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REC UREDNIKA

Postovani citaoci,

Uveliko smo u ovoj ,,novoj*“ godini i aktivhosti se pojacavaju.

Napravili smo iskorak, t.j. probne intervjue vezane za sertifikaciju koordinatora i inspektora
zavarivanja.

Nastavljamo sa prezentovanjem radova sa 4. lIW kongresa zavarivanja Jugoisto¢ne Evrope.

Pored ovih, imacete priliku da nastavite i sa praéenjem radova izlaganih u okviru medunarodne
konferencije sa temom “Advanced Welding and Smart Fabrication Technologies for Efficient
Manufacturing Processes” u okviru ,,The 71 IIW Annual Assembly & International Conference®, July
2018 | Bali, Indonesia. To naravno nije sve, mozete jos Citati i ponesto iz drugih €asopisa.

Nazalost, ostali smo bez ¢lana naseg lzdavackog saveta, prof.dr. Miroslava Burdanoviéa.

Do narednog susreta

Glavni i odgovorni urednik
Milica Anti¢,dipl.ing. EWE

Podseéamo vas da je sada vreme da obnovite vase ¢lanstvo u DUZS i pretplatu za nas ¢asopis.

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE 1/2019



VESTI ;[r[ié NEWS

IN MEMORIAM

MIROSLAV BURDPANOVIC
1940 - 2019.

Prof. dr Miroslav Burdanovi¢ roden je 28.04.1940.g. u Grejacu, opstina Aleksinac. Na Masinskom
odseku Tehnickog faulteta u NiSu diplomirao je 1970. godine.

Prof. dr Miroslav DBurdanovi¢ magistrirao je na StrojniSkom fakultetu u Ljubljani 1982. (,Zavarivanje
trenjem pri dejstvu struje visoke frekvencije®) a doktorirao je na MaSinskom fakultetu u Nisu 1990. godine
(,Istrazivanje procesa oblikovanja krajeva cevnih profila trenjem®).

Godine 2003. izabran je za redovnog profesora na MasSinskom fakultetu u NiSu na predmetu
Zavarivanje.

Prof. dr Miroslav Burdanovi¢ je autor dve monografije:

- Zavarivanje i oblikovanje metala trenjem,

- Tribologija presovanih spojeva.

Uc€estvovao je u realizaciji 7 naucno-istrazivackih i razvojnih projekata.

OtiSao je u zasluzenu penziju oktobra 2005. godine.

Ali ga to nije zaustavilo. Pod njegovim rukovodstvom je prvi put u Srbiji uspesno obavljeno
eksperimentalno zavarivanje postupkom trenjem sa me$anjem, legure aluminijuma.

Pored rada u struci, privlacile su ga i druge akivnosti.

Bio je ¢lan Saveta Univerziteta, potpredsednik Udruzenja nastavnika i saradnika Univerziteta u
Ni8u, ali i ¢lan Predsednistva opstinskog streljackog saveza Ni§, Predsednik AKUD Veljko Vlahovi¢, ¢lan
Upravnog odora Studentskog kulturnog centra u NiSu.

Njegova nenametljivost, viSestranost, erudizam tek su deo anti¢ke li¢nosti profesora Burdanovica.
Dubokih korena u zemlji Srbiji, duhom je doprinosio da vrati skoro zaboravljeni patriotizam u naSe
podneblje.

Na tome i svemu ostalom, hvala naSem Miki.

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE 1/2019
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PROGRAM PRACENJA DEGRADACIJE MATERIJALA U
EKSPLOATACIJI | PROCJENA SIGURNOSTI KONSTRUKCIJE ZA
PRODUZENJE ZIVOTNOG VIJEKA
MONITORING PROGRAM FOR MATERIAL’S DEGRADATION DURING
EXPLOATATION AND ASSESSMENT OF STRUCTURE SAFETY FOR
LIFETIME EXTENSION

Originalni naucni rad / Original scientific paper

Rad je u izvornom obliku objavijen u Zborniku sa 4. IW Kongresa
zavarivanja Jugoistocne Evrope ,,Safe Welded Construction by
High Quality Welding” odrzanog u Beogradu 10-13. Oktobra 2018

Rad primljen / Paper received:

Januar 2019.
Kljuéne reci: parni kotao, cijevni sistem, stanje
materijala, ispitivanje, proracun, nivo degradacije,

puzanje, visoka temperatura

Sazetak

Pracenje i procjena stanja materijala cijevnih
sistema koji rade na poviSenim temperaturama,
vr§eno je na osnovu proracuna teoretskog radnog
viieka elemenata parovaoda koji se zasniva na
proraCunu degradacije materijala usljed puzanja i
malociklicnog zamora. Ovaj rad prikazuje program
koji se posebno koristi za pracenje pona$anja
materijala u cijevnom sistemu u eksploataciji.
Program se temelji na proraCunu maksimalnog
naprezanja u stijenci pojedinog elementa parovoda,
a zavisi od izmjerenih temperature i pritisaka, kao i
izmjerenih najmanjih debljina stijenke tog elementa.
Na taj nacin mogucée je izraCunati ukupan nivo
degradacije materijala. Ispitivanja su radena na
kotlovskom postrojenju u TE Tuzla, Bosna i
Hercegovina. Ovakvim nalinom praéenja i
ispitivanja materijala stvara se osnova za
pravovremeno dono3enje odluke o popravkama,
sanaciji, zamijeni ili revitalizaciji postrojenja ili
kriticnin  komponenata, §to moZe rezultirati
produzenjem vijeka trajanja.

1. Uvod

Tehnicki propisi za parne kotlove utvrduju odredena
mjerenja i ispitivanja za vrlo opterecene
konstrukcijske elemente tokom proizvodnje i
eksploatacije:

- mjerenje radi utvrdivanja geometrije,

- ispitivanja bez razaranja u proizvodnji i pogonu,
- ispitivanja bez razaranja strukture materijala,

- mjerenja radi utvrdivanja zaostalog naprezanja,
- racunsko pracenje iscrpljenosti materijala.

Vrlo optereceni konstrukcijski dijelovi definisani su
kao dijelovi od kojih se uz uticaj temperature,

Adresa autora / Author's address:

'Institut za zavarivanje d.o.o. Tuzla, Bosne Srebrene br. 6,
Bosna and Hercegovina

avdic.inz@gmail.com

Key words: steam boiler, pipe system, material
condition, examination, calculation, level of degradation,
crawl, high temperature

Abstract

Details of evaluation and tracking the material
condition of steam boiler's pipe system, which work
on high temperature was made on the basis
calculations of theretically working age of the steam
line's element. This calculation presents calculation
of material degradation caused by crawling and
small periodic fatigue.

This work show a program, especially used for
tracking the material's behavior of pipe system in
exploitation. This program was based on the
calculation of maximal effort in the wall of each
steam line's part. This calculation dependens from
the measure of temperature, preasure and the
smollest tickness of wall this elements. In that way
is possible to make the total level of material
degradation. It can be concluded that this way of
tracking and calculation presents the basis for a
timely decision about repair, sanation, exchange or
plant revitalisation or critical components, which
can make it's longer lived extension.

1. Introduction
Technical regulations for steam boilers establish the
determined measurement and testing of very burdened

constructional elements during the production and
exploitation:
- measurement because of the establishing of
geometry,

- testing without the destruction in the production and
plant,

- testing without the destruction of structure of material,

- measurements because of the establishing of rest of
tensions,

- the computer tracking of material weariness.

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 1/2019, str. 5-10
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unutradnjeg pritiska, vanjskih sila i momenata,
vibracija, ugradenih osobina materijala oCekuje i
najmaniji vijek trajanja.

Pod uticajem visoke temperature i naprezanja
toplinski otporni materijali reaguju puzanjem koje se
oCituje u trajnoj deformaciji metalnog dijela. Na
kraju osim trajne deformacije ovaj proces se o ituje
i pojavom pukotina na vanjskoj povrSini
konstrukcijskog dijela. Lukovi, T i Y komadi, kao i
zavareni spojevi predstavljaju kriticne tacke
parovoda.

Procjena stanja  materijala  usljed trajnog
naprezanja kod poviSenih temperatura (puzanje)
kod kotlova u eksploataciji moze se pratiti uz
pomo¢ odgovarajuéeg racunarskog programa.
Redovnom konstatacijom promjena na materijalima
moguc¢a je ocjena stanja materijala i prirast
degradacije (kompjuterizacija informacija).

2. Program praéenja stanja materijala cijevnog
sistema kotla u eksploataciji

Pracenje i ocjena stanja materijala parovoda Kkoji
radi pri poviSenim temperaturama, vrSena je na
osnovu proracuna teoretskog radnog vijeka
elemenata parovoda koji se zasniva na proracunu
degradacije materijala usljed puzanja i
malociklicnog zamora. Kod elemenata gdje je
materijal izloZen stalnom optereéenju usljed pritiska
vr§i se proradun na puzanje, a kod elemenata
izlozenih raznim cikliénim naprezanjima (hladni i
topli startovi, nagle promjene temperature,
promjene opterec¢enja, pritiska i td.) i proracun od

malociklicnog zamora materijala. Ukupna
degradacija materijala se dobiva sabiranjem
pojedinacnih stepeni degradacije:

e.=ete....(1)

pri ¢emu je:

e, — degradacija materijala usljed trajnog
naprezanja pri povisenim temperaturama,

e. — degradacija materijala uslijed izmjeni¢nog

naprezanja.

4
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Very burdened constructional parts defined as
parts from which beside the influence
temperatures, the internal pressure, outer force and
moments, vibration, built-in characteristic of
materials expects and smallest life cycle. Heat
resistant materials under the influence of high
temperature and tensions make reactions by
crawling which manifests itself in the permanent
deformation of metal part. In the end besides the
permanent deformation this process manifests itself
and appearance crack on the outer surface of
constructional part. Bows, T and Y pieces, as well
as are welded connections present critical points of
steam pipe lines. Evaluation of state of material
caused of permanent tensions by raised
temperatures (the crawling) at boilers in the
exploitation were able accompany with the aid the
suitable computer program. The regular statement
change on materials is possible to evaluate of state
of material and degradations will grow
(computerizations of information).

2. Materials states of boiler pipe system
tracking program (in the exploitation)

Tracking and evaluations of state of material of
steam line which works by raised temperatures,
has been performed on the basis of calculates the
theoretical working life of elements of steam lines
which bases on the budget of degradation of
material because the crawling and low-cycle
fatigue. By elements where the material has been
displayed continuous load because of the presses
is performed the budget on the crawling, and by
elements displayed different cyclic tension (turns
cold and warm starts, rash changes of temperature,
load variations, presses and td.) and budget from
the low-cycle fatigue of material. Total degradations

of materials get collection of the single
degradations:

e,=e,+te. ...(1)

by what is:

e, - degradations of materials because the

permanent tension on raised temperatures,
e. - degradations of materials because of alternate
tensions.

Slika 1. Vizuelni pregled cijevi (10CrMo 9-10)
Figure 1. Visual inspection of pipes (10CrMo 9-10)

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 1/2019, str. 5-10
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21 Stepen degradacije usljed trajnog
naprezanja pri poviSenim temperaturama
(puzanje)

Odredivanje  stepena degradacije teorijskog
Zivotnog vijeka temelji se na proracunu
maksimalnog naprezanja u stijenci pojedinog

elementa parovoda, koje proizlazi od izmjerenih
temperatura i pritisaka, kao i izmjerenih najmanjih
debljina stijenke tog elementa. Na ovaj nacin se u
razmatranje uzimaju najslabija mjesta pojedinih
elemenata parovoda.

Na osnovu izraCunate vrijednosti pogonskog
naprezanja iz dijagrama vremenske ¢vrstoCe za
odgovaraju¢i materijal i radnu temperaturu na
donjoj grani¢noj krivulji pojasa vremenske ¢vrstoce
(0,8 * srednja vrijednost, Sto znaci da se radi s
minimalnim radnim vijekom) ocitava se teorijski
radni vijek Zgg. Vremenski ovisna Cvrstoca je ona
Cvrstoca materijala koja na poéetnom presjeku
epruvete, podvrgnute mirnom naprezanju na
istezanje o kod temperature q, nakon vremena
optereéenja t rezultira lomom  epruvete.
Degradacija e, se tvori pomocu pojedinih pogonskih
vremena Zg, i teorijskog zivotnog vijeka elemenata
Zg,y)p. Prirast degradacije iznosi Ae,.

Degradacija zbog dugotrajnog rada na visokim
temperaturama za vrijeme pripadajuceg
vremenskog perioda dobiva se na osnovu linearnog
pravila udjela vijeka trajanja zbrajanjem odredenih
vrijednosti Ae, za sve nivoe temperatura (i ako je
potrebno pritisaka).

e,=24e, ...(2)

Ako stepen degradacije dostigne vrijednost 100%,
to znadi da je teorijski radni vijek promatranog
elementa iscrplien, to se mora racunati s lomom
stijenke. To jo§ ne znadi da ¢e lom stvarno i
nastupiti, Sto ovisi o tome gdje se u podrucju
vremenski ovisne c¢vrstoCe nalazi vrijednost koja
odgovara materijalu posmatranog elementa.
Kriticno vrijeme opterecéenja tj. vrijeme nakon kojeg
se ocCekuje da ce teorijski radni vijek materijala
parovoda koji radi pri povisenim temperaturama
(iznad 450 °C) biti iscrpljen, moze se produziti ili
skratiti promjenama temperature i pritiska. Pri tome
treba napomenuti da temperatura ima znatno vedi
uticaj.

2.2.Stepen degradacije usljed izmjeniénog
naprezanja (malocikli¢ki zamor)
Proratun degradacije izmjeniéno napregnutih

dijelova je postupak koji uzima u obzir izmjeni¢no
pogonsko naprezanje, posebno kod pokretanja i
zaustavljanja. Prilikom odredivanja degradacije
materijala koristi se niskociklicki zamor materijala
kod promjenljivog naprezanja, a pri kojem dolazi do

4
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2.1 Degradations level because the permanent
tensions on raised temperatures (creep)
Determining of the degradation level of theoretical
lifespan bases on the budget of maximal tensions
in the wall of single element of steam line, which
follows from measured temperatures and
pressures, as well as the measured smallest
thickness of wall of this element. In this way in the
deliberation takes weakest places of single
elements of steam lines.

On the basis of computed values of operating
tensions from the diagram of time firmness for the
suitable material and working temperature on the
lower border curve of time firmness (0,8* the
average, what mean that works with the minimal
working life) manifests the theoretical working life
Zggp- Temporally the dependent firmness is that
firmness of material which on the start cut test
tubes, are submitted to still tensions on the
stretching out with the code temperatures q, after
load times t result the breakdown test tubes.
Degradation e, creates using single operating times
Zg/p and theoretical lifespan of elements Zgg,,. Will
grow together degradations bring out Ae,.
Degradation because of the long-lasting work on
fevers during the belonging half-life gets on the
basis of the linear rule thread the life cycle addition
of determined values Ae, for all levels temperature
(and if is necessary pressures).

e, =2 Ae;, ...(2)

If degradations level reach the value 100 %, this
means that the theoretical working life of observed
element has been exhausted, this must will count
with the breakdown walls. This not as yet means
that the breakdown really and will appear, what
depends on this where in the area temporally the
dependent firmness finds value which answers the
material of mentioned element.

Emergency loads i.e. the time after which expect
that the theoretical working life of material of steam
line which works by raised temperatures (above
450 °C) has been exhausted, was able will extend
or will shorten changes temperatures and presses.
By this needs mention that the temperature has
considerably the larger influence.

2.2 Degradations level because of the alternate
tension (the low-cycle fatigue)

Degradations calculation of alternate tensed parts
is procedure, which takes into consideration,
alternate operating tensions, especially by the
starting and stopping. On the occasion of the
determining degradations of material uses the low-
cycle fatigue of material by changeable efforts, and

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 1/2019, str. 5-10

7



NAUKA#*ISTRAZIVANJE*RAZVO)J

pojave pukotina nakon ny ciklusa i kod zadane
temperature.

Za svaku klasu proraCunava se Sirina izmjenic¢nog
naprezanja Ac; S gornjim grani¢nim vrijednostima
Sirine promjene temperature i pritiska.

Na osnovu veli€ina Ac; izraCunava se Sirina
naprezanja (2 * c,) posebno za elasti¢no i plasti¢no
podru€je. Iz dijagrama za veliCinu 2 * o, i
temperaturu ocitava se broj promjena opterecenja
ng koji dovodi do loma. Za svaki slucaj
promijenljivog opterecenja (hladni start, topli start i
sl.) raCuna se prirast degradacije Ae.. Ukupna
degradacija zbog promjenljivog optereéenja e
dobiva se prema linearnoj hipotezi akumulacije
oStecenja iz pojedinih degradacija.

e.=24e; ...(3)

Buduéi da su elementi parovoda relativho tankih
stijenki, maksimalne temperaturne razlike po
debljini stijenke koje odreduju iznos toplinskih
naprezanja male, pa su i naprezanja mala, iznosi
degradacije Zivotnog vijeka materijala malociklickog
zamora su zanemarivo mali.

3. Racéunarski model

Naprezanje se rauna na osnovu radnog pritiska i
izmjerenih debljina stijenki (prema izvjeStajima o
obavljenim ispitivanjima). Propis TRD-508 propisuje
da se dosadasnji period pogona podijeli u nivoe
pritisaka i temperatura kojima se onda pridruzuju
odgovaraju¢a naprezanja i degradacije te se
sumiranjem pojedinaénih degradacija dolazi do
ukupne degradacije. Radi efikasnijeg pracenja i
ocjene stanja materijala u eksploataciji uraden je
racunarski model (RunLu, RunYk, RunTk), a odnosi
se na procjenu stanja materijala za lukove, Y i T
komade.

