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Beseda glavnega urednika

Cas, ko so znameniti metalurgi: AngleZa Bessemer in Thomas ter Francoz Mar-
tin, v drugi polovici prejsnjega stoletja zaceli pridobivati jeklo v tekocem stanju in
vsled tega in naenkrat v velikih kolicinah, oznacufemo kot zacetek industrijske revo-
lucije. Vseh naslednjih sto let je bilo znacilnih po hitri rasti proizvodnje jekia, saj ga je
svetovni trg potreboval vedno vec in vec.

V sedemdesetih letih tega stoletja pa se je trg zasitil. Evropa in druge dezZele
Zahoda so morale drastiéno zmanjsati proizvodnjo in proizvodne zmogljivosti.

Kriza, v kateri se je znaslo jeklarstvo, pa je spodbudila razvoj k novim dosez-
kom. Spet govorimo o revoluciji v proizvodnji jekla, ki pa se kaZe predvsem v silovi-
tem tehnoloskem napredku proizvodnje, bodisi konvertorskega ali elektro jekla ter v
velikem povecanju gospodarnosti in produktivnosti, ki se giblje celo do 1000t toplo
valjanega jekla na delavca letno.

Geslo »clean steel« Ze vsaj celo desetletje daje pecat moderni »high tech« teh-
nologiji proizvodnje jekla v najbolf razvitih deZelah zahodne Evrope.

Z veseljem lahko ugotavijamo in priznanja, ki jih dobivamo samo potrjujejo, da
tudi v slovenskih Zelezarnah izdelujemo »Cista jekla« visoke kakovosti s povsem
sodobno tehnologijo ter izkusenim in sposobnim strokovnim kadrom.

Zasluge za napredek slovenske metalurgije gredo tudi Metalurskemu institutu v
Ljubljani. Prav je, da ob stiridesetletnem jubileju Metalurskega instituta opozorimo na
zasluge, ki jih ima kot osrednja raziskovalna ustanova Slovenskih Zelezarn za njihov
razvoj. Predvsem je to zasluga ljudi, ki so ga vodili, ter sodelavcev, ki so z njim rasli in
danes predstavijajo steber znanja, na katerih sloni ugled, ki ga uZiva. Da je temu res
tako pricajo tudi dela objavijena v tej jubilejni Stevilki.

T AL







2628 24 (1990) 1

M Gabroviek Ob 40-letmic: dela Metaurskega indtituta v Ljubljani 3

Ob 40-letnici dela Metalurskega instituta

v Ljubljani

On the Fourtieth Anniversary of the
Metallurgical Institute in Ljubljana

Neposredno po vojni je bila naloga slovenske in
jugoslovanske metalurgije osvojiti tehnologije proizvod-
nje kvalitetnih jekel, barvnih kovin in zlitin ter ognjevarnih
gradiv. Nastali so razvojni projekti in programi v skladu s
predvideno industrializacijo drzave. Z letno proizvodnjo
230.000 ton jekla v vseh jugoslovanskih Zelezarnah je
bila nasa drzava manj razvita, kljub temu da imamo
ustrezne osnovne surovine. Industrijska prenova je
vklju€evala tudi predelovalno industrijo, ki je za svoj raz-
voj iskala nove materiale.

Tako stanje in naloge pa so zahtevale veliko novega
strokovnega metalurskega znanja in raziskovalnega
dela.

Zato so se ze leta 1947 pricele na iniciativo
prof. dr. h. c. Cirila Rekarja priprave za izgradnjo meta-
lurSkega instituta v Ljubljani. Prvega maja leta 1950 je bil
v Ljubljani prizgan prvi eksperimentalni plavZ, ki je obe-
nem pomenil zacetek dela Metalurskega instituta v Lju-
bljani. S tem so bile dane prve osnove za temeljne razi-
skave predelave rud, proizvodnjo surovega Zeleza in
prenos, rezultatov v metalursko industrijo.

Neposredno po ustanovitvi instituta so bili izdelani
raziskovalni programi na Stirinajstih strokovnih podroc-
jin: od vrednotenja rudnega bogastva, preiskav goriy in
energetike, do proizvodnije in predelave kovin. Institut je
zacel razvijati raziskovalno dejavnost tudi na podroc&ju
preiskav materiala, fizikalne metalurgije in metalurske
kemije, projektiranja in svetovalnega inZeniringa.

Kljub relativho skromni opremi v zagetku delovanja
instituta so posebej skrbeli za vzgojo strokovnih in
pedagoskih delavcev ter za vklju€evanje v izobrazevalni
proces Univerze v Ljubljani, posebej Montanistike. V le-
tih 1950 do 1965 je bilo v okviru dejavnosti Metalurskega
instituta izdelanih kar 227 diplomskih nalog ali ve¢ kot
50 % vseh. To so bile naloge, katerih rezultati so se
neposredno vgrajevali v proizvodne postopke izdelave in
predelave Zeleza, jekla in barvnih kovin, v vse tovrstne
dejavnosti Sirom po nasi drzavi.

Zaradi uspehov raziskovalnega dela in vzgoje stro-
kovnjakov, pomembnih za vso drzavo, je bil Metalurski
indtitut v Ljubljani leta 1958 izbran za osrednjo razisko-
valno organizacijo Zdruzenja jugoslovanskih Zelezarn.

Diplomanti-inZenirji metalurgije so bili nosiici razvoja
metalurgije. Ze v Sestdesetih letih je bila ustvarjena taka
kadrovska osnova, da so priéeli ustanavijati sorodne
vzgojne in raziskovalne institucije sirom po drzavi. Zato
je Metalurski institut vse bolj postajal osnovna razisko-
valna organizacija v okviru slovenske metalurgije in se
skupaj s pedagoskim kadrom na metalurskem oddelku
Montanistike vse bolj vkljueval v razvojne zasnove slo-
venske érne in barvne metalurgije ter nekovin,

Directly after World War |l, to the Yugoslav (including
the Slovene) metallurgy the development of quality
materials and manufacturing processes in steel, nonfer-
rous metals, alloy and refractory industry was assigned.
Projects and programs on development were prepared
in accordance with the planned industrialization of the
country. The total yearly yield of all the Yugoslave iron-
work amounted to 230.000 ton, making our country
undeveloped, although there was an abundance of raw
matenial. The processing industry, involved in the pro-
cess of industrial renovation, was searching for new
materials to support its progress.

The postwar situation in metallurgy was facing a
great need for expert knowledge and research, which
developed the idea to found a metallurgical institute.

On the initiative of Professor Ciril Rekar, the prepara-
tions for erection of the Metallurgical Institute were
started in 1947, In May 1, 1950, in Ljubljana, the first
experimental blast furnace was started, indicating the
beginning of work of the Metallurgical Institute. Thus the
foundations for the basic research in ore processing
and pig-iron production were set. The research results
were supplied directly to the metallurgical industry.

The Institute's foundation was followed directly by
creation of research programs in fourteen different
branches of metallurgy, such as: evaluation of domestic
ore deposits, research on fuel and energetics, as well as
manufacturing and processing of metal, The Institute
began with the research in material, in physical metal-
lurgy., and metallurgical chemistry, including projects
and advisory engineering.

Special emphasis was laid on professional and
teaching staff's postgraduate study of metallurgy at the
University of Ljubljana. Although the outfit of the Insti-
tute was rather poor in the beginning, from 1950 through
1965, 227 graduation theses on the studies in which the
Metallurgical Institute was engaged at the time were
composed, which is more than 50 % of the total number
of theses on metallurgy. The results of these works were
delivered to metallurgical and metal processing industry
to be used throughout the country.

Owing to its succesful research and the staff's adv-
anced education, the Metallurgical Institute became the
leading research organization in the Association of
Yugoslav ironwork.

The graduates with at least a B. A. degree in metal-
lurgy became the bearers of the progress of metallurgy.
The sixties provided quite a few professionals, suffi-
ciently expert to establish institutes bearing resembl-
ance to the existing ones in knowledge and research
scopes. Accordingly, the Metallurgical Institute grew



4 M Gabeowiek Ob 4D-letnici dala Metalurdkoga ndtituta v Ljublan)

2E2ZB 24 119501 1

Podobno kot na podrocju ¢rne metalurgije, so bile
raziskovalne naloge Metalurskega instituta usmerjene na
podro¢je problematike izkoris¢anja manganovin in
nikljevih rud, fluoritov in kremencevih spojin. Pomembni
so bili tudi raziskovalni rezultati na podro¢ju metalurgije
bakra in njegovih zlitin, cinka, aluminija in redkih kovin.

Karakteristiéno za dejavnost Metalurskega instituta v
Ljubljani je tesno sodelovanje z metalurskim oddelkom
Montanistike. Teamsko delo in povezovanje pedago-
skega kadra Univerze z raziskovalci inStituta je omogo-
¢alo &iroke programe razlicnih metalurskih smeri, pri
éemer so bili dosezeni rezultati vgrajeni v slovensko in
jugoslovansko metalurgijo in tudi predstavijeni Sirsi sve-
tovni javnosti na mednarodnih posvetovanjih in v tujem
strokovnem tisku.

Tako je Metalurdki indtitut v Ljubljani poznan v svetu
po temeljnih raziskavah o vplivu oligoelementov v jeklu
in zlitinah, nadaljnjem razvoju tehnologije pretaljevanja
jekla pod Zlindro ter po raziskavah fizikalnih procesov in
identifikaciji nekovinskih in strukturnih komponent jekla.

Metalurdki institut v Ljubljani je prvi v drZavi pricel
proizvajati specialne zlitine za razvoj posameznih seg-
mentov elektronike. Se danes je Metalurski institut edini
proizvajalec in dobavitelj nekaterih zlitin nasi elektronski
industriji.

Zato je prav, da ob Stiridesetletnici dela in Zivijenja
Metalurdkega instituta v Ljubljani zapisem. da je razisko-
valna dejavnost Metalurkega instituta prispevala tudi k
dolgoroénim razvojnim odlocitvam v metalurgiji, pred-
vsem na podro¢ju tehnoloskih resitev.

Raziskovaino dejavnost Metalurskega instituta je
usmerjal od leta 1970 dalje tudi Odbor za znanstveno
raziskovalno delo pri Slovenskih Zelezarnah, za podrocje
barvnih kovin ter nekovin pa podobna institucija pri
Sploénem zdruzenju za metalurgijo in livarstvo Slovenije.
Taka organizacija raziskovalne dejavnosti je mocno pri-
spevala h koordinaciji raziskovalnih potencialov instituta
ter pedagoékega kadra univerze in vplivala na koordina-
cijo financiranja raziskovalnega dela tudi z Raziskovalno
skupnostjo Slovenije.

Z ustanovitvijo Metalurskega instituta v letu 1950
smo izgradili temelje razvojne in raziskovalne dejavnosti
na podroéju metalurgije. Do danes je bila s pomocjo
raziskovalnega dela na mnogih podro¢jih izvrsena teh-
noloska prenova nase metalurgije.

Danes sledimo razpravam o zdruzitvi Evrope na
podroéju industrijske dejavnosti in si postavlijamo vpra-
Sanje, ali smo s svojim znanjem sposobni za vstop v leto
1992. Menim, da je slovenska metalurgija sledila tehnolo-
skemu razvoju posameznih industrijskih panog v svetu.
S svojim znanjem smo se sposobni sooCiti tudi z razvi-
tim svetom. Prehod ni vpradljiv, ¢e bodo tudi pri nas
delovali tisti elementi gospodarjenja. ki jih ima na razpo-
lago podobna industrija v razvitem svetu.

Osnova za tako mnenje je tudi strokovno znanje in
rezultati raziskovalnega dela Metalurskega instituta v
preteklem obdobju. Zaupanje v prihodnost gradim tudi
na pedagoSkem kadru Montanistike in Univerze v Lju-
bljani, kot tudi na strokovnem kadru v raziskovalnih
oddelkih v posameznih delovnih organizacijah. Ob
takem strokovnem potencialu in znanju lahko z zaupa-
njem zremo v prinodnost metalurgije v Sloveniji.

SRECNO

Prof. dr. Marin GABROVSEK, dipl. ing. met.
Predsednik Odbora za znanstveno raziskovalno delo
S0OZD Slovenske zelezarne

into the basic research organization within the Slovene
metallurgy. getting more and more engaged in research
on the Slovene iron and non-ferrous metallurgy including
non-metals.

Like in ferrous metallurgy. MIL engaged in research
on the utilization of manganese and nickel ore. fluorite
and quartz sands. The results of research in copper
metallurgy. and copper alloys, zinc. aluminium and rare
metals, are of no lesser importance. The creation of pro-
grams of various fields of metallurgy. the resulls of
which have been applied to the Slovene and Yugoslav
metallurgy, and presented to the attendance of numer-
ous conferences at home and abroad, as well as
published in several professional magazines, was based
on team work of the Institute's researches and teachers
at the University.

MIL's basic research on residual elements and their
influence on the properties steels and alloys. further
development of the technology of electro-slag-remeit-
ing. as well as the examination of physical processes
and the identification of non-metal and structural com-
ponents of steel earned worldwide recognition.

The Metallurgical Institute of Ljubljana was the first in
Yugoslavia to produce special alloys used in develop-
ment of particular electronic segments. Even today. MiL
is the sole manufacturer and supplier of certain alloys
used in the industry of electronics.

On the occasion of the fourtheith anniversary of
MIL's existence and work, | think it right to mention that
jts research influenced the decision on long-range
development in metallurgy, especially in its technology.

Whereas the Committee of Science and research at
Slovenske Zelezarne has taken part in the management
of the Metallurgical Institute's research work since 1870.
a similar institution at the Slovene General Association
of Metallurgy and Foundries has participated in manag-
ing the department of non-ferrous metallurgy and non-
metals. The efficiency of such research orgnaization
supported the cooperation between the researchers
and the University teaching staff. and in doing so. it influ-
enced the Research Association of Slovenia to contri-
bute to research work financially.

Upon establishing in 1950 the Metallurgical Institute
set fundamental scopes of development and research in
metallurgy. Since then, the research has stimulated the
modernization in technology in several branches of
metaliurgy.

Today, on Europe’s discussions on uniting their
industries. the question is raised whether our knowi-
edge is sufficiently competitive to enter 1992. | am cer-
tain, that the Slovene metallurgy has kept pace with
technological progress. in a variety of branches. Our
professional knowledge is certainly capable of meeting
the challenges of the developed world. Providing that
the introduction of the parameters, at present success-
fuly used by the economics of the developed world. to
our country, proves to have the same effect on our
economics, our participation in EEC should not be inac-
cessible.

This opinion is based on MIL's professional knowl-
edge and research results, as well as on the knowledge
of the teaching staff of the Metallurgical department at
the University of Ljubljana, and some research depart-
ments in some working organizations. From this stand-
point, the future seems to be trustworthy.

GOOD LUCK!

Professor Marin Gabrovsek, M. S. Met. E.
Chairman of Committee for Science and Research
at Slovenske Zelezarne
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Jubilej Metalurskega insStituta na pragu

novega razvojnega obdobja

Metallurgical Institute’s Jubilee on

Treshold of New Development

Cas. ki ga prezivljamo ob pomembnem $tiridesetlet-
nem jubileju. zahteva od nas jasno, racionalno in odloé-
no usmeritev nadaljnega dela in razvoja, ne dopuséa pa
oddiha. v katerega bi nas zaneslo preveliko zadovoljstvo
nad uspehi in morda pretiran ponos ob pogledu v pre-
teklost

Dosezeni uspehi, zbrane izkusnje in nakopi¢eno zna-
nje iz preteklega obdobja so dragocena osnova in velika
obveznost za prihodnost. nikakor pa Se ne predstavijajo
zagotovila za nadaljno uspesnost. Le neprestano iskanje
novega. boljega in drugatnega z ucinkovitim razvojem
in uveljavlijanjem novega znanja omogoca napredek in
uspesnost.

V preteklem obdobju je to MetalurSkemu institutu
dobro uspevalo, tako da so se na njegovi razvojni poti
izoblikovala zelo znacilna obdobja, ki so prava slika raz-
voja te panoge doma in v svetu.

USTANOVITEV IN RAZVOJ METALURSKEGA
INSTITUTA V LJUBLJANI (MIL)

Stiridesetletnica dela MIL se navezuje na
petdesetletni jubile] Odseka za metalurgijo na Univerzi v
Ljubljani, ki smo ga proslavili marca 1989 v Cankarjevem
domu in na slavnostnem posvetovanju pregledali raz-
vojno pot slovenske metalurgije.

Ce upostevamo, da so v povojnem obdobju kadrov-
ske zmogljivosti slovenske metalurgije komaj zadoscale
Za osnovno organiziranje in vodenje proizvodnje. je
ustanovitev Metalurskega instituta maja 1950 kar zelo
spostijiv datum. Za to gre vse priznanje profesorju Cirilu
Rekarju. pobudniku in prvemu direktorju Metalurskega
instituta, Vsi slovenski metalurgi pa priznavamo za
nestorja slovenske metalurgije. Siroko po Evropi je kot
mednarodno priznani strokovnjak uveljavil ugled sloven-
skih metalurgov, ki nam Se danes odpira marsikatera
vrata v strokovne kroge. Kar 16 let je vodil inStitut ob
isto¢asnem bremenu univerzitetnega profesorja,

Se iz tistih let izvira danasnje strokovno in prijatelj-
sko sodelovanje z najvidnejsimi evropskimi instituti, kot
s0 Max Planck v Dusseldorfu, IWU v Clausthalu, IRSID v
Parizu, CSM v Genovi in Rimu, takratna BISRA v Lon-
donu ter drugi. Prof. C. Rekar je ze pred tremi desetletji
visoko cenil in spodbujal izpopolnjevanje miadih razisko-
valcev v navedenih tujih vodilnih raziskovalnih centrih.
Mnagi danasnji vodilni metalurgi izhajajo iz tako $olanih
raziskovalcev.

V Casu svojega nastajanja in uveljavljanja se je Meta-
lurski intitut racionalno zgledoval po uveljavljenih inti-
tucijah v svetu. S kritiénim prescjanjem realnih moznosti
je zelo razsodno oblikoval svojo razvojno pot. |z univer-
Zitetnega instituta je v letu 1958 prerasel v osredniji Insti-

The times we are living in at the moment of our four-
tieth jubilee require a clear, rational, and resolute setting
of objectives to obtain further development of achieve-
menits and expansion of operations, not allowing the
relaxation we could be lured into by too great a content-
ment over our success or even pride in the past.

The success we have had, the experiences and
knowledge we have obtained throughout the past years,
provide a solid and valuable basis for the future, but it
cannot guarantee future success. Only a continuous
pursuit, and encouragement of new, better and different
ways combined with efficient development and progres-
sive acquisition of knowledge can stimulate further suc-
cess and progress.

Success has marked the development of MIL in the
past, and its complishments mirror a whole period of
development of this branch of science at home and
abroad.

FOUNDATION AND DEVELOPMENT OF
METALLURGICAL INSTITUTE IN LJUBLJANA (MIL)

The Fourtieth Anniversary of MIL's work is directly
connected to the Fiftieth Jubilee of the Metallurgical
Department at the University of Ljubljana celebrated in
March 1989, revising the development of Slovene Metal-
lurgy from its beginnings to present achievements.

Considering the post-war scarcity of metallurgical
staff in Siovenia, barely enough to organize and manage
basic production, May 1950 as the foundation date of
the Metallurgical Institute is a respectable achievement.
The founder and first manager of the Metallurgical Insti-
tute was Professor Ciril Rekar, gratefully acknowledged
by Slovene metallurgists as initiator of Slovene metal-
lurgy. All over Europe he has been recognized as an
international metallurgical expert whose reputation still
opens many a door for us. He was head of the Metallur-
gical Institute for 16 years. simultaneously teaching at
the University.

Our professional and friendly cooperation with well
known European Institufes such as Max Planck of Dues-
eldortf. IWU of Clausthale, IRSID of Paris, CSM of Genoa,
and Rome, the then BISRA of London, and others are
based on those years. Professor Rekar, even as long as
three decades ago well aware of the importance of the
exchange of knowledge encouraged young researchers
to improve their knowledge at these leading foreign
research centers. Several of today's leading metallur-
gists followed his instructions.

During the period of development and growth MIL
took the best exampiles from the most advanced institu-
tions in the world. The Institute's development was
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tut jugoslovanskih Zelezarn in kasneje v osrednji raz-
iskovalni Institut slovenske metalurgije. Vseskozi pa je
ostal tesno povezan z metalurskim odsekom Univerze v
Ljubljani, ne samo pri raziskovalnem delu, ampak, tudi
pri vzgoji strokovnjakov. S tem se je InStitut vse bolj
povezoval z metalursko industrijo, kar je bilo Se izrazi-
teje v obdobju od leta 1966 do 1986, ko je vodil intitut
direktor Alojz Presern.

Metalurski inétitut je Ze zelo zgodaj in vztrajno naka-
zoval razvojno pot slovenske metalurgije in uveljavljal
pomen raziskovalnega dela.

Sele v sestdesetih letih je bila dosezena taka kadrov-
ska osnova, da so se lahko ustanavljali Raziskovalni
oddelki v metalurski industriji, ki so se povezovali z Uni-
verzo in Metalurskim in&titutom. Delo je usmerjala in
nadzirala najprej posebna komisija, od leta 1970 pa
Odbor za znanstveno raziskovalno delo, ki ga je do
danasnjih dni vodil prof. dr. Marin Gabrovéek. V zadnjem
desetletju pa tudi Odbor za raziskave pri Splosnem
zdruzenju metalurgije ter livarn. To sodelovanje se je
moéno okrepilo in dobilo nov zagon z zdruzitvijo sloven-
skih zelezarn in predelovalcev v sestavijeno organiza-
cijo. v katero se je 27. 11. 1973 vkljuéil tudi MIL. Ob zdru-
zitvi je MIL ohranil svoj status osrednje raziskovalne
institucije slovenske metalurgije. Status, s kakrsnim je
bil ustanovijen, je ohranil vse do danes.

Neposredno povezovanje je dajalo celotni razisko-
valno-razvojni (RR) dejavnosti prave usmeritve, delitev
dela pa je sama opredeljevala vsebino in izvajaice
temeljnih, uporabnih in neposrednih raziskav za reseva-
nje proizvodne, kakovostne in razvojne problematike.

Raziskovalci MIL imajo danes v razvojnih projektih in
v raziskovalnih programih bolje opredeliene, specificne
naloge ter jasnejo vlogo, ki je povezana z njihovim spe-
cificnim znanjem.

K na&rtnejSemu razsirjanju znanja je zlasti v zadnjem
obdobju mnogo pripomogla usmeritev Raziskovalne
skupnosti Slovenije (RSS), ki v Skupnem programu
spodbuja ustvarjanje novega znanja v stroki, v Poseb-
nem programu pa razvoj novih izdelkov in tehnologij.
Uveljavlja se tudi akcija »Novi raziskovalci«, ki Ze daje
spodbudne rezultate.

NADALJNJI RAZVOJ SLOVENSKE METALURGIE IN
RAZISKOVALNEGA DELA

Trdno zasnovan in strokovno utemeljen razvoj slo-
venske metalurgije, tako érne kot barvne in livarstva, je v
tezkem kriznem obdobju zdrzal pritiske agresivno
ustvarjenega in pretezno nasprotujoega javnega mne-
nja. Danes Ze predstavlja solidna izhodisca ter jasne
perspektive nadaljnjega razvoja nasih najpomembnejsih
investiclj v modernizacijo proizvodnih naprav.

V preteklem obdobju delovanja MIL se je v tehnolo-
giji in raziskavah zgodilo toliko novega, da se tega ob
vsakdanjem delu sploh ne zavedamo.

Pretekli dve desetletji sta bili obelezeni z intenzivnim
razvojem tehnologij izdelave kovinskih gradiv. Ob velikih
dosezkih pri zagotavljanju cistosti in enakomernosti
kemiéne sestave v zelo ozkih mejah se je vse bolj
uveljavljala intenzifikacija procesov, obenem z zmanjse-
vanjem porabe energije.

Zacela se je intenzivna industrijska aplikacija novih
postopkov na podro¢ju litja, predelave in toplotne obde-
lave, kar odpira nove moznosti v proizvodnji mo&no legi-
ranih jekel, litin, zlitin in superzlitin.

Strategija razvoja je bivse cilje »ve¢ in bolje« pre-
usmerila v »novo in drugace«!

Pod tem geslom se v zadnjem ¢asu uveljavijajo prav
revolucionarne novosti, s presenetljivimi tehnoloskimi

based on critical judgment and realistic possibilities. In
1958, MIL became the central Institute of the Yugoslav
jronworks, and later the central Institute of Slovene
metallurgy. Throughout this period its work was closely
linked with that of the Metallurgical Department at the
University in Ljubljana. So, the cooperation between the
Institute and the metallurgical industry grew closer from
day to day which was shown during the last twenly years
(1966— 1986) when the Institute’'s manager was Alojz
Presdern, most clearly.

Thus MIL was early able to set objectives for Slovene
metallurgy. and assidiously advance its research.

It was in the sixties that the formation of research
departments in industry could be planned, and con-
nected with the University's work and the Metallurgical
Institute. The foundation of these departments was
supervised by a special board, and since 1970 by the
Committee of Scientific Research whose Chairman was
Professor Marin Gabrovsek. During the last ten years he
supervisor was the Committee for Research at the Gen-
eral Association of Metallurgy and foundries, too. When
Slovene Ironworks and remanufacturers associated and
founded a Combined Organization the cooperation
became closer and livelier. MIL incorporated on Novem-
ber 27, 1973.

Upon association MIL kept its status of the central
research institution of Slovene ferrous metallurgy. which
has been preserved up o now.

This direct association oriented the whole develop-
ment and research towards real and valuable objectives:
problems arising from production, its quality and devel-
opment were solved by means of direct research, which
was based and practically specified by division of labour.

Today, MIL's researchers engage in precisely speci-
fied development projects and research programs,
depending on their specific knowledge. During the last
few years the Research Association of Slovenia (RSS)
encouraged the science to plan the obtainment and
espansion of knowledge. as its general plan is to include
know how in science, and its special program to support
the development of new products. The program “Young
Researchers” was introduced by e same Association,
and its results proved to be encouraging.

FURTHER DEVELOPMENT OF SLOVENE
METALLURGY AND RESEARCH

The development of Slovene metallurgy based on
solid and professionally firm grounds came through a
difficult period of crisis, caused by the agressive and
generally contradictory public opinion, intact. Today, we
have already set solid starting points and clear direc-
tions for future development based on the accumulation
and deposition of our most important investments in the
modernization of our production outfit necessary for the
basic part of our manufacture program.

The period of the last two or three decades has
brought so many novelties into the technology that
some thinking is necessary to grasp them all.

During the past two decades, the steel industry has
shown an intensified development in technology such
as: cleanliness assurance, and narrower scattering of
chemical composition, and energy saving while process
intensifying.

Introduced was the development of industrial appli-
cation of new processes in casting, hot working, and
heat treatment of steels was intensified, indicating new
possibilities in production of high alioyed steels and
superalloys.
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inovacijami. Takéno je na primer litje polizdelkov, &éim-
blizje konénim oblikam in dimenzijam, ter skrajsevanje
tehnoloskih postopkov predelave, ki je danes v
ospredju intenzivnih raziskovalno-razvojnih prizadevanj.

Povsem razumljivo je, da tak razvoj zahteva »novo in
drugace« tudi v raziskovalno razvojnem delu.

Nove moZnosti prinasa uporaba raéunalnistva, tako
pri raziskovalnem delu kot pri vodenju procesov.

Pomen samo laboratorijskega preizkusanija in nepo-
srednega prenosa laboratorijskih dosezkov v metaluréko
industrijsko prakso je Ze v Sestdesetih letih moéno zble-
del, v toku sedemdesetih let pa povsem izgubil svoj
pomen v taki obliki, kakrsna je bila znacilna za prejénje,
dolgo trajajoCe obdobje. Neposredno industrijsko raz-
iskovanje je obsegalo sistemati¢no zajemanje podatkov,
tako za redno kontrolo kot za raziskave z visoko razvito
metodologijo statistiCnih analiz in z racunalnidko podpr-
timi informacijskimi sistemi, Laboratorijske raziskave so
dobivale vse bolj pomen pojasnjevanja dogajanj, iskanja
in utemeljevanja zakonitosti. Vgrajevanje visjih fizikalno-
kemicnih zakonitosti v raunalnisko podprto krmiljenje
tehnologije je postalo osnova razvoja ekspertnih siste-
mov.

Strategije razvoja najnaprednej$ih danes ne bi mogli
ve¢ oznacevati s klasicnim geslom »veé in bolje«, ker se
vse bolj usmerjajo v »novo in drugaée«, in to veckrat
pomeni tudi »manj in ve¢ vredno«,

Ustrezna specializacija in sposobnost hitrega prila-
gajanja predstavijata odlociino pomembno porostvo
uspesnega poslovanja.

V preteklin Stiridesetin letih si je Metalurski institut
Ljubljana nabral toliko izkusenj, da se prav dobro zave-
damo, da je treba Ze za leto 1992, Se bolj pa za vstop v
21. stoletje, nacin dela, pristope k nalogam in sploh
miselnost raziskovalcev ter vseh sodelavcev temeljito
spremeniti. Ce hoéemo biti Se naprej uspesni, si
moramo pridobiti ustrezen poloZaj in odnose v medna-
rodni mrezi raziskovalno-razvojne dejavnosti.

Ne bomo namerno zavirali posameznih podrodij
dejavnosti, ki smo jih doslej razvili, zavedamo pa se, da
je Sirina nasega udejstvovanja brez posebnih udarnih
konic presiroka. VzdrZevali in gojili bomo Siroko osnovo
Znanja in obnavljali izkudnje, nove napore in viaganja pa
bomo usmerjali predvsem v najperspektivnejse smeri na
osnovi mednarodno veljavnih meril,

Institut, ki ni vsaj kje v ospredju, ne more pricakovati
uspesnega mednarodnega sodelovanja in uéinkovite
menjave.

PILOTNE NAPRAVE

V sodobni visoko produktivni in moéno avtomatizi-
rani proizvodnji se izvajanje raziskav prena3a iz laborato-
rijskih na pilotne naprave za raziskave in razvoj novih
metarialov in tehnologij. Po osnovnih karakteristikah se
priblizujejo pogojem industrijske proizvodnje. Take
pilotne naprave so predrage, da bi jih izkoriséali samo za
raziskave, zato morajo dajati tudi doloéen deleZ nepo-
sredne proizvodnje, s katerim je po moznosti treba
pokrivati vsaj lastne stroske delovanja in vraéanje inve-
sticijskih viaganj. To je zelo pomembno tudi za veéjo,
nujno potrebno neodvisnost raziskovanja. Informacije in
rezultati raziskav ter meritev na napravah pilotne proiz-
vodnje so velikega pomena za hitrejsi nadaljnji razvoj.
Na ta nacin z izkori$éanjem pilotnih naprav ne motimo
redne proizvodnje z eksperimentiranjem ali pa jo motimo
mnogo manj. Poleg raziskovalnega pomena ima taka
pilotna proizvodnija tudi velik pomen za razvoj in osvaja-
nje trziséa, saj daje normalne proizvode v manjsih koligi-
nah za neposredno uporabo. Ko koli¢ina proizvodov iz

The course of development turned the past mottos
‘more and better” to “new and different”,

Lately, the new motto has introduced some revolu-
tionary novelties, which were launched not only by the
simple and inventive changes in the manufacture pro-
grams, but also by astonishing innovations in the tech-
nology itself. Research is engaged in casting of semi-fin-
ished products and in shortening the necessary techno-
logical process of hot working.

It has become quite clear that such development
needs new and different approaches to research, and
different methods of work.

During the sixties, the importance of laboratory
experiments, and the direct transfer of their results to
industry slowly faded and in the seventies, they were no
longer important in the sense that was characteristic for
the previous, long lasting period. The direct industrial
research which collected data for regular checking and
research systematically, by means of highly developed
statistical analyses and computer supported information
system, was so longer wanted. The laboratory research
was used to explain special events, to search for rules
and prove them. The rules acknowledged by chemistry
and physics used in computer supported technology
control introduced the expert systems.

The advanced development strategy could no longer
be explained by the motto “more and better” as it is
aimed at “new and different” which often means “few
and of higher value”.

Specialization and flexibility are the sole guarantors
for success.

The experience gained in the course of forty years
has given MIL directions how to work; the approach to
tasks and the thinking generally done by the research-
ers and fellow workers have to become subject to modi-
fication, thus preparing the way to 1992 and especially
the twenty-first century.

Being well aware that the scope of our work has
become too widespread, we are going to give our full
attention to some of the most important fields of work
without intentionally curtailing the activities in individual
fields that have been developed up to now. Thus, the
wide range of our knowledge is going to be further culti-
vated, subjected to change, and new efforts put into the
most promising fields of activities considering present
international problems.

An Institute cannot take pride in successful interna-
tional cooperation and effective exchange unless it has
a lead in at least one line.

PILOT PLANTS

Modern, highly productive and fully automated indus-
tries transfer their research from laboratories to pilot
plants where new materials and technologies are investi-
gated or developed in almost identical conditions as in
industry. The high expenses do not allow such plants to
engage in research alone; they must bring profit — at
least to cover the operating costs and investments. Not
interrupting any industrial processes, such experiments
provide realistic results which are necessary for further
progress. Pilot plants manufacture a small amount of
products for immediate use. Provided, such products
prove to be useful, the industry takes over their manu-
facturing together with the experiences gathered.

Today, the research institutes all over the world
including MIL, acknowledge the task of shortening tech-
nological proceedings as the most important one, the
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pilotnih naprav ne zados¢a ve¢ potrebam, se z vsemi
izkudnjami ta proizvodnja prenese v industrijske obrate.

Skrajsevanje tehnoloskih postopkov je danes najpo-
membnejsa splosna tehnolodka usmeritev RR progra-
mov tako v svetu kot na MIL, Razvojna razmisljanja in
intenzivna prizadevanja za racionalizacijo tehnoloskih
procesov so privedla do usmeritev nadaljnjih tehnolo-
Skih raziskav, katerih cilj je »izdelava polizdelkov, ki so
€im blizji dimenzijam in oblikam konénih proizvodove«

To prinasa zelo pomembne prihranke v specificni
porabi energije, dela, orodij in drugih proizvodnih sred-
stev, zmanjSevanje tveganja neuspele proizvodnje in
izmecka, predvsem pri tezje predelavnih materialih,
mocno povecuje izkoristke materialov, skrajSuje doba-
vne roke in lazje zagotavlja kratke roke »just in time«
brez povecanih zalog, manjse celokupne proizvodne
stroske — torej mnogostransko splosno racionalizacijo
proizvodnje v drugaéni obliki in vsebini, kot smo raciona-
lizacije pojmovali doslej.

Zametki pilotne proizvodnje MIL so se priceli z
nabavo 25 kg-ske vakuumske indukcijske peci pred
25 leti, Skupno s kasneje nabavljenimi predelovalnimi
agregati za hladno in toplo predelavo je omogocala mini
proizvodnjo predvsem mehkomagnetnih materialov,
obrabno in korozijsko odpornih ter posebnih zlitin, ob
isto¢asnem vzdrZzevanju kondicije ljudi in naprav, ki so
vaZzen element pri eksperimentiranju in raziskovanju. Ob
zagonu novih pilotnih naprav SZ na MIL so predstavijale
jedro: 25 kg vakuumska indukcijska taliina pec, 70 kg
indukcijska talilna pe¢, naprave za vroce in hladno valja-
nje in vie¢enje, vakuumska peé¢ za toplotne obdelave,
delno pa se bosta vkljuéili tudi napravi za atomizacijo
talin in hitro strjevanje tankih trakov.

V letu 1989 je bil na MIL montiran sklop pilotnih talil-
nih in livnih naprav Slovenskih Zelezarn. Ta najmoder-
nejsa oprema omogoca razvoj novih asortimentov mate-
rialov do superzlitin.

Najpomembnejsi segment pilotnih naprav MIL pred-
stavlja linija za horizontalno neprekinjeno litje Zic in palic.
V prvi fazi razvoja trozilne naprave predvidevamo osvaja-
nje litja 2ic, dimenzij od @ 3mm do @ 125mm.
Pomembnejsa za industrijsko proizvodnjo pa bo preure-
ditev na eno Zilo vecjih dimenzij in razliénih oblik, seveda
v kombinaciji z ustrezno vroco ter hladno predelavo.

Naprava za klasi¢no elektriéno pretaljevanje pod Zlin-
dro, s katero ima MIL dolgoletno raziskovalno tradicijo in
bogate razvojne izkusnje, je dograjena z napravo za naj-
novejsi postopek ponovéne metalurgije pod imenom
elektro-zlindrino-ogrevanje (EZO), ki je bil po patentu
nasega razvojnega kooperacijskega partnerja prvi¢ upo-
rabljen in prakticno preizkusen na MIL. S tem je med
drugim MIL pridobil moznost izdelave posamicnih super
Cistih ingotov ali ulitkov do najvecje teze 800 kg, kar je
izredno pomembno za razvoj tehnologije, namenjene
industrijski proizvodnji v Zelezarni Ravne.

Dosedanje eksperimentalne naprave z dopolnilno
opremo za metalurgijo prahov in tehnologijo hitrega str-
jevanja odpirajo novo zaokrozeno, fleksibilno in visoko
specializirano podro¢je raziskovalno-razvojnega udej-
stvovanja, usmerjenega na razvoj novih materialov,
seveda z novimi tehnologijami. S toplotno obdelavo v
vakuumu imamo Ze kar solidne izkusnje in tudi spod-
budne raziskovalne rezultate. Dopolnjuje jih nov razvoj
na podrocju toplotne obdelave v lebdecem sloju.

Z izdatno pomocjo Raziskovalne skupnosti Slovenije
in Slovenskih Zelezarn je MIL v zadnjem c¢asu tudi
pomembno moderniziral svojo raziskovalno opremo. Pri
izbiri opreme smo v zadnjem obdobju iz razumijivih stra-

manufacturing of semi-finals that would bear resembi-
ance to final products in design and dimensions to the
highest extent possible is another of research ob-
jectives

The technological research strives to achieve a
longer durability of tools and equipment, to save energy
and work, to reduce waste of materials (when working
hard-to-treat materials), to shorten delivery time, and
secure the “just in time delivery”, to reduce the number
of articles in store and production costs.

In short, in achieving such results, production would
be rationaiized in features and contents in a way. quite
different from the previously achieved ones.

The beginnings of MiL's pilot production were
created 25 years ago when MIL acquired a 25-kg vac-
uum induction furnace, which together with the later
purchased equipment for cold and hot working process
Started the mini production of softmagnetic materials.
special steels and alloys, resistant to wear and corro-
sion, and super alloys, at the same time it kept the work-
ers and outfit in good condition, Upon starting up the
new pilot plants of S2 at MIL, the 25 kg vacuum induc-
tion furnace, the 70 kg induction melt furnace, the hot
and cold drawing machine, the vacuum furnace for heat
treatment represented the most essential part of the
plant. The atomisation and the rapid cooling technology
with adequate equipment will carry out their share of
work, too.

In 1989, MIL erected the pilot plant of Slovenske
Zelezarne, specialized in meiting and casting. This mod-
ern outfit is going to support further development of
new asortments of material, including super alloys.

The horizontal continuous casting line for wires and
rods is the essential part of MIL's pilot plant. The three-
strand wire caster is limited to the range 3—12.5 mm
diameter in the first stage. However, further develop-
ment with adaptation of the three strand caster to the
single-strand caster for bars of larger sizes and different
shapes, attached to the corresponding machines for
cold and hot working and heat treatment is of utmost
importance to industry.

To the equipment for conventional electro-slag-rem-
elting which has been for many years researched and
developed by MIL, the equipment for the newest proce-
dure of tundish metallurgy known as electro-slag-heat-
ing (ESH) was attached. The latter was originally applied,
and tested by MIL after MIL's cooperator took out a
patent for it. So, MIL gained the opportunity to procure
individual “super clean” ingots or casts weighing up to
800 kg, which are of vital importance to the production
of Zelezarne Ravne.

The previous experimental machines equipped with
additional outfit used in the powder metallurgy and the
technology of rapid solidification provide a new, com-
plex, flexible and special field of research and develop-
ment which is aimed at the development of new materi-
als based on new technologies. The vacuum heat treat-
ment of materials has already brought stimulating
results and valuable experiences, supported by present
development of fluidized bed heat treatment of materi-
als.

Lately, MIL was able to modernize its research outfit
by the generous support of Research Association and
Slovene Steelworks. The outfit MIL chose on the basis
of strategic research orientations was the one for syn-
thesis of materials.

The survey of this short description shows MIL's par-
ticipation in changes and innovations of technological
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tegkih raziskovalnih usmeritev namenjali dolo¢eno pred-
nost opremi za sintezo materialov.

Ze ta kratki opis pojasnjuje, kako se MIL vkljuéuje v
novosti tehnolodkega razvoja in kam namerja udarna
podrocja svojega raziskovalno-razvojnega udejstvova-
nja.

: Z novimi pilotnimi napravami in novo raziskovalno
opremo si MIL utrjuje svoje sedanje mesto in poveduje
svoje potenciale na podro¢ju aplikativnih in osnovnih
raziskav, obenem pa se pomembno vklju€uje v vzgojo
strokovnjakov, Studijske programe in postdiplomske
programe.

Konéno je doseZena tista stopnja opremljenosti, ki
ze vzbuja interese tudi pri najrazvitejSih in dejansko
omogoda vklju¢evanje v mednarodno delitev. To doka-
zuje odpiranje skupnih projektov z institucijami in podje-
tji v ZDA. ZRN, Franciji, ltaliji. Svedski in Avstriji.

Razmisljanje o nadaljnjem razvoju raziskovalno-raz-
vojne dejavnosti MIL lahko strnemo s paralelo:

Tako kot se v industrijski tehnologiji uveljavljajo novi
kombinirani postopki, ki racionalizirajo tehnoloke potiin
zdruZujejo obstoje¢e naprave in prednosti tehnologkih
novosti z novimi specializiranimi napravami v nove opti-
mirane in direktne kontinuirne postopke, tako razvoj
novega znanja bogati obstojeée izkusnje in z novo orga-
nizacijo interdisciplinarnega teamskega povezovanja v
raziskovanju uveljavlja dognanja znanosti in dosezke
raziskav,

Samo z znanjem in bogatimi izkusnjami se na zasta-
relih in izrabljenih napravah ne da razvijati novih materia-
lov in tehnologij.

Ustrezna vlaganja v opremo in strokovnjake so neiz-
beZen pogoj razvojnih, pa tudi raziskovalnih uspehov.

Za razvoj znanja moramo zagotoviti financiranje pri-
merno izbranih osnovnih raziskav, usmerjene uporabne
raziskave pa moramo uveljaviti tako, da bodo namesto
segmenta strodkov pridobile inovativni znacaj.

V nadaljnjem razvoju se bomo morali bolj kot doslej
zavedati, da

raziskave sluzijo razvoju, cilji razvoja pa opredeljujejo
in usmerjajo raziskave,

saj se to pravilo v svetu vse bolj uveljavlja tudi z novim

modelom povezovanja osnovnih in uporabnih raziskav z

razvojem.

Prof. dr. Joze Rodi¢, dipl. ing.
Direktor Metalurskega intituta v Ljubljani

development, and the direction of the essential part of
its research and progress.

New pifot plants and research outfit give support to
MIL to keep its present position and to promote its pot-
entials in the field of applicable and basic research. At
the same time they offer students and staff an opportu-
nity for advanced education.

The MIL’s outfit has been improved to such an
extent. that it became interesting even to highly deve-
loped countries and so opened up many an opportunity
to participate in international research. Joint projects
wRh institutions and firms of US.A., West Germany,
France, ltaly, Sweden and Austria, clearly prove it to be
done.

The following could be the summary of the pre viously
done thinking on further progress of research and devel-
opment of MIL:

As the industrial technology introduces new com-
bined procedures that rationalize the technological
methods and attach specific machines to the present
ones with technologic innovations, thus creating new
optimum direct continuous procedures; so the develop-
ment of knowledge contributes its latest experiences,
and the modern interdisciplinary research teams apply
the research resuits and scientific statements to indus-
try.

o Even excellent knowledge and rich experience can
not make the old and worn machines develop new mate-
rials and technologies.

Successful research and development may be
achieved on one condition only, and that is: appropriate
outfit and professional staff.

In the future, MIL will financially support the deveiop-
ment of knowledge according to the chosen basic
research. The applied research and the individual inves-
tigations within this research will contribute to industry
by striving to be innovative and productive.

In the future we must acknowledge the fact that

progress is based on research, and the objects of
development determine and specify research.

