tal to be welded. One method of SSW is friction stir
CHARACTERISTIC g (FSW), by utilizing the heat generated by friction
een the rotating tool and the workpiece to beneid. This

FR I CTIO N STI R WE |G) Iﬁging occurs due to stirring of the interface area on the two

sides of the workpiece which begins to soften. In friction stir

WELD JOI NT OF AA Bm\l welding there is no melting and solidification process, so there

will be no shrinkage or hot crackinfang 1998] Fction

I N ITIAL TEM P E RATU Ifing has many advantages over fusion welding techniques,

se the process temperature remains below the melting
D I F F E R E N C;Ent of the material being welded, no gas shielding is required,
lew distortion and low residual stres€dok 200 FSW is an
SUGIARTOI!], MOCH. SYAMSUL MA’ARIFIL HELMY ~ €N€BY efficient process. Which does not produce smoke, arc

PURWANTO[2! WAYAN JORSA ERY MAHENDRAL! Hizkia  1ash, or spatter. Because the metal joining process occurs
’ OS’WARIIU without melting (solidstate process), the hydrogen diffusion is

) ) ) . . _low to minimize the occurrence of hydrogen induced cracking.
fIMechanical Engineering Department, Brawijaya Universitggyy s the masignificant development in metal joining. FSW
Mayjend Haryono Street 167, Malang 65145, Indonesigequires lower energy and can be applied to various types of

[@Mechanical Engineering Department, Universitas WahitPints such as butt joints, lap jointd, joints, and fillet joints

. . [Mishra 2005.
HasimMenoreh TengalStreetX/22, Semarang, Indonesia In particular, FSW is suitable for joining metals that have low

DOI: 10.17973/MMS).2023_03_2022094  mojten weldability, such as aluminum alloys. This is because
e-mail: sugik_mlg@ub.ac.id the heat generated in the FSW process is concentrated and
syamsulm@ub.ac.id does not reach the melting point of the material to reduce the
ossibility of deformation. Several welding parameters that
nfluence theFSW process are rotational speed (spindle speed),
feed rate (transverse speed), the amount of tool pressure on
the workpiece, the characteristics of the material to be joined,
and the dimensions of the material. Friction welding is an
interaction of a segs of thermodynamic processes which is the

f ) butt oINS ing thi the hiah accumulation of several parameters such as heat input, cooling
orm IS a square butt jointSy using this approactne NIger .0 - eta flow and  deformation, recrystallization and

the Tf.)’ with the FS\.N parameter being kept consta_mt, prOOIUCqntegration of mechanical joints [Sakano 2Q0MWhile the
the higher the welding peak temperature and cooling rate, thechemical composition of aluminum ayls in friction welding has
smaller and smoother the metal grain structure in the weld_ . . P, . :

) important role m determining weld properties [Ravikumar
nugget, TMAZ and HAZ, the higher the hardness of the we P g prop [

) . . 13.
nugget and the higher the tensile strength eventoughelding n the FSW process, welding energy is used to raise the
defects in the form tunneling, kiss bond, and void are stil '

emperature of the metal from the initial state to the solid

Friction stir welding (FSW) is a solution to overcome the
problems of AA 6061 weldingVvhen the initial temperatureTy
of the material is increased during th&W process while the
FSW procss parameters are kept constatiten FSW welding
parameter valuecan be éwered To was varied by Jom
temperature, 50°C, 75°C, 100°C and 125C. The weld jointlesign

observed KEYWORDS state temperature (preheating). The meltingmperature of
. . S aluminum A6061T6 is around 660C [Surdia 2000 The energy
friction stir welding, initial temperature {To), AA 6061 weld required in the FSW welding process is proportional to the
characteristics

sensible heat of the metalhich isdepend onof mass, heat
capcitancy and temperature differenc&SW heat is obtained
1 INTRODUCTION from the heat due to friction between the rotating tool and the
Aluminum alloy is a type ofom-ferrous metal, widely used in Workp!ece and the pressure ex_ertt_ad_ by the tool on the
' workpiece. If the TO of the material is increased, the sensible

he transportation in r h r ntainer . o . . .
the transportatio dustry such as aerospace, containe heat to change the solid material into a sedithte will certainly

automotive and marine vessels because of its advantages | . . .
9 cpecreae. If the sensible heat required for the material to go to

termS.Of strgngth, lightweight, fatigu_e_ resistance, and higr}he solidstate decreases, the energy required in the FSW
corrosion resistancejusun 2014][Fratini 2@)[Hassan 2003 Jprocess should also be fower. However, if the FSW process

Acgordmg to W_wyosumarto (2004), al_u_mlnum alloys have lo rt)arameters are kept constant and have reached the ssilidie
fusion weldability because the specific heat and high he

