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3saprosanns mepmsam 3 nepemimyeannam (3TI) € oonum 3 memo-
0i6 Mexaniun020 3’cOHanH, WO He NOmMpedye NPuUcadouHozo memany.
Tenno ompumyromo 6i0 Cunu mepms Mijne OCHOBHUM MEMAIOM i iHCMPY-
menmom mepms. 3TII sanpononogane Incmumymom 3eaprosanns (IC)
6 1991 poui, sxe, ax ouikyemvcs, 00360aUMb NOVOAAMU CKAAOHOUL
npu 36apr08anHi Memanie 3 HU3vKO0M0 36aprosanicmio. Illapamempu 3TIT
susnauaromv axicmv 3’conanns, i 6 0anii po6omi HOPpMANLHA CUNQ AK
He3anexcHui napamemp eapiroeanacs na pieni 13000, 14000 ma 15000 H.
Hlleéuoxicmv obepmanns i nodaui pezymoemvcs na 1092 06/x6 ma
200 mm/x6 6i0n06i0HO. 3 eKCNEPUMEHMAIVHUX Pe3YTIbmamie 6Cmanos-
Jleno, wo naubirew miyne 3’conanns sadesnewyemoca npu 15000 H (3pa-
30k 1). Cmeepdicysanocs, wo Kpawa aKicmo 3’€OHAHHA 6UX00UMb 3a
natieuwoi mennoeoi nomyxcrnocmi. Bucoxa menaoea nomyscnicmo 3abes-
neuye 00CmMammio 36apHy MOUKY i 4ac 0N POCMY 3eper aOMIHII0, WO,
6 6010 uepey, 30inviuye medxicy miynocmi 3’ eonanns, ompumanozo 3TII.

Oo0nax 3 cepedHix 3nauens i HiHii MpeHoy MONCHA NPUNYCMUMU, WO
8eNUKA CUILA MUCKY 3ABHCOU NPU3BO0UMD 00 GLIbUL BUCOKOT MeICT MiyHOC-
mi. Mesici miynocmi oyau maiisce na oonomy pieui (115,44 +1,56 Mlla),
8 Mol ac AK po3paxyHKo8a menao6a NOMYMCHICMs JIHIUHO 3anexcHa
610 cuau mucky: 73,59, 79,25 ma 84,91 /lyc/mm ons cun mucky, pie-
nux 13000, 14000 ma 15000 eionosiono. 3adixcosana memnepamypa,
AKA 6KA3YE HA MENN0BAYI0 NOMYNCHICMb, NOKAZANA MY HC MEHOEHUTIO
3 mediceto miyrocmi, éona nepedysana na momy xc pieni: 491,55+2,22 °C.
Hanegno desaxi acnexmu ne 0yau 6paxoéani 6 mamemamurnii mooeni
menno6oi nomyxicrocmi. A6o, MONCAUEO, NPUNYUEHHS NPO GLNbUL BUCOKY
Menno8y NOMyYNHcHicMo He 3a8HCOU D0CA2AEMbCA 3a Oilbul BUCOKOT CUU
mucky. Ha nidcmaei nimepamyprnux 0anux 6cmanosneHo, wo Mmexna
NAUHHOCMI 3HUNCYEMBCA NPU 0LNbW 8UCOKTU memnepamypi. Binvu nuszo-
Ka Mexca nAuHHOCMI 3MEHWYE CULY MePms NPU NOCMIUHIY HOPMATbHIU
cuni, wo, 8 C6010 uepzy, NPu3eoouUMs 00 3HUNCEHHA MENT080T NOMYNC-
HOCMi, WO cynepeuums nonepeoHbOMY NPUNYULEHHIO.

TInwa nimepamypa, saxa posensoae Koediyienm mepmsa K QYHKYiro
memnepamypu, noxaszana, wo xKoe iuicHm 3MIHIOEMbCS Uepe3 mem-
nepamypy.

I, napewmi, 6iavie 6ucokxa Hopmanvbia cuaa He o3navae, wo Miyniue
3’conanns moxce Gymu ompumane 3a 00NOM02010 36apOBAHHI MEPMAM
3 nepeMiuy6anHIMm.