4
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by which comes to the appearance crack after the
ng of cycle and by the given temperature. For the
every class estimates the width of alternate tension
Ac; with upper boundary values of width changes of
temperature and presses. On the basis of the size
Aoc; calculates widths of tension (2 * ©,) especially
for elastically and plastic area. From the diagram
for the size 2 * o, and temperature manifests the
number of load variations n, which adds up to the
breakdown. For the every case of changeable load
(the cold start, warm start similarly.) counts will
grow together degradations Ae,. The total
degradation because of the changeable load e
gets towards the linear hypothesis of accumulation
of damage from single degradations.

e. =2 Ae. ...(3)

Since are elements of steam line relatively thin
walls, the maximal temperature difference along the
thickness walls which determines the amount of
heat tension small, so are and efforts small, brings
out the degradation of lifespan of material of low-
cycle fatigue are neglectfully small.

3. The computer model

Strives reckons upon the base of working pressure
and measured thickness of walls (towards reports
about the done testing). Regulation TRD-508
prescribes that the past time of plant divided in
levels of pressures and temperatures, which then
join suitable efforts and degradation, this sum up
single degradations comes to the total degradation.
Because of the more efficient tracking and
evaluations of state of material in the exploitation
has been done the computer model (RunLu,
RunYk, RunTk), and carries off on the evaluation of
state of material for bows, Y and T piece.

| Main 9 [=]
Eail
Erigi | Brigi Swe I Zatvori |
Lukawi I v Komadi | T-Komedi |
\ Trajna naprezanie;
Ab. [LUK |m [Srmin  [Swmin  [dv B g+Da  [Bnmax  [evmax  [Amax
7
£
3
*
A1 i
V= Ucitaj Snimi Bacuni Racun2
I 7

Slika 2. Interpretacija programa za izracunavanje stepena degradacije materijala LUKOVA, Y i T komada(%)
Figure 2. Interpretations of programs for the calculation of the degradation level of material of L, Y and T carves to
pieces (%)
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Legenda :

R — radijus simetrale luka,

snr min - min izmjerena debljina stijenke na unutrasnjoj
izvodnici luka,

svr min - min izmjerena debljina stijenke na vanjskoj izvodnici
luka,

dv - vanjski promjer cijevi,

p — radni pritisak,

q + D - radna temperatura uvecana za dodatak zbog
netacnosti mjerenja,

pn max — naprezanje na unutarnjoj izvodnici luka,

pPvmax — naprezanje na vanjskoj izvodnici luka,

pmax — max (ff nmax, 3 vmax),

ZB/q/p — teoretski zivotni vijek,

Zq/p — stvarni radni vijek,

Dez-stepen degradacije za odredene pogonske parametra (%),
ez - ukupni stepen degradacije usljed trajnog naprezanja na
lukovima (%).

4
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Legend:

R radius of center line of bow,

Snr min min of the measured thickness of wall on the internal
generatrix port,

svr min min of the measured thickness of wall on the outer
generatrix port,

dv external diameter to the pipes,

p the working pressure,

q + D the working temperature is enlarged for the supplement
because of measurements error

pn max efforts on the inner generatrix port,

pvmax efforts on the outer generatrix port,

pPmax max (B max, S max),

ZB/q/p the theoretical lifespan,

Zq/p the real working life,

Dez-degradations level for the determined operating parameter
(%),

ez - total are shaken degradations because permanent efforts
onl (%).

Slika 3. Pukotine otkrivene magnetnom metodom (Y i T komadi)
Figure 3. Cracks detected by the magnetic method (Y ant T pieces)

Sormin Svrmin q

Dq

BEEEEEEEEEEEEEELELEE LR

4

Bn max Bv max Bmax

el a=0

LUKOVI

Tabela 1. Izracunavanje stepena degradacije usljed trajnog naprezanja (puzanje) pri radu na poviSenoj temperaturi
materijala cijevnih LUKOVA cjevovoda vru¢e medupregrijane i svjeZe pare
Table 1. Calculation of the degradations level because of the permanent tension (the crawling) by the work on the
raised temperature of material pipe ARC pipelines of hot middle-hot and fresh steam

U tabeli 1. su prikazane vrijednosti izracunatog
stepena degradacije materijala na cijevnim
lukovima. Iz prikazanih rezultata se vidi da najveci
stepen degradacije ima luk sa oznakom "38" i to
26,6 % a najmanji stepen degradacije ima luk sa
oznakom L15 i to 4,55 %. Na lukovima sa veéim
stepenom degradacije potrebno je uvesti ¢eSc¢a
ispitivanja.

In the table 1. present values of the calculated are
the degradation level of material on pipe bows.
From shown results is seen that biggest are shaken
degradations have the bow with the mark "38" and
this 26,6 % and smallest is shaken degradations
have the bow with the mark L15 and this 4,55 %.
On bows with larger degradations level is
necessary brings in the more frequent testing.
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Slika 4. Dijagram degradacije materijala pojedinih cijevnih LUKOVA (%)
Figure 4. Diagram of degradation of material single pipe L (%)

Na dijagramu (slika 4) su graficki prikazane ukupne
vrijednosti degradacije materijala posmatranih
cijevnin  lukova. Lukovi cjevovoda vruce
medupregrijane pare (1-14), imaju maximalne
vrijednosti do 10%, dok kod lukova na cjevovodima
svjeze pare (15-22), stepen degradacije se krece i
do 27%.

4. Zakljucak

UspjeSnost produZenja vijeka koristenja
energetskih postrojenja u osnhovi se svodi na
problem pravovremenog uoCavanja osteéenja i
utvrdivanja dinamike njihova rasta. Dinamika rasta
ostecenja se moze uspjesno pratiti samo uz pomoc¢
organizovanog i dosljedno provodenog sistema

pracenja ponasSanja materijala sistema u
eksploataciji. Na osnovu takvog sistema na
konkretnom kotlovskom postrojenju mogu se

istraziti i utvrditi zakonitosti rasta vrlo upecatljivih i
jasnih oStecenja i ocijeniti vrijeme postizanja
dopustenih i kriticnih veliina. Ispitivanja koja su
vr§ena na uzorcima cijevnih sistema su ukazala na
moguénost dalje primjene materijela cijevnih
lukova, Y i T komkada u eksploataciji i stepen
degradacije materijala, a uvodenjem baze podataka
kroz pracenje promjena na materijalima stvorila bi
se mogucnost za ocjenu stanja materijala i prirast
degradacije. Ovakvim nadinom pracenja i
ispitivanja materijala, stvara se oshova za
pravovremeno donosenje odluke o popravkama,
sanacijama, zamjeni ili revitalizaciji postrojenja ili
kriticnih komponenti, a to znaci produZenje vijeka
koriStenja.
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Abstract
The protection of machinery and structural
components by thermal coatings is of huge

economic importance. Each hour of downtime,
caused by deficient coatings as a result of wear
and corrosion, costs a fortune. Savings by reducing
these downtime hours can be achieved by applying
optimized functional coatings which show
enhanced properties. The main welding processes
for applying coatings are GMAW or OA, PTA or
Laser, each with their pros and cons. The PTA
process can be seen as the intermediate process
bridging the low cost, high deposition rate and the
expensive but high end Laser. Recently, the PTA
and especially the laser process are gaining more
attention and market shares.

Nowadays the flux-cored wires can be upgraded
more and more with for instance complex carbides
and achieve coatings similar to the high
performance coatings obtained by PTA and Laser
welding but at much lower costs.

The common problems accompanying the GMAW
process: a large heat affected zone and dilution,
can be circumvented by using the cold metal
transfer (CMT), the AC-GMAW- and the GMAW hot
wire process, allowing the flux-cored wires to fully
deploy their large potential and compete with the
welding techniques. The current paper will describe
the modern GMAW hot wire process and then deal
with innovative materials and process concepts for
the high performance flux-cored wire to give a
competitive alternative for the PTA process and
expensive laser.
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Rezime

Zastita masina i strukturnin komponenti termickim
nabrizgavanjem je od ogromnog ekonomskog
znacaja. Svaki sat  zastoja, uzrokovan
nedostaju¢om prevlakom kao rezultat habanja i
korozije, kosta bogatstvo. UsSteda smanjenjem
vremena zastoja mozZe se postici primenom
optimizovanih funkcionalnih nanosa koji pokazuju
poboljSana svojstva. Glavni postupci zavarivanja za
nanodenje su MIG/MAG ili otvorenim lukom OA,
plazma PTA ili Laser, svaki sa svojim za i protiv.
Proces PTA se moze posmatrati kao srednji proces
koji premoscuje niske troSkove, veliku brzinu
nanoSenja izmedu skupog ali visokouc€inskog
lasera. Nedavno, PTA i posebno laserski proces
dobijaju vise paznje i trziSnih udela.

Danas se punjene Zice mogu sve vise nadograditi
sa, na primer, slozenim karbidima i postizu se
nanosi slicni visokokvalitetnim nanosima dobijenim
PTA i Laserskim zavarivanjem, ali uz znatno nize
troskove.

Uobicajeni problemi koji prate proces MAG: velika
zona uticaja toplote i meSanje, mogu se zaobici
koriS¢enjem hladnog prenosa metala (CMT), AC-
MAG i MAG sa vru¢om Zicom, ¢ime se punjenim
Zicama omoguéuje da se potpuno razvije njihov
veliki potencijal i konkuriSu tehnikama zavarivanja.
Sadasnji rad ¢e opisati savremeni MAG proces sa
vruéom zicom, a zatim se baviti inovativnim
materijalima i procesnim konceptima za punjene
Zice visokog ucinka kako bi se dobila konkurentna
alternativa za PTA proces i skupi laser.
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1. Introduction

The application welding method examined in the
scope of this paper is a combination of the classical
GMAW welding plus additional infeed of a second
flux-cored wire that is supplied as a hot wire with
another current source. Only the infeed GMAW
wire ignites a transferring electric arc in this, and
the hot wire is subsequently guided hot into the still-
liquid melt by resistance heating. Basic advantages
are provided by a very low thermal stress on the
material supplied by hot wire in the range of the
nickel-based alloys reinforced with tungsten
carbide. Too-high thermal stress, e.g. by a
transferred electric arc when welding, leads to
disintegration of fused tungsten carbide FTC
(W,C/WC) to tungsten monocarbide (WC) while
emitting tungsten. The high hardness and high
wear resistance of the FTC is reduced by this
process [1]. At the same time, the dissolution of the
carbides reduces the carbide size, which reduces
the wear resistance of the coating [2].

LY
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1. Uvod

Primenjeni metod zavarivanja koji je ispitan u okviru
ovog rada je kombinacija klasit(nog MAG
zavarivanja i dodatnog napajanja druge punjene
Zice koja se isporuCuje kao vruca zica sa drugim
izvorom struje. Samo u dovodnoj MAG Zici se u
tom stanju pali elektri¢ni luk koji se prenosi, a vru¢a
Zica se zatim vruce uvodi u rastop koji je joS u
te€nom stanju pomocu elektrootpornog grejanja.
Osnovne prednosti obezbeduje veoma nizak
termicki napon na materijal koji se dobija vrucom
Zicom u rasponu od legura na bazi nikla ojacanog
volframovim karbidom. PreviSe visoki termicki
napon, npr. prenodenim elektricnim lukom pri
zavarivanju, dovodi do raspadanja rastoplienog
volfram-karbida FTC (V2C / VC) do volfram
monokarbida (VC) sa emitovanjem volframa.
Visoka tvrdoca i visoka otpornost na habanje FTC
se smanjuje ovim procesom [1]. Istovremeno,
rastvaranje karbida smanjuje veli¢inu karbida, Sto
smanjuje otpornost na habanje nanosa [2].

Arc

Hot wire torch

Hardfacing

Base material

<«—— Welding direction

Figure 1. Schematic GMAW hot wire procedure
Slika 1. Sema procesa MAG sa vruéom Zicom

The GMAW hot wire process was examined in
terms of process characteristics and use of flux-
cored wire diameters up to 2.4 mm. Here, larger
particles can be used in the FTC-reinforced nickel-
base alloys in addition to increase the content of
FTC filler as well. For validation of these effects,
also three other typical hardfacing alloys were
examined. Here, the respective economical most
relevant flux-cored wire alloys were chosen based
on iron, nickel and cobalt [3]-[4].

2. Materials, machines and examination
methods used

The welding tests were conducted with the welding
system DURWELD Alpha made by DURUM
VERSCHLEISS-SCHUTZ GmbH, equipped with
two power sources from EWM AG. An EWM Alpha
Q552 pulse was used as GMAW power source and
an EWM TETRIX 552 as hot wire power source.
The principle and setup of welding technology is
shown in figure 1. S235 JR was used as base

Proces MAG sa vru¢om Zicom ispitan je u pogledu
karakteristika procesa koriséenjem punjene Zice
pre¢nika do 2,4 mm. U ovom sluéaju, veée Cestice
se mogu koristiti na FTC legurama na bazi nikla,
kao i na povecanju sadrzaja FTC punila. Za
validaciju ovih efekata, ispitane su i tri druge tipi¢ne
legure za tvrdo navarivanje. Ovde su odabrane
odgovaraju¢e ekonomski najrelevantnije legure Zice
sa punjenjem na bazi gvozda, nikla i kobalta [3]-[4].

2. Materijali, masine i metode ispitivanja koje se
koriste

Testovi zavarivanja su izvedeni na sistemu za
zavarivanje DURVELD Alpha firme DURUM
VERSCHLEISS-SCHUTZ GmbH, opremljenim sa
dva izvora napajanja od EVM AG. Pulsni EVM
Alpha K552 je koris¢en kao izvor napajanja za
MAG i EVM TETRIKS 552 kao izvor napajanja za
vruéu Zicu. Princip i podeSavanje tehnologije
zavarivanja prikazani su na slici 1. S235 JR je
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material for welding tests. The examined alloys are
indicated in table 1.

For experimental examination, four test materials
were chosen to examine the procedure on different
alloy base types. The materials here were chosen
insofar as they had a high relevance for practice in
addition to fundamentally different properties and
applications of use:

DURMAT® FD 61: Fe-based alloy with complex
carbides for wear protection
DUROLIT 6: Co-base
precipitations

DUROLOY SE 12/50: self-fluxing Ni-based alloy
with good abrasion and corrosion resistance
DURMAT® NIFD: Ni-based with FTC reinforcement
for highest wear protection

alloy with eutectic

4
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koriS¢en kao osnovni materijal za ispitivanje
zavarivanja. Ispitivane legure su navedene u tabeli
1.

Za eksperimentalno ispitivanje odabrana su Cetiri
ispitna materijala za ispitivanje postupka na
razliitim osnovnim tipovima legura. Materijali koji
su ovde odabrani bili su odabrani u meri u kojoj su

oni imali veliku vaznost za praksu pored
fundamentalno razli€itih svojstava i primena:
- DURMAT® FD 61: Legura na bazi Fe sa

kompleksnim karbidima za zastitu od habanja

- DUROLIT 6: Legura sa bazom sa eutekti¢nim
talozima

- DUROLOI SE 12/50: samolepljiva legura na bazi
Ni sa dobrom otporno$¢u na habanje i koroziju

- DURMAT® NIFD: Ni-bazirano sa FTC ojadanjem
za najvecu zastitu od habanja.

ng&?;:idz;zge Main alloying additions in the used flux-cored wire (wt.%)
DURMAT® Glavni legirajuci elementi u kori§¢enim punjenim zicama
C Cr B W + Bal.
FD61 5.2 22.0 <1.0 -- Nb: 7.0 Fe
DUROLOQOY 6 1.1 27.0 -- 4.5 Fe: <4.0 Co
Si: 4.9 .
SE12/50 0.6 20.0 2.8 1.09 Mo: 2.5 Ni
NIFD <1.0 <5.0 <2.0 -- FTC 60% Ni

Table 1: Chemical composition of the flux-cored wire alloy types examined
Tabela 1. Hemijski sastav ispitivanih punjenih Zica

The focus of examination was on the FTC-
reinforced nickel base alloy DURMAT® NIFD, which
is the industrial standard at very high requirements.
Furthermore, the highly chrome- and carbon-
containing iron-based alloy DURMAT® FD 61 was
chosen in the area of the classical wear protection.
DURMAT® NIFD as pseudo alloys with a matrix of
nickel and a high share of boron as well as large,
embedded FTC particles offers a high degree of
protection against abrasion and erosion. DURMAT®
FD 61 offers a high content of primarily precipitated
chrome and niobium carbides in eutectically
reinforced austenitic matrix.

The very high content of primary carbides and high
hardness in excess of 65 HRC offer good
protection against abrasion and erosion as well. In
addition, a nickel-based alloy and a cobalt-based
alloy, which are also widely used, were examined
for combined wear and corrosion resistance. The
DUROLIT 6 alloy is used in many areas in which
not only wear properties, but also good corrosion
resistance and/or good high-temperature properties
are required.

This alloy type typically has a hardness of 40-43
HRC and can be used through the network of

Fokus ispitivanja je bio na FTC-oja¢anoj leguri na
bazi nikla DURMAT® NIFD, koja je industrijski
standard po veoma visokim zahtevima. Pored toga,
u oblasti klasiCne zastite od habanja izabrana je
legura na bazi gvozda sa visokim sadrzajem hroma
i uglienika, DURMAT® FD 61. DURMAT® NIFD kao
pseudo-legure sa matricom nikla i visokim udelom
bora, kao i velikih, ugradenih FTC cCestica pruza
visok stepen zastite od abrazije i erozije. DURMAT®
FD 61 nudi visok sadrzaj primarno istaloZzenog
hroma i niobijum karbida u eutekti¢ki ojacanoj
austenitnoj matrici.

Vrlo visok sadrzaj primarnih karbida i visoka
tvrdoca iznad 65 HRC nude dobru zastitu od
abrazije i erozije. Pored toga, ispitivana je legura na
bazi nikla i legura na bazi kobalta, koje su takode u
Sirokoj upotrebi, za kombinovanu otpornost na
habanje i koroziju. Legura DUROLIT 6 se koristi u
mnogim oblastima u kojima su potrebna ne samo
svojstva otpornosti na habanje, ve¢ i dobra
otpornost na koroziju i/ili dobra svojstva na visokim
temperaturama.

