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Rezumat

Aceastd lucrare analizeazad influenta parametrilor procesului de sudare WIG pulsat asupra rdspunsului sursei
de curent de sudare si, in consecintd, asupra aportului de caldurd si a geometriei sudurii. In studiul experi-
mental s-a variat frecventa impulsului si proportia curentului de bazd. Prin mdsurarea curentului de sudare si
a tensiunii arcului s-a analizat raspunsul sursei de curent, s-a determinat aportul de cdldurd si s-a examinat
geometria sudurii. Rezultatele aratd cd, in special la frecvente de impuls mai mari, sursa de curent nu reuseste
sd urmeze forma de impuls intentionatd sau sd atingd valorile de curent definite. Acest lucru afecteazd di-
rect aportul de cdldurd si geometria sudurii. Cresterea frecventei impulsurilor pdnd la 5 kHz are ca rezultat
o addncime a pdtrunderii si o Idtime a sudurii mai mari, in principal datoritd aportului mai mare de caldura.
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Abstract

This research analyses the influence of welding parameters in pulsed TIG welding on the electrical response
of the welding power source, and consequently on heat input and weld geometry. In the experiment, we
varied pulse frequency and the proportion of base current. By measuring welding current and arc voltage,
we analysed the response of welding power source, determined heat input, and examined weld geometry.
The results show that, particularly at higher pulse frequencies, the welding power source fails to follow the
intended pulse shape and fails to achieve set values of welding current. This directly affects heat input and
weld geometry. Increasing pulse frequency up to 5 kHz results in higher weld penetration depths and weld
width, mainly due to higher heat input.
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1. Introducere

Sudarea cu electrod nefuzibil in mediu de gaz inert
sau Wolfram Inert Gas (WIG) este utilizata Tn indus-
trii precum cea aerospatiald, chimica, de prelucrare,
constructii navale, producere de energie, tehnolo-
gie medicala si auto, in principal datorita capacitatii
sale de a produce suduri de inalta calitate, precise

1. Introduction

Gas-shielded arc welding with a non-consumable
tungsten electrode or Tungsten Inert Gas (TIG) weld-
ing is used in industries such as aerospace, chemical,
processing, shipbuilding, power generation, medical
technology and automotive, mainly due to its ability
to produce high quality, precise and visually appeal-
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si estetice, cu un arc stabil si aproape fara stropi
[1]. Sudarea WIG este foarte eficienta pentru unele
aplicatii, in special la piese subtiri, unde sunt nece-
sare o tensiune redusa a arcului si un aportul redus
de caldura. Pe langa acestea, sudarea WIG in regim
pulsat (P-WIG) este o varianta avansata a procede-
ului WIG care utilizeaza un curent pulsat pentru un
mai bun control al procesului [2].

n regimul pulsat de sudare WIG curentul alterneaz
rapid intre o valoare ridicatd (curent de puls- 1)),
care creeaza patrunderea in materialul de baza si
participa la formarea unui anumit contur al sudurii,
si 0 valoare redusad (curent de baza- |,) care asigura
o ardere continua arcului si faciliteaza racirea baii de
metal topit, reducand astfel aportul total de caldura
[3,4]. Acest aport de cdldura ciclic oferd numeroa-
se avantaje fata de sudarea WIG conventionala cu
curent continuu. Permite controlul precis al apor-
tului de caldurd, deoarece energia este furnizata
in intervale scurte, facilitand disiparea eficientd a
caldurii Tn metalul de baza, rezultand astfel o zona
influentatd termic (ZIT) mai ingusta [5].

Sudarea WIG pulsat imbunatateste semnificativ cali-
tatea sudurilor si reduce aparitia defectelor de tipul
porozitdtii, fisurarii si deformarii [6]. Ea favorizeaza
rafinarea microstructurii si are ca rezultat structuri cu
granulatie mai find care Tmbundtatesc proprietatile
mecanice, cum ar fi rezistenta la tractiune si ductili-
tatea, ceea ce se realizeaza prin cicluri termice si solidi-
ficare controlatd a baii de metal [7]. Alte avantaje iden-
tificate sunt: o stabilitate crescuta a arcului, o densitate
energeticd si o presiune a arcului mai mari, tensiuni
remanente mai mici in suduri si o segregare redusa a
elementelor, ceea ce reduce formarea fazelor fragile si
susceptibilitatea la fisurare la cald in diverse aliaje [8,9].
Eficienta sudarii WIG pulsat este influentata in mare
masurd de capacitatile si performantele sursei de pu-
tere pentru sudare. Sursele de sudare moderne, in
special cele capabile sa creeze pulsuri de inalta (HF)
si ultrafnalta (UHF) frecventa (uzual >20 kHz), sunt
esentiale pentru aceste procese avansate [10,11].
Aceste surse de putere inovative care adesea contin
dispozitive electronice pe baza de carbura de siliciu
(SiC), ofera o dinamica superioara si un control pre-
cis al formelor de unda ale curentului permitand o
reglare flexibild a pulsurilor [12]. Pulsurile UHF, de
exemplu, reduc tensiunea medie a arcului, crescand
in acelasi timp presiunea de stagnare si constrictia
arcului (pana la 260-290% comparativ cu proce-
deul WIG in curent constant) [13]. Acest lucru
duce la o concentrare mai mare a energiei arcu-

ing welds with a stable arc and almost no spatter [1].
TIG welding is very effective for various applications,
especially for thin sheets where the low arc voltage
and heat input are an advantage.

Among these, pulsed TIG welding (P-TIG) is an im-
portant advanced version of the process that utilises
a pulsed current for better process control [2].

