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ABSTRACT

Friction stir welded is relatively new- solid-states joining process for welded several
material such as aluminum, copper, titanium and magnesium. Also FSW technique is
preformed in solid state without melting hence avoiding hot cracking. In this research
selected aluminum 5083 alloy, it is widely used in applications in which the combination
of strength and low weight is attractive. In friction stir welding (FSW) pin connected to a
shoulder in rotated and slowly plunged into the joint line between two pieces of plats.
When the shoulder tools rotation and contact the material surface, it generated friction
heating between the welding tool and the material of the work pieces. This heat causes the
latter soften without reaching the melting point and allows traversing of tool along the
welding. Friction stir welding presents several benefit for joining of various alloys,
specially of aluminum alloy one of the significant advantage of FSW is the heat inputs are
small relative to fusion welding techniques and due to the low temperature of the process,
material such as Al, Cu, Mg alloys that cannot be welded by fusion processes are easily
weld by FSW. On the other hand, FSW has some drawback is often slower traverse rate

then some fusion welding and exit hole left when tool is withdrawn.

Friction stir welding process generates three distinct microstructural zones that result
from the welding process as following: nugget zone also known as the dynamically
recrystallized zone (DRZ) where the tool piece pin passes into this zone and by experience,
it has high deformation and high heat, generally consists of fine equated grains due to
recrystallisation, the thermo mechanically affected zone (TMAZ) and the heat affected
zone (HAZ), all zones together are called welding zone. After welded aluminum alloy
tested specimens alloy by charpy impact test to evaluate absorbed energy caused the
fracture material and toughness of material. Also obtained high resolution images by
macro-photographs and by scanning electron microscope (SEM) to evaluate type of
surface fracture and detected fracture and micro void in material then analysis material by
energy dispersive x-ray spectroscopy (EDX) to shown distribution elements of chemical
compound in aluminum alloy after heating and cooling precipitation. Finally, selection the
optimized FSW parameters for welded aluminum 5083 alloy, it achieved higher fracture
resistance in welded zone of alloy.
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AOcTpakT

@OpUKIMOHO 3aBapUBabEe MEIIABEM MPEICTaBIba PEIATUBHO HOB, CABPEMEH MOCTYIAaK
3aBapUBama BEJIMKOI Opoja MaTepHjajia, Kao IITO Cy Jerype ajlyMuHHjyma, Oakpa,
TUTaHW]yMa, MarHe3ujyma HT]. JeIUHCTBEHa OCOOMHA OBOT IOCTYIKA j& Jla ce OJBHja Y
YBPCTOM CTamy, 0€3 MMojaBe TOIJbeHa. Y OBOj MUCEpTallvju, ncnuThuBaHa je Al-Mg nerypa
5083, kojy omiHMKyje a00pa KoMmOWHanUja YBpCTOhe, JXWUIABOCTH U OTIHOPHOCTH Ha
Kopo3ujy. TokoMm GpUKIIMOHOT 3aBaprBama MEMIamkEeM, CIICIIUjaTHO JU3ajJHUPaAH ajaT, Koju
ce poTupa, IpoAupe y MaTepuja, yIpaBo y JIMHHUjU Clajama JBE II0UE KOje ce 3aBapyjy.
Ha xoHTakTHO] mOBpmMHHU ociobaha ce TomioTa Koja OMEKIIaBa MaTepujai, OJaKIIaBa
KpEeTame ajara y3 MCTOBPEMEHO Memame Martepujana. OBako 3aBPEHHU CIIOjeBH UMajy
YUTaB HHU3 NPETHOCTH y OJHOCY HA KJIACHYHO 3aBapeHE CIOjeBe — YKYIHA MOTPOILIba
eHepruje JaleKko je Mama, Hema IojaBe TeYHHX (a3a, yBpcToha crmoja yecto Oyne Beha
HETr0 KOJI OCHOBHOT MaTepujaja M, KOHA4YHO, HeMa INTETHHX YTHIaja Ha MPHUPOTHY
okonuHy. Ilocroje, HapaBHO, W HENOCTAlld OBE TEXHOJIOTHje, MpE CBEra IOBE3aHU ca
Iy’KMHOM 3aBapeHUX CII0jeBa KoOja 3aBUCH O] JUMEH3Mja MallMHE Ha KOjo] ce MOCTyHaK

U3BOMU.

Tokom oBor mocrymka 3aBapHBama, y 30HM 3aBapeHHMX CIIOjeBa jaBJbajy CE jJaCHO
neguHUCcaHe 30HE YTHMIaja TOIUIOTE, Ka0 M KOJA IOCTYNKa KIJIACHYHOT 3aBapHBamAa.
Mebhytum, kon (puKIMOHOr 3aBapuBama MeELIamkeM, I0jaB/byjeé €€ M 30Ha TEpMO-
MEXaHUYKOT yTHUIaja TOJ CHUMYJITAHOT JIejCTBAa TOIUIOTE M IUIACTUYHE Jedopmarmje
MaTtepujana. Y OBOj JAMCEpTalUju, WCHOUTHBAH j€ YTHIA] MPOLECHUX IapaMeTrapa
¢bpuUKIMOHOT 3aBapuBamba Ha yBpcTohy 3aBapeHHX crojeBa. McmutuBan je yrumaj (i)
potarmone Op3uHe 3aBapuBama (y omcery 500 mo 800 obpraja y mMuHyTH), (1) YTHIIQ]
Tpancnanrone op3une (75-150 mm/min) u, (iii) yruuaj Hamaasor yria anara (1°-4°). Ceu
3aBapeHM CII0jeBM HWCHHUTHBAHU Cy Ha OTIOPHOCT TMpeMa YIapHO] >KUJIABOCTH.
Hymepuukom o0panoM eKcliepuMEHTaTHUX pe3yiTara, ofpeheHa je yaapHa KHIaBOCT
3aBapeHuX CrojeBa Kao M Op3uHa W eHepruja joma. Ilopea MexaHMUYKHUX HCIUTHBamA,
W3BpIIIEHA Cy OINCEXHAa MHUKPOCTPYKTYpHA MCHUTHBAaKa NMPHUMEHOM ONTHYKOT M CKEHUHT
enekTpoHCcKor Mmukpockorna (SEM). OBa wucnutuBama omoryhwuna cy Oojbu yBUI Y

MEXaHU3aM M KHHETHKY JYKTHJIHOT JIOMa 3aBapeHHX crojeBa. KoHayHO, Ha OCHOBY



AHAJIIN3E MEXAHMYKHUX W MHUPOCTPYKTYPHHX HCIIMTHBaKA, O,HpebeHI/I Cy OIITUMAJIHHU

napameTpu (ppUKIIMOHOT 3aBapuBamba UCIUTUBAHE JIETYpE.

Kibyune peun: QpuKIIMOHO 3aBapuBame MEIIameM, Jierypa anymuHujyma 5083, ymapHa

KHUJIABOCT, MUKPOCTPYKTYpHA aHAN3a JIOMa, CHEPTHja JIOMa, TYKTUITHH JIOM.
Hayuna obJact: MHxkemepcTBO MaTepujaia
¥Y:ika HayuHa o0JiacT: lHTerpuTeT 3aBapeHux crojena

VIIK 621.791.052:620.179.2 : [ 669.71 (043.3) |
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Chapter 1 : Introduction

CHAPTER 1: INTRODUCTION

1.1 Friction Stir Welding (FSW):

Friction stir welding (FSW) is a relatively new solid- states joining process that was
invented in 1991 at the Welding Institute (TWI) in the united kingdom (Thomos, 1994)
and is very energy efficient environment friendly, and versatile, being considered to be the
most significant development in metal joining in a decade. Since its invention, a large
amount of research was carried out in several fields and different materials. Aluminum
alloys are the material more often studied and where this technology has shown a better
performance.[1]

FSW is a technique which to able aluminum, lead, magnesium, titanium, steel and
copper to be welded. FSW can used to join aluminum sheets and plates without filler wire
or shielding gas, material thickness from 0.8 to 65 mm can be welded from one side at full
penetration and without porosity or internal voids, material that have been successfully
friction stir welded to data include all aluminum alloys, copper, magnesium, lead and
zinc.[10] Despite the practical application of the FSW technique has been successful, there
is still a lack of design data and understanding of the failure mechanisms.[2]

Friction stir welding is a method for joining of metals; it is a technique, which allows
aluminum, load, magnesium, titanium, steel and copper to weld continuously with a non-
consumable tool. In friction stir welding a pin connected to a shoulder is rotated and
slowly plunged into the joint line between two pieces of sheet or plate material, which are
butted together (Fig.1-1). The parts of be jointed have to be firmly clamped in a manner to
prevent the abutting joint faces from being forced a part.

Frictional heat is generated between the wear resistant welding tool (Fig. 1-2) and the
material of the work pieces. This heat causes the latter to soften without reaching the
melting point and allows traversing of the tool along the weld line. The plastically
deformed material is transferred from the leading edge of the tool to the trailing edge of the
tool probe and is forged by the intimate contact of the tool shoulder and the pin profile. It
leaves a solid phase bond between the two pieces.[3]

Friction stir welding presents several benefits for joining of various alloys, especially of
aluminum alloys. One of the significant advantages of FSW is that the process is entirely
solid state. The heat inputs are small relative to fusion welding techniques such as metal
inert gas(MIG), tungsten inert gas (TIG), laser beam and resistance welding. Joining is
done at low temperature that eliminates the major problem of conventional welding

1



Chapter 1 : Introduction

processes, which must be performed under inter gas to prevent the dissolution of
atmospheric gases in the melted material of the joint. The elimination of cracking in the
weld fusion and heat affected zones (HAZ), weld porosity, filler material and costly weld
preparation are further important advantages of friction stir welding. Due to the low
temperature of the process, materials such as Al- Cu- Mg alloys that con not be welded by
fusion processes are easily weld by FSW.[3]

On the other hand, FSW has some drawback is often slower traverse rate than some
fusion welding and exit hole left when tool is withdrawn, FSW imposes exacting
requirements on the construction of welding machines, clamping of jointed parts and
design of tools.

Touchdown
start

=

Stop
withdraw

- @4— Tool shoulder

/_/\ “—MX Triflute™ probe

Retreating
Side of weld

Progressive
—~1 change in
“  pitch & angle

y @

(a) Oval shape  (b) Paddle shape (c) Three flat sided  (d) Three sided  (d) Changing spiral
probe probe probe re-entrant probe form & flared probe

Figure 1-2. Tools of Various Geometry Used in FSW.(c) TWI[4]
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Friction stir welding (FSW) a technique is performed in solid state without melting hence
avoiding hot cracking. Fig.1-3 shows FSW process where weld joint is obtained by
inserting a rotating pin into the adjoining edges of the plates to be welded.

¥

Work piece

a Unaffected material
b Heat affected zone (HAZ)

¢ Thermomechanically
affected zone (TMAZ)

d Weld nugget (Part of
thermomechanically affected
zone)

Backing bar

Profiled pin

Figurel-3. Micro-structural feature of FSW.[13]

Friction stir welding (FSW) process generates three distinct microstructureal zones that
result from the welding process, shown in Figure (1-3) (Mishra and Mahoney, 2007).

A — The nugget zone, also known as the dynamically recrystallized zone,
B — The thermo- mechanically affected zone (TMAZ),
C — The heat affected zone (HAZ).

D — The nugget zone is the region through which the tool piece pin passes, and thus
experience high deformation and high heat. It generally consists of fine equated grains due
to full recrystallisation.
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1.2 Aluminum alloys:

Aluminum is the third most abundant element in the earth’s crust, comprising over 8%
of its weight. Yet, until about 150 years ago aluminum in its metallic from was unknown to
man. The reason, aluminum unlike iron or copper does not exist as a metal in nature.
Because of its chemical activity and its affinity for oxygen, aluminum is always found
combined with other elements, mainly as aluminum oxide, as such it is found in nearly all
clays and many minerals. Aluminum is widely used in applications of it is light in weight,
yet some of its alloys have high strength comparable to mild steel. Also it has high
resistance to corrosion and is not toxic, aluminum has good conductivity, good ductility at
sub zero temperature, it is non sparking and non magnetic. While commercially pure
aluminum (defined as at least 99% aluminum) close find application in electrical
conductors, chemical equipment, and sheet metal work, it is a relatively weak material, and

its use is restricted to applications where strength is not important factor.[8]

However, much greater strengthening is obtained through alloying with other metals,
and the alloys themselves can be further strengthened through strain hardening or heat
treating other properties, such as castability and machinability, are also improved by
alloying. Thus aluminum alloys are much more widely used than is the pure metal the
principal alloying additions to aluminum are copper, manganese, silicon, magnesium, and
zinc, other element are also added in smaller amounts for metallurgical purposes.
Therefore, aluminum alloys are used in many applications in which the combination of
high strength and low weight is attractive. The main alloying element in the 5xxx series is
magnesium. A magnesium content of around 5% provides good strength and high
corrosion resistance in salt water. In fact, the first aluminum boat was built in 1891 and the

first welded aluminum ship in 1953 [9].

Furthermore, pure aluminum melts at 660 °C. Aluminum alloys have an approximate
melting range from 482 °C to 660 °C, depending upon alloy. There is no colour change in
aluminum when heated to the welding or brazing range.[1]

Aluminum 5083 alloy was selected to study in this research, its alloy that is commonly

used in the manufacturing of pressure vessels, marine, vessels armoured vehicles, aircraft
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cryogenics, drilling rigs, miming, structures and even in missile components etc. this alloy
is considered as a one of the beast weldable aluminum alloys and exhibits a slight
reduction of the strength of the heat affected zone (HAZ) comparatively to the most of
other aluminum alloys. In the tempered condition, it is strong, and retains good formability

due to excellent ductility. [5]

This study presents the results of an experimental setup in which the aluminum 5083
alloy was FS Welded, by using various combinations of process parameters (rotational,
travel speed and tilt angle). Also measured the mechanical properties of the weld joint
were assessed by absorbed energy in charpy impact test, and describe the fracture

mechanism of aluminum 5083 alloy by scanning electron microscope.
1.3 The Aims of Study:

The first aim of this research is to create quality friction stir welds of aluminum 5083
alloy by various welding speed and rotational speed. The second aim is to tested
mechanical properties of aluminum alloys by charpy test that objective is to evaluate
absorbed energy that caused fracture material alloy, also using Scanning Electron
Microscope (SEM) to describe the microstructure of surface fracture. Finally, focus the
optimized welding parameters in order to establish the excellent weld parameters for
welded AA5xxx regarding to results of study.

To achieve these aims set out above a series of objective must be met. Used different
FSW parameters in order to establish the best possible welding conditions for the
aluminum 5083 alloy; this requires mechanical property testing at room temperature and
comparisons drawn against the parent materials and previous studies from the literature
review. The next objective is to evaluate the fracture surface microstructure, using
scanning electron microscope (SEM) to describe the fracture mechanism; once again these
findings are compared with materials covered in the literature review in order to
continuously improve the weld properties and to create the optimized welds for aluminum
5083 alloy.
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1.4 Chapter Abstracts:

Chapter 2 Literature Review: describe friction stir welding process and details the friction
stir welding tool and its fundamental role in producing the join. Some different aspects of
tool and it design are described, material flow, process requirements are explained, this
includes details of the microstructure around the FSW tool, involved details of weld
affected zone, also explain the advantages and drawbacks of the FSW process.
Furthermore, describe the heat generation during friction stir welding [5]

Also describe the aluminum 5083 alloy that is overview some information about the
order and when the human know the aluminum in the earth. Firstly, that is important
explain the designation systems of classification aluminum alloys, also describe temper
designation system and explain chemical analysis , mechanical properties of aluminum

alloy that will be used for friction stir welding.

Chapter 3 describes the experimental study involved preparation material specimens for
welding joint and lists the various experimental setups used to create the welds and
subsequently test mechanical properties as charpy test, also using scanning electron

microscope to investigate the fracture mechanism.

Chapter 4 provides the results of all the mechanical properties coupled with the
microstructural observations in order to present a clear understanding of mechanisms

fracture at work during forming of friction stir welded materials.[5]

Chapter 5 provides the discussion results of mechanical properties and microstructural

observations of surface fracture.

Conclusion contains all the conclusions drawn from this research including the

observations mode from the mechanical testing, microstructural investigations.[5]
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CHAPTER 2: LITERATURE REVIEW

2.1 Friction Stir Welding (FSW):

In FSW a cylindrical tool (consisting of shoulder with a profiled threaded/unthreaded
probe (nip or pin) assembly ) is rotated with high rotation constant speed and plunged at a
constant traverse rate into the joint line between the two pieces of sheet or plate material
to be welded together. The parts have to be clamped rigidly on to a backing bar in a
manner that prevents the abutting joint faces from being forced apart. The pin is slightly
less than the weld depth required and the tool shoulder should be in intimate contact with
the surface, shown Fig (2-1).

o

— D
Figure 2-1. Friction stir welding operation.[11]

The frictional heat generated by the welding tool makes the surrounding material softer
and allows the tool to move along the joint line. The softened material starts to flow around
probe; it is allowing the traversing of the tool along the weld line in a plasticized tubular
shaft of metal. It’s the pin is moved in the direction of welding the leading face of the pin,
assisted by a special pin profile, forces plasticized material to the back of the pin whilst
applying a substantial forging force to consolidate the weld metal. This easily stirring

action by the rotating tool yields a heavily deformed region in the material.
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Figure 2-2. Friction Stir Welding: Principle of Operation [14]

2.1.1 Heat Generations during FSW of Al 5083:

Heat generation process at FSW was investigated at the beginning of 2002 for the first
time. This happened 11 years after the invention of FSW. Heat generation is a complex
process of transformation of a specific type of energy into heat. During friction stir
welding, one part of mechanical energy delivered to the welding tool is consumed in the
welding process, another is used for deformational processes etc. and rest of the energy is
transformed into heat. The analytical procedure for the estimation of heat generated during
FSW is very complex because it includes a significant number of variables and parameters.
The heat generation in FSW can be divided in to two parts: frictional heat generated by the
tool and heat generated by material deformation near the pin and the tool shoulder
region.[14 ]

Furthermore, by referred to frictional heat, it is difficult to estimate the temperature
inside the weld affected zone during the welding, but it can be estimated probably
maximum temperature that will be generated during friction stir welded by using Equation
(2-1).
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By an Equation (2-1) can be represented frictional heat generated for maximum
temperature during FSW that indicated the effects of rotational and welding speeds on the

welding temperature.

