Ky TCIP

10 INTERNATIONAL CONFERENCE
"RESEARCH AND DEVELOPMENT
IN MECHANICAL INDUSTRY"

RaDMI 2010

PROCEEDINGS

Volume 1

Editor:
Predrag V. Dasic¢

16-19. September 2010.
Donji Milanovac, Serbia




5 alCIP

Vrnjacka Banja, Serbia

10" INTERNATIONAL CONFERENCE
"RESEARCH AND DEVELOPMENT IN
MECHANICAL INDUSTRY"

RaDMI 2010

PROCEEDINGS
Vol. 1

Editor:
Predrag V. DaSi¢

Donji Milanovac, Serbia
16 - 19. September 2010.



Publisher: SaTCIP (Scientific and Technical Center for Intellectual Property) Ltd.,
36210 Vrnjacka Banja, Serbia

For publisher: Jovan Dasi¢, Director of the firm SaTCIP Ltd.

Reviewers:  Prof. dr. Branislav Dragovi¢, vice-dean, Maritime Faculty, University of
Montenegro, Kotor (Montenegro)
Prof. dr Volodymir Fedorinov, rector, Donbass State Machinery Academy
(DSMA), Kramatorsk (Ukraine)
Prof. dr Raycho Ilarionov, vice-rector, Technical University of Gabrovo
(Bulgaria)

Technical processing and design: Predrag Dasi¢
Jovan Dasi¢

Approved by:
Decision no. 004/2010 from 01-06-2010 from SaTCIP Ltd., Vrnjacka Banja (Serbia)

Disclaimer Note

The content of this publication, data, discussions and conclusions presented by the authors are for
information only and are not intended for use without independent substantiating investigations on the part
of potential users. Opinions expressed by the Autors are not necessarily in accordance with SaTCIP Ltd. as

the Publisher, and the organizer and editor are not responsible for any statement in this publication.

Copyright © SaTCIP Ltd.

All rights are reserved for this publication, which is copyright according to the International Copyright
Convention. Excepting only any fair dealing for the purpose of private study, research, review, comment
and criticism, no part of this publication can be reproduced, stored in a retrieval system, or transmitted in
any form or by any means, mechanical, electrical, electronic, optical, photocopying, recording or otherwise,
without the prior expressly permission of the copyright owners. Unlicensed copying of the contents of this

publication is illegal.

Circulation: 80 exemplars

Printed by:  SaTCIP (Scientific and Technical Center for Intellectual Property) Ltd.
36210 Vrnjacka Banja, Serbia

I



ORGANIZER

'3)aTCIP

Vrnjacka Banja, Serbia
http://www.satcip.com/

ORGANIZING COMMITTEE

. Predrag Dasi¢, SaTCIP Ltd., Vrnjacka Banja (Serbia), Chairman

. Milan Marinkovi¢, INTERHEM Research Center, Belgrade (Serbia)

. Dr Milutin Milosavljevié, University of Pristina — Office Kosovska Mitrovica, Technical
Faculty, Kosovska Mitrovica (Serbia)

. Marina Stanojevié, University of Ni§, Faculty of Economics, Nis (Serbia)

. Dr Slobodan Radosavljevi¢, Mining Basin "Kolubara”, Lazarevac (Serbia)

. Veis Serifi, Technical Faculty, Ca¢ak (Serbia)

. Jovan Dasi¢, SaTCIP Ltd., Vrnjacka Banja (Serbia)

. Danka Mili¢evi¢, SaTCIP Ltd., Vrnjacka Banja (Serbia)

. Ana Kari¢, SaTCIP Ltd., Vrnjacka Banja (Serbia)

W N =

NeJNoBEN Be) WV, I SN

I



13.

14.

15.

16.

17.
18.

19.
20.
21.
22.
23.

24.
25.
26.

27.

28.
29.
30.
31.

32.

33.
34.
35.
36.
37.

