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SPREMNA BESEDA

Prof. dr. Franc Vodopivec je izvrsten metalurg in vrhunski raziskovalec ter tako
vzor Stevilnim generacijam metalurgov, kakor tudi drugim raziskovalcem. Njegova
profesionalna pot se z upokojitvijo ni koncala, ker svoje izredno Siroko znanje s
podroc¢ja metalurgije, s svojimi neprecenljivimi nasveti in izkuSnjami prenasa na
mlajSe generacije. Brez slabe vesti lahko recem, da je raziskavam, ki so in $e pote-
kajo na InStitutu za kovinske materiale in tehnologije, dal izredno velik pecat. Kljub
temu, da je od njegove upokojitve minilo Ze vrsto let in kljub dejstvu, da bo ob izidu
te knjige prof. dr. Franc Vodopivec napolnil osemdeset let, sem mnenja, da imata
njegova vloga in §irina znanja trajno vrednost. Se vedno je nenadomestljiv urednik
revije Materiali in Tehnologije in Se vedno je vrelec raziskovalnih idej; nanj je lahko
slovenska metalurska stroka izredno ponosna.

Pricujoce delo predstavlja pregled Vodopivceve Zivljenjske poti; v njem je podan
iz¢rpen Zivljenjepis in podrobno opisano njegovo raziskovalno, razvojno in izvede-
nisko delo. Zelo kriti¢no, brez dlake na jeziku, kot je to znacilno le zanj, podaja
povezanost s Slovenskimi Zelezarnami in trenutno politiko. Ravno tako nam zelo
kritiéno prikaze svoje izku$nje, ki si jih je pridobil kot ¢lan DrZavnega sveta ob
aktivnostih v okviru Civilne iniciative za Slovenijo. V nadaljevanju so zbrani vsi
njegovi najpomembnejSi znanstveni in tehnoloSki dosezki, ki jih je ustvaril v
obdobju petih desetletij dela v stroki in vedi.

Prof. dr. Franc Vodopivec je bil zaposlen na InStitutu za kovinske materiale in
tehnologije (tedaj imenovanem Metalurski inStitut) vse od leta 1958, pa do svoje
upokojitve leta 1996. Med drugim je bil odgovoren za vzpostavitev delovanja
Laboratorija za metalografijo. Zavedal se je, da je poznavanje mikrostrukturne
zgradbe kovin in zlitin klju¢nega pomena za razumevanje lastnosti kovinskih
materialov in razvoj metalurske stroke. Bil je tudi eden glavnih pobudnikov nakupa
prvega elektronskega mikroanalizatorja, ki je bil kupljen Ze leta 1969 kot prvi tak v
tem delu Evrope. Tudi nakup vrsticnega elektronskega mikroskopa leta 1977 je plod
njegovih intenzivnih prizadevanj na tem podrocju. Institut za kovinske materiale in
tehnologije je bil tako pionir na podrocju elektronske mikroskopije v Sloveniji
oziroma Vv takratni Jugoslaviji. Vse to pa so nedvoumne zasluge prof. dr. Franca
Vodopivca. Ko je leta 1991 postal direktor InStituta za kovinske materiale in tehno-
logije, je prevzel InStitut v zelo teZkih Casih za slovensko metalurgijo, vendar ga je
uspel s svojo modrostjo in vizionarstvom sanirati in ohraniti povezave s Sloven-
skimi zZelezarnami ter razsiriti delovanje Instituta na druga podrocja kot na primer na
podrocje energetike.
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Na svoji Zivljenjski poti se vedno odloca za teZjo pot. Njegovo stalisce je, daje v
Sloveniji raziskave, namenjene industriji, potrebno podpirati. Ker se je Ze zgodaj
odlocil za raziskave s potencialno uporabno vrednostjo, je tako postal nepogresljiv
za industrijo, hkrati pa mu sistem ni omogocal enakovredne uveljavitve v znanstve-
nih sferah. Nenadomestljiva je vloga prof. dr. Franca Vodopivca na podrocju fizikal-
ne metalurgije, ki omogoca stalne izboljSave sinteze in tehnologij na podrocju
kovinskih materialov.

V svojem imenu in imenu sodelavcev prof. dr. Francu Vodopivcu Cestitam k
jubileju in mu iskreno Zelim Se veliko uspeSnih ustvarjalnih let.

Direktor InStituta za kovinske
materiale in tehnologije

Dr. Matjaz Godec

Ljubljana, septembra 2011
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PREDGOVOR

S tem zapisom Zelim ohraniti spomin na delo v stroki in tudi na dosezke iz Casa,
ki ga sedaj poimenujemo obdobje vladanja slabe ideologije. To je bil cas, ko so
imeli dosezki vcasih podrejen pomen, ker je imela preveliko tezo pri oceni posa-
meznikov prilagojenost drugim interesom, tudi v zadevah, ki niso posegale v poli-
tiko. UspeSnost posameznikov v stroki je bila lahko ocenjena kot ogroZanje avtori-
tete nosilcev politicne moci. To sem izkusil tedaj, ko sem nameraval kandidirati za
direktorja ustanove, kjer sem bil zaposlen, pa mi je bilo povedano, da bom izvoljen,
¢e bo ta in ta postal moj namestnik, torej, da jo lahko vodim in zanjo odgovarjam le,
¢e imam tutorja, ki je bolj zanesljiv. Vecja prilagodljivost je SirSe odprla pot
napredovanja in laZjega uveljavljanja v javnosti. Dokaze za to oceno najdemo tudi v
prostoru, ki ga nekateri imajo v enciklopedijah in podobnih edicijah ter v ¢lanstvu
uglednih institucij.

V eksperimentalni vedi, kakr$no je raziskovanje procesov, od katerih so odvisne
proizvodnja, lastnosti in uporabnost kovin in zlitin, ni prave kakovosti brez dobrih
sodelavcev in sodobnih raziskovalnih naprav. Skrb za oboje ni bila vedno lahka in
preprosta, vendar sem naSel dobre sodelavce.

Ko sem stopil kot mlad ¢lovek z inZenirsko diplomo na pot raziskovalca, sem bil
pred dilemo, kaj naj bo teZiS¢e mojega dela: ali ustvarjanje novega znanja, ki samo
bogati vedo, ali ustvarjanje novega znanja, ki je tudi uporabno v okolju, kjer
raziskovalec dela in kjer iS¢e materialno podporo za delo. Iz vsebine tega zapisa bo
bralec zvedel, kako in zakaj sem se tako odlocil kako leto po vrnitvi z doktoratom na
univerzi v tujini, kako sem bil uspeSen pri raziskovalnem delu in z njim povezano
dejavnostjo. Velika vecina raziskovalcev iz prve generacije je morala za delo
porabiti ve¢ ¢asa, morala se je istocasno uciti, kako raziskovati, torej uciti se poklica
raziskovalca, in kako dobro opraviti zaupano delo. Pogosto pri raziskovalnem delu
rutina in izku$nja ne zadostujeta, ampak so potrebni novi postopki dela in reSitve.

Raziskovalnemu in strokovnemu delu sem posvetil ve¢ Casa, kot je zahtevala
delovna obveznost. Zato je opravljeno delo tudi zasluga soproge Mije in sinov
Andreja in BlaZa, ki nikdar niso pokazali, da se Cutijo prikrajSani za ¢as, ko me je
poklicno delo odtegnilo od dolZnosti dobrega moza in oceta.

Posebna zahvala soprogi, ki je dala pobudo za nastanek tega zapisa.

Franc Vodopivec
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Iskrena hvala Jani Jamar, JoZetu Gaspericu in
Miru Pecarju za vse, kar so naredili, da je moj
rokopis postal primeren za tisk.
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ZIVLJENJEPIS

Rojen sem leta 1931 v kmecki druZini v vasi Rakitnik pri Postojni, na tistem
ozemlju Slovenije, ki je bil po prvi svetovni vojni prikljucen Italiji. Da bi italijanska
drzava pokazala, da je ta zemlja doko¢no njena, je spremenila imena naselij in ljudi,
in moj oce je dobil nov priimek Bevilaqua. Italijansko osnovno Solo sem obiskoval v
Stivanu, ki je sredisce fare z vasmi Rakitnik, Matenja vas in Grobisce. Dva razreda
italijanske gimnazije in polovico tretjega sem obiskoval v semeniScu trZzaSke Skofije
v Kopru, izpit iz u¢ne snovi tretjega razreda slovenske gimnazije v Ilirski Bistrici pa
sem opravil jeseni leta 1945. Od Cetrtega do osmega razreda sem gimnazij obiskoval
v Postojni, kjer sem leta 1950 tudi maturiral. Vse razrede slovenske gimnazije in
maturo sem opravil z odli¢nim uspehom.

Septembra 1950 sem se vpisal na Fakulteto za rudarstvo in metalurgijo Univerze
v Ljubljani, kjer sem aprila 1956 kot prvi v svojem letniku diplomiral z nalogo »Pro-
ucitev obstojece valjarne v Storah in izdelava projekta za pove&anje proizvodnje od
25 000 ton na 50 000 ton«. Vedji del diplomske naloge sem opravil v valjarni Store.
Sklep naloge je bil, da bi povecanje kapacitete valjarne na tedanjem prostoru
zahtevalo tako organizacijo dela, ki jo ne bi motila prelomljenost toka materiala med
proizvodnim procesom, kar na tedanji lokaciji ni bilo mogoce doseci. To povecanje

e al

Slika 1: Prof. C. Rekar govori na absolventskem veceru mojega letnika, 1955
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Slika 2: Karikatura prof. C. Rekarja, priprav-
ljena za prireditev »Skok ¢ez kozo«, leta 1955
(avtor karikature: B. Pecar). Prof. C. Rekar me
je usmeril v raziskovanje.

bi bilo mogoce doseci le z gradnjo nove valjarne na novi lokaciji, kar se je v
kasnejsih letih tudi zgodilo.

V letih 1952 pa do nekaj mesecev pred diplomo sem bil na Fakulteti za rudarstvo
in metalurgijo pomozni asistent — demonstrator za predmete statika, kinematika in
trdnost, ki jih je predaval prof. dr. L. Suklje. Prvi dve leti sem se kot $tudent
prezivljal predvsem s podporo starSev, deloma pa tudi s priloZnostnimi deli. Od
tretjega letnika dalje podpore od doma nisem ve¢ potreboval, ampak sem shajal s
honorarjem za delo demonstratorja in v zadnjem letu tudi s Stipendijo Obcine
Postojna. Po vrnitvi iz sluZzenja vojaskega roka me je leta 1958 zaposlil prof. C.
Rekar na Metalurskem institutu v Ljubljani v laboratoriju za mehanske preizkuse,
kjer sem delal Ze pred odhodom k vojakom. Prav on me je usmeril na pot
raziskovalca. Kmalu po zaposlitvi sem dobil nalogo, da pripravim vse za zacetek
dela laboratorija za metalografijo, ki je bil dejansko ustanovljen z zacetkom dela
novega opti¢nega mikroskopa leta 1959.

Ko sem v Beogradu in Vin¢i opravil tecaj iz uporabe radioaktivnih izotopov pri
analizah in raziskovanju ter izpit iz znanja francoskega jezika na francoskem
konzulatu v Zagrebu, sem v aprilu leta 1960 nastopil 6-mesecno izpopolnjevanje s
Stipendijo dunajske Mednarodne agencije za atomsko energijo (IAEA) na inStitutu
IRSID (Institut de Recherches de la Sidérurgie) v kraju Saint Germain-en-Laye
blizu Pariza. Stipendijo sem dobil zaradi trdne podpore direktorja Metalurskega
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COLLOQUE DE PORTOROZ

AVANT-PROPOS

. . C. REKAR W. OFELSEN C. CRUSSARD*®
Slika 3: Uvodna stran Zbornika o Mednarod- Bict e Vit —— retcur des Rcherees
Wérallurgiqee de Ljubljaea fir Fiseaforschung e VTRSID

nem kolokviju v Portorozu, september 1958
(organizatorji: direktor Metalurskega instituta
C. Rekar, direktor Max Planck Institut fir
Eisenforschung, Dusseldorf W. Oelsen in di- © A e e, Compnnle i
rektor raziskav Instituta IRSID C. Crussard)

inStituta prof. C. Rekarja in direktorjev IRSID-a, s katerimi je profesor prijateljeval
in skupaj z njimi leta 1958 organiziral v PortoroZu mednarodno znanstveno kon-
ferenco, verjetno prvo te vrste v Jugoslaviji. Soprireditelja konference sta bila
inStitut IRSID iz Francije in Max Planck Institut fiir Eisenforschung (MPIE) iz
Diisseldorfa v Nemciji.

Na IRSID-u sem delal v oddelkih Posebna metalografija in Fizika kovin, kjer je
bil v programu tudi projekt raziskovanja interakcije med oksidativno atmosfero in
povrsino kovin ter zlitin. Dobil sem nalogo raziskati reakcije povrSine Zeleza z
majhno koli¢ino arzena, fosforja in kasneje tudi Zvepla. Z mojim delom je bilo
vodstvo inStituta zadovoljno, zato so me po koncani Stipendiji zaposlili do junija
1962, da sem raziskovanje koncal in pripravil ter zagovarjal doktorsko disertacijo z
naslovom »Etude du comportement de 1’arsenic et du phosphore pendant I’oxyda-
tion des alliages de fer faiblement alliés en ces éléments«. Zagovor sem opravil
junija 1962 na Université de Paris, Faculté des Sciences z oceno »trés honorable«.
Mentor je bil prof. J. Benard, direktor Ecole Normale Supérieure de Chimie de Paris
in profesor za predmet mineralna kemija na univerzi. Clan izpitne komisije je bil
tudi profesor P. B. Lacombe. Oba sta bila kasneje izvoljena v Institut de France, ki
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ima rang akademije, med clani tega insStituta pa so bile ugledne osebnosti iz
tehniskih ved. Doktorat je bil nostrificiran na Univerzi v Ljubljani leta 1973.

Tema disertacije je bila selektivnost reakcije med povrsino zlitine in atmosfero s
kontrolirano koli¢ino dusSika, vodika in vodne pare. To podrocje je bilo tedaj pred-
met intenzivnega raziskovanja in je posegalo v procese v kovini, ionskih spojinah,
na mejnih povrsinah atmosfera-oksid in oksid-kovina, v oksidni plasti in v zlitini ob
oksidni plasti, po vsebini pa je spadalo na podrocja kemije, fizike trdnega stanja in
fizikalne metalurgije.

Po vrnitvi iz Francije sem se znova zaposlil na MetalurSkem institutu in bil
kmalu imenovan za vodjo laboratorija za metalografijo, ki je veda o mikroskopski
zgradbi kovin in zlitin. Dobil sem nalogo ¢im hitreje razviti metodologijo
raziskovanja zgradbe do stopnje, ki so jo zahtevali odgovori na vprasanja, ki niso
bili mogoci brez njenega dobrega poznanja, ter odgovori na vprasanja uporabnikov
gradiv in raziskovalcev, ki so se s kovinami in zlitinami srecevali na podrocjih fizike
in kemije trdnega stanja ter razvoja kovinskih gradiv. To podrocje se je v Jugoslaviji

Slika 4: Naslovna stran doktor-
ske disertacije, Univerza v Pari-
zu, 1962
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komaj zacelo razvijati, v razvitih evropskih drzavah pa se je razvijalo Ze od konca
19. stoletja.

Med vazZnejSimi mejniki v razvoju tega laboratorija naj omenim nabavo in
zaCetek dela z elektronskim mikroanalizatorjem leta 1969, s prvo napravo te vrste,
ki je bila na voljo v slovenskem in jugoslovanskem prostoru. Naprava je omogocala
kemijsko analizo detajlov zgradbe kovin in zlitin z velikostjo manjSo od 1 mikro-
metra (tiso¢inke milimetra) in maso manj$o od milijoninke grama.

Pomemben mejnik sta bila tudi nabava in zacetek dela prvega vrsticnega
(scanning) elektronskega mikroskopa v Jugoslaviji leta 1978, ki je omogocil zacetek
intenzivnega dela na podro¢ju podmikrometrskih struktur in mikrofraktografije
(mikroskopske oblike prelomov). Z obema raziskovalnima napravama se je institut
uveljavil v jugoslovanskem in evropskem prostoru.

Leta 1983 sem bil pobudnik za nabavo peci za vakuumsko toplotno obdelavo,
kjer so bile razvite tudi tehnologije, ki so danes osnova kakovosti in mednarodne
uspesnosti orodjarske industrije v Sloveniji.

Deset let kasneje je bila kupljena in postavljena Se pe¢ za obdelavo povrSine
kovin v plazmi, ki je nova tehnologija in nadomesc¢a vrsto okoljsko spornih postop-
kov za izboljSanje lastnosti povrSine zelo razli¢nih kovinskih izdelkov. Tudi raba te
tehnologije se sedaj v Sloveniji §iri.

Leta 1980 sem bil imenovan za vodjo oddelka za tehnoloske raziskave, leta 1982
pa sem postal odgovoren za vse raziskovalno delo na institutu. InStitut je do leta
1988 delo financiral s pogodbami za raziskovalne in razvojne projekte za razli¢na
industrijska podjetja, s proizvodnjo majhnih koli¢in posebnih zlitin, ki sta jih
potrebovali predvsem elektronska in obrambna industrija, in z manjSim deleZem
financiranja raziskovanja iz javnih sredstev.

V letu 1988 je institut zaSel v krizo zaradi ekonomskih tezav podjetij, ki so do
tedaj financirala raziskovanje in kupovala pilotne proizvode.

Na pobudo vodilnih raziskovalcev sem kandidiral in bil v zacetku leta 1991
soglasno izvoljen za direktorja, $tiri leta prej pa sem od kandidature odstopil, ker
sem bil obvescen, da bi izvolitev ogrozila vezi, ki jih je inStitut imel z industrijo. S
precej radikalnimi varcevalnimi ukrepi, z dobrimi sodelavci in reorganizacijo se je
materialno stanje postopoma izboljSalo, vzpostavljeni so bili tudi produktivni stiki z
elektroenergetiko, s strojno in z elektro industrijo ter z vladnimi sluzbami in organi.
Po oceni, ki so jo dali izvedenci iz nemskega Fraunhofer Institut fiir Systemtechnik,
je programska usmerjenost instituta odtlej optimalno obsegala temeljno, aplikativno
in razvojno raziskovanje, ki ga potrebujejo tista podrocja industrije, ki se v Sloveniji
opirajo na proizvodnjo in uporabo kovin in zlitin, ter servisiranje industrije in insti-
tucij z rezultati posebnih analiz, raziskav in preiskav. Aprila 1996 sem se upokojil
kot direktor inStituta.

Leta 1972 sem zaprosil za habilitacijo za predmet Fizikalna metalurgija na
Fakulteti za naravoslovje in tehnologijo Univerze v Ljubljani. ProSnja ni dobila
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vecinske podpore na Pedagosko-znanstvenem svetu fakultete, ceprav sem jo podprl
z okoli 25 referencami, znanstvenimi deli, od katerih je bilo 10 objavljenih v Fran-
ciji, Nemciji in Avstriji, in ve¢ strokovnimi deli. V naziv docent pa je bil na isti seji
izvoljen kandidat, ki je predloZil bibliografijio z dvema strokovnima deloma.
Prosnja ni dobila podpore mogoce zato, ker je bilo docentsko mesto na Oddelku za
metalurgijo FNT rezervirano za drugega kandidata. Na Univerzi v Ljubljani sem bil
nato habilitiran leta 1973 za docenta, kasneje za izrednega profesorja in leta 1987 za
rednega profesorja za predmet Fizikalna metalurgija, vendar za zaposlitev na
fakulteti nisem kandidiral, ker sem bil Ze prevec v letih, da bi lahko mnogo mlaj$im
Studentom dajal, kar jim pripada.

Na akademskem podroc¢ju sem bil mentor pri diplomskih, magistrskih in dok-
torskih delih na univerzah v Ljubljani in Zagrebu ter komentor oz. ¢lan komisij za
zagovor doktorskih del na univerzah v Ljubljani, Mariboru, Zagrebu in Beogradu.