L = k( W’ )a 2-1)

Where:
T is the FSW temperature ( C°),
Tm is the melting temperature of the sheet material (C°),
a is reported to range from 0.04 to 0.06,
k is constant, it is between 0.65 to 0.75,
o is the tool rotational,
v is the welding speed

Referred to Eq. (2-1), the FSW process temperature is related to the @?/v ratio. It
means that increasing the rotational speed at constant welding speed leads to a higher
welding temperature. It also indicates that the variations of tool rotational speed have
higher effects on the process temperature than the welding speed variations.[6] Table (2-1)
shown the results of approximate of maximum temperature during FSW by using variable

parameters for applied on each specimens.

As results, Figure (2-3) shows the relationship between the rotational speed and
maximum temperature. It seems when increase the rotation speed the temperature will be
increased. Also when the traversing speed is increase the maximum temperature will be

decreased as shown in Figure (2-4).
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Table 2-1. Calculations of Maximum Temperature during FSW.

No. of | Thickness Rotation | Welding /v Title Max. temp.
samples (mm) Length x width speed speed | (rev/mm) | (dgree) during
(mm) (rpm) | mm/min FSW (C%
1.1 6.2 130 x 90 500 75 6.67 1Y 392
1.2 6.2 130 x 90 600 75 8 1° 399
1.3 6.2 130 x 90 700 75 9.33 1Y 405
1.4 6.2 130 x 90 800 75 10.67 1Y 410
1.5 6.2 130 x 90 500 100 5 2° 386
1.6 6.2 130 x 90 600 100 6 2° 393
1.7 6.2 130 x 90 700 100 7 2° 399
1.8 6.2 130 x 90 800 100 8 2° 405
1.9 5.8 130 x 90 500 125 4 3° 382
1.10 5.8 130 x 90 600 125 4.8 3° 389
1.11 5.8 130 x 90 700 125 5.6 3° 395
1.12 5.8 130 x 90 800 125 6.4 3v 400
1.13 5.5 130 x 90 600 150 4 4° 385
1.14 55 130 x 90 700 150 4.67 4° 391
1.15 5.5 110 x 90 500 150 3.3 4° 378
412
410 4
408 -
s 406
© 404 ]
= 402
@D 400 4
> 398—:
'S 396
A 394
O 392 ]
2 390 4
© 388 4
£ 386 :
2 384 —=— 75 mm/min
5 3824 —e— 100 mm/min
§ 380 —A— 125 mm/min
378 — —w— 150 mm/min
376

T
500

T
550

T
600

T
650

T
700

T T
750 800

Rotation Speed (rpm)

Figure 2-3. Explain relationship between the rotation speed and max. temperature
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Figure 2-4. Explain relationship between the welding speed and max. temperature.

Generally, temperature measurements during FSW of aluminum alloys have shown
that the process is a solid-state welding process, with a Tmax between 400 and 550 °C for
pure aluminum alloy. Tmax is observed under the shoulder, where the maximum heat flux
exists. The temperature increases with an increase in the rotation speed, a decrease in the
welding speed, or precisely the pseudo-heat index, and an increase in the plunge depth.
Based on the thermocouple measurements, it can be concluded that the temperatures
generated do not appear to be strongly influenced by the alloy type in most cases, except
when the incipient melting temperature is exceeded, which is in any case undesirable for
weld integrity. The difficulty in obtaining reliable thermocouple measurements within the
weld emphasizes, it needs for computer models that can predict the temperatures in the
weld.[15]

11



Chapter 2: Literature Review I: Friction Stir Welding

2.1.2 Analytical Estimation of Heat Generation during FSW:

Three different analytical estimations are suggested, all of which are based on a general
assumption of uniform contact shear stress zconwact and further distinguished by assuming a
specific contact condition. In the first estimation, a sticking interface condition (6 = 1) is
assumed and in the second estimation a pure sliding (6 = 0) interface described by a
Coulomb friction condition is assumed. In the case of the sticking condition, the shearing
is assumed to occur in a layer very close to the interface and in the sliding condition the
shear is assumed to take place at the contact interface. These two types of estimation are
distinguished by the assumptions under which the shear stress zcontact 1S introduced. The
third estimation is used in the case where the partial sliding/sticking condition is assumed.

During the FSW process, heat is generated at or close to the contact surfaces, which
have complex geometries according to the tool geometry (seen in Figure 2-5), but for the
analytical estimation, a simplified tool design with a conical or horizontal shoulder surface,
a vertical cylindrical probe side surface or a horizontal (flat) probe tip surface is assumed.
The conical shoulder surface is characterized by the cone angle «, which in the case of a

flat shoulder, is zero.

D
[ 1| Shoulder
L i = Ay
& o : A10 irTnolrmrh d=5mm 2;:153
AL D =20 mm ~
o — i . H=6mm
; 1 T E i1 =omm H = 8 mim
mnm;P o J.:;” 154 B, =35 mm P=15mm
S
S\ Thread

Probe tip ~ g | g Probe
Figure 2-5. Schematic of welding tools [14 ]
The simplified tool design is presented in figure 2-5, where Q; is the heat generated

under the tool shoulder, Q. at the tool probe side and Q3 at the tool probe tip, hence the
total heat generation, Qo = Q1 + Q2 + Q3. To derive the different quantities, the surface

12
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under examination is characterized by either being conical, vertical or horizontal and the

surface orientations relative to the rotation axis are decisive for the expressions.

E Hprube
e

O 1 Shoulder
cone angle
Q2 one ang
Q:A‘I !Eprobe
i
i stouldcr

Figure 2-6. Heat generation contributions in analytical estimates. [ 16]

(a) (b] ic)

Figure 2-7. Schematic drawing of surface orientations and infinitesimal segment areas. (a)
Horizontal (seen from above). (b) Vertical. (c) Conical/tilted. Projection of

conical segment area onto horizontal and vertical segments. [ 16]

The expressions for each surface orientation are different, but are based on the same

Equation for heat generation:

dQ - dM = a)l"dF = wr-[contact dA (2_2)

(a) - Heat Generation, General:

The following derivations are analytical estimations of heat generated at the contact

interface between a rotating FSW tool and a stationary weld piece matrix. The mechanical

13
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power due to the traverse movement is not considered, as this quantity is negligible
compared to the rotational power.

(i)- Surface orientations. A given surface of the tool in contact with the matrix is
characterized by its position and orientation relative to the rotation axis of the tool (Fig. 2-
7). If the tool rotation axis is vertical (along the z-axis), then a flat shoulder surface would
be horizontal or in the Or-plane. A cylindrical surface on the tool would be vertical or in
the Oz-plane. The following subscripts have been used to characterize the orientation of the
surface:

— = Horizontal (perpendicular to the rotation axis, circular surface).

| = Vertical (parallel to the rotation axis, cylindrical surface).

\ = Conical (tilted with respect to rotation axis, conical surface).

Horizontal. In order to calculate the heat generation from a horizontal circular tool surface
rotating around the tool centre axis, an infinitesimal segment on that surface is
investigated. The infinitesimal segment area dA— = r d@ dr is exposed to a uniform contact
shear stress zcontact- 1hiS segment contributes with an infinitesimal force of dF— = rcontact
dA— and torque of dM— =r dF—. The heat generation from this segment is

dQ_ = wr dF_ = wrzrcontact d(9 dl’ (2'3)

where r is the distance from the investigated area to the centre of rotation, w is the angular
velocity, and r d9 and dr are the segment dimensions.
Vertical. For a cylindrical surface on the tool, the heat generation from an infinitesimal

surface segment with the area of dA|=dé& dzis

dQ| = wr dF| = wr2tcontact d6 dz (2-4)

where dz is the segment dimension along the rotation axis.

Conical. In the case of a conical surface segment, a similar approach is adopted as in the
case of the horizontal and vertical. In fact, the force/torque contribution from the tilted
segment is split up into the contribution from a horizontal and a vertical segment, as the

tilted segment area is projected onto the main planes relative to the tool rotation axis. The

14
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tilted orientation is characterized by the cone angle «, which is the angle between the

horizontal (#0) plane and the segment orientation in the rz-plane.

dF\ = dF— + dF| (2-5)

The projection of the tilted segment area is given by

dz =tan o dr
dA|=rdfdz=rdftan adr
dA-=rdodr (2-6)

Inserting this into Eq. (2-5) gives

dF\ = Tcomact dA + Tcontact dAl = Tcontactr d@ dl’(l + tan a) (2‘7)

An interpretation of this is that the segment area is enlarged by the fraction of tan «
compared to a horizontal segment. The modification of the heat generated at the tilted

segment is

dQ\ = r dF\ = a)rz-[contact de dr(l + tan OC) (2'8)

It is possible to characterize a rotation symmetrical FSW tool shoulder and probe surfaces
by these three types of surface orientations. The limitation in describing modern FSW tools
featuring threads, flutes and facets is recognized.

(i1)- Heat generation from the shoulder. The shoulder surface of a modern FSW tool is in
most cases concave or conically shaped. The purpose of this geometric feature is to act as
an escape volume as the probe is submerged into the matrix during the plunge operation,
secondarily enhancing the extrusion and consolidation of the material during the weld
operation. Previous analytical expressions for heat generation include a flat circular
shoulder, in some cases omitting the contribution from the probe. This work extends the

previous expressions so that conical shoulder and cylindrical probe surfaces are included.
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An analytical model for the heat generation, that includes non-uniform pressure
distribution or strain rate dependent yield shear stresses, material flow driven by threads or
flutes, is not taken into account. Integration of Eq.(2-8) over the shoulder area from Rpyqpe

t0 Rshoulder gives the shoulder heat generation, Q;.

21 ~Rshoulder
0, = f f W Teontace?> (1 + tan a)dr do (2-9)
0

Rprode

_ 2 3 3
=371 TcontactW(Rshoulder - Rprode)(l + tana)

(iii)- Heat generation from the probe. The probe is simplified to a cylindrical surface
with a radius of Rprone and a probe height Hyrone. The heat generated from the probe consists
of two contributions; Q, from the side surface and Q3 from the tip surface. Integrating dQ),

i.e. (2-4), over the probe side area gives

2n ~Hprode 5
Q; = ] j W Teontact Rprobe dz do
0 0

= 2MTcontact W Rz%robe Hprobe (2-10)

and integrating the heat flux based on Equation (2-3) over the probe tip surface, assuming a

flat tip, gives

21 ~Rprode 5
Q3 = j j W Tcontact Tprobe dr dé
0 0

2

= §7TTcontact w Rgrobe (2—-11)

The three contributions are combined to get the total heat generation estimate Qqotal

Qtotal = Q1+ Q2 + Q3

2
= gﬂ Tcontact W ((Rs3houlder - Rgrode)(l +tana) + Rgrobe + 3Rz§r0be Hprobe) (2-12)

16



Chapter 2: Literature Review I: Friction Stir Welding

In the case of a flat shoulder, the heat generation expression simplifies to

2
Qtotal = 577: Tcontact W(RShoulder + 3R§roderrobe) (2 - 13)

(b) - Contact Shear Stress:
Equation (2-12) is based on the general assumption of a constant contact shear stress as
mentioned before, but the mechanisms behind the contact shear stress vary depending on

whether the sliding or sticking condition is present.

(1) - Shear stress for sticking condition. If the sticking interfaces condition is assumed,

the matrix closest to the tool surface sticks to it. The layer between the stationary material
points and the material moving with the tool has to accommodate the velocity difference
by shearing. Using the upper limit formulation to calculate the shear stress for this
deformation to take place, it follows that the stress is independent of the width of the
deformation layer.

This allows the deformation layer, starting at the tool interface and extending further into
the weld matrix, to be treated as a shear line/surface. The position of this shear line/surface

is very close to the contact interface; therefore, the tool geometry is used to describe it. The
yield shear stress zyjelq is estimated to be gy;e;q /V'3, where ayieiq is the weld material yield

stress. This result is readily obtained by comparing Von Mises yield criterion in uniaxial

tension and pure shear. The contact shear stress is then

- — 7 _ Oyield
contact — lyield — \/—
3

(2 —14)

It is well known that the yield stress is independent of pressure, but highly temperature
dependent. If the same shear yield stress is applied all over the interface, the assumption of
an isothermal interface follows. This gives a modified expression of Eq. (2-12), assuming

the sticking condition.

17
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Qtotal,sticking =

Oyield

V3

w ((Rs3houlder - Rgrode)(l + tan a) + Rz3)robe + 3R22)robe Hprobe)

(2 - 15)

(if)- Shear stress for sliding condition. Assuming friction interface conditions where the

tool surface and weld material are sliding against each other, the frictional shear stress

Triction 1S iNtroduced in the general Equation (2-12). The choice of Coulomb’s friction law

to describe the shear stress estimates the critical friction stress necessary for a sliding

condition as

Tcontact — Tfriction — 4P = UO

(2 - 16)

Where u is the friction coefficient, and p and o are the contact pressures. Thus, for the

sliding condition, the total heat generation is given by

2
Qtotal,sticking = ETEﬂPW ((Rs3houlder - Rgrode)(l + tan CZ) + RSrobe + 3Rzrobe Hprobe)

(2-17)

Used Equations 2-15 and 2-17 for calculation heat generation during FSW with different

tools pin and shoulder to explain behaviour heat distribution with change that parameters,

it shows in Table 2-2 and shows Figure 2-8 .

Table 2-2. Heat generation during FSW by different tools parameters

Tools | SD PD Hprode | 1 o | Qratalsticking | QTatalsticking | Qatal sticking | QTatal,sticking
No. | (mm) | (mm) | (mm) (500 rpm) | (600 rpm) | (700 rpm) | (800 rpm)
1 |20 |5 |6 |041|10°|667 (W)|7854 (W) |916.3 (W) | 1047.2 (W)
2 (26 |56 |59 |041|10°|753.6 (W) |887.4 (W) |1035.3 (W) | 1183.2 (W)
3 |13 |5 |319 |041|10°|4229 (W) 4983 (W) |58L3 (W) | 6643 (W)
4 254 |5 |16 |041|10°|737.97(W) | 868.97(W) | 1013.8 (W) | 1158 (W)
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Figure 2-8. Relationship between rotation speed and heat generation

(iii)- Shear stress for partial sliding/sticking condition. The analytical solution of the heat
generation for the partial sliding/sticking condition is simply a combination of the two
solutions, respectively, with a kind of weighting function. Note that this is only possible
because of the assumption of a uniform distribution of the contact state variable ¢ over the
entire contact surface. From the partial sliding/sticking condition follows that the slip rate
between the surfaces is a fraction of wr, lowering the heat generation from sliding friction.
This is counterbalanced by the additional plastic dissipation due to material deformation. It
is convenient to define the weighting function parameter as identical to the contact
condition variable or dimensionless slip rate 6, which is described in this paper. This

enables a linear combination of the expressions for sliding and sticking

Qtotal = 6Qtotal,sticking + (1 - 6)Qtotal,sliding

2
= 57 (8Tyiera + (1~ O)up) X w ((R3outaer = Rirode)(1+tana@) + Riyope + 3R2:0pe Hyrove )

(2 - 18)
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where ¢ is the contact state variable (dimensionless slip rate), zyieid IS the material yield
shear stress at welding temperature, x is the friction coefficient, p is the uniform pressure at
the contact interface, w is the angular rotation speed, o is the cone angle, Rshouiger 1S the
shoulder radius, Rprpe IS the probe radius and Hpwpe is the probe height. This final
expression can estimate the heat generation for 0 < ¢ < 1, corresponding to sliding when ¢
=0, sticking when ¢ = 1 and partial sliding/sticking when 0 < ¢ < 1.

In a special case where the sliding condition and flat shoulder are assumed, Equation (2-
19) is expressed in terms of the plunge force as:

2 R? H
probe probe) (2 _ 19)

Qsliding,plunge force = 3 wuF <Rsh0ulder +3 RZ

shoulder

using the relationship that the pressure equals the force divided by the projected area. A

similar expression without the last term has been suggested by Frigaard et al .

2.1.3 Correlation between Shoulder/Pin and Heat Generation Qgtal:

During FSW the joining of plates takes place below the melting point of the materials.
The maximum temperature reached during the process is 0.8 of the melting temperature of
the work pieces. The welds are created by the combined action of frictional heating and
mechanical deformation due to a rotating tool. Rotational speed of the tool, tool traverse
speed, and vertical pressure on the plates during welding are the main process parameters
of FSW (Rajakumar et al., 2010). However the tool geometry which involves the geometry
of the FSW tool shoulder and tool pin probe profile is also an important characteristic
which affects the weld strength. Also involved this research correlation the effectiveness of
an FSW joint is strongly affected by several tool parameters; in particular, geometrical
parameters such as the height and the shape of the pin and the shoulder surface of the tool
have a relevant influence both on the metal flow and on the heat generation due to friction
forces.[26]

A dimensionless correlation has been developed based on Buckingham’s n-theorem to
estimate the peak temperature during friction stir welding (FSW). A relationship is

proposed between dimensionless peak temperature and dimensionless shoulder and pin.
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Apart from the estimation of peak temperature, it can also be used for the selection of

welding conditions to prevent melting of the workpiece during FSW. The correlation

includes thermal properties of the material and the tool, the area of the tool shoulder and

the rotational speed with neglected welding speeds of the tool.[27]

Furthermore, it can be correlated equations to calculate the maximum heat when used the

ratio between diameter of shoulder and pin by used liner equation below during friction stir

welding by different rotation speed. (Shown in Figures 3-9, 3-10, 2-9, and 2-12).

