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1. Introduction

Nowadays trends in non-destructive examinations applied
to FSW welded joints, depending on possible defects types,
too, lay a special importance on the possibilities to visualize
defects [1], [2], certainty of diagnose [3] and monitoring
potential [4]. The present paper mainly considers the last
aspect, as well as the detection capacity as a function of the
nature and the volume dislocated by defect.

2. Considerations on infrared
thermography

The infrared thermography is an examination method used
for the thermal images in the infrared spectrum. This method
can be applied in the real time and on-line, respectively.

The base relation of the heat transfer between two real
bodies having the temperatures 7; and T, respectively, is
given by the Stefan — Boltzmann law:

g=c-e-A(f' ~13) 0

where ¢ is the coefficient of radiation for the black body,
¢ =5.671210"° W/m?K*; ¢ is the emission factor, € < 1; 4 is the
heat exchange by the radiation area.

The infrared radiation intensity is measured using an
infrared thermographic camera (CTI). This camera has the
photons detectors, placed in the microbolometric lattice, which
transform the radiation intensity in voltage, U.

The scheme of the radiation capture by the thermographic
camera is presented in Figure 1.

The energy balance is given by the relation:

)

In relation (2), making the substitution U = kg and
explaining ¢, it can be obtained the voltage corresponding
to the object, and then the object absolute temperature:

1 l-¢ I
U,= Ui — Uref - Uim (3)
€T € ET

qtotz Sr'qoh—}_ (1 - 8)Tqrcfﬂ.—i_ (l -1 )qatm.
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1. Introducere

Tendintele actuale ale examinarilor nedistructive aplicate
imbinarilor sudate FSW, functie si de tipologia defectelor
a defectelor [1], [2], siguranta diagnozei [3] si potentialul de
monitorizare [4]. Lucrarea de fatd are in vedere in principal
ultimul aspect, precum si capacitatea de detectare in functie
de natura si volumul dislocat de defect.

2. Consideratii asupra termografiei in
infrarosu

Termografia in infrarosu reprezinta o tehnica de examinare a
imaginilor termice in domeniul spectrului de radiatii infrarosii.
Marele avantaj al acestei metode de control nedistructiv consta
in posibilitatea aplicarii in timp real si interventia on-line.

Figure 1. Scheme of the radiation capture:

1) environment, 2) object, 3) atmosphere (coefficient
of heat transfer), 4) thermographic camera/
Figura 1. Schema de captare a radiatiei: 1) mediu
Inconjurdtor, 2) obiect, 3) atmosferd (coeficient de
transmisie), 4) camerd termograficd

Relatia de baza a transferului de energie dintre doua corpuri
reale avand temperatura 77, respectiv 75, se exprima pe baza legii
lui Stefan — Boltzmann (ecuatia 1), unde c este coeficientul de
radiatie a corpului negru, ¢ = 5,671-10W/m’K*; € este factorul
de emisie, € < 1; A este aria suprafetei de schimb de céldura.
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In order to facilitate the interpretation of relations (2) and
(3), some values of the emission factor are presented in
Table 1.

The thermographic camera works with 50 images/s, /. So, if
the camera speed moving is the same with the welding speed,
vy, it can be determined the distance between the two
consecutive images:

Vs
Al=— 4)

f

In this case, there is the possibility to know the position of
every measured point and to obtain the graphical
representation, 7' = f{1).

The measurement accuracy of the temperature using the
thermographic camera is + 2°C, at the ambient temperature,
and generally, + 2 % of the measured value.

3. Heat transfer in the FSW process

FSW process is developed by dynamic diffusion of the
materials, in crystalline state, because of the friction
temperature in the weld zone.

In Figure 2 [5], the scheme of the FSW procedure is
presented. The joining of the components is made by the
welding tool rotation at the same time with the action of the
press force, F, and the moving force, F,. So, the subzones
showed in the figure are formed.

The heat transfer from the tool to the welded piece is made
by conduction [6], in all the three directions, x, y, z, its
modelling being approached by more methods [7], [8].

Figure 2. Scheme of the FSW procedure/
Figura 2. Schema procedeului de sudare prin
frecare cu element activ rotitor

The quantity of heat emitted by friction in a certain
zone, per unit of time (thermal flux), is determined by the
relation:

qf =2TE(DI u-Fz-dr (5)
0

Instrumentul de masura a intensitatii radiatiei infrarosii este
camera termograficd in infrarosu (CTI). Aceasta contine
detectori de fotoni dispusi in retea microbolometrica, care
transforma prin intermediul rezistentei electrice intensitatea
radiatiei In tensiune, U.

Schema de captare a radiatiei de catre camera termografica
este reprezentatd in figura 1.

Scriind bilantul energetic se obtine ecuatia (2).

Inlocuind in ecuatia (2) U = kq si explicitand functie de
q.p, SC obtine tensiunea corespunzatoare obiectului si ca
urmare temperatura absoluta a acestuia ecuatia (3).

Pentru a facilita interpretarea relatiilor (2) si (3), in tabelul 1 se
prezinta cateva valori ale factorului de emisie in medii de interes.