Kmouogi cnosa: 3eaprosanns mepmsam 3 nepemimily8anusim, HoOp-
ManvHa cuaa, cuna mepms, KoeQiyicHm mepmsi, mMexnca MiyHocmi
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There are many aspects that should be evaluated, to obtain

good friction welded joints.

The patent of FSW is held by Wayne Thomas under
the Welding Institute institution — England in 1991 [1].

The FSW is a solid state join method and has the ability to
be applied at materials with low ability in the sense of con-
ventional welding. The highest temperature in the welded
region is designed to be 80 % to 90 % of the melting point of
the workpiece. By the name, the heat of the FSW is obtained
from the friction force between the friction tool and base
metal with 95 % heat obtained from friction between the tool
shoulder and workpiece, 3 % from the pin and nugget zone
and 2 % due to the strain rate energy conversion. The resul-
ted heat has significant effects on the joint quality, residual
stress, distortion and the lifetime of the tool [2]. Too high
temperature is softening the workpiece and causes slip [3].

2. Literature review and problem statement

The parameters involved in the FSW process such as ro-
tational speed, travel speed, downward force (also called as
pressure or normal forces), lateral force, tools inclined angle,
shoulder plunge and probe penetration determine the quality
of resulted joints. Downward force is the pressure force given
to the tool and transmitted to the workpiece to keep the con-
tact between the friction tool and base metal that control the
penetration and heat level while the process is ongoing [4].
Forces, which are assumed to determine the joint quality
should be controlled [5]. In the paper, the three-axis forces




were close loop controlled using a dynamometer. The inde-
pendent parameters of the FSW process are altered. Those
are traverse speed, rotation speed and plunge depth.

The effect of pressure force on the tensile strength of
stir welded magnesium AZ61A has been studied [6]. The
pressure forces are varied in 5 combinations: 3, 4, 5, 6, 7 kN.
Tensile strength, microstructure and hardness were evalua-
ted and it was shown that the 5 kN pressure force produced
the highest tensile strength linearly with the grain size and
hardness in the stir zone.

From the literature review, the awareness to control
normal forces has been originated. However, in[5] the
normal force was only as a controlled condition, not as an
independent variable which was resulted from varied three
independent variables: traverse speed, rotation speed and
plunge depth. Whilst, in [6] the pressure force has been al-
ready varied to obtain the relation between pressure force
and tensile strength of the joint. It was found that the higher
pressure force did not mean a stronger joint. It was claimed
that the reason for the phenomenon is the formed grain
structures and hardness of the joint. We consider that the
grain structures and hardness also the other results of the
varied normal forces which may coincide with the tensile
strength. There is a reason to think that pressure force is
needed to control the friction force. This friction force in
turn actuates the heat input that finally determines the grain
structures, hardness and tensile strength which may confirm
each other.

The higher the pressure force, the higher the friction
force that in turn increased the resulted heat. With higher
pressure force which means higher inputted heat to the
workpiece, it is hoped that the higher tensile strength of the
joint will be obtained. Based on the analysis of conventional
welding (Gas Metal Arc Welding — GMAW), the inputted
heat determines the temperature history of a certain position.
As it is well known, the temperature history has wide con-
sequences such as developed microstructures which in turn
determine the mechanical properties of the resulted joint [7].
As shown in [7], not only the magnitude of the heat input,
which significantly affects the temperature history, but the
temperature histories are also governed by the variation of
electric current and welding speed. It means, although the
heat input is equal, the temperature history will be altered
due to different electric currents. Based on the conventional
welding practice, the heat input is the key factor that deter-
mines the produced tensile strength.

In this paper, the effect of pressure force when FSW
was applied to the aluminum 6061 instead of magnesium
is studied. The aluminum 6061 is considered as the future
promising metal due to its high strength to weight ratio.
The final quality of the weld joint is represented by its joint
tensile strength since the tensile test provides the entire joint
properties instead of local properties such as hardness or
microstructure. The normal force determines the friction
force which in turn drives the heat input. The expected heat
input can be calculated using simple equations. The actual
heat input in the FSW process is indicated by the tempera-
ture at a certain position, thus it is something to measure the
temperature to evaluate the actual heat input of the process.
Both the calculated and actual heat inputs then can be
compared. The analysis will be carried out to evaluate the re-
sulted tensile strength to the theoretical and the actual heat
input to find out and understand the actual phenomenon
developed in the FSW process.

