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Abstract

The use of acoustic emission (AE) monitoring to determine the welding quality is-destsoctive
investigation method that is constantly being researched and furteveloped In this master
dissertationthe use of AE monitoring on friction stir spot welding and arc welding is investidgaietion
stir spot welding is a technique for joining lightweight alumm and magndsm alloy sheets in the
overlapconfiguration by means of frictional heat and rhaaical work The technique has a high potential
for the modern industry.

The main objective of this master dissertation is to investigate and develop-desiructive qualiy check

for EN AW6082-T6 friction spot weld by using AE. Quality standards awed in previous workl1][3]

based on destructive testing. The influence of severalding parameters on the AE result was
investigated and a standard setup with a minimum of background noise was developed. To get a better
understanding of the AE technique sacond welding technique namely MIG/MAG robotic welding was
investigated. This n&ter dissertation contains a literature study and continues with its own experimental
program.

Keywords: acoustic emission, friction stir spot welding, EN A082-T6, weld quéty inspection



Acoustic emission as dme tool for nondestructive
Inspectia of friction stir spot welds

Dries De Ruyck, Hannes Polijn
Supervisors: Prof. dr. ir. Wim De Waele, ir.Koen Faes

created by the rotation of the pin and sleeve which plasticise
Abstract: Acoustic emission (AE) monitoring is a noA  the material in order to create a nietaical bond.

destructive testing method to determine the weld quality, that is
constantly beinginvestigated and further developed. In this work,
it is applied on friction stir spot welding of the aluminum alloy
EN AW-6082T6. This welding method enables to weld different
aluminium alloys, and also the nofweldable aluminium alloys
such as materialdrom the 2000 and 7000 seriedt is a solid-state
welding process, meaning that welding takes placeat
temperatures below the nelting point. Especially the aerospace
and transport industry show great interest in thiswelding method,
because highkstrength lightweight materials can be welded. The
AE evaluation method was usedogether with lap shear testing,
metallographic examination and temperature measurements.

Keywords:acoustic emissionrefill friction stir spot welding, EN
AW-6082T6, weld quality inspection

Clamping
ring

I. INTRODUCTION

The weld quality can be investigated by using AE monitoring.
This is a nordestructive method that recordse sounds
produced by the material during the weld cycle. This method is
not to be confused with ultrasonic (US) examinatiohgere
sound waves are sent through a material in order to loc&igure 1:Refill friction stir spot welding [2].
cracks based on the recurring signal.

Stage 3

In stage 1 (figure 1a), the threemponent tool is lowered
. o ] . o ~until it makes contact with the sheets to be welded. While
This investigation method will be applied on refill friction stirjq\yering, the pin and sleeve start to accelerate in order to reach
spot _w_eldmg (RF_SSpW), a welding technlqug Wh'Ch has tfle desired rotation speed. @nthe clamping ring exerts the
promising future in the aeroape and automotive industry. redefined clamping force in order to prevent movement of the

However, like in all processes, some defects can appear w ?n - heets duri dina. the s| i | d and
inappropriate wlding parameters are used, which caff uminium Sheets during weiding, the Sleeve 1S lowered an

negatively affect the weld strength. The intention of thiQ_UShed into the sheets at_the predefjned rotation speed (stage 2:
research is to determine the presence of a weld dedseti on figure 10. At the same time, the pis retracted to create a
AE. By using this nostlestructive inspection technique, low cavity underneath the pin. The material underneath the sleeve
quality welds with defects are distiuished from good welds. is plasticised due to the frictional heat and is pushed into the
Previous work [1] focused on the evaluation of the weldabilitg r eat ed cavi ty. This event i
of high-strength aluminium alloys usingFSSpW,while this  (figure 1c), tke pin and sleeve return toefh initial position,
work focuses on the use of AE monitoring on the same weldifgrcing the plasticised material to refill the keyhole. The
process. wel ding zone is called 6the w
4: figure 1d), the tool starts to decelerate and is withdrawn from
Il FRICTION STIR SPOT WEDING the joint,leaving a flat surface with imimum material loss.

A. Process dscription B. Welding parameters

The RFSSpW process produces a single welded spot, whilgne guration of previous describes phases depend on the used
the material is temporarily in a plastic state. The metallurgicg‘}eming process parameters. The most important welding
bond is realisedsing the heat of friction generated byathreeparameters are the rotation speed (RS), plunge depth (PD),
component welding tool. The joint is realised between twgynge time(PT), dwell time (DT) and teaction time (RT).
overlapping aluminium sheets, fixed on a welding table. Thgyseq on the PD and the PT, the plunge rate (PR) can be
components of the tool are shown in figure 1. This illustratg$|cylated, which is the speed of the sleeve plunging into the
the complete weld cycle wiicconsists of four stages. Thematerial. Analogue to this, the PD and RT determine the
clampingring fixes the two overlapping aluminium sheets byetraction rate (RR). The PT, Dahd RT together determinesth
applying a force in the axial direction. The frictional heat i%ining time (JT) which is the total time for the creation of the

joint. A visualisation of these parameters plotted as a function
I



of time (ms) is shown in figure 2. The position of the sleeve ardhrdness appears along the cresstion of a refill friction spot
pin (mm) is illustrated byhe purple and dark blue curveweld. The geometrical zones and hardness are further discussed
respectively. The orange curve stands for the rotation speadhe masterissertation

(rpm).
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Figure 4: Grain size variations in the different welding zones [3].

I1l.  ACOUSTIC EMISSION MONTORING

004"

A. AE basics

An AE monitoring detection system measures the emissions
produced by a workpiece subjected to a welding process,
performs data processing and kedfor features which might

C. Weld quali T ) . .
h quh It)_/ | and mi | ) ¢ f_|nd|cate a weld defect [6]. Two different types of AE signals in
The mechanical and microstructural properties of a re l{he time domain can be distinguished: the continuous and the

frictiop SPOt weld is inves_tiggted basgd on megraphic burst emissions. The continuous emissions have a low
exammaﬂon. Thg weld quality is determined by the presence%p"tude and qukly repeating waves, while barsmissions
certain geometrical zones and features that occur in the Wﬁl&be incidental eruptions, which is characterised by a large

ntIJ:gget. 3 sh ical ) ; il fricti . amount of energy and a large amplitude. The difference is
igure 3 shows a typical cressection of a refill friction stir -0 4in figure 5.

spot weld. Four different zones can be distingeds that
appear in every weld: the stir zone (SZ), themmechanically
affected zone (TMAZ), heat affected zone (HAZ) and the base burst signals
material (BM).
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Figure 2: The welding parameters.
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Figure 5: Bursts signals (top) and continuous AE (bottom) [7].
Figure 3: Crossection of a friction stir spot weld with the associated g, st signals exceeding the thnetd contain the most

zones [2]. information. The following information can be extracted from
The SZ contains the rtexial that effectively has been mixedthe measured signals:

by the pin and sleeve and is characterised by finer grains due to  §  Amplitude: largest deviation from the equilibrium

dynamic recrystallisation [3]. The TMAZ is a zone with larger position

recrystallised distorted grains in comparison to the SZ. The § Risetime: time for a pulse to rise between 10 and
grain structure is highly eingated because of the mechanical 90% of a specified maximum value

action exerted by the welding tool [4]. The material in the HAZ 1 Counts: number of times that the chosen threshold
only experiences a thermal weld cycle, inducing more coarse is exceeded by the AE signal

grains compared to the BM [5]. Also, the heat causes the grains 1 MARSE (Measured Area Rectified Signal
to grow. Thegrain size variations the different weld zones Envdope): measurement of the area under the
are visible in figure 4. Associated with the grain size, a variable envelope of the rectified linear voltage time signal

\%



from the sensor [8]. It contains the energytité B. Materials and equipment
The experiments were performed using a commercial refill
' Duration: time between the first and lastgiction spot welding equipment RPS 100 (Harms & Wende,
Germany). Four welds with identical welding parameters were
made using the EN AY8082T6 aluminium alloy with a

thickness of 2 mm. The chemical composition and mechanical
properties of EN AW6082T6 is givenin table 1 and 2

bursts
exceedance of the chosen threshold.

These are visually represented in figure 6.

Bieesiiia respectively.
. Table 1: Chemical composition of the EN AB082T6 alloy (wt%)
2l . Counts [10]_
o -
> =)
= e Si Fe [Cu| Mn Mg Cr [ zn [ Ti
= Threshold 07-1.3|0 0/ O 0| 04-10| 06-22| O 0./ O 0[O O
A AVAV:— Table 2: Mechanical properties of the EN AAU82T6 alloy [10].
Time
V UVU Yield UTS | Elongation | Hardness | Density | Melting
strength | (MPS) (%) (HRB) (g/cm3) | point
(MPa) (°C)
[ & Soation | 143 300 11 117 2.70 555

N

—»__Circuit | Threshold-Crossing Pulses Out

Figure 6: Burst information in an AE signal [9].

Destructive lap Isear testing was performed according to EN
ISO 14273 on a tensile testing machine; Instron model 8801. A
displacement rate of 10 mm/min was applied.

Metallographic research was performed on the esestions,

B. Equipment using an Olympus MX51 optical microscope.

In order to detect the acoustic signals emitted by theForrecording the AE signals, a W5@densor was used. The
formation of a welddefect, a sensor or transducer is usegensor was placed at the welding tableyareh the aluminium
Subsequently, the signal passes through saprglifier, filter ~Sheets were fixed.
amplifier and is finally detected by a signal conditioner and
event detector. Once all these stages are passed, the sign&t i¥/elding parameters
processedy specific softvare. A principle sketch of an AE  The used welding parameters for creating the welds are given
monitoring system is shown in figure 7. in table 3.

Table 3: Used welding paratees.

' RS (rpm) PD DT (s) | PT(s) | RT(s) Hold
Tr;utl\\‘ﬁuccr - (mm) time (S)
[ N\ =D Sigmal 2250 2.2 3 15 15 2
- .v\rlt)[:;'i}h-r Filter  Amplifier & . .
= Parameiric se— I)L‘IIL‘LL‘:ﬂI' D. AE Conflguratlon
Tngaes The used AE configuration is given in table 4.
D Table 4: Used AE configuration.
Computer
1 s S RS Sample Frequency Resonance | Threshold
i rate range frequency (dB)
Figure 7: Measuring system for recording AE signals [6]. (MSPS) (kHz) (kHz)
. . . . 2 400- 800 500 50
For a more detailed discussion about the measuring systenn,
the mastedissertatioris referred to.
V. RESULTS

IV. EXPERMENTAL STUDY

A. Acoustic emission evaluation

The recorded wavestreams are shown in figure 8. They are

Thg gogl of t-h|s .|nvest|gat|0n was FO find a.gO(-)d AEexpressed in amplitude (dB) over time (us). The signals are
configuration which filters out contaminatiordntaminations cle?n with a lot of similarities

appear due to background noise and mechanical movements o
the welding machine. Signals of previous tests, made with
another AE configuration contained these kind of
contaminations, as they showed a lot of variations between the
wavestreamdn order to be able to compare the relevant signals
emitted during welding and to draw conclusions about the weld
quality, the cotaminations have to be filtered out.

A. Intention

Vv



- [3] B.Parra, V. T. Saccon, N. G. de Alcantara, T. Rosendo, J. F. dos Santos,
fiAn investigation on friction spot welding in AA6184 alloyo, 2011.
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[5] Z. Shen, X. Yang, S.&n g, Z. Z h aVicmgstructdre and/ i n
medanical properties of friction spotwelded 60814 al umi pnum a
Materials and Design 54 (2014) 7888, 2013.

6] P. A. FMoemmitnogr,i nig and cont 2009 i n f

[71 H. J. Sc hhAkeerslte nsncehre, efimi ssi e, 1888 al y s

[8] Un k n o Momdestréctive Testing EncyclopediAc ousti ¢, Emi s

o [Online].  Available: https://www.ndt.net/article/az/ae/marse.htm

Figure 8: Recorded wavestreams forlkdfiction spot welds (R19). [Accessed: 18\pr-2019]. _
9 w. J. MNietd\¢isrtk ,ucft i ef ondodd.zoek (ed

Based on the waveforms, one cos&y the welds are exactly [10] S. Mi s s or i Mechadical/hehavidri of 60826 duminium
the same. In order to investigate the relevance of the AE 2! ! 0V . Welel8 dly 2000.
configuration, crossections of the welds were made and
investigated. If these results also show the sameag@menons
and do not deviate too much, a conclusion can beemad
regarding the AE configuration.
The crosssections are illustrated in figure 9.

#

’

—

Figure 9: Metallographic research of the cresstions.

Also the crosssections show an unambiguously ré&sualb
welding defects appear, and the bonding ligament vatiks |
Even though tis AE configuration shows promising results,
more research is required to further confirm this.

VI. CONCLUSION

It became clear that AE monitoring of a welding process is a
very complex task. Deducing concrete conclusions at the start
of the investigation about the weld quality for refill friction spot
welding was difficult due to the presence of contaminations.
During the last investigations, a standard configuration which
filters out most of the noise showed promising results.
Neverthelss, this configuration still has to be investigated
further in order to examine the detection capabilities for all
possible weld defects.
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Akoestische missie voor online en nigestructieve
Inspectie van wrijvingsuniassen

Dries De Ruyck, Hannes Polijn
BegeleidersProf. dr. ir. Wim De Waele, Dr. ir. Koen Faes

figuur 1. Het illustreert de volledige lascyclus welke wigr

Abstract:Het monitoren van akoestisbe emissie (AE) is eenniet  stappen bestaat. De klemring fixeert de twee overlappende
destructieve testmethode om de laskwaliteit tbepalen en wordt plaatsjes dor kracht in axiale richting uit te voeren. De

voortdurend onderzocht en verdr ontwikkeld. In dit werk wordt . . .
het toegepast op wrijvingspuntlassen van de EN AVBO82T6 wrijvingswarmte wordt gegenereerd door rotatie van de pin en

aluminiumlegering. Deze lasmethode maakt het mogelijk huls die het materiaal plastificeren zodanig dat er een
verschillende aluminiumlegeringen te lassen zoals ook de niet metallurgische wiinding tot stand komt.

lasbare aluminiumlegeringen uit series 2000 en V0. Het volledige
proces gebeurd in vaste toestand, wat betekend dat het lassen
gebeurt op temperaturen lager dan de smelttemperatuur. Vooral
de luchtvaart- en transportindustrie zijn geinteresseerd in deze
lastechniek omdat enorm sterke, lichte materialemelast kunnen
worden. De AE evaluatie methode werd gebruikt samen met
trektesten, metallografisch onderzoek en temperatuurmetingen.

Kernwoorden akoestische emissie, \ijwingspuntlassen EN
AW-6082T6, laskwaliteit inspectie

Clamping
ring

I. INLEIDING

De laskwaliteitkanbepaald worden door het gebruik van AE
controle. Het is een niglestructieve onderzoeksmethode dat
de geproduceerde geluiden van een materiaal gedurende een
lascyclus kan opnemen. Dexethode is niet te verwarren met
ultrasoon (US) onderzoek, waar gelein door het materiaal
gestuurd worden en defecten opgespoord kunnen worden op
basis van het ontvangen signaal.

Deze onderzoekmethode zal toegepast worden op Figuur 1: Het wrijvingspuntlasproceg].

wrijvingspuntlassen, een dgechniekmet een veelbelovende ' . .
toekomst in de luchtvaarten automolelindustrie. Echter, In stap 1 (figuur 1a), zakt het driedelig gereedschap tot het

zoals in andere lasprocessen komen er ook bij deze lasmethBy&act maakt met het te Iassgn materiaal. Terwijl het
defecten voor wanneer er ongeschikte lasparameters gebrdfkieedschap zakt, versnellen de pin en de huls tot een vooraf
worden. Deze defecten hebben een negatievieed op de ingestelde rotatiesnelheid. Van zodra de klemring de nodige
lassterkte en worden best vermeden. De bedoeling van kKlpmkracht, nodig oméweging van de platen te voorkomen,
onderzoek is met behulp van AE de aanwezigheid van ddereikt heeft, zakt de huls met een bepaalde rotatiesnelheid in
defecten te kunnen bepalen. Door gebruik te maken van déwd materiaal (stap 2: figuur 1b). Op hetzelfde moment wordt
nietdestructieve inspectietechniek, worden lassen met een lagepin teruggtrokken zodanig dat er onder de pin een caviteit
kwaliteit onderscheiden met lassen met een goede kwalitgjhtstaat. Het materiaal dat zidnder de huls bevindt is
Vorig werk [1] richtte zich op de evaluatie van de lasbaarheigiastisch vanwege de wrijvingswarmte en wordt in de caviteit
van __ste_rke alum_mlumlegermgen met wr_ljvmgspuntlasse@, eduwd . Deze gebeurtenis heet
terwijl dit werk zich focust op het gebruik van AE Voor1c) keren de pin en hulerug naar hun oorspronkelijke positie
hetzelfde lasproces. wat ervoor zorgt dat het plastische matdries gecreéerde gat
terug opvult. De cilindervormige verbinding die dan tot stand
gekomen is wordt de oO6weld nug
(stap 4: figuur 1 d) vertraddiet gereedschap en wordt het

A. Procedbeschrijvin o
o ving » . teruggetrokken van de verbinding. Het laat een qyigierviak
Het \./vruvmgspugtlas"pro.ces proQqueen puntlas terwljl het achter met een minimum aan materiaalverlies.
materiaal zich tijdelijk in plastische toestand bevind. De

metallurgische verbinding komt tot stand door gebruik tg Lasparameters

maken van wrijvingswarmte, gegenereeiabr een driedelig . .
L . Het eerder besprokerasproces is afhankelijk van de
lasgereedschap. De verbinding wordt gerealiseerd tugsen . . .
ebruikte lasparameters. De meest belangrijke zjm

overlappende aluminiumplaten, gefixeerd op een lastafel. De " .. . . .
componenten van het lasgereedschap wordt Weergegevergoitr?tlesnmheld (RS), plunge diepte (PD), plunge tiid (PT),

Vi
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6dwel | 6 ntintrgktgd (RTP ©Op basés van de PD en devergelijking met de SZ. De korrelstructuur is uitgerekt vanwege
PT kan de plungesnelheid berekend worden. De plungesnelhe@égdmechanische bewegimggan het lasgereedschap [4]. Het
is de snelheid waarmee de huls in het materiaal duikt. Analoogteriaal in de HAZ ondervindt enkel een thermische lascyclus
bepalerde PD en RT de intreksnelheid (RR). De PT, DT en RWaardoor er meer grovere korrelsorkomen dan in het BM
bepalen samen de verbindirigh{JT) welke de tijd is waarin [5]. Ook de optredende warmte zorgt ervoor dat de korrels
de verbinding tot stand komt. Een visualisatie van dezgoeien. De korrelgroottevariaties voor eldaszone is
parameters, uitgezet over de tijd (ms) is te zien in figuur 2. Dchtbaar in figuur 4. Geassocieerd met de korrelgrootte zal er
positie van de pinen huls (mm) worden respectievelijkeen variabele hardheid in de dwarsdoorsnede van de
voorgesteld door de donkerblauwe en roze cube oranje wrijvingslas voorkomen. De geometrische zones en

curve stelt de rotatiesnelheid (rpm) voor. hardheidvariaties worden verder besproken in het eindwerk.
//’ N
B L| PR RR h
/ PD \
/J \\.
/’ N\
./’,/ \
7
d o S
PT DT RT
- T -
u0n Figuur 4: Korrelgrootte variaties volgens de verschillen@desdones
4 ‘ [3].
I1l.  AKOESTISCHE EMISSIE
Figure 2:De lasparameters A. De basis

L Een AE-detectiesysteem meet de emissie van een werkstuk
C. Laskwaliteit dat onderhevig is aan het lasproces, voert dataverwerking uit en
De mechanische en microstructurele eigenschappen van @88kt naar kenmerken die op een lasdefect kunoited [6].
wrijvingspuntlas is geanalyseerd op basis van eefjyee verschillende types van AE signalen in het tijdsdomein
metallografisch onderzoek. De laskwaliteit wordphald door kynnen onderscheith worden: het continue emissie en de
de aanwezigheid van bepaalde geometrische zones (gfstemissie. De continue emissie heeft een lage amplitude
kenmerken die in de owel d nyefsde? fe@nddréhde géverM@riijl de bersissie vooral
Figuur 3 geeft een typische dwarsdoorsnede varpdntlas it signalen met een grote amplitude bestaat. De tmmsssie

weer. Vier verschillende zones, welke in elke las voorkomep, gekenmerkt door een grote heeiheid energieHet verschil
kunnen onderscheiden wordese mengzone (SZ), thermo tyssen beiden is weergegeven in figuur 5.

mechanisch beinvioede zone (TMAZ), hitte beinvioede zone
(HAZ) en het basismateriaal (BM).