Qrotar = 90.06 + 136.72 R” __ ,  For500rpm

Qrotar = 102.65 + 161.12 R* _— For 600 rpm

Qrotar = 119.65 + 188.12 R* ——»  For 700 rpm

Qrotar = 137.23 + 214.7 R* - For 800 rpm

Where:
Qrotar IS heat generation by various rotational speed.
R is ratio between diameters of shoulder and pin.
800 Q. for (500 rpm)
s —— Q=90.06+136.72 R’
£ 700+
O§
8 600 o
£
2
S 5004
§
I
[ ]
400 -

Figure 2-9. Linear relationship between total temperature and dimensionless

3 4 5
Ratio SD/PD

diameters shoulder and pin for 500 rpm.

(2 - 20)

2 - 21)

(2 -22)

(2 -23)
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Figure 2-10. Linear relationship between total temperature and dimensionless

diameters shoulder and pin for 600 rpm.
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Figure 2-11. Linear relationship between total temperature and dimensionless

diameters shoulder and pin for 700 rpm.
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Figure 2-12. Linear relationship between total temperature and dimensionless

diameters shoulder and pin for 800 rpm.

2.1.4 Heat Generation Ratios:

Based on the geometry of the tool and independent of the contact condition, the ratio of

heat generation, i.e. contributions from the different surfaces compared to the total heat

generation, are as follows:

f _ Q1 _ (Rshoulder - grode)(l + tan a)
shoulder — - 3
Qrotal (Rshoulder prode)(l + tan a) + Rprobe + 3Rprobe Hprobe
fh Lder = Ql _ 3R;27robe Hprobe
shoulder = =
Qrotat  (R¥noutger — Riroge) (L +tana) + R3,. 1. + 3R, 0,0 Hyrope
f. _ Qs — Rprobe
shoulder — - 3
Qrotal (Rshoulder prode)(l + tan a) + Rprobe + 3Rprobe Hprobe
2 - 24)
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In this research used the tool dimensions are Rsnouiger = 10mMmm, Ryrobe = 2.5mm, Hprope =
6mm, o = 10°.and by compare the this tools and different tools design to calculate heat

generation ratio .shown Table 2-3 and Figure 2-15.

Table 2-3. Heat Generation Ratio With Different Parameters

TOOIS fshoulder (%) fprode side (%) fprode tip (%)
No.
1 0.9 0.088 0.012
2 0.92 0.07 0.01
3 0.82 0.15 0.04
4 0.97 0.02 0.009
1.0 4 I I I I I - fshoulder I

I f

prode side

.

prode tip

Heat generation ratios %

1 2 3 4
tools number useed in FSW

Figure 2-13. Heat generation ratio with different tools

This indicates that, for the specific tool geometry, the shoulder contributes the major
fraction of the heat generation and the probe tip heat generation is negligible compared to
the total heat generation. This correlates with the results found in [15], noting that the
contribution from the probe due to the traverse motion is included in the estimate by
Colegrove and Shercliff, which is not the case in the present estimates. [16]

General, heat generation is a complex process of transformation of a specific type of

energy into heat. During friction stir welding, one part of mechanical energy delivered to
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the welding tool is consumed in the welding process, another is used for deformational
processes etc., and the rest of the energy is transformed into heat. The analytical procedure
for the estimation of heat generated during friction stir welding is very complex because it
includes a significant number of variables and parameters, and many of them cannot be
fully mathematically explained. Because of that, the analytical model for the estimation of
heat generated during friction stir welding defines variables and parameters that
dominantly affect heat generation. These parameters are numerous and some of them, e. g.
loads, friction coefficient, torque, temperature, are estimated experimentally. Due to the
complex geometry of the friction stir welding process and requirements of the measuring
equipment, adequate measuring configurations and specific constructional solutions that

provide adequate measuring positions are necessary.[14]

2.1.5 Experimental Measurement of the Torque and Axial Force:

Experimental estimation of the welding force during FSW is difficult when the axis of
the welding tool is horizontal (Fig. 2-14) due to the geometry of the FSW process. When
the axis of the welding tool is vertical, the estimation of the welding force is less complex
than when it is horizontal, however, the estimation of the torque is difficult due to the
dimensions and functional demands of the torque sensor (axial force from the welding tool
should not reach the torque sensor). The measuring the torque delivered to the welding tool
is done by mounting the torque sensor (load cell) on the shaft that transmits power from
the machine spindle to the welding tool. The axial force from the contact between the
welding tool and workpices should not be delivered to the torque sensor due to its
sensitivity to forces. The axial force is measured behind the workpicess and the anvil.
Figure 2-14 shows the experimental measuring configuration used for the estimation of
experimental torque and axial force. It is an unusual configuration for the FSW process
because the axis of the welding tool is horizontal. It is important that the intensity of the
axial force is lower when the rotation speed of the tool is higher, while the travel speed of
the tool has to no significant influence on the axial force.[14]
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Figure 2-14. Measuring configuration for torque and axial force.[14]

2.1.6 Experimental Estimation of the Friction Coefficient:

The majority of published research on FSW confirms the complexity of the friction
processes in FSW. Many of them recognize the problem of the estimation of the friction
coefficient, however, they neglect it and consider the friction coefficient to be constant,
taking the value of = 0.3 — 0.4. Figure 2-14 shows torque estimation in this measuring
configuration is difficult since the configuration has to be vertical. Torque is measured
indirectly: electrical power consumption on machine electromotor is measured and
transformed into torque. The value of torque is measured only for the comparison with
sensor-based values in horizontal configuration and has no influence on the friction

coefficient estimation.

To estimate the coefficient of friction at FSW, it is necessary to estimate the
momentum of friction and axial force. The momentum of friction is a multiplication of the
tangential force F; and length of the force pole (friction pole) L. If the diameter of the
welding tool probe in contact is d, friction coefficient x« can be estimated as

3F L
Fzd

u= (2-25)

The Equation is approximate and due to the design limitations of the FSW process

applicable only to plunging, first dwelling and beginning of the welding phases.
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2.1.7 Experimental Estimation of the Temperature:

The estimation temperature during FSW, it can be obtained by an infrared camera
and/or by thermocouples embedded at specific spots in workpieces. The infrared camera
catches thermal images of surfaces captured by the camera frame, but the temperatures in
the depth of the workpieces and welding tool, as well as the temperature on their contact,
cannot be estimated. Thermocouples provide temperatures in the depth of the material, but
they require preparation of workpieces, and it is necessary to have more than one
thermocouple for a complete thermal image of the material.

For the purpose of the analytical estimation of the amount of heat generated during
FSW, it is important to have the temperature of the material around the welding tool while
it travels along the joint line. Satisfactory measuring results applicable in the analytical
model can be obtained by the infrared camera shows in Figure (2-17) and there is no need

for any preparation of workpieces.

\
I

[
\

I
\,/ﬂ._‘\~‘__// .
Temperature ‘ '
—_——— Workpiece

tracking spot i
Tool shoulder j

]
~
Tool shoulder
g I
I
1

Thermovision
camera

Profiled pin

Figure 2-15. Schematic view of the experimental setup for thermovision camera.[16]

2.1. 8 Weld Zones:

The first attempt at classifying FSW microstructures was made by Threadgill. This
work was focused solely on aluminum alloys, and was limited to features classification by
light microscopy However, work on other metallic materials has demonstrated that the
behaviour of aluminum alloys is not typical of most metals and alloys, and this initial
classification was inadequate. Consequently, a revised set of terms was suggested and then
subsequently revised and adopted in the American Welding Society Standard. These

microstructural terms are illustrated in (Figure 1-3), and are defined below along with
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alternative terms commonly found in the literature: unaffected material or parent metal:
material remote from the weld, which has not deformed and which, although it may have
experienced a thermal cycle from the weld, is not affected by heat in terms of detectable

changes in microstructure or properties.[31]

(a)- Classification of Weld Zones:

There are two classifications for the weld zones. The first (Threadgill’s classification)
is based on the microstructural zones, while the second (Arbegast’s classification) is based
on the processing history of the weld zones during FSW. Both nomenclatures were
developed for Al-based alloys; however they are generally applicable to other alloys as

well.

(i)- Threadgill’s Classification:

Threadgill has classified welds into four microstructural zones, which are: a weld
nugget (WN), a thermomechanically affected zone (TMAZ), a heat affected zone (HAZ),
beyond which the unaffected base metal (BM exists) as shown in Fig. 2-16. The WN refers
to the region previously occupied by the tool pin. In the literature, this region is sometimes
referred to as the stirred zone (STZ) . The extent of the TMAZ is the trapezoidal region
whose bases are the shoulder diameter and the pin diameter, including regions Nugget and
TMAZ in Fig. 2-16. The stirring action experienced within the TMAZ/WN during FSW
leads to the formation of dynamically recrystallised grains in WN and plastically deformed
or partially recrystallised grains in TMAZ. Beyond the TMAZ, a typically narrow HAZ
exists, where only a diminishing thermal-field is experienced until reaching the unaffected
BM. Because of the rotation direction of the tool, the weld morphology appears
asymmetric between the advancing side (AS) to the retreating side (RS). Towards the AS,
where the traverse speed and the tangential velocity component of the rotating tool are in
the same direction, the TMAZ/HAZ boundary appears sharper compared to the RS where
the boundary is more diffuse. Other features include an extended flow arm from the WN
towards the AS, and concentric circles within the WN.
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A friction stir welding joint is known have three zones such as weld: a) intensively
deformed zone called the stir zone (SZ) , b) thermomechanically affected zone (TMAZ),
c) heat affected zone (HAZ),as shown in Fig (2-16).

Retreating Advancing

Figure 2-16. Microstructural zone classification in a friction stir welding.[33]

As the results of FSW process generates three zones comprises of commonly referred
to weld affected zone (WAZ). The first constituent of the WAZ is the dynamically
recrystallized zone (DXZ), also known as the weld nugget, which lies at the centre of the
weld along the weld seam. This zone is hardened on either side by the remaining two
constituent zones, the thermomechanically affected zone (TMAZ) immediately
surrounding the DXZ, and the heat affected zone (HAZ) surrounding the outside
characteristics that will be described throughout section, as shown in Figure (2-16).

(i.1) - Dynamically Recrystallized Zone (DXZ) or Nugget Zone:

The DXZ is defined as the area that has direct interaction with the tool probe also
referred to as the weld nugget. Dynamic recrystallization is the process by which extreme
strain and elevated temperature cause recrystallization of material in the weld nugget as the
tool passes through it, resulting in a dispersion of fine, equiaxed grains in this area. Under
some FSW conditions, onion ring structure was observed in the nugget zone (Figure 2-16).
In the interior of the recrystallized grains, usually there is low dislocation density.
However, some investigators reported that the small recrystallized grains of the nugget
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zone contain high density of sub-boundaries subgrains, and dislocations. The interface
between the recrystallized nugget zone and the parent metal is relatively diffuse on the

retreating side of the tool, but quite sharp on the advancing side of the tool .[33]

The DXZ is relatively small, and is characterized by a shape loosely resembling the
FSW tool used. The zone is characterisation of all friction stir weld, and has several
qualities that are significantly different from the surrounding microstructures. In the DXZ,
the dynamically recrystallized grains are frequently an order of magnitude smaller than the
grains of the base material (K. V. Sata & Semiath, 2000; Mishra & Ma, 2005; Pouget &
Reynold, 2008). The final size of the grains in the DXZ is strongly dependent upon the
thermal history of the weld nugget and degree of stirring action, low stirring results in less
dynamic recrystallization and larger grains, but higher temperatures from greater stirring
also result in larger grains from growth of recrystallized grains. For each alloy, there is a
minimum grain size that can be achieved through a balance of minimal thermal input, but

great enough stirring action.[12]

(i.1.1) Shape of Nugget Zone:

Depending on processing parameter, tool geometry, temperature of workpiece, and
thermal conductivity of the material, various shapes of nugget zone have been observed.
Basically, nugget zone can be classified into two types, basin-shaped nugget that widens
near the upper surface and elliptical nugget, that the upper surface experiences extreme
deformation and frictional heating by contact with a cylindrical-tool shoulder during FSW,
thereby resulting in generation of basin-shaped nugget zone. The nugget zone was slightly
larger than the pin diameter, except at the bottom of the weld where the pin tapered to a
hemispherical termination. Further, it was revealed that as the pin diameter increases, the
nugget acquired a more rounded shape with a maximum diameter in the middle of the
weld.[33]

(.2) - Thermo Mechanically Affected Zone (TMAZ):

The TMAZ is a zone that characterized by severe plastic deformation of grains of the

base material as well as exposure to raised temperature from proximity to the DXZ. The
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grains in this zone have been plastically deformed from shear induced by tool rotation and
traverse. The degree of plastic deformation in the TMAZ varies by proximity to the weld
and depth in the joint. Grains have a higher degree of plastic deformation closer to the
weld and nearer to the tool shoulder, tapering to grains that are less deformed further from
the weld centreline (Kwan et al, 2002; Mishra & Ma, 2005). The raised temperature in the
TMAZ are significant enough to dissolve strengthening precipitates in areas close to the
DXZ and coarsen strengthening precipitates close to the HAZ, causing significant
decreases in strength.

The exact line between where precipitates are dissolved and coarsened depends on the
welding parameters, thus the resultant precipitate distribution is a function of time —
temperature history of the zone (Woo et al., 2006). The TMAZ also has significant
differences in the size and sharpness of the transition zone from the DXZ on the advancing
and retreating sides of the weld. On the advancing side, the transition is sharp; on the
retreating side the TMAZ blends gradually into the DXZ (K. V. Jata &Semiatin, 2000;
Mishra & Ma, 2005).[12]

(i.3) - Heat Affected Zone (HAZ):

In friction stir welding, the HAZ is characterized by a microstructure that is not
plastically deformed but is still affected by the thermal energy of the FSW process. Similar
to precipitate coarsening in the TMAZ, in precipitation strengthened alloys the HAZ is
characterized by overaging of precipitates, resulting in degradation of mechanical
properties (K.V. Jata, 2000; zekovic, & Kovacevic, 2005; Zhang, 1999). The HAZ is
defined by heat input to the work piece, which is a function of the welding parameters. The
welding parameters may be very significantly depending on the nature and intent of the
process, resulting in a significant variation in corresponding HAZ width and properties
(Kwon et al.,, 2002; Mishra & Ma, 2005). Determining the boundary between the
unaffected base material and the HAZ can be difficult even on a micrograph because the
variation in properties between a large section of the HAZ and unaffected base material is
very small. Measurements of the outer HAZ boundary necessitate the use of thermometers

to mark temperature boundaries.
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Generally, defining the outer HAZ boundary is unimportant because it is stronger than
areas of the HAZ closer to the DXZ, especially in precipitation strengthened alloys
(Genevois, 2005; Heinz & Skrotzki, 2002; Ulysse, 2002).[12]

(ii)- Arbegast’s Classification

As shown in Fig. 2-17, Arbegast classified the weld along the feed direction into five
zones: a) preheat, b) initial deformation, c) extrusion, d) forging, and e) cool down zones.
This classification is based on the suggestion that FSW is an extrusion process, as also
suggested in several researches. In the preheat zone, the temperature increases due to the
moving thermal field surrounding the tool, which is stronger at the top due to shoulder
friction. Close to the tool, an initial deformation zone forms because of the stress (Pmax)
which is caused by the moving tool and the high temperature. The softened material is
forced to flow around the tool in the extrusion zone where it gets extruded between the pin
threads, with a small amount trapped below the tool in the vortex swirl zone. Behind the
tool, the stirred material from the front is deposited in the forging zone, and cools down
zone. The widths of the zones depend on the process parameters and thermal and
thermomechanical properties of the material being welded [15].

This classification clarifies the influence of the moving thermal field in softening the
material in front of the tool prior to stirring, as well as the cooling of the region behind the
tool. However, since the characterization of the weld microstructural zones is mostly
performed on the weld face, Threadgill’s classification will be used in this study, with
references to Arbegast’s notation when discussing the microstructural development ahead

to the moving tool.

Upper Material Feeds
Tool rotation Shoulder Zone

Welding direction «esm= _y46| shoulder

REAR Shoulder \ FRONT

Forging
Zone

Vortex Swirl
Zone

Extrusion Farging Cool down

zone Initial X
deformation A . ——— Vi . Initial Deformation
zone Zone
(@) (b)

Figure 2-17. a) Processing zone during FSW, b) Deformation zone surrounding a tool moving. [12]
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2.1.9 Advantages and drawbacks of FSW:

The solid-state nature of FSW immediately leads to several advantages over fusion
welding methods since any problems associated with cooling from the liquid phase are
immediately avoided issues such as, porosity, solute redistribution, solidification cracking
and liquation cracking are not an issue during FSW. In general, FSW has been found to
produce a low concentration of defects and is very tolerant to variations in parameters and

materials.

A number of potential benefits of FSW over conventional fusion welding processes have

been identified:

- Improved safety due to absence of toxic fumes or the spatter of molten material.

- No consumables conventional steel tools can weld over 1000 m of aluminium and
no filler or gas shield is required for aluminium.

- Easily automated on simple milling machines- lower set-up costs and less training.

- Can operate in all positions (horizontal, vertical, etc.) as there is no weld pool.

- Generally good weld appearance and minimal thickness under/over- matching, thus
reducing the need for expensive machining after welding.

- Low shrinkage and very small distortion after welding.

- Low environmental impact.
However, some drawbacks of the process have been identified

- Exit hole left when tool is withdrawn.

