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REC UREDNIKA

Postovani citaoci,

Ono sto je bio dogadaj od znacaja je svakako takmic¢enje mladih zvarivaéa o ¢éemu vam dajemo
prikaz.

Nastavljamo sa prezentovanjem radova sa 4. lIW kongresa zavarivanja Jugoisto¢ne Evrope. Iz tog
opusa izdvajamo aktuelnu tematiku zavarivanja gasovoda velikih pre¢nika, onako kako se to radi u
Rusiji.

Pored ovih, imaéete priliku da se ovoga puta upoznate i sa novim nacdinima zavarivanja Sina, kroz
rad izlagan u okviru medjunarodne konferencije sa temom “Advanced Welding and Smart

Fabrication Technologies for Efficient Manufacturing Processes” u okviru ,,The 71 lIW Annual
Assembly & International Conference®, July 2018 | Bali, Indonesia.

To naravno nije sve, mozete jos procitati i jedan interesantan rad vezan za ¢elike kod kojih se jako
finozrna struktura postize termomehaniékom obradom.

Do narednog susreta

Glavni i odgovorni urednik
Milica Antié¢, dipl.ing, EWE
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VESTI = r\jé NEWS

Republicko takmi€enje mladih zavarivaca
,,Mladi zavariva¢ 2019", Novi Sad, 10-11. Maj 2019

U petak i subotu, 10-11. maja u okviru proizvodnog pogona “Pobeda” u Petrovaradinu odrzano je
republicko takmicenje ,Mladi zavariva¢ 2019.“

Organizatori takmi€enja bili su: Ministarstvo prosvete, nauke i tehnoloSkog razvoja RS, Zajednica
masinskih $kola Republike Srbije (ZMS RS), Srednja masinska $kola Novi Sad i Drustvo za unapredivanje
zavarivanja u Srbiji (DUZS).

Takmicenje mladih zavarivaCa u Srbiji organizovano je, u tri postupka zavarivanja (111-REL; 135—
MAG; 141-TIG).

Prijavlieno je 39 takmiCara iz 16 srednjih masinskih Skola: Tehnicka Skola ,Kolubara“ Lazarevac,
Tehnicka 8kola Obrenovac, Tehnicka $kola Zeleznik, Tehnicka $kola Cuprija, Tehnicka Skola Odzaci,
Tehnicka Skola Kosovska Kamenica, Tehnicka Skola Vlasotince, Prva tehni¢ka Skola KruSevac, MaSinska
Skola Ni$, Srednja Skola Krupanj, Srednja masSinska Skola Novi Sad, Srednja stru¢na Skola Kragujevac,
Tehni¢ka Skola sa domom ucenika “Nikola Tesla“ Kostolac, Srednja tehni¢ka Skola “Milenko Brzak Uc&a“
Ruma, Tehni¢ka Skola “lvan sari¢” Subotica, Srednja Skola “17.septembar” Lajkovac.

Priprema ucesnika za prakti¢an deo Nastavak na strani 93.
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Marko Risti¢™?, Ivana Vasovi¢ "°, Viadimir Boskovi¢ "°, Christof Sommitsch *°, Jasmina Perisi¢
Analysis of the influence of different types of coatings on

increasing the working life of constructional elements of the
ventilation mill and reducing the wear of working surfaces
Analiza uticaja razli¢itih vrsta obloga na povecanje radnog veka
konstrukcionih elemenata ventilacionog mlina i smanjenje trosenja
radnih povrsina

Originalni naucéni rad / Original scientific paper
Rad je u izvornom obliku objavljen u Zborniku sa 4. lIW Kongresa
zavarivanja Jugoistocne Evrope ,,Safe Welded Construction by
High Quality Welding“ odrZzanog u Beogradu 10-13. Oktobra 2018

Rad primljen / Paper received:
April 2019.

Kljuéne reci: ventilacioni mlin, troSenje, prevliake-obloge,
visefazni tok, nanos$enje, radni vek

Rezime

U radu su analizirane mogucnosti povecanja
otpornosti na habanje delova ventilacionog mlina
za mlevenje uglia u elektranama, analizom sa
multidisciplinarnim istrazivanjima. Delovi
ventilacionog mlina izlozeni su veoma sloZenim
radnim uslovima (velika brzina Cestica, prisustvo
peska do 40% i druge mineralne komponente).
Upotrebom CFD 3D numericke simulacije
visefaznog toka u mlinu, analizirana je brzina,
koncentracija i ugao protoka smese oko radnih
delova. Analizirajuci potencijalnu primenu obloga
otpornih  na habanje na radnim delovima
ventilacionog mlina, ima za cilj da poveca preostali
radni vek radnih elemenata. Analizirajuéi oste¢ene
delove ventilacionog mlina i koriste¢i numeri¢ku
simulaciju oko radnih elemenata, odabrana je
Siroka paleta dodatnih materijala otpornih na
habanje za eksperimentalna ispitivanja. Za analizu
mogucnosti poboljSanja svojstava povrsine, obloge
otporne na habanje nanose se razli€itim tehnikama:
ruénim elektrolu¢nim zavarivanjem, HVOF talozima
i plazma zavarivanjem, a koriste se i dodatni
materijali razliitih hemijskih sastava. Struktura
uzoraka se analizira sa SEM-EDS i merenjem i
distribucijom tvrdoCe u presecima uzoraka.
Verifikacija  analiziranog rezultata vrSi se
eksperimentalnim  ispitivanjem,  sprovodenjem
simulacije troSenja u ventilacionom mlinu na
uzorcima u komori masina za peskarenje. Medijum
za simulaciju habanja je kvarcni pesak i uzorci su
postavljeni pod uglom od 20°. Primena ovog
istrazivanja moZe povecati radni vek delova u
termoenergetskim objektima, smanijiti broj mogucih

Adresa autora / Author's address:

@ Institute Mihailo Pupin , Volgina 15 Belgrade , Serbia
Lola Institute, Kneza Viseslava 70a , Belgrade , Serbia
° Institute of Materials Science, Joining and Forming,
Kopernikusgasse 24/I 8010 Graz, Austria,

@ Union - Nikola Tesla" University, Cara DuSana 62-64,
Belgrade, Serbia

Key words: ventilation mill, wear, coatings, multiphase
flow, depositions, working life

Abstract

Research presented in this paper analyzed the
possibilities of increasing the wear resistance of the
ventilation mill parts for coal grinding in power
plants, analyzing with multidisciplinary research.
The parts of ventilation mill are exposed in very
complex working condition (high velocity of
particles, presence of sand up 40% and other
mineral components). Using the CFD 3D numerical
simulation of multiphase flow in grinding mill, is
analyzed the speed, concentration and flow angle
of mixture around working parts. Analyzing the
potential application of wear resistance coating on
the working parts ventilation mill have goal to
increase remaining working life of working
elements. By analyzing the damaged parts of
ventilation mill and using the numerical simulation
around working elements, are selected wide pallet
of wear resistance filer materials for experimental
testing. To analyze possibilities to improve surface
properties, the wear-resistant coatings were
deposited by various technologies: manual metal
arc welding, HVOF depositions and plasma welding
and also are used filler materials with different
chemical compositions. Samples structure is
analyzed with SEM-EDS and also by measurement
and distribution of hardness in the samples cross-
sections. Verification of analyzed result is done by
experimental testing, performing simulation of wear
in ventilation mill on the samples in sandblasting
machines chamber. Medium for simulating wear is
quartz sand and the samples are positioned at
angle 20 °. Application of this research can increase
working life of parts in termoenergetic facilities,
reduce the number of possible repairs and extends
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popravki i produziti period izmedu njih. Time se
postizu znacajni ekonomski efekti.

Uvod

Nema sumnje da je energija oblast od posebnog
znaCaja za Citavu privredu i drustvo. Ako je
proizvodnja energije stabilna kao moderan i dobro
organizovan sektor, sigurno je da ¢ée to znaditi
dobro za celokupnu privredu zemlje. Nasuprot
tome, ako se energiji ne posveti dovoljno paznje sa
stanovista strateSkog planiranja, postoji odredena
slaba pozicija i slabi izgledi privrede u celini [1].
Najverovatniji scenario globalnog razvoja
pretpostavlja ekonomiju zasnovanu na efikasnoj
upotrebi relativno "Cistih" i iz razli¢itih izvora,
raspolozive energije. Prema svim razvojnim
scenarijima postoji tendencija smanjenja
energetske intenzivnosti ili potroSnje po jedinici
novéanog proizvoda [1-3]. Glavni cilj ovog rada je
da analizira moguc¢nost povecanja otpornosti na
habanje delova ventilacionog mlina za mlevenje
uglja u elektranama. Ovom analizom bi¢e izabrana
optimalna tehnologija za nano$enje previaka-
obloga radnih delova koji su izloZeni oste¢enjima i
habanju. Materijali i konstrukcije u rudarskim i
energetskim industrijama ostecuju se pod uticajem
brojnih faktora, kao 3to su: razli¢Gita mehanika
naprezanja, povidena-niska temperatura, sastav i
atmosferski uslovi, oblici i dimenzije dela ili
konstrukcije; struktura i svojstva materijala i
kvaliteta povrsine [1,2]. Svi ti faktori pojedina¢no
utiCu na radni vek materijala i konstrukcija, ali
mnogo veci uticaj imaju u medusobnoj interakciji.
Danas razvoj i projektovanje nije mogucée bez
koriS¢enja raznih 3D programa za modeliranje i za
analizu struktura i ponasanja delova i konstrukcija.
Optimizacija konstrukcije sa numeriCkim analizama
je dobro poznat pristup za poboljSanje performansi
proizvoda koji se koriste u svim granama nauke i
industrije [3, 4]. Pristup ovom radu je objedinjavanje
multidisciplinarnih istrazivanja ventilacionih mlinova
termoelektrana, koji ukljucuju razliCite teorijske,
numeri¢ke, empirijske i eksperimentalne metode [5-
8]. U dostupnoj literaturi prikazana je upotreba
numeri¢kih metoda za razliCite aplikacije Sirom
sveta, Sto dovodi do optimizacije kompleksnog
sistema. [9]

Ovo istrazivanje je nastavilo prethodna istraZivanja
koja su sprovedena za druge radne delove
ventilacionog mlina. Udarne ploCe ventilacionog
mlina su ve¢ redizajnirane i potvrdile su da je
numeri¢ka simulacija dobar alat za smanjenje broja
modalnih eksperimenata i za precizniju analizu
procesa koji se javljaju tokom kompleksnog toka
koji mogu ukazati na potencijalnu metodologiju
redizajna. [9]

4
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the period between them. This achieves significant
economic effects.

Introduction

There is no doubt that energy is a field of special
importance for the entire economy and society. If
energy producing is stabile as modern and well-
organized sector, it is certain that this will mean
good for the entire economy of the country.
Conversely, if energy is not given enough attention
from the strategic planning point of view there is a
certain weak position and weak prospects of the
economy as a whole [1]. The most likely scenario of
global development assumes an economy based
on the efficient use of relatively "pure” and from
various sources of available energy. According to
all development scenarios have tendency of
decreasing energy intensity or spending per unit of
money product [1-3]. The main aim of this paper is,
to analyses the possibility of increasing the wear
resistance the parts of ventilation mill for coal
grinding in power plants. By this analysis it will be
selected optimal technology for coating of working
parts which are exposed to damages and wear.
Materials and construction in mining and energetic
industries damages under the influence of
numerous factors, such as: various mechanical
stresses, elevated-low temperature, composition
and atmospheric conditions, shapes and dimension
ns of a part or construction; structure and
properties of material and quality of surface [1,2].
All those factors have individually effect on the
working life of materials and constructions but
much higher influence have in mutual interaction.
Today development and designing is not possible
without using various 3D programs for modeling
and for analyses of structures and behavior of parts
and constructions. Construction optimization with
numerical analyses is a well-known approach for
improving product performances which are used in
all branches of science and industry [3, 4].
Approach of this paper is to unite multidisciplinary
research of ventilation mills of thermal power plants
includes a variety of theoretical, numerical,
empirical and experimental methods [5-8]. The
available literature shows the worldwide usage of
numerical methods for different applications leading
to optimization of the complex system. [9] This
research has continued the previous research
which conducted for other working parts of
ventilation mill. Impact plates of ventilation mill is
already redesigned and confirmed that numerical
simulation is a good tool for reducing the number of
modal experiments and for more precise analysis of
process which occur during the complex flow which
can indicate potential redesign methodology. [9]
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CFD studija viSefaznog toka pomoc¢u Euler-Euler-
ovog modela smeSe predstavlena je u
referencama [1, 2, 6, 8]. ViSestruki protok smese u
ventilacionom postrojenju €ine vazduh, ugalj, pesak
i druge mineralne Cestice. Problem nosivosti radnih
delova ventilacionog mlina javlja se tokom visokog
prisustva peska u smesi, procenat peska zavisi od
kvaliteta uglia i ne moze se uticati na njega.
Procenat peska u smeSi moze biti do 40% uglja.
Zbog velike brzine Ccestica peska dolazi do
izrazenog troSenja elemenata brusnog toCka i
zidova mlina, smanjujuci vremenski period izmedu
dve popravke i njihovog Zivotnog veka.

U ovom radu analizirana je interakcija svih Cestica
sa povrSinom radnih delova ventilacionog mlina u
dvofaznom sistemu gasu - Cvrste Cestice. Na ovaj
nacin ¢ce se prikazati i analizirati strujanje oko
kuéice ventilacionog mlina oko elementa koji daje
dodatno bruSenje i postavlja se na kucicu mlina.
OstecCenja se indirektno odreduju na osnovu
rezultata numeri¢ke simulacije protoka; vektori
brzine i raspodele €estica u kucnom ventilacionom
mlinu. [1-3, 6—10].

Za povecCanje radnog veka elementa u
ventilacionom mlinu koristi se proces oblaganja.
Koriste se originalni radni delovi i oblozeni su samo
materijalom koji ima otpornost na habanje.
Oblaganje predstavlja pouzdanu metodu
povrsinske obrade, koja je odabrana za pobolj$anje
povrSinskih svojstava materijala radnih delova, u
kojem naneti materijal daje druge karakteristike
originalnim radnim delovima. Za potrebe ovog
istraZivanja, upotrebljeni sloj koji ima odliénu
otpornost na habanje i oksidaciju, homogeno se
nanosi na povrsinu podloge [3-5, 11].

Analiza prethodnih eksperimentalnih istraZivanja
pokazala je linearnu zavisnost otpornosti na
abrazivno troSenje i mehanickih  svojstava
materijala. [8, 10-14] Na osnovu mehanickih
svojstava, posebno tvrdoée, moZe se predvideti
ponasanje metala u uslovima habanja, ali tvrdoc¢a
nije jedina karakteristika koja utiCe na otpornost na
habanje i troSenje uopste. Parametri, koji takode
utiCu na otpornost na habanje, su struktura, oblik,
veli€ina i raspored mikrokonstituenata u nanetom
sloju [8-12].

Izbor optimalnih postupaka oblaganja, dodatnih
materijala i tehnologije nanosenja vrsi se na osnovu
rezultata numerickih simulacija, strukturnih i
mehanickih analiza uzoraka iz  modela
eksperimentalnog oblaganja.

Elementi prepreka u kucici ventilacionog mlina
(polozaj je prikazan strelicama na slici 1). Elementi
prepreka se nalaze u kuéici ventilacionog mlina
izmedu radnog toCka i kucice ventilacionog mlina i

4
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CFD study of the multiphase flow by using a Euler—
Euler, mixture model is presented in references [1,
2, 6, 8]. Multiphase flow of mixture in ventilation mill
consist form air, coal, sand and other mineral
particles. Problem of wears working parts of
ventilation mill occur during the high presence of
sand in the mixture, percentage of sand depend
form coal quality and cannot be influence on it.
Percentage of sand in the mixture can be up to
40% of coal. Due to the high velocity of sand
particles, pronounced wear of the grinding wheel
elements and mill walls occurs, decreasing the time
period between the two repairs and their lifespan.
The all particles interaction is analyzed with the
surface of working parts of ventilation mill in a two-
phase gas—solid particle flow are analyzed in this
paper. In this appear it will have presented and
analyzed flow around house of ventilation mill
around the element which give additional grinding
and positioned on house of mill. Damages are
indirectly determined based on the results of the
flow numerical simulation; vectors of the velocity
and distribution of particles in the house ventilation
mill. [1-3, 6-10].

For increasing the working life of element in
ventilation mill is used coating process. It's used
original working parts and only coated with material
which have resistance to wear. Coating present
reliable surface treatment method, which selected
to improve the surface properties of working parts
material, in which a coated material, give the others
characteristic to original working parts. For the
purpose of this research is a used coat that has
excellent resistance to wear and oxidation, is
homogeneously deposited onto the surface of a
substrate [3-5, 11].

Analyzing the previous experimental research has
indicated a linear dependence of abrasive wear
resistance and mechanical properties of materials.
[8, 10-14] Based on the mechanical properties,
especially hardness, the behavior of metals in the
conditions of wearing can be predicted, but
hardness is not the only characteristic that affects
the wear resistance and wear in general.
Parameters, which also affect the wear resistance,
are the structure, shape, size and distribution of
microconstituents in the coating [8-12].

The selection of optimal coating procedures, filer
materials and coating technology is done based on
the results of numerical simulation, structural and
mechanical analyses of samples from experimental
coating model.

The obstacles elements in house of ventilation mill
(position is shown by arrows Figure 1). Obstacles
elements are located at the house of ventilation mill

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 2/2019, str. 53-68
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mogu povecati efekat reSetke i
efikasnost ventilacionog mlina.
Elementi prepreka povecavaju finoéu mlevenja
ugljena, ali i smanjuju kapacitet ventilacionog mlina,
stoga je potrebno ukloniti separator ugljene prasine
iz mlina. Na taj nacin, proces protoka mlevenog
uglia u ventilacionom mlinu sa elementima
prepreka, znacCajno smanjuje troSenje radnih
elemenata mlina, a posebno radnih kola sa
udarnim plo€ama, produzava radno vreme ovih
mlinova i poboljSava proces susenja ugliene
prasine.

Prethodna istraZivanja ukazuju da povecanje broja
prepreka povecava broj moguéih sudara Cestica
ugliene prasine i na taj nacin povecava efikasnost
brusenja. Takode, na efikasnost brusenja moze
uticati povecCanje dimenzija prepreka kao i
smanjenje rastojanja izmedu radnog tocka i kucice
ventilacionog mlina (smanjujucéi prosecCni preénik
poloZaja prepreka).

Primer uspeSne rekonstrukcije kombinovanog
ventilacionog mlina DGS 100S, koji se nalazi u TE
Nikola Tesla A u Obrenovcu, detaljno je opisan u
literaturi. [3, 4, 14] Cilj rekonstrukcije je postizanje
poveéanog mlevenja uglja. PloCe su postavljene u
spiralu kuéice ventilacionog mlina kao prepreka na
izlazu iz mlina do podrucja kanala za pra$inu.

Dalji eksperiment je sproveden kako bi se povecao
broj prepreka smesStenih u kuéici ventilacionog
mlina. Testovi su izvedeni sa 9, 10, 11, 12, 14, 15,
24 i 25 elementima prepreka. Postavljeni su u nizu
sa udarnim to¢kom, pocevsi od izlaza ventilacionog
mlina do kanala za praSinu, povecavajuci njihov
broj na jednu tacku gde svih 25 prepreka pokrivaju
celu kucicu ventilacionog mlina

Za simulaciju procesa troSenja koriste se masine za
peskiranje. Verifikacija analiziranog rezultata vrsi se
eksperimentalnim ispitivanjem na uzorcima u
komori masine za peskiranje. Medijum za
simulaciju habanja je kvarcni pesak i uzorci su
postavljeni pod uglom od 20°.

generalno

1. Numericka simulacija i analiza rezultata
modela smse

Numeri¢ka simulacija viSefaznog toka u ovom
istrazivanju, predstavlja prvi korak u identifikaciji
mogucnosti za revitalizaciju delova mlina izlozenih
habanju. Analiziraju€i vektor brzine i raspodelu
protonih mesavina, tj. ¢estice, moguce je locirati
kriticne taCke u konstrukciji ventilacionog mlina.
Karakter viSefaznog toka u ventilacionom mlinu TE-
Kostolac B, u kome wucestvuju komponente

4
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between working wheel and house of ventilation
mill and they can increase effect of gridding and
generally the ventilation mill efficiency.

