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Izvod

Na pocetku rada, analizirana su aktuelna istraZivanja
na temu zavarivanja trenjem alatom (FSW).

Predstavijena je originalna eksperimentalna postavka
za izvodenje FSW, u Ciji sistem pracenja je ukljucena
infracrvena (IC) termografija.

Tehnologija  zavarivanja je optimizovana za
raznorodne spojeve izmedu legura aluminijuma i
magnezijuma, debljina od 3-10 mm, a u razmatranom
slu¢aju 4 mm.

Za karakterizaciju zavarenih spojeva koris¢ene su
metode ispitivanja bez razaranja (penetranti,
radiografija, ultrazvuk), kao i metode statickih i
dinami¢kih mehanickih ispitivanja.

Analizirana je zavisnost izmedu kvaliteta zavarenog
spoja i realnog termi¢kog polja dobijenog tokom
procesa zavarivanja, registrovanog IC termografijom.

* Rad je izlagan na Savetovanju sa medunarodnim
ucescem “ZAVARIVANJE 2008” - Subotica
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Abstract

The paper starts with an analysis of the actual
research topics in the field of friction stir welding
process.

An original experimental set up for friction stir
welding including a monitoring system by infrared
thermography is presented.

The welding technology is optimised for dissimilar
Joints between aluminium and magnesium alloys for
thicknesses of 3-10 mm(in this specific case 4mm).

A non-destructive examination using penetrant PT,
radiographic RT and ultrasonic UT phased array
methods as well as static and dynamic mechanical
testing were used to characterise the welded joints.

The dependency between the real thermal field
during the welding process appreciated by infrared
thermography and the quality of welded joints is
analyzed.

uvobD

Osmisljen u Engleskoj (1991) [1], prvi put primenjen
na industrijskom nivou u Svedskoj (1995), postupak je
izazvao posebno interesovanje u SAD i Japanu. Za
kratko vreme, kvaliteti postupka su u ovim zemljama
doveli do industrijske primene za zavarivanje legura
lakih metala kao $to su aluminijum i magnezijum, ¢ak i
pre potpunog razumevanja samog procesa
zavarivanja.

FSW potiCe od kontinuiranog zavarivanja trenjem, pri
¢emu je rotacioni alat utisnut u Zleb spoja. Toplota
nastala usled trenja izmedu alata i zavarivanog
materijala, stvara koncentricnu zonu materijala u
plasticnom (testastom) stanju.

Uzduznim kretanjem alata po liniji spoja, dolazi do
homogenizacije plastichog materijala, koji tece
kontinuirano od prednje ka zadnjoj zoni, gde se hladi i
formira spoj izmedu zavarenih delova.

INTRODUCTION

Invented in England (1991) [1], and applied at
industrial level in Sweden (1995) for the first time, the
process gathered particular interest in USA and
Japan. In a short time, the qualities of the process led
to industrial applications for joining light alloys like
aluminium and magnesium in these countries, even
before the welding process to be completely
understood.

FSW derives from continuous friction welding process
and consists from plunging a rotating tool in the
welding groove. The heat developed duet to friction
between the tool and the welded material generates
concentric zone of plasticized material.

By moving the tool along the groove, the plasticized
material is homogenized and transferred continuous
from the front to the back zone, where it cools and
creates a solid state joint between the welded parts.
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Postupak zavarivanja trenjem pomodu alata
omoguc¢ava spajanje velikog broja sliénih i
raznorodnih materijala koji se tedko ili nikako zavaruju
primenom drugih postupaka.

Primena FSW na raznorodnim spojevima oc¢ekivano
dovodi do pristupa nekim aspektima koji nisu prisutni
u sluajevima zavarivanja topljenjem. Prvi aspekt je
geometrija spoja, koja proizilazi iz asimetrije samog
postupka zavarivanja. Postavljanje delova
raznorodnih materijala (levo ili desno) treba da bude u
skladu sa smerom rotiranja i pravcem kretanja alata.
Izborom nacina postavljanja odredujemo koji materijal
¢e prioritetno teci ka Supljini sa zadnje strane alata.
Postavljanje alata relativno u odnosu na liniju spoja
takode uti¢e na osobine nakon zavarivanja.