Ovaj tip legure obi¢no ima tvrdoéu od 40-43 HRC i
moze se Kkoristiti preko mreze hroma i volframovih
karbida eutekti¢ki rasporedenih u CoCr matrici pri
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chrome and tungsten carbides eutectically
distributed in a CoCr matrix at a usage temperature
of up to 900 °C, since it does not significantly
reduce hardness across a large temperature range.
DUROLOQOY SE 12/50 was chosen as a fourth alloy
type that has high shares of chrome, silicone and
boron, which gives it high corrosion resistance
along with high hardness of approx. 50 HRC. This
material is classically used to replace cobalt-based
alloys. The flux-cored wires used were made by
DURUM VERSCHLEISS-SCHUTZ GMBH in
Germany. The same flux-cored wire diameter and
alloy type was used for GMAW and for hot wire
process. The respective hot wires, however, were
optimized successively for use as hot wire
according to the results from the preceding
examination.

3. Process analysis and process optimization
Within the scope of this paper, the process
behavior of the alloy DURMAT® NIFD was
examined in detail. First, the behavior of the alloy in
terms of energy introduction in conventional
GMAW-welding was examined. For this, the
welding voltage and wire feed rate were set at a
wire diameter 1.2 mm and 2.4 mm so that different
electric welding arc types formed.

According to the information in literature, the arc
types short arc (KLB), transfer arc and spray arc
were set [5]. Due to the low thermal stability of the
hard phase FTC, which is very important for wear
protection of this alloy, the hard phase content
preserved completely as FTC was chosen as an
evaluation criterion. Welding took place using
stringer bead technique with a welding speed of 60
cm/min. Figure 2 shows the content of preserved
FTC particles depending on the electric welding arc
types used or the different welding voltages. It is
clear that the increased energy input, e.g. in the arc
types transitional arc and spray arc, clearly reduces
the preserved FTC content. A considerable share
of the WSC enclosed in the wire at the beginning is
broken down into WC and carbon by the thermal
effect of the electric arc during welding.

4
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temperaturi upotrebe do 900 ° C, buduc¢i da ne
smanjuje znacajno tvrdocu u velikom
temperaturnom opsegu. DUROLOI SE 12/50 je
izabran kao Cetvrti tip legure koja ima visok udeo
hroma, silicjuma i bora, §to joj daje visoku
otpornost na koroziju uz visoku tvrdo¢u od cca. 50
HRC. Ovaj materijal se klasi¢no koristi za zamenu
legura na bazi kobalta.

Korid¢ene punjene Zice proizvela je kompanija
DURUM VERSCHLEISS-SCHUTZ GMBH u
Nemackoj. Za MAG i za proces sa vru¢om zicom
koriséen je isti preénik punjene Zice i tip legure.
Odgovarajuce vruc¢e zice, medutim, optimizovane
su sukcesivno za upotrebu prema rezultatima iz
prethodnog ispitivanja.

3. Analiza procesa i optimizacija procesa

U okviru ovog rada detaljno je ispitano ponasanje
legure DURMAT® NIFD. Prvo, ispitano je
ponasSanje legure u smislu uvodenja energije kod
konvencionalnog MAG-zavarivanja. Za to su napon
zavarivanja i brzina dodavanja zice podeSeni na
precnik zice 1,2 mm i 2,4 mm, tako da su formirani
razli¢iti oblici elektri€nog luka.

Prema informacijama u literaturi, postavljeni su
kratki lukovi tipa luka (KLB), prenosni luk i sprej luk
[5].

Zbog niske termicke stabilnosti tvrde faze FTC,
koja je veoma vazna za zastitu od habanja ove
legure, kao kriterijum za ocenjivanje, izabran je
sadrZzaj Cvrste faze u potpunosti kao FTC.
Zavarivanje je vrSeno tehnikom pravih zavara sa
brzinom zavarivanja od 60 cm / min. Na slici 2
prikazan je sadrzaj sacCuvanih ¢estica FTC u
zavisnosti od koriS¢enih tipova elektricnog luka ili
razliCitih napona zavarivanja. Jasno je da povecani
unos energije, npr. u prelaznom tipu luka i sprej
luku, o€igledno se smanjuje oCuvani sadrzaj FTC.
Znacajan udeo WSC-a koji se nalazi u zici na
poCetku je podelien na WC i ugljenik toplotnim
efektom elektricnog luka tokom zavarivanja.
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Figure 2: Interrelation between electric arc type and area percentage of the FTC share received
Slika 2. Medusobni odnos tipa luka i procenta povrSine zadrZzanog FTC
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Therefore, it could be confirmed that the alloy type
DURMAT® NIFD has much better layer properties
when welding with lower voltages in the short
electric arc. Large voltage ranges lead to clear
carbide dissolution. Additionally, it is evident that
the flux-cored wire diameter of 2.4 mm has an
advantage concerning the remaining carbide share
in all electric arc types due to using larger FTC
particles. For the further examination, the GMAW-
wire was used in the short electric arc mode in the
range of the FTC-reinforced nickel-based alloy
DURMAT® NIFD. The additional hot wire was
supplied to the process as another step now. In this
case, wires with diameters 1.2 mm and 2.4 mm
were examined in accordance with the preceding
GMAW welding tests in order to examine the
influence of the different hard phase contents and
hard phase sizes. Firstly, the influence of the
welding speed in string bead technique on the
resulting contents of intact FTC when using both
flux-cored wire diameters was examined. Reduction
of the section energy coincides with reduction of
the thermal stress on the hard phases due to the
heat discharge that is usually 3-dimensional in
surface welding. The ratio between GMAW wire
and hot wire was stipulated at 3:2 here and all other
welding parameters were kept constant. Evaluation
of the area shares took place by ImageJ software in
the cross-section. It could be shown here that the
share of preserved FTC particles rises for both wire
diameters as the welding speed increases and
reaches a maximum at these parameters when a
welding speed of 60 cm/min is reached.

Figure 3 shows the cross-section of DURMAT®
NIFD with diameters of 1.2 mm and 2.4 mm of this
test series with a welding speed of 60 cm/min. The
cross-section shows that use of 1.2 mm wires leads
to a highly homogeneous distribution of the
carbides, but the carbides were disolved slightly
due to their low particle size.
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Stoga se moze potvrditi da tip legure DURMAT®
NIFD ima mnogo bolje osobine sloja pri zavarivanju
sa nizim naponom u kratko spojenom luku. Veliki
rasponi napona dovode do jasnog rastvaranja
karbida. Dodatno, o€igledno je da pre¢nik punjene
zice od 2,4 mm ima prednost u odnosu na preostali
udeo karbida u svim tipovima luka usled koriséenja
vecih Cestica FTC. Za dalje ispitivanje, MAG-Zica je
koriS¢ena u kratkom luku u opsegu FTC-ojacane
legure na bazi nikla DURMAT® NIFD.

Dodatna vruéa Zica je isporu€ena procesu kao jos
jedan korak. U ovom slucaju, ispitivane su Zice
pre¢nika 1,2 mm i 2,4 mm u skladu sa prethodnim
testovima MAG zavarivanja kako bi se ispitao uticaj
razliCitih sadrzaja tvrde faze i veli€ina tvrde faze.
Prvo, ispitan je uticaj brzine zavarivanja u tehnici
pravih zavara na rezultujuéi sadrzaj netaknute FTC
kod upotrebe oba pre€nika punjene zice. Redukcija
energije preseka podudara se sa redukcijom
toplothog naprezanja na tvrdim fazama usled
toplothog  praznjenja koje je obi¢no 3-
dimenzionalno u povrSinskom zavarivanju. Odnos
izmedu MAG Zice i vruée Zice je ovde odreden na
3: 2 i svi ostali parametri zavarivanja su ostali
konstantni. Evaluacija udela podrucja obavljena je
pomocu Imaged softvera poprecnog preseka. Ovde
se moze pokazati da se udeo oc€uvanih Cestica
FTC-a povecava za oba precnika zZice, jer se brzina
zavarivanja povecéava i na tim parametrima dostize
maksimum kada se postigne brzina zavarivanja od
60 cm / min.

Slika 3 prikazuje popreéni presek DURMAT® NIFD
preénika od 1.2 mm i 2.4 mm, ove serije testova sa
brzinom zavarivanja od 60 cm / min. Poprecni
presek pokazuje da upotreba Zica od 1,2 mm
dovodi do veoma homogene raspodele karbida, ali
su karbidi neznatno rastvoreni zbog njihove male
veliine Cestica.

5pr X 55 25

|—1lmm

Figure 3: Cross-section of GMAW hot wire hardfacing: Welding speed vs = 60cm/min
Slika 3. Poprecni presek tvrdog navara MAG sa vru¢om Zicom Brzina zavarivanja vs = 60cm/min
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Figure 4: Connection between welding speed vs and area percent of the FTC share received
Slika 4. Veza izmedu brzine zavarivanja vs i procenta povr$ine zadrzanog FTC

Nevertheless, completely intact FTC-particles will
remain in the layer when using of an additional hot
wire. The cross-section of the weld performed with
2.4 mm flux-cored wire diameter shows that a much
higher content of FTC is completely preserved. The
combination of much larger FTC particles with the
hot wire method shows that the FTC particles can
be preserved nearly entirely. On the one hand, this
is because the share of WSC supplied by the hot
wire cannot be overheated by the electric arc. On
the other hand, however, the melt of the MIG/MAG
wire is effectively cooled down by the supply of the
hot wire. The interrelation between the welding
speed and the area percentage of the completely
preserved FTC is shown in figure 4.

Additionally, it becomes clear that use of larger
FTC particles at a 2.4 mm flux-cored wire diameter
achieves nearly the theoretical maximum of
preserved FTC particles due to the low energy
introduction to the hot wire. The difference AFTC
between the theoretical maximum content and the
content of intact FTC contained in the cross-section
could be clearly reduced as compared to the
1.2 mm flux-cored wire and is shown in figure 5.
Additionally, the interrelation between the hot wire
performance and the hot wire infeed was
examined. The available performance range was
between 0 and 560 A. Additionally, the operating
point or the voltage applied to the hot wire could be
adjusted in the hot wire power source. It was
possible to feed in the hot wire, based on feed rate,
so that no electric arc was ignited between the
melting bath and the hot wire. The tests showed
that there is a linear correlation between the hot
wire infeed and the hot wire performance. The
operating point could also be chosen so that low
voltages in the range of 1 — 4 V were used at all
times. This permitted introduction of the material

Ipak, potpuno netaknute FTC-Cestice ¢e ostati u
sloju kada se koristi dodatna vruéa Zica. Poprecni
presek navara izveden pre¢nikom od 2,4 mm
punjene zicom pokazuje da je veéi sadrzaj FTC
potpuno ocuvan. Kombinacija mnogo vec¢ih FTC
Cestica metodom vruce Zice pokazuje da se FTC
Cestice mogu sacuvati skoro u potpunosti. S jedne
strane, to je zbog toga $to udeo WSC koji se dobija
od vruce Zice ne moze da se pregreje elektricnim
lukom. S druge strane, medutim, rastop MIG / MAG
zice se efektivno hladi dodavanjem vruce Zice.
Veza izmedu brzine zavarivanja i procenta povrsine
potpuno oCuvanog FTC prikazana je na slici 4.
Pored toga, postaje jasno da koriScenje vecih
Cestica FTC punjenom zicom prec¢nika od 2,4 mm
postize skoro teoretski maksimum ocuvanih FTC
Cestica zbog uvodenja niske energije u vrucu Zicu.
Razlika AFTC izmedu teoretskog maksimalnog
sadrZaja i sadrZaja netaknutog FTC sadrzanog u
popreénom preseku moze se jasno smanjiti u
poredenju sa punjenom zicom od 1,2 mm i
prikazana je na slici 5.

Pored toga, ispitan je i odnos izmedu karakteristika
vruée Zzice i napajanja vruéom zicom. Raspon
dostupnih performansi bio je izmedu 0 i 560 A.
Dodatno, radna tacka ili napon koji se primenjuje
na vrucu zicu moze se podesiti u izvoru napajanja
vruce zice. Bilo je moguée napajati vrucu Zicu, na
osnovu brzine napajanja, tako da nije doslo do
paljenja elektricnog luka izmedu te€¢neog kupatila i
vruce Zice. Testovi su pokazali da postoji linearna
korelacija izmedu napajanja vrucom zicom i
performansi vruée zice. Radna tacka se takode
moze izabrati tako da se u svakom trenutku koriste
niski naponi u opsegu od 1 - 4 V. Ovo je omogucilo
unodenje udela materijala kroz vruc¢u Zicu bez jake
termicke dezintegracije FTC.

Ispitivanja su takode pokazala dva jaka uticaja na
topljenja vruce zice. S jedne strane, polaritet izvora
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share introduced through the hot wire without any
strong thermal disintegration of the FTCs. The
examinations also showed two strong influences on
the melting behavior of the hot wire. On the one
hand, polarity of the hot wire power source
influences deflection of the electric arc. The same
polarity of both circuits produces a magnetic field
through the wires through which current flows,
according to Ampere's law on forces, which slightly
deflects the electric arc towards the hot wire. This
effect is usually known as the magnetic arc blowing
effect in welding. By reverse polarity of the circuits,
rejection of the electric arc from the hot wire can be
achieved. Figure 5 schematically shows the
influence of the power source polarity or magnetic
fields on the position of the electric arc in welding.
The distance between GMAW wire and hot wire
was found to be a second great factor of influence.
The hot wire must be introduced into the still liquid
melting bath, but must not submerge in the
preceding electric arc too far, since this in turn
strongly increases the risk of thermal disintegration.
Here, a complex interrelation between the variable
hot wire infeed, hot wire power, hot wire position
and hot wire polarity resulted. With the parameters
chosen correctly, a stable process could be
ensured at all times, though the welding process
with additional hot wire is subject to limits here as
well. It has become clear that introduction of the hot
wire required increase of the main wire voltage by 1
— 2 V in order to achieve consistent process
stability.

4
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struje vruce Zzice utiCe na otklon elektricnog luka.
Isti polaritet oba kruga proizvodi magnetno polje
kroz Zice kroz koje struji struja, prema Amperovom
zakonu o silama, blago skreée elektri¢ni luk prema
vrucoj zici. Ovaj efekat je obiéno poznat kao efekat
produvavanja magnetnog Iluka pri zavarivanju.
Obrnutim polaritetom kola moze se posti¢i odbijanje
elektricnog luka od vruce zice. Slika 5 shematski
prikazuje uticaj polariteta izvora napajanja ili
magnetnih polja na polozZaj elektricnog luka u
zavarivanju.

Utvrdeno je da je udaljenost izmedu zice za MAG i
vruce Zice, drugi veliki faktor uticaja. Vruca Zica se
mora uvesti u jo§ te€no kupatilo, ali se ne sme
preterano uroniti u prethodni elektricni Iuk, jer to
opet povecava rizik od termi¢kog raspadanja. Ovde
je doSlo do sloZzene medusobne povezanosti
izmedu varijabilnog dovoda vruce Zice, snage vruce
zZice, pozicije vruce zice i polariteta vruce zice. Sa
ispravno izabranim parametrima, u svakom
trenutku bi se mogao osigurati stabilan proces, iako
je i proces zavarivanja dodathom Zicom podlozan
ograni¢enjima. Postalo je jasno da je uvodenje
vruée Zice zahtevalo povecanje glavnog napona
Zice za 1 - 2 V kako bi se postigla stalna stabilnost
procesa.

Same polarity - Arc attraction
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Figure 5: Influence of the magnetic fields on the position of the electric arc in welding: different polarity
Slika 5. Uticaj magnetnih polja na poloZaj elektricnog luka pri zavarivanju: Razlicit polaritet
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It has also become clear that the magnetic field
produced by the hot wire may impair process
stability of the GMAW wire if the distance is too
short, when the GMAW wire is welded in the short
electric arc. Here, further tests are performed at the
moment, which examine the influence of optimized
characteristic curves for the short electric arc range
and for the impulse electric arc range.

4. Metallographic results

Use of the oscillating welding technique was
examined in detail for practice examination of the
alloys. Here, the slower welding speed directly
increases the section energy, which usually leads
to a slight to medium reduction of the FTC particles
in the range of the nickel-based alloys with FTC
reinforcement, though the influence of fluctuating
process stability can be clearly minimized in this

manner. For all alloy types, the influence of
increasing addition of a hot wire to the
microstructure was examined systematically.

Therefor feed rate, voltage and current of the
GMAW wire have been kept constant while the
feeding rate of the hot wire has been increased.
Equally, the welding speed was increased at the
same time in order to produce a comparable bead
geometry. The further process parameters, such as
free wire lengths, oscillation parameters, angles of
attack, etc. were kept constant. It becomes clear
that a small addition of hot wire already essentially
influences the resulting layer structures. Thus, the
addition of hot wire can clearly improve the
distribution of FTC particles in the layer, and
significantly increase the share of FTC particles
received. It is equally visible that the FTC grain size
used is nearly completely preserved due to the low
thermal stress at the highest hot wire feed rate
even at a high melting rate of 10.8 kg/h. For the
alloy version DUROLIT 6, thermal stress of the wire
filling is desired, in contrast to the FTC-containing
nickel-based alloys, in order to produce a
homogeneous structure without defects and
segregations. Since the technical properties of this
alloy are primarily determined by the chemical
composition, the mixture with the base material is
decisive. It has become clear that a very low
dilution of less than 10% can be reached with a 1-
layer welding already, and that the hardness of
pure welding material is already achieved. This
could also be confirmed by the chemical
composition at the surface. The 1-layer weld
already completely achieved the technical
properties of the alloy.

The material DUROLOQY 12/50 was chosen as an
alternative to cobalt-based alloys with a hardness
of 48-52 HRC. Since this alloy is also primarily

4
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Takode je postalo jasno da magnetno polje koje
proizvodi vru¢a Zzica moze da naruSi stabilnost
procesa MAG zicom ako je udaljenost mala, kada
se MAG zica koristi kratko spojenim lukom. Ovde
se u ovom trenutku sprovode dalja ispitivanja koja
ispituju uticaj optimiziranih karakteristi¢nih krivih za
raspon kratko spojenog luka i za raspon impulsnog
elektri¢nog luka.

