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ABSTRACT

EFFECT OF FRICTION STIR PROCESSING ON FRACTURE TOUGHNESS
AND CRACK GROWTH BEHAVIOUR OF FUSION WELDED 5083 GRADE
ALUMINUM PLATE S

Ak -, &Yy geli
M.S., Department of Metallurgical and Materials Engineering

Supervisor: Prof . Dr . C. Hakan

July 2015,104 Pages

The purpose was to investigate the effects of esid friction stir processingFSP)

on the microstructure and fatigue crackpamgation in Aluminum Alloy 5083111
weldmentsAs preliminarystudy, optimization trials were done in order to decide the
type, rotational speed, and travel speed of the FSPMombstructural examinations,
hardness and tensile tests were done epgraessed materialén the second part of

the work,FSP was applied on the weld zone of the 5083 H111 plates that were joined
by gas metal arc welding aradseries of samples were prepargéensile, hardness,
fracture toughness and fatigue crack propagaésts were carried out on the samples
prepared from the base metal, weld metal and FSPed weld metal. Microstructures and
fracture surfaces of the samples were investigated by optical microscope and scanning
electron microscop&Someimprovements in hardngstensile and fracture properties

in the weldmentvere obtained after FSP, and the results were compared and discussed

to explain the reasons and main mechanisms.

Keywords:Aluminum;Gas metal arc welding; Friction stir processing; Fatigue crack
propagaton.
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CHAPTER 1

INTRODUCTION

Utilization of aluminum alloys in aerospace, automotive, marine and railway
industries is gradually increasing due to their high specific strength and corrosion
resigance. Many production routes for the final component or construction include
conventional welding techniques namely gas metal arc welding (GMAW) and gas
tungsten arc welding (GTAWL]. During fusion welding it is critical to mimize
formation of discontinuities in the weld metal in order to keep the strength at
acceptable levelsMajor defects and/or discontinuities encountered in aluminum
welding are prosity, hot crack andlack of penetration etc Although some
nondestructie techniques can be applied, micro discontinuitidsch deteriorate

mechanical properties of fusion wel@$ cannot be detected

Application area of friction stir processing has been growing since its invention. In
1991, fricton stir welding(FSW) started to be used as setithte welding. While it is
used for welding of different materials @rining nonfusion weldable materials,
friction stir processing(FSP) developed as a local microstructural modification
technique by rning grain structure based on the basic prirespof friction stir
welding. FSW has been found to be superior compared to fusion welding in terms of
mechanical strength and environmenfiténdlinesq3, 4]; howeversince it is used to

join separate parts, FSP is easier process in which the workpiece is bulk.

Friction stir processing is known to caudgnamic recrystallization of matrix,
fragmentatiorand homogenizatioof secondry particles elimination of porosigs[5-
10]. In literature,information about theffect of friction stir processingn fusion

weldsis lacking Therefore, application of FSP on weld metal has been investigated.



In this study friction stir processing was used to modify weld metal structure of 20
mm thick Al 5083 H111 weldmentFhree type of tools were tried tptimizefriction

stir processing Temperature measurementsngile tests, grain sizealculations,
hardness measurements, fracture toughness and fatigue crack propagation tests were
done. Fractography of fractursurfaceswere investigatedby means of scanning

electron microscaop

Grains of weld metal were refined and disclosurenatroand micro discontinuities
were obtained byriction stir processingmprovedtensile strength, fractuteughness
andhardnessvas obtainedResistance to crack growtiras improved for high stress
intensities. However, fatigue crack growth rate efvadded state has been measured

as lowest at low stress intensities.



CHAPTER 2

THEORY

2.1 AA 5083Alloy and Its Weldability

Aluminum isknownt o b e most abundant el ement afte

crust. Aluminum alloyshave high specificstrength high electrical conductivitygnd
high corrosion resistance.The most important property of aluminuoan beits
relatively low density, 2.7 g/ctn All these propertieof aluminum extent its
application areammensely. Area of use includes transportatichigles, food
packagingkitchen utensilsdefenseand aerospace equipmgeliectrical transmission

linesetc.

Aluminum and its alloys are divided in two main classes: cashpositionsand
wrought compositions. Different identification systems are usedlistinguish
aluminum alloysdependingn their compositions and metallurgical conditidgvhile
four digit numbers are used for wrought alloys, three digit numbers with a decimal
point are used for cast alloys. In both designations, first digit denctemajor

alloying elementsin Tablel, principalalloying elements are given.



Tablel. Designation systems for cast and wrought alloys.

Wrought Alloys Cast Alloy
Alloy  Principal Alloying Alloy Principal Alloying
Series Element Series Element
99.000% Minimum 99.000%Minimum
Ixxx . Ixx.x .
Aluminum Aluminum
2XXX Copper 2XX.X Copper
3XXX Manganese 3XX.X Silicon Plus Copper
and/or Magnesium
AXXX Silicon 4XX.X Silicon
5XxX Magnesium 5XX.X Magnesium
BXXX Magn.e.smm and B6XX.X Unused Series
Silicon
TXXX Zinc TXX.X Zinc
8xxx Other Elements | 8xx.X Tin
9XX.X Other Elements

Aluminum alloys further divided by their temper conditions. As seéralrie2, two
major type of treatmentgpplied on aluminum are strain hardening hedt treatment.
Cast alloys are used as heat treated eraat conditions; i.e. they are not work
hardened. On the other hand, wroughtys are subdivided into hetxeatable and
nonheattreatable alloyslepending on the major strengthening methbdx, 3xxx,
4xxx, and 5xxxseries alloysbelong tonortheattreatable alloys. Their strength is
derivedby solid solution hardening and by strain hardening. #teatable alloys are
2XXX, some 4xxx, 6xxx, and 7xxseries alloys. They are solution hdegated

quenched andge hardened. Further work hardening can be employed.



Table2. The basic temper designatigag].

Letter Meaning
= As fabricated Applies to products of a forming process in which no
special control over thermal or strain hardening conditions is employ
o Annealed Applies to product which has been heated to produce the
lowest strength condition to improve ductility and dimensiorabibty
Strain Hardened Applies to products which are strengthened throug
H cold-working. The strain hardening may be followed by supplementg
t hermal treatment, which produ
always followed by two or more digi
Solution HeafTreatedi An unstable temper applicable only to alloys
W  |which age spontaneously at room temperature after solution heat
treatment
Thermally Treated To produce stable tempers other than F, O, or H.
T Applies to product which has beeedttreated, sometimes with

supplementary straihar deni ng, to produce
always followed by one or more digits

In 5xxx seriesAl-Mg alloys, $rength isachievedhough mainly work hardening, and

solution strengthening and lesstent bycontrolling grain size.Primary alloying

element, magnesiurhas two major effects. It promotes work hardening and increase

strength by solid solution hardening.

Equilibrium phase diagram of aluminsmagnesium system show&Mg2 (b phase)

secondary solid phas@-igure1l) and magngum solid solubility of 1.7 vt at room

temperatureThermal exposure of these alloys can cause stress corrosion because of

the formation of theéb phase on grain boundaries. Unlike the ghdg&agram, Mg

content of matrix is usually is high and decomposition is low in commercial alioys.

these series, precipitation hardening is not observed in alloys having less than 5% Mg

[12].
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Figurel. Al-Mg binary phase diagram.

Additional alloying elements such as manganese and zirconium can be added for
further strengthening. Mn is used to enhance work hardening and decrease

recrystallized grain size. Zon the other hanaan be used to decsaagrain size.

Generally found phases in 5xxx series include®gAls(Fe,Mn), AkxFe,MnkSi,
AlsFe since dicon and iron are present as impuriti®sy.Si phase is usually observed
in microstructure because of low solubilityem thoughts deleteriougffects. Second
most commonly observed phase is(Re,Mn). This phase is favored because it is
known toretardrecrystallization.