The obstacles elements increase the fineness of
grinding of coal but it also reduces the ventilation
capacity of the mill, therefore, it is necessary to
remove the coal dust separator from the mill. In this
way, the flow process of coal grinding in a
ventilation mill with obstacles elements significantly
reduces the wear of the working elements of the
mill and especially the working wheel wit impact
plates extend working time of these mills and
improves the process of coal dust drying.

Previous research indicates that increasing the
number of obstacles elements increases the
number of possible collisions of coal dust particles
and in this way increases the efficiency of grinding.
Also, the grinding efficiency can be influenced by
increasing the dimensions of the obstacles as well
as by reducing the distance between the working
wheel and house of ventilation mill (reducing the
average diameter of position of obstacles
elements). An example of a successful
reconstruction of the combined ventilation mill DGS
100S, which is located at the TE Nikola Tesla A in
Obrenovac, is described in detail in the literature.
[3, 4, 14] The goal of the reconstruction is to
achieve an increase grinding of coal. The plates
were placed in the spiral of the ventilation mill
house as an obstacle at the exit from ventilation mill
to area of dust channel. Further experiment was
carried out in order to increase the number of
obstacles placed in the house of ventilation mill.
The tests were carried out with 9, 10, 11, 12, 14,
15, 24 and 25 obstacles elements. They were
placed in a row with the impact wheel starting from
the exit of ventilation mill to the dust channel,
increasing their number to one point where whole
25 obstacles cover whole house of ventilation mill.
To simulate the process of wear is used
sandblasting machines. Verification of analyzed
result is done by experimental testing perform at
the samples in sandblasting machines chamber.
Medium for simulating wear is quartz sand and the
samples are positioned at angle 20 °.

1. Numerical simulation and analyses of results
mixture model

The numerical simulation of the multiphase flow in
this research present the first step in identifying
possibilities for revitalization of the mill parts
exposed to wear. By analyzing the velocity vector
and the distribution of flow mixtures, i.e. particles, it
is possible to locate the critical points in the
construction of the ventilation mill. Character of
multiphase flow in the ventilation mill TE-Kostolac
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vazduha, ugljene praSine, peska i drugih minerala,
direktno je povezan sa ranom funkcijom
ventilacione efikasnosti mlina, kao i sa procesom
habanja vitalnih delova. Promene u kvalitetu i
protoku parametara mesavine direktno utiCu na
promene u komori za sagorevanje i kotlarnici.
Programski paket ANSIS FLUENT zasnovan na
metodi konacne zapremine koristi se za numericke
simulacije protoka.

Rejnoldsove proseCne Navier-Stokesove parcijalne
diferencijalne jednacine turbulentnog visefaznog
toka u mlinu reSene su. Dobijeno je reSenje
disperzovanog gasa - C¢&vrste struje, gde su
granularne faze praskaste Cestice lignita i peska.
Vlaga uglja se uvodi kao gasna faza [1-6].
Numeri¢ka simulacija  viSefaznog toka u
ventilacionom mlinu sa preprekama prvi je korak u
istrazivanju uticaja prepreka na zidu mlina na
karakteristike ventilacionog mlina i izbor geometrije
prepreka. Za potrebe ovog istraZivanja koristi se
numeriCka simulacija za analizu protoka u
ventilacionom mlinu, za dva modela i Sest
geometrija sa razli¢itim poloZzajem i uglom
prepreke. Prepreke elementa mlina su predstavile
plo¢e na zidu ventilacionog mlina koje imaju za cilj
povecCanje efekta reSetke. Lokacija ovih prepreka
prikazana je na slici 1. Lagranzovski pristup (DPM)
ubrizgava Cestice Cvrste faze i prati njihovo kretanje
u gasnoj fazi. Prva generiSe potrebnu geometriju, {j.
oblik udarnih plo¢a i elemenata prepreka, kao i
njihov polozaj i medusobnu udaljenost. U drugom
koraku, mreza se generise u numerickom domenu.
Trec¢i korak obuhvata izbor viSefaznog modela,
definisanje primarne i sekundarne faze, definisanje
grani¢nih i pocetnih uslova, turbulentnog modela,
numericku simulaciju do konvergencije reSenja i
analizu dobijenih rezultata.

Efikasnost brusenja u ventilacionom mlinu zavisi,
pre svega od veli€ine kinetiCke energije koja se
prenosi na Cestice uglja u njihovim sudarima sa
udarnim elementima pokretaca. U ventilacionim
mlinovima, sudari se javljaju pretezno na ulaznoj
ivici udarne plo¢e pri brzinama koje su priblizno
jednake prosecnoj brzini ploe na tacki kontakta
Cestica u rasponu od 50-60 m/s. Dalje mljevenje se
odvija trenjem Cestica na udarnoj povrsini kada se
kre¢e prema izlaznom rubu ploCe. Drobljene i
susene Cestice uglja, koje su prosle kroz udarne
ploCe ventilacionog mlina, dosezu apsolutnu brzinu
na izlazu od 80-100 m/s.

4
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B, where components of air, coal dust, sand and
other minerals particles participate, is directly
related to the operation function of the ventilation
efficiency of the mill, as well as to the wear process
of vital parts. Changes in quality and flow of the
mixture parameters directly affect changes in the
combustion chamber and boiler plant. The ANSYS
FLUENT software package based on the finite
volume method is used for numerical flow
simulations.

The Reynolds averaged Navier-Stokes partial
differential equations of the turbulent multiphase
flow in the mill are solved. A solution of the
dispersed gas—solid flow is obtained, where
granular phases are pulverized lignite and sand
particles. The coal moisture is introduced as gas
phase [1-6]. Numerical simulation of multiphase
flow in a ventilation mill with obstacles is the first
step in exploring the impact of obstacles on the wall
of mill on the characteristics of the ventilation mill
and the selection of the geometry of obstacles. For
the purpose of this research numerical simulation is
used to analyze flow in ventilation mill, for the two
models and six geometries of with different position
and angle of obstacles elements. Obstacles
elements of mill have presented the plates on the
wall of ventilation mill which have purpose to
increase the effect of gridding. Location of these
obstacles is shown on Figure 1. Lagrangian
approach (DPM) injects solid phase particles and
monitors their motion in the gaseous phase. The
first generates the required geometry, that is, the
shape of the impact plates and obstacles elements,
as well as their position and mutual distance. In the
second step, a network is generated in the numeric
domain. The third step involves the choice of a
multiphase model, the definition of primary and
secondary phases, the definition of boundary and
initial conditions, a turbulent model, numerical
simulation to the convergence of the solution, and
analyzes the obtained results.

The efficiency of grinding in ventilation mill depends
primarily on the size of the kinetic energy that is
passed on to coal particles in their collisions with
impact elements of the impeller. In ventilation mills,
collisions occur predominantly at the input edge of
the impact plate at speeds approximately equal to
the average velocity of the plate at the particle
contact point in the range of 50-60 m/s. Further
grinding takes place by friction of the particles on
the impact surface when moving it towards the
outlet edge of the plate. Crushed and dried coal
particles, which passed through the impact plates
of the ventilation mill, reach the absolute speed at
an output of 80-100 m/s.
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Obstacles on the wall of
ventialation mill
Prepreke na zidu
ventilacionog mlina

Za DPM dodavanje uglja, koris¢ena je Rosin-
Ramller-ova distribucija za Cetiri intervala precnika:
od 0 do 90 mm, od 90 do 200 mm, od 200 do 500
mm i od 500 do 1000 mm. Procentualno prisustvo
za ova Cetiri intervala ispunjava =zahtev da
normalno oko 80% dCestica praskastog uglja ima
pre¢nik do 300 mm, tako da je sredniji precnik 152
mm i da parametar rasipanja ima vrednost 1.5227.
Koriséene su tri veli¢ine Cestica: 300 mm, 800 mm i
1500 mm, pri ¢emu su Cestice ubrizgane svakim
od ova tri preCnika pojedinacno, a istovremeno
ubrizgavanje Cestica iz sva tri pre¢nika.

Na slici 2 prikazana je putanja Cestica ugliene
prasine za elemente prepreka pod uglom od 45° i
centralnim uglom od 8°, a staze su obojene zavisno
od precnika Cestica. MoZe se videti da povecanje
veliCine Cestica poveéava broj njihovih uticaja na
elemente prepreka, dok manje Cestice, zbog manje
inercije, blize prate protok gasne faze, ili se kreéu
duz obima mlina i imaju manje uglova odbacivanja.
u kanalu za praSinu.

SCIENCE*RESEARCH*DEVELOPMENT

b
Slika 1. a) Geometrijski model ventilacionog mlina sa ka/)valom i komorama do ulaza u gorionik, b) Rotorsko kolo
sa udarnim i usisnim plo¢ama (strelice oznacavaju lokacije usisnih ploca)
Figure 1. a) The geometric model of the ventilation mill with duct and channels to the entrance at the burner, b)
Impeller wheel with impact and suction plates (arrows indicates locations of suction plates)

For the DPM coal injection, Rosin-Ramller
distribution was used for four intervals of diameter:
from 0 to 90 um, from 90 to 200 um, from 200 to
500 pym and from 500 to 1000 um. The percentage
presence for these four intervals fulfills the
requirement that normally about 80% of coil powder
particles have a diameter of up to 300 uym, so that
the mean diameter is 152 ym and the spreading
parameter has a value of 1.5227. Three sand sizes
of particles were used: 300 pm, 800 um and 1500
um, whereby particles were injected with each of
these three diameters individually, and at the same
time injection of particles from all three diameters.
Figure 2 shows the path of coal dust particles for
obstacles elements at an angle of 45 ° and a
central angle of 8 °, and the paths are colored by
the particle diameter. It can be seen that increasing
particle size increases the number of their impacts
on obstacles elements, while smaller particles, due
to less inertia, more closely monitor the flow of the
gaseous phase, or move along the circumference
of the mill and have fewer rejection angles in the
dust channel.
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Slika 3. Putanja Cestica ugljenog praha do elementa prepreka postavijenih pod 45° i sa centralnim uglom od 8°,
obojene putanje precnika Cestica
Figure 3. Path of the pulverized coal particles to obstacles element positioned under 45 ° and with central angle of 8°,
the paths of the colored particle diameter

Ovo je ociglednije kada se uporeduje sa Cesticama
peska, zbog njihove mnogo vecée inercije, a
prikazano je na slici 4 elementa prepreka pod
uglom od 55° sa centralnim uglom od 8°, za sve
pre¢nike, gde je putanja pokazuje intenzitet brzina
Cestica. Jasno se moze uociti da se putanje Cestica
peska od 300 pym i 1500 ym u delu mlina u kojoj
postoje elementi prepreka, veoma razlikuju.
Elementi prepreka sa svojim prisustvom dalje drobe
Cestice ugljene prasine kao i Cestice mineralne
materije, ali uz pad pritiska na izlazu iz kanala za
prasinu.

Uticaj veliCine Cestica peska na putanju u
ventilacionom mlinu i kanalu za praSinu, kada se
istovremeno ubrizgavaju Cestice iz sva tri pre€nika,
prikazan je na slici 4. Slika 5 koja prikazuje putanje
Cestica u elementima prepreka potvrduje da kako
veliCina Cestica raste, poveéava se i broj njihovih
udara na elemente prepreka, dok manje Cestica
gotovo ne udaraju u barijere elementa prepreka,
vec¢ se kre€u prakticno duz obima mlina.

This is more evident when is comparing to particles
of sand, because of their much higher inertia, and
is shown in Figure 4 of obstacles element at the
angle of 55° with the central angle of 8°,for all there
diameter, where the path are colored particles
speed intensity. It can be clearly observed that the
trajectory of 300 ym and 1500 um of sand particles
in the part of the mill in which there are obstacles
elements are very different. The obstacles
elements with their presence further crumble the
particles of coal dust as well as the particles of
mineral matter, but with the pressure drop at the
exit of the dust channel.

The influence of the sand particles size on a path in
the ventilation mill and the dust channel, when
simultaneously injecting particles from all three
diameters is shown in Figure 4. Figure 5 showing
the path of particles in the obstacles elements
confirms that as the particle size increases, the
number of their impacts on the obstacles elements
increases, while fewer particles almost do not hit
the barriers of obstacles elements but are moving
practically along the mill circumference.
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e

Slika 4. Putanja Cestica peska sa elementom prepreke postavijenim pod 55 ° i centralnim uglom od & obojena
putanja je za intenzitetom brzine Cestica pre¢nika 300 um

Figure 4. Path of sand particles with obstacles element positioned under 55 ° and central angle of 8°, path are
colored with speed intensity for particles diameter; 300 um

2. Modalne analize oblozenih uzoraka
Eksperimentalna modalna analiza je izvedena da bi
se odabrale optimalne tehnologije previaenja radi
povecanja radnog veka elemenata u ventilacionom
mlinu. Brzina i pritisak iz numericke simulacije
identifikuju delove mlina koji su najviSe izlozeni
habanju. Proces odabira optimalnih postupaka
oblaganja, dodatnih materijala i tehnologije
nanoSenja koji ¢e se koristiti u eksploatacionom
stanju u kasnijoj fazi eksperimenta, uradi¢e se na
osnovu rezultata numerickih simulacija, strukturnih i
mehanickih svojstava uzoraka iz eksperimentalnog
modela obloge koji je objasnjen u ovom poglavlju.
Prodor abrazivnih Cestica i visoka tvrdoéa obrnuto
su proporcionalni tvrdo¢i povrsinskih slojeva [3, 22,
30-32]. Parametri koji utiCu na otpornost na
habanje, pored tvrdoce, su struktura, oblik, veli€ina
i distribucija mikro-sastojaka u nanetom sloju [3,
12-27]. Otpornost na habanje nantet legure zavisi
od mnogih drugih faktora kao $to su tip, oblik i
raspodela tvrdih faza, kao i zilavost i otpornost
matrice na naprezanje [4]. U dosadasnjim
istrazivanjima analizirana je Siroka skala dodatnih
materijala otpornih na habanje [12] i za potrebe
ovog eksperimenta, jedna grupa dodatnih
materijala za testiranje modela je odabrana i
analizirana potencijalna implementacija u
funkcionalnom testiranju.

Uradeno je modalno ispitivanje makrostrukture,
napravljeni su dijagrami raspodele tvrdo¢e, zona
povrSinskog sloja i zone toplotne uticaja (HAZ).
Mikrostrukturne  analize su dobijene sken
elektronskom mikroskopijom (SEM) i EDS

2. Modal analyses of coated samples

Experimental modal analysis is preformed to select
optimal coating technologies to increase working
life of elements in ventilation mill. Speed and
pressure from numerical simulation has identify
parts of mill which are the most exposed to wear.
The process of selection the optimal coating
procedures, filer materials and coating technology
which will be used in exploitation condition in later
stage of experiment, it will be done based on the
results of numerical simulation, structural and
mechanical  properties of samples from
experimental coating model which is explained in
this chapter. The penetration of the abrasive
particles and high hardness is inversely
proportional to the hardness of the surface layers
[3, 22, 30-32]. Parameters which effect on the wear
resistance beside hardness are the structure,
shape, size and distribution of micro constituents in
the coated layer [3, 12- 27]. The wear resistance of
a coated alloy depends on many other factors such
as the type, shape and distribution of hard phases,
as well as the toughness and strain hardening
behavior of the matrix [4]. In previous research
wide scale of filler materials resistance to wear is
analyzed [12] and for the purpose of this
experiment, one group of filer material for model
testing is selected and analyzed potential
implementation in the functional testing,

Modal testing of macrostructure has been done,
diagrams of distributions of hardness have been
made, zone of the surface layer and Heat affected
zone (HAZ). Microstructuaral analyses were
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analizom. lzbor dodatnog materijala i postupaka
nanoS$enja koji ¢e potencijalno koristiti i primenjivati
u redizajnu radnih elemenata ventilacionog mlina
se moze postiéi iz rezultata ovog istraZivanja.
Optimizacija  performansi  ventilacionog mlina
postize se korelacijom neizbeznog tehnoloSkog
procesa i stanja glavnih radnih delova. Numeri¢ka
simulacija  viSefaznog toka, zasnovana na
raspoloZivim parametrima, ukazuje na moduse
loma komponenti sistema i olakSava uklanjanje
uzroka.

21 Eksperimentalni
testiranja

Modalno ispitivanje se vrSi na uzorcima oblozenim
adekvatnim slojem. Uzorci dimenzija 200x200x15
mm, koji su napravljeni od toplo valjanog ¢&eli¢nog
lima S355J2G3 (ASTM 572), pripremljeni su i
koriS¢eni kao supstrati. Da bi se sprecilo formiranje
ukljuéaka u nanetom materijalu, pre procesa
nanosenja, uklonjeni su oksidni slojevi sa povrSine
supstrata brusenema. Pre nanoSenja, uzorci su
prethodno zagrejani na Tp = 160-170°C. KoriS¢en

postupak modalnog

je konvencionalni postupak nanosenja
(zavarivanja): ru¢no elektroluéno zavarivanje
(MMA) i zavarivanje punjeno zicom (FCAW),

plazma nano3enje i HVOF (gasni plamen velike
brzine High Velocity Oxi-Fuel) proces. Nakon
procesa nanoSenja, uzorci su hladeni na vazduhu
do sobne temperature.

Dodatni materijali, koriS¢eni u ovom radu,
predstavljeni su u Tabeli 1, sa postupcima za
nanoSenje, oznakama i nominalnim hemijskim
sastavima kao i komercijalnim  nazivom
proizvodata Castolin Eutectic Co, Ltd, Bec.
Najvazniji uslov procesa nanosenja je nizak stepen
mesSanja i proizvodni troSkovi potroSnog materijala..

4
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obtained with scanning electron microscopy (SEM)
and with EDS analysis. The choice of filler
materials and coating procedures which will
potentially use and applied in the redesign of
ventilation mill working elements it can be done
from the results of this research.

Optimization of ventilation mill performances is
achieved by correlating the inevitable technological
process and the state of the main working parts.
Numerical simulation of multiphase flow, based on
the available parameters, indicated the modes of
failure system components and facilitates the
removing of causes.

2.1 Experimental procedure of modal testing
Modal testing is carried on the samples coated with
adequate layer. Samples dimensions 200x200x15
mm, that are made of hot-rolled steel sheet
S355J2G3 (ASTM 572), were prepared and used
as substrates. In order to prevent the inclusion
formation in the material deposits, prior to process
of coating, the oxide layers were removed from the
substrate surface by means of the grinding. Before
coating, samples are preheated at Tp = 160-170
°C. Conventional process of coating (welding) was
used: manual metal arc welding (MMA) and flux
core wire welding (FCAW), plasma coating, and
HVOF (High Velocity Oxy-Fuel) process. After
process of deposition samples with coatings were
air-cooled down to the room temperature.

The filer materials, used in this paper, were
presented in Table 1, with coating procedures,
signs and nominal chemical compositions and
commercial name manufactured by Castolin
Eutectic Co, Ltd, Vienna. The most important
condition of processes of deposition is that have
low degree of mixing and the manufacturing cost of
deposition consumables.