In the pulsed TIG welding mode, the current alter-
nates rapidly between a high value (pulse current-
Ip), which creates penetration into the base material
and participates in the formation of a certain weld
contour, and a low value (base current- Ib) which
ensures continuous arc burning and facilitates the
cooling of the molten metal pool, thus reducing the
total heat input [3,4]. This cyclical heat input offers
numerous advantages over conventional TIG weld-
ing with direct current. It enables precise control of
the heat input, as the energy is delivered in short
intervals, allowing efficient heat dissipation into the
base metal and resulting in a narrower heat-affected
zone (HAZ) [5].

Pulsed TIG welding significantly improves the quality,
of weld seams and reduces defects such as porosity,
cracking, and distortion [6]. It promotes microstruc-
ture refinement, and results in finer grain structures
that improve different mechanical properties such
as tensile strength and ductility, which is achieved
through thermal cycling and controlled solidification
of the molten metal [7]. Other identified benefits of
the process include an improved arc stability, a high-
er energy density and a higher arc pressure, a lower
residual stresses in the weldments, and a minimised
element segregation, which reduces the formation
of brittle phases and also reduces the susceptibility
to hot cracking in various alloys [8,9].

The effectiveness of pulsed TIG welding is greatly
influenced by the capabilities of the welding power
source. Modern power sources, especially those
capable of pulsing at high frequency (HF) and ultra-
high frequency (UHF) (typically 220 kHz), are critical
to these advanced processes [10,11].

These innovative power sources, which often incor-
porate silicon carbide (SiC)-based power electronic
devices, offer superior dynamics and precise control
of current waveforms, allowing for flexible regula-
tion of pulses [12].

UHF pulsing, for example, reduces the average arc
voltage while significantly increasing the stagnation
pressure and arc constriction (up to 260-290% com-
pared to constant current TIG) [13]. This leads to a
higher concentration of arc energy, a narrower ar,
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lui, un arc mai ingust si o patrundere mai mare [14].
Procedeele avansate, cum ar fi WIG cu impulsuri de
curent sinusoidale de naltd frecventa (HFSWP DC
WIG), au demonstrat o patrundere aproape dubla in
comparatie cu WIG conventional, precum si o presiune
a arcului si o eficienta termica imbunatatite prin princi-
piile rezonantei LC [15]. Aceste progrese tehnologice
elimina limitarile, cum ar fi patrunderea redusa si ener-
gia difuza, specifice sudarii WIG conventionale [16].
Otelurile inoxidabile, utilizate in diverse aplicatii,
de la sisteme de evacuare pentru automobile pana
la industria farmaceuticd, alimentara, medicald si
petrochimica, sunt principalele materiale sudate
prin procedeul WIG, alaturi de aliajele de aluminiu,
titan si superaliaje [17]. Anumite tipuri, cum ar fi
otelurile inoxidabile feritice AISI 316L, 304L, 409L si
444, ,preferd” acest procedeu datorita faptului ca
atenueaza problemele cauzate de conductivitatea
termicd redusa si de ZIT extinse, specifice sudarii
conventionale [18,19]. Avand in vedere dezvoltarea
continua a surselor pentru sudare, in special in ceea
ce priveste modularea precisa a formei de unda a
curentului, optimizarea Tn continuare a calitatii si
eficientei sudarii ramane un obiectivimportant [20].
Articolul investigheaza raspunsul sursei de sudare
la diferiti parametri de puls si efectul acestora asu-
pra aportului de caldura si dimensiunilor sudurii in
aplicatiile care folosesc otel inoxidabil.

2. Metodologie

2.1 Proprietdtile materialului de baza

Materialul utilizat in experimentari a fost otelul in-
oxidabil martensitic SIST EN X20Cr13 (AISI 420) cu
dimensiunile 110 x 70 x 5 mm. Otelurile inoxida-
bile martensitice contin 12-18% crom si 0,1-1,2%
carbon. Compozitia chimica (% masice) a otelului
selectat este prezentata in tabelul 1.

and deeper penetration [14].

Advanced processes such as high frequency sinusoi-
dal shape wave pulse DC TIG (HFSWP DC TIG) have
shown almost twice the penetration depth com-
pared to conventional TIG, as well as improved arc
pressure and thermal efficiency through LC reso-
nance principles [15]. These technological advances
eliminate limitations such as low penetration and
diffuse energy in conventional TIG welding [16].
Stainless steels, which are used in numerous appli-
cations from automotive exhausts to, the pharma-
ceutical, food processing, medical and petrochemi-
cal industries, are the main materials welded using
TIG welding, along with aluminium alloys, titanium
and superalloys [17].

Certain grades such as AISI 316L, 304L, 409L, and
444 ferritic stainless steels benefit from this process,
which alleviates the problems caused by their low
thermal conductivity and susceptibility to large HAZ in
conventional welding [18,19]. Paying attention to the
continuous development of welding power sources,
particularly in the precise modulation of the current
waveform, further optimisation of welding quality
and efficiency remains an important goal [20].

This paper investigates the response of the selected
welding power source to different pulse parameters
and their effect on heat input and characteristic
weld dimensions in stainless steel applications.

2. Methodology

2.1 Properties of base material

The material used for the experimental program
was the martensitic stainless steel SIST EN X20Cr13
(AISI 420), dimensions 110 x 70 x 5 mm. Marten-
sitic stainless steels contain 12—-18% chromium
and 0.1-1.2% carbon. The chemical composition
(weight %) is shown in table 1.