Bil sem med zagovorniki ustanovitve revije Zelezarski Zbornik, ki je zacela
izhajati leta 1967 na pobudo M. Gabrovska s ciljem, da se pospesi raziskovanje in
razvoj na podro¢jih tehnologije, lastnosti in uporabe jekel in da se javnost seznani z
dosezki tega raziskovanja. Leta 1993 se je revija preimenovala v Kovine Zlitine
Tehnologije, sedaj pa izhaja z naslovom Materiali in Tehnologije (Materials and
Technology), katere glavni urednik sem od leta 1991. Revija je vkljucena v Stevilne
mednarodne sekundarne baze podatkov, tudi v SCI. Velike zasluge za razvoj revije
imajo J. Jamar, M. Jenko, M. Pecar, C. Irt in J. Gasperic¢. Bil sem tudi med pobudniki

RESIDURLS
IN IRON
AND STEEL

RSDS: Grnainentap _”

MPI Diisseldorf
SL-M 1§ jana
-r-

Slika 5: Mednarodna konferenca: »Oligoelementi v Zelezu in jeklu«, organizacija: Metalurski
institut Ljubljana, MPIE Diisseldorf, IRSID, Paris, 1985 (za mizo predsedujoca: pisec in prof. H.
J. Grabke)
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za vsakoletno organizacijo posveta o metalurgiji in kovinskih gradivih od leta 1968
dalje in odgovoren za program in izvedbo posvetovanja v letih od 1980 do 1995. To
posvetovanje se je leta 1993 preimenovalo v Konferenco o materialih in tehnolo-
gijah, na kateri se v zadnjem Casu letno predstavlja vec¢ deset ali celo nad 100 del s
podrocja kovinskih materialov, keramike in polimerov in z njimi povezanih tehno-
logij. Konferenca ima mednarodno udelezbo, od leta 1995 pa jo vodi M. Jenko.

Sem ¢lan uredniSkega odbora revije Metalurgija, ki je vkljucena v Stevilne
mednarodne baze podatkov, tudi v SCI. Sem tudi recenzent rokopisov, predloZenih
za objavo v to revijo in za revije Journal of Materials Processing Technology, Steel
Research International in International Journal of Materials Research, ki izhajajo na
Nizozemskem in v Nemciji.

V letih 1967, 1980 in 1985 sem bil odgovoren za program in organizacijo med-
narodne konference »Residuals in iron and steel«, ki jo je Metalurski institut organi-
ziral skupaj z inStitutoma MPIE iz Nemcije in IRSID iz Francije.

Predsedoval sem mednarodni konferenci »Influence of trace elements on fabri-
cation and in service properties of steels and metallic materials« leta 1990 v St.
Etiennu v Franciji in bil ¢lan znanstvenega odbora ve¢ mednarodnih in jugoslo-
vanskih konferenc.

Sem med ustanovitelji Slovenskega drustva za materiale in clan drustev
SATENA (Slovensko akademijsko tehniSko naravoslovno drustvo), Slovenskega
kemijskega druStva, Slovenske Matice in Zveze zgodovinskih drustev Slovenije. V

Slika 6: Odprtje 44. posvetovanja o metalurgiji in kovinskih materialih in 1. posvetovanje o
materialih, Portoroz, 1993
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decembru 2002 sem bil izbran za c¢lana fundacije »The World Innovation
Foundation, ki ima po vsem svetu okoli 350 ¢lanov, med njimi 40 nobelovcey, in ji
predseduje nobelovec. Leta 1995 sem bil izvoljen za izrednega, leta 1999 pa za
rednega clana InZenirske akademije Slovenije (IAS), ki je delovala v okviru
SATENE. Sem med Stirimi ¢lani (J. Tasi¢, J. Kobe in J. MozZina), ki smo dosegli, da
je Drzavni zbor RS sprejel zakon, ki daje IAS status in naloge javne ustanove, katere
delo financira drzava.

Bil sem recenzent za projekte COST v Bruslju, za RR-projekte za Ministrstvo za
znanost in tehnologijo Slovenije in Hrvatske ter za diplomske in podiplomske u¢ne
programe univerz v Zagrebu, Ljubljani in Mariboru.

Bil sem predlagatelj in podpisnik za 5 predlogov z 9 kandidati za nagrade Sklada
Borisa Kidri¢a za znanstvene doseZke oz. inovacije in za nagrado Ziga Zoisa za
znanstveno delo.
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RAZISKOVALNO, RAZVOJNO IN IZVEDENSKO DELO

Po vrnitvi iz Francije sem se znasel pred dilemo, kako najti pravo podrocje za
raziskovalno delo. Tedaj v slovenskih podjetjih Se ni bilo dovolj utrjeno prepri¢anje,
da pravega napredka v proizvodih in tehnologiji ni brez boljSega temeljnega znanja
o mehanizmu in kinetiki procesov, ki so osnova proizvodnih tehnologij in lastnosti
proizvodov. Na odloditev o teziScu raziskovanja je gotovo vplival nasvet vodje
laboratorija za mehanske preiskave, strojnega inZenirja B. Wolfa, da se bom najbolje
in najhitreje uveljavil, ¢e bom znal dobro odgovoriti na stvarna vprasanja o kovin-
skih gradivih, na tista, ki jih bom postavil sam, $e bolj pa na tista, ki jih bodo posta-
vili ljudje iz industrije. Spodbuden je bil tudi vpliv starejSega kolega M. Gabrovska,
ki je vodil raziskovalni oddelek v Zelezarni Jesenice. Zato sem le nekaj Gasa nada-
ljeval raziskovanje na podrocju reakcij med povrsino jekel in oksidativno atmosfero
in se postopoma vkljucil v raziskovanje reakcij in procesov, ki so bili osnova
tehnologij izdelave, predelave in uporabe kovin in zlitin v Sloveniji in v Jugoslaviji.

Po letu 1970 je bila metodologija raziskovalnega dela dovolj razvita za razli¢ne
analize, preiskave in preizkuse ter za dobre in prave odgovore na konkretna
vprasanja, ki so prihajala iz podjetij proizvajalcev in uporabnikov kovin in zlitin,
laboratorij za metalografijo pa je dosegel nivo kakovosti, ki je bil zelo blizu
laboratorijem v razvitih evropskih drzavah. Veliko zaslug za to ima mlajsi kolega L.
Kosec, ki je pri delu pokazal veliko znanja, bistro glavo in spretne roke.

Po nekaj letih so me razmere postavile pred drugo dilemo, ali naj bodo osnova
temeljnih raziskav najbolj aktualne vsebine raziskovanja po zgledu razvitih okolij,
kar bi olajSalo objavo v specializirani periodiki in utrjevalo znanstveni ugled, ali
vsebine s potencialno uporabno vrednostjo, povezane z znanjem o mehanizmu in
kinetiki procesov in reakcij, ki so bili osnova industrijskih tehnologij v Sloveniji. Ce
bi se odlocil za prvo moZnost, bi hitreje naSel vec€ interesa za sodelovanje v tujini in
manj doma, druga izbira pa bi odprla pot za sodelovanje z raziskovalci, ki so v
industrijskih podjetjih v Sloveniji in v Jugoslaviji razvijali proizvode in tehnologijo
ter iskali poti za boljSo uporabo materialov, energije in proizvodnih naprav. Prva pot
bi tudi olajsala dostop do mednarodne periodike, ki je nastajala vzporedno z novimi
raziskovalnimi vsebinami. Druga pot je sicer tudi omogocala objave del v tujini,
vendar so bile vecje zahteve po kakovosti in izvirnosti del, ker so imele primerne
revije dolgo tradicijo — vecina jih je zacela izhajati konec 19. ali v zacetku 20.
stoletja.

Vecino Casa sem namenil raziskovanju jekel, ki so temeljna gradiva moderne
civilizacije in so zlitina Zeleza in od 0,01 % do 2 % ogljika ter v razli¢nih kombi-
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Slika 7: Pri novem vrsti¢nem elektronskem mikroskopu, 1978

nacijah tudi z drugimi elementi, npr. z aluminijem, s silicijem, kromom, titanom, z
manganom, nikljem, molibdenon, niobijem, vanadijem in drugimi elementi. Zaradi
sestave surovin in procesa izdelave najdemo v jeklih tudi neZelene elemente, npr.
zveplo, fosfor, kositer, dusik in kisik. Vsi elementi, namerno dodani, in necistoce
vplivajo na lastnosti jekel. Jekla so gradiva s Siroko paleto razli¢nih inZenirskih
lastnosti, ki presega lastnosti vseh drugih gradiv, kar tudi pojasnjuje dejstvo, da sta
proizvodnja in uporaba jekel nekajkrat vecja kot skupna proizvodnja in poraba vseh
drugih kovin in zlitin.

Jeklo je edina tehni¢na kaljiva zlitina, osnova kaljivosti pa je premena, ki spre-
meni obliko kristalne mrezZe, vrine atome ogljika v polozaje med atomi Zeleza, kar
ustvari notranje elasti¢ne napetosti in poveca trdoto in trdnost. V odvisnosti od ke-
mijske sestave in hitrosti ohlajanja so lahko jekla magnetna in nemagnetna; mehka,
zato se lahko preoblikujejo pri visoki in sobni temperaturi v valjane in kovane
proizvode, pri sobni temperaturi pa v tanko plo¢evino in Zico. Nekatera so zelo trda
in se uporabljajo za orodja za preoblikovanje, so ali niso odporna proti koroziji, so
uporabna pri zelo nizki temperaturi tekocega duSika in pri visoki temperaturi
obratovanja termoelektrarn itd.

Siroka paleta sestav, lastnosti in uporabe ter njim prilagojeni postopki izdelave
odpirajo Siroko polje za raziskovanje, npr., kakSna je mikroskopska zgradba jekel,
kako vpliva na razlicne lastnosti, ali in kako je mogoce izboljSati lastnosti s spre-
membami v postopkih izdelave, preoblikovanja in toplotne obdelave, ali se dajo
doseci boljSe lastnosti pri cenejsi sestavi in proizvodnji itd. Napredek tehnologije in
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lastnosti je stalen: Cas in poraba energije za taljenje sta se v zadnjih 50 letih zmanj-
Sala na vec kot polovico, izkoristek proizvodov od okoli 65 % na 90 %, inZenirska
trdnost jekel za varjene konstrukcije pa se je na primer pri komaj spremenjeni
sestavi povecala za skoraj 100 %. Vse to je rezultat stalnega napredka v teoreticnem
znanju o proizvodnih procesih in o povezavi lastnosti zlitine z njeno zgradbo,
kemicno sestavo in procesno tehnologijo.

V obdobju moje aktivnosti so slovenski proizvajalci jekla dobro spremljali
razvoj v bolj razvitih drzavah in izboljSevali tehnologije in proizvode ter razvijali
nove proizvode, ki jih je potrebovala rast industrije. Zahteve uporabnikov jekel so
silile jeklarska podjetja, da povecujejo kakovost in uporabnost svojih proizvodov,
premalo pozornosti pa se je zaradi specificnosti druzbeno-ekonomskega sistema
namenjalo prozvodnim stro§kom in investicijam v nove proizvodne naprave. Zato
sta se razvoj in raziskovanje morala prilagajati moznostim obstojecih naprav in
zahtevam uporabnikov proizvodov. Nekatera podjetja so tudi podpirala predloge
raziskovalcev, ki so imeli ve¢ji temeljni pomen, ¢e so odgovorni ocenili, da pred-
lagatelji projektov dovolj pazljivo spremljajo rast znanja in njegovo uporabo v raz-
vitih okoljih, kar bi lahko bila osnova tudi za izboljSave v njihovem podjetju. To in v
manjSem obsegu javna podpora je omogocalo rast vedenja o temeljnih zakonitostih
ravnoteZij in kinetik procesov v trdnih in v staljenih zlitinah. Tudi sam sem teZi$¢e
raziskovanja prilagajal iskanju odgovorov, ki bi bili lahko koristni v slovenskem
industrijskem okolju in bi bili dovolj izvirni, da bi omogocali objavo del v kako-
vostni mednarodni periodiki.

Vv v

V zacetku so bile na osnovi doktorskega dela v Franciji tezis¢e mojega razisko-
vanja reakcije in procesi med povrSino konstrukcijskih jekel ter ogrevalno atmo-
sfero v peceh za ogrevanje, valjanje in kovanje, ki lahko poslabSajo kakovosti
povrsine valjancev. Nato je postalo bolj pomembno razumevanje procesov in reakcij
v kristalni mreZi jekel med strjevanjem taline in med ogrevanjem in ohlajanjem
polproizvodov ter njihov vpliv na mikrostrukturo in lastnosti razli¢nih jekel. Sledilo
je obdobje raziskovanja s ciljem bolje spoznati procese spro$¢anja deformacijske
energije pri valjanju in kovanju pri visoki temperaturi in njihov vpliv na mikro-
strukturo in lastnosti proizvodov. Nato se je tezZiS¢e dela preneslo na variva mikrole-
girana konstrukcijska jekla in na mehkomagnetna jekla. Prva so jekla z okoli 0,15 %
ogljika, pri katerih se inZenirska trdnost poveca z legiranjem s stotinskim deleZem
niobija in vanadija, druga pa so jekla z masnim delezem ogljika manj kot 0,01 % in
legirana s silicijem in aluminijem za mehkomagnetne dele elektromotorjev in
transformatorjev. Ko se je zelo dvignila cena kobalta, se je zacelo iskanje zlitin, ki bi
lahko nadomestile zelo uporabljene nepreoblikovalne zlitine AINiCo, ki se proiz-
vajajo samo z litjem, nekaj let pa so bile vkljucene v raziskovanje tudi trdomagnetne
preoblikovalne zlitine. Zadnje vecje podrocje dela so bila jekla z do 0,2 % ogljika,
okoli 10 % kroma in z majhno koli¢ino vanadija in niobija za dele termoelektran, ki
obratujejo pri temperarurah nad 550 °C. Za uporabo teh jekel je nujno razumevanje
vplivov na njihovo odpornost proti zelo po¢asni deformaciji (do 1 % podaljska v 20
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letih), ki je osnova za oceno ¢asa varne uporabe naprav. Vsa leta je bilo tudi mnogo
¢asa namenjenega razvijanju metodike raziskovanja, predvsem ¢im boljSe uporabe
novih naprayv, s katerimi je bilo mogoce odkriti, kaj se dogaja v mikrostrukturi zlitin
pri velikostih tudi pod tiso¢inko milimetra.

Mnoge raziskave ne bi bile mogoce, ¢e pri njih ne bi sodelovali raziskovalci
razli¢nih strok in tehni¢ni sodelavci, ki so obvladali pripravo vzorcev za opazovanje
na modernih raziskovanih in analitskih napravah. Zato je prav, da navedem po
abecednem redu imena raziskovalcev, ki so pustili trajen pecat pri mojem delu: B.
Arzensek, B. Breskvar, R. Celin, V. Leskovsek, M. Gabrovsek, D. Gnidovec, F.
Haller, D. Kmeti¢, L. Kosec, M. Jenko, A. Osojnik, A. Rodi¢, D. A. Skobir, B.
§u§tar§ié, M. Torkar, B. Ule, J. ViZintin, J. Vojvodi¢ - Tuma in J. Zvokelj. Labo-
ratoriji ne bi bili tako uspesni brez M. Budna, M. Jakupovic, P. Letnarja, B. Rali¢a in
N. Breskvar, racunalniske abecede pa me je naucil M. Pecar. Kopijo marsikaterega
dela, ki sem ga potreboval pri pripravi mnogih objavljenih del, mi je priskrbela J.
Jamar. V raziskovalne projekte za razlicna podjetja je bilo vklju¢eno vec kot 150
sodelavcev iz podjetij, z inStitutov in univerz, ki so tudi soavtorji porocil o delu in
¢lankov, objavljenih v slovenskih, jugoslovanskih in mednarodnih strokovnih in
znanstvenih revijah ali predstavljena na konferencah, posvetih in kongresih. Prav je,
da povem, da je bil sprejet marsikateri predlog za raziskave za podjetja zaradi trdne
podpore M. Gabrovska.

Koristno je bilo tudi sodelovanje s kolegi iz nekaterih drugih drzav, npr. z vodjem
oddelka na IRSID-u, kjer sem se zacel uciti moderne raziskovalne metalografije, in
nosilcem projekta, katerega del je bila tudi moja raziskava, ter lektorja mojih prvih
rokopisov v francoskem jeziku A. Kohna, ki je soavtor pri vseh mojih delih, ki so
nastala med delom v Franciji. Za inStitut, kjer sem bil zaposlen, je bilo zelo
pomembno sodelovanje s H. J. Grabkejem, vodjem oddelka za fizikalno kemijo na
institutu MPI v Diisseldorfu in profesorjem na univerzi v Dortmundu. Bil sem pisec
utemeljitve za podelitev Castnega doktorata Univerze v Ljubljani. Zelo pomemben
sodelavec v zadnjih dveh desetletjih je bil I. Mamuzié, profesor na Univerzi v
Zagrebu, ki me je pritegnil v mentorstvo kandidatov za doktorate in v ¢lanstvo
komisij za oceno in zagovor disertacij na Univerzi v Zagrebu. Sva tudi soavtorja pri
mnogih delih, ki so bila objavljena v Sloveniji in v drugih drzavah.

V letih od 1985 do 1990 sem koordiniral skupne projekte Posebnih raziskovalnih
skupnosti in bil predstavnik teh skupnosti v predsedstvu Raziskovalne skupnosti
Slovenije. Tu sem zagovarjal uravnotezenost temeljnega, aplikativnega in razvoj-
nega raziskovanja. To uravnoteZenost zagovarjam S$e danes, ker je prvi pogoj, da se
javno podprto raziskovanje in razvoj vkljucita v procese rasti konkurenc¢nosti drzave
in blaginje ljudi, kot je zapisano v deklaraciji Unesca o raziskovalcih. O svojih
pogledih na industrijsko politiko in naloge ter cilje raziskovalnega dela sem od leta
1987 napisal vec¢ deset sestavkov za dnevno in drugo periodiko. Poudarjal sem, kar
zagovarjam tudi danes, da je raziskovanje eden od temeljev moderne gospodarske,
kulturne in socialne rasti vsake razvite drzave, torej tudi Slovenije, da se zanj
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namenja premalo javnih in zasebnih sredstev in se po drugi strani premalo nadzira
smotrnost porabe ter sredstev.

Dve triletni obdobji sem sodeloval pri projektu ECSC, Bruselj, »Casting and
solidification«, v katerega so bili vkljuceni raziskovalci tehnologije izdelave jekla iz
ve€ drzav EU. V letih 1995 in 1996 sem bil ¢lan skupine za pripravo projekta Brite
Euram »High Efficiency Motor Bogie for Trains«, ki ga je financiral DG XII
Evropske komisije. Partnerji pri projektu so bile univerze, instituti in industrijska
podjetja iz ve¢ drzav EU, realizirale pa so ga akademske ustanove iz teh drzav in iz
Slovenije.

Znanstvena dela so bila tiskana v periodiki v drZavah: Anglija, Avstrija, Francija,
Hrvaska, Italija, Nemcija, Japonska, Nizozemska, SlovaSka, Rusija, Slovenija in
Jugoslavija. Na konferencah in posvetovanjih sem dela predstavil v Angliji, Avstriji,
Bolgariji, Franciji, Italiji, Nemciji, Nizozemski, Belgiji, Ceskoslovaski, MadZarski,
Bolgariji, na Portugalskem in Finskem, Ceskem in Slovaskem, v Rusiji, Hrvatski in
Srbiji. O delu na inStitutu sem predaval na National Bureau of Standards,
Washington, na MPIE, Nemcija, na IRSID-u, Francija, na Centro sperimentale
materiali, Rim, na InStitutu za materiale Slovaske akademije znanosti, KoSice, na
Tehnolosko-metalurski fakulteti Univerze v Beogradu in na Institutu »JoZef Stefan«

e Y

Slika 8: Na izhodu iz bobna parnega kotla v TE-TOL Ljubljana po pregledu notranje povrsine
(drugi z leve: dipl. ing. B. Wolf, vodja laboratorija, kjer sem zacel delo, desno vodja strojnega
vzdrzevanja v TE-TOL Ljubljana)
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v Ljubljani. Predaval sem tudi na Stevilnih zaprtih in odprtih seminarjih v podjetjih
in predstavljal rezultate raziskav projektnim skupinam.