SCIENTIFIC COMMITTEE

Prof. dr Grigoryev Sergey Nikolaevich, rector, Moscow State Technological University "STANKIN",
Moskva (Russia), Chairman

Prof. dr Valentin Nedeff, rector, University of Bacéu, Faculty of Engineering, Bacdu (Romania), Vice-
chairman

Prof. dr Friedrich Franek, University of Vienna and president of Austrian Tribology Association, Vienna
(Austria), Vice-chairman

Prof. dr Raycho Ilarionov, vice-rector, Technical University of Gabrovo (Bulgaria), Vice-chairman

Dr Syed Ahmed, CSEM S. A., Surface Engineering Division, Neuchatel (Switzerland)

Prof. dr Emilia Assenova, Technical University of Sofia, Sofia (Bulgaria)

Prof. dr Anatoly P. Avdeenko, Donbass State Machinery Academy, Kramatorsk (Ukraine)

Prof. dr Milun Babi¢, University of Kragujevac, Faculty of Mechanical Engineering, Kragujevac (Serbia)
Prof. dr Nada Barac, University of Ni§, Faculty of Economics, Ni$ (Serbia)

Prof. dr Rade Biocanin, University of Novi Pazar, Technical Faculty, Novi Pazar (Serbia)

Prof. dr Leonid Borisenko, Belarusian-Russian University (BRU), Mogilev (Belarus)

Prof. dr Konstantin D. Bouzakis, Aristoteles University of Thessaloniki, Faculty of Mechanical
Engineering, Thessaloniki (Greece)

Prof. dr Miodrag Bulatovié, University of Podgorica, Faculty of Mechanical Engineering, Podgorica
(Montenegro)

Traian Buidos, University of Oradea, Faculty of Management and Technological Engineering, Oradea
(Romania)

Prof. dr Mikhail V. Burmistr, academician, rector, Ukrainian State University of Chemical Engineering,
Dniepropetrovsk (Ukraine)

Prof. dr Alexander I. Burya, academician, Dniepropetrovsk State Agrarian University, Dniepropetrovsk
(Ukraine)

Prof. dr Ilija Cosié, dean, University of Novi Sad, Faculty of Technical Scientific, Novi Sad (Serbia)
Prof. dr Predrag Cosi¢, University of Zagreb, Faculty of Mechanical Engineering Naval Architecture,
Zagreb (Croatia)

Prof. dr George Dobre, University Politehnica, Bucharest (Romania)

Prof. dr Alexandre Dolgui, Ecole Nationale Supéricure des Mines de Saint-Etienne, Saint-Etienne (France)
Prof. dr Cemal Doli¢anin, rector, University of Novi Pazar, Technical Faculty, Novi Pazar (Serbia)

Prof. dr. Branislav Dragovi¢, vice-dean, Maritime Faculty, University of Montenegro, Kotor (Montenegro)
Prof. dr Ljuben Dudesku, vice-dean, University of Skopje, Faculty of Mechanical Engineering, Skopje
(Macedonia)

Prof. dr Petru Dusa, Technical University "Gh. Asachi”, Faculty of Mechanics, lasi (Romania)

Prof. dr Ljubodrag Pordevi¢, University of Union, Faculty of Industrial Management, Krusevac (Serbia)
Prof. dr Vladan Pordevi¢, academician, University of Belgrade, Faculty of Mechanical Engineering,
Belgrade (Serbia)

Prof. dr Sabahudin Ekinovié, rector, University of Zenica, Faculty of Mechanical Engineering, Zenica
(Bosnia and Herzegovina)

Prof. dr Volodymir Fedorinov, rector, Donbass State Machinery Academy, Kramatorsk (Ukraine)

Prof. dr Milomir Gasi¢, University of Kragujevac, Faculty of Mechanical Engineering, Kraljevo (Serbia)
Prof. dr Manfred Geiger, University Erlangen-Nuremberg, Erlangen (Germany)

Prof. dr Anatoly Ivanovich Grabchenko, National Technical University, Kharkov Polytechnical Institute,
Kharkov (Ukraine)

Prof. dr Nicolae Valentin Ivan, University Transilvania of Brasov, Faculty of Mechanical Engineering,
Brasov (Romania)

Prof. dr Ratomir Je¢menica, University of Kragujevac, Technical Faculty, Cagak (Serbia)

Prof. dr Milan Jurkovié, University of Biha¢, Technical Faculty, Biha¢ (Bosnia and Herzegovina)

Prof. dr Isak Karabegovi¢, dean, University of Biha¢, Technical Faculty, Biha¢ (Bosnia and Herzegovina)
Prof. dr Baki Karamis, Erciyes University, Faculty of Mechanical Engineering, Kaysei (Turkey)

Prof. dr Branko Katalini¢, University of Vienna, Vienna (Austria)

v



38.
39.

40.

41.
42.
43.

44,

45.
46.
47.
48.
49.
50.

51.

52.
53.
54.
55.

56.

57.
58.
59.

60.
61.
62.

63.
64.
65.
66.
67.
68.
69.
70.

71.
72.
73.
74.
75.
76.

77.
78.

79.

80.
81.