Tabelul 1. Compozitia chimica a X20Cr13 (w. %) [SIJ]
Table 1. Chemical composition of X20Cr13 (w. %) [SIJ]

C Si

Mn Cr

% 0,20

max. 1,50

max. 1,50 13,0

Proprietatile mecanice si fizice ale otelului utilizat
au fost: densitate p = 7,73 g/cm?3; modul de elastici-
tate E =216 GPa (20°C) — 190 GPa (400°C); conduc-
tivitate termicd A = 30 W/(m K); rezistentd electrica
=60 (Q-mm?)/m; cdldura specificd c = 0,46 J/(g K);
rezistenta la tractiune Rm = 700-850 MPa; alungire
£ = 13% (20°C).

The mechanical and physical properties of the
steel used were: density p = 7.73 g/cm3; modulus
of elasticity E = 216 GPa (20°C) — 190 GPa (400°C);
thermal conductivity A = 30 W/(m K); electrical re-
sistance { = 60 (Q-mm?)/m; specific heat c = 0.46 J/
(g K); tensile strength Rm = 700-850 MPa; elonga-
tion € = 13% (20°C).
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2.2 Cercetarea experimentald

Experimentele au fost realizate cu o sursa iWave
500i AC/DC care permite frecvente de puls de pana
la 10 kHz. Sudarea a fost realizatd utilizand un sis-
tem automatizat care asigura o viteza constanta de
sudare (12,2 cm/min) si o distanta constanta intre
electrod si piesa de lucru (2 mm). Alti parametri au
fost: unghiul de inclinare al pistoletului WIG 90°; po-
laritatea electrodului negativa; electrodul nefuzibil
a fost WLal5, 32,4 mm; lungimea electrodului 175
mm; gaz de protectie Ar 4.8, debit 10 I/min; dimen-
siunea duzei 10; forma de puls patrata.

In prima parte a experimentelor s-a definit valoa-
rea curentului de puls la I, = 150 A; durata relativa
a curentului de puls DR% = 50%; valoarea curentu-
lui de bazd I, = 50%/75 A si s-a modificat frecventa
pulsului de la 0,5 Hz la 10 kHz si s-au comparat re-
zultatele cu cele specifice sudarii cu un curent DC
constant cu valoarea de referinta de 112,5A care
reprezinta o valoare medie intre curentul de puls si
cel de bazd cu o duratd relativd de 50%. In a doua
serie de teste, investigatiile au fost efectuate la 1
kHz si 2 kHz, variind procentul curentului de baza
de la 10% la 80%, astfel incat diferentele dintre cei
doi curenti sa devina mai mari. Curentul de sudare
a fost masurat cu un senzor Hall HTFS 400-P/SP2, iar
pentru masurarea tensiunii arcului a fost utilizat un
divizor de tensiune cu o diviziune de 1:10. Polul sau
liber (negativ) a fost conectat numai dupa amorsarea
arcului, pentru a evita o eventuala supraincarcare a
componentelor de masurare, iar polul pozitiv a fost
conectat la piesa de sudat. Aceste valori au fost in-
registrate folosind un osciloscop InfiniiVision DSO-
X 3014A conectat la tensiunea de retea printr-un
transformator de izolare, pentru a evita eventua-
lele interferente si a permite luarea masurilor de
protectie. Inainte de fiecare misuritoare, piesa de
sudat a fost curdtatd cu acetonad, fixata pe o banca
de lucru si sudata complet. Arcul a fost aprins cu un
dispozitiv de Tnalta frecventd si inalta tensiune, iar
viteza de sudare a fost mentinuta constanta la 12,2
cm/min. Dupa amorsarea arcului, cablul neconectat
al divizorului de tensiune a fost conectat la piesa de
sudat, permitand masurarea tensiunii arcului. Pentru
masurarea de referinta s-a efectuat mai intai sudarea
WIG cu un curent continuu constant de | = 112,5 A,
apoi s-a modificat frecventa pulsului si componenta
curentului de baza, asa cum se arata in tabelul 2.

S-a utilizat osciloscopul pentru a inregistra si monitoriza
masura in care raspunsul sursei de putere era inca com-
parabil cu forma teoreticd a unui puls cu unda patrata.

2.2 Experimental research

The experiments were carried out with a iWave 500i
AC/DC source, which enables pulse frequencies of
up to 10 kHz. Welding was carried out using an auto-
mated system that ensures a constant welding speed
(12.2 cm/min) and a constant distance between the
electrode and the workpiece (2 mm). Other parame-
ters were: torch inclination angle 90°; electrode po-
larity negative; the used non-fusible electrode was
WLal5, 2.4 mm; electrode length 175 mm; shield-
ing gas Ar 4.8, gas flow rate 10 |/min; nozzle size 10;
square pulse shape.

In the first part of the experiments, it was set the
pulse current value to |, = 150 A; pulse current duty
cycle DC% = 50%; base current value I, = 50% /75
A and changed the pulse frequency from 0.5 Hz to
10 kHz and compared the results with a DC refer-
ence welding current of 112.5 A, which represents
an average value between the pulse current and the
base current with a duty cycle of 50 %. In the sec-
ond series of tests, investigations were carried out
at 1 kHz and 2 kHz, varying the percentage of base
current from 10% to 80%, so that the differences be-
tween the two currents became greater. The weld-
ing current was measured with a Hall sensor HTFS
400-P/SP2, and a voltage divider with a division of
1:10 was used to measure the welding voltage. Its
free pole (negative) was connected only after the arc
was struck to avoid possible overloading of meas-
urement components, and the positive pole was
connected to the welding workpiece. These values
were recorded using an InfiniiVision DSO-X 3014A
oscilloscope connected to the mains voltage via an
isolating transformer to avoid possible interference
and enabling protective measures.