Poleg Raziskovalne skupnosti Slovenije in Ministrstva za znanost in tehnologijo
so raziskovalno delo financirala podjetja: Zelezarna Jesenice, Tovarna verig Lesce,
Iskra Magneti, Metalna Maribor, TAM Maribor, Zelezarna étore, Unior ZrecCe,
Talum Kidri¢evo, Zelezarna Ravne, TES Sostanj, TE-TOL Ljubljana, Cinkarna
Celje, Energoinvest Sarajevo, Elektroprivreda Srbije, UdruZenje Jugoslovanskih
Zeljezara Beograd, Plamen Kropa, Zelezarna Skopje, Termoelektrarna Tuzla, Ter-
moelektrarna Sostanj, Nuklearna elektrarna Kriko, Kolektor Idrija, Kovinarska
Krsko in Gorenje orodja iz Velenja. Za ta podjetja sem pripravil in izvrsil ve¢ deset
raziskovalnih nalog in projektov. V letih od 1962 do 1996 sem kot prvi avtor ali
soavtor pripravil ve¢ kot 150 porocil o raziskovalnih nalogah in projektih.

Ekspertne storitve sem opravil za ve¢ deset industrijskih podjetij iz Slovenije in
Jugoslavije. Pripravil sem ekspertize, na podlagi katerih so dobavitelji opreme in
proizvodov iz Avstrije, Nemcije, Francije, Madzarske in Poljske naSim podjetjem
nadomestili na svoje stroSke poskodovano opremo in proizvode. Bil sem pobudnik
sodelovanja pri raziskovalnem delu z inStitucijami v tujini, na primer: IRSID, Fran-
cija; MPIE, Nemcija; Universita degli Studi, Firence; Institut fiir Betriebsfestigkeit
Darmstadt, Nemcija; TehniSka univerza KoSice, Slovaska, in ve¢ inStitutov in fakul-
tet v Ljubljani ter v Mariboru.
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SLOVENSKE ZELEZARNE

Proizvodnji jekla v Sloveniji namenjam nekoliko ve¢ prostora zato, ker sem pri
delu veliko sodeloval z vsemi tremi podjetji — proizvajalci, in zato, ker sem se
vkljucil v reSevanje krize zaupanja v nekatere industrijske veje v Sloveniji kmalu po
letu 1982, ki je pri proizvajalcih jekla dosegla kriti¢no to¢ko ob osamosvojitvi.

V samoupravne organe SOZD-a SZ (Sestavljena organizacija zdruZenega dela
Slovenske Zelezarne, treh podjetij proizvajalcev jekla in Stirih podjetij uporabnikov
jeklenih proizvodov ter Metalurskega inStituta) sem bil izvoljen kmalu po usta-
novitvi zdruzenega podjetja. Po prvem mandatu nisem ve¢ kandidiral, nekaj zato,
ker je bilo sodelovanje na sejah predvsem posluSanje razpredanja vodilnih ¢lanov
uprav podjetij, nekaj pa zato, ker sem bil opozorjen, da na sejah postavljam vpra-
Sanja, ki jih vodstvo ne ocenjuje kot dobra. Znova sem se v obravnavo razvojnih
vprasanj Zelezarskih podjetij vkljucil leta 1987, ko sem bil povabljen na posvet
vodilnih delalvcev iz podjetij v TopolSici, ki je bil namenjen razpravi o perspektivah
proizvodnje jekla v Sloveniji. V razpravi sem opozoril, da je izkoristek proizvodnje
velika, mogoce najvecja pomanjkljivost tehnologije, ker je precej manjsi kot pri
konkurenci v zahodnih drzavah. Kasneje sem, edini iz akademske sfere, javno zago-
varjal investicijo v novo 90-tonsko elektrooblo¢no jeklarsko pe¢ v Zelezarni Jese-
nice, ki je nadomestila ekoloSko sporne, tehnoloSko zaostale in energijsko potratne
Siemens-Martinove peci. Sooc¢al sem se z nasprotniki projekta, ki so imeli lazji
dostop do medijev in so investicijo odklanjali na podlagi argumentov, ki so
dokazovali, da nimajo prav mnogo znanja, zagotovo pa premalo za objektivno in
razumno presojo in javno obravnavo take investicije.

Leta 1991 sem za tedanjega ministra za gospodarstvo pripravil kratek opis
sanacije jeklarn v nekaterih zahodnoevropskih drZavah in kasneje na redni Jesenski
posvet v Portorozu privabil predstavnike poslanskih klubov. Vecina je sprejela
argumente, na podlagi katerih so bile nato Zelezarne najprej podrzavljene in nato
prvic sanirane. To je pomagalo, da je vecina v tedanji Skupscini sprejela oba vladna
predloga. Leta 1991 sem bil imenovan za ¢lana UO SOZD-a Slovenske Zelezarne, v
katerem nekaj ¢lanov ni vedelo prav mnogo o poslovanju in tehnologiji jeklarskih
podjetij. Kot vodja skupine za pripravo ocene predloga za odkup podjetja, ki ga je
dalo neko podjetje z Bermudov, sem pripravil porocilo, ki je prodajo odsvetovalo,
ker je bila ponujena vsota 100 milijonov USD premajhna za vso lastnino znotraj in
zunaj tovarniske ograje, Se posebej zato, ker je bila od cene odsteta tudi vrednost za
tehnologijo, trg in razvoj proizvodov, kar so podjetja Ze imela. V veliko podporo
zavrnitvi predloga nakupa je bila informacija, ki jo je priskrbel A. Aplenc, tedaj

PET DESETLETIJ DELA | 23



direktor SOZD-a SZ, da je kupec dejansko le postni predal, ne pa resno podjetje. Ko
je LDS prevzela vlado, sem bil zamenjan kot ¢lan UO podjetja, mogoce tudi zato,
ker sem javno izjavil, da je neka skupina — ¢lan je bil tudi novi drzavni sekretar pri
ministrstvu za gospodarstvo — pripravila neresen program za sanacijo enega od
podjetij in ni¢ manj neresen program razvoja tehnologije v Sloveniji.

Leta 1997 sem pri tedanjemu podpredsedniku vlade M. Podobniku zagovarjal
predlog, da vlada podpre drugo sanacijo SZ, ker prva ni bila uspe$na zato, ker
sanacijski denar iz drZavnega proracuna ni bil vloZen tja, kjer je izguba nastajala
(tudi zato, ker je bilo financiranje investicij in tekocega poslovanja zelo drago), torej
v podjetja, temveC v banke, ki so se s sredstvi sanacije Zelezarn izognile lastni
sanaciji in zamenjavi vodstev. Predlogu so se pridruZili le M. Tasi¢ iz Zelezarne
Ravne in ¢lani CIS. Predlog je podpredsednik sprejel in dosegel, da ga je sprejela
vlada, Drzavni zbor pa je sprejel ustrezne zakone. Na predlog A. Aplenca sem bil
imenovan za predsednika Nadzornega sveta (NS) in ga vodil med pripravo sana-
cijskega programa. NS je sprejel moj predlog, da se zamenja predsednik uprave in
da se pristojnim organom prijavi odtujitev ve¢ kot 1 milijarde SIT lastnine podjetja
Veriga Lesce. Napovedal sem preiskavo, kam je poniknilo precej lastnine enega od
jeklarskih podjetij. To je poleg drugih zadev, npr. zmanjsanje place ¢lanom uprave
in zmanjS$anje sejnine ¢lanom NS, zelo verjetno privedlo do zahteve, da odstopim
kot predsednik NS, sicer bom odpoklican z argumentom, da ni sprejemljivo, da sta v
vodstvu SZ dva &lana stranke SLS. To ni bilo res, ker ne jaz in ne novi predsednik
uprave M. Tasi¢ nisva bila ¢lana te stranke. Mogoce se je povecal pritisk za zame-
njavo tudi zaradi odpoklica prejSnjega predsednika uprave, soSolca predsednika
vlade in LDS. Ostal sem ¢lan NS, vendar nisem ve¢ pripravljal dnevnega reda za
seje NS in gradiva zanje, zato bi lahko vplival na delo NS le, ¢e bi bil pred sejo
sprejet moj predlog za dopolnitev dnevnega reda, kar se ni zgodilo nikoli. Razprave
o tem, kam in kako je poniknila lastnina podjetij, so prenchale. Po naslednjih
volitvah — znova je zmagala LDS — nisem bil ve¢ imenovan v NS, verjetno celo na
zahtevo enega ali dveh ¢lanov uprave, ki so ju mogoce motila moja vpraSanja na
sejah NS, nekoliko kasneje pa je bil iz uprave izlocen tudi M. Tasic, ki je bil od
prvega dne vkljucen v projekt druge sanacije, s ¢imer se je lahko zacelo dogajati
marsikaj, kar prej ni bilo mogoce. Ko je nato leta 2003 na volitvah zmagala
dotedanja opozicija, sem bil znova imenovan za ¢lana NS. Za svoje predloge in
ocene nisem nasel podpore, razen ko sem predlagal, da NS ne odobri dveh velikih
neprimerno pripravljenih investicijskih projektov. Bil sem izkljucen iz postopka
prodaje Slovenskih Zelezarn in Se danes ne vem, kdo in kako je izracunal prenizko
prodajno ceno podjetja.

Vsako leto so v zdruzenem podjetju SZ podelili medaljo posamezniku, ki je bil
posebej zasluzen za napredek in prepoznavnost podjetij, povezanih v SOZD-u. Bil
sem nagrajenec za leto 1987. To je dokaz, da so v podjetjih znali ceniti koristnost
raziskovalnega dela zunanjih sodelavcev.
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Nekaj primerov, ko sem posredno ali neposredno vplival na pomembne
investicijske odlocitve v Slovenskih Zelezarnah.

V podjetju so poizkusi z uvozenimi mazivi pokazali, da se ne da doseci stabilne
kakovosti povrSine pobakrene varilne Zice zato, ker se zaradi obrabljenih zobnikov
vlecni stroj trese, povrsina Zice pa je valovita. Zato sem predlagal, da se nabavi nova
vlecna linija, ki obratuje Se sedaj.

Na zboru zaposlenih sem predstavil argumente, zakaj za nacrtovani program
proizvodnje in prenove vroce valjarne investicija v kovaski stroj ni primerna, ampak
je mnogo bolj upravicena investicija v valjarniS$ko ogrodje, ki je bila nato realizirana
in ogrodje je danes eden od temeljnih proizvodnih agregatov v podjetju Store Steel.

Skupsc¢ini podjetja sem predlagal, da ne sprejme predloga investicije v novo
zarilno linijo za tanke mehkomagnetne trakove, ker dobavitelj ne garantira, da bodo
dosezene zahtevane proizvodne karakteristike, ne da bi se povecala dolzina hale,
kjer bo linija postavljena. Predlog je bil sprejet, pripravljen je bil nov predlog, ki je
bil sprejet in danes linija redno obratuje kot eden od temeljnih proizvodnih agre-
gatov v podjetju Acroni, d. d.

Nadzornemu svetu (NS) sem predlagal, da ne odobri investicije v novo kon-
tinuirno livno linijo za jeklene slabe, ker Sirina litega slaba zahteva tudi poSevno
vroce valjanje, da bi se dosegla nacrtovana dvometrska Sirina debelih ploS¢. Priprav-
ljen je bil nov predlog investicije in za malo pove€ano ceno je bila zgrajena naprava,
ki omogoca litje slabov z vecjo §irino, nacrtovana Sirina ploS¢ pa se v podjetju
Acroni, d. d., dosega z linijskim valjanjem, ki je bolj gospodarno in fleksibilno.

Kot ¢lan NS SOZD SZ sem podprl predlog, da se nova ve&ja kovaska presa za
teZke jeklene bloke ne nabavi iz uvoza, ampak jo izdela podjetje, ki je nastalo iz dela
biv§e Zelezarne Ravne. Danes je stiskalnica eden od temeljnih proizvodnih
agregatov v podjetju Metal Ravne, d. d.

PET DESETLETIJ DELA | 25



\ =
o
(R

predsednik koordinacijske predsednik delnvsi'(e.gs-x
odbora ZSS v SOZD SZ sveta SOZD 82 |

Al i
bl

Slika 9: Listina o podelitvi medalje SOZD-a Slovenske zelezarne leta 1987
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DRZAVNI SVET RS IN CIVILNA INICIATIVA ZA
SLOVENIJO

Za kandidaturo za izvolitev v Drzavni svet RS sem se odlocil leta 1992, da bi
dobil priloznost, da javnosti pri zadevah, ki sem jih poznal dovolj dobro, povem, kaj
se da narediti boljSe in da je v zadevah tehnologije in industrijskega razvoja treba
poslusati predvsem inZenirje, ne pa posameznike, katerih avtoriteta temelji na
lahkem dostopu do javnih medijev in ker niso imeli pravih strokovnih referenc
predvsem na politi¢ni podpori.

Vsi, ki smo imeli dovolj znanja o tem, kaj je potrebno, da drzava deluje in
blaginja ljudi raste, Ce je politika vsaj kolikor toliko uspesna pri ukrepih za rast
blaginje in varnosti ljudi kot za formalno utrditev predstavniske demokracije in za
mednarodno uveljavljanje drzave kot suverene pravne tvorbe, smo s skrbjo
opazovali, kako vrhovi vecine strank dopuscajo, da hitro peSajo vecji industrijski
sistemi in da raste Stevilo nezaposlenih industrijskih delavcey, tistih, ki so delali pri
proizvodnih napravah, in tistih, ki so nacrtovali proizvode, proizvodne procese in
naprave. Kako naj ne bi bilo prizadetosti, ¢e so posamezni ¢lani Demosove vlade
zagovarjali ustavitev nekaterih vecjih industrijskih podjetij, ker se bo tako zmanjSala
poraba energije in bo mogoce zapreti rudnike, termoenergetske objekte in celo
nuklearno elektrarno? Vlade, ki so Demosovi sledile, so dopuscale podobno doga-
janje tudi zato, ker so vplivni posamezniki videli v brezbriZznem odnosu do umiranja
podjetij tihi pristanek, da se ¢im prej in tudi poceni prelasti vse, kar je imelo pecat
druzbene lastnine. Kako pa naj si drugace razlagamo nastajanje in poslovanje »by
pass« podjetij, ki so tudi brez redno zaposlenih in brez proizvodov, so pa imela
lastnike in velike dobicke. Se danes nihée ni razlozil dejstva, zakaj so nekaj let
politiki leve in desne strani zanemarjali dejstvo, da vecina v Sloveniji Zivi od
mesecne place, ne od demokracije ali od vkljucenosti drZzave v mednarodne
intitucije. Se manj pa je razumljivo, da to tako malo zanima veino ocenjevalcev
dogajanja v drzavi, ki polnijo stolpce medijev. Mnogi, ¢e ne vecina tistih, ki smo na
referendumu glasovali, so osamosvojitev in demokracijo razumeli kot sistem
organizacije druzbe in poselitve ozemlja, ki bo zagotovil ljudem vecje svobodnost,
blaginjo in varnost, ne pa, da bomo dobili samo politi¢ni sistem, ki nam bo na
periodi¢nih volitvah dal mozZnost, da izbiramo med kandidati razli¢nih strank s
programom, ki bo pozabljen kmalu po volitvah.

Nekateri razumniki iz razlicnih univerzitetnih strok z razli¢no ideolo$ko

orientacijo smo se povezali v Civilno iniciativo za Slovenijo (CIS) in opozarjali na
Skodljivost dogajanja na podrocju industrijske politike. Med najbolj delavnimi ¢lani
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so bili A. Aplenc, V. Blazi¢, M. Burger, J. Golob, S. Horvat, P. Lampi¢, J. Prunk,
E. Ravnikar in A. Zeleznikar. Mediji so nam zelo redko odpirali svoj prostor in
objavljali tudi ocene nasega dela s sramotnimi poimenovanji, ki jih je A. Aplenc
zbral v knjigi Prodaja Slovenije. Tedaj sem vcasih dobil v dnevnikih priloZnost, da
opozorim na stvari, ki se dogajajo in so za ljudi Skodljive ter so znak slabega in
neodgovornega upravljanja drZzave in ni¢ boljSega nacrtovanja razvoja. Moja in
opozorila drugih niso bila uspeSna, uspesna so bila le moja prizadevanja za pre-
precitev potopitve jeklarskih podjetij.

Ko je po volitvah leta 1996 SLS stopila v vlado, so ¢lani CIS predlagali ali so se
vkljucili v delo te stranke, namenjeno preprecenju nepregledne realizacije nekaterih
projektov, ki bi oSkodovali ali zmanjSali druzbeno lastnino. Omenjam le tiste, pri
katerih sem neposredno sodeloval: drugi program sanacije podjetja Slovenske
Zelezarne, o kateri sem Ze pisal, prodaja podjetja Litostroj in koncesija za gradnjo
hidroelektrarn na Spodnji Savi. Ponudbo za nakup podjetja Litostroj je dalo podjetje
iz Svice. Za vso lastnino, naérte in tehnologijo so ponudili zelo nizko ceno in
postavili pogoj, da Litostroj ohrani nacrtovanje izdelave turbin z mocjo 50 MW. Ta
prodaja je bila preprecena, kako leto kasneje pa je eden od veljakov LDS, sedaj
Zares izjavil, da je bila ponudba za nakup primerna za banana republiko. Neka
komisija, katere Clani so Se danes uradna tajnost, je koncesijo za elektrarne na
Spodnji Savi dala nekemu privatnemu podjetju, ki od ustanovitve ni imelo nobenega
denarnega prometa. Odlocitev komisije ni upoStevala pogojev, ki jih je moral
koncesionar izpolnjevati po koncesijski uredbi vlade. Tedanji podpredsednik vlade
M. Podobnik je dosegel, da je koncesionar odstopil in elektrarne na Spodnji Savi so
zgrajene in se Se gradijo kot javna last.

Ko je bila sprejeta nova ustava in v njej opredeljena izvolitev in vloga Drzavnega
sveta (DS) ter nacin izvolitve ¢lanov sveta, sem se odlocil, da bom kandidiral kot
predstavnik znanstvenih in inZenirskih drustev. Pripravil sem program in ga poslal
na $tevilna dru$tva. Program je naletel na ugoden sprejem, izvoljen sem bil z ve¢ino
75 % in premagal kandidate, ki so imeli moc¢nejSo politi¢no in statusno podporo. Z
veliko vecino sem bil izvoljen tudi za naslednji mandat, kar sem razumel kot
podporo stali§¢em, ki sem jih zagovarjal, in predlogom v DS.

Kot sem se zavezal v volilnem programu, sem v DS podpiral vse predloge, za
katere sem ocenil, da je njihova realizacija koristna za ljudi in drZavo, ne glede,
katera politi¢na skupina jih je predlagala, in zavracal z argumenti predloge obeh
strani, katerih namen ni bil dovolj jasen in ni bil v prid ljudstvu. Med posebne
uspehe dejavnosti v DS si $tejem, da je vodstvo sprejelo moj predlog, da DS na
predlog organizacij civilne druZbe prevzame organizacijo posvetov, na katerih bi se
predstavila razlicna staliSca in podatki o pomembnih druzbenih in gospodarskih
problemih in kjer bi lahko posamezniki soocali svoje argumente z nasprotniki in
predstavniki vladnih struktur, drzavnih podjetij in druzbenih organizacij. Velika
opora tej dejavnosti so bile v zacetku razprave in sklepi CIS, kasneje pa tudi pobude
Slovenskega razvojnega sveta, ki je nastal na pobudo J. Goloba, kjer smo se po
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zatonu CIS povezovali razumniki razlicnih strok in politicnega prepricanja.
Organizirano je bilo nekaj posvetov, npr. o sanaciji zelezarskih podjetij, o gradnji
avtocest, o poloZaju in sanaciji celulozne in papirne industrije, o gradnji hidro-
elektrarn na reki Savi, o ciljih Raziskovalnega programa za obdobje 1995-2000 in o
drugih temah. Za mnoge posvete sem pripravil uvodne nagovore oz. sestavke, ki so
bili podlaga za javno razpravo in sklepe. Kasneje so se v prirejanje posvetov
vkljucile Se druge organizacije civilne druzbe, zato so posveti Se sedaj pomemben
del programa dela DS.

Med gradivi, ki sem jih pripravil za razpravo in sklepe v DS, so bila izhodis¢a za
razli¢ne drzavne programe, npr. za Strategijo gospodarskega razvoja 1995-2000 in
Nacionalni raziskovalni program za isto obdobje, ocena sanacije Slovenskih Zele-
zarn za obdobje 1993-1997, ocena programa gradnje avtocest za isto obdobje. DS je
moje predloge obravnaval in sprejel ustrezne sklepe, ni pa jih hotel obravnavati DZ,
Ceprav se je pri obravnavi realizacije programa avtocest za leta 1993-1997 zgodilo
marsikaj, npr. prekoracenje stroSkov gradnje cestninskih postaj za 30-krat in stotine
milijonov DM porabe denarja pod oznacbo »ostali stroSki«. Na ti dve in druga
vprasanja Se danes ni bilo javnega odgovora od pristojnih. Na RTV in v ¢asnikih ni
bilo prostora za poroCanje o delu DS, tudi ne o posvetih, Ceprav je bilo tam
povedano marsikaj, kar je napovedovalo sedanje probleme ljudi in drzave. Vplivnim
posameznikom in njihovim prijateljem v medijih ocitno niso bile vSe¢ napovedi o
posledicah dogajanja, ki je tedaj njim in njihovim podpornikom prinasalo
materialne koristi. Za tretji mandat nisem ve¢ kandidiral, ker je v DS postopoma
strankarski interes prevladal nad argumenti.