The world has already approved of the idea which is
shown in adapting the basic and applicable research to
development.

Prof. Dr. Eng. JoZe Rodi¢
Director of Metallurgical Institute Ljubljana
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Vakuumsko razdusicenje nerjavnih jekel
Vacuum Removal of Nitrogen from Molten

Stainless Steel

UDK: 669.046.517-982:669.15-194.57:669.786
ASM/SLA: D9s, EGp, SSd, D8m

N. Smaji¢*’

Na osnovi termodinamicne analize multikomponent-
nega sistema Fe-Cr-C-Si-Mn-Ti-O-N v staljenem stanju
smo izdelali matematicni model vakuumskega razdusdice-
nja v pogojih EOP-VOD dupleks postopka izdelave ner-
javnih jekel. Osnovne termodinamiéne podatke smo
prevzell iz literature (1—18). Na osnovi modela izdelani
racunalniéki program nam je omogocil izvedbo tkim.
modeinih poskusov, s katerimi simuliramo vakuumsko
obdelavo v industrijski 65-tonski VOD napravi. S tako
pridoblienimi »izkusnjami« smo lahko izdelali praktiéna
navodila za izdelavo superferitnih jekel, ki vsebujejo
izredno nizke skupne vsebnosti oglfika in dusika.

uvoD

Vakuumsko razdusi¢enje je odlocilna faza v tehnologiji
izdelave jekel s predpisano zelo nizko oziroma zazeleno
¢im nizjo vsebnostjo dusika, predvsem pa v proizvodnji
superferitnih nerjavnih jekel. Feritna nerjavna jekla se v
industrijski praksi niso uspela uveljaviti v takem obsegu
kot avstenitna ali martenzitna nerjavna jekla predvsem
zaradi slabse varilnosti in zelo slabe ZilAvosti, posebno v
velikih presekih in Ze pri temperaturah, ki so le nekoliko
pod sobno temperaturo. Posebno to velja za jekla, ki
vsebujejo veliko kroma. Mnenje, da je visoka vsebnost
kroma osnovni vzrok teh pomanjkljivosti feritnega jekla,
se je le postopoma spreminjalo. V Sestdesetih ietih je
konéno previadalo spoznanje, da je visoka vsebnost
intersticijskih elementov (C. N, S.. ), predvsem ogljika
in dusika, tisti odloéilni faktor, ki v povezavi z visoko
vsebnostjo kroma povzroca tako pomembno poslabsa-
nje uporabnih lastnosti feritnih nerjavnih jekel. Pri tem je
ugotovljeno, da so jekla z visjo vsebnostjo kroma
bistveno bolj obcutljiva na vsebnost ogljika in dusika.
Raziskave na tem podrocju se intenzivno nadaljujejo,
posebno kriticna glede na vsebnost dusika pa so jekla,
namenjena za globoki vlek, in v novejSem casu tudi
superavstenitna ELI nerjavna jekla. Stevilne izdelke
visoke tehnologije, kot so solarni kolektorji in avtomobil-
ski kataliticni izpusni sistemi, lahko izdelujemo iz super-
feritnega jekla 18—2. Pri visjih vsebnostih kroma
(24—26 % Cr) ob dodatkih Mo in Ni pa so ta jekla
odporna celo na morsko vodo ter jih lahko uporabljamo
namesto bistveno drazjih superzlitin, CuNi zlitin in celo
titanovih zlitin za toplotne izmenjevalce pri elektrarnah,

"' Dr. Nijaz Smaiji¢, dipl. ing. met., — SZ — Metalurski inatitut
Linliana. Lepi pot 11, 61000 Ljubljana

°* Originaino publitirano 2Zb 24 (1930) 1
* Rokops prejet november 1989

Mathematical model of vacuum removal of nitrogen
under industrial conditions involved in EAF-VOD produc-
tion of stainless steel has been elaborated on the basis
of thermodynamical analysis of Fe-Cr-C-Si-Mn-Ti-O-N
system in liquid state. Thermodynamic data published in
literature (1—18) have been utilized. The model has
been used for development of the computer program
which makes it possible to perform so-called model
tests, i. e. the simulation of vacuum treatment in a 65 ton
VOD unit. The “experience"” obtained in this way helped
to work out instruction manual for the production of
superferritic stainless steel with extra low carbon and
nitrogen.

INTRODUCTION

Vacuum removal of nitrogen is the key step in the
proguction of steel with prescribed very low nitrogen
content which often shoulid be as low as possible. It is
specially important in the production of superferritic
Stainless steel. Ferritic stainless steel has not been so
widely applied as austenitic or martensitic stainless first
of all because of pure weldability and very low tough-
ness specially in large cross-section and at tempera-
tures lightly lower than room temperature already. This
is true particularly for high chromium steel. For a very
long time the poor properties of ferritic steel were attri-
buted solely to high chromium content. This opinion
changed gradually. Finally in sixties it was established
and generally accepted that a high content of interstitial
elements, particularly carbon and nitrogen, combined
with high chromium play a decisive role in so serious
deterioration of application properties of ferritic stain-
less steel. It has been found that steel with higher
chromium content is more sensitive to harmful influence
of carbon and nitrogen.

Intense investigations are being carried in this field
since low nitrogen content is essential for deep drawing
grade and superaustenitic extra low interstitials (ELI)
steel, recently. A number of high technology products
such as solar celis and automobile exhaust catalytic sys-
tems can be manufactured from superferritic 18-2 steel.
At higher chromium content (Cr=24 %) and 2—4 %
molybdenum and Ni addition superferritic steel is resis-
tant even to sea water. Consequently, it can be used
instead of more expensive superalloys, cunifer or even
titanium alloys for heat exchangers of power stations
located on sea coast or on big strongly contaminated
rivers, for process equipment in chemical and food
industry, for various containers for storage and rail,
road, sea and air transport of chemicals and food such
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lociranih na morski obali in obrezjih velikih mo¢no one-
snaZenih rek, za procesno opremo v kemicni in Zivilski
industriji, za razliéne zabojnike za skladis€enje in 2elez-
niski, cestni, pomorski ter letalski transport kemikalij in
zivil, vina, piva, mleka, mesa, sadnih sokov itd.

Zaradi nagle rasti cene niklja, ki se zadnja tri leta
giblje med 15,000 in 22,000 $/tono ELI (Extra Low Inter-
stials) so feritna oz. superferitna jekla postala $e bolj
zanimiva, saj ob primerno nizki vsebnosti dusika in
ogljika ter manjsem dodatku molibdena (2—4 %} lahko v
tevilnih aplikacijah zelo uspedno nadomestijo bistveno
drazja avstenitna jekla 18/8 in 18/10 oz. AISI304 in
AlISI 316

MEHANIZEM IN KINETIKA VAKUUMSKEGA
RAZDUSICENJA

Mehanizem razdusic¢enja

Za razdusiéenje jeklenih talin nimamona razpolago
nobene kemiéne reakcije, s katero bi lahko dusik vezali v
neko spojino in ga na ta nacin odstranili iz taline, kot pri
razogljiéenju, pri katerem ogljik odstranimo v obliki CO.
Mehanizem razdusi¢enja je zato povsem jasen in nespo-
ren. Vakuumsko razdusiéenje poteka z desorpcijsko
reakcijo:

IN/ + IN/ — 2/IN/ — N, (1)

in sicer na medfazni povréini plin/talina. Proces pa |e
sestavljen iz procesov difuzije reaktantov k reakcijski
povréini, same desorbcijske reakcije ter difuzije reakcij-
skih produktov od reakcijske povrsine. Tvorbo nove, v
tem primeru plinske faze, moéno olaj5a obstoj mehuré-
kov argona in CO in vakuum. Koeficient masnega pre-
nosa lahko izboljsamo z medanjem s pomocjo argona in
tako vplivamo na kinetiko razdusicenja.

Kinetika razdusic¢enja

Teoretiéno bi moralo biti nesporno, da gre v primeru
reakcije (1) za reakcijo drugega reda, vendar nekateri
avtorji obravnavajo desorpcijo dusika kot reakcijo
prvega reda, pri kateri je kinetika dolocena z:

dN =k (/N/ —/N/,) dt (2)

V primeru reakcije drugega reda proces desorbcije
dusika iz taline poteka v skladu s kinetiénimi zakoni, ki
veljajo za reakcije drugega reda.

d(1/%N)dt = k,, (3)
— d/%N/ =k, dt/%N/? (4)

Ob predpostavki, da ravnoteZzna koncentracija
gugn_ka ni enaka ni¢, kot implicirata enacbi (3) in (4)
oDIMO:

— d/%N/ =k, dt (/%N/? — /%N, /?) (5)

V zgornjih izrazih /%N/ predstavija vsebnost dusika,
raztopljenega v talini, /%N/, ravnoteZno koncentracijo
dusika, konstanta k pa oznaéuje hitrost kemicne reak-
cije, ki vkljutuje tudi koeficient masnega prenosa.

1z osnov teorije metalurskih procesov pa lahko opre-
delimo naslednje pogoje. ugodne za potek razdusicenja:

a) velika reakcijska povrsina

b) éimmanj5a vsebnost povrsinskih aktivnih elemen-
tov, predvsem 2Zvepla in kisika. ki se sicer koncentrirata
na reakcijski povrsini in jo s tem pasivizirata ter

c¢) éimnizji tlak oz. parcialni tlak dusika.

Potemtakem imamo najbolj ugodne pogoje za razdu-
Si¢enje v samem zaetku vakuumske oksidacije:

— nastaja veliko mehurckov CO, kar pomeni veliko
reakcijsko povrsino,

as wine, beer, milk, meat, fruit juice, etc. Due to high
price of Ni which has been for three years between
15 000 and 22 000 S/ton EL! ferritic steel has become
very interesting since at adequately low content of car-
bon and nitrogen and small addition (2—4 %) of
molybdenum it can be successfully used in numerous
application instead of much more expensive austenitic
AlSI 304 and AISI 316 grade.

MECHANISM AND KINETICS OF VACUUM NITROGEN
REMOVAL

Mechanism

For the difference of carbon which is removed as CO
there is no available chemical reaction to produce some
nitrogen compound which could easily be removed from
molten steel. The mechanism of vacuum removal of
nitrogen is therefore simple and clear enough. Vacuum
removal of nitrogen from moiten steel proceeds by reac-
tion of desorption:

IN/4 /IN/ — 2/N/ — N> (1)

on reaction interface melt/gas. The process is com-
posed of the diffusion of reactants to reaction interface.
desorption itself and diffusion of reaction products from
reaction interface. The formation of new, gaseous phase
is strongly facilitated by vacuum and “boiling" which
results from argon and CO bubbles. The coefficient of
mass transfer is essentially increased by argon stirring
which increases the rate of nitrogen removal.

Kinetics

From theoretical view point (1) is undoubtedly reac-
tion of the second order however, certain authors con-
sider it as a first order reaction the reaction rate of
which is given by.

aN
=k (/N/— /N/) (2)
at

Reaction rate of the second order reaction is defined
by expression:

d (1/%N)/dt= ky {3)
from which we have
— d/%N/= ky dt /%N/? (4)

Assuming that the equilibrium content of nitrogen
differs from zero:

— d/%N/= kydt (/%NF — /%N,./) (5)

In above expressions /%N/ represents wt % of
nitrogen dissolved in moiten steel. /%N/,. is the equilib-
rium nitrogen content of steel, k is rate constant which
involves coefficient of mass transfer also. According to
theory of metallurgical processes the favorable condi-
tions for vacuum removal of nitrogen are:

a) large reaction interface

b) low content of surface active elements specially
oxygen and sulphur which passivate reaction surface,

c) low pressure i. e. low partial pressure of nitrogen.

Consequently, the most favorable conditions for
nitrogen removal are in the very beginning of vacuum
oxygen decarburization since:

— there is a great number of CO bubbles i. e. great
reaction surface,

— oxygen content is low because of a high carbon
content,

— partial pressure of nitrogen is low due to a high
amount of CO
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— vsebnost kisika je majhna zaradi visokega ogljika,

— nizek parcialni tlak dusika, ker je plinska faza
razredéena z veliko kolic¢ino CO.

— velik koeficient aktivnosti, zato je tudi aktivnost
dusika velika zaradi visoke vsebnosti ogljika.

MATEMATICNI MODEL
Osnovne predpostavke

Matemati¢ni mode! vakuumskega razdusic¢enja talin z
visoko vsebnostjo kroma v pogojih, ki so tipiéni za VOD
postopek izdelave nerjavnih jekel, sestavljajo naslednje
osnovne predpostavke:

a) Vse trifaze. tj. plin, Zlindra in talina, so popolnoma
homogene.

b) V sistemu. ki ga sestavlja VOD ponovca s talino,
zlindro in plinsko fazo nad talino, vkljuéno s plinskimi
mehurcki v talini, ni temperaturnih gradientov. Tempera-
tura je v vsaki tocki sistema enaka. Med vakuumsko
obdelavo se temperatura spreminja, odvisno od reakcij-
ske toplote in toplotnih izgub.

c) Previadujoco vlogo pri razdusicenju, ki poteka po
reakciji (1), ima Stevilo in velikost plinskih mehurékov,
tako da vlogo medfazne povrsine talina/zlindra in talina/
plinska faza nad talino lahko zanemarimo.

d) Mesanje taline zaradi argona in mehurékov CO, ki
nastanejo z oksidacijo ogljika s kisikom, raztopljenim v
talini. je dovolj intenzivno, tako da je celotna hitrost raz-
dusiCenja neodvisna od hitrosti difuzije reaktantov in
reakcijskih produktov k reakcijski povréini oz. od reakcij-
ske povrsine.

e) Proces desorbcije dusika iz taline, ki poteka na
medfazni povrsini talina/plin, tj. na povrsini mehuréka.
doseze termodinamiéno ravnoteZje. e preden mehur-
¢éek splava na povrdino taline, Parcialni tlak dusika v
mehuréku, ki zapusca povrsino taline. je torej enak rav-
noteZznemu parcialnemu tlaku dusika v talini.

f) RazduSi¢enje je reakcija drugega reda in poteka
skladno z enacbo (5). S tem smo tudi predpostavili. da
je hitrost razdusi¢enja omejena s hitrostjo desorbcijske
reakcije na reakcijski, tj. medfazni povrsini talina/mehur-
cek.

RACUNALNISKA SIMULACIA
Modelni poskusi

lzdelani model nam omogoéa izvedbo tkim. modelnih
poskusov, kar je posebno pomembno pri osvajanju
novih in optimiranju obstojeéih tehnoloskih procesov.
Po izdelavi matematiénega modela smo izdelali ragunal-
niski program, ki omogoc¢a ra¢unainisko simulacijo vaku-
umskega razdudicenja na 65-tonski VOD napravi na
racunalnikih, ki so kompatibilni z IBM PC, XT in AT. Na
sliki 1 vidimo primerjavo rezultatov matemati¢nega
modela in dejanskih vsebnosti dusika med izdelavo
superferitnega jekla s 17 % Cr. Z modelnimi poskusi smo
ugotovili tudi vpliv vakuuma, temperature in sestave
taline na potek razdudicenja.

Vpliv vakuuma

Ugotovili smo, da je globina in éas vakuumiranja
odlocilnega pomena za uéinkovito razdugiéenje v VOD
Ponovci. Simulacija je pokazala, da lahko z VOD obde-
lavo dosezemo skupno vsebnost dusika in ogljika v jeklu
$ 17 % Cr pod 150 ppm, tj. (C+ N)< 150 ppm. Pri vigji
vsebnosti kroma, npr. 24 % Cr, pa je bolj smotrna upo-
raba drugih postopkov, kot so VIM (Vacuum Induction
Melting), VAR (Vacuum Argon Remelting) in EB (Elec-
tfron Beam).

— high activity of nitrogen as a result of high carbon
content.

MATHEMATICAL MODEL
Basic assumptions

The mathematical model of vacuum removal of
nitrogen In industrial conditions typical for EAF-VOD
production of stainless steel is composed from the fol-
lowing basic assumptions:

a) All three phases i. e., gas. slag and steel are per-
fectly homogeneous,

b) There are no temperature gradients present in
the system made up from VOD ladle, slag. steel and
gaseous phase including CO and argon containing bub-
bles. Temperature in all points of the system is the same
and uniform. It changes uniformly as a result of reaction
heats and heat losses.

¢) Desorption of nitrogen proceeds by reaction (1).
The share of bubble surface in the overall reaction sur-
face is so high due to a large number of bubbles and
their size that the role of siag/melt and melt/gaseous
atmosphere above melt reaction interface can be neg-
lected.

d) Melt stirring by argon and CO bubbles is so
intense that the over-all rate of nitrogen removal is inde-
pendent from diffusion.

e) Desorption reaction which proceeds on gas/meit
interface i e.. on bubble surface is ended due to ther-
modynamic equilibrium even before bubbles reach melt
surface. In other words the partial pressure of nitrogen
in bubbles leaving the melt surface is in equilibrium with
partial pressure of nitrogen dissolved in melt.

f) Nitrogen removal is a reaction of the second order
and proceeds according to reaction (5). That means that
nitrogen removal rate is limited by the rate of nitrogen
desorption proceeding on bubble surface.

COMPUTERIZED SIMULATION
Model tests

The model makes it possible to carry out so-called
model tests which are of great value specially for devel-
opment of new and improvement of existing technologi-
cal processes. A computer program developed for IBM
PC. XT and AT computers enables computerized simula-
tion of vaccum removal of nitrogen in a 65 ton VOD unit.
The comparison of predicted and actual nitrogen con-
tent of 17 % Cr steel in the course of processing Heat
Nr. 110944 is given in fig. 1. The influence of vacuum,
temperature and composition of melt on nitrogen remo-
val was also determined by model testing.

Influence of vacuum

It has been determined that the intensity of vacuum
and duration of vacuum treatment is of key importance
for successful removal of nitrogen during VOD process-
ing. Model tests have shown that under industrial condi-
tions 17 % Cr ferritic steel with lower than 150 ppm of
C+ N can be produced in a common VOD unit. At
chromium content above 24 % Cr the use of (VIM) vac-
uum induction melting, (VAR) vacuum argon remeiting
and (EB) electron beam process is more promising

Influence of temperature

As regards the influence of temperature on nitrogen
content of molten stainless steel it is quite the opposite
to that of common steel. The higher the temperature the
lower is the nitrogen content i. e. the nitrogen solubility.
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Primerjava rezultatov matematicnega modela in dejanskih vseb-
nosti dusika med potekom izdelave jekla s 17 % Cr (St. 110944)
Fig. 1
Comparison of predicted and actual nitrogen content of 17 %
Cr steel in the course of processing Heat Nr. 110944

Vpliv temperature

Vpliv temperature na vsebnost dusika v nerjavnih tali-
nah je povsem nasproten kot pri ostalih jeklih Cim visja
je temperatura taline, toliko nizja je namre¢ topnost
dusika. To kvalitativno spoznanje pa nam seveda ne
zadoséa. Modelni poskusi so pokazali, da je vpliv tempe-
rature med razdusicenjem oz. ob koncu razdudi¢enja
nepomemben. Po drugi strani smo ugotovili (19, 20), da
je temperatura precej vpliven dejavnik na vsebnost
dusika pri normalnem tlaku in visoki vsebnosti ogljika, 1).
ob zaéetku VOD obdelave. V dobro predpripravo taline
sodi torej skrb za razmeroma visoko temperaturo in
visoko vsebnost ogljika v talini ob prebodu iz elektro-
obloéne peéi 0z. v VOD ponovci neposredno pred zacet-
kom vakuumiranja. Enkratna ali dvakratna prekinitev
pihanja kisika, ki ji sledi faza razdusi¢enja ob intenziv-
nem vakuumiranju, je seveda povezana s podaljSanjem
¢asa VOD obdelave, torej tudi z izgubo toplote in ustrez-
nim padcem temperature. Visjo zaetno temperaturo
taline potrebujemo torej ne le zato, ker je zacetna vseb-
nost dusika v tem primeru manjsa, temvec tudi za kritje
omenjenih povecanih toplotnih izgub. Vpliv vakuuma in
temperature na talino, ki ima 16 % Cr, vidimo na sliki 2.

Vpliv kisika in Zvepla

Kisik in Zveplo, raztopljena v staljenem Zelezu oz.
jeklu, sta znana kot povrdinsko aktivha elementa. To
pomeni, da je povriinska koncentracija teh elementov
vetja od povprecne, ki jo sicer merimo s kemi¢no ana-
lizo vzorcev. Desorbcija dusika je tipicna povrsinska
reakcija, kar seveda velja nasploh za desorbcijo. To
sicer Se ne pomeni, da je omejevalni faktor, tim. »ozko
grlo« reakcije razdusicenja, nujno desorbcija. MoZno je
seveda, da je hitrost razdusi¢enja omejena s koeficien-
tom prenosa mase, t). z difuzijo atomov dusika iz taline k
najblizji povrdini. Najblizja povrsina je lahko medfazna
povrsina talina/Zlindra, talina/trdna snov ali talina/plinska
faza. Nesporno je najbolj ugodna zadnja moZnost, ker je
desorbcija v tem primeru moéno olajsana. Zaradi prisot-

Vpliv vakuuma in temperature na dosegljivo vsebnost dusika pri
16 % Crin 0.01 % C.

Fig. 2
Influence of vacuum and temperature on nitrogen content of
16 % Cr and 0.01 % C steel.

The tests have also shown that temperature influence
during and at the end of vacuum oxygen decarburization
can be neglected. On the other side a strong influence
of temperature was found (19, 20) on the nitrogen con-
tent of molten stainless steel in VOD ladle before vac-
uum tretment j. e., at atmospheric pressure and a high
carbon content of melt. Care for high enough tempera-
ture and carbon content of melt must be taken at tap-
ping EAF or at the start of VOD treatment. One or two
stop of oxygen blowing followed by intense evacuating
is of course associated with heat losses. The influence
of vacuum and temperature on nitrogen content of 16 %
Cr steel is seen in fig. 2.

Influence of oxygen and sulphur

Oxygen and sulphur dissolved in iron based melt are
surface active elements. Their surface concentration is
therefor higher than the average determined by chemi-
cal analysis. Desorption of nitrogen is a typical surface
reaction. It does not mean that the limiting step of
nitrogen removal must be the desorption itself. Nitrogen
removal can be limited by diffusion rate also of nitrogen
dissolved atoms to the nearest free surface which can
be melt/slag, melt/solid or melt/gas interface. The last
one Is the most favorable because of low partial pres-
sure of nitrogen in CO or/and argon bubbles. However,
due to the presence of surface active elements bubble
surface is at least partly contaminated and therefore
passivated. Moreover, oxygen and sulphur atoms can
even form a compact monoatomic adsorbed layer which
prevents nitrogen from reaching the surface. In this case
the desorption can be completely stopped in despite of
favorable thermodynamic conditions (deep vacuum, high
activity of nitrogen in melt, low partial pressure of
nitrogen in gaseous phase, high temperature) and kinet-
ics conditions (good mixing, high argon consumption)
Reference literature has practically omitted to discuss
the influence of surface active elements except for
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nosti povrdinsko aktivnih elementov pa je povrsina vsa|
delno pasivizirana. Na povrsini prisotni in obéutno kon-
centrirani atomi kisika in Zvepla ustvarijo lahko kom-
paktno monoatomno plast, s tem prepredijo dostop ato-
mom dusika na povrsino in je tako desorbcija lahko pre-
kinjena, kljub drugace ugodnim termodinamiénim (nizek
tlak, velika aktivnost dusika v talini, visoka temperatura,
nizek parcialni tlak dusika v plinski fazi) in kinetiénim
pogojem (dobro mesanije, velika poraba argona). V lite-
raturi vpliv kisika in Zvepla praktiéno sploh ni obdelan.
Omenijajo le, da povréinsko aktivni elementi morajo, vsaj
v »nadkritiCnih« koncentracijah, imeti negativen vpliv na
razduSicenje. Izjemi sta S.Ban-ya (3) in K. Shinme s
sodelavei (4), ki ugotavljajo, da kisik in 2veplo zmanjsu-
jeta kineti¢no konstanto k,, desorbcije dusika.

Vpliv argona

Argon v sekundarni oz. ponovéni metalurgiji upora-
bliamo za intenzivno mesanje taline, kar je pogoj za
uspesno homogenizacijo temperature in sestave, Veé
argona v enoti casa pomeni bolj$e mesanje. Bolj se torej
priblizamo termodinamiénemu ravnotezju, kar pomeni,
da lahko doseZemo ob sicer enakih ostalih pogojih
(vakuum, temperatura, ¢as vakuumiranja 0z. razdusice-
nja) nizjo vsebnost duSika. Razen tega pozitivnega
ucinka argona na hitrost doseganja ravnotezja, torej na
kinetiko razdusi¢enja. imamo Se dodatni pozitivni vpliv,
ki izhaja iz dejstva, da argon znizuje parcialni tlak dusika
v plinskih mehurékih in v plinski atmosferi nad talino ter
s tem premika termodinamicno ravnotezje reakcije (1) v
desno stran, tj. v smeri desorbcije dusika, V VOD napra-
vah je obi¢ajno poraba argona v mejah 1-—2 litra/min.
tono. Prve VOD naprave so imele praviloma le en t.im.
argonski »kamen«, tj. ognjevaren blok s poroznostjo
odprtega tipa., vzidan obi¢ajno ekscentriéno v dno
ponovce. Zaradi opisanih pozitivnih vplivov intenzivnega
argoniziranja danes praktiéno vse VOD naprave upora-
bljajo ponovce z dvema ali celo tremi argonskimi
»kamni«, Poraba argona med VOD obdelavo je zato
danes ve€ja. |z praktiénih vzrokov je tezko in nepri-
merno, pa tudi zaradi cene argona neekonomi¢no upo-
rabljati v VOD pogojih ve¢ kot 4—8 litrov Ar/min, tono.

ZAKLJUCKI

— lzdelali smo matematiéni model vakuumskega
razdusiCenja talin z visoko vsebnostjo kroma v delovnih
pogojih, ki ustrezajo industrijski VOD napravi (tempera-
tura 1550—1750°C, in tlak 100Pa — 0.1 MPa, P.,
0.1 MPa — 10 Pa).

— lzdelani model smo umerili in preizkusili ter ugo-
tovili, da omogoca uspedno simulacijo vakuumskega
razdusi¢enja v 65-tonski VOD napravi ter izvedbo tkim.
modelnih poskusov.

— Analiza mehanizma vpliva kisika in zvepla v talini
je privedla do utemeljene domneve, da dezoksidacija, ki
jo predlagajo nekateri japonski raziskovalci (4,5) pred
globokim vakuumiranjem, verjetno ne bo imela pozitiv-
nega u€inka na razdusi¢enje, ker bi s tem zmanjsali
tvorbo CO mehurékov v fazi globokega vakuumiranja.
Vsebnost 2vepla v talinah, namenjenih izdelavi jekla z
minimalno vsebnostjo dusika, naj bo &im nizja

S. Ban-ya (3) and K. Shinme et al. (4), who stated that
oxygen and sulphur reduce kinetics constant k, of
nitrogen desorption.

Influence of argon stirring

Argon in secondary metalurgy or ladle metallurgy
has been used mainly for intense mixing of melt which is
necessary condition for successful homogenization of
melt temperature and composition. A higher consump-
tion of argon means normally a better mixing and
quicker approach to thermodynamic equilibrium. Beside
this positive influence of argon on kinetics, argon also
decreases partial pressure of nitrogen in bubbles and
gaseous atmospfere above melt surface which results in
the shift of thermodynamic equilibriurn of (1) to the right.
Argon consumption in VOD units is 1—2 l/ton, min. First
VOD units were equipped with one argon block but now-
adays two or three blocks are common. Therefore spe-
cific consumption of argon has increased. For practical
and economic reasons the upper limit of specific argon
consumption lies within 4—8 liters Ar/min, ton.

CONCLUSIONS

— Mathematical model of vacuum removal of
nitrogen from high chromium melt under operation con-
ditions (temperature 1550—1750°C, and pressure
100 Pa — 0.1 MPa, P-, 0.1 MPa — 10 Pa) which corre-
spond to industrial VOD processing has been deve-
loped.

— The model has been tested and verified as suc-
cessful and able to perform model tests and simulation
of vacuum nitrogen removal in a 65 ton VOD unit.

— Based on an analysis of the influence of oxygen
and sulphur it can be concluded that deoxidation, rec-
ommended by (4) and (5) prior to deep vacuum degass-
ing stage would probably be ineffective or even deleteri-
ous for nitrogen removal since it would significantly
decrease the amount of CO bubbles. Sulphur content of
melt aimed for the production of superferritic steel
should be as low as possible.
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Modeliranje in procesna kontrola

VAD-postopka

Modelling and Process Control of VAD

Treatment

B. Korousi¢*', A. Rozman*?, F. Tehovnik*?

ASM/SLA: 669.046.517-982:669.187.26
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VAD-proces (vacuum arc degassing) predstavija
danes standardno tehnologijo za izdelavo kvalitetnih
jekel. Po podatkih iz literature v svelu deluje Ze okrog
80 naprav, kapacitete 20t (Rathy Alloys and Steel) do
180 t (Fabrique de Fer)

Zelezarna Ravne je instalirala prvo 50-tonsko VAD-
napravo Ze leta 1983 v novo jeklarno in danes je vec kot
80 % celotne proizvodnje vezano na tehnolosko linijo:
EOP+ VAD+ LITJE.

VAD-naprava v Zelezarni Ravne ima 8 MVA transfor-
mator, ki omogoca ogrevanje taline do 4° C/min pri
vakuumu ca. 500 mbar. Vakuumski sistem Crpalk in
injektorjev omogoca doseg nizkih vrednosti vakuuma
{(pod 1 mbar) pri maks. porabl pare 5000 kg/h in taku
12 barov.

Prakticne izkusnje z VAD-napravo so pokazale, da je
za optimaino delovanje celotne tehnoloske linije
potrebno temeljito poznavanje vseh tehnoloskih faz,
upostevajo¢ proizvodni program in nadaljno obdelavo
jekla (valjarna+ kovacnica).

V élanku so zbrani rezultati dosedanjih raziskav VAD-
procesa, in sicer modeliranje termicnega in metalur-
Skega procesa s ciljem razvoja racunalnisko podprtega
sistema vodenja VAD-tehnologije v Zeiezarni Ravne.

1. TEHNICNE KARAKTERISTIKE VAD-NAPRAVE
V ZELEZARNI RAVNE

VAD-naprava v Zelezarni Ravne je sestavljena iz
naslednjih elementov:

— vakuumska ponev, kapacitete ca. 45 ton (dimen-
zijle: D=2500mm, H=3210mm) z vgrajenim drsnim
zapiralom in argonskim kamnom za vpihovanje plinov.
Vakuumska ponev ima ve¢ funkcij in sluzi kot: trans-
portna posoda, pec za ogrevanje taline in v zadnji fazi
sluzi kot livna ponev;

— pokrov za tesnjenje z odprtinami za elektrode,
prikljucek na dozirni sistem, naprava za legiranje in
jemanje vzorcev, prirobnica za nosenje zascitnega
pokrova, odprtina za opazovanje procesa in naprava za
vpihovanje prasnih materialov;

— regulacijski transformator, moci 8 MVA, z moz-
nostjo izbire napetosti od 120 do 250 V in maks. jakostjo
toka 24 kA;

*! Dr. Blazenko Korousié, dipl. ing., S2 — Metalurski institut,

Lepi fot 11, 61000 Ljubljana
*? §7 — Zelezarna Ravne
*3 87 — Metalurski in&titut

** Originglno pubkciranc. 228 24195011
* Aokopis spreget november 1989

VAD (Vacuum Arc Degassing) treatment has
become a standard technology for the production of
high grade steels. To day there are about 80 VAD units
operating all over the world ranging in capacity from 20
tons (Rathy Alloys and Steel) to. 180 tons (Fabrique de
Fer).

Zelezarna Ravne ironworks commissioned its first
50 ton VAD unit in 1983 already in the new steelwork. To
day more than 80 % of production is related to EAF-
VAD-CASTING technologic line. The VAD unit has a
8 MVA transformer, heating is carried out at a rate of
4° K/min at a vacuum of 500 mbar. Vacuum is achieved
by the use of pumps and ejectors and the final degas-
sing stage is carried out at a level less than 1 mbar.
Steam consumption amounts to 5000 kg/hr and the
steam pressure is 12 bars.

Operational experience has shown that the optimum
operation of the whole technologic line requires a profo-
unded knowledge of all technologic stages taking into
account the production program and subsequent wor-
king of steel (rolling, forging).

The work presents collected results of investigations
of VAD treatment carried out up to now i. e., modelling
of thermal and metallurgical process aimed to the deve-
lopment of computer supported process control of VAD
technology in Ravne fronworks.

1. MAIN TECHNICAL CHARACTERISTICS OF VAD
UNIT

The VAD unit in Ravne ironworks is composed of:

— VAD ladle of 45tons capacity (diameter
2500 mm, height 3210 mm) with slide gate and flushing
plug. The ladle serves for transfer, reheating and pou-
ring,

— cover with openings for electrodes, alloying hop-
per, sampling device, a flange for the support of protec-
tion heat shield, a lance for the injection of powdered
materials and observation hole.

— 8 MVA transformer with voltage selection ranging
from 120 to 250 V and 24 kA maximum current intensity;

- vacuum system with pumps and ejectors with
maximum steam consumption of 5400 kg/h and max.
steam pressure of 12 bars.

2. TECHNOLOGIC CHARACTERISTICS OF VAD
TREATMENT IN RAVNE

Technologic characteristics of VAD treatment in
Ravne ironworks have been described previously' @ 7.
Therefore, only main stages are given here to facilitate
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— vakuumski sistem s crpalkami in injektorskimi
napravami z maks. pretokom pare 5400 kg/h in maks.
pritiskom pare 12 barov.

2. TEHNOLOSKE ZNACILNOSTI VAD-PROCESA
V ZELEZARNI RAVNE

Tehnoloske znacilnosti izdelave jekel po VAD-pro-
cesu v Zelezarni Ravne bomo opisali le osnovne faze,
kar bo olajsalo nadaljnje spremljanje opisa modeliranja
VAD-procesa.

Na sliki1 je razvidna tehnoloska shema izdelave
jekla VCMo140 s spremljajo¢imi fazami. katere opisemo
na kratko takole:

— Temperatura taline — T, v peci pred prebodom
1660° C.

— Po koncanem prebodu temperatura taline pade
za ca 44+25°C. v odvisnosti od termiénega stanja
ponovce A, v kateri se nahaja celotna talilna skupaj s
pecno zlindro.

— Nato sledi transport ponovce A, ki se postavi nad
VAD-ponovco (z oznako B) in se izvrsi prelivanje taline s
cillem, da se zadrzi celotna koli¢ina pecne Zlindre. Pri
tem, kot je razvidno s slike 1, pride do moénega padca
temperature, ki znasa v povprec¢ju 98 + 32° C. V ponovco
B se dodajo tudi potrebne legure. Pred naslednjo opera-

further following of the decription of VAD process
modelling

Technologic scheme of the production of VCMo 140
is seen in Fig. 1.

The technology includes the following particular
steps:

— temperature of melt T, in furnace before tapping:
1660 C.

— after tapping the temperature drops by 44+ 25° C
depending on thermal state of ladie A which holds metal
and furnace slag together.

— transfer of ladle A which is placed above VAD
ladle B and reladling the furnace slag remaining in lad-
le A. Temperature drops by 98+ 32 C as seen from
fig. 1. Necessary alloys are added to ladle B also. Sam-
pling for sample Nr. 5 is followed by temperature measu-
rement.

— Next step is the start of evacuation down to
450—500 mbars with simuitaneous heating. The tempe-
rature is raised to desired level After the heating is
stopped melt temperature drops with 2°C/min rate on
average.

— After removing the cover the sampling. tempera-
ture measurement, fine alloying (F. LEGI) and reheating
by 10—-20° C, if necessary I, e. in dependence on the

Ogrevanje & fod
-~ @ + =
oD gg'g‘g'g‘g Vakuumir. 5 2
§agfg8a8 U ge
&9 e &® 8<  Vacuum treatment wic
= e—— 3
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.Probe .Probe
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s |4 T(°C)
. 'k.
woot X B M- .
. = ,
Y # i T Ts
mB — s
1000 + 1500 —
P(mbar )
500 1
MW
r 0 T T % T t T
=40 -20 0 20 40 2 60 80 100
Cas (min)
Time (min)
Slika 1

Potek osnovnih parametrov pri izdelavi jekla v. VAD-napravi

Fig

1

Change of ba'sic parametérs during VAD treatment
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cijo se vzame tki. 5. vzorec in se pomeri tudi tempera-
tura taline.

— Naslednja faza je zaCetek vakuumiranja taline v
obmocju 450—550 mbarov ob istoéasnem ogrevanju
taline. Pri tem temperatura naraste na Zeljeno vrednost
in po izklopu napetosti transformatorja ponovno pada s
povprecno hitrostjo ca. 2° C/min.

— Po odpiranju pokrova (zra¢na atmosfera) vza-
memo vzorec taline, pomerimo temperaturo, glede na
sestavo taline izvrsimo fino legiranje (F. LEGI), in &e je
potrebno. ponovno ogrevamo za 10—20° C, v odvisnosti
od kolicine potrebnih legur in termiénega stanja taline.

— V celotnem tehnoloskem ciklusu je izpuséeno
opisovanje faze priprave Zlindre, preddezoksidacije.
dezoksidacije in odzveplanja jekla, ker to obravnava opis
modeliranja.

3. MODEL VAD-POSTOPKA

Zaradi sestavljenosti procesa VAD in vse bolj pogo-
stega uvajanja osebnih racunalniskih sistemov za kon-
trolo industrijskih procesov je nasa odlocCitev $la v smeri
postopnega osvajanja matematiénih modelov”.

Na sliki 2 je prikazana shema strukture VAD-modela,
ki sestoji iz:

— termicénega modela,

— metalurskega modela.

! BANKA ] Ir e ]

amount of added alloys and melt temperature, are car-
ried out.

— Slag preparation, predeoxidation, deoxidation
and desulphurizing are omitted from the whole technolo-
gic cycle since these steps will be considered together
with modelling.

3. MODEL OF VAD TREATMENT

Due to the complexity of VAD treatment and increa-
sing introduction of personnel computers for industrial
process control it has been decided to start with a gra-
dual development of mathematical models’.

The structure of VAD model can be seen in Fig. 2.
The model is composed of:

— thermal model and

— melallurgical model.
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Slika 2
Shematska ponazoritev strukture VAD-modela

3.1. Termiéni model

Prva skupina programskih algoritmov zajema odnose
in kontrolo termi¢nega stanja od preboda taline iz EOP-
peci v ponovco A in nato vse do priprave taline za litje.

Termi€no stanje taline je pod vplivom Stevilnih para-
metrov, kar je razvidno s slike 3.

Na sliki3 vidimo za 26 talin gibanje temperature
taline v treh kljuénih tehnoloskih fazah:

T(pr) — tergperatura taline tik pred prebodom iz EO-
peci.

T(a) — temperatura taline, merjene v ponovci A (tran-
sportna ponovca) po konéanem prebodu.

T(b) — temperatura taline, merjene v ponovci B, potem
ko je dodano ca. 30 kg legur/tono in 8 kg doda-
tkov/tono za tvorbo nove Zlindre.

Potrebno energijo Q, za ogrevanije taline izraéunamo
iz toplotne bilance:

QY=QL+03+°T|+Qn. (1)

-
Precdcudction Rate of glloys - and

Thermal Add
of time and
hecting energy losses | heatng slag additions meiting
| METALLURGICAL MODEL
’ Precaicsation Sotwm ‘ Predecadatien i Cow cptmvred
| of the amount decor bur sahen Deardatisn |Desuphursancn | cakcueron of
of siog oodeon and degaseng | Jegper sende l | e cliays

Fig. 2
Scheme of the structure of VAD process model

3.1._ Thermal model

First group of algorithms deals with relevant relati-
onships and control of thermal state from tapping from
EAF into ladle A to final preparation of the heat for
casting.

Thermal state of melt is influenced by a number of
parameters which can be seen from Fig. 3.

Variations in melt temperature for three main techno-
logic stages for 26 heats are seen in fig. 3.

T(pr) — temperature before tapping.

Tfa) — temperature of melt measured in ladle A
(transfer ladle) after tapping is finished.

T(b) — temperature of melt measured in ladle B after
the addition of appr. 30 kg/t alloys and 8 kqg/t fluxes for
new slag.

The energy Q; required for reheating the melt is cal-
culated from the heat balance:

97- 0L+ 0$+ 0r¢_+ 0,. . (1)
where:

Q; — total energy necessary to attain aimed tempe-
rature, - =

Q, — heat used up for melting aloys added to ladle,

Q. — heat required for meiting of fluxes

Q,; — heat necessary to compensate for heat los-
ses,

Q.. — heat required to raise the temperature from
T(B) start to T(B) aim.

Since the model is very extensive, Fig.4 presents
only results obtained by the algorithm for the calculation
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Gibanje temperature taline, in sicer: T(pr) — v EOQ pedéi tik pred
prebodom, T{a) — v ponovci A po prebodu, T(b) — v ponovei B
po prelivanju iz ponovce A in dodatku legur
Fig. 3
Variations in tap. ladle A and ladle B (after reladiing and alloy
addition) temperature for 24 heats

pri ¢emer pomeni:
Q; =celotna energija, potrebna za doseganje nacrto-
vane temperature
Q, =~toplota, potrebna za talijenje legur, dodanih v
ponovco
Q. =toplota, potrebna za taljenje Zlindrnih dodatkov
Q,_=toplota, potrebna za kompenzacijo toplotnih izgub
q. =toplota, potrebna za dvig temperature od
T(B)-start do T(B)-cilj
Zaradi obseznosti celotnega modela podajamo le
rezultate dolocevanja algoritma za dvig temperature
taline za transformator s parametri: p=8000 kW,
U =205V (glej sliko 4). S slike je razvidno. da pri izraéu-
navanju potrebne moci igra pomembno vlogo koli€¢ina
dodanih legur. Na podoben nacin je potrebno upostevati
tudi vpliv ostalih parametrov, kot je to razvidno iz
enacbe 1.

3.2. Metalurdki model

VAD-proces omogoca zaradi ugodnih pogojev (zni-
Zan tlak, meSanje taline, baziéna ali nevtralna obloga.
baziéna 2zlindra, natancna kontrola kisikovega poten-
ciala) izvajanje Stevilnih reakcij.

Osnovna zahteva za doseg teh ciljev je popolna eli-
minacija vpliva pecne Zlindre, ki ima visoko vsebnost
oksidov, kot so FeO +MnO + Cr,0;+ P,0:.

Na sliki 5 je prikazana primerjava kemi¢ne sestave
Zlindre v treh fazah VAD-procesa.

1. Pon-A: sestava Zlindre (Chg. 75672, CK-45) v
ponovci A.

2. Dodano: 200 kg CaO+ 150kg sinter-dolomita
(priblizna sestava).

3. Pon-B: sestava zlindre (Chg. 75672, CK-45) v
ponovci B po ogrevanju in pred 5. preizkusom).

Sestava Zlindre v fazi vakuumske obdelave je izredno
pomembna, ker direktno vpliva na obrabo obloge v coni
Zlindre.

Kemic¢na analiza Zlindre je po ogrevanju pokazala, da
je najveciji del Al-dodanega za dezoksidacijo — reagiral
s kisikom in ga zato najdemo v Zlindri v obliki Al,O;.
Vsebnost ostalih oksidov v Zlindri iz ponovce B je zelo
nizka: FeO=0,48 %, Mn=0,12, Cr,0,=0.05.
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Slika 4
Algoritem za izraéun potrebne energije za ogrevanje (xx/kg/T)
= teZa dodatkov v ponovco B pred zacetkom ogrevanja
Fig. 4
Aigonthm for the computation of energy required for reheating
(xx/kg/1) = weight kg/ton of ailoy added into ladle B before the
start of heating

of power required in the case of transformer characteri-
stics: P= 8000 kW. U= 205V, (see fig. 4). It can be seen
that the amount of added alloys plays an important role
in the computation of required power. Similarly, the influ-
ence of other parameters have to be taken into account
as seen from eq. (1).

3.2. Metallurgical model

Due to favorable conditions (lowered pressure, good
stirring, basic or inert lining, basic slag, accurate control
of oxygen potential) VAD process facilitate a number of
reactions.

Basic conditions required for the achievemment of
these aims is complete removal of furnace slag with a
high content of FeO, MnO, Cr.Q; and P.0:.

Slag composition in the three stages of VAD treat-
ment is presenteed in Fig. 5.