Aluminum alloy 5083 H111 is the base metal used in this stitdiyas a ypical
compositionof Al-4.7Mg0.8Mn-0.1Cr with residual levels of Fe and .SThis
aluminum alloy is preferrethainly because of good weldability and good corrosion
resistance. It has excellent cold formability and moderate stre8th. building,
unfired welded pressure vessels, armor plates are siiinations of 5083 aluminum
alloys.

Temper condition H111 is work hardened between H11 and H12 conditions. The first
digit indicatesthatonly strain hardening is employed. The secdigit specifies that
oneeight hardstrain hardening is obtainédable3).

Table3. H temper conition

- The first digit after the h indicates a basic operation:
H1 | Strain Hardened Only.

H2 | Strain Hardened and Partially Annealed.

H3 | Strain Hardened and Stabilized.

H4 | Strain Hardened and Lacquered or Painted.

- The second digit after the h indicates the degree of strain hardening
HX2 | Quarter Hard

HX4 | Half Hard

HX6 | ThreeQuarters Hard

HX8 | Full Hard

HX9 | Extra Hard

- The third digit indicates variation of two-digit temper.

Tensile properties of Al 5083 alloy in both fully annealed (O temper) and H113 temper
conditions are given ifiable4. It is seen thatardeningncreased tensile strength 9%
and yield stregth 47%. Elongation, on the other hand decreased with strain hardening.
In the table, weldments of Al 5083 can also be compared. Tensile strength of
weldments arapproximately 6% lower than wrelded plates. Althougtmeelongation

of weldments were founid be sameheyield strength of H113 temper is %38 higher
than aswelded platd13].



Table4. Typical tensile properties of alloy 5083 and its GMA weldmgti$

Tensile Yield Elongation Reduction Notch tensile
strength  strength % in area strength
(MPa) (MPa) % (MPa)
Plate, O temper, longitudinal specimen
310 155 20 32 335
Plate, O temper, transverse specimen
315 160 19 26 325
Plate, H113 temper, longitudinal sgcimen
335 235 15 23 425
Plate, H113 temper, transverse specimen
345 235 16 24
Weld in O temper plate, 5356 filler metal, longitudinal specimen
290 145 15 22
Weld in H113 temper plate, 5356 filler metal, longitudinal specimen
295 145 16 30 305

Aluminum weldments differ from ferrous weldments in many ways due to thermal
properties, physical properties and strengthening methods of aluminum alloys. The
high reactivity of aluminum with oxygen forms 28k instantaneously. Although this
phase formsas corrosion resistant layer when aluminum is exposed to air, it is
electrical insulator. Therefore, it may cause arc instability. High heat transfer
coefficient of aluminum also causes fluctuations in heat input which might result in
lack of penetratiomnd/or fusior{14]. In Figure2, some welding defects are shown.
Porosity and hot cracks are major problems in aluminum weldments. Distortion and
shrinkage voids are also problems encountered alumindamngelue to high thermal
expansion coefficient. Due to the strengthening method, loss of precipitation
hardening and cold working effects , weld metal and heat affected zone are usually the

weakest points in aluminum weldments.
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Figure2. Welding defects.

Weldability of 5xxx series aluminum alloys are higher than precipitation hardened
alloys. Dissolution and/or growth of precipitates cause additional strength loss at heat
affected zone of heat treatable aluminum weldments. SBcg@mesence of precipitate

forming elements increases the sensitivity to hot crack.

Hot cracking, solidification cracking, is observed because of low melting eutectics
forming along grain boundaries. Cracking in fusion zone can be observed due to
segregaon of precipitate forming elements during solidification. In HAZ, the high
temperature; consequently, high diffusivity may cause formation of eutectics which
are responsible for hot cracking. In 5xxx series, hot crack sensitivity is shown to
decrease wit increased magnesium conteliglre3). Aluminum 5083 AlMg alloy
having 44.9% magnesium is known to be weldable without difficulty. For aluminum
welding, filler alloy can also be selected depending on the magnesium content. Fo

example, filler alloy 5356 which has high amount of magnesium is used in this study.

f_—'\

Crack sensitivity s

0 1 2 3 4 5 6
Magnesium content, wt%

Figure3. Plot of hot crack sensitivity versus magnesium content to show peak in
susceptibility obtained for aluminumagnesium (5xxx) alloy$15]



Porosity is one of the main defects encountered in 5xxx series aluminum weldments.
The paramount reason behind porosity is the abrupt decrease in hydrogen solubility of
aluminum during solidification. Gas molecules areleate and grow in bubbles when

the metal starts to crystallize. Hydrogen pores might not form if the solidification time
is short; however, it might be kept longer in order for hydrogen to escape from weld

pool.

For minimum pore density, any hydrogen smurmust be eliminated. Water,
hydrocarbons and hydrated oxides must be cleaned from the surface of base and filler
materials. High grade shieling gas should be used. Storage of filler metal and shieling

gas must be done carefully.

2.2 Welding Processes

2.3.1 Fusion Welding

The weldment in fusion welding is formed by solidification of liquid pobimelted
surfaces of joining componenissually with molten filler metal. Heat necessary for
melting is obtained by various heat sources sucleagrie arcelectron or laser beam,

flame and resistance heating.

The final weld structures altered by physical and chemical processed induced by the
applied heat. Three main zones can be identified as fusion zone (FZ), heat affected
zone(HAZ) andunaffected basmaterial(Figure4) while fusion line represents the
liquidus isotherm of base material in tglonension representatiofusion zone is
where the melting temperature is reachgdon solidification, the material in the
fusion zonas called weld metaln HAZ, heat is not enough for liquidation; however,

it can affectthe morphologyby annealing, grain growth arafecipitation reactions
Microstructure in heat affected zoiseformed according to the temperature gradient

developediue to local heat input.
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Fusion Zone Fusion Line
EICHG.AREEEed. SO Unaffected Base Material

Figure4. Typical metallurgical zones.

2.3.2 GasMetal Arc Welding (GMAW)

Heating in GMAW is established by an arc formed between consumable continuous
filler electrode and the workpiec&chematic diagam of gas metal arc welding is
shown inFigure5. An electrical current is appliet the tubular contact tubwhich
surrounds the wire electrode. The aroduced because of the current calasal
melting and filling of weld gp. In the meantimeg shielding gas is supplied to protect
themolten materiafrom ambient atmosphere for controlling the metallurgy.

Solid wire electrode

Solid wire electrode

Shielding gas

Current conductor <

Shieldinggas is selected gending on the materials to be joined. They can be gas

mixtures of active gase€(Q. and Q) and/or inert gases (Ar and He). Gas metal arc

11



welding process is also called metal inert gas (MIG) welding when inert gases are used

as shielding gas.

Some dvantgies of gas metal arc welding are its high productivity, less skill level
needed for operating personnel and ease of autom&MA welding of aluminum
alloys isalso preferred due the cathodic cleaning actiowmhich breaks and disperses

the oxide film o surface.

2.3.Friction Stir Processing

Friction stir processing is a variant of friction stir welding. Although these two
techniquedave the exact same principle, they differ in their application @resaim

of friction stir processings notjoining like friction stir welding.It is used forocal
modification of microstructuren order toimproveformability, ductility, mechanical
strengthetc.

In friction stir processing, a rotating n@ensumable tool is inserted into material to
be processed arithversed. IrFigure6, schematic diagram of friction stir welding is
shown.The workpiece must be clamped to prevent motion of workpiece under exerted
forces A backing plate might be needed to support the workpiece and wotkeas a
sink. A key hole isusually leftat the endvhich can be prevented or eliminated from

the final structure.