Po letu 1998 je prenehala aktivnost v CIS, ker smo ¢lani ugotovili, da civilna
druzba brez podpore ene od mocnejSih strank nima moZnosti, da bi javnost
obvescala o svojem delu, o ocenah dogajanja, o predlogih za boljse delo politikov, ti
pa niso sprejemali argumentov, ki jih niso ocenili kot podpora lastnemu interesu ali
interesu svoje stranke, ne glede na pomen za blaginjo in varnost ljudi. CIS je
izgubila tudi podporo SLS, Ceprav je za stranko leta 1996 pripravila pomemben del
programa, ki je dobil tedaj vecjo podporo volivcev kot programi SLS pri volitvah v
DZ prej in kasneje. V vrhovih vecine strank je prevladalo prepri¢anje posamez-
nikov, ki so zagovarjali stalice, da je vse dosezeno Ze s tem, da so ljudje dobili svo-
bodno izbiro pri volitvah, Ceprav je bilo o vsebini in uresnievanju programa strank
malo razprave in se nikdar ni ocenilo, kaj od obljubljenega je bilo tudi uresni¢eno.
Napovedovali so tudi, da bo odprt trg postopoma vse uredil. To je verjetna razlaga,
zakaj doslej Se ni bilo pravih ocen realizacije ciljev strategij in programov, ki jih je
Drzavni zbor sprejel na predlog vlade.

PET DESETLETIJ DELA | 29



NAGRADE IN PRIZNANJA

1975: Zveza inZenirjev in tehnikov Jugoslavije in izdajateljski svet revije Tehnika,
plaketa ob 30-letnici izhajanja revije Tehnika

1977: Nagrada Sklada Borisa Kidri¢a (z M. Gabrovskom):
Analiza nekaterih fizikalno-metalurSkih zakonitosti v mikrolegiranih
jeklih

1979: Zveza rudarskih, geoloskih in metalurskih inZenirjev SR Slovenije, Zoisova
plaketa za uspe$no znanstveno in strokovno delo na podro¢ju montanisti¢nih
ved

1984: Kidriceva nagrada za tehniske vede:
Mikrostrukturni procesi in reakcije pred in med vroc¢im preoblikovanjem
jekel

UPRAVNI ODBOR
SKLADA BORISA KIDRICA

JE SKLENIL, DA DOBI
KIDRICEVO NAGRADO
V LETU 1984

DR. FRANC VODOPIVEC

Za DELO
MIKROSTRUKTURNI PROCESI IN REAKCIJE
PRED IN MED VROGIM PREOBLIKOVANJEM JEKEL

v LIuBLIANI SKLAD BORISA KIDRICA
0B OBLETMICI KIDRIGEVE SMATI
11, APRILA 1984

FRECSEGHIK UPRAVNEGA OOBORA

Slika 10: Listina o podelitvi Kidriceve

nagrade za tehniske vede, 1984
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VLADA REPUBLIKE SLOVENIJE

-

Komisija Republike Slovenije
za nagrade in priznanja
je sklenila, da prejme v letu

003

OISOVO
AGRADO

za Zivljenjsko delo
na podrodju metalurgije

PROFESOR DR.
FRANC VODOPIVEC

%— 2 r O
2. An;% akademikinja prof dr. Alenka Selih

predsednik Vlade predsednica komisije

Ljubljana, november 2003

Slika 11: Listina o podelitvi Zoisove nagrade za zivljenjsko delo, 2003
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1985: Zveza inZenirjev in tehnikov Jugoslavije in izdajateljski svet revije Tehnika,
diploma za najboljsi objavljeni ¢lanek »Ukljucci MnS u celiku, ponaSanje u
procesa vruceg valjanja traka i limova i utecaj na osobine konstrukcijskih
Celika«

1987: SOZD Slovenske Zelezarne, medalja za dolgoletno znanstvenoraziskovalno
delo in prispevek k napredku in ugledu Slovenskih Zelezarn doma in v tujini

1989 Zelezarna Store, medalja ob odprtju nove vro&e profilne valjarne II

2001 UredniStvo revije Metalurgija (Metallurgy), priznanje za delo v uredniSkem
odboru

2003 Zoisova nagrada za Zivljenjsko delo na podrocju metalurgije

2007 MD, priznanje za dolgoletno sodelovanje na tradicionalni dveletni medna-
rodni konferenci v Sibeniku o razvoju materialov in tehnologij ter aktivno
Clanstvo v uredniSkem odboru revije Metalurgija (Metallurgy)

Ob 70-letnici sem od inStituta, zaposlenih na inStitutu in vodstev nekaterih
podijetij iz Holdinga SZ, sedaj SIJ, d. d., prejel kot spominsko darilo dela slikarjev F.
Slane, V. Toplaka, R. Tisnikarja in D. Plestenjak ter druga spominska darila. Ta
darila sem razumel kot priznanje za raziskovalno delo za podjetja, za prizadevanje,
da Zelezarn ni odplavilo poosamosvojitveno dogajanje in da se v jeklarskih podjetjih
ni nesprejemljivo razmahnila privatizacija, ki je iznicila s trudom mnogih ustvarjeno
druzbeno lastnino. Pobudniki za ta spominska darila so bili M. Tasi¢, M. Jenko, L.
Vehovar, S. AZman in J. Jamar.
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OBJAVE V PERIODIKI IN PREDSTAVITVE NA POSVETIH,
SIMPOZIJIH IN KONFERENCAH

Avtorstvo in soavtorstvo od 1963 do maja 2011

134 del v slovenski in jugoslovanski znanstveni in strokovni periodiki,

103 dela v periodiki v drugih drZavah,

95 prispevkov na slovenskih in jugoslovanskih znanstvenih in strokovnih
konferencah,

85 prispevkov na mednarodnih znanstvenih in strokovnih konferencah,

44 sestavkov, tiskanih v zbornikih nacionalnih in mednarodnih znanstvenih in
strokovnih konferenc,

23 vabljenih in uvodnih predavanj na nacionalnih in mednarodnih strokovnih ter
znanstvenih konferencah,

vec kot 150 porocil o raziskovalnih projektih in nalogah kot prvi avtor ali soavtor
s sodelavci raznih strok z inStituta in iz podjetij,

veC deset ekspertiz o okvarah na delih industrijskih in energetskih naprav ter
arbitrazah o odgovornosti za nastalo $kodo,

okoli 100 sestavkov na teme raziskovalne, industrijske in tehnoloske politike v
dnevni in mesecni periodiki v Sloveniji,

leta 2002 monografija: KOVINE IN ZLITINE: kristalna zgradba, mikrostruk-
tura, procesi, sestava in lastnosti. V njej je na 444 straneh citirano 636 primarnih
virov do konca leta 2001 in 41 sekundarnih virov; gradivo je obogateno z 279
slikami in grafikoni, kvantitativne odnose pa opisuje 168 enacb. V monografijo
so vkljuceni tudi $tevilni originalni doseZki iz raziskav in razvoja kovin in zlitin
na Slovenskem, zato daje dober pregled koli¢ine in kakovosti raziskovalnega
dela v Sloveniji na podrocju kovin in zlitin v obdobju od leta 1960 do leta 2001.
F. Vodopivec: ILIJA MAMUZIC, inZenjer, ucitelj 1 istraZivac; 400 strani, zal.
Hrvatsko metalursko drustvo, Zagreb, 2005.
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OBJAVLJENA ZNANSTVENA IN STROKOVNA DELA

Slovenske in jugoslovanske revije

1.

10.

11.

12.

13.
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Dela z ekspertno vsebino

Slovenija, Jugoslavija in druge drzave

1.

2.

F. Vodopivec, B. Wolf: O nekaterih poSkodbah na visokotla¢nem parnem kotlu,
Rudarsko-metalurski zbornik, (1968), 249-250

F. Vodopivec: MetalurSka preiskava poskodbah na palicah elektromotorja
velike mo¢i, StrojniSki vestnik, (1975), 63-65

F. Vodopivec, L. Kosec: Trdnostna in metalurska analiza poskodb na mem-
branskih stenah visokotlatnega parnega kotla, Strojniski vestnik, (1976),
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F. Vodopivec: Razprava o zlomu lopatic Kaplanonovega turbinskega gonilnika,
Strojniski vestnik, (1979), 12—15

F. Vodopivec, B. Rali¢, B. Dobovisek: Poskodbe na ceveh visokotlacnega
parnega kotla zaradi kombiniranega vpliva mehanske in termi¢ne obremenitve,
Strojniski vestnik, (1985), 6-11

Konference, kongresi, posveti
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1.

F. Vodopivec: Kinetika i mehanizam obogacenja povrSine kod povrSinske
oksidacije ¢vrstog Zeljeza legiranog sa malom koli¢inom arzena, Oligoelemen-
ti, plinovi i nemetalni ukljucci u ¢eliku, Zenica, junij 1963
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F. Vodopivec, F. Smid, B. Rali¢: Korozijske poskodbe in nekovinski vkljucki na
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F. Vodopivec: O vplivu Al nitrida in njegovega nastajanja na deformacijsko
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F. Vodopivec, B. Rali¢: Mikrostrukturna dogajanja med Zarjenjem jekla z
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kolokvij »Savremene metode ispitivanja metala«, Zenica, april 1975
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17.

18.
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jeklene Zice s peskano in z luZzeno povrsSino, XXII. metalur§sko posvetovanje,
Portoroz, oktober 1976
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F. Vodopivec, M. Gabrovsek: IstraZivanja rastvaranja i precipitacije Nb karbo-
nitrida u malougljicnom Mn-C celiku in njegovog uticaja na transformaciju i
relristalizaciju austenita, uvodno sekcijsko predavanje, I. jugoslovanski sim-
pozij o metalurgiji, Beograd, januar 1978

F. Vodopivec, M. Jakupovi¢: Nekatere znacilnosti kvatitativne metalografije z
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F. Vodopivec: IstraZivanja relativne plasticnosti uklju¢aka manganovog sulfida
kod vruceg valjanje nekih konstrukcionih celika, V. savetovanje valjaoniCara
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F. Vodopivec: Ojnice s perlitno mikrostrukturo za avtomobilski motro, XX VL.
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M. Kmeti¢, F. Vodopivec, K. Hribar: Perlitna transformacija v srednje in
velikooglji¢nih jeklih za hladno vlecenje, XXVI. metalurSko posvetovanje,
Portoroz, oktober 1979

F. Vizjak, F. Vodopivec: Afinacija kristalnih zrn z Nb pri kontinuirnem litju
jekla €.4320, XX VII. metaluriko posvetovanje, PortoroZ, oktober 1977

F. Vodopivec: Ukljucci MnS u Celiku. PonaSanje u procesu vruceg valjanja
traka i limova i uticaj na osobine konstrukcionih limova, Savjetovanje o
nauc¢nim i tehnicko-tehnoloskim istraZivanjima u geologiji, rudarstvu i metalur-
giji, Naum, april 1980

F. Vodopivec: Moderne metode istraZivanja specialnih celika, Ravne, november
1980
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27.

28.

29.

30.

31.

32.

33.

34.

35.

. M. Torkar, F. Vodopivec: Kristalizacija jekla, topnost Zvepla pri strjevanju in
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F. Vodopivec, M. Gabrovsek, F. Vizjak, A. Rodi¢, J. Rodi¢: Uticaj temperature
valjanja na mikrostrukturu nekih konstrukcionih celika, VI. savetovanje valajo-
nicara Jugoslavije, Smederevo, oktober 1981

M. Kmeti¢, F. Vodopivec: Uticaj temperature valjanja i izotermne z transforma-
cije na formiranje perlita, VI. savetovanje valjaoniCara Jugoslavije, Smerede-
revo, oktober 1981

F. Vodopivec: Elektronska mikroanaliza u metalur§kim istraZivanjima u Jugo-
slaviji, pregledno predavanje, Medjunarodni seminar o spektroskopiji,
Beograd, december 1981

D. Kmetic¢, F. Vodopivec, B. Rali¢: Porazdelitev legirnih elementov v prehodni
coni zvarov, YUSEM, Kranjska Gora, maj 1983

F. Vodopivec: Elektronska mikroanaliza, metodoloske znalilnosti in primeri
uporabe, Seminar Sodobne smeri v atomski spektroskopiji, Ljubljana, marec
1982

M. Torkar, F. Vodopivec: Vpliv mangana na topnost Zvepla kristalizaciji jekla z
0.15 Cin 0.4 Si, VI. kongres livaca Jugoslavije, Budva, maj 1982

F. Vodopivec, D. Gnidovec, J. Zvokelj, M. Torkar, B. ArzenSek: O mikro-
strukturi in vro¢i deformabilnosti AIMnC-zlitin za permanetne magnete, XIX.
jugoslovanski simpozij o elektronskih sestavnih delih in materialih, Ljubljana,
1983, Zbornik 130-138

F. Vodopivec, D. Gnidovec, J. Zvokelj, M. Torkar: Mikrostruktura in preobli-
kovalnost zlitin FeCrCo za permanetne magnete, XIX. jugoslovanski simpozij
o elektronskih sestavnih delih in materialih, Ljubljana, april 1983

F. Vodopivec, B. Rali¢, M. Torkar, M. Jakupovi¢: Primer kvantititativne elek-
tronske mikroanalize v podroc¢ju med 20 in 100 ppm — Topnost Zvepla v
avstenitu pri strjevanju, 4. jugoslovanski simpozij za elektronsko mikroskopijo,
Kranska Gora, maj 1983

F. Vodopivec, L. Kosec, A. Rodi¢, J. Rodi¢: Uticaj termicke obrade na Zilavost i
prelom celika sa 0.4 C, 5 Cr, 1.3 Mo i 0,4 V za vruce alate, Justom 83 — III.
jugoslovanski simpozij o termickoj obradi i metalnim materialima, Novi Sad,
1983, Zbornik, 197-206

T. Lavri¢, F. Vodopivec: Ispitivanje uklju¢aka aluminija i kalcija u specialnim
Celicima, III. jugoslovenski simpozij o metalurgiji, Beograd, januar 1984,
Zbornik, 609-612

F. Vodopivec, M. Kmeti¢, A, Rodi¢: Procesi med vro¢im valjanjem konstruk-
cijskih jekel, Posvet o metalurgiji in kovinskih gradivih, Portoroz, september
1984,
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36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

F. Vodopivec: Promene u mikrostrukturi konstrukcionih ¢elika u zavisnosti od
temperature valjanja, III. jugoslovanski kongres o metalurgiji, Beograd, januar
1984, uvodno sekcijsko predavanje, Zbornik 163-172

E. Vodopivec, J. Zvokelj, M. Jakupovi¢: Osobine i prelom kontrolirano isko-
vanih ojnica za avtomobilski motor, III. jugoslovanski kongres o metalurgiji,
Beograd, januar 1984, Zbornik 721-724

F. Vodopivec, M. Kmeti¢, A. Rodi¢: O rekristalizaciji austenita kod vruceg
valjanja Celika u viSe prolaza, Medjunarodni simpozij o plasti¢nosti i otporu
deformaciji metala, Igalo, april 1984, Zbornik 177-185

F. Vodopivec, M. Gabrovsek, D. Kmeti¢, J. Zvokelj: Evolucija mikrostrukture
med valjanjem mehkih jekel, 35. posvet o metalurgiji in kovinskih gradivih,
Portoroz, oktober 1985, Zbornik, 15-16

F. Vodopivec, D. Gnidovec, M. Ali¢, M. Grasi¢: Raziskave zlitin FeCrCo za
trajne magnete, 35. posvet o metalurgiji in kovinskih gradivih, PortoroZ, okto-
ber 1985, Zbornik, 77-79

F. Vodopivec: Znanstvena in tehnoloska politika za 90. leta, SAZU Ljubljana,
december 1986, Zbornik, 678—-686

M. Torkar, F. Kauci¢, F. Vodopivec, F. Haler: Uticaj bakra, kalaja in nikla na
pocetnu plasticnost i mehanicke osobine opruznog celika, VI. medunarodni
simpozijum o plasti¢nosti i otporu deformaciji metala, Hercegnovi, april 1986,
Zbornik 386-395

E. Vodopivec, D. Gnidovec, M. Grai¢, J. Zvokelj: O vru¢oj deformabilnosti
AlIMnC-legura za permanentne magnete: Medjunarodni simpozij o plasti¢nosti
i otporu deformaciji metala, Hercegnovi, april 1986, Zbornik 130-138

F. Vodopivec: O nastanku in morfologiji 0 ferita in vro¢ih razpok v zvarih
nerjavnega jekla vrste 18/8, Strokovno posvetovanje Dodajni materiali Zele-
zarne Jesenice, Bled, april 1987, Zbornik, 70-75, vabljeno predavanje

F. Vodopivec: Elektronska mikroanaliza u podruc¢ju malih koncentracija, 5. ju-
goslovenski simpozij iz elektronske mikroanalize, Plitvice, maj 1986, Zbornik
23-29, vabljeno uvodno sekcijsko predavanje

F. Vodopivec: Mikromorfologija preloma i mikrostruktura celika, Meduna-
rodna $kola mehanike loma Perspektive razvoja i primene mehanike loma,
Dubrovnik, 1986, Zbornik 9.1-9.12, vabljeno predavanje

F. Vodopivec, M. Torkar, N. Smaji¢: Utical aluminija na strukturu skruc¢ivanja u
celiku sa 0,14 C, 0,6 Mn, 0,25 Si, 0,0095 N i 0,004 do 0,076 Al, IV.
jugoslavanski simpozij o metalurgiji, Beograd, januar 1988, Zbornik 444-449
F. Vodopivec, M. Torkar, M. Kmeti¢, M. Debelak, F. Haller, F. Kauci¢: Vpliv
aluminija na strjevalno strukturo, zacetno duktilnost in na povrsinske napake na
izvaljanem jeklu, 38. posvet o metalurgiji in kovinskih gradivih, Portoroz,
oktober1987, Zbornik 115-128
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53.
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55.

56.

57.

58.

59.

60.

61.