Before each measurement, the workpiece to be
welded was cleaned with acetone, clamped on a
workbench and fully welded. The arc was ignited
with a high-frequency high-voltage device, and the
welding speed was constant at 12.2 cm/min. After
the arc was ignited, the unconnected cable of the
voltage divider was connected to the workpiece, al-
lowing the welding voltage to be measured.

For the reference measurement, it was first carried
out TIG welding with a constant direct current of | =
112.5 A and then changed the pulse frequency and
the base current component as shown in table 2.

It was used the oscilloscope to record and monitor the
extent to which the response of the welding current
source was still comparable to the theoretical shape
of a square-wave pulse. The measurement data was
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Tabelul 2. Parametri setati pentru o masurare individualad efectuata cu Fronius iWave 500iAC/DC
Table 2. Set parameters for an individual measurement performed with the Fronius iwave 500iAC/DC

Masurare / Measurement 1 2 3 4 5 6 7 8 9
f [Hz] 0,5 500 1000 2000 5000 10000 1000 2000 2000
Iy [%] 50 50 50 50 50 50 10 10 85

Datele de masurare au fost prelucrate in sensul

filtrdrii zgomotului cu un filtru Butterworth, apoi

convertite corespunzator in Excel, iar energia liniara
a fost calculata folosind relatia (1):

U-1-60

S v-1000

U reprezinta tensiunea arcului in [V], | este curentul
de sudare in [A], iar v reprezinta viteza de sudare care
a fost constanta la 12,2 cm/min in toate testele.

De asemenea, trebuie subliniat faptul cd, datorita
periodicitdtii semnalului in timpul sudarii pulsate,
s-au utilizat pentru calcul valorile medii patrate (RMS)
ale curentului de sudare si ale tensiunii arcului.
Astfel, s-au obtinut valorile medii ale ariei de sub
curbele curentului si tensiunii. Pentru a determina
si compara forma, adancimea si latimea sudurii,
precum si aria materialului topit si, astfel, pentru a
evalua Tn mod cuprinzator aportul de caldura, pro-
bele au fost sectionate transversal la 20 mm de la
inceputul sudurii, utilizand un ferdstrau circular. Pro-
bele pregatite in acest mod au fost slefuite cu hartie
abraziva avand granulatie succesiva pana la 4000
si curatate apoi cu etanol. A urmat un atac cu apa
regald (1 parte HNO, si 3 parti HCl) timp de 8-10 se-
cunde si curatare din nou cu etanol.

Imaginile sectiunilor transversale au fost prelevate
cu ajutorul microscopului optic digital VHX-6000, iar
dimensiunile sudurilor au fost analizate cu ajutorul
software-ului ImagelJ.

3. Rezultate si discutii

Tn continuare se prezintd rezultatele si se discutd
influenta frecventei pulsurilor si a curentului de baza
asupra comportamentului sursei de putere si asupra
dimensiunilor caracteristice ale sudurii.

3.1 Influenta parametrilor de sudare asupra
rdspunsului sursei de sudare

3.1.1 Influenta frecventei pulsurilor

Masuratorile au aratat ca frecventa pulsurilor are o
influenta semnificativa asupra raspunsului curentu-
lui de sudare furnizat de sursa de putere, asa cum
se poate observa din diagramele obtinute de la os-
ciloscop si prezentate in figura 1.

noise-filtered using a Butterworth filter and then con-
verted accordingly in Excel and the heat input calcu-
lated using relationship (1):

p— (1)

cm

U stands for the welding voltage in [V], | for the
welding current in [A] and v for the welding speed,
which was constant at 12.2 cm/min in all tests. It
should also be emphasized that due to the periodic-
ity of the signal during pulse welding, it was used
the Root Mean Square (RMS) values of the welding
current and welding voltage measurements for the
calculation. This provided the average values of the
area under the welding current and welding volt-
age curves. In order to determine and compare the
shape, depth and width of the weld bead and the
area of the melted material and thus comprehen-
sively evaluate the heat input, the samples were sec-
tioned crosswise 20 mm from the start of the weld
using a circular saw.

The samples prepared in this way were ground to
the appropriate roughness (4000 grit sandpaper) and
cleaned with ethanol. They were then etched in aqua
regia (1 part HNO; and 3 parts HCl) for 8 to 10 seconds
and then cleaned again with ethanol.

Images of the cross-sections were taken using the VHX-
6000 optical digital microscope and the dimensions of
the weld seams were analysed using ImageJ software.

3. Results and discussions

The next chapter presents the results and discusses
the influence of the pulse frequency and the base
current on the behaviour of the power source and
the dimensions of weld seam.

3.1 Influence of the welding parameters on the re-
sponse of the welding power source

3.1.1 Influence of the pulse frequency

The measurements have shown that the frequency
has a significant influence on the response of the
welding current supplied by the welding power
source, as can be seen from the diagrams obtained
from the oscilloscope in figure 1.
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Figura 1. Diagrame ale comportamentului de raspuns al sursei de putere pentru sudare in raport cu
curentul de sudare si tensiunea de sudare la diferite frecvente de impuls de la 0,5 Hz la 10 kHz
Figure 1. Diagrams of the response behaviour of the welding power source in relation to welding cur-
rent and welding voltage at different pulse frequencies from 0.5 Hz to 10 kHz

