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Izvod

Ustanovljeno je da u metalu sava mikrolegiranih celika
dominira struktura ferita, koja se javlja u razlicitim morfo-
loskim oblicima. Koji ¢e od njih biti najzastupljeniji u
mikrostrukturi metala Sava zavisi od velikog broja faktora.
U ovom radu je opisan acikularni ferit kao morfoloski oblik
ferita, koji se javilja u metalu Sava mikrolegiranih celika i
doprinos ¢vrstoci i Zilavosti metala Sava.

UvVOD

Acikularni (iglicasti) ferit se Cesto koristi kao sinonim za
plocice beinitnog ferita, koje formiraju beinitne snopove.
Medutim, u najmanje dva slucaja ovaj naziv je upotrebljen
da bi se opisale nestandardne morfologije. Prvi se odnosi na
niskougljenicne mikrolegirane Celike visoke Cvrstoce, a
drugi na strukturu koja se javlja u niskougljeniénim zavare-
nim spojevima. Kasnija ispitivanja su pokazala da se u
prvom slucaju zapravo radi o klasi¢nim mikrolegiranim bei-
nitnim snopovima, pa je predlozeno da se ovaj naziv koristi
za strukturu metala Sava zavarenog spoja. Danas je u meta-
lurgiji zavarivanja prihvac¢eno da se morfologija, za koju su
karakteristi¢ne ukrStene iglice/ploCice, koje se prostiru u
viSe pravaca i po pravilu su intragranularno (unutar zrna)
nukleirane na uklju¢cima, nazovu acikularni ferit. Kasnije
je utvrdeno da se ovakva struktura moZze obrazovati i u
niskougljeni¢nim mikrolegiranim Celicima kojima su dodati
inokulanti, a pokazano je da se acikularni ferit moze obra-
zovati 1 u srednjeugljeni¢nim mikrolegiranim celicima /1,2/.

Acikularni ferit se javlja ispod temperature izdvajanja
Vidmanstetenovog ferita i prepoznaje se po trodimen-
zionom obliku tanke ploce u vidu sociva. Odnos Sirine i
duzine svake ploce nije meren, ali je prose¢no oko 10 pum
dugacak i 2 um Sirok /3,4/, uz odnos debljine i duzine od
1:3 do 1:10. Ove iglice se javljaju na temperaturama izme-
du 500 1400 °C brzo /3/ i imaju veliku dezorijentaciju iznad
20°C (tj. ugao izmedu iglica ferita), kao i veliku gustinu dis-
lokacija. Eksperimentalno je dokazano da je acikularni ferit
u stvari identi¢an beinitu, ali se morfoloski razlikuju po
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Abstract

It has been established that in weld metal of micro-
alloyed steel the ferritic structure dominates, occurring in
different morphologic forms. The most dominating form in
the weld metal depends on a significant number of factors.
In this paper acicular ferrite as a morphologic form is
described that occurs in weld metal of microalloyed steel
and contributes to weld metal strength and toughness.

INTRODUCTION

Acicular (needle-like) ferrite is often used as a synonym
for plates of bainitic ferrite that are formed from bainitic
bundles. However, in at least two cases, the term is applied
in order to describe non-standard morphologies. The first
refers to low carbon high strength microalloyed steels, and
the second one to the structure that occurs in low carbon
welded joints. Later tests have shown that in the first case
classical microalloyed bainitic bundles are in question, so it
is proposed to use this term for the structure of weld metal
in the welded joint. Today, it is accepted in welding metal-
lurgy that the morphology characterized by interwoven
needles/plates, extending in several directions, that are gen-
erally nucleated intragranularly (inside grains) on inclu-
sions, is termed as acicular ferrite. Later, it is established
that such a structure can be formed also in low carbon
microalloyed steels containing added inoculants, and it is
demonstrated that acicular ferrite can be formed also in
medium carbon microalloyed steel /1, 2/.

Acicular ferrite occurs below the precipitation tempera-
ture of Widmanstitten ferrite and is recognized by a three-
dimensional shape of thin plate-like lens. The width to
length ratio of each plate is not measured, but in average it
is about 10 um long and 2 um wide /3,4/, with thickness to
length ratio from 1:3 to 1:10. These needles occur rapidly at
temperatures between 500 and 400 °C /3/ and are very dis-
orientated above 20°C (i.e. angle between ferritic needles)
with high dislocation density. Experiments have shown that
in fact acicular ferrite is identical to bainite, but their mor-
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tome Sto iglicasti ferit nukleira intergranularno na ukljucci-
ma unutar velikih y zrna, dok beinit nukleira inicijalno na
povrsini y-y zrna i raste ponovljenim obrazovanjem subjedi-
nica, dok se ne obrazuje morfologija u obliku snopa /5/.

MEHANIZAM NASTANKA I RASTA ACIKULARNOG
FERITA

Transformacija acikularnog ferita predstavlja fenomen
nepotpune reakcije, Sto je i karakteristika beinita, pa je ove
dve strukture ponekad teSko razlikovati. Stepen reakcije
tezi nuli kako temperatura transformacije raste i na odrede-
noj temperaturi transformacija prestaje. Rast acikularnog
ferita je bezdifuzioni /6/.

Dokazano je da postoji veza izmedu orijentacionog
odnosa rasta ploca acikularnog ferita i sa austenitom i sa
stubiCastim zrnima primarnog Oo-ferita (u kojem austenit
raste) /7/. Delta ferit nukleira na uklju¢cima koji se nalaze u
rastopu /6/. Posmatrani orijentacioni odnos leZi unutar
Bainovog orijentacionog regiona i moze se opisati sa tri
teksturne komponente, tj. <100> komponentom i dve kom-
plementarne <111> komponente. Svaka od ovih teksturnih
komponenti je orijentisana priblizno paralelno pravcu rasta
prvobitne c¢elije/dendrita /4/. Oblast stubiastog O-ferita
karakteriSe izrazena <100> tekstura o¢vr§éavanja (sl. 1).
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phologies differ in that acicular ferrite nucleates intergranu-
larly on inclusions inside large y grains, while bainite ini-
tially nucleates on y-y grain surfaces and grows by repeated
forming of subunits until bundled morphology is created /5/.

INITIATION AND GROWTH MECHANISM OF ACIC-
ULAR FERRITE

Transformation of acicular ferrite represents an incom-
plete reaction phenomenon which is also a characteristic of
bainite, so it is sometimes difficult to differentiate these two
structures. The reaction degree approaches zero with in-
creasing temperature and at a certain temperature it stops.
Acicular ferrite growth is non-diffusional /6/.