. F. Vodopivec: Projektovanje metalnih materiala, Konferencija Strategija
nauc¢no tehnoloskog razvoja u geologiji, rudarstvu i metalurgiji Jugoslavije,
Opatija, oktober 1988, Zbornik 177-190, vabljeno predavanje

F. Vodopivec, M. Torkar, F. Marinsek, F. GreSovnik, M. Pracek: Vpliv antimona
na vatne izgube v dinamo plocevini z 1.6 Si in 0.3 Al, 39. posvet o metalurgiji
in kovinskih gradivih, Portoroz, oktober 1988, Zbornik 151-161

J. Zvokelj, D. Kmeti¢, F. Vodopivec: Uticaj temperature na osobine Gelika
X20CrMoV121 za kotlovske cevi, IV. jugoslavsnki simpozij o metalurgiji,
Beograd, januar 1988, Zbornik 468-471

M. Torkar, F. Vodopivec, J. Zvokelj: Rekristalizacija legure Nimonic 80 A po
hladnoj deformaciji, VI. medunarodni simpozijum o plasticnosti i otporu
deformaciji metala, Hercegnovi, april 1989, Zbornik 160170

D. Kmetic, B. Ule, F. Vodopivec, B. Arzensek: Uticaj vruce prerade na karbide,
IV. medunarodni simpozijum o plasti¢nosti i otporu deformaciji metala, Her-
cegnovi, april 1989, Zbornik 280-291

F. Vodopivec: Savremeni metali, Tehnologija i razvoj, Beograd, junij 1989,
Zbornik 547-555, Zal. Nauc¢na knjiga Beograd, vabljeno predavanje

D. Kmeti¢, F. Vodopivec: Evolucija mikrostrukture Celika za kontrolirano ko-
vanje, IV. medunarodni simpozijium o plasti¢nosti i otporu deformaciji metala,
Hercegnovi, april 1989, Zbornik 160-170

M. Torkar, F. Vodopivec: Vpliv oligoelementov na zacetno plasti¢nost jekla
C.4320, VII. savetovanje valjaonicara, Mavrovo, maj 1985, Zbornik, 62-69

D. Gnidovec, F. Vodopivec, S. Panti¢: Razvoj magnetne zlitine vrste Remil 3 za
hermeti¢ne releje, MIDEM — XXV. jugoslovanski simpozij o elektronskih
sestavnih delih in materialih — SD 89, Ljubljana, april 1989, Zbornik 266272
F. Vodopivec, D. Gnidovec, B. ArzenSek, B. Breskvar: Vpliv plasti¢ne defor-
macije na anizotropijo v zlitini Zeleza s 30 % Crin 10.5 % Co, MIDEM — XXV.
jugoslovanski simpozij o elektronskih sestavnih delih in materialih — SD 89,
Ljubljana, april 1989, Zbornik 273-280

E. Vodopivec, D. Gnidovec, B. Breskvar, F. GreSovnik: Mikrostruktura, duktil-
nost in magnetne lastnosti Zelezove zlitine z 12 % Co in 10 % W za hermeti¢ne
releje, XI. jugoslovanski vakuumski kongres, Gozd Martuljek, april 1990,
Zbornik Bilten Juvak 24, 434-440

D. Oblak, F. Vodopivec: Kontrola velikosti avstenitnih zrn v cementacijskih
jeklih legiranih z nikljem, 41. posvet o metalurgiji in kovinskih gradivih,
Portoroz, oktober 1990, Zbornik 59-66

E. Vodopivec, M. Kmeti¢, A. Rodi¢, J. Zvokelj: Mikrostruktura po vrotem
valjanju in hladna duktilnost Zelezove zlitine z 29 % Cr in 11 % Co, IX.
posvetovanje valjarjev SZCM Jugoslavije, Celje, maj 1990, Zbornik 53-60
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67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

. M. Torkar, F. Vodopivec, B. Glogovac, D. FinZgar: Skajanje jekla med ogre-
vanjem v valjarniskih pedeh, IX. posvetovanje valjarjev SZCM Jugoslavije,
Celje, maj 1990, Zbornik: 505-516

G. Manojlovié, F. Vodopivec: Osvajanje jekla za perlitno kovanje v utopih, 41.
posvet o metalurgiji in kovinskih gradivih, Portoroz, oktober 1990, Zbornik
181-192

F. Vodopivec, V. PreSern: Restrukturiranje jeklarske proizvodnje v Sloveniji,
42. posvetovanje metalurgov, Ljubljana, april 1991, plenarno predavanje,
objavljeno v reviji Gospodarski vestnik, 5. sept. 1991

F. Vodopivec: Raztopnost (FeMn)S v jeklu s 3 % Si v razponu temperature
1100 do 1300 °C. VII. simpozij Spektroskopija v teoriji in v praksi, Bled, april
1991

F. Vodopivec: Klasi¢ne tehnologije, urbanizem, raziskovanje, 12. Sedlarjevo
sre¢anje, Postojna, maj 1992, Zbornik 54-56

J. Zvokelj, D. Kmeti¢, F. Vodopivec, L. Vehovar: Raziskava degradacije mehan-
skih lastnosti materialov v termoenergetskih napravah, 43. posvet o metalurgiji
in kovinskih gradivih, Portoroz, oktober 1992

S. Sirk, F. Vodopivec: Duktilnost zlitine Ravnal 2 z nazivno sestavo 22 % Cer,
5 % Al in 0,1 % C, 43. posvet o metalurgiji in kovinskih gradivih, PortoroZ,
oktober 1992

F. Vodopivec, D. Gnidovec, B. Breskvar, M. Torkar: Raziskave zlitine vrste
Remil 1 s poviSanim kobaltom, 43. posvet o metalurgiji in kovinskih gradivih,
Portoroz, oktober 1992

F. Vodopivec: Topologija rasti rekristaliziranih zrn v jeklu z 1,8 % Si, 0,3 % Al
in 0,02 % C v razponu temperature od 700 do 800 °C, 43. posvet o metalurgiji
in kovinskih gradivih, PortoroZ, oktober 1992

M. Jenko, F. Vodopivec, A. Osojnik, F. GreSovnik, B. Pradek: Vpliv tankih
plasti aktivnih elementov na teksturo rekristaliziranih silicijevih elektroploce-
vin, 43. posvet o metalurgiji in kovinskih gradivih, Portoroz, oktober 1992

J. Vizintin, F. Vodopivec: Obraba jekla 100 Cr 6 pri majhnih oscilacijskih
gibanjih, 43. posvet o metalurgiji in kovinskih gradivih, Portoroz, oktober 1992
F. Vodopivec: Prihodnost jekla kot gradiva. 1. posvetovanje o materialih, Porto-
roz, oktober 1993, vabljeno predavanje

B. ﬁuétaﬁié, F. Vodopivec, L. Kosec: Lastnosti PM hitroreznih jekel, izdelanih
s postopkom vroce ekstruzije, 1. posvetovanje o materialih, PortoroZ, oktober
1993

J. Vizintin, M. AnZelj, F. Vodopivec: Vpliv reZze in amplitude na poskodbe
tockovnega dotika, 1. posvetovanje o materialih, Portoroz, oktober 1993

M. Godec, M. Jenko, M. Lovrecic, F. Vodopivec, L. Kosec: Osnove dolo¢evanja
teksture v polikristalnih materialih s poudarkom na metodi jedkalnih figur, 1.
posvetovanje o materialih, PortoroZ, oktober 1993
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84.
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86.

87.

88.

89.

90.

91.

. E. Bricelj, V. Marinkovié, F. Vodopivec: Nastajanje izlockov v mikrolegiranih
jeklih, 1. posvetovanje o materialih, Portoroz, oktober 1993

D. Steiner, M. Jenko, F. Vodopivec, L. Kosec, M.Godec: Rast rekristaliziranih
zrn v razoglji¢enem jeklu z 1,8 % Siin 0,3 % Al, 1. posvetovanje o materialih,
Portoroz, 3. Slovenska konferenca o materialih in tehnologijah, Portoroz,
oktober 1995, plenarno predavanje

M. Jenko, F. Vodopivec, B. Pracek, M. Godec. L. Kosec: AES karakterizacija
povrsinske segregacije Sb v zlitini Fe-Si, 1. posvetovanje o materialih,
Portoroz, oktober 1993.

D. Kmeti¢, F. Vodopivec, B. Arzensek, J. Zvokelj: Poskodbe parovodnih cevi
zaradi lezenja, 2. posvetovanje o materialih, PortoroZ, oktober 1994

J. Vojvodi¢ — Gvardjancic, F. Vodopivec: Dolocanje preostale Zivljenjske dobe
parovodov, 2. posvetovanje o materialih, PortoroZ, oktober 1994

F. Vodopivec, B. Breskvar, Z. Lengar, A. Rodi¢: Razvoj ulivanja palic Limag
500, 2. posvetovanje o materialih, Portoroz, oktober 1994

M. Jenko, F. Vodopivec, M. Godec, D. Steiner — Petrovic¢: Povrsinsko aktivirana
rekristalizacije neorientirane elektroplodevine, 2. posvetovanje o materialih,
Portoroz, oktober 1994

F. Vodopivec: Perspektive proizvodnje kovinskih materialov, 46. posvetovanje
metalurgov, Ljubljana, marec 1995, vabljeno predavanje

F. Vodopivec: Raziskovalna politika, 3. slovenska konferenca o materialih in
tehnologijah, PortoroZz, oktober 1995, plenarno predavanje

F. Vodopivec, J. Vizintin: Temperatura in temperarurni gradient med fretting
preizkusom 1 % C- 1.5 % Cr jekla, 3. slovenska konferenca o materialih in
tehnologijah, Portoroz, oktober 1995, vabljeno predavanje

D. Kmeti¢, F. Vodopivec, B. Arzensek, J. Lenart: Degradacija pregrevalnika
pare zaradi Zvepla v dimnih plinih, 3. slovenska konferenca o materialih in
tehnologijah, Portoroz, oktober 1995

F. Vodopivec: Pionirsko obdobje elektronske mikroanalize v Sloveniji, 5. kon-
ferenca o materialih in tehnologijah, Portoroz, oktober 1997

F. Vodopivec: Bilanca sanacije Slovenskih Zelezarn v obdobju 1993-1997, 6.
konferenca o materialih in tehnologijah, Portoroz, oktober 1998, vabljeno
predavanje

F. Vodopivec, J. Vojvodic¢ - Tuma: Raziskave meje plasti¢nosti in deformacij-
skega staranja konstrukcijskih jekel, 6. konferenca o materialihn in tehnolo-
gijah, PortoroZ, oktober 1998, vabljeno predavanje

D. A. Skobir, F. Vodopivec: Kinetika rasti karbidnih zrn pri temperaturah 650 in
800 °C v jeklu z 0,19 % C, 12 % Cr in dodatki molibdena in vanadija, 6. kon-
ferenca o materialih in tehnologijah, Portoroz, oktober1998
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93.

94.

95.

. F. Vodopivec: Pomen in vloga kovinskih materialov v slovenski industriji,
plenarno zasedanja ob 80-letnici Studija rudarstva in metalurgije na Univerzi v
Ljubljani, marec 1999, vabljeno predavanje

F. Vodopivec: Production and RD of wear resisting metallic materials in
Slovenija, Slotrib 2000, Ljubljana, julij 2000

F. Vodopivec: Kako do vecje vloge raziskovanja v rasti drzave, Strategija raz-
voja znanstvene in raziskovalne dejavnosti v Sloveniji, SAZU, Ljubljana,
marec 2000, Zbornik 67-72

F. Vodopivec, J. Vizintin: O vlogi in pomenu drZavne univerze v Sloveniji:
Razvoj visokega Solstva v Sloveniji, SAZU, Ljubljana, november 2001, Zbor-
nik 245-250

Mednarodne konference

1.

E. Vodopivec, L. Kosec, R. Tixier: Interaction du cuivre, de I’arsenic, de 1’anti-
moine et de I’étain au cours de I’oxydation sélective des aciers doux, 2°™
Colloque sur les oligoéléments, Portoroz, junij1967

F. Vodopivec, J. Arh, T. Lavri¢, B. Rali¢: Relation entre la teneur in soufre dans
différents aciers et I’anisotrophie des propriétés mécaniques des feuillards
laminés a chaud, Journées d’automne da la Société Francaise de Metallurgie,
Pariz, oktober 1977

F. Vodopivec: Some applications of electron microprobe analysis in the
Institute of Metallurgy Ljubljana, The first International Synposim on applied
Methods of local Analysis, Beograd, februar 1978, vabljeno predavanje

F. Vodopivec: Sur la résolution et la reproductivité d’anylyses quantitatives
métallographiques au moyen d’un microanalyseur d’images branché au
microscope électronique de balayage, International symposium »Quantitative
metallograpy«, Firence, november 1978

M. Kmeti¢, F. Vodopivec, M. Gabrovsek: Metallographische bestimmung der
Kinetics der Ferritbildung im Stahl mit 0.18 % C,1.45 % Mn and 0.04 % Nb, X
Hiittemannische Materialspriifer Tagung, Balatonliga, maj 1979

Vodopivec: Izucenije virabotki KK provoloki, »Issledovanije i razrabotka
visokoproizvoditeljnih metodov nanesenja pokritij na list, provoloku i lentu,
Moskva, februar 1979

F. Vodopivec, M. Torkar: On the solidification structure and hot brittleness of as
cast 0.16 C steel with aluminium, nitrogen, manganese and sulphur additions,
IIT International Conference on Residuals in Iron and Steel, Ljubljana, maj
1980

M. Torkar, F. Vodopivec: Influence of copper and tin addition on the hot
deformability of as cast 0.16 C 1.2 Mn steel; III International Conference on
residuals in Iron and Steel; Ljubljana, september 1980
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

F. Vodopivec, S. Jurca, J. Zvokelj, F. Filipov, K. Kuzman: Influence of austenite
grain size on mechanical properties and fracture of a forged steeel with 0.48 %
C and 1.2 % Mn; Hot working and forming processes, Sheffield, september
1980, Proceedings, 222-227, The metals Society, London

F. Vodopivec, M. Torkar: Mechanism of the beneficial influence of manganese
on the hot brittleness caused by sulphur; 20" Journées des aciers spéciaux,
Mons, maj 1981

F. Vodopivec, A. Rodi¢, J. Rodi¢: On the influence of rolling temperature on
AIN precipitation and austenite grain size in 0.16 C —1.2 Mn-1 Cr steels with
different AI/N ratio; Advances in the physical metallurgy and application of
steels; University of Liverpool, september 1981

M. Torkar, F. Vodopivec: REM Untersuchungen der MnS Ausscheindung in
Stahl; Forschritte in der Metallographie, 6. Internationala metallographie
Tagung, Leoben, oktober 1982

D. Kmeti¢, F. Vodopivec: The formation of pearlite in hot worked steel;
Forschritte in der Metallographie, 6. International Metallographie Tagung,
Leoben, oktober 1982

J. Rodi¢, A. Rodi¢, F. Vodopivec: Contribution to the fracture mechanism and
morphology in CrMoV tool steels; 4th European C.F. Conference, Leoben,
oktober 1982

L. Kosec, F. Kosel, F. Vodopivec: Nucleation and growth of thermal fatigue
cracks in a chemically unhomogeneus tool steel; 4th European C. F. Confer-
ence, Leoben, oktober 1982

F. Vodopivec, J. Zvokelj, A. Rodi¢, J. Rodi¢: Einfluss der Walztemperatur auf
die Mikrogefiige und FEigenshaften des Chrom-Mangans Einsatzstahles;
Valzuvanie na Cerni in cvetni metalli, Sofia, september 1983

M. Torkar, F. Vodopivec: Einfluss des Kupfers, des Zinnes und Nickels aus die
Warmsprodigkeit von Stahl mit Erstarrungsstruktur; Valzuvanie na cerni in
cvetni metalli, Sofia, september 1983

F. Vodopivec: Some applications of EPMA in metallurgy; »Microbeam, meth-
ods and applications«, University of Belgrade, maj 1983, Zbornik 279-298,
vabljeno predavanje

F. Vodopivec: Some applications of electron probe microanalysis in the Insti-
tute of metallurgy, Ljubljana; University of Belgrade, maj 1983, Zbornik
307-320, vabljeno predavanje

F. Vodopivec, D. Kmetic¢, F. Vizjak,G. Manojlovic¢, F. Haller: Influence of roll-
ing temperature on microstructure and properties of a 0.14 C, 1 Mn, 0.85 Cr
case hardening steel: 2nd International Conference on Steel Rolling:
Diisseldorf, september 1984,

A. Gogala, F. Vodopivec: The role of crater formation in OAS of steel; 7th
Czehoslovak Spektroscopic Conference and VIII CANAS, Ceske Budjejevice,
maj 1984
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23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. B. Ule, F. Vodopivec, A. Rodi¢: Temper embrittlement of tool steel; XII
Hiitteménnische Materialpriifersstagung, Balatonlioga, april 1984

F. Vodopivec, A. Zvokelj: Properties and fracture of automotive connecting
rods. A comparison of standard and controlled forged light dies forgings; »Life
Assessment of Dynamically Loaded Materials and Structures« Proceedings of
the 5th European Conference on Fracture, Lizbona, september 1984

F. Zvokelj, F. Vodopivec: Influence of austenite on low cycle fatigue of a 9 % Ni
steel; 2nd International Conference« Fatigue and Fatigue thresholds, Bir-
mingham, september 1984

D. Kmeti¢, F. Vodopivec, F. MarinSek: On the microstructure of hot rolled 2 %
Si steel; XII Hiittem#nnische Materialpriifungstagung, Balatonlioga, april 1984
F. Vodopivec, M. Torkar: Intergranular precipitation of MnS at the cooling of
steel; 4th Intennational Conference »Residuals and trace Elements in Iron and
Steel«, PortoroZ, oktober 1985

D. Kmeti¢, M. Jakupovi¢, F. Vodopivec: Fracture process in pearlite steel:
Hungarian—Austrian Joint Conference on Electron Microscopy, Balatonliga,
april 1985

M. Torkar, F. Vodopivec, A. Rodi¢: Electron microprobe alalysis of Cr, Mo and
V segregations in X40CrMoV51 steel; Hungarian-Austrian joint conference on
electron microscopy, Balatonliga, april 1985

F. Vodopivec: AIMnC permanent magnets without ferromagnetic metals;
Colloquium on Secondary Metallurgy, Outokumpu, Finska, avgust 1984

B. Ule, F. Vodopivec, L. Kosec: The effect of microstructure on the suscep-
tibility to delayed fracture of high strength steels: 9th Congress of Materials
testing, Budapest, oktober 1986, Proceedings, 358368

F. Vodopivec, B. Rali¢, J. Zvokelj: Fracture of overheater tubes involving creep
and sulfidisation of steel; The 6th European Conference on Fracture, Amster-
dam, junij 1986

F. Vodopivec, M. Torkar, M. Kmeti¢, M. Debelak, F. Haller, F. Kauci¢: Vlijanie
koli¢estva aljuminija na strukturu zatverdevanija, na pervonacalniju plasti¢nost
i poverhnostije defeckti na katanoj stali; Novie tehnologiskije processi v cernoj
metalurgiji; Dobra (CSR), maj1988, Zbornik CSVTS, 74-79

J. Zvokelj, E. Vodopivec, D. Kmeti¢: Examens métallurgiques sur tubes en acier
X20CrMoV 121 endomnagés en long service; 27°™ Journées des aciers
spéciaux-matériaux utilisés pour la production de 1’énergie, Saint Etienne, maj
1988, Proceedings, 19.1-19.9

M. Torkar, F. Vodopivec, B. Glogovac: Stereological analysis of the micro-
structure of Nimonic alloys: XIII Hiittemédnnische Materialpriifersgstagung,
Balatonliga, april 1988
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35

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

. B. Ule, F. Vodopivec: Determination of hydrogen induced cracking of high
stregth steel with Hahn—Rosenfield correlation; : XIII Hiittemédnnische Mate-
rialpriifersgstagung, Balatonlioga, april 1988

B. Ule, F. Vodopivec, L. Kosec: The influence of microstructure on the hydro-
gen induced cracking susceptibility of high stregth steel; 7th Europen Confe-
rence on Fracture, Budapest, april 1988, Proceedings 918-926

F. Vodopivec, D. Gnidovec, B, Breskvar, F. GreSovnik: Microstructure,
ductility and magnetic properties of an iron allloy with 12 % Co and 10 % W
for reed relays; European vacuum conference EVC 2, Trst, september 1990
M. Torkar, F. Vodopivec, N. Smaji¢: Sur I’influence de la teneurs en alluminium
sur la deformabilité a chaud d’ un acier avec 0.14 % C et 0.009 % N avec
structure de solidification: Colloque International Influence of oligoéléments
sur les caractéristiques de mise en oevre et d’emploi des aciers et des matériaux
métalliques; Saint Etienne, april 1990, Proceedings 13.1-13.7

F. Vodopivec, F. Marinsek, F. GreSovnik, D. Gnidovec, M. Jenko: Sur I’effect
de I’antimoine sur les pertes d’énégie dans la tdle magnétique non orientée en
acier avec 1.8 % Si et 0.3 % Al; Colloque International« Influence of oligo-
éléments sur les caractéristiques de mise en oevre et d’emploi des aciers et des
matériaux métalliques; Saint Etienne, april 1990, Proceedings 15.1-15.11

F. Vodopivec: Sur I’effect des oligoéléments sur les propriétés des aciers; 9™
Journées des acires spéciaux, Colloque international« Influence of oligo-
éléments sur les caractéristiques de mise en oevre et d’emploi des aciers et des
matériaux métalliques; Saint Etienne, april 1990, uvodno predavanje

B. Ule, F. Vodopivec, L. Vehovar: The application of slow rate tension tests for
the quantitative evaluation of hydrogen induced cracking susceptibility of high
strength steels; EGF 8 »Fracture Behaviour and Desingn of Materials and
Structures«, Torino, oktober 1990, Proceedings, 461-468

M. Torkar, F. Vodopivec: Mechanism of MnS precipitation; 8. Metallographie
Tagung, Montanuniversitit Leoben, oktober 1990

B. Ule, F. Vodopivec, L. Vehovar: Quantitative evaluation of hydrogen
embrittlement with slow rate tension test; New Materials and Technologies,
Praha, marec 1991, Izvlecek 12-13