Coating Nominal chemical Proce§s
. " hardfacing
Material compositions
i . . . Postupak
Materijal za Nominalni hemijski sastav tvrdo
nanoSenje | (M*/C and M/Fe wt.% ratio) 109
navarivanja
PG6503 Ni-Cr-Bo-Si/ 60% WC | | 1asma
process
55586C CoCrFeCW/WC HVOF
4010 EC Fe-Cr-C-Si/Ti 0.18 (7.0 and MMA
0.6)
4395N Fe-C-Cr-Ni-Mo-W-B FCAW

Tabela 1. Materijali i postupci za nanoSenje
Table 1. Materials and coating g procedures
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2.1.1 Mikrostrukturna analiza i
tvrdoce

Uzorci za analizu strukture i tvrdoée izradeni su
rezanjem vodenim mlazom u ravni upravnoj na
povrSinu nanosa. Dobijeni popreéni preseci se
bruse brusnim papirima SiC do P-1200 i poliraju
suspenzijama glinice do 1 um. Mikrostrukturna
ispitivanja su izvedena na poliranim uzorcima
nagrizenim 3% nitalom. Mikrostrukture nanetih
uzoraka su posmatrane skeniraju¢im elektronskim
mikroskopom (SEM), a njihov hemijski sastav je
ispitivan pomocu energetsko-disperzivne
spektroskopije (EDS). SEM-EDS analiza je
omogucila stvaranje elektronskih slika koje su
omogucile morfolo3ki opis razli€itih faza nanosa i
EDS mape sastava koriS¢ene za kvalitativno
opisivanje hemijskih varijacija u mikrostrukturi.
Takode, merenja mikrotvrdoée u popreénom
preseku oblozenih uzoraka napravljena su pomocu
Vickersovog testa HV 10

ispitivanje

4
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2.1.1 Microstructuaral Analysis and Hardness
Test

Samples for structure and hardness analyses were
carried out by the water jet on the plane
perpendicular to the coating surface. The obtained
cross-sections are ground with SiC abrasive papers
down to P-1200 and polished with alumina
suspensions down to 1 ym. Microstructuaral tests
were carried out on polished samples etched with a
solution of 3% Nital. The microstructures of coated
specimens were observed by scanning electron
microscope (SEM) and their chemical compositions
were examined by energy-dispersive spectroscopy
(EDS). The SEM-EDS analysis was creating
electron imaging allowed different phase’s
morphologic description of the coatings and EDS
compositional maps were used to qualitatively
describe chemical variations in the microstructure.
Also, the measurements of micro- hardness in the
cross section of coated samples were made using
a Vickers hardness tester HV 10.

Coating material Thickness of layer in mm Degree of mixing, % Hardness, HV10
Naneti materijal Debljina sloja Stepen mesan; Tvrdoca
PG6503 =45 11 750-1049
55586C = 0.5-0.7 10 644-701
4010 EC =52 20 887-1028
4395N =5 10 918-1091

Tabela 2. Materijali i postupci za nanoSenje
Table 2. Materials and coating g procedures

Nizak stepen meSanja (11% i 10%) se postize u
uzorcima  oblozenim dodatnim  materijalima
PG6503, 55586C i 4395. Maksimalna tvrdoc¢a se
postiZe u uzorcima obloZenim legurom 4395 (MMA)
i 4010EC. Merenje tvrdoce obavlja se na svim
uzorcima i opseg vrednosti je prikazan u tabeli 2.
Vrednosti tvrdoée zavise od tatke koja se ispituje,
naneti slojevi su veoma krhki i zavise od
mogucénosti uredaja. Proces merenja je izveden je
po poprecnom preseku modalno oblozenih
uzoraka.

131415161718

The low degree of mixing (11% and 10%) is
achieved in coated samples with filler material
PG6503, 55586C and 4395. The maximum of
hardness is achieved in samples coated with alloy
4395 (MMA) and 4010EC. Measurement of
hardness distribution is done for all samples and
range of values is presented in the Table 2. Values
of hardness depend of point which is tested,
coating layers is very tick and depend if the device
possibilities. Process of measurement has been
done thru cross section of modal coated samples.

Slika 5. Makrostruktura i distribucija tvrdoé na poprec¢nom preseku uzorka sa dodatnim materijalom PG 6503
Figure 5. Macrostructure and hardness distribution on the sample cross section done with filler material PG 6503.
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Karakteristika nanetih slojeva i varijacije tvrdoce
mogu se objasniti raspodelom razli¢itih faza duz
dubine nanosa, kao S&to je ocigledno iz
mikrostrukturnog istraZivanja. Makrostruktura i
merenje raspodele tvrdoée preseka metaliziranog
uzorka sa tvrdom prevlakom od dodatnog
materijala PG 6503 postupkom metalizacije
plazma lukom, prikazani su na slici 5. Vrednosti
tvrdo¢e svih uzoraka date su u tabeli 2. Dijagram
na slici 5 pokazuje da u blizini povrSine, tacke 7i 13
imaju najvide vrednosti tvrdoée i vise od 1000 HV.
Rezultati prikazani u tabeli 2 ukazuju na to da
dodatni materijali 4010 EC i 4395N pokazuju
relativno  homogenu raspodelu tvrdoée i
mikrostrukture u poprenom preseku i mnogo vece
vrednosti tvrdo¢e u odnosu na druga dva uzorka.

Vrednosti tvrdo¢e u ta dva uzorka sa dodatnim
materijalima 4010 EC i 4395N su vece 20-40%.
Pored toga, interval tvrdoce u popre¢nom preseku
je veéi za 10-80%. Ta dva uzorka imaju mnogo
veée vrednosti stepena meSanja oshovnog i
dodatnog  materijala, zbog konvencionalnih
postupaka nanoSenja (zavarivanja). Vrednosti
tvrdoCe se razlikuju iako neki dodatni materijali
imaju slicno hemijsko jedinjenje. To su posledice
razli¢itih postupaka oblaganja i tehnologija primene.

Complex Co, W and Cr
Carbi

SEM MAG: 1000 x
SEM HV: 150 kV
ahss18vED041
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The characteristic of coated layers and the variation
in hardness can be explained by the distribution of
the different phases along the depth of the coated
deposit, as it was evident from microstructuaral
investigation. Macrostructure and measurement of
hardness distribution of the metalized sample cross
section with a hard coating with filler material PG
6503 done with plasma metallization is presented in
Figure 5. Hardness values of all samples are given
in the table 2. Diagram in figure 5 indicates that in
near surface areas, points 7 and 13 has the highest
values of hardens in the more than 1000 HV.
Results show in the Table 2 indicates that a filler
material 4010 EC and 4395N, show relatively
homogenous  distribution of hardens and
microstructure in the cross-section and much
higher values of hardness relative to other two
samples. Values of hardness in those two samples
with filler materials 4010 EC and 4395N are higher
in 20 — 40%. Besides that, hardness interval in
cross section is higher for 10 — 80%. Those two
samples have much higher values of degree of
mixing base material and filer material because are
done by conventional process of coating (welding).
Values of hardness are different in fact that some
filler materials have similar chemical compound.
This is consequences of different coating
procedures and technologies of applying.

SEM HV: 15.0 kV
ahss18vb0036

Complex
W, Mo, Nb Carbides

- ¥ -

.____ L

Cr Carbides)

1

SEM MAG: 500 x wo:tezimm | ]
SEM HV: 15.0 kV Det: SE 100 m
ahss18vb0053 IMAT

d)

MIRAI TESCAN

Slika 6. Strukture uzoraka a) — PG6503, b) 55586C, c) 4010 i d) 4395 tvrdi navar
Figure 6. The structures of the samples, a) — PG6503, b) 55586C, c) 4010 and d) 4395 hardfaced
coatings
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SEM mikrografije sa EDS razli¢itih faza obloZenih
uzoraka dodatnim materijalom PG6503, prikazane
su na slici 6. EDS podaci, prikazani u tabeli 3,
ukazuju na razliCite sastave osnove i prisustvo
karbida u nanetom sloju. Struktura blizu povrSine
uzorka sa PG 6503 sastojala se od velikih zrna
WC- tatka 2 (svetla faza, slika 7a) i EDS spektra
(slika 7b i 7c) ugradenih u matricu na bazi Ni
(tamna faza, slika 7a) i EDS spektar (Slika 7d) u
kojima je Fe rastvoren u velikoj koli¢ini, dok su Si i
B rastvoreni u manjim koli¢inama. Na mnogim
lokacijama su uocene i male estice WC, crvolikog
oblika i slu¢ajne orijentacije.

Raspodela velikih Cestica WC (120 + 31 um) bila je
nejednaka u pravcu debljine previake, ali je njihovo
prisustvo bilo najveée u povrsinskom podrucju PG
6503 sloja. Pri o¢vr$¢avanju javljaju se kompleksni
karbidi skoro eutekticke strukture i dominantno
prisustvo ostrih primarnih Cr-karbida, Cr-borida
(slika 6a). U uzorku oblozenom sa PG 6503
primetno je prisustvo sitnih ojagavajucih Cestica
borida / karbida na bazi hroma i njihovo malo
rastojanje Cestica koje efektivnije ojaava matricu
na bazi Ni.

Slika 5b prikazuje strukturu materijala 55586C.
NanoSenje materijala pokazuje homogene strukture
uz prisustvo poroznosti. Matrica ovog sloja je na
Fe bazi a sa eutektiCkim W karbidima. Analizirajuci
sliku 6. moze se videti prisustvo kompleksnih Co i
Cr karbida. Uzorak pokazuje homogenu raspodelu
karbida sa poligonalnim i sfernim oblikom. Tokom
procesa nano$enja, stvoreni su vrlo sloZeni karbidi,
dominantno izgradeni sa W, ali sa spektrom
razliCitih slozenih struktura. Plave faze na slici 6
pokazuju dominantno eutekticki W-karbid u
prisustvu od oko 16%. Ostali kompleksni karbidi su
W-Co-Cr oko 27%, Fe-Co-W oko 19%, W-Co-Cr -
oko 5% prisustva.

4
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SEM micrographs with EDS of different phases of
coated samples with filler material PG6503 are
shown in Figure 6. The EDS data, shown in table 3,
indicate on different matrix compositions and
presence of carbides in coated layer. The near-
surface structure of PG 6503 coating consisted of
large WC grains point 2 (light phase, Figure 7a)
and EDS spectrum (Figure 7b and 7c¢) embedded in
the Ni-based matrix (dark phase, Fig. 7a) and EDS
spectrum (Figure 7d) in which Fe was dissolved in
a major amount, whereas Si and B were dissolved
in minor amounts. In many locations, the small,
worm-like, and random-oriented WC particles were
also observed. The distribution of large WC
particles (120 £ 31 um) was non-uniform in
coating’s thickness direction but their presence was
largest in the near-surface region of PG 6503
coating. During solidification achieves also complex
carbides the near-eutectic structure and dominant
presence of blade-like primary Cr-carbides, Cr-
borides (Figure 6a ). In sample coated with PG
6503 is observed the presence of small chromium-
based boride/carbide reinforcing particles and their
short distance between particle which strengthened
more effectively the Ni-based matrix. The Figure 5b
shows the structure of the material 55586C.
Deposition of material shows homogenous
structures with presence of porosity. Matrix of this
coating is Fe base matrix with eutectic W carbides.
Analyzing the figure 6. it can be seen presence of
complex Co and Cr carbides. Coated sample show
a homogeneous distribution of carbides with
polygonal and spherical shape. During the process
of deposition it's created very complex carbides,
dominantly built with W but it crates various
spectrums of complex structures. Blue phases on
Figure 6 shows dominantly eutectic W-carbide and
presence is around 16%. Other complex carbides
are W-Co-Cr around 27%, Fe-Co-W around 19%,
W-Co-Cr —Fe around 5% of presence.

196 W M X 0 e
B 29% ' omurna
B 16% =vommen

1006, R AT T 188 Pl
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Slika 7. Uzorci obloZeni dodatnim materijalom 55586C mapiranje struktura
Figure 7. Samples coated with filer material 55586C mapping of structures.
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Struktura dobijenih 4010 obloga sadrzi vece
Sipkaste primarne Cr-karbide sa potpunim
odsustvom morfologije tipa lopatice (Slika 5¢). Ovi
rezultati su u saglasnosti sa dosadasnjim nalazima
istrazivanja [12, 17, 35] u kojima dodavanje
uglienika olakSava prelazak iz oStrice prema
morfologiji nalik Stapu. Morfologija nalik Stapu je
superiorna kada se razmatraju primene u trodenju.
Povecéanje zapreminske frakcije Cr-karbida je
verovatno rezultat dodavanja ugljenika i hroma [17,
18, 26, 35]. Istaknuto je da se veliki primarni
karbidi, koji su identificirani kao (Cr, Fe) 7 C3,
formiraju iz rastopa elektrode (za tvrdo
navarivanje) i pokazuju stubiCasti rast sa
Sestougaonim popre¢nim presekom.

Medutim, uzorci obloZeni dodatnim materijalima
4395, pokazuju homogenu raspodelu karbida sa
poligonalnim i sfericnim oblikom. Prikazani podaci
EDS ukazuju da je naneti sloj, faza sa visokim
sadrzajem W, Cr, Nb, Mo i C. Prisutni karbidi su
primarni, specijalni karbidi tipa WC, MoC, NbC,
kompleksni karbidi Fe3 (V, Mo) 3C i Cr-karbidi [3,
12, 26], Kako se povecéava frakcija specijalnog i
kompleksnog karbida, poboljSava se tvrdoca i
otpornost na habanje [1-3]. SEM mikrografije sa
EDS razli¢itinh faza, uzoraka obloZenih sa PG6503,
prikazane su na slici 8. EDS podaci, prikazani u
tabeli 3, ukazuju na razliCite sastave matrice i
prisustvo karbida u nanetom sloju.
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The structure of the obtained 4010 coatings
comprises a larger rod-like primary Cr-carbides with
the total absence of the blade-like type of
morphology (Figure 5c). These results are in
agreement with previous research findings [12, 17,
35] in which the addition of carbon facilitates
transition from blade-like towards the rod-like
morphology. The rod-like morphology is superior
when wear applications are considered. The
increase of the Cr-carbides volume fraction is
probably the result of the carbon and chromium
addition [17, 18, 26, 35]. It has been point out that
large primary carbides, which are identified to be
(Cr, Fe)7 C3, are formed from the melt of the
coating (hardfaced) electrodes and exhibit
columnar growth with a hexagonal cross section.
However, the samples coated with filler materials
4395 show a homogeneous distribution of carbides
with polygonal and spherical shape. The EDS date
shown is indicate that coated layer is phase with
high content of W, Cr, Nb, Mo and C. Present
carbides are the primary, special carbides type WC,
MoC, NbC, complex carbides Fe3(W, Mo)3C i Cr-
carbides [3, 12, 26], As the special and complex
carbide fraction increases, hardness and wear
resistance improve [1-3]. SEM micrographs with
EDS of different phases of coated samples PG6503
are shown in Figure 8. The EDS data, shown in
table 3, indicate on different matrix compositions
and presence of carbides in coated layer.
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Slika 7. a) SEM mikrografija i EDS struktura uzorka oblozenog sa PG6503
Figure 7. a) SEM micrograph and EDS structure of the coated sample PG6503
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3. Zakljuéak

Numeri¢ke simulacije visefaznog toka izvedene su
za ventilacioni mlin u elektrani Kostolac B. Rezultati
dobijeni numerickom simulacijom jasno pokazuju
da CFD metode izvrSene u ANSISS FLUENT-u
pruZaju detaljne analize protoka u ventilacionom
mlinu sa elementima prepreka u kucici. Numericka
analiza odreduje uglove pod kojima Cestice smese
napustaju kucicu ventilacionog mlina.

U ovom radu je analiziran odgovarajuéi ugao
ugradnje  elemenata prepreka u  objektu
ventilacionog mlina radi povecanja efikasnosti
bruSenja. NajviSa efikasnost brusenja ventilacionog
mlina ¢e biti ako se elementi prepreka na kucici
postavljaju direktno u pravcu kretanja vecih delova
ugliene prasSine. Ugao pod kojim Cestice uglja
napustaju  kuCicu mlina uveliko zavisi od
koeficijenta trenja izmedu ovih ¢estica i udarne
ploCe. Za koeficijent trenja od 0,6, ugao pod kojim
ugliena pradina napusta kanal za prasSinu iznosi
29,50, dok za koeficijent trenja 0,8 taj ugao ima
vrednost 25,70.

Definisano je nekoliko geometrija prepreka
elemenata pravougaonog preseka, promenjen je
njihov ugao i stepen podeSavanja. Za centralni
ugao od 80 i 120 polozaj elemenata prepreka bio je
na 450, 550.

Zapreminski udeo ugliene prasine na ulazu u
ventilacioni mlin ima vrednost 3,44x10-5, dok
pesak 3,48x10-5. Kada je prisutan fiksni ugao
elemenata prepreka, primeuje se da povecanje
koraka izmedu elemenata dovodi do mnogo
ravnomernije raspodele ugljene prasine u podrucju
radnog to¢ka, izmedu elemenata prepreka i kanala
za prasSinu. Uticaj ugla postavljanja elemenata
prepreka i njihovih koraka analizira se modelom
mesavine, koja daje pouzdane vrednosti statiCkog
pritiska na izlazu iz kanala za praSinu.

Lagrangeov model za pracenje ¢vrstih granuliranih
faza je pokazao, da se pri povecanju veli¢ine
Cestica ugljene praSine, povecava broj njihovih
udara na elemente prepreka, dok manje Cestice,
usled manje inercije, prate tok gasne faze. i kre¢u
se duz zida ventilacionog mlina i imaju manje
uglove napada na zidove kanala za prasinu. Ovo je
jo§ izraZenije kod Cestica peska zbog njihove vece
inercije, tako da se putevi razliCitih pre¢nika Cestica
veoma razlikuju po povrsini elemenata prepreka.
Otpornost na habanje odredena je veli€inom,
oblikom, raspodelom i hemijskim sastavom karbida,
kao i mikrostrukturom matrice. Da bi se procenilo
ponaSanje tro$enja razliCitih legura na bazi Fe, Ni,
Co, vazno je uzeti u obzir makro tvrdoéu i
mikrostrukturu i postaviti ih u odnos.
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3. Conclusion

The numerical simulations of the multiphase flow
are performed for a ventilation mill in the Kostolac B
power plant. The results obtained by the numerical
simulation clearly show that the CFD methods done
in ANSYSS FLUENT provide detailed analyses of
flow in ventilation mill with obstacles element in
house. Numerical analysis determines angles
under which particles of mixture leave the house of
ventilation mill. In this paper is done analyze
appropriate angle of obstacles element installation
in the house of ventilation mill to increase the
grinding efficiency. The most efficiency of
ventilation mill grinding will be if the obstacles
elements on the house are set directly in the
direction of movement of larger parts of coal dust.
The angle at which coal particles leave the house
of mill depends largely on the friction coefficient
between these particles and the impact plate. For
the friction coefficient of 0.6, the angle at which the
coal dust leaves the dust channel is 29.50, while for
the coefficient of friction 0.8 this angle has a value
of 25.70. Several geometries of obstacles elements
of rectangular cross-section are defined, and their
setting angle and step are changed. For the central
angle of 80 and 120 the position of obstacles
elements was at 450, 550. The volume fraction of
coal dust at the entrance to the ventilation mill has
a value of 3.44-10-5, and sand 3.48-10-5. When is
present the fixed angle of obstacles elements, it is
noted that increasing the step between the
elements leads to a much evener distribution of
coal dust in the area of the working wheel, between
the obstacles elements, and in the dust channel.
The influence of the angle of setting the obstacles
elements and their steps is analyzed by the model
of the mixture, which gives the reliable values of the
static pressure at the exit of the dust channel. The
Lagrange model for the tracking of solid granular
phases has shown that when increasing the particle
size of coal dust, the number of their impacts on the
obstacles elements increases, while the smaller
particles, due to less inertia, follow the flow of the
gaseous phase and move along the wall of
ventilation mill, and have smaller attack angles to
the walls of the dust channel. This is even more
pronounced in sand particles due to their higher
inertia, so that the paths of different diameters
particles are very different in area of obstacles
elements. Wear resistance is determined by the
size, shape, distribution and chemical composition
of the carbides, as well as by the matrix
microstructure. To evaluate the wear behavior of
the different Fe, NI, Co-based coating alloys it is
Koji kriterijumi su primenjeni u selekciji: radni
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uslovi, otpornost na abraziju, zahtevani kvalitet
zavrSne obrade, dozvoljena debljina, poroznost
sloja i koheziona ¢vrstoCa osnovnog i primenjenog
sloja, karakteristike osnovnog materijala, oblik i
veli€ina radnog komada i troskovi celog procesa.