3. The aim and objectives of the study

The aim of the study is obtaining a stronger friction
welded joint by providing the controlled normal force of the
friction tool.

To achieve this aim, the following objectives are accom-
plished:

— performing the tensile test for the specimen with varied
normal force;

— measuring the real temperature at a certain relative
position to the friction tool;

— correlating the resulted tensile strength to the yielded
temperature and normal force.

4. Experiment procedure for varied pressure force

This paper used the true experimental method with an in-
dependent variable which is pressure force. The pressure force
varies at 13,000, 14,000 and 15,000 N. The other parameters
such as rotational and travel speeds are maintained to be con-
stant: 1,095 RPM and 200 mm/min respectively. The tensile
test was applied at resulted joints. The friction welding pro-
cess was carried out at the X6328B universal milling machine
using a special jig with spiral springs to control the pressure
force as shown in Fig. 1. As it has been mentioned, the speci-
men is an aluminum 6061, which has better weldability com-
pared to the other class of aluminum, good formability when
they are extruded, good corrosion resilience and high strength
to weight ratio. The composition and mechanical properties of
the aluminum are shown in Tables 1, 2 respectively. The raw
material to be stir-welded is a 140x70 mm rectangle of the
plate with a thickness equal to 3 mm. The HQ 760 steel was
used as a friction tool with the shoulder and pin diameters of
15 mm and 7 mm respectively as shown in Fig. 2. also gives
a table to describe the parameters of the friction tool. The pin
was tapered to obtain optimum mass transfer and the norma-
lizing heat treatment was applied to obtain adequate hardness
of the friction tool especially at the friction surfaces.

From the joined plate, the tensile specimen was formed
following the ASTM ES8 standard as shown in Fig. 3.

The tensile test was applied at a universal testing ma-
chine as shown in Fig. 4. The major result of the tensile test
is the ultimate tensile strength of the joints.




Composition of Aluminum 6061

Table 1

Composition Al Mg Si Fe Zn
Content™ 1g58 96| 0.8-12 | 04-0.8 | Max0.70 | Max 0.25
weight
Composition Cu Cr Ti Mn Others
Content % |y ¢ 0.40 | Max 035 | Max 0.15 | Max 0.15 | Max 15
weight
Table 2
Mechanical properties of Aluminum 6061
Properties Values Properties Values
Tensile strength | 12.6 (kg/mm?) | Shear strength | 8.4 (kg/mm?)
Yield strength | 5.6 (kg/mm?) Hardness 30 BHN
Elongation 30 % Fatigue limit | 6.3 (kg/mm?)
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Fig. 3. Tensile specimen

Fig. 4. Universal tensile machine

While the FSW process is ongoing, the temperature of
anode with a certain position relative to the friction tool was
measured using an infrared thermometer as shown in Fig. 5.

Fig. 5. Infrared thermometer

The results obtained from the experiment and calculation
are described in the next section (section 5).

5. Results of the experiment

The result of the experimental method is listed in
Table 3. The main result is the ultimate tensile strength for
each repetition and the average for certain treatments. The
temperature for a certain relative position and their average
are also embedded for each repetition. Heat input based on
the calculation using equation (1) is shown for each pressure
force which is expressed as a graph as shown in Fig. 6. Heat
input is heat embedded in the base metal due to the friction
force between the friction tool and base metal. Heat input
expresses the heat transferred to the base metal for a certain
length and can be calculated based on equation (1). Heat
input has been proved to determine weld quality in conven-
tional welding (GMAW) [7].



_UE (R +R)w
20 '

Q (1)

!

where Q is heat input (J/mm), u is coefficient of friction,
Fy is pressure force (N), R; is pin diameter (mm) and R, is
shoulder diameter, ® is the rotational speed (rad/sec) and
vy is feeding speed (mm/s). As can be seen in Fig. 7, based
on the equation (1) the heat input increased linearly ac-
cording to the pressure force which is hoped to improve the
welding strength.