12
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Figure6. Schematic diagram of friction stir weldifitg].

This action of the tool esesseverdocalplastic deformation angmperature increase
due to frictional and adiabatic heatimtpich causes dynamic recrystallizatidihile
recrystallization is preferred for obtaining fine grain structure; the stirring action is
favored for homognizing powder metallurgy alloys, cast materials and also to produce
metal matrix composites. Application area of friction stir processiag been

expanding since its invention in 2001.

The macro view ofsingle pass of FSP is shown iRigure 7. The process is
heterogeneous due to material flowechanics The sides of weldcenterare called
advancing side and retreating side. The former is where the direction of travel is
parallel to tangential velocity of tool rotation and retirg side is where the two
velocity vectors have opposite directiddash canform at the top surface due to

expelled material from thworkpiecetool interface.

13
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Nugget / TMAZ

Figure7. (a) Top view (b) Crosssection[17].

Although processed zone can form different shapes; enerally four zones are
identified in crosssection of friction stir welddprocesed partsnuggetor stir zone
thermoemechanically affected zone (TMAZ), heat affected zone (HAZ) andexteft
base metal.

The nugget experiences high strains and tempesatigber than recrystallization
temperature of the material procesdéide equiaxed grains are observed in this region.
In literature, many analyses have been done to understand ¢chanisen behind the
microstructure evolutiom nugget; however, conflicting results have been found- Jian
Qing et al. [18] hasproposeda multi-mechanism whicltan explainrecovery and
recrystallization mechanisffrigure8).
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Discontinuous DRX
In the region close to the pin tool, material undergoes extremely plastic deformation at
high temperature. A large number of nuclei are formed in the severely deformed
microstructure. Grain boundaries migrate to form very small grain structure.

Grain Growth DRV
During subsequent thermal-mechanical In some grains, having undergone
cycles, grains grow and additional relatively high plastic deformation,
dislocations are introduced by further subgrains are formed via DRV.
plastic deformation. Partial recovery Dislocations are continuously
occurs in some grains. generated in grains and subgrains.
Continuous DRX

Subgrain growth associated with the absorption of
dislocations into the boundaries lead to a gradual
evolution of grains with high-angle boundaries.
Dislocations are repeatedly introduced within the grains.

Final Microstructures of FSW/FSP
A fine (usually 1-10 pm) equiaxed grain structure is obtained in the nugget for Al
alloys during conventional FSW/FSP. The grains have different densities of
dislocations and show various degrees of recovery.

Figure8. Schematigllustration of microstructure evolution during FSW/FBB].

The thermemechanically affected zone (TMAZ®Xxhibits deformed grains but not
recrystallized gains. High stacking fault energy of aluminum enables high plastic
strain without recrystallizatiorSecond phases can be found on gb@minndaries due

to local heating19].

In heat affected zone (HAZ), plastic deformation doesoccur; however, the heat

evolved during processing can cause phase transformations like precipitate coarsening.

Main processing parameters are the tool geometry, travel speed, rotational speed, and
downward forceor plunge depthMaterial propertie®f the workpiecere important

when selection optimum process parameters.
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Transverse speed and rotational speed affects the heat generation and material
viscosity in opposite waysAs the ratio of rotational speed to transverse speed
increases, higher teraptures are obtaine@he exposure time to frictional heat is
decreased biaster processingdigher rotational speed increaggastic deformation

and material mixing19].

Downward forceor plunge depth should be controllédring friction stir processing.
These parameteese necessary for adequate forging of material. Increasing the force
or depth of the tool can cause excessive flash formation and higher temperatures.
Material thinning and grain growth can be observedctviieterioratemechanical

properties.

Influence of tool geometry also includes heat generation and material flow. Moreover,
the axial force needed for processing can be decreased by changing the tool design.
Friction stir toolusually consists of a pin aradshoulder; however, tools with only
shoulder can also be preferred.Rigure9, some pin designs are shown. Different
geometries can be used; for example cylindrical and triangular pins are studied
literature Geometrical fatures such as threads, flats or fludes can be machined on pin
surface. On the other hand shoulder profiles can bectiaicave or convexSome

shoulder features are shownFigurel0.

a b c

Shoulder 4

Three flutes «

Left hand helix on N
outer diameter lands

I
d e f

Figure9. Friction stir pin profilega) Cylindrical Threaded, (B)hree flat threaded,
(c) Triangular, (d) Trivex, (e) Threaded caalic(f) Triflude [20].
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Shoulder
features

Probe

oA

Figurel0. Different shoulderfeatureq4]

Friction stir processing/welding models have been developing in order to understand
the mechanism and optimize process parameters; however, trial and error method is
usually followed for specific materials and definite geometries. For example
Hidetoshi et al. studiedtiction stir welding of5mm thick 50830 and 1056H24

plates. They used different travel speed, rotational speed and pin geometries. The
triangular prismwas found to gie besmechanical propertidser 50830 plateat high
rotaional speed (1500 rpm); whilbetter tensile properties were obtained with
columnar pin with threadst medium rotational spe€@00 rpm) On the other hand, a
columnar tool without threads produced the best weld amongHR8@latesn terms

of their tensile strengthi21].

High heat input duringriction stir processing can cause overaging or dissolution of
strengthening precipitates in héetatable Bboys and bss of work hardeninig strain
hardened alloys. Therefore, pess parameters should be selected as to be hot enough
for material flow but cold enough for better mechanical properiieskeep the
temperature of material minimum, lower ratio of rotational speed to travel speed can
be used. External cooling or tool ¢img can be applied. Finally, tool designs which
enables processing under smaller forces and consequently at lower heat input values
can be selectegd 6].

To process high volume of materials, the dimensions of friction staepsing tool
can be increased; howevegpacity of friction stir processing equipment must be
sufficient to resist and support forces needed for plunging and trave@ihegr
approach to increase processed volume is application of multiple p8ssesthe

process is not symmetrical, consideration should be given to direction of rofation.
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advanced technologyrestir, is developed by TWlo eliminate asymmetrj22]. In
this method, symmetry scquiredby changingotatioral directionperiodically One
multi-pass study done kly Gandra et a[23] examines thélifferences in overlapping
by advancing side or by retreating sidi@ey used 8 mm thick AA508d111 plates.
Processed region Ehown © bemore uniform in thickness but with more irregular
surface finish if overlapping is done by advancing siBiggyre 11). Mechanical
properties were also studied in their studyFigure12, maximum l@ds attained by

samples are given. Overlapping by retreating side has been found to give better results

Overlapping direction

(@)

.
>

Overlapping direction
——

(b)
Figure1l. Macrographs ofthe crosssections in friction stir processed surfaces when
overlapping (a) by the advancing side) by the retreating sid23].
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Figurel2. Maximum load attained byasprocessedamplesiuringbending test
relatively to the base materi@3].
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2.4. Fracture Mechanics; Fatigue Crack Growth

2.4.1.Fatigue

Fatigueof materialss time-dependent damage accumulation under cyclic stresses. It
consists of two stages: crack initiation and crack growth. Ulhaituating loads, slip
bands form locally due to local stresancentrationsNucleation of nicro-cracksat

surface can be observatih45Uangleto the loading axias shown irFigure13.

Stage I Stage I
el

v

T

micro-cracks

[} (200

a) b) ¢)

Figurel3. (a) Initiation of micrecracks due to the sliding of alterngi@nes and to
the formation of intrusions and extrusions at the frees surface-gzossn) (b)

Formation of a mai crack from micrecracks (c) Characteristic formation of stage 1
intrusionsand extrusions at the surface of a fatigue specimen madpEéig24].