U mikrostrukturi, karbidi u nanetom sloju su
razliCitog oblika, veliine i sastava u zavisnosti od
hemijskog sastava dodatnog materijala. U belim
gvozdima sa visokim sadrzajem Cr karbida u
dominantnoj formi Sipki, a u legurama legiranim sa
Ti, W, Nb, B, Mo, itd. postoje i kompleksi
poligonalnih karbida i sfernih veli¢ina. Tvrdoc¢a
nanetih slojeva povecCava se sa vecim prisustvom
slozenih karbida poligonalnih i sferi¢nih veli¢ina.
Slojevi manje tvrdoée pokazali su manju otpornost
na abrazivno troSenje, ali je zavisnost (tvrdo¢a od
brzine istrodenosti) bila nelinearna.

Analizirajuci, moze se zakljuciti da broj prepreka u
kuci ventilacionog mlina Sto blize radnom tocku,
povecava broj mogucih sudara Cestica uglja. Na
ovaj nacin postize se povecanje idealne povrsine i
efikasnosti brusenja iza radnog toc¢ka sa udarnim
ploCama. Promenom oblika prepreka, popreénog
preseka i ugla ugradnje postize se dodatno
povecéanje njegove idealne povrsine $to poboljSava
kvalitet suSenja mlina. Svi ovi rezultati uestvuju u
povecanju kvaliteta ugljene praSine.

Proces protoka uglja u ventilacionom mlinu sa
elementima prepreka se izbjgava nepotrebna
recirkulacija Cestica minerala, peska i uglja, kao i
dela transportnog fluida iz separatora ugliene
prasine u mlin. Na ovaj nacin, znacCajno je
smanjeno trodenje radnih elemenata mlina,
posebno udarnih plo¢a radnog tocka, jer je u ovom
procesu doSlo do troSenja prepreka, Sto je
produzilo preostali radni vek ovih mlinova. .
Analizom obloZenih uzoraka i procesa nano$enja
sloja moze se zaklju€iti da dodatni PG6503
pokazuje najbolji potencijal otpornosti na habanje
distribucijom mikrokonstituenata, gde se analizira
tvrdoca i distribucija mikrokonstituenata. Ali i drugi
materijali imaju dobar potencijal otpornosti na
habanje. ObloZeni wuzorci ¢e biti analizirani
simulacijom troSenja u eksperimentalnim uslovima.
Primena ovog sloja ¢e se koristiti i za oblaganje
prepreka u ventilacionom mlinu.

Primena ovih dodatnih materijala za buduée
rekonstrukcije mora biti podrzana dodatnim
testiranjem. Ovde je moguce Kkoristiti simulaciju
troSenja u masinama za peskarenje sa peskom kao
abrazivnim medijem. Potrebno je koristiti uglove
napada koji se meSaju oko elemenata prepreka
dobijenih numerickom simulacijom.
Multidisciplinarna istraZivanja koja se koriste u
ovom radu mogu dati dobre rezultate u smislu
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important to regard the macro hardness and the
microstructure and to set them into relation.

The which criteria were applied in the selection:
working conditions, abrasion resistance, required
finishing quality, permissible thickness, porosity of
the layer and cohesion strength of the base and
applied layer, characteristics of the basic material,
shape and size of the work piece and costs of
whole process.

In the microstructure, coated carbides were noticed
with different shape, size and composition
depending on the chemical composition of filler
material. In white irons with high contents of Cr
carbides in dominate form of bars, and in alloys
alloyed with Ti, W, Nb, B, Mo, etc. there are also
complex of polygonal carbides and spherical sizes.
Coated layers hardness increases with a greater
presence of complex carbides of polygonal and
spherical sizes. Coatings with lower hardness
showed lower abrasive wear resistance, but the
dependence (hardness vs. wear rate) was
nonlinear.

Analyzing, it can be concluded that as the number
of obstacles in the house of ventilation mill set as
close as possible to the working wheel increases
the number of possible collisions of coal particles.
In this way, an increase in the ideal surface and
grinding efficiency is achieved behind the working
wheel with impact plates. By changing the shape of
the obstacles, the cross-section and the angle of
installation, an additional increase in its ideal
surface is achieved, which improves the drying
quality of the mill. All this results participate in an
increase in the quality of coal dust.

The flow process of grinding coal in a ventilation
mill with obstacles elements is avoided by the
unnecessary recirculation of particles of minerals,
sand and coil as well as of the part of the transport
fluid from the coal dust separator into the mill. In
this way, the wear of the working elements of the
mill, in particular the impact plates of working
wheel, has been significantly reduced, since part of
this process has been brought wear of obstacles,
which has prolonged the remaining working life of
these mills.

Analyzing the coated samples, and process of
deposition of coating it can be concluded that filler
material PG6503 show best wear resistance
potential by distribution of microconstituents, where
is analyzed hardness and distribution of
microconstituent’s. But other materials also have
good potential of wear resistance. Coated samples
will be analyzed by simulation of wear in
experimental condition. Application of this coating
will be used also for coating of obstacles elements
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smanjenja troSenja radnih elemenata ventilacionog
mlina i produzenja njihovog veka trajanja, ¢ime se
olakS8ava eksploatacija wuglia uz manji broj
zaustavljanja u eksploataciji.
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Ovaj rad je rezultat istrazivanja u okviru projekta TR
34028, kojeg finansijski podrzavaju Ministarstvo
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in ventilation mill. The application of these filler
materials for future reconstructions is must be
supported with additional testing. Here is possible
to use simulation of wear in sandblasting machinery
with sand as abrasive medium. It necessary to use
attack angles which mixture flow around obstacles
elements which are obtained from numerical
simulation. Multidisciplinary research used in this
paper can give good results in terms of reducing
the wear of the working elements of the ventilation
mill and extending their lifetime, and thus facilitating
coil exploitation with a smaller number of stops in
exploitation.
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Abstract

In this work optimization research for automated
GMA root welds of pearlitic rails of grade R260 is
presented. The important novelty of the used
approach consisted of weld arc deflection via an
externally applied magnetic field to increase the
lateral penetration at the root of a narrow gap weld.
During welding tests in laboratory an optimization of
parameters was carried out, which comprised: the
welding current, voltage and speed, filler wire
diameter, and the strength of the external magnetic
field. Results were evaluated through geometrical
aspects of the weld, such as the maximum
achievable lateral and diagonal root penetration,
the microstructure and the hardness were
evaluated. Additionally, the behaviour of the
process under the influence of the external
magnetic field was studied using a high-speed
camera. The beneficial influence of the external
magnetic field could be illustrated. It was found that
best results can be obtained in high welding current
spray arc mode (380-400A) with the 1,6mm wire at
high welding speed (65cm/min). A high and
constant magnetic flux density close to the weld arc
of at least 30mT and increased welding voltage
(30-31V) for a longer weld arc was found to be
beneficial. Applying this approach, it was possible
to weld the root layer of the used pearlitic rail foot
samples with a continuously penetrated root. A
smooth transition at the lower edges could be
achieved. The resulting microstructure inside the
heat affected zone was fully pearlitic and in
comparison to the currently predominant
aluminothermic (AT) rail welding, as a result of
lower heat input, of finer morphology. Thus
hardness drops at the transition from HAZ to BM
could be avoided. Furthermore, the size of the HAZ
was reduced by more than 75% in comparison to
an AT rail weld.
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Rezime

U ovom radu prikazano je optimizaciono
istrazivanje za automatske GMA (elektroluéno u
zastiti gasa) zavarivanja korena perlitnih Sina klase
R260. Vazna novina koris¢enog pristupa sastoji se
u skretanju luka zavarivatkog preko spoljasnjeg
magnetnog polja radi povecéanja bo¢nog uvarivanja
u korenu uskog Zljeba. Tokom testova zavarivanja
u laboratoriji izvrSena je optimizacija parametara,
koja je obuhvatila: struju zavarivanja, napon i
brzinu, precnik Zice kao dodatnog materijala i ja€inu
spoljaSnjeg magnetnog polja. Rezultati su
procenjivani kroz geometrijske aspekte Sava, kao
8to su maksimalno ostvarivo boc¢no i dijagonalno
uvarivanje korena, mikrostruktura i tvrdo¢a. Pored
toga, prouCavane su pojave tokom procesa pod
uticajem spoljadnjeg magnetnog polja pomocu
kamere velike brzine. MozZe se ilustrovati povoljan
uticaj spoljasnjeg magnetnog polja. Utvrdeno je da
se najbolji rezultati mogu posti¢i u reZimu strujnog
luka (380-400A) sa visokom strujom zavarivanja sa
1,6mm zicom pri velikoj brzini zavarivanja (65c/
min). Utvrdeno je da je korisna visoka i konstantna
gustina magnetnog fluksa u blizini luka zavarivanja
od najmanje 30mT i pove¢anog napona zavarivanja
(30-31V) za duzi luk zavarivanja. Primenom ovog
pristupa moguce je zavariti koreni prolaz koriséenih
perlitnin Sina sa kontinuirano uvarenim korenom.
Moze se postici glatki prelaz na donjim ivicama .
Dobijena mikrostruktura unutar zone pod uticajem
toplote bila je potpuno perlitna i u poredenju sa
trenutno preovladavajuéim aluminotermijskim (AT)
zavarivanjem S$ina, kao rezultat manjeg unosa
toplote, finije morfologije. Tako se moze izbeci pad
tvrdoée na prelazu iz ZUT u OM. Sta vise, veli¢ina
ZUT je smanjena za viSe od 75% u odnosu na AT
Sav na Sinama.
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1. Introduction

Continuously welded rail strings have become
common worldwide in order to meet increased
demands in safety, travelling comfort as well as to
increase the lifetime of the rails and undercarriage
through reduced dynamic loading and thus reduced
wear and rolling contact fatigue. Welds still
represent weak spots of the rail lines due to
softening of the base material inside the HAZ.
Furthermore, even complete failures of the rail at
welds is encountered statistically reproducible more
often due to weld defects [1]-[4]. In general, the
weldability of the most commonly used pearlitic
rails is very limited. One of the main reasons for
that is these rail steels’ very high carbon-content
(0,8% and above). The second one is that welding
in the track in remote location offers little to no
infrastructure and can bear harsh environment
conditions. Aluminothermic (AT) welding is for
almost 120 years the preferred process for joining
rails in the track accounting for about 3 Mio welds
per year worldwide [5]. Due to its very small
demand in equipment and thus very good
practicability in remote places of little to no
infrastructure and also harsh environmental
conditions it still represents the state of the art for
rail welding on track. Therein especially the
relatively big tolerance allowance for the width of
the weld gap play an important role. Furthermore,
there are practically no investment costs involved,
especially when compared to flash butt welding.
Some disadvantages remain: A manual process
depends on the welder's skills and thus always
brings an uncertainty factor in quality. Reduced
toughness of the weld is more likely because of the
casting microstructure. Furthermore, there is an
unavoidable hardness drop at the outer limits of the
heat affected zone (HAZ)[6]-[8], as a result of the
process’ high heat input.

Gas metal arc (GMA) welding is presumably a very
good alternative process to overcome the
mentioned disadvantages of AT-welding. First of
all, the welding parameters (including the filler
material) can be adapted layer by layer. Thus the
mechanical properties of the joint can be adjusted
to the locally most suitable needs, such as high
strength and ductility for improved fatigue strength
at the root of the joint, high hardness and wear
resistance at the head of the rail. If used properly
many possible influencing parameters of GMAW
can be used to optimize the process. Furthermore,
GMA welding can be very well automatized, thus
the welding results are more reliable. Still, some
welding technological challenges have to be
overcome in order to implement a new process for
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1. Uvod

Kontinuirano zavarene trake za Sine postale su
uobiCajene u svetu kako bi se zadovoljili povecéani
zahtevi u pogledu sigurnosti, udobnosti putovanja i
povecanja Zivotnog veka Sina i donjeg postroja kroz
smanjeno dinamicko opterecenje a time smanjeno
troSenje i zamor kontaktnog kotrljanja. Zavareni
spojevi i dalje predstavljaju slabe tacke pruga zbog
omekSavanja osnovnog materijala unutar ZUT-a.
Sta viSe, &ak i potpuni lomovi §ine na zavarenim
spojevima se ceSCe susreCu a statisticki se
pojavljuju zbog defekata u Savu [1] - [4]. U principu,
zavarljivost najceS¢e koriS¢enih perlitnin Sina je
veoma ograni¢ena. Jedan od glavnih razloga za to,
je veoma visok sadrzaj ugljenika u ZelezniCkim
Celicima (0,8% i viSe). Drugi je da zavarivanje na
stazi u udaljenim lokacijama nudi malo ili nimalo
infrastrukture i moze podneti teSke uslove okoline.
Aluminotermijsko (AT) zavarivanje je skoro 120
godina pozeljan proces spajanja Sina na stazi sa
oko 3 miliona zavarenih spojeva godiSnje Sirom
sveta [5]. Zbog svoje veoma male potraznje u
opremi i samim tim veoma dobre praktiCnosti u
udaljenim mestima sa malo ili nimalo infrastrukture i
oStrim uslovima okruzenja i dalje predstavlja stanje
tehnike za zavarivanje na Zeleznici. Posebno vaznu
ulogu ima relativno velika tolerancija Sirine zazora.
Stavie, praktisno nema troskova ulaganja,
posebno u poredenju sa elektrootporskim
zavarivanjem varni¢enjemr Neki nedostaci ostaju:
Rucéni proces zavisi od vestina zavarivaca i stoga
uvek donosi faktor neizvesnosti u kvalitetu.
Smanjena Zilavost 3Sava je verovatnija zbog
mikrostrukture livenja. Osim toga, postoji neizbezan
pad tvrdo¢e na spoljasnjim granicama zone pod
uticajem toplote (HAZ) [6] - [8], kao rezultat visokog
unosa toplote u procesu. Zavarivanje elektri¢nim
lukom u zastiti gasa (GMA) je verovatno veoma
dobar alternativni proces za prevazilazenje
pomenutih nedostataka AT-zavarivanja. Prvo,
parametri zavarivanja (uklju€uju¢i dodatni materijal
) mogu se prilagoditi sloj po sloj. Tako se
mehani¢ka svojstva spoja mogu prilagoditi lokalno
najpogodnijim potrebama, kao 3$to su visoka
Cvrsto¢a i duktilnost za poboljSanu ¢vrsto¢u na
zamor u korenu spoja, visoka tvrdoca i otpornost na
habanje na glavi Sine Ako se pravilno koriste mnogi
moguci parametri koji utiéu na GMAW mogu se
koristiti za optimizaciju procesa. Osim toga, GMA
zavarivanje se moze veoma dobro automatizovati,
tako da su rezultati zavarivanja pouzdaniji. Ipak,
neki tehnoloski izazovi za zavarivanje moraju biti
prevazideni kako bi se implementirao novi proces
zavarivanja na zZeleznici.
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rail welding. One of them is to achieve a proper
geometry of the weld. This aspect is most important
but due to very restricted accessibility also most
difficult to achieve at the root layers. In order to
obtain lateral penetration arc manipulation is
necessary. Out of this background the aim of this
work is defined: The root geometry for a GMA weld
of pearlitic rail should be improved by applying a —
to this domain - new approach. The objective is to
experimentally realize a proof of concept through
laboratory test welds. The focus is set to the root
welding only.

2. Approach to solution

The chosen approach consists on the one side of a
two pass per layer weld sequence with a detailed
parameter optimization for each of the passes
individually. On the other side it consists of the
manipulation of the electromagnetic forces of the
weld arc and also the electric current carrying
droplets in transfer and melt pool by an external
magnetic field. As a result, the arc and weld are
laterally deflected and thus the lateral penetration
improved for each section of the weld. Compared to
alternative deflection methods of the weld arc by
mechanically bending the tip of the filler wire this
approach bears two major advantages: First, the
magnetic unit is principally very simple and robust.
This keeps investment costs down, no additional
mechanical parts are necessary which can wear
and could become faulty during intensive use.
Second, through controlling the current in the
magnetic coils in magnitude and direction, also the
external magnetic field can be altered during the
welding process and thus the weld arc can be
adjusted in-situ to one’s needs.

3. Experimental procedures

The used setup for the welding experiments is
schematically depicted in Fig. 1. A Fronius TPS
4000 CMT® welding device and water cooled
GMAW narrow gap welding torch were used. The
torch was mounted in neutral position on a
stationary stand together with horizontal, but
slightly sidewise tilted magnetic yoke. The legs of
the magnetic yoke were aligned parallel to the
welding direction to create the intended parallel
magnetic field and thus the lateral deflection of the
weld arc. The tips of the legs were positioned
symmetrically and closest possible to the tip of the
filler wire.

4
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Jedna od njih je da se postigne pravilna geometrija
Sava. Ovaj aspekt je najvazniji, ali je zbog veoma
ograniCene pristupaénosti i najteze posti¢éi na
korenim slojevima. Da bi se dobilo boc¢no
uvarivanje neophodna je manipulacija lukom.

Iz ove pozadine je definisan cilj ovog rada:
geometrija korena za GMA zavarivanje perlitne Sine
treba da se poboljSa primenom novog pristupa. Cilj
je eksperimentalno ostvariti dokaz koncepta kroz
laboratorijske testove zavarenih spojeva. Fokus je
podeSen samo na zavarivanje korena.

2. Pristup resenju

Odabrani pristup sastoji se na jednoj strani od dva
prolaza po jednom sloju zavarivanja sa detaljnom
optimizacijom parametara za svaki od pojedinacnih
prolaza. S druge strane, on se sastoji od
manipulacije elektromagnetskih sila zavarivackog
luka, kao i od kapljica koje u spoljaSnjem
magnetnom polju nose kapljice pri prenosu i
rastopljenoj kupki. Kao rezultat, luk i $av su bo¢no
pomereni i na taj nadin je bo¢no uvarivanje
poboljSano za svaki deo Sava. U poredenju sa
alternativnim metodama skretanja luka zavarivanja
mehani¢kim savijanjem vrha Zice, ovaj pristup ima
dve glavne prednosti: prvo, magnetna jedinica je
uglavnom jednostavna i robusna. Time se smanjuju
investicioni tro8kovi, ne zahtevaju se dodatni
mehanicki delovi koji se mogu nositi i mogu postati
neispravni tokom intenzivne upotrebe. Drugo,
kontrolisanjem struje u magnetnim kalemima po
magnitudi i smeru, kao i spoljadnje magnetno polje
koje se moze menjati tokom zavarivanja i tako se
luk moze podesiti na licu mesta, prema potrebama.

3. Eksperimentalni postupci

Korid¢ena postavka za eksperimente zavarivanja
shematski je prikazana na slici 1. Koriséeni su
Fronius TPS 4000 CMT® uredaj za zavarivanje i
vodeno hladeni GMAW gorionik za zavarivanje.
Gorionik je montiran u neutralnom polozaju na
stacionarnom postolju zajedno sa horizontalnim, ali
blago boénim nagibom magnetnog jarma. Noge
magnetnog jarma su poredane paralelno sa
pravcem zavarivanja da bi se stvorilo predvideno
paralelno magnetno polie, a time i boéno
otklanjanje luka =zavarivanja. Vrhovi nogu su
postavljeni simetriCno i najblize mogucée vrhu Zice
za zavarivanje.
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Fig. 1. Schematic of experimental setup. 1... welding torch 2... magnetic yoke 3... coils 4... rail foot samples 5...
steel strip for weld pool backing 6... ceramic tube for backing laterally penetrating weld metal 7... support plate.
Slika 1. Shema eksperimentalne postavke. 1... gorionik za zavarivanje 2... magnetni jaram 3... zavojnice 4... uzorci
stopala Sine 5... Celina traka za podloSku kupki 6... keramiCka cev za podloSku bo¢no uvarivanje metala Sava 7 ...
noseca ploca.

The magnetic field was introduced with the help of
two coils of 500 windings, which were clamped to
the upper part of each of the two legs of the yoke.
Electric current to the windings was supplied by a
separate laboratory power unit (not depicted in Fig.
1) with adjustable DC-voltage and current. The
weld sample were made of R260 60E1 rails. The
nominal chemical composition of this steel is given
in Table 1.

Magnetno polje je uvedeno uz pomo¢ dve
zavojnice od 500 namotaja, koji su bili pricvr§c¢eni
za gornji deo svake od dve noge jarma. Elektricna
struja do namotaja je snabdevena odvojenim
laboratorijskim izvorom snage (koja nije prikazana
na slici 1) sa podesivim DC-naponom i strujom.
Uzorak zavarenog spoja je izraden od R260 60E1
Sina. Nominalni hemijski sastav ovog Celika dat je u
tabeli 1.