- . o emperature while he initial temperature of the material is
conductivity of aluminum make it difficult to heat or melt only a. . . . .
. " L increased, excess heat will be generated which will result in
small part of the welding area. In addition, the heatfusion

. ; . . . excessive softening or even melting of the metal. Raising the
welding is generally high which can cause excessivé

. . ._room temperature above room temperature will accelerate the
deformation of the aluminum alloy and can cause heat crackin : . " _
. . X orkpiece to reach a solistate condition and reduce dT =

and embrittlement of the weld area. According to Mishra

(2005), conventional fusion welding such as GTAW and GMalfoid siae— To) which means it will reduce energy requirements

is not recommendedor welding aluminum alloys, due to the In"the fiction stir welding process [Sugiarto 2§2The heat

unavailability of suitable filler metal and prone to cracking dueqenerated by friction and plastic deformation that is too high

to differences in freezing due to chemical composition. This jgan cause the weld joint to experice a thermal softening

corroborated by the statemenfBiradar 2012] [Ericsson 2003] effect, which cause_s t he HAZ strength to be Iov_ver than that of
- T ) the base meta[Fratini 2009] [Peng 2018Increasing the dof
that fusion welding is dficult to apply to aluminum alloys,

because it tends to produce defects such as porosity, craclys]e material in the FSW process can reduce welding energy

during solidification and brittleness of the weld area. réquirements and can affect the quality of theld.
The solution to this problem is the method of joining aluminum
alloys in soliegstate conditions. Salistate welding (SSW) is a
welding process carried out below the melting point of the
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2 LITERATURE REVIEW carried out after thered sufficient heat to reach a temperature
Friction welding is a metal joining process without meltingf @round 0.80.9 Tc (melting point) of the base metal and then
(solidstate process). Solistate welding is a welding process the _tool or workplece is moved to follow t_he v_veldlng line. The
that produces coalescence at temperatures below the meItingf“Ct'_‘"T stir welding process can be seen in Figuabdve _
point of the base metal being joined. This pess involves nfrlctlon stir weldlng,rlle7 terms retreatlng side and advancing
limited diffusion and deformation to produce joints between Side are known. According to Colligan quoted by Terry (2005),
like and dissimilar metals [ASM 1995riction welding has the advancing side is an area where the movement of the
several advantages over fusion welding, such as the processigterial stirred by the tool is in the direction of the welding
done mechanically so it does not require electrical enevgy dlrectlon while the retreating sidés the opposne.. According to
energy from gas combustion. Because the metal joining proceddishra (2005) the movement of the tool will dredge and
occurs without melting (soligtate process), then the hydrogen deform t.he advancing side area intensely and the materllal vylll
diffusion becomes low to minimize the occurrence of hydroger?® Plastically deformed and then flow on the retreating side in
cracking (hydrogen induce cracking). And more importantlyth® opposite direction. _ o
this wdding is effective for joining metals that have |0WAccqrd|ng to Mlshr@OOS), the greatest hea}t in the friction stir
weldabilities such as neferrous metals, nosferrous alloys, Welding process arises from surface friction between the
sulfurized stainless steel type 416, martensitic stainless steefghoulder and the workpiece. While the friction between the pin
and others. and the workpiece does not generate significant heat.
Friction stir welding (FSW) is a friction welding method thaRR@amanickan (2016) said that theat input is also influenced
utilizes heat generated by friction between a rotating tool andPy the coefficient of friction, compressive force, pin and
the workpiece to be joined. This joint occurs due to the stirringhoulder diameter and rotational speed as follows:

of the two sides of the workpiece (interface area) which has

begun to soften. Tang (1998) explains that in friction stir —EnF (D- +D W)

welding there is no melting and solidification process, so there™ o'~ N\=i = =0 B

will be no shrinkage or hot cracking. According to Me53|e\r/\/here:
(2004), FSW is a friction welding technique, in which the obje(é

to be welded is held until heat is formed from the friction of the
workpiece with a rotating tool and also from the pressure
applied.

According to Bhate and Bhatwadekar (2016), friction sti
welding is used for joining plastic materials in different ways.
The rotating norconsumable tool holder is pressed against the
material © be welded. In the center of the tool holder is a pin
or probe. The joint will result from the joining of plastic
materials due to the heat generated from the friction between

= Heat input FSW (J/m)

= Coefficient of friction (Aluminium 0,47)
A = Compressive force (N)

Di = Pin diameter (m)

= Shoulder diameter (m)

= Rotational speed (radian/det)

From the above formula, it can be seen that the compressive
force (k), pin diameter (B, shoutler diameter (), and
rotational speed of the spindle

the tool apd the parts of t.he two materials th.aF are n contact. relationship with the heat generated (Q). When the value of the
The rotating ool holder will move along the joint line. One of . . : .
compressive force, pin diameter, shoulder diameter, and

the keys in FSW is the amount of heat created due to friction , " . L .
. . rotational speed of the spindle is increasedwitl cause an

between the workpiece and the rotating tool. The heat. . . e .
.jncrease in the resulting calorific value and vice versa.

generated must be high enough to soften the material so that 4 L . : . .
- . . - In the friction stir welding process, the energy required in the
can be stirred by the pirThe optimal temperature produced in . . .
Y . . welding process is the energy used to raise the temperature of
FSW welding is between &% of the melting point of the - : .