Sestava Hinder VAD
Chemical compostion of the WAD-slags
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20
1 I
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Pon - A Docaro Pon- 8
Locle - A Added Ladie - 8
Zinara
Slog
Slika 5

Gibanje sestave Zlindre za tri kljuéne tehnoloske faze Pon- A: v
ponovel A, Dodano: v ponoveo B, Pon- B: v ponovci B po kon-
¢ani obdelavi

Fig. &

Siag composition: Ladle A — slag from ladle A, Added — slag
to ladle B, Ladle 8 — at the end of VAD treatment
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3.2.1. Kontrola kisika v fazi obdelave taline

Analiza aktivnosti kisika v talini po obdelavi taline v
vakuumu je pokazala, da je vsebnost kisika v celoti pod
kontrolo vsebnosti Al v talini, Na sliki 6 se lepo vidi, da
lahko na osnovi meritev kisika v talini dokaj natanéno
kontroliramo vsebnost aluminija.

Analiza kemi¢ne sestave Zlindre je pokazala, da je
aktivnost kisika v talini dale¢ od ravnotezja z zlindro, kar
je pomembno za Studij odzveplanja. kot se bo to poka-
zalo v naslednjem poglavju.

Meritve aktivnosti kisika v ponover B
Oxygen activity n the ladle B

' l —C— AL (SON) [ ]

: |
250} \_‘_,‘ , ® Al[TOT} [

HEEEEEw

;01 - PPM

Slika 6
QOavisnost vsebnosti Al(sonda) oz. Al{celotni) od aktivnosti
kisika v talini
Fig. 6
Relationship between oxygen activity and Al as determined by
EMF (Al son) and total Al content of melt in ladile 8

3.2.2. Kontrola zvepla v fazi obdelave jekla

Kontrola Zvepla postaja vse bolj pomembna zaradi
dejstva, da se za Stevilne kvalitete zahteva predpisana
sestava Zvepla. Vodenje procesa prenosa zvepla iz taline
v Zlindro ima torej ekonomski pomen, zato je napovedo-
vanje konéne vsebnosti Zvepla pomembna naloga. Kine-
tiko odzveplanja lahko definiramo z enaébo!

ds
L - PP I
% K, (S - S;) 2)
kjer pomeni:
ke — konstanta odZveplanja (min~')
S — trenutna vsebnost 2vepla v talini
S: — ravnotezna vsebnost zvepla (talina-Zlindra)

Pri analizi kinetike prenosa Zvepla smo vpeljali pojem
»kapaciteta zvepla v zlindri« in jo oznadili z oznako:

Ciagm &%f_"- (%FeO) ..3)

Za VAD-napravo smo uporabili kriterij prostih baz po
Jacquemont*

ki omogoca izpeljavo analiticne funkcije za C..:
n=11 r°=99
=5 | (4,Fe0) =099 - exp (0.1-PB) ...(5)

%S

Naslednji korak je izpeljava algoritma za napoved
ravnotezne vsebnosti Zvepla:

1. Ladle A — Heat Nr. 75672, steel grade CK-45.

2. Added — Ca0O 200 kg, burned dolomite 150 kg
(appr. composition),

3. Ladle B — slag composition in ladle B after rehea-
ting and before 5th sampling. Heat Nr. 75672, grade
CK-45.

The composition of slag in degassing stage is very
important since it directly influences the lining life in slag
line.

Chemical composition of slag after reheating indica-
tes that a major amount of alurmninium added for deoxida-
tion has reacted with oxygen. Therefore, it has been
found in slag in the form of Al.O..

The content of other oxides in slag of ladle B is very
low: FeO 0,48 %, MnO 0.12 %, Cr,0; 0.05 %.

3.2.1 Oxygen control

Analysis of the oxygen activity in the melt after
degassing as seen from Fig. 6 clearly shows that the
oxygen is controlled by the aluminium content of melt, It
can be seen that the measurement of oxygen activity
may be used for determination of the aluminium content
of melt.

Based on chemical composition of the slag it can be
concluded that the activity of oxygen in the melt is far
from equilibrium with siag, which Is important for the fol-
fowing study of desulphurization.

3.2.2. Sulphur control

The control of sulphur is becoming more important
because of an increasing number of grades with very
precisely specified sulphur content. The control of sulfur
transfer from melt to slag has therefore economic signi-
ficance. Consequently, the prediction of final sulfur con-
tent is an important task.
Kinetics of desulphurizing can be defined by equa-
tion:
S — Ks (8~ 8;) .. (2)
at

where:

ks — kinetics constant for desulphurizing (min~ ")

S — sulphur content of melt

S: — equilibrium sulphur content {slag-meit equil.)

In the analysis of kinetics of desulphurizing we have
introduced the term “sulphur capacity of slag” Cas:

{%S)
055- —";-6? - (%FeO) i (3}
The criterion of free bases according to Jacque-
mont* has also been used for VAD:

PB= (CaO+ MgQO)— (Si0O;+ ALO;), ... (4)
which makes it possible to derive analytic function for
055:

ne= 11 r=99
css=%g’- (%Fe0)=099 . exp (0.1- PB) . (5)

Next step is derivation of the algorithm for prediction
of the equilibrium sulphur content:

C
S:=(8°+ S, - 1+-m—?-—§—".
= . o) - m, %Feo' (6]
where:

S — initial sulfur content

S, 1o — sulphur brought by alloy and slag addition
ms — weight of slag (kg)

m, — weight of steel (kg)
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m., Ces

o e —t o . o i } 3
S:=(S°+S,u) - (1 + m % FeO |

kjer pomeni: .

§° — ysebnost Zvepla v talini pred zacetkom obdelave
S, — vsebnost Zvepla, ki ga prinese 2Zlindra in zlitine
m; -~ teza Zlindre (kg)

m, — teza taline (kg)

Na osnovi enacb (2), (3) in (6) lahko izpeljemo kon-
¢no enacbo za napoved zvepla; katere rezultate vidimo
na sliki 7.

Na osnovi teh rezultatov lahko za izbrane pogoje
(teZa jekla, sestava zlindre, vsebnost FeO v zlindri) izra-
¢unamo potrebno koli¢ino Zlindre, ki zagotavlja zeljeno
vsebnost Zvepla,

-(6)

4. ZAKLJUCKI

VAD- postopek predstavlja danes kljuéni tehnoloski
postopek za ekonomiéno in tehnclosko dognano proiz-
vodnjo kvalitetnih jekel. V kombinaciji z visoko produ-
ktivnimi taliinimi agregati (konvertor, UHP-EBT ali UHP-
OBT) predstavlja idealno tehnolosko linijo*.

Toda, optimalne ucinke je mogoce doseZi le pri pra-
vilni izbiri tehnoloskih parametrov, pri cemer sta
pomembna tako termiéni kot tudi metalurski model

Ogrevanje taline mora biti izvedeno na najbolj ekono-
mi¢en nacin, zato je zelo pomembno poznavanje
potrebne moci in ¢asa ogrevanja, da bi se tako izognili
veckratnim ponaviljanjem ogrevanja in maks. izkoristili
prednosti obloénega ogrevanja taline,

Zelo pomembna je pravilna izbira sestave Zlindre, ki
ima najvecji vpliv na obrabo obloge ponovce, s tem pa
so direktno povezani proizvodni stroski.

Modeliranje posameznih tehnoloskih faz se je poka-
zalo kot zelo uporabno orodje, ki omogoca poleg bolj-
Sega razumevanja procesa tudi zaokroZitev znanja v
obliki uporabne programske opreme.

Na ta nacin postane lastno znanje uporaben know-
how, kar je pogoj za procesno vodenje procesov.

10,
09
08
07
ﬁ; "
08
04
EYS
02}~
o g ,
Cos [mn )
Time {mn}
Slika 7
Kinetika odstranjevanja 2vepla v pogojih VAD-postopka
Fig. 7

Kinetics of desulphurizing in VAD treatment

Final equation the results of which can be seen in
Fig. 7 is derived from (2}, (3) and (6).

In this way the amount of slag required to obtain
aimed sulphur content can be calculated for selected
conditions (weight of melt, slag composition, FeO con-
tent of slag).

4. CONCLUSIONS

VAD represents to day a key technologic process for
economic and successful production of high grade
steel. Combined with high productivity units such as
convertor, UHP-EBT or UHP-OBT electric arc furnace it
represents the ideal production line’.

However, optimum results can be achieved only by
selection of proper technologic parameters. Therefore
the thermal as well as metallurgical model are important.

Reheating of meit has to be carried out in the most
economic way which means that the power and heating
time required must be known in order to make maxium
utilization of vacuum arc reheating and to eliminate the
need for additional reheating.

The selection of proper slag is very important in
respect to lining life and associated production costs.

The modelling of particular technologic stages is
very useful tool for better understanding of the process
and for the transformation of knowledge into useful
application software. In this way the available knowledge
becomes a useful know-how which is precondition for
successful process control.
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Uporaba sekundarnih surovin je pomembna iz dveh
razlogov, in sicer ekonomskega in ekoloskega. Zato je
potrebno organizirano pristopiti k zbiranju teh surovin,
ker se jih v nasih Zelezarnah naredi mesecno tisoce ton
(Skaja, ostruZki, odbruski, . . .).

V tem Cclanku bomo obdelali uporabo nekaterih
sekundarnih surovin, ki nastajajo in se uporabljajo v talil-
nith agregatih v slovenskih Zelezarnah.

uvoD

Za sekundarne surovine je potrebno na mestu izvira
preskrbeti ustrezne zabojnike in kosare ter loéiti posa-
mezne odpadke po kvaliteti in kemicni sestavi, da bi jih
ponovno vrnili v proizvodni proces. Potrebno je izkori-
stiti vse kovinske komponente, ki se nahajajo v sekun-
darnih surovinah, predvsem pa legirne elemente. Zelo
vazno je poznati, kolikéna je vsebnost legirnih elemen-
tov, da bi se dolocila tocna sestava vloZka, da ne bi bilo
ob raztalitvi velike razlike med nacrtovanimi in dejan-
skimi analizami,

Razdelitev odpadkov po skupinah je doloéena na
osnovi vsebnosti posameznih in podobnih elementov ter
zdruZevanja tistih kvalitet, ki omogoéajo maksimalno
izkoris¢anje posameznih elementov pri ponovni prede-
lavi. Izredno je vazno skladiscenje teh surovin, da ne bi
prislo do mesanja. Nepravilno izradunana sestava viozka
vpliva ne samo na stroske proizvodnje, temved tudi na
zmanjSanje izkoristka, slabse produktivnosti in kvalitete
ter povecanje zalog jekla neustrezne kvalitete. Napaéna
kemi¢na analiza pri raztapljanju vioZka je povezana z
materiainimi izgubami, ker se v takih primerih izdeluje
jeklo slabse kvalitete.

V slovenskih Zelezarnah se uporabljia $kaja dokaj
redno kot vioZzek pri proizvodnji jekla v elektroobloénih
peceh (EOP).

Problem ostruzkov je v glavnem resen in vsaka Zele-
zarna svoje sama uporablja. Z uporabo odbruskov smo
zacetniki, Ceprav se ze uporabljajo v nekaterih Zelezar-
nah. Poseben problem pa predstavijajo ostanki brusnih
plo&¢, korund, emulzija in olje. Najvecéji pomen bomo dali
uporabi Skaje kot vioZek v elektroobloénih peéeh, ker se
je ze zacela uspesSno uporabljati.

*" Gojko Todorovi€. dipl. ing. met., Metalurski institut Ljubljana.
Lepi pot 11, 61000 Ljubljana

*? FNT. VTOZD Mentanistika, Ljubljana

*3 82 — Zelezarna Jesenice

*¢ 8Z — Zelezarna Store

*5 §2 — Zelezarna Ravne

** Ongnaine pubkciranc: 2ZB 24119%0)1
* Rokopis sprejet navermmber 1983

Utilization of secondary raw materials is important for
two reasons, first for economic and second for ecologic
reasons. Therefore, the collecting of thousands of tons
of raw materials (mill waste, turning waste, grinding
waste, . . .) which are produced monthly in our iron and
steel works should be properly organized.

The paper deals with the use of some secondary raw
materials which are produced and utilized in melting fur-
naces of Siovenske Zelezarne Iron and Steel Works.

INTRODUCTION

The reclamation of secondary raw materials requires
appropriate containers and baskets disposed at proper
places, and sorting of waste material according to its
quality and chemical composition. All metallic com-
pounds of waste, especially those containing alloying
elements should be recycled back into the production
process. The knowing of exact composition and amount
of alloyed waste material is very important for proper
composition of metallic charge which should at melt
down differ from the aimed composition as little as pos-
sible.

The classification of waste into several groups is
based on the content of definite and similar elements
and on the grouping of those grades which make it pos-
sible to obtain the highest yield of particular elements in
subsequent recycling. Proper storage of these materials
{o prevent from mixing different groups is very import-
ant. Miscalculation of metallic charge composition influ-
ences not only production costs but results in lower
yield, lower productivity and poorer quality as well as
rise of steel stored due to improper specification.
Improper chemical/ composition at melt down is asso-
ciated with material loss because it ends in the produc-
tion of lower grade steel.

Intense work on collecting waste materials started
recently in Slovenske Zelezarne with the aim of recyciing
in particular own shops or for sale to others. As regards
machining waste (turnings) each ironworks uses its own
waste. The use of waste from grinding is yet at the very
beginning. Special problem are used out grindstones,
corundum, oils and emulsions. The use of mill waste is
emphasized, since it has already been successfuily used
as a part of metallic charge for electric arc furnaces.

GENERATION OF MILL WASTE AND ITS
PHYSICAL-CHEMICAL PROPERTIES

Heating of steel before hot working proceeds in
atmospheres composed of different gases which more
or less intensely react with solid steel surface resulting
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NASTANEK SKAJE IN NJENE FIZIKALNO-KEMICNE
LASTNOSTI

Segrevanje in Zarjenje jekla pred vroéim preoblikova-
njem poteka praviloma v atmosferah, ki intenzivno reagi-
rajo s povrsino trdega jekla. Kot produkt teh reakcij je
Skaja, ki je stalen spremljevalec jekla med procesom
preoblikovanja. Nastanek Skaje je odvisen od mnogih
dejavnikov, od katerih so najbolj pomembni: sestava
jekla, temperatura in ¢as zarjenja. Skaja nastaja pred
toplotno predelavo na povrsini jekla pri visokih tempera-
turah in med obdelavo. Oksidni sloj, ki nastane z oksida-
cijo Zeleza v zra¢ni atmosferi, je sestavijen iz treh plasti.
Od kovine navzven je najprej plast wustita, nato plast
magnetita in na vrhu plast hematita. Razmerje debelin
teh slojev' je v pogojih idealne oksidacije 95:4:1. Obi-
¢ajno pa tega razmerja ne dosezemo zaradi vpliva napak
v oksidnem sloju in na meji kovina-Skaja, vendar se mu
valjarniska $kaja precej pribliza. Pri mnogih jeklih pri
standardni tehnologiji ogrevanja nastane skaja, ki pri
valjanju odpade le delnc s povrsine ali pa sploh ne.
Tesno oprijeta povrsina Skaje je vzrok velikemu izmecku
ali pa mocno zniza vrednost konénih polizdelkov.

Oprijemljivost Skaje je najmanjsa pri ogljikovih jeklih,
ne gede na to, pri katerih temperaturah in v kaksni
atmosferi so Zarjena. Pri jeklih, ki so legirana s silicijem,
se $kaja mnogo bolj drzi kovinske povréine. Skaja je pri
teh jeklih dvoplastna in ima pomembno vlogo pri njeni
porusitvi. Podobna je Skaja pri jeklih, legiranih z nikljem
in kromom. Pri jeklih, ki so legirana s samim kromom do
priblizno 1 %, $kaja bolj odpada kot pri jeklih, legiranih z
1 do 2% Cr in Ni. Pri vi§jih koncentracijah kroma (do
14 %) je spet prisotna dvoplastna $kaja in se trdno drzi
kovinske osnove. Ne glede na to, kaksno je jeklo in
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Slika 1
Transportne poti Skaje v Zelezarni Jesenice

Fig. 1
Mill waste transport at Zelezarna Jesenice

in the formation of scale the presence of which is there-
fore inevitable in hot working. The generation of scale
depends on a number of factors. The most important are
the composition and temperature of steel and the time
of heating. Scale is formed on steel surface before and
during hot working at high temperatures. The oxide
formed on steel surface by the oxidation of iron in air is
composed of three layers. From metal to outward there
is first a layer of wistite followed by magnetite layer and
finally there is a top hematite layer. The thickness ratio
fo these layers (1) in ideal oxidation conditions is 95:4.:1,
respectively. Usually this ratio can not be achieved due
to defects in oxide layer and on metal/oxide interface
however, it aimost holds for mill waste. Standard heating
of many steels results in the formation of oxide layer
which during rolling does not or only partly breaks off
the steel surface. Strong adhesion of scale to steel sur-
face is cause for high cast off or decrease in value of fin-
ished semi products. The lowest scale adhesion is
observed in carbon steels irrespective of heating tem-
perature and atmosphere. In silicon alloyed steels the
bond between scale and metal surface is much
stronger. Scale on these steeis has two layers which
have a significant role in their break off. Nickel and
chromium alloyed steels have similar scale. Scale on
steel alloyed up to 1% chromium only breaks off more
easily than on steel alloyed with 1—2 % Cr and Ni. At
higher chromium content (up to 14 % Cr) two-layer scale
strongly adhered to steel surface appears again. Irre-
spective of steel grade and its alloy content the thick-
ness of scale layer decreases with increasing tempera-
ture and oxygen potential of flue gases (2). The compo-
sition of flue gas and heating temperature has a much
stronger influence on scaling rate of carbon steel as
compared to alloyed steel.

The amount and quality of scale in Slovenske Zele-
zarne works depend naturally on the steel grades pro-
duced. The mill waste is collected in bins and trans-
ported by the use of containers to waste storage. The
transport is mainly mechanized. The waste contains also
water and oil depending on steel processing technoiogy.
Waste materials of different composition grades are
often mixed because of different steel The relation
between chemical composition of steel and its scale can
be seen in Table 1 and 2.

Mill waste in Zelezarna Jesenice is not sorted
according to quality. It is collected into baskets and con-
tainers and then transported by trucks to dosage bins
as seen in Fig. 1. Therefrom it is transported to steei-
works where it is used as addition to metaliic charge.

Table 1: Chemical composition of scale from different steel
grades

Scale grade
wt. % CK45 VCMo UtopMo1 OCR 12
140

c 0.16 0005 0010 0014
Si 0.42 017 0.41 0.20
Mn 0.45 0.48 0.28 0.34
P 0015 0012 0024 0.011
s 0018 0004 0007 0.011
H.0 0.08 0.06 0.05 0.045
Cr 0.27 0.54 1.76 85
Mo 0.03 0.09 0.33 0.08
FeO 617 a73 472 256
Fe,0, %5 610 485 558
F e 0.36 0.46 093 063

= = 0.12 0.06
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kolikéne so v njem koncentracije legirnih elementov,
pada debelina $kaje s temperaturo Zarjenja in s kisiko-
vim potencialom dimnih plinov’. Sestava dimnih plinov in
temperatura Zarjenja najmoéneje vplivata na hitrost ska-
janja ogljikovih jekel. mnogo manj pa so te spremembe
ocitne pri legiranih jeklih.

V slovenskih Zelezarnah se izdelujejo razliéne kvali-
tete jekel in je zaradi tega razlicna tudi koli¢ina in kvali-
teta Skaje. Skaja se zbira v zbiralnike in s pomoéjo kon-
tejnerjev odvaza na skladis¢a. V $kaji je prisotna voda ali
pa mascoba, kar je odvisno od tehnoloskega postopka
predelave jekla. V glavnhem je mehaniziran transport do
zabojnikov oziroma zbiralnikov. Veékrat nastane mesa-
nica, ki po svoji kemiéni sestavi ne spada skupaj, ker se
zbira iz razliénih kvalitet jekel. Da bi imeli &m bolj$i vpo-
gled v kvaliteto skaje, ki nastaja iz razliénih vrst jekel,
bome prikazali v tabeli 1 in 2 kemiéno analizo jekel in
ustrezne Skaje.

Tabela 1: Kemiéna analiza skaje razliénih kvalitet jekel

Kvaliteta $kaje

Kemijski element

alispojinavut % kg5 VOMO UtopMo1  OCR 12
c 016 0005 0010 0014
Si 042 017 041 0.20
Mn 045 048 028 0.34
P 0015 0012 0024 0011
s 0018 0004 0007 001
H.0 008 006 005 0.045
Cr 027 054 176 85
Mo 003 009 033 0,08
FeO 617 373 472 2556
Fe.0, %5 610 485 558
Fe... 036 046 093 063
v - - 0.12 0.06

Tabela 2: Kemi¢na analiza jekel, iz katerih je vzeta kaja

Kvaliteta jekel
Kemijski element
vut % ckas  YON® UtopMo1 oOCR 12
C 0.39 0.40 0.39 2,06
S 0.007 0,030 0.015 0.027
Si 0,19 027 1,06 029
Cr 029 1,10 5,00 11,46
Ni 017 0.30 027 0,16
Cu 0,18 0.30 022 o1
Mn 0,58 0.70 0.39 047
Mo 0,05 0,18 1.27 0.09
P 0.015 0,035 0,024 0.019
Al 0.004 0.020 0,014 0.06
v — - 0,29 -

Skaja zelezarne Jesenice se ne loéi po kvaliteti na
mestu nastanka, temvec se zbira v zbiralnike in potem v
zabojnike ter se s tovornjakom odvaza na dozerske bun-
kerje (slika 1). Po potrebi se odvaza iz bunkerjev z
zabojniki oziroma tovornjaki za vloZek v jeklarno. kaja
vsebuje okrog 28 % Fe,0, in 57 % FeO. Vazno je pouda-
riti, da Skaja vsebuije priblizno 6 % vlage, ki ne dela nobe-
nih problemov pri zakladanju v EOP. Tocka sintranja
znasa 1020°C, mehéanja 1400°C in taljenja 1550°C ter
nasipna teza 2.8 t/m’. Skaja v Zelezarni Store vsebuje
priblizno 40 % Fe,0, in 53 % FeO in neznatne koli¢ine
drugih elementov, tako da se lahko uporablja kot viozek
v EOP. V Zelezarni Ravne je potrebno loéiti $kajo na
mestu nastanka tako, da bi se lahko uporabljala kot vio-
Zek v jeklarskih peceh. V slovenskih Zelezarnah letno
nastane priblizno 24.000 ton Skaje.

Table 2: Chemical Composition of Steel

Steel grade

wr. % CK45 VCMo UtopMo1 OCA 12

140
c 0.39 0.40 0.39 206
s 0007 0030 0015 0.027
Si 0.19 027 1.06 0.29
cr 0.29 1.10 5.00 11.46
Ni 0.17 0.30 0.27 0.16
Cu 0.18 0.30 0.22 0.11
Mn 0.58 0.70 0.39 0.47
Mo 0.05 0.18 127 0.09
P 0015 0035 0024 0.019
Al 0004 0020 0014 0.06
v — — 0.29 2=

The waste contains 28 % Fe,O; and 57 % FeO. It should
be emphasized that the waste contains approx. 6 % of
moisture which does not cause any problems in charg-
ing of EA furnaces. Sintering, softening and melting
point of the waste is 1020, 1400 and 1550°C. respec-
tively. The volume weight is 2.8 t/n¥. In Store Ironworks
the waste contains 40 % Fe,O; and 53 % FeO beside
small amounts of other compounds so it can be used as
addition to EAF charge. In Ravne Ironworks the waste
should be sorted according to grade if it is to be used
for the charge of EAF. Slovenske Zelezarne produce
about 25 kt/year of mill waste.

UTILIZATION OF MILL WASTE

The use of scale in steelmaking requires its sorting
along the whole line from jts source, storage, raw mate-
rial preparation to EA furnace. The scale can be sorted
according to chemical composition into alloyed and non-
alloyed scale. Alloyed waste is then divided into groups
on the basis of quality and alloying elements The sorted
waste must be stored in suitable baskets and containers
which are transported to storage terminals.

When using alloyed waste the possibilities for the
best utilization of all alloying elements should be consid-
ered. First of all the exact amount and composition of
alloyed waste should be known. Sorting and storage
errors are harmful for production costs and steelmaking
technology. The sorting is based on such kind and con-
tents of alloying elements in order to obtain the best
recovery of definite alloying element in further process-
ing. Proper reclamation of secondary raw materials is
important for the best utilization of expensive materials,
ensuring the uniform and high quality level of steel grade
and maintaining sound environment. Among problems
associated with the use of mill waste for charge of melt-
ing furnaces is decline from the planned melt-down
composition which results in higher production costs in
steelworks and rolling mills because of a rise in stored
amount of steel of improper grade. The efficient control
of the contents of alloying elements can strongly
decrease deviations between the actual and planned
chemical composition of the melt and increase the econ-
omy of the production of alloyed steel,

Mill waste is added to the charge of melting furnaces
as iron and oxygen bearing compound to promote the
oxidation in melting stage, and formation of foaming slag
after the melt-down. Mill waste brings mainly Fe.O; and
FeO which exert favorable influence on dephosphoriza-
tion which proceeds in an oxidative atmosphere and at
appropriate temperature. The results of research (3)
have shown that dephosphorization with addition of mill
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UPORABA SKAJE

Da bi Skajo lahko uporabili v procesu proizvodnje
jekla, je potrebno njeno logevanje pri samem izviru,
potem pri skladi&enju, pri pripravi viozka in v celotni
verigi od nastanka do uporabe v EOP. Skajo lahko
lo¢imo po kemiéni sestavi, in sicer na legirano in nelegi-
rano. Legirano $kajo pa lo¢imo na osnovi legiranih ele-
mentov po skupinah in kvaliteti. Tako loceno Skajo je
potrebno skladis¢iti v ustrezne kosare in zabojnike, ki jih
transportiramo v za to dolo¢ena skladiséna mesta.

Pri uporabi legirne Skaje bo treba poiskati moznosti
&¢im boljse uporabe vseh prisotnih legirnih elementov.
Zato je zelo pomembno, da poznamo njenc koli¢ino in
kemic¢no analizo. Napake pri skladiséenju bi bile celo
Skodljive za ekonomijo in tehnologijo izdelave jekla. Raz-
delitev po skupinah in kvaliteti poteka na osnovi vsebno-
sti posameznih elementov in zdruzevanja tistih kvalitet,
ki omogocajo maksimalno izkoris¢anje teh elementov pri
ponovni predelavi. V slovenskih Zelezarnah letno
nastane priblizno 24000 ton $kaje. Ce legirne elemente
dodamo s skajo. potem bomo rabili manj ferozlitin. Eden
od glavnih problemov pri uporabi $kaje v talilnih agrega-
tih je odstopanje sestave jekla ob raztalitvi, kar vpliva na
povecanje strosSkov proizvodnje v jeklarni in valjarni
zaradi kopicenja zalog jekla neustrezne kvalitete. Z ucin-
kovito kontrolo vsebnosti legirnih elementov je moZno
znizati razlike med naértovanimi in dejanskimi vse-
bnostmi legirnih elementov v talini in dvigniti ekonomi-
¢énost proizvodnje legiranih jekel.

Skaja se dodaja v talilne agregate kot nosilec zeleza
in kisika za potek oksidacijskih reakcij v fazi taljenja in
tvorbo penece zlindre po raztalitvi viozka. S $kajo prina-
$§amo v viozek v glavnem Fe,0, in FeO, kar zelo ugodno
vpliva na razfosforenje taline, saj poteka v oksidativni
atmosferi in pri ustrezni temperaturi. Rezultati raziskav’
s0 pokazali, da je razfosforenje taline boljSe pri dodatku
Skaje kot rude, saj je koeficient porazdelitve fosforja
med zlindro in talino pri dodatku apna 4,83, skaje 19,54
in rude 11,42. Zelezov oksid iz $kaje pospeduje razta-
' pljanje CaO v zlindri. Na ta nacin dobimo tekoco aktivno
zlindro z Zze vsebovanim FeO. Razfosforenje poteka med
taljenjem vloZzka oziroma njegovi raztalitvi. Izkoristek
Zeleza pri SarZah je glede na vrsto dodatka najboljsi pri
Sarzah z dodatkom Skaje. Pri teh Sarzah je oksidirano
manj Zeleza iz taline v zlindro. To je zaradi tega, ker je
dodatek Skaje prinesel potrebno koli¢ino FeO in s tem je
zmanjsan FeO, ki je dobljen z oksidacijo Zeleza iz
viozka. V Zelezarnah Jesenice in Store se redno upora-
blja skaja za razfosforenje, razen pri izdelavi kromovih
jekel, ker bi se krom oksidiral oziroma povecal se bi nje-
gov prehod iz taline v 2Zlindro. Kisik iz Skaje povzroca
oksidacijo fosforja in silicija na fazni meji Zlindra-talina in
je zato potrebno zmanjsati vpihovanje kisika za ustrezno
vrednost.

Skaja se zelo uspesno uporablja za desiliciranje sive
litine. Za zagotovitev taline z nizkim odstotkom silicija
moramo imeti ustrezno sestavo Zlindre. Za oksidacijo
silicija iz taline rabimo kisik, ki ga veZe v SiO, in tako pre-
haja v Zlindro, kjer se veZze s CaO in Zelezove okside.
Zelezovi oksidi Fe,O, in FeO iz $kaje sluzijo kot oksi-
danti, tako da namesto cistih komponent sistema
Ca0O-FeOQ,-CaF, uporabliamo $kajo za desiliciranje.
Rezultati desiliciranja sive litine s Skajo so dali izredno
dobre rezultate® in je Ze v praktiéni uporabi.

Skaja se lahko uporablja kot dodatek pri sintranju
zelezovih rud. V ¢asu obratovanja plavZev na Jesenicah
in Storah se je vsa koli€ina $kaje uporabljala kot dodatek
v mesanico za sintranje. To je zelo koristna surovina, saj

waste is better than with the ore addition. Distribution
coefficient of phosphorous (P % in slag/% P in metal
ratio) at the addition of lime, mill scale and iron ore was
4.83. 19.54 and 11.42, respectively. Iron oxides in scale
promotes dissolving of CaQ in slag. Consequently,
active and fluid slag with a high content of FeO is
obtained Dephosphorization proceeds during the meit-
ing already. The highest recovery of iron was observed
in heats made by the addition of mill scale since a lower
amount of iron from the charge was oxidized into slag.
The addition of mill scale to EAF charge is reqularly
practicised for dephosphorization in ironworks Jesenice
and Store except for the production of stainiess steel
when the added scale would cause a higher chromium
loss. The mill scale in the amount of 2—3 % of metal
charge is added in the second basket when charging
EAF.

The mill waste has been very successfully used for
desiliconizing of gray cast iron. Appropriate siag must
be used to obtain meit with a low silicon content. Oxy-
gen is required to oxidize the silicon to SiO, which asso-
ciates with CaO and iron oxides in slag. Fe,0. and FeO
from scale serve as oxidizing means, therefore the scale
can be used instead of pure compounds of
CaO—FeQ.—CaF, slag system for desiliconizing. Since
very good results (4) were obtained in desiliconizing of
gray cast iron with mill scale it has been introduced into
practice.

Mill waste can be used as an addition in the sintering
of iron ores. Until the shutdown of biast furnaces in
Jesenice and Store ironworks all mill waste had been
regularly used as addition to sintering mixture. It was
very useful since it resulted in a higher strength and iron
content of sinter. Mill waste additions of 5—7 % to sin-
tering mixture have been used in ironworks which still
produce pig iron.

UTILIZATION OF TURNINGS

Turnings are produced by machining in mechanical
shops processing steel. Turnings are composed of
metallic particles of different size and shape. Chemical
composition of turnings depends on the kind of material
machined. Turnings can be recycled by adding to metal
charge in steelmaking furnaces however, certain diffi-
culties due to ailoy content, proper collecting and
volume weight have to be overcome. A low volume
weight is particuiarly characteristic for turnings obtained
from low carbon steel. The utilization of turnings
requires appropriate collecting and grouping according
to chemical composition. Turnings of low volume weight
can be grinded and pressed into briquettes for the
charge of electric arc furnace. Before pressing turnings
which often contain oil must be cleaned by the use of
detergent or by roasting at 560° C. Authors (5) hold that
cleansing from oil is not necessary because oil and fats
burn and produce additional thermal energy improving
the heat balance of EAF. An investigation showed that
addition of turnings containing oil to the charge of EAF
producing bearing steel resuited in 9.4 % reduction of
energy consumed per ton of crude steel. However, it
should be noted that oils and fats evaporate at higher
temperatures which can result in an explosive gaseous
mixture.

High grade turnings and similar waste can be
remeited in induction furnaces and foundries at times of
free capacity (6). The blocks produced in this way of
known and uniform composition are used in the produc-
tion of alloyed steel. Remelting of turnings in an induc-
tion furnace can exert favorable influence on electrical
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je povecevala trdnost in vsebnost Zeleza v sintru. V Zele-
zarnah, kjer $e proizvajajo grodelj, uporabljajo Skajo pri
izdelavi sintra, in sicer v koli¢inah med 5 in 7 %.

UPORABA OSTRUZKOV

Pri mehanski obdelavi jekla nastaja jekleni odpadek,
ki ga imenujemo ostruzki. Sestavljeni so iz kovinskih del-
cev razli¢ne oblike in velikosti, Kemicna analiza ostruz-
kov je razlitna, saj je odvisna od vrste matenala, ki se
obdeluje, Ostruzki predstavljajo povratni material, ki ga
lahko uporabimo kot dodatek vloZku pri proizvodnji
jekla, vendar se pojavljajo dolocene tezave, in sicer
glede stopnje legiranosti, pravilnega zdruzevanja in volu-
minoznosti, ki je zlasti izrazita pri ostruzkih, nastalih iz
mehkejsih vrst jekel. Da bi sploh lahko uporabili
ostruzke, jih je obvezno loéiti po posameznih vrstah ali
skupinah, odvisno od kemi¢ne sestave obdelanega
jekla. Voluminozne ostruzke lahko drobimo in nato bri-
ketiramo ter kot brikete zalagamo v EOP. Pred briketira-
njem drobnih ali predhodno zdrobljenih ostruZkov jih je
potrebno razmastiti, ¢e vsebujejo mascobo. Ta posto-
pek se lahko izvrsi z detergenti ali pa s sezigom pri pri-
blizno 560°C. Nekateri avtorji° trdijo, da ni potrebno raz-
mascevanje, ker olja in mas¢obe zgorevajo in pri tem
nastaja dolo¢ena koli¢ina toplote, kar zelo ugedno vpliva
na porabo energije. Rezultati raziskav so pokazali, da se
pri proizvodnji jekla za kroglicne lezaje iz vioZka, kjer so
bili dodajani ostruzki, ki so vsebovali mascobe, pridobi
okrog 9.4 % celotne potrebne energije za pridobivanje
ene tone jekla. Vendar je potrebno opozoriti, da se mas-
cobe in olja vplinijo ter pri dolocenih pogojih nastaja
eksplozivna zmes.

Mozno je pretaljevanje visokovrednih ostruzkov in
pomesanih odpadkov v indukcijskih peceh ali v livarnah,
ko so proste kapacitete®. |z taline se naredijo odlitki
znane kemic¢ne sestave, ki jih lahko dodajamo kot viozek
za proizvodnjo legiranih jekel. Pretaljevanje ostruzkov v
indukcijski peci lahko pozitivno vpliva na elektro prevod-
nost viozka v ¢asu taljenja in s tem na skupni cas izde-
lave taline. V casu zakladanja kosovnega kovinskega
vioZzka, kakor tudi v ¢asu talenja. je potrebno medpro-
store zapolniti z dodatkom ostruzkov. Ostruzke lahko
dodajamo tudi na povrSino taline, samo s pogojem, da je
v nivoju indukcijskega segrevanja.

V slovenskih Zelezarnah se ostruzki v glavnem upo-
rabljajo kot vioZzek v taliiniskih agregatih. Vendar je
potrebno pri predelovalcih legiranih jekel narediti razdeli-
tev ostruzkov po skupinah’ na osnovi kemiéne analize ze
na mestu nastanka in v skladis¢u.

UPORABA ODBRUSKOV

Obruski nastajajo pri brusenju jekla in je njihova
kemiéna sestava odvisna od vrste in kvalitete jekla.
V glavnem nastajajo tri frakcije odbruskov, in sicer prva,
ki pada v zaboj pod brusilnim strojem in je praktiéno
Cista kovinska substanca, ostali dve frakciji se zbirata v
multiciklonih odprasevalne naprave in vsebujeta fini
prah, odpadke brusilnih plos¢ in neznatne kolicine
korunda. Nekatere druge vrste odbruskov vsebujejo tudi
mascobe in emulzije. Prva frakcija odbruskov se Ze upo-
rablja kot vlozek za proizvodnjo jekla, vendar se morajo
lo¢iti po kemicni sestavi, kot pri Skaji in odstruzkih.
Ostali dve frakciji, ki vsebujeta ostanke brusilnih plos¢,
korund, olja in emulzije, predstavijata dolocene tezave
pri uporabi. Zato bi bilo potrebno izvréiti razmascenje in
potem magnetno separacijo. Tako ocis¢eni odbruski se
briketirajo ali peletirajo.

V slovenskih Zelezarnah nastane letno priblizno
10.000 ton in so se Ze zaceli uporabljati kot vlozek za

conductivity of charge during melting which results in a
reduction of time required for melt-down. When charg-
ing and during melting empty interspaces should be
filled by turnings. Turnings can also be added to the melt
surface if it is on the level of induction heating.
Turnings have been used in Slovenske Zelezarne
only as addition to the charge of melting furnaces. How-
ever, in steelworks which produce alloyed steel, turnings
should be properly grouped (7) on the basis of chemical
composition on the site of source as well as in storage.

UTILIZATION OF GRINDING WASTE

Chemical composition of grinding waste depends on
the sort and grade of grinded steel. There are three frac-
tions of grinding waste. The first is collected in the box
placed immediately under grinding wheel. It is practically
pure metal. Other two fractions are obtained in dedust-
ing cyclones and contain fine powder, fine particles of
worn-out grinding wheels and a slight amount of corund.
Grinding waste sometimes contains oil and emulsions.
The first fraction has already been used for the charge of
steelmaking furnaces. It must be grouped on the basis
of chemical composition similarly as mill waste and turn-
ings. The use of the latter two fractions causes difficult-
ies, They must be cleansed from oil and emulsion and
subjected to magnetic separation. Afterwards the mate-
rial can be pressed into briquettes or pelletized.

There are 10000 ton per year of grinding waste in
Slovenske Zelezarne. Its utilization as charge addition in
steelmaking furnaces has already started. The results
obtained are encouraging. therefore relevant investiga-
tion should be continued.

CONCLUSIONS

In Slovenske Zelezarne thousands of tons of iron
bearing waste are produced annually. This secondary
raw material can be successfully utilized as addition to
the charge for steelmaking furnaces. Basic condition for
its usage in melting furnaces is its proper classification
into several grade groups on the site of its source. The
reclamation of waste is important from economic as well
as from ecologic viewpoint.

Mill waste has been very successfully used instead
of iron ore for charge of electric arc furnace. It brings
Fe.O; and FeO which have very favorable influence on
dephosphorization of melt. The iron oxides promote dis-
solving of CaO in slag which results in the formation of
active and fluid slag. Mill waste has also been used for
desiliconizing of gray cast iron instead of synthetic mix-
tures of different oxides and as an addition to the sinter-
ing mixture in sintering of iron ores.

Turnings from machining have already been used for
the charge of various melting furnaces despite difficult-
ies arising from sorting and grouping on the site of
source and in storage.

There are three fractions of grinding waste produced
when grinding steel. Coarse fraction is purely metaliic
and has already been used in steelmaking. Two other
fractions composed of fine iron powder, corund and
powdered particles of worn-out grinding wheels have
not yet been utilized.

Grinding waste containing oll and emulsion are not
used either. However, investigation is being continued
to obtain pure metallic material which could be subse-
quently pelletized or pressed into usable briquettes.
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proizvodnjo jekla. Rezultati so zelo vzpodbudni, tako da
bo z raziskavami treba nadaljevati.

ZAKLJUCKI

V slovenskih Zelezarnah nastane letno priblizno
24000 ton $kaje, 7000 ton odstruzkov in 10000 ton
odbruskov, Osnovni pogoj. da se lahko uporabijo v talil-
nih agregatih, je ta, da jih je potrebno razdeliti Ze na
izviru nastanka po skupinah na osnovi posameznih in
podaobnih elementov. Njihova predelava je pomembna iz
dveh razlogov, in sicer ekonomskega in ekoloskega.

Skaja se zelo uspedno uporablja kot vioZek v elektro-
obloéni pe¢i namesto rude. Prinada s seboj Zelezove
okside Fe,0; in FeO, kar zelo ugodno vpliva na razfosfo-
renje taline. Zelezov oksid iz $kaje pomaga tudi razta-
pljanju CaO0 v zlindri, tako da se dobi tekoca aktivna Zlin-
dra. Uporablja se tudi za desiliciranje sive litine namesto
sintetiénih mesanic razliénih oksidov in kot dodatek v
mesanico za sintranje Zelezovih rud.

Ostruzki se ze uporabljajo kot vloZek v razlicnih talil-
nih agregatih, ¢eprav so tezave pri loCevanju na mestu
nastanka in v skladis¢u.

Pri bruenju jekel nastajajo tri frakcije odbruskov
Groba frakcija, ki je prakti¢no Cista kovina, se Ze upora-
blja pri proizvodniji jekla, toda ostali dve drobni frakciji, ki
sta sestavljeni iz finega Zelezovega prahu, korunda in
ostankov brusnih plosc, se ne uporabljata,

Nekateri odbruski vsebujejo tudi olja in emulzije in se
tudi ne uporabljajo, vendar se raziskave na tem podrogju
nadaljujejo. da bi se dobila ista kovinska substanca, ki
bi se potem briketirala ali peletirala.
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Absolutna vsebnost vkljuckov v aluminiju je veckrat
manjéa kot v jekiu. vendar pogosto Ze nekaj vkljuékov na
enoto prostornine lahko poslabsa kvaliteto aluminija.
Kolicina. velikost in kvaliteta vklju¢kov pa opredeljujejo
njihovo vplivnost in omogocajo ustrezna ukrepanja za
njihovo zmanjsanje.

1. UVOD

Kvaliteta aluminija in aluminijskih zlitin je poleg kemi-
¢ne sestave in mehanskih lastnosti odvisna tudi od vse-
bnosti vkljuckov, ki so kovinskega in nekovinskega pore-
kia. ter od vsebnosti vodika.

Sistematiéne preiskave' izvora in kolicine vkljuckov v
procesu proizvodnje aluminija, ki so bile izvrsene v TGA
— Kidri¢evo, so Ze pred leti opredelile kvalitativno in
kvantitativno kontaminacijo aluminija v posamezrih
fazah proizvodnih procesov. Novej§i proizvodni postopki
in kvalitetne zahteve, ki S0 se bistveno spremenile, pa so
bile poved za ponovne raziskave vkljuckov v aluminiju.
Poudarek nasega dela je na nekovinskin vkljuckin, ki
smo jih opazovali v okviru obsirnega dela’, predsta-
vijamo pa delo in rezultate spremljanja vklju¢kov v posa-
meznih fazah proizvodnje. od elektrolize do polproiz-
vada

2. 1ZHODISCA IN CILJI

Nekovinski vkljucki (v nadaljevanju teksta vkljucki) so
nujna, vendar nezeljena posledica proizvodnih procesov
in nastajajo (oksidacija) ali pa jih vnasamo (elektrolizni
procesi. dodatki, atmosfera, obloge peci, loncev in Zle-
bov) v talino od elektrolize do ulitega polproizveda. Pri
danih oziroma razpolozljivih tehnoloskih moznostih ter
postopkih sta koli¢ina in velikost vkljuckov odvisni pred-
vsem od dosledne izvedbe vseh tehnoloskih normativov
v procesih proizvodnje. Zaradi tega sSmo namenoma ana-
lizirali kvantiteto in kvaliteto vkljuckov pri ustaljenih teh-
noloskih parametrih in izvedbah, ne da bi pri spremijanju
in odvzemanju vzorcev kakorkoli vplivali na procese.

V svetlu so za dolo¢evanje vkljuckov v aluminiju raz-
vili ve& metod, vse so specifitne in zahtevajo posebno
opremo oziroma razvito metodologije. Njihov cilj je €im
enostavnejsa in hitra dolocitev koli¢ine, sestave in veli-
kosti vkljuckov v znani koli€ini kovine,

*' Bojan Breskvar, dipl. ing. met., SZ — Metalurski indtitut Lju-
bljana, Lepi pot 11, 61000 Ljubljana

*? TGA Kidricevo

*? Metalurski indtitut Ljubljana
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Absolute amount of nonmetallic inclusions in aluminium
is often lower than in steel, however, a few inclusions
per unit of volume can already impair the quality of alu-
minium. The amount, size and sort of inclusions deter-
mine theirs influence as well as the measures to be
taken against them.