U H bt

continuous AE

L L 1
an o2 04 time [S] L2 &

Figuur 3: Dwarsdoorsnede van een puntlas met de geasscxzmtds
[2]. Figure 5:Burstsignalen (bovenaan) en continue AE (onder§zn

De SZ bevat het materiaal dat effectief vermengd geweest igurst-signalen die deaoraf ingestelde drempel (threshold)
door de pin en de huls en wordt gekenmerkt door kleineverschrijden bevatten de meeste informatiéolgende
korrelgroottes vanwege dynamische rekristallisatie [3]. Diéformatie kan uit het signaal gehaald worden
TMAZ is een zone ntegrotere gekristalliseerde korrels in

VIii



1 Amplitude: grootste  afwijking van de IV. EXPERIMENTELE UITVOERING
everwichtspositie.
1 Risetime: Stijgtijd, de tijd waarin eenpuls stijgt A. Het doel
tussen 1@n 90% van een gespecifieerde waarde. pe pedoeling van dit onderzoek was om een goede AE
1 Counts: aantal keer dat el gekozen drempel cqnfiguratie te vinden welke de vervuilingen van hgnaél
overschredemordt door het AE S|gna-all. i eruit  filtert.  Vervuilingen komen voor vanwege
T MARSE (Measured Area Rectified Signal achtergrondgeluiden en mechanische bewegingen van het
Envelope): grootte van het oppervlak onder d . .
asapparaat. Signalen van vorige testen, gemaakt met een

omhulling van hetgelijkrichte lineaire spannings . : -
tiidsignaal van de sensor [8]. Het bevat de energ dere AE configuratie bevatten deeevuilingen waardoor er

van het AE signaal. veel variaties in het signaaborkwamen. Om de relevante
1 Duration: tijd tussen de @ste en de laatste signalen, geémitteerd tijdens het lassen, met elkaar te kunnen
overschrijding van de gekozen drempel. vergelijken en conclusies te kunnen trekken moeten deze

vervuilingen bijgevolg uit het signaal gefilterd worde
Bovenstaande termen worden voorgesteld in figuur 6
B. Materiaal en gereedschap
De experimenten gden uitgevoerd met een commerciéle
Risetime wrijvingspuntlasmachine RPS 100 (Harms & Wende,
Duitsland). Vier puntlassen met identieke lasparameters
werden gemaakt op het EN AB082T6 aluminiumlegering
MARSE met eendikte van 2 mm. De chemische samenstelling en
Threshold mechanische eigenhappen van het materiaal is gegeven in
- tabel 1 en 2 respectievelijk.

V VWV Time Tabe 1: Chemische samenstellingin deEN AW-6082T6 legering
(Wt%) [10].

Si Fe | Cu Mn Mg Cr Zn Ti
07-1.3| 0 0/ 00.1| 04-10 | 06-12 | O 0.l O 0[O O

Counts

Volts

Amplitude

DIS 34,

= | = Duration

___)\\_» Tabel 2: Mechanische genschappen vamle EN AW-6082T6
—»|__Circuit | Threshold-Crossing Pulses Out legering[10].

Reksterkte | UTS | Rek | Hardheid | Dichtheid | smeltpunt
(MPa) (MPS) | (%) (HRB) (g/cm?3) (°C)
143 300 11 117 2.70 555

o
el

\

Figuur 6: Informatie uit het AE signag®].

B. Uitrusting

Om de akoestische emissie, geémitteerd door de vorming vaestructeve trekproeven werden uitgevoerd volgens EN ISO
een lasdefect, te kunnen detecteren wordt er een Senggp73 op een trektoestel; Instron moB@01.Een treksnelheid
gebruikt. Achtereenvolgens gaat het signaal door e¢@n 10 mm/min werd toegepast.
voorversterker,  filterversterker en wav uiteindelijk  petallogrdisch onderzoek werd uitgevoerd op de
gedetecteerd ~ door  een signaalconditioner  en gwarsdoorsnede van de puntlas door gebruik te maken van een
gebeurtenisdetector. Eens al deze fasen doorlopen zijn, WaffNmpus MX51 optische microscoop.
het signaal verwerkt door een specifieke software. Eenpm de AE signalen op te nemen werd een W56Bsor
principeschets van een ABeetsysteem wordt weergegeven ifyepryikt. De sensor werd op de lastafel geplaatst waar de

figuur 7. aluminium platen op gefixeerd lagen.
AE C. Lasparameters
T”"H”M—D_ N\ signa De lasparameters die gebruikt werden om de puntlassen te
= Pre- L1 pppiifier  [CONitioner makenworden weergegeven in tabel 3
- Amplifier Filter F‘\‘ ;
= PAMI it DSSCEOR Tabel 3: Gebruikte lasparameters
Inputs
RS PD DT PT RT Hold time
D (rpm) | (mm) (s) (s) (s) (s)
3 1.5 1.5 2

Dle St D 2250 | 2.2
; l ‘ Post-Processor
D. AE configuratie

Figuur 7: Meetsysteem om AE signalen meetememeri6]. . . . .
De gebruikte AE configuratie avdt weergegeven in tabel 4.

Voor een meer gedetailleerdeedthrijving van het
meetsysteem wordt er naar het eindwerk verwezen.



Tabel 4: Gebruikte AEconfiguratie

opgesteld die de meeste vervuilingen weg filtert en
veelbelovende resultaten gaf. Desalniettemin moet deze AE
configuratie verder onderzocht worden om
detectiemogelijkheden voor alle lasdefecten te analyseren.

Sample | Frequentie- Resonatrtie- Drempel
snelheid bereik frequentie (dB)
(MSPS) (kHz) (kHz)

2 400- 800 500 50

ERKENNINGEN

Dit werk isdeel van een master thesis aan Universiteit Gent
in samenwerking met het Belgisch instituut voor lastechniek

V. RESWTATEN

A. Evaluatie van de akoestischeissie

De opgenomemeluidsgolvereijn zichtbaar in figuur 8. De
signalen zijn zuiver en bevatten veel gelijkenissen. Ze zijn
uitgedrukt in amplitude (dB) over tijd (us). (1]

(2]
(3]

W [4]

(5]

‘

..... 6]
7
Figurr 8: Opgenomemgyeluidsgolvenvoor de puntlassen varil9. {8%
Op basis van dgeluidsgolverkan men stellen dat dassen
zo goed als exact hetzelfde zijn. Om de relevantie van de AE
configuratie te  kunnen onderzoeken, worden d 0
dwarsdoorsnedes van de puntlassen ook onderzochhéaian
ook deze dezelfde verschijnselen vertonen en niet teveel
afwijken kan er een beslugenomen worden betreft de AE
configuratie.
De dwarsdoorsnedes worden geillustreerd in figuur 9

Figuur 9: Metallografisch onderzoek van de dwarsdoorsnedes

Ook dedwarsdoorsnedes tonen een éénduidig resultaat: geen
lasdefecten komen voor en dengte van de lasverbinding
varieert slechts enkele pm. Zelfs al toont deze AE configuratie
veelbelovende resultaten, toch zal er meer onderzoek nodig zijn
om dit verder te beestigen.

VI. CONCLUSIE

Het werd duidelijk dat AE controle van een lasproces een
complexe taak is. Concrete besluiten trekken over de
laskwaliteit was moeilijk aangezien er bij de start van het
onderzoek veel vervuilingen aanwezig waren. Gedurende de
laatste oderzoeken werd er eenogfde AE configuratie
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Introduction

In this work the quality of a weld is imstigated by making use of acoustic emission (AE) during a
welding processTheAEinvestigationis a nondestructive method that records the sods produced

by the material itself. This method is not to be confusethwltrasonic (US) examinations. Itrakonic
research, sound waves are send through a material while in acoustic emission research, the audible
sounds released by the material due to a high load are recorfleel advantage of AE is thae data

is reattime and therebydynamic phenomena care detected because the welding processises the
material to send the ABignalq2].

The AE research will bexecutedon two different welding typesrefill friction stir spot welding
(RFSpW), and arc welding with a robofThese processes are discussed in Chapter 1. RASSpW
processwill be dealt with for the most part.

The intention of the AE research is to determine the weld quality based on the AE signals. The weld
guality is deternmied by the presence of certain defectehich will befurther discussed in Chapter 2.

Chapter 3 contains more information about the acoustic emission process. The general principles,
advantages and disadvantages, influencing factors and equipmeiearg discussed.

In Chapter 6, the acoustamission resultsrom different test seriesire analysedThe test series were
made with a setup, described in Chapter 4. Furthermore réiselltswere analysed based on different
evaluation methods such dke lap shear strengths of the welds and metatlaghic research. More
about these examination methods is discussed in Chapter 5.

Chapter 7 describes the occurred problems which were encountered while investigating. It shortly
discusses what could be investigdtin future work, based on the results ing master dissertation.

Lastly, conclusions about the conducted investigation are drawn in Chépter



1. Used welding processes
1.1 REefill fiction stir spot welding

Refill fiction stir spot weldingRFSSpW) is a lkd-state welding technique derived from ¢tion stir
welding (FSW) and is suitable for joining aluminium and magnesium alloys. The technique is used for
joining strong and lightweight parts in aerospace, automotive, shipbuilding and train applications by
the need for fuels saving, safety and penfance increasement. The process can replace mechanical
joining or resistance spot welding (RSW), which are used today and discussed in the following
paragraphs of this chapter. The friction stir spot weldingcess will lead to various benefits, such as

the ability to weld lightweight materials and the appearance of talaly low temperaturegl] [3].

Nowadays, a lot of steel is used in the autometindustry because of its @dé range of desirable
properties, ease of processing, availability and recyclability. It would be a big step forward to replace
steel by aluminium, as it has the advantages of a lower density than steel and @ighehcorraion
resistance[4]. The problem of replacing aluminium is the need and development of new joining
methods for these materials and the optimal application of the methods.

In this chapter, thd(RFSSpW process and its parameters will be described in detail.

1.1.1 Mechanicalqgining and resistance spot weldimtisadvantages

Using mechanical fastening to join lightweight materials has a weight penalty by the additionally used
material. Another disadvantage of mechanical fastening is the requirement for sealants and the
potential corrosion problemsThe difficulty of automation will cause economical disadvantages. Using
fusionbased techniques for joining aluminium, such as resistance spot weldithgause problems
associated to material melting and low weldability some dbys[5].

Aluminium components are usually welded by manual arc welding techniques, like MIG or TIG.
However, aluminium shows a comparatively lower weldability than steel due to various reasons: a high
affinity of aluminium towards atmospheric gases, ghithermal expansion coefficient, a high thermal

and electrical conductivity, etc.. These characteristics make them sensitive to defect formation during
welding (e.g. porosities, inclusions, solidification crackitggcribed in chapter)3Besideshis, sane

of the higherstrength aluminium alloys, like material from the 2000 or 7000 series, are not weldable
at all using conventional welding technologies.

The disadvantages of manual welding techniques are that they are generally recognised as labour
intensive and thus costly operationk requires relatively higiskilled welders and the joint quality is
highly dependent on the skills of the welder. Moreover, components are likely to show an
unacceptable amount of distortion which requires a sigaiiic amownt of postweld finishing
operations and rework.

Resistance spot welding is one of the most commonly employed automated joining method for steel
shees. Its principle benefits are high speed and low cost operation, plus the ability to weld a wide
range ofjoint configurations with the same gun.

However, here are still plenty of problems when spot welding aluminium alloys. The main barrier to
the adoption of resistance spot welding for aluminium is the short life of the welding electrodes and
the asociatedreduction of weld quality when the electrodes degrade. Frequent milling, dressing and
changing of the electrodes interrupts production and increases the operating costs.



The relatively higher electrical conductivity of aluminium requires a #ignify higher energy to
obtain a weld. Critical porosities and other imperfections occur nearly unpredictable within the
welding zone. Welding spatter pollutes both the welds and the welding cells, necessitating costly post
weld machining and cleamp work [6] .

1.1.2 RFSSpWadvanages

Considering these problemghe importance of developing th&S$W technique becomes clear.
RFSSPN has the following advantages compared to conventional resistance spot welding and the
processes mentioned aboyé]:

1 Mechanised and repeatable process

1 Ability to weld thetHon-weldabl&aluminium alloys such as materials from the @@hd 7000

series

Excellent mechanical weld properties

Low distortion and shrinkage, due to sclithte nature of the welding process

Welding in any position

High efficiency process with very low energy conmation

No shielding gas required,

Operator healh & safety benefits: no welding fumes, metal spatter, UV radiatorioud

sounds

1 ARFSSpW joint can be repaired by the same process or just be welded twice (important for
the quality assurance.

=A =4 =4 =4 4 =4

Summarisingthis new spot weldingechnique provides intereing opportunities for solving the
current problems of conventional joining processes (e.g. resistance spot welding)

In order to fully develop this technique, a ndestructive testing method is required. this master
dissertationthe goal is to find avay to decide with certainty that a friction spot weld has a good quality
and can be used in production.

1.1.3 Process

TheRFSSpW process will produce a single spot while the material remains solid. The metallurgical bond
is realized by the heat created due ticfion and by plastic work. The joint will be realised between

two overlapping aluminium plates. The whole processxecuted by a tool with three main
components, which can be seen kigue 1. The clamping ring M clamp the two overlapping
aluminium plates by applyinpressure in the axial direction. The pin and the sleeve rotate to create
frictional heat and to push the softened material into the plates to form a metallurgical bond. The
whole process consistd @ stages, which can be seerFigue 1 [8][1][3]-

Clamping

Stage | Stage 2 Stage 3 Stage 4

Figue 1: The friction stir spot welding process intdges[3].
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At the second stag¢he sleeve is lowerednd pushed into the sheets at the predefined rotation speed.

At the same timethe pin is retracted to create a cavitfhe material underneath the sleeve is
plasticised and pushed intbe creatd cavity. The movement of the sleeve and pin continues until the
sleevereached KS &S0 LJX dzy3S RSLIIK® ¢KA& | OGA2y Aa OF ff¢

Duringthe third stage the pin and sleeve return to their initial position forcing the displaced material
to completel refill the keyholeKigue 1c). Finallyat the fourth stagethe tool rotation is stopped and
the tool is withdrawn from the joint leaving a flat surface witinimum material lossHigue 1d) [1][3].

In these four stages there are some important process parameters whicharetational speed (RS),
the axial load, the plunge depth (PD), the weldiimge (WT) as well as the pin and sleeve position.
These parameters will be discussed in detail in a further section.

1.1.4 Welding tool

As the welding tool, or welding head, is the moaportant component of the friction spot welding
machine it will be furtherdescribed in this section. As was already clear, it consists of three
components: the clamping ring, the sleeve and the pin. During the welding process, the pin and sleeve
are inclose contact with the workpiece materialhey experience high axial forcetorques and
thermal cycles which means th#ttey are subjected to wedi3]. The result of this wear might be
irregularities on the surface of the welding nugget. Examples of these irregularities are illustrated in
Figure2.

sleeve surface pin surface base material

burr 1
burr 2
Zero
level
drift
notch—

Figure2: Cross sectionfahe weld surface of a weld nugget with irrdatities [9].

Firstly, the zerdevel drift between the pin sdiace and the sleeve surface is a result of the fact that
the bottom surfaces are not in plane when idle. It is suggested that also the adhesion forces between
the tool and the workece have an influence on this zdevel drift.

Secondly, the notch at thsleeveclamping ring interface is a result of a reduced inner sleeve length
due to the wear. There can be concluded that the bottom of the sleeve is worn out at the internal
diameer of the sleeve component.

As a third irregularity, the appearance oftturrs are dependent of the tolerance between the pin
and sleeve and between the sleeve and clamping ring as they are concentric within narrow tolerances.
It is possible that the mterial remains in these small rirsepaped gaps. During welding, these gagpes
continuously filled with plasticized base material of the workpiece which requires a higher torque in
order to rotate the tookcomponent at the required RS]. At stage three, when the sleeve goes up and

the pin pushes the material back into the keyhole, it might be possible thiat titaterial still is present

in the tolerance gaps, resulting in two risgaped burrs. Burrs 1 and 2 are visibl€igure2, and have

equd diametersas respectively the pin and sleeve literature, the continuously filled gais referred

to as the gap loading-igure 3 illustrates this phenomenonwith exaggeratedgap dimensions for
illustrative puposeg[3].



Accumulated
material in
tolerance gap

Figure3: Gap loading beveen concentric tool componenfs].

Due to the appearance dfie base material in these tolerance gaps, it is necessary to frequently clean
the tool in order to avoid too lgih overload currents and temperatures, motdrusdowns and sleeve
failure [10]. In the test series described in this master dissertation, the tool was cleaned every two
welds. Program 197 was used, a visadidon of the pin and sleeve movement along with the RS is

visible inFigure4.

Sleeve position (mm)

Pin position (mm)

Figure4: Used cleaning program.

To summarizéhe temperature, torque and gap loading are all factors who tthe& influence on the
tool wear. This cycle of increasing tool wear is illustratefigure5.

increased
tool wear %

larger tool increased
temperature gap loading

KI larger J
torque

Figure5: The wear problem with gap loaditgtween the tool componenf{s].