It has been shown that a link exists between the direction
relationship of acicular ferrite growth and austenite and also
of primary J-ferrite columnar grains (where austenite grows)
/7/. Delta ferrite nucleates at inclusions contained in the
solution /6/. The considered orientation relationship lies within
the Bain orientation region and can be described with three
textural components, i.e. <100> and two complementary
<111> components. Each of these textural components is
oriented approximately parallel to growth direction of pri-
mary cell/dendrite /4/. The region of columnar 3-ferrite is
characterized by clear <100> solidification texture (Fig. 1).
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Slika 1. Sematski prikaz orijentacionog odnosa primarnog stubi¢astog 5-ferita, austenita i acikularnog ferita, /7/
Figure 1. Schematic presentation of directional ratio of primary columnar §-ferrite, austenite and acicular ferrite, /7/.

Pri kraju peritekticke reakcije, austenit usaglasava K-S
(Kurdjumow-Sachs) tip orijentacionog odnosa sa 3-feritom
zbog minimiziranja energetske barijere za nukleaciju /7,8/.
Austenit kasnije raste po periferiji primarne faze dok se ne
dodirnu granice susednih zrna. Tokom y-a. transformacije
“efekat memorije” dolazi do izrazaja, pri ¢emu se formiraju
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At the end of peritectic reaction, austenite conforms K-S
(Kurdjumow-Sachs) type of orientation relationship with o-
ferrite due to the minimized energetic barrier for nucleation
/7,8/. Later, austenite grows along the periphery of primary
phase until boundaries of adjacent grains contact. During y-
o transformation “memory effect” is pronounced, with the
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ploce acikularnog ferita koje imaju <100> pravac priblizno
paralelan sa pravcem rasta prvobitne Celije/dendrita. Prisus-
tvo drugih teksturnih komponenata je rezultat dopunske
rotacije kristala unutar iste orijentacione oblasti /7/.

Interesantno je da je opsta funkcija nukleacije acikular-
nog ferita na ukljuccima u sustini identicna funkciji nukle-
acije beinita u obi¢nim cCelicima i u zavarenim spojevima.
To potvrduje da je acikularni ferit u stvari intragranularno
nukleisani beinit. Nukleacija se odvija heterogeno, na
nemetalnim ukljuccima prisutnim u Celiku. Odvijanje nuk-
leacije zahteva klizanje dodirnih povrsina izmedu nukleusa
i matrice, (tj. kada dolazi do klizanja na povrsini uklju-
cak/austenit) i tako se razvije klica ferita. To je moguce, jer
nagomilane dislokacije u austenitu u okolini ukljucka (nas-
tale verovatno usled razlic¢itog termickog Sirenja austenita i
ukljucaka) mogu da obezbede neophodne redoslede koji se
razvijaju u odgovarajuce klice /9,10/.

Na formiranje acikularnog ferita (AF) u metalu Sava
mikrolegiranih Celika uti¢e veliki broj faktora kao Sto su:
vrsta, veli¢ina i broj nemetalnih ukljucaka, uneta koli¢ina
toplote pri zavarivanju, prisustvo kiseonika, legirajuci ele-
menti, veli¢ina austenitnih zrna.

ULOGA NEMETALNIH UKLJUCAKA

Misljenja u pogledu mehanizma obrazovanja acikular-
nog ferita su razli¢ita. Prema jednom misljenju, acikularni
ferit je intragranularno nukleiran Vidmanstetenov ferit, a
prema drugima to je intragranularno nukleirani beinit /1,2,11/.

Najnovija ispitivanja na C-Mn-Ni Savu su pokazala da se
prva grupa iglica acikularnog ferita nukleisala na ukljucci-
ma, §to potvrduje da nemetalni ukljucci predstavljaju prva
nukleaciona jezgra za acikularni ferit. Na sl. 2 su Sematski
prikazani razli¢iti tipovi nukleacije acikularnog ferita, kao i
indukovane nukleacije /12/.

Sa sl. 2 se vidi da se uzajamni odnos izmedu feritnih
iglica i uklju¢aka menja i zavisi od pravca rasta nukleisanih
embriona. Nukleacija acikularnog ferita i uzduzni pravci
rasta oznaceni su strelicama prikazani su na sl. 2a i 2b.
Nukleacija i rast ovog tipa AF stvara dve morfologije,
“zarobljenog” nukleacionog ukljucka, sl.2a, ili dugacku
feritnu iglicu koja dodiruje ukljuc¢ak na jednoj strani, sl. 2b.
Prva morfologija je karakteristicna za manje ukljucke, a
druga za vece. Na sl. 2¢ i sl. 3 prikazana je “zvezdasta”
nukleacija, gde se ukljucak nalazi u centru feritne zvezde,
odnosno, feritne iglice zrakasto izlaze iz ukljucka. Ovaj tip
nukleacije je takode karakteristican za vece ukljucke /12,
13/. Formiranje iglica acikularnog ferita na uklju¢ku moze
dovesti do autokataliticke reakcije, tako da se broj aktivnih
ukljucaka ne slaze sa brojem acikularnih feritnih plocica,
/16,12/.

U prethodnom tekstu opisana je nukleacija acikularnog
ferita potpomognuta uklju¢cima. Posle toga dolazi do tako-
zvane indukovane nukleacije. Indukovane feritne iglice nor-
malno nuklei$u iz postojeéeg igliastog ferita koji je nastao
nukleacijom na uklju¢cima. Ove indukovane feritne iglice
rastu pod velikim uglom u odnosu na pocetne feritne iglice
koje ih nukleiraju i manjih su dimenzija od njih (pocetnih
feritnih iglica; sl. 2d i 3) /12,13/. Acikularni ferit moze
takode indukovano da nukleiSe iz granice zrna izmedu pro-
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formation of acicular ferrite plates of <100> orientation that
is almost parallel to primary cell/dendrite growth orienta-
tion. Presence of other textural components is the result of
additional rotation of crystals within the same orientation
region /7/.

It is interesting that the general function of acicular
ferrite nucleation at inclusions is in fact identical to bainite
nucleation function in ordinary steels and in welded joints.
This confirms that acicular ferrite is in fact intragranularly
nucleated bainite. Nucleation develops heterogeneously at
nonmetallic inclusions existing in steel. Development of
nucleation requires sliding of contact surfaces between the
nucleus and matrix (i.e. when sliding occurs on the inclu-
sion/austenite interface) thus forming the ferritic nucleus. It
is possible since dislocation pile-up in austenite in the
vicinity of inclusion (probably formed due to different ther-
mal expansion of austenite and inclusions) assures required
sequences that develop the corresponding nuclei /9,10/.