. . the metal to be joined so that there is a change fraslidsstate
material to be welded, so that welding defects can be ; . . . :
minimized Chao 2008 to solidstate. This welding heat will be able to raise the

temperature of the metal from the initial condition {jTto the
solid-state temperature (Joiid stard- FOr the softening process to
occur, pressure is added to the frictional area. Téreergy
required in the FSW welding process is proportional to the
sensible heat of the metal, namely E = m.Cp. dT with d¥om (T
state — To). This energy is obtained from the heat due to friction
between the rotating tool and the workpiece and the psage
exerted by the tool to the workpiece. Sensible heat to raise the
temperature from the initial temperature to the sohstate
temperature is formulated as follows:

Downward force Welding

Tool Rotation

Friction Stir
Welded Region

\. < : N _
Retreating _.( Aj/ s E= medT -
Ses —— Where:
Figure 1. Friction Stir Welding Proceddlighra 200% E = Sensible heat (J)
m = Mass of material to be converted to solid state (kg)

The working principle dFSW consists of several stages, such a = The specific heat of the material to be joined

the preparation and installation of the welding tool (chisel) on (J/kgC)

the gripping shoulder. The tool used in this welding process is gt = Welding temperature change Soffi siate—To (°C)

selected from a material with a higher melting point than the

joint material where thee are shoulders and pins. After the Meanwhile, in the FSW procedself, heat arises from the
tool is mounted on the gripping shoulder, then give a steady friction and pressure process during welding whose magnitude

rotation of the tool. The rotating tool is then placed in the area js proportional to the heat input times the welding length. So
to be welded (weld line). The last stage is welding, this stage ighe energy balance in the FSW is:
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QL:medT 3 copper junction surfaces. While the higher hardness in the
friction zone(stir zone) compared to the base metal due to the

or formation of hard and brittle compounds such as GuSIUAl,
) . and CyAL.

Heatinput® L =mC,dT @

and 3 MATERIALS AND METHODS

a1 This study uses a laboratory scale experimental method in the
S mFy (D + DO)W‘?s L=mC, (T- T,) process of joining aluminum plate AA 6061 witthigkness of 6

82 H P G mm using a friction stir welding (FSW) process. The FSW
Where: process uses a Universal Milling Machine and for measuring the
L = Welding length (m) welding temperature, a #ype thermocouple is used with a

data logger and a computer for reading temperature datisT
To form a good welding joint results, it requiréhe sufficient set using a heating plate affixed to the bottom of the
energy in the welding process. The amount of heat input timeworkpiece. The shape of the welded joint is a square butt joint.
the length of the weld must be proportional to the amount of The FSW process parameters are set at 921 rpm spindle
energy required to convert the material into a solid state. rotation, 24 mm/min feed rate, 12 mm tool shoulder diameter,
According to Mumin and Akata (2003), friction weldingé mm pin diameter, 5 m pin depth, and 0.2 mm depth of
parameters that can be optimized to get good joint resultsplunge. The initial temperature of the material(TWas varied
include friction pressure, friction time, forging pressure, forgind?y T room temperature 50 °C, 75°C, 100°C, and 125°C. All
time, and rotational speed. Satyanarayana et al, (2005), statdearameters for welding are determined based onthe
that the quality of friction welding results can be improved byexperience during conducting the previous resdgawhich
optimizing welding parameters, using interlayers, changingroducesound weld join
geometric shapes and treatment before or after the weldingThe research installation of friction stir welding (FSW) AA 6061
process. is shown in the following figure.
According to Seli et al. (2010), the heat effect due to weldin
friction has reduced the hardness of the welded material
compared tothe base metal. Furthermore, according to the
research results of Ambroziak (2014), that a long time and hig
welding temperature can cause the formation of an
intermetallic phase which tends to cause joint brittleness.
Furthermore, the alloying elementsn aluminum alloys,
especially magnesium, can worsen the metallurgical bond ¢
aluminum, which will cause an acceleration of the formation o 3
the intermetallic phase at the joint boundary, due to an =
increase in the diffusion coefficient. ’ 5
Ravikumar et al.2013), stated that the chemical composition -
of aluminum in friction welding has an important role in
determining the properties of the weld. Based on the
microstructure and thermal effects, FSW joints are usuall,
divided into four zones: nugget zone (N#&)ermo-mechanical Figure 2. Friction Stir Welding Research Installation
affected zone (TMAZ), heat affected zone (HAZ), and base
metal (BM). According toPrasad et al. (2017), the Description:

