycles)

Fig. 4-8 P-N curve.
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4.2.4.2 Fracture surface observation

From the P-N curve, fractures of the specimen from the fatigue test were observed.
The macroscopic observation of the fractured specimens near the welded zone were conducted
to 2 level of force amplitude which were conducted under constant low and high force
amplitude P, of 0.19 and 0.50 kN amplitudes, respectively. The micrographs were performed on
a cross-section of the welded joints after fracture from fatigue test using scanning electron
microscope (SEM).

The fractured specimen was then observed macroscopically. Figure 4-9 shows a
schematic of the FSSW specimen, along with the loading direction in the x-y—z coordinate
system. The macroscopic were observed on 2 sides on the front side of the upper sheet and rear

side of the lower sheet.

Front side on upper sheet

P Welded

¥
2 =
z
T<y !
X Rear side on lower sheet

Fig. 4-9 Schematic illustration of the FSSW specimen with x-y-z direction incorporated with

loading direction.

Typical fracture morphology fractured specimen near the welded joint at the low force
amplitude of 0.19 kN was shown in Fig. 4-10. The results show that the fatigue crack of upper
sheet propagated around the welded spot or as equal to a diameter of shoulder of FSSW tool,

and then, propagated to the base metal until the specimen was broken as same as the lower sheet.
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That is the intermingled fracture type of welded joint and base metal fracture morphologies
which referred to this fracture morphology as the mixed mode fracture, which was including
metal fracture and welded fracture.

y-direction
<>

x-direction

$
YEm

Front side of upper sheet Rear side of lower sheet

Fig. 4-10 Fracture morphologies of FSSW under constant low force amplitude (P, = 0.19 kN).

Microscopic observation of the fracture surface of fatigue test under constant low
force amplitude (P, = 0.19 kN) was carried out using the scanning electron microscope (SEM)
on the fracture surface of upper sheet and lower sheet which are shown in the Figs. 4-11 and
4-12, respectively. Figure 4-11 shows the fracture surface observation of the upper sheet. In the
fracture surface, the region has been divided into 4 parts, as shown in Fig. 4-11(a). The chipped
vertical fracture surface can be seen in Area 1 and Area 3. The fatigue crack propagation area on
fracture surface is about a half of sheet thickness on the bottom. On the top-half of sheet
thickness, the fracture surface was worn during the test, as in the Area 2. Further, the dimple

surface was observed in Area 4 and hence, the static fracture was occurred at this area.

Figure 4-12 shows the fracture surface observation of the lower sheet. Fig. 4-12(a)
represents a schematic of two dimension diagram of the lower sheet. The depth direction of
paper is corresponds to the direction of amplitude loading during the fatigue test. The chipped

vertical fracture surface can be investigated in Area A and C. The ripples areas are due to fatigue
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crack propagate and wear was observed in Area B. Area D, E and F have showed the same

fracture surface as on Area A, B and C, respectively.

(@) FSSW region

y-direction

Loadingdirection

“/ 4

‘f’

Area 1 Area?2 Area3

(b)==

Fig. 4-11 SEM micrograph of fracture surface on upper sheet of fatigue test under low force
amplitude level (P, = 0.19 kN): (a) Schematic diagram of fracture surface of FSSW on upper

sheet, (b)-(e) Micrographs of Area 1-4, respectively.
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x-direction

Fig. 4-12 SEM micrograph of fracture surface on lower sheet under low force amplitude
level (P, =0.19 kN): (a) Schematic diagram of fracture surface of FSSW on lower sheet, (b)-(g)

Micrographs of area A-F, respectively.
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Typical fracture morphology fractured specimen near the weld joint at the high force
amplitude of 0.50 kN is shown in Fig. 4-13. In addition, observational locations of fractured
specimen were shown in Fig. 4-9. In the high force amplitude level, the fatigue crack of upper
sheet propagated around the welded spot or the diameter of shoulder of FSSW tool
approximately 25% of the diameter, and further it propagate to the base metal until the specimen
was broken. The fatigue crack of lower sheet propagated around the diameter of shoulder of
FSSW tool and propagated to base metal. That is the intermingled fracture type of welded joint
and base metal fracture morphologies which referred to this fracture morphology as the mixed

mode fracture, which was including metal fracture and welded fracture.

y-direction
<>

x-direction

Front side of upper sheet Rear side of lower sheet

Fig. 4-13 Fracture morphologies of FSSW under constant high force amplitude
(P, = 0.50 kN).

Microscopic observation of the fracture surface of fatigue test under constant high
force amplitude (P, = 0.50 kN) was carried out using the scanning electron microscope (SEM)
on the fracture of upper sheet and lower sheet as showed in Figs. 4-14 and 4-15, respectively.
Figure 4-14 shows the fracture surface observation of the upper sheet. In the fracture surface,
the region has divided into 4 shown in Fig. 4-14(a). The chipped vertical fracture surface can be
seen in Area 1. In the Area 2, the fatigue crack propagation area on fracture surface is about a

half of sheet thickness from the bottom. On a half of sheet thickness from the top, the fracture
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surface was worn during cyclic loading. The chipped vertical fracture surface and a part of static
fracture are shown in Area 3. This area was changed from fatigue fracture to static fracture.
Further, the dimple surface was observed in Area 4 and hence, the static fracture was occurred at
this area.

(a)

FSSW

: y-direction
region

Loading
direction

Fig. 4-14 SEM micrograph of fracture surface on upper sheet under high force amplitude
level (P, = 0.50 kN): (a) Schematic diagram of fracture surface of FSSW on upper sheet, (b)-(e)

Micrographs of area 1-4, respectively.
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x-direction

(@)

5mm

(b)

(d)

Fig. 4-15 SEM micrograph of fracture surface on lower sheet under high force amplitude
level (P, =0.50 kN): (a) Schematic diagram of fracture surface of FSSW on upper sheet, (b)-(e)

Micrographs of area A-D, respectively.

Figure 4-15 shows the fracture surface observation of the lower sheet. Figure 4-15(a)
represents a schematic of two dimension diagram of the lower sheet. The depth direction of
paper corresponds to the direction of force amplitude during the fatigue test. The chipped

vertical fracture surface can be investigated in Area A, B and C. The ripples areas were occurred
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from fatigue crack propagation and wear was observed in this area. The static fracture was

occurred in Area D until the specimen was broken.

The fracture mode with the high force amplitude was observed to be similar to that
with the low force amplitude. The fatigue crack of the upper sheet first propagated around the
welded zone and then propagated further into the base metal until the specimen was broken. The
fatigue crack in the lower sheet propagated similarly. This means that the fracture mode of high
force amplitude level is similar to low force amplitude level. However, when it come to the
crack length propagated towards the base metal until specimens fractured, high force amplitude

level increase the length more than that of the low force amplitude level.
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4.2.4.3 Fatigue crack initiation site

In order to specify the crack initiation site, the cross section of the welded joint was fatigued
under the constant low force amplitude P, = 0.19 kN and interrupted before the final fracture
was observed by an optical microscope. The interrupted cycle N, Was 6.4 x 10* cycles, and the
complete fatigue life N; was 9.5 x 10* cycles (Nstop/Nf Was approximately 67%). The observation
results were shown in Fig. 4-16.

The crack was observed to initiate at the boundary between the edge of the welding interface
zone and the noninterface zone, which is located in the HAZ. The fatigue crack on the upper
sheet was found to start at the distal slit and continue to the surface of the sheet up to the
concave zone. In addition, we confirmed that the crack initiation sites of all welded joints were

the same, irrespective of the force amplitude level.

Non-
Interface zone interface zone

Fig. 4-16 Macrograph of cross-sectional welded zone under constant low force amplitude (P, =

0.19 kN and stop at number of cycle, Ngp = 6.4x10" cycles.
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These observations revealed that the microstructure near the welded zone hardly
affected the fatigue crack initiation and propagation behavior, because the fatigue crack initiated

at the slit tip which is located in HAZ regardless of the microstructure.
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4.2.5 3-dimensional observation fatigue crack propagation

According to the result of P-N curve of the FSSWed AISI 1012 cold rolled-steel,
3-dimensional observation of the fatigue crack propagation was conducted under the constant
low and high force amplitude level of 0.19 and 0.50 kN in the mixed mode fracture, respectively.
The fatigue tests were conducted at 1x10° cycles for low force amplitude level and 1x10* cycles

for high force amplitude level, which is the longest fracture life in each the stress level.

This research mainly investigates about the fatigue crack propagation conducting in
the macro and microscopic observation of the fracture surface. Throughout analysis, the fatigue
crack initiation and propagation should be observed three-dimensionally for the detailed
consideration, because their behavior appeared at the interface between two thin steels sheet.
Therefore, we carried out the three-dimensional observation of the small fatigue crack initiated
on FSSW using the following procedure as shown in Fig. 4-17. At first, the specimen was cut
out so that the area included welded joint, after the fatigue test was interrupted at the x% cyclic
number for the whole fracture life called as N/N;. We obtained an observed result at the cross
section using the optical microscope after specimen was polished and etched. The specimen was
polished in each step by approximately 100-300 um towards the width direction, observation
image was taken using the same procedure mentioned above. Using about 30-100 observation
images taken at the cross section a specimen up to the %N/N;, the three-dimensional fatigue

crack propagation was produced by the three-dimensional graphics software.
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Fatigue test was interrupted at X%N/N; .

.

Specimen was cut out the area included welded joint.

p

Polished and etched on each every 100-300 pum.

7

Observed by using optical microscopic and find coordinate
X-y-z on each step.