B. Ule, F. Vodopivec, L. Vehovar: Utilisation du critére de deformation critique
de rupture pour I’évaluation de la fragilisation d’aciers a résistence élevée due a
I’hydrogene; 30°™ Journées des aciers spéciaux, Lyon, november 1991

M. Torkar, B. Sustarsi¢, F. Vodopivec: Water atomisation of a Ni superalloy;
New Materials and Technologies, Praga, marec 1991, Proceedings 132-136
M. Jenko, F. Vodopivec, B. Pracek: Surface segregation of antimony on
Fe-Si-Sb-C alloys; New Materials and Technologies, Praga, marec 1991,
Abstracts 103
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48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

. B. Ule, F. Vodopivec, L. Vehovar: Advantages of slow rate tension tests for the
evaluation of hydrogen embrittlemenst of high strength steels; 14. Conference
on Materials Testing in Metallurgy, Balatonliga, maj 1991, Abstracts 91

J. Zvokelj, E. Vodopivec, D. Kmeti¢: Investigations of steels tubes failed in long
service; 14. Conference on Materials Testing in Metallurgy, Balatonliga, maj
1991, Abstracts 108

B. Sustar§i¢, M. Torkar, F. Vodopivec: Hestellung von wasser verdiisten
Cobals—Basis—Metalpulver: Hauptversammlng der DG Metallkunde, Gradec,
maj 1991, Abstracts, 197

M. Torkar, B. Sustarsi¢, F. Vodopivec: Die Eigenshaften wasserverduster Piil-
ver aus einer Superlegierung; Hauptversammlng der DG Metallkunde, Gradec,
maj 1991, Abstracts 198

F. Vodopivec, M. Jenko, B. Pracek: Texture and surface composition of non
oriented electrical sheets; 3rd. European Vacuum Conference, Dunaj, septem-
ber 1991

M. Jenko, F. Vodopivec, B. Pracek: Segregation on Fe-Si-Sb-C alloy; 3rd Euro-
pean Vacuum Conference, Dunaj, september 1991

J. Vizintin, F. Vodopivec: Mechanism of failure resistancef TiN coatings; MPT
91 »JSME International Conference on Motion and Power Transmission,
Hiroshima, november 1991, Proceedings 1066—-1071

F. Vodopivec, B. Ule, J. Zvokelj, L. Vehovar, V. Vrbi¢: Corrosion and mor-
phology of in service cracks on low pressure turbine blades; 4th International
Conference on Structural Failure, Producst Liability and Technical Insurance,
Dunaj, julij 1992

B. Ule, F. Vodopivec, J. Zvokelj: The application of variable rate tension tests
for the quantitative evaluation of hydrogen induced cracking susceptibility of
high strength steels; 4th International Conference on Structural Failure, Product
Liability and Technical Insurance, Dunaj, julij 1992

V. Preseren, F. Vodopivec, G. Manojlovi¢, H. Plostajner: Technological possibi-
lities of producing high quality clean steel for controlled forging; Internation
conference »Clean steel 4«, Balatonszeplak, junij 1992, Proceedings 159-165

B. Ule, E. Vodopivec, L. Vehovar, J. Zvokelj: Threshold stress intensity factor at
variable strain rate tension of high strength hydrogen charged steel; The
processing, properties and application of metallic and ceramic materials,
Birmingham, oktober 1992, Proceedings 805-810

F. Vodopivec, B. Ule, J. Zvokelj, L. Vehovar, V. Vrbic¢: Investigation of turbine
blades cracked or fractured in sertvice, ESIS Technical Committee I, Elasto-
plastic Fracture Mechanics, Pariz, maj 1993

M. Jenko, F. Vodopivec, B. Pracek, M. Godec, D. Steiner: AES studies of anti-
mony surface segregation on non oriented silicon steel; Soft Magnetic
Materials Conference, Benetke, september 1993
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61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

. M. Jenko, F. Vodopivec, M. Pracek, M. Godec, D. Steiner: Segregation of anti-
mony in steel for non oriented electrical sheets; Euromat 94, Balatoncseplak,
junij 1994, Proceedings 575-578

D. Kmeti&, F. Vodopivec, J. Zvokelj, B. Arzen3ek, J. BajZelj: Investigations of
damage on high pressure steam boiler tubes; Euromat 94, Balatoncseplak, junij
1994, Proceedings 587-591

M. Jenko, F. Vodopivec, H. J. Grabke, H. Viefthaus, M. Godec, D. Steiner —
Petrovic: Influence of antimony on the texture and the properties of 2 % Si-0.3
% Al steel for non oriented sheets; 2nd International Conference on ultrahigh
purity base metals, Saint Etienne, junij 1995

D. Steiner - Petrovi¢, F. Vodopivec, M. Jenko: Recovery and grain growth in a
2.5 Si-0.3 % Al-0.3 % C steel for non oriented sheets; 2nd International
Conference on ultrahigh purity base metals, Saint Etienne, junij 1995

M. Jenko, F. Vodopivec, M. Godec, D. Steiner — Petrovi¢, H. J. Grabke, H.
Viethaus, M. Milun, T. Valla: The segregation behaviour of FeSi,Sby s alloy;
13th International Vacuum Congress and 9th International Conference on Solid
Surfaces, Yokohama, september 1998, Abstracts 198

M. Jenko, F. Vodopivec, H. J. Grabke, B. Pracek: AES characterisation of
solute elements Sb,C, Si, P, Al and Si in a Fe-1.8 % Si alloy: EVC 4 Upsala,
junij 1994

Kmeti¢, J. Gnamus, V Leskovsek, F. Vodopivec: Technology for the manufac-
turing of cutting tools by plating and high temperature brazing; Symposium of
Croatian Metallurgist, Zagreb, februar 1994

D. Kmeti¢, B. Arzensek, F. Vodopivec: Evaluation of microstructure modifi-
cations by the replika method; IX Symposium on Metallography, Stara Lesna
(Slovaska), april 1995, Proceedings 433-436

D. Steiner - Petrovi¢, M. Jenko, F. Vodopivec: The influence of grain growth in
non oriented electrical sheets; IX Symposium on Metallography, Stara Lesna
(Slovaska), april 1995, Proceedings, 493—496

F. Vodopivec: Experience in the preparation and implementation of RD projects
for metal industries in Slovenia; Forum Bled, december 1996, Proceedings
113-118

F. Vodopivec: Steel, the material for the 21th century; SHM 96 Symposium of
Croatian Metallurgists, Split, junij 1996

F. Vodopivec, J. ViZintin: Evolution of micriostructure of a 1 % C 1.5 % Cr steel
by frettingh test; Slotrib 96, Gozd Martuljek (Slovenija), november 1996,
Proceeddings 67-75

B. Pukl, F. Vodopivec, V. Grubisi¢, M. Fajdiga: The influence of normal load
and slip aplitude on fretting behaviour of a AlSi7Mg-T6 alloy; 14th Sympo-
sium Danubia-Adria on experimental methods in mechanics, Pore¢ (Hrvaska),
oktober 1997
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74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

. S. Reskovic, F. Vodopivec, I. Mamuzi¢, V. Novosel — Radovic: Ispitivanje sub-
strukturnih promena celika metodom rentgenske difrakcije; Matets 97, Rovinj
(Hrvaska), september 1997, Proceddings 289-294

J. Pezdirnik, B. Podgornik, J. ViZintin, M. Kalin, F. Vodopivec: Three body
contact temperatute in fretting conditions, 22th Leeds-Lyon Symposium ion
tribology, Lyon, september 1995

B. Hertl, F. Vodopivec, L. Kosec: Production of rapidly solidified Al-Si powder
by water atomisation and it structure, SHM 96, Split, junij 1996, Abstracts
Metalurgija, 1996, 119

F. Vodopivec, B. Breskvar, B. Korousic, Steels and aluminium alloys, engineer-
ing and ecological evaluation; SHM 98 »State and development of metal plastic
processing«, Sibenik, junij 1998, plenarno predavanje

J. Vojvodic¢ - Tuma, F. Vodopivec: Shaft fracture in the main isolation valve of a
steeam pipeline; SMI 99, 3rd International Exibition and Conference on plant
maintenance, Bologna, februar 1999

S. Reskovic, F. Vodopivec, V. Novosel — Radovic¢, I. Mamuzié: The influence of
hot plastic deformation on crystal lattice distortions of a themomechanically
treated microalloyed steel; Sth International Conference on production
engineering CIM 99, Opatija, junij 1999

S. Reskovié¢, F. Vodopivec, L. Parillak, I. Mamuzié: Niobium influence on
microalloyed steels torsion; CIM 99 5th International Conference on
production engineering, Opatija, junij 1999, Proceedings v059-v067

F. Vodopivec, L. Kosec, B. Breskvar: Properties and Fracture of structural steels
in transition temprature range; SHMD 2000 Materialas and Metallurgy,
Opatija, junij 2000

F. Vodopivec: Investigations on alloys and their properties. A survey. SHMD
2002, §ibenik, Hrvatska, junij 2002

F. Vodopivec, J. Vojvodi¢ - Tuma: The Charpy behaviour of structural steels
with different microstructure; Mechanical properties of advanced engineering
materials; Proceedings, Mie University press, Kitajska, 2001, 187-200

D. Kmetic, J. Vojvodi¢ - Tuma, F. Vodopivec: Investigations of tube fittings on
steam collectors from steel X20CrMoV 121; VGB-ESKOM International
Materials Conference, Pretoria, september 2000

F. Vodopivec: Review of lectures in the section Materials; SHMD 2006,
Sibenik, maj 2006, Procedings Metalurgija, 45 (2006), 191-194

J. Vojvodi¢ - Tuma, R. Celin, D. Kmeti¢, F. Vodopivec: Investigation of the
effect of carbide precipitates density on the Resistance of Welds to Accelerated
Secondary Creep: I. A.Shubli, S. R. Holsworth »Creep & Fracture in High
Temperature Components« DEStech Publications Inc., Lancaster, Pen., ZDA,
2009, 262-271
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86.

F. Vodopivec, B. Sustarsi¢, J. Vojvodié - Tuma, G. Kosec: Charpy notch tough-
ness and hardness of reheated martesite and lower bainite; Fracture and
Fracture Toughness, Beograd, november 2009

Sestavki o raziskovalnih, tehnoloskih in industrijskih vprasanjih, objavljeni v
dnevnikih in mesecnikih (izbor)

1.

2.

10.

11.
12.
13.

14.
15.

16.

17.

18.

19.

F. Vodopivec: Raziskovalna politika s stali§¢a tehnologije, Teorija in praksa, 24
(1987), 661-666

F. Vodopivec: Odmev na sekcijsko razpravo na mladinskem festivalu v Celju,
Zelezar, 17. december 1987. Sestavka nista hotela objaviti Delo in Mladina.

F. Vodopivec: Kvaliteta dela odloca o nasem poloZaju v skupnosti narodov,
Delo — Znanje za razvoj, 15. junij 1988

F. Vodopivec: Ali bo republiski inStitut pospesil prenos znanja, Delo — Znanje
za razvoj, 29. marec 1989

F. Vodopivec: Le reorganizacija ne bo spremenila stanja, Delo — Znanje za
razvoj, 10. maj 1989

F. Vodopivec: Tudi osnovne raziskave naj imajo dolocene cilje, Delo — Znanje
za razvoj, 6. november 1989

F. Vodopivec: Usklajeni razli¢ni raziskovalni interesi, Delo — Znanje za razvoj,
2. februar 1990

F. Vodopivec: Kdaj prelom v raziskavah, Delo — Znanje za razvoj, 11. julij 1990
F. Vodopivec: Je cilj le objava v ugledni reviji ali (tudi) aplikacija, Delo —
Znanje za razvoj, 11. julij 1990

F. Vodopivec: Sporno je predvsem Stevilo ljudi, ki sedijo v pisarnah, Delo —
Znanje za razvoj, 25. julij 1990

E. Vodopivec. Prvi v Jugoslaviji, zadnji v Evropi, Zelezar, 9. september 1990
F. Vodopivec: Pogum in iznajdljivost, Delo — Znanje za razvoj, 9. januar 1991
F. Vodopivec: Ni vec€ Casa, da bi si privoscili razvojne napake, Delo — Znanje za
razvoj, februar 1990

F. Vodopivec: Bomo kar mol¢ali, Delo — Znanje za razvoj, 20. februar 1991

F. Vodopivec: Preusmeritev se je Ze zacela, Delo — Znanje za razvoj, 15. maj
1991

F. Vodopivec: Strategija oZivljanja gospodarstva oz. razvoja — da ali ne,
Gospodarski vestnik, 9. maj 1991, 45

F. Vodopivec: Kako poceni do ve¢ doktoratov, Delo — Znanje za razvoj, 29. maj
1991

F. Vodopivec: K razpravi o nacionalnem raziskovalnem programu, Slovenec, 16
september 1991

F. Vodopivec: Tehnologija le zaradi lepSega, Delo — Znanje za razvoj, 16. sep-
tember 1991
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21.
22.

23.
24.
25.

26.

27.
28.
29.

30.

31.

32.

33.

34.
35.
36.
37.

38.

39.

40.

41.

42.

. F. Vodopivec: Podpora le za mentorsko in in§trumentalno bazo, Delo — Znanje
za razvoj, 27. november 1991

E. Vodopivec: Cas za prenovo univerze, Slovenec, 19. december 1991

T. Banovec in F. Vodopivec: Znanje in inZenirji, Nova proizvodnja, 3 (1991),
135-139

F. Vodopivec: Devizne rezerve v nogavicah, Slovenec, 29. september 1991

F. Vodopivec: Crni &asi metalurgije, Dnevnik, 15. avgust 1991

F. Vodopivec: Proizvodnja in predelava jekla v Sloveniji — sanacija ali ne,
Slovenec, 13. februar 1992

F. Vodopivec: Kaj s tovarno glinice in aluminija (TGA), Slovenec, 13. januar
1992

F. Vodopivec: Kaj s TGA Kridricevo, Delo, 7. januar 1992

F. Vodopivec: Vazno razvojno vprasanje, Slovenec, 26. november 1991

F. Vodopivec, V. PreSern: Obotavljanje pri sanaciji povzroca $kodo, Gospo-
darski vestnik, 5. november1991

F. Vodopivec: Se o ve¢jem delezu, ki ga zahteva slovensko gospodarstvo za
svoje raziskovalne programe, Gospodarski vestnik, 24. januar 1991

F. Vodopivec: Neupravicene kritike na racun slovenske vlade. Potrebujemo
nacrtno gospodarstvo, Slovenec, 5. februar 1992

F. Vodopivec: Uvodnik na naslovno temo dne 20. maja 1992, Glasnik Slo-
venske matice, 1992, 1-2, 23-26

F. Vodopivec: Javno vpraSanje. Sanacija slovenskih Zelezarn — da ali ne, Fuzi-
nar, §t. 2, 1992

F. Vodopivec: Milijonta tona jekla na Jesenicah, Slovenec, 30. junij 1992

F. Vodopivec: Kako bodo tehtali: Delo — Znanje za razvoj, 9. september 1992
F. Vodopivec: Imamo znanje, ne pa izdelkov in tehnologije za trzenje: Delo —
Znanje za razvoj, 15. julij 1992

F. Vodopivec: Bodo nase ambicije obvisele v zraku, Delo — Znanje za razvoj, 7.
oktober 1992

F. Vodopivec: Vloga raziskovalcev pri prestrukturiranju gospodarstva. Tudi
akademska raziskovalna sfera naj se produktivno poveze z industrijo, Delo —
Znanje za razvoj, 31 marec,1993

F. Vodopivec: Parlament naj pove, kaj hoc¢e, Delo — Znanje za razvoj, 12. maj
1993

F.Vodopivec: Komu so potrebne Slovenske Zelezarne, Gospodarski vestnik, 38,
30.9. 1993

F. Vodopivec: Je raziskovanje tudi akademska kategorija? Bomo Se krmili
kokos le zaradi perja, ali da bo tudi nesla, Delo — Znanje za razvoj, 26. januar
1994

F. Vodopivec: Gre na boljse, ¢eprav pocasi, Delo — Znanje za razvoj, 4. 5. 1994
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44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

. F. Vodopivec: Podalpska deZelica in ¢ezmorski kapital, Gospodarski vestnik,
28, julij 1994

F. Vodopivec: Slovenska industrijska politika, nevralgi¢ne tocke, Gospodarski
vestnik, 39, september 1994

F. Vodopivec: Kako do pravih referenc, Delo — Znanje za razvoj, 25. januar
1995

F. Vodopivec: Nekaj javnih vprasSanj za MZT, Delo — Znanje za razvoj, 22.
marec1995

F. Vodopivec: Se korak v normalne razmere, Delo — Znanje za razvoj, 27. sep-
tember 1995

F. Vodopivec in M. Vranicar: Koliko agencij, Delo — Znanost, 22. november
1995

F. Vodopivec: Raziskovalna politika. Le besede, na katere politika gleda kot na
mnoge sprejete obveze, ki niso nikdar uresnic¢ene, Delo — Znanost, 27. decem-
ber 1995

F. Vodopivec: Slovenija — inovacijska druzba, Delo — Znanost, 28. februar 1996
F. Vodopivec: Zgolj poskus odgovorov, Delo — Znanost, 3. julij 1996

F. Vodopivec: Moc¢no popacene slike o raziskovanju v Sloveniji, Delo —
Znanost 6. november 1996

F. Vodopivec: Razumniki in tranzicija, Primorska srecanja, §t. 187, 1996

F. Vodopivec: Tako univerzitetna kot tudi raziskovalna avtonomija ne moreta
biti absolutni, Delo — Znanost, 22. januar 1997

F. Vodopivec: Industrijska in tehnoloska politika, Kovine Zlitine Tehnologije,
31(1997), 11-13

F. Vodopivec: Ne podiplomske, temvec tehni¢no tehnoloSke univerze, Delo —
Znanost 12. 11. 1997

F. Vodopivec: Raziskovanje in inZenirstvo. Znanje za razvoj slovenske druZbe,
MZT, 1997, zbornik, 75-76

F. Vodopivec in P. Stular: Vloga in pomen ZITS kot organizacije civilne druzbe,
Nova proizvodnja, 1998, 4, 124—-127

F. Vodopivec: Javna dela in gradnja avtocest v Sloveniji: Nova proizvodnja,
1-2, 1997, 7-9

F. Vodopivec: Kako se Slovenija vkljucuje v Evropsko unijo, Primorska
srecanja, 194/195, 1997, 446448

F. Vodopivec: Raziskovanje v javni RR-sferi in inzZenirstvo, Kovine Zlitine
Tehnologije, 32 (1998), 9-12

F. Vodopivec: Kdaj odlo¢anje in cilji v naSem raziskovanju po vzgledu EU,
Delo 15. december 1999.

F. Vodopivec: Avtonomija in civilna druzba v javni raziskovalni sferi: Modra
knjiga »Civilna druzba v Sloveniji«, Ob¢anski Forum, 1999, 116-121
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67.

68.
69.
70.

71.

72.

73.

74.
75.
76.
7.
78.
79.
80.
81.
82.
83.
84.

85.

86.

87.
88.