microstructure in the weld zone and HAZ in the AA 6061 1 =Tool gripper 2 = Spindle

friction welding joint has a uniform fine grain structure which3 = Welding tool 4 =Workpiece gripper
makes tfe hardness and tensile strength higher than the base = Heater 6 = Insulator

metal. However, if the heat generated by friction and plastic/ = Milling table 8 = Regulator Circuit (TO)

deformation is too high, it can cause the weld joint to9 = Laptop to record data from data logger
experience a thermal softening effect, which causes the HAXO = Data logger

strength to be lower thanBM [Fratini 2009] [Peng 2018] 11 =Thermocouple for measure welding temperature
Another study also showed that forced cooling is beneficial fot2 = Thermocouple for measureom temperature
increasing the mechanical strength of aluminum alloy FSW

joints [Mofid 2012] Babari2016 [Sinhmar 201F[Zhang 201¢  [JEISHEHISIN JPereentage) NEISHents JPercentage)

Furthermore, according to Peng et al0(®), the HAZ at the _ 0.32%
AA6061 joint is the weakest area and failure is common in th :

area during tensile tests. The tensile strength of the FSW joil 0.68% 0.029%
becomes weak due to hardening which causes brittlenes: 0.871% 0.091%
precipitation damage and qlue to coarse grain caubgdthe 0.648% 0.077%
increase in temperature during FSW. 5 5
Shuklaand Shah (2010), have connected AA6061 with coppel 0.48% 0.05%
using friction stir welding (FSW). The results showed that th 0.053% 0.03%
tensile strength of AA 6061 aluminum connec_:tion joint _with 0.027% 0.009%
copper was low due to the presee of intermetallic

0.288% 0.02%

compounds. Increasing the rotational speed decreases th
_tensne st_rength, because it increases the amoqnt Otl'ablel.CompositionofAA6061
intermetallic compounds formed between the aluminum
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Aluminum with the main alloying elements Mg and Si is ar
aluminum alloy series 6, and more specifically known as A
6061 aluminumwhich the composition is presented in Table 1.
The values in Table 1 were obtained by testihg material  Tuneling
using XRF spectronmgt

Advancingf§] Sfreating Side

Kissing bond

To= Troom temperature

4 RESULTS AND DISCUSSIONS - "

From Figure 3, it is known that the increase in TO while the|
friction welding parameters (spindle speed, feed rate, pin
dimensions, and tool shoulder) is kept constant, is causing thes
peak welding temperature to increase. Weldimith T = 125 E
0C reaches the highest welding peak temperature, which is 376
0C. For = 100°C the peak welding temperature is 34@. For
variations of §= 75°C it reaches the peak welding temperature
of 309°C. For the variation ofgE 50°C it re&hes the welding
peak temperature of 292C. As for the variation ofo E Toom
temperatre (28 °C) the peak welding temperature is 278. In
other words, the higher the welding, With the FSW parameter
kept constant, the higher the welding peak tempena. This is
because the heat of friction stir welding (FSW) is influenced b
the friction and pressure that occurs between the pin and the To= 100°C To= 125°C
workpiece which is equal to the heat input times the length of

the weld or Heat Input x Lweld. This FSW welding beatld  figyre 4. Macro photo of FSW welding results for each variation of the
be equivalent to the sensible heat used to make the weld metahitial welding temperature

to a solidstate (just beforemelting) or Heat input Xuyeq = m.
Cp. dT. If the glof the weld is increased, dT will decrease and
the sensible heat will decrease, which means that bguired
Heat input x Lweld must also be decreased. However, i§ T
increased while the Heat input x Lweld is constant, then the =
peak temperature of the FSW weld will certainly increase a
well.