M
via

in alloymg elements weight -%

& S1 Mn P max S max. Cr
0.62- 0,15- 0,70- ‘ e .
0.80 0.58 120 0,025 0,025 =0,15

Table 1. Nominal chemical composition of used rail steel according to [9]
Tabela 1. Nominalni hemijski sastav koriscenog Celika za Sine prema [9]

The weld flanks were vertical straight in as sawed
condition with no specific preparation. To guarantee
reproducible positioning, the weld samples were
clamped on a dedicated support plate with
alignment pins on each side. Clamping was done
with standard knee levers. In order to fit the weld
pool backing a clearance was milled into the
support plate. A 16mm wide steel strip of S355
structural steel was placed at the bottom side of the
16mm wide weld gap to support the weld pool. Its
top surface was evenly levelled to the bottom
surface of the rail foot samples, so that the edges
of strip and samples touched in one line one each
side. The strips thickness was varied throughout
the experiments from initially 1,5mm to finally 6mm.
The strip was fixed to the samples with two manual
TIG tack welds on the bottom surface on each side.
Furthermore, on both sides of the weld gap at the
bottom edges ceramic tubes were pressed into the
remaining gap between steel strip, samples and
support plate, in order to back the penetrating weld
metal there.

Savovi za zavarivanje su bili vertikalnog pravca u
uslovima testerisanja bez specifi€ne pripreme. Da
bi se garantovala reproduktivha pozicioniranost,
uzorci zavarenih spojeva su bili priévrS¢eni na
namenskoj nosecoj ploci, Civijama za poravnavanje
na svakoj strani. Stezanje je izvrSeno standardnim
polugama. Da bi se podloska zavarivacke kupke
uklopila u zastitnu plo€u, zazor je izbrusen u
noseéoj plogdi. Celiéna traka Sirine 16 mm od
konstrukcionog &elika S355 postavljena je na donju
stranu zazora Sirine 16 mm kako bi se osigurala
zavarivaCka kupka. Njena gornja povrsina je
ravhomerno poravnata sa donjom povrSinom
uzoraka stopala, tako da su ivice trake i uzorci
dotakli jednu liniju sa svake strane. Debljina traka je
varirala tokom eksperimenata od inicijalno 1,5 mm
do 6 mm. Traka je pricvrS¢ena na uzorke sa dva
pripoja ruénim TIG zavarivanjem na donjoj povrsini,
sa svake strane.

Osim toga, na obe strane zazora na donjim
ivicama, keramiCke cevi su utisnute u preostali
zazor izmedu CeliCne trake, uzoraka i nosece ploce,
kako bi se tamo uvario metal Sava.

-Kraj 1. dela NASTAVAK U SLEDECEM BROJU
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In the course of construction of the pipelines,
welding of circular nonrotative pipe joints is one of
the main working operations. This operation is
carried out using different methods. The welding
technology of each method has special features
which make it attractive for using at one or another
facility depending on specific conditions of the
construction work. Meanwhile, improvement of the
well-known and development of new, more
universal technologies of welding, is an important
task of the pipeline construction. The urgent
character of this work grows increasing in view of
proposed construction of major pipelines with a
high work pressure and the wall thickness of 30
mm and more for pipes of big diameter. At the
same time the requirements to reliability are
increasing greatly. In these circumstances the
effectiveness of welding may be approved only by
using highly productive automatic methods of
welding which ensure welded joints of high quality.
The purpose of this work is development of highly
productive technology of automatic welding of
nonrotative joints at the main pipelines of big
diameter with increased thickness of pipe walls for
gas and oil transportation. The technology ensures
welded joints of high quality.

The analysis of different aspects of the well-known
automatic methods of pipe welding has allowed to
determine the direction in which the task can be
resolved. To do it the combined method of welding
including press and arc welding turned out to be the
most optimum one. As a result we recommend a
new method of automatic pipe welding. It consists
of two welding methods widely tested in practice:
flash-butt welding (FBW) and self-shielded flux-
cored arc welding by forced formation of weld
(SFCAW). By combining these
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Key words: main gaspipelines; welding; highproductive
technologies

U toku izgradnje cevovoda, zavarivanje kruznih
nerotirajucih spojeva cevi je jedna od glavnih
radnih operacija. Ova operacija se izvodi razli€itim
metodama. Tehnologija zavarivanja svake metode
ima posebne karakteristike koje je €ine privlaChom
za koriS¢enje na jednom ili drugom objektu u
zavisnosti od specifiénih uslova gradevinskih
radova. U meduvremenu, unapredenje poznatih i
razvoj novih, univerzalnijih tehnologija zavarivanja,
vazan je =zadatak izgradnje cevovoda. Hitni
karakter ovih radova, raste s obzirom na
predlozenu izgradnju glavnih cevovoda sa visokim
radnim pritiskom i debljinom zida od 30 mm i viSe
za cevi velikog precnika. Istovremeno, zahtevi za
pouzdanoséu se uveliko povecavaju. U takvim
okolnostima, efikasnost zavarivanja moZe se
odobriti samo uz upotrebu visoko produktivnih
automatskih metoda zavarivanja koje osiguravaju
visok kvalitet zavarenih spojeva.

Svrha ovog rada je razvoj visokoproduktivhe
tehnologije automatskog zavarivanja nerotirajuih
spojeva na glavnim cevovodima velikog prec¢nika
sa povecanom debljinom zidova cevi za transport
gasa i nafte. Tehnologija osigurava visok kvalitet
zavarenih spojeva.

Analizom razli¢itih aspekata poznatih automatskih
metoda zavarivanja cevi, omogucéeno je odrediti
smer u kojem se zadatak moze resiti. Za to je
optimalna bila kombinovana metoda zavarivanja,
ukljuCujuci pritisak i elektrolu¢no zavarivanje. Kao
rezultat toga  preporuC¢ujemo novi  nacin
automatskog zavarivanja. Sastoji se od dve Siroko
testirane metode zavarivanja: su¢eono zavarivanje
varni¢enjem (FBW) i zavarivanja samosastitnom
punjenom Zicom uz pomo¢ prisilnog oblikovanja
Sava (SFCAW). Kombinovanjem ovih metoda
zavarivanja postignut je pozitivan efekat
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methods of welding a positive effect has been
achieved which was difficult to achieve by using
each of these methods apart. It has allowed, as it
will be shown later, to refine the welded joints and
to increase the efficiency of welding. The Figure 1
shows a macrosection of a pipe weld executed by
using the proposed method.

During SFCAW the main difficulty is to obtain
sustained performance of joints taking into account
difficulties when welding the root pass. In order to
refine the root pass complicated technical devices
are to be used such as in-tube centralizer with
backing ring, in-tube welding machines with
programmably-changeable parameters of welding
depending on position of weld, as well as other
means not always ensuring positive result. As a
result while using different SFCAW technologies for
the root pass welding the rejection rate increases
which results in additional expenses on joints
repairing and not only makes work efficiency lower,
but brings down the reliability of the pipelines. That
is why one needed new technical ideas to resolve
the problem of the root pass welding. Using of FBW
to weld the root pass is expedient because of
physic peculiarity of this method. While using this
method the conditions of obtaining a high-quality
connection at any section of the joint are identical
and do not depend on its position. This method
does not require any devices for weld formation.
The welding machine itself acts as centralizer of the
pipe edges being welded. In the process of
welding of each joint the computer-based
monitoring of the welding process parameters
takes place. The quality of the weld is evaluated on
the basis of results of the monitoring. This method
of evaluation is about 100% trustworthy, which is
confirmed by exhaustive studies and long-term
practice of welding of pipes of different diameters
and of other pieces. This method is based on the
direct correlation of occurrence of certain welding
defects compared to level of deviation of the main
process parameters from the set points determined
for the optimum welding process. The industry
practice confirms the high reliability of the weld
joints executed by using FBW. More than 70
thousand kilometers of different pipelines were
welded using this method. They have been trouble-
free operated for some decades in different climatic
conditions including major pipelines 1420 mm in
diameter in Arctic regions of West Siberia. And at
the same time not a single joint was subjected to
heat treatment. The problem with FBW s, that
according to certain normative documents, an
additional processing step is recommended at
welding pipes big diameter operated at
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koji je teSko ostvariti koris¢enjem svake od ovih
metoda, odvojeno. To je omogudilo, kao $to ¢e biti
prikazano kasnije, da poboljSa zavarene spojeve i
poveca efikasnost zavarivanja. Slika 1 prikazuje
makropresek Sava cevi zavarene predlozenim
postupkom.

Tokom SFCAW glavna poteSkoca je da se postigne
neprekidno izvodenje spojeva uzimaju¢i u obzir
teSko¢e pri zavarivanju korenog prolaza. U cilju
poboljSanja korenog prolaza koriste se sloZeni
tehniCki uredaji kao S§to su centralizator sa
prstenima, unutarcevne zavarivatke masine sa
programabilnim promenljivim parametrima
zavarivanja u zavisnosti od polozaja zavarivanja,
kao i druga sredstva koja ne obezbeduju uvek
pozitivan rezultat. Kao rezultat toga, koriséenjem
razliCitih  SFCAW tehnologija za zavarivanje
korenog prolaza povecava se odbacivanje, Ssto
rezultuje dodatnim trod8kovima popravke spojeva i
ne samo da smanjuje efikasnost rada, veé
smanjuje i pouzdanost cevovoda. Zato su bile
potrebne nove tehnicke ideje da bi se reSio problem
zavarivanja korena.

Upotreba FBW-a za zavarivanje korenog prolaza je
korisna zbog fizitke posebnosti ove metode. Pri
primeni ove metode, uslovi dobijanja kvalitetne
veze na bilo kom delu spoja su identi¢ni i ne zavise
od njegovog polozaja. Ova metoda ne zahteva
nikakve uredaje za stvaranje Sava. Sama aparatura
za zavarivanje funkcioniSe kao centralizator ivica
cevi. U procesu zavarivanja svakog spoja odvija se
kompjutersko pracenje parametara zavarivanja. Na
osnovu rezultata monitoringa se procenjuje kvalitet
zavara. Ovaj metod vrednovanja je 100% pouzdan,
Sto potvrduju iscrpne studije i dugogodiSnja praksa
zavarivanja cevi razli€itih preCnika i drugih delova.
Ova metoda se zasniva na direktnoj korelaciji
pojavljivanja odredenih greSaka u zavarivanju u
odnosu na nivo odstupanja glavnih procesnih
parametara od podeSenih taCaka za optimalni
proces zavarivanja. Industrijska praksa potvrduje
visoku pouzdanost zavarenih spojeva izvedenih
pomoc¢u FBW. Ovom metodom je zavareno vise od
70 hiljiada kilometara razli¢itih cevovoda. Oni su
bez problema radili nekoliko decenija u razli€itim
klimatskim uslovima, uklju€ujuéi glavne cevovode
preCnika 1420 mm u arktickim regionima zapadnog
Sibira. U isto vreme nijedan spoj nije podvrgnut
termickoj obradi.

Problem sa FBW-om je u tome Sto se prema
odredenim normativnim dokumentima preporucuje
dodatni korak obrade kod cevi velikog prec¢nika koje
rade na temperaturi od 20°C ispod nule. Ovaj korak
predstavlja lokalnu termi¢ku obradu zavarenog
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of temperature 20° C below zero. This step
represents a local heat treatment of welded joint in
order to improve the characteristics of the impact
resistance. Thereupon these characteristics are
considered to correspondent to the level of impact
resistance required for joints welded by arc welding
(regardless of the welding method the impact
resistance of welds is lower than that of the main
metal). The studies are evidence of the fact that
filling of the SFCAW welding groove after welding
of the FBW root pass make it possible to refuse the
above mentioned recommendation and to increase
the impact resistance of metal of the FBW joint
thanks to effect of the SFCAW thermal cycle. And,
taking into account that to weld the root pass using
FBW method it is necessary to prepare the pipe
edges before welding, that is to reduce the profile
to be welded (Fig. 1), it becomes possible to use
FBW for welding of pipelines with wall thickness of
30 mm and more (at present the construction
bodies possess powerful welding machines K 700,
but they are destined for welding of pipes 1420 mm
in diameter with wall thickness up to 20 mm).
Look-alike operation on special machine work of
butt ends of pipes (pipe bearing faces) before
welding is obligatory operation at gas metal arc
welding. For example, it is provided in one of the
most widely used technologies abroad — “CRC-
Evans AW”. Pendant beveling machines are
applied as standard equipment for these purposes.
The estimation of performance of the suggested
method of welding of circumferential welds was
given on the sector segments cut from pipes of
hardness group X60 ... X70, diameter 1420 mm,
1220 mm with wall thickness 16 ... 26 mm. Extent
of sector segments on a circumference
compounded 200 ... 300 mm. By earlier executed
studies it is established that such extent of a
separate member of pipes is minimally admissible.
At such extent of sector segments, conditions of
formation of joints at resistance welding remain
practically the same, as at welding of bulk cross-
section pipes. Quality of weld joints was evaluated
according to requirements of normative documents
of OAO Gazprom and the Russian standards, and
also by studies of fractured surfaces of the samples
especially shattered on a zone of joint.

Ultrasonic and X-ray inspections were used as non-
destructive methods of estimation of welding
quality. The most effective quality monitoring of the
suggested method of pipe welding is x-ray. The
basic requirement for its application is qualitative
removal of internal rags which is formed during
welding from flash metal, heated to high
temperature,
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spoja radi poboljSanja karakteristika otpornosti na
udar. Smatra se da su ove karakteristike u skladu
sa nivoom otpornosti na udar koji je potreban za
zavarene spojeve elektroluénim zavarivanjem (bez
obzira na metodu zavarivanja, otpornost na udar
Sava je manja od otpornosti osnovnog materijala).
IstraZivanja pokazuju da ispuna zljeba SFCAW-om,
nakon zavarivanja korenog prolaza FBW-om,
omogucava odbijanje gore navedene preporuke i
povecanje otpornosti zavarenog spoja FBW-om,
zahvaljujuéi efektu termickog ciklusa kod SFCAW.
Uzimajuéi u obzir da je za zavarivanje korenog
prolaza pomocéu FBW-om potrebno pripremiti ivice
cevi pre zavarivanja, odnosno smanijiti profil koji se
zavaruje (slika 1), mogucée je Kkoristiti FBW za
zavarivanje cevovoda. sa debljinom zida od 30 mm
i viSe (trenutno gradevinska tela poseduju mocne
aparate za zavarivanje K 700, ali su namenjena za
zavarivanje cevi preCnika 1420 mm debljine zida
do 20 mm).

ViSekratni rad na specijalnim radnim masinama
suCeonih krajeva cevi (povrSine lezista cevi) pre
zavarivanja je obavezan pri elektrolucnom
zavarivanju u zastiti gasa. Na primer, obezbedena
je u jednoj od najCeSce koriscenih tehnologija u
inostranstvu - “CRC-Evans AV”. Kao standardna
oprema za ove namene primjenjuju se masinski
privesci za nagib.

Procena performansi predlozenog nacina
zavarivanja kruznih Savova dat je na segmentima
koji su izrezani iz cevi grupe tvrdoée X60... X70,
preCnika 1420 mm, 1220 mm sa debljinom zida
16... 26 mm. Obim segmenata na obodu je
povecan za 200... 300 mm. Ranijim studijama
utvrdeno je da je takav opseg odvojenog dela cevi
minimalno dopusten. U takvom obimu segmenata,
uslovi formiranja spojeva pri elektrootpornom
zavarivanju ostaju prakticno isti, kao i kod
zavarivanja celih pre¢nika cevi.

Kvalitet zavarenih spojeva procenjen je prema
zahtevima normativnih dokumenata OAO Gazprom
i ruskim standardima, kao i studijama o lomovima
povrSina uzoraka posebno ostecenih u zoni spoja.
Kao metode bez razaranja za ocenu kvaliteta
zavarivanja koriS¢ene su ultrazvuéna i rendgenska
ispitivanja.  Najefikasniji  monitoring  kvaliteta
predloZzenog nacina zavarivanja cevi je rendgen.
Osnovni uslov za njegovu primenu je kvalitativho
uklanjanje unutrasdnjih “krpica” koje se formiraju pri
zavarivanju od metala, zagrejanog do visoke
temperature, i dotoka rastopljene kupke (sl. 2).
Koli¢ina krpica proporcionalno smanjuje debljine

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 2/2019, str. 73-82

75



PRAKSA

and inflows of the molten puddles (Fig. 2). The
quantity of rags relieves proportionally to decrease
of thickness of welded sections. At poor removal of
rags, in x-ray pictures in the center of a joint there
can be a crack-tip opening displacement from upset
surfaces of joined metals. This method allows also
supervising quality of removal of an internal rag.
The form and parameters of edge preparation on
the suggested method are specified by
requirements of FBW and EAW. At the initial stage
the problem was put forward of defining the most
rational sizes of lugs (Fig.3), which execute a role
of a root bead: thickness — h and width - {.
Magnitude - h was chosen on the basis of greatest
possible thermal influence by SFCAW on metal
structure of a zone of welding of the root bead
executed by FBW. Studies have demonstrated that
at thicknesses of lugs at the size of 8-14mm this
condition is met to the full. At smaller thicknesses of
a root bead the danger of burn increases at
intensive mode of EAW. The magnitude - { was
determined based on flashing allowances and
welding upset at FBW and the set spacing interval
between edges for qualitative implementation of
SFCAW.

The basic requirement to FBW in this case is
supply of qualitative joints at the minimal shrinkage
allowance on welding. It is caused by minimization
of machine work of edges before welding and
obtaining of joints with small rags. The last is the
relevant factor not only for development of
technology for removal of rags, but also for a
choice of mode of SFCAW. A choice of optimum
welding conditions was executed on sector
segments of the above-stated sizes, the butt ends
of which were treated up to thickness of 6 — 14 mm.
Such sizes of a root bead for the pointed thickness
are the most rational, proceeding from
technological reasons. Welding of samples was
effected on various modes, differing both in
shrinkage allowances on welding, and other key
parameters. Study of quality of weld joints has
allowed determining FBW modes of root beads of
various thicknesses, providing obtaining of
qualitative joints at the minimal shrinkage
allowances. Results of experimental works have
demonstrated that at applicable proportions of key
parameters of a mode, the minimal shrinkage
allowance on welding will be so much the less than
the lug is thinner. Hence, in this case, machine
work of butt ends of pipes on depth (width of a lug
on generant of pipe) will be the least. On the other
hand, the more thickness of a lug under a root
bead, the less is treating of butt ends on wall
thickness of a pipe, but the shrinkage allowance is

PRACTICE

preseka zavarenih profila. Pri loSem uklanjanju
krpica, na rendgenskim slikama u sredistu spoja
moze doéi do otvaranja vrha prsline od povrSina
spojenog metala. Ova metoda omoguéava i nadzor
kvaliteta uklanjanja unutrasnjih krpica.

Oblik i parametri pripreme ivica po predlozenoj
metodi su odredeni zahtevima FBW i EAW. U
poCetnoj fazi postavljen je problem definisanja
najracionalnijih veli¢ina uSica (sl.3), koje obavljaju
ulogu korena: debljina - h i Sirina - {. Magnituda - h
izabrana je na osnovu najveéeg moguceg toplotnog
uticaja SFCAW na strukturu zone zavarivanja
korenog prolaza izvedenog FBW-om. IstraZzivanja
su pokazala da se kod debljine uica veliCine 8-14
mm, ovaj uslov u potpunosti ispunjava. Pri manjim
debljinama korenog zavara na intenzivhom rezimu
EAW-a raste opasnost od pregorevanja. Magnituda
- L odredena je na osnovu dozvoljenog odstupanja
varniCenja i podeSavanja zavarivanja kod FBW i
intervala podeSavanja zazora izmedu ivica za
kvalitetnu primenu SFCAW.