Valorile curentului de puls si ale curentului de baza
sunt indicate cu linii punctate negre in figura 1. Re-
zultatele aratd ca panala o frecventa de 1 kHz (figura
1b)), sistemul atinge Tn continuare cu succes valo-
rile tinta ale curentului de puls si de baza, cu forma
corecta a undei patrate a curentului de sudare si
tensiunii arcului. La frecvente de 1 kHz (figura 1b)
si 5 kHz (figura 1c), se poate observa o depdsire mai
mica a curentului si tensiunii. Sursa de putere atinge
doar valoarea tinta a curentului de puls, dar nu si
valoarea de baza a curentului de sudare, deoarece
este fortata sa furnizeze frecventa definita a pulsuri-
lor. La frecventa de 10 kHz (figura 1c), sistemul nu
atinge forma dreptunghiulara doritd pentru valorile
masurate, ci ofera o forma de puls semnificativ mai
slaba. Acest lucru aratd ca sursa de putere nu este
capabild sa furnizeze o modificare a parametrilor de
sudare din cauza timpului limitat disponibil pentru
modificarea doritd, deoarece rata sa de crestere si
de scddere este limitata. Figurile 1b-c arata ca viteza
de crestere si cea de scadere a parametrilor de su-
dare sunt diferite, viteza de crestere fiind mai mare
decét cea de scadere.

La frecvente foarte mari, adica la 10 kHz (figura 1d),

The values of the pulsed and base current are shown
as black dotted lines.

The results show that up to a frequency of 1 kHz
(figure 1b), the system still successfully achieves the
target values of pulsed and base current with the
correct square wave shape of welding current and
welding voltage.

At frequencies of 1 kHz (figure 1b) and 5 kHz (figure
1c), a lower overshoot of the current and voltage can
be observed. The power source only achieves the
target value of the pulse current, but not the base
value of the welding current, as it is forced to deliver
the correct pulse frequency. At frequency of 10 kHz
(figure 1c), the system does not achieve the desired
rectangular shape of the measured values but de-
livers a significantly poorer pulse shape. This shows
that the welding power source is unable to deliver
a change in welding parameters due to the limited
time available for the desired change in welding pa-
rameters, as its rise and fall rate is limited. Figures
1b-c also show that the rise rate and fall rate of the
welding parameters are different, with the rise rate
being much faster than the fall rate.

At very high frequencies, i.e. at 10 kHz (figure 1d),
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marja dintre curentul de puls si curentul de baza
este si mai mica. Aici, sursa de putere nu atinge nici
macar valoarea tintd a curentului de puls. Tn schimb,
curentul de puls si curentul de baza se deplaseaza
in jurul valorii RMS medii, adica un curent continuu
constant de 112,5 A cu o amplitudine de aproxima-
tiv 14 A. Acest lucru indicd faptul ca sursa de putere
trece la conditii de sudare cu un curent continuu
constant, in conditiile mentionate mai sus.

3.1.2 Influenta curentului de bazd

Timpul disponibil pentru modificarea pas cu pas a
parametrilor de sudare joaca unrol decisivin raspunsul
optim al sursei de putere pentru sudare. Pentru a
clarifica influenta diferitelor valori ale curentului de
baza tinta, s-au efectuat madsurdtori la frecventele
de 1 kHz si 2 kHz, modificand setarea curentului de
baza la 10%, 50% si 85% din valoarea curentului de
puls de 150 A. Aceste valori sunt reprezentate prin li-
nii punctate negre in figura 2. Rezultatele aratd cd o
crestere a diferentei dintre curentul de puls si curentul
de bazd afecteaza in mod semnificativ comportamen-
tul de rdspuns in sine, astfel Tncat in toate exemplele
prezentate, cu exceptia celui de 2 kHz si a curentu-
lui de baza de 85% (figura 2d), nu se obtine pulsul de
unda patrata dorit. Motivul rezida din nou in viteza
limitata de crestere si scadere a sursei de alimentare
care permite o diferenta mai mare intre puls si valoa-
rea curentului de baza. Dupa cum se poate observa
din diagrama din figura 2a), sursa de putere continua
sa atinga un comportament de raspuns acceptabil la o
frecventd de 1 kHz, chiar si cu o diferentd mai mare in-
tre curentul de puls si curentul de baza, adica la valori
scazute ale curentului de baza de 10% sau 15 A. La 2
kHz, forma si valorile curentului de arc sunt garantate
numai la un curent de baza ridicat (85% sau 135,5 A-
figura 2d), adica la o diferentd mai mica intre valorile
curentului de puls si cele ale curentului de baza.

O crestere a diferentei dintre curentul de puls si cel
de baza la 2 kHz modificd forma curentului de puls.
La valoarea definita a curentului de baza de 50% sau
75 A, se atinge valoarea de baza (figura 2c), in timp
ce la 10% sau 15 A, valoarea minima a curentului de
baza atinge doar aproximativ 35 A. Frecventa de 1 kHz
poate fi, prin urmare, definita ca limita superioara la
care sursa de putere reactioneaza in mod satisfacdtor
la diferite valori ale curentului de baza.

3.1.3 Influenta frecventei pulsurilor si a curentului de

bazd asupra curentului de sudare al sursei de putere
Figura 3 arata influenta frecventei pulsurilor (intre
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the margin between pulse and base current is even
smaller. Here, the power source does not even reach
the target value of the pulse current. Instead, the
pulse and base current move around the averaged
RMS value, i.e. a constant DC current of 112.5 A with
an amplitude of approx. 14 A. This indicates that the
welding power source transitions to welding condi-
tions with a constant DC current in the mentioned
conditions.

3.1.2 Influence of the base current

The time available for the step-by-step change of the
welding parameters plays a decisive role in the opti-
mum response of the welding power source.