Table 1/Tabelul 1

Material/|  Environment/ Temperature/ | Emission
Material | Surface state/ Temperaturd factor/
Mediu/ [OC] F act?r. de
Starea suprafetei emisie
€
Al - polished/lustruit 100 0.05
- oxidized/oxidat 100 0.55
Cu - polished/lustruit 100 0.05
- oxidized/oxidat 20 0.78
Steel/ |- polished/lustruit 100 0.07
Otel |- oxidized/oxidat 200 0.79
Glass / Sticla 20 0.94
Water / Apa 20 0.96

Camera lucreaza cu un numar de pana la 50 de imagini pe
secunda f; astfel incat in functie de viteza de miscare a camerei,
egala cu viteza de sudare v, se poate determina intervalul de
deplasare intre doua imagini consecutive conform relatiei (4).

Exista astfel posibilitatea pozitionarii fiecarui punct masurat
si obtinerea pe aceasta cale a reprezentarii grafice 7 = f{1).

Precizia de masurare a temperaturii cu ajutorul camerei de
termografiere este de £ 2°C la temperatura ambianta §i in
general + 2 % din valoarea masurata.

3. Transmiterea caldurii la sudarea FSW

Procesul de sudare FSW are loc in stare solida, prin difuzie
dinamica la nivelul structurii cristaline a materialelor, ca urmare
a temperaturii produse prin frecare in zona imbinarii.

Asa cum rezulta din figura 2 [5], care reprezintda schema
procedeului, in urma miscarii de rotatie a uneltei de sudare, a
actiondrii concomitente a fortei de apdsare F. si a fortei de
deplasare F',, are loc imbinarea celor doua componente odata
cu formarea subzonelor indicate in figura.

Transferul de cédldurd de la unecalta de sudare in piesa
sudata are loc in principal prin conductie [6] pe cele trei
directii x, y si z, modelarea acestuia fiind abordata prin
mai multe metode [7], [8].

Cantitatea de cadldurd degajata prin frecare pe o anumita
suprafata, in unitatea de timp (fluxul termic) este determinata
prin relatia (5), unde r, este raza umarului uneltei de sudare,
o — viteza unghiulara, p — coeficientul de frecare p = p(T), iar
F.— forta normala de apasare pe directia z.

In ipoteza unei viteze mari de miscare a sursei de caldura
(egala cu viteza de sudare v) si a unui regim stabilizat pe
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where r, is the radius of the tool shoulder, ® — angular speed,
p — friction coefficient, u = u(T), and F, — press force on z
direction.

Taking into consideration a high speed of the thermal
source (equal to the welding speed, v,) and the stabilized
welding conditions in the material thickness, s, the quantity
of heat transmitted by conduction from the monodirection
source, y through the surface 4 per unit of time, at the
temperature variation, A7, in the constant thermal conditions,
is given by Fourier equation:

40, dr

dt dy

where A is the thermal conductivity, and AT/Ay — thermal
gradient. The emission surface, perpendicular on the y
direction, can be approximated taking into consideration the
zone of maximum temperature of the thermal field and the tool
diameter, so:

A=2r,-s

where s is the thickness of the piece.
Making a substitution in relation (6) and considering the
hypothesis of good approximation, ¢, = g, it can be obtained:

dT

4’ nuF-r, = 2hsr, —

dy

As a result, the thermal gradient on the perpendicular

direction on the possible defect in the plane xoz is given by
the relation:

AT 1
Ay As

So, only the A parameter is sensitive to the thermal field,
because the relation (9) can be written as:

AT _
Ay

where k is an experimental constant.

The differences between A coefficients in the air volume or
gas inclusions within the defects, and the same coefficients in
the considered material, lead to the temperature increase in
the zones obturated by the defects.

In order to make a comparison, the values of the thermal
conductivity of some materials of interest are presented in Table 2.

(6)

(7)

®)

)

k- (10)

4. Experimental conditions

Temperature recording was realized on-line, using a camera
Thermo — Vision A 40 M, having a frequency of 20 images/s.
This camera was placed on the welding equipment, (Figure 3)
in order to follow the intersection zone of the tool shoulder
with the weld surface, on the back semi-circle zone (7/2),
Figure 4. The temperature recording was made using the
software, Therma Cam Researcher Pro.

In order to make a practical test of the possibilities to apply
the infrared thermography monitoring on-line the welded
joints defects, it was developed an experimental program,
presented in Figure 5. This program was made for two types
of artificial defects, on the Al199.5 plate, having the dimensions
330x10 mm:

year XIX, no. 1/2010

grosimea materialului s, cantitatea de caldura transmisa prin
conductie de o sursda monodirectionala y printr-o suprafatda 4
in unitatea de timp, la o variatie de temperaturda A7 in care
regimul termic se considera constant, se exprima cu ajutorul
relatiei lui Fourier (6), unde A este coeficientul de
conductivitate termica, iar A7/Ay este gradientul termic.

Suprafata de transmisie orientata perpendicular pe directia
vy poate fi aproximatd tindnd seama cd zona de maxima
temperaturad a cdimpului termic si corespunde cu aproximatie
diametrului uneltei de sudare, conform relatiei (7), unde s
reprezinta grosimea piesei.

Inlocuind in relatia (6) si considerand ipoteza de buna
aproximatie g, = ¢, se obtine relatia (8).