- Large down forces required with heavy duty clamping necessary to hold the plates
together.

- Less flexible than manual and arc processes (difficulties with thickness variations
and non-linear welds).

- Often slower traverse rate than some fusion welding techniques although this may

be offset if fewer welding passes are required.
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2.2 Aluminum alloy [AA5xxX]:

The aluminum 5xxx alloy exhibits good corrosion resistance to seawater and the
marine atmosphere, moderate mechanical properties and a high fatigue-fracture resistance.
With the growth of aluminum within the welding fabrication industry, and its acceptance
as an excellent alternative to steel for many applications, there are increasing requirements
for those involved with developing aluminum projects to become more familiar with this
group of materials. To fully understand aluminum, it is advisable to start by becoming
acquainted with the aluminum identification/designation system, the many aluminum

alloys available and their characteristics.

2.2.1 Alloy Designation Systems:

Aluminum alloys are divided into two closes according to how they are produced:
wrought and cast. The wrought category is a broad one, since aluminum alloys may be
shaped by virtually every known process, including rolling, extruding, drawing, forging,
and number of other, more specialized processes. Cast alloys are these that are poured
molten into sand (sand casting) or high strength steel molds, and allowed to solidity to
produce the desired shape. The wrought and cost alloys are quite different in composition;
wrought alloys must be ductile for fabrication, which cast alloys must be fluid for
castability. In 1974, the Association published a designation system for wrought aluminum
alloys that classifies the alloys by major alloying additions [8]. This system is now
recognized worldwide under the international accord for aluminum alloy designations, as a

similar system for casting alloys was introduced.

Designation systems, one of advantage in using aluminum alloys and tempers is the
universally accepted and easily understood alloy and temper systems by which they are
known. It is extremely useful for both secondary fabricators and users of aluminum

products and components to have a working knowledge those designation systems.

The alloy system provides a standard of alloy identification that enables the user to
understand a great deal about the chemical composition and characteristics of the alloy and
similarly, the temper designation system permits are to understand a great deal about the
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way in which the product has been fabricated. The alloy and temper designation system in
use today for wrought aluminum were adopt by the aluminum industry in about 1955, and

the current system for cast system was developed somewhat later.[7].
(a)- Wrought Aluminum Alloy Designation System:

The aluminum association wrought alloy designation system consists of four numerical

digits. Sometimes with alphabetic prefixes or suffices, but normally jest four numbers.

e The first digit defines the major alloying class of the series, starting with that
number,

e The second digit defines variations in the original basic alloy, that digit is always a
Zero (0) for the original composition,

e The third and fourth digits designate the specific alloy with the series, there is no
special significance to the values of those digits except in the 1xxx series(see

below), nor are they necessarily used in sequence.[7]

Table (2-4) shows the meaning of the first of the four digits in the alloy designation
system. The alloy family is identified by that number and the associated main alloying

ingredient with three exceptions [7].

Table 2-4. Designation System for Wrought Aluminum Alloys

Series Main Alloying Element
Ixxx Pure Aluminum, 99% Aluminum
2XXX Copper
3XXX Manganese
4AXXX Silicon
5XXX Magnesium
BXXX Magnesium and Silicon
TXXX Zinc
8XXX Other Element ( e.g iron or tin)
9XXX Unassigned
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Figure 2-18. Weldability of Various Aluminum alloys.[10]

(b)- Aluminum Alloys Temper Designation System:

The temper designation is always presented immediately following the alloy
designation. The specification of an aluminum alloy is not complete without designating
the metallurgical condition, or temper, of the alloy. A temper designation system, unique
for aluminum alloys, was developed by the aluminum association and is used for all
wrought and cast alloys. The temper designation follows the alloy designation, the two
being separated by a hyphen, are indicated by are or more digits following the letter. The
first character in the temper designation is a capital letter indicating in the temper treatment

as follows:

F — As-Fabricated. Applies to the products of shaping processes in which no special
control over thermal conditions or strain hardening is employed. For wrought products,

there are no mechanical property limits,
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O — Annealed. Applies to wrought products that are annealed to obtain the lowest strength
temper, and to cost products that are annealed to improve ductility and dimensional

stability the O may be followed by a digit other than Zero,

H — Strain Hardened (wrought products only). Applies to products that have their strength
increased by strain hardening, with or without supplementary thermal treatments to

produce some reduction in strength, it is always followed by two or more digits.(Table2-5).

W — Solution Heat Treated. An unstable temper applicable only to alloys that
spontaneously age at room temperature offer solution heat treatment. This designation is

specific only when the period of natural aging is indicated; for example W % hr,

T — Thermally Treated to Produce Stable Tempers Other Than F,O or H. Applies to
products that are thermally treated, with or without supplementary strain hardening, to
produce stable tempers. The T is always followed by one or more digits.[7]

Table 2-5. Subdivisions of H Temper: Strain Hardened

First digit indicates basic operations:
H1 — Strain hardened only
H2 — Strain hardened and partially annealed,
H3 — Strain hardened and stabilized,
H4 — Strain hardened, lacquered, or pointed
Second digit indicates degree of strain hardening
Hx2 — Quarter hard,
Hx4 — Half hard,
Hx8 — Full hard,
Hx9 — Extra hard.

Third digit indicates variation of two-digit temper.
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The most widely used temper designations above are the H and T categories, and

always followed by from one to for numeric digit that provide more detail about how the

alloy has been fabricated.[7]

2.2.2 Properties of Aluminum Alloys (AA5083):

The properties of representative group of wrought aluminum alloys are generally

thought of in two categories: nonheat-treatable and heat-treatable. Nonheat- treatable

alloys are these that derive their strength from the hardening effect of elements such as

manganese, iron, silicon, magnesium and are further strengthened by strain hardening. The

chemical and mechanical properties shown in Table 2-6 and Table 2-7.

Table 2-6. Chemical Composition of the Investigated AA 5083.

Mg Mn

Cu Fe

Si Zn

Cr Na

Ti Zr

5.13 | 0.718

0.013 | 0.337

0.108 | 0.513

0.008 0.0005

0.0254 | 0.0202

Table 2-7. Mechanical Properties of AA5083.

Deformation Thickness of Yield strength Ultimate strength Elongation
[%] specimens [MPa] [MPa] max [%]
16.6 6.02 300.50 369.15 9.79

38




Chapter 2: Literature Review Il : Charpy Test

2.3 Charpy Test:

The charpy impact test was developed in 1905 by the French scientist Georges Charpy
(1865 — 1945). The charpy test measures the energy absorbed by a standard notched
specimen which braking under an impact load. The charpy impact test continues to be used
as an economical quality control method to determine the notch sensitivity and impact
toughness of engineering material. The charpy test is commonly used on metals, but is also
applied to composites, ceramics and polymers. With the charpy test on most commonly
evaluates the relative toughness of material, as such; it is used as a quick and economical

quality control device. [19]

The charpy test is the test to determine the resistance of material against shocks; also
the test is very important because the resistance of material decrease with decreasing
temperature. Furthermore, transition temperature is resistance drop to lower value, which
the shifting from ductile to brittle fracture. It is important to know where the transition
temperature is located. As a matter of fact, operating below this temperature will increase

very mach the risk for fracture.[5]

Charpy impact test is practical for the assessment of brittle fracture of metals and is
also used as indicator to determine suitable service temperatures. The charpy test sample
has 10 x 6 x 55 mm?® dimensions, a 45° V notch of 2mm depth and 0.25 mm root radius
and it is laid horizontally on two supports against an anvil. The sample will be hit by a
pendulum at the opposite end of the notch as shown in Figure (2-19). To perform the test,
the pendulum set at certain height is released and impact the specimen at the opposite end
of the notch to produce a fractured sample. The absorbed energy required to produce two
fresh fracture surfaces will be recorded in the unit of Joule. Since this energy depends on

the fracture area (excluding the notch area), thus standard specimens are required for a

direct comparison of the absorbed energy.[11]
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root radius, 2 mm, depth and 45° notch radius.
Figure 2-19. Charpy impact test. a) Test method and d) Notch dimensions.[20]

As the pendulum is raised to a specific position, the potential energy (mgh) equal to
approximately 300J is stored. The potential energy is converted into the kinetic energy
after releasing the pendulum. During specimen impact, some of the kinetic energy is
absorbed during specimen fracture and the test of the energy is used to swing the pendulum

to the other side of the machine as shown in Figure 2-19(a).

The greater of the high of the pendulum swings to the other side of the machine, the
less energy absorbed during the fracture surface. This means the material fractures in a
brittle manner. On the other hand, if the absorbed energy is high, ductile fracture will result
and the specimen has high toughness. Fracture is caused by the growth of an existing crack
(can be few microns in length) to a critical size where a total breakdown of the cracked
piece takes place due to the externally applied stresses. Micro-cracks in stressed materials

can grow either in a ductile or in a brittle manner.[19]

Microstructural surface fracture shown the kind of fracture as the ductile crack growth
involves excessive plastic deformation which consumes a lot of the energy associated with
the applied stresses. Fracture due to ductile crack growth is described as ductile fracture. A
fracture surface produced by ductile fracture is extremely rough which indicates that a
great deal of plastic flow has taken place. On the other hand, brittle crack growth proceeds
with little plastic deformation where cracks grow rapidly. Brittle fracture surfaces are flat

and do not show evidence of plastic deformation.[19]
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CHAPTER 3: EXPERIMENTAL WORK

The applications of FSW process are found in several industries such as aerospace, rail,
automotive and marine industries for joining aluminum, magnesium and copper alloys.
The FSW process parameters such as rotational speed, welding speed, axial force and
attack angle play vital roles in the analysis of weld quality. The goal of this study is to
investigate the effects of different rotational speeds, welding speeds and tilt angles on the
quality welded in aluminum 5083 alloy. This material alloy has gathered wide acceptance

in the fabrication of light weight structures requiring a high strength-to-weight ratio.

3.1 Preparation of material:

The material used in this study was aluminum 5083 alloy. It made in the laboratories of
University of Belgrade - faculty of technology by thickness is 7.2 mm, length 1000mm and
width 500 mm. First step, it done the hot rolling on the plate samples to reduce the
thickness to 6.2 , 5.8 mm and 5.5 mm. second step cuts the work plate to fit size as length
to 260mm and width 45mm as two work pieces together as shows in Fig (3-1). The

chemical and mechanical properties are given in Tables 2-3 and 2-4.

Figure 3-1. spacimens of AA 5083 alloys praperated for FSW.
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3.2 Tool shoulder:

The shoulder is designed as a relatively large, when compared to the probe, profiled
surface. Although the probe makes the initial contact with the pre-welded material the

shoulder has a larger contact area and produces more friction.

(i)- Shoulder Diameter:

A shoulder diameter which is too small could result in insufficient heat being applied
to the process through an inadequate contact area between tool and material to be joined
and therefore a failed weld or broken tooling. To generate sufficient heat during the
process the shoulder diameter should be a minimum of 50% larger than the root diameter
of the probe with contact areas up to three times larger deemed to be satisfactory [37]. The
diameter of the tooling determines the width of the plasticized region beneath the shoulder
and the width of the thermo-mechanically affected zone (TMAZ). The distinct semi-
circular trail indentation left in the wake of the tool is evidence of the deformation caused
by the shoulder rotation and its width is related to the shoulder diameter. The diameter of
the tool shoulder was used to welded aluminum 5083 alloys in this study; it was 20 mm

shoulder diameter as shown in Figure 3-2.

M

- A

Figure 3-2. Tool Shoulder and Tool pin used in FSW
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(if)- Shoulder Profile:

The amount of heat generated by the shoulder contact depends on the profile of this
surface. The shoulder profile can be designed to suit the material being joined. This profile
can increase or decrease the contact surface area and so increase or decrease the amount of
heat supplied. This will also change the amount of deformation experienced by the material
at the top of the weld. This enables the tool to be specifically designed for the materials or
conditions in which it will be used. As the shoulder profile rotates and makes contact with
the material it traps material within any contours of the profile and transports them with the
rotation of the tool.[33]

3.3 Tool Probe (Pin):

Protruding from the shoulder profile is a cylindrical probe shown in Figure 3-3. This
increases the contact area of the tool and enables heat and deformation to penetrate to the
weld root. The probe makes the initial contact with the weld material before being plunged
through the material, for a typical butt weld the probe stops when the tool shoulder
contacts the material in the region of 0.1mm below the top surface of the material. The
probe rotates with the shoulder as it is pulled through the weld material. [33]

Figure 3-3. Tool Probe (Pin) with Tread Right Hand.
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(i)- Probe (Pin) Height:

The probe length dimension is 6 mm. For a butt weld the probe must be nearly as long
as the material thickness. For example the shoulder penetrates the material by a small
amount, approximately 0.1mm; the probe must finish a small amount, approximately
0.1mm, before the bottom surface of the weld material to prevent total penetration of the
tool. This means that roughly speaking the tools probe should be designed to be in the
region of 0.2mm less than the thickness of the material to be welded [36]. The probe length
must be designed for the desired weld depth. The probe must not contact the backing plate
as it would cause potential failures in the weld such as root flaws caused by impurities
included in the weld from the backing plate, damage to the tool as a result of it being

plunged into the backing plate or an unsatisfactory weld root as shown in Figure 3-3.[33]

(ii)- Root and Tip Diameter:

The probe tip and root diameter dimensions are 5mm and 6mm respectively. A simple
cylindrical probe would have an equal root and tip diameter of approximately the same
length of the probe. A more complex conical shape would have a far larger root diameter
than tip diameter and would stand more chance of the probe breaking whilst under process
conditions. However a conical shape yields superior welds than a cylindrical probe.

Friction stir welding probes are commonly designed as frustums as shown in Figure 3-3.

(iii)- Threaded Probe:

Some probes contain more complex geometry in the form of a helical ridge or external
thread. This external thread acts in the same way as any shoulder profile, changing the
surface contact and deformation experienced by the weld material. These threads are
designed in a specific way. As the tool is rotated the helix would either encourage or resist
the plunge into the material depending on the pitch. The pitch of a screw accepts the
material when rotated clockwise. This has a right-hand-pitched thread. The thread on an
FSW probe is designed to oppose the plunge and push material downwards instead of
drawing it upwards. This requires a left-hand-pitched thread (LH thread), when the spindle

rotates in a clockwise direction. The helical ridge pushes the weld material towards the
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bottom or weld root. This force produces vertical mixing to accompany the rotational
mixing. The thread size or pitch will determine how successful the mixing of the weld
material is. A small pitch may not produce enough deformation and so bonding of the
stirred material is impaired. However too large a pitch will cause the tool to act like a drill
and expel weld material before the shoulder makes contact to compresses the material. The
probe works as an auger, immersed in the plasticized weld material. Furthermore, the tool
was rotated counter-clockwise to force softened material towards the root of the weld and
to obtain a full joint at the root of the weld. The butted plates were clamped on steel
backing plate as shows in Fig (3-5). The tools are manufactured from wear resistant
material with good static and dynamic properties at elevated temperature. The rotation

plate tool was fixed to the spindle of milling machine.[33]

3.4 Tilt angle:

A suitable tilt angle of the tool must be selected to ensure optimum efficiency of the
tool. It mainly depends on the shoulder geometry. It is usually set to 3° for a plain
shoulder, and varied to 1.5° for a concave shoulder and between 0 and 1° for a scroll
shoulder. Moreover, the tilt angles used in this research for welded aluminum alloys were
1%, 2°, 3% and 4° respectively away from the spindle’s travel path as shows in Figure 3-4.
Therefore, tilt angle affects the vertical and horizontal flow of the weld of the weld
material. On the other hand, improper tilt angle may cause tunnel and crack-like defects in

the welds.

Figure 3-4. Friction stir welding machine, type AG400.
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3.5 Operation FSW Process:

In friction stir welding, shoulder tool with profiled probe is rotated and slowly plunged
into the joint line between two pieces of plate material, which are butted together. [12] The
two plates are clamped on a rigid back plate (shown Figure 3-5). The fixturing prevents the
plates from spreading apart or lifting during welding. The tool is slowly plunged into the
workpiece material at the butt line, until the shoulder of the tool forcibly contacts the upper

surface of the material and the pin is a short distance from the back plate.[2]

Forces are an important part of friction stir welding technology. The force applied
parallel to the axis of rotation of the tool (Z- direction) is the down force, and the force
applied parallel to the welding direction (X- direction) is the traversing force. The force
developed in a direction perpendicular to both X and Z forces in “side force” (Y-

direction).[12]

The depth of penetration is controlled by the length of the profiled pin below the
shoulder of the tool. The initial plunging friction contact heats the adjacent metal around
the probe as well as a small region of material underneath the probe, but the friction
between shoulder and material interface generates significant additional heat to the weld

region. [2]

Figure 3-5. Clamps of work piece to machine FSW.
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In addition, frictional heat is generated between the wear resistant welding tool and the
material of the work pieces. This heat causes the latter to soften without reaching the
melting point and allows traversing of the tool along the weld line. The plasticized material
is transferred from the leading edge of the tool to the trailing edge of the tool probe and is
forged by the intimate contact of the tool shoulder and the pin profile [12]. This plasticized
material provides a hydrostatic affect as the rotating tool moves along the joint, which
helps the plasticized material to flow around the tool [2], it leaves a solid phase bond
between the two, shows in Figure (3-5).

Sufficient downward force to
maintain registered contact

Retreating side
of weld

Leading edge
of the
rotating
tool

Trailing edge of
the rotating tool
Probe

Figure 3-6. Friction stir welding process

The side where the directions are opposite and the local movement of the shoulder is
against the traversing direction or side of the weld where direction of travel is opposed to
direction of rotation of shoulder is called the retreating side. The total area of the tool on

the work piece surface is described as the “tool shoulder footprint” as shown in Fig. 3-6.