4. Metallographic results

Primena tehnike osciluju¢eg zavarivanja detaljno je
ispitana kroz prakti¢no ispitivanje legura. Ovde,
sporija brzina zavarivanja direktno povecava
energiju preseka, $to obi¢no dovodi od manje do
srednje redukcije FTC cestica u opsegu legura na
bazi nikla sa FTC pojaanjem, mada se uticaj
fluktuiraju¢e stabilnosti procesa moze jasno
minimizirati u na ovaj nacin. Za sve tipove legura
sistematski je ispitivan uticaj pove¢anja dodavanja
vruce Zice na mikrostrukturu. Zbog toga se brzina
dodavanja, napon i struja MAG Zzice odrzavaju
konstantnim dok se brzina dodavanja vruce Zzice
povecava. Isto tako, brzina zavarivanja je povec¢ana
u isto vreme kako bi se dobila uporediva geometrija
navara. Dalji parametri procesa, kao $to su duZina
slobodnog kraja Zice, parametri oscilacije, uglovi
napada, itd. Su ostali konstantni. Postalo je jasno
da mali dodatak vruc¢e zice ve¢ bitho utiCe na
strukture nastalih slojeva. Dakle, dodavanje vruce
Zice moze jasno poboljdati distribuciju FTC Cestica
u sloju, i znacajno poveéati udeo primljenih FTC
Cestica. Jednako je vidljivo da je FTC veli¢ina zrna
koja se koristi skoro u potpunosti oCuvana zbog
niskog toplotnog naprezanja pri najveéoj brzini
dodavanija vruce Zice €ak i pri visokoj stopi topljenja
od 10,8 kg / h.

Za legure DUROLIT 6, pozelino je termicko
naprezanje punjene Zice, za razliku od legura na
bazi nikla, kako bi se dobila homogena struktura
bez defekata i segregacija. Posto su tehniCke
osobine ove legure primarno odredene hemijskim
sastavom, odluCujuéa je smeSa sa osnovnim
materijalom. Postalo je jasno da se vrlo slabo
razredivanje manje od 10% moZze posti¢i ve¢ sa 1-
slojnim zavarivanjem | da je tvrdo¢a Ccistog
materijala za zavarivanje vec¢ postignuta. Ovo se
takode moze potvrditi hemijskim sastavom na
povrSini. 1-slojng navara koji je ve¢ u potpunosti
postigao tehni¢ke osobine legure

Materijal DUROLOI 12/50 je izabran kao alternativa
za legure na bazi kobalta tvrdoée od 48-52 HRC.
Posto se ova legura primarno koristi kada je
potrebna kombinacija zastite od habanja i korozije,
ispitali smo tvrdoc¢u, hemijski sastav na povrSini i
razblazivanje. Razblazivanje je bilo na niskoj
vrednosti od 14.6%. Legura je tako dostigla
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used when a combination of wear and corrosion
protection is needed, we have examined the
hardness, the chemical composition at the surface,
and the dilution. The dilution was at a low value of
146 %. The alloy thus reached the required
hardness with an average of 49.7 HRC in the first
layer already. To review the chemical composition,
the samples were then polished at the surface and
examined with a spark spectrometer (OES). The
iron content, e.g., could be lowered by about factor
7 from 20.9 % to 2.85 % at the surface of the 1-
layer weld as compared to the MIG welding. Within
the scope of the examination, the alloy DURMAT®
FD 61 was also welded by oscillation technique and
examined, as is common when producing wear
plates.

First, it could be shown that the welding type Open
Arc (OA), i.e. welding without inert gas with self-
protecting flux-cored wires, is possible with the OA
hot wire method used in this case with high melting
rates of approx. 9 kg/h. It becomes evident that the
dilution of only 14.2 % could achieve a Rockwell
hardness of 69.2 HRC in the first layer, while the
melting rate was very high at the same time. Here,
the hardness in the first layer was increased by 4.3
HRC as compared to the open arc welding. Figure
6 shows the cross-sections with indication of the
technically relevant parameters and layer
properties of the DURMAT® NIFD, DUROLIT 86,
DUROLOY SE 12/50 and DURMAT® FD 61
materials when using the GMAW/OA hot wire
method.

vumie= 2.5 m/min, vuo= 2,0 m/min
—_

DURMAT®
NIFD
2.4 mm

4
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zahtevanu tvrdo¢u sa prosekom od 49,7 HRC u
prvom sloju. Da bi se pregledao hemijski sastav,
uzorci su zatim polirani na povrSini i ispitani
spektrometrom (OES). Sadrzaj gvozda, npr., moze
se smanijiti za priblizno faktor 7 sa 20.9% na 2.85%
na povrsini 1-slojnog zavara u poredenju sa MIG
zavarivanjem. U  okviru ispitivanja, legura
DURMAT® FD 61 je takode zavarena tehnikom
oscilacija i ispitana, kao S$to je uobiCajeno kod
izrade plo¢a za habanje.

Prvo, moZe se pokazati da je tip zavarivanja
otvorenim lukom (OA), tj. zavarivanje bez inertnog
gasa samozastitnim punjenim Zicama, moguce sa
OA metodom vruce Zice koja se koristi u ovom
slu¢aju sa visokim stopama topljenja od oko 9 kg /
h. Ocigledno je da bi razredivanje od samo 14,2%
moglo da postigne tvrdoéu od 69,2 HRC u prvom
sloju, dok je stopa topljenja bila veoma visoka u isto
vreme. Ovde je tvrdo¢a u prvom sloju povecéana za
4,3 HRC u poredenju sa zavarivanjem otvorenim
lukom. Na slici 6 prikazani su poprecni preseci sa
naznakom tehni¢ki relevantnin parametara i
svojstava slojeva materijala DURMAT® NIFD,
DUROLIT 6, DUROLOI SE 12/50 i DURMAT® FD
61 kada se koristi metoda MAG / OA vruéa Zica.

DUROLIT &
1.6 mm

DUROLOY
SE 12/50
1.6 mm

DURMAT®
FD 61 OA
2.4 mm

| Harte = 42.8 HRC

N Hirte = 49.7 HRC
Fecwwn = 2,86 %

]

Harte =69.2 HRC

Figure 6: Overview of GMAW hot wire hardfacings
Slika 6. Pregled MAG tvrdog navarivanja sa vruéom zicom

5. Applications

The GMAW hot wire surface welding offers clear
advantages for all examined alloy types concerning
the layer properties and/or productivity. At the
moment, transfer to practice is performed on
several sample parts already, since the first

5. Primena

MAG zavarivanje vrucom zicom nudi jasne
prednosti za sve ispitivane vrste legura koje su
vezane za svojstva sloja i / ili produktivnost. U
ovom trenutku, transfer na praksu se vec¢ izvodi na
nekoliko uzoraka, jer su prvi preliminarni testovi na
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preliminary tests using customer parts in the
welding plant DURWELD Alpha led to promising
results. The welding system is presented in figure
7. One possible area of application for the method
in combination with the alloy DURMAT® NIFD is
protection of the blade components or taper tap
parts in open pit mining, figure 8. The highly wear-
stressed areas required highest wear protection,
since not only the less aggressive coal, but also
regular overlay with many different compositions
will be mined to expose the coal.

4
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korisnickim delovima u fabrici za zavarivanje
DURVELD Alpha doveli do obecavajuéih rezultata.
Sistem zavarivanja je prikazan na slici 7. Jedna od
mogucih oblasti primene ove metode u kombinaciji
sa legurom DURMAT® NIFD je zastita komponenti
seciva ili konusnih delova u rudniku na otvorenom
kopu, slika 8. Podruéja sa visokim opterecenjem na
habanje zahtevaju najvecu zastitu od habanja, jer
¢e ne samo manje agresivni ugalj, vec i regularni
sloj sa mnogo razli¢itih sastava biti iskopan da bi se
izdvojio ugal;.

s -

Figure 7: Welding”._system DRELD Alpha used with M -current source techniques
Slika 7. Sistem zavarivanja DURWELD Alpha koriséen sa EWM strujnim izvorima

Figure 8: Potential application: open-cast mining

Slika 8. Potencijalna primena: rudarstvo
6. Zakljuéak
Upotreba MAG metode sa vru¢om zZicom moze
znacajno povecati udeo potpuno sacuvanih FTC
Cestica u podru¢ju FTC-ojacanih legura na bazi

6. Conclusion and outlook

Use of the GMAW hot-wire method can significantly
increase the share of completely preserved FTC
particles in the area of FTC-reinforced nickel-base
alloys due to the reduced thermal stress on the filler
material. It could be shown in the range of iron-,
nickel- and cobalt-base alloys that use of the hot-
wire technique reduced the respective dilution with
base material and clearly improved the technical
properties in single-layer application. Based on
these results, further materials are being examined
as well, since it can be assumed that at much
larger number of materials can be processed with
more beneficial properties than can be achieved in
the conventional method when using the GMAW

nikla zbog smanjenog termickog naprezanja
dodatnog materijala. U opsegu legura na bazi
gvozda, nikla i kobalta moZe se pokazati da je
upotreba tehnike vruée Zice smanijila odgovarajuce
razredivanje- meSanje sa osnovnim materijalom i
jasno poboljSala tehniCka svojstva u jednoslojnoj
primeni. Na osnovu ovih rezultata, u slu¢aju MAG
metode sa vru¢om Zicom., razmatraju se i drugi
materijali, buduéi da se moZe pretpostaviti da se
mnogo veci broj materijala moze obraditi sa
povoljnijim svojstvima nego §to se postize
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hot-wire method. Additionally, further adjustment of
the power source's characteristic curves in the
range of the short electric arc and pulse arc to the
respective flux-cored wire types is currently
underway in order to achieve optimally coordinated
process conditions.
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GODISNJI SASTANAK RADNIH GRUPA MEDUNARODNOG INSTITUTA ZA ZAVARIVANJE (lIW)

Godisnji sastanci radnih grupa Medunarodnog instituta za zavarivanje — MIZ, ove godine su odrzani u
sediStu Instituta za zavarivanje u Villepinte — Paris, Francuska od 14-18. januara.

Kao $to je uobi¢ajeno, u tri celodnevna sastanka Medunarodne grupe za ovlaséivanje (IAB International
Authorisation Board) odrzani su sastanci Grupe A-Obuka, trening i sertifikacija osoblja u zavarivanju,
Grupe B- primena pravila, dokumenata i procedura IAB grupe i kona¢no sastanak &lanica IAB grupe, gde
se sustinski donose odluke o strategiji razvoja i delatnosti IAB u delu obrazovanja kadrova u zavarivanju
po pravilima MlZ-a.

Ove godine, pored redovnih aktivnosti naseg predstavnika u IAB Grupi, zna¢ajno mesto je zauzeo
sastanak radne grupe za regionalnu saradnju Medunarodnog instituta za zavarivanje.

Kako je uobicajeno, na sastanku Radne grupe za regionalnu saradnju (Working Group on Regional
Activities) se diskutovalo o medunarodnim manifestacijama poput Konferencija, Kongresa, seminara i/ili
Godisnje skupstine MIZ-a.

Na ovim sastancima se donose i odluke koja manifestacija ¢e dobiti status manifestacije od svetskog
interesa, $to znadi da moze da se tretira kao manifestacija Meduanrodnog instituta za zavarivanje (lIW
Kongres na primer). InaCe, veoma je mali broj manifestacija ( 1-3 godisSnje) koje imaju takav tretman.

Za 2018. Godinu, 4. Regionalni Kongres o zavarivanju zemalja jugoisto¢ne Evrope, koji je u organizaciji
DUZS-a odrzan u Beogradu od 10-13. oktobra 2018. godine, je imao tretman manifestacije (jedna od dve
u 2018. godini) od opsteg znacaja za MIZ, odnosno tretman IIW Kongres. Koorganizatori su bili i rumunsko
i bugarsko drustvo za zavarivanje.

Na sastanku odrzanom 17. januara na$ predstavnik, dr Vencislav Grabulov, predsedavaju¢i 4™ lIW South-
East European Welding Congress je podneo izvestaj o odrzanom Kongresu i prateéih manifestacija
(Radionica zemalja Regiona, Izlozba....). Cinjenica da je bilo prisutno ukupno oko 200 ugesnika, izloZzeno
preko 60 radova autora iz 26 zemalja i 8 uvodnih predavaca — svetski priznatih autoriteta iz Medunarodnog
Instituta za zavarivanje i Evropske federacije za zavarivanje (EWF) potvrdila je da je ambiciozan Plan
organizatora ostvaren na zadovoljstvo ¢&lanova grupe za Regionalnu saradnju MIZ-a na ¢&elu sa
predsedavajuéim grupe gospodinom Dan Tadic-em iz Kanade i Cecille Mayer izvrSnim direktorom MIZ-a.
Zapazen je bio podatak da je na jednom mestu, u isto vreme bilo prisutno 10 funkcionera MiIZ-a i EWF-a a
da to nije bila Godisnja skupstina MIZ-a.

Konacno, izvestaj o odrzanom 4™ IIW South-East European Welding Congress je usvojen uz zakljusak da
je DUZS odnosno Srbja opravdala poverenje. Kao dodatak je i pohvala za organizaciju Radionice
zavarivackih asocijacija iz regiona po temi “Saradnja u regionu u oblasti zavarivanja”, posebno ako se
potencira da je to do sada najmasovniji skup tog karaktera, jer su sa unapred spremljenim izlaganjima
ucestvovali predstavnici 7 zemalja iz regiona (Rumunija, Bugarska, Gréka, Turska, Madarska, Grc¢ka i
Srbija) uz podrsku ¢lanova MIZ-a iz regiona Slovenije i Hrvatske i uz u¢eSée predstavnika zavarivackih
asocijacija iz zemalja koje nisu €lanice MIZ-a iz regiona kao $to su Makedonija, Bosna i Hercegovina i Crna
Gora.

Vencislav Grabulov je iskoristio priliku i u sedistu MIZ-a, za vreme podnoSenja izvestaja, joS jednom
potencirao zasluge i podrdku velikog broja sponzora, saradnika DUZS-a koji su kljuéno doprineli uspehu
ove manifestacije.

Dokazali smo da ¢lanovi DUZS-a uz podrSku sponzora i prijatelja iz zavarivackoh sveta iz Regiona
jugoistone Evrope, mogu da odrze manifestaciju na svetskom nivou, postujuci sva pravila i ispunjujuci sve
zahteve koje MIZ postavlja pred organizatore.

Dr Vencislav Grabulov, IWE
IzvrSni rukovodilac DUZS CertPers
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PREVENT CRACKING IN DEPOSITION OF CARBON STEEL ON
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SPRECAVANJE NASTANKA PRSLINA PRI NANOSENJU
UGLJENICNOG CELIKA NA INCONEL 625
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Abstract

Welding procedure of clad steel including
deposition of carbon steel on nickel base alloy
usually gives unaccepted mechanical properties.
Cracks were formed along type Il boundary in
nickel base alloy pass and a martensitic layer was
formed in carbon steel pass. In this paper, cracks
along type Il boundary were prevented by lowering
the martensitic start temperature (Tws) of the
martensitic layer. Decreasing of Tms was obtained
by two methods: Dilution method and Grain refining
method. Three levels of Tws (approximately 350,

200, and 50°C) are obtained. The results showed
that: cracks along type Il boundary were prevented
at Tws lower than 200°C; however type Il boundary

itself was prevented at Tws lower than 50°C. Also
post weld heat treatment was necessary to achieve
accepted impact properties.

1. Introduction

Welding of carbon steel pipes (X65) cladded by
nickel base alloy (Inconel 625) are usually being
welded by AWS A5.14- ERNiCrMo3 filler metal. A
trial was attempted to weld first and second passes
by AWS A5.14- ERNiCrMo3 and subsequent
passes by AWS A5.1 E7018. Unaccepted
mechanical properties were resulted due to
creation of cracks along type Il boundary and
formation of martensitic layer in carbon steel
deposit [1]. In the present paper an unconventional
idea was developed to prevent cracking along type
[l boundary. This idea is illustrated schematically in
Fig1, where martensite which formed in carbon
steel pass (3" pass) was induced compressive

Adresa autora / Author's address:

1Welding Engineer in Petrojet Company

2pssociate professor, Central Metallurgical R&D Institute
CMRDI

3Prof, Dept. of Metallurgy, Faculty of Engineering Cairo
University
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Key words: Type Il grain boundary, Martensite, Stress
at fusion boundary, Compressive stresses, Dilution,
Grain refining, Carbon migration, PWHT

Rezime

Tehnologija zavarivanja platiranog Celika,
uklju€ujuci nanosenje uglienicnog cCelika na leguru
nikla, obiéno daje neprihvatliva mehanicka
svojstva. Prsline su formirane duz granice tipa Il u
prolazu od legure nikla i formiran je martenzitni sloj
u prolazu od ugljenicnog ¢&elika. U ovom radu,
prsline duz granice tipa Il su spreCene smanjenjem
martenzit start temperature (Tys) martenzitnog
sloja. Smanjenje Tys je postignuto na dva nacina:
metodom razblazivanja i metodom rafinacije zrna.
Dobijena su tri nivoa Tys (priblizno 350, 200 i 50°C).
Rezultati su pokazali da su: prsline duz granice tipa
Il bile spre¢ene kod Tys nizih od 200°C; medutim,
sama granica tipa Il bila je spreCena kod TM nize
od 50°C. Takode je bila potrebna toplotna obrada
nakon zavarivanja da bi se postigle prihvatljive
karakteristike udarnih osobina.

1. Uvod

Zavarivanje cevi od ugljeniénog celika (X 65)
pLatirane legurom na bazi nikla (Inconel 625)
obi¢no se zavaruju dodatnim materijalom prema
AWS A5.14- ERNiCrMo3. Pokusano je da se Koristi
za prvi i drugi prolaz AWS A5.14-ERNiCrMo3 a
naredni prolazi sa AWS A51 - E7018.
Neprihvatljiva mehani¢ka svojstva nastala su zbog
stvaranja prslina duz granice tipa Il i formiranja
martenzitnog sloja u nanetom sloju ugljeni¢nog
Celka [1]. U ovom radu je razvijena
nekonvencionalna ideja za spre€avanje prslina duz
granice tipa Il. Ova ideja je $ematski ilustrovana na
slici 1, gde je martenzit koji je nastao u prolazu
ugljeniénog celika (tre¢i prolaz) izazvan pritisnim
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stresses on 2" inconel pass; hence cracks were
prevented. It must be mentioned that the idea of
promoting martensitic formation in welds was
considered a departure from conventional thinking
[2]. But in the present work martensite would be
beneficial if lower martensite start temperature was
achieved. Lowering martensite start temperature
(Tms) means that more compressive stresses were
induced at surrounding passes i.e. transformation
induced compressive stresses generation [2-4]. Twms
can be controlled by chemical composition and by
grain size [5-7].