Osnovni zahtjev FBW-a u ovom slucaju je isporuka
kvalitenih spojeva pri minimalno dozvoljenom
skupljanju pri zavarivanju. To je uzrokovano
minimiziranjem masSinske obrade ivica pre
zavarivanja i dobijanja spojeva s malim krpicama.
Posljednji je relevantan faktor ne samo za razvoj
tehnologije za uklanjanje krpica, ve¢ i za izbor
nacina rada SFCAW. Na segmentima navedenih
dimenzija, izvrSen je izbor optimalnih uslova
zavarivanja, Ciji su krajevi obradeni do debljine 6-14
mm. Takve veliine korenog prolaza za pomenutu
debljinu su najracionalnije, iz tehnoloskih razloga.
Zavarivanje uzoraka vrSeno je na razliCitim
rezimima, koji se razlikuju i kod dozvoljenih
skupljanja pri zavarivanju i kod drugih Kklju¢nih
parametara. Ispitivanje kvaliteta zavarenih spojeva
omogucilo je odredivanje FBW rezZzima korenog
prolaza razliCite debljine, Cime se dobijaju kvalitetni
spojevi pri minimalno dozvoljenom skupljanju.
Rezultati eksperimentalnih radova pokazali su da
¢e pri odgovaraju¢im odnosima klju€nih parametara
rezima, minimalno dozvolieno skupljanje pri
zavarivanju biti manje ako su uSice tanje. Dakle, u
ovom slu€aju, maSinska obrada krajeva cevi na
dubini (Sirina uSice generatora cevi) c¢e biti
najmanje. S druge strane, &to je vec¢a debljina usice
ispod korenog prolaza, manje je tretiranje
suceljenih krajeva na debljini zida cevi, ali se
dopusteno skupljanje uveéava, Sto dovodi do
povecanja dubine obrade suceljenih ivica. Tako ¢e
prakti¢no biti identi¢an radni unos masSinske obrade
Ceonih krajeva cevi u odnosu na kombinovano
zavarivanje u optimalnim odnosima debljine - h i
Sirine - £. lzuzetak mogu biti modovi sa uveéanim
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augmented thereat that leads to magnification of
depth treating of butt ends. Thus, labor input of
machine work of butt ends of pipes with reference
to the combined welding at optimum proportions of
thickness - h and widths - £ will be practically
identical. Exception can be modes with the
augmented flashing allowance. For example, it is
probable at big enough gap between butt ends of
pipes on any local section before welding.
Application as baseline alternative at the combined
method of self-shielded flux-cored arc welding of
pipes is tied up to features of FBW. As already
mentioned above, FBW joints after welding have
rags. At welding industrial butt joints of pipes under
classic FBW technology, the rags are completely
removed both from outboard, and from the interior
of a butt joint. If prepared edges after welding of a
root bead to be cleaned of rags (Fig. 2), then
SFCAW is executed on usual technology and the
mode is basically determined by the geometrical
sizes of the remained part of edge preparation.
However, if the rag is not removed, the weld
procedure by self-shielded flux-cored arc welding is
changed with particular conditions of welding. In
this case, a special flux-cored wire with increased
redox power in the molten bath is applied. As a
result of the thermal and metallurgical processes
taking place in the molten bath, the rags are
melted, and oxides pass into slag, which is shaped
on a surface of a joint weld. X-ray inspection has
demonstrated that in this case also there are no
major defects in a joint weld. In case, when the
rags inside of a joint can be removed, other
methods for infill of welding grooves can be used.
In this case a corresponding method of edge
preparation shall be applied. If rags inside the joint
is removed, other methods of welding for welding
groove filling can be applied. In this case relevant
edge preparation for this method shall be prepared.
In particular full-scale pipe diameter 1220x20 mm
steel X70 were welded combination welding with
flux-cored wire welding filling in protective gases.
SFCAW procedure was arranged on the basis of
the required effect of the thermal cycle on FBW root
pass metal regarding the rags. At the same time
much attention was paid to evaluation of factors
influential for joint weld forming. Analysis of quality
of joints welded with different allowance under FBW
and different energy deposition under SFCAW
showed that the most critical factor if rags exist is
finite length of root pass Ly (Fig. 1). This comes
from the fact that under certain conditions FBW
rags can turn out to be clamped between groove
edges (Fig. 2). That is why SFCAW process is
complicated and poor fusions can appear in joint
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dopustenim varnienjem. Na primer, verovatno je
da je dovoljan veliki razmak izmedu krajeva cevi na
bilo kom lokalnom delu, pre zavarivanja.

Primena kao osnovne alternative kod kombinovane
metode zavarivanja cevi samozastitnom Zicom
vezana je za odlike FBW-a. Kao $to je vec
spomenuto, FBW spojevi nakon zavarivanja imaju
krpice.  Pri  zavarivanju sufeonih  spojeva
industrijskin cevi klasichom FBW tehnologijom,
krpice se u potpunosti uklanjaju iz spoljasnjeg i
unutrasnjeg dela suceonog spoja. Ako se
pripremliene ivice nakon zavarivanja korenog
prolaza ociste od krpica (sl. 2), tada se SFCAW
izvodi uobiCajenom tehnologijom i u osnovi je
odreden geometrijskim veliCinama preostalog dela
pripremljenih ivica. Medutim, ako se krpica ne
ukloni, postupak zavarivanja samozastithom zicom
se menja, sa posebnim uslovima zavarivanja. U
ovom slu€aju, primjenjuje se specijalna punjena
Zica sa povecanom snagom oksidoredukcije u
rastopljenoj kupki. Kao rezultat termickih i
metalurskih procesa koji se odvijaju u rastopljenoj
kupki, krpice se tope, a oksidi prelaze u trosku, koja
se stvara na povrSini spoja. Rendgenska inspekcija
je pokazala da u ovom slu¢aju nema vecih defekata
u spoju.

U slucaju da se krpice unutar spoja mogu ukloniti,
mogu se koristiti i druge metode za ispunu Zljebova
za zavarivanje. U ovom slu€aju primenjuje se
odgovaraju¢a metoda pripreme ivice.

Ako se uklone krpice unutar spoja, mogu se
primeniti i drugi postupci zavarivanja za zavarivanje
Zljeba. U ovom slucaju pripremaju se odgovarajuce
pripreme za ovu metodu. Cevi preCnika 1220 x20
mm od celika X70 su zavarene kombinovanim
zavarivanjem za ispunu Zljeba punjenom zicom u
zastitnim gasovima.

SFCAW procedura je uredena na osnovu
potrebnog efekta termi¢kog ciklusa na korenom
prolazu izvedenom FBW-om u odnosu na krpice.
Istovremeno, velika paznja je posvecena proceni
faktora koji utiCu na formiranje zajedni¢kog spoja.
Analiza kvaliteta zavarenih spojeva kod razlicitih
odstupanja FBW-a i deponovanja razli€itim
energijama kod SFCAW, pokazala je da je
najkritiCniji faktor ako postoje krpice konacne
duzine korenog prolaza L, (sl.1). Ovo proizilazi iz
Cinjenice da se pod odredenim uslovima FBW
krpice mogu isprec€iti izmedu ivica Zljeba (sl. 2).
Zbog toga je SFCAW proces, komplikovan jer
moZze da se u spojevima pojavi lose stapanje. Da bi
se izbegao nastanak takvih defekata, optimalna
veli€ina zazora izmedu ivica blizu njihove osnove,
nakon zavarivanja korenog prolaza odredena je
eksperimentalno, tj. utvrdena je optimalna konacna
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welds. To avoid appearance of such defects,
optimum size between edges near their basis after
welding of root pass was determined by an
experimental approach i.e. optimal finite length of
root pass was established. SFCAW procedure
providing the required weld-pool volume and its
modification program depending on hourly position
of the arc was selected according to the number of
rags at welding groove after FBW.

The special requirement of SFCAW is preparation
of a part of welding groove before welding. It is
connected both with peculiarity of joining under
FBW and technical requirements to self-shielded
flux-cored arc welding. This kind of preparation
includes removal of large buildups of molten metal
which can form on some sections during flashing-
off from surfaces of root pass and edges.
Concerning the existing welding equipment of flux
cored wire the most important aspect is treatment
of one quarter (1/4) part of the perimeter/diameter
of welded pipes located at an hour zone from 3 to 6
hours.

The results of mechanical testing (Fig. 4) give
evidence of positive effect of SFCAW thermal cycle
on the structure of root pass made with FBW.
Standard shock samples of root pass with sharp
notch of composite joints showed average impact
strength of 197.4 J/cm? /116.4..213.3/ at the
temperature +20°C. Usually joints welded by
standard FBW method have impact strength of
40..50 Jlcm? after welding at the same
temperature. Impact strength of SFCAW weld at
the same temperature is within limits of 108.6...
115.9 Jlcm? /KCVayerage=112.3 J/cm?. These indices
depend on chemical composition of the wire and
can be increased by its alloying.

Strength properties of joints on test plates with
section of d8x2d, where & — wall thickness of welded
pipes and round pipes of 6 mm in diameter, cut out
from sections of root pass and arc pass have
strength from the level of standard required
strength of welded pipes up to real strength of pipe
metal. This depends on the level of
thermomechanical strengthening of pipe metal
during drawing.

Bending angle of samples cut out of the joint weld
is 180° (Fig. 5).

Carried out by hydraulic and cyclic tests of full-
scale pipe 1220x20 welded on the developed
technology showed high their reliability (fig. 6)
Combined pipe welding layout is shown on drawing
7. The maximum effect of this method can be
reached by welding of pipes of large diameter i.e.
1220... 1420 mm, wall thickness 16...32 mm.
Welding system Sever-1, and KCC-01 can be used

PRACTICE

duZina korenog prolaza. SFCAW procedura koja
obezbeduje zahtevanu zapreminu zavarivacke
kupke i program njene modifikacije u zavisnosti od
satne pozicije luka, izabrana je prema broju krpica
na Zljebu za zavarivanje nakon FBW.

Poseban zahtev SFCAW je priprema dela Zljeba za
zavarivanje pre zavarivanja. Povezan je i sa
specificnoSéu spajanja FBW i sa tehni¢kim
zahtevima za zavarivanje samozastithom Zicom.
Ova vrsta pripreme ukljuCuje uklanjanje velikih
nakupina rastopljenog metala koji mogu nastati na
nekim delovima tokom varnienja sa povrSina
korenog prolaza i ivica. Sto se ti¢e postojeée
opreme za zavarivanje punjenom zZicom, najvazniji
aspekt je obrada jedne Ccetvrtine (1/4) dela
perimetra / pre¢nika zavarenih cevi koje su u
satnoj zoni od 3 do 6 sati.

Rezultati mehanic¢kog ispitivanja (sl.4) svedoge o
pozitivnom efektu termi¢kog ciklusa SFCAW na
strukturu korenog prolaza izvedenog FBW.
Standardni uzorci za ispitivanje na udar iz korenog
prolaza sa ostrim zarezom kompozitnih spojeva
pokazali su prose¢nu udarnu Zzilavost od 1974
Jicm? /116.4..213.3/ na temperaturi + 20°C.
Obi¢no spojevi zavareni standardnom FBW
metodom imaju udarnu Zilavost od 40 ... 50 J/cm?
nakon zavarivanja na istoj temperaturi. Udarna
Zilavost SFCAW Sava na istoj temperaturi je u
granicama od 108,6 ... 115,9 Jicm? / KCVyrosek =
121,3 J/lem?. Ovi indeksi zavise od hemijskog
sastava Zice i mogu se povecati njihovim
legiranjem.

Svojstva &vrstoée spojeva na ispitnim ploama sa
presekom &x28, gde je & - debljina zida zavarenih
cevi i okruglih cevi preCnika 6 mm, izrezane iz
sekcija korenog prolaza i dela koji se elektrolué¢no
zavaruje, imaju ¢vrstocu nivoa standardno trazene
Cvrstoce zavarenih cevi do stvarne &vrsto¢e metala
cevi. To zavisi od nivoa termomehani¢kog ojaCanja
metala cevi tokom izvlacenja.

Ugao savijanja uzoraka izrezanih iz zavarenog
spoja je 180 ° (sl. 5). Hidraulickim i cikli¢nim
testovima cevi 1220x20 zavarene razvijenom
tehnologijom utvrdena je visoka pouzdanost (sl. 6).
Izgled kombinovano zavarenih cevi prikazan je na
crtezu 7. Maksimalni efekat ove metode moze se
posti¢i zavarivanjem cevi velikog prec¢nika tj. 1220
....1420 mm, debljine zida 16 ... 32 mm. Sistem za
zavarivanje Sever-1 i KCC-01 mogu se Kkoristiti za
FBW koreni prolaz. Sistem za zavarivanje Styk se
moze koristiti za zavrSno zavarivanje spojeva,
odnosno ispunu Zljeba, samozastithom punjenom
zicom. Ruske organizacije za izgradnju cevovoda
imaju dugogodiSnje iskustvo u radu ovim
sistemima. Prema ovoj metodi, vreme zavarivanja
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for FBW root pass. Welding system Styk can be
used for completion of joint welding i.e. welding
groove filing with self-shielded flux-cored arc
welding. Russian pipeline construction
organizations have great long-term experience of
operating these systems. Under this method, root
pass welding time is 60-120 seconds depending on
thickness of pipes. Time of filling of one joint with
two heads in one tent is 8-12 minutes (Fig. 8).
Depending on the number of tents the rate of
welding may reach 10-20 joints per hour. Currently,
on the instructions of [MTAO "Gazprom" has
developed normative and technical documentation
for the technology and work to design and build
equipment for the industrial implementation of this
technology.

CONCLUSION

1. Developed and tested in laboratory and
production conditions combined method of welding
of pipes, including consistent welding of two widely
used in practice methods: automatic flash-butt
welding and self-shielded flux-cored arc welding
that makes full use of the main advantages of both
methods.

2. Flash butt welding of root pass increases its
quality. At the same time the welding procedure is
simplified and welding efficiency grows up.

3. Use of self-shielded flux-cored arc welding for
filling of welding grooves increases impact strength
of root pass metal. At the same time external rags
removal typical for flash-butt welding is not needed.

4. Mechanical characteristics of joints made by the
combined method correspond to all requirements to
joint welds including impact strength indices.
Normal defects which can appear during welding
can be detected with exact accuracy by traditional
methods of nondestructive testing i.e. ultrasonic
and x-ray tests.

5. The proposed method of combined welding is
essential at increasing efficiency and quality of joint
welds at construction of heavy-walled pipelines with
wall thickness of 20...30 mm and above, especially
at implementation of works at extreme climatic and
weather conditions.

6. Technology of combination welding certified in
PJSC Gazprom and allowed to use the
technological instructions for Gazprom "VNIIGAZ "

PRACTICE

korena je 60-120 sekundi u zavisnosti od debljine
cevi. Vreme ispune jednog spoja sa dve glave u
jednom &atoru je 8-12 minuta (sl. 8). Zavisno od
broja Satora, brzina zavarivanja moze da dosegne
10-20 spojeva na sat. Trenutno, prema
instrukcijama PAO "Gazprom" je razvio normativnu
i tehni¢ku dokumentaciju za tehnologiju i rad na
projektovanju i izgradnji opreme, uz industrijsku
implementaciju ove tehnologije.

ZAKLJUCAK
1. Razvien i testiran u laboratorijskim i
proizvodnim uslovima, kombinovani postupak

zavarivanja cevi, ukljuujuéi dosledno zavarivanje
dvema Siroko primenjenim metodama u praksi:
automatsko suCeono zavarivanje varniCenjem i
elektroluéno zavarivanje samozastithom punjenom
Zicom koje u potpunosti koristi glavne prednosti obe
metode.

2. SuCeono zavarivanje varni¢enjem korenog
prolazi povecava njegov kvalitet. Istovremeno se
pojednostavljuje postupak zavarivanja i povecCava
efikasnost zavarivanja.

3. KoriS¢enje elektrolu¢nog zavarivanja
samozastithom punjenom Zicom za ispunu
Zliebova poveéava udarnu Zilavost korenog

prolaza. U isto vreme nije potrebno uklanjanje
spoljasnjih krpica tipicnih za su€eono zavarivanje
varnicenjem.

4. Mehanicke karakteristike spojeva izvedenih
kombinovanom  metodom  odgovaraju  svim
zahtevima za zavarene spojeve, ukljuCujuci i

pokazatelje udarne Zilavosti. Normalni defekti koji
se mogu javiti tokom zavarivanja mogu se otkriti
tatnom precizno$¢u tradicionalnim metodama
ispitivanja bez razaranja tj. ultrazvuénim i
rendgenskim ispitivanjima.

5. PredloZeni nadin kombinovanog zavarivanja je
od sustinskog znacaja za povecanje efikasnosti i
kvaliteta zavarenih spojeva pri izgradnji cevovoda
debljine zida od 20 ... 30 mm i viSe, posebno kod
izvodenja radova u ekstremnim klimatskim i
vremenskim uslovima.

6. Tehnologija kombinovanog zavarivanja
sertifikovana je u PJSC Gazprom i dozvoljeno je da
se koriste tehnoloSka uputstva za Gazprom
"VNIIGAZ"
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Figure. 1. Makroshlif welded joint made of combination welding.
Slika 1. Makro§lif zavarenog spoja izvedenog kombinovanim zavarivanjem

Figure. 2. Cutting edges under P3/C.
Slika 2. Rezanje ivica prema P3/[C

L

h- TonwmHa KopHeBoro WBa;

L- 41MHa y4aCTKa KPOMOK KOPHEBOTO LWBA A0 CBaPKU
LK - ANMHa KOPHEBOro LWBa NocAe CBapKu;

@ - Yron HakNoOHa KPOMOK.

Figure. 3. The concept of cutting edges.
Slika 3. Koncept rezanja ivica

Y4aCTOK CBapHOro MokasaTenu cBOUCTB
COEAUHEHUA Mpenen Tekyyectw,| Mpeaen npoyHoCcTy, |YaapHaa BA3KOCTD,
Mna Mna | w/cm2, 20 rpag,(

OcHoBHOU MeTann 564 - 582 659 - 670 108 - 116
578 664 112

Y4acTOK WBa BbINOAHEHHbIN 552 - 557 654 — 660 108 —-116
MopoLKOBOIK NPOBONOKOW 554 655 112

Y4acToK WBa BbINONHEHHbIH 567 — 578 667 — 670 116-213
KoHTakTHOI cBapKoM 572 668 197

Figure. 4. Mechanical properties of the weld.
Slika 4. Mehanicke osobine Sava
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Figure. 5. Sample tested at the bend
Slika 5. Ispitana epruveta na savijanje

Pe3ynbraThbl UCMbITAHUW HATYPHLIX 0Opa3LoB
Tpyo

Homep HaTypHOro WUcnbiTanma Ucnbitanua

obpasua Tpy6b! Ha NPOYHOCTb Ha A,0NrOBEYHOCTb

N

Bpems Pmax/ Mmax/
Pcrar, LIMKNOB

NeM3KC-1, NeM3KC-2 | Mo

MnNa Har|
" MMa KHm 2

NeM3KC-3, NelM3KC-4
XeHua

8,24/0,82  1876/1129 10000

Fig. 6 The results of hydraulic and cyclic tests of welded joints of combined welding technology
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Slika 6. Rezultati hidrauli¢kih i cikliénih ispitivanja zavarenih spojeva izvedenih kombinovanom tehnlogijom
zavarivanja

A

1 — craHok ans 06paboTkuM Topues
2 — cBapoYyHaa mawwmHa KCC

3 — ceapoyHana nanaTtka gna 34CMNMN
4 — ceapuBaemble Tpy6bl

2 4 4 3 4 3 4

Figure. 7. Organization of work
Slika 7. Organizacija rada

Bpens onepaigon, MiH.
HaineHoBaHIe oneparnm

VCTaHOBKA aIlIiapara Ha CIBIK

[ToaroToBKa CBAPOUHBIX FOTIOBOK K
paGorte

C'BapKa IOIYKOIBIA ¢ OIHOI
CTOPOHH *

C'BapKa MOMVEOTBIA ¢ 3aMBIKAHIEM
CTBIKA ¢ APYIOI cTOPOHBL *

Ileperos ammapara B
IPAHCIIOPTHOE cocTog e **

CHATIE aNmaparta 11 rnepeesjg K
CNeAVIOMEMY CTHKY

* B onepauvax CBapKy BKIOYEHBI TEXHONOIMYECKUEe 3a4MCTKU MeTanna v yaaneHus wnaka.
** B onepauuio BK0YeHa CMeHa KacceT C NPOBOMOKOM U YMCTKa MyHALWTYKOB.