.

Produce 3-D fatigue crack propagation figure using by the
three-dimensional graphics software.

Fig. 4-17 3-dimensional observation procedure.

4.2.5.1 Low force amplitude level

Figure 4-18 shows the fatigue crack propagation behavior under constant low force
amplitude. Figure 4-18(a) shows the schematic illustration the FSSW specimen with x-y-z
direction and loading direction. On 61.5%N/N;, fatigue crack propagated toward thickness
direction of upper and lower sheets. Moreover, there was no fatigue crack near the welded on
55.9%N/N;. This fact implies that specimen used in this study requires many cyclic loading to
initiate the fatigue crack in the low force amplitude level. Figures 4-18(c) and (d) shown that the
fatigue cracks grow to the full thickness of upper and lower sheet, and that the fatigue cracks
tend to grow around the welded joint as equal to the diameter of shoulder of FSSW tool. Finally,
on 83.3%N/N; the fatigue crack propagation of upper sheet grows to the both side of base metal,
and two sides of fatigue crack propagation of lower sheet come across nearly circular and

propagated to base metal. After the initiation, as the number of cyclic increases, the fatigue
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crack grew gradually the thickness direction. It is likely for the fatigue crack propagate from the

center of spot welded toward loading direction.

FSSW region
[y
§S) y
g
£
(e
£ X
=]
[9+]
3
(a) Schematic illustration the FSSW specimen
(1) (ii)
Upper 6 o T T 1 Upper
0.8 crack 4r - < 9 crack
Z 0 2r 1
08 x 0 L\/
-2+ 4
-4 Lower crack 1
4 -4 _6 1 1 1 1 1
y 6 420 2 4 6
Unit: mm y Unit: mm

(b) 61.5%N/N

(ll) 6 | — B T T T
4 B - \ T
2 / Upper crack |
X 0 \ -
2t _
4t S Lowercrack -
-6 L 1 1 1
6 -4 -2 0 2 4 6
Unit: mm y Unit: mm
(c) 67.1%N/N;

Fig. 4-18 Crack propagation of FSSW at low force amplitude level (P, = 0.19 kN): (i)

3-dimension, (ii) 2-dimension.
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Fig. 4-18 Crack propagation of FSSW at low force amplitude level (P, = 0.19 kN):

(i) 3-dimension, (ii) 2-dimension. (Continue)

4.2.5.2 High force amplitude level

According to schematic illustration in Fig. 4-18(a), Figure is shown the FSSW

specimen along with x-y-z directions and loading direction shown in three-dimensional

morphologies of the fatigue crack obtained in each observational result at the cross-sectional

area. Figure 4-19 shows the fatigue crack propagation behavior under constant high force

amplitude. On 23.4%N/N;, Fig. 4-19(a) shown that the fatigue crack propagated with 0.7 mm

towards thickness direction of upper sheet. This indicates that the fatigue crack has grown to the
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full thickness of the steel. Furthermore, there was no fatigue crack near the welded spot on
15.6%N/N;. This fact implies that cross tension specimen used in this study requires few cyclic
loading to initiate the fatigue crack in the high force amplitude level. On 45.2%N/N;, Fig.
4-19(b) shows two fatigue cracks on upper sheet. In this case, fatigue crack grows to the full
thickness of sheet. And, the fatigue cracks tend to grows around the welded joint as equal to the
diameter of shoulder of FSSW tool and further it grows to the one side on base metal. Another
fatigue crack was occurred opposite side of the first crack with propagation of 0.4 mm toward
thickness direction and the crack length 1.5 mm near the welded joint. Finally, Figs. 4-19(c) and
(d) show two fatigue cracks on upper sheet those fatigue cracks grows to the full thickness of
sheet and tend to grows around the welded joint. Further, first fatigue crack grows to the one
side on base metal and another fatigue crack was occurred opposite side of the first fatigue crack
around the welded joint. As cracks on lower sheet, two cracks were occurred and grow around

the welded joint.

(i) i)y 6 —
4 r '“\\ T
08 ”\ Upper crack / L
Z 0 X0 F Upper i
crack
-0.8 2 r 7
-4 t i
X 4 -4 y 6 L
6 -4 -2 0 2 4 6
Unit: mm y Unit: mm
(a) 23.4.%N/N;

Fig. 4-19 Crack propagation of FSSW at high force amplitude level (P, = 0.50 kN):

(i) 3-dimension, (ii) 2-dimension.
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(i) (i) 8 —————
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(b) 45.2%N/N;

(i) (i) g
Upper crack

| Upper
Y crack

Lower crack _ 8 -4 0 _
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() 58.5%N/N;

Fig. 4-19 Crack propagation of FSSW at high force amplitude level (P, = 0.50 kN):

(i) 3-dimension, (ii) 2-dimension. (Continue)
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Fig. 4-19 Crack propagation of FSSW at high force amplitude level (P, = 0.50 kN):

(i) 3-dimension, (ii) 2-dimension. (Continue)

Based on the three-dimensional observation, it is clarified that the fatigue crack in the

welded joints used in this study initiated at the slit tip, then propagated with the complex

behavior regardless of the force amplitude level. However, the fatigue crack initiation life

against the entire fatigue life was dependent on the force amplitude; the higher force amplitude,

the faster fatigue crack initiation life.
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4.3 Conclusions

In this chapter, the mechanical properties and fatigue crack growth behavior of the FSSW

cold-rolled carbon steel joints were investigated under constant force amplitude. The low

temperature friction stir welding of steels was observed around 973 K, which should be the first

example of welding general steels without any transformation. In addition, the control of the

temperature enabled the steels to be welded in various regions, such as the a-y two-phase region

and the y single-phase region. From this work, the following conclusions were achieved.

M)

2

@)

(4)

(®)

It has observed that the relationship between the peak temperature and the A, point. When
the FSSW is performed in the a-y two-phase region, the microstructure is refined and the
highest hardness is then achieved.

The hardness of the welded area was hardening occurred up to 60% relative to the base
metal. This was caused by the generation of extremely fine grains and pearlite phase
structure in the SZ and TMAZ, and the impulse compressive force from the welding
process.

The specimen used for this study had a fatigue limit of 0.1 kN. This value is very low
compared with the maximum tensile force of the base metal and FSSW joint itself.

The crack initiation occurred as a boundary between the welding interface zone and
non-interface zone or slit tip regardless of amplitude level. In addition, the distal slit is
located in the HAZ. The fatigue crack was found on the upper sheet at the distal slit
through to the surface of sheet up to the concave zone. The fracture morphology is the
mixed mode fracture. Therefore, fatigue fracture modes were independent on force
amplitude level.

Three-dimensional observation clarified the fatigue fracture mechanism in FSSW joints.
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Furthermore, the results of the three-dimensional observation and the micrograph near the
welded joint showed that the fatigue crack initiation of low force amplitude level was
approximately 56%N/N; of the whole fatigue life. Consequently, the FSSW joints had a
fatigue crack initiation life that accounted comparatively large- proportion of the whole
fatigue life. In contrast with high force amplitude level was approximately 16%N/N;of the
whole fatigue life, which FSSW joints had a fatigue crack initiation life that accounted
comparatively less proportion of the whole fatigue life. Therefore, fatigue crack initiation

on high force amplitude level is very fast compared to low force amplitude level.
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CHAPTER 5

Fatigue damage evaluation of friction stir spot
welded cross-tension joints under repeated
two-step force amplitudes

5.1 Introduction

Recently, the majority of fatigue tests were carried out under constant amplitude
loading. Engineer are faced with the problem of how to use constant amplitude fatigue data in
the prediction of the fatigue lives under the wide range of variable amplitude histories
encountered service. The investigated of fatigue properties under variable amplitude loading
came to known as the cumulative damage study. As applied in fatigue test, a block loading is
one in which the loading parameters vary stepwise with the time. Interaction effects affecting
fatigue crack propagation rates in metallic materials can occur when load levels change during a
block fatigue loading. Within a block fatigue loading each block consists of a constant

amplitude fatigue loading. At the new load level the fatigue crack propagation rate may not be
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the same as it would be for the same fatigue load under constant amplitude fatigue loading.
Numerous tests have been carried in attempts to quantify interaction effects, including tests
using the simple two level loads.

The previous chapter proposed the interior fatigue crack mechanism of FSSW using
AISI 1012 cold-rolled steel sheet in detailed of fracture mode, 3-dimensional crack observation
and crack initiation site. In addition, the experiment of FSSW has focused on microstructure,
tensile test, and hardness test.