Two methods were used to reduce Tws of the 3rd
pass. The first one was described as "Dilution
Method". In this method, dilution level was
increased by increasing the welding current. This
means that more alloying elements (mainly Ni and
Cr) would transfer from the 2nd pass (Inconel) to
the 3rd pass (carbon steel). These alloying
elements will increase the hardenability and
decrease Twms. The second method was described
as "Grain Refining Method". In this method Tws
decreased by decreasing grain size of the 3rd pass.
The composition of the 3rd pass was similar to
martensitic stainless steel [1]. Thus, tempering is
necessary to provide the required notch toughness
[8]. The post weld heat treatment (PWHT) was
applied for welds free cracks.

4
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naprezanjima na drugom prolazu od inkonela;
stoga su sprecene prsline. Mora se napomenuti da
je ideja promovisanja stvaranja martenzita u
zavarenim spojevima, smatrana odstupanjem od
konvencionalnog razmisljanja [2]. Ali u sadaSnjem
radu, martenzit bi bio koristan ako bi se postigla
niza martenzit start temperatura. Spustanje
matrenzit start temperature martenzita (Tys) znaci
da su u okolnim prolazima izazvana veca pritisna
naprezanja, tj. stvaranje pritisnih naprezanja
izazvanih transformacijom [2-4]. Tys se mogu
kontrolisati hemijskim sastavom i veli€inom zrna [5-
7].

Dve metode su koris¢ene za smanjenje T s treceg
prolaza. Prva je opisana kao "Metoda
razblazivanja". U ovoj metodi, nivo razredenja je
povecan povecanjem struje zavarivanja. To znadi
da bi vide legirajuc¢ih elemenata (uglavnom Ni i Cr)
prelazilo iz 2.0g prolaza (Inconel) u 3. prolaz
(ugljenicni Celik). Ovi legirajuci elementi ¢e povecati
tvrdo¢u i smanjenje Tys. Druga metoda je opisana
kao "Metoda rafinacije zrna". U ovoj metodi T ys je
smanjen smanjenjem veliCine zrna 3-eg prolaza.
Sastav 3.eg prolaza je bio sli€an martenzithom
nerdajucem c¢eliku [1]. Prema tome, otpustanje je
neophodno da bi se obezbedila zahtevana udarna
Zilavost [8]. Toplotna obrada nakon zavarivanja
(PWHT) primenjena je kod Savova bez prslina.

v

X \l_’
3+ Pass

FB (Fusion boundary)

Martensite)
d (Martensite ,
/
= v Partially Melted
Interfacial erack e iy — Zone (PMZ)
along grain boundary S = =
ypelk 0000000 e msa s
»nd Pass \
(FCC) HAZ (Heat Affected

Zone)

Fig 1. Schematic diagram illustrated the idea of using martensite which formed in 3° pass to prevent crack along type
Il boundary in 2™ pass: "X" longitudinal, "Y" transverse and "Z" through thickness
Slika 1. Sematski dijagram ilustruje ideju upotrebe martenzita koji je nastao u 3. prolazu da bi se spreéila prslina duz
granice tipa Il u drugom prolazu: "X" poduzno, "I" popre¢no i "Z" kroz debljinu

2. Experimental procedure

2.1. Welding and Material

Base metal was API 5L Grade X-65 pipe steel with
305 mm diameter, 21.4 mm thickness and cladded
with 2 mm thickness of inconel 625. Filler metals
used in this study were AWS A5.14 ERNICrMo3
and AWS A5.1E7018. The test coupon pipes were
fabricated with full penetration single groove butt
joint with 60 degrees included angles. Welding was
done using flat position "1G". As shown in Table1,
gas tungsten arc welding (GTAW) process with

2. Eksperiment

2.1. Zavarivanje i materijal

Osnovni materijal je cev od APl 5L X-65 celika
preCnika 305 mm, debljine 21,4 mm i platirana
slojem debljine 2 mm od inkonela 625. Kori§¢eni
dodatni materijali u ovom istrazZivanju bili su AWS
A5.14 - ERNiICrMo3 i AWS A5.1 - E7018. Ispitne
cevi su proizvedene su¢eonim spojem sa potpunim
uvarivanjem, jednostranim Zljebovima sa uglovima
od 60 stepeni. Zavarivanje je obavljeno u polozaju
"1G". Kao $to je prikazano u Tabeli 1, koriséen je
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pure argon shielding gas was used to weld first and
second passes using AWS A5.14- ERNiCrMo3 filler
metal. The heat inputs of the 1% and 2" passes
were lowered as possible (about 0.9KJ/mm) to
minimize dilution.

Table 1 shows that: two methods were used to
weld the 3™ pass. The first one was described as
"Dilution Method". In this method; the 3™ pass was
welded by shielded metal arc welding (SMAW)
process using AWS A5.1 E7018. Three levels of
dilution were achieved by using three cases of heat
input (about1.2, 1.4 and 2.0 KJ/mm). The second
method was described as "Grain Refining Method".
In this method, the 3™ pass was welded by flux
cored arc welding (FCAW) process using E70T-4.
The subsequent passes of the two methods were
welded by SMAW using AWS A5.1 E7018. The
welding variables were listed and illustrated in
Table1.

4
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TIG postupak zavarivanja (GTAW) sa Cistim
argonom kao zastitnim gasom za zavarivanje prvog
i drugog prolaza pomo¢u AWS A5.14-ERNiCrMo3.
Unos toplote prvog i drugog prolaza je smanjen sto
je vide moguce (oko 0.9KJ / mm) da bi se smanijilo
razblazivanje.

Tabela 1 pokazuje da su dve metode koris¢ene za
zavarivanje 3. prolaza. Prva je opisana kao
"Metoda razblazivanja". U ovoj metodi; treci prolaz
je izveden ruc¢nim elektroluénim postupkom
zavarivanja (SMAW) pomo¢u AWS AS5.1 - E7018.
Tri nivoa razredenja postignuta su koris¢enjem tri
slu¢aja unosa toplote (oko 1,2, 1,4 i 2,0 KJ / mm).
Druga metoda je opisana kao "Metoda rafinacije
zrna". U ovoj metodi, tre¢i prolaz je zavaren
postupkom zavarivanja punjenim zicama (FCAW)
koriStenjem E70T-4. Slededi prolazi dve metode su
zavareni SMAW postupkom pomocu AWS A5.1-
E7018. Promenljive zavarivanja su navedene i
ilustrovane u Tabeli 1.

. Electrode Travel Heat Input
Welding Current | Voltage
Pricias Type Diameter | Pass Speed (amp) ™) (Ii.!;zr{n} Others
- (mm) (mm/sec) 5%
AWS A5.14- 1% 08 110 9 0.92
GTAW ; 2 1
ERNiCrMo3 20 1.2 150 10 0.93 W
Dilution Method
Case |
3 1.4 95 225 1.2
sMAw | AWSAS > Filling 1.4 95 22.5 1.2 >
SMAW E7018 24 ng . e = (2)
Cap 1.4 95 225 1.2
Case 11
3 1.4 110 225 1.4
SMAW AWS A5.1 5 = e -
SMAW E7018 24 Filling 1.4 110 225 1.4 (2)
Cap 1.4 110 225 14
Case 111
ok 3™ 14 150 24 2
" . AWS AS. X = = = > 9
SMAW E7018 24 Filling 1.4 150 24 2 (2)
Cap 1.4 150 24 2
Grain Refining Method
FCAW-S E70T-4 1.6 3rd 4.7 280 27 13 (3)
'S AS Filling 1.4 95 22.5 1.2
svaw | ASA 24 2 )
E7018 Cap 1.4 95 225 1.2

Table1. Welding variables
(1) Inter pass temperature was about (115+5)°C
(2) Inter pass temperature was about (200°C+5)
(3) Feed rate = 87mm/s & Tip to work distance = 20 mm
Tabela 1. Promeniljive zavarivanja
(1) Meduslojna temperatura je oko (115+5)°C
(2) Meduslojna temperatura je oko (200°Cz5)
(3) Brzina dodavanja = 87mmy/s i rastojanje vrh-radni komad =20 mm
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2.2. Post Weld Heat Treatment

Tempering was proceeded at 720°C and 3 hours
holding time. Tempering was applied only for crack
free welds.

2.3. Microstructural Characterization

Specimens were cut and prepared for mechanical
tests in accordance with ASME-Section IX, where
tensile, impact and bend test are required. The
specimens for impact test were prepared from cap
and root (including the 3™ pass). Microstructural
characterization was performed using optical
metallography and scanning electron microscope.
Because of the wide range of compositions and
microstructures, a number of chemical etchants
were used. Nital (2 mL HNO; and 98 mL ethanol)
was used to reveal martensitic structure; Vilella's
reagent (5 mL HCI, 1 gram picric acid, and 100 mL
ethanol) was used to reveal grains of martensite.
Mixed acids (equal parts of HCL, HNO3, and acetic
acids) were used to reveal grain boundaries of
nickel base alloy. Microhardness across transition
region was measured using diamond pyramid
indenter in conjunction with both 10 and 100 gram
loads.

24. Determination of Martensite
Temperature (Tws) for the 3™ Pass

In this investigation, Tms was calculated using
empirical equations. For dilution method, Gooch
equation (Eq.1) [9] was used. This equation is
usually used for martensitic stainless. However, for
grain refining method; Lee equation (Eq. 2) [10]
was used. This equation considers the effects of
chemical composition and austenite grain size on
martensite start temperature.

Start

Ms (°C) = 540 — (497C% +6.3Mn%+36.3N1%+10.8Cr%+46.6Mo %)

4
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2.2. Termic¢ka obrada posle zavarivanja
Otpustanje je obavleno na 720°C i 3 sata
zadrzavanja. Otpustanje je primenjeno samo za
zavarene spojeve.

2.3. Mikrostrukturna karakterizacija

Uzorci su iseCeni i pripremlieni za mehanitka
ispitivanja u skladu sa ASME-Deo IX, gde su
potrebni zatezni, udarni i savojni testovi. Uzorci za
udarnu Zzilavost pripremljeni su iz vrha/pokrivni
zavar) i korena (ukljuCujuéi i treé¢i prolaz).
Mikrostrukturna  karakterizacija je izvedena
optickom mikroskopijom i skeniraju¢im elektronskim
mikroskopom. Zbog 8&irokog spektra sastava i
mikrostruktura, koriséen je veliki broj sredstava za
nagrizanje. Nital (2 mL HNO3 i 98 mL etanol) je
koris¢en za otkrivanje martenzitne strukture; Vilela
reagens (5 mL HCI, 1 gram pikrinske kiseline i 100
mL etanola) koriS¢en je =za otkrivanje zrna
martenzita. MeSane kiseline (jednaki delovi HCI,
HNO:; i siréetne kiseline) su koris¢ene za otkrivanje
granica zrna legure na bazi nikla. Mikrotvrdo¢a duz
prelaznog podrudja je merena Kkoriséenjem
dijamantske piramide u kombinaciji  sa
opterec¢enjem od 10 i 100 grama.

2.4. Odredivanje martenzit start temperature
(Twms) treceg prolaza

U ovom istrazivanju, Tys je izraCunat pomocu
empirijskih jednacina. Za metodu razredivanja
koristena je Gooch-ova jednacina (Jedn.1) [9]. Ova
jednacCina se obicno koristi za martenzitne
nerdajuce celike. Medutim, za metodu rafinacije
zrna; koriséena je Li —ova jednacina (jednacina 2)
[10]. Ova jednacina uzima u obzir efekte hemijskog
sastava i veliine zrna austenita na martenzit start
temperaturu.

(Eq.1)

Ms (°C) =402-797C+14.4Mn+15.35i—31.1Ni+345.6Cr + 434.6Mo

+(59.6C +3.8Ni —41Cr —53.8Mo0).G

(Eq. 2)

Where G is the ASTM austenite grain size and elements in weight fraction

Typical EDX detector was used to measure
chemical composition of the 3™ pass. But this
detector can detect a limited range of X-ray
energies so light elements (Z<10) such as carbon,
nitrogen cannot be measured accurately. To
overcome this problem; in the present work;
estimated complete chemical composition was
determined using back calculation methodology as
follows:

1. Major alloying elements such as Fe, Ni and Cr
were determined by EDX analysis. Then dilution
levels of major elements were calculated using Eq.
3 [6].

D=(C w—C p/(Co—C1)

Tipicni EDX detektor je koris¢en za merenje
hemijskog sastava 3. prolaza. Ali ovaj detektor
moze da otkrije ogranien opseg energije
rendgenskih zraka tako da se laki elementi (Z
<10), kao $to je ugljenik, azot ne mogu precizno
meriti. Kako bi se prevaziSao ovaj problem; u ovom
radu; procenjeni potpuni hemijski sastav je odreden
koris¢enjem povratne metodologije izraCunavanja
kako sledi:

1. Glavni legirajuci elementi kao Sto su Fe, Ni i Cr

odredeni su EDX analizom. Zatim su nivoi
razredenja glavnih elemenata izraCunati
koris¢enjem jed. 3[6].

(Eq. 3)
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Where D is the dilution, C w, C f and C b are the
concentration of each element in weld metal, filler
metal, and base metal respectively.
2. Average dilution level (Dav ) of the major alloying
elements was determined.
3. Eq.4 was used to calculate the concentrations of
other alloying elements.

C w= [(C b‘C f) * Dav] +C f

3. Results and discussion

3.1. Effect of Tws value on type Il grain boundary
conditions

It is accepted that grain boundary type Il worked as
a weak line which easy cracked [11, 12]. In the
present work martensitic transformation which
formed in 3™ pass was used to produce
compressive stresses on 2™ pass, hence tensile
stresses were reduced and cracks were prevented.
Because of elastic modulus increase with
decreasing of metal temperature; the amount of
compressive stresses generated from martensitic
transformation increased with decreasing of Tws
[13, 14].

Because of quantitative measurements of stresses
at type Il grain boundary are hard to conduct, a
qualitative method was used to give an indication
about stress level. This technique was proceeded
by observing any cracks near the fusion boundary
i.e. observation of cracks means high tensile
stresses. Thus an approach of the relation between
Twus values of the 3™ pass and stresses level at
fusion boundary was built. Depending on this
methodology effective levels of Tys were
approximately determined as the following:

a) Case | of Dilution Method: As shown in Table
1; heat input was about 1.2 KJ/mm which gave
6.5% average dilution. Mechanical properties are
shown in Table 2, 3 and 4, where unaccepted
results of side bend test and notch impact
toughness are noted. Table5 shows that Tws for the
fusion zone of the 3" pass equaled to 354°C. Fig2
reveals the cracks along type Il boundary. This
means that at 354°C; the created compressive
stresses were not sufficient to overcome the tensile
stresses, hence crack was occurred.

b) Case Il of Dilution Method: As shown in Table
1; heat input was about 1.4 KJ/mm which gave
13.5% average dilution. Mechanical properties are
shown in Tables 2, 3 and 4. As shown in Table5,
Tws for the fusion zone of the 3™ pass equaled to
197°C. Fig.3 shows type Il grain boundary
appeared without any interfacial cracks. This
means that at 197°C, the created compressive
stresses were sufficient to overcome the most of

4
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gde je D razblazenje, C ,, C i C , su koncentracije
svakog elementa u metalu Sava, dodatnom
materijalu i osnovnom materijalu.