To make the influence of the different target base
current values clearer, we carried out measure-
ments at the frequencies of 1 kHz and 2 kHz, by
changing the base current setting at 10%, 50% and
85% of the pulsed current value of 150 A. These
values are shown as black dashed lines in figure 2.
The results show that increasing the difference be-
tween the pulsed and base current significantly af-
fects the response behaviour itself, so that in all the
examples shown, except at 2 kHz and a base current
of 85% (figure 2d), the desired square wave pulse
is not achieved. The reason again lies in the limited
rise and fall speed of the power source, which al-
lows a greater difference between the pulse and the
base current value. As can be seen from the diagram
in figure 2a), the power source still achieves accept-
able response behaviour at a frequency of 1 kHz,
even with a greater difference between pulsed and
base current, i.e. at low base current values of 10%
or 15 A. At 2 kHz, the arc current shape and values
are only guaranteed at a high base current (85% or
135.5 A- figure 2d), i.e. with a smaller difference be-
tween pulsed and base current values.

An increase in the difference between the pulse and
base current at 2 kHz changes the shape of the pulse
current. At the set value of the base current of 50%
or 75 A, the base value is reached (figure 2c), while
at 10% or 15 A, the minimum base current value
only reaches approx. 35 A.

The frequency of 1 kHz can therefore be defined as
the upper limit at which the welding power source
still reacts satisfactorily at different values of the
base current.

3.1.3 Influence of the pulse frequency and the base
current on the welding current of the power source
Figure 3 shows the influence of the pulse frequency
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Figura 2. Diagrame ale raspunsului puterii de sudare si tensiunii de sudare ale sursei de alimentare
pentru sudare pentru diferite valori ale curentului de baza, la frecvente de la 1 la 2 kHz
Figure 2. Diagrams of the welding power and welding voltage response of the welding power source
for different values of the base current, at frequencies from 1 to 2 kHz

0,5 Hz si 10 kHz) si a componentei curentului de
baza, la frecventa pulsurilor de 2 kHz asupra vitezei
de crestere (coloane albastre) si a vitezei de scadere
(coloane rosii) a curentului de sudare in kA/s. Se
poate observa cad sursa de putere atinge mai mult
sau mai putin forma dreptunghiulard a curentu-
lui de sudare si valorile dorite ale curentului de
puls si de baza atunci cand ambele valori ale vite-
zelor de crestere si scadere ale curentului de sudare
sunt egale si mai mici decat aproximativ 500 kA/s
(figura 3a). Forma dreptunghiulara a pulsului este
distorsionata in timpul primei schimbari intre viteza
de crestere si cea de scddere si este distorsionata si
mai mult daca aceste schimbari sunt mai mari. Sursa
de putere analizata are o viteza de crestere limitata
a curentului de sudare de aproximativ 1570 kA/s si o
viteza de scadere limitata a curentului de sudare de
aproximativ 570 kA/s. La frecvente ale pulsurilor de
5 kHz si mai mari, viteza de crestere incepe sa scada
spre 1000 kA/s, in timp ce viteza de scddere creste
usor la 610 kA/s. Acelasi efect poate fi observat si la
frecvente mai mici de 2 kHz, cand se modificd valoa-
rea curentului de baza (figura 3b). Cand diferenta
dintre curentul de puls si cel de baza creste la valori
mai mari, iar sursa de putere nu poate atinge o forma
dreptunghiulard a curentului pulsului, vitezele de
crestere si de scadere ale curentului incep sa difere.

(between 0.5 Hz and 10 kHz) and the base current
component at 2 kHz pulse frequency on the rate of
rise (blue columns) and the rate of fall (red columns)
of the welding current in kA/s. It can be seen that
the power source more or less achieves the rectan-
gular shape of the welding current and the desired
values of the pulse and base current when both val-
ues of the rise and fall rates of the welding current
are equal and less than approx. 500 kA/s (figure 3a).
The rectangular shape of the pulse is distorted dur-
ing the first change between rising and falling speed,
and it is distorted even more if these changes are
greater. The analysed welding power source has a
limited rising rate of the arc current of approx. 1570
kA/s and a limited falling rate of the arc current of
approx. 570 kA/s. At pulse frequencies of 5 kHz and
higher, the rate of rise begins to decrease towards
1000 kA/s, while at the same time the rate of fall
increases slightly to 610 kA/s. The same effect can
also be observed at lower frequencies of 2 kHz when
the value of the base current is changed (figure 3b).
When the change between pulse current and base
current increases to larger values, and the power
source cannot achieve a rectangular shape of the
pulse current, the rise and fall rates of the arc cur-
rent start to differ.

11
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a) Influenta frecventei impulsului (intre 0,5 Hz si 10 kHz) si b) proportia curentului de baza la

o frecventd a impulsului de 2 kHz asupra vitezei de crestere si scadere a curentului de sudare
Figure 3. a) The influence of the pulse frequency (between 0.5 Hz and 10 kHz) and b) the proportion
of the base current at a pulse frequency of 2 kHz on the rate of rise and fall of the welding current

3.2 Influenta frecventei impulsurilor asupra apor-
tului de cadldura liniar

Figura 4 aratd influenta frecventei pulsurilor asu-
pra valorilor RSM ale curentului de sudare, tensiu-
nii arcului si energiei liniare calculate cu ecuatia 1.
Se poate observa ca modificdrile energiei liniare
urmeaza modificdrile raspunsului sursei de putere
(figura 1). Forma raspunsurilor afecteaza valoarea
integrata sau aria de sub curbele curentului de su-
dare si tensiunii arcului, ceea ce se reflecta in valorile
RMS ale curentului si tensiunii masurate. Aceste va-
lori sunt variabile cheie pentru calcularea aportului
termic liniar. Pe masura ce frecventa creste, valoarea
RMS a curentului de sudare creste, ceea ce este evi-
dent in special peste o frecventa de 1 kHz, deoarece
sursa de putere utilizatd nu atinge valoarea tinta a
curentului de baza. La o frecventd de 10 kHz, sursa
de putere nu atinge nici valoarea tinta a curentului
de puls, astfel incat valorile efective ale curentului de
sudare si tensiunii arcului scad semnificativ, ceea ce
reduce si aportul liniar de caldura.

