UNIVERZITET CRNE GORE
.’ INSKI FAKULTET
LU1t(L:Gfr PODGORICA MASINSK]

FAKULTET
PODGORICA

181000 Podgorica, Dord#q VaSingtona bb, Ziro racun broj: 510-154-63, tel: +382 20 245 OES'}
Web : Www.ucg.ac.me/mf, Mail: mf@ucg.ac.me
Broj: [ Y ()
Podgorica, 23.09.2020.godine

UNIVERZITET CRNE GORE
Odbor za doktorske studije

PoStovani,

U prilogu dostavljamo dopunjene Godisnje izvjestaje mentora o napredovanju doktoranada,
shodno Vasem dopisu, koji su razmatrani i prihvaceni na sjednici Vije¢a Maginskog fakulteta,
dana 23.09.2020. godine

S postovanjem,




UNIVERZITET CRNE GORE
MASINS FAKULTET PODGORICA
Broj: ||

Podgorica, 23.09.2020. godine

Na osnovu ¢lana 64, Statuta Univerziteta Crne Gore (Bilten UCG br. 337 - posebno
izdanje od 13, Februara 2015.godine), i &ana 33, stav 2 Pravila doktorskih studija
Univerziteta Crne Gore, Vijede Maginskog fakulteta y Podgorici, na sjednici odrZanoj
23.09.2020. godine, usvojilo je prijedlog

I Prihvata se dopuna godinjih izvjeStaja o napredovanju doktoranata za sledede
kandidate:

1. Vidosava Vilotijevi¢,
2. Vuko Kovijani,

3. Aleksandra Koprivica,
4. Radislav Brdanin,

II Prihvadeni godisnji izvjeStaji mentora o napredovanju doktoranada (IM obrasci)
Su sastavni dio ove Odlyke.

0I' Tzvjestaji se dostavljaju Odbory za doktorske studije na saglasnost.

R . N
DODSTAVLJENO: [—\ PEKAN,

- Odbor za doktorske studije !./

- Stsluzba l

- Sekretaru
- afa

-



UNIVERZITET CRNE GORE

Masinski fakultet

Komisija za doktorske studije

Podgorica, 21.09.2020.

U skladu sa Pravilima doktorskih studija i Vodicem za doktorske studije (tatka 3.4 i S o1
prilogu dostavljamo izvjestaje mentora o napredovanju doktoranata navedenih u sledecoj

tabeli_ Obrazac IM.

-VIJECU MASINSKOG FAKULTETA-

Na osnovu dostavlienog materijala i izjava mentora, u sledecoj tabeli je dat pregled

zakljucaka:
KANDIDAT MENTOR Zakljucak mentosrflugijp;ogledu nastavka
Vid?hs}lazvgb\r/gggievié Igor VuSanovi¢ Doktorant moze nastaviti studije
Vlllj\:l(‘? :;rgi:::::ié Uro$§ Karadzi¢ Doktorant moZe nastaviti studije
Alek}sagdgg r:gg (r:ivica a;;ﬁ[i‘/iﬂ?\fo Doktorant moZe nastaviti studije
Ra:gj;li\gf!arfsgin Uros Karadzi¢ Doktorant moze nastaviti studije

Predlazemo Vije¢u Masinskog fakulteta da usvoji izvjestaje i da se isti, uz misljenje

dostave Odboru za doktorske studije UCG na dalje postupanje.

Srdacno,

Za Komlsijulza doktorske st dfje

Praf. dy Aleksandar Vujovié




UNIVERZITET CRNE GORE

Obrazac IM: Godisnji izvje$taj mentora o napredovanju doktoranda

4P

UCG

| Gara

I<],

—4.03 %GI G@IsNJI IZVJESTA] MENTORA O

| ﬂ’f'%?:____

NAPREDOVAN]JU DOKTORANDA

Akademska godina za l{ojﬁ se podnosi izvjestaj 2019/20
| ' OPSTI PODACI O DOKTORANTU

Tmﬂ.a’ Iagiimesodicys, mr Aleksandra (Mladen) Koprivica

prezime

Fakultet Masinski

Studijski program Masinstvo

Broj indeksa | 4/18

7 | MENTOR/MENTORI
| . MaSinski fakultet il o

Mentor | Doc. dr Nikola Sibali¢ Univerziteta Crne Gore, e el
! Corig Cosnia masinstvo
I Masinski fakultet | Proizvod

Ko-mentor | Prof. dr Milan Vukcéevic | Univerziteta Crne Gore, s
| T masinstvo
. EVALUACIJA DOKTORANDA"

I{ohko ste zadovoI]m kvalitetom odrZanih susreta
sa doktorandom?

v O O3 [

Xs

(Ako je prethodni odgovor ,, 1% ili ,,2“ dati obrazloz

enje 1 prijedloge za poboljsanje)

Da li je definisan plan rada sa doktorandom?

XpA  [NE

Da li je doktorand ostvario napredak prema
ptedvidenom planu rada?

XA [ONE

(Ako je prethodni odgovor ,,ne® dati obrazloZenje i

prijedloge za poboljsanje)

Kwvalitet napretka doktorandovog istrazivackog
rada u periodu za koji se podnosi zvjestaj je:

[ [ [3 [4

(Ako je prethodni odgovor ,, 1% 1li ,,2% dati obrazloz

enje 1 prijedloge za poboljsanjc)

Ocjena doktorandove spremnosti za konsultacije.

Ll [ [+

Ocjena  planiranja i izvrSavanja godxsn]ﬁl
istrazivackih aktivnosti 1 strunog usavrsavanja
doktoranda.

[ [J4

Oc}cna napretka u savladavan]u metodologije
naucno-istrazivackog rada.

[ (4

Ocjena doktorandovog generalnog odnosa prema
studijama.

[ [ 4

Ogjenu ukupnog kvaliteta: doktorandovog rada.