FiziCka i hemijska podudarnost izmedu dva materijala
koji se zavaruju je takode vazna. Na temperaturama
koje se dostiZzu tokom postupka zavarivanja (0.8 Tt),
osobine te€enja materijala moraju biti uporedive [4].

TRENUTNO STANJE U OBLASTI FSW

Medunarodna nau€na zajednica fokusirana je na
FSW, a dokaz je veliki broj objavljenih radova (oko
800), kao i preko 1750 patenata zasticenih u
industrijski razvijenim zemljama [2].

Veéina medunarodnih konferencija sa temom
zavarivanja ima sekcije namenjene postupku FSW
zavarivanja, a odrzavaju se i medunarodni naucni
skupovi €ija je tema iskljucivo ovaj postupak.

Na slici 1 prikazan je dijagram raspodele po temama
koje obraduju naucni radovi usmereni na FSW
postupak. Najveci broj radova (oko 26%) obraduje
teme vezane za osobine, kvalitet i kontrolu kvaliteta
zavarenih spojeva. Posebna paznja pridaje se
kontinuiranom razvoju FSW postupka, opremi i
alatima za zavarivanje (oko 23%) i primeni FSW
postupka na druge materijale koji ne pripadaju grupi
Al-legura (oko 16%).

Postupak FSW zauzima centralno mesto u radu
Komisije Il Medunarodnog instituta za zavarivanje
(IIW), pod nazivom ‘Zavarivanje otporom, zavarivanje
u Cvrstom stanju i srodni postupci’, koja organizuje
posebne aktivhosti tokom medunarodnih  IW
konferencija.
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The FSW process allows joining a large number of
similar and dissimilar materials that are difficult or
impossible to join by other processes.

FSW of dissimilar metals expects the approach some
aspects that are not present in case of fusion welding.
The first aspect is the weld geometry resulting from
the welding process asymmetry.

Placing dissimilar materials (left or right) should be
correlated with the rotating direction and movement of
the welding tool. This placement determines which
material is preferentially pushed in the cavity from the
back of the welding tool. The placement of the tool
relative to the welding line can affect the weld
characteristics.

Physical and chemical compatibility between the two
welding materials is also important. Materials’ flow
characteristics at temperatures reached during
welding process (0,8 Tssion) has to be comparable [4].

STATE OF THE ART IN FSW FIELD

International scientific community focuses on FSW
process, the proof being the extremely large number
of scientific papers (around 800) published in the main
flux of information, over 1750 patents protected in
industrialized countries [2].

The majorities of international conferences with topics
welding have sections dedicated to FSW process, but
there are also scientific international manifestations
dedicated exclusively to this process.

Figure 1 presents an image of the topics of scientific
papers that treats FSW process. The larger number of
scientific papers (~26%) treats aspects liked to
performances, control and quality of the welded joints.

A special attention has the continuous development of
the FSW process, equipments and welding tools
(~23%) and application of the FSW process to other
materials than Al (~16%).

FSW is in the center of attention of International
Institute of Welding (IIW), Commision Ill “Resistance
welding, solid state welding and allied joining
processes”, which organizes specific activities during
[IW International Conferences.

1484

CLl]

welding process/equupment/tools (23%)
applications (14%)

1modeling (9%0)

'_ metallurgy/ mucrostructures/corroston (12%)

1 other marerials/dissinular matenials (16%)
quality/control/ properues/performances (26%)

Slika 1: Prikaz broja radova u specijalizovanim ¢asopisima, po temama koje obradjuju [2]
Figure 1: Variation of the number of papers, in specialized magazines, divided on topics broached [2]
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Slika 2: Prikaz broja registrovanih patenata po periodima [2]
Figure 2: Evolution of FSW patent number in time [2]

Sa tacke gledista patenata koji se odnose na FSW, do
2007. godine registrovano ih je 1750. U periodu 1993-
1996 pominje se samo 7 patenata, a sledi veliki
porast u periodu 1997-2000 [2].