One positive aspect related to tool wear is thmat dependency with lap shear strengths can be fbun
[9]. The increased tool wear along with the increased temperature might even improve the
metallurgical bonding between the aluminium sheets. This independency is a major advémtage
industrial application$3].

1.1.5 Welding parameters

The FSSW process has a lot of adjustable parameters. In this parattpepiost important ones will
be explained.

At the first stage, the clamping force of the clamping ring can be chosen. This force has to be high
enough to clamp the plates, during the weld cycle. It has to be prevented that the force is too high,
becausehis can causes damage of the plates. At the beginning of phase 1, the rotation speed is equal
to 500 rpm. After initiation of the weld cycle, the rotation speed of the pin and sleeve is increased to
maximum rotational speed (RS) which is used duringstaend and third stag€l][3][8].

At the second stage, the pin and sleeve are rotating using the sational speed. The sleeve is
lowered until it reached the predefined PD. The time of lowering the sleeve into the material is called
the plunge time (PT) and is also adjustable. The plunge time influences thef péestic deformation
[1][3]. The plunge rate (PR) is the speed of lowering the sleeve and is related to both the PD and PT.

At the third stage, the pin and sleeve are still rotating at$leerotational speed. The duration of this
stage is called the dwell time (DT), and is also a parameter that can be adjusted. The time of retraction
of the tool is called the retraction time (RT), which also has an influence on the rate of plastic
deformation. The retraction rate (RR) is the speed of lifting the sleeve back up to its original position
and is related to both the PD and RT.

The three different time parameters (PT, DT, RT) determine the total joining time (JT), which has an
influenceon the taal heat input[1][3]. An overview of all these parameters is giveRigure6.

PT DT RT

1000

(] smo 10000

Figure6: Overview of the welding parameters.
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1.2 Arc welding

1.2.1 Introduction

The arc welding processusedo join two metals by heatyhich iscreated by electricity between two
electrodes, in order to melt the metals along with the welding wire. The welding then forms a
bonding together witlthe moltenmetals when the material is cooled down. The narmée process
comes from the fact that an electric arc (due to the current) is created between the metal to be welded
and the welding wire. The currentpswered by a welding power supplhis all is presented Figure

7.

Gas nozzle

Consumable Contact tube

electrode

Gas shield
Arc Weld metal

Parent metal ¥/eld pool

Figure7: Schematic illustration of gasetal arc welding (GMAW) procdd4].

This process can be executed manually, ssmdmated or fully automated. Nowadayis still is one

of the most important processes to create assenaldtructures[12]. As there are many different types
of arc welding, this work only focuses on the metal inert gas and metal active gas (MIGAp&G) t
becaug this was used to create the welds who are described in further test series.

1.2.2 MIG/MAG process: general principles

MIG/MAG processes are subtypes of the gas metal arc welding (GMAW) process. This technique was
developed in the 194Qsn order to achieve a lsorter welding time. However, shorter welditignes

leadto an extra cost of inert gas. Later on, this was solved by usingiserhgasses which reduced

the cost. Nowadays the GMAW procesmisstly used in the industrid 3].

The MIG/MAG processes make use of a shielding gas, which is released through the welding gun
between the electrdes, in orér to avoid contamination due to air. At the start of the process, when

the current has to flow from the first electrode to the other, an electric arc is created. The gas that is
present between these electrodes excites more easily than théhairnwvas oiginally, making it easier

for the arc to be formed and maintained during the welding process. As the welding process
progresses, the welding zone is constantly ¥ath the welding materigl14].

The process that was used in this work is a ssmdmatic welding process one with a robotic arm,
where different welding parameters ot be setand adjusted. The parameters will be discussed in a
following section. The power supply that was used provided a constant DC voltage, and the shielding
gas is composed out of 28 CQand 82% Ar.



1.2.3 Welding parameters

Theset ofwelding parameterare very inportant as they will directly affect the quality of the weld,
the penetration of the arc and the bead geometry. In this paragraph, the different parameters are
discussed. They are not completely independent and should be determined after tHepiaae
material is chosen.

First of all, there is the current expressed in Ampére. The value of this current is determined by the
thickness of the workpiece material. A guideline says that every 0,@801(an 0,00254 cm) requires 1
A[15]. The current is directly related to the deposition rate, the weld bead smkshape, and the
penetraion. Some parameters are related; for example, the current is interdependent with the wire
speed. They both have to be increased in order to increase the deposition rate and the whaffimelt

The thickness and size of the feedinie is also a factor tit depends on the value of the current.
There are different diameters that require a minimum and maximum current range. An example is
given inFigures.

Typical Welding Parameters of Mild Steel & Low Alloy
SMAW (Electrodes)
Diameter of Rod Amperage (A)
Voltage (V)
Inches | Millimeters Flat Vertical
& Overhead
/32 24 21-25 65~ 80 65 ~75
1/8 3.2 21-25 90 - 110 80 ~ 95
5/32 4.0 21-26 135 - 160 120 - 140
3/16 4.8 2226 160 - 210 140 - 160

Figure8: Current range accordinto the weld wiradiameter[16].

Along with the standard solid welding wires, there is also a differimt, lnamely the tubular welding
wires. They have an internal core filled with granular powder or flux. This powder, or flux, provides a
better arc stability and a deepgrenetration. There is also less risk for defects whigs type of wire

is used14].

Secondly, there is the welding voltage which is directly related to the arc lengttparaiseter is very
important because the arc length has to be under control. A too long arc length disturbs the gas
shielding, whereas a too short arc length may extisfy at the expense of the weld quality. When
increasing the voltage, the bead will bece flatter and the penetration will increase until an optimum

value is reached. Too high voltages will cause spatters, porosity appearances and cracks. Too low
voltagesalso may cause porositi¢E5].

The travel speed of the arc is controlleg the robot and is therefore continuous. The effects are
similar to the voltage effectsAn optimum of penetration at a certain value of travel speed will be
obtained. Too slow travel speeds cause poor fusion, lower penetration, porosity, slagions ad

an uneven beadl5]. On the other hand, faster travel speeds lead to lpssetration and spatters.
The travel speed is selected based on the workpiece material.

Furthermore, the size of the electrode will affect the weld bead and penetration. It also has an effect
on the travel speed, as a larger electrode genenatyuires a higher minimum currenvf the same
characteristic§15].

The type of shielding gas depends on the steel material and its conditions, and has to be chosen
carefully. Two main types of gases exist: inert gas and active gas. Examples of inert gases are argon,
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helium and argofhelium mixtures,while active gases include chon dioxide, argon/oxygen or
argon/carbon dioxide mixturefgL4].

The electrode extensioor stickout is defined by the length of the filler wire between the end of the
contact tip andthe end of the electrod¢l5]. It is the part of the wire that conducts theurrent. When

the extension is too long, the resistance of the wire will increase and therefore the tempeunittine
electrode will risg15]. It seems very logical that this parameter has to be carefully monitored in order
to achieve a good arc length.

At last, there is the position of the wire electrode relative to the weldohhaffects the bead shape
and penetration. The position of the wire electrodes depends on two parameters, namely two angles
which are called th&’ g 2 N NI Rt [®B]. | y3If Sa

1.2.4 Different modes

In order to transfer the weldnetal from the electrode to the work, there are four possible modes:

Short circuiting transfer
Globular transfer

Spray transfer

Pulsed spray transfer

P wnNPE

The modes are determined by the welding current, electrode size, electrode composition, electrode
stick-out and the shielding gg45]. As these welding types were not used to cretlite welds cited in
this work, they will not be further discussed.

1.2.5 Equipment

The basic equipmerfor the GMAW process is indicated with numbersHigure9. The numberswill
be further explained in following text. The welds that were created for the AE research were produced
with a robot which also contains these parts.

5 .

=

®

Figure9: Basic equipment for GMAA/7].

Number 1 is called a welding gun with a wire feed unit. The gun has a contact tip made out of copper
in order to transmit the electricity from one elgode to the other. At the end of the gun, it is
connected to twocables. One cable provides the power supply to create a current and the other one
supplies the gas. A gas nozzle in the front takes care of the gas flow, whereas an electrode at the end
makes sure that an arc is formed. As an option, a water cooling systauld be fitted into the gun,

but nomally the gun is aicooled[13]. However, when an aicooled gun is used, the current is limited

to a value of 300 A. In order to reach higher current values,gine has to be watecooled[14].
Furthermore, there is a wire feed system to supply a metallic alloy wire as an electrode. The kind of
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alloy and the selected size are depkent on the steel material and its condition. The weld quatity i
directly related to the choice of the electrode, which ne¢al®e carefully determinegiL3].

Number 2 represents the welded workpiece. It is notable that this workpiece has to be connected to
the power supply (number 3) with a clamp, in order to obtain a circuit in which the curegntiow.

Number3isthe power supplywho provides a constanioltage.Mostly a direct current (DC) is used in
welding applicationsbecause it provides the maximum heat input and gteation into the workpiece

[14]. Another benefit of the use of a DC power source is the high stability. The arc will naturally stabilize
if it is powered at aconstant voltage and generated in a windich is fed at a conant rate [14].
Anotherkind of power source uses pulsed current, which are not regulayeitie amount of voltage,

but by the train of pulses of the current. Since this type is not used to create the welds in this work, it
is not further discussed.

Number 4 and 5 show the wiredd unit and the motor respectively. In the wire feeder, the wiire
pushed into the welding gun with this motor. By regulating the motor, the wire fatglvalue can be
adjusted[14].

Number 6 indicates the shielding gas supply cylinder. It is a tank which storages the shielding gas, used
in the welding process. The gas protects the welairsg} atmospheric gasses which can lead to metal
defects.
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2. Weld quality

2.1 Reéfill friction stir spot alding

2.1.1 Introduction

In this part of the chapter, the mechanical and microstructural properties of a refill friction stir spot
weld will be discussed based anetallographic investigation. It will be demonstrated ttsime
3S2YSGNROIE T2ySa FyR TSI GdzNB& 200dzNJ Ay (GKS 5S¢
hardness of the different zones in the weld will be investigated as well.

This will be illustragd using the results of the welding trials with a the aluionim alloy AA61814,

with a thickness ofl,7 mm[18]. Different parameters were investigated in order to produce high
quality welds in terms of microstructure and mechanical performance. The metallographic
investigdion was performed with optical microscopy, while the mechanicaperties were evaluated
using tensile testingThelap shear tensile strength was on average equab,®kN. The geometric
zones and features plagan important rolefor the fracture mechlnian and therefoe the mechanical
performance[18].

The toolset that was used consisted of three components: a 18 mm diameter clamping ring, a 9 mm
diameter threaded sleeve and a25mm diameter grooved pin. More details alownin Figure 10.

B e P e s T —

1
| - - o —~ &
! {
{ | -
{ {
| {
LAl r———

Cross section of pin tip Cross section of sleeve

Figure 10: Used welding tool to produce the welds whichiaxestigated in this sectioi8].

2.1.2 Geometrical zones and features

The friction stir spot welds are obtained by frictional heat that is released when the welding tool is
rotating in the material. The material becomes plastic due to this heat, which causes a local
microstructural change of the aluminium alloy. The heat gatien depends on the tool rotation
speed (RS) and plunge depth (PD). In general, a higher RS and PD results in more lagimirgeharh
contributes to morerecrysallizationand larger graingl9]. The cooling rate that occur after welding

is directly influencing the grain siznd thereby also to the hardness. In general, hardness is the
resistance to local plastic deformation of a material and ihdrigvhen the cooling rate is higher
(quenching) and when the grain size is smaller. The weld hardness will be further discubsetkixt
section.

Figurell shows a cross section of a friction stir spot weld. Four different zoaesie distinguished
who typically appear in every weld: the stir zone (SZ), the tharmaohanically affected zone (TMAZ),
the heat affected zone (HAZ) and the base material (BM).
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Figurell: Crosssection of a frictionmot weldwith associated zond20].

The SZ contains the material that effectively has been mixed byithend sleeve and is charactexd

by finer grains due to dynamic recrystallization caused by the high strain rate during the plunging stage
and the thernal cycle imposed by the press[18]. These grains are visible in more detailedrigure

12, left. It is clear that the grain sizacreasedurther away from the SZ.

The TMAZ is characterized by the &rgecrystallzed distorted grains in comparison to the SZ. The
combination of a moderate strain rate and a moderate temperature are responsibslethto
microstructural changes in this zone. When zamgnin on the TMAZ, elongated grains pointing
upwardsare revealedchear the SZ. The TMAZ is visiblEigurel2, between the SZ and the HB].

The materialin the HAZonly experienceghe therma weld cycle, inducing more coarse grains
compaed to the BM[21]. Due to the heat, the grains start to grow and digger In this case, the
grain size of the material in the HAZ has a value of 22 um, while the grain sieRBiflisonly 17 pm
[21].

Figurel2: Grain size variations acaiing to the different zoneld 8].
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2.1.3 Hardness evaluation

Figurel3 showsa cross section of a weld, welded with a RS of 2900 rpm and a dwell time (DT) of 3
seconds. The hardness is also given and was measured through #rerditZones in the middle of

the upper aluminium sheet. The hardness changes the different microstructuralzones andis
dependent orassociated grain size

I40— TMAZ TMAZ
3 130
i 120 -
g 110 -
% 100 -
s 90 -
& 80
> 70 -
60

-16-14-12-10 -8 6 4 -2 0 2 4 6 8 10 12 14 l6

Figurel3: Geometrical zags along with their hardne$8].

As visible inFigure 13, the base material has an averapardnessof 80 HV. This value can vary
depending on thédemper treatment of the base materialifjdicated by the Factor in the specified
material). In this ase, the used material was AA6184 T4 indcatesthat the material is slution heat
treated, and naturally aged to a substantially stable condition

The hardness starts to decrease in the HAZ to a minimum value of 70 HV in the transition to the TMAZ.
The hardness loss at the transition is mainlgsaciated to themicrostructural changesf the BM
Although tre temperaturein the HA4s relatively low, it is high enoudhbr grain nucleaibn andgrain

grow. A bigger grain size results in a reduction oftthsiness.

Next to the HAZthe TMAZis locded, where the hardness starts to risggain, because of the
coarsening of the material. This phenomenon has shown to be predonfimathie hardness increase
due to the thernal cycle in this zone. The deformation level might also have a little influentke
strain hardening, although not enougio suppress the softening coming from the precipitate
coarsening.

In the SZ, the hardness continuesihzreaseto a maximum value of approximately 100 HV. The
increase inthe SZ is due to recrystallization @fvery fine grain structurg§2]. During RFSSpW, the
processcan eliminate some or all of the cold work effects. Also coarsening and soérbilisation
might occur orthe strengthening particlefl8].

A dip in the hardness in the middle of the weld nugget is visible. This phenomenon appears due to
smdl variations ofthe grain size in the widtland thickness direction in the SZ. Visually, this can be
seen inFigurel4. In general, the grains at the outer side (regions C, D andrigunel4) are much
finer than those in th&entre, because they are locatezh the pathof the plungingpin into the upper
sheet. It can be attributed to the higstrain rate in the periphery of the pin due to the plunge speed
(a high linear velocity). Another factor that rhigalso be the cause of this dip is that the material
locatedat the top surface of the upper sheet (region Brigurel4, right beneath the pin) is stirred for
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a slightly longer time than the material at the bottom of the uppkest. This means that the original
material at the top surface hassmaller grainige in the SP21].

Figurel4: Magrified view of the SZ with following welding cofatits: RS = 1500 rpm, DT §23H.

2.1.4 Weld defects and features
Defects that occur in the weldingugget are best avoided since thegn cause bw lap shear strength

or low-qualitywelds. These defects are the resulioit-optimised process parameterSigurel5gives
an overview of the different weld defects thatight occur

Figurel5: The weld defectd 8].

Asshownin Figurel5, the appearance of the black lines indicate some geometrical features in the
weld: partial bonding, the bonding ligament and hookingth& sides, two vertical lireeare also vible;

this indicates the sleeve path. Sometimes voids can apgetirat locationdue to lack of mixing, but

also due to an incomplete refill. In the following sections, each type of defect is being discussed and
illustrated by means of an @hpus MPG3 lighoptical microscop¢18].

Hooking

As can be seen Figurel5, hooking is the interlocking of the upper and lower sheet. It is defined as a
partially metallurgical bonding area, a transition zone between the completely bonded andhe
non-bonded one[23]. It is formed as a result of the upward bending of the local sheet interface due
to the tool penetation into the bottom sheef24]. When lap shear tests are performed, the presence
of hooking results in stes concentrationsdBecause of this, hooking works as a crack nucleation site,
similar agpartial bonding (explained in@ext section). The sharpness of the hooks are related to the
crack nucleation. Whethe hookistoo sharp, it causes a cratthkat easiy nucleatesand grovsin the
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upper sheet, even under small loads. Micrographic analysis indicated that the duration of the dwell
time is directly related to the sharpness of the hooks. In genellahgerdwell timemeans a greater
sharpness due to the @¢in level of plasticity of the lower sheet caused by the intense energy input
provided by longer welding times. This assessment explains in some cases the deterioration of the
mechanical strength wherhe welding timeis increased18]. However this does not mean that an
increase of the dwell timeesults ina decreasef the lap shear strength, as other parameters also
have influences. When the hooking phenomenon is absent in the weld, an inaetmsedwell time

might be the cause d better bondand thus an increasef the lap shear strength.

Cao et aJ23]. indicated that there are two different types of hooking, related to the plunge depth. The
hook imperfections and their locations are different. Th@twooking types are visible Figurel6and
Figurel8.

Figurel6: Hooking in the SZ (RS = 248, DT = 2s, PD = 1.9 mi23].

The first type of hookgis located in the SZ of the weld. Thienge depth that was used was smaller
than the thickness of the upper sbe(1,9 mm and 2 mm respectively) which caused only stirring in
the upper sheet and no penetration in the bottom sheet. While the formation mechanism of its
geometry is still unclaamany believe that it is a consequence of the pin pushing the extrudéstiala
back into the created keyhole in the thistiage of the welding proce$3]. This theory seems logical
when looking afFigurel?.

stage 2 stage 3
Figurel7: Possible hooking creation during the traimitfrom stage 2 to stage[23].

The second type of hooking appears when the plunge depth is increased to a value that is bigger than
the thickness of the upper sheet. It only appears on the outside of the SZ, in the TMAZ jivisiure
18. Thistype of hooking is the same as the one indicate#figurel5and has an upside downshape.
As mentioned before, this phenomenon is the result of the upward bending of the intedtectothe
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tool penetation into the lower sheef24]. The hook defecinfluenceshe hook height, as can be seen
in Figurel8. This is the distance between the top of the hook #meloriginal sheet interfacgs]. The
hook height that occurs in a weld is believed to be controlled by two facteesatmount of plastised
material related to the rotational speed andumge depth, and the upward material flow related to
the retraction speed. It is generally known that an increakthe hook height results in a decrease in
the tensile shear strengtf23].

Figurel8: Hooking in the TMAZ (RS = 219@s, DT = 4s, PD = 2.3[28)].