Lt 2 [Is [k

(Ako je prethodni odgovor ,,1 1li ,,2% dat1 obrazloz

enje 1 prijedloge za poboljsanje)

‘Ogjene su: 1 —nedovoljan, 2 — dovoljan, 3 — dobar, 4 —

vrlo dobar, 5 — odlican




.' UNIVERZITET CRNE GORE
UCG Obrazac IM: Godi$nji 1zvjestaj mentora o napredovanju doktoranda

 ISPUNJENOST USLOVA DOKTORANDA

Spisak radova doktoranda iz oblasti doktorskih studija koje je publikovao doktorand

1. Aleksandra Koprivica, Darko Baji¢, Nikola Sibali¢, Milan Vukéevié: Analysis of Welding of
Aluminium Alloy AAG082-T6 by TIG, MIG and FSW Processes from Technological and
Economic  Aspect, INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES.
TECHNOLOGIES. MATERIALS", YEAR XIV, ISSUE 5, P.P. 194-198 (2020), WEB ISSN
1314-507X; PRINT ISSN 1313-0226.

2. Koprivica A., Vukcevic M., Sibali¢ N.: Economic Analysis of Replacement of Conventional
Welding Technology with Unconventional, INTERNATIONAL SCIENTIFIC JOURNAL
"MACHINES. TECHNOLOGIES. MATERIALS", Issue 6/2019, P.P. 268-272 (2019), WEB
ISSN 1314-507X; PRINT ISSN 1313-0226.

ObrazloZenje mentora o kori§c¢enju sprovedenih istraZivanja u publikovanim radovima
Kandidatkinja mr Aleksandra Koprivica je polozila sve ispite urvrdene nastavnim planom i
programom doktorskih studija na Masinskom fakultetu 1 odbranila polazna istraZzivanja za izradu
doktorske disertacije pred Komisijom u sastavu: prof. dr Kemal Deliji¢, prof. dr Sebastian Balos,
prof. dr Darko Bajié, prof. dr Milan Vukéevié i doc. dr Nikola Sibali¢, U sklopu polaznih
istrazivanja, izvtSeno je zavarivanje legure aluminijuma, postupkom FSW, gdje ce biti uradena
komparativna analiza sa konvencionalnim postupcima zavarivanja REL i TIG. Tokom odvijanja
polaznih istrazivanja, utvrdene su fizikalne velicine (sila 1 temperatura) koje ¢e se pratiti prilikom
izvodenja procesa zavarivanja, a takode su definisani 1 rezimi zavarivanja 1 geometrija alara.
Definisani su 1 praver istrazivanja, koji se odnose na kvalitet zavarenth spojeva 1 usvojene metode
ispitivanja, a prikuplien je 1 veliki broj literaturnih izvora. Komisija je predlozila da naslov
doktorske teze glasi: ,, Komparativna analiza i optimizacija procesa zavarivanja aluminijumske
legure serije Ixxx”. lzvjesta) Komisije za ocjenu polaznih istrazivanja je usvojen na sjednici
Senata Univerziteta Crne Gore 24.12.2019. godine.

Posle odbrane polaznih istrazivanja, kandidatkinja mr Aleksandra Koprivica je aktivno
ucestvovala u sprovodenju usvojenog gantograma planiranih akuvnost. Nastavila je dalja
istrazivanja u smislu, projektovanja alata 1 pomoénih pribora koji ¢e se koristiti pri izvodenju
glavnog eksperimenta, kao 1 svih ostalih sistema koji ¢e se koristiti u ovom istrazivanju. Takode,
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Analysis of welding of aluminium alloy AA6082-T6 by TIG, MIG and FSW processes from
technological and economic aspect

Aleksandra Koprivica, Darko Baji¢, Nikola Sibali¢, Milan Vukéevic
Faculty of Mechanical Engineering - University of Montenegro
E-mail: aleksandra.koprivica@ fpm.ues.rs.ba, darko@ucg.ac.me, nikola@ucg.ac.me, milanvu@ueg.ac.me

Abstract: Welding is a manufacturing process, which uses heat or pressure (o form a homogencons weld when joining homogeneous or
heterogencous metal materials or thermoplastics. The last decade has been characierized by the intensive development of unconventional
welding processes, which use friction as an energy sowrce, and in developed countries have iaken primacy over conventional welding
processes. The modern welding process, known as Friction Stir Welding (FSW), offers many advantages over conventional Tun gsten Inert
Gas (TIG) and Metal Inert Gas (MIG) processes, both in terms of weld quality and environmental protection and in terms of saving time and
materials needed to perform quality welding. This paper presents TIG, MIG and FSW welding technologies. with all the advantages and
disadvantages, and the possibilities of their application in welding AA6082-T6 aluminum alloy (6xxx series), characterized by medium

strength and outstanding corrosion resistance.
Keywords: WELDING, TIG, MIG, FSW, COST

1. Introduction

Welding is a technological process that has a wide range of
applications in the manufacture of metal products in the mechanical,
automotive, aviation, construction and energy indusiries. During the
period after the First World War, there was an intensive
development of welding, so during that time portable welding
machines were developed in the protective atmosphere of inert and
active gas.

Nowadays, welding technology is at a highly advanced level,
which makes it possible to use it in all conditions - in space.
underwater, at high altitudes. etc., and precision machines have
been constructed. which perform defined operations with lasers.
Conventional welding processes, in developed industrial countries,
are being replaced by new, unconventional ones, including Friction
Stir Welding (FSW) or friction welding, patented in 1991 by The
Welding Institute (TWI) in England. Originally, this welding
process was intended solely for welding aluminum and its alloys
[1].

FSW technology, in addition to its original use in aluminum
welding, is now successfully used in welding copper, brass and
various types of steel. In addition, the orbital variant of the FSW
process is used for welding metal and plastic tubes, the spot welding
is used in the automotive industry, and for complex shapes and
contours, a robotic FSW procedure is in use [1].