Previous research of FSSW on fatigue test, many authors have performed fatigue test
under constant amplitude loading. Some authors have studied the fatigue tests under repeated
two-step amplitude loading on alloy series to analyze the strain behavior [65], [66] or determine
fatigue life, and failure modes of specimens [35], [53]. However, few reports exist on the fatigue
fracture mechanism and fatigue crack propagation behavior in FSSW-joined carbon steel,
particularly for cross-tension FSSW specimens [58]. Moreover, some stress concentration parts
remain at the area welded by FSSW: a hollow called a keyhole caused by the tool shape, a
discontinuity in shape called a lip, and a slit between the upper and lower sheet. Furthermore,
the area welded by FSSW has several microstructures: base metal (BM), heat-affected zone
(HAZ), thermo-mechanically affected zone (TMAZ), and stir zone (SZ) as showed in previous
chapter. It is highly advantageous to identify the relationship between the shape of the welded
area unique to FSSW, the microstructure, and the fatigue crack behavior; however, details are
not definitively known. Moreover, most studies on the fatigue properties of FSSW joints were
conducted under constant force amplitude conditions; although some studies have reported the
fatigue properties under variable force amplitude conditions [19], [71]. However, automobile
loads randomly vary in service and very little is known about fatigue properties under variable

force amplitude conditions, which are assumed to occur in actual force situations.
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This chapter, fatigue tests were performed under repeated two-step force amplitudes to
investigate the fatigue properties of FSSW-joined AISI 1012 cold-rolled steel sheet by using the
results of fatigue tests under constant force amplitude from the chapter 4. Welded components
are often subjected to repeated two-step force amplitudes, which call for fatigue life prediction
methods that consider fatigue damage accumulation. Therefore, this study proposes and
demonstrates the effectiveness of a method for evaluating cumulative fatigue damage under

repeated two-step force amplitude conditions.
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5.2 Results and discussion

5.2.1 Deformation behavior of FSSWed specimen

In this section, a fatigue damage evaluation method under repeated two-step force
amplitudes was investigated based on the results under constant force amplitude from a previous
chapter. The FSSW joints used in this study shows a deformation behavior specific to the thin
plate structure as shown in Fig.5-1. From the figure, it was found that the FSSW specimen is
deformed from the force during fatigue test. Therefore, the deformation behavior around the
welded zone with the constant applied force amplitude was observed prior to the repeated

two-step fatigue tests.

Lower sheet

Fig. 5-1 The deformation behavior of FSSW specimen.

To study the deformation behavior, the strain behaviors were measured near the
welded joints under force-loop test. Figure 5-2 shows the schematic of the force-loop test,
which was performed by operating the ramp wave to loading and unloading for 10 s each in
each step. In addition, the applied force was increasing of 0.5 kN in each step when the loop

performed by loading. The local strain was measured during the force-loop test near the welded
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zone using the local strain measurement method shown in Fig.5-3.

Applied force (kN)
(BN
ol

Ramp wave

0 10 20 30 40 50 60 70 80 90 100 110
Time (s)

Fig. 5-2 Schematic illustration of the force-loop test.

Welded Front side
zone on upper sheet

7
=7

Rear side
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CH.1 CH.2 oio
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Fig. 5-3 Four strain gage locations on FSSW specimen.
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The results are displayed in Figs. 5-4 (a)-(d) as a plot of applied force and local strain,

which is measured from the strain gage CH.1, CH2, CH3, and CH.4 respectively. Figures 5-4

(e) and (f) show enlarged images of the first and second steps with force loops of 0—0.5—0 kN

and 0—1.0—0 kN, respectively.

Applied force (kN)

Applied force (kN)
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Fig. 5-4 The relationship between local strain and applied force.

-87 -

25



CHAPTER 5 REPEATED TWO-STEP FORCE AMPLITUDE

1 . 1.5 -
< 2 '
8 g '
§ 05 : S &, 1
D ie] .
= \ 2 05 )
o ‘\ o T
< <

0 =N 0 '

-1.5 0 1.5 -15 0 15

Strain (% 10-3) Strain ( % 10-3)

(e) The enlarged image of CH.1 of the first () The enlarged image of CH.1of the second
step with a force loop of 0—0.5—0 kN step with a force loop of 0—1.0—0 kN

Fig. 5-4 The relationship between local strain and applied force. (Continue)

The results show that the plastic deformation near the welded zone occurred under a
force of 0.4-0.5 kN. Therefore, in this study, fatigue tests were performed under repeated
two-step force amplitudes, consisting of a case in which no macroscopic plastic deformation
occurred and a case in which significant plastic deformation occurred. Through these
experiments, the effect of repeated two-step force amplitudes on the fatigue characteristics of

the FSSW joints was investigated.

Based on the illustration of the repeated two-step force amplitude waveform in Fig.
5-5, fatigue tests were performed with 200 and 500 cycles loaded with APy after the specimen
was loaded with AP,. The force ratios R were 0.01 for APy and 0.01-0.04 for AP, because the

minimum force of AP, was set to follow the minimum force of APy.
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Fig. 5-5 lllustration of force amplitude wave form of repeated two-step force amplitude.
5.2.2 Case without macroscopic plastic deformation

This section describes the fatigue tests that were performed under repeated two-step
force amplitudes with a high force range of APy = 0.39 kN and a low force range AP_ lower
than the fatigue limit. Linear damage cumulative rule is used in this section. Theoretical and
experimental research has shown that use of the linear damage cumulative rule, which is
Miner’s rule (LDR). Miner represented the Palmgren linear damage concept in mathematical

form as the LDR equation presented by Eq. (5-1);

In the LDR, the measurement of damage is the cycle ratio with basic assumptions of
constant work absorption per cycle, and characteristic amount of work absorbed at failure. The
energy accumulation, therefore, leads to a linear summation of cycle ratio or damage. Failure is
accounted to occur when Y'r; = 1, where r; is the cycle ratio corresponding to the i load level or
ri = ni/Ns;. Damage versus cycle ratio plot for this rule is simply a diagonal straight line as shown

in Fig. 5-6, independent of loading levels (the damage curve as it is usually called). In the S-N
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diagram, the residual life curves corresponding to different life fractions are essentially parallel

to the original S-N curve at failure. The main deficiencies with LDR are its load-level

independence, load-sequence independence and lack of load-interaction accountability.

& OH

= Miner’s rule

=3 /

g o

8 owl b N Fatigue limit

O \\ . . . b

i N Modified Miner’s rulg
A

o

N

Ny

N.

Number of cycles to failure, N;

Fig. 5-6 Schematic illustration for LDR.

The fatigue damage was estimated based on Miner’s rule (Dy), which considers only

the damage due to the forces above the fatigue limit, and the modified Miner’s rule (Dywm),

which considers the damage due to the forces both below and above the fatigue limit, as

expressed by Egs. (5-2) and (5-3), respectively. From the fatigue test results of each approach,

the validity was evaluated based on the cumulative damage rule.

Dy = [n—HJ x Block number

Ny
and
n_ N
Dum =| —= +—F- |x Block number
N, Ny

(5-2)

(5-3)

where ny and ni_ are the number of repeated cycles with high and low force amplitudes in one
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block, respectively, and Ny, and N, are the estimated fatigue lifetimes, measured in numbers of
cycles, corresponding to the force amplitudes Py and P, respectively. The values for Ny and N
were obtained from the fatigue test results with a constant force amplitude by using the
regression line of the P-N curve, as shown in Fig. 5-7, with N, taken as the value from the
regression line extended below the fatigue limit. The regression equation was obtained on a

log-log scale, as expressed by Eq. (5-4).

logP, =-0.325logN; +3.956 (5-4)

l : T T TTTTTI T T TTTITIT T T TTTTHIT T T T TTTTTT T IIIIIII:

®
g / Fatigue limit
0.1 - Miner’s rule - o> 5

Applied force amplitude, P, (kN)

0.01 1 111111l 1 L1111l 1 11l 1 11111l 1 111 111
108 104 105 106 107 108
Number of cycles to failure, N; (cycles)

Fig. 5-7 P-N curve of the FSSW specimen.

The cumulative damage results of repeated two-step force amplitudes in the case
without macroscopic plastic deformation summarize in Table 5-1. The results show that Dy was
considerably lower than unity for all specimens and Dyu was larger than unity. The
experimental results obtained using the modified Miner’s rule indicated that the forces below
the fatigue limit influence fatigue damage. As such, the fatigue limit of the welded joint

disappeared under repeated two-step force amplitude conditions. However, it is not appropriate
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to use the modified Miner’s rule in estimating the fatigue damage of the welded joint under
variable force amplitude conditions, because Dyw was consistently larger than unity. This
means that the fatigue damage evaluation with the modified Miner’s rule tends to overestimate
the damage by applied forces below the fatigue limit, which yields an evaluation erring too
much on the side of safety. Therefore, the fatigue damage in this study was re-evaluated using

the regression equation suggested by Haibach [170].

Table 5-1 Results of cumulative fatigue damage test with repeated two-step force amplitude in
the case without macroscopic plastic deformation.

Nu/nL APy AP >Ny >np

Specimen No. Dwm Dum
(cycles) (KN) (KN) (cycle) (cycle)

1-1 9.14x10* 2.75x10° 072 177
200/6000 0.39 0.15

1-2 6.35x10" 1.91x10° 050 1.23

2-1 7.38x10" 8.83x10° 058 1.55
200/24000 0.39 0.10

2-2 9.02x10* 1.08x10’ 071  1.90

The suggestion for extending the P-N curves (S-N curve) below the fatigue limit was
proposed by Haibach, which is Haibach’s method line in Fig.5-8. Haibach postulated that cycles
with amplitudes above the fatigue limit will reduce the fatigue limit of the undamaged material.
The damage of these cycles was accounted for by applying the Miner rule to the modification of

the S-N relation by the extension with Haibach’s method line in Fig.5-8.
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Fig. 5-8 Modification of P-N curve for Haibach’s method.

According to Haibach, the slope of Haibach’s method line is related to the slope of the
Basquin relation of the original S-N curve; SN is constant. In this equation, k should be
replaced by 2k-1. The prediction with this modified S-N curve is more conservative than the
original Miner rule prediction, but less conservative than for the extended S-N curve with
modified Miner’s rule line. It must be recalled that the prediction with n/N remains a Miner rule
prediction, which does not account for any interaction effect. Predictions must be considered
with caution. The extrapolated S-N curves imply that an extra safety margin is introduced which
intuitively seems to make sense, but it remains unknown how large this margin, and also

whether the prediction will be conservative, Y n/N > 1.