After micro-crack formation, cracks can grow or join into macracks propagating
perpendicular tprinciple loadingaxis.Catastrophic fracture occurs when the material
cannot carry the load due to propagatedytesticrackHowever, crack growth can be
stopped by materidbarriers like grain boundariefacture surface at stable crack

growth is usually seen &asansgranular fracturd-{gure14).
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Figurel4. Micro structural features in metd@5].

In Figure 15, possiblescenariosf fatigue crack growtlare given.The dotted lines
implies that crack growth is natlways occur. The upper crack growth curvetstar
from a macro defect such as incomplete penetration found in weldments. The fatigue
life of this crack can be monitored by ndastructive testing methods. The below two
curvesfollows amicro crack for which the life of the component cannot be estimated

by scheduled examinations.
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Figurel5. Different scenarios of fatigue crack grovj26].

2.4.2.Damage Tolerant Design

Structural designs can be done in infinite life, ddée or damage tolerantiesign
methodologiesFor infinite life and safdife approaches, -8l curves are use& and

N designates stress amplitude and number of cycles respedtiveigure 16, results

of fatigue tests conducted at different streselewf a lowalloy steel are givern
infinite life approach, stress of the structural component is restricted under the fatigue
limit (fatigue threshold or endurance limit) of the material. However, most materials
do not show a fatigue limit and the stisdevel at for example 1% taken as its material
strength. Safdéife design is done such that failure of a component is not expected
within a pre-determined number of cycle$he component is removed when the
calculated life is over regardless of idition. This approaciocuses crackitiation

stage and it is more suitable for lower two fatigue curves showigimel15.
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Figure1l6. SN of a lowalloy steel(R =-1) [26].

Damage tolerant desiga usually preferredbecausestress concentration points like
notches and scratches are commonly found on structures and cause fatigue cracks
which decrease the fatigue threshold and total fatiguedifee method of damage
tolerant design isa prevent instantaneotsilure of a system, structural elemeate
designed such that the fracture of the component does not cause total system failure
(fail-safe design)Second, structures are examined for any cracks periodically and
crack growth behavior is examined. When the crack reaches the critical point, the

component is removed from service.

Fusion weldments as briefly discussed in 2.8@nerallycontain flaws which can act
as cracks.Consequently fatigue crack growth rateare more critical than crack
initiation for a joint.Damage tolerant design; therefore, is more suitable thasdifeafe

approach which does ngive information about propagation of cracks.
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2.4.3. Fatigue Crack Growth

Macro cracks are shown tosually propagate normal tdoading axis.In many
situations, the type of force is tensile aradled as mode ih literature In Figurel7,
three modes arghown. While the crack opening mode is shear in mode 2, the load is

tearing in moe 3.

' I I i
/ ~
Mode I:  Opening or Tension mode

Mode II: Shearing or sliding mode
Mode III: Tearing

Figurel?. Different modes of crack surface displacements.

Cracks causes a local stress concentration near the crack tip. The stress field around
the crackcan beanalyzed by stress intensity factor (K). This factor essgnhas an
elastic nature; however, it can be used where the plastic deformation is relatively small.

< —
0

0 AN ® #0
O is the applied stress (MPa),
Y is dimensionless parameter which dependspatimen geometry and crack length

wis the crack length (m).

Stress intensity factor is used to describe the cracktgnesistance of a materjale.
fracture toughness of a material. Since the amount of plastic deformation increases
with decreasing thickness specimen, thick samples must be prepared which ensure
plane strain conditiorF{gure18).
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Figure18. Effect of specimen thickness on fracture toughfi&gs

Fatigue crack growth behavior of materials are also analyzed with stress intensity
factor. Fatigue crack growth (da/dN) lsnown to depend on stress intensity factor

range(gK) in a cycle and stress ratiR). These parameters are explaimedrigure
19.

cyclic stress intensity:

Z £
= £
— - U K
= &, AK = Anmx I\mm
2 z
S load ratio:
: A—
&z —- Tix
< R=m
z max

cycles [N]

Figurel19. Mechanical parameters to describe the fatigue loading sy2g&m

One reason behind usingess intensity factor rangg) for calculation offatigue
crack growth rate (da/dNis that it gives the possibility to use dissimilar test
parameters. For example, two test resofitsame maiteal conducted at different stress

amplitudes are given iRigure20. Although the crack propagation rate at similar crack
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lengths is increases for higher stress, crack growth rate versus stress intensity factor

range curve overap.

da/dN . da/dN

overlapping
da/dN
........................................................................... ° high S a
olowsS
.................... eogree e s
1 - 1 1 1 1 1 1
T crack length a A K

Figure20. Fatigue crack growth curvgS.= Stress amplitudgp) da/dNi' a,
(b) da/dNi g K[26].

In Figure 21, a typical crack growth curvef a macrecrackis given. This curve can

be divided into three partsh& second part is sometimes called Paris regime where a
power law is applied.This law sometimes called Pafisr d 0] a n | aw has
commonly used in fatigue crack closure analysis; however, it does not include the

effect of stress ratio, R.

ParisEr d o] a r~— Lbéaaw: #2

Where C and m are material constatgpendent on the environment, test conditions,

and material propertig28].

Taking logarihm of the law gives a linear equation

171@%, 176ca 171% #3
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Figure2l. Three regions of the crack growth rate as a functiapkof26].

Two asymptotes in the crack growth curves represatitpie crack growth threshold
(oK) and the fracture toughness of material if the test piece does not show excessive
plastic deformationgKi defined as the mimum stess required for crack growth

depends on the residual stresses and microstructure.

In Figure22a, a macreview of fractured fatigue specimen is given. Crack initiation
points are shown with arrows. At the bottom regionhis finalfracture zone. The
final-fracture occurat 43Jvhere maximunshear stress presentBeach marks which

are characteristic features of fatigue are visible. These markbe an indicative of
different crack growth rates. Striations which areroscopic features of fatigue is
shown inFigure 22b. In one beach mark, thousands of fatigue striations can be
distinguished29].
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Figure22. (a) Fatigue fracture surfagg0], (b) Striations.

One fatigue crack growth mechanism proposed by Laird is givelRigare 23.
Propagation is said to occur due to slip systems that are at the location of maximum
shear stress\5Uto crack plane). During loading, plastic deformation occurs at the
crack tip which causes cragkowth Although each striation has been thougtboton
during one cycle in some theorigbere are other models in which the number of

cycles per striation changes with stress intensity factor invd@&Hly

a No Load

b Loaded
(0

(b
¢ Max Load

(a) (9)

d Load reduced

we O\

e No Load

Figure23. Fatigue crack growth mechani$#b].
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Fatigue crack growth process can be affected by many faGexsral crack closure
mechanisms have beeostulated such adgsticity induced roughnessnducedand
crackfilling closure.Schematic drawings cfomeclosure mechanisms are given in
Figure 24. Plasticity induced crack closure is considered to be causeulalstic
deformation at the crack tifn some studiesgtardation of fatigue crack growth rate
has been explained lay overload causing plasticitgducel closure[32]. Roughness
induced closure can occur due to mismatch between opposing crack surfaces.
Microstructural heterogeneity in a material can deflect the crack path causing mix
mode crack openin{Bl]. Seveal studies has shown that fine grain materials has
higher fatigue crack growth rates compared to coarser granasztialg31-33]. One

major crackfilling closure mechanism isxidation of fatigue surfacesSimilarly

viscousliquids can result islower eack growth rates.