Bonding ligament

Different from the other defects that are being discussed, the bonding ligaisethe area of good
adhesion between ta upper and lower sheet matial and is thus no defe¢®5]. It is visible in both
Figurel5 and Figurel9 as a black line, lying underneath the SZ as it forms the base of the welding
nugget. As ible inFigurel9, the width of this bonding ligament is expressed in the bonding ligament
length (BLL). This wa is directly related to the lap shear strength be@asgreater value of the BLL
means a greater value for the lap shear strength. A-niglity, strong weld consists of a long, flat
bonding ligament and a big BLL value with the abeeof defects. Treet al.[26] indicated that a
longer, flatter andstronger bonding ligament can be obtained by lowetimg rotational speeds, while
high rotation speeds result in a more upwards curved bonding ligament where the BLL is smaller due
to the inadequate bonding (IB3]. The difference is indicated Figurel9underneath.

Figurel9: The difference between a high (a) and low (b) strength weddrding to their BBL valug26].
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Partial bonding

The partial bonding defect mdgtinfluences the fracture modesiuringtensile shear tesng. All the
fracture modes are associated to the same fractureatiitn mechanism, whe partial bording plays

an important rolg18]. It isthe area where the upper ahlower material sheet meet and form a weaker
bond.It is also dransition area between the hookirmpneandthe bonding ligament and is the result

of a lack of rixing and incomplete refi[R5]. When forces are applied at the sheetgringlap shear
testing, circumferential crack sites may nucleate at both the lower apper sheetlin that casethe

stir zone is the only conneoti between the upper and lower sheets and thus the only effective shear
area. This principle is visibleRgure20, experimental examples are visibleFigure21.

Circumferential crack @

sites on upper sheet

i Upper sheet

Partial - Lower sheet
bonding T

C\rcumfe"emial crack
sites on lower sheet

Effective shear area

Figure20: Indication of the circumferential crack sites that might occur duritensile shear strength te§t8].

The further separation (tearindgads to an annular crack that surrounds the SZ. It depends on the
propertiesof the other zones (TMAZ, HAZ) how big this annular crack can grow through the bonding
ligament. The effective shear area of the joint becomes smallecduse of this annular cck[18].
Figure21 showsan overview of the different fracture modes thanight occur.

Plug on upper sheet

Figure21: Fracture mode in shear tensile tests: a) Through weldaiitimferential crack; b) Plug pallit with nugget
tearing; ¢) Plug putbut with back plug variations on upper and lowey ¢tieet; e) Comele failure[18].

Incomplete refill and voids

The last kind of weld defects that might occur are voids and incompletedefétts Both of these
defects are located at theleeve plunge pathwhere the sleeve penetratds the sheets duringtage
2. The location of theseedects isshownin Figure22.
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Sleeve plunging path

) oy
k]}:r Sleeve diameter "‘__{()
/i Upper sheet
I 7 T
Lower sheet ---------------------------------------------

Figure22: Indication of the places where incomplete refill and voids might occutodhe sleeve plunging pafii8].

The voids are areas where no mixed material is present and are the oésuitinsufficient material
flow, a lack ®mixing o thermal shrinkag¢21].

The incomplete refill defect is also due to the insufficient mateflow. It is directly related to the
retraction sgeed of the sleeve in stage 3 (segurel?7). When the retraction speed of the sleeve is
too high, the extruded material located at the pin has not enough time to fill the crdatgole again,
and an incomplete refill is formed. Botihe voids and incomplete refill defects are visiblé-igure23.

Lack of mixing Incomplete refill

Figure23: Detailedview of the voids (left) and the incomplete refill (rightpepring at he contour of the weld nugg¢t8].

As other defectsthese defectsare also best avoided since there might be a corrosion risk in those
areas. Because corrosion affects the material, tbgilts in a weld that becomes increasingly weaker
as the corrosion increas.
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2.1.5 Overview of mechanical properties
An overviewof different Al alloys based articlesout of the literature is given ifiablel beneath. This table is continued on a previous work @edcauteren
(2016)[3].

Tablel: Mechanical properties of Al alloys with tRESHW process.

Shear load
. Thickness| Overlap Lap shear BM Maximum .re_:quirements
Materials (mm) (mm x mm) strength | hardness harQness UTS (MPa) minimum; average| Reference
(KN) (HV) | reduction ¢ %) (KN per spot weld)
[47]

2XXX

EN AW2024T3 (Alclad) |2 46x46 7,5-10,68 (110 16 359-510 4,560 ; 5,715 [27]
EN AW2024T3 (Alclad) |2 60x35 6,8-10,2 190 16 359-510 4,560 ; 5,715 [28]
EN AW2024T3 (Alclad) |2 46x60 9 100-120|16 359-510 4,560 ; 5,715 [29]
EN AW2024T3 (Alclad) |2 60x46 6,44- 10,68 |115-145|16 359-510 4,560 ; 5,715 [27]
EN AW2024T3 2 46x60 8,0-10,0 |/ / 359-510 2,980 ; 4,635 [30]
EN AW2024T3 1,6 38x45 7,0-8,0 / / 359-510 2,980 4,635 [10]
EN AW2024T3 1,6 / 3,97-8,68 |/ / 483 2,980 ;4,635 [31]
EN AW2024T3 2 25x25 4,8-10,1 |88-130 |/ 486 2,980 4,635 [32]
EN AW2024T3 2 / 9,7-10,7 128-148|/ 486 2,980 ;4,635 [33]
EN AW2024T3 2 / 6,3-10,3 |/ / 425 2,980 ;4,635 [30]
EN AW2024T351 2 60x35 6,3-10,3 |130-213|/ 420 / [23]
EN AW2024T4 (Altad) |1,5/2,0 |50x60 9,36 140 10 359-445 2,725 ; 3,307 [34]
EN AW2024T4 (Alclad) |1,2/2,0 |50x50 / 130-158|10 359- 445 2,725 ; 3,307 [35]
EN AW2024T4 (Alclad) |1,5/2 50x60 5,25-9,2 123-142|10 359- 445 2,725 ;3,307 [36]
EN AW2024T8 3,2 35x60 14,7 150 23 450 9,430 ; 11,785 [28]
EN AW2198T8 3.2 60x35 122; 112-1341/ / / [37]
EN AW2198T8 2 / 4,5-9,8 110-139|/ / / [38]
EN AW2198T8 1,6 35x46 4,9-10,7 |/ / / / [5]

19



15)0.0¢

EN AW50420 15 50x60 45-6,3 / / 240- 350 2,503- 3,135 [26]
EN AW5042 1,6 25,4x25,4 |7,3-9,34 |/ / 411 / [39]
B6XXX

EN AWG061-T6 2 25x25 7,4-8,6 115 10 233-257 3,805 ; 4,760 [23]
EN AW6061-T4 1,7 46x46 6,8 80 12,5 200 2,675 ; 3,390 [25]
EN AW6061-T4 / / 6,0-7,0 / 12,5 200 2,675 ; 3,390 [40]
EN AW6061-T4 1,7 / 6,5 / 12,5 200 2,675 ; 3,390 [25]
EN AW6061-T4 2 40x40 5,2-7,1 42-62 |12,5 198,9 2,675 ; 3,390 [21]
EN AW6061-T6 2 25x25 6,7-7,5 72,5-81 |35 280-340 3,805 ; 4,760 [41]
EN AW6061-T6 2 25x25 7,4-9 60-95 |35 280- 340 3,805 ; 4,760 [23]
EN AW6061-T6 2 25x25 8,6-9,8 65-92 |35 280- 340 3,805 ; 4,760 [42]
EN AW6082-T6 2 35x45 10,5 107 35 280- 340 3,805 ;4,760 [1]
EN AW6181-T4 1,7 60x46 52-7 68-98 |/ / / [18]
TXXX

ENAW-7B04T74 (Alclad) [ 1,9 30x30 7-119 165-175|18 498 4,115 ;5,160 [38]
EN AW7B04T74 (Alclad) [ 1,9 30x30 6,5-11,5 130-183|18 498 4,155 ;5,160 [43]
EN AW7475T761 1,6 38x45 7,00-8,00 |/ / 455-503 2,980 ; 3,635 [10]
EN AW7475T761 1,6 35x45 5,38 150 16 455-503 2,980 ; 3,635 [1]
EN AW7075T6 (Alclad) (0,8 25x25 4,00-4,75 |165-180|23 434 -580 1,115; 1,445 [44]
EN AW7075T6 (Alclad) (0,8 25x25 3,4-5,2 135-160(23 434-580 / [44]
EN AV-7075T6 1,6/0,8 |[30x30 6,3-7,7 / / 540 / [45]
EN AW7075T6 1,6/0,8 |[30x30 53-7,8 / / 482,6 / [46]
EN AW7075T6 1,6/0,8 |[30x20 5,6-7,6 / / 482,6 / [47]
EN AW7075T6 1,6 35x45 / 180 22 434-580 2,980 ; 3,635 [1]
EN AW7075T6 2 40x40 7,03 140-150(17 434-580 4,560 ;5,715 [48]
EN AW7075T6 2 40x40 3,5-7 125-1501/ 453,4 / [48]
EN AW7075T6 2 50x50 / 120-153|/ 4534 / [48]
EN AW7075 0,8 / 3,6-4,7 130-160|/ / / [49]
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EN AW7075T76 2 45x45 525-92 |125-170]/ / / [50]
EN AW7475T761 2 60x35 93-12,3 |116-200]/ / / [37]
Dissimilar

EN AW7475T761/ EN 455-503 / 359 _

AN2024T3 1,6 38x45 8,00-10,00 |/ / o0 2,980 : 3,635 [10]
EN AWB061-T6 / EN AW | 0,635 / 60-75/

202473 0,508 30x30 22-25  1130-142|/ / / [51]
EN AW2024T3 / EN AW

CO7ETE 5 35x50 6,0-250 |98-141 |/ 477 | 464 / [52]
EN AW6022T4 / ENAW-

CO75TE 09/2 |25x25 1-4 60-140 |/ / / [53]
EN AWG063 /EN AW |, 40x40 58-8 / / / / [54]

5083
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2.2 Arc welding

2.2.1 Welding errors

Like other welding techniguespme faults may occur during the MIG/MAG welding process. The
objective of this experimental research is to reveal these faults by meaA& .o he most common
welding defects and their possible causes will be discussed in the following paragraphs.

Porosity

Porosity is a contamination of the weldausedy gas that is trappedithin the weld as illustrated in
Figure24. This occurs when the shielding gas cannot reach thi#eeemeld pool and the atmospheric

gas affects the weld. The defect can be recognized by spherical holes within the weld. Porosities can
occur in the cases listed up bel¢®b][56].

Figure24: Porosity as welding defef&7].

Wire, gas or moisture otihe workpiece
Insufficient @s flow

Excessivgas (turbulene)

Gas nozzle is filled with spattesity diffuser
The wire sticks out tomuch

Gas leakage

Excessivarc voltage

Work piece is too hot

= =4 & -8 & —a _—a -2

The welds in this experimental work will contain these porosities, since welding experiments were
performed, during ich the shielding gas was turned off at the starthef MAG process. These results
will be further described iChapter 6

Slag inclusions

Slag inclusions can bmonsideredas elongated lines along the weld in a radiograph. Slabeis
remaining flux thais solidifiedand is thereforea by-product of shielled metal arc weldingsometimes
the slag is embedded in the metals shownn Figure25.
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Figure25: Slaginclusions as welding defel&8].

The most common podsie cases in which slag inclusions are obsemedlisted up below
[56][58][59].

1 Wire speedoo slow or too high
1 Welding pushing (pulling with slag wires)

Binding failures
Binding failuresoccurwhen both materials are not accurately welded and the ahgiresolidifies,
which leads to a nofilled gap within the molten metdB0]. This defect is visible Figure26.

/

Figure26: Binding fdures as a welding defefi6].
Binding failure can occur in the following cafes):

i1 Arc voltage too high / too low
1 Too fast/ too slowravel speed
T Low current

1 Incorrect brchangle

Cracks
There aremanydifferent types of cracksas illustrated irFigure27.

Transverse Cracks

7 Cracks in
Weld Crater

Figure27: Different sorts of cracks amweld as a welding defef36].

Crackscan occuin the following cases, as listed bel¢o6].

1 Improperwelding technigudfor example, when théeat inputistoo high)
1 Incorrectfiller metal
1 Insufficient ferrite in stainless steel
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Weld spatters
Weld spatters are droplets of molten metal that are splaskedund the welding lineduring the
procesqseeFigure28).

Figure28: Spattersas awelding defec{61].
Following cases can lead to the appearance of spafiéis

1 Insufiicient arc voltag

Too much wire speed

Bad current carrying capacity (worn out contdigi)
Too low hductance

Incorrecttorch angle

Stickng out of the wireistoo long

=A =4 =4 -4 =4
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3. Aoustic emission

3.1 Introduction and objectives

Nowadays acoustiemission (AE)is widely used formany different applications, ranging from
monitoring welding processes to controlling the strength of bridges during their lifegansing AE

as an idline quality control system, it is possible to listen to gmnds emitted by matrialsduring

the investigated process. The main goal of AE is to surveil industrial processes or structures-in a non
destructive way. It will therefore contribute to a higher productivity, lower cost and greater reliability
of the produced components. Will be checking andontrolling the strength of different applications
during or after the process. This will result inre@luction in rework and an increasef the quality.

The AE technique is based on the detection and conversion offteighency wave into electrical
signals. When a metal is stressed, for example during plastic deformation, fracture or other local
instabilities, lowlevel sounds are emitte[62]. The energy for these sounds originates from the stored
elastic energy in the objear from externally performed work. The geta¢ed votage waves &n be
longitudinal transverse or surface waveBhe waves will cause a displacement at the surfacedaa

be measured with a sens@3]. In order to accurately distinguish the signals originating from the AE
source, external sounds should be excluded. This can be done for example by looking into the
frequency domain, since the sound waves of the mate@aierelaively high frequencie[62][64].

AE is currently being used for the surveillance of industrial processes or structures, as listed below:

Crack detection

Using AEnonitoring, it is posible to reveal crack iti@tion and crack growth in mat objectg65]. For
example, crack wnitoring is used for landing gears of planes to prevent a break down. With this
technique the gears can be updated at the right time.

Vessel inspection

To check a spherical storage vessel before and ditsngse a water gessure test igperformed

Duiing theentire testingperiod, spherical tanks can only be investigated from inside. This means the
entire surface of the inside sphere cannot be checked. Without the use,df i&8Becessaryo dispose

the water after remedhtion to allow the techniciasto go inside the tank66]. The testing can also be
done by AE to detect and locate propagations in hard conditions for people to enter. AE will add more
safety to the testing method, lower the costs and lower tfexiod tha the vessel is unailable[66].

Leak detection

The flow in a leakage is normally turbulent. The fluctuating pressure field that is generated by the
turbulence willgeneratea specific AE signal. This signal is transmitted through the fluid or the pipe
walls and ca be detectedvith a sensor on the pipd§7].

Pulp and Paper industry
In the industry AE is used to test the paper structures when a mechanical loading is applied. It will help
with the development of new paperders to understand the physical and mechanical properties.

Welding processes

Welding industies are faced with the need to monitor weld quality and system integrity more
frequently, in order to guarantee the structural functionality of the products. Henadg quality is
becoming incredagly important as customer expectations increase. A primaoncern is to detect
weld defects fast, reliable and cestfectively. Current destructive and natestructive techniques are
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time-consuming and expensive and aiat always appropriate for assessing the weld quality. AE as an
in-line quality control syem allows to overcome the current limitations of the conventional
characterization technigues.

The main objective of this work is to examine the acoustic emissohnique applied to two
innovative welding processes, namely the refill friction stir spelding process and Metal Inert Gas
(MIG) welding using a robot. Hereto, the following slijectives are identified:

1 To investigate the reproducibility of the Akgnals.

1 To determine the appropriate AE settings.

1 To recognize weld errors on base ofragilts.

1 To develop a nowestructive weld quality monitoring system based on AE.

AE could eliminate or considerably reduce the gmstduction selective inspectignreduce the
number of destructive tests and increase the reliability of the assembly psoteschapter 1, the
general principles of the AE techniques will be discussed. The following chapter deals with the state
of-the art literature of AEChapter 3 cocerns the equipment necessary to measure the AE signals.

the last chapter, the known Afesults and evaluation methods for different welding methods will be
discussed

3.2 General principles

In this section, different ways of analiyng the AE output will be discussed. First, the AE basics are
explained, afterwards various methods to extract imi@tion out of the AE signal are presented and
at last the different transformations to look into the frequency domain are discussed.

3.2.1 AE basics

Ingeneral, an AHetection systemmonitors the emissions of a workpiece, performs a certain amount
of processingnd looks for features which might indicate a fail{8]. AE signals in the time domain
can be distinguished inttwo types, namely continuous emission and burst emission. Continuous
emission has a low amplitude and quickly repeating wavbis type of emson can be compareid
determining theroot mean square (RMS) Burst emissiorconsists ofan incidental erugbn which is
displayed as largeamount of energy and Ergeamplitude.The two types of emission can be seen
in Figure29. The eruptions in burst emission are bursts or [6&][64].

burst signals

continuous AE
" / v i Ll
L

L .
a2 04 time [s]

Figure29: Bursts signals (to@nd continuous AE (bottonb4]

The characteristics listed below can be extracted from of a burkitorhey are visually represented
in Figure30:

1 Amplitude: largest deviation from the equilibrium position.
1 Risetime: the time foa pulse to rise beteen 10% and 90% of a specified high value.
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1 Counts: the number of times that the chosen threshold is exceeded by the.signal

1 MARSE (Measured Area Rectified Signal Envelope): a measurement of the area under the
envelope of the rectifiedimear voltage time ignal from the sensof69]. This contains the
enegy of the burst.

1 Duration: the time between the first and the last exceedance of the chosen threshold.

Risetime
[ -
“* Counts
= L7
2| 3
2 MARSE
al
£
< Threshold
Al
Ui V V v U Time
= c' Duration
%\3[Comparator
—»|__Circuit | Threshold-Crossing Pulses Out

Figure30: Bust information in an AE signg5].
Based on the entire wavestream of the AE signals, the following information can be derived:

1 Abundancy: theéop voltage signal reached by the AE waveform.

1 Fouriertransformation.

1 Root mean square: the measure of the area under the envelope of the rectified linear voltage
time signal70]. This provides a measure of thenount of energy of the complete process.

The goal of the ABnalysis is to detect, locate and discriminate the burst in the AE signals, which can
then be coupled to a defect in the weld quality. In the next paragraphs, these techniques will be
discussedilong with the convenient ways to extract information from thE signal

Detection

A burst is detected if a chosen threshold is exceeded. Ringdowncounting (RDC) can be used to compare
the bursts by looking at the amplitude. The amount of RDC is equavianany times in a row the
threshold is exceeded. The numberRDC can be considered as a representation of the amount of
energy of a burst. The Adignals of a burstan beadded up (cumulativeor can be determined per

time unit to represent theintensity. The term ringdowncounts can also lébreviatedto counts

[64][63].