The advantages of the FSW welding process over conventional
technologies, primarily TIG and MIG, have been explained in the
work of a number of researchers [2- 4], The peculiarity of this
process is reflected in the time and cost required to perform
welding, and in the protection of health and the environment, as
well as safety at work.

This paper analyzes the welding of aluminum alloy 6xxx series
(AAGDB2-T6) from the aspect of three technological processes,
namely two mehing welding processes (TIG and MIG) and one
non-melting process (FSW).

Welding aluminum is difficult for many reasons. Aluminum has
a high thermal conductivity, a low melting point relative to the
oxide layer, and an affinity for oxygen and hydrogen, which makes
it difficult to weld.

Based on research based on a large number of literature sources,
this paper wanted to point out the possibility of applying certain
methods for welding aluminum, namely its alloy AAG082-T6.

2. Conventional welding processes

2.1. Tungsten Inert Gas (TIG)

TIG Technology, or Wolfram Inert Gas (WIG), or Gas
Tungsten Arc Welding (GTAW) is arc welding with insoluble
electrode in the protection of inert gas (argon, helium) or less often
in a mixture of gases dominated by inert gas, whose original use
binders for welding aluminum and its alloys thanks to the effect of
cathodic cleaning [ 1, 5, 6].

Due to a number of advantages, this process is of use in welding
a wide range of materials (steels, precious stecls, heavy and light
non-ferrous metals, etc.) in manual, semi-automatic or automatic
applications. It found application in the automotive and aviation

industrics, shipbuilding, production of transportation systems.
various overhaul works, ete. The obtained compounds of high
quality are the reason that the TIG process is currently irreplaceable
in the design and installation of pipelines. boiler, petrochemical
industry. etc. Good process mobility allows it to be applied in all
spatial positions. Nowadays, characterized by a high degree of
automation and application of modern technologies, the field of
application of the TIG process is significantly expanded.

The main advantages of the TIG procedure are [, 6]:

*  high quality joint - faultless joint,

*  nospattering - additional metal melts in the metal bath, does
not transfer through the are.

s+ exeellent weld root control,

*  precise control of welding parameters,

*  good control of the heat source and the way of introducing
additional material,

e no submerging,

» o large number of welding positions and

e possibility of welding of dissimilar metals.

In addition to a number of advantages, which are more

dominant, the TIG process has its disadvantages, such as:

s relatively low welding speed and productivity,

«  requires a high level of training of welders,

®  inert gases are expensive, increasing the total cost of welding,

* in addition to the oceurrence of defects in the weld due to
inadequate welding techniques, as a result of the electrode
overheating, tungsten particles may be introduced into the
weld, thus reducing the quality of the weld.,

*  high cost of equipment and

* inerease UV radiation.

2.2. Metal Inert Gas (MIG)

The MIG welding process represents arc welding with a [ull
soluble wire electrode in the protection of inert gas or gas mixtures
with a predominant argon or helium content.

This procedure is applicable for welding material 3-20 mm
thick. In addition, pulsed MIG transmission is used for welding thin
materials 1-4 mm thick, as well as for welding in forced positions
[1].

The basic components that affect the electric are that is created
and therefore the metal transfer in the weld zone and the quality of
the weld are the forces and chemical reactions that occur in the
metal transfer area. The forces that occur and act in the zone of an
arc are: electromagnetic force, gravity force, surface tension force
of liquid metal, reaction force from the flow of stcam from the
surface of the melt and aerodynamic force [1].

The advantages of the MIG welding process are:

*  high melting rate and high welding speed,
*  applicable in forced positions,
s small investment costs (for the standard variant),
o excellent appearance of welded joints and
*  casy process automation [6].
The disadvantages of the MI1G welding process are:
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e risk of welding errors,

s the risk of slow welding errors due to the leakage of liquid
metal in front of the eleciric arc and

s relatively complicated welding training for high alloy steels
and non-ferrous metals [6].

3. Friction stir welding (FSW)

[n addition to aluminum and aluminum alloys, FSW is
nowadays successfully used for welding bronzes, brass, as well as
some types of steel. In addition, the orbital variant of the FSW
procedure is used for welding metal and plastic tubes, the spot
welding is applied in the car industry. and for complex shapes and
contours, a robotic FSW procedure is in use [1].

The FSW procedure is performed in such a way that there are
firmly clamped base plates on the machine table that need to be
connected. A special cylindrical shape tool, consisting of two parts,
the body and the working part of the tool, which rotate at high
speed, is used to generate heat. The tool body is used to attach the
tool to the clamping jaws of the machine, and the working part of
the tool consists of two parts; a larger diameter called the shoulder
and a smaller diameter pant called the pin (Figure 1) [7].

Figure 1, Tool and work pieces before welding [8]

The shape of the shoulder and the pin of the tool can have
different structural geometric shapes. The shoulder of tool may have
a concentric recess in its surface of] usually semicircular shape,
while the pin is usually conical, which can also be profiled by
different coil shapes or different types of grooves. The height of the
grooves mainly depends on the thickness of the welding (joining)
sheets, but it is very important that it be a few millimeters smaller
than the thickness of the sheet [8].

The FSW process starts with the positioning of the tool above
the workbench of the machine, and its axis is normal to the touching
line of the base plates. The rotary tool approaches the joint line
slightly and plunges into the material - the base plates, On this
occasion, heat is generated in the material and an initial hole is
formed. The tool pin is plunged in the material until the tool face
makes comtact with the upper surface of the work pieces. The tool
must with sufficient pressure hold the material within the weld zone
and create a sufficient temperature for the FSW process to proceed
smoothly [8]. The baseplate material is heated to near the melling
point (~ 95%) and becomes plastic. With the help of a pin tool, such
material flows around the sleeve and thus mixes. At the moment
when the tool head touches the upper surfaces of the base plates, the
axial movement of the tool is interrupted and the longitudinal
movement of the stand begins. In further work, the tool pin
practically slides between the sheets in the welding direction, the
new material warms up, becomes plastic and is constantly mixed.
During this time, a groove of smooth warmed material is formed
behind the tool head, which cools and solidifies, and a monolithic
joint is formed between the plates. In doing so, the tool face forms a
flat seam surface on the top of the sheet, and on the underside, the
base forms the same. The welding process is terminated by
interrupting the translational movement of the tool and pulling it out
of the weld zone axially upwards [8].