In general, Haibach’s method yields an accurate evaluation when the number of
repeated cycles of an applied force below the fatigue limit is quite large. The regression line

modified by Haibach is shown in Fig. 5-9, and its regression equation is given by Eq. (5-5).

logP, =-0.325logN; +3.956 forP, >0.1kN

5-5
logP, =-0.194logN; +3.068 forP, <0.1kN (55)
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Fig. 5-9 Modification of P-N curve using Haibach’s method.

The resulting cumulative damage Dy determined by Haibach’s method is shown in
Table 5-2. The results show that Dy was approximately unity for each of the specimens. This is
due to the fact that the damaging effect resulting from the number of cycles with a force below
the fatigue limit depends on the frequency ratio of the number of cycles with a force above the
fatigue limit (Frequency ratio is ratio of number of cycle of high force amplitude (ny) to number
of cycle of low force amplitude (n.) on 1 block, or ny/n.). Therefore, Haibach’s method yields
an accurate evaluation when a large number of cycles are performed below the fatigue limit, and
considering the effect of forces below the fatigue limit is important in practical applications

when evaluating the fatigue characteristics of the welded joint under variable force amplitudes.
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Table 5-2 Results of the modification cumulative fatigue damage test under repeated two-step

force amplitude in the case without macroscopic plastic deformation with Haibach’s method.

Specimen No. Dwm Dum Dy

1-1 0.72 1.77 1.28
1-2 0.50 1.23 0.89
2-1 0.58 1.55 0.80
2-2 0.71 1.90 0.98

5.2.3 Case with significant plastic deformation

In this section, fatigue tests under repeated two-step force amplitudes were performed
with a high force range of APy > 0.4 kN and low force range of AP_ = 0.39 kN. Both the high
and low force ranges were set to exceed the fatigue limit. This means that Dy; = Dyym = Dn.
Therefore, Miner’s rule (Dy) is used as the fatigue damage evaluation method for these tests.

Table 5-3 shows the cumulative damage results of repeated two-step force amplitudes
in the case with significant plastic deformation. Dy, was larger than unity for all specimens but
one. This means that the evaluation by Dy, erred too much on the side of safety. Significant
plastic deformation occurred when forces higher than 0.4 kN were applied to the welded zones,
as mentioned previously. It is possible that the plastic deformation led to changes in the strain

behavior.
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Table 5-3 Results of cumulative fatigue damage test with repeated two-step force amplitude in

the case with significant plastic deformation.

_ np/nL APy AP >Ny >ng D
Specimen No. - v cje (N)  (KN)  (cycle) (cycle) .
3-1 1.61x10* 4.95x10* 1.09

500/1500 0.69 0.39
3-2 1.38x10* 4.20x10" 0.93
4-1 7.07x10° 6.48x10* 1.47
200/1800
4-2 7.61x10° 7.20x10* 1.57
0.99 0.39
5-1 7.22x10° 6.66x10* 1.52
500/4500
5-2 9.03x10° 8.55x10* 1.86

The present result has confirmed that the evaluation by Dy, erred too much on the side
of safety. It is possible that the plastic strain led to change the strain behavior when the force
was applied higher than 0.4 kN. Therefore, the local strain near a welded zone was measured

under both constant and repeated two-step force conditions.

The strain ranges of the constant force range and two-step force range specimens (Nos.
3-1, 4-1, and 5-1) were selected from strain gages that the strain range is changed, which is the
indication that the strain gage is located near the crack initiation side. The local strain
measurement method is shown in Fig. 5-3. The strain range of the two-step force range

specimens corresponded to the strain behavior for applied force range AP = 0.39 kN.

The results of the strain range under constant and two-step force ranges for each
specimen as shown in Fig. 5-10. From the results, the strain ranges of the two-step force range
specimens (Nos. 3-1, 4-1, and 5-1) are lower than those of the constant force range specimen. In

addition, the strain range decreased as the high force range APy increased.
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Fig. 5-10 Relationship between strain range and %N/N; under constant and repeated two-step

force range in each condition.

From the results shown in Fig. 5-10, the data of specimen No. 4-1 were plotted as
strain versus time in Fig.5-11(a) with Fig.5-11(b) presenting a schematic illustration of the strain
behavior. Compared to the low force range of block 1 (AP.;), the low force range of block 2
(APL,) has a lower strain range and an increased mean strain. Additionally, the strain behavior
under the low force range of block 2 (AP.;) was approximately equal to that under the high
force range of block 1 (APy,). Therefore, pre-strain from the high force range APy influenced

the strain behavior and tended to affect the fatigue life of the welded joint.
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Fig. 5-11 (a) Local strain of the specimen of repeated two-step force range No. 4-1, (b)

Schematic illustration of Fig. (a).

To investigate the effect of the high force range APy, additional fatigue tests were
performed with 100 cycles each of the high force range APy and the low force range AP = 0.39
KN until the specimen was broken; this type of test is called a pre-strain fatigue test. The

waveform of the pre-strain fatigue test is shown in Fig.5-12.
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Fig. 5-12 Illustration of waveform of pre-strain fatigue test.

Figure 5-13 shows the results of the pre-strain fatigue test. The vertical axis in this
figure indicates the applied low force amplitude P after 100 cycles of the high force range APy,
and horizontal axis is the number of cycle to failure (N pre) under the low force amplitude P,
after 100 cycles of the high force range APy. For comparison, the results under constant force
amplitude are also plotted in this figure, with the data represented by circles. From the results,
the effect of pre-strain from the high force range APy was clearly observed. Furthermore, the
fatigue life was extended with an increased high force range APy.

Base on the experimental results, the cumulative fatigue damage was re-determined
under the extended fatigue life. Therefore, the fatigue life from the pre-strain fatigue test (Nypre)
is substituted by N in Eq. (5-3) to determine cumulative fatigue damage (Dwpre), as expressed
by Eq. (5-6).

n

n
Dypre = (N—L + —HJ x Block number (5-6)
LPRE

H
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Fig. 5-13 Results of fatigue test under pre-strain and constant force amplitude.

Consequently, Dypre Was approximately unity, as shown in Table 5-4. In the case with
significant plastic deformation occurring near the welded zone caused by the high force range
APy, a relatively accurate estimation of the cumulative damage can be achieved. Therefore, it is
important to consider the cumulative damage estimation taking into account the effect of

pre-strain by the high force amplitude.

Table 5-4 Results of cumulative fatigue damage test under repeated two-step force amplitude in

the case with significant plastic deformation with extended fatigue life.

Specimen nH/nL APH APL an ZnL D NLPRE
M

No. (cycle) (kN) (kN) (cycle)  (cycle) (cycle) MPRE

3-1 1.61x10* 4.95x10* 1.09 0.86
500/1500 0.69 0.39 3.19x10°

3-2 1.38x10* 4.20x10* 0.93 0.74

4-1 7.07x10°  6.48x10* 1.47 1.10
200/1800

4-2 7.61x10°  7.20x10* 1.57 1.16

0.99 0.39 4.46x10°

5-1 7.22x10°  6.66x10* 1.52 1.13
500/4500

5-2 9.03x10° 855x10* 1.86 1.38

- 100 -



CHAPTER 5 REPEATED TWO-STEP FORCE AMPLITUDE

5.3 Conclusions

In this chapter, the fatigue damage of FSSW specimens under two-step force
amplitude conditions was investigated. Two cases were considered: in the first, macroscopic
plastic deformation near the welded zone did not occur, and in the second, significant plastic
deformation occurred. The conclusions obtained are as follows.

1. In fatigue tests with repeated two-step force amplitude, the fatigue limit of the
welded joint disappeared. However, the fatigue damage evaluation using the
modified Miner’s rule erred too much on the side of safety, as the modified Miner’s
rule tends to overestimate the damage by applied forces below the fatigue limit.
Thus, it was determined that, within the testing conditions used in this study, the
fatigue damage evaluation using Haibach’s method yielded an accurate evaluation.

2. In the case where significant plastic deformation caused by the applied force
occurred near the welded zone, the cumulative fatigue damage value based on
Miner’s rule was often larger than unity. Therefore, it is important to consider a
cumulative damage estimation that takes into account the effect of pre-strain from

the high force amplitude.
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CHAPTER 6

Fatigue damage evaluation of friction stir spot
welded cross-tension joints under random force

amplitude

6.1 Introduction

For dimensioning of automotive components and structures to endure fatigue loading,
results which use loading series similar to in service loading have been used increasingly during
the last decade. Therefore, the S-N curve has lost some of its importance, although
measurements at constant stresses are necessary in any case as a basis for lifetime predictions of

tests simulating in service loads.

Early, fatigue tests on structures, components and test specimens were all carried out
using constant amplitude fatigue loading. However, many structures and components are

subjected in service to variable amplitude fatigue loading, with variations following either a
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regular or a random pattern [171], [172]. Variable amplitude fatigue loadings can divided into
two broad classes: those in which individual load cycles can be distinguished, such as narrow
band random loading as an example shown in Fig. 6-1(a), and those in which individual load
cycles cannot be distinguished, such as broad band random loading shown in Fig. 6-2(b)
[173]-[175]. The modern technology for fatigue testing equipment makes it possible to apply
practically any required loading history, and narrow and broad band random loading have been
used extensively for some time, especially in structural testing. The use of broad band random
loading can make the analysis of test results difficult. Concepts taken from random process
theory are used in the characterization of random load histories. Conventions used in the fatigue
testing literature sometimes differ from those usual in random process theory. Although referred
to as random, load histories used in tests are usually pseudo random in that they repeat exactly

after a return period [176].