Yucno pabotatoumx B 6purage (Bcero) 7-13-17 (ana 1, 2 n 3 arperaTtHoro komnnekca)
Yucno ceapluuKOB onepaTopos 2-4-6 (no 2 Ha arperar)
BcnomorartensHblil nepcoHan 2-4-6

WrxeHepHobii nepcodan 1+1 (Gpuragup, aHepreTuk)
MawwuHucTel arperatoe  1-2-3

Figure. 8. Ciklogramma the duration of operations when welding flux cored wire pipelines diameter 1420 mm in one

working cycle

Slika 8. Ciklogram trajanja operacija pri zavarivanju punjenom zicom cevovoda precnika 1420 mm u jednom random

ciklusu
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Formation of ultrafine grained structure
in plain carbon steels through thermomechanical processing
Stvaranje ultrafinozrne strukture kod ravnih ugljeniénih €elika
termomehanickom obradom
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Kljucne rije€i: ultrafini ferit, transformacija indukovana
dinami¢kom deformacijom, ravni ugljeniéni ¢elici,
termomehanicka obrada, sadrzaj ugljenika

In the present study, wedge-shaped samples were
used to determine the effect of nominal equivalent
strain (between 0 and 1.2) and carbon content
(0.06-0.35%C) on ferrite grain refinement through
dynamic strain-induced transformation (DSIT) in
plain carbon Celiks using singlepass rolling. The
microstructural evolution of the transformation of
austenite to ferrite has been evaluated through the
thickness of the strip. The results showed a number
of important microstructural features as a function
of strain which could be classified into three
regions; no DSIT region, DSIT region and the
ultrafine ferrite (UFF) grain region. Also, the extent
of these regions was strongly influenced by the
carbon content.

The UFF microstructure consisted of ultrafine,
equiaxed ferrite grains (<2 pm) with very fine
cementite particles. In the centre of the rolled strip,
there was a conventional ferrite-pearlite
microstructure, although ferrite grain refinement
and the volume fraction of ferrite increased with an
increase in the nominal equivalent strain.

1. Introduction

Ultrafine grained structures in plain carbon Celiks
are gaining in popularity amongst research groups
around the World as means of cutting the cost of
Celik production and opening up the window of high
band mechanical properties. This new generation
of high strength-high toughness ¢€eliks is recyclable
and environmental friendly. There are a number of
different approaches to achieve this goal, dynamic
straininduced transformation (DSIT) combined with
rapid cooling is a simple and practical route to
produce ultrafine ferrite grains (UFF) as small as 1—
2 um .M

Adresa autora / Author's address:
School of Engineering and Technology, Deakin University,
Geelong, Australia, VIC 3217

Key words: ultrafine ferrite, dynamic strain-induced
transformation, plain carbon ¢eliks, thermomechanical
processing, carbon content

U ovom istrazivanju koriS¢eni su klinasti uzorci za
odredivanje  efekta  nominalne  ekvivalentne
deformacije (izmedu 0 i 1.2) i sadrzaja ugljenika
(0.06-0.35%C) na rafinaciju feritnih zrna kroz
dinamicku transformaciju (DSIT) kod ugljeni¢nih
Celika koji se proizvode valjanjem u jednom
prolazu. Razvijanje mikrostrukture transformacijom
austenita u ferit je odredena kroz debljinu trake.
Rezultati su pokazali niz zna€ajnih mikrostrukturnih
osobina kao funkcije deformacije koje se mogu
svrstati u tri oblasti; nema DSIT oblasti, DSIT oblast
i oblast ultrafinozrnog ferita (UFF). Takode, obim
ovih oblasti je pod velikim uticajem sadrzaja
ugljenika.

Mikrostruktura UFF-a sastojala se od ultrafinih,
ekvivalentnih feritnih zrna (<2 pm) sa vrlo finim
Cesticama cementita. U centru valjane trake,
postojala je  konvencionalna feritno-perlitna
mikrostruktura, mada je rafinacija feritnin zrna i
zapreminski udeo ferita povec¢an sa povecanjem
nominalne ekvivalentne deformacije.

1. Uvod

Ultrafinozrne strukture u ugljeniénimm c&elicima
dobijaju na popularnosti medu istraZivackim
grupama Sirom sveta kao nacin smanjenja troSkova
proizvodnje Celika i otvaranja prostora mehanickih
svojstava visokog opsega. Ova nova generacija
visoko zilavih ¢&elika, visoke C¢&vrstoée se moze
reciklirati i ekoloski je prihvatljiva. Postoji viSe
razliCitih  pristupa za postizanje ovog cilja,
dinami¢ka transformacija (DSIT) u kombinaciji sa
brzim hladenjem je jednostavna i prakticna ruta za
proiz1v?(’)dnju ultrafinih feritnih zrna (UFF) od 1 do 2
Hm )
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The DSIT exhibits a general insensitivity to
variations in chemistry and could therefore be
applied to the full range of &eliks.” This process
involves a strain being applied to the metastable
austenite, i.e. between the A.; and A,z temperature
range (equilibrium and continuous cooling
temperatures for austenite to ferrite transformation,
respectively).”)

There is a critical condition to produce UFF through
the DSIT route which could vary with
thermomechanical processing history as well as
Celik composition. The reduction required for UFF
formation through DSIT is quite high, typically more
than 40% in single pass-rolling.>* The ultimate goal
of the present work is to evaluate the effect of
carbon content in conjunction with strain on the
ferrite transformation characteristics through the
strip thickness and detect the critical strain for DSIT
and UFF formation in plain carbon steels.

2. Experimental Procedure

The composition of steels used in this study is
given in Table 1. All steels are plain carbon steels
with different carbon content. The hot rolling
facilities, which have been used in this study,
include a laboratory mill with rolls of 365mm
diameter, a rolling speed of 15 rpm, a preheating
resistance furnace and a fluid bed furnace with
maximum working temperature of 1300 and 1100C,
respectively. The wedge samples were machined
to an overall size of 140mm 50mm 8mm with an
angle of about 4 (Fig. 1).

EDUCATION

DSIT pokazuje opstu neosetljivost na promene u
hemijskom sastavu i stoga se moze primeniti na
celi opseg ¢elika. Ovaj proces ukljuduje
deformaciju koja se primjenjuje na metastabilni
austenit, tj. Izmedu Ae; | Az temperaturnog raspona
(ravnotezne i kontinualne temperature hladenja) za
transformaciju austenita u ferit),

Postoji kriti€no stanje za proizvodnju UFF-a preko
DSIT koje moze da varira zavisno od istorije
termomehaniCke obrade kao i sastava Celika.
Sazimanje potrebno za formiranje UFF-a preko
DSIT-a je prilicno veliko, obi¢no vise od 40% u
jednom prolazu valjanja.** Krajnji cilj ovog rada je
da se proceni uticaj sadrzaja uglienika u sprezi sa
deformacijom na karakteristike feritne
transformacije preko debljine trake i detektovanja
kriti€ne deformacije za formiranje DSIT-a i UFF-a u
ravnim ugljeni¢nim celicima.

2. Eksperiment

Sastav Celika koji se koristi u ovoj studiji dat je u
tabeli 1. Svi Celici su obi¢ni uglieni celici sa
razliCitim sadrzajem ugljenika. Oprema za toplo
valjanje, koja je koriS¢ena u ovoj studiji, ukljucuju
laboratorijski valjacki stan sa valjcima precnika
365mm, brzina valjanja od 15 o/min, eletrotpornu
pe¢ za predgrevanje i pe¢ s fluidnim slojem s
maksimalnom radnom temperaturom od 1300 i
1100°C . Uzorci klinova su masinski obradeni do
ukupne veli€¢ine 140mm x 50mmx 8mm sa uglom
od oko 4 (slika 1).

-~ o —
,-’ -~ ——
- ~ —
f’/ // ------"'--
o = — 40 mm
> > — "
i — A 2mm
10 mm S //‘I/ ‘_.f":’/
— o
~— p e
8 mm r_ar = o ,}?”’ 50 mm
I g
140 mm

Fig. 1 Wedge specimen (T: Thermocouple position).
Slika 1. Klinasti uzorak (T: polozZaj termopara)

Steel %C %St %Mn %Al %P %S Aey CC)* Taes (FC) I tC) dy (um)
A 0.06 0.06 0.21 0.037 0011 0.013 880 87545 1100 > | 20%#
B 0.16 0.16 0.59 0.005 0017 0.013 8435 840 +5 1200 250
C 0.35 0.26 0.82 0.03 0012 0.003 705 790+5 1200 120

Table 1. The chemical composition of ¢eliks (in mass%).
Tabela 1. Hemijski sastav Celika (mas.%)

*The Agstemperatures were calculated using the ChemSage program.

Ac3 temperatura je izraGunata koriS¢enjem programa ChemSage
** d could not be measured because of ultra low carbon content.
d se nije mogao izmeriti zbog ultra niskog sadrZaja ugljenika
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Figure 2 shows the thermomechanical processing
cycles, that were applied to perform the single-pass
hot rolling. The specimens were soaked at a given
austenitization temperature for 15 min., resulting in
austenite grain size of greater than 120 um (Table
1). The samples were reheated in stainless €elik foil
bags to prevent excessive oxidation. Then, the
wedge samples were rapidly placed in the fluid bed
furnace at the An+5 °C temperature for five
minutes to stabilize the temperature for all
thicknesses of the wedge sample and to avoid any
temperature gradient through the thickness.
Afterwards, the specimens were passed through
the rolls at a given temperature (Table 1) to achieve
a strip with a final thickness of 2 mm. The
temperature of the specimens was measured
continuously during the test by N-type
thermocouples, inserted at different positions in the
sides of samples (Fig. 1).

Furthermore, the surface temperature was
measured by a pyrometer throughout the
experiment. After deformation, the rolled strips
were air cooled to room temperature.

The dimension of the wedge sample was designed
based on the rolling mill capacity and to minimize
the lateral spreading during rolling. However, there
was still some spreading during rolling for the

reductions greater than 50%.
'y

Austenitization

Temperature, T/°C

EDUCATION

Na slici 2 prikazani su ciklusi termomehanicke
obrade, koji su primenjeni da bi se izvrSilo
jednokratno toplo valjanje. Uzorci su drZzani na datoj
temperaturi austenitizacije 15 min, Sto je
rezultovalo veliCinom zrna austenita vecom od 120
gm (Tabela 1). Uzorci su ponovo zagrejani u foliji
od nehrdaju¢eg c&elika kako bi se sprecila
prekomerna oksidacija. Zatim, uzorci klina su brzo
postavljeni u peéi sa fluidizovanim slojem na
temperaturi Ags+5 °C tokom pet minuta da se
stabilizuje temperatura za sve debljine uzorka klina
i da se izbegne bilo kakav gradijent temperature
kroz debljinu. Nakon toga, uzorci su prolazili kroz
valjke na datoj temperaturi (Tabela 1) da bi se
dobila traka konaCne debljine od 2 mm.
Temperatura uzoraka merena je kontinuirano
tokom ispitivanja termoparovima N-tipa, umetnutim
na razli¢itim polozajima na stranama uzoraka (slika
1).
StaviSe, povrSinska temperatura je merena
pirometrom tokom eksperimenta. Nakon
deformacije, valjane trake su hladene vazduhom do
sobne temperature.

Dimenzija uzorka klina je dizajnirana na osnovu
kapaciteta valjaonice i radi smanjenja boc¢nog
rasipanja tokom valjanja. Medutim, i dalje je doslo
do izvesnog Sirenja tokom valjanja kod saZimanja
veceg od 50%.

\\{M Cooling
N\

N,
pY

N\
X

>

Time, t/s

Fig. 2 Schematic representation of heat treatment and thermomechanical schedule.
Slika 2. Sematsko predstavijanje termicke obrade i termomehanicke obrade

Therefore, the width of the specimen was also
measured at each location after rolling. Equation
(1) as then used to estimate the equivalent strain
along the rolled strip taking into account the

spread.®
4 1/2
£ = [;1}'5 —+ &'i + £,;&, ]:|

& = In(ty/t7) and &, = In(wy/wy)

(1)

where 4 are
strains in the thickness t and width w dimensions, in

Prema tome, Sirina uzorka je takode merena na
svakoj lokaciji nakon valjanja. Jednacina (1) se
tada koristi za procenu ekvivalentne deformacije
duz valjane trake uzimajuéi u obzir irenje.®

1/2
= 4 2 4 o2 o
E=|—-(& T &, T &Ey)
by

e, = In(ty/17) and &, = In(wg/wy)

(1)

gde su g i £ S su
deformacije u debiljini t i Sirini w i u kojoj se indeksi
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which the subscripts 0 and f refer to original and
final thicknesses and widths, respectively.
Metallographic observations were made on the
normal direction-rolling direction plane at a depth of
between 0.1— 0.15mm below the surface of the
rolled strips and at the mid thickness. The ferrite
volume fraction was determined by point counting.
In this study, only the volume fraction of polygonal
ferrite was considered. The mean ferrite grain size
was determined using the mean linear intercept
method.
(a)

EDUCATION

0 i f odnose na originalne i kona¢ne debiljine i Sirine.
Metalografska posmatranja su obavljena po ravni
normalnoj na pravac valjanja na dubini od 0,1 do
0,15 mm ispod povrsine valjanih traka i na srednjoj
debljini. Zapreminski udeo ferita je odreden
brojanjem ta¢aka. U ovom istraZivanju razmatran je
samo zapreminski udeo poligonalnog ferita.
Srednja veli€ina zrna ferita je odredena
koris¢enjem metode srednjeg linearnog preseka.
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Fig. 3 Ferrite grain size and volume fraction of ferrite as a function of equivalent strain in plain carbon &eliks through
single-pass rolling: (a) celik A, (b) ¢elik B and (c) ¢elik C.
Slika 3. Velic¢ina ferinog zrna i zapreminski udeo kao funkcija ekvivalentne deformacije na obi¢nim ugljeni¢nim
Celicima valjanim u jednom prolazu, (a) celik A, (b) ¢elik B and (c) celik C.
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Steel 9% C EC.DSIT £C,UFF
A QO6  eeeee- 0.6
B 0.16 03 0.8
e 0.35 05 1.2
Table 2 The critical strains for DSIT and UFF formation.
Tabela 2. Kriticne deformacije za DSIT i stvaranje UFF
3. Results 3. Rezultati

The final thickness of the deformed strips was
typically in the range from 2 to 2.7 mm. The
microstructures of all rolled samples were
inhomogeneous through the strip thickness. In
addition, the ferrite transformation characteristics in
the surface layer varied not only with the strain, but
also with the &elik composition (carbon content).
Based on this observation, the ferrite
transformation characteristics could be classified
into three regions as a function of strain in the
surface layer (Fig. 3).

At regions that underwent low reductions, the
microstructure near the surface was
indistinguishable from that at the centre of the
plate; only a few polygonal ferrite grains (less than
0.1 volume fraction of microstructure) formed on
prior austenite grain boundaries, the rest of the
microstructure being a mixture of non-polygonal
ferrite (Widmansta“'tten and acicular) and pearlite
(hereafter called region |, Fig. 4a). The result
suggested that the required strain was not sufficient
for dynamic strain-induced transformation to
produce polygonal ferrite grains. This region was
extended to higher strains with increasing in carbon
content and was not present in Celik A with the low
carbon content (Fig. 3).

For locations corresponding to region Il, the volume
fraction of polygonal ferrite significantly increased
throughout the thickness with an increase in the
strain for all &eliks (Fig. 3). The ferrite grain size
was significantly refined in the surface layer,
although some acicular ferrite was still present in
the microstructure (Figs. 3 and 4b). There were
also some carbide particles on ferrite grain
boundaries. The volume fraction of carbide
increased with an increase in the strain and carbon
content. These carbides were also arranged in
elongated and narrow bands for eliks B and C;
their orientation did not appear to have any specific
relationship with the rolling direction (indicated by
the arrow in Fig. 4b).

Kona¢na debljina deformisanih traka je tipi€no u
opsegu od 2 do 2.7 mm. Mikrostrukture svih
valjanih uzoraka su nehomogene po debiljini trake.
Pored toga, karakteristike feritne transformacije u
povrSinskom  sloju variraju ne samo sa
deformacijom, veé¢ i sa sastavom Ccelika (sadrzaj
ugljenika). Na osnovu ovog zapazanja,
karakteristike feritne transformacije mogu se
svrstati u tri oblasti kao funkcija deformacije u
povrsinskom sloju (slika 3).

U oblastima gde je bilo malo saZimanje,
mikrostruktura blizu povrSine nije se mogla
razlikovati od one u centru ploCe; samo nekoliko
poligonalnih  feritnih zrna (manje od 0,1
zapreminskog udela mikrostrukture) formiranih na
granicama prethodnih austenitnih zrna, ostatak
mikrostrukture je meSavina ne-poligonalnog ferita
(Vidmanstastetenov i acikularni) i perlita (u daljnjem
tekstu: oblast I, Slika 4a). Rezultat je sugerisao da
zahtevana deformacija nije dovoljna za dinamicku
transformaciju izazvanu deformacijom da bi se
proizvela poligonalna feritha zrna. Ova oblast je
proSirena na vece deformacije sa povecéanjem
sadrzaja ugljenika i nije bila prisutna u Celiku A sa
niskim sadrzajem ugljenika (slika 3).

Za lokacije koje odgovaraju oblasti |l, zapreminski
udeo poligonalnog ferita znac¢ajno se poveéao po
debljini sa poveéanjem deformacije za sve Celike
(SI. 3). Veli€ina feritnog zrna je zna€ajno rafinisana
u povrSinskom sloju, mada je poneki acikularni ferit
i dalje prisutan u mikrostrukturi (slike 3 i 4b). Bilo je
i nesto Cestica karbida na granicama feritnih zrna.
Zapreminski udeo karbida se poveéao sa
povecanjem deformacije i sadrzaja ugljenika. Ovi
karbidi su takode rasporedeni u izduzenim i uskim
trakama za celike B i C; izgleda da njihova
orijentacija nije imala nikakvu posebnu vezu sa
pravcem valjanja (oznacen strelicom na slici 4b)
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.

Fig. 4 The surface microstructure of steel B at different equivalent strains: a) 0, (b) 0.6 and (c) 0.8.
Slika 4. Povrsinska mikrostruktura ¢elika B pri razli¢itim deformacijama (a) 0, (b) 0.6 and (c) 0.8.

As-quenched microstructures in region Il consisted
of polygonal ferrite grains mainly decorating prior
austenite grain boundaries and intragranularly
nucleated. This suggests dynamic strain-induced
transformation  of ferrite  occurred  during
deformation. This region was also extended with an
increase in the carbon content (Fig. 3).

Beyond a critical strain condition, the volume
fraction of ferrite and the ferrite grain size of the
surface layer did not change significantly with an
increase in the strain for all Celiks (region Il in
Fig.3). The microstructures consisted of fully
polygonal ferrite grains, as small as 1-2 pym in size,
with carbide particles on ferrite grain boundary
(there were also very fine pearlite and carbide
bands for Celiks B and C, Fig. 4c). However, this
strain was significantly increased with an increase

EDUCATION

Mikrostrukture gadenja u oblasti Il sastojale su se
od poligonalnih feritnih zrna koja uglavhom
dekoriSu granice prethodnih austenitnih zrna i
nastaju medugranulano. Ovo sugeriSe dinamicku
transformaciju izazvanu deformacijom ferita koji se
pojavio tokom deformacije. Ova oblast se takode
Siri sa povecanjem sadrzaja ugljenika (slika 3).

Izvan kriticnog deformacionog stanja, zapreminski
udeo ferita i veli€ina zrna ferita u povrsinskom sloju
nisu se znacajno promenili sa povecanjem
deformacije za sve Celike (oblast Il na slici 3).
Mikrostrukture su se sastojale od poligonalnih
feritnih zrna veli¢ine od 1 do 2 ymm, sa Cesticama
karbida na granici feritnih zrna (bilo je i vrlo finih
perlitnih i karbidnih traka kod €elika B i C, slika 4c).
Medutim, ova deformacija se znacajno povecava
sa povecanjem sadrzaja ugljenika. PovrSinski sloj
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in carbon content. The UFF surface layer generally
penetrated to about 1/4 of the total thickness.