The thickness of the aluminum sheet that can be welded by this
method depends on the strength of the machine and ranges from 0.5
mm to 50 mm in a single pass or single sided seam. It is possible to
weld sheets up to 75 mm thick in double sided seam,

As the nawre of FSW is a solid state, this gives it scveral
advantages over metal melting welding methods: liquid phase
cooling is avoided so that porosity (cavity), solution redistribution,
and cracks formed by melting and solidification do not exist.

In principle, the FSW process has found great application.
There are a number of disadvantages and as a process it is very
tolerant in terms of variation of parameters and materials. One of
the significant advantages over arc welding processes is that there is
no distortion, ie. of sheet metal bending during the process itself,
because the residual stresses are negligibly small.

In addition to the above, the FSW process has properties that
are very rarely present in other processes: the formation of a welded
joint with negligible internal stresses, resistant to corrosion, in
materials for which this was not possible or extremely difficult and
expensive to achieve by conventional methods welding, Due to all
of the above, it can be said that, economically, FSW process is by
far the most efficient and ecologically clean [8].

4. Aluminium alloy A416082-T6

Aluminum and its alloys, as structural materials, characterized
by good mechanical properties, corrosion resistance and relatively
low mass, today occupy a significant place in almost all branches of
industry. The most common use of aluminum alloy is in the
shipbuilding. aerospace. acrospace, healthcare, construction, and
other industries [9, 10].

Welding of aluminum and aluminum alloys is accompanied by
certain technical problems that can be avoided by properly selecting
the welding process and the additional material [9]: Aluminum
oxide formed on the surface of the melal provides corrosion
resistance, so subsequent surface protection is  basically
unnecessary. If the coating is removed, in contact with oxygen from
the air it regenerates at that point. As A/ oxide has a melting point of
about 2050 °C and aluminum of about 660 "C, in the welding
preparation process, this oxide must be removed mechanically from
the junction site.

A special type of aluminum alloy from the 6xxx series
(magnesium and silicon alloying elements), of which considerable
attention will be paid in the next part, is the AA6082-T6 alloy. The
T6 designation itsell indicates that the AAG082 alloy has been
further processed (T6 - heat treated in 580 “C and aged artificially at
180 °C, tensile strength of 340 MPa. 95 HB hardness and specific
mass) to improve mechanical properties [11-13]. The alloy i§ a
medium strength alloy with a high degree of corrosion resistance. If
the whole 6xxx series is considered, then this alloy has the highest
strength, so it is not infrequently used as a replacement for some
alloys in this series, especially for the construction of high load
structures and the like [12].

The chemical composition of AAGO82-T6 alloy s shown in
Table | [7]:

Table 1. Chemical composition of AA46082-T6 alloy
Al | Fe | Si |Ti [Cu|Zn| V | Cr|Mn|Mg|Na
Yol % | % | % | % | %] % | %] %] %] %
08.250.22 [0.85 | 0.01 {0.002[0.062)0.006/0.001] 0.16 | 0,43 |0.002

5. Comparison of welding of AA6082-T6 alloy
from the aspect of manufactura-bility by TIG,
MIG and FSW processes
In the next part of this paper, attention will be paid to the
welding technology of said alloy, TIG. MIG and FSW processes,
and an advanced analysis of these procedures will be made.
Comparisons between the selected procedures to be analyzed are:
time and cost of preparation of welding joint, cost of additional
material, cost of protective atmosphere, energy consumption during
welding, welding time and possible spatial positions of welding.
The comparison was considered when welding the face joint of
the plates, AA6G0R2-T6 alloy. length 1 m and thickness 6 mm. The
consideration will take into account that the panels have been
adequately machined to a defined length and width, and the time
and cost of these panel preparations will not be taken into account.

5.1. Time and cost of preparing the weld joint
A special feature and problem in welding aluminum and its
alloys is the oxide layer (A505). which is constantly formed on the
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surface of the alloy and its high melting point relative to the low
aluminum melling temperature. Aluminum oxide represents a basic
difficulty that must be overcome in the arc welding of aluminum
and aluminum alloys [14, 15], so it is necessary to remove the oxide
layer from the base material. In the case of arc jointing of the
material, especially in the formation of an interface, the groove side:
The preparation of the groove sides of the TIG and MIG procedures
for the AA6082-T6 aluminum alloy, s = 6 mm thick, is shown in
Figure 2.

70% 10 907 ?@;
\4& i \Z a |
¥ e 1
a) b)

Figure 2. Preparation of weld seams: a) with TIG procedure for
material of thickness 6 mm; b) in the MIG process for a material
thickness of =6 mm [16]

Considering that the cutting of the edges is performed by a
spindle milling machine, and that the time required to perform this
operation is calculated by the form:

ty=1t; +ty (1)
where are:
t, - total time (min) required to cut the edge,
1, - preparation time, which refers to the preparation of the machine,
tools, positioning of objects. program| entry and the like, and is
about 30-40 min,
t;u - main process time (min).

According to the calculation, the time required for the
preparation of the arc welding plates i§ 50-60 min, and the cost of
preparing them is approximately 20 €.

In addition to the above costs, unlike the MIG process, the costs
associated with preheating the material prior to the welding process
must be added 1o the TIG process. In this regard, the preparation
time for the TIG process is significantly higher than for the MIG
process, because the heating of the AAG6082-T6 alloy is performed
at 200 “C for 30 min [17].