The previous chapter have been studied the fatigue damage of friction stir spot welded
AISI1012 cold rolled-steel sheet under repeated two-step force amplitude. The results show that
the fatigue limit of the welded joints disappeared. However, the fatigue damage evaluation
using modified Miner’s rule tends to overestimate by applied force below the fatigue limit. Thus,
within the testing conditions used in this study, the fatigue damage modification using
Haibach’s method yielded an accurate evaluation. In the case where signification plastic
deformation caused by applied force occurred near the welded zone, the cumulative fatigue
damage value was often larger than unity. Thus, it is important to consider a cumulative fatigue
damage evaluation that takes into account the effect of pre-strain from the high force amplitude.
Based on the experimental knowledge gained in this study, the fatigue characteristics of the

welded joints under random force amplitude conditions should be evaluate with Miner’s rule,
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which is considers the cumulative fatigue damage cause by the applied force lower than the

force in the case without macroscopic plastic deformation.

The main objective of this chapter is evaluating fatigue damage of cross-tension
specimen by using friction stir spot welding technique, under random force amplitude
conditions. The capabilities of rainflow cycle counting method and Miner’s linear damage rule
are used. Therefore, this paper propose a quantitative evaluation method for cumulative damage
evaluation methodology involving cycle counting base on the external random force acting on

the welded joints.
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Fig. 6-1 (a) Narrow band random loading, (b) Broad band random loading.

-104 -



CHAPTER 6 RANDOM FORCE AMPLITUDE

6.2 Experimental methods

6.2.1 Random force history

Many types of random loadings encountered in the fatigue work caused. The
automobile, in which a car is running, is supposed to be such a process. The same applies to
random noise of an engine and body weight. It is often assumed that such processes are a
random Gauss process which implies that the relevant variables have a normal distribution

function, as an example of Gaussian random distribution [157], [161], [172], [176]-[178].

A Gaussian random process is defined by a power spectral density function, ¢(w),
which fully describes its statistical properties. Examples are shown in Fig. 6-2(a), the power
spectral density function shows how the energy of the signal is distributed as a function of the
frequency . This concept can be understood by considering a Fourier series with a very large
number of terms and small differences (Aw) between the frequencies of successive terms, and
coefficients x being a function of ®, as shown in Fig. 6-2(b). The load-time history is given in

Eq. (6-1),

X(t) = & cos(mt + @) (k=1,2,3...N) (6-1)

where N is division of powe r spectrum distribution number. w is angular frequency, t is time.
¢ is uniform random number in the range of (0, 2m). axis variable that can be determine as
followed the absolute area. The absolute area can be multiplied between the power spectrum
density (S(w)) and angular frequency from lower angular frequency to upper angular frequency;,
divided by N as expressed in Eq. (6-2). Fig. 6-3 shown the absolute area of power spectrum

density (S(w)) and Ao.
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Aw=(o,—a)IN (6-2)

o, =w+(k—-0.5) Ao (6-3)

where, a’is given by;

a; =4S(w,)Aw (6-4)

Substitute Eq. (6-4) to Eq. (6-1), the stationary Gaussian random equation is given by;

x(t) = X 2/S(,) Ao cos(@t + ) 69
(@) (b)
() 1
T narrow band X((Dk)
r‘ random
broad band X(t)=2X,.c0S o).t
N random

:pite noise

J |||H||Hmim

Fig. 6-2 Energy density functions to define the random load Gauss process: (a) Different types

of energy density functions of the random signal, (b) Fourier series approximation of the

random signal.
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Power spectrum density, S()

Angular frequency, @

Fig. 6-3 Schematic illustration of the division of power spectrum distribution.

In this study, the frequency range speed effect on the fatigue crack growth does not
almost appear, therefore, the narrow band waveform having a uniform distribution with the
frequency range of 1 Hz, as shown in Fig 6-4(a) and the broad band waveform having a uniform

distribution with the frequency range of 9 Hz, as shown in Fig. 6-4(b).
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Fig. 6-4 Schematic illustration of power spectrum distribution for pseudo random loading wave:

(a) Narrow band random waveform, (b) Broad band random waveform.
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This sum gives a signal x(t) which is approximately similar to random wave. It
becomes a real random Gaussian signal, if ®—0. The energy is proportional to the square of the

amplitude:

D(w) o (X())* (6-6)

The examples of a stationary Gaussian random wave and the corresponding power
spectral density functions are shown in Fig. 6-5. In Fig. 6-5(a), the energy is concentrated in a
narrow band frequency and as a result the load-time history is somewhat similar to an amplitude
modulated signal, in this case with a random modulation. This narrow band random loading is
resonance frequency, if activated by some external random process covering a wider frequency
band. The structure acts as a frequency filter to the excitation. The second example in Fig.
6-5(b) shows a random signal covering a wider frequency band and the corresponding broad
band random waveform shows a higher degree of irregularity. It was shown that the distribution
function of the peak values of a random Gaussian signal can mathematically be derived from the
spectral density function (). This is also true for the irregularity factor k defined earlier as ratio
of the number of peaks and the number of zero-crossings. As might be expected, this factor is
almost equal to 1 for narrow band random loading, whereas it is larger for more irregularly

varying signals.
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Fig. 6-5 The random loading history and the corresponding spectral density functions [179].
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6.2.2 Cycle counting procedures

This section explains the introduction of cycle counting method. Cycle counting is
used to summarize irregular loading versus time histories by providing the number of times
cycles of various sizes occurred. These practices cover the procedures used to obtain cycle
counts by various methods as an example as, simple-range counting, level crossing counting,
and rainflow counting method. Cycle counting method can be made for time histories of force,

stress, strain, torque, deflection or other loading parameters.

6.2.2.1 Level-crossing counting method

A load-time history defined by a sequence of maximum and minimum if time-dependent
phenomena are not considered, such a sequence is usually reduced to a statistical representation in
order to have a useful survey of the fatigue loads. In the past, several counting techniques were
developed for this purpose based on counting level-crossings for a number of load levels or counting
peak values above a number of load levels. The historical development will not be followed here, but
basic aspects of statistical count procedures are considered. With this counting method, every time
the load-time history crossing a class limit in a positive sense, a count is performed. The
counting of level crossings neglects small load variations, when they are in one class. This is not
the case, however, when a class limit is crossed (however, small an amount). For this reason, the
result of this counting method depends on the magnitude of the amplitude suppression. The

result of the counting is a cumulative frequency which is usually presented in a spectrum.

6.2.2.2 Peak counting method

From a fatigue damage viewpoint, loading amplitudes are more significant than mean

loads. The amplitude is half the range between a minimum loading and the subsequent

-110 -



CHAPTER 6 RANDOM FORCE AMPLITUDE

maximum loading. Load ranges represent important characteristic values of a load-time history
exerted on a structure or applied in a fatigue tests. Load ranges of a load-time history can be
counted, but since ranges are defined by minimum and a maximum reversal, a two-parameter

counting methods must be adopted. Results can be presented in matrix format.

6.2.2.3 Simple range counting method

Range is the difference between two successive reversals. The range is positive when a
valley is followed by a peak. The range is negative when a peak is followed by a valley. Count
positive or negative ranges as one cycle if only one or the other is counted. Count each as
one-half cycle if both are counted. Eliminate ranges smaller than a chosen number before

counting.

6.2.2.4 Rainflow counting method

The rainflow counting method [172], [175], [180], [181] is a method for counting
fatigue cycles from a time history. The fatigue cycles are stress (loading)-reversals. The rainflow
counting method allows the application of Miner's rule in order to assess the fatigue life of a
structure subjected to complex loading. In the principle, the range counting includes counting of
all successive load ranges, also small load variations occurring between adjacent larger ranges.
It might be thought that small load variations can be disregarded in view of a slight contribution
to fatigue damage. A fundamental counting problem arises, if a small load variation occurs
between larger peak values. This situation is illustrated in Fig. 6-6. Figure 6-6(a) illustrates a
two-parameter range counting procedure will count the ranges AB, BC and CD, and store this
information in a matrix. Now, consider the situation that the intermediate range BC was not

occurred. Then, the large range AD would be counted only. Fatigue damage is related to load
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ranges, so it should be expected that the fatigue damage of the large range AD alone is larger
than for the three separate ranges AB, BC and CD. The intermediate small load reversal BC is
counted as a separate cycle and then removed from the major load range AD. This larger range
can then is counted as separate load ranges followed Fig. 6-6(b). If four successive peak values
are indicated by P;, Pi.4, Pis2 and Pi.s, the rainflow count requirement for counting and removing
a small range from a larger range is P;,1< Pi.3 and P;.,>P;. If the intermediate small load reversal

occurs in a descending load range followed Fig. 6-6(c), the requirement is P;.;>Pi.s and Pi.,<P;.

(a) Range counts

(b) Rainflow counts

(c) Rainflow counts

Pie3

Fig. 6-6 Intermediate load reversal as part of a larger range.
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The peak values of the intermediate small load reversal should be inside the range of
the two peak values of the larger range. Successive rainflow counts are indicated in Fig. 6-7.
Figure 6-7(a), five rainflow counts can be made. After counting and removing these small cycles
which was obtained in Fig. 6-7(b). In this figure again three rainflow counts can be made, but
now of larger ranges. Removing these cycles lead to Fig. 6-7(c), which again two still larger
load reversals can be counted and removed. Finally, there are the residues; no further counts are
possible as show in Fig. 6-7(d). The ranges of the residue must be counted separately at the end

of the counting procedure.