Significant number of factors affect acicular ferrite (AF)
formation in weld metal of microalloyed steels, such as: type,
size and number of nonmetallic inclusions, welding heat input,
oxygen presence, alloying elements, austenitic grain size.

THE ROLE OF NONMETALLIC INCLUSIONS

Opinions on mechanisms of acicular ferrite formation
are different. According to one notion, acicular ferrite is
intragranularly nucleated Widmanstétten ferrite, or intra-
granularly nucleated bainite, according to others /1,2,11/.

Latest research of C-Mn-Ni welds has shown that the
first group of acicular ferrite needles had nucleated at inclu-
sions, confirming that nonmetallic inclusions represent ini-
tial nucleation sites for acicular ferrite. The scheme in
Fig. 2 presents different types of acicular ferrite nucleation
and induced nucleation /12/.

It is clear from Fig. 2 that interrelation between ferrite
needles and inclusions changes and depends on growth ori-
entation of the nucleated embryo. Acicular ferrite nuclea-
tion and longitudinal directions of growth are indicated by
arrows in Figs. 2a and 2b. Nucleation and growth of this AF
type creates two morphologies, “engulfed” nucleus inclu-
sion (Fig. 2a), or long ferrite needle contacting the inclusion
on one side (Fig. 2b). The first morphology is typical for
smaller inclusions and the latter for larger ones. In Figs. 2¢
and 3 “star-like” nucleation is presented with inclusion
located in the centre of ferrite star, i.e. ferrite needles ema-
nate from the inclusion in multiple directions. This nuclea-
tion type is also typical for larger inclusions /12.13/. Forma-
tion of acicular ferrite laths at inclusions can induce auto-
catalytic reaction, so the number of active inclusions does
not agree to the number of acicular ferrite plates, /6,12/.

In the former text, acicular ferrite nucleation affected by
inclusions is described. This is followed by the so-called
induced nucleation. Induced ferrite laths normally nucleate
from existing acicular ferrite that has formed by nucleation
on inclusions. These induced ferrite needles grow at large
angles to initial ferrite needles which they nucleated from,
and are smaller in size (compared to initial ferrite needles,
Figs. 2d and 3) /12,13/. Acicular ferrite can also induce by
nucleation on grain boundaries of proeutectoid ferrite and
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eutektoidnog ferita i austenita, ali je ova vrsta nukleacije
daleko manje prisutna u poredenju sa intragranularnim
tipom nukleacije /12/.

.T.
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Slika 2. Model nukleacije i pravaca rasta acikularnog ferita: a), b)
paralelno; ¢) normalno na povrsinu ukljucaka; d) indukovane nukle-
acije acikularnog ferita na postoje¢im feritnim iglicama, /12/

Figure 2. Model of nucleation and orientation growth of acicular
ferrite: a), b) parallel; ¢) perpendicular to inclusion surface; d) acic-
ular ferrite nucleation induced at existing ferrite laths, /12/.

Nukleacioni ukljucci u Savovima sa srednjim (200—
300 ppm) i malim (15-30 ppm) sadrzajem kiseonika su
sli¢nih dimenzija, ali su najaktivniji ukljucci pre¢nika 0,3—
0,9 um (posebno oni preénika 0,56 um), (Zang i Farar /12/).
To se slaze sa rezultatima drugih autora /14,15/ koji su utvr-
dili da su ukljucci prec¢nika > 0,2 pum najvazniji za nuklea-
ciju acikularnog ferita. Hemijski sastav aktivnih ukljucaka
na kojima nukleira acikularni ferit varira. Sve vrste ukljuca-
ka, kao s§to su TiO,, Al,O; SiO,, MnO-SiO,, TiO (ili
Al,03)-MnO-SiO,, MnS (i MnS povrsinska prevlaka), (MnCu)S
(i njegova prevlaka) /12,13/, TiN /6,4/, MnOAL,O5 /4,13/,
MnOTiO, /10/ mogu da nukleiSu acikularni ferit u pocet-
nim fazama transformacije. Grong /4/ tvrdi da acikularni
ferit nukleira na samo 12% od ukupnog broja ukljucaka.

UTICAJ VELICINE AUSTENITNOG ZRNA I UNETE
TOPLOTE

U istom celiku sa velikim brojem ukljucaka, pod istim
izotermalnim uslovima transformacije mogu se dobiti i kon-
vencionalni beinit i acikularni ferit. Da bi se dobio beinit,
austenitno zrno mora da bude malo, §to obezbeduje da se
nukleacija odvija na granici y-y. Kada je austenitno zrno
veliko, broj intragranularnih nukleacionih pozicija (ukljuca-
ka) je relativno veliki, tako da se acikularni ferit javlja pre
nego beinit ($to se vidi sa sl. 4). Plo¢ice acikularnog ferita
nikada ne seku povrSinu austenitnog zrna, /26/.
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austenite, but this type of nucleation is very rare in com-
parison to the intragranular nucleation type, /12/.

D ¥R r .;7“;!'- -
Slika 3. Nukleacija acikularnog ferita na uklju¢cima tipa

MnOAI,0O; ili MnS povrsinska prevlaka, /13/

Figure 3. Acicular ferrite nucleation at inclusions of type
MnOAI,O; or MnS surface coating, /13/.

Nucleation inclusions in welds with mean (200-300 ppm)
and low (15-30 ppm) oxygen concentrations are similar in
size, but the most active inclusions are 0.3—0.9 um in diameter
(particularly 0.56 um), (Zhang and Ferrar, /12/). This agrees
with results of other authors /14,15/ who discovered that
inclusions > 0.2 um in diameter are most important for
nucleation of acicular ferrite. The chemical composition of
active inclusions, on which acicular ferrite nucleates, varies.
All inclusion types, such as TiO,, Al,O3, SiO,, MnO-SiO,,
TiO (or Al,05)-MnO-SiO,, MnS (and MnS surface coating),
(MnCu)S (and its coating) /12,13/, TiN /6,4/, MnOAI,O3
/4,13/, MnOTiO, /10/ can nucleate acicular ferrite in the
initial transformation stage. Grong claims /4/ that acicular
ferrite nucleates at only 15% of the total inclusions.

THE EFFECT OF AUSTENITE GRAIN SIZE
HEAT INPUT

AND

It is possible to obtain both conventional bainite and
acicular ferrite in the same steel with a large number of
inclusions under the same isothermal conditions of transfor-
mation. In order to obtain bainite, the austenite grain should
be fine, assuring nucleation at boundary y-y. When austenite
grain is coarse, the number of intragranular nucleation sites
(inclusions) is relatively large, so acicular ferrite will occur
rather than bainite (as presented in Fig. 4). Acicular ferrite
plates never intersect the austenite grain surface, /26/.
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Slika 4. Uticaj veli¢ine austenitnog zrna u odredivanju dominantnosti acikularnog ferit ili
beinita u mikrostrukturi: a) Dominantan acikularni ferit; b) Dominantan beinit, /6/

Figure 4. The effect of austenite grain size for determining dominancy of acicular ferrite or
bainite in the microstructure: a) Dominant acicular ferrite; b) Dominant bainite, /6/.