In term welding speed is preferred to traversing speed, which is the rate of travel of too
along joint line are used 75, 100, 125, and 150 mm/min respectively. The rotation speeds
are used 500, 600,700, and 800 rpm respectively. Also the angle of tilt is referred to as the
tilt angle. In some instances the tool is tilted sideways, tilt angles are used 1°, 2°, 3°, and 4°
respectively. [12]

47



Chapter 3 : Experimental Work

3.6 Microstructure Features of Friction Stir Welded:

In any welding process, the properties and performance of the weld are dictated by the
microstructure, which in turn is determined by the thermal cycle of the welding process,
which can normally be varied by changing the welding parameters. Therefore welding
parameters must be selected that give the best possible microstructure and that allow welds
to be made free from defects and other undesirable features. With most materials, it is well
understood that welding has some adverse effects on microstructure, properties and thus
the 'optimized' weld parameters are often a compromise between making sound welds at
economical production rates and producing acceptable, rather than ideal, microstructures

and properties.

Friction stir welds in aluminum alloys contain a wide variety of microstructures, which
is hardly surprising when the extreme range of strains, strain rates and thermal cycles to
which different regions of the weld are exposed is considered. The microstructural
variations were first characterized by Threadgill (see Figure.2-16). In the HAZ, remote
from the centre of the weld, there is no obvious change to the grain structure, and the HAZ
is detected only by a change in hardness and generally by a change in etching response by
different rotation speed as shown in Figure 3-7. In precipitation hardened alloys it is
widely accepted that some coarsening of precipitates is occurring, and possible dissolution
at higher temperatures. In work hardened alloys, dislocation networks may recover, and
this may cause some low angle cell boundaries to form. Furthermore as the weld centre is
approached, clear evidence of plastic deformation can be seen in the grain structure. In the
outer part of the TMAZ, the original grains remain identifiable in the deformed structure,
with the formation of subgrain structures and significant associated rotation of the parent
grains. Closer to the weld line, the strains will be increased at elevated temperature and
allowing the formation of the recrystallised nugget with a fine equiaxed structure. The
microstructural characteristics will first be discussed for the nugget region, in which
deformation dominates. Evolution of microstructure in the heat affected zone is thermally
controlled.[31]
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Figure 3-7. View Upper Surface of Material and Top View of Keyhole.

3.7 Deformation Microstructure in Weld Nugget:
(i)- Onion Ring' Structure:

A common observation from the nugget region in FSW is the appearance of a series
of circular or elliptical features in etched metallographic sections (seen in Figure.2-16),
often termed 'onion rings' (as the sections reveal a slice through a set of nested layers of
roughly hemispherical shape, like an onion). The significance of this structure in the weld
nugget remains an occasional topic of interest in the literature, that the ring patterns are an
etching response to variations in grain size between the rings. Other characteristics of the
rings include texture effects and variations in dislocation density. The nugget may also
contain fractured constituent particles and the structure has been attributed to a variation in
their distribution. This is turn may be a consequence of the banded distribution of the
constituent particles present in the base metal, a characteristic that is strongly alloy
dependent. These factors primarily relate to the strength of contrast in microstructure
observed in the weld nugget, but do not offer a complete explanation of the mechanism of
formation, which has not yet been formulated. There seems to be strong argument that
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there is a purely kinematic basis for the formation of each ring, associated with one
rotation of the tool (or the rotation between positions of tool symmetry. Cyclic fluctuations
in the amount of material extruded past the tool and being deposited are to be expected
with profiled tools as shown in Figure 3-8. It has therefore been postulated that ring
formation may be a function of the tool geometry, tool rotation and forward travel speeds.
The practical significance of the phenomenon remains rather limited as the mechanical
properties of the nugget are generally good, and the fracture paths in mechanical tests are

seldom associated with the onion rings.

Figure 3-8. Show Thread Formed Material in Keyhole

(ii)- Recovery Versus Recrystallisation :

A feature of the microstructure of friction stir welds in aluminum alloys is the
development of a fine grain structure in the centre of the nugget region. On the basis of
these observations, it has been concluded that the nugget consists of dynamically
recrystallised grains, and not subgrains. High values of forward tool motion per revolution
produce harder microstructures, but generally similar grain size. Furthermore, the presence
of precipitates as a direct influence on the processes of recovery and recrystallisation. In a
study carried out in the region of the tool pin exit hole in a sample of AA5083 alloy as
shows in Figure 3-8, it has been argued that the structure of the weld nugget is one of
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dynamically recovered subgrains. This postulation, that grain growth is due to the presence
of a dynamically recovered subgrain structure in the TMAZ. The microstructural
observations may be resolved by considering a mechanism of continuous dynamic
recrystallisation in the TMAZ. The deformation process associated with welding
introduces a large quantity of dislocations, while at the same time grain growth occurs as
the temperature rises. Subgrains, which are very small and exhibit low angle boundaries,
begin to form by a process of dynamic recovery. Continuous dynamic recrystallisation then
occurs as dislocations are continuously introduced to the subgrains by further deformation.
The subgrains grow and rotate as they accommodate more dislocations into their
boundaries, forming equiaxed recrystallised grains with high angle grain boundaries.
Plastic deformation continues with the repeated introduction of dislocations and the
process continues until the end of the thermomechanical cycle, at which point partial

recovery takes place.[31]

3.8 Charpy Test:

Charpy impact test is practical for assessment failure of metals that done in laboratories
of military institute in Belgrade of 14/11/2012. The charpy test specimens has 10 x 6 x 55
mm? dimensions, a 45° V notch of 2mm depth and a 0.25 mm root radius that hit by a
pendulum at the opposite end of the notch . First of all, tested 30 specimens which the two
specimens from the same kind parameters like rotational speed, welding speed, and tilt
angle, also the material properties as the same. To perform the test, the pendulum set at a
certain height is released and impact the specimen at the opposite end of the notch to
produce a fractured sample. The absorbed energy required to produce two fresh fracture
surfaces was recorded in the unit of Joule. Since this energy depends on the fracture area
(excluding the notch area), thus standard specimens are required for direct comparison of

the absorbed energy.

As the pendulum is raised to a specific position, the potential energy equal to
approximately 300J is stored. The potential energy is converted into the kinetic energy
after releasing the pendulum. During specimen impact, some of the kinetic energy is

absorbed during specimen fracture and the rest of the energy is used to swing the
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pendulum to the other side of the machine. The greater of the high of the pendulum swings

to the other side of the machine, the less energy absorbed during the fracture surface. This

means the material fractures in a brittle manner.

3.8.1 Experimental Procedure of Charpy Testing:

Examine charpy impact specimens of 10 x 6 x 55 mm® dimensions with a notch 45°
angle and 2 mm depth located in the middle as shown in Figure 2-19 and 3-9.

A pair of specimens will be tested at room temperature.

Room temperature test is first carried out placing the charpy impact specimen on
the anvil and positions it in the middle location using a positioning pin where the
opposite site of the notch is destined for the pendulum impact (seen in Figure 3-10).
Raise the pendulum to a height corresponding to maximum stored energy of 300J.
Release the pendulum to allow specimen impact. Safely stop the movement of the
pendulum after swinging back from the opposite side of the machine.

When the pendulum is still, safely retrieve the broken specimen without damaging

fracture surfaces. Record the absorbed energy in table. Repeat the test at the same

test condition using another specimen to average out the obtained values.[20]

\

\ 10 mm

line of welded

Figure. 3-9. Scheme of the machining of the charpy specimens from the FSW plates

and dimensions of the sub-size specimens used for the tests.[21]

The main objective of the impact test is to predict the likelihood of brittle fracture of a

given material under impact loading. The test involves measuring the energy consumed in

breaking a notched specimen when hammered by a swinging pendulum. The presence of a
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notch simulates the pre-existing cracks found in large structures. Note the presence of a
notch increase the probability of brittle fracture. The energy absorbed can be calculated by
measuring the change in the potential energy of the pendulum before and after breaking the

specimen.

In the charpy test, the specimen is supported as simple beam as the square bar
specimens with machined notches taking shape of the letter V hence giving other common
names for these tests as charpy V-notch. Using an impact machine, the energy absorbed
while breaking the specimen is measured. The energy quantities determined are qualitative
comparisons on a selected specimen and cannot be converted to energy figures that would
serve for engineering design calculations. The purpose of the impact test is to measure the
toughness or energy absorption capacity of the materials. It is usually used to test the
toughness of metals and this test is quick and inexpensive. The charpy specimens are held
such that the specimen rests against two supports on either side of the test notch. The
impact location is struck directly behind the test notch such that the specimen undergoes

three point bending.[19]

Scale Anvil  Specimen

Hammer

Figure 3-10. Machine of Charpy Test.

Furthermore, the notch size and shape are specified by the test standard, the purpose of
the notch is to mimic part-design features that concentrate stress and make crack initiation
cosier under impact loads. Notch toughness is the ability that a material processes to

absorb energy in the presence of flaw.
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3.9 Scanning Electron Microscope (SEM):

Using Scanning Electron Microscope (SEM) to obtain images of surface fracture that
done on 22 of May 2013 at University of Novi Sad — Faculty of Technology and takes lot
of images for each 12 specimens to get deeper views of fracture surface. Also before done
SEM to get images takes macro photographs by high resolution camera to investigated the

surface fracture for each charpy specimens (shown in Figures 4-12 (a — 0)).

When a material fails by fracture there is complete separation of the two broken halves
and a new surface, the fracture surface, is formed. It is often possible to examine the
fracture surface and interpret features on it in a manner similar to the examination of a
metallographic cross-section specimen. Features on the fracture surface can give us
information about the mechanism of crack growth and also about the nature of the crack or
defect from which the fracture nucleated. Unlike metallographic cross-sections, fracture
surfaces often contain substantial vertical relief and scanning electron microscopy (SEM),
with its much greater depth of field, is routinely used for fracture surface investigation,
Fractography. It is an important tool of failure analysis and is often used in accident
investigation to help pin-point the cause of failure. One part of this practical will use the
SEM to study fracture surfaces in order to deduce the causes and mechanisms of fracture.

For more details seen the result of work in chapter4.[106]
3.10 Energy Dispersive X-ray Spectroscopy (EDX) Analysis:

Using SEM —EDX analysis to investigate microstructures and chemical composition in
aluminum alloyed of fracture surface. In fact, the rapid heat and cooling process introduced
a non-equilibrium condition causing changes in the microstructure as well as the chemical
composition of the alloyed aluminum surface. However, that is important to do EDX
analysis to check the elements in alloy on surface fracture (shows Figures 4-25(a — i) in
Chapter 4) and as shown in Table 4-6 and Table 4-7.
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CHAPTER 4: RESULTS

The material used in this study was aluminum 5083 alloy has chemical composites in
Table (2-1) and 6mm thick plates were welded by the friction stir welding, following the
welding were made on the cross-section perpendicular to the welding direction using. Then
clean specimens and cut the edges of all samples to prepare samples to charpy test. [21]

Many studies were made on the weldability of aluminum 5083 alloy. Some researchers
studied the influence of FSW parameters on fatigue life. They discovered that the
rotational speed governs defect occurrence and a strong correlation between the frictional
power input, tensile strength and the low cycle fatigue life is obtained, also investigated the
optimal conditions for FSW in correlation with welds mechanical properties. These
mechanical properties were similar to the base alloy at tool rotations between 500 rpm and
800 rpm at weld- tool travel speeds between 75 mm/min and 150 mm/min also tilt angles
between 1° - 4°. [23]

4.1 Charpy V- Notch Impact Tests Results:

Shows in the Table 4-1 average absorbed energy data recorded from charpy test. The
lower average absorbed energy was equal 15.22J from specimen that welded by rotational
speed was 500 rpm, welding speed was 75 mm/min and tilt angle 1° . Also it was 15.23 J
from specimen that welded by rotational speed was 800 rpm; welding speed was 125
mm/min and tilt angle 3°. Additional, the middle average absorbed energy was 19.16 J
from specimen that welded by rotational speed 500 rpm, transverse speed 100 mm/min and
tilt angle 2°. Furthermore, the higher average absorbed energy was 23.14 J from specimen
that welded by welded rate 800 rpm, transverse speed 100 mm/min and tilt angle 2°, also it
was 23.05 J from specimen that welded by 800 rpm, 75 mm/min and tilt angle 1°. In fact, if
the absorbed energy is high, ductile fracture will result and the specimen has high

toughness.
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Table 4-1. Average absorbed Energy and Toughness Recorded from Charpy Test.

No. of | Rotation Welding Tilted Average Average Toughness
Sample |  Speed Speed | Angle (°) | absorbed Energy (J/cm?)
(rpm) (mm/min) )

11 500 75 1° 15.22 30.62
12 600 75 1° 16.65 33.57
1.3 700 75 1° 21.03 42.28
14 800 75 1° 23.05 46.40
15 500 100 2’ 19.16 39.42
1.6 600 100 2 20.78 41.79
1.7 700 100 2’ 19.84 40.61
1.8 800 100 2’ 23.14 47.69
1.9 500 125 3’ 22.88 51.28
1.10 600 125 3’ 20.43 45.68
1.11 700 125 3’ 16.48 33.94
1.12 800 125 3’ 15.23 32.03
1.13 600 150 4° 19.93 46.49
1.14 700 150 4° 21.19 49.74
1.15 500 150 4° 15.89 37.03

4.1.1 Force (Load) — Time Curve:

After tested the all specimens of aluminum 5083 alloy by charpy test machine,
drawing the relationship between load-time for all specimens. From load-time curves,
observed the largest maximum load of all specimens was 4.52 KN in specimen that welded
by rotational speed 800 rpm, welding speed 75 mm/min and tilt angle 1°. Also in specimen
that welded by rotational speed 800 rpm, welding speed 100 mm/min and tilt angle 2°, it
was 4.47 K N. Moreover, observed the lowest maximum load was 3.59 KN in specimen
that welded by rotational speed 800 rpm, welding speed 125 mm/min and tilt angle 3°. As

shown in Table 4-2
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General, the load is characteristic value of the onset of plastic deformation and it was

determined as the load at the intersection of the linear rising portion of the load-time curve

and the fitted curve through the oscillations of the load-time curve until reached the

maximum load. At this point the value of maximum load that means the area under the

curve until peak point is the toughness of alloys. Then the load at the initiation of unstable

crack propagation, characterizes the start point of the unstable crack propagation and the

load at the beginning of the rapid drop in load in the curve, the load at the end of unstable

crack propagation, characterizes the point at crack arrest, that means the specimen fracture

and machine of charpy test stopped tested. As shown in Figures 4-1 (a - 0) load-time

curves.
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Fig.4-1a. load —time curve (500rpm,75mm/min)
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Fig.4-1c. load —time curve (700rpm,75mm/min)
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Fig. 4-1b. load —time curve (600rpm,75mm/min)
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Fig.4-1d. load —time curve (800rpm,75mm/min)
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Fig.4-1f. load —time curve (600rpm,100mm/min)
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Fig.4-1h. load —time curve (800rpm,100mm/min)
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Table 4-2. Calculation Area Under the Curve (Energy Initiation, E; and Energy Propagation, E»)

No. Welding Max. Total Energy Energy
Sample | Parameters Load Energy (J) Initiation Propagation E,
rpm, mm/min (KN) E: (J) )
1.1 |500, 75,1° 4,12 15.8 7.4 8.4
1.2 [600, 75,1°| 3.93 25.4 9.4 15.5
1.3 700, 75, 1° 4.27 23.1 12.8 10.3
1.4 ]800, 75, 1° 4,52 25.7 14.0 11.7
1.5 |500,100, 2°| 3.89 19.9 9.6 10.2
1.6 600, 100, 2° 4.10 21.9 13.8 10.9
1.7 700, 100, 2° 4,12 22.0 104 10.5
1.8 |800,100, 2°| 4.47 25.4 13.7 11.7
1.9 500, 125, 3° 3.78 25.7 12.1 13.6
1.10 | 600, 125, 3" 4.16 22.8 12.5 10.3
1.11 |700,125, 3°| 3.95 18.0 9.9 8.1
1.12 | 800, 125, 3" 3.59 16.3 8.7 7.6
1.13 | 600, 150, 4° 3.88 21.7 11.4 10.3
1.14 |700,150, 4°| 3.93 23.4 11.2 12.2
1.15 | 500, 150, 4° 3.77 18.4 13.6 7.8

4.1.2 Force (Load) — Displacement Curve:

From relationship between load and displacement traces for all specimens under
charpy impact are shown in load displacement curves. The load rises rapidly to maximum
value and drops suddenly. This drop in load marks the boundary line of two distinct phases
i.e., fracture initiation and fracture propagation phase of the total fracture event. The
displacement seems to increase monotonically with time till the complete failure. Similar
curves were obtained for all the specimens. The load and displacement data obtained with

respect to time were reploted as load versus displacement.[40]
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Shown from Figures 4-2 (a — o) load-displacement curves for all specimens these
welded by different FSW parameters, reported the lowest area under the curve was 15.8
mm? in specimen that welded by rotational speed 500 rpm, welding speed 75 mm/min and
tilt angle 1° then divided area to two portion, first of them from the start or zero to
maximum load or peak point that area is called crack initiation Ej, it was 7.4 J. Second
portion from maximum load to crack arrest is called crack propagation E,. It was 8.4 J.
On the other hand, specimens that welded by 800 rpm, 75 mm/min and 500 rpm, 125
mm/min respectively, observed the biggest area under the curve of all the specimens. It
was 25.7 mm?, and they have cracks initiation E; were 14.0 J, 12. 1 J respectively, also
they have cracks propagation E, were 11.7 J, 13.6 J respectively. That means, the
specimens had the biggest area, it had high toughness. Furthermore, the main approach is
based on association of the cleavage portion of the fracture with the ratio of the drop in
load value to the maximum load is considered the point at the beginning of crack
extension. However, the ductile portion of the fracture can be formed also during flow of
the material (plastic deformation), which begins at the point of yield. Shown in Figure 4-
2(a—0) and Table 4-2.