. F. Vodopivec: Zakaj ne strpna razprava, Delo, 6. september 2000

. F. Vodopivec: Nasa politika ima raziskovalce kot okrasek, Delo, 19. junij 2000
. F. Vodopivec: Kako do vecje vloge javnega raziskovanja v razvoju drzave.
Strategija razvoja znanstvenoraziskovalne dejavnosti v Sloveniji, SAZU, marec
2000, 707-712

F. Vodopivec in J. Vizintin: O vlogi in pomenu drZzavne univerze v Sloveniji,
Razvoj visokega Solstva v Sloveniji, SAZU, 27. november 2001, 245-250

F. Vodopivec: Konkuren¢nost Slovenije v oceh tujine, MAG 17/2001

F. Vodopivec: Kaj EU je in kaj si lahko obeta Slovenija, Ampak, marec 2004
F. Vodopivec: Stanje javnih financ: zamegljevanje in filtriranje, Dignitas,
13-14, 2003, 24-35

F. Vodopivec: Figuri predsednika drzave in vlade: medijske mimikrija in
promocija, Dignitas, 13—-14, 2003

F. Vodopivec: Strategija gospodarskega razvoja kot politi¢na igra: neuresni¢ene
obljube vlade in medijska zgodba o uspehu, Dignitas, 13—14, 2003

F. Vodopivec: Vloga in naloge drZave na podrocju znanja in znanosti v: O vlogi
znanja in znanosti, Predsednik drzave, 197-202, 2003

F. Vodopivec: Raziskovanje in konkurenénost, Ampak, nov. 2004

F. Vodopivec: Slovenija v prostoru dvodimenzionalnosti, Ampak, februar 2005
F. Vodopivec: Mednarodno okolje in drZava Slovenija, Ampak, junij-julij 2005
F. Vodopivec: Drzava, konkuren¢nost in reforme, Ampak, januar 2006

F. Vodopivec: Zgodovina in nezgodovinski ljudje, Ampak, junij-julij 2005

F. Vodopivec: Agencije in tehnoloski razvoj, Ampak, avgust-september 2005
F. Vodopivec: O politikih in upravljanju drZzave, Ampak, januar-februar 2007
F. Vodopivec: Kam pa to pelje, kam pa to gre, Ampak, avgust-september 2007
F. Vodopivec: Prilagodljivost in poklicna etika, Ampak, april 2008

F. Vodopivec: Demokracija, blaginja, varnost, Ampak, februar-marc 2009, 9-10
F. Vodopivec: Imamo dovolj transparentno drzavo, Ampak, julij-avgust 2009,
14-15

F. Vodopivec: Nacrtovanje rasti konkuren¢nosti, Ampak, september-oktober
2009, 14-17

F. Vodopivec: Kaj raziskovalna odli¢nost v Sloveniji je? Kaj lahko pri¢akujemo
od centrov odli¢nosti, Drzavni svet, Zbornik §t. 1/2010, 13—-17

F. Vodopivec. Kako je bilo, kako je, Ampak maj-junij 2010, 17-19

F. Vodopivec: Dober je, saj je nas, drugi so krivi, Ampak, september-oktober
2010, 21-22
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NEKAJ DOSEZKOV 1Z RAZISKOVALNEGA, RAZVOJNEGA

IN IZVEDENSKEGA DELA

(V oklepaju je ime najbolj pomembnega sodelavca oz. nosilca raziskovalne naloge,
razen za primere, ko vecjega prispevka sodelavca ni bilo.)

Dosezki temeljnega znacaja

1.

Odkrito je bilo, da je oksidacija povrSine Zelezovih zlitin z razlicnimi elementi
selektiven proces, pri katerem se izvrsi prerazdelitev zlitinskih elementov.
Gonilna sila reakcij je razlicnost Gibbsove energije. Zaradi reakcije s kisikom
se poveCa koncentracija nekaterih elementov v oksidni obliki, drugih ele-
mentov pa v neoksidni obliki, zato nastanejo nove oksidne in kovinske trdne in
staljene faze, ki spremenijo morfologijo in sestavo oksidnih plasti in v kovinski
plasti pod njimi. (A. Kohn)

Na zlitini niklja in kroma je bila sintetizirana polprozorna plast oksida CrOs, ki
je bil identificiran z izraCunom Gibbsove energije, katere odvisnost od tempera-
ture je razli¢na za razlicne kromove okside. Pri ustrezni aktivnosti kisika se je
absorbirana plast pretvorila z zvezno reakcijo v polprozorno plast oksida, pri
zmanjSanju aktivnosti kisika pa je plast nezvezno razpadla s kinetiko, ki je
znacilna za proces rekristalizacije plasti¢no deformirane kovine. To je bil prvi
primer vizualnega opazovanja nastanka in razgradnje oksidne plasti.

V jeklih, mikrolegiranih z niobijem in duSikom, je bila dolo¢ena odvisnost med
vsebnostmi niobija, ogljika in dusSika ter odkrita nova karbonitridna spojina s
povecanim deleZzem duSika v molekuli. Spojina je netopna v avstenitu pri
temperaturi segrevanja pred valjanjem, v njej vezan niobij pa je bil kot legirni
element izgubljen. (A. Osojnik)

Dokazano je bilo, da trdna raztopina AIN v avstenitu postane nestabilna, ko se
zaradi vroce plasti¢ne deformacije v kristalni mreZi poveca gostota linijskih in
tockastih napak. Zato v avstenitu nastanejo izlo¢ki AIN, ki pri isti temperaturi
ne nastanejo brez plasti¢ne deformacije. (A. Osojnik)

Dognano je bilo, da dodatek niklja v konstrukcijsko jeklo zmanjSa krhkost
povrsine pri valjanju in kovanju pri visoki temperaturi, ker zmanj$a moZnost
nastanka staljenih faz zaradi vsebnosti bakra in kositra v jeklu. (M. Torkar)
Dolocen je bil vpliv mangana na topnost Zvepla v avstenitu pri kristalizaciji.
Opredeljena je bila mikromorfologija nastanka interkristalnih precipitatov
manganovega sulfida v avstenitu pri ohlajanju jekla s temperature strjevanja.
(M. Jakupovic)
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10.

11.

12.

13.

14.

Odkrit je bil nov mehanizem rasti kristalnih zrn ferita pri vro¢em valjanju jekel
z malo ogljika v dvofaznem podrocju avstenita in ferita in poimenovana
deformacijsko inducirana rast zrn, ki omogoca tudi sproscanje deformacijske
energije s popravo. Ta mehanizem je vzrok, da ima pri valjanju pod temperaturo
premene avstenit — ferit malooglji¢no jeklo vecja kristalna zrna kot pri valjanju
pri visji temperaturi. (M. Gabrovsek)

Dognano je bilo, da povrSinska segregacija antimona zmanjs$a prosto energijo
kristalnih zrn z lego (011) na povrSini tanke mehkomagnetne plocevine, poveca
hitrost rasti teh zrn, zaradi katere nastane v plo¢evini manj zrn z magnetno trdo
lego (111). To izboljsa teksturo in magnetne lastnosti plocevine. (M. Jenko)
Dognano je bilo, da je »flash« temperatura pri frettingu jeklaz 1 % Cin 1,5 %
Cr nad 1000 °C, kar je vsaj dvakrat vec, kot so do tedaj navajali objavljeni viri.
(J. Vizintin, B. Sustarsi¢)

Dokazano je bilo, da ne drZi razlaga, ki krhkost povrSine jekla, pomirjenega z
aluminijem, neposredno povezuje z aluminijevim nitridom, tj. s spojino, ki
nastane v strjenem jeklu. Vpliv obeh elementov je posreden, ker privlacnost
obeh vrst atomov v talini zmanjSuje podhladitev taline pred zacetkom strje-
vanja. To zmanjSanje je vzrok za kristalizacijo z nastankom velikih stebrastih
kristalnih zrn ob povrsini ingota ali brame jekla. Taka strjevalna mikrostruktura
ima majhno preoblikovalnost pri visoki temperaturi. (M. Torkar)

Dognano je bilo, da se hitrost deformacije z lezenjem poveca za 4,5-krat v
jeklu, iz katerega so izdelani najbolj vroci deli termoelektrarn, e se izvrsi
notranja rekristalizacija popus¢enega martenzita in postanejo izlocki karbidov
vrste MC, enakomerno porazdeljeni v feritni matici. Logicen sklep je, da bo
jeklo bolj odporno proti deformaciji z lezenjem, ¢e se zagotovi stabilnost
porazdelitve karbidnih izlo¢kov vrste MC,. (J. Zvokelj)

Na podlagi termodinamicne aktivnosti je bilo izracunano, da je v jeklu z 0,1 %
C, 0,1 % Nb in 0,1 % V pri temperaturi 600 °C aktivnost vanadija v trdni
raztopini v feritu okoli 70-krat niZja, aktivnost niobija pa ve¢ kot 500-krat niZja
od masne koncentracije. Ker je difuzijski tok sorazmeren gostoti atomov
topljenca v trdni raztopini, je bil logi¢en sklep, da so NbC bolj stabilni pri
temperaturi uporabe jekla.

Dognano je bilo, da parcialna premena, ki jo utrpi malooglji¢no mikrolegirano
konstrukcijsko jeklo v ve¢ varkovnih zvarih pri nanosu vsakega naslednjega
varka, zelo zniZa zarezno Zilavost, ¢e je pri nanosu prejSnjega varka avstenit
prej premenil v spodnji bainit kot v martenzit. Zato je premena avstenita v
spodnji bainit v toplotni coni zvarov bolj Skodljiva za Zilavost nekaterih
konstrukcijskih jekel kot premena v martenzit z vecjo trdoto. (G. Kosec)
Dognano je bilo, da pri platiranju visoko legiranega orodnega jekla na
konstrukcijsko jeklo nastane med njima trdna zveza Ze po prvem stisku med
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15.

16.

17.

18.

19.

20.

vro¢im valjanjem, Ce je vzorec pripravljen tako, da se prepreci vdor kisika med
obe jekli med ogrevanjem pred valjanjem. (D. Kmetic, n.)

Dognano je bilo, da se relativna koli¢ina sulfidnih vkljuckov in s tem hete-
rogenost v lastnostih jekla v razlicnih smereh valjanca zelo poveca, ¢e se zniza
temperatura vro¢ega valjanja, ali ¢e pri valjanju ni staticne rekristalizacije
avstenita. Zaradi tega je Skodljiv vpliv enake koli¢ine sulfidnih izlockov na
izotropnost v lastnostih jekel tem vecji, v ¢im tanjSe proizvode se jeklo izvalja v
vro¢em. (M. Gabrovsek)

Dokazano je bilo, da se deformacijsko staranje malooglji¢nih z aluminijem
pomirjenih jekel (to so vsa sodobna konstrukcijska jekla) pojavi, ¢e se hladno
deformirano jeklo segreje do temperature zaznavne difuzije atomov ogljika v
intersticijski trdni raztopini v feritu. Pri tem se moc¢no povisa temperatura
krhkega preloma, druge inZenirske lastnosti pa se ne spremenijo. Dokazano je
bilo, da je vzrok krhkosti pri tem staranju segregacija atomov ogljika v
dislokacije, katerih lega v prostoru se ujema z lego cepilnih kristalnih ploskev
ferita. (B. Breskvar)

Dolocena sta bila koncentracijsko podroc¢je spinodalne razgradnje trdne raz-
topine v zlitinah Fe-30 % Cr in od 5 % do 20 % Co in kinetika izotermne rasti
spinodalnih faz. Spinodalna razgradnja je pomembna, ker elasticne notranje
napetosti, ki jih generira, omogocajo, da zlitina ohranja magnetne lastnosti po
magnetenju v zunanjem polju. (J. Zvokelj)

Za jeklo z mikrostrukturo iz feritne matice in enokomerno porazdeljenih
izlockov iz karbidov kroma, vanadija in niobija z velikostjo pod 1 pm, iz kate-
rega so vitalni deli termoelektrarn, je bila dolo¢ena odvisnost med hitrostjo
pocasne deformacije pri 580 °C in mejo plasti¢nosti pri sobni temperaturi. To
omogoca, da se oceni stopnja iztroSenosti jekla po dolo¢enem ¢asu uporabe v
visokotlacnem parnem kotlu in oceni njegova preostala trajnostna doba s
preizkusom pri sobni temperaturi. Za povezanost obeh lastnosti je bila razvita
analiticna povezava, ki izhaja iz fizikalno-metalurskih znacilnosti obeh
lastnosti in nac¢ina preizkuSanja.

Hitrost deformacije z lezenjem se pri jeklu, iz katerega so izdelani najbolj vroci
deli termoenergetskih naprav, pri enaki velikosti karbidnih izlockov, ki zavirajo
premik dislokacij, poveca za skoraj 10-krat, ko porazdelitev izlo¢kov iz nizov
po mejah in podmejah popuscenega martenzita preide v enakomerno. (D. A.
Skobir)

Dognano je bilo, da se energija, potrebna za prelom preizkuSanca z zarezo, v
zlitinah Fe-NiCrMo z mikrostrukturo iz avstenita in d-ferita zmanjSuje zaradi
spinodalne razgradnje trdne raztopine elementov niklja in kroma v feritu. Pri
neki trdoti ferita se energija, potrebna za prelom, pri sobni temperaturi zmanj$a
za nekajkrat, vendar se zmanjSa trikrat manj pri temperaturi obratovanja. (J.
Vojvodi¢ - Tuma)
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22.

23.

24.

25.

Z upostevanjem parametrov in fizikalnih konstant, od katerih je odvisna hitrost
procesov v trdni kovini, je bila izracunana hitrost rasti izlockov karbidov
(CrFeMo),3C¢ in VC z velikostjo od 0,005 um do 0,5 pm v jeklu, odpornem
proti deformaciji z lezenjem v temperaturnem razponu od 650 °C do 800 °C.
Izra¢unana hitrost 1,31-1072% m?/s se pri 800 °C razlikuje za 11 % od ekspe-
rimentalno izmerjene.

Izracunana je bila debelina plasti stearatnega maziva na ploskvah mejnega
trenja na suho vleceni jekleni Zici. Debelina ustreza priblizno eni plasti molekul
maziva, ki so zaradi polarnosti usmerjene tako, da se njihov pozitivni pol dotika
negativne povrsine kovine.

Duktilen prelom konstrukcijskih jekel pri udarnem upogibnem preizkusu
preizkusanca z zarezo se izvrsi v Stirih fazah. V drugi in tretji fazi se energija
porablja za plasticno deformacijo kovine na oddaljenosti do nekaj milimetrov
na obeh straneh prelomne povrsine. Nad neko kriticno velikostjo razpoke, pa se
energija porabi za plasti¢no deformacijo kovine do oddaljenosti okoli 0,03 mm
na obeh straneh razpoke. Na osnovi rezultatov preizkusa je bila izracunana
energija za nastanek duktilne prelomne povrSine. (B. Arzensek)

Pri nekaterih preizkusih je jeklo obremenjeno s triosnim napetostnim stanjem.
Z analizo oblike prelomne povrSine v vrsticnem elektronskem mikroskopu je
bilo ugotovljeno, da razpoka v triosnem napetostnem stanju napreduje z
zaporedjem faz duktilnih normalne in striZne dekohezije.

Zlitine Zeleza z nikljem, kromom in molibdenom imajo dvofazno mikrostruk-
turo. Pri temperaturi uporabe se povecujeta trdota in krhkost ferita, medtem ko
se ne spremenijo lastnosti avstenita, ki obsega okoli % prostornine. Zmanjsanje
Charpyjeve Zzilavosti je razloZeno z zmanjSanjem energije, porabljene za pla-
sti¢no deformacijo pri upogibu preizkuSanca z zarezo zaradi zmanjSanja
prostornine plasticne deformacije. Zato je skupna energija preloma pri zlitini
zmanjSana na nivo blizu energije krhkega preloma konstrukcijskih jekel, ceprav
je tudi pri tej energiji prelom vecinske faze avstenita popolnoma duktilen.

Dosezki razvojnega in tehnoloskega pomena

(navedeno deloma po spominu, ker je mnogo dokumentacije izgubljene)

Zajekloz 1,5 % Crin 1 % C sta bila dolo¢ena temperaturni interval in hitrost
nastanka karbidne mreZze pri temperaturi tik nad premeno avstenita. To
dognanje je bila podlaga za izbiro postopka ohlajanja gredic po koncanem
vro¢em valjanju, ki je preprecil nastanek karbidne mreZze.

Ugotovljeno je bilo, da v orodnih jeklih s srednjim in visokim ogljikom, ki so
legirana s kromom in molibdenom, pri po¢asnem ohlajanju po vroc¢em valjanju
ali kovanju nastane po mejah avstenitnih zrn mreza karbida, ki zmanjSuje
zilavost in preoblikovalnost v hladnem. MreZa se ponovno raztopi le pri
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segrevanju na temperaturo, ki je nad kalilno. Zato je treba gredice in kovance iz
takih jekel hitro ohladiti skozi temperaturno podrocje od 800 °C do 600 °C. (L.
Kosec, n.)

S spremembo toplotnega rezima ogrevanja bram od 7 t do 10 t iz pomirjenih
konstrukcijskih jekel je bil zelo zmanjSan obseg napak na povrsini, nastalih pri
vrocem valjanju in kovanju ter povecan izkoristek valjanja in kovanja od okoli
40 % na okoli 80 %. (J. Arh, n.)

Dokazano je bilo, da kemijske nehomogenosti, ki nastanejo pri strjevanju jekla,
ni mogoce zmanjsati, ne glede na temperaturo in trajanje Zarjenja za homoge-
nizacijo, pod neko stopnjo zato, ker se vzpostavi ravnoteZje aktivnosti ele-
mentov ogljika in kroma med podrocji v jeklu, ki so se kristalizirala pri
razli¢nih temperaturah. Krom in ogljik v trdni raztopini v avstenitu zmanjSujeta
medsebojno aktivnost, zato se vzpostavi ravnotezje aktivnosti pri neenako-
merni sestavi jekla. Kemijska nehomogenost ustvari razlike v trdoti jekla po
kaljenju in zmanjsa kakovost proizvoda. Edini gospodarski nacin zmanjsanja
kemijske nehomogenosti jekla je stroga prilagoditev temperature litja solidusni
temperaturi vsake SarZe.

Ugotovljeno je, da je za premajhno duktilnost jeklene litine odgovoren nasta-
nek evtektika Fe-AIN pri strjevanju zaradi neustreznega nacina preprecevanja
nastanka poroznosti litine. Predlagani so bili ukrepi za izboljSanje duktilnosti.
(A. Rodi¢)

Dolocen je bil interval koncne temperature valjanja trakov za neorientirane
mehkomagnetne plocevine, ki zagotovi zadostno preoblikovalnost, da je mogo-
¢e trakove hladno valjati na komercialno debelino brez Zarjenja, ki ga je
predpisovala licenca. (D. Kmeti¢, n.)

Razvit je bil postopek pri izdelavi elektricnih kontaktov iz psevdozlitine
AgCdO. Kontakti so se proizvajali do leta 1990 za Jugoslovanske Zeleznice in
proizvajalce elektri¢nih vilicarjev ter za druge naprave, kjer je kontaktor pre-
kinjal velike tokove. (L. Kosec, n.)

Ugotovljeno je bilo, da pri vro¢em valjaju aluminijeve Zice nastajajo poskodbe
povrsine zaradi vpliva staljenega evtektika Al-Fe. Poskodbe je mogoce prepre-
¢iti z zniZzanjem temperature valjanja pod taliS¢e evtektika ali z zmanjSanjem
vsebnosti Zeleza v aluminiju. (B. Breskvar, n.)

Kakovost livarske predzlitine aluminij-titan je bila nezadostna kljub zadostni
vsebnosti titana, ker je bilo prevec titana vezanega v oksidu. Ta oksid se pri
legiranju standardne zlitine aluminij-titan ni raztopil v staljenem aluminiju in
zlitina ni imela predpisanih lastnosti kljub zadostni vsebnosti titana. (B. Bresk-
var, n.)

Ko so zaceli v valjarni uporabljati pri valjanju profilov lite valje z izboljSano
upogibno trdnostjo, se je kakovost povrSine valjancev zmanjs$ala pod mejo, Se
sprejemljivo za kupce. Ugotovljeno je bilo, da ima povrSina valjancev vdolbine
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zato, ker se jeklo v kalibrih lepilo na delovno povrsino valjev, nalepki pa so se
nato odtiskovali na povrSino valjanca pri nadaljevanju valjanja. Kemijska
sestava litine za valje je bila spremenjena tako, da je pri strjevanju litine nastalo
veC grafita. Ta je deloval kot mazivo in prepreceval lepljenje jekla na povrSino
valjev in kakovost povrsine valjanca ni bila ve¢ problem. (D. Kmeti¢)
Kakovost povrsine jeklenih palic za utopno kovanje delov za avtomobilske
motorje se preverja s poizkusom vrocega krcenja, pri katerem se valjast vzorec
(del palice) skr¢i na tretjino viSine. Na izboceni povrsini tako skrénega valja ne
sme biti nobenih napak. V valjarni niso dosegali dovolj kakovostne povrSne
tudi potem, ko so vpeljali visokotlacno odstranjevanje $kaje. Sistematic¢na
raziskava je pokazala, da je vzrok za napake prosto Sirjenje gredic pri valjanju v
prvih kalibrih. Stanje povrSine se je izboljsalo, ko je bila spremenjena kali-
bracija valjev. (F. Haller)

Rezultati laboratorijske raziskave so pokazali, da je mogoce doseci lastnosti, ki
so predpisane za nekatere izkovke za dele avtomobilskih motorjev, ki se izde-
lujejo s kovanjem v utopih, brez poboljSanja s kaljenjem in popuscanjem.
IzvrSen je bil industrijski preizkus in skovano je bilo nekaj deset ojnic iz pro-
grama za evropskega proizvajalca avtomobilskih motorjev. Potrjeno je bilo, da
se s kontrolo temperature kovanja, s pravilno obliko utopa in s kontroliranim
ohlajanjem doseZejo lastnosti, ki napravijo ojnice primerne za uporabo brez
poboljsanja. StroSek izdelave ojnic se je s tem pomembno zmanjsal, zelo pa se
je tudi povecala obdelovalnost izkovkov z odrezovanjem. (S. Jurca)

Obcasno je nastala premajhna preoblikovalnost z vleCenjem Zice za varjenje v
za$¢itni atmosferi. S preizkusom med vro¢im valjanjem take Zice smo dokazali,
da je mogoce prepreciti notranjo oksidacijo in dose¢i mnogo boljSo preobli-
kovalnost, ¢e se nekaj 100 kg tezki kolobarji Zice ohladijo v velikih valjastih
posodah, ki so jih sicer v valjani uporabljali za druge namene. Tako ohlajeno
5,5 mm debelo Zico je bilo mogoce s hladnim vle¢enjem potegniti do debeline
0,6 mm brez vmesnega Zarjenja. StroSek izdelave se zmanjSa s takim ohlaja-
njem, ker zacetno in vmesno Zarjenje za izboljSanje preoblikovalnosti v
hladnem nista bila ve¢ potrebna.