Location

In order b specify the location of an AE sourdeis necessary tgosition multiple sensos. The
difference in arrival time allows to locate the source if the locatiothefsensors is exactly known. The
time at which a chosen threshold éxceeded for the first time is considered as the time of arrival.
Usingthis technique electrical interfering noises will have the same arrival time and tbas be
neglected. Sometimethis technique is used to filter out the electrical interfering msisnstead of
locating the burst or faulic4]. However this technique is very difficult and henaenly a few working
appliations known in literature.
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Discrimination

Discrimination in time:The point of timeat which the AE signal occurs can provide much information.
Specific kinds of faults will occur sppecific points of time, and therefore using this method, some of
the fault can eliminated. An application of this method is hot cracking. This kind of fault can only occur
while the process is transferring heat and not after the process has finishethgSetit the AE in time

is the most used way to investigate AE. Whengsire discrimination in time method it is important

to have a welknown trigger, in order to set to have a perfect zero point of the time axis.

Discrimination in spacein order to use the discrimination in space method, the source first has to be
located If the location of the source is known, the decision for accepting the source can bgédade
Accepting the signal meankdt the location of the source can affect the weld, otherwise the signal
will be neglected. For example, locating the source of AE during the welding process, preattiis th
AE signals are caused by the welding equipment and not by the transformatithis the welded
object.

Discrimination by amplitude:Another method is to organiztihe bursts imo amplitude rangesThe
amplitude of the burst will be similar if thease type of fault occurs. Using this method, the known
amplitudes such as the vibratis of a machine head can be neglected.

By looking at the maximum amplitude, it is possible to derive a much better formula for the energy
than RDC. This energy can benpared to the energy of this burst in another sigfg]. The formula
which is used to calculate the energy is given below:

T Q1 QD D
With:
0 AOOQAILOARETMOA N & Q06 QQ
0 Q61 o Q¢ ¢
Using an analing program such as ttdOESIS softwafé&l], it is possible to plot the amplitude of a
hit (burst) on the Xaxis awl its duration on the xis, for all the hits ahe complete signal. Using this
representation, it is easy to filter out the hits with a small duration and a high amplitude, since these

hits can possibly represent cracks. This method can also be usedfiiering method, since
electromagnetic interfeence signals have high amplitude and eelatively long duratiori64].

Disaimination by risetime:The risetime is the timbetween 10% ath90% of the maximum amplitude.

It is known that electromagnetic noise has a very small risetime. By discriminating the small risetimes,
it is possible to filter out the electromagnetic noif@]. This can also bperformed usingspecial
analysing programswhich plotthe risetime over time or amplitude.

AEcumulative counts

This technique represents the cumulatigeunts for all the bursts and sets them out over time. This
NBLINBASYGlrGA2y LINPPARSE AyardakKad Ayiaz2 GKSSal OGAQ
Senthilkumai70] produced a strategy to perfornm-procedure continuous weld quality assessment

by using AE for disparate contact welding. He found outdingbing quality assessment of a weld was
conceivable by acoustic emanation (AE) procedtirenplies thatan inprocedure ongoing quality
observingcan be improved by taking into accoutite quantity of acoustic emanation occasions. The

outcome of the resarch of Yoon can be seenkigure31.
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Figure31: AE cumulatie count and tensile streng{f@0].

Frequency domain

The AEsignal can be processéatto the frequency domain, based on spectral analysis by means of the
discreteFouriertransformation (DFT), which is the primary tool of digital acoustic signaépsotg.
TheDFT can be calculated using the flastriertransformation (FFT).

Other techniques include the shoRFT (SFFT) or wavelets techniques. St can anadg a small

part of the AEsignals ands thereforemore precise. The wavelets techniquesly allowa rough
representation of the frequency spectrumnd hence theyre only used for pattern recognition.

The goal of converting the AE signal into the frequency domain is to cortbateequency of the
signal directly to various interactionisat occur during grocess.Three different ways to process the
AEsignal will be discussed in detail below.

DFT:The DFT is a technique to convert a sequence of complex numbers into a new sequence of
complex numbers. The discrete method is used becatighe sampling into discrete points of the
signal. The discrete method is only slightly different from the continuous mgffid

The discrete formula is shown below

With:
E 0EVONEMO a OIQDda R & Qi
0 oNNBQE®O d wiQdan aQ
®w Mo 6001 Qo6 0t ww
Q .
T Qi QNno00E ww
0 0QaQ
Now — is replaced byo andby expanding the summation the result is shobeiow.
» ®Q »Q E ®Q
With:
® M0 Qi Qn o QLG
®w 6 | wawowko
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Afterwards by summing up, the formula is written as a complex number:
@ 6 067Q
With:
0 (E)é €1 QO Qoo Qi
0 wé ¢l QOEWA o Qe Wi

With this representation it is possible to easily calculate the magnitude (Mag) and the (ph4g2].

DO o6 6
w0

— 0 WE—
0

With the magnitudeand phase respectively corresponding to the amplitude and the amount of shifting
of the sinusoid at that frequency bin [11].

The DFT requess largesums over all elementsvhich makes a large matrix. These are complex
operations which The Cooléykey Algorithm can give a solution to which will be described further
[73].

FFTA FFTs an algorithm that computes the DFT. Every algorithm that can compute the DFT is called

a FFT. By using a FFT, B¥€Tis solvednto approximatelyp oy 23 o0y 00 nitim& S>> Aya
where n is equato the amount of samplesThere are several FFT algorithntise CooleyTukey

Algorithm, in which thé=FT is used to ogert the time domain of the signal into the frequency domain

the SFFT andvavelets transform¢$74].

CooleyTukey algorithm:The CooleyTukey algorithm is uskeas a FFT algorithm and is considesed
the most common FFT. It was developed in 18¢3.WCooley and J.WL.ukeyandcan beconsidered

as a relatively modern technique. This invention of the technique was a turningipaiigital signal
processing ad numerical analysis'he first FFT technique was the Gauss techniguented by Carl
Friedrich Gausi 1805 Later on, Cooley and Tukey independently rediscovered and popularized it
160 years latef73]. It was a similar algorithm to this modern algorithwhich will not be further
discussed in thigork.

Now thecase of aralgorithm when N is a power of & discussedCooley and Tukey ed the divide
and conquer method and focused on the choice of N. Timeyhematically provedchow special
advantage is gained whetoosing N to be a power of two, N2@ KSNBE 6 A {T8. Y x n

This method uses recursiovhich means thattie matrix to perform the FFT ois splitinto two parts
Namely one with the even indices and one with the odd indighs.arrayis split overandoveragain
until a manageable array siEeobtained to perform a DFAn. Also a similar rerderingcan be done
by usinga bit reversal schemig’6].
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The most common implementation afhe CooleyTukeymethodis known as a radi® decimationin-
time (DIT). First the DFT of a sequence is divided into the evearatnelements[77].

® wece N wWeE p N
By factoring oulQ ~ inthe second term, the following formula is obtained:
® weeE X T Q we p M

Thereafterthe sum of even andneventerms can be written as:

O ® E QT ¢
Thisshowshow the number of calculations can be lowered to half of the original calculdtfgihsThe
method of reexpressing the DFT can be used multiple tiriég blocldiagramin Figure32illustrates

how an N point DFT can be split into two N/2 point DRTsder tohandle the even and odd values of
a length 8 sequencg’7].
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Figure32: DFT splif77]

SFFTThe shoritime fast Fouriertransformis also called the Gabor transforrt is developed to
correct shortages of the FFT. The transfanethod onlyprocesses small section of the signal at a
time, whichis called windowing. The idea of tisFT isobtain the frequencies by the use of DFida
also get to knovat whichpoints intime theseindividualfrequencies occur.

The techniqueextractssmall pieces with length L (window siZeym the signal and looks at the DFT
of every signal piece. The formula is shown below, where the DFT statgéan =m andproceeds
for L points wherek is equal tathe DFFindex[78].

& & hQ wa £€Q

Now it is possible tselectthe window at the time of a burst and to look at the frequencies of the
burst at a specific timelhis representation can be considered as a compromise between the time and
frequency views, as it provides information about both. A downside is the fatthbavindow has

the same side for all frequenci§ga].

Wavelet transformation (WT)The FFT provides precise frequency information, whereas the WT
presents information about the band frequency irettime domain and its energy. This method is not
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the same as bandpass filterirgince in bandpass filtering the bandpass is constant. WT uses different
bandwidths: vavelets at a high frequency are of short duratisrhereaswavelets at low frequency
havea relatively good frequency resolutioff9]. The use of this mabd fits the analysis of complex
signals, because these areas of abrupt chargeshe most interesting areas. They are generally the
symptoms for the defects or other events that are interesting to investigate. This technique is not
explained in thiglissertationbecause it was not used.

The power spectrum:The power spectrum is asreferred to as the power spectral density. It

describes the distribution of power intodgquency components, composing a time ses&gsal[80].

¢KS LI26SNI aLISOGNHzY {o6.0 Aa GKS RAAONBGS GAYS c2d
of the process with:
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The power spectral density integral is taken betweenh and] as shown below:

~ p o~
v — Y Q]
C
This result will show the average contitibn to the total power due to components of the random
process between and] .ThisiskS F NBIF dzy RSNJ 0 KS { 6.0 Odz2NBS o6Si
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The power spectrum is used in Aialysis to compare the different results. It provides insight into the
energy of a process and where a specific event happens.

Pattern recognition Pattern recognition is the automated recognition oft{gans and regularities in
data [81]. Usingthis technique in combination with the previous explained transformations, it is
possible to recognize thescific outcomes of defect and interesting events in the AE waveform. The
combination of these techniques will be the final goal of AE monitoring.

3.3 Disadvantages of AE

AE has a lot of advantages but some disadvantagest be kept irmind. Some disadvantageare
listed below:

1 Only dynamic errors can be found, noise has to be omitted to detect the &4r

1 The shape of the erracannot be determined, only the size can be determined. To determine
the orientation of the error, many sensors must be placed and aedlat thesame time,
which this is a difficult proce$64].

9 Itis important to know the characteristics of the AE sources and inemfer sources. With
this knowledge the difference between errors and sources of interference can be found.
Otherwise incorrect conclusions will be mgéd].
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3.4 Factors affecting AE

Different AE sources have different AE characterisfiaghermore the AE signal is influenced by the
welding method, thematerial, the geometry of the object and the temperatufiéhe next paragraphs
will explain these conditions in det§d4].

3.4.1 Characteristics of the different AE sources

In this paragraph the known errors atigeir characteristics will be discussed. The welding methods
discussed in the following paragraphs lead to melting of the material. However, this information can
be useful tocompare with the results of solid state welding techniques as well.

Cracks

If cracks arise or grow, an AE signal is produced. It is know that in case the amplitude and frequency of
the burst will be high and its shape differs from the shape of the burst mfchanical source. The

burst will be small and high, which means that the rgyewill be quickly emitted. By using RDC, the
length of the crack can be determined. The crack can be recognized by the fast increasement of the
counts, which is illustratedyithe cumulative representation over time. By using discrimination in time,

the difference can be made between hot cracking while welding and cold cracking after the welding
procesq64].

Movement of dislo@tions

A dislocation or Taylor's dislocation is a crystallographic defect or irregularity within a crystal structure.
The presence dhesedislocations strongly influensehe material propertie§82]. The movement of
these dislocations can h#servedasa continuous emissioincreasemenbf a few m\[63]. The best

way to see this increasement is by looking at the averaged signal level (ASL), set over the time.

Crack of brittle inclusions

Inclusions of metal, powder or slag change the structurehefweld The weld is less dense at the
location of an inclusiorand therefore there is a risk of crack initiation. Irsthns are welding faults
that decrease the mechanical strength of the w§s@3]. A crack obrittle inclusions can be recognized
by a bursbor cortinuous emission of a few tens of |[i&3].

3.4.2 Material choice

The choice of material will strongly affect the shape of the Aigher amplitude is expected when
working with materiad with strong, brittle, coarse grain, anisotropy and inhomogeneous properties
[64]. Also the kind of material can inence the creationof micro cracks and inhomogeneous
deformation. Phase conversion can occur in certain materials. These converdigm®duce an AE
signal as mentionetlefore. Heat conduction coefficienwill also influence the AE:material with a

low coefficient will produce a delayed and spread sif64.

3.4.3 Attenuation

The intersity of an AE signal iargerat the source than at the place where the sensqgpasitioned,
which is due to attenuation or damping. The damping of a signal has three main ¢caasedy
geometric spreading, material damping and wave scattedd84].

The geometric spreading is rather ea&g.an ABignalspreads from its source in a plaike material,
its amplitudeweakensby 30% every time it doubles its distance from doairce. In threedimensional
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structures, the gjnal weakens in the order of 50f@4]. This phenomena can be explained by the
conservation of energy.

Secondly the damping of the materlhys an important role. If the waygopagateshroughout the

material the elastic and kinetic energy is converted ihtat and the wave loses energyhe damping
of the AE amplitude will be different for each material, frequency and type of waveknbign that
the damping will be higher for higher frequencies. The damping is expressed ir{&8/m

The last main cause is the scattering of waves. The waves are reflegtdiscontinuities. These
discontinuities are not always boundaries of structurbest also twin boundaries, nemetallic
inclusions ad grain boundaries in the material can reflect the waj82§.

When materials with low attenuations are being measured, the amount of background noise will be
much higher. Taletect AE hits in these materialsis thereforerecommended to detect them at high
frequencieq84].

3.4.4 Temperatures

The emperature will affect the AE amplitude in madhifferent ways. First of glthe amplitude seems
to decrease when wdiing at a higher temperature. However, other research works claahttie AE
signalshould have a higher intensity because of the easy movement of dislocalioisss something
in literature about which different publishers do not have the same opini@s]. Secondly large
differences in temperature can cause deformatiovtsich results into the production of AE signais.
last, large variations in temperature can cause phase deformatamnich produce AEsignals with a
high amplitude and affect the waveforms thatgsathrough if64].

The temperature is important for the sensainceeach sensor has a maximum working temperature.
It is passible toposition the sensor further away from the heat sourdeowever in this caséhe
attenuation of the AE will é& higher. The use of high temperature sensors ctier a solution but
these sensors have a smaller sensitivity.

M. J. G. N. Boof85] investigated the effect of temperature aime AEsignal Theyperformedtheir
tests on alumifum 2024T3sheetswith a thickness of 2 mm. They emitted a wave group velocities
of a Hanning window signalt 150 and 30&Hz fromone sensor and recorded atnather sensor
different temperaturesin the rangeof -40 °Cand 70°C[85]. Analytical curves are derived from the
methodology presented by Dodsondiimman used bi. J. G. N. Bodi85]. These results can be seen
in Figure33.
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3.4.5 AE parameters

Sampling rate
A FFT does not resolaecontinuous spectrum into to the frequency spectrimt uses and returns a
discrete spectrum. This means that the number of frequency lines are fitilesampldrequency(fs)
is the amount of samples (N) divided by the acquisition time. This gives the fd86lila
o U
oy,

The frequency resolution (df) can be given by the following féamiine frequency resolutiois only
determined by the acquisition timg86].

e PQ

QQ =, +

Y O

The sampling rate of a time waveform determines the maximum resolvable frequency. According to
the Shannon &npling Theorem, the maximum resolvable frequency musthlalf the sampling
frequency[86]. The formula to calculate the maximum resolvable frequerfgyX is given below.

. . Q
Q Q —
C
With:
Q 0 wn o™i 9n o6 Q¢ Ow

Q0 OanaRENd 60 QE dw
By determining the Nyquist frequency, the baaald can be determingknowing that the minimum
resolvable frguency is 0. The number of the spectral lines will be half the number of saffles

3.5 AE equipment

Thischapterdiscusseshe necessanequipment torecordthe AEsignals The different parts of the
measuing systemwill be discussedn detail The measuring chain equipment parts can be seen
Figure34.
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Figure34: The AE measuring chd68].

3.5.1 Sensors

The sensopositioned ornthe object will transform the Afpulse into an electrical signal. Piezoelectric
sensosare mostly usedywhichcan reach up to 1000/mm displacement of the surface. Underneath,
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the sensor has a clay base to protéchgainst the kat at the surface of he object. The maximum
operating temperature of the sensor is one of the most important properties vaabectinga sensor
[63].

The AE sensor consists of several parts. The basis is a piezoelectric ceramic element with esctrodes
each side. The first electrode is connected to the electric growmreasthe second electrode is
connected to a signal lead. Thenction of thedamping materiais tominimize reflections towards the
piezoelectric element and the damping of signals around the resonance frequency. To minimize the
electromagnetic interference a case is fitted. Sometimes an internal preamplifier id frte the

sensa@, whichare called integral sensof87]. The structure of aypicalsensorcan be seerin Figure

35.
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Figure35: Sensor structurf87].

The piezoelectric element has two principal dimensions: thektiéss and the diameter. The element
thickness controls the frequencies at which the senhashe highest electrical outpy87], whichis

called the sensitivity. The diameter of the element affects the area over whiclettsosaverages the
surface motior[87]. The resonance frequency is affected by the piezoelectric and elastic constants of
the pied element.

The effect of temperature of the sensor can be explained by the Curie tenuperaAt this
temperature the piezoelectric ceramics change permanently and thEsults into a loss of
piezoelectricity. This is why the working temperature of seagstimited87].

When working with a fluctuatinemperature, sensors can also have disadvantages. The piezoelectric
ceramics have mulftle domains where the electric polarization is at one specific direction. When the
temperature changesmanyof these domains can flip. When a domain flips a spuridestec signal

can beemitted, which will change the AE result alehds toa false even This is why sensors should

be allowed to reach a thermal equilibrium before the data ketaat different temperaturesThe best
sensors for fluctuating temperatuseare single crystal piezoelectric quartz sen§drs.

The popularity of these types of transductions system is partly due to the fatiAfs sensors can be
designed to sense a portion of the whole frequency spectrum by changingethegbectric dimensions
[87].

There are 3 main types of these sersgesonant sensors, wide band sensors and capacgnsors.
The resonant sensors prefer one or more frequencies of oscillation. Thissrttad@® interesting to
make a tradeoff between detection range and noise environmekioreover, theyhave a low fidelity
because the output is not similar to the motiofithe original waveThey are more sensitive and less
expensive than wide band sens¢&s].
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The second type is a wide band sensor. €see used when a ¢ih fidelity AE response is required or
where a frequency analysis needs tofmrformed This type provides more AE information than the
resonant sensorg7].

The third type of sensor is a capacitive sensor. This is basigadlsition measurement device. The
two surface are conduate with a capacitarethat exists between them. If the distance betweensh
conductive surfaceshangesthe capacitance will also change. The output of these sensors is a flat
frequency response. They are mostly used in laborat¢&ép

Other properties to check beforgelectinga sensor are the opating frequency rang, since thishas
to fit the range of interest of the research and the peak sensitivity. The peak sensitivity is expressed in
dB.