U viSeprolaznom zavarenom spoju, svaki naredni prolaz
izaziva topljenje povrSinskog sloja prethodnog prolaza i
strukturne promene onih delova prethodnog prolaza koji se
zagrevaju iznad temperatura faznih transformacija. Na sl. 5
dat je Sematski prikaz uticaja veliCine austenitnog zrna i
temperatura do kojih su bili zagrejani delovi prethodnog
prolaza na udeo acikularnog ferita i ostalih mikrostruktura u
ponovo zagrejanom metalu Sava mikrolegiranih celika, /16/.

Pri zavarivanju celika austenitna zrna u zoni uticaja
toplote (ZUT) rastu, a stepen ukrupnjavanja zavisi od koli-
¢ine unete toplote. Iz ovoga proizilazi da kada se zavaruju
Celici koji sadrZze odgovarajuce ukljucke, koli¢ina acikular-
nog ferita koji se formira u ZUT raste na racun beinita sa
porastom koli¢ine unete toplote (pri cemu raste i veli¢ina
austenitnog zrna), $to se vidi sa sl. 6a. Pri veoma velikim
koli¢inama unete toplote stepen hladenja toliko opada da se
javljaju vece koli¢ine Vidmanstetenovog ferita pri ¢emu
dolazi do odgovarajuéeg smanjenja koli¢ine acikularnog
ferita. U Celiku koji ne sadrzi odgovarajuce ukljucke sadrzaj
acikularnog ferita je uvek veoma mali (sl. 6b), /6/. Pri zava-
rivanju mikrolegiranih celika, optimalna uneta koli¢ina
toplote treba da bude 7-8 kJ/cm, /17/, kao §to se vidi na
sl. 6, /6/.

UTICAJ KISEONIKA U METALU SAVA

Uticaj kiseonika na mikrostrukturu metala Sava je anali-
ziralo viSe istrazivaca, /14,18/. Pri zavarivanju topljivom
elektrodom u zastiti inertnog gasa, dodatak kiseonika i/ili
ugljendioksida zastitnom gasu znacajno poveéava moguc-
nost apsorpcije kiseonika u metal Sava. Medutim, samo deo
kiseonika iz atmosfere luka ¢e obrazovati okside sa legira-
juéim elementima u metalnom kupatilu, jer ¢e vecina kiseo-
nika da ode u okolinu. Oksidi ¢ée da isplivaju na vrh metal-
nog kupatila i pre¢i u trosku ili ¢e ostati zarobljeni kao
ukljucci u metalu Sava. Kao moguce mesto za nastanak
acikularnog ferita ili drugih produkata razlaganja austenita,
ovi ukljucci su vazni za odredivanje kona¢ne mikrostruk-
ture metala Sava.
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In multipass welded joints, each subsequent pass melts
the surface layer of the previous pass and also alters the
structure in regions of the previous pass that are heated
above phase transformation temperatures. Figure 5 shows a
schematic view of the effects of austenite grain size and the
reached temperature in parts of the previous pass on the
fraction of acicular ferrite and other microstructures in the
re-heated weld metal of microalloyed steel, /16/.

During the welding of steel, austenite grains grow in the
heat-affected-zone (HAZ), and the degree of coarsening
depends on the heat input. It follows that if steel containing
particular inclusions is welded, the amount of acicular
ferrite formed in HAZ increases on the account of bainite
with increased heat input (austenite grain size is increased
at the same time), as presented in Fig. 6a. At extremely
high heat inputs, the degree of cooling decreases to the
extent producing larger fractions of Widmanstitten ferrite,
whilst reducing the corresponding fraction of acicular
ferrite. Steel that does not contain the corresponding inclu-
sions always has very small fractions of acicular ferrite
(Fig. 6b), /6/. In the case of welding microalloyed steel, the
optimal heat input should be 7-8 kJ/cm, /17/, as shown in
Fig. 6, /6/.

THE EFFECT OF OXYGEN IN WELD METAL

The effect of oxygen on the weld metal microstructure
has been analysed by several researchers, /14,18/. When
welding with a melting electrode in inert gas shield, the
addition of oxygen and/or carbon dioxide to the gas mixture
significantly increases the possibility of oxygen absorption
in the weld metal. However, only some part of the oxygen
from the arc atmosphere will form oxides of alloying
elements in the molten pool since most of it will dissipate
into the surrounding atmosphere. Oxides will surface in the
molten pool and create slag or will retain as inclusions in
the weld metal. As possible places for nucleation of acic-
ular ferrite and other products of austenite decomposition
these inclusions are important for determining the final
weld metal microstructure.
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Slika 5. Sematski prikaz promene veli¢ine zrna i mikrostrukture tokom toplotnih ciklusa pri zavarivanju, /16/
Figure 5. Schematic view of the change in grain size and microstructure during thermal cycles of welding, /16/.
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Slika 6. Promena mikrostrukture ¢elika u ZUT u zavisnosti od unete toplote zavarivanjem:
a) Celik koji sadrzi Gestice TiO, b) Obigan &elik bez ukljudaka, /6/
Figure 6. Change of HAZ microstructure in function of welding heat input:
a) Steel containing TiO particles. b) Ordinary steel without inclusions, /6/.

Ito i saradnici su pokazali da se sa porastom koncentra-
cije kiseonika u metalu $ava (a time i pove¢anjem sadrzaja
ukljuc¢aka) mikrostruktura, koja sadrzi beinit, zamenjuje
acikularnim feritom, /6/. Kasnije je pokazano da mala koli-
¢ina kiseonika pomera krivu pocetka transformacije ka
duzim vremenima, ali se pri vecoj koli¢ini kiseonika desava
suprotno, kako se vidi sa sl. 7, gde su date krive kontinui-
ranog hladenja metala Sava konstrukcijskih éelika (tacka
pocetka austenitnog razlaganja se menja sa promenom sadr-
zaja kiseonika u metalu Sava), /18/. Kada je u metalu Sava
prisutna manja koli¢ina kiseonika (§to implicira i manji broj
ukljucaka), odnos duzina/Sirina iglica AF se povecava, §to
prouzrokuje pad zilavosti /19/.