The required strain for transition from one region to
another one in the surface layer was described as a
critical strain in this study. Hence, there were two
critical strains; dynamic strain-induced
transformation (¢ c¢psr) and ultrafine ferrite
formation (€ c urr). These strains are summarized in
Table 2 for all steels. The critical strain for both
transitions increased significantly with an increase
in carbon content.

In the centre of rolled strip, the microstructures
were conventional ferrite and pearlite (or carbide in
Celik A). The ferrite grain size decreased with an
increase in the strain for all celiks (Fig. 3).
However, the change in grain size with increasing
nominal strain was much lower in the centre than
the surface. This is because the amount of
undercooling and strain is different at the surface
compared with the centre of strip. For example, at
the location corresponding to an equivalent strain of
1.2, the undercooling at the surface and the centre
was about 120 and 80 °C, respectively (Fig. 5).
Furthermore, it has been shown that the strain at
the surface is more than three times that at the
centre of strip through finite element modeling of
strip rolling under heavy shear.” In addition, the
ferrite grain size decreased with an increase in the
carbon content at a given strain (Fig. 3).

EDUCATION

UFF-a je generalno prodro na oko 1/4 ukupne
debljine.

Potrebna deformacija za prelazak iz jednog
podrucja u drugo u povrSinskom sloju, opisana je
kao kriticna deformacija u ovoj studiji. Dakle,
postojale su dve kriticne deformacije; dinamicka
transformacija izazvana deformacijom (€ ¢, psr) |
formiranje ultrafinozrnog ferita (¢ ¢ urr). Ove
deformacije su zbirno date u tabeli 2 za sve Celike.
Kriti€éna deformacija za oba prelaza znacajno se
povecava sa povecanjem sadrzaja ugljenika.

U centru valjane trake, mikrostrukture su
konvencionalni ferit i perlit (ili karbid u Celiku A).
Veli¢ina zrna ferita je smanjena sa povecanjem
deformaije kod svih celika (SI. 3). Medutim,
promena veliCine zrna sa povecanjem nominalne
deformacije bila je mnogo manja u centru, nego na
povrSini. To je zato Sto je udeo pothladivanja i
deformacije, razli¢it na povrSini u poredenju sa
centrom trake. Na primer, na lokaciji koja odgovara
ekvivalentnoj deformaciji od 1,2, podhladenje na
povrsini i centru je bilo oko 120 i 80 °C, (slika 5).
Nadalje, pokazano je da je deformacija na povrsini
vise od tri puta veca nego u srediStu trake kroz
modeliranje kona¢nim elementima, valjanja traka
sa jakim smicanjem. ” . Dodatno, veli¢ina feritnog
zrna opada sa sadrzajem uglienika za datu
deformaciju. (Slika 3).

Imtal thickness of Imual thickness of
$ 8 mm 2 mm
Ter (°C)
T; (PC)* AT (°C) Is (°C)* AT (°C)
875+5 739 136 697 178
840+ 5 713 127 669 171
790+ 5 668 122 625 165

*The surface temperature

Table 3. The surface temperature of rolled strip at the exit point of rolls at
different initial thicknesses.
Tabela 3. Temperatura povrSine valjane trake u tacki izlaza iz valjaka sa razli¢itim pocetnim debljinama
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Fig. 5 Cooling curve of centre and surface of a location corresponding to plate thickness of 8mm during
thermomechanical processing
Slika 5 Kriva haldenja centra i povrSine na mestima koja odgovaraju debljini lima od 8 mm tokom termomehanicke
obrade
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4. Discussion

The single-pass rolling and subsequent air cooling
of the wedge samples showed a number of
important microstructural features as a function of
strain which could be classified into three regions.
However, the extent of regions varied significantly
with the carbon content.

Region I: no strain-induced
transformation

It is well known that the formation of non polygonal
phases is promoted with increasing cooling rate8)
and carbon content.9) The latter is confirmed by
this study since the volume fraction of non
polygonal ferrite decreased with a decrease in
carbon content at a given condition (steel A is fully
polygonal ferrite even at the strain free condition).
There is an increasing tendency for ferrite to grow
from grain boundaries as plates (Widmansta“tten
morphology) with increasing cooling rate. The rapid
cooling is occurred by conduction of the cold rolls in
the surface of strip in singlepass rolling; the surface
temperature drops about 120-180° during rolling
depending on the initial thickness and deformation
temperature (Table 3). At regions that underwent
low reductions, this rapid cooling decreases the
temperature to such an extent (i.e. TW; the critical
temperature for Widmansta“tten ferrite formation8))
that non polygonal products are promoted after
straining. The result suggests that the strain was
not sufficient to form the polygonal ferrite rather
than non polygonal phase by DSIT in this region.

dynamic

Region Il strain-induced
transformation

The DSIT ferrite initially nucleates on the prior
austenite grain boundary.'”  Therefore, the
nucleation of DSIT ferrite at an early stage of
transformation retards the formation of austenite
grain boundary nucleated non polygonal ferrite
phases (i.e. Widmansta'tten ferrite) after
deformation. Beyond € ¢« psit, the volume fraction
of ferrite nucleation sites is increased and extends
from the prior austenite grain boundaries into the
austenite grain interior with increase in the strain
(intragranular nucleation sites). This promotes the
volume fraction of polygonal ferrite grains.

It is well known that the DSIT process significantly
controls the coarsening of ferrite grains during post
deformation cooling."” This leads to much more
effective ferrite grain refinement through DSIT than
conventional controlled rolling. However, the
amount of coarsening depends on the volume
fraction of DSIT ferrite and its distribution at an
early stage of transformation. The volume fraction

dynamic

EDUCATION

4. Diskusija

Valjanje u jednom prolazu i naknadno hladenje
uzoraka klina pokazali su brojne znacajne
mikrostrukturne osobine kao funkciju deformacije
koja se moze svrstati u tri oblasti. Medutim,
prostiranje oblasti zna€ajno variraju sa sadrZajem
ugljienika.

Oblast |I: bez transformacije izazvane
dinami¢kom deformacijom

Dobro je poznato da se formiranje nepoligonalnih
faza bolje odvija sa poveé¢anjem brzine hladenja® i
sadrzaja ugljenika.? Ovo poslednje je potvrdeno
ovom studijom jer se zapreminski udeo
nepoligonalnog ferita smanjio sa smanjenjem
sadrZzaja uglijenika u datom stanju (Celik A je u
potpunosti sa poligonalnim feritom ¢ak i u stanju
bez deformacije).

Postoji sve veéa tendencija da ferit raste sa granica
zrna kao plo¢e (Vidmanstetenova morfologija) sa
povecanjem brzine hladenja. Brzo hladenje nastaje
provodenjem hladnih valjaka po povrsini trake u
jednostrukom valjanju; temperatura povrSine pada
za oko 120-180 °C tokom valjanja u zavisnosti od
poletne debljine i deformacione temperature
(Tabela 3). U podrucjima koja su podvrgnuta malim
sazimanjima, ovo brzo hladenje smanjuje
temperaturu do te mere (f. TW; kritiCna
temperatura za stvaranje Vidmanstetenovog ferita
®) da se nepoligonalni proizvodi ne javljaju posle
deformacije. Rezultat sugeriSe da deformacija nije
bila dovoljna da stvori poligonalni ferit, ve¢ vise ne-
poligonalnu fazu DSIT-om u ovoj oblasti.

Oblast Il: transformacija izazvana dinamickom
deformacijom .

DSIT ferit se u pocCetku stvara na granici
prethodnog zrna austenita.'®” Zbog toga, nastajanje
DSIT ferita u ranoj fazi transformacije usporava
formiranje nepoligonalne feritne faze na granicama
austenitnog zrna (tj. Vidmanstetenov ferit) nakon
deformacije. Iza € -« psiT,, povecava se zapreminski
udeo mesta nastajanja ferita i proteze se od
granica prethodnih austenitnih zrna u unutrasnjost
austenitnog zrna sa poveéanjem deformacije
(intragranularna mesta nastajanja). To pogoduje
zapreminskom udelu poligonalnih feritnih zrna.
Dobro je poznato da DSIT proces znacajno
kontroliSe  ogrubljenje  feritnih zrna  tokom
postdeformacionog hladenja."’ To dovodi do
mnogo efikasnije rafinacije feritnih zrna kroz DSIT

od konvencionalnog kontrolisanog valjanja.
Medutim, koli¢ina  ogrubelosti  zavisi od
zapreminskog udela DSIT ferita i njegove

raspodele u ranoj fazi transformacije. Zapreminski
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of DSIT ferrite grains increases with an increase in
the strain (i.e. increasing the Ar3 temperature) at
the early stage of transformation in region II. This
increases the impingement of DSIT ferrite grains as
a function of the strain at the early stage of
transformation, which thereby controls the
coarsening of ferrite grains during post deformation
cooling.11) This promotes the ferrite grain
refinement with an increase in the strain in region |l
Region lll: ultrafine ferrite formation

Beyond a given condition, the volume fraction of
polygonal ferrite and ferrite grain size of the surface
layer do not change significantly for all ¢eliks. The
resultant ferrite grain size is as small as 1-2 um.
Indeed, the coarsening rate is independent of strain
in region lll. This suggests that the volume fraction
of DSIT ferrite and its distribution at the early stage
of transformation does not alter significantly beyond
€ «c«, ure. This leads to a constant final ferrite grain
size in this region. Although the current work
confirms that UFF formation is independent of Celik
composition, the critical strains for DSIT ferrite and
UFF formation are significantly altered by carbon
content. It is proposed that the effect of carbon
content in postponing the critical strains for DSIT
and UFF formation could be explained by the
stacking fault energy (SFE) value, the prior
austenite grain size and the chemical driving force
for dynamic ferrite transformation. Although, the
SFE parameter has been shown to have a strong
influence on the behaviour of metals and alloys
during deformation,'® Charnock et al.”™ proved the
carbon content (0.005-0.83%mass C) does not
have a significant effect on the SFE. It is well
established that the number of intragranular defects
formed during deformation is raised by increasing
the austenite grain size."” A recent study '” has
shown that the € .« pgr significantly decreased
(from 0.5 to 0.1) with an increase in the prior
austenite grain size (from 14 to 80 um), this had a
slight change on € -« yee. Since the prior austenite
grain size is higher than 120 ym in this study, it is
unlikely the prior austenite grain size could have a
significant influence on these critical strains. During
dynamic strain-induced transformation of austenite
to ferrite, the driving force for nucleation and growth
of ferrite in the austenite region comes from the
deformation (i.e. reduction) and the composition.
Decreasing the carbon content increases the
equilibrium transformation temperature and the Ar3
for low carbon steels. Hence, for a given state of
the austenite, it would be expected that
transformation of ferrite will occur at a higher
temperature and faster rate for a lower carbon
content. A simple explanation for DSIT is that the

EDUCATION
udeo DSIT feritnih zrma se povetava sa
povecanjem deformacije (. povecéanjem

temperature Ar3) u ranoj fazi transformacije u
oblasti Il. Ovo poveéava ucestalost DSIT feritnih
zrna kao funkciju deformacije u ranoj fazi
transformacije, koja time kontroliSse ogrubljenje
feritnih zrna tokom naknadnog deformacionog
hladenja.") Ovo doprinosi rafinaciji feritnog zrna sa
povecanjem deformacije u oblasti Il.

Oblast lll: formiranje ultrafinozrnog ferita

Izvan datog stanja, zapreminski udeo poligonalnog
ferita i veliCine feritnog zrna u povrSinskom sloju ne
menja se znacajno za sve Celike. Dobijena veli€ina
zrna ferita je samo 1-2 upm. Zaista, brzina
ogrubljenja je nezavisna od deformacije u oblasti
lll. To sugeriSe da se zapreminski udeo DSIT ferita
i njegova raspodela u ranoj fazi transformacije ne
menjaju znacajno iznad € - ype.. 10 dovodi do
konstantne konacne veliCine zrna ferita u ovoj
oblasti..

lako sadasnji rad potvrduje da je formiranje UFF-a
nezavisno od sastava Celika, kriti€cne deformacije
za formiranje DSIT ferita i UFF-a znacajno su
izmenjeni sadrZajem ugljenika. Predlozeno je da se
efekat sadrzaja uglienika u odlaganju kriticnih
deformacija za formiranje DSIT-a i UFF-a moZe
objasniti vrednoS¢u energije slaganja greSaka
(SFE), prethodnom veli¢inom zrna austenita i
hemijskom pokretatkom snagom za dinamicku
transformaciju ferita. lako je pokazano da
parametar SFE ima jak uticaj na ponaSanje metala i
legura tokom deformacije, 12) Charnock i dr. ™ su
dokazali da sadrzaj ugljenika (0,005-0,83% mas)
nema znacajan uticaj na SFE. Dobro je utvrdeno da
je broj intragranularnih defekata nastalih tokom
deformacije povecan sa povecanjem veli€ine zrna
austenita." Nedavna studija ' je pokazala da je €
¢, psit znhacajno smanjen (od 0.5 do 0.1) sa
povecanjem veli¢ine prethodnog zrna austenita (od
14 do 80 um),tako da je to izazvalo malu promenu
€ ¢, urr- S obzirom da je veli¢ina zrna prethodnog
austenita veéa od 120 ym u ovoj studiji, malo je
verovatno da veli€ina zrna prethodnog austenita
moze imati znaCajan uticaj na ove kritiCne
deformacije. = Tokom transformacije izazvane
dinamiC¢kom deformacijom austenita u ferit,
pokretacka sila za nastanak i rast ferita u oblasti
austenita dolazi od deformacije (tj. redukcije-
sazimanja) i sastava. Smanjenje sadrZaja ugljenika
povecava ravnoteznu temperaturu transformacije
Ar3 kod nisko-ugljeni¢nih Celika. Dakle, za dato
stanje austenita, moglo bi se oc€ekivati da ¢e se
transformacija ferita odvijati pri viSoj temperaturi i
vecoj brzini za niZi sadrzaj uglienika. Jednostavno
objasnjenje za DSIT je da se Ar3 povecava tokom
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Ar3 increases during deformation with increasing
strain until reaches the temperature of the
deformation. From this it would be expected that a
higher Ar3 before deformation will allow this
condition to be met at a lower strain. Hence, it is
likely that with an increase in carbon content, the
reductions required for  dynamic  ferrite
transformation and later UFF formation would be
increased (i.e. nucleation and growth of ferrite).
This supports the decrease in the critical strain for
UFF formation in Celik A from 1.2 (for €elik C) to
0.6.

5. Conclusions

(1) There were a number of important
microstructural features as a function of strain
through single-pass rolling and subsequent air
cooling of the wedge samples. Based on the
observation, three regions were determined as

follows: Region |: no dynamic strain-induced
transformation Region Il: dynamic strain-induced
transformation Region |lll: ultrafine ferrite grain
formation

(2) There were two critical strains for DSIT ferrite
and ultrafine ferrite formation.
(3) The carbon content has shown a significant
effect on these critical strains. The critical strains
were postponed to a higher value with an increase
in the carbon content.
(4) The effect of carbon content in postponing the
critical strains for DSIT and UFF formation could be
explained by the chemical driving force for dynamic
ferrite transformation.
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EDUCATION

deformacije sa povecéanjem deformacije dok ne
dostigne temperaturu deformacije. |z ovoga se
moze ocCekivati da ¢e veéi Ar3 pre deformacije
omoguciti da se ovo stanje zadovolji pri manjoj
deformaciji. Prema tome, verovatno je da ée se sa
povecanjem sadrzaja uglienika povecati potrebno
sazimanje za dinamiCku transformaciju ferita i
kasnije formiranje UFF-a (fj. nastajanje i rast ferita).
Ovo podrzava smanjenje kriticne deformacije za
formiranje UFF-a u &eliku A sa 1,2 (za Celik C) na
0,6.

5. Zakljucci

(1) Postojala su brojna znacajna mikrostrukturna
svojstva kao  funkcija deformacije kroz
jednostepeno valjanje i naknadno hladenje na
vazduhu uzoraka klina. Na osnovu posmatranja, tri
oblasti su odredene na sledeci nacin:

Oblast I: nema dinamicke transformacije izazvane
deformacijom Oblast Il: dinami¢ka transformacija
izazvana deformacijom Oblast Ill: formiranje
ultrafinozrnog ferita

(2) Postojala su dve kriticne deformacije za DSIT
ferit i formiranje ultrafinozrnog ferita.

(3) Sadrzaj ugljenika je pokazao znacajan uticaj na
ove kriticne deformacije. Kriticne deformacije su
pomerene na vecu vrednost s poveéanjem sadrzaja
ugljeniika.

(4) Uticaj sadrzaja ugljenika u odlaganju kriti¢nih
deformacija za formiranje DSIT-a i UFF-a mogao bi
se objasniti hemijskom pokretaCkom snagom za
dinamic¢ku transformaciju ferita.
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VESTI EHCS\E NEWS
Republi¢ko takmi€enje mladih zavarivaca Nastavak sa strane 52.
,,Mladi zavariva¢ 2019", Novi Sad, 10-11. Maj 2019

Fotografije sa takmicenja
REL (111)
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VESTI NEWS
TIG (141)
Komisija DUZS za ocenjivanje uzoraka
Najuspesniji takmicari po postupcima:
Postupak 111 — REL
U&enik Mentor Skola

1. Tomi¢ Dejan Gaji¢ Ivan Tehnicka Skola ,,Kolubara" Lazarevac

2. Nikoli¢ Nemanja Viloti¢ Radoslav Tehnicka Skola Obrenovac

3. Jankulovi¢ Slobodan Vlaisavljevé Nikola Srednja tehniCka Skola “Milenko Brzak U¢a“, Ruma

Postupak 135 — MAG
Ugenik Mentor Skola
1. Simunovi¢ Aleksandar | Gaji¢ lvan Tehni¢ka Skola ,,Kolubara" Lazarevac
2. Zivkovi¢ Marko Luki¢ Zoran Tehni¢ka Skola Obrenovac
3. Luka¢ Bojan Jankov Aleksandar Srednja masinska Skola Novi Sad,
Postupak 141 - TIG
Ugenik Mentor Skola
1. Mladenovié Zeljko Anti¢ Igor Masinska Skola Ni$§
2. Sklenar Roland Husar Cila Tehnicka Skola “lvan Sari¢” Subotica

3.

Filipovi¢ Nemanja

Vasiljevi¢ Milovan

Srednja $kola “17.septembar” Lajkovac
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VESTI NEWS
Rang lista ekipno:
R. br. | NAZIV SKOLE MESTO Mentor
1 Tehnika Skola ,Kolubara“ Lazarevac Gaiji¢ Ivan
2 Tehni¢ka Skola Obrenovac Biloti¢ Radoslav
3 | Stednia tennicka Skola Ruma Viaisavijevié Nikola
4 Tehnitka Skola Vlasotince Miljkovi¢ Srboljub
5 Tehni¢ka Skola ,lvan Sari¢* Subotica Husar Cila
6 Srednja Skola“17.septembar® Lajkovac Vasiljevi¢ Milovan
7 Tehnicka Skola Zeleznik Krsti¢ Stanoje
8 Tehnicka Skola Cuprija Stevanovi¢ Srboljub
9 Tehnicka Skola Odzaci Stamenkovi¢-Kovljanc€i¢ Sladana
10 Masinska Skola Ni$ Neni¢ Dragana
11 Srednja masSinska Skola Novi Sad Jankov Aleksandar
12 Tehnicka Skola Kosovska Kamenica | Jordanovi¢ Zoran
13 Srednja stru¢na Skola Kragujevac Lazin Jasmina
14 Srednja Skola Krupanj NoviCi¢ Zoran
15 Prva tehni¢ka Skola KruSevac Gavrilovi¢ Zoran
16 Tehnicka Skola sa domom Kostolac Petkovi¢ Stojanc¢a

ucenika “Nikola Tesla“

Najuspesnijim takmi¢arima podeljene su i vredne nagrade
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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
_______________________________________________________________________|

dimensions 2x

. 210 x 207 210 x 297 180 x 120 90 x 120 90 x 60

black/white - 840 432 336 240

[\

=)

w colour 2 640 1680 - -
m VAT 20% included.
| ]
]
| ]

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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