1. INTRODUCTION

Besides the chemical composition and mechanical
properties, the amount of inclusions (metallic, nonmetal-
lic and gas — hydrogen) also influences the quality of
aluminium and its alloys.

Systematic investigations (1) of sources and amount
of inclusions in aluminium production line carried out a
couple of years ago in TGA Kidri¢evo resulted in qualita-
tive and quantitative determination of the contamination
of aluminium in particular production stages. Newer pro-
duction processes and quality demands, which have
undergone essential changes made it necessary to
investigate inclusions in aluminium once again. The main
object of our extensive work (2) were nonmetallic inclu-
sions. The present report gives description of the work
and results of investigation of inclusions in aluminium in
particular production stages from electrolysis to semi
products.

2. WORKING HYPOTHESES AND AIMS
OF INVESTIGATION

Nonmetallic inclusions are unavoidable and unde-
sired consequence of production processes. The inclu-
sions are generated or introduced in aluminium (through
oxidation, electrolysis, additions. atmosphere, refractory
lining) from electrolysis to cast semi product, The
amount and size of inclusions for a given technology and
availlable technical facilities depend mainly on strict obe-
dience of all prescribed technological procedures.

Therefore, the qualitative and quantitative analysis of
inclusions was carried out during the time of normal pro-
duction i.e. at standard production conditions without
any special or provisional measures for sampling in
order to prevent from interferring with routine produc-
tion process.

Several methods have been developed for determi-
nation of inclusions in aluminium. All the methods are
specific and require special equipment and a specially
developed technique. The ultimate aim of all these meth-
ods is to determine the amount, composition and size of
inclusions in a known weight of aluminium as quick and
simple as possible.

The separation of inclusions is performed by centri-
fugation (5) or filtering (6) of remelted samples or by
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Izolacija vkljuékov se izvrsi s centrifugiranjem” ali fil-
triranjem® ponovno raztaljenih vzorcev ali pa s kemicnim
raztapljanjem in izolacijo (brom-etanol). V zadnjem &asu
se uveljavlja in ponuja’® posebna preizkusevaina
naprava, ki omogo¢a hitro dolo€itev koli¢ine vkljuCkov.

V TGA — Kidri¢evo so pred nasimi raziskavami zaceli
preizkuéati in uvajati posebne metode. Postopek je TGA
— Kidricevo predlozil dr.J. Langerweger, zato ga poi-
menujemo kar Langerwegerjeva metoda’ ali kratko L-
metoda. Omogoéa® makroskopsko opazovanje in razvré-
&anje vkljuékov, vegjih kot 30 um po anodni oksidaciji. z
diamantnim nozem obdelane veéje povrsine (okrog
150 cm®) na poseben naéin v bakreno kokilo ulitega
vzorca.

Rezultati raziskav® koli¢ine in velikosti vkljuCkov v
kvaliteti aluminija za rondele niso opravicili pricakovane
uporabnosti in zanesljivosti L-metode. Zato smo vzpo-
redno preverili njeno zanesljivost v primerjavi s klasicno
metalografsko metodo, dopolnjeno s kvalitativnimi rezul-
tati analiz vkljuckov na elektronskem mikroanalizatorju,
To metodo, ki je izredno zahtevna (veliko Stevilo vzor-
cev), smo uporabili, ker nimamo drugih aparativnih 0zi-
roma izvedbenih moZnosti. Za poenostavitev dela in
zanesljivejse rezultate smo predvideli dolo¢evanje koli-
¢ine, vrste in velikosti vkljuckov s pomocéjo faznega
diskriminatorja in racunalniske obdelave rezultatov.

Nobena metoda nima absolutne prednosti, saj je v
konéni fazi potrebna tudi kvalitativna analiza vkljuCkov.
Za vse metode velja, da so najpomembnejsi praviino
izbrani in ustrezno pripravljeni vzorci, ki morajo predsta-
vljati pravo povpreéje. To povprecje, preneseno na veli-
kost posamezne Sarze agregata, polizdelka in izdelka,
pa lahko zaradi nakljucnosti dogajanj med procesi ne
daje povprecne slike o dejanski kvaliteti.

Po objavijenih podatkih® * ® in po rezultatih nasih razi-
skav sloni ocena vkljuékov na koli€ini in vrsti, manj pa na
velikosti. Pogosto se navajajo odvisnosti med kolicino
vkljuékov, ki nastopajo v posamezni fazi proizvodnih
procesov ali pa po sestavi oziroma vrsti, katero karakte-
rizira znacilna oblika in pogosto tudi velikost. Tako se
prikazujejo npr. oksidni vkljuéki kot kozice ali delci AL,O,.
karbidi znacilnih drobnih ostrih oblik delcev, ki pogosto
nastopajo v skupkih, boridi in titanati aluminija ter preo-
stali kompleksni vkljucki razliénih sestav in velikosti.

Glede na ucinke vkljuékov pri predelavi in uporabi
aluminijskih zlitin smo dali poudarek velikosti in Stevilu
vkljuékov. Za mejo smo izbrali velikost vkijuCkov 10 um,
ker manjsi vkljucki tudi pri nadaljni predelavi v folije ne
morejo povzro&ati znadilnih napak in s tem vplivati na
kvaliteto. Nadalje smo na osnovi rezultatov kvalitativnih
analiz in znadilnih oblik nastopanja posameznih vrst
vkljuckov ocenili previadujoce vrste in vrstni red nasto-
panja po koli¢ini. Za tovrstno predstavitev smo se opre-
delili $ele po kvalitativnih analizah, saj so rezultati znacil-
nih oblik vkljuckov pogosto pokazali popolnoma druga-
éno sestavo oziroma vrsto vkljuékov, kot bi skiepali na
osnovi opazovanja v mikroskopu (oblike, barve in pogo-
stost nastopanja). Prav tako je bila pogosto pri kom-
pleksnejsin vkljuckin zaradi razli¢nih sestav onemocgo-
¢ena natanéna razvrstitev glede na znacilne vrste
(oksidi, karbidi itd.), kar $e dodatno poveca zanesljivost
rezultatov uporabljene metode.

3. DELO IN REZULTATI
1. Podatki o $arzi, vzoréevanju in pripravi vzorcev

Na proizvodni liniji bram smo spremljali tri $arze, ana-
lizirali pa smo vzorce tretje zaporedne Sarze. Za kemi-
&ne in metalografske analize smo vzorce posameznih

chemical dissolving and separation (with bromine-etha-
nol). Recently a special equipment has been available
(7. 8) for rapid determination of the amount of inclu-
slons.

TGA Kidricevo started to test the method proposed
by dr. J. Langerweger before our work was started. Lan-
gerweger's method (L-method) utilizes macroscopic
observation (3) and classification of inclusions larger
than 30 micrometers after anodic oxidation of sample
surface (about 150cm°). The sample is prepared by
especial casting in copper mould. The surface is cut by
diamond tool and subjected to anodic oxidation.

The previous investigation (3] had not confirmed the
expected reliability and usefulness of L-method for
determination of the amount and size of inclusions.
Therefore its reliability was examined by a comparative
test with classic metallographic method supplemented
with qualitative analysis of inclusions by electron micro
probe. This impractical method which requires high
number of samples was used since no other was avail-
able. To simplify the operation and improve reliability the
phase discrimination facility and computerized analysis
of results was utilized.

Neither method has definite and absolute advantage
since at the end qualitative analysis of inclusions is also
needed. Proper sampling and sample preparation are
most important for all the methods. Even really repres-
entative samples in respect to the weight of heat, semip-
roduct and product may not offer average data on lrue
quality due to the randomness of variations in process
line. According to references (3.5, 6) estimation of
inclusions is based mainly on the amount and type of
inclusions and in a lower degree on the size. The
amount of inclusions and the type viz. composition of
inclusions which is reflected by a characteristic shape
and often size observed in a particular production stage
are common methods. Oxide inclusions are referred to
as films or Al-O, particles, carbides as characteristic fine
grained angular particles occurring often in clusters, the
presence of aluminium borides, titanates and other com-
plex inclusions of various composition and size have
been observed.

As regards inclusion influence on processing and
application of aluminium alloys the number and size of
inclusions are emphasized. We have taken 10um as
significant size limit since smaller inclusions can not
cause characteristic defects and diminish the quality of
Al folia. Based on results of qualitative analysis and char-
acteristical appearance the prevailing type of inclusion
was determined. According to the amount inciusions
were classified in decreasing order. Very often the
results of qualitative analysis did not agree with our
expectations based on microscopic observation of
shape, color and frequency. Complex inclusions due to
different compositions frequently could not be precisely
classified in respect to characteristic types (oxide, car-
bide. etc) which additionally increased reliability of the
used method.

3. EXPERIMENTAL
1. Data on the Heat, Sampling and Sample Preparation

Three subsequent heats were investigated from the
start to the end of slab ingot production line. Samples
cast in cold metal mould for quantometer probe were
taken from different production stages of the third heat.
Since previous investigation showed that the highest
average amount of inclusions were observed on cross-
section at 1/3 sample height the same cross-section of
all samples were subjected to microscopical investiga-
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faz proizvodnega postopka ulili v hladno kovinske kokilo.
ki se uporablja za kvantometrske vzorce (gobice). Na
osnovi rezultatov analiz in preverjanj treh znacilnih pre-
sekov smo vzeli za analize vklju¢kov preéni presek na
priblizno eni tretjini visine vzorca, ker je pokazal najvecjo
povpreéno koli€¢ino vklju¢kov v posameznih vzorcih, Pre-
iskovani presek povrdine 4,9 cm’ je ugoden tudi s sta-
lis¢a meritev, saj smo najpogosteje z 20 vidnimi polji v
opti€énem mikroskopu, ki pri 200-kratni povecavi obse-
gajo premer 1 mm, zajeli podrocja vzorca od sredine do
zunanje povr$ine. Pri drobnih vklju¢kih pa smo pri
500-kratni povecavi ustrezno povedali Stevilo meritev.

V tabeli 1 navajamo g;avne znacilnosti SarZe, posa-
mezne faze in oznake. v tabeli 1 ni posebej nave-
deno, predstavljajo rezultati metalografskih preiskav
posamezne faze povpreéne vrednosti treh vzorcev, s
tem da so bili vzporedno odvzeti vzorci za kemiéne in
metalografske preiskave ter L-vzorci. Naértovano in
dosezeno kemi¢no sestavo preiskovane $arZe prikazu-
jemo v tabeli 2.

Za pripravo metalografskih vzorcev smo uporabili
lastni postopek: brusenje, ultrazvoéno Giséenje, ved-
kratno predpoliranje in poliranje z diamantnimi pastami
brez poliranja z glinico

Tabela 1: Faze tehnoloskih procesov in podatki za linijo proiz-
vadnje bram. kvalitete Al 99,0 (AF 10)

Oznaka
faze in
vzorcev

Obrata: Elektroliza in Livarna
Sarza &t. 4898, masa 6—7 t

Elektroliza:
0 Med crpanjem 6 loncev iz 6 elektroliznih celic
Rezultati faze 0 na sliki 1 so povpreéne vrednosti
6 x 3=18 vzorcev
Prevoz taline v livarno
Livarna:
1 Pred izlitjem taline v rafinacijsko-livno peé so bili iz
loncev odvzeti po trije vzorci
Rezultati faze 1 na sliki 1 so povpreéne vrednosti
9 vzorcev
Po legiranju Fe/Si=1/3.0-35
Po rafinaciji
Po degazaciji
Po odstajanju 2" in na zacetku litja bram
Priblizno na sredini litja
Na koncu litja

WO WN

Tabela 2: Kemi¢ne analize aluminija

Vsebnost elementov v mas. %

Si Fe Mg Mn Zn Ti 8
Predpis max. 013—020 040-060 - 005 0407 -
TGA 014 047 sled 0006 0009 0002
Faza 5-M| 015 047 0001 0003 0021 0002 00010

2. Rezultati, koli¢ine, velikosti in vrste vkljuékov

Koli¢ino, vrsto in velikost vklju¢kov smo poskusz!
dologiti s pomocjo faznega diskriminatorja in rac.nalr -
Ske obdelave rezultatov, Po ve¢ poskusih in dolo&itvi
optimalnih parametrov se je izkazalo, da so rezultati
nezanesljivi zaradi nemogoce zagotovitve enake kvali-
tete povrsine vseh vzorcev (raze in sekundarni vkljuéki
— zrna brusnega papirja in ostanki diamantnih past, pra-
$ni delci in ostanki topil). Predvsem pa smo to metodo
opustili zaradi slabe razlocitvene sposobnosti pri razme-
jitvi med fazami, to je med kovinskimi in nekovinskimi
vkljucki.

tion. The cross-section area of 4.9 cm’ is favorable since
20 observation fields which at 200X magnification
means 1 mm diameter were often enough to cover the
whole distance from sampie centre to the outer surface.
When dealing with fine inclusions the number of obser-
vation fields was adequately increased to correspond to
500 X magnification applied. The main characteristics of
the heat, particular production stages and marks used
are given in Table 1. Resuilts of metaliographic investiga-
tion are average values of three samples taken from
each production stage if not otherwise stated. The paral-
lel sampling for chemical, metallographic and L-method
of investigation was used. Aimed and actual composi-
tion of the heat can be seen in Table 2.

Metallographic samples were prepared without the
use of alumina as polishing means. The method we have
developed includes grinding, ultra sound cleanning. mul-
tiple prepolishing and final polishing with diamond paste.

Table 1: Technologic stages and data on slab ingot production
line — Al 89,0 (AF 10) grade.

Stage and
sample
mark

Works: Electrolysis and Foundry, Heat Nr. 4898,
weight 6—7 tons

Electrolysis
0 Transport of melt from 6 cells by 6 ladles to foundry
Results in fig. 1 are mean of 6x 3= 18 samples
Foundry
Before pouring to refining furnace. Three samples
from each ladle were taken. Results presented in
fig. 1 are mean value of 9 samples.
After alioying Fe/Si= 1/3.0—3.5
After refining
After degassing
After 2 hrs stay before of slab ingot casting
Approx. in the middle of casting
At the end of casting.

-
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Table 2: Chemical composition (wt. %)

St Fe Mg Mn 2Zn Ti 8
Prescribed
maxim. 013— 020040- 060 - 005 007 - -
TGA 014 047  traces 0006 0009 0002 -
Stage 5-M/ 015 047 0001 0008 Q021 0002 Q0010
2. Resuits

After determination of optimum parameters and a num-
ber of tests to determine the amount, type and size of
inclusions by the use of phase discrimination facility and
computer analysis it was found that reliable resuits
could not be obtained because of different quality of
sample surfaces (imperfect polishing, secondary inclu-
sions — grains of emery paper, remnants of diamond
pastes and solvents, powder particles, etc.). However,
the method was abandoned mainly because of poor res-
olution of phases i.e. its inability to differentiate metallic
from non-metallic inclusions. The amount and size of
inclusions for particular production stage and in depen-
dence on time are given in Fig. 1. Deviation of the mea-
sured and calculated average values of samples for a
particular stage was +12%. Because of time depen-
dence the number of inclusions per cm® for particular
stage in Fig 1. is given in a continuous form, i.e. as a
curve, although they are not continuous naturally. The
most frequent composition of the characteristic inclu-
sions which were qualitatively analysed are given in
Table 3 in decreasing order of frequency. The given
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Kolig¢ino in velikost vkljuckov za posamezne faze in
odvisnosti od ¢asovnega poteka predstavijamo na sliki
1. Izmerjene in izracunane povpreéne vrednosti so
odstopale pri vzorcih posamezne faze + 12 %. Na sliki 1
smo Stevilo vkljuékov posameznih faz zvezno povezali
zaradi éasovne odvisnosti, ceprav so podane odvisnosti
nezvezne. V tabeli 3 navajamo po vrstnem redu najpogo-
stejse sestave znaclinih vkljukov, ki smo jih kvalitativno
analizirali. Sestava vkljuckov v tabeli 3 je relativna. Glede
na ugotovljene kompleksnosti sestave in razlicne poraz-
delitve elementov v samih vkljuckih ter pogosto majhno
velikost je bilo v vecini primerov (razen pri enostavnih,
toda redkih vkljuékih, npr. Al,O,, Al,C,, TiB,) nemogoce
dologiti natanéno sestavo. Zato smo oznacili sestave kar
po ocenjeni koli€ini in zaporedju nastopanja elementov v
posamezni vrsti vkljutka. Nekatere sestave vkljuckov bi
lahko priredili poznanim stehiometriénim razmerjem
spojin. Takéni prikazi pa bi lahko zavajali, saj natanéne
mineraloke sestave ni mogoce izracunati, ker ni na raz-
polago ustreznih kalibracijskih standardov. Pri pogostih
kompleksnih vkljuékih smo ugotovili, da v€asih aluminij
in kalcij moéno nihata ter menjata vrstni red ali pa da
eden od obeh manjka. Podobne primere smo nasli tudi
pri drugih vkljuékih, kjer v oklepaju navajamo mejne kon-
centracije elementa, dolocene s tockovno analizo.

Tabela 3: Zaporedje pogostosti nastopanja in sestave vkljué-
kov proizvodne linije bram

VKljuéki, velikosti

do 10 ym od 10 do 55 ym
Elektrolizni aluminij, ALLC, CaAlOC
fazaQin 1 SiAIC CaSiOC
A1,0;
Po dodatku legirnih AlCa(O)C AlCa(O)C
elementov, AICaTiOC(FeSi) CaSioC
faza 2 AlLO, CaSio,
TiB, ALO;
Sredina in konec litja, CaAIC ALO,
fazi6in7 AlCaSi AlSi
AlCaKSCIOC AlCaSiOC
Aho;
AlTV

Opomba: Rezultati predstavijajo kvalitativne analize povriine
presekov vzorcev (4,9 cm’) posamezne faze. Vkljucki AL.O, so
veéinoma amorfni do velikosti 10 um (delci ali skupki). nad 1o
velikostjo pa korundni in so le redko zdruZeni z manj8imi delci
amorfnega Al,O, (oksidne koZice ali glinice).

3. Rezultati L-metode

Od $tevilnih vzorcev, ki so bili pripravijeni v TGA, pri
nas pa analizirani, smo lahko samo v nekaj primerih
doloéili primarne vkljucke. Ocena rezultatov opravicuje
trditev, da L-metoda ni dala pricakovanih rezultatov,
¢eprav smo dodatno osvojili tudi tehniko kvalitativne
analize vkljuékov v anodno oksidirani plasti. V TGA so s
to metodo dobili Zze dobre rezultate* o vsebnosti vkljué-
kov v razliénih fazah proizvodnje. Vzrok za razliko so
lahko tudi kompleksne sestave vkljuckov, ki jih literatura®
ne omenja.

4. Analiza rezultatov

Vsebnosti in velikosti vkljuékov na sliki 1 ne moremo
direktno primerjati z literaturnimi podatki, ker le-ti v
vecini veljajo za vkljucke, vecje od 30 um iz razliénih faz
in dolo&eni po razliénih postopkih. Stevilénost in natan-
&nost nasih rezultatov pa dovoljuje naslednje ugotovi-
tve:

1000 T T T T

T 2-|Opm
500+ ;o—=2>2pm=3 |
| ]
[ -~ w—*———# - o

8

&

| ALRAS RALES RAAES

o
|

"~

Number of inclusions per sg. cm
Stev. vkljuckov/1 cm?
)
|
|

—_
lrvllvv
|

05

|
T
|

TTrTT

"I |

5 6
OICRY]

T@e(hrl 111 1L
Cas (h)— 1 2 3
ZIHONOBIOIO)

Stage

4

Slika 1:
Povpreéna vsebnost vkljuckov na enoto povréine vzorcev preis-
kovanih faz proizvodnih postopkov izdelave bram
Fig. 1:
Average amount of inclusions per sq. cm of sample surface

compaositions are relative since in the majority of cases.
except for simple but rare (AL.O;, Al.C; TiB.) inclusions
it was not possible to determine the exact composition
because of fine size, complex composition and different
element distribution. Therefore, the compositions are
marked on the basis of estimated amount and order of
appearance of elements in particular inclusion. Some
compositions established in this way could be asso-
ciated to stoichiometric formula of known compounds.
However, it would be misleading since precise mineral-
ogic composition can not be calculated (e. g. nonstoichi-
ometric compositions) and because of nonavailability of
calibration standards. In complex inclusions strong var-
iations in Al/Ca ratio was frequently observed. In
extreme cases one of the elements was even absent.
Similar phenomena were observed at other inclusions
also. In that case boundary values determined by spot
analysis are given in brackets.

Table 3: Type of inclusions in decreasing order of the fre-
quency of occurrence

Inclusion size

Production stage < 10um > 10< 55 um
Electrolytis Al ALC; CaAlOC
Stage O and 1 SIAIC CaSioC
A10;
After alloying AlCa(0)C AlCaf0)C
Stage 2 AlCaTiOC{FeSi) CaSioc
Al,O; CaSio,
T8, AlLO,
Middle and end CaAIC Al,O,
of casting AlCaSi AISi
Stage 6and 7 AlCaKSCIOC AlCaSioC
AlO,
ATV

Remark: AlLQ; inclusions of < 10um size are mainly amor-
phous (particles or clusters), > 10um are corundum rarely
associated with finer amorphous ALO; (oxide film). Results
were obtained by qualitative analysis of samples taken from
particular production stage. Cross-section area of samples was
4.9s5q.cm.
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— Absolutne vsebnosti vkljuékov v vseh preiskova-
nih fazah so visje. kot jih zasledimo v literaturnih podat-
kih, ki pa ne zajemajo vseh velikosti niti kvalitet. Vecje
vsebnosti lahko pripisujemo tudi specifiénemu vendar
enakemu nacinu odvzemanja vzorcev pretezno od povr-
Sine talin in od stene peci, loncev oziroma zlebov,

— Koli¢ina vkljuékov je po vseh proizvodnih fazah
vi§ja kot v aluminiju iz elektrolize. predvsem pa se povida
vsebnost vec&jih (Skodijivejsin) vklju&kov, ki veéinoma
sledi znanim zakonitostim.

— Relativno visoka vsebnost vkljuékov na zaéetku
ulivanja je najverjetneje posledica premajhnega ¢asa
odstajanja, ki podaljsan rezultira v najmanjsi koliéini v
sredini ulivanja. Ponovno povecanje na koncu ulivanja
(SarZe) pa je najverjetneje posledica vecje koncentracije
vkljuckov v zadniji talini.

~ Najvecji vpliv na zmanjsanje vklju¢kov ima éas
odstajanja, kar potrjuje tudi manjSe zmanjsanje 5tevila
vkljutkov neposredno po rafinaciji in degazaciji (fazi 3 in
4). Upravi¢eno bi bilo podaljSanje odstajanja vsaj na tri
ure

— Prevoz taline iz elektrolize (stresanje) zmanjsa
kolicino vkljuckov, v kasnejsih fazah pa se vsebnost
vkljuckov poveca in se zmanjsajo pod zacetno koli¢ino
le drobni vkljucki {pod 10 um) v sredini in na koncu litja.

— V vseh fazah tehnoloskih proizvodnih postopkov
so v najbolj Skodljivi velikosti in kolicini zastopani razni
kompleksni vkljucki, ki vsebujejo kalcij (tabela 3). Na
drugem mestu so vkljuéki kurunda, ki so pogosto zdru-
Zeni s kalcijevimi kompleksnimi vkljuéki in manj$imi delci
ali gru¢ami amorfnega Al,O; (oksidna kozica ali pena).
Sestavine vkljuckov, ki vsebujejo kalcij (karbidi, kloridi,
oksikarbidi, sulfid) reagirajo z vodo pri mokri pripravi
vzorcev in je to verjetno poleg njihove krhkosti glavni
razlog netocnih identifikacij v preteklosti. Dodatni razlog
pa je lahko. da tovrstnih vkljuckov tudi ne navaja stroko-
vna literatura.

— Vecji vkljucki s kalcijem izhajajo Ze iz elektroliz-
nega aluminija (Tabela 3) ter se z nadaljnimi procesi
povisujejo. Zato sklepamo, da je najverjetnejsi dodatni
izvor teh vkljuékov iz obzidav loncev, peci, Zlebov in liv-
nih nastavkov.

4. ZAKLJUCEK

V tem delu smo preiskali in dologili kolicino. velikost
in sestavo vkljuékov, ki nastopajo v posameznih fazah
proizvodnih postopkov izdelave bram, kvalitete Al 99,0,
iz elektroliznega aluminija klasi¢ne elektrolize v TGA
Kidricevo.

Rezultati preiskav so pokazali, da se je iz doseda|
nepojasnjenih razlogov L-metoda izkazala neuporabna v
vseh fazah dela. Nekoliko nepricakovano smo nasli v
vkljuckih predvsem mnogo kalcija oziroma vkljuckov s
kalcijem, pogosto kompleksnih in razlicnih sestav, ki jih
strokovna literatura ne navaja. Zanimivo je, da smo le
poredko zasledili enostavne vkljucke (oksidi, karbidi,
boridi, titanati itd.), ki se normalno navajajo v literaturi.

Elektrolizni aluminij s tehnoloskimi procesi odistimo
oziroma zmanj$amo samo drobne vklju¢ke (pod 10 um),
oneistimo pa ga predvsem 2z vecjimi SkodljivejSimi
vkljucki,

3. Results of L-method

In samples prepared at TGA primary inclusions were
determined in a very few cases. It was concluded that
results of L-method were far from expectation. However,
it helped us to develop the technique of qualitative anal-
ysis of inclusions in anodic oxidized layer. It should be
mentioned that L-method gave satisfactory results in
previous investigation (4) at TGA. Consequently one
among reasons for poor success of L-method in this
investigation can be the complex composition of
observed inclusions not mentioned in literature {3).

4. Analysis of Results

The amount and size of inclusions seen in Fig. 1 can
not be directly compared with reference data since they
hold for inclusions from different phases, larger than
30 um and investigated by various methods, However,
the number and accuracy of our results make it possible
to draw following conclusions:

— Absoiute amount of inclusions in all production
stages are higher than reported in literature, which do
not include neither all sizes nor all grades. Higher
amounts can be attributed to the specific sampling
method-samples were always taken mainly from meit
surface and in the vicinity of furnace and ladle walls.

— The amount of inclusions in all production stages
is higher than in electrolysis. First of all the amount of
larger (harm) inclusions increases which follows the
Kknown rules.

— Comparatively high amount of inclusions at the
start of casting is probably due to short staying of melt
in ladle before casting. Longer staying results in the low-
est amount of inclusions in the middle of casting. A rise
at the end of casting is most probably caused by a
higher concentration of inclusions in melt at the end of
casting.

— The staying of melt in ladle before the casting
exerts strongest influence on decrease in the amount of
inclusions. Only slight decrease in the number of inclu-
sions Is observed immediately after refining and degass-
ing (stages 3 and 4). An increase in staying to at least
3 hrs should be justified.

— Transport of meit from electrolysis diminishes the
amount of inclusions due to associated shaking. How-
ever, in later stages the amount of inclusions increases
except for fine inclusions (< 10um) the amount of
which decreases in the middle and at the end of casting.

— In all technologic stages various complex inclu-
sions containing CaO (Table 3) are present in the most
harmful size and amount. Second are inclusions of cor-
undum type which are often bonded with calcium com-
plex inclusions and finer particles or clusters of amor-
phous Al,O; (oxide film or foam)., Compounds of calcium
based inclusions (carbides, chiorides, oxycarbides, sul-
phide) react with water during wet sample preparation
which is probably main cause, besides their brittleness,
for inaccurate identification in the past. Another reason
can be that this kind of inciusions has not been reported
of in literature. 3

— Bigger inclusions with calcium come from elec-
trolytis aluminium already (Table 3). Their amount further
increases in the course of technological process. There-
fore, it can be concluded that the most probable addi-
tional source of this inclusions is refractory lining of
ladles, furnaces, nozzles, spouts etc.

4. CONCLUSION

The amount, size and composition of the inclusions
occurring in particular technologic stages of Al 99.0
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grade siab ingot production line from electrolytic Al
(classic electrolysis) at TGA have been investigated and
determined

Results have shown that L-method, for unknown rea-
sons, was not successful in all investigation stages.
Somewhat surprisingly calcium type inclusions, fre-
quently of complex and various composition not men-
tioned in literature were found. Simple inclusions
(oxides, carbides, borides. titanates, etc) described and
considered in literature were rarely observed.

The amount of only fine (< 10um) inclusions is
reduced through technologic processing of electrolytic
aluminium, however, the amount of bigger and more
harmful inclusions is increased.
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UDK: 620.192.49:621.785.72:669.14.018.258
ASM/SLA: Q26s, N8a, TSk

Raziskali smo vpliv parametrov popuscanja na
udarno Zilavost in lomne znacilnosti utopnega jekla za
delo v vroéem C.4751 s postmartenzitno mikrostrukturo.

Previadujoci dejavnik, ki kontrolira razvoj krhkosti, je
segregiranfe fosforja na mejah zrn in na drugih med-
plastjih v kovini. Segregacijski ucinek fosforja spremija
kosegregacija silicija skupaj s socasno precipitacijo kar-
bidov.

1. UVOD

Orodno jeklo s sekundarnim utrjevanjem z 04 % C,
5% Cr, 1,3 % Mo, 0.4 % Vin 1 % Si (C.4751) se uporablja
predvsem za orodja in utope, ki obratujejo pri povisanih
temperaturah, ker zdruZuje dobro obstojnost trdote z
veliko obrabno odpornostjo, zadostno Zilavost ter
majhno obéutljivost na pokanje v vroéem. Jeklo C.4751
kaze efekt sekundarnega utrjevanja, ako je popustano
pri temperaturah okrog 500°C, ugotovljeno pa je bilo
tudi, da s pricetkom sekundarnega utrjevanja sovpada
znaten padec Zzilavosti. Mehanizem pojava je povezan s
precipitacijo karbidov M;C in MC iz martenzita, kot tudi z
atermalno transformacijo zaostalega avstenita. Ugotov-
lieno je bilo’, da to krhkost lahko skoraj odpravimo z
odstranjevanjem silicija iz jekia in zdi se, da je posledica
vpliva silicija na precipitacijo karbidov med letvicami
martenzita.

Ako pa jeklo C.4751 popuséamo nekaj ur v tempera-
turnem obmocju med 550° C in 600° C, opazimo dolocen
zasto] v pri¢akovani evoluciji Zilavosti?. Mikrostrukturni
izvor te krhkosti do sedaj $e ni bil zadovoljivo pojasnjen,
zato smo ga podrobno raziskali,

2. EKSPERIMENTALNI DEL

Majhno koli¢ino jekla € 4751, trgovske kvalitete, smo
pretalili v 20-kg vakuumski peci. ga ulili v ingot ter le-
tega v vroc¢em izvaljali v palico, premera 15 mm. Kemicna
sestava jekla je prikazana v tabeli 1

Tabela 1: Kemi¢na sestava preiskanega jekla v ut. %
Cc Si Mn P S Cr Mo v Al
039 083 030 0023 0014 586 112 028 0,038

*1 mag. Boris Ule, dipl. ing. met., SZ — Metalurski inttitut Lju-
bljana, Lepi pot 11, 61000 Ljubljana

¢ 82 — Metalurdki in3titut Ljubljana

*3 Inétitut Jozef Stefan, Ljubljana

*t 82 — Zelezarna Ravne

¢ Orginaing pubhckano 228 241193011
* Aokopis sprejet november 1989

The influence of tempering parameters on impact
energy and fracture characteristics of C.4751 hot work
die steel with post-martensitic microstructure has been
investigated.

The dominant factor controlling the evolution of brit-
tleness is the segregation of phosphorus on grain
boundaries as well as on other interfaces in metal. The
segregation effect of phosphorus is accompanied by
cosegregation of silicon together with simultaneous car-
bide precipitation.

1. INTRODUCTION

Secondary hardening tool steel with 0.4 % C, § % Cr,
1,.3% Mo, 0.4% V and 1% Si (C.4751) is used primarily
for tools and dies which operate at elevated tempera-
tures because it associates good hardness retention
with high resistance to wear, sufficient toughness and
little susceptibility to heat checking. C.4751 steel exhi-
bits secondary hardening effect when tempered around
500°C and a sharp drop in toughness, coincident with
the onset of secondary hardening, was observed too.
The mechanism involved is associated with precipitation
of M.C and MC type carbides from the as-quenched
martensite and also due to athermal transformation of
retained austenite. It has been established' that this
embrittlement can be almost eliminated by removal of
silicon and it seems that the embrittiement resulted from
the influence of silicon on interlath carbide precipitation.

But when C.4751 steel is tempered at temperature
range of 550°C to 600°C for a few hours some standstill
in the expected evolution of toughness is observed-.
The microstructure origins of this embrittiement have
not been clarified yet that is why we investigated them
thoroughly.

2. EXPERIMENTAL

A small quantity of commercial C.4751 steel was
remelted in a 20 kg vacuum-induction furnace, then it
was cast in an ingot and hot-rolled to a 15 mm rod. The
chemical composition of the steel is shown in Table 1.

Table 1: Chemical composition of the Investigated steel,
wt — %

c S Mn P s Cr
039 093 030 0023 0014 586

Mo v Al
112 028 0038

Charpy V-notch specimens were machined from the
rod, which was previously normalized and soft annealed
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Iz palice, ki je bila normalizirana in mehko Zarjena
2 uri pri temperaturi 800° C, smo izdelali Charpyjeve pre-
izkusance z V zarezo. Preizkudanci so bili v vakumski
pedi avstenitizirani 15 min. pri 960° C, kaljeni v toku plina-
stega dusika pri tlaku 0,5 MPa, nato dvakrat popusceni
po 2uri pri 710°C, z vmesnim podhlajevanjem pri
—196° C, ter nazadnje dodatno popuscéeni v temperatur-
nem obmoc¢ju od 450 do 680° C 2 uri, 5 ur oziroma 24 ur,
s konénim ohlajanjem v vodi.

Merjenja Zilavosti pri sobni temperaturi so bila oprav-
liena z vsaj petimi Charpyjevimi preizku$anci za vsako
temperaturo popuscanja, medtem ko je bila Brinellova
trdota merjena na vsakem preizkusancu.

Mikrofraktografske preiskave prelomnih povrsin
Charpyjevih preizkusancev smo opravili z vrsticnim elek-
tronskim mikroskopom JEOL JSM-35 (SEM), medtem ko
smo mikrostrukturo preiskali s presevnim elektronskim
mikroskopom JEOL FX (TEM), ki je bil opremijen z anali-
zatorjem karakteristicnih rentgenskih Zarkov (EDS).

Opravili smo tudi elektrolitsko izolacijo karbidov, izo-
lat pa je bil analiziran z rentgensko difrakcijsko tehniko.

3. REZULTATI

V diagramu na sliki 1 so prikazane odvisnosti med
udarno Zilavostjo in temperature dodatnega popuséanija,
razlicno dolge ¢ase popuscanih Charpyjevih V-preizku-
Sancev, ki so bili pred tem kaljeni'ter dvakrat popusceni
pri 710° C, z vmesnim podhlajevanjem v tekotem dusiku.

Podhlajevanje med zacetnim dvojnim popusc€anjem
je bilo potrebno, da bi se izognili vplivu morebitnega
zaostalega avstenita.

Medtem ko trdota jekla ostaja navidezno neodvisna
od parametrov popuééanja, pa Charpyjeva udarna Zila-
vost po 24-urnem popuscéanju pri 600° C pade od zacet-
nih 42 J na vsega okrog 20 J. Mo¢an padec Charpyjevih
vrednosti pri jeklu, ki je bilo 5 ur, zlasti pa 24 ur popus-
éano pri 800°C, je verjetno posledica razvoja reverzi-
bilne popustne krhkosti, kot je bilo ugotovijenc v eni
prejénjih raziskav’.

Segregacije, ki nastopajo pri reverzibilni popustni

krhkosti, so ravnoteznega tipa. Zacetna segregacija
Kalgeno =n dvakrat popuicenc pr TW0°C

2 .m Guenched and tempered twice at 710°C
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Slika 1:

Vpliv dodatnega popuscanja na trdoto in udarno Zilavost jekla
C.4751, ki e bilo pred tem kaljeno in dvakrat popuééeno pri
710°C, 2 vmesnim podhlajenjem v tekocem dusiku
Fig. 1
Influence of additional tempering on hardness and impact ener-
gies of steel C.4751 which has been previously quenched and
tempered twice at 710°C with intermediate undercooling in

liquid nitrogen.

at 800°C for 2 hours. Specimens were then austenitized
at 960°C for 15 min, in a vacuum furnace, quenched in a
flow of gaseous nitrogen at a pressure of 0.5 MPa, tem-
pered twice at 710°C for 2 hours with intermediate
undercooling at — 196°C. then additionally tempered in
a temperature range of 450°C to 660°C for 2 hours,
5 hours and 24 hours respectively and finally cooled in
water.

At least five Charpy V-notch specimens were tested
at room temperature for each tempering temperature,
while the Brinell hardness was measured on every speci-
men. The microfractographic examination on fracture
surfaces of Charpy specimens was carried out in the
JEOL JSM-35 scanning electron microscope (SEM).
while the microstructure was investigated in trans-
mission electron microscope JEOL FX (TEM) equipped
with energy dispersive spectroscopy (EDS). The electro-
Iytic isolation of carbides was also carried out and the
isolate was analyzed with X-ray diffraction technique.

3. RESULTS

Charpy V-notch energy versus tempering lempera-
tures curves as obtained for specimens additionally tem-
pered for various periods, after quenching and double
tempering at 710°C with intermediate undercooling in
liquid nitrogen, are shown in Fig. 1. Undercooling in
between the initial double tempering was necessary o
avoid the influence of eventual retained austenite

The hardness of steel remains virtually independent
of the tempering parameters, whereas the Charpy
V-notch impact energy drops from initial value of 42 J to
only about 20 J after tempering 24 hours at 600°C. The
drastic drop in the Charpy values of steel after temper-
ing for 5hours but particularly 24 hours at 600°C is
probably partly due to reversible temper embrittiement,
as established in one of earlier investigations-,

The segregations involved in reversible temper
embrittlement are of equilibrium type, namely when the
ageing temperature is risen, the initial segregation rate
increases following the temperature dependence of the
bulk diffusion coefficient, while the maximum i. e. steady

‘ |
Qq =1603 %45 kJ/mol

;| DR s
<
i | |
o 12 3
¥ 10°
Slika 2

lzvrednotenje aktivacijske energije za segregiranje fosforja z
uporabo Arrheniusove enacbe
Fig. 2
Evaluation of the activation energy of segregation of phospho-
rus according to the Arrhenius equation.
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namrec z dviganjem temperature Zarjenja raste ter sledi
temperaturni odvisnosti koeficienta volumske difuzije
Maksimalna, to je stacionarna interkristalna koncentra-
Cija pri tem pada, in to razlaga reverzibilnost krhkosti pri
visokih temperaturah feritnega obmocgja, kot je bilo tudi
ugotovljeno v Ze citirani referenci’

Udarna Zilavost je sorazmerna intenziteti segregacij,
enak nivo segregacij je bil zato dosezen s popuséanjem,
bodisi 2 uri pri 592° C bodisi 5 ur pri 555° C bodisi 24 ur
pri 505°C. Ako predpostavimo, da e celo po 24 urah
popus€anja ni doseZena koncna najveéja intenziteta
segregacije, potem je levi del diagrama na sliki1
mogoce uporabiti za doloéitev aktivacijske energije za
volumsko difuzijo oligoelementa, ki kontrolira razvoj krh-
kosti. Iz naklona premice v dvojnem logaritemskem dia-
gramu &asa popuscanja proti reciproéni vrednosti tem-
perature popuscanja, prikazanem na sliki 2, je bila izra-
¢unana aktivacijska energija priblizno 160 kJ/mol. kar je
zelo blizu aktivacijski energiji za difuzijo fosforja v feritu.
Zares je Ze bilo potrjeno z Augerjevo spektroskopijo, da
v jeklih podobne vrste segregira zlasti fosfor Romhanyi
s sodelavci® je v orodnem jeklu s 5% kroma, ki je bilo
avstenitizirano pri 1100° C, kaljeno in popuséano 2 uri pri
800° C, nasel na mejah kristalnih zrn do 6 % fosforja in
1 % 2vepla, pa tudi sledove dusika in antimona. Augerjev
spekter, prikazan na sliki 3, dokazuje. da so segregacije
fosforja in Zvepla v soodvisnosti z obogatitvijo s kromom
(8 do 9 %), vanadijem (priblizno 2 %) in molibdenom (3
do 5 %). Nadalje je opazen izrazit ogljikov pik (8 do 9 %)
z deloma karbidno strukturo. Augerjevi piki kaZejo rahlo
lokalno fluktuacijo, vendar pa bi lahko poudarili soodvis-
nosti med kromovim pikom ter vsoto segregiranega fos-
forja in zZvepla

Ze omenjene spremembe v udarni Zilavosti se odra-
Zajo tudi na morfologiji prelomnih povrsin. Po dvakrat-
nem popuscanju 2 uri pri 710°C. z vmesnim podhlajeva-
njem v teko¢em dusiku, je frakturna povrsina Charpyje-
vih preizkusancev transgranularna, drobno jamicasta,
tore) duktilna, kakréna je prikazana na sliki 4. Po dodat-
nem popuscanju 24 ur pri 600°C se pot napredovanja
razpok spremeni, prelom postane intergranularen vzdolz
meja primarnih avstenitnih zrn (slika 5), ¢eprav so opa-
zeni tudi kvazicepilni detajli ter posamiéni duktilni gre-
beni (slika 6).
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Slika 3:
Augerjev spekter intergranularne prelomne povriine jekla s 5 %
kroma. avstenitiziranega pri 1100°C. kaljeneqga ter popuséen-
ega pri 600°C (Lit, 4)

Fig. 3
Auger spectrum of the intergranular fracture surface of steel
with 5 wt. — % chromium, austenitized at 1100°C, quenched and

tempered at 600°C (Ref. 4).

state grain boundary concentration decreases. This
accounts for the ‘reversibility" of embritlement at
higher temperatures of the ferritic range, as observed
also in the already quoted reference’.

The impact energy is proportional to the level of
segregation and the same level of segregation is there-
fore achieved after tempering for 2 hours at 592°C or
5 hours at 555°C or 24 hours at 505°C. If the assump-
tion is considered that the final maximal level of segre-
gation is not attained even after 24 hours of tempering,
then the left side of the diagram shown in Fig. 1 could be
used for the determination of the activation energy for
bulk diffusion of residuals, which controls the develop-
ment of embrittlement. An activation energy of about
160 kJ/mol was derived from the slope of a log-log plot
of time vs. reciprocal tempering temperature in Fig. 2,
which is very close to that for bulk diffusion of phospho-
rus in ferrite. It was already confirmed indeed by the
Auger spectroscopy, that particularly phosphorus
segregates in such type of tool steel. Romhéanyi and
coworkers® found up to 6 % of phosphorous and 1 % of
sulphur as well as traces of nitrogen and antimony on
the grain boundaries in 5 wt. — % chromium tool steel,
austenitized at 1100°C, quenched and tempered at
600°C for 2 hours. The Auger spectrum shown in Fig. 3
proved, that the segregation of phosphorus and sulphur
/s in correlation with the enrichment of chromium
(8—9 %), vanadium (approx. 2 %) and molybdenum
(3—5 %). Further, the strong carbon peak (8—9 %) with
partly carbide structure is remarkable. The Auger peaks
exhibit slight local fluctuaction, but the correlation of the
chromium peak with the sum of phosphorus + sulphur
segregated should be underlined.

The already mentioned changes in the impact values
are aiso reflected in fracture surfaces morphology. After
tempering twice at 710°C for 2 hours with intermediate

Slika 4:
Fraktografski posnetek Charpyjevega preizkusanca, kaljenega
in dvakrat popus¢enega pri 710°C, z vmesnim podhlajenjem v
tekocem dusiku

Fig. 4
Fractographs of Charpy specimen, quenched and tempered
twice at 710°C with intermediate undercooling in liquid
nitrogen.
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Slika §:
Fraktografski posnetek Charpyjevega preizkusanca, kaljenega
in dvakrat popuscenega pri 710°C, z vmesnim podhlajenjem,

nato dodatno popuséenega 24 ur pri 600°C. Interkristalno
krhko
Fig. 5
Fractographs of Charpy specimen, quenched and tempered
twice at 710° C with intermediate undercooling, then additionally
tempered at 600°C for 24 hours. Intercrystalline brittle.