To positionthe sensorat a certain locationgouplants are used between the object surface and the
sensor The most widely &l couplant is silicone rubber.

Nowadays it is possible to measure the vibrations at the surface with a laser called laser based
ultrasonic (LBU). This technigue has the advantage of measuring the clearveiganah piezoelectric
sersor contains apiezo crystal that still vibrates after the surface signal. A disadvantage of this
technique is the fact that most lasers require a reflective surface. The technique is devilajmtect

flaws in materialsThis iperformedby one laserwhich generates ultraonic waves and another laser

that detects the sface motion[87]. This is shown iRigure36 below.
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Figure36: AE laser techniqu87].

Location of the sensor

The sensor is connected to the material that needs to be measusewa couplant. This couplant
needs to provide a gooacoustic path between thenMoreover itheeds to be a fluidsincefluidswill
not transmit shear waves and need to have chemical compatibHityally, the couplant needs to fully
cover the surfacehut not corrode it[87].

The method of mounting the ssor will affect the performance of the sensamterms ofsensitivity

and frequency band. This mounting can be done by compredsiom a mechanical force or by
bonding with an adhesive that acts as coupl§]. After mounting it is necessaryto obtain a
verification of the sensor sensitivity. Thigrcbe done by a scalled pencil test. The penacddt is simply
breaking a pencil point near the sensor 3 times in a row. If the amplitudes of the waveforms are higher
than 90dB and do not differ more than 4 dB from one another, the sensor is correotking.
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3.5.2 Amplifiers

Preamplifier

The preamplifieris a part of the signal conditioning ahds the function taamplify the input signal.
Pre-amplification of the input signal is required so that the electromagnetic noise picked up by the long
cable will have less effect and that the signal will have lless for long lengths of cabl&his pre
amplifier needs to gy at rcom temperature to avoid disturboise.Sometimes frequency filters can

be integrated into the preamplifier. The most AE preamplifiers are linear according to following
formula[87]:

VDOONBOAO WD & a6 OANQE

Amplifier

The amplifier brings the signal to atsinle level for the measurementhe total amplifications mostly
situatedbetween 40dB and 8@B.Some of the amplifiers have an operadtontrolled test variable.

The input resistance of the amplifier is chosen to optimize the SNR {tignaise ratd). Because of

the electrical noise. The level of noise can be reduced by the temperature of the resistor, but practically
this will not alvays worl{87] [64].

3.5.3 Filters

Mechanical vibrations of machines, pumpswotorsreducethe measuring areaherefore filtering is
needed The filtering has tde performedas dose as possible to the sensor. The filter is mostly fitted
into the preamplifier and has an accepting rarggween 100kHZ and MHz 100kHz is the lower
limit for measuring cracks and filtering out ldvequency mechanicatoise. 1MHz is the lower limni
for electromagnetic noise and is sufficiently high to measure the AE s[GAHBS3].

The frequency filters esi in high pass, low pass and bgrass types.

3.5.4 AE processor

The processor receives signals from the AE sensors through the amplifiers anddiliesi @s signals
from external sensors, which might be following the process parameters, external conditiomstrol
inputs. The output of the process@be the detected activity In a further stage when the Agignals

are well known, the output cabe a comparison between the AE, the external conditions and the
control inputs. The goal is an automated qgtyatheck.

3.5.5 Coaxial cables and connectors

The function of the cables is transmitting the signal from the source to the data acquisition and to
conrect all the points electrically. For almost all the AE applica@ocoaxial cable is used because of
its good electrical shieldindhe most chosen connector is the BNC type showfignre37, while the

most used cable type shownin Figure38.
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Figure37: Most used connector (BN[BB].

Figure38: Most used cable (R58)[89].
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3.6 AE applied to different welding applications: stak¢he-art

In the following paragraphsn overview will be given about the AE information of different welding
applicationsasfound in literature Friction stir welding (FSW), friction stir spot welding (FSSW) and
Metal Inert Gas welding (MIG) are discussedcSAE applied for resistance welding is well known, on
overview of resistance welding will not be given.

3.6.1 AE on FSW
Threedifferent papers on AE on FSW are giv&t the end a global conclusion on the situation is given.

The applicabilitypf AE techniqués studiedin the analysis of FSW join®s.model is made to correlate
the AE signals with process parameters or othduerices. Fronthe studies of OH Sag€yoo et.al, it
was confirmed through initial energy effectsathAEechniquescould reliablybe applied to irprocess
strength monitoringof any type of friction welding90]. They were able to correlate the cumulative
AE counts during welding to the joints strengths of wseldth a 95 % confidend@0].

There can be concluded th&E is a fast, reliable, accurate and cost effective method of structural
monitoring to detect crackgrowth in real time. It was found out that the impact of different
parameters on the weld quality of FSW welds is already investigated and known. Ntmdt s link
them with AE events to avoid destructive test methods. At the am@xperimental exaimation and
gquantitative analysifor the effects of initial energy on AE relating to wetdength is proposed as a
new approach which attemptfinally to develop an oHdine quality monitoring systendesign for
friction welded joints using AE techniqui@®].

In another papethe feasibility of acoustic monitarg for FSW of three austenitic stainless steels is
investigated. It was found out that the three alloys had different acoustic signatures versus time when
the welding parameters were slightly changed. Furthermore a clear link between the appearing bursts
and the torque was found for all of the three materials. At last the different acoustic emissions from
the different alloys are explained by differences hmetacoustic, thermeghysical and thermo
mechanical properties between the alloys.[8]

In athird paper, AE of a FSW process is agadyin order toinvestigate the possibility afpplying the

AE techniqueas a monitoring system for FSW. There is especiatiysed on WT techniques
decompose the AE signdlhey found out that the awvelet transfomations of the AE signal provide

plots of frequency spectra vs time. The plots can be used to recognize AE features. The defects can
have a specific range of frequars. By looking at the energy variation a more detailed indication of

the gapinduced defets compared to the total energy variation can be fo(ing].

Conclusion orRFSSpW

There has been a lot of research for AE on FSW. It is multiple times confirmed that AE can be used to
control the weld quality but until now only theorems are found. There is proved that the kind o
material will affect the results and WT are proposed. A lot of new research has to be done on this
subject to create a perfect working AE monitoring system.
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3.6.2 AE o RFSSpW

RFSBW isarelative new technology. Only 1 published paper on AE monitoring could be fatich
will be discussed in the next paragraph.

In this paper the Axis force and the AE amplitude were compared for a FSSW process on 5XXX
material. It wvas found out thathe change of AE signal is magpropriatethan that of the Zaxis force

for the evaluation of the quality of the welds. It is suggested to use AE signal as an extra parameter to
monitor the FSSW process in addition to the commonly mogarameters.

The reslts found byYongWook Lee, Md. Abu Mowazzem Hossain, STag Hong, Youngin Yum,
and KyuYeolPark[91] can be seen ifigure39.
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Figure39: Zforceduring FSSpW of 505232 alumiium alloys as a fustion of time (top) and AE amplitude during FSSpW of
5052-H32 alumiium alloys as a function of tinj@1].

Conclusion on FSSpW
The AE monitoring of FSSW is a new technique. There are few papers published on this subject that
only reveal that the use of AE on this technique ddug possible.

41



3.6.3 AE on MIG/MAG welding

In this this paragraptdifferent papers on AE MIG/MAG welding monitoring and their results are listed
up. This is an older technique with more known information today.

In a first paper AE emission of low carbon, ighhstrength andow calloy steel weldmentavas
investigated. Errors were induced in the welding technique to promote cracking. The AE emission wa
measured for both the kprocess and itooling time phases. They found out thhetsourceof a large
guantity of emissiorgenerated by weldingr its duration isot directly related to crackinddut there

is a relationship between the AE results amdc&ing. A conclusion was that higlressed welds
produced more emissions than lestressed ones on a pe&lectrode-deposited basis [29].

In the secongaper, the potential of AE technology to detect welding defects on steel is investigated.
There was wdted with two pieces of mild steel who were welded together in the middle part. To
compare the AE, good qualityelds were made and welds with induced errors were made. Welds with
defects exhibited higher activities of AE. They have a higher AE peak a&plite kurtosis of the
welds with defects is also highél'heir results can be seenkigure40andFigure41[92].
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Figure41: Kurtosis distribution forapd and bad welding jots over acoustic emission RI8g].

Welds with defects exhibited more frequency components compéaoetie good quality weld. This
can be seen ifigure42 and Figure43[92].
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In the thirdpaper AE measurements were done during submergedwelding The goal is to check
the capability of AE to detect crack gritwDifferent welding parameters were used to be compared
on AE base. The cracks were produced by puttingeoppwder into the molten poolt is possible to
detect macroscopic hot cracksrigal time by looking at thtotal of events over the timéNiththe use

of multiple sensors it is possible to linear locate the c{a8k

In the lastpaper a welding process iarcied out using AE. Defects were created: pores, hot and cold
cracks, lack of fusion, penetration and slag inclusidrgy propose a combination of the hits
characteristicsEnergy, numberfooscillations (Counts), timef hit rising (Rise TimeBy lookng at the

rise time differenttypes of noise can be filtered and tlergy vs rise timepresentationhas a good
potential for detection of hot crack94].

Conclusions for MIG/IMAG welding
MIG hasmultiple AE based control techniques who are used today. The analysis is done by looking at
many different parameters and outcomes. There is still a lot to discover about AE on MIG welding.
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4 Setup
4.1 Refill fiction stir spot welding

The friction spot weldslescribed in the test seriesere performedusing a commercial refill friction
spot welding equipment RPS 100 (Harms & Wende, Gernaadlyis illustrated ifFigure44 below.

Figure44: Used refill friction stir spot welding machine [4].

The aluminium samples were clamped to a welding table with two fittings and an extra pincers in order
to avoid movement while welding. This setup is visiblEigure45.

Figure45: Welding table with two fittings.
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4.2 Arc welding

In this section, the setup which was used to create the arc welds will be described. The used welding
robot will shortly be discussed along with the seked welding parameters.

Welding robot
The welding robot in this experimental work is a KUKA robot (type KR 15/2). KUKA is an international
automation company with their headquarter located in Germ§@Bj. The robot is visible iRigure46.

Figure46: Used robot to create the arc welds discussetthis investigation.

The robot was used to weld onto a steel plate that was placed on a working table, as viSiigierén
46. The sensor for recording the AE signals was ctaimgt the corner in order to avoid high
temperatures at the sensor location. This is showrrigure47 and Figure48.

Figure47: Setup for the arc welding.
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Figure48: Placement of the sensor.

Selected velding parameters
A quick overview of the welding pamneters for the weld tests is listed below:

w Type of weldingGMAW- MAG
Cooling:liquid

Wire type:solid

Power supply:constant DC voltage
Gas supplyl8 % CO2 and 82 % Argon

egeegeg

4.3 Acoustic emission

In this paragraph, the setup that was used to record the AE signals is discussed. The different parts in
the measuring system are visibleRigure34 and will be deschied in detail herafter.

As illustrated inFigure34, a sensor (AE transducer) is used in order to detect the acoustic signals,
emitted by the formation of a crack. Sudzpiently, the signal passes through a jaraplifier, a filter,

an amplifier ands finally detected by a signal conditioner and event detector. Once all these stages
are passed, the signal is processed by a specific software.

Sensors

The sensor, or AE traducer inFigure34, will transform the Afpulse into a electrical signal. The AE
signals in this experimental work which are describe@lapter 6iere recorded with two different

types of sensors: the first type is a WD sensor with a resonance frequency kifla58nd the second

type a R50D sensor withrasonance frequency of 500 kHz. In first instance, the WD sensor was used,
but at a later stag the R50D sensor was employed because of its slightly higher resonance frequency
which could possibly eliminate the mechanical interference signals.

The specitiations of the WD sensor (manufacturer: Mistras) can be found in the product data sheet in
appendix A This type has a high bandwidth and is therefore suitable to be used for frequency analysis.
The optimal operating frequency response range is betweencl900 kHz(see appentk A) This
sensor was used for the majority of the experiments by refill frictiansgtot welding and for some
experiments by MAG welding.
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More details concerning the R50D (manufacturer: Mistras) can also be found in the product data sheet
in appendix B This type is a differential sensor, which is made to isolate the sensing terminals
electrically from the cavity. These characteristics make the sensor suitable for applications with high
electrical background noises. The frequency response raogeally lies around 106700 kHz. In this

work, a digital filter configuration is used whicanges from 400 to 800 kHZhe difference in the

upper limit makes sure that all the signals are obtained, measured by the sensor. This sensor was used
for the last trials of experiments by refill friction stir spot welding and the majority of Kpeements

by MAG welding.

Location of the sensor

The location of the sensor was changed in order to investigate the influence of the location. It is
generally kown that the closer the sensor is placed to the welding location, a more accurate signal is
obtained. The larger the distance between the welding location and the sensor, more higher frequent
signals are lost. At a first stage, the sensor was placed osuigort arm of the welding equipment.

This meant that the signals had to travel a long wath&sensor, which resulted into attenuation and
losing crucial information along the way. At a later stage, the sensor was clamped onto the working
table on whit the workpieces to be welded were located. In this way, the distance between the sensor
and the weld making was reduced. At the last stage, the sensor was positioned on the workpieces
itself, in order to minimize the path that the signals have to traredulting in a more accurate signal.

For the experiments made by MIG/MAG welding, the sensas positioned in the furthest corner of

the plate, at a secure distance of the arc welding process because the maximum working temperature
of the sensor is 177 ?©uring this process, higher temperatures are obtained because the material
must be melted. Merefore, the presence of temperatures near the sensor which would be larger than
177 °C, would cause irrevocable damage to the sensor.

Preamplifier

A 2/4/6 switdhablegain single ended and differential preamplifier (manufacturer: Mistras) was used
and isshown inFigure49. The switch between 2/4/6 means that gain ranges of 20, 40 ardB6i@
selectable. In this experimental work, the igavas fixed at 4@B. It can opeate with either single

ended or differential sensors. Phig filters provide the flexibility to optimize sensor selectivity and
noise rejection. These filters are supplied in the low pass, high pass and band pass danfigyuaad

offer constant inselibn loss for easy filter swapping without the need for recalibration. Auto sensor
tests allow the sensor to characterize its own condition, as well as send out a simulated AE wave that
other sensors and AE channels can def@6]. The datasheet can be found appendixC.

Figure49: Preamplifier of Mistras which was used in this investiga@@h [
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Amplifier and filters

In the equipment, an AE2A/AE5A wide bandwidth AE amplifier is fitted in. The datasheet can be found
in appendix Dfor further specificatiors. It is a small, higherformance AE system that amplifies and
filters an incoming AE signal either directly from an AE sensor or from and exterraahptiéier. The
resulting highfrequency AE analog signal output can be connected to atyasf exterral monitoring

and data acquisition instrumen{see appendix D)

Coaxial cables and connectors
BNC connector types and coaxial cables are useorderto connect the different parts of the
equipment.

External trigger

In order to match the start of the weing process, indicated by the increase of the rotational speed,
with the start of the wavestream recording, the AE measuring system makes use of an external trigger.
To this end, a pressure switch (type TTL switch3esl to trigger the signal.

When the clamping ring touches the surface of the upper sheet and subsequently the rotational speed
increases, a pressure is build up. This is detectexiogssure switch, and hence the voltage increases
from O to 5V. At this moment, a triggering signalsen to the AE measurements system, which starts
recordngthe wavestream.
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5 Evaluatiormethodsof thetest series

In the next chapter,he test series that were executed will be discussed. These test series consist of
both friction spot welds and arceids, during which AE monitoring was performed. Every time a new
aspect in the investigation had to be examined, a new test series was initiated, so conclusions could
be made by comparing the two test series. This chapter describes which characterizatioodm

were performed on the welds.

5.1 Lap shear strengths

In first instance, the friction spot welds were characterized for their lap shear strengths. When a test
series was made, a tensile test according to EN ISO 1427Bi@eee50) wasapplied to the welds, in
order to know their lap shear strengths. The principle of a tensile test is givaguire 51.
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Figure50: Dimensions of the tensile test sampbecording to EN ISO 14273.
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Figure51: Principle of a tensile test [1].

Different fracture modes were observed, of which a more detailed description is fosedtion2.1.4

Based on the values of the lap shear strength, contrartshwere constructed and the welds which
exhibited the most differences in tensile strength were investigated in terms of their AE signals.
Sometimes there were differences of 1 kN, while the sarakling parameters were applied. The goal
was to investigee whether or not these differences in tensile strength could be observed in the AE
signal. If successful, a prediction of the tensile strength could be made, based on the AE signal.
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5.2 Metallographiexamination

At another stage in the investigation, it wamre important of being able to predict whether or not a
certain weld defect occurred inside the weld. Test series were mad#ich thesewveld defects were
induced, in order to possibly relate ébe defects to the AE signals. The appearance of thest wel
defects and metallographic examples are describe@hapter2. In order to perform a metallographic
exanination, a few steps need to be performed: cutting, embedding, polishing and etching.

Metallographic crossections werenade by cutting the weld in half, through the center of the weld

nugget. The samples were thereafter placed into a specimen mountipgwhere they were

embedded in an epoxy. As was used ieviwus worl{3], a mixture of CaldoFix resin and hardener was

applied. The process of embedding takes one day at room temperadter curing the epoxy traces

from the crosssection surface were removed, after which several polishing steps were applied m orde

to remove all micrescratches. As a last step, thecrds§ O A2y a 6SNBE SGHIOKSR dzaAy:
reveal the dedils of the microstructure. The duration of this step is variable as this is very important

for the variety in grain sizeg3]. After the metallographic preparations, the cressctions were

examinal using an Olympus MX51 optical microscope.

Furthermore, there is a technology to investigate the area percentage ofrfeqimmns compared to

the overall area in order to determine the weld quality. Only the areas with a minimum value of 0,002
mmz are cosidered as a defect, in order to distinguish small porosities of the base ialdtem the
welding defect43]. An example is given Figure52. However thearea percentage technology is not
used in this work, it will not be further discussed.

v Incomplete refill -

| Tearing  Nonbonded interface

2mm

Figure52: Nonetched crossection (top) and area percerga ofimperfections (bottomj97].

Next to the metallographic evaluation of the refill friction stir spot welds, also the «@#ons of the
arc welds are investigated® detiled viewof the additive material (AM) bonding with the base
material (BM)is shown inFigure53.
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Figure53: Metallographicevaluation of arc welds (weld SROBR161.3).

50



5.3 Temperature measurements

In order to investigate the influence of the temperature on the weld quality aedttendant acoustic
emission, thermocouples were used. A thermocouple is a kind of temperature sensor based on the
Seebecleffect, visible ifFigureb4. It consists of two wires of different metal alloys who arerwxted.

When there is a difference in temperature between the attachments, a potential differisreated

The size of the potential difference depends on the difference in temperature and the used materials.
This potential difference is measured anétbafter convertednto a temperatire measuremenfo8].

Copper

Constantan

T,
Figureb4: Seebedcleffect usedn a thermocouplg¢99].