(@)

(b)

(©)

(d)

Fig. 6-7 Successive rainflow count: (a) 5 small cycles counted, (b) 3 cycle counted, (c) 2 cycles

counted, (d) residue.
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To replace a random loading spectrum by a set of complete stress-strain hysteresis
loops, the actual strain course versus time is represented in a vertical way following to Fig. 6-8.
Starting rain flows off all strain amplitudes as if they were roofs of a pagoda according to the
following rules. The rain flow is stopped, (i) when it reaches a load value where the opposite
load minimum falls below the starting minimum; that is, |ey| is below |go|. This mean that, rain
flow coming from g, is stopped at &g, (ii) when it reaches a load value where the opposite load
maximum is higher than the starting maximum,; that is, |e7| is above |en|. This mean that, rain
flow coming from ey is stopped at &q), or (iii) when it is interrupted by rain coming from the

pagoda roof above, for the example, at p or &g.

0 Strain, €

Rain flow

N

K ./\J_J
N<
Q==

L/H

<

U v

Time, t
Fig. 6-8 Application of the rainflow counting method: Rainflow along a random loading

spectrum.
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By implementing these rules as computer algorithms in fatigue life assessment
programs one can replace random loading spectra together with the experimental cyclic
stress-strain curve stepwise as the hysteresis loops shown in Fig. 6-9. Only when a hysteresis
loop is complete, it will be counted as one loading cycle of a certain class, corresponding to the
partitioning of the loading spectrum. Again, these loading classes can be treated by the
damage-accumulation approach after Palmgren and Miner. In several cases, 3-dimensional
structural integrity problems should not be simplified by applying a uniaxial-loading approach,
since real loading and damage conditions are determined by complex superimposition of cyclic
torsion, bending and compression—tension. To treat such kinds of multiaxial fatigue, the concept
of the critical plane has become established. The critical plane represents the areas where the
service-life-relevant damage mechanisms are active, depending on the degree of exceeding of
certain criteria that are defined by the mechanical load combination (normal and shear stresses

within the critical plane).
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Fig. 6-9 Application of the rainflow counting method; Construction of stress—strain hysteresis

loops

This chapter, the rainflow counting method was calculated using PROGRAM
RAINFLOW which is complied under FORTRAN. Algorithm for rainflow counting method as

followed:;

1. Reduce the time history to a sequence of peaks (Tension) and troughs

(Compression).
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2. Imagine that the time history is a pagoda.

3. Turn the sheet clockwise 90°, so the starting time is at the top.

4. Each tensile peak is imagined as a source of water that drips down the pagoda.

5. Count the number of half-cycles by looking for terminations in the flow occurring
when either:
a) It reaches the end of the time history
b) It merges with a flow that started at an earlier tensile peak; or
¢) It encounters a trough of greater magnitude.

6. Repeat step 5 for compressive troughs.

7. Assign a magnitude to each half-cycle equal to the stress difference between its
start and termination.

8. Pair up half-cycles of identical magnitude (but opposite sense) to count the number

of complete cycles. Typically, there are some residual half-cycles.

Figure 6-10 shows the code of PROGRAM RAINFLOW which is complied under
FORTRAN programming language. The complied process uses the value at each reversal which
is arranges the reversal from maximum value to maximum value or minimum value to
maximum value in text file. The complied process followed Fig. 6-11. The input.txt file was
added to code of program, complied on FORTRAN, and the output resulting with maximum

value, minimum value, range, and mean.
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PROGRAM RAINFLOW

PARAMETER (MX =100)
DIMENSION XLOAD(MX)

OPEN(7,FILE='INPUT D', STATUS ='OLD)
OPEN(8,FILE='OUTPUT.D")
OPEN(9,FILE="XMAX CSV'")
OPEN(10,FILE="XMIN.CSV")
WRITE(8,250)
250 FORMAT(GX,"RANGE™,6X,""MEAN",7X,""MAX." 8X,"MIN.")
C
READ(5,*) NUM ! Number of reversalsin the load history
DO401=1,NUM
READ(7,*) XLOAD(I) ! Magnitude of the load

40 CONTINUE
c
NCOUNT=0
IPOS=3

DO WHILE (NUM.GE.3)
IF (IPOS.LT.3 THEN
IPOS=3
ENDIF

Cc

DNOW = ABS(XLOAD(IPOS-1) - XLOAD(IPOS)) labs(X)
DPASS = ABS(XLOAD(IPOS-2) - XLOAD(IPOS-1)) labs(Y)
C

IF (DNOW.GE.DPASS) THEN
XMEAN = (XLOAD(IPOS-2)+ XLOAD(IPOS-1))/2. 'Mean load

XRANGE = ABS(XLOAD(IPOS-2))- XLOAD(IPOS-1)) !Load range
XMAX=XMEAN+XRANGE/2.0D0
XMIN=XMEAN-XRANGE/2.0D0
WRITE(8,260)XRANGE, XMEAN, XMAX XMIN
WRITE(9,270)XMAX

WRITE(10.270)XMIN
260 FORMAT(4(LX,F125))

270 FORMAT(F12.5))

c
DO 45 | = IPOS,NUM
XLOAD(I-2) = XLOAD(I)

45 CONTINUE

C
NUM = NUM - 2
IPOS = IPOS - 2
NCOUNT =NCOUNT +1

Fig. 6-10 Rainflow counting method program.

-118 -



CHAPTER 6 RANDOM FORCE AMPLITUDE

IPOS=1IPOS +1
ENDIF
ENDDO

STOP

END

Fig. 6-10 Rainflow counting method program (continue).

OUTPUT

INPUT ) Run on 1. Output.txt (Range, Mean, Max, Min)
INPUT.D or INPUT.txt FORTRAN 2. XMIN.csv
3. XMAX.csv

Fig. 6-11 Complied process for PROGRAM RAINFLOW.

The program is verified for accuracy by using the load-time history, as shows in an
example of Fig. 6-12. The arrangement of reversals of the load-time history is 25, 5,-14, 16, 2, 7,
-12, 25, that is, the reversals arranged with maximum value to maximum value as shows in Fig.
6-13(a). The calculated results listed in text file, as shown in Fig. 6-13(b). The results were
compared with the results of the calculations by hand in Table 6-1. The results of both methods
are the same. Therefore, programs that could be used in the calculation the rainflow counting

method from actual experiment.
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30
25 25
20 1
14 16
10
2 5 7
o
- 0 2
-10 I \/ \/
14 12
-20
Time
Fig. 6-12 Example of load-time history.
(a) (b)
I INPUTZ = | | OUTPUTS - AEME
;—'/, JrAIF) |EE) SH(0) F|FRV) ~LF(H)
L “RANGE” “MEAN™ “MAX. “MIN.
2 9. 00000 9. 50000 14. 00000 5. 00000
5 5. 00000 4. 50000 7. 00000 2. 00000
14 28. 00000 2. 00000 16. 00000 -12. 00000
-14 39. 00000 5. 50000 25. 00000 -14. 00000
16
2
Jj
-12
25

Fig. 6-13 (a) Input: Reversal value in text file: (b) Output: Rainflow counted using PROGRAM

RAINFLOW.

Table 6-1 Rainflow counted by hand calculation.

Cycle Max. Min. Range Mean
25-(-14)-25 25 -14 39 55
5-14-5 14 5 9 9.5
16-(-12)-16 16 -12 28 2
2-7-2 7 2 5 4.5
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6.3 Results and discussion

6.3.1 Fatigue results under constant force amplitude with difference force ratios

In the automobiles, varied the force operated randomly in service, it has been thought
that the force which has various a kind of force amplitude. Therefore, the fatigue tests were
conducted under constant force amplitude with frequency of 5-10 Hz and difference force ratios
R to consider the effect of the force ratio on the fatigue life. Fig. 6-14 shows the fatigue test
results for three levels of the force ratios R of 0.01, 0.3 and 0.5. The results show that the fatigue
life of each force ratio was slightly different with the same force amplitude level. Therefore, the

various force ratios have no mean stress effect on the fatigue life.

For the random force amplitude fatigue test, the damage evaluation was conducted
using the power regression equation which is obtained from P-N curve for the various force

ratios. The regression equation was obtained on a log-log scale, as expressed by Eqg. (6-7).

logP, =-0.321logN +3.910 (6-7)
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Force amplitude, P, (kN)
o
H

0.01 e —
108 104 10° 106 107

Number of cycle to failure, N; (cycle)

Fig. 6-14 Fatigue test results under constant force amplitude conditions with the various force

ratios.
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6.3.2 Fatigue damage under narrow band and broad band random force amplitude conditions

In this section, the fatigue tests were performed under random force amplitude to
evaluate the cumulative fatigue damage. The both of bandwidth of the random force amplitude
signal were obtained by digital simulation which simulated using the stationary Gaussian
random process x(t), as described in Eq. 6-5. The waveform of random amplitude fatigue testing
wave were applied to consider the force below 0.4 kN, which was no significant plastic
deformation on the cumulative fatigue damage of the welded joints. The testing waveforms
were the narrow band and broad band random force amplitude wave, which consisting the force
amplitude both of above and below fatigue limit. The condition of both bandwidth random

fatigue test is given in Table 6-2.

Table 6-2 The condition of random force amplitude waveform.