V literaturi®~* so bili kot najvazne|Si identificirani pre-
cipitati v kaljenem in pri povisanih temperaturah popu-
§¢enem orodnem jeklu s 5% kroma, navedeni M.C,
M,C, ter MC. Okuno’ je ugotovil, da so v orodnem jeklu
H-13, kaljenem v olju in popus¢enem pri 800° C, le kar-
bidi MC in M.C, karbide M,C; v obliki aglomeriranih zrn
najdemo po popus¢anju pri visjih temperaturah, med
600 in 650°C

Tip precipitatov je bil doloéen z uporabo TEM in EDS
analize, kot tudi z rentgensko difrakcijsko tehniko, upo-
Stevaje pri tem citirane podatke, nanasajoce se na termi-
¢éno zgodovino jekla. Rentgenska difrakcija elektrolit-
skega izolata odkrije v jeklu, ki je bilo kaljeno in med
dvakratnim popusc¢anjem pri 710°C 3e podhlajeno, kar-
bide M,C, in M.C v enakem deleZu. Elektronski posnetek
mikrostrukture tega vzorca jekla, prikazan na sliki 7,
kaZze znacilno substrukturo visoko popuscenega mar-
tenzita, sestavljeno iz malih podzrn, nanizanih vzdolz
prvotnih martenzitnih igel, vrste precipitatov v glavnem
vzdolz meja podzrn in redke precipitate v letvicah mar-
tenzita.

Po dodatnem popuséanju istega jekla 24 ur pri
600°C smo ugotovili majhen porast koli¢ine karbidov
M.C, poslediéno pa je bila zmanj$ana koliina karbidov.
vrste M,C,. Posamicni precipitati M:C so bolj grobi, ven-
dar pa Stevilo precipitatov vzdolz meja podzrn ter vzdolZ
letvic ostaja skoraj nespremenjeno (slika 8). Relativno
majhna razlika v koli¢ini in obliki karbidov ne more biti
odgovorna za povsem drugaéno morfologijo preloma,
povzroteno z dodatnim popuscanjem jekla 24 ur pri
temperaturi 600°C. Pri EDS analizi smo pozornost
usmerili zlasti na precipitate na mejah podzrn in med let-
vicami, ker bi lahko bili povezani s potjo razpoke. Tipi€ni
EDS spekter precipitata v jeklu, ki je bilo po kaljenju in
dvakratnem popuséanju pri 710° C, z vmesnim podhlaje-

Slika 6:
Fraktografski posnetek Charpyjevega preizku$anca. kaljenega
in dvakrat popuscenega pri 710'C, z vmesnim podhlajenjem,
nato dodatno popuidcenega 24 ur pri 600°C. Kvazicepilno s

posamicnimi duktiinimi grebeni

Fig. 6
Fractographs of Charpy specimen, quenched and tempered
twice at 710* C with intermediate undercooling, then additionally
tempered at 600°C for 24 hours. Quasi-cleavage and single

ductile tearing

undercooling in liquid nitrogen. the fracture surface Is
small dimpled and transgranular, therefore ductile
(Fig. 4). After an additional tempering at 600°C for
24 hours. the cracks propagation path changed and an
intergranular fracture along preaustenite grain bounda-
ries (Fig. 5) quasi-cleavage fracture details and single
ductile tearing are observed too (Fig. 6).

In references’—¢ the main precipitates present in as
quenched and at elevated temperature tempered
5wt.— % chromium tool steel were identified as M.C,
M .C; and M.C. Okuno’ established that in oil quenched
and at 600° C tempered H-13 tool steel only carbides MC
and M.C are found, M-C, carbides in shape of agglomer-
ated grains are found after tempering at higher tempera-
tures between 600°C and 650°C.

The type of precipitates was established using TEM
and EDS analysis as well as X-ray diffraction technique,
also considering the quoted data relating to the thermal
history of the steel. X-ray diffraction of electrolytic iso-
late revealed in steel, as quenched and tempered twice
at 710°C with intermediate undercooling, M.C; and M.C
carbides in equal portion. Electron micrographs of this
specimen in Fig. 7 show a characteristic substructure of
high-tempered martensite, consisting of small subgrains
arranged along the former martensite needles, rows of
precipitates mainly along the subgrain boundaries and
rare intralath precipitates.

After additional tempering of the same steel for
24 hours at 600°C a small increase of the quantity of
M.C carbides and consequential decrease of the quan-
tity of M-C; precipitates are found. Some M.C precipi-
tates are coarser, however the number of precipitates
along lath and subgrain boundaries remains nearly
unchanged (Fig. 8). The relatively small difference in
quantity and size of carbides couldn't be responsible for



Slika 7:

TEM mikrografski posnetek jekla C 4751, kaljenega in dvakrat
popuséenega pri 710°C. z vmesnim podhlajenjem v tekoéem
dusiku
Fig. 7

TEM micrographs of steel C.4751, quenched and tempered

twice at 710°C with intermediate undercooling in Mlquid
nitrogen
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Slika 9:
Znacilni EDS rentgenski spekter medplastja martenzita letwica/
karbid v jeklu €.4751, kaljenem in dvakrat popuicenem pri
710°C, z vmesnim podhlajenjem, nato dodatno popuscenem

24 ur pri 800°C

Fig. 9
Characteristic EDS X-ray spectrum of martensite lath/carbide
interface in steel C 4751, quenched and tempered twice at
710°C with intermediate undercooling, then additionally tem-

pered at 600°C for 24 hours

Slika 8:
TEM mikrogratski posnetek jekla C.4751, kaljenega in dvakrat

popuséenega pri 710°C., z vmesnim podhlajenjem, nato
dodatno popuscenega 24 ur pri 600°C
Fig. 8
TEM micrographs of steel C.4751, quenched and tempered
twice at 710° C with intermediate undercooling, then additionally
tempered at 600°C for 24 hours

the completely different fracture morphology produced
by the additional tempering of steel for 24 hours at
600°C.

At EDS X-ray analysis the attention was focused on
precipitates at lath and subgrain boundaries, because
they could be connected to the crack path. A typical
EDS spectrum for a precipitate in steel, quenched and
tempered twice at 710° C with intermediate undercooling
then additionally tempered at 600°C for 24 hours, is
shown in Fig. 9. It is characteristic for chromium rich
carbide but it is not clear whether iron and molybdenum
are detected from carbide phase or from the matrix. By
focusing the beam to the martensite lath/carbide inter-
face, the strong peak of silicon and phosphorus was
regularly detected. The peak of sulphur could be
covered with that of molybdenum. For this reason it is
not possible to detect an eventual segregation of sul-
phur at grain boundaries.

4. DISCUSSION

Temper embrittlement of C.4751 tool steel is easily
provoked when the high-tempered steel with post-mart-
ensitic microstructure is additionally tempered for a few
hours at 600°C.

Fracture morphology of additionally tempered steel
changes from transcrystalline and ductile into mixed
mode i. e. intercrystalline and quasi-cleavage transcrys-
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vanjem, $e dodatno popusceno 24 ur pri temperaturi
600°C, je prikazan na sliki 9. Spekter je znaCilen za s
kromom bogat karbid, ceprav ni jasno, ali sta Zelezo in
molibden detektirana iz karbidne faze ali iz osnove. S fo-
kusiranjem snopa na mejo martenzita letvica/povrsina
karbida smo redno zabeleZili mocan silicijev in fosforjev
pik. Pik, ki pripada 2veplu, bi bil lahko prekrit z molibde-
novim pikom. |z tega razloga ni mogoce zaznati morebit-
nih segregacij Zvepla na mejah zrn.

4. RAZPRAVA

Popustno krhkost orodnega jekla €.4751 lahko pov-
zro¢imo tako, da pri visokih temperaturah popus¢eno
jeklo s postmartenzitno mikrostrukturo dodatno popu-
$éamo nekaj ur pri temperaturi 600°C. Morfologija pre-
loma dodatno popuscenega jekla se spremeni od trans-
kristalne duktilne v me3ano obliko, to je interkristalno ter
kvazicepilno transkristalno. Med duktilnim in krhkim
jeklom pa nismo opazili nobene pomembne razlike,
nanasajoce se na morfologijo ter sestavo karbidnih pre-
cipitatov.

Iz rentgenske EDS analize sledi, da vsebnost molib-
dena v trdni raztopini ni bila bistveno spremenjena z
dodatnim popus$é&anjem nekaj ur pri 600°C. Po drugi
strani je oéividno, da prisotnost molibdena v trdni razto-
pini ni v celoti preprecila segregiranja fosforja na notra-
njih povréinah. Segregiranje fosforja se pojavija vzpo-
redno s segregiranjem silicija, aktivacijska energija za
volumsko difuzijo silicija v feritu (258 kdJ/mol) pa je
mnogo visja od aktivacijske energije za volumsko difu-
zijo fosforja v feritu (167 kJ/mol). Ako bi segregacije
obeh elementov, silicija in fosforja, imele enak ucinek, bi
pritakovali, da bo kinetika porajanja krhkosti kontroli-
rana z difuzijo pocasnejSega silicija na meje kristalnih
zrn. Dejstvo, da je kinetika krhkosti kontrolirana z difu-
zijo fosforja, bi lahko razlozili na dva nacina, bodisi tako,
da ima segregiranje silicija le manjsi vpliv na energijo
loma, bodisi z naravo segregiranja silicija, ki naj bi bila
drugacna od fosforjeve, namre¢ neodvisna od volumske
difuzije.

Stopnjevanje krhkosti zaradi soCasne prisotnosti
fosforja in silicija v jekiu je omenjeno tudi v referencah 1
in 8. Ugotovijeno je bilo Se, da bi silicij lahko vplival na
tvorbo karbidov, vrste M;C (ref. 5). Segregiranje silicija
ter precipitiranje karbidov M;C na mejah in v medplastjin
smo opazili tudi mi. Tega pa $e ne moremo imeti za
dokaz, da segregiranje silicija vpliva tudi na tvorbo karbi-
dov M.C, saj smo nasli na mejah zrn in med letvicami
martenzita tudi karbidne precipitate, vrste M,C,.

5. SKLEPI

Popustna krhkost visoko popuséenega orodnega
jekla €.4751 s postmartenzitno mikrostrukturo je nastala
zaradi segregiranija fosforja na primarnih mejah avstenit-
nih zrn, kot tudi na razliénih drugih medpiastjih. Posle-
dica tega je interkristalni oziroma krhek transkristaini
prelom jekla.

Socasno s segregiranjem fosforja je bilo opaZeno
tudi segregiranje silicija. Segregiranje silicija ter izioca-
nje karbidov ima sicer lahko pomembno viogo v procesu
nastajanja krhkosti, vendar pa ugotovljena aktivacijska
energija, priblizno 160 kJ/mol, izhajajoca iz Casovno-
temperaturne odvisnosti poslabsanja Zilavosti zaradi
dodatnega popuscanja, dokazuje, da je difuzija fosforja
v feritu odloéujoci dejavnik, ki kontrolira kinetiko krhko-
sti.

talline respectively. No significant distinction in morphol-
ogy and composition of carbide precipitates is observed
between ductile and brittle state of steel. From EDS
X-ray analysis ensues that the content of molybdenum in
solid solution was not substantially modified at the addi-
tional tempering for a few hours at 600°C. On the other
hand, it is evident that the presence of molybdenum in
solid solution did not prevent entirely the interfacial
segregation of phosphorus. The segregation of phos-
phorus occurs simultaneously with that of silicon. The
activation energy of bulk diffusion of silicon in ferrite
(258 kJ/mol) is much greater than that for bulk diffusion
of phosphorus (167 kJ/mol). If the segregation of both
elements, silicon and phosphorus, had the same effect
one would expect that the kinetics of embrittlement
would be controlled by the diffusion of the slower silicon
towards grain boundaries. The fact that the kinetics of
embrittlement is controlled by the diffusion of phospho-
rus could be explained in two ways. either the segrega-
tion of silicon has only a minor effect on fracture energy
or that the nature of silicon segregation is different from
that of phosphorus, i. e. independent of bulk diffusion.
An enhanced embrittlement due to the simultaneous
presence of phosphorus and silicon in steel is quoted
also in ref. 1 and 8. It was also found that silicon could
even affect the formation of carbides of M:C type®. The
presence of a segregation of silicon and precipitates of
the M;C carbide at boundaries and interfaces was also
observed in this work. This could not be considered as
evidence that the segregation of silicon did affect the
formation of M.C carbide, since precipitates of M.C; car-
bide were found on grain boundaries and martensite lath
interfaces.

5. CONCLUSIONS

Temper embrittlement of C.4751 tool steel with high-
tempered post-martensitic microstructure was pro-
duced by segregation of phosphorus at preaustenite
grain boundaries as well as at other different interfaces.
This further caused intercrystalline or transcrystalline
brittle fracture mode respectively

A segregation of phosphorus was observed simul-
taneously with that of silicon. The segregation of silicon
and precipitation of carbides may play an important role
in embrittlernent process, however the activation energy
of about 160 kJ/mol derived from time-temperature rela-
tionship of toughness reduction because of additional
tempering proves that the diffusion of phosphorus in fer-
rite is a dominant factor controlling the kinetics of
embrittlement.
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Vpliv vroce predelave na drobljenje

karbidov in lomno Zilavost

Influence of Hot Working on Carbide
Crushing and Fracture Toughness
D. Kmeti¢*', B. Ule*?, J. Gnamus*?, F. Vodopivec*?, B. Arzensek*?

UDK: 621.7.016.2:669.15-196.58
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Lastnosti ledeburitnih orodnih jekel za delo v hlad-
nem so odvisne od mikrostrukturnih znadilnosti. Rezul-
tali raziskave kaZejo vpliv pogojev vroéega valjanja na
velikost ledeburitnih karbidov. Lomna Zilavost jekia je
izracunana po korelacifi Hahn-Rosenfield

1. UVOD

Ledeburitna orodna jekla za delo v hladnem imajo
pred drugimi orodnimi jekli nekatere dolocene predno-
sti. Izdelana so na osnovi kroma in so zato sorazmerno
poceni. Od teh jekel ima jeklo C.4150 (OCR 12) zaradi
visoke vsebnosti kroma (12%) in ogljika (2 %) zelo
dobro obrabno odpornost, visoko trdoto, dobre rezne
lastnosti in orodja so dimenzijsko stabilna. Poleg teh
lastnosti je za orodja kot merilo odpornosti proti nenad-
nemu lomu zelo pomembna Zilavost jekla.

S klasiénim Charpyjevim preizkusom ni mogoée
eksaktno opredeliti krhkosti loma ledeburitnih jekel. V li-
nearni elastomehaniki je razvitih ve¢ metod za doloditev
kriti€ne intenzitete napetosti, ki jo imenujemo lomna Zila-
vost K,.. Lomna Zilavost materiala kaze povezavo med
napetostmi v materialu in velikostjo napak. Zato so za
lomno Zilavost jekla C.4150 zelo pomembne mikrostruk-
turne znacilnosti. V poboljfanem stanju ima jeklo v
matici iz popus¢enega martenzita in zaostalega avste-
nita ledeburitne karbide M,C; in drobne sekundarne kar-
bide.

Jeklo se vroce preoblikuje predvsem s kovanjem, za
veCje orodne plosce pa je z ekonomskega staliséa
ustreznejSe valjanje. Velikost in razporeditev lede-
buritnih karbidov v matici je odvisna od pogojev litja, str-
jevanja in termomehanskih pogojev vroée predelave.

2. EKSPERIMENTALNO DELO
2.1. Znadéilnosti vroce valjanega jekla

Jeklo C.4150 ima v litem stanju zelo nehomogeno
mikrostrukturo z izrazito mrezo ledeburitnih karbidov, ki
je nastala v meddendritskih prostorih. Med vroé&im kova-
njem in nadaljnjim valjanjem se povpreéna velikost lede-
buritnih karbidov zaradi drobljenja zmanjsuje, delno pa
se tudi prerazporedijo.

*' Dimitrij Kmeti¢, dipl. ing. met., Metalurski in&titut Ljubljana,
Lepi pot 11, 61000 Ljubliana

*? 8Z — Metalurgki institut Ljubljana

*3 §Z — 2elezarna Ravne

** Onginaino publicirano 228 24(1590)1
* Rokogis sprejet november 1983

The properties of ledeburitic cold work tool steels
depend upon the characteristics of the microstructure.
The results of the investigation confirm the influence of
hot-rolling conditions on the size of massive carbides.
Fracture toughness of steel is calculated according to
the Hahn-Rosenfield correlation.

1. INTRODUCTION

Ledeburitic cold work tool steels have some advan-
tages in comparison with other tool steels. The base of
ledeburitic cold work tool steels is chromium which
makes them relatively cheap to produce. One of them,
the steel C.4150 (OCR 12). due to its high content of
chromium (12 %) and carbon (2 %), has a very good
wear resistance, a great hardness and good cutting pro-
perties. and the dimensions of the tools are stable.
Besides these properties, the toughness of steel is very
important for tools as a criterion of resistance to fast
fracture,

The brittleness of ledeburitic too! steels cannot be
exactely established by the classical Charpy test. In lin-
ear elastomechanics several methods were developed
to calculate the critical stress intensity factor called frac-
ture toughness K,.. The fracture toughness of the mate-
rial is related to the stresses and the size of defects
within the material. The microstructure characteristics
are therefore very important for the fracture toughness
of steel C.4150. In quenched and subsequently tem-
pered state this steel shows massive carbides M,C; and
small-sized secundary carbides in a matrix of tempered
martensite and retained austenite.

Steel is hot worked, primarily by forging, whereas
from the economic point of view rolling is more suitable
for larger tool plates. The size and the distribution of
massive carbides in the matrix depend upon the condi-
tions of casting, solidification and upon the thermome-
chanical conditions of hot working.

2. EXPERIMENTAL
2.1. Characteristics of Hot-Rolled Steel

The steel C.4150 as cast has a very non-homogeneous
microstructure with a marked network of massive car-
bides occurring in interdentritic spaces. In hot forging
and subsequent rolling the average size of massive car-
bides decreases due to crushing and a rearrangement
of carbides also occurs. In hot-roliing the differences
between the mechanical properties of the matrix and the
carbide phase are heightened (1, 2). Massive carbides
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Pri vroéem valjanju pridejo do izraza razlike v mehan-
skih lastnostih med matico in karbidno fazo (1, 2). Lede-
buritni karbidi so zelo trdi in krhki, imajo visoko trdnost
in visok modul elasticnosti. Matica ima precej manjso
trdoto, trdnost in modul elasticnosti. V temperaturnem
podroéju vroée predelave se mehanske lastnosti matice
in karbidov spreminjajo (4). Na drobljenje karbidov pa
vpliva predvsem utrjevanje matice zaradi plasti¢ne defor-
macije. Sicer pa je drobljenje karbidov odvisno od vec
dejavnikov: od mejne povriinske napetosti, velikosti kar-
bidnih zrn, razdalje med njimi. njihove orientacije in ter-
momehanskih pogojev valjanja (temperatura, velikosti
parcialnih deformacij in skupne deformacije, hitrost
deformacije). Med valjanjem delujejo najvecje napetosti
pravokotno na silo valjanja, to je v smeri valjanja. Zato
karbidi najpogosteje pokajo na smer najvecje napetosti.

Na sliki 1 je prikazana odvisnost srednje preobliko-
valne trdnosti od temperature valjanja in specifi¢ne stop-
nje parcialnih deformacij. Srednjo deformacijsko trdnost
smo izracunali iz meritev sile valjanja, visine valjcne reze,
elektricne obremenitve motorja in momenta na gredi
pogonskih valjev. Hitrost deformacije je bila p=5s""
Odpor proti deformaciji se do temperature 1050° C malo
razlikuje glede na 15 in 30 % stopnjo parcialnih deforma-
cij. Pri nadaljnjem znizevanju temperature valjanja se
jeklo pri 15 % parcialnih deformacijah hitreje utrjuje in
ima zato vecjo preoblikovalno trdnost. V matici poteka le
poprava, pri veé&jih parcialnin deformacijah pa poteka
tudi rekristalizacija. Odpor proti deformaciji pri tempera-
turah pod 900° C zelo hitro raste. Tudi pri vecjih parcial-
nih deformacijah matica ne rekristalizira. Matica se pri
valjanju pod 880°C tako utrdi, da se ne more ve¢ pla-
sticno deformirati. Mikrorazpoke, ki nastanejo zaradi
pokanja karbidov in dekohezije med karbidi in matico, se
hitro S$irijo po utrjeni matici, kar vodi do porusitve
valjanca.

Ledeburitni karbidi so v izhodnem stanju zaradi pred-
kovanja poligonalni. usmerjeni v smeri deformacije in
deloma razporejeni v trakovih (segregacije). Pri vecjih
stopnjah parcialnih redukcij je Stevilo zdrobljenih karbi-
dov vecje. Z znizevanjem temperature valjanja matica le
delno rekristalizira ali pa poteka le poprava. Matica se
bolj utrjuje in delez porusenih karbidov je vecji. Hitreje
pokajo vedji karbidi, ker se matica ob teh karbidih bolj
utrjuje in so lokalne napetosti na teh mestih vecje.

Na sliki 2 je prikazana povprecna velikost lede-
buritnih karbidov v odvisnosti od koncne temperature

200
rx € =015 I
= e =03
gﬂ E 150% o 0.30
°E E
3E <
=£E =z
2Z 100
R
&z £
o 8 v 50—
€2 2 |
@ =
[ 0 |
1200 1100 1000 900 800
Temperatura valjamja v °C
Temperature of rolling (°C)
Slika 1
Odvisnost srednje preoblikovalne trdnosti od temperature va-
ljanja
Fig. 1;

Dependence of mean true stress upon rolling temperature.

are very hard and brittle, besides they have a high
strength and a high Young's modulus. The matrix has a
substantially lower hardness, strength and Young's
modulus. The mechanical properties of the matrix and of
the carbides are modified in the hot working tempera-
ture range (4). Carbide crushing is affected primarily by
the matrix hardening due to plastic deformation. In fact,
carbide crushing depends upon several factors: the
interface surface tension, the size of carbide grains and
the distance between them, their orientation and the
thermomechanical rolling conditions (the temperature,
the step of partial deformations and of total deforma-
tion). In rolling the highest stresses act perpendicularly
upon the rolling force i. e. in the rolling direction. That is
why carbides crack most frequently in the direction of
the highest stress.

The relationship between the true stress. the rolling
temperature and the specific steps of partial deforma-
tions is shown in Fig. 1. True stress was calculated by
measuring the rolling forces, gaps between the rolls,
electrical load of the engine and the moment on the
drawing rolls shaft. The rate of the deformation was
p= 55", Up to 1050°C the resistance to deformation is
somewhat different at 15 % and 30 % partial deformation.
As the rolling temperature further decreases the steel
hardens faster at a 15 % partial deformation and it exhi-
bits a higher true stress. The matrix only undergoes a
recovery whereas recrystallization occurs also in the
case of larger partial deformations.

The resistance to deformation increases very quickly
at temperatures below 900° C. The matrix does not even
recrystallize at larger partial deformations. In rolling
below 880°C the matrix hardens so much that plastic
deformation is no longer possibie. Microcracks occur-
ring due to carbide cracking and due to decohesion
between the carbides and the matrix quickly propagate
in the hardened matrix, causing the destruction of the
rolled workpiece. At initial state the massive carbides
have a polygonal shape due to preforging, they line
themselves in the deformation direction and they are
distributed in a discontinuous chain type (segregations).
The number of crushed carbides is greater resulting on
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Slika 2
Povpreéna velikost ledeburitnih karbidov v odvisnosti od
konéne temperature valjanja. Parcialne redukcije so razliéne,
celotna redukcija je priblizno enaka
Figure 2:
Dependence of average size of massive carbides upon finish
rolling temperature. Partial deformations are different, total
deformation is approximately the same.
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valjanja za vzorce, deformirane z razliénimi parcialnimi
deformacijami. Celotna deformacija je bila priblizno
enaka. Povpreéno velikost karbidov smo doloéili na
metalografskih posnetkih s pomocjo digitalne tablice in
racunalniSkega programa za vzoréenje likov. Zaradi
ro¢nega ocrtovanja drobnih karbidov nismo upostevali
Menimo, da s tem nismo naredili veéje napake, ker ti
karbidi ne sodelujejo v procesu drobljenja (3). Na poraz-
delitev karbidov v trakovih, kar je posledica karbidne
mreze, nastale pri strijevanju jekla, s pogoji valjanja ne
moremo bistveno vplivati. Opazi pa se, da so karbidi v
trakovih drobnejsi. Matica se v ozkih pasovih med kar-
bidi hitreje utrjuje in drobljenje je intenzivnejse.

Pri vidjih temperaturah valjanja matica hitro zapol-
njuje mikropraznine, ki nastajajo zaradi pokanja karbidov
(slika 3). Pri nizjih temperaturah valjanja se plastiénost
matice zmanjSuje in matica zato slabse zapolnjuje
mikropraznine (slika 4). Mikropraznin, nastalih zaradi
dekohezije med karbidnimi zrni in matico, je malo in smo
Iih opazili na koncih veéjih karbidnih zrn, Imajo znagilno
trikotno obliko.

Slika 3:
Matica je zapolnila mikropraznine, nastale pri pokaniju karbidov.
Konéna temperatura valjanja je bila 1080° C (pov. 200 x )

Figure 3:
Microvoids occurring at carbide cracking are filled with the
matrix. The finish rolling temperature was 1080°C {magnifica-
tion 200x )

2.2. Lomna Zilavost jekla

Mehanske lastnosti smo dolocili na vzorcih, zvaljanih
s petimi 25 % parcialnimi redukcijami v intervalu konénih
temperatur valjanja med 1060 in 890° C. Vzorce smo Kalili
v olju s temperature 960° C in nato popuséali pri 210°C.
Zaradi precejdnjega deleza zaostalega avstenita ima
jeklo boljSo Zilavost, kot ¢e je popuséeno pri visjih tem-
peraturah. Rezultati meritev so prikazani v tabeli 1.

Izmerjene vrednosti Charpy — V Zilavosti ne kazejo
vecje odvisnosti od velikosti ledeburitnih karbidov in so
prenizke, da bi lahko doloéili vrednosti K,- s korelacijo
Rolfe-Novak. Lomno Zilavost smo doloéili na osnovi
rezultatov nateznih preizkusov s korelacijo Hahn-Rosen-
field. Ta je podana z izrazom:

Kic=(0,05-£-n?-E-o, »/3)'7?

V njem je & lomna duktilnost jekla. Dologena je s
kontrakcijo nateznega preizkusanca (g,=1In A_/A,). Z n je
oznacen eksponent utrjevanja in je doloéen z izrazom
n=In(1+e,), kjer je e, maksimalni enakomerni raztezek.
ki ga obicajno izrazamo kot e,x 100 v odstotkih. E je

higher partial deformation step. As the rolling tempera-
ture decreases there js either a partial recrystallization
of the matrix or a recovery. The matrix hardens more
and the number of crushed carbides is greater. The
larger carbides crack faster because the matrix around
these carbides hardens more and because of the higher
local stresses.

Fig. 2 illustrates the relationship between the aver-
age size of massive carbides and the finish rolling tem-
perature of specimens with different partial deforma-
tions. The whole deformation was approximately the
same in all the cases. The average size of carbides was
determined on metallographical snap-shots by digital
figure analysis equipment. Small carbides were not
taken into consideration because of hand outlining. It is
believed that no essential error was done as these car-
bides do not participate in the crushing process (3).

The rolling conditions cannot essentially affect the
distribution of the chain type carbides which result from
the carbide network formed during the solidification of
steel. However it is observed that the chain type car-
bides are smaller. The matrix hardens faster in the nar-
row bands between carbides and crushing s more
intensive,

At higher rolling temperatures the matrix rapidly fills
the microvoids which occur due to carbide cracking
(Fig. 3). At lower rolling temperatures the deformability
of the matrix is decreased and therefore it cannot fill the
microvoids so well (Fig. 4). Only a few microvoids occur
due to decohesion between the carbide grains and the
matrix; these are observed at the edges of larger car-
bide grains. They are typically triangular in shape.

Slika 4:

Matica ni zapolnila mikropraznin, nastalih pri pokanju karbidov.
Konéna temperatura valjanja je bila 890° C (pov. 200 x )
Figure 4:

Microvoids occurring at carbide cracking are not filled with the
matrix. The finish rolling temperature was 890°C (magnification
200x ).

2.2. Fracture Toughness of Steel

The mechanical properties were determined on
rolled workpieces with five partial deformations of 25 %
each within finish temperature intervals between 1060
and 890°C. Specimens were quenched in oil at 960°C
and subsequently tempered at 210°C. The toughness of
steel is better, owing to the substantial quantity of
retained austenite, as when tempered at higher temper-
atures. The results of measurements are shown in
Table 1.

The measured Charpy-V notch impact values do not
wholly depend upon the size of massive carbides and
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Tabela 1: Rezultati metalografskih in mehanskih preiskav

Povpreéna Maksimaina
Konéna velikost velikost Meja Kontrakciia Maksimalni Eksponent Charpy-V Lomna
temperatura ledeburitnih ledeburitnih  plastiénosti (%) 12 enakomerni deformacijskega 3ilavost (J) Zilavost
valjanja (°C) karbidov karbigjov (MNmM™) raztezek (%) utrjevanja (MNmM™7)
{(um?) (um?)
1060 80 450 1480 4 0.0087 - 39
1010 62 250 1380 5 028 88093 g ;g
950 43 180 1460 5 1 014
890 32 140 1470 5 1.7 0.0169 5 86
Table 1: Results of metallographical and mechanical tests
. ) Massive Massive Maximum Charpy
Z’,’Y/’s"e:gﬁzf:g carbides  carbides  Yield point Reductionof  uniform  Strain hardening  V-notch 1:&3‘:1‘:;:5
7,0} average size maximum (MNm~) area (%) elongation exponent impact (MNm- 2)
fum?) size (um?) (%) energy (J)
1060 80 450 1480 4 0.0087 4 39
1010 62 250 1380 5 0.98 0.0098 g ;g
950 43 180 1450 5 15 0.0149
890 32 140 1470 5 1.7 0.0169 5 86

modul elastiénosti jekla in o, , meja plastiénosti jekla (8).
Rezultati lomne Zilavosti, ki smo jih dobili s to korelacijo,
so dovolj tocni. Vrednosti smo dolocili mnogo enostav-
neje, kot pa ¢e bi merili K, s standardnimi CT (compact
tension) preizkusanci. 1z rezultatov se vidi, da lahko s
pogoji vro¢e predelave vplivamo na velikost ledeburitnih
karbidov in s tem na lomno Zilavost jekla.

Pri vrednotenju rezultatov pa ne smemo zanemariti
vpliva pogojev litja, strjevanja in toplotne obdelave.
Boljso lomno Zilavost jekla C.4150, ki bi se priblizala
vrednostim, ki jih imajo druga orodna jekla, bi dosegli le
z bistveno manjso povpreéno velikostjo ledeburitnih kar-
bidov, brez velikih karbidov in homogenejSo porazdelit-
vijo po matici.

Slika 5
Mikrorazpoka v nizu ledeburitnih karbidov

Figure 5:
Microcrack in chain-type massive carbide bands.

they are too low to determine K, values using the Rolfe-
Novak correlation. Fracture toughness was calculated
by means of the Hahn-Rosenfield correlation on the ba-
sis of tensile tests as follows:

K,-= (005 - &, - n. E. a, 3""3}"4

where &, is the fracture ductility of steel. It was calcu-
lated from the reduction of area as a proportion between
the initial cross-section and the fracture cross-section
of the tensile specimen (£.=Ina.,/A,). The strain hard-
ening exponent is calculated by the equation n=In
{1+ e,) where e, is the maximum uniform elongation,
usually expressed in percentage as e, x 100. E is the
Young's modulus of steel and a, ; is the yield point of
steel (8). The resuits for fracture toughness given by this
correlation are sufficiently accurate. The values for K,
were much easier determined in this way than using
standard compact tension specimens. The results show
that the size of massive carbides and therefore the frac-
ture toughness of steel, can be affected by the condi-
tions of hot working

The influence of casting. solidification and thermal
treatment conditions are not to be neglected when eval-
uating the results. A better fracture toughness of steel
C.4150, such as to be closer to the values of other tool
steels, could be obtained only by essentially smaller
average sized massive carbides, and a homogeneous
distribution in the matrix, without any large carbides

2.3. Morphological Characteristics of Fracture
Surfaces

The fracture surface morphology depends upon the
characteristics of microstructure phases in steel and
their mechanical properties (7). In tempering at low tem-
peratures the matrix retains more austenite and has
therefore a better toughness. Due to rough massive car-
bides, morphological characteristics of fracture surfaces
of ledeburitic steeis cannot be compared with fracture
surfaces of other tool steels.

The density of dislocations in the matrix around
larger carbide grains and in narrow matrix bands
between chain type carbides is essentially increased
due to plastic deformation. Larger massive carbides
crack at critical stress below the yield point of the
malrix. Besides the larger carbide grains, microvoids
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2.3 Morfoloske znacilnosti prelomov

Morfologija prelomov je odvisna od znaéilnosti
mikrostrukturnih faz v jeklu in njihovih mehanskih lastno-
sti (7). Matica ima pri nizkih temperaturah popuséanja
veCji deleZ zaostalega avstenita in zato boljso zilavost.
Zaradi grobih evtektiénih karbidov morfolokih znadilno-
sti prelomnih povrsin pri ledeburitnih jeklih ne moremo
primerjati s prelomi drugih orodnih jekel.

Zaradi plastiéne deformacije se v matici okoli vecjih
karbidnih zrn in v karbidnih nizih, kjer so med karbidnimi
zrni le ozki pasovi matice, zelo poveéa gostota disloka-
cij. Pri kriticni napetosti. ki je nizja od meje plastiénosti
matice, veéji ledeburitni karbidi pokajo. Poleg veéjih kar-
bidnih zrn so iniciali za nastanek zaéetnih razpok tudi
mikropraznine, ki so nastale pri pokanju karbidov med
vro€im valjanjem in jih matica ni zapolnila, Pogoji za
zdruzevanje zacCetnih razpok v mikrorazpoke so ugod-
nejsi v karbidnih nizih, kjer je matica moéno utrjena in je
manj mozZnosti, da se mikrorazpoke ustavijo v veéjih
podrocjih matice, ki imajo boljSo plastiénost (slika 5).
Matica se sicer lomi duktilno. deformacija matice pa je
zelo majhna, kar je sicer znacilno za prelome visokolegi-
ranih orodnih jekel. Martenzit z visoko vsebnostjo ogljika
je tréi in ima slabso zZilavost.

3. ZAKLJUCEK

Povprecna velikost ledeburitnih karbidov je v jeklu
C.4150 manjsa pri valjanju z ve&jimi parcialnimi redukci-
jami in pri nizjih konénih temperaturah valjanja. Pri tem-
peraturah valjanja pod 890°C poteka le poprava in
matica se tako utrdi. da ni sposobna za nadaljnjo pla-
stiéno predelavo.

Lomno Zilavost smo dolocili po korelaciji Hahn-
Rosenfield iz rezultatov nateznih preizkusov. Rezultati,
ki kaZejo odvisnost lomne Zilavosti od velikosti ledebu-
ritnih karbidov, so bistveno bolj selektivni kot rezultati
Zilavosti, izmerjeni s Charpy-V preizkudanci.

Grobi ledeburitni karbidi imajo dominanten vpliv na
morfologijo loma. Boljso lomno Zilavost, s katero bi se
priblizali vrednostim drugih orodnih jekel, bi lako dobili le
Z bistveno manjso povpreéno velikostjo ledeburitnih kar-
bidov. Zato bi moralo imeti Ze jeklo v litem stanju drob-
nejse evtekti¢ne karbide.

occuring at carbide cracking and not being filled with
the matrix at hot-rolling, also initiate crack nucleation.
Initial cracks find better conditions to join into microc-
raks in chain type carbide bands where the matrix has
hardened a great deal and microcraks have therefore
less opportunity of arresting in larger matrix areas which
have a better deformability (Fig. 5)). Although the matrix
undergoes a ductile fracture, its deformation is very
small which is typical of fractures of high alloyed tool
steels. Martensite with a high content of carbon is har-
der and exhibits a worse toughness.

3. CONCLUSION

In steel C.4150 the average size of massive carbides
is smaller when rolling with larger partial deformations at
lower finish rolling temperatures. At rolling temperatures
below 830°C only a recovery occurs and the matrix
hardens to such a degree that it is no longer suitable for
further plastic deformation.

Fracture toughness was calculated on the basis of
tensile tests according to the Hahn-Rosenfield correla-
tion. The results which illustrate the relationship
between fracture toughness and the size of massive
carbides are far more selective than those for toughness
measured with Charpy-V specimens.

Rough massive carbides have a dominant influence
on fracture morphology. A better fracture toughness,
which would be closer to the values of other tool steels,
could be obtained only by essentially lower average size
of massive carbides. Therefore steel should present
smaller massive carbides already as cast.
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Hladno preoblikovanje konti litega jekla
Cold Working of Continuously Cast Steel

B. Arzensek*', A. Rodié*?, J. Zvokelj*?
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Postopek konti ulivanja tankih profilov jekel in drugih
zlitin je novejsi nacin izdelave predvsem specialnih in
slabo preoblikovalnih materialov, Postopek bo Ze v krat-
kem uveden na Metalurskem institutu, v bodoce pa ver-
jetno tuadi v slovenskih Zelezarnah

Jeklo ima v litem stanju slabe preoblikovaine spo-
sobnosti. V raziskavi smo ugotavijali vieéne sposobnosti
konti lite avstenitne nerjavne Zice. Cilf raziskave je bil
ugotoviti najvecje deformacije. ki jih lito jekio pri viece-
nju prenese, in vpliv deformacije ter temperature na
rekristalizacijo litega jekla.

1. UVOD

Postopek konti ulivanja Zice je iz tehnoloskega in
ekonomskega stalis¢a zelo primeren in perspektiven
nacin izdelave tankih profilov jekel in zlitin. Iz tehnolo-
Skega zato, ker vsa vroCa predelava odpade, iz ekonom-
skega pa, ker je konti lita Zica precej cenejsa od klasi-
¢no izdelane. Pri postopku konti ulivanja ima jeklo ozi-
roma zica lito mikrostrukturo, ki ima precej slabse pre-
oblikovalne sposcbnosti kot klasi¢éno izdelana, vroce
valjana Zica. Ker moramo tako Zico zaradi nadaljnje pre-
delave v hladnem najveckrat $e naprej vle¢i do tanjsih
dimenzij, smo v raziskavi ugotavljali njene preoblikovalne
sposobnosti. Preizkusali smo uvozeno konti lito avste-
nitno nerjavno zico, vrste AISI 304, premera 8,1 mm_ ki je
v odstotkih vsebovala: 0,03 C. 19,1 Cr, 92 Ni, 0,14 Nb in
0,13 N. Preoblikovaine sposobnosti jekla smo ugotavljali
s krivuljami tecenja, s preizkusi viecenja in metalograf-
skimi preiskavami.

2. MIKROSTRUKTURNE IN PREOBLIKOVALNE
LASTNOSTI KONTI LITE ZICE

Konti lita Zica se razlikuje od klasi¢no izdelane
valjane Zice po stanju povréine Zice, po mikrostrukturi,
preoblikovalnih lastnostin jekla in poroznosti sredine
litega jekla.

2.1. Povrsina konti lite zice

Na povrsini konti lite Zice so vidne drobne vdolbine,
podobne razpokam (slika 1), ki nastanejo pri strjevanju
jekla na koncu kristalizatorja. Medsebojna oddaljenost

*' Boris Arzendek, dipl. ing. met., Metalurski institut Ljubljana,
Lepl pot 11, 61000 Ljubljana
© SZ-Metalurski intitut Ljubljana

“* Ongnalne pubkcrane 228 24 1199011
"' Aokoprs speejél november 1569

Continuous casting of thin sectional steels and other
alloys is a modern production process primarily for spe-
cial materials with poor deformability. This process will
soon be applied at the Institute of Metallurgy and prob-
ably also in Slovene steelworks in the near future.

Because the cold deformability of cast steel is
limited the drawing capability of continuously cast stain-
less steel wire with an austenitic microstructure was
examined. The aim of this was to determine the maxi-
mum strain achievable in drawing cast steel as well as
the influence of strain and temperature on its recrystalli-
zation.

1. INTRODUCTION

From the technological and economic point of view
the production of continuously cast wire is a very suit-
able and prospective way of manufacturing thin section-
als steels and alloys. From the technological point of
view it is suitable because hot working becomes unne-
cessary, and from the economic point of view, because
wire cast continuously is considerably cheaper than wire
produced conventionally. Steel, e. g wire produced by
continuous casting, has a microstructure with essen-
tially worse deformability than conventionally manufac-
tured hot-rolled wire. As continuously cast wire must be
additionally drawn to smaller diameters for further cold
working, wire deformability was examined. Imported
continuously cast wire from austenitic stainless AISI 304
steel with 0.03 % C, 19.1% Cr, 9.2 % Ni, 0,14 % Nb and
0.13% N with a diameter of 8.1 mm was tested. The
deformability of the steel was determined by flow
curves, drawing tests and by metallographic research.

2. MICROSTRUCTURE AND DEFORMABILITY
OF CONTINUOUSLY CAST WIRE

Continuously cast wire differs from conventionally
made rolled wire in wire surface quallty, microstructure,
deformability and porosity of the cast core.

2.1 The Surface of Continuously Cast Wire

Shallow circumferential marks are visible on the sur-
face of continuously cast wire (Fig. 1). These marks,
which look like fissures, appear when steel solidifies at
the end of the mould. The distance between them
depends upon the stroke (frequence) of the drawing
device. The circumferential marks are deeper when
using older equipment with lower frequences, whereas
these marks could completely disappear by using new
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Slika 2:
Makroposnetek konti lite 2ice po hle&:v 10x)
Fig. 2:
Macrostructure of continuously cast steel (magn. 10x )

Slika 3:
Mikroposnetek konti lite Zice po litju (pov. 50 x )
Fig. 3:
Microstructure of continuously cast steel (magn. 50x )

vdolbin je odvisna od koraka (frekvence) vlecnega
mehanizma. Pri starejsih napravah z manjsimi frekven-
cami so vdolbine vecje, pri novejsih, tudi pri napravi, ki
bo ze v kratkem pricela redno obratovati na Metalur-
skem inStitutu, pa pri vedjih frekvencah vdolbine lahko
popolnoma odpravimo (2,3).

2.2. Mikrostrukturne lastnosti

Mikrostruktura konti lite Zice je sestavljena iz zelo
tanke plasti globulitnih kristalov in transkiristalov, ki so

Napetosti teéenja konti litega jekla AIS| 304 pred gaSenjem in
po njem (KL-konti lito, G-gaseno)
Fig. 4:
Flow stress curves of continuously cast AISI 304 steel before
and after annealing (KL-continuously cast. G-annealed)

equipment with higher frequences, like that which will
soon be operating at the Institute of Metaliurgy (2.3)

2.2 Characteristic of Microstructure

The microstructure of continuously cast wire con-
sists of a very thin layer of globulitic crystal grains and
columnar crystals orientated towards the centre of the
wire (Fig. 2,3) which can be partly porous. However, this
porosity is totally eliminated by further working (1)

2.3 Deformability of Continuously Cast Wire

Deformability of continuously cast wire was specified
by yield stress curves obtained by the compression of
test pieces made from continuously cast wire (Fig. 4)
Cast wire as well as previously quenched wire were
tested in order to determine the necessity of quenching
owing to improved deformability. The highest linear
strains of continuously cast wire are between 40 and
45 %, which is approximately half the strain obtainable in
conventionally made wire with a similar chemical compo-
sition. Continuously cast and quenched wire withstand a
strain which is only a few percentage points higher than
that of unquenched wire, which means that quenching
after continuous casting is not essential to improve
deformability. The low reduction of area which was
observed during the tension test of continuously cast
wire, also confirms the bad deformability of such wire.
The reduction in area was only 15 %, which is consider-
ably lower than that of conventionally made wire with a
similar chemical composition which gives a reduction in
area of over 60 %.