Prof. dr Veijo Kauppinen, Helsinki University of Technology, Espoo (Finland)

Prof. dr Marianna Kazimierska - Grebosz, Technical University of Lodz, Faculty of General Mechanics,
Lodz (Poland)

Dr Sergei A. Klimenko, Director of Association of Mashine — Bulding Technologists of the Ukraine -
ATMU, Kiev (Ukraine)

Prof. dr Karel Kocman, Technical University of Brno, Brno (Szech Republic)

Prof. dr Janez Kopac, University of Ljubljana, Faculty of Mechanical Engineering, Ljubljana (Slovenia)
Prof. dr Marian Kralik, vice-dean, Slovak University of Technology, Faculty of Mechanical Engineering,
Bratislava (Slovakia)

Prof. dr Zdravko Krivokapi¢, vice-dean, University of Podgorica, Faculty of Mechanical Engineering,
Podgorica (Montenegro)

Prof. dr Janos Kundrak, University of Miskolc, Faculty of Production Engineering, Miskolc, (Hungary)
Prof. dr Evgeniy A. Kundrashov, academician, State Technical University, Chita (Russia)

Prof. dr Cristian N. Madu, Pace University, Lubin School of Bussiness, New York (USA)

Prof. dr Velibor Marinkovi¢, University of Ni$, Faculty of Mechanical Engineering, Ni§ (Serbia)

Prof. dr Vlatko Marusi¢, University of Osijek, Mechanical Engineering Faculty, Slavonski Brod (Croatia)
Prof. dr Ostoja Mileti¢, vice-rector, University of Banja Luka, Faculty of Mechanical Engineering, Banja
Luka (Bosnia and Herzegovina)

Prof. dr Onisifor Olaru, dean, University "Constantin Brancusi” of Tg-Jiu, Faculty of Engineering, Tg-Jiu
(Romania)

Prof dr Constantin Oprean, rector, "Lucian Blaga” University of Sibiu, Sibiu (Romania)

Prof. dr Liviu Palaghian, vice-dean, University of Galati, Galati (Romania)

Prof. dr. Nam Kyu Park, Tongmyong University, Busan (Korea)

Prof. dr Jozef Peterka, vice-dean, Slovak University of Technology, Faculty of Material Sciences and
Technology of Trnava, Trnava (Slovakia)

|Pr0f. dr Georgios Petropoulos], University of Thessaly, Faculty of Mechanical & Industrial Engineering,
Volos (Greece)

Prof. dr Narcisa Popescu, University "Politehnica”, Bucharest (Romania)

Prof. dr Stanislaw Pytko, Technical University of Krakow, Krakow (Poland)

Prof. dr. Zoran Radmilovi¢, Faculty of Transport and Traffic Engineering, University of Belgrade Belgrade
(Serbia)

Prof. dr Snezana Radonji¢, vice-dean, University of Kragujevac, Technical Faculty, Cagak (Serbia)

Prof. dr Miroslav Radovanovié¢, University of Ni§, Faculty of Mechanical Engineering, Ni§ (Serbia)

Prof. dr Georgi Rashev, dean, Technical University of Gabrovo, Faculty of Mechanical Engineering,
Gabrovo (Bulgaria)

Prof. dr. Milorad Raskovi¢, dean, Maritime Faculty, University of Montenegro, Kotor (Montenegro)
Prof. dr. Dong-Keun Ryoo, College of International Studies, Korea Maritime University, Busan (Korea)
Prof. dr Igor Sergeevich Sazonov, rector, Belarusian-Russian University (BRU), Mogilev (Belarus)

Prof. dr Adolfo Senatore, University of Salermo, Faculty of Mechanical Engineering, Fisciano (Italy)
Prof. dr Ivana Simié, University of Ni§, Faculty of Economics, Ni§ (Serbia)

Prof. dr Dimitri Yu. Skubov, State Technical University of Sankt Petersburg, Sankt Petersburg (Russia)
Prof. dr Georgy Slynko, academician, Zaporozhye National Engineering University, Zaporozhye (Ukraine)
Prof. dr Mirko Sokovi¢, vice-dean, University of Ljubljana, Faculty of Mechanical Engineering, Ljubljana
(Slovenia)

Prof. dr Viktor Starkov, Moscow State Technological University, Moscow (Russia)

Prof. dr Ljubodrag Tanovi¢, University of Belgrade, Faculty of Mechanical Engineering, Belgrade (Serbia)
Prof. dr Oleg Vasilevich Taratynov, academician, Moscow State Industrial University, Moscow (Russia)
Prof. dr Mirela Toth-Tascau, Politehnica University of Timisoara, Faculty of Mechanical Engineering,
Timisoara (Romania)