Rezulta ca gradientul temperaturii pe directia perpendiculara
pe un eventual defect cuprins in planul xoz este dat de relatia (9).

Astfel, singurul parametru sensibil la mediul de transmitere
a céldurii este A, deoarece relatia (9) se poate scrie sub forma
relatiei (10), unde k este o constanta experimentala.

Diferentele extrem de mari intre coeficientii A, din volumul
de aer sau gaze incluzionate in defecte, pe de o parte si cei
corespunzatori materialului luat in consideratie, pe de alta
parte, maresc rezistenta la conductie si determind cresterea
temperaturii in zonele obturate de defecte.

Table 2/Tabelul 2

Material/Environment/ A (W/m°C)
Material/mediu at/la 0°C

Air/Aer 0.024
Water/Apd ~0.15
Nitrogen/Azot 0.024

Al 236

Cu 401

Fe 83.5
Steel/Otel (C=1%) 43.0
Ti 22.4

Pentru comparatie, in tabelul 2 sunt indicate valorile
conductivitatii termice la unele materiale de interes.

4. Conditii experimentale

Inregistrarea temperaturii s-a realizat on-line cu ajutorul
unei camere Thermo — Vision A 40 M, cu o frecventa de
20 imagini/s, montata pe instalatia de sudare, (figura 3) astfel
incat sa urmareasca zona de intersectie a umarului uneltei de
sudare cu suprafata imbindrii, pe partea semicirculara (7/2) din
spate, (figura 4). Inregistrarile pe laptop au folosit Software-ul,
Therma Cam Researcher Pro.

In vederea testirii practice a posibilitatilor de aplicare a
termografiei in infrarosu la monitorizarea on-line a defectelor
imbinarilor sudate, s-a conceput un program experimental
prezentat in figura 5, care cuprinde douad categorii de defecte
artificiale simulate pe tabla de Al 99,5 avand dimensiunile
330x10mm:

- defecte incluzionate practicate perpendicular pe placi
si acoperite cu sudurda FSW, cu o unealta de sudare avand
lungimea mai mare decat adancimea defectelor,

- defecte practicate in rostul imbindrii pe suprafata
frontald, pe directie longitudinald a uneia din placile sudate
obisnuit FSW.
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WELDING & MATERIAL UESTING

- included defects, perpendicular on the plates and
covered by FSW, using a tool of length more than the depth
of the defects,

- defects in the weld gap, on the frontal surface, in
longitudinal direction of one of the plates welded usually
by FSW.

Thermographic camera/

Camera termograficd FSW
equipment/
o \ Echipament
FESw

.

Work piece/{’:ob;\ . — Welding tool/

. Unealta de sudare

-

Welding direction/Directia de sudare

Figure 3. Schema of the welding machine and
infrared thermographic camera/
Figura 3. Schema instalatiei de sudare si de termo-
grafiere in infrarosu

Temperature recording using
the infrared thermographic

5. Rezultatele monitorizarii defectelor

e Experimentul I

Urmarirea trecerii cu sudura peste orificiile deschise avand
adancimea de 4 mm si diametre diferite d=2; 3;4; 5; 6 1 7 mm,
distantate la 47 mm in lungul plécii de lungime / =330 mm
(figura 6) a avut ca rezultat inregistrarea 7 = f{1), redata in
oscilograma din figura 7.

Figure 4. Measure spot seen on the infrared image/
Figura 4. Mdarimea spotului vizualizat pe
imaginea in infrarosu

camera, CTI/
Inregistrarea temperaturii cu

Experiment

Types of artificial defects/ symbol/
Tipuri de defecte artificiale Simbolizare
| experiment

camera de termografie in
infrarosu CTI

Normal to plate and
covered by FSW
weld/

Cylindrical holes with variable diameters/ I

Orificii cilindrice cu diametrul variabil, I
®2-O7mmx4mm

(Figure/Figura 6)

Perpendicular pe
placd si acoperite cu

sudurda FSW

Positioning of the
artificial defects/
Pozitionarea
defectelor artificiale

In frontal plane and
longitudinal on FSW
weld/

In plan frontal si
longitudinal pe
imbinarea FSW

Eliptical slots of 10 mm in length, but
with variable width and depth b =2-6 mm/
Fante eliptice de 10 mm lungime, cu
latime si addancime variabild b = 2-6 mm
(Figure/Figura 9)

11

Implants (pin) @3 x 6 mm made from
different materials/
Implanturi (stifturi) ® 3 x 6 mm din
materiale diferite
(Figure/Figura 12)

111

Imbeded slots 10x 4 mm with
variable width on the attack surface/
Fante ingropate 10x 4 mm cu ldtime

variabild pe suprafata de atac

(Figure/Figura 15)

1A%

Imbeded slots 10x 4 mm with variable width on
the retraction surface/
Fante ingropate 10x4 mm cu ldtime variabild
pe suprafata de retractie
(Figure/Figura 15)

Slots completely penetrated/
Fante complet strapunse
10x10 mm, a=1 mm
(Figure/Figura 20)

Slots completely penetrated/
Fante complet strapunse
10x10 mm, a=2 mm/
(Figure/Figura 20)

Figure 5. Experimental program of monitoring the defects by infrared thermography/
Figura 5. Programul experimental de monitorizare a defectelor prin termografie in infrarosu
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5. Results of the defects monitoring

* ExperimentI

After the welding made over the open slots, having the
depth of 4 mm and different diameters, d=2; 3; 4; 5; 6 and
7 mm, and placed at 47 mm, one by one, in the longitudinal
direction on a plate of / = 330 mm (Figure 6), it was obtained
the recording 7'=f(1), presented in the oscillogram in Figure 7.