2.4 Drawing of Continuously Cast Wire

Drawing tests were made on about 2m long wire
pleces, which were drawn from one coil to another.
Before drawing, the wire surface was covered with Teh-
nolin and Stearat powder, which is a standard lubricant
used in drawing stainless steels. The velocity of drawing
was 0.24 m/s and the drawing reduction was 20 to 25 %.
Continuously cast wire was drawn to the highest possi-
ble strain, i. e. until the wire split. Besides the drawing
capacity of steel established in the tension test, the dis-
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usmerjeni pravokotno na sredi$énico (slika 2 in 3). Sre-
dina konti lite Zice je lahko delno porozna, ki pajoz
nadaljnjo predelavo popolnoma odpravimo (1),

2.3. Preoblikovalnost konti lite zice

Preoblikovalne sposobnosti konti lite Zice smo naj-
prej ugotavljali s krivuljami napetosti tecenja, dobljenimi
s stiskanjem preizkusancev, izdelanih iz konti lite Zice
(slika 4). Preizkusali smo Zico v litem stanju brez gase-
nja in po gasenju z namenom, da bi ugotovili, ali je zaradi
boljse predelovalnosti Zico po litju potrebno gasiti ali ne.
Najvecje specificne deformacije, ki jih konti lita Zica pre-
nese. znasajo le 40 do 45%, kar je priblizno dvakrat
manj kot pri klasi¢no izdelani Zici podobne kemi&ne
sestave. Gasena konti lita Zica prenese le nekaj odsto-
tkov vecje deformacije kot negadena, kar pomeni, da
Zice po konti litju za bolj$o preoblikovalnost ni potrebno
gasiti. O slabih preoblikovalnih lastnostih preizkusane
konti lite Zice lahko sklepamo tudi iz nizke kontrakcije, ki
smo jo dobili pri trgalnem preizkusu Zice. Kontrakcija je
znasala le 15 %, kar je precej manj kot pri klasiéno izde-
lani Zici podobne kemi¢ne sestave, kjer znasa veé kot
60 %.

2.4. Vie¢enje konti lite zice

Preizkuse vle¢enja smo naredili na priblizno dva
metra dolgih koncih Zice in z vie¢enjem iz kolobarja v
kolobar. Pred vlecenjem smo na povriino Zice nanesli
Tehnolin in stearatni prasek, standardno mazivno prev-
leko za vle¢enje nerjavnih jekel. Hitrost vieéenja je bila
0.24 m/s, redukcije pa so znasale od 20 do 25 %. Konti
lito Zico smo viekli do najvecjih moznih deformacij, do
trganja Zice. Med vieCenjem smo poleg ugotavljanja vie-
¢nih sposobnosti jekla, spremljali tudi zapolnjevanje
vdolbin na povrsini Zice in zapolnjevanje mikroporozno-
sti na sredini Zice,

Najvecje deformacije, ki smo jih pri vieéenju iz kolo-
barja v kolobar dosegli, so znasale priblizno 35 % (pri
viecenju do premera 6,5 mm) in priblizno 45 % pri vieée-
nju krajsih koncev Zice. Dosegli smo jih pri dvakratnem
vleenju Zice. Deformacije, ki smo jih pri vie€enju dose-
gli, so priblizno enake deformacijam, doseZenim pri sti-
skanju jekla. Po vie¢enju smo Zico Zarili pri temperaturi
1050°C in gasili. Pri omenjenem Zarjenju je jeklo rekri-
staliziralo. O rekristalizaciji konti litega vieéenega jekla
bomo podrobneje spregovorili v nadaljevanju. Rekristali-
zirano Zico smo nadalje viekli pri enakih redukcijah, veli-
kih 20 do 25 %. Vlekli smo jo v tirih vlekih iz premera 6.1
do 3.5 mm. Skupna deformacija je znasala 86 %, kar je
deformacija velikostnega reda vle¢enja klasiéno izdelane
avstenitne nerjavne Zice, zato preizkusane Zice nismo
ve¢ vlekli do tanjsih dimenzij. Iz omenjenih rezultatov
lahko zakljuéimo, da ima konti lita Zica po vledenju in
rekristalizacijskem Zzarjenju podobne vleéne sposobno-
sti kot klasi€no izdelana Zica podobne kemicéne sestave.

Globina vdolbin, nastalin med litiem Zice, se je med
vleCenjem zmanjSevala tako, da jih pri premeru vieéene
Zice 5,2 mm, pri redukciji Zice £=60 %, pri metalografs-
kem pregledu povrSine Zice nismo ved opazili.
Podobno je bilo tudi z mikroporoznostjo jekla, ki je pri
premeru viecene Zice 52 mm, pri zmanj$anju preseka
Zice priblizno za polovico, nismo veé opazili.

3. REKRISTALIZACIJA KONTI LITEGA HLADNO VLE-
CENEGA JEKLA
Rekristalizacija konti litega hladno vieenega jekla je

odvisna od stopnje deformacije in viSine temperature
Zarjenja. Ker konti lito jeklo prenese precej manjse

appearance of marks on the wire surface as well as the
fillings of microporosity in the wire core were also deter-
mined. The highest strain attainable while drawing from
one coll to another was approximately 35 % (in drawing
to a diameter of 6.5mm) and approximately 45 % in
drawing shorter pieces of wire. Such strains were
obtained by passing the wire twice. The strains obtained
by drawing were similar to the ones obtained in steel
compression tests. After drawing, the wire was annealed
at 1050°C and then quenched. During annealing the
steel recrystallized. Recrystallization of continuously
cast steel will be treated more in detail. The recrystal-
lized wire was further drawn in four passes with nearly
the same drawing reduction of about 20 to 25 % from a
diameter of 6.1 to 3.5 mm. The total drawing reduction
was 86 %, which is the same order of magnitude as for
conventionally made stainless steel wire. This is the rea-
son why the tested wire was not further drawn to a
smaller diameter.

On the basis of these results it could be concluded,
that after drawing and recrystallization annealing, contin-
uously cast wire has the same drawing ability as conven-
tionally made wire with a similar chemical composition.

The depth of circumferential marks which appeared
during casting decreased so much during drawing that
the marks were no longer visible at metallographic
examination of the wire (reduced by &= 60% from a
diameter of 5.2 mm). Similarly, the microporosity of the
steel was no longer observed when the cross-section of
the wire with a diameter of 5.2 mm was reduced approxi-
mately by one half.

3. RECRYSTALLIZATION OF CONTINUOUSLY CAST
COLD-DRAWN STEEL

Recrystallization of continuously cast cold rolled
steel depends upon the degree of deformation and the
annealing temperature. As continuously cast steel with-
stands considerably lower strains than conventionally
made steel, the purpose of this investigation was to
established the smallest strains and the lowest tempera-
tures at which steel completely recrystallizes. The
degree of recrystallization was determined by metallo-
graphic observations and hardness measurements. The
recrystallization of steel was established at tempere-
tures from 900 to 1050°C and during a drawing reduc-
tion of 9 to 44 %. The most typical microstructures of
steel after recrystallization annealing are shown in Fig. 5.
At 900°C steel did not recrystallize until a reduction of
44 % was achieved, whereas at temperatures of 1000
and 1050° C steel recrystallized already at a reduction of
9 %. Steel drawn after recrystallization recrystallizes at
the same temperatures and strains as constinuously
cast drawn steel.

4. CONCLUSIONS

The drawing ability of continuously cast AISI304
stainless steel wire with an austenitic microstructure
was examined. The aim of this was to establish its draw-
ing ability when cast and after recrystallization anealing,
as well as the influence of surface conditions and micro-
porosity of the wire core on its drawing ability and its
recrystallization properties. To summarize:

1. Before drawing for better workability it is not
necessary to anneal wires from austenitic AlSI 304 stain-
less steel produced by continuous casting process.

2. The total strain of continuously cast steel while
drawing reaches 35 to 45 %, i. e. approximately less than
half that of conventionally made steel.
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deformacije kot klasi¢no izdelano jeklo, smo v raziskavi
eleli ugotoviti tiste najmanjse deformacije in najnizje
temperature, ko jeklo Se popolnoma rekristalizira. Stop-
njo rekristalizacije smo ugotavljali z metalografskimi pre-
iskavami in meritvami trdot. Rekristalizacijo jekla smo
ugotavljali pri temperaturah Zarjenja od 900 do 1050°C in
redukcijah od 9 do 44 %. Najznacilnej5e mikrostrukture
jekla po rekristalizacijskem zarjenju so prikazane na
sliki 5. Pri temperaturi 900° C je jeklo rekristaliziralo Sele
pri stopnji deformacije 44 %, pri temperaturah 1000 in
1050° C pa 2e pri stopnji deformacije 9 %. Jeklo, vieceno
po rekristalizaciji, rekristalizira pri enakih temperaturah
in deformacijah kot konti lito vie¢eno jeklo.

4. ZAKLJUCKI

V raziskavi smo ugotavljali vieéne sposobnosti konti
lite avstenitne nerjavne Zice, vrste AISI304, ulite na
napravi za konti litje Zice. Cilj raziskave je bil ugotoviti
njegove vlecne sposobnosti v litem stanju in po rekrista-
lizacijskem Zarjenju, vpliv stanja povrsine in mikroporoz-
nosti sredine Zice na njegove vieéne sposobnosti in
ugotoviti njegove rekristalizacijske lastnosti. Kratki
zakljucki so nasledniji:

1. Zice iz avstenitnega nerjavnega jekla AISI 304, izde-
lane po postopku konti ulivanja, pred vleCenjem za
boljo preoblikovalnost ni potrebno gasiti.

2. Preizkudano konti ulito jeklo prenese pri viecenju 35
do 45 % skupne deformacije, kar je priblizno polovico
manj kot pri klasi¢no izdelanem jeklu.

3. Rekristalizirano konti lito jeklo ima podobne preobli-
kovalne sposobnosti kot klasiéno izdelano jeklo.

4. Deformirana lita mikrostruktura jekla rekristalizira pri
temperaturi Zarjenja 900° C pri specifiéni deformaciji
priblizno 44 %, pri temperaturi 1000°C pa Ze pri spe-
cifiéni deformaciji priblizno 9 %. Podobno je tudi pri
rekristalizirani deformirani mikrostrukturi,

5. Vdolbine, ki nastanejo pri postopku konti ulivanja na
povrsini Zice, ne vplivajo na vle€ne sposobnosti preiz-
kusanega jekla. Vdolbine in mikroporoznost jekla
odpravimo s predelavo jekla na polovico preseka
konti litega jekla.

Preizkusano konti lito jeklo je bilo legirano z dusi-
kom, saj ga je vsebovalo kar desetkrat ve¢, kot ga vse-
buje navadno jeklo AISI 304. Dusik dodajamo v jeklo za
povedanje njegove trdnosti in obrabne obstojnosti.
S tem zmanjsamo njegove preoblikovaine sposobnosti,
zato lahko pri¢akujemo, da ima konti lito jeklo brez legi-

Slika 5:
Mikrostrukture jekla AIS| 304:

a) vietenega pri stopnji deformacije 26 % in Zarjenega pri tem-
peraturi 900° C, nerekristalizirano.
b) vieéenega pri stopnji deformacije 44 % in Zarjenega pri tem-
peraturi 900° C, rekristalizirano;
c) vlecenega pri stopnji deformacije 9% in Zarjenega pri tem-
peraturi 1000° C, rekristalizirano

Fig. 5:

Microstructure of AlS! 304 steel:

a) reduced by 26 % at drawing and annealed at 900°C. unrec-
rystallized,
b) reduced by 44 % at drawing and annealed at 900°C. recrys-
tallized.
¢) reduced by 9 % drawing and annealed at 1000°C, recrystal-
lized

3. Recrystallized continuously cast steel has a simi-
lar workability as conventionally made steel

4. The microstructure of cast and deformed steel
recrystallizes at an annealing temperature of 900°C and
a linear strain of about 44 %, whereas at a temperature
of 1000°C, it already recrystallizes at a linear strain of
about 9 %. This is also true for the microstructure of the
steel which has been deformed after recrystallization

5. Marks which appear on the surface of continu-
ously cast wire do not affect a) the drawing ability of the
tested steel and b) the microporosity of the core of the
continuously cast wire. Marks and microporosity are eli-
minated by working cast steel reduced to half its initial
cross-section.

The continuously cast steel was alloyed with
nitrogen. In fact. it contained 10 times more nitrogen
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ranega dusika boljSe preoblikovalne sposobnosti. To
nam potrjujejo tudi mehanski preizkusi in preizkusi vie-
¢enja prvih vzorcev konti ulite Zice iz jekla AISI 304 (z
normalno vsebnostjo dusika), ulitih na napravi na Meta-
lurskem institutu. Kontrakcija Zice je znasala 37 %, naj-
vecja deformacija. ki smo jo pri vie¢enju krajsih koncev
Zic dosegli, pa 56 %.

than ordinary AIS] 304 steel. Nitrogen is added to steel
in order to increase its strength and resistance to wear.
In doing so the workability of steel is decreased and
that is why a better workability of continuously cast steel
without alloyed nitrogen can be expected. This has also
been confirmed by mechanical tests and drawing tests
made on the first specimens of continuously cast wire
from AISI 304 steel (with a normal content of nitrogen),
which were cast at the Institute of Metallurgy. The area
reduction during the wire tension test was 37 % — the
highest deformation achieved in drawing shorter pieces
of wire was 56 %.
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Hladna predelava zlitine Nimonic 263 v

trakove

Cold Working of Nimonic 263 Alloy

into Strips

A. Kveder*', D. Gnidovec*?

UDK: 621.771.016:669.245
ASM/SLA: F23, 4—53, Nib, SGAh

Namen raziskave je bil ugotoviti sposobnost Zzlitine
za vroCe in hladno valjanfe v trakove. Z metalografskimi
preiskavami in meritvami trdot smo ugotavijali spremem-
be struktur in mehanskih lastnosti.

A. UVOD

Zlitina Nimonic 263 je znacilna superzlitina za upora-
bo v delih reaktivnih motorjev, ki se segrevajo do okoli
850°C. Razvita je bila posebe] za tiste dele, ki se izdelu-
jejo iz plocevin, na primer za zgorevalne komore, vendar
jo rabijo tudi za druge toplotno cbremenjene dele v plin-
skih turbinah. Sestava zlitine Nimonic 263 je osnovana
na niklju, vendar vsebuje tudi 20 % kobalta, ki zelo izbolj-
$a predelavnost, predvsem glede nevarnosti nastajanja
razpok med vro€im valjanjem. Ima pa, kot vse superzliti-
ne, veliko odpornost proti deformacijam pri visokih tem-
peraturah. Leta 1987 smo na instrumentiranem valjalnem
stroju ugotovili. da ima zlitina Nimonic 263 pri temperatu-
rah med 1000 in 1100°C za faktor 1,6 veéjo predelovalno
trdnost kot jeklo Prokron 11, ki sicer velja med jekli za
zelo trdno pri visokih temperaturah. To in pa sorazmerno
ozek temperaturni interval predelave (1150 do 8950°C) je
glavni vzrok, da je zelo tezko uporabiti za predelavo te
zZlitine iste predelovalne agregate kot za jekla.

B. EKSPERIMENTALNI DEL
1. Material za preizkuse

V Zelezarni Ravne so izdelali osnovno talino te zlitine
(chg 432 920). ki je bila nato po delih pretaljena po po-
stopku EPZ (chg 08574/0). EPZ-blok je bil nato kovan na
kovaskem stroju.

Tabela 1: Sestava zlitine

Predpisana sestava Sestava sarze

Element 08574/0

% (ppm) % {ppm)
C 0,04—008 0,07
Si maks. 04 0,26
Mn maks. 0.6 0,06
P — 0,011
s maks. 70 ppm 0,001
Cr 19.0-210 20,5

** Dr. Aleksander Kveder, dipl. ing. met., Metalurski in&titut Lju-
bljana, Lepi pot 11, 61000 Ljubljana
% Sé — Metalurski inétitut Ljubljana

* Originao publicirano 2ZB 248(1960)1
' Hokops sprejet november 1989
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The purpose of the investigation was to establish the
alloy ability for hot and cold rolling into strips. By means
of metallographic research and hardness measurements
we established the occurrence of changes in structure
and in mechanical properties.

A. INTRODUCTION

Nimonic 263 alloy is a typical superalioy being used
in jet engine parts which are heated to around 850°C. It
was developed especially for parts which are made from
sheets e g. for combustion chambers, but it is also
used for other heated parts in gas turbines. The compo-
sition of Nimonic 263 alloy is based on nickel, but it also
contains 20 % cobalt which substantially improves its
workability, especially with regard to heat checking dur-
ing hot roliing. Like all superalloys, it proves to have a
great resistance to deformation at elevated tempera-
tures, In 1987, using a rolling mill equipped with instru-
ments, we established that in a temperature range of
1000 to 1100°C, Nimonic 263 alloy has a resistance to
deformation which is 1,6 times greater than that of Prok-
ron 11 steel which is considered a very strong steel at
high temperatures. This fact and the relatively narrow in-
terval of working temperatures (1150 to 950 °C) are the
main reasons which make it very difficult to work such
alloys on the same working machines as used for steels,

B. EXPERIMENTAL
1. Testing Material

The prime charge of that alloy was produced in Zele-
zarna Ravne (chg 432920) and it was remelted per
partes by electrosiag remelting process (chg 08574/0).
EPZ ingot was then forged on a forging machine.

The chemical composition of this material is shown
in Table 1, together with the prescribed composition.

Table 1:Alloy composition

; G Charge (08574/0)
Element ;n.;sczsed compostion composition
PP % (ppm)
C 0,040,008 0,07
Si max.0.4 026
Mn max. 0.6 0,06
P - 0,011
S max. 70 ppm 0,001
Cr 19,0—210 205
Ni Bal. 504
Co 185—-210 193
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i Sestava SarZe L A Charge (08574/0)
Element ::r?dp::,ana Sasiava 08574/0 Element ;re(rsc:;’t;ed composition composition
PP % (ppm) » % lpom)
Ni ostalo 504 Mo 56—6.1 6.05
Co 185-210 19.3 Ti 19-—-24 22
Mo 56—6.1 6,05 Al 03-06 0.39
Ti 19-24 22 Ti+ Al 24-—28 259
Al 0306 039 Fe max. 0.7 07
Ti+Al 24-28 259 Cu max. 0.2 0.01
Fe maks. 0,7 07 B max. 50 ppm 11 ppm
Cu maks. 0,2 0,01 Ag max. 5 ppm 0.3 ppm
B8 maks. 50 ppm 11 ppm Bi max. 1 ppm below 1,0 ppm
Ag maks. 5 ppm 0.3 ppm Pb max. 20 ppm 3.2 ppm
Bi maks. 1 ppm pod 1,0 ppm
Pb maks. 20 ppm 3.2 ppm As seen from the above Table the alloy composition

Kot je videti iz tabele, je sestava zlitine v skladu s
predpisano, $e posebej je dobro, da so Skodljivi oligoe-
lementi dale¢ pod najvecjo dovoljeno vrednostjo

Za preizkuse valjanja smo imeli na razpolago dve
gredici, debelin 25 in 45 mm, in vec palic kvadratnega
preseka 25 x 25 mm,

2. Vroce valjanje, trdote in strukture

Gredice in palice smo pred valjanjem segrevali na
1150°C, in sicer 1 do 1,5 ure. Palice smo nato valjali v eni
vrocini do debelin 4 do 5 mm, gredice pa v 3 vro¢inah do
istih konénih debelin. Konéne temperature valjanja so bi-
le od 870°C do 960°C.

Trdote vroce valjanih trakov so odvisne od konéne
temperature valjanja. Trak, ki smo ga valjali do 870°C, je
imel trdoto okoli 515 HV; trakovi, ki smo jih valjali do
915°C, so imeli trdote okoli 450 HV, medtem ko so imeli
trakovi, valjani do 950°C, trdote okoli 365 HV.,

Tako visokih trdot (515 HV) ne dosezemo niti pri izlo-
&evalnem utrjanju, niti pri zelo moénem hladnem valja-
nju. O¢itno je visoka trdota po vro¢em valjanju do soraz-
merno nizkih temperatur (870°C) posledica sestevka
utrditve zaradi valjanja pri temperaturah, pri katerih zliti-
na ve¢ ne rekristalizira, in izlocevalne utrditve pri nizkih
temperaturah valjanja in ohlajevanja po valjanju.

Dva primera struktur po vro¢em valjanju prikazujeta
sliki 1 in 2. Sodimo, da med vro¢im valjanjem zlitina re-
kristalizira le do okoli 1050° C, pri nizjih temperaturah pa
se deformacijsko in izlocevalno utrjuje.

Slika 1.
Struktura zlitine Nimonic 263, valjane do temperature 870°C v
eni vrocini
Figure 1.
Structure of Nimonic 263 alloy, rolled to 870°C in one heat

is in compliance with the prescribed values, it is espe-
cially suitable that the harmful impurities are far below
the highnest allowed value.

To carry out rolling experiments two billets were
used 25 and 45 mm thick and several bars of square
crossection 25x 25 mm.

2. Hot Rolling, Hardness and Structures

Before the billets and the bars were rolled, they were
heated to 1150°C for 1 to 1,5 hour. Bars were then rolled
to a thickness of 4 to 5 mm in one heat whereas the bil-
lets were rolled to the same final thickness in three
heats. Finish rolling temperatures were kept between
870to 960°C.

The hardness values of hot-rolled strips depend up-
on finish rolling temperatures, The strip which was rolled
to a temperature of 870°C had a hardness value of
about 515 HV and the strips which were rolled to a tem-
perature of 915 °C had a hardness value of about 450 HV
whereas the ones rolled to a temperature of 950°C had
a hardness value about 365 HV.

Such high hardness values (515 HV)cannot be
achieved either by precipitation hardening, or by very in-
tensive cold-rolling. Obviously high hardness after hot-
rolling to relatively low temperatures (870°C) results
from the combination of hardening due to rolling at tem-
peratures at which the alloy no longer recrystallizes and
of precipitation hardening at low rolling temperatures
and during cooling after rolling.

Two examples of structures after hot-rolling are
shown in Fig. 1 and 2. We estimate that during hot-roll-

Slika 2.
Struktura zlitine Nimonic 263, valjane do temperature 9680°C v
treh vrocinah

ure 2.
Structure of Nimeonic 263 alloy, rolled to 960°C in three heats
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3. Zarjenje vroée valjanih trakov

Vzorce dveh trakov s trdotama 440 in 365 HV smo
Zarlli pri temperaturah med 1150 in 800 °C. Trdote po teh
Zarjenjih so prikazane na sliki 3. Po Zarjenju na 800°C se
trdota zaradi izloCevalnega utrjanja celo poveca. Do
950°C rekristalizira najbolj deformiran del strukture, do
1050° C pa $e preostali del strukture. Obenem poteka tu-
di raztapljanje izlo¢kov ¥, ki sicer utrjujejo zlitino in pre-
precujejo rekristalizacijo. NajniZjo trdoto pa doseze zliti-
na sele po Zarjenju na 1150°C

Nimonic 263-vroce valjan trak
\ hot rolled strip

450H— ~+

o &40 HV
® 365 HV

Trdota - Hardness HV 1000g

g

150 1 ] 1 I 1 ] L
750 800 850 900 S50 1000 1050 100 1150 1200
Temperatura zarjenja - Annealing temperature . °C

+ 1+ o Cas zarjenja, min.

L ks
120 75 45 30  Annegling time  mn.
Slika 3.
Zarjenje vrode valjanih trakov: odvisnost trdote od temperature
2arjenja
Figure 3.

Annealing of hot-rolled strips. Relationship between hardness
and annealing temperature

4. Hladno valjanje trakov

Vroce valjane trakove smo najprej Zarili v vakuumu
na 1100°C 1 uro, nato pa jih hladno valjali na debelino
3.6 mm, zato da smo izravnali debeline trakov po S$irini.
Po vrotem valjanju so bili namre€ trakovi precej bombi-
rani, na robi tanjsi, na sredini pa debelejsi. Nato smo tra-
kove ponovno Zarili v vakuumu na 1100°C 1 uro.

En trak smo nato hladno valjali in vmes odrezovali
vzorce za merjenje trdot, metalografijo in preiskave Zar-
jenja. Konéni cilj so bili trakovi, debeline 0,91 mm, ker ta-
ke potrebuje doloéen uporabnik te zlitine. Pred hladnim
valjanjem smo menili, da bo za hladno valjanje od 3.6 do
0.91 mm potrebno najmanj enkratno vmesno Zarjenje,
vendar je lo brez tega, lahko bi rekli celo precej gladko,
posebno glede na to, da nas valjaini stroj ni zelo moéan.
Debeline, deformacije in trdote so navedene v tabeli 2.

ing the alloy recrystallizes only down to approximately
1050° C, at lower temperatures it hardens due to defor-
mation and precipitation.

3. Annealing of Hot-Rolled Strips

Samples of two strips with a hardness of 440 and
365 HV were annealed at temperatures between 115°
and 800°C. Hardness values after these annealings are
shown in Fig. 3. After annealing at 800 °C, hardness even
increases due to precipitation hardening. The most de-
formed part of the structure recrystallizes up to 950°C
and the remaining part of the structure recrystallizes up
to1050°C.

Simultaneously, the dissolution of ¥ precipitates oc-
curs, which otherwise would harden the alloy and pre-
vent recrystallization.

The alloy achieves the lowest hardness only after an-
nealing at 1150 °C,

4. Cold Rolling of Strips

Hot-rolled strips were first annealed in a vacuum at
1100°C for 1 hour and then they were cold-rolled to a
thickness of 3,6 mm in order to level their thickness ac-
ross the width because the strips were rather bowed —
thinner at the edges and thicker in the middie — after
hot rolling. After that the strips were annealed again at
1100 °C for one hour in vacuum.

One strip was then cold-rolled and samples were cut
off during the process to measure hardness, for metal-
lographic research and to investigate annealing. The fi-
nal aim was to produce 0,91 mm thick strips as required
by the user of the alloy.

Before cold-rolling. it was believed that at least one
intermediate annealing would be required for cold-rolling
from 3.6 to 0,91 mm, but it succeded without this and it
could even be said that it worked out rather successful-
ly. especially with regard to the fact that the rolling mill
which was used was not very powerful. Thicknesses, de-
formations and hardness values are shown in Table 2.

Table 2: Cold-rolling parameters and hardness

True strain Conventional strain
Thickness = (Ind/a)- 100 % £=|d.~d)/d|- 100% Hardness
mm ) g & HV 1
m:;;r:;e cumulative '":,;”;e cumulative o
36 — — — - 214
317 12,72 12,72 11,94 11,94 324
29 89 2162 8,52 194 360
26 10,92 3254 10,34 278 395
23 12,26 448 11,54 36,1 414
197 15,49 603 1435 453 449
163 18,95 7923 17,26 547 460
1.38 16,65 95,88 1534 817 476
1.12 20,88 116,76 18,84 69.0 490
1.03 8,38 12514 803 714 495
091 12,39 137.52 11,65 747 510

REMARKS on the Table:

— intermediate deformation does not mean only
one pass but more especially for smaller thicknesses.

— in true strains, each addition of intermediate va-
lues is equal to cumnulative ones, whereas this is not true
of conventional strains.

Hardness values which were measured after deter-
mined intermediate strains were set out in a diagram of
hardness — deformation and a hardening curve was ob-
tained as ilustrated in Fig. 4. The initial hardness of the
alloy is 214 HV as before rolling it was annealed at
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Tabela 2: Parametr hiadnega valjanja in trdote

Logaritmiéna Tehni¢na
i deformacija deformacija Trdota HV
D™ p=(nd,/d).100% &=[d-)/d]-100% 10000
vmesna kumulativna vmesna kumulativna
36 - - — - 214
317 12,72 12,72 11,94 11,94 324
29 89 2162 8,52 194 360
26 10,92 3254 10,34 278 395
23 12,26 448 11,54 36.1 414
197 1549 60.3 1435 453 449
163 18,95 79.23 17.26 547 460
138 16,65 95.88 1534 617 476
1.12 20,88 116.76 18,84 69,0 490
1.03 8,38 12514 8,03 714 495
091 12,39 137,52 1165 747 510

OPOMBE k tabeli:

— vmesna deformacija ne pomeni enega vtika, am-
pak veé, posebno pri manjsih debelinah,

— pri logaritmicnih deformacijah je vsak seStevek
vmesnih deformacij enak kumulativni, pri tehni¢nih pa
ne.

Izmerjene trdote po izbranih vmesnih deformacijah
smo vnesli v diagram trdote/deformacije in dobili utrje-
valno krivuljo, ki je prikazana na sliki 4. Zacetna trdota je
214 HV, ker smo zlitino pred valjanjem 2arilina 1100°C in
ne na 1150°C, ki je prava temperatura za raztopno zarje-
nje. Iz podatkov v literaturi smo zvedeli, da je za rekrista-
lizacijsko zarjenje zadostna temperatura 1100°C, ¢eprav
se na 1150°C dobi $e nekoliko nizja trdota.

Kot je razvidno iz tabele 2 in diagrama na sliki 4 smo
zlitino hladno valjali do preko 500 HV (50 HRc, natezna

550 T
Nimonic 263 ‘ l “
500 T - - /—Mﬁ
450 t T
e /
8 400 %
e
> |
" |
350
o
@ Hladno valjanje traku
'g 300 4| Cold rolling of strip
z d=36-091mm (¢ = 13752 %)
g 250 { .
e
[ =
200 :
I
1 i l
500 20 40 60 80 100 120 140
Logaritmicna deformacija — True strain,
¢=(ln (do/d)] 100 %s
0 20 30 LO 50 60 70 75
Tehnitna deformace - Conventional stran
€= [(dg-d)/dg) 100 %
Slika 4.
Utrfevanje zlitine Nimonic 263 pri hladnem valjanju traku
4.

Hardening of Nimonic 263 alloy by cold-rolling of a strip

1100 °C and not at 1150 °C which is the appropriate tem-

perature for the solution treatment. From reference data
we learned that a temperature of 1100 °C is sufficient for
recrystallization annealing although even a lower
hardness is achieved at a temperature of 1150 °C.

As shown in Table 2 and diagram in Fig. 4 the alloy
was cold-rolled beyond 500 HV (50 HRc. tensile strength
according to comparative tables around 1670 N/mnr)
The alloy has therefore a really very great deformability.

To establish hardening properties a log-log plot of
hardness vs. deformation was set out as shown in
Fig. 5. The alloy is obviously behaving in accordance
with the conventional hardening equation:

HV=a. ¢,

where a is a constant, ¢ is the true strain, and n is the
hardening exponent.

The straight line equation is given by logaritmic cal-
culation:

lg HV=Ig a+n-lg ¢

In other words, if deformation and hardness data are
plotted into a diagram with logarithmic coordinates, the
straight line shall be obtained. In this case. hardening {or
hardening rate) is illustrated by the slope of the straight
line — the steeper the slope, the more steel hardens.

The calculation of the straight line in Fig. § gives the
value

n=019

For comparison, it could be mentioned that years
ago a similar method was used to determine the harden-
ing characteristics of soft steels JMP for cold bulk defor-
mation. JMP 10 steel (soft steel with about 0.1 % C) had
a hardening exponent n=0,185 and JMP 15 steel
{around 0.15 % C) had n= 0.165. From these data it re-
sults that hardening rate of Nimonic 263 alloy is not es-

600 T T
Nimonic 263
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o
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Slika 5.
Utrjevanje zlitine Nimonic 263 pri hladnem valjanju traku (logar-
itmiéne koordinate)
Figure 5.
Hardening of Nimonic 263 alloy by cold-rolling of a strip (logar-
ithmic coordinates)
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trdnost po primerjalnih tabelah okoli 1670 N/mm?). Ziiti-
na je torej zares zelo plasticna.

Za dolocitev utrjevalne lastnosti smo iste podatke
vrisali v logaritmicni koordinati za trdoto in deformacijo.
To je prikazano na sliki 5. Vidimo, da se zlitina dobro ra-
vna po klasicni utrjevalni enaébi:

HV=a.p",

v kateri je a konstanta, ¢ logaritmiéna deformacija, n pa
eksponent utrjevanja.
Z logaritmiranjem dobimo enaébo premice:

IgHV=Iga+n-Ige

Ali drugace. ¢e podatke za deformacije in trdote vne-
semo v diagram z logaritmicnimi koordinatami, moramo
dobiti premico. Utrjevanje (ali hitrost utrjevanja) v tem
primeru ponazarja naklon premice: ¢im vedji je, bolj se
jeklo utrjuje.

Racun za premico na sliki

n=0,19

Za primerjavo lahko navedemo, da smo pred leti na
podoben nacin ugotavijali utrjevalnost mehkih jekel za
masivno preoblikovanje z oznakami JMP. Jeklo JMP 10
(mehko jeklo z okoli 0,1 % C) je imelo eksponent utrjeva-
nja n= 0,185, jeklo JMP 15 (okoli 0.15 % C) pa n=0,165.
1z teh podatkov torej vidimo, da utrjevalnost zlitine Nimo-
nic 263 ni bistveno visja kot pri mehkem jeklu. Seveda
pa utrjevalnosti ne smemo zamenjevati z absolutnimi
vrednostmi trdote. ki jih v prej omenjeni enaébi ponazar-
ja konstanta a (JMP 10 za¢ne s trdoto okoli 90 HV in jo
ima pri ¢ = 137 % okoli 210 HV).

5 nam da vrednost:

5. Rekristalizacija hladno valjanih trakov

Vzorce s parcialnimi in konénimi deformacijami smo
zarili na temperaturah 1150, 1050, 950 in 850°C razliéne
¢ase: 5, 10, 20 in 60 minut. Stopnjo omehéanja in rekri-
stalizacije smo ugotavljali z meritvami trdote in metalo-
grafskimi pregledi.

450
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Slika 6.
Rekristalizacijska zarjenja hladno valjanega traku

Figure 6. y
Recrystallizing annealings of a cold-rolled strip

sentially higher than that of soft steel. Of course, the
hardening rate should not be confused with the absolute
hardness values which are illustrated by the constant a
in the previously mentioned equation (JMP 10 starts with
a hardness of about 90 HV and achieves a hardness of
about 210 HV when ¢= 137 %).

5. Recrystallization of Cold-Rolled Strips

Samples with partial and final deformations were an-
nealed at 1150, 1050. 950 and 850°C for 5, 10. 20 and
60 minutes respectively. The degree of softening and
recrystallization was established by means of hardness
measurements and metallographic investigation.

Fig. 6 illustrates the dependence of hardness upon
the annealing temperature for two annealing periods (5
and 60 minutes).

The true strain of samples was 125,14 %. Above all, it
can be established that the annealing time does not es-
sentially affect the degree of recrystaliization.

At the temperature of 1150°C recrystallization is
complete but structures are different according to an-
nealing time and previous degree of deformation. At

Slika 7.
Rekristalizirana struktura po Zarjenju 5 minut na 1150°C. Pred-
hodna hladna deformacija 125,14 %
Figure 7.
Recrystallized structure after 5 minutes annealing at 1150°C.
Preliminary cold deformation 125,14 %

Slika 8.
Rekristalizirana struktura po Zarjenju 60 minut na 1150°C. Pred-
hodna hladna deformacija 12,7 %
Figure 8.
Recrystaliized structure after 60 minutes annealing at 1150 °C.
Preliminary cold deformation 12,7 %
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Na sliki 6 je prikazana odvisnost trdote od tempera-
ture zarjenja in dveh casov zarjenja {5 in 60 minut). Lo-
garitmi¢na deformacija vzorcev je bila 12514 %. Pred-
vsem lahko ugotovimo, da ¢as Zarjenja ne vpliva bistve-
no na stopnjo rekristalizacije.

Pri 1150°C je rekristalizacija popolna. vendar so
strukture razli¢ne glede na ¢as Zarjenja in predhodno
stopnjo deformacije. Pri veéji deformaciji (125,14 %) in
kratkem casu Zarjenja (5 minut) so kristalna zrna soraz-
merno drobna (slika 7), pri manjsi deformaciji (12.7 %) in
daljsem ¢asu Zarjenja (60 minut) pa se pojavi rast zrn in
terciarna rekristalizacija (slika 8)

Tudi na 1050°C je rekristalizacija v vseh primerih po-
polna. Bistveno drobnej$a pa so kristalna zrna in terciar-
na rekristalizacija se ve¢ ne pojavlja, Zaradi manjsih kri-
stalnih zrn je trdota nekoliko visja (slika 6).

Pri 950 *C rekristalizacija e poteka, vendar nepopol-
no, kar se odraza v previsoki trdoti (250 do 275 HV). Pri
Se niZji temperaturi (850°C) zlitina ne rekristalizira vec,
razen malo pri vi§jih predhodnih deformacijah. Pri tej
temperaturi se ze pojavija izlocanje y', ki rekristalizacijo
povsem zavre.

6. Izlocevalno utrjanje

Polizdelki te zlitine se normalno dobavljajo koncne-
mu uporabniku v raztopno Zarjenem stanju (1150°C/hla-
jenje na zraku ali v drugem mediju), konéni izdelki pa se
$e izloCevalno utrjajo, ker zlitina le na ta nacin pridobi
ustrezni lastnosti, in sicer veliko trdnost in odpornost
proti lezenju pri visokih temperaturah (800 °C in ve¢). Po
standardih se ta zlitina utrjuje na 800°C 8 ur.

Kinetiko tega utrjanja smo ugotovili tako, da smo
vzorce zarili na 800 °C razliéne ¢ase. Utrjanje je videti ta-
ko, kot je prikazano na sliki 9. V prvih dobrih pol ure se
pojavi prva utrditev, ki nato nekoliko popusti, nato se zli-
tina $e utrjuje priblizno 4 ure, nakar ostaja stanje pribli-
Zno konstantno. Kaj pomeni prvi efekt, ni znano, verjet-
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Slika 9.
Trdota zlitine Nimonic 263 v odvisnosti od ¢asa Zarjenja na
800°C
Figure 8.
Relationship between hardness of Nimonic 263 alloy and an-
nealing time at 800°C

greater deformation (125,14 %) and short annealing time
(5 minutes) crystal grains are relatively small (Fig.7)
whereas at smaller deformation (12 %) and longer an-
nealing time (60 minutes) grain growth and tercial rec-
rystallization occur (Fig. 8).

Also a temperature of 1050°C. recrystallization is
complete in all cases. However, crystal grains are essen-
tially smaller and tercial recrystallization no longer oc-
curs. Hardness is somewhat higher due to smaller crys-
tal grains (Fig. 6).

At a temperature of 950 °C recrystallization is still oc-
curing but it is not complete, this is reflected in too high
a hardness (250 to 275 HV). At still lower temperature
(850 °C) the alloy no longer recrystallizes. with the ex-
ception of a very small scale of recrystallization owing to
previous higher deformations. At this temperature, ¥
precipitation occurs, completely preventing recrystalliza-
tion.

6. Precipitation Hardening

Semi-finished products of this alloy are normally de-
livered to the end-user in a solution treated state
(1150°C/air cooling or other cooling media), whereas
finished products are precipitation hardened since it is
the only way to give the alloy the adequate properties
i. . high strength and resistance to creep at high tem-
peratures (800°C and more). According to standards.
this alloy hardens at a temperature of 800 °C for 8 hours

The kinetics hardening was established in such a
way that the sample were annealed at 800°C for differ-
ent periods. Hardening is illustrated in Fig. 9. The first
hardening occurs a little over the first half hour, after
that it regresses somewhat and the alloy hardens again
for about 4 hours, from then on the state of the alloy re-
mains nearly unchanged. The significance of the first ef-
fect is not known, it is probably a matter of unstable pre-
cipitates which are able to precipitate rapidly and to
transform themseives into stable precipitates.

The hardness of the precipitation hardened alloy is
relatively low as it hardly reaches 290 HV (the standard
required is at least 275 HV hardness). However, as it has
already been stated, the main advantages of this alloy
show up only when used at elevated temperatures.

C. CONCLUSIONS

1. Nimonic 263 alloy previously forged into a billet
{or slab) can very well be hot-rolled into a strip. Without
exception, even if rolling was carried out below 850 ‘C
no larger tears occurred at the edges. After hot-rolling,
the strip is very hard and it can even achieve a hardness
of 500 HV when it is rolled below 950 °C.

2. Softening (recrystallization) of hot-rolled strips
must be carried out at least at 1050 °C, at the best at
1150 °C, however for a very short time in order to avoid
crystal grain growth. At this temperature the lowest
hardness is also achieved (180 to 190 HV] which is a
good state for further cold-rolling.

3. Cold-rolling established that the alloy is very de-
formable. Despite the use of a less powerful rolling mill
the total deformation of @= 137,52 % (¢=74,7) was
achieved without difficulty and without intermediate
annealing. Of course, this process substantially hardens
the alloy up to 500 HV and even more. The hardening ex-
ponent of this alloy is not essentially higher than that of
ordinary steels, however its hardness level is very high
and its resistance to deformation certainly requires ade-
quately powerful rolling mills.
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no gre za neke nestabilne izlocke, sposobne hitrega iz-
lo¢anja, ki pa se nato transformirajo v stabilne izlocke.

Trdota izlocevalno utrjene zlitine je sorazmerno niz-
ka, komaj dosega 290 HV (po standardu mora imeti naj-
manj 275 HV). Toda, kot smo Ze rekli, glavne prednosti
te zlitine se pokazejo Sele pri uporabi na visokih tempe-
raturah.

C. ZAKLJUCKI

1. Zlitina Nimonic 263, predhodno kovana v gredico
(all slab), se zelo dobro vroce valja v trak. V nobenem
primeru, tudi ¢e smo valjali pod 950°C, niso nastajale
vecje razpoke na robovih. Trak je po vroéem valjanju ze-
lo trd, trdota lahko doseze tudi 500 HV, ¢e je valjanje po-
tekalo pod 950°,

2. Omehéanje (rekristalizacijo) vroée valjanih trakov
je treba izvesti najmanj na 1050°C, najbolie pa na
1150°C. vendar zelo kratek ¢as, da ne narastejo kristal-
na zrna. Pri tej temperaturi dobimo tudi najnizjo trdoto
(180 do 190 HV), kar je dobra osnova za kasnej$e hlad-
no valjanje.

3. Hladno valjanje je pokazalo, da je zlitina zelo pla-
sticna. Ceprav uporabljeni valjalni stroj ni mogan, smo
brez tezav in brez vmesnih Zarjenj dosegli skupno defor-
macijo ¢ = 137,52 % (e =74.7). Seveda pa se pri tem zliti-
na mocno utrdi, do 500 in ve¢ HV. Eksponent utrjevanja
te Zlitine sicer ni dosti vecji kot pri navadnih jeklih, ven-
dar pa je nivo trdot precej visok in specifi¢na preobliko-
valna odpornost gotovo zahteva dovolj moéne valjalne
stroje.

4. Vmesna Zarjenja med hladnim valjanjem (za rekri-
stalizacijo) lahko izvajamo podobno, kot smo zapisali v
tocki 2, to je med 1050 in 1150°C. Ce zarilni agregat in
skupna masa Zarjenega materiala omogocata zelo krat-
kotrajno Zarjenje (10 minut), je najbolje Zariti na 1150°C,
sicer pa je temperatura lahko tudi nizja, vendar ne pod
1050°C.

5. Zlitina se pri izloéevalnem utrjanju (800°C in ved
kot 4 ure) utrdi na okoli 290 HV.

4. Intermediate annealing during cold-rolling (for
recrystaliization) can be carried out similarly as de-
scribed in point 2i. e. between 1050 and 1150°C, If the
annealing furnace and the total quantity of annealed ma-
terial allow a very short annealing period (10 minutes),
then the best annealing is carried out at 1150°C al-
though the temperature may aiso be lower, but not be-
low 1050°C.

5. In precipitation hardening (800°C. more than
4 hours) the alloy hardens to about 290 HV.
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Vpliv bakra in kositra na lastnosti

silicijevega vzmetnega jekla

On Influence of Copper and Tin on
Properties of Silicon Spring Steel

M. Torkar*', F. Vodopivec*?, F. Kauéi¢*?, F. Haller**

UDK: 621.7.011:669.14.018.27
ASM/SLA: Q23q, SGAb, 2—60, Cu, Sn

Raziskava je pokazala, da povecana vsebnost bakra
in kositra v silicijevem vzmetnem jeklu ne poslabsa za-
Cetne plasti¢nosti in mehanskih lastnosti, ki ostajajo v
okviru predpisanih. Poveéanje vsebnosti bakra se odra-
Za v pojavu interkristaine krhkosti. Tudi razlika v trajni
trdnosti je majhna. Rezultati kazejo, da bi bilo v tej vrsti
jekla dopustno povecanje vsebnosti bakra do 0.33 % in
kositra do 0,022 %.

1. UVOD

V jeklih, ki se izdelujejo v elektrooblocnih peceh,
stalno naraséa vsebnost oligoelementov, predvsem ba-
kra in kositra. To je posledica uporabe nesortiranega
starega Zeleza. Veckrat se dogodi, da ima posamezna
talina ze nad 0,25 % Cu, kolikor je sedaj $e dopustna
vsebnost bakra v silicijevem vzmetnem jeklu ¢.2133.