Broj patenata koji se odnose na FSW neprestano
raste (slika 2), a veliki broj patenata (oko 750)
registrovan je u periodu 2004-2007. godine.

Samo nekoliko godina nakon otkri¢a, postupak je iz
istraZivackih laboratorija uSao u industriju zavarenih
konstrukcija kao Sto su brodogradnja, Zeleznicki
transport, avioindustrija, svemirska vozila, vojna
primena itd.

U ovom trenutku, posebna paznja usmerena je na
upotrebu Al i Mg legura u automobilskoj industriju i
transportu, u cilju smanjenja teZine i potrodnje goriva.
Magnezijum je laki konstruktivni metal, sa gustinom
koja iznosi 2/3 gustine aluminijuma i 1/4 gustine
Celika. Mogucénost spajanja zavarivanjem
magnezijuma sa drugim materijalima, posebno
aluminijumom, omoguc¢ava dodatnu fleksibilnost pri
projektovanju i proSirenu primenu lakih legura.

Ovo glediste povecalo je interes u svetu nauke, a
rezultati u vezi zavarenih spojeva legura Mg-Al su
prikazani u radovima objavljenim u specijalizovanim
Casopisima i ¢lancima izlaganim na medunarodnim
konferencijama.

EKSPERIMENTALNI PROGRAM

Za efikasnu primenu FSW postupka, potrebna je
oprema koja tokom procesa obezbeduje visoke sile
koje deluju na zavarivane komponente u dugom
vremenskom periodu. Posebna paZnja je posvecena
tehnici pozicioniranja i pri¢vrs¢ivanja delova koji se
zavaruju. Ovaj zahtev ima glavni uticaj na kvalitet
zavarenog spoja.

Imaju¢i na umu navedeno, za eksperimentalni FSW
program je kori§¢ena sledeca oprema:

From the point of view of patents regarding FSW, until
2007, there were indetified over 1750 patents. During
1993-1996 only 7 patents were mentioned, followed by
a large increase starting with 1997-2000 [2].

The number of patents in FSW is continuous increasing
(figure 2), the larger number of patents being registered
during 2004-2007 (~750).

In only a few year from the invention of the process, it
left the research laboratories and entered in welded
structures industry like shipbuilding, railway carriages,
airplanes, space vehicles, military applications, etc.

In this moment, special interest is focused on using Al
and Mg alloys for automotive industry and transport, to
reduce weight and decrease the fuel consumption.
Magnesium is a light metal for structures, with density
2/3 times lower than aluminum and a quarter the
density of steel.

The possibility to weld Mg components with other
materials, specially Al, allows a supplementary
flexibility in design and an increase of the number of
applications for light alloys.

This aspect raised the interest in scientific world,
results of welded joints Mg-Al being presented in
articles published in specialized magazines and papers
presented in international conferences.

EXPERIMENTAL PROGRAM

To apply efficient FSW process, welding equipments
has to provide high process forces, for a long time,
acting on the welding components.

A special attention is given to a positioning and fixing
of welded parts technique. This demand has a major
influence on the welded joints quality.

Having in mind these considerations, experimental
program used a FSW equipment composed of:
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« Glodalica tipa FV32 (slika 3 pozicija 1), nominalne
snage 16kVA, sa moguénoSc¢u stepenastog biranja
brzine rotiranja alata i poduznog kretanja.

« Uredaj za zavarivanje (slika 3, pozicija 2 i slika 4),
sa mono-blok izvedbom, sacinjava:

-telo, (slika 4, pozicija 1), masivha metalna
konstrukcija  balansirane  geometrije, sa
optimalnim radom pri velikim brzinama rotacije.

- alat za zavarivanje, (slika 4, pozicija 2), sa dve
bitne zone alata koje direktno utiCu na kvalitet
spoja a sastoje se od rotirajuéeg valjka i trna.
Alat za zavarivanje je pri¢vrSéen za glavu
uredaja pomocu zavrtnja, (slika 4, pozicija 3).

« Uredaj za bezbedno pri¢vrséivanje i pozicioniranje
delova tokom postupka zavarivanja prikazan je na
slici 3, pozicija 3.