2. Odreden je proseCan nivo razredivanja (Dav)
glavnih legirajucih elemenata.

3. Jedn. 4 je koriS¢ena za izraCunavanje
koncentracija drugih legiraju¢ih elemenata.

(Eq.4)

Rezultati i diskusija

3.1. Uticaj vrednosti Tys na uslove granice zrna
tipa ll

Prihvac¢eno je da je granica zrna tipa Il radila kao
slaba linija koja lako puca [11, 12]. U sadasnjem
radu koris¢ena je martenzitna transformacija
nastala u 3. prolazu da bi se proizvele pritisna
naprezanja na 2. prolazu, pa su smanjeni zatezni
naponi i sprecene su prsline. Zbog toga Sto se
modul elastiCnosti poveCava sa smanjenjem
temperature metala; koli€ina pritisnih napona
stvorena martenzitnom transformacijom, povecana
je sa smanjenjem Ty [13, 14]

Zato Sto je kvantitativno merenje naprezanja na
granici zrna tipa Il teSko sprovesti, upotrebljena je
kvalitativna metoda da se dobije indikacija o nivou
napona. Ova tehnika je nastavljena posmatranjem
bilo kakvih prslina u blizini granice stapanja, tj.
posmatranje prslina znadi visoka zatezna
naprezanja. Tako je izgraden pristup odnosu
izmedu vrednosti Tys treéeg prolaza i nivoa
naprezanja na granici stapanja. U zavisnosti od ove
metodologije, efektivni nivoi Tys su priblizno
odredeni na sledeci nacin:

a) Slucaj | metode razredivanja: Kao §to je
prikazano u tabeli 1; unos toplote je bio oko 1,2 KJ /
mm, 3to je dalo proseéno razredenje od 6,5%.
Mehanicke osobine su prikazane u tabelama 2, 3 i
4, gde su zabeleZzeni neprihvactljivi rezultati
ispitivanja bo€nog savijanja i udarne Zilavosti.
Tabela 5 pokazuje da Tws za zonu stapanja treceg
prolaza iznosi 3540C. Slika 2 otkriva prsline duz
granice tipa Il. To znadi da na 354°C; stvorena
pritisna naprezanja nisu bila dovoljna za
prevazilazenje naprezanja na istezanje, pa je doslo
do pucanja.

b) Sluéaj Il metode razblazivanja: Kao Sto je
prikazano u tabeli 1; unos toplote je bio oko 1.4 KJ /
mm Sto je dalo 13.5% proseCnog razblazenja.
Mehanicke osobine su prikazane u tabelama 2, 3 i
4. Kao $to je prikazano u tabeli 5, Tws za zonu
stapanja tre¢eg prolaza iznosio je 197°C. Na slici 3
prikazana je granica zrna tipa Il bez ikakvih
medupovrsinskih prslina. To znaci da su na 197°C
stvorene pritisna naprezanja bila dovoljne za
prevazilaZzenje vecine zateznih naprezanja i
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tensile stresses and cracks were prevented. This

4
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spreCene su prsline. Ovo zapazanje odrazava

observation 3. reflects the resulted accepted side prihvaéeni test boénog savijanja i poboljSanu
bend test and improved notch toughness (Table 3, udarnu zilavost (Tabela 3 i 4).
and 4 respectively).
Ultimate Tensile Stress (N/mm’) Failure Location Comment
Method N .
Zatezna Cvrstoca Mesto preloma Komentar
641 W.M/ metal Sava Acceptable
Case | 669 W.M Ac_cepta_t?le/
prihvatljivo
Dilution 645.33 wW.M Acceptable
. Case Il
Razredenje 656.6 wW.M Acceptable
649.74 wW.M Acceptable
Case Il 669.34 w.M Acceptable
Grain Refining 668.36 wW.M Acceptable
Rafinacija zrna 664.44 wW.M Acceptable

Table 2. Tensile test results in as weld conditions
Tabela 2. Rezultati ispitivanja zatezanjem u uslovima zavarivanja

Dilution Method
Specimen No. Epruveta Metoda razredivanja Grain Refining Method
br. g}ig:jll Case Il Case Il Metoda rafinacije zrna
: Sobten | papeeies | Reecea
2 Rejected Accepted Rejected Accepted
3 Rejected Accepted Rejected Accepted
4 Rejected Accepted Rejected Accepted
Table 3. Guided side bend test results in as weld conditions
Tabela 2. Rezultati ispitivanja bo¢nog savijanja u uslovima zavavanja
o WM FL FL+2 FL+5
S HERE BERIE HERE HEAE
Dilution Method
Case 1
Cap 69 60 94 110 50 65 140 115 125 118 117 106
Root 10 E 10 95 110 85 140 145 150 165 160 155
Case 11
Cap 64 55 | 89 105 45 60 135 110 120 113 112 101
Root v l2a3|n 91 106 81 136 141 146 161 156 151
Case 111
Cap 52 43 77 93 33 48 123 98 108 101 100 89
Root 9 jil 13 78 93 68 123 128 133 148 143 138
Grain Refining Method
Cap 100 53 86 130 105 109 105 97 96 70 79 103
Root 23 26 | 22 92 90 76 127 143 141 150 148 144

Table 4. Notch impact toughness results (Joule) at 0°C for as welded conditions
Tabela 4. Rezultati ispitivanja udarne Zilavosti (DZul) na 0°C u uslovima zavarivanja

*WM: weld metal/
metal Sava

* FL: Fusion Line

Linija stapanja

Linija stapanja

*FL+2: Fusion Line+2mm *FL+5: Fusion Line +5mm
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Fig.2 Case | of dilution method: Interfacial
cracks are running along grain boundary type II.
S1.2. Sluc¢aj | metode razredenja:medufazne prsline se
prostiru duz granica zrna tipa Il

Fig. 3 Case Il of dilution method: Grain
boundary type Il appeared without cracks
SlI. 3. Sluc¢aj | metode razredenja: Granica zrna tipa
libez prslina

Fig. 4 Case lll of dilution method: Parts from
filler are forces inside the 2" pass forming martensitic
island inside with cracks
S1.4. Slucaj Ill metode razredenja: Delovi dod. materijala
su sile unutar 2.0g prolaza koje stvaraju ostrva martenzita
sa prslinama

c) Case lll of Dilution Method: As shown in Table
1; heat input was about 2 KJ/mm; giving 20.22%
average dilution. This heat input is considered
relatively high heat. Mechanical properties are
shown in Table 2, 3 and 4, where unaccepted
results of side bend and notch impact toughness
tests are noted. Fig.4 reveals microstructure near
fusion boundary where planar solidification region
and type Il grain boundary are not found i.e. cellular
structure  continued until fusion boundary.
Depending on Nelson et al. work [15, 16], the
tensile stress which worked as a driving force for
type Il boundary formation, was nil. Table 5 shows
that Tws for fusion zone of the 3™ pass was 48 °C.

Fig.5 Case Il of dilution method: Type I
boundary disappeared and cellular structure
continued until fusion boundary
SI. 5. Slucaj lll metode razredivanja: Tip Il granica je
nestala i Celijska struktura nastavija do granice stapanja

c) Sluéaj Ill metode razblazivanja: Kao 5to je
prikazano u tabeli 1; unos toplote je bio oko 2
KJ/mm; dajuci 20.22% prosecnog razblazenja. Ovaj
unos toplote se smatra relativho visokom toplotom.
Mehanicke osobine su prikazane u tabelama 2, 3 i
4, gde su zabelezeni neprihvatljivi rezultati
ispitivanja bo€nog savijanja i udarne Zilavosti. Slika
4 otkriva mikrostrukturu blizu granice stapanja, gde
nije pronadena ravanska oblast oc€vr§¢avanja i
granica zrna tipa Il, tj. ¢elijska struktura se nastavlja
sve do granice stapanja. U zavisnosti od rada
Nelsona i dr. [15, 16], zatezni napon koji je sluzio
kao pogonska sila za formiranje granica tipa Il, bio
je nula. Tabela 5 pokazuje da su Twms za zonu
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Based on these results, it can be concluded that: at
Tws equal or lower than 48°C the generated
compressive stresses at fusion boundary were
sufficient to overcome all tensile stresses so type Il
boundary itself disappeared.

4
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stapanja treceg prolaza 48°C. Na osnovu ovih
rezultata moze se zakljuciti da: kod Tys-a jednakih
ili nizih od 48°C stvorena pritisna naprezanja na
granici stapanja su bila dovoljna da se prevladaju
sva zatezna naprezanja pa je i sama granica tipa Il
nestala.

Rato Filler Metals Dilution Method Grain
E[:agm Metal | ywsas1 | AWSAs14- Coe il N
X65 E7018 ERNiCrMo3 E70T-4 | Casel | Casell WL Tlands Method
Ni 0.011 0.03 64.6 0.02 3.02 6.32 9.46 3.94 4.72
Cr 0.011 0.00 21.7 0.00 1.12 2.29 342 146 1.74
Fe Bal Bal 0.6 Bal 93.44 88.28 83.32 9195 89.94
Mo 0.228 0.15 8.9 0.00 047 0.97 146 0.6 0.73
Nb 0.008 0.00 35 0.00 0.21 043 0.65 0.27 0.32
C 0.007 0.07 0.08 0.23 0.07 0.07 0.08 0.07 0.22
Mn 14 1.05 0.00 0.5 1.02 1.00 0.97 1.02 0.52
Si 022 0.55 0.1 0.28 0.55 0.54 0.54 0.55 0.30
P 0.01 0.016 0.00 0.011 0.02 0.02 0.02 0.02 0.03
S 0.005 0.01 0.00 0.003 0.01 0.01 0.01 0.01 0.01
Al 0.008 0.01 0.00 15 0.02 0.04 0.06 0.03 1.38
Ti 0.1 0.001 0.00 0.01 0.02 0.04 0.06 0.03 0.04
Co 0.00 0.00 1.00 0.00 0.05 0.11 0.16 0.07 0.08
Thas °C 354 197 48 310 56

Table 5. Chemical analyses of base metal, filler metal and estimated chemical analyses and Tws of the weld metal
Tabela 5. Hemijski sastav osnovnog i dodatnog materijala i procenjene hemijske analize i T\s metala Sava

However a plan view of 2™ pass is illustrated in
Fig.5, where parts from filler metal are observed.
Parts from filler metals were forced inside the
2"inconel pass and solidified giving martensitic
islands. Microhardness of these regions was
ranged from 497 to 522 HV. These results are
supported by SEM and EDX analyses in Fig.6
where iron percentage was about 92%. These
islands were obtained as a result of using high
welding current [17, 18]. As shown in Fig.7 cracked
type Il boundary is observed parallel to theses filler
metal islands. Table5, Tws of martensitic islands
within 2" pass is 310°C. This means that: at 310°C
compressive stresses were very low compared with
tensile stresses so cracking occurred.

Although type Il boundary near fusion boundary
were prevented, formation of filler metal martensitic
islands with cracks within 2" inconel pass leaded
to poor impact toughness and unaccepted side
bend results. These results are given in Table3 and
Table 4 respectively.

Medutim, planski pogled na 2. prolaz je ilustrovan
na slici 5, gde se posmatraju delovi dodathog
materijala. Delovi dodatnog materijala bili su
prisilieni da udu u prolaz 2. od inkonela i o€vrsnu
stvarajui martenzitna ostrva. Mikrotvrdoéa ovih
regiona kretala se od 497 do 522 HV. Ovi rezultati
su podrzani SEM i EDX analizama na slici 6, gde je
procenat Zeleza bio oko 92%. Ova ostrva su
dobijena koris¢enjem visoke struje zavarivanja [17,
18]. Kao $to je prikazano na slici 7, granica tipa Il
sa prslinama se posmatra paralelno sa ovim
ostrvcima dodatnog materijala. Tabela 5, Tws na
martenzitskim ostrvima unutar 2. prolaza je 310°C.
To znaci da su pri 310°C pritisna naprezanja bila
vrlo niska u poredenju sa zateznim naprezanjima
pa je doslo do pucanja.

lako su granice tipa Il u blizini granice stapanja bile
spreCene, formiranje martenzitnih ostrva od
dodatnog materijala sa prslinama u prolazu 2. od
inconela dovelo je do loSe udarne Zilavosti i
neprihvatljivih rezultata boc¢nog savijanja. Ovi
rezultati su dati u Tabeli 3 i Tabeli 4.
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Crack aloag type

Il boundary

[ T Al b1

Fig.6 Case lll of dilution method - SEM and EDX for filler
metal islands within the 2" inconel pass
Sl. 6. Slucaj lll metode razredenja- SEM i EDX za ostvca
dodatnog materijala unutar 2. Prolaza od inkonela

Fig.8 Grain Refined Method - Prior austenite grains of 3°

pass; etched with Vilella's reagent
S1.8. Metoda rafinacije zrna — prethodna austenitna zrna
3. eg prolaza; nagrizeno Vilela reagensom

d) Grain Refining Method: The effect of austenitic
grain size on Twms was studded by several
researchers [19- 21]. One argument is that a
refinement of the austenite grain size leads to the
Hall-Petch strengthening of austenite, thereby
making it difficult for martensite to form [22]. Grain
refinement of the 3rd pass was achieved by using
E70T-4 which acted as a source of aluminium oxide
and aluminium nitride. Aluminium nitrides and
aluminium oxides which may be considered as non-
metallic inclusions and impair mechanical
properties were used here as nucleation sites
causing grain refining. Fig. 8 shows the prior
austenite grains of the 3rd pass which is
martensite. Grain size was measured using Method
—ASTM E112 giving intercept ASTM grain size

SCIENCE*RESEARCH*DEVELOPMENT

Crackalong grain boundary typell

Fig.7 Case lll of dilution method-cracked t}(/f)e Il boundary
parallel to filler metal islands within the 2" inconel pass
SlI. 7. Slucaj lll metode razredenja- Tip Il granice sa
prslinama paralelna sa ostrvima dodatnog materijala
unutar 2. prolaza od inkonela

3" pass
(Martensite

Fusion Boundary

T

Fig.9 Grain refining method: Type Il boundary
disappeared and cellular structure continued until fusion
boundary
SlI. 9. Slucaj lll metode razredenja- Granica tipa Il je
nestala i Celijska struktura se nastavila do granice
stapanja
d) Metoda rafinacije zrna: Uticaj veli¢ine austenitnih
zrna na Tws ispitivalo je nekoliko istrazivaca [19-21].
Jedan argument je da rafinacija veli¢Gine zrna
austenita dovodi do Hall-Petchovog ojaCavanja
austenita, Sto otezava formiranje martenzita [22].
Rafinacija zrna treceg prolaza postignuto je
koris¢enjem E70T-4 koji je sluzio kao izvor aluminijum
oksida i aluminijum nitrida. Aluminijum-nitridi i
aluminijum-oksidi koji se mogu smatrati nemetalnim
ukljuécima i umanjuju mehani¢ka svojstva su ovde
koriS¢eni kao mesta nukleacije, Sto dovodi do
rafinacije zrna. Slika 8 prikazuje prethodna austenitna
zrna 3. prolaza koji je martenzit. Veli€ina zrna je
merena koriS¢enjem metode presretanja - ASTM

E112 koji govori da je ASTM broj zrna jednak 12.
Kao §to je prikazano u tabeli 5, Tws tre¢eg prolaza
je 56°C, koji je izraCunat pomocu Lee-ove
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number equals to 12 .

As shown in Table5, Tws of the 3rd pass is 56°C,
which was calculated using Lee equation. Fig. 9
shows that planer solidification region and type I
grain boundary are disappeared where cellular
structure is continued until fusion boundary. This
means that: at 560C compressive stresses created
at fusion boundary were sufficient to overcome all
tensile stresses so type Il boundary itself
disappeared. Preventing formation of type I
boundary was reflected on mechanical properties of
weld metal, where accepted side bend test results
and improved notch toughness (23 Joule 0°C) are
noted in Table3 and Table4 respectively.

3.2. Effect of Post Weld Heat Treatment

It well known that the accepted notch toughness of
carbon steel at 0°C is 27 Joule [22]. However, in as
welded conditions, unaccepted notch toughness at
0°C was resulted as shown in Table2. Thus in order
to obtain accepted notch toughness, tempering was
necessary. Tempering was proceeded at 720°C for
3hr holding time. Based on the results taken from
as welded conditions, tempering was applied only
for crack free cases (case |l of dilution method and
grain refining method). The results of mechanical
properties are represented in Table 6.

Fig.10a and Fig.11a give a plan view for fusion
boundary between 2" and 3 ™ pass for case I
dilution and grain refined methods respectively.
Tempered martensite was noted in the 3™ pass and
dark etched region was found at the interface
Fig.10b and Fig.11b where highly localized
hardness peak was noted.

jednacine. Na slici 9 je vidljivo da ravanska oblast
oc¢vr§c¢avanja i granica zrna tipa Il nestaju tamo gde
se Celijska struktura nastavlja do granice stapanja.
To znadi da su pri 56°C, pritisna naprezanja
stvorena na granici stapanja, bila dovoljna da se
prevladaju sva zatezna naprezanja pa je i sama
granica tipa |l nestala. SpreCavanje formiranja
granice tipa Il odrazilo se na mehaniCke osobine
metala Sava, gde su prihvatljivi rezultati ispitivanja
bocnim savijanjem i poboljSana udarna Zilavost (23
dzula 0°C) navedeni u Tabeli 3 i Tabeli 4,
respektivno.

3.2. Uticaj termic¢ke obrade posle zavarivanja
Dobro je poznato da je prihvatljiva Zilavost
ugljeniénog ¢elika na 0°C od 27 J [22]. Medutim, u
uslovima zavarivanja, dobijena je neprihvatljiva
udarna zilavost na 0°C, kao §to je prikazano u
Tabeli 2. Tako je, da bi se dobila prihvatljiva
Zilavost, bilo potrebno otpustanje. Otpustanje je
sprovedeno na 720°C tokom 3 sata. Na osnovu
rezultata dobijenih iz zavarenih uslova, otpustanje
je primenjeno samo za slu€ajeve bez prslina (slu¢a;j
Il metoda razblazivanja i metoda rafinacije zrna).
Rezultati mehanickih svojstava prikazani su u tabeli
6.

Slika 10a i Sl.11a daju prikaz granice stapanja
izmedu 2. i 3. prolaza za metode Il razredivanja i
metode rafinacije zrna. U treCem prolazu zabelezen
je otpusteni martenzit, a na medupovrsini sl.10b i
sl.11b naden je tamno nagrizen region gde je
zabelezen lokalizovani visoki pik tvrdoce.

. Impact Toughness at Root
Ultimate Unit Stress Side (including interface betweeg 2nd and 3rd Pass)
Method Zatezna évrstoéa strana .. (Jouleat0°C) ..
N/i 2 Bend Udarna zilavost u korenu (uklju¢ujuéi medupovrsinu
(N/mm2) Savijanje izmedu 2, i 3, sloja)
(Dzul na 0°C)

As welded condition
Uslovi zavarivanja

Increased Dilution 654 Accepted 29
Povecdano ratredenje Prihvatljivo
Grain Refining Accepted
Rafinacija zrna 680 Prihvatljivo 23
As tempered condition
Uslovi otpustanja
Increased Dilution 649 Accepted 43
Povecano ratredenje Prihvatljivo
Grain Refining Accepted
Rafinacija zrna 663 Prihvatljivo 30

Table 6. Average results of mechanical properties for increased dilution case Il and grain refined methods in as weld
and tempered conditions
Tabela 6. Srednje vrednosti mehanickih osobina kod slucaja Il povecanog razredivanja i metode rafinisanog zrna u
uslovima zavarivanja i ofpustanja
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As documented in literatures [23-26], this dark
layer was enriched carbide layer which formed due
to carbon migration from ferrite side to austenite
side. This layer was clearly observed in grain
refining method than dilution method due to
difference of carbon content (0.22% and 0.07%
respectively). The effect of this layer on notch
toughness is also noted in Table 6. For case Il of
dilution method; notch toughness increased from
22 to 43Joule (as welded and tempered condition
respectively). However for grain refining method
notch toughness increased only from 23 to 30Joule
(as welded and tempered condition respectively).