This diagram shows a general tendency of increasing the
temperature along the work piece length, in the range of 560 —
580 K. In this case, the penetration zone of the welding tool,
being a transition zone of the thermal field, is not taken into
consideration. In addition, this recording contains some peaks
of temperature. It is the result of the local overheating,
determined by the significant decrease of the thermal

Figure 6. Schema of the sample with artificial defects
in the shape of open holes with variable diameter/
Figura 6. Schita probei cu defecte artificiale sub

forma de orificii deschise cu diametru variabil

Figure 7. CTI recording of the experiment I/
Figura 7. Inregistrarea CTI a experimentului I

conductivity, A in the air volume contained by the slots. Taking
into consideration the constant depth of slots, # = 4 mm, the
temperature peaks are in correlation with d2. Also, the
temperature variation measured from the interpolated level in
the peaks zone, led to the results presented in Table 3.

For the diameters of 2; 3 and 4 mm, no temperature variation
was observed. But, in the case of slots of 6 and 7 mm, some
additional peaks have been observed. They are explained by
partial covering of the slots in the limit zone. So, it must be
mentioned that the distances between peaks are the same.
This can prove the experiment reproducibility.

The obtained results show that the function AT = A(V) is
linear, for the cylindric defects, Figure 8. So, AT = f{(d) can be
written as the following relation:

AT=0.7864V-27.203 (11)

* Experiment II

The experiment I1 is similar with the experiment I, but in this
case, the CTI recording was made on the artificial defects, as
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Urmarind banda de analiza si excluzand zona de patrundere
auneltei de sudare in vederea depunerii sudurii FSW, zona de
tranzitie a regimului termic, diagrama indica o tendinta
generala de crestere lenta a temperaturii pe lungimea probei
in intervalul 560 — 580 K. Inregistrarea contine in plus si citeva
varfuri de temperaturd. Acestea sunt rezultatul supraincalzirilor
locale determinate de scaderea marcanta a coeficientului de
conductibilitate A in volumul de aer cuprins de orificii. Avind
in vedere cd adancimea gaurilor a fost constanta, # = 4 mm,
varfurile de temperatura sunt in corelatie cu d 2. Luand in
considerare variatia de temperatura masuratd de la nivelul
traseului interpolat in zona varfurilor s-au obtinut rezultatele
prezentate in tabelul 3.

Table 3/Tabelul 3

0 \% d AT
[mm] [mm’] [mm’] [°K]
2 12.5 4 -

3 283 9 -
4 50.2 16 -

5 78.5 25 30
6 113 36 70
7 153.9 49 90

La diametre de 2, 3 si4 mm, practic nu s-au decelat variatii.
De asemenea, in cazul orificiilor de 6 si 7 mm s-au pus in
evidenta si peak-uri suplimentare; acestea se explicd prin
acoperirea incompleta a golurilor in zona marginala. Se poate
remarca astfel, ca distantele dintre varfuri (peak-uri) sunt egale,
ceea ce atestd In buna masura reproductibilitatea experimentului.

100
AT
(K) g0 ‘o
80 //
70 *
. y = 0.7864x - 27.203 /
R2 = 0.9439 /
50 /
40 /
30 .
20
10
0
0 50 100 150 200
V [mm13]

Figure 8. Variation of AT function of V, in the sample
with artificial defects in the shape of open holes/
Figura 8. Variatia AT functie de V la proba cu defecte
artificiale sub formd de orificii deschise

Rezultatul obtinut indicd, conform figurii 8, ca dependenta
AT=f(V) in cazul defectelor cilindrice este liniara; ca urmare,
AT = f(d) poate fi exprimatd printr-o functie de forma
relatiei (11).

e Experimentul I1

Experimentul II este asemanator cu primul, dar de data
aceasta inregistrarea CTI a trecerii cu sudura FSW s-a realizat
peste defecte artificiale de tipul fantelor eliptice de latime
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eliptical slots of variable width, from 2 to 6 mm, and the
constant depth, #=4 mm, Figure 9. On the abscissa, the defects
positions are marked with the thick line.

CTI recording for this experiment is presented in the
diagram in Figure 10. As in the previous case, the diagram
shows a slow increase of the temperature in length of piece, in
a range of 20 — 30 degrees. This can be explained by the
general heating of the work piece during the experiment.

Figure 10. CTI recording of the experiment 11/
Figura 10. Inregistrarea CTI a experimentului II

There are observed some temperature peaks in the slots
zone, because of the local overheating. The measurement
results are presented in Table 4. Taking into consideration the
shape of the cross section, the volume dislocated by the slots
can be approximated by the relation:

V=10.85bhel= 0.85+40b (12)

So, there are evinced some important aspects such as:

- the presence of some variation A7 with high gradient for
almost all slots with width of 2 to 6 mm;

- the equidistant positioning of the peak, corresponding to
the temperature variation, so a good reproducibility of the
defect position;

- the appearance of peaks in position where the tool
shoulder partially covers the defect.