Metal $ava sa malom koli¢inom kiseonika, ispod 250 ppm
(kao sto je slucaj TIG zavarivanja i zavarivanja u zastiti gasa
sa malim ekvivalentom kiseonika), ima krivu pocetka ferit-
ne transformacije pomerenu unapred po vremenskoj skali.
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Ito and co-workers have shown that along with increase
of oxygen concentration in weld metal (also followed by
increase of inclusion content), the microstructure containing
bainite is replaced by acicular ferrite, /6/. Later it was
shown that small amounts of oxygen shift the transforma-
tion initiation curve to longer time, but with higher amounts
of oxygen the process is reversed, as seen in Fig. 7, with
continuous cooling curves of weld metal for structural steel
(the onset of austenite decomposition changes with oxygen
content in weld metal), /18/. When small amounts of
oxygen are present in weld metal (also indicating smaller
number of inclusions), the length/width ratio of AF needles
increases, causing drop in toughness /19/.

Weld metal with small amounts of oxygen, below
250 ppm (as is the case with TIG welding and gas shielded
welding with small oxygen equivalent), has its curve of
ferrite transformation start shifted forward in time.
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Ovaj uticaj je sliCan uticaju elemenata koji ojacavaju
Celik i koji pomazu obrazovanju ferita sa sekundarnim faza-
ma u obliku beinita. Za istu brzinu hladenja, sa porastom
kolicine kiseonika u zastitnom gasu, nastaje oksidacija oja-
Cavaju¢ih elemenata, pa se pocetak feritne transformacije
pomera ka kra¢im vremenima, §to pogoduje obrazovanju
dominirajuce strukture acikularnog ferita u metalu Sava
(sadrzaj kiseonika od 250-450 ppm). Sa daljim porastom
sadrzaja kiseonika u zastitnom gasu, u mikrostrukturi meta-
la Sava pocece da dominira Vidmanstetenov ferit, odnosno
ferit sa sekundarnom fazom. Oblik KH dijagrama takode
ukazuje na malu osetljivost koli¢ine proeutektoidnog ferita
koji se izdvaja po granicama zrna na promenu u sastavu
zastitnog gasa, /18,20/.

This effect is similar to the effect of steel hardening by
elements that contribute the formation of ferrite with secon-
dary phases in the form of bainite. Oxidation of hardening
elements initiates at the same cooling rate with the increase
of oxygen concentration in shielding gas, and so the onset
of ferritic phase transformation shifts to shorter times and
benefits the formation of dominant acicular ferrite in weld
metal (oxygen content of 250-450 ppm). Further increase
of oxygen in the shielding gas causes a dominating Wid-
manstitten ferrite microstructure in weld metal, i.e. ferrite
with secondary phases. The shape of the CCT diagram also
indicates small influence the changes in the shielding gas
composition have on proeutectoid ferrite, precipitating at
grain boundaries, /18,20/.
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Slika 7. KH dijagram koji ilustruje efekt sadrzaja kiseonika u metalu $ava i brzine hladenja, /18/
Figure 7. The CCT diagram illustrating the influences of hydrogen in weld metal and the cooling rate, /18/.

UTICAJ LEGIRAJUCIH ELEMENATA NA FORMIRA-
NJE ACIKULARNOG FERITA

Titan i bor

Ispitivanjem je ustanovljeno da Ti i B poboljSavaju meha-
nicke osobine metala Sava /21,22/. Odgovaraju¢im odno-
som Ti i B moze da se suzbije nukleacija ferita po granica-
ma zrna (primarnog ferita). PredloZeno je viSe mehanizama
za objaSnjenje uticaja B na nukleaciju ferita po granicama
zrma /21,23/. Jedan od mehanizama ukazuje da B, kao
slobodan element, moZe da difunduje ka granicama prvobit-
nih austenitnih zrna i smanjuje energiju granica zrna. Ovo
smanjenje energije vodi ka povecanju energetske barijere za
nukleaciju ferita i smanjenju ferita po granicama zrna. Titan
Stiti bor od kiseonika i azota. Nitrid titana se formira na
viSim temperaturama od nitrida bora i omogucéava boru da
ostane slobodan i da difunduje ka granicama zrna prvobit-
nog austenita /21,24/. Ukljucci Ti su se pokazali povoljnim
za formiranje jezgara acikularnog ferita unutar zrna.

Optimalna Zilavost metala $ava Celika poviSene Cvrstoce
(HSLA-100) se javlja pri nivou Ti od 150 ppm. Malo pove-
¢anje sadrzaja Ti u metalu $ava kod ovih ¢elika znacajno
smanjuje udarnu zilavost pri —60°C, tako da posle izvesnog
sadrzaja Ti postaje nepozeljan u metalu Sava, /21/.
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THE EFFECT OF ALLOYING ELEMENTS ON THE
FORMATION OF ACICULAR FERRITE

Titanium and boron

It has been established by tests that Ti and B improve
mechanical properties of the weld metal /21,22/. The cor-
responding Ti and B ratio makes it possible to suppress
ferrite nucleation at grain boundaries (of primary ferrite).
Several mechanisms are proposed for the explanation of B
affecting nucleation of ferrite at grain boundaries /21,23/.
One mechanism indicates that B, as a free element, can
segregate to primary austenite grain boundaries and reduce
grain boundary energy. This energy reduction causes the
increase of energy barrier for ferrite nucleation and reduc-
tion of ferrite at grain boundaries. Titanium nitride is form-
ed at higher temperatures than boron nitride and enables B
to remain free and segregate to primary austenite grain
boundaries /21,24/. Inclusions of Ti have shown to be bene-
ficial for the formation of acicular ferrite inside grain.

Optimum toughness of weld metal in high strength steel
(HSLA-100) is achieved for Ti level of 150 ppm. Small
increase in Ti in the weld metal of these steels substantially
decreases impact toughness at —60°C and so excess amounts
of Ti become undesirable in the weld metal, /21/.
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Evans je proucavao uticaj Ti i B na mikrostrukturu i
osobine feritnih celika i dao trodimenzioni model kompju-
terski obradenih podataka (sl. 8). Sa sl. 8 se vidi da se mak-
simalan sadrzaj acikularnog ferita javlja pri 250-400 ppm
Ti u kombinaciji sa 40-50 ppm B. Veca koli¢ina B dovodi
do naglog pada zapreminskog udela acikularnog ferita i ta
pojava, na koju takode utice prisustvo azota, se jo§ uvek
izucava /24/.

8

Mikrostrukture (%)
Microstructures (%)

Evans studied the effect of Ti and B on microstructure
and properties of ferritic steels and proposed three-dimen-
sional model of computational data (Fig. 8). It can be seen
from Fig. 8 that maximal concentration of acicular ferrite is
for 250—400 ppm of Ti combined with 40-50 ppm of B.
Higher amount of B produces sharp drop in acicular ferrite
volume fraction and this phenomenon, affected also by
nitrogen, and is still the subject of research, /24/.