Waveform Narrow band Broad band
Frequency range (f,-f)) 1Hz (6to 7 Hz) 9 Hz (1to 10 Hz)
Force range, AP 0.4 kN (0.0 to 0.4 kN) 0.4 kN (0.0 to 0.4 kN)
Duration time on 1 block 40s 40s

In this study, the frequency range speed effect on the fatigue crack growth is not
almost appear, therefore, the conditions of bandwidth waveform having a uniform distribution
with the frequency range of 1 Hz for narrow band waveform and 9 Hz for broad band waveform.
Figure 6-15, and 6-16 show 3-types of the narrow band force amplitude and narrow band force
amplitude waveforms, respectively. The random force amplitude wave was simulated to avoid
applying compressive force to the welded joints during the fatigue test, this mean that the force

ratio R was positive in all random fatigue tests.
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Fig. 6-15 3-types of narrow band random force amplitudes for fatigue tests.
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Time (s)

(a) Narrow band random waveform No. N1
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(b) Narrow band random waveform No. N2
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(c) Narrow band random waveform No. N3
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0.1

Applied force (kN)
o
N

Applied force (kN)
o
N

Applied force (kN)
o
N

Time (s)

(a) Broad band random waveform No. B1

Time (s)

(b) Broad band random waveform No. B2

Time (s)

(c) Broad band random waveform No. B3

Fig. 6-16 3-types of broad band random force amplitudes for fatigue tests.
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The cumulative fatigue damage were calculated by applied the rainflow cycle counting
method for the applied force output from the load cell in testing machine, as mention above.
When their force outputs were used to calculate the cumulative fatigue damage, the actual
fatigue damage occurred at the location near the welded zone. Therefore, it is necessary to
consider the behavior of the force output which was obtained from load cell corresponded with
the local strain response near the welded zone in the order to conduct the evaluation of the

cumulative fatigue damage.

The local strain was measured during the random force amplitude fatigue test by
considering strain behavior. Two strain gages were attached 9 mm from the center of the welded
zone in the longitudinal direction on the front side of the upper sheet, as show in Fig. 6-17.
Figure 6-18 shows the result of the behavior of the average local strain value and applied force
amplitude. In the figure, vertical axis indicates that the absolute value of the local strain which is
obtained from the strain gage near the welded zone, to compare with the normalized by
maximum value of the force output. The satisfaction of the method to applied the random force
amplitude which is possible to conduct a precise evaluation of the cumulative fatigue damage
on the welded joints by applying the rainflow counting method based on force output from the
load cell. Therefore, the random fatigue test conducting the above mentioned test for several
welded joints for different random amplitude waves, that the fatigue testing waves showed

whole the same behavior.
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Frontside
Welded zone / on upper sheet 9 ; 9

74 / !
CH.1 CH.2

Upper sheet

Fig. 6-17 Two strain gage locations on upper sheet of FSSW specimen.
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Fig. 6-18 Behavior of the average local strain value and applied force amplitude.

Tables 6-3 and 6-4 summarize the cumulative damage of the narrow band, and broad
band random force amplitude fatigue test, respectively. The fatigue damage was estimated based
on Miner’ rule (Dy), which considers only the damage due to the force above the fatigue limit
and modified Miner’ rule (Dyy), Which considers the damage due to the force both below and
above the fatigue limit. The results show that the fatigue damage, Dy was extremely lower than
unity, and Dywm was considerably low rather than unity for all specimens. The experimental

results obtained using modified Miner’s rule indicate that force below fatigue limit influence
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fatigue damage, such as the fatigue limit of the welded joint disappeared under the variable
force amplitude conditions. In addition, the force amplitude distribution during random fatigue
test was counted from the rainflow counting method, as shown in Figs. 6-19 and 6-20 for
narrow band force amplitude waveform (specimen Nos. N1-N3) and broad band force
amplitude waveform (specimen Nos. B1- B3), respectively. The results found that in the random
waveform is included the cyclic numbers of force amplitude above fatigue limit approximately

10-15% of the total cyclic numbers for narrow band, and 3-7% of the total cyclic numbers for

broad band.
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Fig. 6-19 Force amplitude distributions on the narrow band random force amplitude in a loop

of random testing wave.
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Fig. 6-20 Force amplitude distributions on the broad band random force amplitude in a loop

of random testing wave.

Table 6-3 Results of cumulative damage under narrow band random force amplitude fatigue

test.
Specimen No. Force above fatigue limit (%) Dwm Dum
N1 10.1 0.19 0.54
N2 94 0.49 0.73
N3 14.9 0.28 0.49
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Table 6-4 Results of cumulative damage under broad band random force amplitude fatigue test.

Specimen No. Force above fatigue limit (%) Dwm Dum
Bl 3.1 0.12 0.38
B2 5.4 0.25 0.67
B3 6.9 0.27 0.55

In the automobile industries, fatigue damage evolutions based on the linear cumulative
fatigue damage rule variable range for strength design is generally from 0.5-2.0 [157]. These
mean that the fatigue damage evaluation with the modified Miner’s rule tends to underestimate
the damage by applied random waveform which was include the force below fatigue limit,
which yields an evaluation approaching on the dangerous side. As the results of the fatigue
damage relatively low, this may be due to the effect of the frequency ratio between the cyclic
numbers of force amplitude above and below fatigue limit. Therefore, in this chapter, the fatigue
damage was re-evaluated using the modification method suggested by Corten-Dolan[182], [183]

as discussed in section 6.3.3.
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6.3.3 Effect of frequency ratio (Number of cycle fraction)

In this section, the modification method by Corten-Dolan’s method [155], [183]-[186]
were proposed. Corten and Dolan proposed the modified method by determining a damage line
as shown in Fig. 6-21. The fatigue test under repeated two-step force amplitude was investigated
for the effect of frequency ratio base on the results under constant force amplitude from
previous study. Generally, mechanical component are stressed with variable stress during usage.
Therefore, the stress must be classified by mean of counting methods. Furthermore, the
parameter of the S-N curve must be known to calculate the fatigue life of the component. It
should be noted that the S-N curve is given for a defined reliability statement. The fatigue life is
given within a defined reliability statement when the each S-N curve indicated with difference
reliability statement. The cumulative damage of the component caused by the applied force is

generally calculated by the linear damage accumulative as mention in Chapter 5.

Miner’s rule
I Py s Slope factor k

Corten-Dolan’s method
Fatigue limit |~ Slope factor Bk

Modified Miner’s rule
:/ Slope factor k

Applied force amplitude, P, (kN)

Number of cycles to failure, N¢ (cycles)

Fig. 6-21 Modification of P-N curve for Corten-Dolan’s method.

-131-



CHAPTER 6 RANDOM FORCE AMPLITUDE

The Corten-Dolan’s method proposes a non-linear theory of cumulative damage, based
on the number of nuclei (m) likely to be damage and on the velocity (r) of crack propagation.

The accumulative damage on the stress level i is given by:
D; =N (6-8)

where, D is the damage, N is the applied cycle, a; is an experimentally determined constant, and
m and r are constants for given stress level. Damage to failure occurs for D=1. It is expressed as

a function of the number of cycles according to:

It is a about a law depending on the stress level with interaction. The effects of interaction are
included in the concept of cracks. In the experiment, the cycle of maximum load is decisive for
the initial damage since it determines the number of points where cracks will be formed. Once
this number is established, one supposes that the propagation is carried out according to a
cumulative process without interaction. With the following notation of a; is percentage of cycles
carried out at level ;, d is constant value, o; is maximum amplitude of the sinusoidal stress for

the fatigue life of Ny, and Ny is total number of cycles. The equation is given that:
a; N g = ni (6-10)

By a process of summing damage increments, equating the total damage at failure in a constant
amplitude test at o; , and incorporating some simplifying assumptions based on numerous

two-stress level block tests, the theory predicts the life Ny is given by:
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N
N, = L )
’ aj +(1-a;)(o, /Gl)d (610

Similarly, using these concepts and the assumptions stated earlier, Corten and Dolan developed
an expression for estimating the number of cycles to failure for repeated blocks of many

different stress levels as:

N
Ng =g —— (6-12)
_Zlai-(o-Z/O-l)
i=

This relationship, comparable with that of Freudenthal and Heller, can be reduced to that of
Miner by using a modified fatigue curve which on S-N curve on log-log scale, intersects the

y-axis at o; and has a negative slope equal to 1/d. The equation of this curve is given:

N'c? = A (6-13)

where N'is the fatigue life given by the modified curve. From Eq. (6-10), o; can be substituted

in Eq.(6-12) by taking account of Eq.(6-13), to calculate ; and o;:

N {Gd =N 1(7](_:] (6-14)
where N;=1,

Ny Ny
Ng = = (6-15)

Tk Tk
2/ Ng)(o loy)" (i /Ng)A/ND)

yielding,
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k
E:lni /Ni' =1 (6-16)

For comparison with Miner’s rule, it is convenient to express as the follow failure of
the component is assumed to occur when D=1. According to the Corten—-Dolan’s model, an
experimental value of d must be obtained for each material of interest. The parameter d is
interpreted as the inverse slope of a hypothetical S-N curve, which allows for the interaction

between high and low stress levels.

This experimental method, the fatigue tests were performed under repeated two-step
force amplitude. The waveform for the repeated two-step force amplitude is shown in Fig. 6-21.
The waveform put a terminal point in the P-N curve at the maximum force amplitude which
appears in the force output history of random force amplitude fatigue test as approximately 0.4
kN. The fatigue test were performed with the various the frequency ratio in 1 block (ny/n.) and
the force ratio R approximately 0.01. Table 6-5 Show the results of the repeated two-step force
amplitude fatigue tests and the fatigue life prediction for P, (V). A new linear damage line in

the logarithm diagram is shown in Fig. 6-23.
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| | 2R
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Fig. 6-22 Illustration of force amplitude wave form of repeated two-step force amplitude.
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Table 6-5 Results of fatigue life prediction from the repeated two-step force amplitude.