Since the alumiiim samples need to be replaced each time a weldrémted it would be labour
intensiveto placethe attachments on the samples. Therefore the thermocouples are soldered on the
clamping ring in order to measure the temperature as close as possible to the welding nugget.
The used setup is visible Figure55.

Figure55: Soldered thermocouples on the clamping ring.
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At first, the data received from the thermocouples were processed in a LabVIEW prdgranthis,
a more accurate software program was usedmed PicoLog 6. This program was more fisendly
because the received data was directly used to plot a graph without any further analysis needed.

Three thermocouples were used to make sure that the recedagd was relevant and realistic. The
three temperature measurementxould be comparedvith each other in order to spot incorrect
values However the temperaturemeasurementyary a little bit due tdhe different positions of the
thermocouples

A typicalcurve of the measured temperature is showrFigure56.

210
200°¢
180°C

180°C

Figureb6: Typical curve of the measured temperatuiée{d nr.SW68-R171.1).
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5.4 Acoustic emission examination methods

For the acquisition of the AE data, thefteaare programAEwin is usefll00]. It is a Windowsdased
program for reatime simultaneous Acoustic Emission feature and waveform processing, display, fast
storage and replay.

For the analysis of the Afignals two sdtware programsare used Flexpro and Noesis. FlexPro is an
analysis software from Weisang used fotadanalyss and presentatiofil01]. The program wassed

to visualize the wavestream, which is the voltage signal that is recorded during welding. Moreover, the
program allows to perform a fadtouier transformation (FFT) on the wavestream. Noesis is a
Windowsbased software program for advanced acoustidssion data analysis, pattern i@gnition

and neural network$71]. This program is usetd visualizeand process the hit driven data derived
from the wavestream signal. The following paragraphs desdtie different output data for each
program.

5.4.1 Wavestream data

The wavestream is thamplitude (V)vs time (us) signal that is recorded during welding, using the
AEwin program. At the same time the welding parameters of the welding machine, such as the
mechanical movements, rotational speed and currents are recorded using the mScope program. In
order to relate thewavestream signal to the different stages during the welding process, the two
different data sets had to be plotted on top of each othEne FlexPro (student version 6.0) software
was able to do this which was the reason of usage.

The wavestream data (forat: wfs files) were exported to .txt files using Noesis, whereas the welding
parameter data were logged as csv files. Both files could be imported into the Flexpro program.
Once imported, these signals were displayed in columns with datapoints in diffen@s. By merging

the columns of the welding parameters and the AE signals, a graph could be composed that allowed
to relate the different welding phases to a specific part of the wavestream, as illustrakgguire57.

Current

Clamping force

Pin force

Sleeve force

Figure57: Visualisation of the AE signal in combination with the welding parameters (weld +§8-88/1.9).
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The first chart representshe wavestream signalA(mplitude in V vs time inpus), sleeve and pin
positioning (mm) and the rotatihal speed (rpm) in dark blue, orange, purple and green, respectively.
The wavestream in the time domain is expressed in microseconds (us), because one million samples
(sampling rate = 1 MSP@&gre recorded in one second, while the other curves are expess
milliseconds (ms).

Below this chart, there are 4 other curves with differerées.These curves display the measured
current, neededfor the actuatorto let the spindle rotateand the forces. The currents are normally
expressed in Ampére and the clamping force in kN, but due to the trangitonMScope to FlexPro,
these values are also transformed. Because of this, there is tairtgrto determine the correct unit.
However, the mathematical ratio between these values is retained.

The next step was to examine the wavestream by performingipudations on it. A fast fourier
transformation (FFT) on the wavestream seemed the besthotto investigate the signal in the
frequency spectrum. More explanation is given in the next paragraph.

Fast Fourier Transformation (FFT)

A FFT was applied on theavestream signal in order to investigate it in the frequency domain. The
intention was toidentify peaks at certain frequencies and relate them to mechanical movements or
events that happened within the weld in order to determine the weld quality. A \issisn of the
wavestream signal and its FFT curve is givéiigare58.

N

-

e .__-4’_‘“,_.

20000000
nnnnnn

Figure58: Wavestream curvamplitude(V) vs time (us) (above) and FFT curve: amplifiv@ems)vs frequencyMHz)
(below) (welchr. SW68-R51.3).

Divisioninto weld phases

Since the wavestream could be investigated in both the time domain and frequency domain, it was
important to zoom into certain parts of the signal. As indicatedention1.1.3 there are different
welding phases taking place during the refill friction stir spot welding process. The signals related to
the weld quality are found in the phases where the material is penetrated by the Jelevge phase),
during the dwell time (dwell jpase) and when the pin pushes the material back into the created
keyhole in order to refill the friction spot (retraction phase). When these phases are compared to the
measured welding parameters, 5 phases bardistinguished. This is visibleFigure59: the first curve

is the pin position (blue), the second curve is the sleeve position (purple) and the third curve is the
rotational speed (orange). They are expressed over time in ms.
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Figure59: Divisionin phases based on the welding parameters (test series6&Rb).

Based on the division FRigure59, the wavestreamcan be divided as well. This is illustratedrigure
60.
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Figure60: Division of the wavestream.

Asmentionedabove it is only of an importance to investigate the phases where the signals are related
to the weld quality. These are phase 2, phase 3 and phase 4, which stand for the sleeve penetration,
dwell time andsleeve etraction respectively. The remaining phases 1 and 5 represent the lowering
and lifting of the tool to and from the alumiim sheets, respectively. In phase 1, the tool accelerates

to the selected rotational speed, while it slows down in phasBdlectivanvestigation of phase 2, 3
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and 4 means filtering out the signals in phase 1 and 5, which correspond to signals caused by the
mechanical movement of the welding equipment.

For each investigated phase, the wavestream is plotted along with itssmondirg FFT. An example
for phase 2, 3 and 4 is givenRigure61, Figure62 and Figure63, respectively.

2600000

Figure61l: Wavestream of phase 2 (above) atglcorresponding FFT (below) (weld nr-&3AR5 1.3).

Figure62: Wavestream of phase 3 (above) and its corresponding FFT (below) (weld68-RBAL.3).

Figure63: Wavestream of phase 4 (above) dtglcorresponding FFT (below) (weld nr-&3AR5 1.3).
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5.4.2 Hitdriven data

Each time the wavestream signal exceeds the threshold, a hit is created. For each hit, different features
can be extracted such as the amplitude, energy, average signal level, fiquen. These
characteristics can provide an indication oétiweld quality obtained. In the following paragraphs,
these different characteristics, which are processed in the Noesis program, are described in detail.

ASL/Time

Average signal leveling (A8L}he time domain is a signal processing technique intertdadcrease

the strength of a signal relative to noise that is obscuring it. The goal is to increase theigoiske

ratio (SNR) by averaging a set of measurement vdlL@. The average signal level is the logarithm

of the root mean square and is a measure of the continuously varying\aerdged amplitude of the
wavestream signal. This way @fpressing the AE signal could possibly tell more about the energy of
the process and the bonding that takes place during welding. The formula for the ASL can be found
below:

0 "YO Q0o

Yo .
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WhereTas.corresponds t@ characteristic timgin the range o0 to 1000ms.
An example of the ASL/time graph for a MAG weld il friction stir spotweld is shown irFigure
64 andFigure65, respectively.
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Figure64: ASL/Time for a MAG weld (nr. SRR21.5).
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Figure65: ASL/Time for eefill friction stir spotweld (nr. S\A68-R281
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Another format is the cumulative ASL in the time domain. In this case, the values are added
consecutively. A representation of a MAG weld agfil friction stir spotweld is given ifrigure66 and

Figure67, respectively.

57



47395
40000

30000
20000
10000

0 . . . fo==ch
0,0552085 10 20 30 41,5068

Time (*)(s)

Class
=0

ASL

Figure66: Cumulative ASL/Time for a MAG weld (nr-F32% 1.5).
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Figure67: Cumulative ALS/Time forefill friction stirspotweld (nr.SW68-R281.4).

Duration/Amplitude

Generally, it is known that bursts created by cracks have a short duration (us) and a high amplitude
(dB). By plotting the duration on the vertical axis and the amplitude on the horizontal axis, it [d#gossi

to search ér these bursts as they will be located at the right bottom corner. By using this method of
representation, also deformation and electromagnetic interference (EMI) can be identified.
Deformation will cause bursts with a lower amplitude, whiocreases gjhtly when the duration
increases. The EMI can be found at the higher amplitudes, especially when there is a long duration.
This way of examining can filter out any other irrelevant signals.

A representation is of a MAG weld andedill friction stir spotweld is visible ifHgure 68 and Figure
69, respectively.
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Hgure 68: Duration/Amplitude for a MAG weld (rf8WR22 1.5).
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Figure69: Duration/Amplitudefor arefill friction stir spotveld (nr. SW68-R281.4).

58



Amplitude/Time

This signal representation closely resembles the wavestream signal. The only difference is that only
the points which exceed the threshold are represented. By selecting the threahaldelevant value,

it is possible to filter out the background noisehiah can have a smaller amplitude. An example for

the MAG weld andefill friction stir spotweld is shown irfFigure70and Figure71, respectively.
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Figure70: Amplitude/Time for a MAG weld (nr. SR221.5).
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Figure71: Amplitude/Time for aefill friction stir spoweld (nr. SW68-R281.4).

Frequency centroid/Time

The frequency cemnbid is used to characterize the overall frequency contdram acoustic emission
signal[103]. It can beconsideredas thed O S y (i S Nbf #hig frefuerityasignaln generalthis result
is not the same as the peak frequenby it is an additional informatioto the chaacteristic average
frequency[103]. Further investigation in the frequency doinas performed in the FlexPro program
as a FFT curve can be calculaiettmanipulatingformulafor obtaining aérequency centroid is shown

below:
- . "FYQQQ
. YQQQ

An example of this representation for a MAG weld aefill friction stir spotweld is shown irfFigure
72 andFigure73, respectively.
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Figure72: Frequency centroid/Time for a MAG d/éhr. SWR221.5).
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Figure73: Frequency centroid/Time forrefill friction stir spotveld (nr. SW68-R251.4).

Cumulative counts/Time

This examination method prades the number of time when the wavestream signal exceeds the
threshold. When this happens, one count is added to previous value, starting at zero. This
representation is very close to the absolute energy/time representatian,itois not the same. The
areas where the curve has a steep slope, reveals the possibility of something going on in the material
as a kind of bonding. Although this evaluation method is mostly used for identifying cold cracks (cracks
that are formed oncea weld is made, during conli down), it can be useful in this setup too. An
example for the MAG weld ancgfill friction stir spotweld is shown inFigure 74 and Figure 75,
respectively.
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Figure74: Counts/Tme for a MAG weld (nr. SR221.5).
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Figure75: Counts/Time for &efill friction stir spotwveld (nr. S\A68-R281.4).

Cumulative absolute energy/Time

The cumulative absolute energy in the time domain is an absolute measure efetiical energy
measured for an AE signal daris expressed in Attdoule [103]. Similar to the counts/time
representation the areas with a steep slope reveal the pbagy that something is going on in the

YFEGSNRAFEf® ¢KS F2NNdzZ I gKAOK Aada dzASR (G2 LISNF 2 NN
corresponds to the input impedance of the recording equipment.
W Yo Qo
o8
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An example of this representation for a MAG weld amdfdl friction stir spotweld is shown in

Figure76 and Figure77, respectively.
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Figure76: Absolute energy/Time for a MAG weld (nr.-B22 1.5).
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Figure77: Absolute energy/Time forra&fill friction stir spotveld (nr. S\WW68-R28 1.4).

Rise time/Time

18,8017

The risetime is the time for a pulse to rise between 10% a@®of a specified value. Itgenerally
known that electromagnetic noisdave avery smalkisetime. By discriminating the small ritenes,
it is possible to filter out the electromagnetic nosén example of the rise time/time representation
for the same MAG weld andefill friction stir spotweld is shown inFigure 78 and Figure 79,

respectively.
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Figure78: Risetime/Time for a MAG wefdr. SWR221.5).
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Figure79: Risetime/Time for eefill friction stir spotwveld (nr. SW68-R281.4).
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Energy/Counts

This representation was used for argihg the welds of the smaller MAG cobot and is arkkaown
method of evaluation that is investigated in the exipeental research. The energy is supposed to
reveal information about the fracture processes, while the counts reveal the hits where the thieshol

is exceeded rapidly for several times. An example of this representation for a MAG weld can be seen
in Figure80for weld nr. SWR2%1.3. The hits with counts highenan 15000 are encircled, in order to
investigate certain parts in the signal.
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Figure80: Energy/counts for a MAG weldr(SWR211.3).

Absolute energy/Rise time

The expression of absolute energy expressed in terms of themigaaias also used for the analysis of
the welds form the smaller MAG cobot. This method is alsanknown method of evaluation that is
investigated in this experimental reseh. The goal was to find a link between the rise time and the
absolute energy, iorder to identify the noise originating from the welding equipment, which has a

small rise time. An example of this examination method is givéigare81. Thehits containing high
energies and rise times were encircled in this case.

7,67e+07 ®

= Class
S ®
2 6,00e+07 | ® 0
s ®
& 4,00e+07 |
] a ®
3 200e+07 " .
3 . B
< 0,000 -L Seach Ads pmn didis Wew w's ""s ua ", = . " $ 0
0 10000 20000 30000 40000 50000 58308
Risetime(ps)

Figure81: Absolute energy/rise time for a MAG weld (nr.-B2%1.3).
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6 Analysis of the acoustic emission results

An overviewof theresultsall the different test series is given in this chapter. First, the selected welding
parameters are listed. These are the parameters that are varied between each test series: the plunge
depth (PD), the rotational speed (RS), the plunge time (R&)dtvelltime (DT), the retraction time

(RT) and the hold time (HT). Also the parameters that were modified in the acoustic emission software,
such as the sampling rate, the threshold and the frequency range of the digital filter, are presented.
The otherparametes for acoustic emission that were fixed throughout all test series are mentioned
below. Moreover the cleaning frequency, the used material, the type and location of the sensor are
mentioned. Next, the objective of each test series will be expthiaed fhally, the results and
conclusions are formulated, where possible problems and analysis will be discussed. The differences
on the timeaxis of the ASL/Timg Frequency centroid/Time Absolute energy/Time and
Counts/Timegraph is due to the fachiat eachweld was welded at a different relative time, resulting

in a different starting point. The timgraphs in this text are set at the same absolute time, resulting in
the same starting point for each curve. In this way it is possible to comparadpbsy Al the graphs

are available in an external appendix, other important figures will be presented and described in the
text. The external appendix is property of the Belgian Welding Institute.

The most important acoustic emission parameters are ditetle tables belowThe fixed/variableow
indicates which parameters were fixed and which were variable throughout the experimental test
series.

Table2: AE Channel Setup configuration.

AE Channel Setup
Threshold Gain
AE Channel Globalwaveform
Type dB FTBnd|dB waveror
1 FIXED 60 6 0 Enabled
Fixed / variable Fixed Variable Fixed

Table3: Preamp configuration.

Preamp
AE Channel P.reamp
Type | Gaindb | Voltage
1 2/4/6 40 28
Fixed/ variable Fixed

Table4: Sensors, filters and waveforms configuration.

Sensors, Filters and Waveforms

Analog filter Digital filter Waveform setup
AE Channel Sensor| Lower | Upper| Lower | Upper | Sample Rate| Pretrigger | Length
1 WD | 100 kHz 3 MHz| 100 kHz 400 Kz 1 MSPS 20.000 1k
Fixed / variable Fixed Variable Fixed Variable Fixed

63




Table5: Waveform streaming configuration.

Waveform streaming
Pretrigger Record Length .
AE Channe Sample Rate—; p_— Streamin
P milliseconds| kSampleg milliseconds| kSamples g
1 1 MSPS 20.000 25 20000 19532 | Enabled
Fixed / variable Fixed Variable Fixed

Table6: Data sets and parametric configuration.

Time Driven Channel Data

RMS ASL | Absolute Energy Counts | Duration| Amplitude | RiseTime| Time driven rate
Disabled Disabled Disabled Disabled Disabled Disabled | Disabled 1 second

Fixed / variable Variable

The time driven data representations Trble6 were enabled since test series R5.

6.1 Test seies R RFSSpW

6.1.1 Selected parameters

Table7: Welding parameters of test series R1.

PD (mm)| RS(rpm) PT (s) DT (s) RT (s) HT (s)
2 2250- 3000 1.5 2-4 1.5 3

Table8: Other parameters of test series R1.

Material Cleaning Location of the sensor
(sheet thicknes} frequency
EN AW6082T6 | After every weld| On thesupport arm of

(2 mm) the welding equipment

Table9: AE configuration of test series R1.

Sensor| Resonance | Threshold| Frequency range of| Sampling rate| Time driven
type frequency (dB) the digital filter (MSPS) rate (s)
(kHz) (kHz)
WD 450 60 100- 400 1 1

6.1.2 Objective

In this test series, 16 refill friction stir spot welds are made with different welding parameters. Both
the acousticemission (AE) and welding parameters were recorded. The objective of this preliminary
test series was taet acquainted with the software programs and their data processing. Different
welding parameters were selected in order to investigate whether oranghange in the welding
parameters resulted into a change in the waveform of the welds.

6.1.3 Results and congion

An example of one of the 16 welding experiments is giveéfigare82, the other curves are included
inthe external appendix. The most importasurves aréndicated, the other curveepresent currents
and pin and clamping forces. The waveform is expressed over time in ps, while the welding parameters
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are expressed over time in ms. This is due to a difieean the sampling rate, which is the aomb of
samples recorded in one second.
(mm AE Waveform (dB)
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Figure82: Wavdorm and evolution of the welding parameters over time (weld nr-68/R1:1.2).

6.2 Test series®R; RFSSpW

6.2.1 Selected parameters

Tablel0: Weldingparameters of test series R2.

PD (mm) | RS (rpm) PT (s) DT (s) RT (S) HT (s)
2.2 2250 1.5 3 15 2
Tablell: Other parameters of test series R2.
Material Cleaning Locationof the sensor
(sheet thicknes} frequency
EN AW6082T6 | After every weld| On the support arm of
(2 mm) the welding equipment
Tablel2: AEconfiguration of series R2.
Sensor| Resonance | Threshold| Frequency range of| Sampling rate| Time driven
type frequency (dB) the digital filter (MSPS) rate (s)
(kHz) (kHz)
WD 450 60 100- 400 1 1

6.2.2 Objective

Five friction stir spot welds were made with identical welding parameters. The waveform was recorded
and divided into phases, which each represent a different time slotdnviilding process. The phase
distribution is visible irfFigure59 and Figure60. The objective was to investigate the repeatability of
the waveform, and therefore being able to make a standardised signal.

Phase 1 contains the hold time before plunging, phase 2 the pltimge phase 3 the dwell time, phase
4 the retraction time and phase 5 the hold time after retracting. Based on this distribution, the

waveform signal can be divided as wskeFigure60)
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Furthermore, the waveforms for each phase were transformed into the frequency domain by a fast
Fourier transformation (FFT). In the frequency domain, notable peaks and similarities were identified,
in order to relate them to the coesponding welding parameters.