Unlike the aforementioned procedures, in the FSW process, the
numerous costs of preparing the material are minimized. to be
exact, almost nonexistent. In this process it is not necessary to
preheat the material or to remove the protective oxide layer from
the alloy surface in order o perform this process.

The time and cost required to prepare the material are shown in
the diagrams in Figure 3 and Figure 4,
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Figure 3. Preparation time of material AA6082-T6 of thickness 6
mm for FSW, MIG and TIG welding

5.2. Cost of additional material

Material that is added or introduced into the welding zone
during the welding process and which together with the base
material participates in the formation of the weld is called additional
material. In general, 6xxx series alloys are not recommended to be
welded without additional material, or to use additional material the
same as the base material as cracking may occur in the weld [18].

Performing the TIG procedure is possible with or without
additional material, that is, if the thickness of the base material is
less than 3 mm, additional material is not required, otherwise it is
necessary [5].
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Figure 4. Costs of material preparation AAG082-T6 of thickness 6
mm for FSW, MIG and TIG welding
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According to the lilerature source [19], additional -material
ER4043 is used when welding the AAGO82-T6 TIG alloy process,

The speed of introduction of the auxiliary material and its
diameter should be consistent with the welding speed and represent
one of the main welding parameters, and are selected based on the
thickness and type of the base material, as well as the welding
position [9].

It is important to note that during the FSW welding process, no
additional material is introduced into the process, the welding is
performed without additional material.

Based on the recommendation ol literature sources [20-23], the
consumption of additional material for welding 1 m of AA6082-T6
of thickness 6 mm alloy was calculated and the calculated values
are shown in the diagram in Figure 5.
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Figure 5. Costs of additional material required for welding

AAGOS82-T6 of thickness 6 mm FSW, MIG and TIG
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5.3. Time of welding

Welding time is another of the technological parameters when
comparing TIG, MIG and FSW procedures.

When calculating the welding time, it is necessary to pay
attention to the number of passes required to obtain the weld, and in
this connection TIG and MIG welding of AA6082-T6 alloy of
thickness 6 mm is performed in two, while FSW welding is
performed in one pass.

Considering the researches [20, 22, 24], the time required for
welding of AAG082-T6 alloy plates, length 1 m and of thickness
6 mm, by TIG, MIG and FSW procedures was caleulated and is
shown in the diagram in Figure 6, while the total time required to
perform of these procedures is illustrated by the diagram in Figure

75
MIG TIG

Fsw

AR

Time of welding [min]
O NW s e e

Welding process
Figure 6. Time for welding by TIG, MIG and FSW processes
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Figure 7. Total time of extraction FSW, MIG and TIG processes

3.4. Cost of a protective atmosphere

The cost of a protective atmosphere is another indication of the
advantages of the FSW procedure over the TIG and MIG
procedures, In fact, FSW welding does not require a protective
atmosphere, while in TIG and MIG procedures it is necessary.

Based on the research [20, 22, 25], the argon consumption
during welding of AA6082-T6 alloy, 1 m and of thickness 6 mm in
length, was caleulated by TIG and MIG procedurés and presented,
together with other costs, in Figure 8,
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Additional material
Preparation
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Figure 8. Individual costs of welding processes

5.5. Amount of heat input

A factor that greatly influences the shape and dimensions of
weld metal and welds as a whole, the micro and macrostructure of
weld metal and its properties, the occurrence of defects in the
welded joint and the appearance of residual stresses is the energy
that is brought under the influence of an electric arc welded joint
[26].

The amount of energy input is a fraction of the total energy of
the are that is spent on forming a unil of length of weld. The amount
of energy input is determined from the expression [26]:

0= g/my @

where are:

k - coefficient of thermal efficiency (for TIG - 0.6, and for MIG -
0.8),

U - voltage (V),

! - amperage (A) and

v = welding speed (m/s).

Unlike the TIG and MIG procedures, in the FSW process, the
amount of energy input cannot be calculated using the form
provided. However, based on data from a literature source [27],
related to the amount of energy input in the FSW process, and based
on the calculation by equation (2) for the TIG and MIG procedures,
the amount of energy input for the individual welding operations is
shown in the diagram in Figure 9.

6. Conclusion

Congidering the time aspect of the overall process execution,
including the time required to prepare the base material for welding
and welding time, the FSW process takes precedence. In fact, in this
process, preparation of the material is not required, while in the
other two processes it is necessary, especially in the TIG process,

which in addition to mechanical preparation of the material also
requites its preheating. Therefore, the longest time is required for
TIG welding and the shortest time for FSW welding,

However, il an economic analvsis of the process, which
includes material preparation costs, additional material costs and
protective gas costs, is taken into account, FSW procedure is again
preferred because material preparation costs are not present, no
additional material is required, as well as protective gas. Most costs
oceur with MIG welding due to the high consumption of shiclding
gas,

Comparing the values related to the total amount of heat input
during welding, it is concluded that from the energy point of view,
FSW is a cost-effective procedure and is favored over the other two
processes.

In addition to all of the above; today, which is characterized by
high levels of pollution, great attention should be paid to the
protection of the environment. From this point of view, the FSW
process is one of the environmental practices because there is no
evaporation of harmful gases, no proteetive gas required, high
energy savings, etc,
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Figure 9. Quantity of heat input and power consumption
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Apstract: The technological and social environment in which we live changes very quickly. Competition grows from time fo time, so
it is a constan! tendency towards product and service providers to achieve a competitive advantage, and thus satisfy the needs of
consumers. In order to achieve the above, the organization is often at a crossroads where important decisions are needed. vhich are

most often related to the investment in new equipment or technology. Also, in parallel with the decision to invest in new equeipment or
technology, a decision is made (o retain or upgrade the existing one. In order to make the vight decision, oftenwell-known posiilates
of engineering economies are ofien used, which include systematic assessment of the economic values of the proposed solutions. In
order for economies to be acceptable, solutions must show the existence of a positive relationship between long-term benefits and
long-term costs, as well as ensuring the success and survival of companies in the market. In this paper. the econontic cost-
effectiveness of replacing the existing electrolytic welding technology with insoluble eléctrode in inert gas (TIG), the new FSW

welding technology is considered.