Roughness-
No closure Plasticity-induced Oxide-induced induced
closure closure closure

Kmax 2 %
K cl
/U NI ’7W

> oo -clll////,":‘.:::

AKeﬂ = Kmax = Kmin AKett = Kmax =Ket

Figure24. Schematigllustration of the main mechanisms of fatigue crack closure,
after Suresh and Ritahj32].
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2.5. Revious Works

Friction stir technology has been investigated in many aspects such as microstructure,
material flow, heat sources, temperature distributions, computer simulations,
generated forces and mechanical properResiew articles and books hasrstd to

be published in order to combine the knowledge. In this tretadies in which friction

stir processing was applied in order to improve fusion weld properties are summarized.

2.5.1. Posiprocessing 6082Veldments

Silva et al. studied the effectfoiction stir processing on 6mm thick AA608B MIG

welded (GMAW) plates. They observed that tensile strength and hardness of weld
zone are not affected significantly by FSP. Since 6xxx series ariréatiable alloys,

the main strengthening mechsm is precipitation hardening anduring fusion
welding hardening precipitates dissolve decreasing mechanical strength and hardness.
Therefore, hardness and tensile strength efielded plates and FSPedkelds are

inferior compared to base metal. On the ottend, fatigue tests demonstrated that
fatigue life of MIG welds can be improved by FSP. They explained the increased
fatigue strength by grain refinement, geometric modification andreh®eval of
welding defect$35]. The autbrs also found similar results when FSPejdints[36].

2.5.2.PostProcessing 5083 Weldments

Fuller and Mahoney applied FSP on the surface 6mm 5083 H321 weldment three
different way: weld toe by retreating side, weld toe byeaing side and weld crown.

In Figure 25, macrographshowing different processing strategee® shown(Arc

weld nugget is shown by (1), while base metal and FSP region are indicated by (2) and
(3) respectively.
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Figure25. Light macrographs of 5083321 Al/5356 Al arc weld in the following
conditions: (a) Asvelded, (b) Weld toe FSP with arc weld nugget on advancing side,
(c) Weld toe FSP with arc weld nugget on retreating side, (d) Weld crow{BFEP

Microstructure analysibasshowed presence of Mgbi and Ak(Fe, Mn) particles. In

the FSPed regions, the secondary particles were smaller indicating the fragmentation
and spheroidizing due to FSP. Dislocation density énait weld nugget is low and
occasional subgrain networks are present. Therefore, the weld nugget is same as

cast microstructure. Base metal has high dislocation densityhsithfound primarily

as subgrain structures. FSPed regions has recrysthafliicrostructure such that grains

have either high or low density of dislocations.

FSP improved local tensile properties (yield strength, tensile strength, and elongation)
of asweld by grain refinement, porosity healing, precipitate and solid solution
strengtheningFatigue resistance of weld metal also increased by FSP. Discontinuities

that become crack initiation sites are removed by FSP forming-griane laye37].
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One other study about FSP of weld toe is donBdryego et al. Although the hardness

of FSPed region is higher thamaseld and base metal, effect of friction stir processing
on tensile properties were found to be negligiblgorovement of hardnessms been
attributed to the plastic deformation inducedtbg friction stir processingecause
base metal is strain hardened alloy. Similar to the study of Muller et al., -post
processing increased the fatigue strength. Grain refinement, elimination of welding

defects (namely porosity and lack of wetting) andngetry modificatior{38].

2.5.3 Pre-ProcessingNickel-based Alloy Weldments

Rule et al examined the effect of F@fétreatmenbn grain size and liquation cracking
susceptibility of 6.3 mm thick nickddased alloy weldment&rain size of both weld
metal and HAZ decreased lapplication of FSPprior to gas tungsten arc welding
(GTAW). Refinement of weld metal grain sieattributed to themaller grains along
the fusion boundary increasing nucleation siRegticle size of N8 has not changed

by FSP implying no fragmentatiatcurred due to stirring

»-*“.4 " ‘ e ”
Figure26. Inverse pole figure maps along the fusion boundary
(a) FSP pretreatedb) untreated.

Effect of heat input during GTAW is shown kigure27. Although he gain size in
the HAZ ofuntreatedveldmentsancreases with the heat input, the grain size of FSP
pretreated HAZ is smaller than untreated welds.
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Figure27. Arc weld HAZ grain size regmse to heat input.

HAZ liquation cracking susceptibility was reduced by FSP pretreatment. Varestraint
vest was done and crack lengths were measured. Althotajlcrack length was not
always smaller for pretreated welds, maximumckiength of untread welds was
higher compared tBSP pretreated HAZ depending on the alloy composif89j.

2.5.4 Effect of FSP onResidual Stress Levels of 6082 and 5083 Weldments

Nobre et alexaminedthe effect of FSP on residual stresselswvon 6mm AA6082
T651 and AA5083H111 fillet welds (Fjoints). Contradicting results were found for
different materials.Residual stress of 5083 welds increabgd=-SP. whereas, stress
relaxation occurred in FSPed 6082 welflkey also investigated thesidual stress
after 10000 loading cyclesResidual stress relaxation was observed especially-in as
weld 6082. Theyconcludel that residual stress has minor effect on the final mean
stressand improvement of fatigue strength by FSP cannot be explainessiayal

stresse§40].
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CHAPTER 3

EXPERIMENTA L

3.1.General

In the experimend, the procedure givemn Figure 28 was followed.Characterization
methods and the related equipment are givéfigare29.

Base metal (5083-H111)
characterization

- Chemical analysis

- Microstructural examination
- Hardness test

- Tensiletest

- Fracture toughness

- Fatigue crack propagation

Friction stir processing Gas metal arc welding
(FSP) of base metal (GMAW) of 5083-H111
plates - -
|- Selection of FSP tool I - Chemical analysis
- Radiography

- Microstructural examination
- Hardness test

- Tensile test

- Fracture toughness

Fatigue crack propagation
High heat Low heat Multi-pass
input input trials Friction Stir Processing
of fusion zone of
- Microstructure examination as-welded plates
- Hardness test (GMAW +FSP)
- Tensile test - Chemical analysis

- Radiography

- Microstructural examination
- Hardness test

- Tensile test

- Fracture toughness

- Fatigue crack propagation

Figure28. Flow chartof theexperiments
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- Optical Emission Spectrometry (WAS
Foundrymaster spectrometer)

- Polarized optical microscopy (Olympus)
- Scanning electron microscopy (FEI)

- Energy dispersive spectrometry
/ - Backscatter electron diffraction
- Fractography

- Chemical Analysis;

- Microstructural examination; ASTM E112

- Radiography; EN ISO 17636-1

-Micro hardness test (Shimadzu Micro

- Hardness test Hardness Tester)

- Tensile test - Uniaxial tensile test (Instron Universal
Testing Machine)

- Fracture Toughness; ASTM E399

_ . \ - Servo hydraulic Machine (MTS)
- Fatigue crack propagation; ASTM E647 \I - Crack mouth opening displacement clip

on gage
- Travelling optical microscope
-MATLAB scripts

Figure29. Characterizatiomethods and thequipmenused in experiments

3.2.Base andWeld Metal

5083 H111 aluminum plat¢300 nm x 150 mm x 20 mmjyereused H111 designates
thattheyarework-hardened less than the amount required for a controlled H11 temper
(1/8 hard) Yield strength an®b elongation ofthe base materialvere found to be
20314 MPa andl 7N1% for thetransverse idection

WAS Foundrymastespectrometewasemployedor chemicalanalysisThe chemical
constituents of the base and wettketal are tabulated inTable 5 and Table 6
respectivelyChemical analysisf weld metalwasdoneaftermachining ofweld cap
grinding with 320 gridabrasive paper and etchibgy F | i ¢ k Bhe surfaeceaof) e n t
thebase metadamplewas groundy 400 grid papebefore chemical analysiResults

of optic emissiorspectr@copyare in @ceptable levelaccordinggo ASTM B209and

AWS A5.10for base metal andeld metal respectively
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Table5. Chemical analysis of baseetal