6.2.3 Results and conclusion

An example of one of the 5 replications of the waveforms and corresponding FFT curves (weld nr. SW
68-R21.5) is given irFigure83 and Figure84, respectively. The other graphs are available in the
external appendix.
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Figure83: Amplitude(V) vs time (us) for theomplete waveform (a); waveform phas€k); waveform phase 2 (c);
waveform phase &), waveform phase 4 (e); waveform phase fv@ld nr. S\A68-R21.5).
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Figure84: Amplitude (V2rms) vs frequency (MHz) of thenplete FFT curve (a); FFT curve phase 1 (b); FFplase? (c);
FFT curve phase 3 (d); FFT eulvase 4 (e); FFT curve phase Gvg)d nr. SW68-R21.5).

By comparing the complete waveform of the weld ($égure83a) and the evolution of the welding
parameters over time (seBigure82), it is clear that bursts appear when the tool is lowered into the
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material (during phase 2) and when it is retracted from the material (during phase 4). Although the
bursts do not always hawhe same starting point for each repliocaii, a possible first explanation can

be the variation in thickness of the aluminium samples. In order to investigate this phenomenon, other
influences were examined in further test series, such as the cleaningdney, the temperatures
achieved and the mchine currents.

Comparing the other waveform results, it can be concluded that there is no repeatability of the
waveform as they showed a lot of variation. Therefore, no standardised signal could be determined.

6.3 Test series RERFSSpW

6.3.1 Selected parameters

Tablel3: Welding parameters of test series R3.

PD (mm) | RS (rpm) PT (s) DT (s) RT (s) HT (s)
2.2 2250 15 3 15 2

Tablel4: Other parameters of test series R3.

Material Cleaning Location of the sensor
(sheet thicknes} frequency
EN AW6082T6 After every2 On the support arm of
(2 mm) welds the welding equipment

Tablel5: AE configuration of test series R3.

Sensor| Resonance | Threshold| Frequency range of| Sampling rate| Time driven
type frequency (dB) the digital filter (MSPS) rate (s)
(kHz) (kHz)
WD 450 60 100- 400 1 1

6.3.2 Objective

In test series R3, 10 friction stir spot welds were made, with welding parameters identical to the welds
in test series R2. Compared to previous test sepedy the cleaning frequency was changed, in order

to investigate the effect of the cleaning opeiat on the AE signal. The objective was to determine a
standardised signal, based on the 10 AE signal residt®paring this standardised signal to the one

of series R2 would show the effect of the cleaning operation on the AE signal.

After analysing theesults of series R2, no comparison could be made because no standardised signal
could be determined. Therefore, the temperature influence was investigathtee thermocouples

were soldered at the clamping ring of the tool head, in order to measureah®ératures achieved
during the welding process. This is discussed in detagdation5.3.

6.3.3 Results and conclusion

The waveforms of the complete process in the tindemain for welds nr. S88-R31.1 to SW68-R3
1.5 are given ifrigure85.
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Figure85: Wavdorms of the complete processtime time domainweld nrs SN-68-R31.1 to SW68-R31.5).

At the start of the test series, the tool was clean. Comparison of the 5 waveforms shows that no
standardised signal could be constructed, because too much variation appeared. At the beginning of
the waveform, the bursts randoly appear. However, it could be concluded that smaller bursts occur

in the waveform of the 8 and the % weld, since the tool has been cleaned after tHé @hd the 4"

weld.

The temperatures for the first and last weld ates/n inFigure86, which showed that a difference of
32.03 °C was recorded. The temperatures of the other welds are situated in this temperature range. It
can be conclded that the machine slowly heats up during the welding process. However, no
correlation béween the rising temperature and waveforms could be identified.

//MWWN
25720818

SW-GB-R31_1

Figure86: Temperatures for weld nrSW68-R31.1 and S\W68-R31.10.

Thedifference between a clean tool and a polluted tool can be identified in the analysi® gfith
force and the current required for the pin rotation. An example for weld nrs-68\W31.1 to SW68-
R31.5 is given ifrigure87 and Figure88, which represent the piforce and the current, respectively.

In this case, weld nrs. S88-R31.2 and SW68-R31.4 are welded with a polluted tool. A higher pin
force and current is observeduring the hold phase and the plunge phase for welds made with a
polluted tool.
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Figure87: Pin force (N) versus time (ms) for weld nrs-G8/MR31.1 to SW68-R31.5.
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Figure88: Current required for pirotation (mA) vs time (ms) for weld nrs. $3R31.1 to SW68-R31.5.

6.4 Test series RARFSSpW

6.4.1 Selected parameters

Tablel6: Welding parameters of test series R4.

PD (mm)

RS (rpm)

PT (s) DT (s) RT (s) HT (s)
3 2250 15 3 15 2
Tablel7: Other parameters of test series R4.
Material Cleaning Location of the sensor
(sheet thickhesy frequency
EN AW6082T6 After every2 On the support arm of
(2 mm) welds the welding equipment
Tablel8: AE configuration of test series R4.
Sensor| Resonance | Threshold| Frequency range of| Sampling rate| Time driven
type frequency (dB) the digital filter (MSPS) rate (s)
(kHz) (kHz)
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| wb | 450 | 60 | 100- 400 | 1 | 1 \

6.4.2 Objective

Theobjective of this test series was to investigate the effect of the plunge depth (PD) on théowave
The same parameters astiest series R3 were used, only the plunge depth was increased from 2.2
mm to 3 mm. Ten friction stir spot welds with the samddimeg parameters were made.

6.4.3 Results and conclusion

By looking at the current and temperature in relation to both the wavefamthe time domain and
the frequency domain, no correlation could be identifidd. the time domain, the bursts in the
waveforms @ntain too much variation in order to identify a difference between welds with a plunge
depth of 2.2mm and 3mm. However, fowelds with a larger plunge depth, the bursts during the
retraction phase fade away more quickly. An explanation could be lesgioils of the tool since more
material is stuck in the tolerance between the pin and the sleeve, causing a damping effaet AR t
signal.An example, comparing weld nrs. 88R31.3 and SW68-R41.3, is shown irfrigure89 with

the retraction phase indicated in the red rectangle.
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Figure89: Wavdorm comparison of weld nr§W68-R31.3 and SW68-R4-1.3.

6.5 Test series RSRFSSpW

6.5.1 Selected parameters

Tablel9: Welding parameters of test series R5.

PD (mm) | RS (rpm) PT (s) DT (s) RT (s) HT (s)

2.2 2250 15 3 15 2
Table20: Other paraneters of test series R5.
Material Cleaning Location of the
(sheetthicknesg frequency sensor
EN AW6082T6 After every2 | On thewelding table
(2mm) welds
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Table21: AE configuration of test series R5.

Sensor| Resonance | Threshold| Frequency range of| Sampling rate| Time driven
type frequency (dB) the digital filter (MSPS) rate (s)
(kHz) (kHz)
WD 450 60 100- 400 1 3

6.5.2 Objective

In test series R5, 10 friction stir spot welds were made with identical parameters. Previous test series
showed that noreproducible or valid results in both the time and frequency domain were achieved,
hence no correlations between the welding parameters and the waveform could be identified. Based
on the recommendations of Mistraghe sensor was positioned othe welding table, the AE
parameters (in particular the threshold and the time driven rate) was adjusted, and the analysis was
based on both the tima@riven data and the hit data set. The objective of this test series was to get
acquainted with those newnethods of eamining. The average signal level (ASL), the frequency
centroid, the cumulative counts and the cumulative energy were investigated over time for the entire
process and with specific attention during the dwell time (DT). Also the Duration phtdaa was
investigated. More information about these examination methods can be foundeation 5.4.
Afterwards, the lap shear strengths were determined for each weld.

6.5.3 Resultsaand conclusion
The results for the lap shear shgths are given ifable22.

Table22: Lap shear strength results for test series R5.

Weld nr. Lap shear strength (kN)
SW68-R51.1 7.27
SW68-R51.2 7.50
SW68-R51.3 7.09
SW68-R51.4 7.72
SW68-R51.5 7.85
SW68-R51.6 7.91
SW68-R51.7 7.80
SW68-R51.8 7.74
SW68-R51.9 7.90

SW68-R51.10 8.09

Control chart
Based on the lap shear strengths giveiatle22, a control chart (se€igure90) wasconstructed in
order to investigate the outliers.
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Figure90: Control chart of the lap shear strengihdest series R5.

Waveform evaluation

Figure 90 shows that weld nrs. S\WW8-R51.3 ard SW68-R51.10 are the weakest (7.0&N) and
strongest weld (8.08N), respectively. In order to investigate the remarkable difference of 1 kN
between theg two welds, the differences in the waveform are asaty. Figure91l illustrates the
waveform and fast Fourier transformed (FFT) curve of weld ne68R51.3, whereasFigure 92
illustrates the waveform and FFT curve of weld nr-8/MR51.10.
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Figure91: Wavdorm: amplitude (V) over time (us) (top) and FFT curve: ampliiMdens) over frequency (MHz) (bottom) of
weld nr. SW68-R51.3.
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Figure92: Wavedorm: amplitude (V) over time (us) (top) and FFT curve: amplitude &)J2aver frequency (MHz) (bottom) of
weld nr. SW68-R51.10.

The differences between the two waveforms are indicated by red rectangles. These differences may
indicate the 1 kN lap shear strength vaitast. However, rectangles 1 and 3 are located in the lioid

phase at the start (phase 1kigure59) and at the end (phase 5 kigure59). Due to the fact that weld

errors, related to the qualityare induced in phase 2, 3 and 4, these differences do ndriboire to

the difference in lap shear strength.

Another difference is thsurface of the FFT curve. Weld nr. 88%R51.3 has a smaller surface than

weld nr. SW68-R51.10. This appearance seems logical when looking at the waveform, as the
waveform of wéd nr. SW68-R51.3 contains less bursts compared to the waveform of weldshV
68-R51.10. However, concluding that a smaller FFT surface is associated with a lower lap shear
strength is incorrect, because the FFT curves of other welds with a highdap sthength do not
conform to this pattern. An example of such a contréditis given irFigure93, which illustrates the
waveform and FFT curve of a weld with the third highest lap shear strength (w&M&8-R51.8).

Figure93: Wavdorm: amplitude(V) over time (us) (top) and FFT curve: amplitude (V2rms) over frequency (MHz) (bottom) of
weld nr. SW68-R51.8.
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In order to investigate the differences indicated in the second regiethe plunge time phase (phase
2 inFigureb9), is examined in more detail for both weld&gure94 and Figure95illustrate the plunge
time weld nrs SW68-R51.3 and SWh8-R51.10, respectively.
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Figure94: Plunge time phase (phase 2) of weld nr-&AR51.3: waveform (top) ath FFT curve (bottom).
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Figure95: Plunge time phase (phase 2) of weld$W-68-R51.10: waveform (top) and FFT curve (bottom).

By comparing the waveform and FFT, it can be concluded that the waveforms during the plunge time
phaseare totally different. Therefore, one can state that the differences in the lap shear strength are
a result of the differences during the plunging stage. Based on the particular shape of these waveforms,
it can be concluded that the presence of a largesbduring the plunging stage could indicate that a
higher lap shear strength is achieved.

ASL/Time

The results in the ASL/Time domain are mainly investigated in the dwell time (DT) phase. This is
because during this time, together with the plunge time)(Rid the retraction time (RT), the most
errors in terms of weld quality can arise. The results efdwnrs. SW68-R51.1 and SW68-R51.2 are

given inFigure96, where the points recorded during the DT are encircled in black. All other results are
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available in the external appendix. Based on these results, ibeaconcluded that the same trend
always appears during the DT phase, namely a horizontal straight line with values ar»dBd 6
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Figure96: ASL/Timeanalysis of weld niSW68-R51.1 (a) and S¥88-R51.2 (b).

The only differene are the higher data points at the baging of the DT, which already started during
the PT and appear in some welds.. The appearance cannot be explained based on temperature
measurements, cleaning of the tool, or lap shear strengths.

Duration/Amplitude

The duration/amplitude results are showin Figure 97. When the signal is expressed in the
Duration/Amplitude domain, the signals recorded during the DT for each weld are mostly located in
the left bottom corner, wiith means they have both a leamplitude and a short duration (séegure

97a andFigure97b). Only weld nr. SW88-R51.3 is an exception, as it contains several data poiitts

a low amplitude combined with a long duration, as well as three points with a higher amplitude
combined with a short duration (sdgigure97c). Comparing their lap shear strengths, it is remarkable
that this wdd exhibits the lowest lap shear strength. Because only one case like weld 1&8-B%/

1.3 was idatified, it is impossible to formulate a valid conclusion relating the high amplitude to a weak
weld.
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Figure97: Duration/Amplitude-analysis of weld nrs. S88-R51.1 (a), SW68-R51.2 (b), SW8-R51.3 (c).
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Frequencycentroid/Time

The Frequency centroid/time results of weld nrs.-88¥R51.1 to SW68-R51.3 are given ifrigure98.

Inthis domain, the data pints during the DT phase are almost identical. Some welds contain less data
points, but this is due to the fact that the amplitude did not exceed the thresholdd WelSW68-R5

1.3 is interesting, as it is the only weld with other lower frequency ceaddrat the beginning of the
dwell time phase and exhibits the lowest lap shear strength. This weld also contains several data points
with a low amplitude combined Wi a long duration, as well as a high amplitude combined with a
short duration (as discusdein the previous paragraph). It can be concluded that at a higher
temperature, the frequency centroid is slightly low#rpreliminary remark is that a lower freqoey
centroid is an indication of a slightly lap shear strength. However, this remark tishaconfirmed

in the next test series.
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Figure98: Frequency centroid/Time analysis for wetd. SW68-R51.1 (263,86 °Cfja), SW68-R51.2(271,57 °C{b), SW
68-R51.3(281,81 °Cc).

Cumulative counts/Time

The cumulativeounts/time results of welds nEW68-R51.1 to SW68-R51.3 are given ifrigure99.

Most counts are found before or after the DT phase, due to vibrations of the machine and tool head
during the plunge time and tection time phase. Looking at the DT phase, there are mangtioms

in both the gradient and the size of the curve which cannot be linked to the temperature
measurements, lap shear strengths or cleaning sessions. A possible conclusion based odatas hit
representation is that the mechanical movements of thecimae excessively overrule the AE signals,
resulting in a nofrepresentative data output.
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Figure99: Cumulative counts/Timanalysis for weld nr. S\8-R51.1 (a), 8/-68-R51.2 (b), SW68-R51.3 (c).

Energy/Time
The results of wid nrs. SW68-R51.1, SW68-R51.3 and SWW68-R51.5 are given ifrigure100.

| |
- i .
. . L
- co———t S faw M it}
M - ”fhl'lm "
£ & .
- :“ .._.
.l-t-‘ "M Y
Tine €0

Figurel00 Energy/Timeanalysis for weld nSW68-R51.1 (a),SW68-R51.3 (b), SW68-R51.5 (c).
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Similar to the Cumulative counts/Tintepresentation, the Energy/Time shows that the majority of the
data points occur before and after the DT phase. When looking at more detail into the DT phase, there
are many differat gradients for the different tests. Therefore, based on this data representation, it is
not possible to find a link between the lap shear strength and the absolute energy during the DT phase
or any other phase due to the variations.

6.6 Testseries R@ RFS3NV

6.6.1 Selected parameters

Table23: Welding parameters of test series R6.

PD (mm) | RS (rpm) PT (s) DT (s) RT (s) HT (s)

3 2250 1.5 3 15 2
Table24: Other parameters of test series R6.
Material Cleaning Location of the
(sheet thicknes} frequency sensor
EN AW6082T6 After every2 | On thewelding table
(2mm) welds

Table25: AE configuration of test series R6.

Sensor| Resonance | Threshold| Frequency range of| Sampling rate| Time driven
type frequency (dB) the digital filter (MSPS) rate (s)
(kHz) (kHz)
WD 450 70 100- 400 1 3

6.6.2 Objective

Test series R6 was performed in order to confirm the previous conclusions, found in test series R5. Ten
friction stir spot welds were made with almost the samparameters of series R6. The difference
between the two test series is a change in the PD from 2.2 mm to 3 mm. Likewise as in test series R5,
the different data representations were examined. Afterdsyrthe lap shear strength was determined.
6.6.3 Results andonclusion

The lap shear strengths for every weld of this test series are givEabie26.

Table26: Lap shear strength results for test series R6.

Weld nr. Lap shear strength (kN)
SW68-R61.1 8.72
SW68-R61.2 8.64
SW68-R61.3 9.06
SW68-R61.4 8.91
SW68-R61.5 9.24
SW68-R61.6 8.62
SW68-R61.7 8.63
SW68-R61.8 8.32
SW68-R61.9 8.31
SW68-R61.10 8.78

78



The control chart according tbable26is illustrated inFigure1l01
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Figurel01 Control chart of the lap shear strengthdest series R6.

Waveform evaluation

Likewise as in test series R5, the strongest and weakest welds are investigated. In this case, weld nrs.
SW68-R51.5 and SW68-R51.9 are the strongest (9.2dN) and weakest (8.3N) weld, respectively.

In order to investigate the remarkable differencéamost 1 kN, the differences in their waveforms

are analysedFigurelO2illustrates both the waveform and FFT curve of weld nr-&8MR51.9.Figure
103illustrates both the waveform and FFT curve of weld nr-68/R51.5. The differences between

the two waveforms are indid¢ad by red rectangles.
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Figurel02 Waveform:amplitude(V) over time (ps) (top) and FFT curve: amplitude (V2rms) over frequency (MHz) (bottom)
of weld nr. SW68-R61.9.
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Figurel03 Waveform:amplitude(V) over time (us) (top)ra FFT curve: amplitude (V2rms) over frequency (MHz) (bottom)
of weld nr. SW68-R61.5.

The conclusion in test series R5 cannot be confirmed in this test series, as the large burst during the
plunging stage (as indicated by thesfirectangle) is only psent for the weakest weld but absent for

the strongest weld. The relation between the bursts in the plunging stage and lap shear values is
therefore incorrect. The second rectangle shows a difference after the hold time phasés aod

taken into accounas this part of the welding process is not relevant anymore. The other results can
be consulted in the external appendix.

ASL/Time

Examples of the ASL/time domain representation for weld nrs:68\WR61.3 and S\WW68-R61.6 are

given inFigurel04. Other results are available in the external appendix. All the results show the same
trend, since the data points recorded during the dwell time phase formiaagstt line around 6@IB,
similar asdund in test series R5 in which the welds were executed with a different rotational speed.

Figurel04: ASL/Timeanalysis of weld nrs. S88-R61.3 (a) and SY88-R61.6 (b).

Duration/Amplitude
The duration/amplitude representatio for weld nrs. SW8-R61.3 and SW58-R61.6 are given in
Figurel05. Other results are availabie the external appendix.
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