/ Carbide Layer

| 3" Pass (Tempered
Matensite)

4
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Kao $to je dokumentovano u literaturi [23-26], ovaj
tamni sloj je obogacen karbidnim slojem koji je
nastao usled migracije uglienika sa ferithne na
austenitnu stranu. Ovaj sloj je jasnije uocCen
metodom  rafinacije zrna nego  metodom
razredivanja zbog razlike u sadrzaju ugljenika
(0,22% i 0,07%). Efekat ovog sloja na zZilavost je
takode naveden u tabeli 6. Za slu€aj Il metode
razblazivanja; zilavost je poveé¢ana sa 22 na 43 J
(kao zavareni i otpusteni uslovi). Medutim, za
metode rafinacije, udarna Zilavost povecéala se
samo sa 23 na 30 J (kao zavareni i otpusteni
uslovi).

2"‘ Inconel
: Pass Carbide Layer
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Fig. 10 Case Il of Dilution Method

a)- Microstructure b)- Microhardness

SlI. 10. Slucaj Il metode razredivanja

a)- Mikrostruktura b)- Mikrotvrdoca
4. Conclusions
Based on the results and discussion presented in
this investigation, Twms of the 31 pass was
considered the controlling factor that determines
the conditions of stresses at type Il boundary.
Three levels of Tus of the 3™ pass can be obtained:

Fig. 11 Grain Refining Method
a)- Microstructure b)- Microhardness
S1.11. Metoda rafinacije zrna
a)- Mikrostruktura b)- Mikrotvrdoc¢a
4. Zakljucci
Na osnovu rezultata i diskusije prikazane u ovom
istrazivanju, Twms treéeg prolaza se smatra
kontrolnim  faktorom  koji  odreduje  uslove
naprezanja na granici tipa Il. Moguce je dobiti tri
nivoa Tws tre¢eg prolaza:
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1- At Twms = 300°C, lower compressive stresses are
generated from martensitic transformation in the 3"
pass. So high tensile stresses are residue causing
cracking along type Il boundary.

2- At Tws = 200°C, relatively high compressive
stresses are generated from  martensitic
transformation in the 3™ pass. The net stresses
which resulted at fusion boundary are tensile but
with low magnitude value. These low tensile
stresses work as a driving force for type Il boundary
formation and are not sufficient to cause cracking.
3- At Tms = 50°C, high compressive stresses are
generated from martensitic transformation in the **
pass. In this case, all tensile stresses are
compensated. Therefore the driving force for
formation of type Il boundary is nil hence, type Il
boundary itself is not created.

4- PWHT is necessary to achieve accepted impact
strength (i.e. higher than 27Joule at 0°C). Thus
mechanical properties are accepted only when
cracks are inhabited and PWHT is applied.
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Abstract

Like laser and water jet cutting, plasma cutting is
today a highly automated process.

However, the situation is different when it comes to
Oxy-Fuel cutting. Over the past few years it has
become seemingly less attractive than the other
cutting processes and there is a general reluctance
to use it. Could the reason for this be perhaps, that
the process is generally far less likely to be
automated?

Each cutting method has the application for which it
is best suited. Whereas laser is best for thin sheets,
water jet is best for special materials where you
need to avoid adding heat and plasma cutting is
very good with stainless steel and for small
contours. Oxy-Fuel is best suited for cutting carbon
steel plate thicker than about 20mm and for cutting
many identical parts.

The automation of plasma cutting systems has
grown enormously over the last 10 years, mainly
due to the innovative approach of the
manufacturers of the plasma cutting systems.
Oxy-Fuel cutting is by far the oldest cutting method;
everyone knows this. However, a lot of training is
needed before you can become an Oxy-Fuel
cutting expert and much experience gained over
time is necessary to make the perfect cut every
time. Oxy-Fuel cutting is in fact perhaps the most
sophisticated cutting process.

The question is how can this knowledge be
integrated into an automated system? Because
automating the cutting process is surely the key to
restore the attractiveness of Oxy-Fuel cutting.
Personnel costs will be significantly reduced by
adding automation and it will at the same time,
increase production quality and safety. All these
things have a major impact on overall productivity
of the Oxy-Fuel cutting process.

Rezime

Kao i lasersko i vodeno rezanje, rezanje plazmom
je danas visoko automatizovan process.

Medutim, situacija je drugacdija kada se radi o
gasnom rezanju. Tokom proteklih nekoliko godina
ono je postalo naizgled manje atraktivho od ostalih
procesa rezanja i postoji opsta nevoljnost da se
ono Kkoristi. Da li je mozda razlog za to mozda da je
proces uopsteno daleko manje automatizovan?
Svaka metoda rezanja ima primenu za koju je
najprikladnija. Dok je laser najbolji za tanke limove,
vodeni mlaz je najbolji za specijalne materijale, gde
treba izbegavati dodavanje toplote a rezanje
plazmom je veoma dobro za nerdajuce Celike i za
male konture. Gasno je najpogodnije za rezanje
plo¢a od ugljeni¢nog Celika deblje od oko 20mm i
za secenje mnogih identi¢nih delova

Automatizacija sistema za rezanje plazmom je
ogromno porasla u poslednjih 10 godina, uglavhom
zahvaljujuéi inovativnom pristupu proizvodaca
sistema za rezanje plazmom

Rezanje kiseonikom je daleko najstariji metod
rezanja; svi to znaju. Medutim, potrebno je mnogo
treninga pre nego Sto postanete stru¢njak za gasno
rezanje i potrebno je mnogo iskustva stecenog
tokom vremena da bi svaki put napravili savrsen
rez. Rezanje kiseonikom je mozda najsofisticiraniji
proces rezanja.

Pitanje je kako se to znanje moze integrisati u
automatski sistem? Zato Sto je automatizacija
procesa rezanja svakako klju¢ za vraéanje
atraktivnosti gasnog rezanja. TroSkovi osoblja bice
znacajno smanjeni dodavanjem automatizacije i
istovremeno ¢ée povecdati kvalitet i sigurnost
proizvodnje. Sve ove stvari imaju veliki uticaj na
ukupnu produktivnost procesa gasnog rezanja.
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1. Cutting Processes

When asked what are the differences between the
four cutting processes used in sheet metal
processing, answers often include cutting speed,
the amount of manual rework that might be needed
or sheet thickness. These are all correct and
equally important. However, the most important
difference is in how much of the cutting process
has been automated. Looking at the four main steel
cutting processes (laser, plasma, Oxy-Fuel and
water jet), it is noticeable that the degree of
automation differs considerably between the
different processes. The laser process for example
is highly automated, especially if the system has
been supplied by one of the major manufacturers of
such systems. This is because these companies
have control of the entire process in their own
hands.So, why is the plasma process so well
automated? Basically, because it has to be, the
generation of a stable plasma beam requires a lot
of knowledge. This has led to the establishment of
some renowned successful plasma cutting
equipment suppliers who thrive on the innovating
the plasma process. Water jet cutting, which has a
high degree of automation, has its own special
niche role in cutting steel, which will not be covered
here. Now to the fourth cutting process, the
Cinderella of the group. Oxy-Fuel cutting is already
one hundred and fifty years old and many claim it is
impossible to automate. It is the most complex
process of all, but least automated. Why is this?
Perhaps because Oxy-Fuel cutting is a mature,
apparently simple technique, there are very few
companies championing its cause? Some machine
builders have attempted to automate the Oxy-Fuel
cutting process but in most cases, the real cutting
knowledge still lies with the system operator, i.e.
the user. Another factor is the belief that as it is a
supposedly simple process there is no training
required for the cutting machine operator. But these
experienced operators are retiring and the
knowledge is being lost. There is still hope however
because companies like GCE and IHT are investing
heavily in the future of the Oxy-Fuel -cutting
process. There are other factors to consider, let's
take the cutting cost per metre per cutting torch as
an example (see Figure 1). Laser is unbeatable
when cutting thin sheets. You get high-speed
cutting, burr-free parts and low cutting costs.
Plasma is unbeatable for sheet thicknesses from 15
to 35 mm, this is mainly due to the relatively high
cutting speeds that can be achieved. Another
advantage of plasma is the ability to cut different
materials such as stainless steel or aluminium. The
diagram in Figure 1 show that the investment cost
not really a significant factor for the cutting costs.

A g L
3,. PRACTICE

1. Postupci rezanja

Na pitanje koje su razlike izmedu Cetiri procesa
rezanja koji se koriste u obradi lima, odgovori ¢esto
uklju€uju brzinu rezanja, koli¢inu ru¢ne obrade koja
bi mogla biti potrebna ili debljinu lima. Sve su one
taCne i jednako vazne. Medutim, najvaznija razlika

je u tome koliko je proces rezanja bio
automatizovan.
Gledajuci cCetiri glavna procesa rezanja Celika

(laser, plazma, gasno i vodeni mlaz), primetno je da
se stepen automatizacije znac¢ajno razlikuje izmedu
razli€itih procesa.

Laserski proces je, na primer, visoko
automatizovan, posebno ako je sistem isporucen
od strane jednog od glavnih proizvodaca takvih
sistema. To je zato Sto ove kompanije imaju
kontrolu nad celim procesom u svojim rukama.
Dakle, zasto je proces plazme tako dobro
automatizovan? U osnovi, zato S$to stvaranje
stabilnog plazma luka zahteva mnogo znanja. To je
dovelo do osnivanja nekih poznatih dobavljaca
opreme za plazma rezanje koji napreduju u
inoviranju plazma procesa.

Rezanje vodenim mlazom, koje ima visok stepen
automatizacije, ima svoju posebnu ulogu u rezanju
Celika, koje ovde nece biti obuhvaéeno.

Sada je Cetvrti proces rezanja, Pepeljuga grupe.
Rezanje kiseonikom je prisutno ve¢ stotinu i
pedeset godina i mnogi tvrde da ga je nemoguce
automatizovati. To je najslozeniji proces od svih, ali
najmanje automatizovan. Zasto je ovo? Mozda zato
§to je gasno rezanje razvijena naizgled jednostavna
tehnika, postoji vrlo malo kompanija koje
zagovaraju njen cilj? Neki proizvoda¢i masina
pokus$ali su da automatizuju proces gasnog rezanja
ali u vecini slu€ajeva, stvarno znanje o rezanju i
dalje lezi na operatoru sistema, tj. korisniku. Drugi
faktor je verovanje da, posto je to navodno
jednostavan proces, ne postoji nikakva obuka za
operatera masine za secCenje. Ali ovi iskusni
operateri se povlaCe i znanje se gubi. Ipak, postoji
nada, jer kompanije kao $to su GCE i IHT mnogo
ulaZu u buduénost procesa gasnog rezanja.
Postoje i drugi faktori koje treba uzeti u obazir,
uzmimo na primer troSkove rezanja po metru po
plameniku za rezanje (rezacu) (vidi sliku 1). Laser
je nepobediv prilikom rezanja tankih listova.
Dobijate velike brzine rezanja, delove bez grubih
ivica i niske troSkove rezanja.

Plazma je nenadmasna za debljine plo¢a od 15 do
35 mm, uglavnhom zbog relativnho visokih brzina
rezanja koje se mogu posti¢i. JoS jedna prednost
plazme je sposobnost rezanja razli¢itih materijala
kao Sto su nerdajuéi Celik ili aluminijum. Dijagram
na slici 1 pokazuje da investicioni troSkovi zapravo
nisu znacajan faktor za smanjenje troskova. Na is
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For example, laser has high investment costs, but
the decisive factor is the cutting speed for very thin
sheets.

€(S) ] Meter

PRACTICE

primer, laser ima visoke investicione troskove, ali
odluéujuéi faktor je brzina rezanja za vrlo tanke
listove.

] % 50

Thickness

5 100 - 300mm
3 4 = 12inch

Figure 1 Cost per meter per torch
Slika 1. TroSkovi po metru i po “rezacu

So, what is here the situation when it comes to
Oxy-Fuel? The Oxy-Fuel -cutting process is
perceived as being a slow one. Yes, that is right,
but as the sheets gets thicker this disadvantage
suddenly disappears, because the other processes
will also cut at a lower speed. The biggest
advantage of Oxy-Fuel is its low energy cost. The
other processes also need gases, but Oxy-Fuel
does not need as anywhere as near as much
electricity! The profitability curves show that it is the
most economical process for plate thicknesses of
approx. 30 mm or greater. When more than one
cutting torch is used, the economy increases
dramatically. Of course, these figures only apply to
carbon steel, but as that makes up more than 90%
of the volume of steel cut, Oxy-Fuel becomes a
very interesting process. As | have said, each
cutting process has technical and economic
advantages and disadvantages. If you look closely,
Oxy-Fuel cutting has more advantages than is
reflected in its current market position. Let me go
into more detail on the automation of plasma and
Oxy-Fuel cutting.

Automation of the Plasma process

Most important for a good plasma cut is the
stabilisation of the plasma beam. Plasma
manufacturers invest a great deal in developing
innovative cutting torches and the control and
regulation of gases. This automation is becoming
increasingly complex to cover all materials and all
possible cutting geometries, for example to cutting
actual holes or preparing sheets for welding. The
cutting speed and the distance between the torch
and the work piece are important factors and
should not be underestimated. These requires
close communication between the plasma cutting
system, the height control and the machine control.
The interconnection of these three sub-systems is a
great challenge. Here is an example (see Figure 2)
that shows the changes in cutting speed for
producing a circular hole. Does it have to be so
complicated to cut a simple round hole?

Dakle, kakva je situacija kada je u pitanju gasno?
Proces gasnog rezanja se smatra sporim. Da, to je
tacno, ali kako listovi postaju deblji, ovaj nedostatak
iznenada nestaje, jer ¢e i drugi procesi smanijiti
brzinu

Najve¢a prednost gasnog rezanja je niska cena
energije. Drugim procesima su takode potrebni
gasovi, ali gasnom rezanju ne treba elektricha
energija! Krive profitabilnosti pokazuju da je to
najekonomicniji proces za debljine plo¢a od cca. 30
mm ili viSe. Kada se koristi viSe od jednog rezaca,
ekonomic¢nost se dramati¢no povecava.

Naravno, ove cifre se odnose samo na ugljenicni
Celik, ali posto to &ini vise od 90% obima celika,
gasno rezanje postaje veoma zanimljiv proces. Kao
Sto sam rekao, svaki proces rezanja ima tehnicke i
ekonomske prednosti i nedostatke. Ako bolje
pogledate, gasno rezanje ima viSe prednosti nego
$to se odrazava u trenutnoj trziSnoj poziciji.
Dozvolite mi da predemo na viSse detalja o
automatizaciji rezanja plazmom i gasno.

Automatizacija plazma postupka

Za dobro rezanje plazmom, najvaznija je
stabilizacija snopa plazme. Proizvodaci plazme
mnogo ulazu u razvoj inovativnih plamenika za
rezanje i kontrolu i regulaciju gasova. Ova
automatizacija postaje sve kompleksnija za
pokrivanje svih materijala i svih mogucih geometrija
se€enja, na primer za rezanje stvarnih rupa ili za
pripremu limova za zavarivanje. Brzina rezanja i
udaljenost izmedu gorionika i radnog komada su
vazni faktori i ne treba ih podcenjivati. Ovo zahteva
blisku komunikaciju izmedu sistema za rezanje
plazmom, kontrole visine i kontrole masine.
Povezivanje ova tri podsistema je veliki izazov. Evo
primera (vidi sliku 2) koji pokazuje promene brzine
rezanja za proizvodnju kruznog otvora. Da li mora
biti tako komplikovano da se izreZze jednostavna
okrugla rupa?
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Figure 2 Sequence Plasma hole cut
Slika 2. Rezanje otvora plazmom

To obtain a good, reproducible cut, that is
independent of the skill and current disposition of
the machine operator, the cutting database comes
into play. These databases have been developed
and now made available by the manufacturers of
the plasma systems. The essential parameters of
plasma automation are included (cutting torch,
height control and cutting database). Plasma
manufacturers now have a good understanding of
the plasma process, which can now be run fully
automatically from sheet detection to ignition, hole
piercing, cutting and ultimately achieving the results
required.

2. Automation of Oxy-Fuel

When we look at the Oxy-Fuel process, the
adoption of automation does not yet look so
advanced. The process flow is similar to the plasma
process. The difference is in preheating. While the
heat input during plasma cutting comes from the
plasma arc, when cutting with Oxy-Fuel, preheating
depends on the fuel gas/oxygen mixture. In plasma
cutting, the current that generates the plasma beam
is easy to control. In Oxy-Fuel cutting, the flame is
crucial and the quality of the flame depends on
many factors, such as the type and quality of the
gas, the cutting torch, control valves, safety
equipment and so on.

As shown in Figure 3 (Thermal Balance), in the
Oxy-Fuel cutting process, 20% of the energy for the
cut comes from the heating flame (see the heating
flame formula) and 80 % from the exothermic
reaction of the iron with the cutting oxygen (see the
combustion energy formula). The steel plate
provided its own energy, there is no external power
source required.

Formula for Combustion Energy

3Fe + 202 - Fe304

Formula for Flame Energy

Csz + 02 - C02 + Hzo

Da bi se dobio dobar, ponovljiv rez, koji je
nezavisan od vestine i trenutnog rasporeda
operatera masine, baza podataka za rezanje, ulazi
u igru. Ove baze podataka su razvijene i sada su
dostupne od strane proizvodaca plazma sistema.
Uklju€eni su osnovni parametri automatizacije
plazme (rezni gorionik, kontrola visine i baza
podataka za rezanje). Proizvodadi plazme sada
dobro poznaju proces plazme, koji mozZe biti
potpuno automatizovan od prepoznavanja lima do
paljenja luka, probijanja rupa, rezanja i na kraju
postizanja potrebnih rezultata.

2. Automatizacija gasnog rezanja

Kada pogledamo proces gasnog rezanja, usvajanje
automatizacije jo§ uvek nije toliko napredno. Tok
procesa je sliCan procesu plazme. Razlika je u
predgrevanju. Dok unos toplote tokom rezanja
plazmom dolazi iz plazma luka, pri gasnom rezaniju,
predgrevanje zavisi od meSavine gorivog gasa /
kiseonika. Kod rezanja plazmom, struju koja
generise plazma snop je lako kontrolisati. Kod
gasnog rezanja, plamen je presudan, a kvalitet
plamena zavisi od mnogih faktora, kao &to su vrsta
i kvalitet gasa, gorionik za rezanje, kontrolni ventili,
sigurnosna oprema i tako dalje.