General shows significant strain hardening and gradual load decrease at fracture the
sharp drop in load indicates brittle fracture and fails by cleavage. Moreover, impact causes
a region of plastic deformation to occur around the notch in the test specimen, followed by
strain hardening. Then the stress and strain increase until the specimen ruptures. The
energy required to fracture the specimen (the impact toughness) provides valuable
information about how the material will behave under sudden impacts, although there are
limitations on the applicability of the findings, like hardness tests, impact tests do not
result in a number that definitively describes the material‘s toughness. Instead, impact test
yield comparative data, which is interpreted in combination with an analysis broken
surfaces of the specimens themselves. Post-fracture visual analysis can provide
information on what percent of the area was ductile during impact as many of the factors
are held constant as possible, the results of impact test reflect the toughness of the material,

though even then the values found are useful only to compare to other results.
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Addition, from Figures 4-3, 4-4 shown the higher impact energy that means have high
toughness at the specimens were welded by rotational speed 600 rpm and 700 rpm also the
beast welding speed 100 mm/min and 125 mm/min. That means the big area under the
curve; it has high absorbed energy and high toughness. On the other hand, less area under

the curve, it has low absorbed energy and low toughness.
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4.1.3 Energy vs. Time Curve:

The charpy impact energy is affected by change in the fracture mechanism. The change
in fracture mechanism therefore causes a gradual ductile to sharp brittle transition in the
charpy impact energy. A brittle fracture is a low energy fracture and a ductile fracture is a
high energy fracture. Microvoid coalescence is a ductile fracture mechanism and cleavage
is a brittle fracture mechanism. However, it is possible for low energy or brittle fracture to
occur by either ductile microviod coalescence or brittle cleavage, both fractures is

toughness and fracture mechanism.

From Figure 4-5(a-0) shows the relationship between energy and time, it observed the
transitional fracture refers to the change in fracture mechanism, typically from ductile to
brittle as the time of the test increased, when the test is performed at relatively less time,
the material undergoes cleavage (often referred to as brittle) fracture and the absorbed
energy is very low, this region of the charpy curves is often referred to as lower shelf, and
the slope region in the carve as crack extension is very rapid and cuts across the grains of
the metal, also shows the increase in energy associated with fracture initiation and
propagation phases. It can be seen that raise in fracture energy is mainly due to the
propagation energy. Then the material undergoes to constant observed energy with change
in time till end testing. This region as the brittle fracture is judged by the upper shelf
energy. As shown in Figure 4-5(a — 0).

Generally, the impact energy decreases with decreasing temperature as the yield
strength increases and the ductility decreases. A sharp transition, where the energy changes
by a large amount for a small temperature or time changes, if material has sharp ductile to

brittle transition, the material has poor toughness.
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.4-5i. Energy —Time curve (500rpm,125mm/min)
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Additionally, from Figure 4-6 shows the change maximum impact energy with heat
index and that observed the maximum impact energy was between 20 J and 22 J with heat
index was between 4 rev/mm and 6 rev/mm. That means, the specimen has high impact

energy, it has high absorbed energy and it has high toughness. As shown in Table 4-3.
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Table 4-3. Shows Maximum Energy and Heat Index, w/v

Sample No. Rotation Welding Speed | Heat Index, Max. Impact
Speed (rpm) (mm/min) o/v (rev/mm) Energy (J)
1.1 500 75 6.67 16.02
1.2 600 75 8 19.38
1.3 700 75 9.33 17.50
1.4 800 75 10.67 23.32
1.5 500 100 5 19.20
1.6 600 100 6 20.49
1.7 700 100 7 20.52
1.8 800 100 8 21.75
1.9 500 125 4 21.90
1.10 600 125 4.8 21.73
1.11 700 125 5.6 18.53
1.12 800 125 6.4 17.48
1.13 600 150 4 16.76
1.14 700 150 4.67 21.17
1.15 500 150 3.3 16.97




Chapter 4: Results

4.1.4 Rating of Computation Energy per Time dE/dt:

From Figure 4-7 shows the relationship between the impact energy per time dE/dt and
heat index (rotational speed and welding speed (w/v) ). Observed from this Figure, the
optimized rate of computation impact energy (dE/dt) was between 18 KJ/sec to 20 KJ/sec
and heat index (w/v) was between 5 rev/mm to 7 rev/mm, that means the beast absorbed
energy for fracture specimen. Additionally, the optimized rate computation energy observed
in specimens were welded by rotational speed 500 rpm to 700 rpm, welding speed 100
mm/min to 125 mm/min as shown in Table 4-4 and Figure 4-7 for changes of energy per

time.
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Figure 4-7. Relationship between consumption energy, dE/dt and heat index, w/v
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Table 4-4. Shows Heat Index, w/v with Consumption Energy per Time dE/dt

Sample Rotation Welding Speed Heat Consumption
No. Speed (rpm) (mm/min) Index, o/v | Energy per Time, dE/dt
(Rev/mm) (kJ/sec)

1.1 500 75 6.67 18.43

1.2 600 75 8 15.69

1.3 700 75 9.33 17.13

1.4 800 75 10.67 20.29

1.5 500 100 5 18.51

1.6 600 100 6 18.87

1.7 700 100 7 19.28

1.8 800 100 8 19.11

1.9 500 125 4 17.71
1.10 600 125 4.8 16.35
1.11 700 125 5.6 17.65
1.12 800 125 6.4 15.93
1.13 600 150 4 16.29
1.14 700 150 4.67 16.16
1.15 500 150 3.3 16.57

4.1.5 Mechanical Behavior of Material:

The mechanical behavior of materials in Figure 4-8 observed the initiation fracture was

starting from start charpy test to maximum load and from this point to rest charpy test is
called the propagation fracture with absorbed energy until maximum absorbed then stabile
energy to the end charpy test. Moreover, the point cross line of slop energy and line of

maximum load is called transition point from ductile to brittle and cross point curve of

load-time and curve energy-time is called the point of change absorbed energy as shown in

(Figure 4-8). Often exhibits variations even for seemingly identical specimens and

materials. The amount of shear in the surface failure of aluminum can be determined by

looking at the fresh failure surface under low-power magnification.
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A smooth surface is characteristic of shear. A fine grained fracture surface is
characteristic of cleavage and brittleness (Figure 4-9).Often failures are mixed (part shear
and part cleavage). If no plastic deformation accompanies fracture, it is generally a brittle
fracture, i.e. cleavage. In the impact test the amount of plastic deformation is characterized
by lateral expansion. Lateral expansion is a thickening of the specimen during fracturing.
Looking at half the failed specimen that means the ductile fracture is accrued in specimen.
The lateral expansion is measured as shown in Figure 4-9.

Where: lateral expansion = AW= Ws - W
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W; = final lateral dimension

W, = initial lateral dimension

4.1.6 Energy vs. Stress Curves:

Most of impact energy is absorbed by plastic deformation during the yielding of the
specimen. Therefore, fractures are affecting the yield behavior and hence ductility of the
material such as temperature, stress and strain rate will affect the impact energy. This type
of behavior is more prominent in materials with a face centered cubic structure. Metals
tend fail by one of two mechanisms, micro void coalescence or cleavage. That takes place
along the crystal plane. Microvoid coalescence is the more common fracture mechanism
where voids from as stress increases, and these voids eventually join together and failure
occurs of the two fracture mechanisms cleavage involved for less plastic deformation
hence absorbs far less fracture energy. The qualitative results of the impact test can be used
to determine the ductility of a material. If the material breaks on a flat plane, the fracture
was brittle, and if the material breaks with jagged edges or shear lips, then the fracture was
ductile. Usually a material does not break in just one way or the other, and thus comparing
the jagged to flat surface areas of the fracture will give an estimate of the percentage of
ductile and brittle. For a given material the impact energy will be seen to decrease if the
yield strength is increased, i.e. if the material undergoes some process that makes it more
brittle and less able to undergo plastic deformation.

From Figure 4-10 (a — 0 ) Energy - Stress curves, observed the specimen that welded
by rotational speed 600 rpm, welding speed 75 and tilt angle 1°, the feature of surface
fracture were predominated ductile tearing with increasing stress unit yield point was
maximum stress 30.1 N/mm?. Then transitions from ductile to brittle tearing, also shown
from Figures 4-10(e — 0 ), the maximum stresses between 24.0 N/mm? to 27.6 N/mm? by
impact energy between 10.0 J to 14.8 J. That means, when increased the stress, the
absorbed energy is increased. Moreover, the feature of surface tearing depended on the
various parameters of friction stir welding as rotational speed and welding speed.
Moreover, from Figure 4- 11 and Table 4-5 observed the optimized maximum stress was

between 26 N/mm? and 28 N/mm? with heat index was between 5 rev/mm and 7 rev/ mm.
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Table 4-5. Shows the Heat Index, w/v and Stress

Sample | Rotation Welding Tilt Heat Index, Maximum
No. Speed Speed Angle /v Stress
(rpm) (mm/min) | (degree) | (Rev/mm) (N/mm?)
1.1 500 75 1° 6.67 23.2
1.2 600 75 1° 8 26.8
1.3 700 75 1° 9.33 23.3
1.4 800 75 1° 10.67 27.6
1.5 500 100 2° 5 24.9
1.6 600 100 2° 6 27.6
1.7 700 100 20 7 27.5
1.8 800 100 2° 8 27.7
1.9 500 125 30 4 25.1
1.10 600 125 3° 4.8 27.7
1.11 700 125 30 5.6 25
1.12 800 125 3° 6.4 24
1.13 600 150 4° 4 27
1.14 700 150 4° 4.67 27
1.15 500 150 4° 33 24
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Figure 4-11. Relationship between Heat Index, w/v and stress.
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4.1.7 Macro-Photographs of Charpy Test Specimens:

As result of charpy test, images of surface fracture of all specimens after testing by
impact test by different rotational speed and welding speed ware shown from Figure 4-
12a;, the appearance of fracture is dominating dull (ductile fracture) and it has absorbed
energy was 14.83 J . Shown in Figure 4.12a,, views of fracture is shear or brittle fracture,
it is about 20% and predominated ductile tearing. This specimen has absorbed energy was
16.02 J. Feature of fracture in Figure 4.12b,, shown existed two type of fracture: one is
brittle fracture about 15% and second is ductile about 85% with exist micro void. This
sample, it has absorbed energy was 14.31 J. Furthermore, shown in Figure 4.12b,, is
predominated ductile tearing on surface fracture, also it has 19.38 J observed energy with

existed semi cleavage, it coalescence with ductile fracture.

From Figures 4.12c to 4.12j they have same feature that have dull appearance (ductile
fracture), plastic deformation. (See feature fracture in images below). Moreover, that
fracture is coalescence with semi- cleavage facets and existed micro- void, also these have
absorbed energy from range 17 J to 24 J (see Figures 4.5 (a — 0) ). From Figure 4.12kg,
shows the appearance ductile tearing; it is about 50% and 50% brittle fracture. This
specimen has absorbed energy was 18.53 J. From views fracture of Figures 4.12kj,, 4.12l,
that are predominated ductile fracture about 80% dull tearing and 20% brittle fracture, also
these samples have absorbed energy, it was 15.20 J, 17.48 J respectively. Shown in Figure
4.12l;, it has feature 60% predominated brittle cleavage and 40% dominating ductile
tearing that has absorbed energy equals 13.75 J. Finally, from Figures 4.12n to 4.120
shows dominating dull, ductile tearing with semi cleavage coalescence with ductile tearing.
These have absorbed energy were 16 J to 23 J. Furthermore, specimens were welded by
rotation speed 700 rpm, 800 rpm, welding speed 75 mm/min, also specimens were welded
by rotation speed between 500 to 800 rpm, welding speed 100 mm/min, and specimens
were welded by rotational speed 500 rpm, 600 rpm, welding speed 125 mm/min.
Additionally specimens were welded by rotation speed between 500 to 700 rpm and
welding speed 150 mm/ min, they shown the same feature tearing were the dominating

ductility fracture with edges lip were shearing or brittle.
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Fig.4-12c,. Macrophoto. fracture (700rpm,75mm/min)  Fig.4-12c,. Macrophoto. fracture (700rpm,75mm/min)
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Fig.4—12d2‘. Macrophoto. fracture (800rpm,75mm/min)

Fig.4-12f;. Macrophoto. fracture (600rpm,100mm/min) Fig.4-12f,. Macrophoto. fracture (600rpm,100mm/min)
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~

Fig.4-12i,. Macrophoto. fracture (500rpm,125mm/min)  Fig.4-12i,. Macrophoto. fracture (500rpm,125mm/min)
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Fig.4-121,. Macrophoto. fracture (800rpm,125mm/min) Fig.4-12l,. Macrophoto. fracture (800rpm,125mm/min)
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Fig.4-120,. Macropﬁoto. fracture (500rpm,150mm/min) Fig.4-120,. Macrophoto. fracture (500rpm,150mm/min)
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4.1.8 Investigations of Photographs Scanning Electron Microscope (SEM):

In term of using SEM for investigations for understood fracture mechanism after done
charpy test, from Figure 4-13 shown the surface tearing of specimens ware welded by
rotational speed 500 rpm, welding speed 75 mm/min and tilt angle 1° it was ductile
fracture with existed the microvoid near the notch also upper side the specimen was more
heating than lower side due to contact with shoulder and pin. Moreover, from Figure 4-14
observed the predominated ductile fracture with existed the fracture and microvoid in the
nugget zone and shown the shear or cleavage in the lower surface of specimen that was
welded by 600 rpm, 75 mm/min and tilt 1°. Also from Figure 4-15, 4-16 shown the type of
tearing close to notch were brittle then propagation fracture in nugget zone by ductile
tearing due to exist semi cleavage and microvoid also the side of specimens tearing as edge
lip of shear fracture these specimens were welded by 700 rpm, 800 rpm, 75 mm/min and

tilt angle 1°. That means, if absorbed energy is high, the specimens have high toughness.

Furthermore, observation from Figures 4-17 to 4-19 that specimens were welded by
rational speed between 500rpm to 700 rpm and constant welding speed was 100 mm/min
and tilt angle 2°, the dominating ductile fracture in nugget zone with existed cleavage and
void, also the upper surface of specimens were affected by more heating due to shoulder
and probe.

Addition, from Figure 4-20 shown the type of tearing as brittle fracture due to less
absorbed energy with existed fracture that specimen was welded by 800 rpm, 100 mm/min
and tilt angle 2°. From Figures 4-21 to 4-24, shown the same surface fracture were
dominated ductile coalescence by edge lip of brittle fracture with exist microvoid in the
nugget zone and seen in the stirred zone onion ring that specimens were welded by 500
rpm, 600 rpm, welding speed 125 mm/min, tilt 3° and specimens were welded by 600 rpm,
500 rpm, welding speed 150 mm/min and tilt angle 4° respectively. That means if

specimens have low absorbed energy, the specimens have low toughness.

85



Chapter 4: Results

Figure 4-13(a —f). SEM Surface Fracture by Parameters (500 rpm, 75 mm/min and Tilt

19.

86



Chapter 4: Results

Figure 4-14(a — i). SEM Surface Fracture by Parameters (600 rpm, 75 mm/min and Tilt 1°).
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Figure 4-15(a- j). SEM Surface Fracture by Parameters (700 rpm, 75 mm/min and Tilt 1°).
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Figure 4-16(a — i). SEM Surface Fracture by Parameters (800 rpm, 75 mm/min and Tilt 1°).
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Figure 4-17(a— j). SEM Surface Fracture by Parameters (500 rpm, 100 mm/min and Tilt 2°).
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Figure 4-18(a — i). SEM Surface Fracture by Parameters (600 rpm, 100 mm/min and Tilt 2°).
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Figure 4-19(a — j). SEM Surface Fracture by Parameters (700 rpm, 100 mm/min and Tilt 2°).
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Figure 4-20(a — i). SEM Surface Fracture by Parameters (800 rpm, 100 mm/min and Tilt 2°).
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Figure 4-21(a — j). SEM Surface Fracture by Parameters (500 rpm, 125 mm/min and Tilt 3°).
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Figure 4-22(a—i). SEM Surface Fracture by Parameters (600 rpm, 125mm/min and Tilt 3°%).
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Figure 4-23(a — j). SEM Surface Fracture by Parameters (600 rpm, 150mm/min and Tilt 4°)
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Figure 4-24(a — h). SEM Surface Fracture by Parameters (500 rpm, 150 mm/min and Tilt 4%).
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4.1.9 Energy Dispersive X-ray Spectroscopy (EDX) Analysis:

Energy dispersive X-ray spectroscopy is a relatively simple yet powerful technique
used to identify the elemental composition of as little as a cubic micron of material. The
equipment is attached to the SEM to allow for elemental information to be gathered about
the specimen under investigation. The technique is non-destructive used for the elemental
analysis or chemical characterization of specimen. Shown in Figure 4-25 (a —€), the SEM
microphotographs and EDX analysis results of the surface fracture after done charpy test

of aluminum 5083 alloy.

The EDX pattern, shown in Figure 4-25(e), in spectrum 1; reveals only existed
aluminum (Al), manganese (Mn) and iron (Fe). The presence of these elements indicates
that the specimen consist of elements present in aluminum 5083 alloy (e.g. Al, Mg).
Observed in the spectrum 1, higher aluminum (Al) by weight percentage was 67.97% and
small number of manganese (Mn) was 11.18%, also observed the existed iron (Fe) was
20.85%. Moreover, from spectrum 2, observed the magnesium (Mg) and aluminum (Al)
are not big different by weight% were 36.11%, 36.54 respectively, also it has silica (Si)
about 27.44%, due to increased temperature during friction stir welding and phase of
precipitation. As the same figure in spectrum 3, SEM and EDX analysis have shown that
they are rich in aluminum (Al) was 80.02% and less amount of magnesium (Mg) and
manganese (Mn) was 2.03%, 7.57% respectively, also it existed iron was 10.38%.
Furthermore, shown in spectrum 4; it has rich of iron (Fe) was 56.63% that caused existed
fracture in specimen and observed less amount of aluminum (Al) and manganese (Mn) was
20.11% and 23.27% respectively. Shown EDX analysis in Table 4-6 .