Slika 8. Mikrostrukturni model metala $ava koji sadrzi Tii B (N = 75 ppm), /24/
Figure 8. Microstructural model of weld metal, containing Ti and B (N = 75 ppm), /24/.

Mangan, nikal, hrom i molibden

Legiraju¢i elementi, kao $to su Mn, Ni, Cr i Mo, ojaca-
vaju metal Sava ili ¢vrstim rastvaranjem (supstitucijsko
ojacavanje) ili Cesticama sekundarnih faza (talozno ojaca-
vanje) i imaju znacajan uticaj na konacnu mikrostrukturu,
jer reagovanjem sa kiseonikom formiraju ukljucke koji
sluze kao jezgra nukleacije, /21/. Prisustvo ovih elemenata
u ¢vrstom rastvoru prouzrokuje smanjenje proeutektoidnog
ferita na racun povecanja zapreminskog udela acikularnog
ferita (samo do odredenog stepena legiranja). Pri veéim
sadrzajima ovih elemenata dolazi do smanjenja zapremin-
skog udela acikularnog ferita u strukturi /6/ na ra¢un pove-
¢anja udela ferita sa sekundarnom fazom /25,26,27/, a u
nekim slucajevima i martenzita, /25/.

Rezultati ispitivanja Zanga i Farara /12/ pokazuju da
dodaci Ni metalu Sava pospesSuju obrazovanje acikularnog
ferita /21/, pri cemu se poveéava i odnos duzina/Sirina igli-
ca AF /19/, a smanjuje se koli¢ina proeutektoidnog ferita
pri povecanju sadrzaja Mn. Mangan kao primarni legirajuci
element metala Sava stabilizuje austenit na nizim tempera-
turama, §to moze dovesti do formiranja beinita i martenzita.
Zahvaljuju¢i njegovoj sposobnosti da obrazuje ukljucke
(npr. MnO-Al,03), koji se ponasaju kao mesta formiranja
acikularnog ferita, dolazi do povecanja ¢vrstoce, odnosno
zilavosti, /21/. Primecéen je potencijal Mn jaéi od potencijala
Ni za suzbijanje formiranja Vidmanstetenovog ferita, /28/.
Ovo potvrduje prethodne rezultate Evansa, (sl. 9), /25,28/.
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Manganese, nickel, chromium and molybdenum

Alloying elements such as Mn, Ni, Cr and Mo, strengthen
the weld metal either by solid solution (substitution harde-
ning) or by second phase particles (precipitation hardening)
and significantly affect the final microstructure, because
reacting with oxygen they form inclusions serving as
nucleation sites, /21/. The presence of these elements in the
solid solution causes decrease in proeutectoid ferrite on the
account of the acicular ferrite volume fraction increase
(only up to a certain alloying degree). Higher contents of
these elements tend to decrease the acicular ferrite volume
fraction in the structure /6/ due to the fractional increase in
ferrite with secondary phase /25,26,27/, and also martensite
in some cases, /25/.

The results of Zhang and Farrar /12/ show that addition
of Ni to weld metal intensifies acicular ferrite formation
/21/, followed by an increase in length/width ratio of AF
needles /19/, and the amount of proeutectoid ferrite de-
creases with higher Mn content. Manganese, as the primary
alloying element of weld metal, stabilizes austenite at lower
temperatures which may lead to the formation of bainite
and martensite. Owing to its capability to form inclusions
(e.g. MnO-Al,03) that behave as sites for acicular ferrite
formation, the strength and toughness are increased /21/. A
stronger potential of Mn, rather than Ni, has been noticed to
suppress formation of Widmannstétten ferrite, /28/. This
confirms previous results of Evans, (Fig. 9), /25,28/.
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Sa sl. 9 se jasno vidi da pri ve¢im sadrzajima Mn i Ni, u
mikrostrukturi moze da se pojavi i martenzit na racun sma-
njenja acikularnog ferita, /25/.

100 0

Proeutektoidni ferit
Proautectoid ferrite

- 10

M2
=

-]
(=]
]
o

Ferit sa sekundarnom fazom
Ferrite with secondary phase

L]
=]
iY
L]

on
=
on
Lo ]

=3
L]
[a)]
(=]

Microstructural components (%)

(]
o

Mikrostrukturne kormponente (%)

Acikularni ferit 70
Acicular ferrite
1.0%Mn 90

Q 1 2 3

@)  Nikal u metalu 3ava (%)
Miin weld metal (%)

]
=]

—
o

Kombinovanjem rezultata Zanga i Farara sa podacima
Harisona, Farara i Evansa dobijena je zavisnost zapremin-
skog udela acikularnog ferita od odnosa sadrzaja Ni i Mn u
C-Mn-Ni metalu Sava, a pri nivou ugljenika 0,04-0,05%,
(sl. 10), /28/.

Slika 10 ukazuje na postojanje optimalnog opsega sadr-
zaja Ni i Mn pri kojem se ostvaruje visok procenat acikular-
nog ferita. Kombinacijom sadrzaja Ni i Mn unutar ovog
opsega moguce je posti¢i 70 do 85% acikularnog ferita, dok
sastavi van ovog opsega dovode do pojave velike koli¢ine
proeutektoidnog ferita ili martenzita, Sto u oba slucaja
prouzrokuje smanjenje zilavosti. Sa sl. 10 se vidi da se M,
linija nalazi u oblasti sastava sa najveéim ostvarenim pro-
centom acikularnog ferita. Ukoliko bi sadrzaji Ni i Mn bili
iznad Mg linije, u mikrostrukturi bi se pored velike koli¢ine
acikularnog ferita pojavila i izvesna koli¢ina martenzita, $to
znatno smanjuje zilavost metala $ava. Optimalne vrednosti
zilavosti se dobijaju za metal Sava kod kojeg je sadrzaj Ni i
Mn dovoljno daleko od linije M, a iznad oblasti bogate
proeutektoidnim feritom, (sl. 11), /28/.