« Pomocna plo¢a - podloga je prikazana na slici 3,
pozicija 4. Sluzi kao oslonac za delove prilikom
zavarivanja i omogucava formiranje korenog Sava.

« Sistem za pracenje procesa zavarivanja pomocu IC
termografije, sastoji se od termografske kamere
koja registuje temperature do Tmax=2500°C, slika
3 pozicija 5, specijalizovanog softvera za
termografsku analizu u realnom vremenu, kao i
laptop radunara za prikupljanje, Cuvanje i obradu
podataka.

Koriste¢i prikazanu opremu, izvedeno je suceono
FSW zavarivanje na ploéama Al 1050 i AZ31B, duzine
330 mm, Sirine 110 mm i debljine 4 mm. Hemijski
sastav zavarenih materijala dat je u tabeli 1.

Legura AZ 31B je postavljena na levu stranu gde se
smer rotacije alata poklapa sa pravcem poduzZnog
kretanja, a legura Al 1050 je postavljena na suprotnu
stranu, slika 5.
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e Miling machine type FV32 (figure3, pos.1),
installed power 16 kVA, with a possibility to
prescribe rotating speed and advancing speed for
the welding tool in steps.

Welding device (figure 3, pos. 2, figure 4), design in
mono-block type, composed by:

- body - (figure 4, pos. 1) — massive metallic
construction, with balanced geometry, working
optimum at high rotating speeds.

- welding tool - (figure 4, pos.2), with two
important zones with direct influence on weld
quality: shoulder and tool rotating pin. Welding
tool is fixed in the head of the welding device by
a screw (figure 4, pos. 3).

« Fixing/positioning device for safe fixing of parts
during welding process (figure 3, pos. 3)

« Base plate (figure 3, pos. 4) for supporting the parts
during FSW process and supporting the root weld.

« Monitoring system of the welding process using an
infrared thermography, composed by
thermographic camera with Tmax = 2500°C
(figure 3, pos. 5), specialized software for real time
thermographic analysis, laptop for data acquisition,
storing and processing.

Using the presented welding equipment, FSW but
joints on plates Al 1050 and respective AZ31B, with
dimensions 330mm length, 110mm width, thickness of
4mm, were done.

Chemical composition of the welded plates are
presented in table 1.

Alloy AZ 31B was placed on the advancing side and
alloy Al 1050 on the retreating side of the welding tool
(figure 5).

[¥%

Slika 3: Oprema za FSW zavarivanje

Figure 3: FSW equipment

Slika 4: Uredaj za zavarivanje]
Figure 4: Welding device
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Tabela 1: Hemijski sastav zavarenih materijala
Table 1: Chemical composition of the welded plates

Material / Content of elements, mass., % / Hemijski sastav, mas. %
Materijal Si Fe Cu Mn Mg Zn Ti ca | Ni Al
Al 1050 0,25 0,40 0,05 0,05 0,05 0,07 0,05 - - rest
max.| max. max. min. max. | max.
AZ31B 101 | 00005 | 005 | g2 o7 1 0844 - | 004 | 0005|230
A731B

—
\ 4

Slika 5: Geometrija spoja tokom FSW zavarivanja: a) Smer rotacije alata u odnosu na pravac kretanja,
b) Polozaj alata u odnosu na linioju spoja

Figure 5: Welding geometry during friction stir welding: a) Direction of tool rotation with respect to
direction of travel, b) Placement of tool with respect to centerline of weld [4]

Oblik alata utie na stepen meSanja dva materijala
tokom zavarivanja. Stepen meSanja pri zavarivanju
raznorodnih materijala je razli€it od stepena meSanja
sliénih materijala.

Eksperimentalno zavarivanje je izvedeno koristeci
uglavnom dva oblika rotirajuéeg alata, slike 6i 7.

Kori8¢ene su razliCite kombinacije parametara
zavarivanja kao Sto je brzina rotiranja i brzina
zavarivanja, tabela 2.

Na slici 5 prikazan je smer rotacije alata i pravac
kretanja alata. Pre¢nik cilindricnog dela alata je $=22
mm, precnik trna sa zlebovima je $=6 mm a duzina
Zlebova na trnu je 3.85 mm.