Figure 11. Variation of AT function of V in the
sample with artificial defects in the shape of slots/
Figura 11. Variatia AT functie de V la proba cu
defecte artificiale sub formd de fante

The obtained results show that the functions AT = f{V),
corresponding to volume, and AT = £(S), corresponding to
surface are exponential, in the case of the eliptic artificial defects,

variabila, intre 2 $i 6 mm si adancime constantd de # =4 mm,
conform figurii 9.

Figure 9. Schema of the sample with artificial defects
in the shape of slots of 10 mm, with variable width/
Figura 9. Schita probei cu defecte artificiale sub
formd de fante de 10 mm cu ldtime variabild

Inregistrarea CTI corespunzitoare experimentului este
prezentatd in diagrama din figura 10. Pe abscisa sunt marcate
cu linie ingrosata pozitiile defectelor.

Ca si 1n cazul anterior, diagrama arata o crestere lenta a
temperaturii medii pe lungimea probei intr-un interval de
20=30 grade, care poate fi pusa pe seama incélzirii generale a
probei in cursul experimentului.

Relevante pentru experiment sunt salturile de temperatura
in zona fantelor, ca urmare a supraincilzirilor locale.

Rezultatele masuratorilor efectuate sunt prezentate in
tabelul 4. Avand in vedere forma sectiunii transversale,
volumul dislocat de fanta s-a aproximat cu relatia (12).

Table 4/Tabelul 4

Slot width/
Ldtime fantd 2 3 4 5 6
b [mm)]
Volum e/
Volum
0,85+40b
[mm’]

68 102 136 170 204

Surface/

Suprafata 17
~8.5b [mm?]

AT [°K]

25.5 34 42.5 51

20.7 | 275 345 50 76

Astfel se pun in evidentd urmatoarele aspecte mai
importante:

- prezenta unor variatii AT cu gradient ridicat aproape la
toate fantele cu latimi de la 2 la 6 mm;

- pozitionarea echidistanta a peak-urilor corespunzatoare
variatiilor de temperaturd, ceea ce demonstreaza un grad bun
de reproductibilitate a indicarii pozitiei defectului;

- formarea peak -urilor in pozitia in care umarul uneltei de
sudare acopera partial defectul.

Analiza rezultatelor obtinute indica conform figurii 11, ca
dependenta de volum A7 =f{V) sau de suprafatd AT =f{S) in
cazul defectelor simulate eliptic este exponentiala si ca datorita
valorii ridicate a coeficientului de corelatie R, relatia intre
cele doua marimi are forma (13).

e Experimentul ITI

Experimentul III s-a realizat prin trecerea cu sudura
FSW peste implanturi din materiale diferite: Mg, Cu, otel
de scule (OSC), otel inoxidabil (INOX), avand diametrul
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in accordance with Figure 11. The correlation coefficient R,
has a high value and the relation between the two functions is:

AT = 10.444 "% (13)

* Experiment ITI

The experiment III was realized by FSW covering the
implants, made of different materials such as: Mg, Cu, tool
steel (OSC), stainless steel (INOX), having the diameter, &3 mm
and the depth, # = 4 mm, as it can be seen in Figure 12.

Figure 12. Schema of the sample with artificial
defects as implants in different materials/
Figura 12. Schita probei cu defecte artificiale
prin implanturi din diferite materiale

The thermographic diagram, AT = f{/), obtained by FSW
over the implants is presented in Figure 13. In this diagram,
the implants positions and the corresponding materials are
indicated. It can be seen that, in all the positions, the diagram
presents the peaks, placed on the oscillogram cover (for OSC
and INOX steels) or the minimum values (for Mg, Cu, Mg).
The implant of Cu, from the left side of the oscillogram,
represents the only exception.

The temperatures corresponding to the mean curve,
determined on the oscillogram, are represented in Table 5.

The analysis of the thermographic diagram is more difficult,
for this case, because of the small variations of temperature
and the lack of peaks. This fact can be explained by the small-
dislocated volume by the implants of @3 x 4 mm:

V:ndzz:28.26mm3 (14)

Figure 14. Variation of T function of A in the sample
with artificial defects as implants/
Figura 14. Variatia T functie de A la proba cu defecte
artificiale prin implanturi

The recording results for the temperature and the thermal
conductivity, A, at 300°C, as mean temperature of the
superficial layer, are presented in Table 5.
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03 mm si adancimea 4 = 4 mm, conform configuratiei din
figura 12.

Diagrama termograficd AT = f{/) obtinuta la trecerea cu
sudurd FSW peste implanturi este prezentata in figura 13. in
diagrama sunt indicate pozitiile i materialele din care au fost
confectionate implanturile. Se remarca faptul ca in toate
pozitiile oscilograma indica fie peak-uri ce depasesc
invelitoarea oscilogramei (cazul OSC si INOX), fie minime
(cazul Mg, Cu, Mg). Singura exceptie o reprezinta implantul
de Cu din stanga oscilogramei.