KEY WORDS: TIG, FSW, ECONOMIC ANALYSIS, REPLACEMENT, BENEFITS, COSTS.

1. Introduction

An important decision facing a large number of organizations,
both productive and service providers, is whether existing assets
or technologies need to be withdrawn from use, replaced by new
ones, or simply rctained. Living in a time of strong market
competition, which grows at an enormous speed from time to
time. high productivity criteria are set  before product
manufacturers and service providers, which primarily relate to
the higher quality of goods and services, and shorter delivery
times. In this regard, in order to satisfy the above criteria, the
most common is the implementation of the decision. which refers
to the replacement of existing assets or technologies. new ones.
The replacement problem, in order o improve operational
efficiency and strengthen the competitive position in the global
market, requires a thorough analysis and consideration of all the
accompanying problems.

The engineering economy provides assistance in deciding on the
replacement of assets or technologies. based on an analysis of
several proposed solutions. Ofien, for the use of resources,
during the substitution analysis, the term "defender” is used.
while the proposed alternatives, which refer to new ones. are
called "challengers”.

However, the adoption of a specific substitution decision can be
influenced in many ways. Thus, for sometime, it may be
acceptable for the existing product or technology to be
completely withdrawn from use. without replacement. while for
some time a decision is made to retain it, but only for spare use.
Also. the decision 1o substitute is influenced by the fact that the
increase in market demands can be met by expanding existing
capacities or by increasing the capacity of available funds.

This paper analyzes the replacement of conventional welding
technology with an unconventional one. Of the conventional
technologies, one of the methods of arc welding (TIG) was taken
into account, while the friction stir welding procedure - FSW was
taken as an unconventional process.

When considering, attention is focused on several important
factors, which have the greatest impact, Also, consideration was
given to the economic parameters of the analyzed technologies.

2. Replacement analyses
2.1. Reasons for replacement

There are numerous reasons that make the questionable

profitability of using existing assets or technology. and are most

often followed by negative financial indicators, All influential
factors. leading 1o the above mentioned adverse effects. can be

grouped into three groups [1]:

*  Physical damage to resources. Changes related to physical
characteristics. Continued use of resources ("aging”) leads
to a reduction in its efficient functioning. All this leads o a
number of related problems such as: increasing planned and
unplanned overhauls, increasing maintenance  costs,
increasing energy consumption, increasing the time needed
to perform the operation, ete. Also. during the use of funds,
an unexpected event can occur (an accident), which affects
the physical state of the assets. and thus impair the economy
and the possibility of further use;

*  Changed requirements. Capital assets are used to produce
goods in order to meet the needs of consumers. using
existing technology. Changes in demand or a change in
product design ‘may be reflected in a change in cost-
effectiveness:

e Technology. The impact of technology change varies
depending on the type of asset itself Changes in
technology, in general, positively affect: costs per unit of
production, quality of products or services. etc. and
therefore often make decisions about replacement of
existing funds, new funds.

Factors that relate to physical damage to assets and changed
market requirements may refer to different categories of



limitation. In the case of a replacement problem, they do not
need to be included in only one of the above factors. but can
simultancously be influenced by factors from all three groups.
However. notwithstanding everything, replacing old funds with
new assets is most often a good economic opportunity for an
organization,

2.2. Faclors (o be considered in the replacement analysis

There are several lactors that must| be considered in the
replacement analysis. Once these factors and their dependence
are identified. the likelihood of experiencing difficulty in
analyzing substitution is low. The most important factors are [1]:
e recognizing and accepting mistakes from the past,

* |ost costs.

e existing value and neutral viewpoint,

* cconomic life of "challangrs”,

e the remaining economic life of "defenders” and

» consideration of income tax.

Recognizing mistakes from the past. The cconomic focus of
the analysis study is always focused on the future. Any
estimation -errors made in the previous study, which are
associated with existing assets, are not significant. In most
resemblances, the inability to predict| the future situation is
anticipated during the initial assessment period. The organization
is often at a crossroads, where it is necessary to decide whether,
on the one hand, one should live with all the mistakes and
differences from the past, or, on the other hand. 1o exist in a
healthy competitive position in the dircetion of the future. The
most common fears that arise when making this decision is the
possibility of losing the value of the existing asset due to the
replacement. However. regardless of whether there will be a
replacement of the asset or not. the facts show that the loss is
inevitable in any case.

Lost Costs. It is very important to define a non-returnable loss at
a particular point, which is the difference between the carrying
amount of the asset and its current market value. Non-refundable
costs are not a relevant factor in the analysis of substitution
unless they have an impact on income tax, because in this case
they must be taken into account in an economic study. It is clear
that in practice. when analyzing the replacement. a major error
can be made if the non-refundable costs are incorrectly
calculated.

Existing values and neutral viewpoint. The introduction of a
neutral viewpoint aims to bring the concept of value to the
existing asset ol the "defender”" closer, In fact. a neutral
viewpoint is an attitude that would occupy a third (impartial.
objective) person in determining the current market value of the
asset used. This viewpoint forces analysts to focus on current and
future cash flows during the exchange analysis, thus avoiding the
temptation to retain on past (non-refundable) costs. The current
market value of the asset is the exact amount of capital
investment that will be allocated to the existing assct in the
replacement process. Any new investment cost required to
upgrade the existing asset in order to achieve competitiveness
with the "challenger” should be added to the current market
value of the asset in order to be relevant in the replacement
analysis. At a neutral point of view. it takes into account that the
assets of the "defender” are equal to the sum of the cost, which is
cqual to the current market value of the unsold asset and the cost
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of superstructures. with the aim of achieving co-curricularity
with the bestavailable "challenger",

The economic life of the "challenger'. The economic life of
the asset is often shorter than useful or physical life. During the
analysis it is necessary 1o know the cconomic life ol the
"challenger” for the reason that a comparative analvsis between
the existing and the new asset is precisely based on their
ceonomic  life.  Economic data on  the “challenger” are
periodically updated, and then the replacement analysis is
repeated. inorder to ensure a continuous assessment of the
possibilities for improvement.