Prof. dr Nikolaos Vaxevanidis, Institute of Pedagogical & Technological Education, N. Heraklion Attikis
(Greece)

Prof. dr Karol Velisek, Slovak University of Technology, Faculty of Material Sciences and Technology of
Trnava, Trnava (Slovakia)

Prof. dr Edward Walicki, University of Zielona Gora, Faculty of Mechanics, Zielona Gora (Poland)

Prof. dr Ton vad der Wiele, Erasmus University, Rotterdam School of Management, Rotterdam
(Netherlands)

Prof. dr Carol Zoller, University of Petrosani, Faculty for Mechanical and Electrical Engineers, Petrosani
(Romania)

Prof.dr Jeroslav Zivani¢, dean, University of Kragujevac, Technical Faculty, Cacak (Serbia)

Prof. dr Dragan Zivkovié, High Technical School, Zrenjanin (Serbia)

\%



VI



PREFACE

The First Conference "Research and Development in Chemical and Mechanical Industry” - RaDMI
2001 was held upon the initiative of Predrag Dasi¢ and prof. dr Miroslav Radovanovi¢ in Krusevac
from October 22-24, 2001.

Until now, 9 conferences were realized. The conference accepted and published over 1.500 papers,
from which 1.100 were from abroad from 40 various countries of the world. Total number of authors
and coauthors is over 2.000. Papers of the 8th conferences were published in 16 proceedings in hard
copy and 8 proceedings in electronic form (CD-ROM). Amount of printed material was approximately
11.000 pages. Some papers from the 8th International conference RaDMI 2008 will be printed in
special issue of international journal from SCI-E paper "Strojniski Vestnik — Journal of Mechanical
Engineering” Vol. 55, no. 2 (2009) (Web site: http://en.sv-jme.eu/).

Tenth International Conference "Research and Development in Mechanical Industry” RaDMI 2010
will be held on 16—19th September 2010 in Donji Milanovac, Serbia.

Topics of the Conference RaDMI 2010 are:
e Plenary Session: Invitation papers, with 18 papers;
e Session A: Research and development of manufacturing systems, tools and technologies, new
materials and production design, with 52 papers;
e Session B: Transport systems and logistics, with 9 papers;
e Session C: Application of information technologies in mechanical engineering, with 23 papers;
e Session D: Quality management, ISO 9000, ISO 14000, TQM and management in mechanical
engineering, with 49 papers;
e Session E: Application of mechanical engineering in other industrial fields, with 50 papers.
The aim of organizing the Conference is: animating scientists from the faculties and institutes and
experts from the industry and their connecting and collaboration, and exchanging the experiences and
knowledge of domestic and foreign scientists and experts.
On behalf of the organizers, we would like to extend our thanks to all organizations and institutions
that have supported the initiative to have this anniversary gathering organized. We would also like to
extend our thanks to all authors and participants from abroad and from the country for contribution to
this conference.

This Tenth International Conference RaDMI is entirely dedicated to the late Prof. dr Georgios
Petropoulos, our friend and active participant in all the previous conferences.

Donji Milanovac, September 2010. CHAIRMAN OF ORGANIZING COMMITTEE
¢ -/ P
LA K C -"{ '

Predrag Dasié, prof.
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Summary: Friction Stir Welding has appeared in the early 1990s and since numerous scientists work on mathematical
explanation of it. Operational phases of the process, geometry of the welding tool, optimal technological parameters of the
process and many other physical facts are the goal of researches around the world. Friction Stir Welding is a process where
temperature has significant influence on weld creation. Temperature is one of the main reasons why some welds are
qualitative and some are not. Just like during any other welding process, Friction Stir Welding has temperature phases
which, if properly described and explained before application of welding, can help in definition of the parameters needed for
adequate welding procedure. This paper gives an overview on these phases.

Keywords: Friction Stir Welding, Heat Generation, Temperature.

1. INTRODUCTION

Friction stir welding (FSW) is a solid — state welding process (metal of the welding pieces and/or filler metal are
not melted during the welding process), and is used mostly for applications on sheet or plate shaped parts,
usually on large parts which cannot be easily heat treated post weld to recover temper characteristics. FSW is
used where the nominal metal characteristics should remain unchanged or minimally changed during the welding
process.
FSW was invented and experimentally proven by Wayne Thomas and its team at The Welding Institute UK in
December 1991 and this institute holds numerous patents on the process [1].
This process is primarily used on:

— 2000, 5000, 6000, 7000 series aluminum,

—  Aluminum based metal matrix composites,

—  Copper and its alloys,

— Titanium and its alloys,

—  Zing, stainless steel and nickel alloys,

— Lead, Plastic,

— Some combinations on previously mentioned materials (for example, welding of bronze and

aluminum).