Post-welding cooling
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Figure 3. Graph of peak tempetture and postwelding cooling rate of
each variation of the initial welding temperature

Figure3 also shows the effect of welding dn the postwelding
cooling rate. The higher they ©f welding, the higher the peak
welding temperature and the faster gbwelding cooling rate,
which is indicated by the steeper cooling graph. The difference
in postwelding cooling rate will have an impact on the
microstructure and mechanical properties

Figure4 shows the FSW joint profile of AA 6061 Aluminu
plate basedon the difference in weldingoT From the profile

picture of the joint, it can be seen that there are defects in allrpoge gefects occur because the temperature generated during

fthe test speC|men§. In 'g.eneral, the defects that arise Afhe welding process does not reach the optimal temperature in
incomplete connections joint or known as tunnel defects Olhpe joint or has not reached the solitate condition so that

wormholes which occed at advancing side (AS) of joint. insufficent material flow and poor mixing occur. If it is seen

Kissing bond _a!so occured at re_treating side (_RS) which fom the peak welding temperature data achieved, it appears
caused by defficiency of both heat input and material flow. that the largest defects are produced by welding WithTT oom

Figure 5. Microstructure Photograph (8ase MetaAluminium AA
6061,(b) Weld Nuggespecimen vith  Tioomtemperature, (C) §= 50C,
Md) B=79C, (e) T= 100°C and (f) = 125C
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temperature O Without heating. While the dast defects are
produced in the specimen withyF 125°C. It can be said that
the welding defects are reduced by providing preheat 0G0

welding peak temperature as explaith in Figre 2. The grain
size average ojoin as depicted in Figure 5 from a to f are
193406,661.4 nm2, 172,307,920.9 nm?2, 88,485161.47 nm?,

to 1250C. 128631,474.6 nm2, 228243195.2 nm?, 93,029,286.12 nm?
respectively. The grain sizes were acquired using Platign
The highest welding peak temperature achieved by severahethod using ImageJ as shown in Figure 6.

variations of § welding is 376°C, which isproduced by the
specimen with = 1259C. When compared with the melting
temperature of Aluminum AA 6061 of 668 the highest
temperature achieved is only 57% of the melting point of A/
6061. This shows that the main parameters used in the FS
process ae spindle rotation speed of 921 rpm, feed rate of 24
mm/min, tool shoulder diameter of 12 mm, and pin diameter
of 6 mm is still not able to produce the optimum temperature
for sound joint. For this reason, the value of the FSW proce:
parameter needs to béncrease so that the welding heat input
is higher and can produce the optimal welding temperature, fo
example 8090% of the liquid temperature of AA 6061. Apart
from temperature problem, using different desain of tool whichf&
offer better material flow andmixing may also give the better
result.

Figure 5 shows the photos of the microstructure of A60B6&
aluminum base metal and weld nuggets from thevariation of
the welding carried out. From the photo of the microstructure, ¢ -
it appears that the microstruare of the base metal has a flat, |
elongated grain structure that is characteristic of the
microstructure of metal grains in the form of plates or strips
due to continuous rolling during the plate and strip production
procesqFigure 5. a)

UG ‘

TMAZ TMAZ

TMAZ Retreating TMAZ Advancing

Figure 7. Photograph of the microstructure of the specimen welded

R o o i = 0,
5 kg:ﬂ‘i s #ﬁé:% P8 a7 @é‘ area with 5= 125°C
_/é,’-p,r‘%‘ et g.hﬁﬁ % )
Gl 4 Figure 7 shows the presence of severaklded areas, namely

the heat affected zone (HAZ), the thermmechanically affected
zone (TMAZ), and the weld nugget area. The weld nugget area
is the area that is subjected to stirring and pressure by the pin
and holder to form a small and fine grain sttue as shown in
Figure 5 (f). The thermmechanically affected zone (TMAZ), is
the area affected by the heat of welding which causes the
structure to be plastically deformed. The grain structure of
TMAZ is also small as a result of the plastic deformadioc
recrystallization process during welding although it is not as
fine as the grain structure of weld nuggets. The HAZ region
undergoes thermal cycling but does not undergo plastic
deformation and significant microstructural changes so that the
grain stucture is large, similar to that of the parent metal.

From Fjure 7 it can also be seen that the grain structure
formed on the advancing side is smaller and smoother than the
microstructure of the retreating side area in both TMAZ and
HAZ. This occurs due the difference in heat generated on
Meanwhile, the microstructure in Figes (b) to (f) shows the both sides of the workpiece. The heat generated on the
microstructure of the weld nugget from FSW welding with ar@dvancing side is greater than the retreating side according to
increasing Fvariation of welding from Toom temperaureto 125°C. the explanation of Hamilton in his 2012 research results. From
From the photo of the microstructure (b) to (f), it appears thatHamilton's simulations using ANS¥& results show that the
the grain size is getting smaller andr due to the increasing,T advancing side is-80 K hotter than the reeating side as

of welding from Toom temperatureto 125°C. The smallest and finer shown in Fig. 8

grain structure of weld nuggets was produced ly=T1250C.