The economic life of the "defender". It must be taken into
account when comparing the current defender with the
"challenger”, as it is-a comparison of different ages. The lifetime
of a "defender” should be longer than its economic life, until its
marginal cost is less than the minimum equivalent of the
"challenger” annual cost in his economic life.

The importance of the consequences of income tax,
Substituting an asset often resulls in a gain or loss on the sale of
depreciable assets. Consequently, in order to carry out a precise
economic analysis in such cases, studies must be made alter the
taxation process. It is evident that the occurrence of taxable profit
or loss during replacement can have a significant impact on the
result of engineering studies.

3. Project profitability assessment

Because patterns of capital investment, revenue (or saving) cash
Hows, and disbursement cash flows can be quite different in
various projects. there is no single method for performing
engincering cconomic analyses that is ideal for all cases.
Consequently, three methods are commonly used: Present Worth
(PI), Annual Worth (AW), Future Worth (FW). This methods
convert cash Mows resulting from a proposed solution into their
equivalent worth at some point in time by using an interest rate
known as the Minimum Attractive Rate of Return (MARR) [2].
The Present Worth Method. To find the PIV as a function of /%
(per interest period) of a series of cash inflows and outflows, it ic
necessary to discount future amounts to the present by using the
interest rate over the appropriate study period (vears. for
example) in the following manner:

3.1) PW (i%) = ZioF(1+0)7*

where are: { - cffective interest rate or MARR, per compounding
period, k- index for each compounding period (0 <k <N). Fk-
future cash flow at the end of period k and

N - number of compounding periods in the planning horizon (i.c.,
study period).

The relationship given in Equation 3.1 is based on the
assumption of a constant interest rate throughout the life of a
particular project. If the interest rate is assumed 1o change. the
PW must be computed in two or more steps.

The Future Worth Method. The future worth metod is based on
the equivalent worth of all cash inflows and outflows at the end
of the planning horizon (study period) at an interest rate that is
generally the MARR

Also. the FI of a project is equivalent to its PW: that is. FIV =
PW(F/P, i%. N), IF FIW > () for project. it would be economically

justified. Equation 3.2 summarizes the general calculations

necessary to determine a project’s [uture worth |2]:
(3.2) FW (i%) = EN_gFe(1+i)V=*.
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The Annual Worth Method. The Annual Worth (411) of a
project is an equal annual series o' money amounts. for a stated
study period, that is equivalent to the cash inflows and outflows
at an interest rate that is generaly the MARR. Hence, the AW of a
project is annual egivalent revenues or savings (R) minus annual
cquivalent expenses (£), less its annual equivalent Capital
Recovery (CR) amount. An annual equivalent value of R . and
CR is computed for the study period, N. which is usually in
vears. [n equation form the 417, which is a function of i%, is [2]:

(3.3) AW (i%) = R — E — CR(i%).

Also, we need to notice that the 41 of a project is equivalent to
its PW and FIW., That is, AW = PW{A/P, i%, N). and AW =
FWA/F, i%, NJ. Hence, it ¢an be easily computed for a project
from these equivalent values, As long as the AW is greater than
or equal to zero, the project is economically attractive. An AW of
zero means that an annual return exactly equal to the MARR |2].

4. Economic aspects of TIG and FSW methods of
welding

In modern industrial production, every production process should
be tested in terms of cconomy. For every company that invests in
a new process or technology, it is important to carefully consider
all the economic aspects that accompany this process, or
technology.

In this paper, the emphasis is placed on welding 6 mm thick
sheets, made of Al alloys in the 6000 series (AA 6082-16). A
comparison in terms ol cost-effectiveness has been made with
regard to welding by electrolytic method of insoluble electrode in
protection of inert gas (TIG), on the one hand. and on the other
hand, friction stir welding (FSW).

Friction stir welding (FSW) was developed and patented by
TWI, Cambridge. UK. in 1991. whose main goal was to
overcome the problems that oceurred during welding (primarily
aluminum alloys) by the process melting. Since its introduction.
this process has been constantly improved and the scope of its
application has been expanded. FSW is a solid state coupling
process using a combination of heat and mechanical work to
produce high-quality compounds. without the usual defects
characteristic of the melting process [3].

The process itself has found industrial applications in
shipbuilding, the aviation industry, auto-moto industry, etc.
Additional material or protective gas is not used. The process can
be casily automated. so there is no need for highly qualified
workforce. The working environment in the case of FSW is
cleaner than in arc welding, and there are also no harmful gases,
smoke. UV and other harmful radiation. No special preparation
of surfaces or edges of slabs prior to welding is required, which
greatly reduces costs [4].

What makes the FSW process more economical compared to
TIG welding are primarily the costs that are included in the TIG
procedure. while in FSW welding they are not present. The
estimation of cost-effectiveness is carried out on an annual basis,
with the assumption that the welding is performed in one shift.
during the working week (ie, it is assumed that the effective
working time is about 6 hours during one shift).

Welding of Al plate. thickness of 6 mm. in TIG welding, requires
the preparation of these plates. which relates to the edging of the
edges by the milling process. In addition. the welding of Al
alloys is difficult due to the presence of a layer of Al oxide on

the surface of the panels. so for the high-quality TI1G welding it is
necessary to remove the oxides by means of chemical reagents
and mechanically. In addition 1o all of the above, it is
recommended that during TIG welding of materials, whose
thickness is greater than 3 mm. it is preheated for 30 minutes,
which again requires certain costs. As FSW welding is known 10
be solid, it should be noted in this connection that the costs of
preparing the material are minimized, i.c. there are no [5].