Kombinovanjem ovakvih uslova eksperimentalnog
zavarivanja (smer rotacije i pravac zavarivanja), ako
je plo¢a Mg-legure na desnoj strani, na kojoj je smer

Slika 6: Alat za zavarivanje sa konusnim trnom
Figure 6: Conic threaded welding tool

Tool shape influences the degree in which the two
materials are mixed during welding. The degree of
mixing during FSW dissimilar materials is different for
the one obtained during FSW of similar materials.

Welding experiments have been realized using mainly
two geometries for the rotating tool (figure 6 and
figure 7).

Different combinations for the welding parameters like

rotating speed and welding speed were used,
according to table 2.

Figure 5 presents the rotating direction and tool
movement direction. The diameter of tool shoulder
was $=22mm, and pin diameter ¢ =6mm, the threaded
length was |= 3,85mm.

Using these experimental welding condition (rotating
direction and welding direction), proved that if the

Slika 7: Alat za zavarivanje sa cilindri¢nim trnom
Figure 7: Cylindrical threaded welding tool
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Tabela 2: Kombinacije koriS¢enih parametara zavarivanja
Table 2: The welding parameters combinations

) » Welding speed / Rotating speed / Mechanical Fractu_re
Nr. crt. / | Materials position / . . strength / elongation/ Obs. /
T Brzina zavarivanja Broj obrtaja Zatezna Evrstoda o
R. br. | Pozicija materijala [mm/min] _ IzduZenje Napomena
[rot/min] IN/mm?] (%]
1 AZ31B 190 1180 73 0,3
advancing side /
2 |eva strana 1 18 750 59 0,18
AZTE t welded /
not welde
3 retreating side / 190 1180 - - B
desna starna nije zavareno

rotacije alata suprotan uzduznom pravcu kretanja,
pokazalo se da ne dolazi do formiranja zavarenog
spoja, slika 8.

Primeéeno je da, ako je osa alata pomerena 1 mm ka
Mg-plo€i, dolazi do poboljSanja mehani¢kih osobina
(tabela 2, pozicija 1). Odnos izmedu Ccvrstoce
zavarenog spoja i ¢vrstoce legure Al 1050 je:

Rmis A-mg/Rmme ai = 0,6 + 0,8 [3].
Na slici 9 prikazan je dobijeni zavareni spo;.

Spojevi su analizirani optiCkom mikroskopijom, na
uzorcima seéenim normalno na pravac zavarivanja,
nagrizenim u rastvoru koji sadrzi 5ml siréetne kiseline,
5g pikrinske kiseline, 10ml vode i 100ml etanola.

Na slici 10 prikazan je poprec¢ni presek normalno na
pravac zavarivanja.

Zona intenzivnog me8anja (grumen) i kruzna
struktura, karakteristicna za FSW spojeve homogenih
legura, ne uo&avaju se pri zavarivanju raznorodnih Al-
Mg materijala. TeCenje i meSanje materijala su vidljivi
nakon nagrizanja, uz razliito delovanje sredstva za
nagrizanje na ispitivane materijale.

U zavarenom spoju nisu uoCene velike greSke tipa
prsina ili tunela, ali u grumenu postoji zona
nepravilnosti [4, 5]. Linija spajanja pomerena je ka

magnesium plate is placed on the retreating direction
of the welding tool, can not produce a welded joint
(figure 8).

It was observed that if the tool axis is placed at 1Tmm
inside in the magnesium plate, the mechanical
characteristics of the welds are improved (table 2,
pos. 1). Ratio between the fracture strength of the
welded joint and fracture strength of the aluminum Al
1050 was:

Rmis a-mg/Rmme a = 0,6 + 0,8 [3].

Figure 9 presents the obtained welded joint. The
welds were analised using optical microscope,
samples being cut perpendicular on the welding
direction and etched using a solution of 5ml acetic
acid + 5g picric acid + 10ml water + 100ml ethanol.
Vickers hardness was measured in the transversal
section, perpendicular on the welding direction [3].