Poredenjem rezultata sa sl. 10 i 11 je zakljuceno da se
najbolja Zilavost dobija sa mikrostrukturama od 50-75%
acikularnog ferita sa ostalim proeutektoidnim feritnim kom-
ponentama. Mikrostrukture sa veéim sadrzajem acikularnog
ferita (> 75%) ne daju ocekivana svojstva jer prisustvo
segregacija 1/ili martenzita moze da neutraliSe pozitivne
efekte acikularnog ferita. Stoga je potrebno biti pazljiv pri
pokusaju da se ostvari visoka proporcija acikularnog ferita
povecanjem sadrzaja legirajucih elemenata. Ukoliko se zava-
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Mikrostrukturne komponente {5%)

Figure 9 clearly depicts that for higher concentrations of
Mn and Ni can also result in the appearance of martensite
on the account of decrease in acicular ferrite, /25/.
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Slika 9. Uticaj Ni na mikrostrukturu zavarenog spoja pri: a) 1% Mn; b) 1,8% Mn, /25/
Figure 9. The effect of Ni on the welded joint microstructure, for: a) 1% Mn; b) 1.8% Mn, /25/.

Combining Zhang and Farrar results with data of Harri-
son, Farrar and Evans gives the dependence of acicular ferrite
volume fraction on the content ratio of Ni and Mn in C-Mn-
Ni weld metal, at carbon level 0,04-0,05%, (Fig. 10), /28/.

Figure 10 indicates the existence of optimal Ni and Mn
content range at which high percentage of acicular ferrite is
achieved. By combining Ni and Mn content inside this
range it is possible to reach 70 to 85% acicular ferrite,
whereas the compositions outside this range allow for high
quantity of proeutectoid ferrite or martensite, causing
decrease of toughness in both cases. It can be seen from
Fig. 10 that the M; curve is situated in the composition
region with the highest achieved acicular ferrite percentage.
If concentrations of Ni and Mn should be above the M,
curve, some martensitic content would appear in the micro-
structure, apart from the high level of acicular ferrite, thus
significantly decreasing weld metal toughness. Optimal weld
metal toughness values are obtained for contents of Ni and
Mn that are far from the M; curve and above the region rich
in proeutectoid ferrite, (Fig. 11), /28/.

Comparison of results in Figs. 10 and 11 has concluded
that the best toughness is obtained with microstructures of
50-75% acicular ferrite with other proeutectoid ferrite com-
ponents. Microstructures with higher acicular ferrite content
(> 75%) do not show expected properties because presence
of segregations and/or martensite can neutralize positive
effects of acicular ferrite. Hence, it is necessary to be
cautious attempting to achieve high acicular ferrite propor-
tion by increasing alloying elements. In case of multipass
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rivanje izvodi u viSe prolaza, u ponovo zagrejanim zonama
udeo PF se smanjuje na ra¢un povecanja udela AF, /28/.

Hrom pri malim sadrzajima u metalu Sava utice na pove-
¢anje udela acikularnog ferita u mikrostrukturi na racun
smanjenja proeutektoidnog ferita, dok pri ve¢im sadrzajima
dovodi do povecanja udela ferita sa sekundarnom fazom
(FS), 126/, $to je prikazano na sl. 12.
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Slika 10. Uticaj sadrzaja Mn i Ni na zapreminski udeo acikular-
nog ferita u metalu Sava (C = 0,04-0,05%), sa ucrtanom linijom
pocetka martenzitne transformacije (M), /28/

Figure 10. The effect of Mn and Ni on acicular ferrite volume
fraction in weld metal (C = 0.04-0.05%) with the curve of
martensite transformation start (M), /28/.
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welding, the PF fraction is reduced on the account of
increased AF fraction in the reheated zones, /28/.

Small contents of chromium in weld metal affects the
increase of acicular ferrite fraction in the microstructure on
the account of proeutectoid ferrite decrease, whereas higher
content leads to fraction increase of ferrite with secondary
phase (FS), /26/, as presented in Fig. 12.
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Slika 11. Uticaj sadrzaja Mn i Ni u metalu $ava na Sarpi
energiju, na —50°C, /28/

Figure 11. The effect of Mn and Ni in weld metal on the Charpy
energy, at —50°C, /28/.
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Slika 12. Uticaj sadrzaja Cr u metalu Sava na mikrostrukturu pri: a) 1,0% Mn; b) 1,8% Mn, /26/
Figure 12. The effect of Cr in weld metal on the microstructure at: a) 1.0% Mn; b) 1.8% Mn, /26/.
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Pri 0,25% Cr izmedu iglica acikularnog ferita se nalaze
martenzitno/austenitne (M/A) mikrofaze. Prisustvo Mo uti-
¢e na smanjenje proeutektoidnog ferita, pa ga pri sadrzZaju
od 1,1% Mo, gotovo nema u mikrostrukturi (sl. 13).

100

At 0.25% of Cr, the martensite/austenite (M/A) micro
phase is found between acicular ferrite laths. The presence
of Mo affects the decrease of proeutectoid ferrite and at
1.1% Mo, there is none in the microstructure (Fig. 13).
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Slika 13. Uticaj sadrzaja Mo na mikrostrukturu metala $ava pri 1% Mn, /27/
Figure 13. The effect of Mo content in weld metal on the microstructure, at 1% Mn, /27/.

Povecanje sadrzaja Mo do 0,5% dovodi do povecanja
zapreminskog udela acikularnog ferita, a dalje povecanje
sadrzaja Mo u metalu Sava dovodi do smanjenja AF na
racun povecanja udela ferita sa sekundarnom fazom /27/.

I u sluéaju legiranja sa Cr i sa Mo, udeo Vidmansteten-
ovog ferita u feritu sa sekundarnom fazom se smanjuje vrlo
malo pri povecanju udela ovih legiraju¢ih elemenata, dok se
zapreminski udeo ferita sa sekundarnom fazom drasti¢no
povecava posle odredenog stepena legiranja, jer se pri tome
povecava zapreminski udeo beinita (prisutnog u feritu sa
sekundarnom fazom). Ovo je prouzrokovano smanjenjem
proeutektoidnog ferita, pa granice austenitnog zrna postaju
slobodne za nukleaciju beinita, /6/.

ZILAVOST ACIKULARNOG FERITA

Acikularni ferit ima veoma dobru zilavost zbog male
veli¢ine zrna i visokougaone granice zrna, pa je propagacija
mikroprsline cik-cak (sama se koci) /5,6/. Znaci, prslina
menja pravac rasta svaki put pri prelazu iz jedne u drugu
plocicu acikularnog ferita, koje su medusobno razlicito
orijentisane (sl. 14).

Povecana zilavost acikularne morfologije u odnosu na
morfologiju snopova (beinita) je razumljiva ako se zna da
su pojedine plocice acikularnog ferita znatno manje od
beinitnih snopova, odnosno da u strukturi acikularnog ferita
postoji znatno veéi broj granica koje primoravaju rastucu
prslinu da menja pravac (sl. 14a).
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The increase of Mo up to 0.5% leads to the increase of
acicular ferrite volume fraction, and a further increase of
Mo in the weld metal leads to AF decrease on the account
of the fraction increase of ferrite with secondary phase /27/.