Shown in Figure 4-25(f), observed in spectrum 5 rich in aluminum (Al) element was
94.92% and small amount of magnesium (Mg) was 5.08% as well as observed in spectrum
6, it has aluminum (Al) 82% and small amount of magnesium (Mg) was 6.60%. Shown
Table 4-7 for EDX analysis by weight% .

Furthermore, shown in Figure 4-24(g), spectrum 7; observed the rich aluminum (Al)
element was 74.26% and small amount manganese (Mn) was 10% also iron about 15.74%.
Moreover, shown in spectrum 8, it was existed rich of aluminum (Al) and iron (Fe) were

38.84%, 34.11% respectively. That means exist the fracture in specimen due to increase
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heating and depended on the phase precipitation, also observed in spectrum 8 existed
manganese (Mn) element was 27.05%.

From Figure 4.25 (h), observed in spectrum 9 existed element of oxygen (O) was
4.56%, magnesium (Mg) was 4.04%, silicon (Si) was 4.048% and small number of
potassium (K) was 0.78 and manganese (Mn) was 0.87% also shows it has rich of
aluminum (Al) was 85.28%. Shown EDX analysis Table 4-7 and shows EDX analysis
chart in Figure 4-25 (i) .

General, The rapid quenching rate contributed to non-equilibrium conditions in the
aluminum base. This led to the formation of new alloy elements and hence changed the
microstructure of the solidified surface layer as well as the chemical composition of the
alloyed surface. The formation of the new alloyed elements was further validated via SEM
examination and EDX analysis. The spectrum of the chemical composition of the coating
material on the Al matrix is shown in Figure 4-25(a — i) and detailed weight percentages
for each element analyzed with EDX spectroscopy are listed in Tables 4-6 to 4-7, the EDX
analysis shows that the chemical composition of the modified surface had changed, which

confirms that a convection process took place during the alloying process.[115]
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! 60pm ' Electron Image 1

Figure 4-25(e). SEM Image and EDX Spectrums 1, 2, 3 and 4

Table 4-6. EDX Analysis of Spectrums 1, 2, 3 and 4 by Weight%

Spectrum | Mg % Al % Si % Mn % Fe % Total
Spectruml 67.97 11.18 20.85 100.00
Spectrum2 | 36.11 36.54 27.44 100.00
Spectrum3 | 2.03 80.02 7.57 10.38 100.00
Spectrum4 20.11 23.27 56.63 100.00

! 60um ! Electron Image 1
Figure 4-25f. SEM Image and EDX spectrums 5 and 6.
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Table 4-7. EDX Analysis of Spectrums 5 to 9 by Weight%

Spectrum 0% Mg %| Si % |Al % |Mn Y Fe %| K% | Total

Spectrum 5 5.08 94.92 100.00
Spectrum 6 6.60 82.00 |11.40 100.00
Spectrum? 74.26 | 10.00 | 15.74 100.00
Spectrum8 38.84 | 27.05 |34.11 100.00
Spectrum9 | 456 |4.04 |448 |85.28 |0.87 0.78 | 100.00

Figure 4-25g. SEM Image and EDX spectrums 7 and 8.
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Figure 4-25h. SEM Image and EDX Spectrum 9.
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Figure 4-25i. SEM chart of EDX analysis of spectrum 9.
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CHAPTER 5: DISCUSSION

5.1 Friction Stir Welding Investigation:

In FSW process, a rotating tool having a shoulder moves along the welding line.
Rotational motion of the shoulder generates frictional heat leading to a softened region
around the pin while the shoulder prevents deforming material from being expelled. In
fact, a weld joint is produced by the extrusion of material from the leading side to the
trailing side of the tool.

During the penetration phase, the rotating tool pin penetrates into the work piece until the
tool shoulder come to contact with the work piece. The plastization of material under the
tool increase with increase rotational speed and with decrease tool traverse speed result the
reduction of vertical force. Also the increase of welding speed of tool will significantly
decrease the temperature of the welded plate; especially in the welding zone of work piece
increase because the heat generation input increased. Heat generation during friction stir
welding arises from two main sources: deformation of material around the tool pin and the
friction at the surface of the tool shoulder. Furthermore, the temperature in advance side is
higher than retreating side because material flow and plastic deformation around tool is

moving from advance side to retreating side.

Regarding to the literature review, it was found [17] the defined (w?/v) as a pseudo heat
index, using experimental view, and discussed effect of that input heat following Equation
(2-1) indicates the relation between maximum temperature during FSW and main friction
stir welding parameters of aluminum alloys. Found the specimen was welded by rotational
speed 800 rpm and welding speed 75 mm/min were the higher maximum temperature
during FSW, it was 410 C° that means when increasing the rotational speed at the same or
constant welding speed led to increasing heat generation during FSW as shown in Table 2-
1. However, observed at specimen by welded by parameters 500 rpm, 150 mm/min that
means gain lower temperature during FSW, it was 378 C°. Also it was found when

increase in speed rate results more heat input [17]. In this cause tool rotation speed is more
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effective than feed rate. As well results in this research, when decrease rotational speed and
increase traverse speed, the heat generation decreased as shown in Figure 2-4.

Furthermore, axial load that measured from experimental work decreases with increase in
rotational speed because that decrease in strength due to temperature increases in

penetration position [117].

According to [80], it was indicated to the zirconica ceramic tool shoulder inset
generated generally 30 — 70% more heat (0.5 — 2 mm wider visual HAZ width) than the
reference hot work tool steel. Also referred to change in frictional behavior has been
evidenced for different welding parameter sets predicting the same theoretical heat input.
Especially, the hard metal tool shoulder demonstrated the same heat generation despite
significant reductions of load or rotation.

In this study by Equation 3-17 as indicate to heat generation during FSW with different
tool’s pin and shoulder that found the shoulder has diameter 26 mm and pin has diameter
5.9 mm, they have higher heat generation during FSW was 1183.2 W at rotational speed
800 rpm with constant welding speed. Otherwise, the shoulder has diameter 13 mm and
pin has diameter 5mm, its lower heat generation that means, the shoulder diameter has big
effect on the generated of heat during FSW than pin diameter as shown in Figure 2-8 and
Table 2-2.

Regarding to analytical model for estimation of the amount of heat generated during
FSW, it was reported [14], that used complex and multi run procedures to find how mach
mechanical energy transferred into heat during FSW, it is necessary to find what
parameters influence heat generation and how much they influence the process. Moreover,
it was indicated [107] to experimentally obtained temperature increase more slowly in
comparison with the numerical results. The reason for this increase is that the left-hand
thread of the tool pin caused the appearance of the “drill effect”. However, from the
moment contact between the tool shoulder and the plates is established. That means, the
heat generated by friction between the work piece and the tool can account for the largest

percentage of the generated heat, also reported when increasing the plunge speed decreases
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the amount of heat generated by friction and increases the heat generated by plastic strains.
In fact, increasing the tool rotation speed increases the amount of heat generated by friction
and decreases the heat generated by plastic strains. Also it was presented [16] that
analytical heat generation estimate correlate with the experimental heat generation, by
assuming either a sliding or sticking condition. For the sliding condition, a friction
coefficient that lies in the reasonable range of known metal to metal contact values is used
in order to estimate the experimental heat generation. In this research , by using correlated
Equations 2-20 to 2-23 and Figures 3- 9 to 3-13, found the maximum heat when used ratio
between diameter of shoulder and pin for each rotational speed 500, 600, 700 and 800 rpm
to find total power generation how percentage heat generation produced by shoulder as

shows in Figures 2-15 and Table 2-3.

Generally, regarding to heat input measurements, there are three approaches that are
followed in indicating the heat input during FSW. The first approach [14] utilizes
computational techniques to predict the heat and temperature distribution during FSW.
Such models are getting more accurate provided that the material thermal behavior is
uniformly defined. The second approach [16] carries out thermal measurements using
thermocouples or other devices like heat camera. The third approach [14] uses the power
and torque measurements to predict the heat input during FSW. One major factor that
contributes to the complexity of the heat input phenomenon is the multiplicity of variables
and factors that are included in FSW. These factors include in addition to the rpm and feed
rate, the z-axis force, the tool geometry, machine efficiency, cooling system, and material
properties. A major difficulty is determining suitable value for the friction coefficient. The
conditions under the tool are both extreme and very difficult to measure. Other
experimental data and numerical models showed that there is a definite increase in

temperature with the increase in the rotational speed.

According to [10], it was presented; a dynamometer has been used to determine the
effects of the FSW parameters and tool geometry on the forces and torques generated
during processing. Also reported, the down force Fz experienced by the FSW tool

increased with the plunge depth selected for the welding operation and the horizontal
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forces Fx increased significantly with the traverse speed, but much less with the rotation
speed of the FSW tool. Moreover, the torque T developed during welding increased
significantly with the rotation speed of the FSW tool, and was almost independent on
traverse speed. Also as expected the use a larger FSW tool shoulder diameter caused
higher torques to be developed during welding, the effect being significantly greater than

that from increasing the tool center pin diameter.

Referred to [102], it was indicated that metallurgical observation reveals that tilt angle
of stir tool affects the metal patterns which include two direction flows. One is the bottom
flow and second is surface flow, therefore, Vertical tool angle has affected the location of
assemble point of both flows. Increment of push angle made the points upwards or outside
of plate surface. This flow might be effective vanishing defects.

In this study, used four tilt angles, 1°, 2°, 3° and 4° with different FSW parameters, and
observation when change the tilt angles to large angles, the penetration of tool to be more
less depth in work piece at the same force, also the force in the retreating side is quite
large, it produced the more heat generated in this side if neglected the rotational speed and

traveling speed.

5.2 Microstructure Characterization:

It was indicated [109], the first trial to classify the FSW weld microstructure for
aluminum alloys were divided the FSW microstructure into four distinct regions, which
are: HAZ, TMAZ, WN, and base metal. However, various studies indicated that this
classification is not typical for all aluminum alloys, for different metals, or even for the
same material. Various features were observed, such as the existence of the concentric
rings (onion rings) within the WN, appendages extending from the top of the WN, as well
as "banded structures” extending from the base of the WN. In fact, the term weld nugget
was recently replaced by the Stir Zone (StZ) in most literature referring to the zone in the
weld that was previously occupied by the tool pin. The geometry of these zones is totally

dependent on the process parameters.
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It was reported [113], that the nugget zone is characterized by a relatively
homogeneous microstructure, with small; equiaxed grains (mean size 5 — 10 pum). This
zone is almost totally re-crystallized, with little or no inter-granular deformation. In the
case of the conical shape pin no onion type rings are present, while in the case of the screw
type pin this type of structure is clearly evident. Furthermore, the microstructure of the
advancing side is generally characterized by a sharp boundary between the nugget and the
TMAZ (Figure 2-16). Close to the nugget the microstructure of the advancing side consists
of small, relatively equiaxed grains (mean grain size 5 — 10 um), whereas the TMAZ, close
to the weld nugget, has larger, elongated grains (mean grain size 14 — 20 um), while the
retreating side of the FSW joint has a more complex microstructure, with generally no
clear boundary between the nugget and the TMAZ (Figure 2-16). Although towards the
nugget side a smaller grain size than the TMAZ can be found, a number of large grains are
also included. Close to the weld surface and inside the TMAZ a large number of grains

with low angle boundaries are evident.

Regarding to ref. [36] , that explained the shape of the friction stir zone transformed
from basin shape to elliptical as the traverse speeds increased owing to increased
deformation. The size of the friction stir zone gradually decreased with the increase in the
traverse speed on both the FSW alloys due to the increase in the rate of deformation,

leading to widening of the friction stir zone.

In the current study, aluminum 5083 alloy, 6.2 mm thick sheets were FS welded. The
classification of the weld zone macrostructure divides it into four distinct regions (Fig. 2-
16), which are: the heat affected zone (HAZ), thermo-mechanically affected zone (TMAZ),
and stir zone (SwZ). By investigating the macrostructures of all the weld conditions, the
thickness (t) of the SwZ increased with the increasing in the welding speed, and decreasing
the rotational speed (rpm) discretely too. That means, microstructural analysis indicated no
expansion in the size of the heat affected zone with reduced travelling speed.
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5.3 Fracture Surface Analysis:

It was reported [37], that metals tend to fail by one of two mechanisms, micro void
coalescence or cleavage and micro void coalescence is the more common fracture
mechanism where voids form as strain increases, of the two fracture mechanism cleavage
involved for less plastic deformation ad hence absorbs for less fracture energy. Also the
notch serves as stress concentration zone and same materials are more sensitive towards

notches than other the notch depth and tip radius are therefore very important.

According to ref. [118], it was presented in case of the round V- notch charpy test; the
initiation of the crack propagation was strongly influenced by the shape of the notch tip.
When the notch tip had a smooth circular geometry, the initiation of crack was

significantly delayed.

In current research, features of the surface tearing give us inform action about the
mechanism of crack growth and also about the nature of the crack or defect from which the
fracture nucleated. For deep understood fracture mechanism used macro photographs and
scanning electron microscope images to explain behavior of failure. As the results, macro
photographs and SEM analysis on the surface fracture shown the type and mechanism
fracture for specimens that welded by various FSW parameters and found the relationship

between fracture mechanism and absorbed energy.

From Figures 4-1 (a — o) for relationship between load- time curve that observed the
largest maximum load of all specimens was 4.52 KN in specimen was welded by rotational
speed 800 rpm, welding speed 75 mm/min and tilt angle 1°. Also from Figures 4-3 and 4-4,
observed the optimized FSW parameters for welded Al5083 were 600 rpm, 700 rpm and
100 mm/min, 125 mm/min. In the fact, the largest area under the curve, it has high impact

energy and toughness also less area under the curve, it has low toughness.

From Figure 4-5(a — 0) for energy- time curve, it observed the test specimen continues
to absorb energy and work hardens at the plastic zone at the notch. If the specimen cannot

absorbed more energy, fracture occurs. Moreover, the specimen less absorbed energy
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undergoes cleavage (often referred to as brittle) fracture, otherwise, if the specimen high
absorbed energy undergoes ductile fracture and it has high toughness. Also brittle fracture
is low energy fracture and ductile fracture is a high energy fracture. Moreover, the impact
energy decreases with decreasing temperature as the yield strength increases and the
ductility decrease. If material has sharp ductile to brittle transition, the material has poor

toughness.

From Figure 4-5d and 4-5h, the maximum absorbed energy was between 17 J and 24 J
in specimen was welded by FSW parameters 700 rpm, 800 rpm and welding speed 75
mm/min, 100 mm/min also specimen that welded by rotational speed 500 rpm and traverse
speed 125mm/min and from figure 4-6 observed the optimized maximum impact energy
was between 21 J and 22 J with heat index between 4 rev/mm and 7 rev/mm.

According to consumption energy per time dE/dt and heat index (w/v) observed the
impact energy per time changed by change the rotational speed and traverse speed (w/v).
from Figure 4-7 observed the optimized consumption energy per time was between 17
KJ/sec and 19 KJ/sec with heat index 6 rev/mm to 8 rev/mm. as shown in Table 4-4.

From Figures 4-10 (a — 0), energy - stress curve observed the specimens have
maximum absorbed energy, that have maximum stress. Furthermore, the optimized
maximum stress was between 26 N/mm? and 28 N/mm? with heat index, w/v was 5
rev/mm and 7 rev/mm. That means, if the stress increased, the absorbed energy increased
which high absorbed energy that has high toughness.

In the fact, the presence of notch on the surface of the fast area of the specimen creates
a concentration of stress or localization of strain during charpy impact test. The effect of
the localized strain at the base of the notch causes the specimen to fail through the plane at

relatively low values of energy.

5.3.1 Micro photograph Investigation:
Since the focus of the rest is on digital imaging [119], it was seemed fitting that we
should define exactly what is meant by digital imaging technology. Digital imaging

systems can use image analysis technologies for easy, accurate, and precise measurement
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of percent shear fracture area. These systems generally consist of a camera, lens, lighting,
data acquisition software, and image analysis software. Percent shear measurement via this
method involves capturing the image of the fracture surface, outlining the brittle area, and
outlining the outside region of the fracture surface. The software automatically integrates
the areas to determine surface fracture analysis (SFA). Furthermore, to demonstrate the
precision of the digital imaging system in a typical shear area application (without using
precision-made tooling such as the reticule), the digital imaging system was used to
measure the percent shear drawing of a Charpy bar with areas drawn which give 20%,
40%, 60%, and 80% shear. Also used digital imaging systems to determine the simulated
percent shear areas. The brittle areas were denoted by the inner square or circle center,
while the ductile areas were defined by the remaining outer area. Both square and circles
were used to simulate the various contours outlined on a typical Charpy bar

As the finding in this research, observed in micro photograph, the specimens were
fracture by one of two fracture mechanism, micro void coalescence or cleavage. Micro
void coalescence is common fracture mechanisms where voids form. And second fracture
mechanism is cleavage involved far less fracture energy. If the material was break on a flat
plane tearing, the fracture was brittle, and if material was break with jagged edges or shear
lips, the fracture was ductile. As comparing the fracture mechanism, type of fracture
surface was dull to flat tearing areas that gave an estimated the percentage of ductile to

brittle ratio.