5083 H111 Si Fe Cu Mn
Experimental 0, 17N 0, 4N( 0, 04NCO, 56N
Standard 0,4 max 0,4 max 0,1 max 0,41
Mg Zn Cr Ti
Experimental 4 , 096N 0, ®AN 0, ®OYA®® 0, 05N
Standard 4-4.9 0,25 max 0,050,25 0,15 max

Table6. Chemical analyis ofweld metal.
AWS A5.10

ER5356 Si Fe Cu Mn Be

Experimental 0, ®®N 0, 15N 0, 01 N0 0, @a4 <0,0002

Standard 0,25 0,4* 0,1* 0,050,2  0,0003*
Mg Zn Cr Ti

Experimentall 4 , 79 N <0,0060 0, 07NQ0O, 08N/

Standard 4,555 0,1* 0,050,2 0,060,2

*maximum amount

3.3. Gas Metal Arc Welding

Theplates were gas metal arc welded altregolling direction. AWS A5.10ER5356
rod with a diameter of 1.2 mm was used as the filler mateSiaklding gas was
weldinggrade argon having minimupurity of 99.98%. After a preliminary work,
theweld bevel is decided to be doulMegroove Beveledplates were butt welded at

the flat positiorasseenin Figure30. Thewelding parameters are listedTiable7.

35



Figure30. Groove geometry.

Table7. Process parameters of GMAW

Wire Arc Welding Llne_ar Gas Flow| Heat
Feed < | Welding .
Voltage | Current Rate Input
Rate | ) (A) speed 1 umin) | (ka/mm)
(m/min) (mm/s)
Root pass | 10.5 22.5 170 5.3 18 0.5
Filler passes 12 25 185 5.7 18 0.6

*Average value

3.4. Radiographic Testing

FSPedlatesaswelded plates andSPed weldmestvere radiographically inspected
Tests were performedeording to EN ISO 17636/2013[43]. X-ray unit Eresco (200

kV) was employed for radiography. D4 type films were used. 80 kV and 4.6 mA were
applied for80 secondsDensity ofthe radiographs waa the range of 1.5@.00.

Results of theradiographical igpectionof aswelded plateswere used to select
defectlessampledor tensile testing andlsofor friction stir processingTensile test
specimens were cut from plates which are free from macro porosity and lack of
penetration figure31).
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Figure31. Radiographsf theasweldedplates used for tensile testing

The radiographsof aswelded plates anttiction stir processed platege shownn
Figure32and Figure33. In Figure32, high amount of macro porosican beobserved

in aswelded condition. Another defective agelded plate is given ifrigure 33. It

does not have macramsity; however, lack of penetration is detectédction stir
processing both plates seems diwse defectsfound in aswelded condition
Neverthelessshort tunned formed during FSP are seen as black lines at the end of
passesOtherindications on th radiographic images are typical discontinuities, which
occurs at the start and the end of the proddss.dark circles seen dine radiographs
areat the zonesvhereFSP was stopped, theol wastaken out from the plate. Start

point of FSPis perceiveds dark circles surrounded by lighter color.
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Figure32. Radiograpkof (a) aswelded plate with porositiegb) ater FSP.
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Figure33. Radiographsf (a) aswelded plate with lack of penetrati, (b) after FSP

3.5. Friction Stir Processing

Three types of tooleeretried in optimization of fiction stir processing (seghapter
4).Thenr i fodlwas decided to be the best choitdas a scroll lsoulderthat
has a diameter of 20 mrRin of the tool has a length of 9 mm and upper diameter of

9 mm. Itis treaded and hadlat sidegFigure34).
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Figure34. Triflato  tfar BSP

Six series of samples were prepared

1) Single pass20 rpm, 100 mm/min
2) Single pas210rpm, 185 mm/min
3) Multi-pass 720 rpm, 100 mm/min
4) Multi-pass290 rpm, 185 mm/min
5) Multi-pass290 rpm, 10Gmm/min.

6) Friction stir processing of weld met290rpm, 100mm/min.

Multi-pasg-SPweredonein 5 passei both sidess trial before processing-a®lded
plates Friction stir processingf weld metal was done total of 6 passegFigure35).
Surface of plates were machined before FSP to obtain flat surfadeofreereld cap.
In each side, three passes were apfdiedroviding overlapsuch that retreating side

of one pass was on the advancing side of previous pass.

Figure35. Configurationfor thefriction stir processingf theaswelded plate.

In the firsttrials, temperature waseasuredor three passe$or each pass, four-K
type thermocouplesvere placed in the holes drilledon the plate (Figure 36).
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Thermocouples were connected to S€ANL2 module ofNational InstrumentsA

block diagram was written in LabVieWwata reading was set to 20 Hz.

®  Thermocouple

. FSP start point

2,5cm 3em
) ) [} °® {\
7 cm 4—.
3,8cm 6.8 cm
(a)
® o ° ° .
® ) ® ® .
2cm
0 ® ® [
(b) 1,5cm

Figure36. Positions of thehermocouples(a) Top view (b) Side view

3.6. Microstructural Examination and Analyses

For metallograpic analyses, specimen surface wasundwith 80, 400, 800, 2000

abrasive papers. After grindingjpth polishing was done with&8mand 1em diamond

suspension. Colloidal silica was used for final polishing. For optical inspection,
specimens were etchedfabl mi nut es wi th modi fmle@ Bar ker 6s
+5ml HB4F + 5 ml H20,). Etching voltage was set to 20 Volt. For bawakser electron

diffraction (EBSD), polished specimen surface was electropolished with 5

perchloric acidt 95% ethanol.

FEI brandscanning electron microsco8EM) was used for elemental analysis of
precipitates by energgispersive Xray spectroscopy (BS), backscatter electron
diffraction (EBSD) and fractographyAs-polished samples were used for EDS and
EBSD analyses.
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Two differentmethodswereusedfor grain size measurements. Firstly, optical grain
size measurement was donemagesof etched sampbkobtainedoy polarized optical
microscope. Linear intercept method was applied according to ASTM Ehé2ther
method wadackscatter electron diffraction. This technique was reséotefiction

stir processedamples for whictgrain sizemeasuremeris difficult due to 85 Om

grain diameter.

Area fractions of precipitates were calculated with an image analysis software,
Clemex.After final polishing, 5 to 10 imagdsom each sample wetaken by optical

microscope.

3.7. Mechanical Tests

3.7.1.HardnessTest

Hardness tests wedonewith HMV2 Shimadzu Micro Hardness Tester..@B4 N
load was applied for 10 seconds for each indentation.

3.7.2.Tensile Test

For tensile testing of the mulpass FSPed base metalo to threesamples were
preparedperpendicular tohe FSRdirection The geometry of specimens is shown

Figure37.

R=4 mm

S

130 mm

Figure37. Tensile test specimen tfe FSPedase metal

For tensile testingf the base metal and weldmentsvo types of tensile specimens
were prepareads shown irFigure 38. As-welded and=SPedsamples wer@repared

perpendicular to welding direction. Base mefaécimensvere cut perpendiculdo
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therolling directionwhich is same atiewelding direction5 specimens were prepared

as Type | and 2 specimens were prepared as Type II.

o R=112 mm
@é\ 2 h
(a) & // 20mm// |
<& P ‘ 4
~" Fusion zone o —
l R=4 mm
N \
CHE 1] |

f

130 mm

Figure38. Tensile tesspecimenga) Type I, (b) Type I

Tensile specimens of Type Il were used determine the weakest point tife
weldment. Sinceswelded and=SPedspecimens fractured #ieir fusion lines and
un-processed base metaspectively the Type | specimensvere used to measure
tensile strength.