3.2 Influence of the pulse frequency on the linear
heat input

Figure 4 shows the influence of the pulse frequency
onthe RSM values of welding current; welding voltage
and linear heat input calculated with equation 1. The
changes in linear heat input follow the changes in the
response of the power source (figure 1). The shape of
the responses affects the integrated value or area un-
der the welding current and voltage curves, which is
reflected in the RMS values of the measured welding
current and voltage. These values are key variables
for calculating the linear heat input. As the frequency
increases, the RMS value of the current increases,
which is particularly evident above a frequency of 1
kHz, as the welding source does not reach the target
value of the base welding current. At a frequency of
10 kHz, the power source does not reach the target
value of the pulse welding current either, so that the
effective values of the welding current and the weld-
ing voltage decrease significantly, which also reduces
the linear heat input.
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Figura 4. Efectul frecventei impulsurilor asupra aportului liniar de caldura
Figure 4. Effect of the pulse frequency on the linear heat input

3.3 Efectul frecventei pulsurilor asupra geometriei
sudurii

Figura 5 prezintd aspectul suprafetei sudurii la dife-
rite frecvente de puls. Este prezentat, de asemenea,
aspectul unei suduri realizate cu curent constant
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3.3 Effect of the pulse frequency on the weld seam
geometry

Figure 5 shows the appearance of the weld face
appearance at different pulse frequencies. The ap-
pearance of a weld performed with constant current
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(112,5 A). O analiza vizuald a aspectului suprafetei
sudurii arata clar ca la frecventa foarte scdazuta de
0,5 Hz influenta curentului de puls si a celui de baza
afecteazad latimea sudurii, In timp ce la toate celelalte
frecvente, precum si cu curent continuu valorile sunt
similare. Toate probele sudate au fost sectionate o
singura data, cu exceptia esantionului realizat la o
frecventa de 0,5 Hz, care a fost tdiat de doua ori, in
punctul cel mai Tngust (figura 5 —b) (1)) si cel mai lat
(figura 5 —c) (2)) al suprafetei sudurii.

RN ER

(112.5 A) is also presented. A visual analysis of the
appearance of the weld face clearly shows that at
the very low frequency of 0.5 Hz the influence of the
pulse and the base current affect the weld width,
while at all other frequencies and with direct cur-
rent the values are similar. All test welds were cut
once, except for the sample at a frequency of 0.5 Hz,
which was cut twice, at the narrowest (figure 5 — b)
(1)) and the widest (figure 5 — c¢) (2)) point of the
weld face.

Figura 5. Aspectul suprafetei sudurii la diferite frecvente de impuls
Figure 5. Appearance of the weld surface at different pulse frequencies

Caracteristicile geometrice se modificda de-a lungul
sudurii, iar aceste valori sunt semnificativ mai mari in
zona curentului de puls, dupa cum se poate observa din
sectiunile transversale (figura 6) si din graficul din figu-
ra 7. Aceastd influenta nu mai este pronuntata peste o
frecventa de 5 Hz, datorita vitezei mai mari a pulsului.

f=0,5Hz(1)

3 6)

The geometric characteristics change along the weld
itself, and these values are significantly higher in the
pulse current region, as can be seen from the cross-
sections (figure 6) and the plot in figure 7. This influ-
ence is no longer pronounced above a frequency of
5 Hz due to the higher pulse speed.

f=0,5Hz(2)
c) 34

1)

Figura 6. Ilustrare a aspectului suprafetei sudurii la diferite frecvente de puls
Figure 6. Illustration of the weld face appearance at different pulse frequencies

Cu toate acestea, figura 6 arata ca suprafata materialu-
lui topit diferd intre frecventele individuale, in special
la0,5 Hz.

n acelasi timp, partea inferioard a sudurii (radacina
sudurii) devine mai platd si mai lata, in comparatie
cu sudura realizata in curent continuu. Suprafata su-
durii si valorile caracteristicilor geometrice ale sudurii
sunt Tn concordantd cu valorile energiei liniare si cu
raspunsurile corespunzatoare ale sursei de alimentare

However, figure 6 shows that the surface of the
melted material differs between the individual fre-
guencies, especially at 0.5 Hz.

At the same time, the lower part of the weld seam,
i.e. the weld root, becomes flatter and wider, com-
pared to the weld seam welded with direct current.
The weld surface and weld characteristic values are
consistent with the values of the linear heat input
and the corresponding responses of the welding

13
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pentru sudare prezentate in figura 7. In aceeasi figur3,
culorile liniilor punctate corespund culorilor variabile-
lor urmarite.

Patrunderea si latimea sudurilor se modifica, de ase-
menea, in functie de energia liniard, dar pe baza rapor-
tului dintre acestea, nu se poate afirma ca o frecventa
mai mare a pulsurilor contribuie la o patrundere mai
mare a sudurii, asa cum se confirma in studiul [3].

4. Concluzii

Studiul include o analizd a influentei frecventei
pulsurilor reglata la sudarea WIG pulsat a otelului
inoxidabil martensitic 20XCr13 asupra raspunsului
sursei de putere utilizate pentru sudare si, in
consecinta, asupra aportului liniar de caldura si geo-
metria caracteristica a sudurii.