This is related to the faster cooling rate due to the higher

mﬁ@‘% i i

e
Figure 6. Grain size determination using ImadeyBase Metal
Aluminium AA 6061(b) Weld Nuggespecimen with Fomtemperature, (C)
To=50C,(d) o= 78C, (e)d=100°C and (f) d= 125C

MM SCIENCE JOURN20Z | MARCH
6389



Figure 8. Temperature plotting ofetreating side and advancing side of
friction stir welded specimen

683 1 rPrEET Y the area of the connected area, which means the smaller the
""" etreating >iae  —— vancingsiae . . . .
663 : - s resistance of the specimen to withstand tensile loads from the
3 outside.
=
5 = Graph of Average Tensile Strength Value of Each Specimen
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From Figure8 Hamilton explains that with theransverse Initial Temperature (°C)

movement of the tool during the FSW process, the coolefigure 10. Graph of the average tensile strength of Friction Stir Welding
material in front of the tool will flow towards the retreating AlUminum AA 6061 based on variations of TO

side. Furthermore, the material that is rotated and heated by . .

the tool is deposited behind the tool towards the advancing€anwhile, based on the graph of the cooling rate, the

side. This material flow effectively increases the temperaturdnicrostructure of the weld nugget and TMAZ areas as well as
on the advancing side. the graphof the hardness of the weld nugget shows that the

higher the welding dcauses the postvelding cooling rate to
be faster, the grain structure formed is smaller and smoother
and the value of the weld nugget hardness is higher. The higher

Graph of the average hardness value
of weld nuggets

80 y=3.28x+52.16 68.15 the hardness valuethe higher the tensile strength will be. So
70 " R=09934,,, 6255 554 ‘ the higher the welding ofwith the FSW welding parameter
o 60 55 e being kept constant, the higher the tensile strength of the weld,
250 as long as the joint is still in a sekthte. However, the highest
; 40 tensile strength esulting from this variation ofglwvelding is still
4 30 far below the tensile strength of the base metal (12,6 kgffinm
520 equivalent to 123,606 MPa), which is only about 55.02% of the
‘g? 10 tensile strength of the base metal. This is due to the

0 achievement of the higrst welding temperature which is only

50 75 100 125 57% of the molten temperature of aluminum AA 6061, which
initial temperature ( °C) means the joint is not perfect. To overcome this problem, it can
be done by increasing the welding parameter so that the FSW
heat input increases and the weldirtgmperature can reach
the solidstate temperature or in the range of 80% of the
molten temperature of AA 6061 aluminum.

TRoom

Figure 9. Graph of the average hardness value of weld nuggets
AA 6061 FSW welding results based on TO variation.

The graph of the hardness test results in the weld nuggea
(welding center) is shown in Figure 8.
From Figre 9, it is known that the higherglof FSW welding 5 CONCLUSIONS

he aver val f the hardn f the weld n .. -
causes t € average value o the hardness of the weld uggE’[rom the results of the research on thdrjpof FSW joints on
area (welding center) to also be greater. Based on th

explanation in Figre 3, it is known that the higher the welding %‘A 6061 aluminum plates with a thickness of 6 mm with

TO causes the temperature of the weld nugget area to bé/anatlons in welding d; it can be concluded that the higher the

higher and the postvelding cooling rate to be faster which is welding b causes the welding peak temperature to increase

indicated by a steeper cooling graph. The faster the cooling rat%nd the postwelding cooling rate to be faster. From the profile

. . . - picture of the weld area, it is known that in all specimens there
will produce a smaller grain structurex@anation of Figre 5) ) . . L

. . are defects in the form of imperfect connections joint, known
with a greater hardness value [Ravikumar 2013]

In this study, a tensile test was also carried out with the Shapas tunnel defects or wormholes. The results of imperfect joints

of the specimen following the ASTM E8 standard, the result ue t_q the welding temperature have not reached saltdte
are shown in Figure 10. conditions, where the highest temperature has only reached

0 -
From the graph in Fige 9, it isknown that the higher Fof 57% of the mokn temperature of aluminum AA 6061. The

FSW welding causes the average tensile strength of the {gher the welding Jcauses the postelding cooling rate to

6061 aluminum FSW joint to increase. In the specimen with T s;;?setf;r:zesg:]ilgt;g:lcttﬁ;e k?if ::eer Vtvr?;dhnaurggizri? ;igevt/t:arl]g
T room temperawre the tensile strength value is 38,066 MPa. ’ 9

Furthermore, based on an increase in weldsafC, 75:C, 100 9% 10 (0¢ eR B 1e TMHE S PAST B TE DR TS
0C and 123C the tensile strength was 52,139 MPa, 55,806 9 9 Yy 00.0276 g

MPa, 59,180 MPa and 68,009 MPa which showed an increadldse metal which indicates the connection joint is not perfect