In addition to the cost of preparing welding materials, the TIG
welding process also shows the cost of additional material, while
FSW is a welding process without additional material. When
welding the AA6082-T6 alloy with a thickness of 6 mm. an
additional material made of an alloy of ER4043 [3] is used.

In addition to the above, large costs are present in the use of a
protective atmosphere. In order for the TIG procedure to he
performed well. it is necessary to use a protective atmosphere. 1L
is these costs, to a large extent. that contribute to the fact that the
T1G procedure falls into high-cost procedures.

According to [5]. the total cost of TIG welding Tor the 1m alloy
AAGDB2-T6 is 80 €. and the total time required for preparing the
material and welding 1 m of said alloy is 90 minutes.

According 1o the literature source [6], the welding power of
AAG082-T6 for the TIG process is 3850 W, while for the FSW
process it is 3382 W. Therefore. the difference in the cost of
electricity consumption is negligible, so when considering the
economy, it will not be taken consider.

However, for the execution of FSW welding, a special tool
designed for this type of welding is required. Tool construction is
a crucial parameter that influences the quality of the welded
joint. On the tool itself. welding forces act, which lead to
negative effects. such as tool wear. In addition to the active
forces, in the process of welding. the tool generates heat through
the tool, which implies that the tool must be made ol adequate
material, which is adapted to the base material. According to the
recommendation of the literature source [7]. for the FSW
welding of the AAGO82-T6 alloy, a tool made of sweel for
working in hot state JUS C.4751 is used [8]. In addition. the tool
has to be thermally processed so that its hardness meets certain
requirements, and thus processed smoothly executes the welding
process. The tool 1s made by cutting. and therefore the estimated
costs of material and tool making, and its thermal processing are
100 €/piece. As stated above, during the welding process itsell,
due o the high resistance of the welding material and the forces
that act during the process. the tool suffers from some damage.
thus losing its high-quality lunctionality, so it is neccessary to
replace it with new ones.

5. Example of analysis of technology replucement

The company that deals with welding aluminum panels is
considering investing in new welding technology (FSW). which
would replace the existing ¢electrolytic welding technology with
insoluble electrode in inert gas (T1G).

If an effective working time of 6h is assumed during one shift
(five working days a week and 52 weeks during the year), the use
of TIG technology leads to cosls (preparation ol materials.
additional material and protective gas) in the amount of 20000 € /
year |3, 6]. TIG welding equipment could be sold on the free
market for 1300 € and written off after five vears of exploitation.
The investment in a new, modern equipment costs 70000 € |9].
The market value after 5 years of use is 50000 € [2], with the



annual  spending  on the special tools necessary for the
implementation of welding to be 2400 € If the minimum
acceptable wage rate (MARR) for the company is 20% per year,
it should be opted for economically more cost-effective
technology.

Solution: The first step in solving this problem is the
determination of the investment value of the "defender"
(equipment for TIG welding). From a neutral point of view. the
investment value of a "defender" represents its current market
value and is 1300 € It will be approached to calculate the P,
and based on this, decide to retain or replace existing technology
with a new one:
Defender:
PW (20%) = —1300 € — 20000 €(P/A,20%,5) — 61100 €
Challenger:
PW (20%)= -70000 € - 2400 €(P1A.20%,5) +
30000 €(P/F,20%,5) =-57082.12 €

According 1o the calculated, the PIW "challenger” is greater than
the PW "defender". In this way. it was pointed out that TIG
welding technology was necessary to replace FSW technology.
The diagram in Figure 1 shows the| difference between the
present value of the equipment and the future value of the
cquipment. It is evident that during the five-year period under
review, the economic advantage of FSW technology is
significant in relation to TIG welding technology.

Investmentin
equipment
PW value

FSW, 5708212
450000 +———¢——

60000 —]' TG, -61100¢
FSW, -70000€
Welding technology (TIG, FSW) I

Fig I. 4 graph of present values “defender” (T1G) and
“chalanges " (IF'SW)

Cm:l.s 1€l
|

-30000 ¢

Figure 2 graphically depicts the cash flows of the "defender",
which refers to the TIG welding process and the "challenger”,
which refers to investment in new technology (FSW). In this
case, the "challanger" is a beuer alternative than the "defender”

because it has a higher PW value. Therefore, the extra benefits of

investing in the new technology of 70000 € ("challanger”) have a
present value that is: -57082,12 € - (-61100 €) = 4017.88 €. or:
PW (20%)p5itrerence = ~68700 + 17600 (P/A, 20%, 5) +
+ 50000 (P/F. 20%, 5)=4017.88 €.
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Fig 2. Cash flow diagram of the defender, challenger and their
differences

6. Conclusions

In the pursuit of market survival and the provision of profits. in
times of strong market competition and increasingly demanding
consumer needs. the organization often makes decisions about
replacing existing or new technologies. which will. in a longer
period of time, ensure its survival and growth in a competitive
market.

Analyzing and comparing the costs of existing and new
technology (resources) are basic aspects of engineering practices.
The  consideration of the c¢conomic cost-effectiveness ol
replacing the existing arc welding technology with insoluble
electrode in inert gas - TIG ("defender"), new welding
technology with mixing - FSW ("challanger") was carried out on
the basis of” the known postulates of the engineering cconomy,
using the current value method (PW). Based on this meéthod, in
the considered five-year period, it was concluded that the
investment in new technology is much more favorable than the
alternative to retain the existing welding technology. which in
the considered period lcads to a large number of costs. which
primarily relate to costs: preparation’ materials. costs of
additional materials and protective gas costs.

All of the above points to the fact that making a decision to
invest in new welding technology for the company under
consideration is the correct path to maintaining and strengthening
market competitiveness and ensuring the profit and survival of
the organization on the market.
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