Figure 10 presents a transversal
perpendicular to the welding direction.

section

Welded nugget and the annular structure, typical to
FSW of homogenous alloys could not be revealed in
Al-Mg dissimilar welding. The flow and degree of
mixture of the material is visible due to the different
reaction of the materials to the reactive for etching.

Slika 8: Neuspesno zavarivanje
Figure 8: Not welded

Slika 9: Zavareni spoj
Figure 9: Welded joint [3]

Welding line

Slika 10: Mikroskopska analiza
Figure 10: Microscopic analysis [3]
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levoj strani, na kojoj se smer rotacije alata poklapa sa
uzduznim pravcem kretanja.

Na slici 11 prikazana
nepravilnosti

je mikrostruktura zone

U zoni nepravilnosti je prisutna poroznost, poligonalna
y-zrna Aly,Mgq; (svetle boje), kao i eutektiCka
mesavina a+y, pri ¢emu je a Cvrsti rastvor bogat sa
Mg (tamna boja). Eutekticka meSavina je formirana
zbog temperature dostignute u pojedinim tackama,
koja je prevaziSla temperaturu eutektickog
preobrazaja. Drugo objasnjenje nastanka ovih faza je
posledica difuzije u ¢vrstom stanju (Mg difunduje ka
Al 1050, a Al ka AZ 31B).

Zona termomehani¢kog uticaja (TMAZ) razvija
deformaciono oja¢anu strukturu (mogu se videti slabe
linije, posebno u Al), slika 12.

U ZUT je primetan rast faza (kao rezultat porasta
temperature i nedostatka mehanickog naprezanja),
bez zona tecenja, slika 13.

Na slici 14 prikazana je promena tvrdoée kroz spoj.
Osnovni materijali Al 1050 i AZ 31B imaju vrednosti
tvrdo¢e oko 37 HV i 55 HV respektivho, a zona
nepravilnosti ima znatno viSe vrednosti tvrdoce, od 65
do 75 HV, usled pojave intermetalnog jedinjenja
Al12Mgy7.

Kvalitet FSW spoja je praéen pomocu IC termografije.
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In the weld there are not large defects like cracks or
“tunnel” type defects, but in the nugget there is an
irregular zone [4, 5]. The weld interface from the
superior surface shifts to the advancing side from the
axis of the joint (figure 10). Figure 11 presents the
microstructure of the irregular zone.

Zone presents some porosities, polygonal grains y of
Al;oMgq7 (bright color) and a eutectic mixture a+y,
where a is a solid solution rich in Mg (dark color).
Eutectic mixture formed because temperature
reached in some points values over the eutectic
values [5]. Other explanation is that these phases
formed as a result of solid state diffusion (Mg will
diffuse towards Al 1050 and Al 1050 towards AZ31B).

Thermo-mechanical influenced zone (TMAZ) revealed
a structure work hardened (can be seen low lines,
especially in Al), figure 12. In HAZ can be observed
phase grow (as a result of temperature increase and
lack of mechanical stresses), without flow zones
(figure 13).

Figure 14 presents hardness evolution. Base
materials Al 1050 and AZ31B have hardness values
around 37HV, respectively 55HV and the irregular
zone has harness much higher like 65HV and 75HV
due to the intermetallic compound Alo.Mgy7.

The quality of the FSW joints was monitored with
infrared thermography method.

Slika 11: Mikrostruktura linije spajanja izmedu Al i Mg, 100x
Figure 11: Al-Mg interface microstructure (MO, 100x)

Slika 12: Mikrostruktura zone termomehanickog uticaja (TMAZ): a) Al, b) Mg, uveéanje 100x [3]
Figure 12: TMAZ microstructure: a) Al, b) Mg (MO, 100x) [3]
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Slika 13: Mikrostruktura ZUT: a) Al, b) Mg, uvec¢anje 100x [3]
Figure 13: HAZ microstructure: a) Al, b) Mg (MO, 100x) [3]
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Slika 14: Raspodela tvrdoce kroz Al-Mg spoj
Figure 14: Hardness evolution in Al-Mg welds

Za tu namenu koriS¢ena je termografska foto-kamera,
pricvrSéena na uredaj za zavarivanje (slika 3), koja
koristi softver za analizu u realnom vremenu. Kamera
je usmerena ka zoni u kojoj cilindar alata preseca
povrsinu zavarenog spoja.