Figure 13. CTI recording of the experiment 111/
Figura 13. Inregistrarea CTI a experimentului II1

Temperaturile corespunzatoare curbei medii determinate de
pe oscilograma sunt prezentate in tabelul 5.

Table 5/ Tabelul 5

Implant material/ T A at/la 300°C
Material implant [°K] [W/m°C]
Cu 596 384
OSC 619 41.5
Mg 605 152
INOX 636 19
Cu 609 384
Mg 600 152

Analiza diagramei termografice pentru acest caz este mult
mai dificila, urmare a variatiilor mici de temperatura si a absentei
varfurilor desprinse din banda de oscilatii. Acest fapt se explica
prin faptul ca implanturile practicate din materiale diferite @3 x 4
mm au avut un volum dislocat relativ scazut (relatia 14).

Rezultatele inregistrarilor de temperatura si coeficientii de
conductivitate termicd A la o temperaturd medie a stratului
superficial de 300°C sunt prezentate in tabelul 5.

In implanturi, spre deosebire de orificii si fante, caldura a
fost transmisa prin conductie prin materiale cu coeficienti de
conductie A mai apropiati de cel al materialului de baza Al 99,5
astfel incat si variatiile de temperatura au fost mai mici.

Cu toate acestea, analiza rezultatelor aratd cd existd o
corespondentd intre temperatura si coeficientul de
conductivitate termica a implanturilor folosite in experiment,
in sensul scaderii lente a acesteia, pe masura cresterii
coeficientului de conductivitate termica.

Rezultatul este prezentat grafic in coordonate semilogarit-
mice in figura 14, iar corelatia cu coeficientul R = 0,77 este
logaritmica (relatia 15).

mcares Materiallelor

meeE

Sudarea ¢f

W
N






WELDING & MATERIAL UESTING

Within the implants, the heat is transmitted by conduction
through the materials having the thermal conductivity, A close
to the the same coefficient for the base material, A199.5. So,
the temperature variations have been very small. In this case,
the results show a correlation between the temperature and
the thermal conductivity of the implants used in this
experiment. As a result, if the thermal conductivity is increased,
the temperature has a slow decrease.

The result is represented graphically, in semi-logarithmic
coordinates, in Figure 14, and the correlation coefficient is
R=0.77:

T=-10.718 In A+ 662 (15)

* Experiment IV

The experiment IV was realized on the FSW welded joints,
having the slots of variable width and depth, between 2x2x10
mm and 6x6x10 mm, Figure 15. The slots are placed on the
advance surface of the welding tool and on the retraction
surface, respectively.

CTI recording corresponding to the scheme in Figure 15
(defects on the advanced surface) is presented in the oscillogram
in Figure 16. In this figure, the artificial defects positions are

Figure 16. CTI recording of the experiment IV with
defects in the shape of slots, placed in the advanced
position of the welding tool/

Figura 16. Inregistrarea CTI la experimentul IV cu
defecte de tip fantd, plasate pe partea de avans a
uneltei de sudare

marked on the abscissa with thick lines. Analysing the oscillogram,
it can be seen the temperature peaks presence, placed at a quasi-
constant distance from the limit of defect. The peaks positions
are approximately in the same position of the welding tool, when
the tool shoulder partially covers the defect.

The evaluation results are presented in Table 6. Taking
into consideration the slot profile and its length, /= 10 mm,
the dislocated volume can be calculated using the relation:

V=85 (16)

The graphical representation, AT =f{V), leads to the diagram
in Figure 17, almost the same with the diagram for the included
slots, covered by FSW.

In this case, the temperature variation can be calculated
by the relation:

DT = 16.908¢" """ (17)

CTI recording corresponding to the scheme in Figure 15
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* Experimentul IV

Experimentul IV este realizat pe probe sudate FSW, avand
pe suprafata frontala longitudinala de atac, respectiv pe
suprafata de retractie, practicate fante de latime si adancime
variabila, intre 2x2x10 mm si 6x6x10 mm, conform figurii 15.

Inregistrarea CTI corespunzitoare pozitionarii din figura 15
(defectele pe partea de atac) este prezentata in oscilograma din
figura 16, avand marcate, gros pe abscisa, pozitiile defectelor

Figure 15. Schema of the sample with artificial
defects in the shape of included slots of different
width and depth, placed in the advanced position,
and in the retraction position of the welding tool/

Figura 15. Schita probei cu defecte artificiale sub
Sformd de fante incluzionate de diferite ldtimi si a
ddncimi situate pe partea de avans, respectiv de
retractie a uneltei de sudare de sudare

artificiale paralelipipedice. Analiza acesteia ne indica faptul cé la
toate defectele se constata prezenta peak-urilor de temperatura,
situate la distantd cvasi constantd de marginea defectului. Pozitiile
varfurilor coincid cu pozitia aproximativa a uneltei de sudare, in
momentul care umarul acesteia acopera partial defectul.

Rezultatele evaluarilor sunt prezentate in tabelul 6. Avand
in vedere ca profilul fantei este cu racord si lungimea
/=10 mm, volumul dislocat s-a aproximat cu relatia (16).