This is because the welding defects on the test specimens ark the welding heat has not reached the sasigite condition.
getting smaller with the increase in welding as describedn
Figire 4. The larger the defects, the lower the tensile strength

of the specimens. The larger the joint imperfections will reduce

MM SCIENCE JOURN20Z | MARCH
6390



ACKNOWLEDGMENTS [Messler 2004] Messler, RV., Principles of Welding: Processes,

This research was onducted and financed through the Physics, Chemistry, and Metalurgy. United States of

Associate Professor Grant Program of Faculty of Engineering, America. Wileyveh, 2004 o

Universitas Brawijaya of 2021. Budget Year Research Contrat4ishra 20051 Mishra, R.Sand De Nilesh Kumar, P.Sriction

number: 18 /JUN10.FO7/PN/2021 Str Welding and Processing. Lond&aringer, 2005

[Mofid 2012] Mofid, M.A.; Abdollafz a d e h , A Giar ,
Submerged frictiorstir welding (SFSW) underwater

REFERENCES and under liquid nitrogen: An improved method to

[Ambroziak 2014] Ambroziak A., KorzeniowskiM., Kustran, P., join Al alloys to Mg alloys. Metall. Mater. Trans.,
Winnicki, W., Soko BowskiP., and Harapinska, E., 2012., Vol43,pp.5106-5114
Friction We|d|ng of Aluminium and Aluminium [Mumin 2003] Mumin, S.,Akata, H.E.,Joining with friction
Alloys with SteelAdvances in Materials Science and welding of plastically deformed steel, Journal of
Engineering 2014, Special Issue, 15 p, Materials Processing Technolog2003, Vol.142,
http://dx.doi.org/10.1155/2014/981653. pp. 239246.

[ASTM 2013] ASTM InternationalASTM E8/E8M3: Standard  [Peng 2018] Peng, G.; Ma, Y.; Hu, J.; Jiang, W.; Huan, Y.; Chen,
Test Method For Tension Testing for Metallic Z; and Zhang, T. Nanoindentation Heess
Materials.DOI: 10.1520/E0008 E000&M and ICS Distribution and Strain Field and Fracture Evolution
Code: 77.040.10United State of America: ASTM in Dissimilar Friction Stivelded AA 606AA 5A06
International, 2013. Aluminum Alloy Joints. Adv. Mater. Sci. Eng., Vol.

[Bhate 2016] Bhate, S.S., and Bhatwadekar, S.G., A Literature 2018, pp. 1,
Review Of Research On Rotary Friction Welding, https://doi.org/10.1155/2018/4873571
International Journal Of Innovative Technology AndPeng 2019] Peng, G.J., Yan, Q., Hu, &Ben, P.J., Chen, Z.T.,
Research (1JITR), 2016, Vol. 4, Issue No.1, pp-2601 and Zhang, T.H., Effect of Forced Air Cooling on the
2604. Microstructures, Tensile Strength, and Hardness

[Biradar 2012] Biradar, N.S. Investigatioof hot cracking Distribution of Dissimilar Friction Stir Welded
behavior in transverse mechanically arc oscillated AA5ADBAAB061 Joints, MDPI Journal Metals, 2019,
autogenous AA2014 T6 TIG welds. Metall. Mater. Vol. 9, No. 3pp. 34; doi:10.339/met9030304
Trans, 2012 Vol.43,pp. 3179-3191 [Prasad 2017] Prasad, K.R., Sridhar, V.G., Experimental

[Chao 2003] Chao, Y, Qi, X., and Tang, Weat Transfer in Investigation On Mechanical Characterization Of
Friction Stir WeldingExperimental and Nunial Aab061T6 Pipe Joints By Continuous Drive Friction
Studies.J. Manuf. Sci. Eng, Feb 208®). 125, No. Welding, International Journal of Mechanical
1, pp. 138145 Engineering and Technology (IJMET), 201IZ &0

[Cook 2002] Cook, G.E., Crawford, R., Clark, Cafid,Strauss, Issue 9, pp. 26473
A.M., Robaotic friction stir We|dingndustria| Robot: [Rajamanickan 2009] Rajamanickan, N., et all. Effect of Process
An International Journal, 2002, V@1, No.1, pp. Parameters on Thermal History and Mechanical
55-63. Properties of Friction Stir Welds. Material & Design,

[Davis 1993] Davis, R.D., Ferjutz, K., and Wheaton, N.D., ASM August 2009, Vol. 30, No. 7, pp. 272831,

Handbook Vol 6: We|ding’ Brazing, and So|derinleaVikumal' 2013] Ravkumar, E., Arunkumar, N., and Samhlt,
United State of America: ASM International, 1993, S.G., Characterization of Mechanical Properties of
ISBN: 978-87170382-8. Aluminum (AA606T6) By Friction Welding, 2nd

[Dickerson 2005] Dickerson, T., Friction Stir Welding. International ~ Conference  on  Mechanical,
Cambridge: University of Cambridge Automotive and Materials Engineering