2. PRINCIPLE OF WORK AND OPERATIONAL PHASES OF FSW

During FSW process (1 and 2-welding plates; 3-backing plate; 4-shoulder; 5-probe; 6-shoulder tip; 7-weld joint line
Figure 1), a cylindrical — shouldered tool, with a profiled threaded/unthreaded probe (1 and 2-welding plates; 3-
backing plate; 4-shoulder,; 5-probe; 6-shoulder tip,; 7-weld joint line

Figure 1, 5) and flat or coned shoulder (1 and 2-welding plates, 3-backing plate; 4-shoulder; 5-probe; 6-shoulder tip;
7-weld joint line
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Figure 1, 4) is rotated at a constant speed and fed at a constant traverse rate into the start point of the joint line (1
and 2-welding plates, 3-backing plate; 4-shoulder; 5-probe, 6-shoulder tip; 7-weld joint line

Figure 1, 7) between two plates (1 and 2-welding plates; 3-backing plate; 4-shoulder; 5-probe; 6-shoulder tip; 7-weld
Jjoint line

Figure 1, 1 and 2). Welding plates are butted together and clamped rigidly onto a backing plate (1 and 2-welding
plates; 3-backing plate; 4-shoulder; 5-probe; 6-shoulder tip; 7-weld joint line

Figure 1, 3) in a manner that prevents the abutting joint faces from being forced apart. The height of the probe is
slightly less than the weld depth required (height of the welding plates) and the shoulder tip (1 and 2-welding
plates; 3-backing plate; 4-shoulder; 5-probe; 6-shoulder tip,; 7-weld joint line

Figure 1, 6) is in intimate contact with top surfaces of the welding plates.

Friction stir welding uses two types of physical — mechanical processes, that happen with materials, to create
weld: friction processes and deformation processes (as the most dominant — stirring). Friction processes result
with generation of heat [3]. Frictional heat is generated between the welding tool’s active surfaces - probe side,
probe tip, shoulder tip and the material of the work pieces. This heat generated during sliding and sticking of
welding tool and welding material [5, 6], along with the adiabatic heat within the material, cause the stirred
materials to soften without reaching the melting point allowing the traversing of the tool along the weld line in a
plasticised tubular shaft of metal.

pressurc

! L §
direction of welding

1 and 2-welding plates; 3-backing plate; 4-shoulder; 5-probe; 6-shoulder tip; 7-weld joint line
Figure 1: Principle of the FSW

There are various shapes and design of welding tool, backing plate etc, but that does not affect basic friction stir
welding process, without any concern on technology varieties, friction stir welding process can be separated to
five phases: a) plunging, b) dwelling, c) welding, d) dwelling, and e) pulling out.
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Figure 2: Phases of the friction stir welding process

Figure 2 shows these phases of friction stir welding process. Last two phases are non productive phases and they
only finalize the weld but they are unavoidable. During the first phase, the rotating welding tool is plunged
vertically into the joint between the weld pieces — into the joint line (Figure 2, a) and it is the classical welding
process.

The plunge phase is followed by the dwell phase, where the toll stays steady relatively to the welding pieces but
still constantly rotating (Figure 2, b). The mechanical interaction, due to the velocity difference between the
rotating tool and the stationary work piece, produces heat by frictional forces. This heat dissipates into the
surrounding material — welding pieces, temperature of the material rises and it softens. After these two phases,
the welding process is initiated by moving either the tool or the work piece relative to each other, traversal along
the joint line (Figure 2, c).

Welding is processed until the welding pieces become connected along the planed weld distance. After welding
phase traversal movement between tool and weld pieces stops but welding tool continues its rotation. This is the
third phase or the second dwelling phase (Figure 2, d). There is no special need for this phase and if machine
used for welding has ability to pull out the tool the same moment when traversal movement along the joint stops,
this phase can be avoided. Final phase is pull out of the welding tool from the weld (Figure 2).