From Figure 4-12 (a — j), observed the appearance of fracture was dominated dull
(ductile fracture) and it has maximum adsorbed energy. From Figure 4-12b;, shown two
type of fracture, one was brittle fracture about 15% and second was ductile fracture about
85% also absorbed energy in this specimen was 14.22 J. From Figure 4-12k; observed the
appearance ductile tearing, it was 50% ductile and 50% brittle fracture. In this specimen
has absorbed energy been 18.24 J. Furthermore, from Figures 4-12k,, 4-121, observed the
predominated ductile fracture about 80% dull tearing and 20% brittle fracture, this
specimens have absorbed energy 14 Jto 17 J. Addition, from Figure 4-12l;, observed the
60% brittle fracture and 40% ductile tearing that has 13.39 J of absorbed energy.
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5.3.2 SEM and EDX analysis:

As the results, for deep understood behavior fracture mechanism used the SEM. From
Figure 4-13 shown the surface tearing of specimen was welded by FSW parameters 500
rpm, 75 mm/min, it observed the ductile fracture with micro void near the notch also upper
side the specimen was effect by extra heating than lower side. Also from Figure 4-14
observed the predominated ductile fracture with existed fracture and micro void in the
stirred zone also existed shear in lower surface. That specimen welded by FSW parameters

600 rpm and 75 mm/min.

From Figures 4-15, 4-16 observed the brittle tearing closed to notch then propagation
fracture in stirred zone by ductile tearing due to existed semi cleavage and micro void.
Inside specimen existed tearing as edge lip of shear fracture. This specimen was welded by
700 rpm, 800 rpm and welding speed 75mm/min. moreover, from Figures 4-17, 4-18
observed the dominated ductile fracture in the upper surface affect by high temperature due

to contact of shoulder.

From Figure 4- 20 observed the tearing surface by brittle fracture due to less absorbed
energy with existed fracture in the specimen that welded by parameters 500 rpm and 100
mm/min. Furthermore, from Figures 4-21 to 4-24 observed specimens have same surface
fracture were dominated ductile coalescence by edge lip of brittle fracture with existed
micro void in the nugget zone also shown the onion ring that specimen welded by

rotational speed 500 rpm, 600 rpm and welding speed 125 mm/min and 125 mm/min.

According to energy dispersive x-ray spectroscopy (EDX) analysis is a relatively
simple technique used to identify the element composition of a little as cubic micron of
material. From Figure 4-25e, spectrum 1 observed the existed aluminum (Al) was 67.97%
by weight% and small number of manganese (Mn) was 11.18% and iron (Fe) was 20.85%.
From spectrum 2 observed existed elements magnesium (Mg) was 36.11%, aluminum (Al)
was 36.54%, silicon (Si) was 27.44% that existed due to increased temperature during
FSW and phase precipitation. Also shown in spectrum 3 rich aluminum (Al) was 80.02%,

and less amount of magnesium (Mg) , iron ( Fe).and manganese (Mn) were 10.385, 2.03%
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and 7.57% respectively. Moreover, from spectrum 4 observed existed rich iron (Fe) was
56.63%, and aluminum (Al) was 20.11%, manganese (Mn) was 23.27% as shown EDX
analysis in Table 4-6.From Figure 4-25f observed rich aluminum (Al) was 94.92% and

small amount of magnesium (Mg) was 5.08% as shown in Table 4-6.

From Figure 4.25h observed in spectrum 9 the existed element of oxygen was 4.56%,
magnesium was 4.04%, silicon was 4.04% and small amount of potassium was 0.78%,
manganese was 0.87% with observed rich of aluminum was 85.28% as shown in EDX
analysis Table 4-7 and shown in Figure 4-25i for EDX analysis chart.

In fact, the aluminum 5083 alloys are homogenous that means the all component
elements distribution as the same in the all specimens but due to increase heating during
FSW and phase precipitation causes the change of microstructures and chemical properties.
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CONCLUSION

This research, an attempt has been made to understand the influences parameters of
friction stir welding (FSW) as rotational, travel speed and tilt angles on the fracture
resistance in aluminum 5083 alloy by tested specimens by charpy impact test. Fifteen
different sets of parameters were used to fabricate the joints, while one type of geometry
concerning the welding shoulder and pin were used. The main conclusion obtained in this

research can be summarized as follows:

» Regarding to heat generation during FSW, that divided into two parts; frictional heat
generated by the tool and heat generated by material deformation near the pin and tool
shoulder region. Furthermore, it is a complex process of transformation of specific
type of energy into heat and it is difficult to estimate the temperature inside the weld
affected zone during the welding, but it can be estimated probably maximum
temperature during FSW on surface work piece by analytical procedure, this process
is very complex because it includes a significant number of variables and parameters
or estimate heating during FSW by modeling process or experimental work as
thermocouples or infrared camera. Heat generated from shoulder surface and pin tool
have a relevant influence both on the metal flow and on the heat generation due to
friction forces. Therefore, the shoulder contributes of the major friction to generated
heat during FSW and heat generated from probe tip is negligible compared with the
total heat generation.

» As finding, by used analytical procedure, the material alloy specimen was welded by
parameters rotational speed 800 rpm, travel speed 75 mm/min and tilt angle 1°, it has
maximum temperature during FSW was 410 C° and low temperature in specimen that

welded by rotational speed 500 rpm and welding speed 150 mm/min was 378 C°.
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» As shown in relationship between the rotational speed and maximum temperature,
when increase the rotational speed, the temperature will be increased. Also when the

traversing speed is increased, the maximum temperature will be decreased.

> Estimation welding force during FSW is difficult when the axis of the welding tool is
horizontal due to the geometry of the FSW process. When the axis of the welding tool
is vertical the estimation of the welding force is less complex then it is horizontal.
However, the estimation force and friction coefficient by torque. Furthermore, it can
be estimated temperature during FSW by an infrared camera or by thermocouples
embedded at specific spots in work pieces the infrared camera catches thermal images
of surface captured by the camera frame, but the temperature in the depth of work
pieces and welding tool cannot be estimated.

» From the previous researches are reported in the literature review, it is clear that
microstructure plays a vital role in the improvement of the mechanical properties of
aluminium alloy. Friction stir welding process generates three distinct microstructural
zones that result from the welding process as following: nugget zone also known as
the dynamically recrystallized zone (DRZ) where the tool piece pin passes into this
zone and by experience, it has high deformation and high heat, generally consists of
fine equated grains due to recrystallisation, the thermo mechanically affected zone
(TMAZ) and the heat affected zone (HAZ), all zones together are called welding zone.
The shape of the friction stir zone transformed from basin shape to elliptical, due to
the increased deformation at increased traversing speeds. The size of the friction stir
zone gradually decreased with the increase in the traverse speed in the FSW alloy due

to the increase in the rate of deformation, leading to widening of the friction stir zone.

> In terms of mechanical and failure properties, selected charpy impact test to measure
the absorbed energy caused the failure specimens. Also used as an economical quality
control method to determine the notch sensitivity and impact toughness of engineering

material. Fracture is caused by the growth of on existing crack (\V-notch). As finding,
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less energy absorbed during the fracture surface is brittle, if the absorbed energy is

higher, the tearing is ductile fracture and material alloy has high toughness.

» A fracture surface produced by ductile fracture is extremely rough which indicates
that a great deal of plastic flow has taken place; also ductile crack growth involves
excessive plastic deformation which consumes a lot of the energy associated with the
applied stresses. On the other hand, brittle crack growth proceeds with little plastic
deformation where cracks grow rapidly. Brittle fracture is flat and do not show

evidence of plastic deformation.

> As results, the higher average absorbed energy was 23.25 J from specimens that
welded by parameters 800 rpm, 75 mm/min, 100 mm/min and tilt angle 1°, 2°. That
means the material alloy absorbed high energy; it has high toughness and dominated

ductile failure.

» The optimized consumption energy per time dE/dt in material specimens were welded
parameters of heat index between 6 rev/min and 8 rev/min, also when stress increase,

the absorbed energy increase.

» According to relationship between load- displacements, the material specimen has
biggest area under the curve, it has high toughness. These alloys were welded by 600
rpm, 700 rpm, welding speeds 100 mm/min, 125 mm/min, tilt angles 2° and 3°.
Otherwise, less area under the curve that means the material specimen has low

toughness.

» SEM — EDX, used for detected fracture and micro void to deep understood of fracture
mechanism that found the existed of almost specimens microvoid and dominated of
ductile tearing on surface fracture with coalescence inside edge shear lips and EDX
analysis to indentify the element composition as little as a cubic micron of material

surface fracture that found the rich aluminum about 80% by weight and sufficient of
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elements distribution in alloy as Mg, Mn, Si and Fe, that means, the material alloy is

homogenous.

» As the results, the optimized parameters of friction stir welding for welded aluminum
5083 alloy is heat index, w/v 5rev/imm and 7 rev/mm. and tilt angles 2° and 3°. That
means, the welding zone of alloy was welded by this FSW parameters, it has high

resistance fracture.

> Finally, In future work repeated tested the same material alloys (Al 5083) by heat
index between 5 rev/mm and 7 rev/mm and by another mechanical properties testing,
like tensile test and microhardness for precisely restricted the optimized FSW

parameters for welded aluminum 5083 alloy to gain high toughness in welded joints.
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HpwuJor 1.

N3jaBa o ayropcTBY

[Tornucanu-a Abnacanam M Epamax
Opoj ymuca J144/09
N3jaBbyjem

Jla je TOKTOpCKa ArcepTallija moj HacJIOBOM

YTUILIAJ TTAPAMETAPA ®PUKITMOHOI' 3SABAPUBAHA HA
MEIITAKBEM OTIIOPHOCT HA JIOM 3ABAPEHOI" CITIOJA JIET'YPE
Al 5083

e J1a TIpeJIOKEHA JTMcepTalvja y eIMHU HU Y JIeJIOBUMa HUje Ouia peaio’keHa 3a
nobujame OWII0 KOje JAMIUIOME IpeMa CTYAHJCKHUM [porpamMuma JIpyrux
BHCOKOIIKOJICKUX YCTaHOBA,

¢ J1a Cy pC3yJITaTu KOPECKTHO HABCACHHU U

e J1a HHMCaM KpILKO/JIa ayTopcKa MpaBa U KOPUCTHO MHTENEKTYaIHY CBOJUHY JIPYTHX
JULa.

IMoTnuc 1oKTOpaHaa

VY Beorpany, 19.11.2013.
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Ipuior 2.

M3jaBa 0 HCTOBETHOCTH IITAMIIAHE U €JIEKTPOHCKE Bep3Hje JOKTOPCKOT
paaa

Wwme u npe3ume ayropa Abnacanam M Epamax

Bbpoj ymuca J144/09

Crynujcku nmporpam

Hacnos paga Y TULIAJ ITAPAMETAPA ®PUKITMOHOI" 3ABAPHUBABA
MEINAKBEM HA OTIHOPHOCT HA JIOM 3ABAPEHOI
CIIOJA JIET'YPE Al 5083

MenTop ITpod. ap Anekcannap Cenmak

TloTnucauu AoOmacairam M Epamax

u3jaBJbyjeM Jia je LITaMIlaHa Bep3uja MOI JIOKTOPCKOI pajia MCTOBETHA EJIEKTPOHCKO]
BEp3HjU KOjy caM Tpeao/na 3a 00jaB/buBamke HA MopTary JururajHor peno3uropujyma
Yuusep3urera y beorpany.

Jlo3BosbaBaM Aa ce 00jaBe MOjH JIMYHHU MOJAIM BE3aHU 3a JOOHjame aKaJeMCKOT 3Bambha
JOKTOpa HayKa, Kao IITO Cy UME W Mpe3nMe, TOJAMHA U MEeCTO poliema U JaTyMm oja0paHe
pana.

OBu MYHM MOAANK MOTY ce 00jaBUTH Ha MPEKHUM CTpaHUIlaMa TUTHTaTHEe OMOIHOTeKe,
y eNIeKTPOHCKOM KaTajory u y nmyonaukanujama YHuBep3utera y beorpany.

IMornuce 1okTOpanga

V¥ Beorpany, 19.11.2013.
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IpwuJor 3.

N3jaBa o kopumhemwy

Osnamhyjem YHuBep3uTeTcKy OuoOmmoreky ,,CBerozap MapkoBuh™ na y Jlururamau
perno3uToprjyM YHHUBep3uTeTa y beorpamy yHece MoOjy JOKTOPCKY AMCEpPTAIHjy MOJ
HACJIOBOM:

YTUIIAJ [TAPAMETAPA ®PUKITMOHOI' 3ABAPUBAIHLA MEITABEM
HA OTITIOPHOCT HA JIOM 3ABAPEHOI" CIIOJA JIET'YPE Al 5083

KOja je MOje ayTOPCKO Jeo.

JlucepTaiyjy ca CBUM MPUIIO3UMA MpeAao/aa caM y eIeKTPOHCKOM (hopMary MOroJHOM 3a
TPajHO apXUBUPAE.

Mojy TOKTOpPCKY QUCEpTallljy MoXpameHy y JJururaaHu peno3utTopujyMm Y HUBEp3UTETa y
Bbeorpangy mory na xopucTe CBHM KOjU TOILITY]y oApende caapxaHe y ogabpaHOM THUIY
munenie Kpeatusue 3ajeqnuiie (Creative Commons) 3a K0jy caM ce OJJIy4Ho/Ta.

1. AyropcTBO

2. AyTOpCTBO - HEKOMEPIIUjaTHO

3. AyTOpCTBO — HEKOMEPIIHjaTHO — O6€3 TIpepajie

4. AyTOpCTBO — HEKOMEPIIM]AJTHO — AECTUTH IO UCTUM YCIOBUMA
5. AytopctBo — 6€3 mpepaje

6. AyTOpCTBO — AEIUTH MOJ UCTUM YCIOBHMA

(Monumo aa 3a0Kpy)XHUT€ camMO jeqHy OJ LIeCT MOHYheHMX JHIeHIH, KpaTaK OIHC
JIMIICHIIN JIaT j€ Ha TOoJIehuHH JTHCTa).

HHornuc 1oxkTopanga

VY Bbeorpany, 19.11 .2013.
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1. AyropctBo - J[03BoJbaBaTe YMHOXaBAbE, JUCTPUOYIIU]Y M jJABHO CAOIIITABAKE JeiIa, U
mpepazie, ako ce HaBeJle MMe ayTopa Ha HauuMH ojpeheH o cTpaHe ayTopa WM JaBaolia
JIMIICHIIC, YaK U y KoMepuujaiHe cBpxe. OBO je HajcI000IHH]ja O] CBUX JIMIICHIIH.

2. AyropcTBO — HeKoMeplHjanHo. /[03BosbaBaTe yMHOXaBame, JUCTPUOYIH]Y U jaBHO
caomITaBame Jelia, U mpepaje, ako ce HaBe/le MME ayTopa Ha HayuH onpeleH oJ cTpaHe
ayTopa WwiH JaBaona jguieHie. OBa JIMIeHIa He I03B0JbaBa KOMEPIIHjaliHy yrnoTpeOy aena.

3. AyrtopcTBO - HekoMmepuMjatHO — 0e3 mpepange. Jlo3BospaBaTe yMHOKaBame,
TUCTPUOYIIM]Y U jaBHO CaoNIlTaBame jena, 0e3 mpoMeHa, mpeoOIuKoBama Uiu yrnoTpede
Jie7la 'y CBOM JIeNly, aKO Ce HaBeJle MMe ayTopa Ha Ha4MH oapeleH o1 cTpaHe ayTopa Wiu
nasaona juueHe. OBa JMIIEHIIa HE J03BOJbaBa KOMEPLUjAIHY yIoTpedy Jena. Y oaHocy
Ha CBE OCTaJIe JIMIIEHIIe, OBOM JIMIIEHIIOM ce OrpaHuyaBa HajBehu oOuM npasa kopumrhema
aena.

4. AyTOopcTBO - HEKOMEPIHMjaJIHO — JIeJIUTH I0J HCTUM YycioBuma. Jlo3BospaBate
YMHO)KaBame, TUCTPUOYIM]y U jaBHO CAOMILITaBamke Jeja, U Mpepaje, ako ce HaBeIe MMe
ayTopa Ha Ha4MH onpeleH o] cTpaHe ayTopa WM JaBaolla JIMLEHIIC U aKo Ce IMpepaja
mcTpuOynpa TOA WCTOM WM CIWYHOM JHneHoM. OBa JHIEHIIa HE J103BOJbaBa
KOMEpIIHjaJIHy YIoTpeOy Aena u mpepaja.

5. AyropctBo — 0e3 mpepazne. Jlo3BosbaBaTe yMHOXKaBame, AUCTPUOYLHU]Y U JaBHO
caolITaBame Jena, 0e3 MpoMeHa, NpeolINKoBamba WK YIIOTpede Jiena y CBOM JeNy, ako
ce HaBeJe MMe ayTopa Ha HauuH oapeheH o crpaHe ayropa wim naBaona juneHne. OBa
JIMIICHIIA JI03B0JbaBa KOMEPIMjaliHy yroTpely aena.

6. AyTOopCcTBO - AETUTH MOJ UCTUM YycioBUMA. Jl03BoJbaBaTe YMHOXKABAWHE, TUCTPUOYIIH]Y
W jJaBHO CaoIITaBame Jelia, ¥ mpepase, ako ce HaBele UMe ayTopa Ha Ha4uH oJpeheH o1
CTpaHe ayTopa WJIM JaBaolla JHIICHIIE W aKO ce Mpepafa TUCTpuOyupa MoJ HUCTOM MU
cimyHOM JuteHoM. OBa JIMIIeHIIa J03BoJbaBa KOMEPIIMjaIHy yIIOTpeOy Niena u mpepasa.
Crnuuna je copTBepCKUM JHIIEHIIAMa, OJJHOCHO JIUIIEHI[aMa OTBOPEHOT KOJa.
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