_ Nu/NL AP, APy Ns for P

Specimen No.
(cycle/cycle) (kN) (KN) (cycle)
i 200/1000 2.07x10°
i 200/2000 2.07x10°
iii 200/6000 0.10 0.39 8.42x10°
iv 200/24000 2.89x10’
v 200/24000 7.18x10°
Vi 200/1000 6.76x10°
vii 200/2000 1.00x10°
0.15 0.39

viii 200/6000 1.98x10’
ix 200/6000 4.75x10°

In the results as mention above, the random waveform is included the cyclic numbers
of force amplitude above fatigue limit approximately 10-15% of the total cyclic numbers for
narrow band frequency and 3-7% of the total cyclic numbers for broad band frequency. From
Fig. 6-23, the frequency ratio was also suitable for evaluating the fatigue damage using
Coten-Dolan’s method which is nuy/n_ approximately 200/1000 and 200/2000 cycles. New linear

damage line using Corten-Dolan damage method is expressed by Eq. (6-17)

logP, =—0.461logN ¢ +4.605 (6-17)

The resulting cumulative damage Dcp determined by Corten-Dolan’s method for the
random force amplitude fatigue test of narrow band random force amplitude fatigue test
(Specimen no. N1 to N3), and broad band random force amplitude fatigue test (Specimen no.

B1 to B3) shown in Table 6-6. The results show that Dcp was approximately unity for each of
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the specimens. This is due to the fact that the damaging effect resulting from the number of

cycles with a force below fatigue limit depends on the frequency ratio of the number of cycle

with the force above the fatigue limit. The cumulative fatigue damage is affected by the

frequency ratio of the force amplitude below the fatigue limit in the block of the random force

amplitude wave. These experimental results implied that the proposed method can be applied

for various kind of narrow band/broad band random force amplitude wave with the actual load

component. Therefore, Corten-Dolan’s method yields an accurate evaluation for narrow band

frequency, and broad band frequency, when the random force amplitude is performed a few

number of cycles below fatigue limit, and considering the effect of frequency ratio is important

in practical application when evaluating the fatigue characteristics of the welded joint under

random force amplitude.

Table 6-6 Results of cumulative damage under narrow band, and broad band random force

amplitude fatigue test with the modification of Corten-Dolan’s method.

Specimen No. Dw Duvm Dco
N1 0.19 0.54 1.28
N2 0.49 0.73 1.57
N3 0.28 0.49 1.04
Bl 0.12 0.38 0.97
B2 0.25 0.67 1.59
B3 0.27 0.55 1.37
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Fig. 6-23 Modified P-N curve using Corten-Dolan’s method.
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6.4 Conclusions

This chapter, the fatigue damage of FSSW cross-tension specimens under random

force amplitude condition was investigated. Two kinds of difference bandwidth force amplitude

history generated using the stationary Gaussian random process, having narrow band and broad

band frequency content. The conclusions obtained are as follows.

1.

The various force ratios have no mean stress effect on the fatigue life of the welded joints.
Therefore, it was possible to consider the cumulative damage by the rainflow counting
method.

The fatigue damage evaluation with the modified Miner’s rule tends to underestimate the
damage by applied random wave form which was include the force below fatigue limit,
which yields an evaluation approaching on the dangerous side. However, the modification
of fatigue damage using Corten-Dolan’s method has been the results are satisfactory and
the frequency ratio affects the evaluation of damage, and the frequency ratio to the suitable
for consideration the fatigue damage is approximately 5-10 times. By considering the
cumulative fatigue damage evaluation base on Corten-Dolan’s method, it was possible to
evaluate the fatigue life of the FSSW joints under random force amplitude conditions,
which appropriated the strength designed range to considerable attention in the automotive

industry.
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CHAPTER 7

Conclusions

This chapter has presented the conclusions of the present work, including of Chapter 4,
Chapter 5, and Chapter 6 for the fatigue tests under constant, repeated two-step and random
force amplitude condition, respectively. Subsequently, the recommendations for future work are

proposed in the end of this chapter.

First, the mechanical properties and fatigue crack growth behavior of the FSSW cold
rolled-carbon steel joints was investigated under constant force amplitude. The low temperature
friction stir welding of steels was observed around 973 K, which should be the first example of
welding general steels without any transformation. In addition, the control of the temperature
enabled the steels to be welded in various regions, such as the a-y two-phase region and the y

single-phase region. From this work, the following conclusions were achieved. It has observed
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that the relationship between the peak temperature and the A; point. When the FSSW is
performed in the a-y two-phase region, the microstructure is refined and the highest hardness is
then achieved. The hardness of the welded area was hardening occurred up to 60% relative to
the base metal. This was caused by the generation of extremely fine grains and pearlite phase

structure in the SZ and TMAZ, and the impulse compressive force from the welding process.

The specimen used for this study had a fatigue limit of 0.1 KN. This value is very low
compared with the maximum tensile force of the base metal and FSSW joint itself. The crack
initiation occurred at a boundary between the welding interface zone and non-interface zone or
slit tip regardless of amplitude level. In addition, the slit tip is located in the heat affected zones.
The fatigue crack was found on the upper sheet at the distal slit through to the surface of sheet
up to the concave zone. The fracture morphology is the mixed mode fracture. Therefore, fatigue

fracture modes were independent on force amplitude level.

Base on the 3-dimensional observation, the macroscopic fracture modes were
independent on the force amplitude. The fatigue initiation life was dependent on the force
amplitude. In other words, the fatigue crack initiation life under low force amplitude accounted
for a comparatively large proportion of the entire fatigue life; whereas the fatigue cracks

initiation life occurred in a relatively early stage under high force amplitude.

Next, the fatigue damage of FSSW specimens under two-step force amplitude
conditions was investigated. Two cases were considered: in the first, macroscopic plastic
deformation near the welded zone did not occur, and in the second, significant plastic

deformation occurred. The conclusions obtained are as follows.

In fatigue tests with repeated two-step force amplitude, the fatigue limit of the welded
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joint disappeared. However, the fatigue damage evaluation using the modified Miner’s rule
erred too much on the side of safety, as the modified Miner’s rule tends to overestimate the
damage by applied forces below the fatigue limit. Thus, it was determined that, within the
testing conditions used in this study, the fatigue damage evaluation using Haibach’s method
yielded an accurate evaluation. In the case where significant plastic deformation caused by the
applied force occurred near the welded zone, the cumulative fatigue damage value based on
Miner’s rule was often larger than unity. Therefore, it is important to consider a cumulative

damage estimation that takes into account the effect of pre-strain from the high force amplitude.

Finally, the fatigue damage of FSSW cross-tension specimens under random force
amplitude condition was investigated. Two kinds of difference bandwidth force amplitude
history generated using the stationary Gaussian random process, having narrow band and broad

band frequency content. The conclusions obtained are as follows.

The various force ratios have no mean stress effect on the fatigue life of the welded
joints. Therefore, it was possible to consider the cumulative damage by the rainflow counting
method. The fatigue damage evaluation with the modified Miner’s rule tends to underestimate
the damage by applied random wave form which was include the force below fatigue limit,
which yields an evaluation approaching on the dangerous side. However, the modification of
fatigue damage using Corten-Dolan’s method has been the results are satisfactory and the
frequency ratio affects the evaluation of damage, and the frequency ratio to the suitable for
consideration the fatigue damage is approximately 5-10 times. By considering the cumulative
fatigue damage evaluation base on Corten-Dolan’s method, it was possible to evaluate the
fatigue life of the FSSW joints under random force amplitude conditions, which appropriated

the strength designed range to considerable attention in the automotive industry.
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The recommendations for future work on this particular study as followed:

As an experiment had already determined the fatigue damage under repeated two-step
force amplitude condition with the case of the external force less than 0.4 kN which is the plastic
deformation not occurred. The results of pre-strain fatigue test as shown in Fig. 7-1. The results
shown that when both of external force more than 0.4 kN, the fatigue life was not extended. In order
to further understand the occurrence of the effect of plastic deformation. It is interest to evaluate the
fatigue damage under repeated two-step force amplitude condition with the both of external force

level.
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Fig. 7-1 Results of fatigue3 test under pre-strain and constant force amplitude.

Also the experiment had already determined the fatigue damage under random force
amplitude condition with the force range of 0.4 kN (0 to 0.4 kN) which is the plastic deformation not
occurred. Since the plastics deformation was occurred and affects to extend the fatigue life, then it is
important to study the effect of the plastic deformation resulting to the fatigue damage and including

to the strain behavior during the fatigue tests.
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With the complex crack propagation, FEM was simulated to calculate the strain behavior
in the welded joint. This approach is benefit to practically predict the fatigue crack behavior. In
future studies, in order to further understand the initiation and propagation of fatigue crack in FSSW
specimen, especially in cross-tension specimen, the FEM approach should be improved to predict

crack behavior.

Finally, in practical application, a lot of joints are applied not only shear loading but
also tension, bending, and torsion loading. For example, FSSW has been applied to the rear door
panel in automobile body. Therefore, it is important to consider the fatigue properties on each
mode of loading. And, this method is benefit to compare the fatigue damage evaluation with

other welding method.
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