3. HEAT GENERATION — TEMPERATURE PHASES OF THE FSW

Analyzing the FSW process it is clear that operational phases of process explain the kinematics of the FSW. On

the other hand, temperature rising and heat generation at the contact of welding tool and welding metal show that

heat generation phases are not necessarily bonded with operational phases. From the aspect of welded joint heat
treatment during welding, FSW can be described in four heat generation or, simple, temperature phases:

1) Dwelling: the material is preheated by a stationary, rotating tool in order to achieve a sufficient temperature
ahead of the tool to allow the traverse movement. This period includes the plunging of the tool into the work
pieces at one point of the joint line.

2) Transient heating: when the welding tool begins traversal movement along joint line there is a transient
period where the heat production and temperature around the tool rises until pseudo steady-state is reached.
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3) Pseudo steady — state. Although fluctuations in heat generation will occur the thermal field and temperature
around the tool remain effectively constant, at least on the macroscopic scale. Microscopic transformations
are present on a high level.

4) Post steady — state. Near the end of the weld heat may “reflect” from the end of the weld pieces and backing
plate leading to additional heating around the tool.

Heat generation — temperature phases can not be compared with the existence of operational phases since

temperature of the welding plate’s changes during the process. In order to show existence of the heat generation

phases it was necessary to determine temperature of welding plates. For that purpose, results from the
experiment given in [5] were compared to the results of the analytical approach. Estimation of the generated heat
by the proposed mathematical model given in [6] is done for the same conditions and welding parameters
presented in the paper [5] — dimensions and material properties, technological parameters, welding length etc.
Experiment given in [5] is conducted on plates made of aluminum 2024 T3 alloy, height #=3 mm, length L=150
mm and width of a single plate B=60 mm (Figure 3).

AL 202473 X

0
Advancing side
Thickness 3 mm
y
[Exit hole Plunge positio
N
“Totatio
Weld speed
2 rmys 400 RPM
Refreating side
1056 mm 15 mm

150 mm

Figure 3: Plates used in experiment [5]

In experiment is used welding tool made of steel. Probe of the tool has left oriented tread (Figure 4), probe
diameter is d=6 mm, tread pitch is 0,8 mm and complete height of the probe is A=3,5 mm (H,,,~4 mm).
Diameter of the shoulder is D=18 mm with cone angle of a=10°. Effective plunging depth of the probe is #,=2,5
mm.

sh oulder\ |

N

shoulder tip 7 [—= [ 1

D

I
=

A

—1 <l =
probe side—___{_J 1 'y
probe UP\/ d \protélgead
<«—»| O- cone angle
Figure 4: Welding tool used in experiment [5]

Hmax

Welding tool rotated with #=400 rounds/min, and traveled along joint line with velocity v,=2 mm/s; rotation axis
of the welding tool has been tilted for 1° to the front and shoulder tip has plunged approximately 0,2 mm to the
welding plates in every moment of welding. Welding plates had no technological hole (d;=0 mm).
Plunging/Pressing force and power on the work shaft of the machine were measured during the process of
welding. Paper [5] gives graphs representing phases of welding process and timeline of phases:

-plunging phase: 7,~8.7 s,

-first dwelling phase: #4,,=5 s,

-welding phase: ¢ = i = 105 =525 s,
v

X

where /=105 mm — welding length.
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Paper [5] didn’t analyze second dwelling and pulling out phases so there is no explicit data to be fully analyzed.
The amount of generated heat is necessary for temperature determination. Using mathematical model for heat
generation [6] and using the finite differences method, solving adequate temperature “3D heat equation”
(Equation 1) for FSW conditions given in [5], temperature of the welding plates is estimated in sufficient number
of points in order to get applicable data for further analysis.
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Figure 5: Control volume and element’s mesh used in Finite Differences Method application to the FSW
temperature determination
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Figure 6 shows some of the results and temperatures of specific points on welding plates.
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Figure 6: Temperature of some specific points (x,y,z) on the welding plates during FSW process

3. CONCLUSION

It is obvious that heat generation phases or temperature phases do exist for every FSW and they can be analyzed
after analysis of the weld plate’s temperature. Figure 6 shows that temperatures of different points on plates
differ one to another and the temperature changes depending from position and operational phase of the welding
tool. But shape of all temperature curves (Figure 6) indicates one common curve that fully describes all heat
generation — temperature phases of the FSW (Figure 7).
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Figure 7: Heat generation — temperature phases of the FSW

Unfortunately, FSW is still not completely investigated process and there is no mathematical model that can
describe neither when temperature stages start and finish nor what extreme temperatures can be reached. The
only possible opportunity is to conduct an experiment, measure temperature and define phases by experience.
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