Aceasta analiza genereaza urmatoarele concluzii:

1) Cresterea frecventei de pulsare si diferenta dintre
valorile de baza si de puls ale curentului de sudare si
tensiunii arcului Tmping sursa de putere catre limi-
tele sale si influenteaza in mod semnificativ com-
portamentul de raspuns al acesteia atinsa. Daca
frecventa pulsurilor de forma dreptunghiulara este
crescuta peste 1 kHz la 50% din curentul de bazd,
forma pulsului incepe sa se distorsioneze, ceea ce
afecteaza aportul liniar de caldura. Pana la 5 kHz,
viteza de scddere a curentului de sudare devine prea
micad, si nu se atinge valoarea curentului de baza. La
frecventele cele mai ridicate (10 kHz) sursa de pu-
tere nu atinge nici macar valoarea curentului de puls
reglatd, ceea ce inseamna un aport de caldura mai
mic.
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power source shown in figure 7. In the same figure,
the colours of the dashed lines correspond to the
colours of the tracked variables.

The depth and width of the welds also change as a
function of the linear heat input, but based on their
ratio, it cannot be claimed that a higher pulse fre-
guency contributes to a higher weld penetration
depth, as confirmed in the study [3].

4. Conclusions

The investigation includes an analysis of the influ-
ence of the set pulse frequency in pulsed TIG weld-
ing of martensitic stainless steel 20XCr13 on the
response of the welding power source and conse-
guently on the linear heat input and the characteris-
tic welding geometry.

This analysis leads to the following conclusions:

1) The pulsation frequency and the difference be-
tween the base and pulse values of the welding
current and the welding voltage push the welding
power source to its limits and significantly influ-
ence the response behaviour of the welding power
source. The pulsation frequency is always reached. If
the pulse frequency of the rectangular pulse shape
is increased above 1 kHz at 50% base current, the
pulse shape begins to distort, which impairs the lin-
ear heat input. Up to 5 kHz, the falling rate of the
arc current becomes too slow, and the base current
value is not reached. At the highest frequencies (10
kHz) the welding power source does not even reach
the set pulse current value, resulting in lower heat
input.
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2) Daca ambele valori ale vitezei de crestere si de
scadere a curentului de sudare sunt egale si sub
aproximativ 500 kA/s sursa de putere atinge forma
dreptunghiulara a curentului de sudare si valorile
dorite ale curentului de puls si de baza. La modificari
mai mici intre aceste viteze, forma pulsului este
distorsionata, iar dacd aceste modificari sunt mai
mari, valorile tinta pentru curentul de puls si cel de
baza nu sunt atinse. Sursa de putere analizatd are o
viteza limitatd de crestere a curentului de sudare de
aproximativ 1570 kA/s si o viteza limitata de scddere
de aproximativ 570 kA/s.

3) Lafrecvente deimpuls reduse, duratele curentuluide
puls si curentului de baza sunt mai lungi si influenteaza
modificarea geometriei sudurii. La frecvente de puls
mai mari, aceasta influentd asupra geometriei sudurii
nu este vizibila datorita frecventei ridicate a pulsurilor.
4) Prin cresterea frecventei pulsurilor (panala 5 kHz),
se obtine o patrundere si o latime a sudurii mai mari,
deoarece limitarea rdspunsului sursei de putere
pentru sudare afecteaza aportul liniar de caldura.
Caracteristice dimensionale ale sudurii sunt deter-
minate Tn primul rand de aportul de caldura, fara ca
frecventa pulsurilor sa aiba o influenta semnificativa.
Rezultatele aratd cd sursa de putere atinge intotdeau-
na frecventa tintd, daca pulsul se pastreaza drep-
tunghiular. Daca forma pulsului este distorsionata
prin fortarea sursei exista riscul de a nu se atinge
valorile tintd ale pulsului si curentului de baza.

Multumiri

Autorii multumesc Agentiei Slovene pentru Cercetare
si Inovare (ARIS) pentru sprijinul financiar acordat prin
finantarea de bazd nr. P2-0270, proiectele bilaterale ARIS
N2-0328 (Weave-NCN) si BI-BA/24-25-034, precum si
proiectul de cercetare ARIS nr. J2-60033 (SuperShocked).
Cercetarea a fost sustinutd partial si de Parteneriatul
strategic ERASMUS+ al UE, Actiunea-cheie 2, numdrul:
2024-1-RO01-KA220-HED-000244949  (SMARTIE)  si
2023-1-RO01-KA220-HED-000158031 (ANGIE). Autorii
doresc sd multumeascd, de asemenea, Parteneriatului
pentru Economie Durabild din cadrul Programului Eu-
ropa Orizont pentru finantarea proiectului CORRASBIue.

2) If both values of the rate of rise and fall of the
welding current are equal and below approx. 500
kA/s the welding power source achieves the rec-
tangular shape of the welding current and the de-
sired values of pulse and base current. With smaller
changes between these speeds, the pulse shape
is distorted, and if these changes are greater, the
target values for pulse and base current are not
achieved. The analysed welding power source has a
limited rate of rise of the arc current of approx. 1570
kA/s and a limited rate of fall of the arc current of
approx. 570 kA/s.

3) At low pulse frequencies, the pulse and base cur-
rent time is longer and influences the change in the
weld geometry. At higher pulse frequencies, this in-
fluence on the weld geometry is not noticeable due
to the high pulse frequency.

4) By increasing the pulse frequency (up to 5 kHz),
we obtain a greater penetration depth and weld
seam width, as the response limitation of the weld-
ing power source affects the linear heat input. The
characteristic weld seam dimensions are primarily
determined by the heat input, without the pulse fre-
guency having a significant influence.

The results show that the welding power source al-
ways reaches the target frequency. If the limitation
of the power source is exceeded, the pulse shape is
distorted and eventually the target values of pulse
and base current are not reached.
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