Kao $to je prikazano na slici 3 (termi¢ka ravnoteza),
u procesu gasnog rezanja , 20% energije za
rezanje dolazi iz plamena za zagrevanje (vidi
formulu plamena za grejanje) i 80% od egzotermne
reakcije zeleza sa kiseonikom za rezanje (vidi
formulu energije sagorevanja). Celiéna plo¢a je
obezbedila sopstvenu energiju, nije potreban
spoljasnji izvor napajanja.

Formula za energiju sagorevanja

3Fe + 202 - F9304

Formula za energiju plamena

Csz + 02 - C02 + Hzo
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Figure 3 Thermal Balance
Slika 3. Termicki balans

The Oxy-Fuel cutting flame actually heats up the
plate more than either Laser or Plasma. These are
the grey areas in Figure 4. On the left side, it is the
heating flame (similar shape as the flame energy
from Figure 3). The grey area at the right side is
from the blow out of the slag. The middle part is
from the burning of iron using cutting oxygen, the
combustion energy.

Plamen za gasnorezanje zapravo zagreva plocu
viSe nego laser ili plazma. Ovo su sive oblasti na
slici 4. Na levoj strani, to je plamen za grejanje
(slican oblik energije plamena sa slike 3). Siva zona
na desnoj strani je od izbacivanja $ljake. Sredniji
deo je od sagorevanja Zeleza pomoc¢u rezanja
kiseonikom, energijom sagorevanja.

. Figure 4 Heat Affecte Zone

Slika 4. Zona uticaja toplote

The zone actually affected by heat is larger when
cutting with Oxy- Fuel. However, the surface is
hardened less because the part takes longer to
cool and therefore parts cut with Oxy-Fuel are
easier to weld than parts cut using plasma.
The second point is the safe ignition of the flame.
Manual ignition is still widespread with Oxy-Fuel
systems and | think it is important to read the EU
Machinery Directive here. It states that machines
require safe protection against accidental contact
during operation. In other words, it can be seen that
automatic ignition, especially not using other
external equipment, conforms more closely to the
Directive. Reliable automatic ignition also increases
productivity and saves costs. Third, the preheating
process. The sheet needs to reach a certain
temperature to start the hole piercing process. Here
the question that always arises is “When is this
point reached? How can this be automated?” Many
people just trust the machine operator and rely on
him to be paying full attention. This is a negative
point when compared to plasma and laser,

Zona koja je pod uticajem toplote je veCa kada se
gasno reze. Medutim, povrSina manje otvrdnjava
jer se deo duze hladi i stoga se delovi koji se gasno
rezu, lak8e zavaraju nego delovi koji se rezu
plazmom. Druga taCka je bezbedno paljenje
plamena. Ruéno paljenje je jo$ uvijek Siroko
rasprostranjeno kod gasnog sistema i mislim da je
ovde vazno procitati EU Direktivu o0 masinstu. Tu se
navodi da masine zahtevaju sigurnu zastitu od
slu¢ajnog kontakta tokom rada. Drugim recima,
moze se videti da se automatsko paljenje,
pogotovo ako se ne koristi druga spoljna oprema,
viSe uklapa u Direktivu. Pouzdano automatsko
palienje takode povecava produktivnost i Stedi
troSkove. Trece, proces predgrevanja. Lim mora da
dostigne odredenu temperaturu da bi po€eo proces
probijanja rupe. Ovde se uvek postavlja pitanje:
“‘Kada je ta tatka dostignuta? Kako se ovo moze
automatizovati? “Mnogi ljudi jednostavno veruju
operatoru masine i oslanjaju se na to da on
posvecéuje punu paznju. Ovo je negativha tacka u
poredenju sa plazmom i laserom, gde se
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where the preheating is achieved very quickly due predgrevanje postize veoma brzo zbog velikog
to the high energy input and is therefore easier to  unosa energije i stoga je lak8e rukovati. Moderni
handle. Modern systems have the preheating time  sistemi imaju vreme predgrevanja u svojoj
included in their cutting database. Automatic bazipodataka za seCenje. Automatska detekcija je
detection is desirable but not yet available. The pozZeljna ali jo§ nije dostupna. Cetvrta stvar je
fourth point is the piercing process. This is where  proces probijanja. Tu se najvece greSke deSavaju u
the biggest mistakes happen in the Oxy-Fuel procesu gasnog rezanja- Pravilno automatizovanje
process. Correctly automating the piercing process  procesa probijanja je jedan od najvaznijih zadataka
is one of the most important tasks that needs to be  koje treba posti¢i u automatizovanom sistemu.
achieved in an automated system. Currently all the  Trenutno sve znanje o probijanju je jo§ uvek u
knowledge of piercing is still in the hands (or head) rukama (ili glavi) operatera postrojenja, tako da je
of the plant operator, so transferring this preno3enje ovih informacija u na$ automatizovani
information into our automated system is vital sistem od vitalnog znacCaja pre nego se na$
before our trained operator retires. There are many trenirani operater povuce. Postoji mnogo
parameters to consider; Gas quantity, torch height, parametara koje treba razmotriti; koli¢ina gasa,
speed, time, material to be cut, selection of cutting  visina gorionika, brzina, vreme, materijal za
nozzles, sheet thickness, Only sophisticated cutting  secenje, izbor mlaznica za se€enje, debljina lima,
machines are able to offer a good solution to this Samo sofisticirane masine za sefenje mogu da
tricky problem. ponude dobro reSenje za ovaj problem.

’

j:_ -\;'“'\_l. 3

Figure 5 Piercing process
Slika 5. Proces probijanja

Often when cutting with acetylene, backfire occurs  Cesto prilikom rezanja sa acetilenom dolazi do
in the cutting torch. Backfire mean that the flame  paljenja vatre u gorioniku. Povratno paljenje znadi
burns inside the torch and not outside. With a flame  da plamen gori unutar baklje, a ne izvana. Sa
temperature of approx. 3,200 degrees Celsius, you temperaturom plamena od cca. 3.200 stepeni
can calculate how quickly the torch will be Celzijusa, mozete izraCunati koliko brzo ¢e se
destroyed. The torch manufacturer is pleased and  unistiti baklja. Proizvoda¢ gorionika je zadovoljan a
the user is annoyed. In IHT's APC system, this  korisnik je ljut. U IHT-ovom APC sistemu, ova
backfire is detected, the torch is moved to an upper  povratna paljenja se detektuju, gorionik se pomera
position and the gas supply is immediately cut off u gornji polozaj i dovod gasa se odmah prekida,
thus preventing damage to the cutting torch. ¢ime se spreCava oStecenje plamenika za rezanje.
Sometimes when cutting there is a build-up of slag  Ponekad prilikom rezanja na ploci se nakuplja
on the plate exactly where the cut is to be made. S$ljaka taéno tamo gdje se vrSi rez. Zna se da ne
You know you can't get through that mountain of moze$§ proci kroz tu planinu Sljake. Buduéi da je
slag. Being an oxide the slag is as hard as glass oksid, Sljaka je ¢vrsta kao staklo i postoji rizik da ¢e
and there is a risk the cut will fail. What you actually  rez biti neuspeSan.

doing is to remove the slag by scratching it. Thisis  Ono $to radite je da uklonite Sljaku tako Sto Cete je
at the expense of your productivity. It would be sastrugati. To je na Stetu vaSe produktivnosti. Bilo
ideal if the torch was to be moved automatically bi idealno da se gorionik automatski premesti iz
away from the slag without making contact. This is  Sljake bez kontakta. To je sada moguée sa
now possible with modern systems such as the modernim sistemima kao $to je APC sistem. Sistem
APC system. The system automatically detects the automatski detektuje Sljaku i Salje signal
slag and sends a signal to the machine control  kontrolnom sistemu maSine da smanji brzinu
system to reduce the cutting speed. Last but not rezanja.

least, there is the cutting database. This contains  Poslednje, ali ne i najmanje vazno, postoji baza
the data for all cuttable materials and for sheet podataka o rezanju. Sadrzi podatke za sve
thicknesses from 3 to 300mm along with all the  materijale koji se mogu rezati i za debljine plo¢a od
information of the entire cutting process from 3 do 300 mm, zajedno sa svim informacijama o
ignition to preheating, hole piercing and cutting. celom procesu rezanja od paljenja do
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These and many other features can be
incorporated into your cutting systems today so that
Oxy-Fuel cutting can have the same level of
technology as the other processes and that Oxy-
Fuel cutting will return to its original status in our
industry.

3. Industry 4.0

What is still missing in thermal cutting is its
integration with "Industry 4.0" or, as the Americans
say, the "Internet of Things" (loT for short). There is
still a lot of some catching up to do in the cutting
industry. If each device can record what it has been
used for and for how long and when it may require
maintenance, you have already achieved a large
part. For this, every device needs a certain level of
built-in intelligence and a modern method of
communication. The place to start with this is the
cutting torch. This is the lowest level. The next is
the evaluation at the machine level in order to
evaluate, display and intelligently link to this
information so that it can be used by others such as
the machine manufacturers. With this real data, the
experts can carry out the evaluations and then
make suggestions to the user on how and when to
have the machine serviced. However, remember
that you can think of The Cloud as being “Someone
else's PC", so before you copy your files to storage
that belongs to someone you may not know that
well, make sure that there a real benefit for you in
doing so. Certainly, Industry 4.0 will come and it will
come faster than we believe but do not forget that
not everything that is possible is necessarily useful
or even safe.

4. Conclusion

In summary, plasma cutting has already been

highly —automated by the plasma source
manufacturers and many machine builders
integrate these solutions into their cutting

machines. This is currently not the case with Oxy-
Fuel cutting. As older experienced Users retire,
knowledge gained about Oxy-Fuel cutting over
many years is being lost as it hasn’t been
transferred to their younger replacements who
sadly lack expertise and experience. Automation is
the key for the future. There is still a lot to be done.
This concerns both the automation of the process
and the integration of automation into the cutting
machine. There is a new momentum in automation
of Oxy-Fuel cutting but only if Oxy-Fuel is perceived
as important, will proper investment be made again,
in technology and in training. The most important
thing, however, is that you as the decision-maker
first select the right cutting process for your
application. Automation is not the only criteria, but it
is as to say the least, a very important one.
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predgrevanja, probijanja rupa i rezanja.

Ove i mnoge druge karakteristike mogu se danas
ugraditi u vase sisteme za seCenje tako da gasno
rezanje moze da ima isti nivo tehnologije kao i drugi
procesi i da ¢e se gasno rezanje vratiti u prvobitni
status u nasoj industriji

3. Industrija 4.0

Ono $to jos uvek nedostaje u termickom rezanju je
njegova integracija sa "Industrijom 4.0" ili, kako
kazu Amerikanci, "Internet of Things" (loT
skra¢eno). U industriji rezanja jo$ ima dosta toga
da se nadoknadi. Ako svaki uredaj moZe da
zabeleZi za Sta je bio koriS¢en i koliko dugo i kada
moze da zahteva odrZzavanje, ve¢ ste postigli veliki
deo. Za to je, svakom uredaju potreban odredeni
nivo ugradene inteligencije i moderan nacin
komunikacije. Mesto za pocetak je gorionik za
rezanje.

Ovo je najnizi nivo. Sledece je procena na nivou
masine da bi se procenila, prikazala i inteligentno
povezala ova informacija, tako da je mogu koristiti
drugi proizvoda¢i masina. Sa ovim stvarnim
podacima, stru¢njaci mogu izvrsiti procene i zatim
dati predloge korisniku o tome kako i kada
servisirati masinu. Medutim, zapamtite da se Cloud
moze smatrati ,necijim PC-jem®, tako da pre nego
Sto kopirate fajlove u skladiste koje pripada
nekome, mozda necete znati da je dobro da se to
desi. Naravno, Industrija 4.0 ¢e dodéi i doéi ¢e brze
nego $to verujemo, ali ne zaboravite da nije sve Sto
je moguce uvek korisno ili ¢ak sigurno.

4. Zakljuéak

Ukratko, plazma rezanje je ve¢ bilo visoko
automatizovano od strane proizvodaCa plazme i
mnogi proizvodacéi masina integriSu ova reSenja u
svoje masSine za secCenje.

Ovo trenutno nije slu€aj sa gasnim rezanjem. Kao
Sto se stariji iskusni korisnici povlade, znanje
ste€eno 0 gasnom rezanju tokom mnogih godina se
gubi jer nije preneto na njihove mlade zamene koje
nazalost nemaju strucnosti [ iskustva.
Automatizacija je klju¢ za buduénost. Ima jos
mnogo toga da se uradi. Ovo se odnosi i na
automatizaciju procesa i integraciju automatizacije
u masinu za secCenje. Postoji novi zamah u
automatizaciji rezanja kiseonika, ali samo ako se
gasno rezanje sagleda kao vazno, ponovo Ce se
napraviti odgovarajuca investicija, u tehnologiji i
obuci.Najvaznija stvar je, medutim, da vi kao
donosilac odluka prvo izaberete pravi proces
rezanja za vasu aplikaciju. Automatizacija nije jedini
kriterijum, ali je najkrace reCeno, veoma vazan.

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 1/2019, str. 39-45

45



VESTI 2[ Eé NEWS

INZENJERSKO RADIONICKI PRIRUCNIK

lako je ova zanimljiva publikacija iza$la iz stampe tokom 2017.godine, sada je prilika da na nju skrenemo
paznju nadeg Citalastva

Sasa Pejkic

INZENJERSKO
RADIONICKI
PRIRUCNIK

[y —

za rucno gasno-plameno rezanje,
navarivanje, metalizaciju, lemljenje,
-autogeno“ zavarivanje
i plazma rezanje

sa posebnim osvrtom na pozarne i
ostale opasnosti u praktiénom radu

Publikaciju je izdao autor uz podrsku MESSER Tehnogas AD &to se vec iz naslova moze prepoznati.
Knjiga je veoma luksuzno opremliena sa mnoStvom dobro obradenih fotografija, lepo reSenim
naglasavanjem onoga $to je vazno preko crveno odStampanih ,PODSETNIKA® i crno odStampanih
~UPOZORENJA®.

Format publikacije je impozantne veliine (veci od A4) na 487 strana.

ISBN 978-86-921215-0-0.

COBISS.SR.-ID 239645196

Moguénost nabavke je direktno preko autora ili preko MESSER Tehnogas AD.

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE 1/2019 47



MARKETING ADVERTISING

CASOPIS ZAVARIVANJE | ZAVARENE KONSTRUKCIJE
Cenovnik oglasnog prostora u cetiri uzastopna broja 2019

A4 2/2 11 1/2 1/4 1/8 . .
] INDEKS OGLASIVACA
dimenzije 2 x ADVERTISERS INDEX
(mm) 210 x 297 210 x297 180 x 120 90 x 120 90 x 60
> crno/beli - 39 000 23 000 16 000 10 000
o kolor 105 000 75000 - - - DUCTIL SA
® U cene nije uracunat PDV 20%.
m  Objavljivanje oglasa u samo jednom broju iznosi 30% od datih cena. WELD-ING
B Reklamni tekstovi: 25 % od cene povrsine crno/belih oglasa.
m  Dostava materijala: YASKAWA SLOVENIJA
e zacrno-beli film ili CD (Adobe Photoshop / CoreIDRAW);
e zakolor film ili CD (Adobe Photoshop / CoreIDRAW); HONEX
e izrada filma sa CD: 10 % od cene angazovanog prostora.
B Naweb prezetaciji DUZS-a, (www.duzs.org.rs), na strani Marketing, objavljuje se ELIMP

pregled firmi-oglasivaca sa podacima o glavnim grupama proizvoda/usluga i
adresom web prezetacije. Svi posetioci nase web prezentacije mogu da posete i web NEMINIK
prezentacije oglasivaca, preko aktivnih linkova koji se nalaze na ovoj stranici!

WELDING & WELDED STRUCTURES, Quarterly review MESSER TEHNOGAS
Advertising prices for four successive numbers in 2019
APAVE Ver Tech Serbi
A4 212 111 112 1/4 118 er fech serbia
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Advertising in one number only is 35% of the given prices.
Commercial articles: 30 % of black/white advertising price.
Print material:
e for black/white CD (Adobe Photoshop / CorelDRAW)
o  for color CD (Adobe Photoshop / CoreDRAW).
m Al the visitors of our web site may be linked to the advertisers’ web site.

1. CLANARINA DUZS 22 2019, GOGINU ..........coovuveeieieeieeesoeeeeet oottt e, 3.500 dinara
Clanovima DUZS GRATIS godi$nje izdanje Gasopisa "ZAVARIVANJE | ZAVARENE KONSTRUKCIJE"

2. CASOPIS "ZAVARIVANJE | ZAVARENE KONSTRUKCIJE" - 2019. godina
u slobodnoj prodaji (u cene je uraunat PDV 10%):

LI o1 = W oo To g oo g oo o o - T PP PPPPPR 825 dinara

= godiSnja pretplata za 1 komplet brojeva godiSnjeg izdanja.............coouiiiiiiiiii 2.500 dinara
3. CASOPIS - stari brojevi (u cene je uradunat PDV 10%)

a) u slobodnoj prodaji:

= cena pojedinadnog broja za 2017. GOGINU ........e.veuriiriririis ettt e 500 dinara

= cena pojedinacnog broja za prethodne GOINE. ...........eiiiiiiiiii e 250 dinara
b) beneficirane cene za ¢lanove DUZS:

= cena pojedinacnog broja za 2018. godinu (pouzecem ili Preuzimanem) ............c..evvureriieiiieniii e 400 dinara
= cena pojedinacnog broja za prethodne godine (pouzecem ili preuzimanjem) ..........ccccoviiiiiiiiiiiiiin Gratis
Knjiga Organizacija i ekonomika zavarivackih radova — autor: prof. dr Zoran Radojevi¢ (uracunat PDV 10%) .......... 1.045 dinara
Zbirke standarda OBEZBEDENJE KVALITETA U ZAVARIVANJU, komplet 4 toma 6.750 dinara
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