3.73. Fracture Toughness

Compact tensn specimens were prepared foacture toughness testigure 39).
MTS servehydraulic machine with a capacity of 100 kN equipped with Instron 8500
was employet roomtemperatureFatigue precrackinggasconducted at maximum
loads at 4000 N and 3000 N witte stress ratidR) of 0.1 for initial part and final
stage respectivelgo thatk max did not exceed 80% and 60% of the estimated value of
Kic of the materialsPrecrack sizevaskeptbetween 0.45 and 0.55 times the width.

42



40 mm

38.4 mm_ |

W=32 mm

Figure39. Fracture toughnegsstspecimen.

Force versus crack mouth opening displacement curves were obtained digitally. The
PmaxPqratio ofthe specimens wetggher than 1.10. Thu&c testswere found to be
invalid accorihg to ASTM E399 Section 9.1.3 Kg, conditional resultswere
calculated bysing Ejuation4.

Where "Q —

Po = forcedeterminedaccording t)ASTM E399Section 9.1.1(N),

B = specimen thicknegs),

Bn = specimen thickness betwethe roots of the side groovés),

W = specimen width (deptlim),

a = crack sizeleterminedaccording tcASTM E399Section 8.2.3(m).

3.7.4. Fatigue Crack Propagation

Fatigue crack propagation tests were carriecabubom temperatur®imensions of
the compacitensionspecimes are givenn Figure40. For eachzone,3-4 specimes

were cut such that notch wasrallel torolling direction for base material and to
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weldingprocessinglirectionfor asweldedmaterals andFSPedwveldments Electric

discharge machining was used foeparation othe specimens

50 mm
10mn:/-
@=10
-T ——;c————l—
11 mm
48mm L L ¥
11 mm i
—t— _AL____i_
i
1
40 mm

Figure40. Geometry of compact tensispecimes [46].

The onstantforceamplitudetest procedurevas applied for thestress raticof 0.1.
Loading was sinusoidatith 10 Hz frequency Maximum load applied fothe pre-
crack stage was the range o4400N to 4600N. Crack propagatits weredone under
themeanload of 1819\ with an amplitude 01485for thebase metal anthe FSPed
weld metal.Sinusoidal bad applied for crack propagatiam the weld metal was
2035\1665N.

Crack size (aineasurements wed®newith thetravelling optical microscopleaving
aresolutionof 9.12 x 16 mm. Gack mouth openindisplacemen(CMOD) wasalso

measuredy clip-on gage.

Three MATLAB scripts were written to evaluate fatigue crack growth test data. One
script was used to convert CMOD data to crack size. Second scripiseds$o
calculate the stress intensity andhe crack growth rate following incremental
polynomial method. Final scriptasused for determination a@fie coefficients ofthe

ParisEr doj an | aw.

Firstprogram finds slope aheP versus W graph foreachcycle; then, it converts the

calculated slope intorack size byequation ltaken(ASTM E399. Elastic constraint
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modulus was chosen between 60 to 70 G&Phe in agreement witthe optically

calculated crack size.
O VPMAMUTYTPOPUYX PXCUWPYX WM TpLPT X H

whereY ———

Vm= crack mouth opening displacemgefm),

P= applied force(N),

Be= (B-Bn)%B,

E=elastic constraint modul®a) (E for plane stresg/(1-3°) for plain strain)
3= Poissond6és ratio

After obtaining crak size from CMOD data, an eliminatiggmocedure was applied
basedon the average value néighboringdata First, average of 41 crack sizalues
wascalculated. If 21 crack size that differs 0.080mm from the average,\tasnot
considered fofurther calculatiors. This processvasdone foreachcycle except the
first 20 andhe last 2(data.

0.035
- Raw data
0,03 g a
After elimination
0.025 x Optical Data
g 0,02 A%
7 e
S 0.015 o s aaiR
- R RTT Y "
~ oo T
> £ : 'x : . = :x. A % = 3 o
0.005
O T T T T T 1
0 10000 20000 30000 40000 50000 60000

cycle

Figure4l Crack size data obtained from CMOD
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Second scriptvaswritten to obtain fatigue crack growth ratda/dN)versus gess
intensity factor rangéqK) graphsfor both CMOD data and optical dat&STM 647
incremental polynomial methasas followed.A second order polynomial was fitted
to sets of (2n+1) successive data posuish that for'f data point, n neighboring data
pointsbefore and after the data point with itself are counted if applicsée n=3
was selected for optical data=500 was used for CMOD dafarack growth rate was
calculated from the derivative of polynomial fitted to each data pBirgssintensity
factor rangesdK) for the corresponding data poimascomputed withthefitted crack
size using Equation 2.

3+ ——— T YOTHT p DL PEE L& #6

N —

wherg  fw, and this expreson is valid fordfw &,

The woefficients oftheParisEr doj an equati on were calcul ated
the steady state of log(da/dN) vs lq#().
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CHAPTER 4

RESULTS

4.1. Optimization of Friction Stir Processing

41.1. Tool AO1

The first toolA01 was made of H13 ste@Figure43). Hardnesof the tool after was
measure@s493HV2( 44 9 ).HRC

Figure43: Photos of tool A0l

Theplates weré&SPedarallel totherolling direction. 3 passes were done on one plate
as shownin Figure 36. Variable process parameters were rotationakdp travel
speed, angle of the tool to travel direction, x, and angle of the tool to perpentticular
travel direction, yParameter setested with AO1 tocdre listed infable8. No backing

plate was used.
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Table8. Process parameters of trials with AO1 tool

Rotation speed Travel speed % A y A
(rpm) (mm/min.)
DN1 900 21 - -
DN2 900 21 2 -
DN3 900 21 2 2
DN4 1120 17 -2 -2
DN5 1400 17 2 2
DN6 560 17 2 2
DN7 560 21 2 2
DN8 560 27 2 2
DN9 355 43 2 -2
DN10 355 68 2 -3
DN11 355 21 2 2
DN12 355 43 2 -3
DN13 224 43 2 -2

Temperaturaneasurements wei@nductedby four thermocouples for every trial.
Average of the readings is givenkigure44. Temperature of the plate seen to get
lower with each trial. The time period at high temperature also gets shorter for

successive trials.

350
e DN3
« DN4
g 250 e DN5
by « DN6
S 200
; . e DN7
g 150 * DN8
E DN10
100 « DN11
50 e DN12
\ « DN13
0 T T T T 1
0 200 400 600 800 1000

Time (s)
Figure44. Results of the temperature measurements (average of 4 thermocouples)
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Macro inspection of six passe&s done to samples sectioned perpendicular to travel
direction. Radiographic test of plates were also déigufe45). Although all passes
had defects, the volume of defects formed by friction stir processirgdeereased.

Figure45. Radiography of trials with tool AO1
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41.2. Tool Triflute

The second tool used for friction stir processing was machined by CNC madthine.
has a scroll shoulder and a threaded pin. THues hasbeen machined on the pin
part(Figure46).

Figure46. The photographof thefirifluted t. o o |

The trials withthetriflute tool havebeenperformed fodifferent rotational speednd
travelspeed (Table9). Tilt angle wakeptzero.

Table9. The pocessing parameters used in trials whtatool fitrifludeo

Rotation speed Travel speed
(rpm) (mm/min.)

N14 210 24-40-100
N15 290 100
N16 290 100
N17 290 100
N18 290 100
N19 210 185
N20 210 185
N21 110 185
N22 150 185
N23 980 40
N24 720 -
N25 530 -
N26 530 65
N27 530 100
N28 530 185
N29 390 65
N30 390 100
N31 210 185

52



The triflute tools was broken several timesidg FSP For example, in the 20trial,
tool fractured while it was being inserted into the pl&igyre47). Therefore, it has

been decided to work witihetriflat tool.