[Dursun 2014] Dursun, T.and Soutis, C., Recent developments (ICMAME'2013), Wuhan, Chinal9 August 203,
in advanced aircraft aluminium alloys. Mate2014, pp. 127131, ISBN: 9781629933399
Vol.56,pp. 862-871. [Sabari 2016] Sabari, S.S.; Malarvizhi, S.; and Balasubramanian,

[Ericsson 2003] Ericsson, M.andSandstr om, R., | nfV, dnduerces optpol traverse speed on tensile
welding speed on the fatigue of frictiostir welds, properties of air cooled and water cooled friction
and comparison with MIG and TIG. Int. J. Fatigue, stir welded AA2519°87 aluminium alloy joints. J.
2003, Vol25, pp. 1379-1387 Mater. Process. Technol., 2016, Vol. 237, pp.-286

[Fratini 2009] Fratini, L.; Buffa, Gand Shivpuri, R., kprocess 300.
heat treatments to improve F®elded butt joints. [Sakano 2001] Sakano, R., Murakami, K., Yamashita, K., Hyoe,
Int. J. Adv. Manuf. TechnoR009, Vol43, pp. 664 T., Fujimoto, M., Inuzuka, M., Nagao, U., Kashiki, H.,
670. Development of spot FSW robot system for

[Hamilton 2012] Hamilton, G. A Coupled Thermal/Material automobile body members, in:Proceedings of the
Flow Model of Friction Stir Welding Applied to- Sc 3rd International Symposium of Friction Stir
Modified Aluminium Alloys. Article in Metallurgical Welding, Kobe, Japan, 2001
and Materials Transactions R019, Vol. 12, Nal, [Seli 2010] Se'i, H., Md. |Smai|, All, Rachman, E., and Ahmad,
pp. 2-12. Z.A., Mechanical evaluation and thermal modelling

[Hassan 2003] Hassan, K\.A.; Prangnell, P.B.; Norman, A.F.; of friction welding of mild steel and alluminium,
Price, D.A.and Williams, S.W., Effect of welding Journal of Materials ®cessing Technology, 2010,
parameters on nugget zone microstructure and Vol. 210, pp.1209216.
properties in h|gh Strength aluminium a||0y friction [Shukla 2010] Shukla, R.K., Shah, P.K., Investigation of Joint
stir welds. Sci. Technol. Weld. Jo2003, Vol8, pp. Properties of Friction Stir Weldlng of Aluminum
257-268. 6061 Alloy to Copper, International Journal of

Engineering Research and Technology, 2010,3/0l
No. 3, pp. 613-620

MM SCIENCE JOURN20Z | MARCH
6391


http://dx.doi.org/10.1155/2014/981653

[Sinhmar 2017] Sinhmar, S.; Dwivedi, D.K., 2017, Enhancement welding of austenitieferritic  stainless steels,

of mechanical properties and corrosion resistance Journal of Materials Processing Technolog905,

of friction stir welded joint of AA2014 using water Vol. 160, pp. 12837.

cooling. Mater. Sci. Eng017, Vol.684, pp. 413-  [Tang 1998] Tang, W.Heat Input and Temperature Distribution

422 in Friction Stir Welding. Article in Journal of
[Sugiarto 2021] Su gi ar t oM.S., Damadi,D.iB.fIkram Materials Processingna Manufacturing Science.

Kido, M., Characteristic of friction welding weld 1998, Voll10, No.l, pp.1-6.

joint of AA6061 on elevated environmental [Wiryosumarto 2004] Wiryosumarto, H and Okumura, T.

temperature, IOP Conf. Series: Materials Science Teknologi Pengelasan Logam. Jakarta : Pradnya

and Engineering IOP Conf. Series: Materials Science Paramita 2004

and Engineering2021, Vol. 1034 No.1 012178, [zhang 2014] Zhang, Z.; Xiao, B.L.; Ma, ZlMluence of water

doi:10.1088/1757899X/1034/1/012178. cooling on microsticture and mechanical
[Surdia 2000] Surdia, T,.Pengetahuan Bahan Teknik. Jakarta: properties of friction stir welded AT6 joints. Mater.

PT. Pradnya Paramita. Sci. Eng2014, Vol614,pp. 6-15

[Satyanarayana 2005] Satyanarayana,V.V., Madhusudhan
Reddy,G., Mohandas,T., Dissimilar metal frictin

CONTACTS:

Sugiarto, Dr.S.T., M.T.

Mechanical Engineering Department, Brawijaya University
Mayjend Haryono Street 167, Malarépb145, Indonesia
sugik_mlg@ub.ac.id

MM SCIENCE JOURN20Z | MARCH
6392