Also, in the case of alloying with both Cr and Mo, when
the concentration of these elements increases, the fraction
of Widmannstétten ferrite inside the ferrite with secondary
phase decreases a small amount, whereas the volume frac-
tion of the ferrite with secondary phase drastically increases
after a certain alloying degree, since the volume fraction of
bainite increases (existing in ferrite with secondary phase).
This is due to decrease in proeutectoid ferrite, so austenite
grain boundaries become free for bainite nucleation, /6/.

ACICULAR FERRITE TOUGHNESS

Acicular ferrite is characterized by very good toughness
due to small grain size and high angle grain boundaries, so
the growth of the crack is zigzag (self-arresting crack) /5,6/.
This means the crack changes its direction by travelling
from one to another acicular ferrite plate that are differently
oriented (Fig. 14).

Increased toughness of acicular morphology compared to
bundle morphology (bainite) is understandable, knowing
that individual plates of acicular ferrite are significantly
smaller than bainite bundles, i.e. a larger number of
boundaries exist in the acicular ferrite structure forcing the
growing crack to change its direction (Fig. 14a).
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Kretanje prsline kroz beinitne snopove prikazano je na
sl. 14b. Prslina menja pravac rasta kada naide na granice
razli¢ito orijentisanih snopova. Granice ploCica ne menjaju
pravac rasta prsline jer imaju istu kristalografsku orijenta-
ciju, pa je zilavost morfologije snopova veca ukoliko je
pre¢nik snopova manji, /1,29/.

Acikularni ferit
Acicular ferrite

Prslina
Crack

Crack movement across bainite bundles is presented in
Fig. 14b. The crack changes its direction when it reaches
boundaries of differently oriented bundles. Plate boundaries
do not change crack growth direction, because they have
the same crystallographic orientation, so bundle morpho-
logy toughness is higher for smaller bundle diameter, /1,29/.

_. ,/////'.
'//\\\\\\\\\

Beinit
Ball'lltE

Slika 14. Sematski prikaz rasta krte prsline kroz: a) acikularni ferit, b) belnltne snopove, /1/
Figure 14. Scheme of brittle crack growth across: a) acicular ferrite; b) bainite bundles, /1/.

Fleming sa saradnicima se bavio ispitivanjem metala
Sava celika povisene Cvrsto¢e i dokazao da su povecana
zilavost i ¢vrstoca metala Sava u direktnoj vezi sa sadrzajem
acikularnog ferita, /21/, tj. da struktura AF ima veliku
otpornost na propagaciju prsline, /19/. Bitno je naglasiti da
je duzina iglica AF vazan faktor koji uti¢e na zilavost, tj.
smanjenjem odnosa duzina/Sirina iglica AF, povecava se
zilavost, /19,30/.

Mnogi istrazivaci su se bavili odredivanjem procentu-
alnog udela AF u strukturi metala Sava i njegovog uticaja
na zilavost /21,28,31,32/. Tako je Fleming sa saradnicima
pokazao da metal Sava sa najvecom zilavoscu saéinjava u
sustini dvofazna mikrostruktura — 60% acikularnog ferita i
30% martenzita, /21/. Farar i Hanson su dosli do zakljucka
da se najbolja kombinacija svojstava niskolegiranog metala
Sava moze ostvariti pri viSe od 65% acikularnog ferita,
/28,31/. Svenson i Gretoft su takode istakli pozitivan uticaj
od samo 50% acikularnog ferita, /38,32/. Zang i Farar su
ispitivali C-Mn-Ni metal Sava i dosli su do zakljucka da
kombinacija 50-75% acikularnog ferita i strukture alotrio-
morfnog ferita na granicama zrna obezbeduje najbolju zila-
vost, dok visoka proporcija acikularnog ferita (koja se vezu-
je za druge mikrostrukturne pojave, kao $to su martenzit i
strukture segregacije) daje slabija svojstva, /28/.

ZAKLJUCAK

U ovom radu je analizirana nestandardna morfologija
ferita, tj. acikularni ferit, ¢ije prisustvo direktno utiCe na
mehanicka svojstva metala Sava. Kako su u strukturi metala
Sava mikrolegiranih Celika zastupljeni razli¢iti morfoloski
oblici ferita, njegova mehanicka svojstva, a narocito zila-
vost zavise od najzastupljenije morfologije. Pokazalo se da
je acikularni ferit najpozeljniji morfoloski oblik ferita. Zato
treba poznavati sve faktore koji utiCu na pojavu ne samo
acikularnog ferita, nego i drugih oblika ferita, jer se aciku-
larni ferit nikada ne javlja samostalno. Tako se moze, izbo-
rom odgovaraju¢ih parametara, posti¢i morfologija koja
daje najbolje karakteristike metala Sava.
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Fleming and co-workers investigated the weld metal of
high strength steel and proved that increased toughness and
strength are directly correlated to acicular ferrite concentra-
tion, /21/, i.e. that the AF structure has great resistance to
crack growth, /19/. It is emphasized that AF needle length
is an important factor affecting toughness, i.e. by decreas-
ing the length/width ratio of AF needles, the toughness
increases, /19,30/.

Many researchers investigated determining the fraction
percentage of AF in weld metal structure and its effect on
the toughness /21,28,31,32/. Thus, Flemming and co-workers
had shown in fact that the microstructure of weld metal of
the highest toughness is consisted of two phases — 60% of
acicular ferrite and 30% of martensite, /21/. Farrar and
Hansson came to the conclusion that the best combination
of characteristics of low alloyed weld metal can be obtained
with over 65% of acicular ferrite, /28,31/. Svensson and
Gretoft also emphasized a positive effect of only 50% of
acicular ferrite, /38,32/. Zhang and Farrar investigated C-
Mn-Ni weld metal and concluded that the combination of
50-75% of acicular ferrite and alotriomorphic ferrite at the
grain boundaries assures the best toughness, while the high
acicular ferrite proportion (connected with other micro-
structural phenomena, such as martensite and segregation
structures) produces weaker properties, /28/.

CONCLUSION

In this paper the non-standard ferrite morphology is ana-
lysed, i.e. acicular ferrite, whose existence directly affects
weld metal mechanical properties. Since different ferrite
morphological forms exist in the weld metal structure, its
mechanical properties, especially toughness, depend mostly
on the dominant morphology. It has been shown that acic-
ular ferrite is the most desirable morphology of ferrite.
Hence, it is necessary to know all factors affecting the
occurrence not only of acicular ferrite, but also other ferrite
forms, since acicular ferrite never occurs singularly. By
selecting corresponding parameters, it is possible to obtain
the morphology for the best properties of the weld metal.
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