Z laboratorijskimi raziskavami'“® smo ugotovili, da
dodatek niklja®, ki se je pri konstrukcijskih jeklih pokazal
uéinkovit ukrep za izboljsanje zacetne plasticnosti, pri
silicijevih vzmetnin jeklih ni potreben?. Visoka vsebnost
silicija v jeklu Sciti povrdino pred prekomerno oksidacijo
in s tem prepreci Kopicenje oligoelementov pod $kajo. S
silicijem bogata zascitna plast pa ne prepreci nevarnosti
razogljicenja povrsine, ker silicij moéno poveéa aktiv-
nost ogljika.

Raziskave na industrijskem jeklu® so pokazale, da
povisanje vsebnosti od 0,16 % na 0,36 % Cu povisa mejo
plasti€nosti, trdnost in strizno trdnost, zmanjsa pa razte-
zek, kontrakcijo in Zilavost.

Vse dobljene vrednosti so bile v okviru predpisanih.
Tega ne moremo trditi za zZilavost. ker nam ni poznano,
kolikéna je najmanjSa dopustna zilavost za ta jekla.

Ugotovljeno je?, da povecanje vsebnosti bakra pove-
¢a prekaljivost jekla. Podoben, vendar manjsi je ucinek
niklja. Kositer pa prekaljivost moéno zmanjsuje po 3e ne
raziskanem mehanizmu.

Na podlagi razpoloZljivih podatkov v Zelezarni Store
ni bilo mogoce postaviti statistiéno zanesljivih zakljué-
kov o morebitnem vplivu bakra in kositra na predelav-
nost in lastnosti vzmetnih jekel, ker te podatke zbirajo

*' — Dr. M. Torkar, dipl. ing. met., S2 — Metalur&ki int&titut
Ljubljana, Lepi pot 11, 61000 Ljubljana

*2 — prof. dr. F. Vodopivec, dipl. ing. met,, SZ — Metalurdki in-
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' — F. Kaugi¢, ing. met., S2 — Zelezarna Store, Store

** — F Haller, ing. org.. SZ — Zelezarna Store, Store

** Ongnalno publicrano 228 23119904
‘* Rokopis sprejet november 1583

it has been determined that a rise in copper and tin
content of silicon spring steel has no harmful influence
on initial plasticity and mechanical properties which re-
main within specified range. A rise in copper content re-
sults in the appearance of intercrystalline brittleness.
The observed difference in fatigue strength is also low.
The results indicate that the content of copper up to
0.33 % and tin up to 0.022 % in this steel grade can be
tolerated.

1. INTRODUCTION

The content of residual elements especially copper
and tin in steel produced in electric arc furnaces has
steadily been increased as a result of the use of unsort-
ed scrap. Particular heats already often contain more
than 0.25 % Cu which has been set as upper limit for
C.2133 silicon spring steel. In laboratory investigation'*"
it has been found that nickel addition known as an effi-
cient measure for improvement of initial plasticity of con-
struction steel is not necessary for silicon spring steef.
High silicon content of this steel protects its surface
from excess oxidation and the accumulation of residuals
under scale. However, a silicon enriched protective sur-
face layer can not prevent from surface decarburization
because silicon strongly increases carbon activity.

Investigation on industrial steéf showed that a rise in
copper content from 0.16 % to 0.36 % Cu resulted in in-
creased yield strength. teensile strength and shear
strength, and a reduction in elongation, contraction and
toughness. However, all values have been within toler-
ance range except for toughness the tolerance of which
for this grade has not been known.

it has been established® that increased copper con-
tent results in a higher hardenability. The effect of nickel
is similar although somewhat lower. Tin strongly de-
creases hardenability. The mechanism of this effect has
not yet been investigated.

Based on available data in Zelezarna Store it has not
been possible to derive statistically significant conclu-
sions regarding possible influence of copper and tin on
workability and properties of spring steel because the
accumulation of relevant data has started only recently.
We have found no reference data for this grade of steel
so it was the main reason for decision to commence
with the investigation of the influence of copper and tin
on the properties of silicon spring steel.

2. EXPERIMENTALS

The composition of four industrial steels investigated
is given in table 1. In the first three steels copper con-
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Sele v novejsem casu. Literaturnih podatkov o tem za ta
jekla nismo zasledili

To je bil razlog, da smo se lotili raziskave vpliva bakra
in kositra na lastnosti silicijevega vzmetnega jekla

2. EKSPERIMENTALNO DELO

V tabeli 1 so sestave Stirih industrijskih jekel, ki so
bila uporabljena za raziskavo.

Iz analize sledi, da pri prvih treh narasca vsebnost
bakra od 0,16 % do 0.32 %, pri konstantni vsebnosti ko-
sitra 0,012 %. Pri cetrtem jeklu pa je vsebnost kositra
0,022 % in ga lahko uporabimo za primerjavo z jeklom 3,
Ki ima pri enaki vsebnosti bakra manj kositra.

Vzorci so bili izdelani iz valjanih palic &30 mm. Vse
palice so bile po valjanju mehko Zarjene. Po izdelavi so
bili vzorci toplotno obdelani, in sicer kaljeni v olju iz
840°C in popuscani 2 uri na 490°C,

Napravljene so bile preiskave mikrostrukture, morfo-
logije prelomov, dolofene so bile: trdnost v poboljsa-
nem stanju, raztezek, kontrakcija, Zilavost, vrtilno-upo-
gibna trajna trdnost ter prekaljivost po Jominy metodi.

Tabela 1:

Vzorec St Sarie C% Si% Ma% P% S% Ni% Cu% Sk
1 26221 05 154 103 0012 0014 010 016 0010
2 15682 058 163 101 0010 0015 014 025 0012
3 26213 059 167 0% 0 0015 012 03 0012
4 26230 05 162 101 0013 004 012 033 002

tent increases from 0.16 % up to 0.32 % Cu at constant
tin content 0.012 % Sn. The tin content of fourth stee!
was 0.022 % Sn. Since its copper content was the same
as that of the third steel the influence of increased tin
content can be sorted out by comparison.

Samples were prepared from rolled and subsequent-
ly annealed &30 mm bars. All samples were heat treat-
ed i e, quenched in oil at 840°C and tempered for
2 hours at 490°C

The investigation comprised determination of the
microstructure and morphology of fracture. and mea-
surement of the strength in quenched and tempered
state, elongation, contraction. toughness, bending fa-
tigue strength at alternate loading and hardenability ac-
cording to Jominy method

Table 1:

o
7

#S ®Cu %6n
0.014 0,10 0.16 0.010
0.015 0.14 025 0012
0.015 0.12 032 0.012
0014 0.12 033 0022

N

o

Sample  Heat Nr

26221
15682
26213
26230

055
058
059
058

154
163
167
1.62

0.012
0.010
0.009
0.013

S -

3. RESULTS
3.1 Microstructure

The microstructure after normalizing was a fine
grained perlite with ferritic netl. Partial decarburization
was observed on sample surface. Grain size of sample

Slika 1:
Mikrostruktura jekel v normaliziranem stanju

Fig. 1:
Microstructure in normalized state



2EZB 24 (1980 1

M Torkar Vpliv bakra in Xositra na lastnosti Shc

jevega vzmetnega wkla 63

Y B

, 0,010%,

Slika 2:
Mikrostruktura jekel v pobolj$anem stanju
Fig. 2:
Microstructure in quenched and tempered state

3. REZULTATI
3.1. Mikrostruktura vzorcev

Mikrostruktura vzorcev po normalizaciji je drobnozr-
nata, perlitna s feritno mrezo, pri vseh je na povrsini opa-
zno delno razoglji¢enje. Pri vzorcih 1, 2 in 3 so zrna ena-
ka, pri vzorcu 4 pa so drobnej3a (slika 1).

Mikrostruktura vzorcev po pobolj$anju je martenzit-
na. Posamezne svetlejSe proge, ki se vle¢ejo v smeri va-
ljanja, predstavljajo izceje, opaziti pa je tudi razpotegnje-
ne sulfidne vkljucke (slika 2).

3.2. Mikro morfologija prelomov

Prelome vzorcev v poboljSanem stanju smo pregle-
dali na rasterskem mikroskopu. Kot je razvidno s posne-
tkov (sliki 3 in 4), se na prelomnih povrsinah prepletajo
Zilava in krhka podrocja.

Detajli pri vecji povecavi pokazejo, da je najvecji de-
lez krhke interkristalne povrsine pri vzorcu, ki ima
0.32 % Cu in 0,012 % Sn (slika 4)

Krhkost je tem izrazitej$a, ¢im vec je v jeklu bakra. Ni
jasno. ali gre za kako obliko reverzibilne popustne krh-
kosti, povezane s fosforjem, kositrom ali drugimi ele-
menti, ali za nereverzibilno krhkost, povezano z vplivom
bakra na tvorbo popustnih karbidov, ali pa celo za izlo-
¢anje bakra iz prenasi¢ene raztopine v feritu. To bo
predmet nadaljnih raziskav

Po razjasnitvi narave krhkosti bo mogoce dopolniti
predpis za toplotno obdelavo, kar bo ob enakih drugih
lastnostih jeklu zagotovilo tudi vecjo Zilavost

Nr. 1, 2 and 3 was the same whereas finer grain size was
observed in sample Nr. 4. (Fig. 1)

Microstructure after quenching and tempering was
martensitic. Particular lighter strips in rolling direction
represent precipitates. Elongated sulphide inclusions
can also be observed (Fig. 2).

3.2 Micro Morphology of Fracture Surface

Raster microscope was used to investigate fracture
surface of heat treated samples. As seen from fig. 3 and
4 fracture surface is composed of interwoven ductile
and brittle areas. Details at higher magnification (fig. 4)
show the highest amount of intercrystalline brittle frac-
ture in the sample with 0.32 % Cu and 0.012 % Sn.

The higher the copper content is the more expres-
sive is the embrittlement. It is not clear whether the ob-
served embrittlement is a sort of reversible tempering
embrittlement associated with phosphorus, tin or other
elements. or is it irreversible embrittlement associated
with the influence of copper on the precipitation of car-
bides during tempering. It may even be attributed to the
precipitation of copper from its supersaturated solution
in ferrite. This problem will be the aim of further investi-
gation.

After the reliable explanation of the nature of ob-
served embrittlement is made the corresponding sup-
plement of heat treatment specification will be made
which will result in higher toughness of this steel at the
same level of other properties.



Slika 3:
Prelom jekla v peboljsanem stanju
Fig. 3:
Fracture surface of quenched and tempered steel

3.3. Mehanske lastnosti

Iz mehko Zarjenih palic &30 mm s sestavo, ki je da-
na v tabeli 1, so bili izdelani vzorci za natezni preizkus
Vsi vzorci so bili poboljsani. Povprecje treh meritev |e
dalo rezultate, ki so prikazani v tabeli 2

32%.Cu, 0,012%o
P Y
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Slika 4:
Prelom jekla v poboljSanem stanju
Fig. 4:
Fracture surface of quenched and tempered steel

3.3 Mechanical Properties

Samples for tensile test were made from annealed
@ 30 mm bars the composition of which is given in
Table 1. All samples were heat treated as already men-
tioned. Results obtained as mean of three measure-
ments are given in Table 2.

Tabela 2: Table 2:

Vzorec  Trdnost R, (N/mm?) Raztezek A {%) Kontrakcija Z (%) Sample  Strength R, (N/mnr) Elongation A (%) Contraction Z (%)
1 1296 10 27 1 1296 10 27

2 1315 1" 31 2 1315 1" 31

3 1376 10 26 3 1476 10 26

4 R 1361 10 26

1361 10 26
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Pri povec€anju vsebnosti bakra od 0,16 % na 0,32 %
se poveca natezna trdnost od 1296 N/mm? na 1376
N/mm‘, pri povecanju vsebnosti kositra od 0012% na
0.022 % pri 0,33 % Cu se malo zmanjsa natezna trdnost
od 1376 N/mm? na 1361 N/mm’. To je nepomembno.
vendar pa je lahko odraz spremenjene kaljivosti zaradi
kositra.

Narascanje vsebnosti bakra se ne odraZa na raztez-
ku, saj je ta pri vseh vzorcih praktiéno enak. Tudi pri
kontrakciji ni velikih razlik. Vse dobljene vrednosti so v
okviru predpisanih za jeklo €.2133 (trdnost R., med
1270 N/mm? in 1470 N/mm? ter razrtezek A,..=>6 %).

Poleg raztrznih preizkusov je bil napravljen tudi pre- '
izkus Zilavosti DVM pri 20° C, izmerjena strizna trdnost v
normaliziranem stanju in trdota v poboljsanem stanju.
Rezultati meritev so prikazani v tabeli 3. Podatki v tabeli
3 kazejo, da Zilavost pada z naraséanjem vsebnosti ba-
kra. Zilavost prvih dveh jekel je ravno na meji, ki predsta-
vlja prehod Zilavega preloma v krhki (27 J), kar se odraza
tudi na morfologiji prelomov, kot smo ze omenili.

Tabela 3:
Vzoree ZiavostDVM [J)  Strizna trdnost (N/mm?) Trdota |HRc)
1 26 781 35
2 25 842 42
3 15 862 42
4 19 812 a1

Velika razlika Zilavosti je med jeklom 3 in jeklom 4, ki
pa se ne odrazi niti v trdnosti niti v raztezku.

Zaradi nizke Zilavosti obstaja nevarnost poveéanja
zarezne obcutljivosti takega jekla in s tem moznost po-
rusitve vzmeti. posebno pri nizjih temperaturah.

Podobno kot natezna trdnost se z vecanjem vsebno-
sti bakra povecuje tudi strizna trdnost v normaliziranem
stanju od 781 N/mm? pri 0,16 % Cu na 862 N/mm? pri
0.32 % Cu. Primerjava jekel 3 in 4 pokaze, da je strizna
trdnost pri enaki koli¢ini bakra nizja pri vzorcu z visjo
vsebnostjo kositra, manjsa pa je tudi trdota. Tudi to je
verjetno v zvezi z vplivom kositra na kaljivost.

Za uporabne lastnosti vzmeti je pomembno tudi ob-
nasanje materiala pri dinamiénih obremenitvah. Najpo-
gosteje se za te namene uporablja vrtiino-upogibni trajni
preizkus, s katerim dobimo dopustno obremenitev mate-
riala, da zdrzi nad 4,5 milijona izmeniénih obremenitev.
Trajno trdnost smo doloéili z vrtilno-upogibnim preizku-
som s po 15 vzorci od vsake vrste jekla. Uporabljena je
bila metoda stopnic, kjer se izmeniéno spreminja nivo
obremenitev navzgor in navzdol. Vzorci so bili pod izme-
ni¢no obremenitvijo do 4,5 milijona vrtljajev.

1z dobljenih vrednosti je bila izraéunana trdnost o,,,,
raztros S ter razmerje o, /R... Vsi ti podatki so v tabeli 4.
Diagrami z vrisanimi nivoju obremenitev so prikazani na
sliki 5.

Dobljene rezultate je tezko komentirati, ker ni na vo-
lijo primerjainih podatkov oziroma normalne vrednosti za
trajno trdnost te vrste jekla niso poznane,

Increase in copper content from 0.16 % Cu to 0.32 %
Cu resulted in the rise of tensile strength from 1296
N/mmy’ to 1376 N/mny. Increasse in tin content from
0.012 % Sn to 0.022 % Sn at 0.33 % Cu caused a slight
decrease in tensile strength from 1376 N/mn¥ to
1361 N/mm?’. It is not significant however, it might be a
result from a change in hardenability caused by tin.

The rise in copper content had no influence on elon-
gation which was practically the same for all samples.
Only shight difference in contraction was observed. All
obtained values were within specified range for C.2133
grade (strength R, between 1270 N/mn¥ and 1470
N/mn¥, and elongation A.,.= 6 %).

Beside tensile strength DVM toughness at 20°C,
shear strength in normalized state and hardness in
quenched and tempered state were also measured. The
results can be seen in Table 3. The data shows that
thoughness decreases with the rise in copper content.
The toughness of the first two steels was just on the li-
mit (27 J) of the ductile-to-brittle transformation which
reficted also on the morphology of fracture surface as
mentioned previously.

Table 3:

Sample  Toughness OVM (J)  Shear strength (N/mnY)  Hardness (HRc)
1 26 781 35

2 25 842 42

3 15 862 42

4 19 812 41

Big difference observed in toughness of steel Nr. 3
and Nr. 4 js reflected neither on strength nor elongation.

Due to low toughness there is a danger of a rise in
notch sensitivity of such steel which can result in the
breakage of spring especially at lower temperatures.

Similarly as tensile strength the shear strength in
normalized state also increases from 781 N/‘mm” at
0.16 % Cu to 862 N/mn¥ at 0.32 % Cu. The comparison
of steel Nr.3 with steel Nr.4 reveals that the shear
strength at the same copper content was lower at high-
er tin content. The same holds for hardness. This is
probably also an influence of tin on hardenability. The
behavior of material at dynamic loading is also important
for service spring properties. The most frequently used
test for determination of the dynamic alternate load the
material can bear for more than 4.5 millions of cycles is
Known as rotating bar bending fatigue test. The dynamic
fatigue test was performed on 15 samples of each steel.
The level of alternate load was changed stepwise up to
4.5 million of revolutions.

The results obtained were used to calculate fatigue
strength o,,, standard deviation S and o,./R,, ratio
which are given in Table 4. Diagrams with marked alter-
nate load levels are seen in Fig. 5. No comment is given
on the results due to the lack of reference data. So-
called normal values for fatigue strength for this kind of
steel are not known. It can be seen that there were no
significant differences in fatigue strength since it was

Tabela 4: Tabela 4:
Vioree O "("N":“,'r’;‘)‘? " RarosS(Nmm)  Rameec, R,  Sampe O “(‘m“"g'“ Stand dev S (Nimm)  Ratio o, /R,
1 384 66 0.30 1 384 66 0.30

2 391 93 0.30 2 391 93 0.30

3 368 6.8 027 3 368 68 0.27

A 387 EX 0.28 4 287 31 028
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Slika 5:

Vrtilno-upogibna trdnost jekel po 4,5 milijona vrtljajev. Oznake:
X-zdr2ala, 0-zlom, 1—15 predstavlja posamezne vzorce
Fig. 5:

Fatigue strength after 4.5 million cycles. X — unbroken speci-
men, 0 — failure. 1—15 nr. of particular specimen

Iz izra¢unanih vrednosti se vidi, da so razlike majhne.
Trajna trdnost jekla z 0,16 % Cu in 0,010 4 Sn je prak-
ticno identiéna vrednosti pri jeklu z 0,33 % Cu in 0,22 %
Sn.

Velja torej, da v danem obmocju koncentracij, oligo-
elementa baker in kositer nista 3kodljiva za trajno
trdnost.

3.4. Kaljivost in prekaljivost

V literaturi® zasledimo podatke o vplivu posameznih
elementov na prekaljivost. Baker, nikelj in silicij poveéu-
jejo prekaljivost jekla. Za kositer ni zaslediti podatkov,
razen nekaterih nasih izkudenj, ki kaZejo, da kositer
zmanj$uje prekaljivost silicijevega vzmetnega jekla.

Jominy profili trdote na sliki 6 kazejo, da so razlike v
poteku trdote med vzorci majhne. Kljub temu se opazi,
da se z naras¢ajoco vsebnostjo bakra prekaljivost pove-
¢uje. Opazen je tudi ucinek povecanja vsebnosti kositra
pri 0,33 % Cu. Prekaljivost se z narastkom kositra od
0,012 % na 0,022 % poslabsa. Trdota vzorca z 0,33 % Cu
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B34 5 5 can be stated that within the concentration range used

copper and tin have no harmful influence on fatigue
strength.

3.4 Hardenability and Jominy test.

The influence of particular elements on hardenability
are known from literature’. Copper, nickel and silicon in-
crease the hardenability of steel. There is no available
data regarding the influence of tin except for certain our
experience” according to which tin decreases the hard-
enability of silicon spring steel. Jominy curves in Fig. 6
show only slight difference in hardness of different sam-
ples. However, it can be noted that increase in copper
content increases hardenability. The effect of increased
tin content at 0.33 % Cu can also be noted. The hardena-
bility decreases with increase in tin content from 0.012 %
Sn to 0.022 % Sn. In 20 mm distance from quenched end
the hardness of steel with 0.33 % Cu and 0.022 % Sn was
34.5HRc i. e., the same as in 28 mm distance for steel
with 0.012 % Sn and the same copper content.

5. CONCLUSIONS

Based on the investigation carried out on four indus-
trial spring steel of C.2133 type the following conclu-
sions may be drawn:

— Increased content of copper up to 0.33 % Cu and
tin up to 0.022 % Sn have no deleterious effect on the in-
itial workability and mechanical properties which remain
within prescribed range. The upper limit 0.25 % Cu of
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in 0022% Sn je pri oddaljenosti 20mm od ¢éela
34,5 HRc, kar je enako trdoti na oddaljenosti 28 mm od
Cela pri vzorcu z enakim bakrom in 0,012 % Sn.

5. ZAKLJUCKI

Na podlagi raziskav na Stirih industrijskih jeklih za
vzmeti, vrste C.2133, lahko postavimo naslednje zakljué-
ke:

— Povecana vsebnost oligoelementov do 0,33 % Cu
in do 0.022 % Sn ne vpliva na poslabsanje zacetne plasti-
¢nosti in ne poslabsa mehanskih lastnosti, ki ostanejo v
okviru predpisanih. Dosedanjo najvisjo dovoljeno vse-
bnost 0,25 % Cu v vzmetnem jeklu C.2133 bi lahko povi-
Sali vsaj na 0,33 % Cu ali celo visje.

— Baker povecuje prekaljivost, kositer pa jo zmanj-
Suje, vendar v preiskovanem razponu koncentracij te ra-
zlike niso velike.

- Relativno gledano, med preiskovanimi jekli ni po-
membnih razlik v trajni trdnosti, zato velja, da baker do
0,33 % in kositer do 0.022 % ne vplivata $kodljivo na traj-
no trdnost.

copper content in C.2133 spring steel can be raised at
least to 0.33 % Cu or even higher.

— Copper increases while tin decreases the hard-
enability. however the influence is small within the con-
centration range investigated.

— There is no significant difference in fatigue
strength between the four samples hence it can be con-
cluded that copper up to 0.33 % Cu and tin up to 0.022 %
Sn have no harmful influence on the fatigue strength.
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Pojavi pri malociklicnem utrujanju
nizkoogljiénega jekla na podrocju

naravnega tec¢enja

Low Cycle Fatigue Phenomena in Low
Carbon Steel in the Region of Yielding

Elongation

J. Zvokelj*!

UDK: 620.178.3:669.15-194.2
ASM/SLA: Q7, CNg

Pri izdelavi ciklicne o-¢, krivulje za nizkoogljicno fekio
z velikim raztezkom naravnega te¢enjfa smo ugotavijali
nekatere znacilnosti med zacetnimi izmeniénimi obreme-
nitvami. V podrocju naravnega tecenja opaZamo pri
malth ampiitudah raztezka mehcanje, pri vecjih amplitu-
dah pa utrjanje jekla od prvega nihaja dalje. Pri tem je
deleZ nehomogene deformacije enak dvojni amplitud|
reztezka.

uvobp

S pojmom malociklicéno utrujanje (angl. low cycle fati-
gue) oznacujemo podrocje dinamicnih obremenitev, pri
katerih pride do porusitve Ze po manjsem Stevilu nihaj-
nih obremenitev. Na klasiénem Waéhlerjevem diagramu, s
katerim prikazujemo Stevilo nihajnih obremenitev do
loma v odvisnosti od amplitude dinamiéne napetosti, ga
imenujemo podro¢je ¢asovne dinamiéne Irdnosti, za
razliko od trajne dinamicne trdnosti, ki jo predstavija
mejna napetost, ko preide Wohlejeva krivulja v asimp-
toto in pod katero naj bi material Ze trajno vzdrzal
nihajno obremenitev. ' ?

Posebna znacilnost podrocja malocikliénega utruja-
nja je v tem, da nastajajo med obremenjevanjem v mate-
rialu poleg elastiénih tudi plasticne deformacije, zaradi
Cesar zasledimo pri tovrstnih preskusanjih Se vrsto
spremljajocih pojavov, kot so utrjanje, mehcanje, relak-
sacija, Bauschingerjev efek! in podobno.

Preizkusanja na podrofju malocikliénega utrujanja
izvajamo z majhnimi frekvencami, zato lahko registri-
ramo soodvisnost obremenitev in deformacij. Pri izmeni-
¢&nem obremenjevanju predstavija ta odnos znacilna
histerezna zanka (Slika 1). PreizkuSanja se izvajajo
lahko s krmiljenjem amplitude obremenitve, vendar so za
interpretacijo pojavov prikladnejsa preizkusanja s krmi-
ljenjem amplitude raztezkov, kar velja Se zlasti za pre-
skusanja pri povisanih temperaturah. V dvojnologaritem-
skih koordinatah je odnos med amplitudo plasticnega
raztezka in Stevilom nihajev do zloma premica in ga
matematiéno lahko izrazimo s Coffin-Mansonovo
enacha. 3.

Za 0snovno presojo ponasanja materiala pri maloci-
kli€nem utrujanju se izdela takoimenovana ciklicna o-¢,
krivulja, ki je ena od osnov za racunalnisko obdelavo
ugotavljanja Zivljenjske dobe konstrukcijskega dela pri

* Janez Zvokelj. dipl. ing. met. SZ-Metaluréki inititut Ljubljana,
Lepa pot 11, 61000 Ljubljana

* Onginalno publciranc 228 24 (1990) 1
“*rRokopis speajel november 1989

Determining the cyclic a-&, curve for a low carbon
steel with a large yielding elongation, the author studied
some characteristic phenomena occurring during initial
alternating loading. In the ylelding range softening could
be observed at small strain amplitudes and hardening at
larger strain amplitudes from the first cycle onwards. In
this case the size of the nonhomogeneous deformation
was equal to the double amplitude of elongation.

INTRODUCTION

The term low-cycle fatigue is used for the region of
dynamic loadings where failure occurs at a low number
of cycles. In the classical Wohler's diagram representing
the number of cycles to failure against the amplitude of
dynamic stress, this region is that of time fatigue
strength as contrasted to that of fatigue strength repre-
sented by limit stress when Wohler's curve approaches
the asymptote and under which a material should
develop a fatigue resistance to cyclic loading.

A special feature of the low-cycie fatigue range is the
occurrence of not only elastic but also plastic strains in
material under loading. As a resuit in this kind of testing
one can find a series of accompanying phenomena such
as hardening, softening, relaxation, Bauschinger's effect
and similar.

In the low-cycle fatigue region tests are performed at
fow frequencies so that the stress-strain relationship
can be recorded. At alternating load this relationship can
be represented by a hysteresis loop (Figure 1). Tests
can be performed in stress controlled conditions, how-
ever, for the interpretation of the phenomena tests in
strain controlled conditions seems to be more appropri-
ate, which is especially true for tests at elevated temper-
ature. On the log-log coordinates, the relationship
between the plastic strain amplitude and the number of
cycles to failure is represented by a straight line, and
can be mathematically expressed by Coffin-Manson
equation.

To be able to judge the bahaviour of material in low-
cycle fatigue, the so-called cyclic o-¢, curve is usually
defined serving as a basis for computer processing of
data offering information about the life time of a structu-
ral part under non-uniform cyclic loading, (Figure 2).
This curve is similar to a static tensile curve except that
on the abscissa strain amplitude (t,) is indicated. The
tests are carried out under alternating dynamic load, and
for the particular points on the curve stress in tension is
registered at the maximum amplitude of a given strain in
tension.
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neenakomernih nihajnih  obremenitvah  (Slika 2).
Podobna je statiéni natezni krivulji, le da na absciso
nanasamo amplitudo raztezka (g,). PreizkuSanje izva-
jamo z izmeniénim dinamiénim obremenjevanjem, za
posamezne tocke krivulje pa registriramo napetost v na-
tegu pri maksimalni amplitudi dane deformacije v na-
tegu.

Ker nastopajo med obremenjevanjem z izmeniénim
predznakom (nateg—tlak—nateg—tlak itd.) poleg ela-
stiénih tudi plastiéne deformacije v materialu, je treba pri
vsakem zanihanju z nasprotnim predznakom racunati z
Bauschingerjevim efektom, sicer pa je ciklicno obreme-
njevanje z izmeniéno napetostjo izrazeno s tipi€no histe-
rezno krivuljo.**

Med prvimi cikli izmeniénega obremenjevanja pa se
pojavijajo dodatne znaciinosti. Nekateri materiali se
mehé&ajo, nekateri utrjajo, lahko pa se pona$ajo tudi
popolnoma nevtralno. Meh¢anje ali utrjanje zaznamo na
registriranih histereznih zankah. Zato lahko posamiéno
tocko soodvisne napetosti dani amplitudi na cikli¢ni -£,
krivulji dologimo Sele takrat, ko dosezemo stabilno histe-
rezno zanko. Obi¢ajno je to po 100 nihajih ali pa po polo-
viénem Stevilu nihajev do zloma,

Pojavi pri prvih ciklih izmeniénega obremenjevanja
so nas posebej zanimali.

Primer utrjanja in mehcanja 9 % Ni jekla z razli¢no
vsebnostjo zadrzanega avstenita je bil Ze objavijen, 57 v
&lanku pa prikazujemo pojave pri zacetnem cikli¢nem
obremenjevanju nizkoogljiénega jekla v obmocju defor-
macij naravnega tecenja.

Static and cyclic o-¢ curve (cyclic hardening)

Since during alternating loading (tension—compres-
sion—tension—compression etc) the material experi-
ences elastic and also plastic strains, it is necessary to
consider the possibility of the Bauschinger effect in
each reversal, however, in general cyclic loading with
alternating stress can be expressed by a typical hystere-
sis curve *°

The first cycles of alternating loading are character-
ised also by the occurrence of some other phenomena.
Thus some materials experience softening. some hard-
ening, and others can behave in quite a neutral way. Sof-
tening and hardening can be noted on the hysteresis
loops. Therefore a particular point of stress correspond-
ing to a given amplitude on the cyclic o-¢, curve can be
determined only when a stable hysteresis loop is
achieved. This usually happens after 100 cycles or at
50 % of the number of cycles to failure.

The author’s special interest was focussed on the
phenomena occurring in the first cycles of alternating
load.

The results of an investigation on hardening and sof-
tening phenomena in a 9 % Ni-steel with a varying con-
tent of residual austenite have already been
published®’. In this paper, the author pays attention to
the phenomena which occur in the initial cycles of load-
ing a low-carbon steel in the region of yielding elonga-
tion.

PHENOMENA IN LOW-CARBON STEEL WITH
EXCESSIVE YIELDING

Plastic deformation of a low-carbon steel begins fol-
lowing the mechanism of yielding. The first Luders
bands occur at the higher yield point R,,. Subsequent
non-homogeneous deformation occurs at the lower
yield point R,, without any hardening before the steel
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POJAVI PRI NIZKOOGLJICNEM JEKLU Z IZRAZITIM
NARAVNIM TECENJEM

Nizkoogljiéno jeklo se zaéne plasti€éno deformirati po
mehanizmu naravnega tecenja. Pri zgornji meji te¢enja
R.~ (naravni meji plasticnosti) se sprozijo prve Luder-
sove ¢rte, nadaljnja nehomogena deformacija pa poteka
pri spodnji napetosti te¢enja (R, ) brez utrjanja, preden
se jeklo zacne pri nadaljnji deformaciji spet utrjevati.
Naravno tec¢enje lahko doseZe tudi veé kot 2 % raztezka.
VecCina starejih raziskav ponasanja nizkoogljicnega
jekla pri ciklicnem obremenjevanju sloni na rezultatih, ki
so bili izvedeni s krmiljenjem amplitude napetosti. Pose-
bej zanimive so ugotovitve, da se lahko sprozi nehomo-
gena deformacija (Ludersove c¢rte) Ze pri amplitudah
napetosti tik pod zgornjo napetostjo teéenja. * “ Pri pre-
izkusih, krmiljenih z amplitudo napetosti, pa se pri jeklih
z naravnim tecenjem enostavno preskoci podrocje
naravnega tecenja, ker le-ta poteka pri niZji napetosti,
kot je zgornja napetost tecenja, pri kateri se ta deforma-
cija sprozi.

Pri nasih preizkusih, ki smo jih izvedli s krmiljenjem
reztezkov, pa smo lahko opazovali pojave v tem zanimi-
vem podroéju nehomogene deformacije.

Za preizkuse smo izbrali jeklo z izredno nizkim oglji-
kom z izrazito naravno napetostjo te¢enja (naravno mejo
plasticnosti). Pri staticnem nateznem poskusu je imelo
veliko razliko med zgornjo in spodnjo napetostjo tecenja
(R, = 335 N/mm* in R, = 2680 N/mm?) teri Siroko
obmocje raztezka naravnega tecenja brez utrditve
(€, = 2,4 %).

I1zvedeni so bili preizkusi z izmeniénim obremenjeva-
njem s krmiljenjem amplitude raztezkov v stopnjah od
£, = £02%dog, = £ 1.2%. Privsakem preizkusu smo
registrirali histerezne zanke zacetnih nihajev. Frekvenca

Starts hardening again as a result of furhter deformation.
Yielding can reach an elongation of 2 %. The majority of
older investigations dealing with the behaviour of low-
carbon steel under cyclic loading had been based on
stress-controlled testing. Some of the particularly inter-
esting findings have been that non-homogeneous defor-
mation (Ludders bands) can occur already at the stress
amplitude immediately below the higher yield point.® * In
the sting steels with yielding as their characteristic fea-
ture in stress-controlled conditions the yield region is
simply left out since yielding occurs at a lower stress
point than that of the higher yield stress at which this
deformation starts.

The tests reported in this paper were carried out in
strain-controlled conditions. In this way, it was possible
to examine the phenomena in this interesting region of
non-homogeneous deformation.

In the tests a steel with an extremely low content of
carbon with excessive yielding was used. Subjected to
slatic tension. the steel displayed a big difference
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Fig. 3:
Static and cyclic a-¢ curve for a low carbon steel.
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Zapis zacetnih nihajev cikliénega utrujanja nizkoogljicnega
jekla: amplituda raztezka g, = + 04 %
Fig. 4:
Inicial cycles of cyclic fatigue of low carbon steel: strain ampli-
tude £,= + 0.4 %.
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nihanja je bila 0,1 Hz pri preizkusih, ki smo jih izvedli do
loma, pri preizkusih, ki smo jih prekinili po 100 nihajih, pa
0,01 Hz.

Na diagramu na sliki 3 sta prikazana skupno statiéna
in ciklicna o-g, krivulja. Za ciklicno krivuljo smo vzeli
soodvisno napetost vsakokratni amplitudi pri polovi-
¢nem Stevilu nihajev do zloma.

Pri amplitudah do raztezka do priblizno &, = =06 %
poteka cikliéna o-&, krivulja pod statiéno krivuljo. pri veé-
jih amplitudah raztezka pa se dvigne nad plato spodnje
napetosti te¢enja.

To pomeni, da se pri nizkih amplitudah jeklo mehéa,
pri visjih pa utrjuje.

Detajlneje nam prikazujejo pojave zapisi zaetnih
nihajev za vsako amplitudo raztezka. Primer za ampli-
tudo &, = +04% je na sliki 4. Na zapisu histerezne
zanke imamo na ordinati silo v nategu in tlaku, na abscisi
pa amplitudo raztezka. V nadaljevanju na sliki histerezne
zanke niso bile registrirane, ampak le sprememba mak-
simalne sile v nategu v odvisnosti od Stevila nihajev.

Pri prvi obremenitvi v nategu se lepo vidi padec sile
od zgornje sile te¢enja do vrednosti, ki je priblizno
enaka vrednosti spodnje sile tecenja pri staticnem
nateznem preizkusu. V danem primeru, t.j. pri nizkih
amplitudah raztezka, pa se z vsakim izmenicnim nihajem
pojavija mehcanje, ki preide celo pod vrednost sile
spodnje napetosti teéenja.

Prikaz utrjanja in mehcanja v odvisnosti od amplitude
raztezka med obremenjevanjem do 100 nihajev je na
sliki 5. Pri vrednosti amplitude raztezka £, = =07 %
dobimo najprej utrjanje. nakar mehé&anje in ponovno utr-
janje, pri vrednosti amplitude nihanja nad ¢, = + 1% pa
nastopi utrjanje Ze od drugega nihaja dalje

Pojav mehéanja utrjanja pri manjsih amplitudah in
utrjanja pri vecjih amplitudah raztezka si razlagamo s
tem, da se pri majhnim amplitudah raztezka sprozi
majhno Stevilo Lidersovih zdrsov in je preostali del, na
katerem merimo amplitudo raztezka, nedeformiran. Po
nekaterih mnenjih®* ® naj bi imeli pri takénem stanju dislo-
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Slika 5:
Prikaz utrjanja in mehcanja v 100 hihajih pri razliénih amplitudah
raztezka
Fig. 5:
Hardening and softening in 100 cycles at different strain ampli-
tudes

between the higher and the lower yield point
(R, = 335 N/mm* and R,, = 260 N/mm?) and a broad
region of yielding elongation without hardening
(£, = 2.4 %),

The tests were carried out under the aiternating load
in strain controlled conditions in steps from
£,=+02% to g,= + 1.2%. In each test, hysteresis
loops of initial cycles were registered. The cycle fre-
quency was 0.1 Hz in tests to failure and 0.01 in tests
interrupted after 100 cycles.

In the graph in Figure 3 the static and cyclic o-g,
curves are presented together. For the cyclic curve, the
stress corresponding to each particular amplitude was
taken at 50 % of the number of cycles to failure.

At the strain amplitude of to up approximately
£, = + 0.6 %, the cyclic curve runs below the static
curve while at higher amplitudes it increases over the
level of the low yield stress. This shows that at lower
amplitudes the steei undergoes softening and at higher
amplitudes hardening.

These phenomena are illustrated in detail by the
registrations of initial cycles for each strain amplitude.
The amplitude of &,=+04% s shown as an
example in Figure 4. On the ordinate force in tension
and compression is indicated and on the abscissa the
strain amplitude. In the figure hysteresis loops were not
registered only the change of maximum force in tension
against the number of cycles.

At the first load in tension one can easily see the
drop in force from the high yield down to the value which
is approx. equal to that of the lower yield force in static
tensile tests. In a given example, i. e. at low strain ampli-
tudes, at each alternating cycle the material experiences
softening which continues even below the value of the
force of the low yield stress.

An example of hardening and softening in depen-
dence upon strain amplitude for the steel under cyclic
loading is given in Figure 5. At a strain amplitude of
£= +07% the material first experiences hardening,
then softening and again hardening. while at an ampli-
tude of more than &,= + 1 % it experiences hardening
as early as from the second cycle onwards.

The occurrence of softening-hardening at smaller
amplitudes and hardening at larger strain amplitudes
can be explained by the fact that at the former a small
number of Luders bands are induced and the remaining
part on which the strain amplitude is measured does not
experience deformation. According to some research-
ers ° 7 in this case dislocation should be uniformly distri-
buted in volume while at larger amplitudes Luders bands
would probably be induced on several locations hinder-
ing each other. As a result dislocations pile up in groups
and for this reason each new cyclic strain occurs at an
increase in stress.

The specimens from a series which was interrupted
after 100 cycles were then subjected to a static tensile
test. The purpose of this test was to find out the amount
of the yielding elongation remaining after cyclic loading
with a different strain amplitude. The results have shown
that the remaining amount of yielding elongation is
reduced by a value which is approx. equal to the double
value of the strain amplitude. Therefore, in a specimen
subjected to a load with a strain amplitude £,= + 1.0%
a subsequent static test did not reveal any amount of
yielding.

This leads to the assumption that the region of non-
homogeneous deformation is practically equal to the
total width of the amplitude and that the deformation
started in tension by Luders bands and during the rever-
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kacije volumsko enakomerno porazdeljene, pri veéjih
amplitudah pa naj bi verjetno prislo do sprozitve Lider-
sovih zdrsov na ve¢ mestih in se zato med seboj ovirajo,
dislokacije pa se grupirajo in kopi¢ijo, zato vsaka nova
cikliéna deformacija nastane ob povecanju napetosti.

S preizkusanci iz serije, ki smo jo po 100 nihajih pre-
kinili, smo napravili nato staticni natezni preizkus. S tem
smo Zeleli ugotoviti, koliksen je preostanek raztezka
naravnega tecenja po nihajnih obremenitvah z razlicno
amplitudo raztezka. Rezultati so pokazali, da se je pre-
ostali delez raztezka naravnega tecenja zmanjsal za pri-
blizno dvojno vrednost amplitude raztezka. Pri preizku-
sSancu, ki je bil obremenjevan z amplitudo raztezka
g, = +10%, pa pri naknadnem statiénem preizkusu
nismo vec¢ opazili deleZza naravnega tecenja.

To pomeni, da je bilo podrogje nehomogene defor-
macije praktiéno enako celotni Sirini amplitude in se je
deformacija s sproscanjem Ludersovih zdrsov zaela v
nategu, pri obremenitvi z nasprotnim predznakom v
tlaku pa so se sprostile nove Ludersove ¢rte na drugih
mestih. S preizkusom, ki smo ga izvedli z enim nihajem v
nategu in tlaku, nato pa izvedli natezni preizkus, smo to
domnevo potrdili, saj se je tudi pri tem preizkusanju
pokazalo, da se je delez raztezka naravnega teéenja
zmanjal za priblizno dvojno vrednost amplitude raz-
tezka.

sal in compression new Luders bands were induced on
other location. This assumption was confirmed by a test
which was carried out with one cycle in tension and
compression followed by a subsequent tensile test
since it has shown that the size of yielding elongation
was reduced by a value approx. equal to the double
value of the strain amplitude.
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Novi individualni poslovodni organi na VTOZD
Montanistika in Fakulteti za naravoslovje

in tehnologijo

V zacetku Solskega leta 1989/90 so se zamenijali individualni poslovodni organi in tudi
nekateri predstojniki kateder na Odseku za metalurgijo. Od zacetka septembra 1989 je:

Fakulteta za naravoslovje in tehnologijo
dekan: red. prof. dr. Franc Kozjek, dipl. farm.

VTOZD Montanistika
predstojnik: red. prof. dr. lvan Kosovinc, dipl. inZ. met.

Odsek za metalurgijo
predstojnik; izred. prof. dr. Milan Trbizan

1.

2

3.

Katedra za metalografijo:

predstojnik: prof. dr. Velibor Marinkovi¢
Katedra za ekstraktivno metalurgijo:
predstojnik: prof. dr. Andrej Rosina
Katedra za metalur$ko energetiko:
predstojnik: doc. dr. Franc Pavlin

. Katedra za tehnologijo in livarstvo:

predstojnik: prof. dr. Ladislav Kosec

. Katedra za preoblikovanje in metalursko strojnistvo:

predstojnik: doc. dr. Radomir Turk
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IN MEMORIAM

Dne 5. 12. 1989 je v Ljubljani umrl v 89. letu starosti
upokojeni univerzitetni profesor dr. h. c. Ciril Rekar, dipl.
ing. Njegovo ime in delo je najtesneje povezano s slo-
vensko in jugoslovansko metalurgijo. Poznali smo ga kot
cloveka, ki je idealno zdruzil teorijo in prakso tako na
podroéju proizvodnje ferozlitin, grodlja in jekla, kot pri
pedagoskem, znanstvenem in organizacijskem delu,

Rodil se je 14 septembra 1901 v Radovljici. Po
maturi v Kranju in po Studiju kemije na tehnicni fakulteti
Univerze v Ljubljani, je leta 1927 diplomiral za inZenirja
kemije z diplomsko nalogo s podrocja proizvodnje jekla.
Sluzboval je v rudarskih in metalurdkih podjetjih. Najveé
metaluréke prakse si je pridobil v Zelezarni Jesenice pri
takratni Kranjski industrijski druzbi, kjer je tudi docakal
drugo svetovno vojno. Od tod je odSel v Italijo. kjer se je
tudi zaposlil v Zelezarnah. Leta 1944 se je prikljucil
narodnoosvobodilnemu gibanju in preko Barija odSel na
Vis, kjer je delal pri Narodnem komiteju za osvoboditev
Jugoslavije. Po osvoboditvi Beograda je delal kot pomo-
Enik ministra za rudarstvo in kot nacelnik oz. generalni
direktor &rne metalurgije Jugoslavije.