Figure47. Surface appearanedterthe tials withthetool triflude.

4.1.3.Tool Triflat

Triflat tool was used to process weld metal siudly the effect of heat inpiNo tilting
was applied. Processing was done aomilling machine such that uedcheath of
proessing line was n@mpty.In Tablel0, trial processing parameters are given. Both
singlepass and muklpass processing were done. The shpgles studie®10 rpm-
185mm/min and 720pm- 100mm/min werechoseraslow heat input and high heat
input setgespectivelyMulti-pasgprocessing parameters w@0rpm- 185mm/min,
720 rpm 100 mm/min and 290 rpm100 mm/min After comparison of FSP trials,
290 rpm-100 mm/min. parameter seisdetermined to be uden latter studies, i.e.
FSP of theaswelded platesin order b keep temperature and forcestba machine

low.
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Table10. Processing parameters used in trials wittool firiflato.

Rotation speed Travel speed
(rpm) (mm/min.)

N32 210 185
N33 530 185
N34 530 100
N35 720 65

N36 720 100
N37 290 185
N38 290 100

4.2. Microstructural Examination and Analyses

In this section, macro photos and images takengbiga microscope andcanning
electron microscopare shown Combinations othe images are also illustrated for
comparison of different regions in friction stir processed samplesresults of grain
size measurements ayeen.Intermetalliccompoundsvereanalyzed in terms of EDS

and area fractions.

4.2.1. Micr ostructure of Al 5083 H111

Grain sizeof the base metal was found to 88-25-58 O min L-S-T directionwith
standard deviation of ® m(Figure48).

Figure48. Optical imags of etchedbase mel.
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After testing,thecompact tensiospecimen were etched. Images were taken near the

fractured surfaceFigure 49). Grain boundary spacinglongthe crack propagation

direction was calculated as@®Om.

e R e LU L R !
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Figure49. Images taken frorthe side view ofthe compact tensiospecimerof the
base metal.

Two type of intermetallic compoundsgvere observedas black and grapy optical
microscopeArea fraction ofsecondary particlewas 04-0.6-0.4 for opticaly black
particlesand 14-1.2-1.4 for optically grayparticlesin the sequence of perpendicular
to rolling direction, parallel to rollingirection and rolling surfac&tandard deviation
was 02 for black, while it was @ for grayparticles Images obtmed by optical
microscope are shown Figure50. In Figure51, images taken by scanning electron
microscope are also givelmtermetalliccompoundsvereobserved as the same way
by SEM as by optical mioscopei.e.blackparticlesas dark zoneandgrayparticles

with alighter tone.
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Figure50. Optical images of agolished bae metal (a) &pendialarto therolling
direction, (b) Rolling surface, (c)rallel totherolling direction.
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Figure51. SEM of base metal from perpendiculatherolling direction
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Energydispersive Xray spectroscopy (EDS) indicatéwo types of secondary
particlessimilar tothe optical imagesihe blackparticlescan be MgSi because EDS

analysis result ifnigh amount of magnesium and silicgigure52 andFigure53).

Figure52. Line EDS analysis oftheoptically blacksecondary particle

*1 Element Wt % At %

oK 6.41 10.25
MgK 18.38 19.34
AlK 50.96 48.32
SiK 24.26 22.10
Total 100.00 100.00

i
il

3 RIRA
et VY

R T — P — —

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 keVv

Figure53. EDS result of optically blackecondary particle
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On the other hand, the grpgrticleshas been fountb be a phase containing-Mn-
FeSi (Figure 54 and Figure 55). One possible intermetallicompoundfound in
literature is Alo(Fe,Mn}Si[13, 47, 12]

Figure54. Line EDS analysisf theoptically graysecondaryarticle

Al
Element Wt % At %
AlK 67.75 79.11
SiK 4.66 5.23
MnK 10.19 5.84
FeK 17.39 9.81
Total 100.00 100.00
F | Fe
(-]
Fe | ls:. Mn pn
| A W oINS P
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 keV

Figure55. EDS results obptically graysecondary particle
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4.2.2. Microstructure of Friction Stir ProcessedPlates

4.2.2.1.Single pass studies

Single pass studie®0 rpm 100 mm/minand210 rpm 185 mm/minare named as
high heat inputand low heat inputespectivelyGrain size measuremeaniveredone
at thecenter of nugget zoneSamples were examined onlpim transverse surface.
Imagestaken fromthe high heat input samplgave a averageyrain size o6\ Om
(Figure56a). On the other hand, electron backscatter diffractich@fow heat inpti

sampleshowsaveragegrain size of 0m (Figure57).

P (a) . - TR . (b) .
Figure56. Optical image®f the FSPed samplé¢s) 720rpmi 100mm/min (b) 210
rpmi 185mm/min.

0.1 1 10
Grain Size (Diameter) [microns]

Figure57. Electronbackscatter diffraction image and grain size vs area fraction
graphof the FSPed sampl@X0rpmi 185mm/min).
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Top views of the plates are givenkigure58. Flash formation i®bservedat high

heat input parameter set.

Figure58. Top view of friction stir processed base metal
(a) High heat input, (b) Low heat input.

In Figure59, macroimages of the samples are shown. Nuggehehigh heat input
sample is larger comparedtteelow heat input samplémages of twgarameter sets
were taken along a line in way that they include nuglgetmosmechanically affected

zone and unaffectdahse metalFigure59).

(a) (b)
Figure59. Friction stir processed base metal (a) High heat input, (b) Low heat input
Imageswere taken insidéhe red rectangles

Thermaemechanically affected zo@MAZ) of the lowheat inpusample was found
to be narrowecompared td MAZ of the high heat input sampl&igure60andFigure

61).
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s E—

Figure61. Combined optical images tie parameter seaif 210rpmi 185 mm/min

To examine thenicrostructure ofhenugget zonetheimages were taken from regions
shown inFigure62. Inhomogeneity was observadtermsof grain sizeBottom part
of the nugget seems to have greater gramtsian upper paof the nuggetKigure63
andFigure64).
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Top-Retreating Side Top-Advancing Side

Top-Mid. Mid.-Mid.
Mid.-Rt. Mid.-Ad.
Bottom-Rt. Bottom-Ad.

Bottom-Mid.
Figure62. Positiors of theimagestaken from nugget

dvancing Side 4/

Figure63. Optical mages othe nugge(720rpmi 100 mm/min, FSP)
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Top-Retreating Side i ] Top-Advancing Side s

Mid.-Mid.

Bottom-Rt. v, Bottom-Mid. Bottom-Ad.

Figure64. Optical images athe nugge{210rpmi 185mm/min, FSP).
4.2.2.2 Multi -passFSPstudies

Multi-passFSPstudieswereperformed orthebase metalFigure65).

Figure65. Macrograph of the moiti-passFSPed base met@90rpmi 185 mm/min).

Grain size at the center of nugget was found tedmee for single pastudies. While
the average grain sizafter FSP with720 rpm 100 mm/min. was calculated &5l
Om (Figure 66), both 290 rpm 100 mm/min. and 290 rpil85 mm/min.FSPed
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sampleshave been found to havthe average grain size @2 Om (Figure 66 and
Figure67).

(b)
Figure66. Polarized optical microscope imag@) Muli-passFSP with720 rpm
100 mm/min, (bMulti-passFSP with290 rpm 185 mm/min..

(a) (b)
Figure67. Multi-passFSP with290 rpm 100 mm/min.
(a) EBSD image(b) Polarized optical microscopmage

4 2.3. Microstructure of As-welded Plates

Macrographsof the aswelded samples are givenkigure68. Oneweldmenthad lack
of penetrationwhereasother weldments were soundihe former was friction stir
processedor further testing.
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