Prin reprezentarea graficd AT =f{V) se obtine diagrama din
figura 17, indicand o dependenta exponentialda AT = f{V) destul
de apropiata celei determinate in cazul fantelor incluzionate
acoperite cu sudura.

In acest caz, variatia de temperaturi s-a apreciat cu relatia (17).

Table 6/Tabelul 6

b Vv AT
[mm] [mm3] [°K]
2 34 21
3 76.5 25
4 136 30
5 212.5 75
6 306 80

inregistrarea CTI corespunzitoare configuratiei din
figura 15, cu defecte situate in sectiunea de retractie, este
prezentata in figura 18. Ca si in cazul anterior, se disting varfuri
de temperatura pentru fiecare defect in parte, aflate in aceleasi
sectiuni. Aceste sectiuni se situeaza in pozitiile in care umarul
uneltei de sudare acopera partial defectul.

Rezultatele evaludrilor sunt prezentate in tabelul 7.
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(defects on the retraction surface) is presented in the
oscillogram in Figure 18. In this case, there are peaks of
temperature for every defect, in the same cross sections. These
sections are placed in the positions when the tool shoulder

80 /
- P

70

50 v = 16.908e0-0055%

R?=0.9048

0 /

g

<>

0 a0 100 150 200 250 300 350
— ¥ [mm13]

Figure 17. Variation of AT function of V in the sample
with defects in the shape of slots, placed in the advanced
position of the welding tool/

Figura 17. Variatia AT functie de V la proba cu fante pe
partea de avans a uneltei de sudare de sudare

partially covers the defect.
The evaluation results are presented in Table 7.
The temperature variation, calculated by the relation:

AT = 8.5871"07%7 (18)
leads to the graphical representation, AT =f(V), obtaining

the diagram in Figure 19.

Table 7/Tabelul 7

b \Y% AT
[mm] [mm’] [°K]
2 34 11
3 76.5 11
4 136 14
5 212.5 26
6 306 32

As in the previous case, in the experiment I'V, the obtained
function is also exponential. The relations (17) and (18) have
also the same shape, close to the relation (13).

* ExperimentV

The experiment V contained the monitoring with infrared
camera, CTI of the defects as slots completely penetrated of
10 x 10 mm, having the depth, @ = 1 mm, and ¢ = 2 mm,
respectively placed at equal distance one from another, on
the frontal surface of the work piece, Figure 20.

In the case of the artificial defect, as slot with depth of
2 mm, the oscillogram is presented in the Figure 21. In order
to explain this, on the abscissa, the defects positions are marked
with the thick line. There have been observed some peaks of
temperature, placed in the cross section of the defect or in the
close position, when the tool shoulder covers the defect.

In the case of the artificial defect as slot with depth of 1 mm,
the temperature oscillogram is presented in Figure 22. It can be
see that, also in this case, the results are approximately the

Variatia de temperatura calculata cu relatia (18) conduce la
reprezentarea graficd a acestei dependente AT = f(V),
obtinandu-se diagrama din figura 19.

Figure 18. CTI recording of the experiment [V
with defects in the right side/
Figura 18. Inregistrarea CTI la experimentul IV
defecte dreapta

Ca si in celalalt caz, la experimentul 1V, functia obtinuta
este tot exponentiald. Relatiile (17) si (18) sunt de asemenea
de aceeasi forma si apropiate de relatia (13).

* Experimentul V

Experimentul V s-a referit la monitorizarea cu camera
termografica in infrarosu, CTI a defectelor de tipul fantelor

Figure 19. Variation of AT function of V in the sample
with defects in the shape of slots, placed in the retraction
position of the welding tool/

Figura 19. Variatia AT functie de V la proba cu fante
pe partea de retractie a uneltei de sudare

complet patrunse, de 10 x 10 mm, avand adancimea a = 1 mm,
respectiv a =2 mm, fante situate la distante egale pe suprafata
frontala a piesei, conform figurii 20.

In cazul defectului artificial sub forma de fanta de 2 mm
adancime, oscilograma obtinuta este prezentata in figura 21.
In vederea interpretarii ei, pe abscisa au fost demarcate cu
segmente groase pozitiile fantelor. Excluzand zonele de tranzitie
de la capetele placii sudate, se pun in evidentd varfuri de
temperatura situate, fie in sectiunea defectului, fie intr-o pozitie
apropiatd unde umarul uneltei de sudare acopera defectul.

In cazul sudarii placilor cu fante patrunse de 1 mm
adancime, oscilograma temperaturii se prezintd ca in
figura 22. Ca si in cazul precedent si la acest experiment s-

year XIX, no. 1/2010
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same. The temperature peaks correspond to the slots location.
There is an exception concerning the two maxima from the left
side of the oscillogram. These maximum values correspond to

Figure 20. Experimental plate with completely penetrated
slots of constant depth, a =1 mm and a =2 mm/
Figura 20. Placd experimentald cu fante complet
pdtrunse de addncime constantd, a = 1 mm si a = 2 mm

the transition regime in the weld limit and/or the moment to
detach the material from the tool. The both situations can explain
the accidental variations of the temperature.