S pedagoskim delom je pricel kot privatni docent ze
pred vojno. Leta 1939 je bil med ustanovitelji Odseka za
metalurgijo, na katerem je predaval predmete iz proiz-
vodnje grodlja, ferozlitin, jekla, metalurske tehnologije in
projektiranja metalurskih naprav. Redni profesor je
postal leta 1946, ko se je vrnil iz Beograda v Ljubljano.

Iz ¢asa njegovega dela v metalurskih podjetjih ome-
nimo samo nekaj najpomembnejsih del: razvoj in upo-
raba krom-magnezitnih ognjevarnih gradiv, konstrukcija
generatorja, s katerim so lahko proizvajali generatorski
plin iz domacih rjavih premogov, izkorid¢anje plavznega
plina za kurjenje apnenic in izdelava visokotrdnega kon-
strukcijskega jekla.

Z delom v raznih metalurskih obratih si je nabral
bogate izkusnje, ki jih je pri svojem plodnem pedago-
Skem delu prenasal na Studente. Vedel je, da bo hiter
napredek metalurgije pri nas mogo¢ le, ¢e bomo ustvarili
moznosti za pedagosko in znanstvenoraziskovalno delo,
tako pri temeljnih kot tudi uporabnih raziskavah. Zato je
vse svoje sile posvetil organizaciji raziskovalnega dela.

Pod njegovim vodstvom je bil leta 1950 ustanovijen
in zgrajen Metalurski in&titut pri Tehniski visoki Soli v Lju-
bljani, ki ga je uspesno vodil $estnajst let. S postavitvijo
raziskovalne ustanove, ki je postala slovensko in jugo-
slovansko sredisce na podrocju metalurskih raziskav, si
je postavil trajen spomenik.

In Memory of Ciril Rekar

On December 5, 1989. Mr. Ciril Rekar, dip!. ing., Pro-
fessor Emeritus died at the age of 89. in Ljubljana

His work as researcher and teacher contributed to
Slovene and Yugoslav metallurgy as none before: espe-
cially in the field of ferrous alloys, pig iron and steel,
where he united practice and theory.

Ciril Rekar was born on September 14, 1901 in Ra-
dovijica. In 1927, he received a Bachelor of Science De-
gree in Chemistry from the University of Ljubljana. His
graduation thesis was on manufacturing of steel. He
took service with mining and metallurgical firms. Then he
joined the Jesenice lronworks (the then property of
Krany Industrial Company) where he gained the most val-
vable experience in metallurgy. When the World War If
broke out he left the Jesenice lronworks for a service in
Italian ironworks. In 1944 he joined the National Defence
Movement and went to the island of Vis where he
worked with the National Committee for Liberation of
Yugoslavia. When Belgrade was liberated, he was pro-
moted to Assistant Minister for Mining and was appoint-
ed General Manager of Yugoslav metaliurgy.

Before the war he engaged in teaching as private As-
sistant Professor. In 1939 he participated in establishing
the Metallurgical Department at the University of Ljub-
ljana, where he gave lectures on the coke, ferrous alloys
and steel manufacture, metallurgical technology and on
metallurgical engineering. In 1946, after his return from
Belgrade, he was elected Full Professor.

While he worked in metallurgical firms, he developed
the application of chrome-magnesite refractory materi-
als, he constructed the generator used in manufacturing
of generator gas from domestic brown coal, iniciated the
heating of lime-kiln by furnace gas and participated in
development of high strength constructional steel

The rich experience he gained from the work in
several metallurgical piants, he transmitted to his stu-
dents. Well aware of the fact that the Slovene metallurgy
could make progress only on the basis of organized
pedagogic and research work, he devoted himself to re-
search organization.

In 1950 he was in charge of establishing and building
the Metallurgical Institute at the Polytechnic in Ljubljana
and later its manager for sixteen successful years. Dur-
ing the period of his managament, the Metallurgical Insti-
tute was made the centre of Yugoslav research in metal-
lurgy. monumentalizing his work
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Menil je, da pedagosko in raziskovalno delo v meta-
lurgiji ne sme in ne more biti odmaknjeno od metalurdke
prakse. Pospeseval je tesno sodelovanje Metalur$kega
indtituta s francoskim Zelezarskim institutom IRSID, z
institutom za Zelezarstvo Max Planck ter na pedago-
Skem in znanstveno-raziskovalnem delu s Tehni¢no Uni-
verzo Clausthal.

Kot vodja in nosilec znanstveno raziskovalnega dela
na Metalurdkem institutu je s svojimi sodelavci razisko-
val problematiko uporabe domacih surovin za proizvod-
njo metalurskega koksa, zaloge rud in uvedel na
poskusnih plavzih raziskave o redukciji, meh&anju in
nataljevanju domacih Zelezovih rud. Znan je po Studijah
vpliva oligoelementov na tehnoloske in mehanske last-
nosti jekel. Delal je tudi na tehnoloskem projektu za
Zelezarno v Indiji. Na njegovo pobudo se je Metalurdki
indtitut loteval tudi povsem pionirskih raziskovalnih
podrocij, kot sta uporaba sonéne energije za taljenje
mineralov z visokim taliSéem in razsoljevanje morske
vode.

Njegova odlika je bila skrb za strokovni dvig razisko-
valcev. saj je pri obiskih razlicnih institutov v inozemstvu
vedno uredil tako, da je lahko tja posiljal na $olanje in
izpopolnjevanje mlajse strokovnjake.

Njegova stroka, Zivlienje in ljubezen je bila metalur-
gija jekla. Vsako novo tehnoloSko spoznanje oziroma
informacijo, ki jo je dobil, je skusal takoj uveljaviti tudi pri
nas.

Po upokojitvi leta 1971 se je Se vedno aktivno ukvar-
jal s pedagoskim in zlasti z razvojnim delom ekstraktivne
metalurgije. Marsikatera njegova vizionarska ideja se
danes uspesno uresnicuje v taksni ali drugacni obliki. Do
zadnjega se je zanimal in se veselil novih raziskovalnih
dosezkov instituta, prenosa znanja v proizvodnjo, novih
tehnoloskih resitev v Zelezarnah in vzgoje mladih stro-
kovnjakov.

Za njegov prispevek k razvoju metalurgije in za pio-
nirsko delo pri razvijanju sodelovanja na raziskovalnem
in pedagoskem podro¢ju med Montanistiko ljubljanske
univerze in Tehniéno univerzo Clausthal so mu leta 1974
podelili v Clausthalu naslov ¢astnega doktorja. Za svoje
delo je prejel ve¢ drzavnih odlikovanj in za Zivljenjsko
delo nagrado Sklada Borisa Kidrica.

Njegovo pedagosko in raziskovalno pot so odlikovale
vsestranska razgledanost, organizacijska sposobnost,
velika iznajdljivost, mogna volja in doslednost pri delu.
Spominjali se ga bomo kot metalurga in ucitelja Stevilnih
generacij metalurgov, ki delajo doma in po svetu.

Jakob Lamut

He believed that teaching and research in metallurgy
cannot and may not be separated from practical applica-
tion to industry. Under his leadership the Metallurgical
Institute entertained a close cooperation in teaching and
research with the French Iron Institute IRSID, with Max
Planck Iron Manufacture Institute and with Technical
University Clausthal.

He and his fellow researchers explored the domestic
raw materials on use in the manufacture of metallurgical
coke, and engaged in the research on reduction, soften-
ing and melting of domestic iron in experimental fur-
naces. His studies on how the residuals affect the tech-
nological and mechanical properties of steel a worldwide
reputation as a researcher brought him. On his iniciative
the Metallurgical institute began to engage in purely pio-
neer research such as using the energy of sun to melt
high melting point materials and the sea water desalini-
zation.

All the time, Ciril Rekar thought of the professional
education of young researchers, and when visiting for-
eign institutes, he never missed an opportunity to ar-
range for his researchers to participate in a training of
the particular institute.

But he devoted his heart and soul to steel metallur-
agy. and wanted to introduce new experience in technol-
ogy. or piece of information he gained, to the Slovene
metallurgy, immediately.

In 1971 he retired officially, yet could not rest but
proceeded with teaching and research in the extractive
metallurgy. Many a visionary idea of his is now being
realized successfully. To the last, he took interest in re-
search and was pleased to see the Metallurgical Insti-
tute succeed In introducing the research results and
knowledge to industry.

In 1974, he was awarded the title of Honorary Doctor
by the Technic University in Clausthal for his contribu-
tion to research and teaching cooperation of the Metal-
lurgical Department at the University of Ljubljana and the
University in Clausthal. At home he was conferred sev-
eral decorations by the State and Boris Kidri¢ award for
life work.

His teaching and research were marked by his uni-
versal experience, excelent organization ability and in-
ventiveness. We shall remember him as a metallurgist
and teacher of distinguished abilities.

Jakob Lamut
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DOKTORSKI DELI

— Janez Bratina: Energijska optimizacija elektrooblo-
éne peci za proizvodnjo jekla

(Mentor: B. Sicherl, 6/7/1988)

Izdelan je bil izraéun elektroenergetskih parametrov
elektroobloéne pedéi z relativnimi vrednostmi nastopajo-
¢&ih veli¢in, ugotovljena so bila znaciina obratovalna me-
sta peci in vpeljan faktor &, ki uvaja v izracun elektricne-
ga tokokroga induktivno upornost loka. Izvedene enac-
be opisujejo z relativnimi vrednostmi velicin elektroener-
getske odnose tako modelirane nadomestne sheme
obloéne peci. Vpeljan odnos med faktorjem &, obratoval-
no induktivno upornostjo in cosg potrjujejo rezultati me-
ritev sprememb induktivne upornosti razlicnih avtorjev.
Tudi vrednosti zmanj$anja delovne moci in poslab3anja
faznega faktorja, ki izhajajo iz dobljenih enacb, so v skla-
du z nastopajocimi vrednostmi. Matematiéni model real-
nih energoenergetskih razmer omogoca izpeljavo ener-
gijske optimizacije oblocne peci, posebno v ¢asu talje-
nja. Prikazano je, kako vpliva na obratovanje peci njena
stroskovna optimizacija, ki uposteva tudi fiksne stroske
obratovanja, stroske izzidave in porabe elektrod. Doblje-
ne vrednosti potrjujejo pravilnost obratovanja klasiéne
UHP peci s kratkim lokom in prednosti moderne UHP
pedi, ki ji peneca Zlindra omogocéa obratovanje z dolgim
lokom. Pokazano je, da je cos ¢ vodilna obratovalna veli-
¢ina peci. Avtor je pokazal tudi na tehnoloske omejitve
stroSkovnega optimiranja.

165 strani 106 cit.

— Monika Jenko: Studij pojavov na povrsinah kovin
pri vakuumskem spajkanju
(Mentor: L. Kosec, 8/7/1988)

Vakuumsko mehko spajkanje z In, InBi ali InSn brez
uporabe talila v ultra visokem vakuumu se uporablja za
hermeticno inkapsulacijo slikovnih ojacevalnih elektronk
z blizinskim prenosom slike. Povrsine spojnih ploskev
morajo zato biti skrajno &iste. Za Studij pojavov v teko-
éem indiju je bila razvita nova raziskovalna metoda, ki te-
melji na spektroskopiji Augerjevih elektronov tekocih
kovin. Z metodo AES je avtorica ugotavljala kinetiko rasti
oksidne plasti In,O; do debeline 3,25 nm, mehanizem ok-
sidacije ter disociacijo tankih plasti In,O4 v ultra visokem
vakuumu. Z izvajanjem poskusov je prisla do ugotovitve,
da je moZno s stacionarnim elektronskim curkom gistiti
povriino tekocega indija. Drug nacin pa je ustvariti po-

PH. D. THESES
— Janez Bratina: Energy optimization of steelmaking
electric arc furnace

(Supervisor: B. Sicherl, 6/7/1988)

Calculation of electrical parameters of electric arc
furnace with relative values of existing quantities was
made, the characteristic operational stages of the fur-
nace were determined, and factor & which introduces
the arc inductive reactance in the calculation of electric
circuit was applied. The deduced equations describe
with relative quantities the electrical relations in such a
mode! of electric arc furnace. The applied relation
between the factor &, the operational inductive react-
ance, and cos is confirmed by measurements of induc-
tive reactance changes in various references. Also
values of effective power reductions and lowering of
cosp which indicate the obtained reactions are in agree-
ment with actual values. The mathematical model of real
electrical conditions enables the energy optimization of
electric arc furnace, especially during melting. The influ-
ence of the cost optimization on the operation of fur-
nace was presented if also fixed costs and costs of fur-
nace lining and electrode consumption are taken in
account. The obtained values confirm the correctness of
operation of standard UHP furnaces with short arc, and
give the advantages of modern UHP furnaces where
foaming slag enables the operation with long arc. It was
shown that cos @ is the leading operational parameter of
the furnace. The author also showed the technological
limitation of the cost optimization.

165 pages 106 references

— Monika Jenko: Study of phenomena on the metal
surfaces in vacuum soldering

(Supervisor: L. Kosec, 8/7/1988)

Vacuum soldering with In, InBi or InSn and without
fluxes in ultrahigh vacuum is applied for hermetical seal-
ing of amplifying electronic tubes for close transmission
of pictures. The surfaces of planes to be sealed must be
extremely pure. A new research method was developed
to study the phenomena in molten indium which is
based on the spectroscopy of Auger electrons of
molten metals. By the AES method the author studied
the kinetics of In.O; oxide layer growth up to thickness
3.25 nm, the mechanism of oxidation, and the dissocia-
tion of thin In,O, layers in ultrahigh vacuum. During per-
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goje, da In,O, disociira. Posledica raziskav je bila vpelja-
va zanesljivega postopka vakuumskega mehkega spaj-
kanja brez uporabe talil.

86 strani 172 cit.

MAGISTRSKA DELA

— Dervi$ Pihura: Vpliv mangana in silicija na dezoksi-
dacijsko sposobnost aluminija
(Mentor: B. Dobovisek, 23/6/1988)

Dezoksidacija je pomembna faza izdelave jekla. Av-
tor je analiziral vpliv dodatka aluminija na delez kisika v
jeklu ter vplive posameznih drugih dezoksidantov (Mn,
Si) ter njihov skupen vpliv. Poskuse je delal v 50 kg in-
dukcijski pe¢i z magnezitno izzidavo pri 1600° C. Vzorce
je analiziral po osemkrat v toku prvih 10 minut po dodat-
ku dezoksidantov. Postavil je tudi matematiéni model na
osnovi ravnoteznih konstant za reakcije dezoksidantov s
kisikom. Eksperimentalni rezultati dezoksidacije z alumi-
nijem so dali 5 do 6 velikostnih redov vecje kvaziravnote-
zne konstante. Dodatek mangana aluminiju je znizal
prejsnje odstopanje za dva velikostna reda in avtor ugo-
tavlja. da dodatek 040 % Mn izboljsa dezoksidacijsko
sposobnost aluminija. Kombinacija Al+ Si $e manj od-
stopa od teoreticnih predvidevan] kot Al+ Mn, kar po-
meni Se vecje priblizanje ravnoteznim pogojem in torej
tudi Si izboljSa dezoksidacijsko sposobnost aluminija.
Priblizno enake rezultate je dosegel ob dodatku Si in Mn
k aluminiju.

94 strani 164 cit.

— Janez Rozman: Platinaste stimulacijske elektrode
in mikroskopska preiskava njihovih povréin po od-
stranitvi iz tkiva
(Mentor: V. Marinkovié, A. Jegli¢, 24/6/1988)

Cilj dela je bila analiza dogajanj na prehodu med pla-
tinastima stimulacijskima elektrodama za stimulacijo
skupnega peronealnega zivca in tkivom vsled monofaz-
nih stimulacijskih impuizov. Povrsino elektrod je preisko-
val z elektronskim rastrskim mikroskopom. OpaZene
anomalije na povrsini kazejo na neustrezno oblike stimu-
lacijskih impulzov, ki so sprozali irreverzibilne elektroke-
mijske reakcije, t. |. spros¢anje kisika na anodi in vodika
na katodi. Na osnovi teh raziskav je bilo izdelano novo
elektronsko vezje implantibilnega stimulatorja.

39 strani 49 cit

— Drago Zizié: Optimiranje tehnoloke izdelave jekla
glede na makro in mikro strukturo kontinuirno ulitih
gredic jekla C.4721
(Mentor: J. Lamut, 29/6/1988)

V Zelezarni Niksié¢ kontinuirno viivajo gredice od
1981, vendar podrobnejsih raziskav kakovosti ni bilo. Je-
klo tale v 60 t elektricni obloéni peci. Velikost gredic je
120 x 120 mm. Avtor je analiziral makrostrukturo ter po-
razdelitev kisika, dusika, nehomogenosti in vklju¢kov po
prerezu. Ugotovil je slabo razzveplanje in razfosforenje.
Makrostruktura je sestavljena iz drobnih zrn ob povrsini,
stebricastih kristalov pravokotnih na povrsino pod povr-
Sinsko plastjo ter globulitov v sredini. Pojavljajo se raz-
poke na raznih mestih, kjer je vec Zvepla ali so nekovin-
ski vkljuéki. Najveéje kemiéne nehomogenosti so 20 do

formance of experiments she has found that steady
electron jet can be used for cleaning the surface of
molten indium. The second way is to achieve the condi-
tions for the In.O; dissociation. The investigations led to
a reliable vacuum soldering process without fluxes.

86 pages 172 references

M. SC. THESES

— Dervi$ Pihura: Influence of Manganese and Silicon
on the Deoxidation Ability of Aluminium
(Supervisor: B. Dobovisek, 23/6/1988)

Deoxidation is an essential stage in steelmaking.
Author analyzed the influence of additions of aluminium
on the portion of oxygen in steel, as well as the infiu-
ences of single other deoxidation agents (Mn. Si) and
their mutual influence. Experiments were made in a
50 kg induction furnace lined with magnesite, at 1600°C.
Samples were analyzed 8 times in the first ten minutes
after deoxidation agents were added. The proposed
mathematical model was based on the equilibrium con-
stants for the reactions of deoxidation agents with oxy-
gen. Experimental results of the deoxidation with alumi-
nium gave for 5 to 6 orders of magnitude higher quasi-
equilibrium constants. Addition of manganese to alumi-
nium reduced the previous deviations for about two
orders of magnitude. and author concludes that addition
of 040 % Mn improves the deoxidation ability of alumi-
nium. In applying the Al+ Si combination even lower
deviations from the theoretical forecasts were obtained
which means better approach to equilibrium conditions,
and thus also Si improves the deoxidation ability of alu-
minium. Approximately the same results were obtained
with the mutual additions of Mn and Si to aluminium

94 pages 164 references

— Janez Rozman: Platinum stimulation electrodes
and microscopic investigation of their surfaces
after the removal from tissue
(Supervisor: V. Marinkovi¢, A. Jegli¢, 24/6/1988)

The intention of the research was to analyze the
phenomena on the interface between the platinum sti-
mulation electrode for stimulation of joint peroneal nerve
and the tissue due to monophase stimulation impulses.
The electrode surface was investigated by electron
scanning microscope. The observed anomalies on the
surface indicate the unsuitable shape of stimulation
impulses which cause irreversible electrochemical reac-
tions, I. e. liberation of oxygen on anode and hydrogen
on cathode. Based on these investigations, a new elec-
tronic circuit of implantibile stimulator was designed.

39 pages 49 references

— Drago Zizi¢: Optimisation of the steelmaking tech-
nology based on the micro and macro structure of
continuously cast billets of C.4721 steel
(Supervisor: J. Lamut, 29/6/1988)

Billets are continuously cast in Niksi¢ Ironworks
since 1981, but a detailed quality analysis was not done
yet. Steel is melted in a 60t electric arc furnace. Billet
size is 120 x 120 mm. Author analyzed macrostructure
and distribution of oxygen, nitrogen, unhomogeneities,
and inclusions on the billet cross section. A bad desul-
phurisation and dephosphorisation was found. Macro-



80 Doktorska < magistrska dela

2EZB 24 (1980} 1

60 mm od manjsega krivinskega polmera gredice lite na
radialnem stroju. Preprecitev reoksidacije jekla med lit-
jem in nacin dezoksidacije lahko zmanj$ajo koli¢ino ne-
kovinskih vkljuckov. Avtor je predlagal tudi druge izbolj-
Save ter novo tehnoloSko shemo.

157 strani 33 cit.

structure is composed of small crystals along the sur-
face, columnar crystals perpendicular to the surface
below the surface layer, and equiaxed crystal grains in
the centre. Cracks appear on various spots where
higher sulphur or non-metallic inclusions were found.
The greatest chemical unhomogeneities were found 20
to 60 mm from the surface on the side of smaller curva-
ture in the billets cast on radial machine. Prevention of
reoxidation and improved deoxidation can reduce the
amount of non-metallic inclusions. Author proposed also
other improvements and a new technological scheme.

157 pages 33 references
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Metalurgyja — VOD — superferitna jekls
N Smajic

Vakuumsko razdubicenje nerjavnih jekel
2etezarski zpomik 24 (1990) 1.5 11—16

Podan | opis matematidnega modela vakuumskega razduditenia nerjavnin
1akn. Na osnovi modela izdelani racunalnidki program 2a IBM.PC, IBM-PC XT
n IBM-PC_ AT ratunainike omogoda Izvedbo tkim. modeinin poskusov s kate-
rimi simuliramo vakuumsko obdelavo v industrijski 85 tonski VOD napravi. Na
ta natin smo opredelili vpliv vakuuma, temperature n Ses1ave 18106 Na POtek
razaudicenga. Z modeinimi posh ugotaviiamo opti e vrednost tehnoio-
Slh parametrov 2a izdelavo superferitnih jekel. ki vsebuejo zdredno nizke

UDK: 659.71-412 620 192 45
ASM/SLA- Ata 5—59 969

Metalurgija — vkljutki v aluminiu

8 Braskvar, B Cah M Pristoviek, M Jskupovid
Vidjuékl v protzvodni lindjl bram kvalitete Al 99,0
2elezarski zbornik 24 (1890 1, 5 29—34

Opisani in prikazani so razultati preiskav vkljutkow 2 metalografskimi meto-
dami v vseh znatilnih prolzvednin fazah. od elektroliznega aluminija do bram
~ polizdelkov (TGA — Kidritevo). Ocenjeni sta kolting in kvalitets, poudarek
pa j@ tudi na velikost| vkljutkov 8 predpostaviko. da vkijudki nad 10 um i2raz.
teje vplivajo na kvait Doloteni sta keli€ina in sestava vikljutkov. Nekoliko
nepridakovano je ug jeno pog j& kompl 1 vkljutkow, ki
vsebujejo vezani kalci) v vseh preiskovainih fazah proizvednib postopkoy

vsebnost ogljika in dudika. Avtorski viedak
Avtorski izviedek
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Metalurgija — jeklarstvo — izdelava |ekla. ) K VAD-p tna Metalurgya — toplotna obdelava — orodna jekla — popustna krhkost

metalurgija modeliranje VAD-procesa

B. Koroud, A Rozman, F Tehavnik
Modeliranje In procesns kontrols VAD-postopks
Zelezarski zbormk 24 (1990) 1, 8 1722

Opisana je izdelava jekis po tehnolodk lingi EOP + VAD v 2elezarni Ravne
in izdedani ritme za termidni in mataluréki model VAD-procesa Ogrevanje
jekla z 8 MVA transformatorjem v vakuumu (po raztaplianiu egur) B %
Mirostjo cca 3—4'C/min Metalurdki model omogoda napoved stopnje od:-
veplanja na osnovi prawing izbire 2lingre in vsebnasti FeO v 2lindri

Avtorski izviedek

B Ule. F Vodopivec, M Pristavec, F. Gredovnik

Popustna krikost utopnega jekla za delo v wolem s 5% Cr
2elezarski zboenik 24 (1980 1, s 3540

Vplv parametrov dodatnega popuééanja na popustno krhkost kaljenega in
26 popuslenega orodnega jekla 8 5% kroma in s postmartenzitno mikrostruk-
turo

Previaduod: dejavrik, ki kxontrolira razve) krhikost je segregiranje fosforja
na razéénih medplastjin v jekiu. kot je bilo 1o ugotovijeno 2 merjenjem akiva-
cijske energye in 2 mikrostrukturnimi presk » ter pr pr
povrdin  SEM. TEM in EDS rentgenskimi anakzami

Avtorskl @viedek

UDK 569 187 00268
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Metalurgga — Odpadne surovine

G Todoromc, J. Lamut, M. Tolar, L Sketa V Rakovec, G Manojiovic. S Kova-
ik, J. Apat

Uporaba lastnih odpadnih surovin za viotek pri izdelavi jekia

2eiezarski zbornik 24 (1990) 1. s 23—28

Vsl ih 2elezarnah mesedno tisofe ton 2elezonosnih sekun-
darnih surovin. ki 5@ ahko uporabijo kot vioZek pri proizvodn|i jekla Osnowni
poRo;, da se lahko uporabijo v taliindh agregatih, je ta, da jih je potrebno raz-
deditl 28 na izviry nastanka po Skupnah na 0SNoW pasameznih in podobnih ele-
mentov

Skaja 50 zelo Uspesno uporablja kot viodek v alekirooblodn ped: namesto
2elezove rude Zelo ugodno vpliva na razfosforenje taline. Uporablja se tudi 7a

hi ye sive litme i itnih medarc razliénih oksdov m kot
dodatek v mesanico 7a sintranje 2elezovih rud

OstruZki se 2e uporabijajo kot viokek v razlidnih taliinh agregatih, vendar
s& samo deino uporabljajo odbruskl, in sicer groba frakclja Drobr@akoyl ki
sta sestavipen iz finega 2elezovega prahu. korunda in ostankov brusaih plodc,
pa 50 N8 uporablata

Avtorskl avietek
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Metalurgy — i s i alL

B Breskvar, B. Ceh, M Pristoviek. M. Jakupovit
Inclusions In Al 99.0 Grade Slab Ingot Production Line
2elezarski zbornik 24 (1990) 1. P 29—34

Results of nvestigation of inclusions by use of metaliographic methods
and L-mathod in all sign| technologc stages from electrolytic aluminmum
to the final semiproduct i. . slab ingot a1 TGA are given and discussed Besi.
des the amount and quality tha emphasis = given on the size of inclusions
assuming that inclusions of greater than 10 um size have stronger influence
on the quality of lkmumum producod Oaﬂ on quantity and quality of inclus:-
ons md y Ir _ t occurrence of complex inclusions

g calci mnll‘-.. logecal stages are given

Author's Abstract
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Metaturgy — VOD — Superferritic Steel

N. Smapt

Vacuum Removal of Nitrogen from Molten Stainless Steel
2elezarski zbornik 24 (1990) 1. 2 11—18

Mathematical model of vacuum removal of nitrogen from molten stanless
steed is described. Based on the model a computer program has been elabo-
rated for IBM-PC, XT and AT which makes it possible to perform model tests
|8 to simulate vacuum treatment in 85 ton VOD unit. The model tests were
used 1o determing the influence of vacuum, temperature and composition of
molten steal. The software has been used 1o determine OpliMLM technoiogic
parameters for the producton of superferritic stanless steel which contain
very low carbon and nitrogen

Author's Abstract

UOK: 620 152 49 621 785 72 669.14.018.258
ASM/SLA: Q 26s, NBa, TSk

Metallurgy — Heat Treatment — Tool Steels — Temper Embrittiement
B Ule F Vodopivec, M. Pristavec, F. Gradovrik

Temper embrittiement of 5 wt.-% Cr hot work die steel

2Zelozarski zbornik 24 (1990) 1, P 3540

The int) of p d ing on termnper embritt-
lerment in quenched and already umpcrod Swt -% Cr ool stead with post-mar-
tensitic microstructure is described

The dominant factor controling the evolution of brittleness is the segrega-
tion of phosphorus 1o different interfaces in steel as it was established by
measurements of activation energy as wel as by miCrostructure examinations
and ”r:c'tun surface observations carried cut by SEM. TEM and EDS X.ray
ana

Author's Abstract
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Metallurgy, steeimaking, VAD t . ladle r gy, medelling of VAD
process

B. Koroudié, A Rozman, F Tehownik

Modelling and Process Control of VAD Trestment

2elezarski zbornik 24 (1990) 1. P 1722

The preduction of steel by EAF-VAD technalogic route at 2 na Ravne
ronworks is described The algorithms for thermal and metaliurgical model of
VAD process have been elaborated VAD heating rate of 3—4"C/min is used
by the help of 8 MVA transtormer. Metalurgical model predicts final sulphur
content in dependence on appropriate slag and FeO content of slag

Author's Abstract
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Metallurgy — Waste materals

G. Todorowié, J Lamut M Tolar L Sketa V. Rakovec, G Manojlovic. S. Kova-
&g, J Apat

Utilization of Waste Materials in Steelmaking

Zelazarski zbornik 24 (1980} 1, P 2328

Each month thousands of tons of iron bearing secondary raw matersls
which can be utilized in steeimaking is being produced at Slovenske felezarne
ironworks. Bas«c condition for theirs usage in melting furnaces is proper clas-
sification of the waste on the site of source into corresponding groups on the
basis of similar chemical composition and content of particular and similar ele-
ments

Mill scale has been very successfully used for the charge of electric arc
furnaces instead of iron ore because of a favorable influence on dephosphori-
zation. It has been used aiso for dlsilicom? of gray cast iron instead of
synthetic mixtures of vanous oxides as well as for adartion to sintering matu-
rés in the sintering of iron ores

Turnings produced n machining have been used for the charge of vanous
melting furnaces Gnnamo wnu hu been used only partly, | @ the coarse
fraction. Two fine f s posed of won p . corund and fine partic-
les from worn-out grnding w'oecls are not utllzed

Author's Abstract
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Metalurgija — vroda predalava — orodno |eklo — lomna Zilavost
D Kmetit. B Ule. J Gnamus, F. Vodopvec, B Arzendek

Vpliv vrote predelave na drobljenje karbidov in lomno Hisvost
2elezarski zborni 24 (1900) 1, 5 41—45

Pavpretna velikost ledeburitnih karbidov v orodnem jekiu ¢ 4150 je manjsa
pri nizph kontnd temperaturah valjanja in weljih parcialniy redukcijah

Lomno Zilavost smo dolotill po korelaciji Hahn-Rosenfield. Rezultati ka2e|o
ovsnost K, od povpretne valikosti ledeburitnh karbidow Lomno Hlavost, ki
bi se priblizala vrednostim drugih orodnih jekel. bi dobili le 2z bistveno manjso
povpretno velkosto ledeburitnih karbidov

Avtorski zvielek
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Metalurgya — Silicijeva vzmetna jekia — Oligoelementi
M. Torkar, F Vodopivec, F Kautid, F Maller

Vpilv bakra in kositra na lastnost! silicljevega vzmetnega jekia
2elezarski zbarnik 24 (1990) 1, 3 61—67

Povetana vsebnost oligoelementov, bakra do 0.33 % in kositra do 0.022 %
v sllicljevem vzmetnem |ekiu € 2133 ne vpliva na posiabdanije zadetne plasti-
Enosti in ne poslabda mehanskih lastnost, ki 0s1ajajo v okviry normalnih

Zaradi povedanja deleda interkristaine kosti ki je tem ir jda. &im
vel je v jeklu bakrs, je potrebna dolodena previdgnost in dodatne raziskave, ki
naj pojasnijo mehanizem interkristaine krhkosti

Avtorskl avietek

VDK 62174 047-426.621.778.011.6589 15— 194 %6
ASM/SLA CQ23q, 1—67, STb, D9q. 4—61

Metalurgila — Horizontaino kontinuirno litje Zice — Vielenje — Rekristaliza-
clja
B. Arzendek. A Rodit, J. 2vokel]

Hladno preoblikovanje kontl Itega jokia
2Zelezarski zbornd 24 (1990) 1, s 4751

Vietenie konti Me ice 2 jekia AISI 304, Konti lito jekdo ima | slabde
preoblkovaine sposobnosti kot klasiéno izdelano — vajano rlo &l razi-
skave (& bil ugotowti nj v osti v litem stanju in po rekristali-

njeg edne sp
Zaciiskem 2arjenju. vpiv stanja povrline in mkroporoznosti sredine 2ice
j e b i in njegove rekristalizacijske astnosti.

na
Avtorski izvietek

ey L5

UOK: 620 178.3 669 15.194 2
ASM/SLA. Q7. CNg

Metalrgiia — nzkoogljiéno jekio — malockliéno utrujanie

J. 2vokey
Pojavi pri malocikiiénem utrujanju nizkoogljiénegs jekia v podrodju nersvnegs

2elezarski zborni 24 (1990) 1, 5 6973

Pri izdelavi cikliéne B-e, krivulje za nizkooghiino jeklo z velikim raztezkom

g2 telenja smo ug jal e znad med zad i izmens

Enimi cbremenitvami. V podroéju naravnega tedenja opatamo pri malh ampii-

tudah raztezkov menhtanje. pri vedjih ampatudah pa utrjanje jekla od prvega

nikaja dalje. Pri tem jo dele2 nehomogene deformacie enak dvojni amplitudi
raztezka

Avtorskl aviedek

UDK 621771018669 245
ASM/SLA F23 4—53, Nib, SGAh

Metalurgla, superziitne. woée valjanje. hladno vafanje, rekristalizacia
A Kveder, D. Gnidovec

Hiadna predelava ziitine Nimonic 263 v trakove

2olezarski zborrik 24 (1990) 1, 5 5359

Greaice superziitine Nimorec 263 50 bile po predhodnem vrotem valjanju
do debelin 4 do 5 mm hadn lji do debeling 091 mm. lzvedena so bila
rekristalizaciska farjenja in 2arjenja za izlotevaino utrditev.

Avtorskl avielek
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On Influence of Cooper and Tin on Properties of Silicon Spring Steel
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Increased content of the residuals, copper up 1o 0.33 Cu and tin up to
0,022 % Sn im siicon spring C 2133 stee! have no deleterious effect on indial
workabikty and mechanical properties which reman within prescribed range
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Influence of Hot Working on Carbide Crushing and Fracture Toughness
2etezarski zornik 24 (1990) 1, P 41—45

The average size of massive carbides in 100! steal C 4150 s smaber at
lower finish roling temperatures and at larger partial deformations
Fracture toughness was calculated using the Hann-Rosentsld correlation
The results estadlish the dependence of K. upon the average size of massive
carbides. Fracture toughness, closér 10 the values of other tool steels. could
only be oblained by essentially reducmg the average size of massive carbides
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Metallurgy — low carbon steel — low cycle fatigue
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Low Cycle Fatigue Phenomena In Low Carbon Steel in the Region of Yielding
Elongstion

2elezarski zbornik 24 (1980} 1, P 68—73

Determining the cychc 8-, curve for a low carbon steel with a large ylel-
ding elongation the author studied soma characterstic phenamena occuring
during intial alternating loading In the yelding range softening couki be
observed at small stran ampltudes and hardening at lasger strain ampltuces
from the first cycle onwards In this case the size of the nonhomogeneous
deformation was equal 10 the double amplitude of elongation

Author s Abstract

VDK 621 74.047-425 621 778 011 660 15— 194 .56
ASM/SLA Q23q. 1—67, ST, D9g 4—61

Metallurgy — Horizontal continuous wrecasting — Drawing — Recrystaliza-
tion

B Arzeniek A Rodik J 2vokelj
Cold Working of Continucusly Cast Steel
2elezarski zbornik 24 1990) 1. P 47—51

The research work deals with the process of drawing continuously cast
wire made from AIS| 304 steel The workabisty of continuousty cast steel is
substantialy worse than that of conventionally produced e. Q. rolled steel The
am of the investigation was to established the drawng abliity of steel when
cast. and a0 after 15 recrystalization annealing as well as to determine the
influence of surface conditions and wiré COre MCroOparosity on its drawing abi.
lity and recrystallization properties
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Billets of Nimonic 263 superalioy, previously hot-rolled to a thickness of 4
to § mm. were cold-rolied to & thickness of 0.91 mm Recrystallization annea-
ings and precipaation hardaning annealings were carried out
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TEHNICNA NAVODILA AVTORJEM
Rokopis

Rokopis dostavite v originalu odgovornemu uredniku ali
enemu od ¢lanov urednitva. Pisan mora biti z dvojnim presled-
kom. Na levi strani je rob Sirine 4 cm. Na tem robu oznaite me-
sta, kjer naj bodo slike ali tabele.

Clanki naj bodo kratki in jedrnati in ne prenatrpani z nepo-
trebnimi podatki. Izogibajte se tabel z veliko &tevilkami, ki bral-
c¢a ne zanimajo, posebno ¢e so isti podatki prikazani kot odvis-
nosti v diagramih. Razlage naj bodo jasne, kratke in v nepo-
:raet:m zvezi z doseZenimi rezultati, brez irih hipotetiénih do-

ov.

V primeru, da prvi¢ objavijate v Zelezarskem zborniku, do-
stavite urednistvu naslednje podatke: ime in priimek z akadem-
skim nazivom spredaj in poklicnim nazivom zadaj, katero delo
opravijate, delovna organizacija, Ziro raéun in naslov stanova-
nja.

Urednistvo si pridr2uje pravico jezikovne korekcije, strokov-
ne recenzije in presoje o ustreznosti objave. Prosimo, da glede
rokopisa upostevate $e naslednja navodila:

1) lzvie¢ek pod naslovom naj obsega 4 do 10 tipkanih vrst.
Vsebina naj pove, kateri problem obravnava &lanek.

2) Povzetek za prevode v angledki, nem3ki in ruski jezik
poéljite v 4 izvodih. Obsega naj pol do najve¢ dve tipkani strani.
Glede vsebine naj pove tujemu bralcu, kaken je bil problem in
kateri so glavni rezultati vasega dela. Specifiéne strokovne izra-
ze, ki jih prevajalci morda ne poznajo, navedite spodaj v angle-
g:(em. nemékem in ruskem jeziku. Vsebuje naj tudi naslov

anka.

3) Avtorski izvie¢ek za kartice (4 izvodi) naj obsega: glav-
no geslo in eno ali ve¢ stranskih gesel (npr. Metalurgija —
Orodna jekla — PreizkuSanje materiala), avtorja in soaviorje,
naslov ¢lanka in kratko vsebino &lanka (najve¢ 15 tipkanih vrst)
$ poudarkom na rezultatih raziskave.

4) Podpisi k slikam v 2 izvodih na posebnih listih. Podpis
naj bo formuliran tako, da bo v angleskem prevodu tudi tuj bra-
lec razumel vsebino slike.

5) Literaturo, ki jo citirate v tekstu, oznacite z zaporednimi
&tevilkami, zgoraj za besedo, kjer oznatbo Zelite, npr. ..
Smith?. .. Na koncu ¢&lanka navedite nato vse bibliografske
podatke:

— Za knjige: zaetnice imen in priimki avtorjev, naslov knji-
ge, Stevilka izdaje, zaloZba, leto izdaje.

— Za Clanke: zadetnice imen in priimki avtorjev, naslov
¢lanka, neskrajsani naslov revije, letnik, Stevilka, leto, strani
(prva in zadnja).

6) Poglavija in razne vrste tiska: Clanek naj bo, kolikor je
mogoce, razdeljen po naslednji shemi: uvod (nakazati problem,
izhodisce in cilj raziskave in pregled literature), nacini razisko-
vanja in materiali, rezultati raziskav, razlaga rezultatov in sklepi.

Glavna poglavija in podpoglavja pisite po primeru:
REZULTATI RAZISKAV

1. Preizkusanje jekla Z 0147 [mastni tisk, tekst se pri¢ne v
naslednji vrsti)

a) Koli¢ina vkljut¢kov (mastni tisk, tekst se nadaljuje v isti
vrsti).

Zvezano podértane besede pomenijo mastni tisk, lahko pa
uporabite &e kurzivni tisk (prekinjeno podértane besede) in raz-
prti tisk (tipkajte razprto).

7) Tabele pisite med tekstom ali jih priloZite na koncu tek-
sta. V drugem primeru napiéite na levi rob, kjer je treba tabelo
vstavitl.

8) Enote: Uporabljajte izkljuéno encte po S| (System Inter-
national d'Unités).

9) Enagbe in simbole napidite jasno in &itljivo, najbolje s
prosto roko. V enaébah ne uporabljajte znakov za mnoZenje ( x
ali .). lzogibajte se zamotanih indeksov, Ce ne morete jasno na-
pisati grkih &rk, napisite pojasnilo na levi rob, npr. mala grika
érka gama. Simbole v enacbah sproti toimacite. Uporabljajte
simbole, ki so v JUS standardih, ¢e teh ni pa najbolj uveljavijene.

Fotografije

Metalografski in drugi posnetki morajo biti izdelani na belem
papirju z visokim leskom in naj bodo jasni in kontrastni. Presli-
kane fotografije ali iz tiska preslikane fotografije niso dovoljene,
razen v izjemnih primerih. Racunajte, da bo Sirina fotografije v
tisku najve¢ 80 mm. Veé fotografij, ki spadajo skupaj, nalepite
na papir in jih oznacite kot eno sliko. V tem primeru je lahko Siri-
na slike tudi 165 mm. Izjemno imajo fotografije lahko tudi ne-
standardno Sirino. V tem primeru priloZite fotografiji pojasnilo,
kak3no velikost Zelite v tisku. Mikroskopska in makroskopska
povecanja in pomanjsanja oznacite v podpisu k sliki (poveéanje
100-krat), (pomanjdanja 15-krat), Se bolje pa z vrisanjem
ustrezne skale s &rnim ali belim tusem na fotografiji.

Diagrami in risane slike

Diagrami in risane slike morajo biti narisane s tusem na
paus papirju. Ne posiljajte prefotografiranih ali kopiranih risb.
Diagrami morajo imeti popoln okvir in mreZo (raster) v notranjo-
sti okvira. Zaporedno Stevilko slike napisite s svinénikom na vo-
galu formata.

Prosimo avtorje, da dosledno upo$tevajo $e naslendja navo-
dila:

1. Sirina: Diagrami morajo biti narisani na formatu A4. Sirina
diagrama naj bo 150 mm, plus ali minus 10 mm. Sirina ni le okvir
diagrama, temve¢ tudi Stevilke in napis na ordinatni osi. V tisku
so ti diagrami pomanjSani pribliZno 2-krat, na $irino enega
stolpca. Odstopanja od teh Sirin narisanih in tiskanih diagramov
bodo upostevana le v primerih, ko morajo biti zaradi gostote
podatkov, krivulj ali preglednosti tiskani v 3irini obeh stolpcev,
to je okoli 160 mm. V teh primerih naj bo Sirina narisanega dia-
grama 300 mm, plus ali minus 20 mm.

Pri drugih risanih slikah (izdelki, preseki, naprave, sheme,
naérti in podobno) je lahko skupna narisana Sirina manjsa od
150 mm. Pri tem upo3tevajte estetski videz pomanjdane tiskane
slike med tekstom in tudi, da bo slika v vsakem primeru v tisku
pomanjSana 2-krat; uporabljajte torej enake velikosti érk in de-
beline ¢rt kot pri diagramih.

2. Crte: V vseh diagramih in drugih risanih slikah uporabite
izklju€éno naslednje debeline ért:

— Okviri diagramov (koordinatne osi) 0.4 mm
— Mreza v diagramih 0,2 mm
— Krivulje v diagramih 0.6 mm
— Osnovne érte v risbah 02mm
— Prerezi (obrisi) v risbah 0.4 mm
— Srafure 0.2 mm

V tisku bodo te &rte polovico tanjse.

3. Crke in $tevilke: Uporabljajte pokonéne &rke in Stevilke
velikosti 4 mm, risane s Sablono in peresom, ki ustreza tej veli-
kosti. Izjema so le indeksi, ki naj bodo veliki 3 mm. V tisku bo
velikost &rk in Stevilk okoli 2 mm, indeksov pa 1,5 mm,

4. Opis koordinat: Na abscisi in ordinati mora biti neskraj-
San opis s simbolom in enoto, npr.: Natezna trdnost o, v N/
mm?; Stopnja deformacije £ v %; Koli¢ina mase Mn v %: ne pa le
on N/mm?; € %; % Mn.

5. Oznake toék in krivulj: Legende za razliéne vrste togk in
krivulj morajo biti v sliki. Legende za simbole in druge &rkovne
oznake so lahko tudi v podpisih k slikam.

lzvietek

Za hitro orientacijo po dokonéanju ¢lanka navajamo na krat-
ko, kaj je potrebno poslati urednistvu Zelezarskega zbornika:

1. Rokopis v enem izvodu (drugega hranite za pregled krta-
€nega odtisa) z izvie€kom pod naslovom, oznakami za slike na
levem robu in podatki o avtorjih.

2. Povzetek za prevode v 4 izvodih.

3. Avtorski izvieek za kartice v 4 izvodih.

4. Podpisi k slikam v 2 izvodih.

5. Ostevilcene fotografije, diagrami in druge slike.