Table 3
Experimental results for varied pressure force
No FN (N) Oy (MPa) Gavg (MPa) T (OC) Tavg (OC)
93 557
1 13000 112 115.00 478 489.33
140 433
80 542
2 14000 131 117.00 517 492.33
140 418
159 420
3 15000 104 114.33 486 493
80 573
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Fig. 6. Calculated heat input

The obtained tensile strength in MPa which is obtained
from the experiment is shown in Fig. 7. Three data were ex-
tracted from each treatment and the trend line was made based
on the mean data. Although the maximum tensile strength
(159 MPa) was obtained from the 15,000 N pressure force
(specimen 1), but based on the average values it cannot be
said the 15,000 N pressure force produced the strongest joint.

Comparing Fig. 6, 7 it can be concluded that there are dif-
ferences between the previous hypotheses that the increased
pressure force which is hoped to increase the calculated heat
input will increase the tensile strength. For this reason, the
third data which is the temperature of nodes at a certain posi-
tion relative to the friction tool was considered. The data were
listed in Table 3 and shown graphically in Fig. 8. Evaluating
Fig. 68, it can be said that Fig. 7, 8 confirmed each other.
It should be noted that both of them (Fig. 7, 8) are obtained
from the experiment method and Fig. 6 is calculated based on
a theoretical approach, thus there must be aspects that were
not considered in the theoretical approach.
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Fig. 8. Temperature at a certain relative position

Discussion is performed based on the experiment and
calculation results, considering the developed initial assump-
tion as will be discussed in the next section.

6. Discussion based on the experiment results

It was expected that with the higher normal force the
heat input based on equation (1) would be increased and in
turn the stronger joint will be obtained. This expectation was
not confirmed by the mean values of tensile strength.

Some literature study was carried out to find important
aspects that were not included in the equation (1). There
is a good reference that provides the aluminum properties
at elevated temperature [8] as shown in Fig. 9. From [8],
as shown in Fig. 9, it can be concluded that the stress-
strain curves, especially yield strength altered with the
elevated temperature. This yield strength is an important
aspect that determines the normal force for a certain strain
(plunge depth in case of FSW) or reversely determines the
strain for a certain normal force. But on the other hand,
the temperature field is determined by the friction force
and consequently the normal forces. This coupled analysis
certainly cannot be represented by a simple equation as in
equation (1) and maybe the numerical method is the only
way to obtain better approaches [9]. In [9], a coupled Ther-
mo-Metallurgy-Mechanical analysis was performed and the
melted material was modeled by removing its stiffness and
remaining plastic strain.
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Coefficient of friction m also may change at a varied
temperature. There is a paper that evaluated the effect of
temperature on the coefficient of friction [10]. In [10], three
ball friction apparatus was used, and a disk specimen was
placed in a chamber in which temperature can be adjus-
ted. In short, the friction coefficient, which is affected by
temperature is shown in Fig. 10. Although the data are for
9Cr18Mo martensitic steels, but it is plausible to assume
that the friction coefficient of AL6061 must be affected by
the temperature at which it is more complicated to make
the analysis.

Since the coefficient of friction and the strength of ma-
terial which are altered due to temperature were not taken
into account in the equation (1), and the heat input in Fig. 6
based on equation (1), the trend of tensile strength does not
follow the calculated heat input.

The next research using numerical accession may be a good
one since the simple analytic approach using equation (1)
resulted in the deviated tensile strength to the measured one.
Involving two proposed aspects, those are temperature depen-
dence of tensile strength and coefficient of friction, in the nu-

merical analysis is believed to involve coupled complex analy-
sis which needs a deep element model based on comprehensive
basic data. However, the numerical analysis proved to provide
good results for a Coupled Thermo-Metallurgy-Mechanical
phenomenon in the conventional welding process, especially
Gas Metal Arc Welding — GMAW.
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Fig. 10. Coefficient of friction for varied temperature [10]

7. Conclusions

1. The pressure forces of 13 kN, 14 kN and 15 kN produce
tensile strength equal to 115 MPa, 117 MPa and 114.33 MPa
respectively.

2. The temperatures at the certain relative position of the
friction tool for the pressure force: 13 kN, 14 kN and 15 kN
are 489.33 °C, 492.33 °C and 493 °C.

3. The tensile strength has the same trend values to the
temperature, but differs with the calculated heat input. The
reason for the deviation are aspects that were not included
in the equation (1). At least two aspects can be proposed as
reasons, those are altered strength of base metals and existing
friction force when the temperature changes.
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