Sva merenja promene temperature zabeleZena na
dijagramu, izvedena su na rastojanju 1 mm od
cilindricnog dela alata na liniji spoja. Dimenzije mesta
merenja bile su u potpunosti u skladu sa pre&nikom
cilindra alata.

Za stabilan proces zavarivanja, kori§¢eni parametri su
morali biti optimizovani. Sa dijagrama temperature na
slici 15, moze se primetiti da su na pocetku
zavarivanja temperature nize i da neprekidno rastu sa
vremenom, sve dokle je proces zavarivanja stabilan.

Na slici 16 prikazana je raspodela temperature u
okolini linije spoja. ViSe temperature na strani legure
AZ 31B objasnjavaju se Cinjenicom da Mg ima manju
termicku provodljivost.

Na slici 17 prikazane su izoterme koje ukazuju na
zonu kontakta izmedu ivica alata i zavarivanih
materijala.

Na slici 18 prikazana je nastala greSka pri
zavarivanju. Postojanje gresaka, otkriveno
radiografskom metodom, uzrokovalo je promenu toka
dijagrama temperature. UocCen je pad temperature za

Slika 15: Raspodela temperature tokom zavarivanja

Figure 15: Temperature evolution during welding process

For the purpose we used a thermographic photo
camera, mounted on the welding machine (figure 3),
using a real time analyzing software. The camera was
oriented to be focused on a zone where the toll
shoulder intersects the surface of the weld [3].

All measurements of temperature evolution plotted on
he diagrams where made at 1mm distance from the
tool shoulder on the weld line. The spot dimension
was strictly correlated with the tool shoulder diameter.

For a stable welding process, welding parameters
used have to be optimized. From the temperature
diagram from figure 15 can be observed that at the
beginning of the welding process temperatures are
lower and they increase constant in time, until the
welding process is stable [3].

Figure 16 presents temperature variation in the
neighbor of the welding line. Higher temperatures on
the side of AZ31B alloy are explained by the fact that
Mg has a lower thermal conductivity.

Figure 17 presents the isothermal indicating the
contact zone between the tool edge and the welded
material. Figure 18 presents the formation of a weld
defect. The existence of the defect (revealed by X Ray
control) determined a perturbation of the temperature
diagram. We observed a decrease with 80°C of the
temperature along the zone in which the defect was
formed (lack of penetration), succeeded by a increase
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Slika 16: Raspodela temperature
Figure 16: Temperature variation

TinK

Slika 17: IC snimak raspodele temperature
Figure 17: Infrared image of the temperature

250

200

Slika 18: Greske pri zavarivanju, detektovane primenom radiografskog ispitivanja i
oznacene na dijagramu temperature

Figure 18: Welding defect detected through radiographic testing and marked on
the temperature chart [3]

80 °C u okviru zone nastanka greSke (nedovoljna
penetracija alata), a zatim sledi rast do stabilnih
vrednosti, nakon izlaska iz zone greske.

Ova Cdinjenica dokazuje mogucénost koriséenja IC
termografije za pracenje procesa FSW zavarivanja u
realnom vremenu.

ZAKLJUCAK

Istrazivanje postupka FSW i njemu srodnih
postupaka, u srediStu je aktuelnih istrazivanja u
oblasti zavarivanja, imaju¢i na umu broj naucnih
radova objavljenih uglavnom u periodu 2006-2007.
godine.

IstraZivanja pokazuju da postoje stvarne moguénosti,
kvalitativne i kvantitativne, za detekciju znacajnih
greSaka pri zavarivanju, koris¢enjem IC termografije.

U slu€aju zavarivanja raznorodnih materijala Al 1050 i
AZ 31B, dolazi do nastanka zone nepravilnosti u
centralnom delu spoja, sa strukturom i tvrdo¢om
razli¢itom u odnosu na dva osnovna materijala.

at the stable values of temperature after the defect
position was overcome [3].