Figure 22. Oscillogram T = f(1) for the defects in the shape
of completely penetrated slots of 1 mm in depth/
Figura 22. Oscilograma T = f(l) la defecte de tipul
fantelor complet pdtrunse de 1 mm adancime

Analysing the oscillograms, it can be seen that in every
defect zone, the peak of temperature is placed on the
oscillogram cover of the temperature variation. The sudden
peaks are not specific to the analysed defects. They can be
considered as “arte factum” of the process.

The equidistant positioning of the temperature peaks, and
their superposition with the defects location, seen in Figure 23
as the real image in the welded joint, confirms completely the
obtained results.

6. Brief statistical analysis

The statistical analysis of the temperature variations, based
on 2000 — 3000 measurements, allowed to establish the
following statistical parameters: mean value, x,, square mean
deviation, 6, modulus, M, and Pearson coefficient, s, presented
in Table 8.

Taking into consideration the normal distribution and the
values of Pearson coefficient, the statistical curves are a little
asymmetric on the left side.

year XIX, no. 1/2010

au obtinut rezultate comparabile. Peak-urile de temperatura
corespund locatiei fantelor. Fac exceptie cele doud maxime
din stanga oscilogramei. Acestea corespund regimului

Figure 21. Oscillogram T = f(1) for the defects in the shape
of completely penetrated slots of 2 mm in depth/
Figura 21. Oscilograma T = f(1) la defecte de tipul
fantelor complet pdtrunse de 2 mm addncime

tranzitoriu de la marginea sudurii si/sau momentului de
desprindere a materialului aderent de pe unealta de sudare,
situatii care pot explica variatiile accidentale de
temperatura.

Din analiza oscilogramelor se desprinde faptul cé in fiecare
zona de defect varful de temperaturd se pozitioneaza pe o
invelitoare de variatie a temperaturii. Varfurile bruste, nu sunt
specifice defectelor analizate, acestea putand fi considerate
“arte factum” al procesului urmarit.

Figure 23. Aspect of FSW welded plate with
slots of 1 mm in depth/
Figura 23. Imaginea pldcii sudate FSW, avand
fante de 1 mm addncime

Pozitionarea echidistanta a varfurilor de temperatura,
precum s§i suprapunerea acestora cu pozitia defectelor,
vizualizate in figura 23 1n imagine reala in lungul imbinarii
sudate, confirma pe deplin rezultatele obtinute.

6. Scurta analiza statistica

Analiza statisticd a variatiilor de temperatura inregistrate
in cursul experimentelor, avand la baza cate 2000 — 3000
masuratori, a permis stabilirea urmatorilor parametrii statistici:
media x,, abaterea pétraticd medie ¢, modulul M, si coeficientul
Pearson, s;, conform tabelului 8.

Luand in considerare distributia normala si avand in vedere
valorile coeficientului Pearson, rezultd ca in general curbele
de repartitie statistica sunt usor asimetrice la stanga.
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The differences between the mean values and between the
modules can be explained by the initial welding conditions.

7. Conclusions

The performed researches evinced the real possibilities,
qualitative and quantitative, to detect the defects of FSW
joints, using the infrared thermography method.

The good reproducibility of the results and the temperature
variation with the dislocated volume by the defects have been
also evinced.

The appearance of the peaks of temperature in the length
of the welded joint and their positions in the defects zone,
and in the working area of the welding tool respectively, was
determined by the sudden modification of the temperature
gradient, because of the thermal conductivity variation.

It was drawn the conclusion that, no matter the artificial
defect shape, the minimum necessary volume to obtain a
good evaluation of the thermographic recording can be
determined.

Unlike the other non-destructive examination methods, the
thermography method is more limited from the defect size and
detection reproducibility point of view, taking into account
the compulsory correlation with the welding speed.
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Diferentele dintre valorile medii si dintre module au ca
explicatie conditiile initiale de sudare.

Table 8/Tabelul 8

Experiment X, o M, s *
[°K] [°’K] [°K]

1 556 13.0 572 -1.23

11 563 16.5 575 -0.73

111 598 31.0 586 0.39

IV a 563 16.5 583 -1.21
IVb 509 13.0 508 0.08
Va 517 19.7 523 -0.31
Vb 518 14.2 550 -0.34

*S=(Xa-Mg)/ o

7. Concluzii

calitative si cantitative de detectare a defectelor din imbinarile
sudate FSW prin metoda termografiei in infrarosu.

S-a pus in evidenta, pe de o parte o buna reproductibilitate
a rezultatelor in ce priveste localizarea defectelor, iar pe de
alta parte o dependenta a variatiilor de temperatura de volumul
dislocat cu ajutorul defectelor.

Aparitia varfurilor de temperaturd in lungul imbinarii si
localizarea lor sistematica in zona defectului, respectiv in raza
de actiune a uneltei de sudare are ca explicatie modificarea
bruscd a gradientului temperaturii, urmare a variatiei
conductivitatii termice.

S-a constatat totodata, ca indiferent de forma defectului
simulat, se poate delimita volumul minim necesar pentru ca in
limitele preciziei de determinare sd se obtind o evaluare
corespunzatoare a inregistrarilor termografice.

Spre deosebire de celelalte metode de examinare
nedistructivd metoda termografiei este mai limitata din punctul
de vedere al marimii defectului si a reproductibilitatii detectarii,
avand in vedere corelarea obligatorie cu viteza de sudare.
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