This fact demonstrates the possibility to use infrared
thermography to monitor in real time the FSW
process.

CONCLUSIONS

Researches in FSW processes and connected
processes is at the state of the art in welding
research, having in mind the number of scientific
papers published mainly during 2006-2007.

Researches revealed that real possibilities, qualitative
and quantitative for detecting major defects in FSW
joints, using infrared thermography method.

In case of dissimilar welding Al 1050 and AZ31B
alloys, is formed an irregular zone in the center of the
weld with a microstructure and hardness different from
the two base metals. This zone is rich in Al;;Mg7
intermetallic compound formed at reaching locally
temperature over the fusion one, during FSW process,
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Primenom optimizovanih parametara zavarivanja, which determines a higher hardness in the center.

omoguceno je dobijanje zavarenog spoja raznorodnih
materijala Al 1050 i AZ 31B, bez greSaka.

Ovo je takode potvrdeno koriS§¢enjem uredaja za
pracenje temperature, kojim nije ukazano na pojavu

Using optimized welding parameters allowed us to
obtain dissimilar welds between Al 1050 and AZ31B,
without defects. This was proved also by using the
temperature monitoring device, which did not revealed

ovakvih greSaka. the formation of defects.
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/ PRAKTIKUM REL | MAG/MIG ZAVARIVANJA \

Autori: M., Jovanovi¢, V., Lazi¢, pomo¢ni univerzitetski udzbenik, MaSinski fakultet u Kragujevcu,
ISBN 978-86-86663-11-5, Kragujevac, 2008., format B5, tvrd povez, 406 stranica.

Obavestavamo Vas i Vase saradnike da smo posle naseg viSedecenijskog iskustva ste€enog pri
Skolovanju studenata i zavarivaca, kao i iskustva ste€enog pri projektovanju i reparaturi specijalnih
zavarenih konstrukcija, objavili "PRAKTIKUM REL i MAG/MIG ZAVARIVANJA".

U pocetnim poglavljima ove knjige najpre se obradjuju opSte napomene o najvaznijim tehnickim
metalima i njihovim legurama, navode dominantni postupci zavarivanja toplienjem i ukazuje na
zavarljivost osnovnih materijala za zavarene konstrukcije. Zatim se veoma detaljno, kao najobimnije
i najsadrzajnije glave ove knjige razmatraju, danas najviSe primenjivani postupci REL i MAG/MIG
zavarivanja. Dalje se ukazuje na zavarene spojeve i njihove osobine, sopstvene napone i
deformacije, greSke i kontrolu zavarenih spojeva. Posebno se navodi poglavlje vezano za
sprovodjenje mera higijensko-tehnicke zastite. U prilozima ove knjige Citaoci ¢e se upoznati sa
reCnikom zavarivackih termina, brojnim prakti¢nim preporukama za izbor rezima zavarivanja,
Sirokim spektrom dodatnih materijala razli€itih proizvodaca i termo-fizickim osobinama pojedinih
tehnickih metala i legura.

Ocekujemo da ¢e ovaj Praktikum biti od koristi svima onima koji imaju nameru da, prvenstveno iz
profesionalnih razloga, saznaju viSe o najvaznijim postupcima zavarivanja topljenjem. Tu pre svega
mislimo na zavarivaCe, studente tehnike kojima su znanja iz ove oblasti neophodna, kao i na
inZenjere, tehnologe i kontrolore angazovane u proizvodnji, kako u radioni¢kim uslovima tako i na
terenu. Ne zaboravlamo ni mnoge delatnike u odrzavanju komunalija, transportnih sredstava
gradjevinske i poljoprivredne mehanizacije, kojima je zavarivanje pomoéni zanat.

Informacije:
Dr Vuki¢ Lazi¢, vanredni profesor, vlazic@kg.ac.rs,
Tel. 034.335990 lok. 680 (Mob. tel. 064-8288737)

K Masinski fakultet u Kragujevcu, Sestre Janji¢ 6, 34000 Kragujevac /
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