Pri Zarjenju hladno vlecene varilne Zice za avtomatsko varjenje, ki je potrebno,
da je mogoce z vlecenjem izdelati kon¢ne debeline, so nastajale poskodbe
povrsine zaradi notranje oksidacije, Ceprav se je Zarjenje izvajalo v varovalni
atmosferi iz duSika in vodika. Spremenjen je bil rezim Zarjenja tako, da se je
povecala storilnost peci, doseZena zahtevana kakovost povrSine in ni bila vec
potrebna zasc¢itna atmosfera. (M. Gabrovsek)

Zlitina AINiCo za permanentne magnete je bila kontinuirno ulita v palice z
debelino 10 mm. Projekt se je koncal pri tem dosezku, ker naro¢nik ni imel
interesa za financiranje nadaljevanja, katerega cilj je bil razrez lite palice iz zelo
krhke zlitine Alnico na velikost magnetov za uporabo. (B. Breskvar)
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Neenakomernost hitrosti rasti kristalnih zrn avstenita pri cementaciji je bila ena
od neZelenih znacilnosti jekel za cementacijo. Dokazano je bilo, da se neena-
komernost hitrosti rasti deduje iz mikrostrukture, ki nastane z rekristalizacijo in
premeno avstenita na koncu vrocega valjanja jekla. Enakomernost zagotovi le
valjanje, pri katerem se staticna rekristalizacija avstenita izvrSi nad temperaturo
nastanka ferita. (A. Rodic)

Za zlitino zZeleza z 28 % Cr in 10 % Co je bila dolo¢en vpliv stopnje hladne
deformacije z vleCenjem na anizotropijo v magnetnih lastnostih. Oboje, mag-
netna nasicenost in koercitivnost, raste s stopnjo deformacije. Za to zlitino je
bilo ugotovljeno, da se da preoblikovati s hladnim vlecenjem le, Ce se je vroce
valjanje izvrSilo tako, da po zadnji deformaciji med valji rekristalizacija ali
poprava nista v celoti sprostila deformacijske energije. (D.Gnidovec)

Razvit je bil postopek za izdelavo zZice z jedrom iz zlitine invar, s plas€em iz
bakra in plastjo stekla na povrSini, ki je namenjena za vtaljevanje v mehko stek-
lo. V ISKRI Zarnice je bilo iz Zice izdelanih ve¢ deset Zarnic. Zica se je
pokazala za primerno za uporabo, za katero je bil razvita. (L. Kosec)

Kot uvod v projekt zamenjave kislinskega luZenja z mehani¢nim odstranje-
vanjem Skaje s povrSine vroce valjane jeklene Zice, iz katere se izdelujejo
matice, vijaki, verige, vzmeti in drugi proizvodi, je bila izvrSena raziskava
obrabe votlic in karbidne trdine pri suhem vlecenju obeh vrst Zice z debeline 5,5
mm na debelino 3 mm. Pri intenziteti obrabe votlic ni bilo izmerljive razlike
med obema vrstama izhodne Zice do ¢asa povprecne trajnosti votlic.

Za prozvodnjo kakovostne jeklene Zice je bil odkrit dodatek za kislinsko
luZenje, ki je zmanjSal hitrost usedanja plasti bakra na Zico in izboljsal oprije-
tost in zveznost bakrene prevleke na Zici. (M. Simnic)

UvoZeno ohiSje peci iz nerjavnega jekla za taljenje odpadkov cinka in zlitin je
bilo zamenjano z doma ulitim iz sive litine, ki je bilo cenejSe in bolj vzdrzljivo.
(B. Breskvar)

Pri pregledu neprekinjeno litih jeklenih gredic iz konstrukcijskih in cemen-
tacijskih jekel so bile v bliZini povrSine mehanskega reza na valjalni$ko dolZino
odkrite Stevilne interkristalne razpoke, ki so se pri vro¢em valjanju gredic
spremenile v nesprejemljive povrsinske napake, zaradi katerih je bil izkoristek
valjanja za pribliZno 4 % manjsi. Predlagana je bila zamenjava mehanskega
rezanja z drugacnim, in po realizaciji se je izkoristek povecal. Ugotovitve iz
tega dela so bile podlaga za razlago mehanizma, kaj pri zadostni vsebnosti
aluminija in duS$ika v staljenem jeklu zmanjSa vroco preoblikovalnost nekaterih
jekel. (F. Haller)

Ugotovljeno je bilo, da je vzrok za nastanek razpok na magnetnih zrcalih iz
zlitine AINiCo za trajne magnete in na obodu mazalnih odprtin povrsinsko
kaljenih leZajnih delov roci¢nih gredi uporaba neutreznih brusov, ne pa
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neustrezne lastnosti brusenca. Nastanek razpok je bil zelo zmanjSan z zame-
njavo brusov.

Dokazano je, da se temperatura jeklenih gredic pred vro¢im valjanjem lahko
zniza do 100 °C brez nevarnosti za kakovost izvaljanega jekla in varnost dela
valjarniS$ke naprave. ZniZanje temperature je prihranilo energijo za segrevanje
in zmanjSalo izgube jekla zaradi Skajanja povrsine gredic. (F. Vizjak)

Izvedenska dela

(navedeno vecinoma po spominu, ker je ohranjene malo dokumentacije)

Dokazano je, da so netesnosti na ceveh pregrevalnika v visokotlanem parnem
kotlu nastale zaradi alkalne napetostne korozije. Odgovornost je prevzel
dobavitelj in montaZer, ki je predpisal, da se med vro¢im luZenjem iz cevi
izparela luzina nadomesca s svezo, zaradi Ceser je koncentracija alkalij v luzini
zrasla nad kriti¢no vrednost. Dobavitelj je zamenjal uparjalnik na svoje stroske.
Dokazana je prisotnost kisikove napetostne korozije na ceveh pregrevalnika v

NP %

termoelektrarni, ki je bila posledica pomanjkljivega ¢is¢enja kotlovske vode.
Korozija je povzrocila nastanek dolgih razpok v steni cevi.

Dokazano je, da je zaradi nepravilnega dodajanja zraka pri zamenjavi lignita z
rjavim premogom pri$lo do hudih poSkodb na stenah jeklenih izparilnih cevi
parnega kotla termoelektrarne zaradi sulfidizacije njihove povrsine v reduktivni
zgorevalni atmosferi.

Dokazano je, da je elektromotor moci okoli 1000 kW za mlin za lignit pregorel
zato, ker toplotna varovalka ni bila postavljena tam, kjer se je pri zagonu razvilo
najve¢ toplote. Zato se je temperatura kletke rotorja dvignila nad taliSce
bakrove zlitine, iz katere je bila izdelana.

Dokazano je, da je bila toplotna obdelava parovoda sveZe pare zgreSena in
neposreden vzrok, da so pri zagonu nastale razpoke v parovodu. Kriv je bil
dobavitelj, vendar pa tudi domaci in tuji prevzemalec, ki nista vedela, kak$na je
prava toplotna obdelava jekla, iz katerega je bil cevovod.

Dokazano je, da je nizkotlacno stopnjo parne turbine razneslo zato, ker lotanje
stabilizacijske Zice za turbinske lopatice ni bilo prav izvrSeno. Previsoka
temperatura med lotanjem je zelo povecala krhkost jekla v delu lopatice, ki je
bil segret v dvofazno polje ferit + avstenit in se je zato zmanj$ala odpornost
proti utrujanju. (L. Kosec)

V termoelektrani je bil med obratovanjem razdejan termoblok z mo¢no 300
MW. Gred s premerom okoli 400 mm se je prelomila na treh mestih, leZaji so
bili uniceni, ohisji srednjega in nizkega tlaka ter generator so bili posSkodovani,
vzbujalnik pa je odneslo ve¢ kot deset metrov dalec. Po natancem ogledu
razdejanja in vecdnevnem iskanju sta bili najdeni dve zlomljeni lopatici iz
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nizkotla¢nega dela turbine s poskodbami zaradi napetostne korozije. Analiza
prelomne povrSine in lopatic je pokazala, da so v nogi lopatic nastale korozijske
zajede zaradi kapljic kondezata oneciscenih s sulfatom. Jeklo okoli zajed se je
nasitilo z vodikom, ki je nastajal pri procesu korozije, povecala se je njegova
krhkost in zaradi dinami¢ne obremenitve lopatice so nastale razpoke, ki so
rastle zaradi vibracij leZaja med stopnjama srednjega in nizkega tlaka turbine.
Laboratorijske preiskave so pokazale, da so bile lopatice in jekla s Charpyjevo
Zilavostjo komaj nad 15 J, kar je mnogo premalo. Termoblok je bil Ze zunaj
garancijske dobe. Dobavitelj pa je zaradi nase ekspertize brezplacno dobavil
lopatice za nov termoblok enake moci. (B. Ule)

V rafineriji so se pojavile razpoke na Se neuporabljenih kroglastih rezervoarjih
s prostornino okoli 1 200 m?. Preiskava je pokazala, da so razpoke v zvarih, ki
niso bili izvrSeni po predpisani tehnologiji. Pazljiva analiza poskodb je poka-
zala, da so razpoke nastale zaradi napetostne korozije, ki se je pojavila zaradi
spleta varilnih napetosti, majhne Zilavosti dela toplotne zone zvarov in sledov
vodikovega sulfida v atmosferi.

V hidroelektrarni je priSlo do hude poskodbe lopatic rotorja turbine. Preiskava
je pokazala, da poSkodba ni nastala zaradi slabih lastnosti jeklene litine, iz
katere so bile lopatice, ampak je bil njen vzrok eksogen.

Neko podjetje je uvozilo injekcijske igle za enkratno uporabo, izdelane iz
avstenitnega nerjavnega jekla. Zaradi sterilnosti je bila vsaka igla v posebni
plasti¢ni embalaZzi. V neki ambulanti so odkrili korozijo na novih iglah. Pazljiva
analiza korodiranih igel je pokazala dva vzroka za korozijo: sledove vlage in
sledove klora, ki jih je spros$€ala polivinilna embalaza. Dobavitelj je krivdo
priznal in na svoje stroske igle zamenjal.

V lopaticah uvoZenega rotorja velike centrifugalne Crpalke so iz avstenitnega
nerjavnega jekla Ze po kratkem obratovanju nastale razpoke, zaradi katerih ni
bil ve¢ uporaben. Ugotovljeno je bilo, da so vzrok za premajhno odpornost
rotorja proti dinami¢nim obremenitvam elasti¢ne napetosti, nastale pri toplotni
obdelavi rotorja. Predlagan je bil nacin, kako te napetosti zmanjSati na spre-
jemljiv nivo, s kak$no zlitino se lahko nadomesti drazje nerjavno jeklo in katero
podjetje v Sloveniji tak rotor lahko izdela. (R. Celin)

Pojasnjen je mehanizem hitrega nastanka netesnosti reda velikosti 1 cm v dnu
zelo velikega rezervoarja za tekoce energente. (J. Vojvodi¢ - Tuma)

Na delu pivovarniSke naprave iz tanke ploCevine iz avstenitnega nerjavnega
jekla so nastale netesnosti, ki so zavrle proizvodnjo. Preiskava je pokazala, da
so poSkodbe posledica napetostne korozije, ki so jo povzrocile napetosti zaradi
preoblikovanja plocevine v cevasto obliko, in sledovi klorida v tekoc€ini, s
katero je bila plo¢evina v stiku.

RazloZen je bil nastanek korozijskih poSkodb na stenah cevi parnega kotla, ki
so nastale, ko se je kotel ohladil. Specificen proces zacetka korozije je bil
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posledica omocenja povrsine cevi s kondenzno vodo, ki je izpirala vodotopni
sulfat iz Samotne obloge.

Za podjetje proizvajalca aluminijevih ulitkov je bil pojasnjen nastanek oprha na
povrsini ulitkov iz aluminijeve zlitine, zaradi katerega jih je naro¢nik odklonil.
Pojasnjeno je bilo, da je neodpornost vloZka za kontrolo inkontinence posledica
korozije zaradi neustrezne izdelave kapsule iz nerjavnega jekla, izdelane s
struzenjem. Opozorjeno je bilo, da mora imeti ohisje fino polirano povrsino in
pred uporabo Zarjeno za sprostitev notranjih napetosti zaradi izdelave, ki
moc¢no zmanj$ajo odpornost nerjavnega jekla proti koroziji.

Pojasnjeno je bilo, da je vzrok okvare elektricnega prikljucka neprimerna
zlitina, obcutljiva za posebno obliko korozijskega pokanja, imenovano »season
cracking,« in predlagana je bila uporaba druge zlitine. Obcutljivost za pokanje
je posledica absorpcije na povrsino kovine, najprej vlage, nato pa Se korozijsko
aktivnih spojin iz atmosfere, v kateri je prikljucek deloval.

Poskodba notranje ognjevzdrzne obloge peci za Zganje cementnega klinkerja je
bila razloZena s sulfidizacijo zaradi plamena, v katerem najprej s kisikom reagi-
ra vodik, nato ogljik in nazadnje Zveplo. V obmocju zgorevanja vodika in
ogljika Zveplove pare in njegove neoksidne spojine reagirajo z ognjevzdrzno
oblogo in jo mo¢no poskodujejo.

Nekemu podjetju so dobavili ve¢ metrov dolge jeklene odkovke za gredi s
premerom okoli 200 mm. Ultrazvoc¢na preiskava je odkrila, da imajo odkovki
puhlo sredino zaradi vodikovih kosmicev. Taki kosmi¢i nastanejo, ¢e je pri
ohlajanju v jeklu ve¢ vodika, kot ga ostane raztopljenega v feritu. Kosmici so
nevarni, ker zmanjS$ajo odpornost jekla proti utrujenosti. Kosmic¢ev ni mogoce
odstraniti iz jekla in so posledica dejstva, da je naro¢nik predpisal kemijsko
sestavo jekla, ni pa omejil vsebnosti vodika.

PET DESETLETIJ DELA | 77






KOPIJE CLANKOV 1Z R\AZLI(‘fNIt-I OBDOBIJ DELA, KI SO
BILI TISKANI V RAZLICNIH DRZAVAH IN V RAZLICNIH
JEZIKIH

(Vrstni red je po letih tiskanja, vsebina pa je iz razli¢nih podrocij raziskovalnega in
strokovnega dela.)
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METALLOGRAPHIE. — Etude quantitative de Uenrichissement superficiel en
arsentc au cours de Uozydation dans un alliage de fer farblement allié en
cet élément. Note (*) de MM. Fraxe Vooorivee et Axpxé Konx, transmise
par M. Georges Chaudron.

La dissolution électrolytique par couches successives d'échantillons de fer

4 0,075 % As chaufiés dans une atmosphére oxydante, puls irradiés dans un

réacteur nucléaire, a permis une étude quantitative de la répartition de l'arsenic

au voisinage de linterface métal-oxyde. Les courbes obtenues sont différentes

suivant que I'oxydation a ¢t¢ réallsée en phasc = ou 7,

L’emploi de la méthode autoradiographique avait permis de constaler
que la plupart des éléments d’alliage ¢t impuretés contenus dans les aciers
se concentraient & la surface du métal lorsque celui-ci s’oxydait par chauf-
fage dans une atmosphére oxydante. L'emploi d'unc technique radio-
active, qui a déja permis d’étudier quantitativement cet enrichissement
dans le cas du soufre (%), a été reprise 1ci pour 'arsenic; en cffet, les tech-
niques variées employées par d’autres auteurs pour étudier ce phéno-
méne n'ont pas permis jusqu'a présent de faire des déterminations quanti-
tatives trés précises (*), (*).

Conditions des essais. — Les essais ont été effectués sur des échantillons
cylindriques d’un alliage de fer & 0,095 % As; ceux-ci, aprés avoir été
chromés sur leur surface latérale et leur face inférieure, ont été oxydés
4 800 ou 1000°C dans une atmosphére hydrogéne-vapeur d’eau.

Examen micrographique et autoradiographique. — Les autoradiographies
effectuées sur des échantillons découpés suivant un plan perpendiculaire
a la face oxydée ont confirmé I'existence d’une couche enrichie en arsenic
a Dinterface oxyde-métal. L’examen micrographique révéle également
I'existence de cctte couche qui est séparée du métal de base par un joint
nettement visible dans les échantillons oxydés 4 1000°C, et par un bord
un peu moins bien marqué dans les échantillons oxydés a 800°C, L’épaisseur
de cette couche est sensiblement uniforme tout le long de I'interface;
on observe cependant des variations faibles, mais nettes, de celte épaisseur
entre deux grains consécutifs et une pénétration du métal enrichi en
arsenic le long des joints de grains existant pendant le traitement
d’oxydation.

Le profil de I"interface métal-oxyde est irés régulier sur les échantillons
oxydés & 1000°, alors qu’il présente de nombreuses irrégularités sur les
échantillons oxydés & 8o0% (on distingue des proéminences de Poxyde
dans le métal et des ilots de métal encastrés dans I'oxyde).

Etude de Penrichissement. — La détermination de la variation de la
teneur en arsenic dans la pellicule d’oxyde ct la couche externe du métal
a été effectuée en dissolvant, par attaque anodique dans un bain Jacquet,
des couches sucecessives d'environ 12 d'épaisseur sur les échantillons
préalablement irradiés dans un réacteur nucléaire (formation d'arsenic
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(2)
radioaclif 76 de période 26 h), et en mesurant Pactivité du sulfure d’arsenic
recueilli aprés précipitation dans Jes solutions d’attaque.

Les résultats obtenus par cette méthode, et confirmés par quelques
mesures ponctuclles effectuées & la microsonde de Castaing, montrent une
différence sensible de la répartition de Parsenic dans la couche enrichie
enire les échantillons oxydés a 800°C et les échantillons oxydés & 1000°C.
Cette différence qui est en rapport avec les différences observées dans
aspect micrographique des couches enrichies, s'explique par le méca-
nisme différent de leur formation. Lorsque I'oxydation s'effectue & 8o0°(
en phase 2, I'arsenic, malgré son augmentation de concentration, demeure

Métal de base
Couche enrichie en As

Oxyde de fer

Mélal de bhase
Couche enrichie en As
Oxyde de fer

Fig. o. Oxydation & 1oono(,

en solution solide dans la ferrite; la répartition dans la zone enrichie est
représentée par la courbe a de Ja figure 3. Lorsque P'oxydation a lien dans
le domaine ¥, Penrichissement en arsenic alteinl rapidement une valeur
telle que Pausténite se transforme en ferrite dans la zone exlerne de la
couche enrichie; la répartition de Iarsenic est représentée, dans ce cas,
par la courbe b de la figure 3. La courbe théorique en Lirets représente
plus yraisemblablement la répartition réelle que la courbe en traits pleins
déterminée d’aprés les valeurs moyennes mesurées sur une surface compre-
nant des nombreux grains o la cinétique de Ienrvichissement n’est pas
identiquement la méme pour tous,

La répartition de Parsenie présente, dans ee cas, une variation brusque
qui se situe & Pendroit du joint visible au microscope, ot se trouvait la
limite entre la ferrite riche en arsenic ct I'austénite & tencur plus faible
en cet élément.

Cinétique de Denrichissement. — Nous avons mesuré au imicroscope
Pépaisseur de la couche enrichie en arsenic : P'épaisseur de la pellicule
d’oxyde a été déterminée d'aprés I'augmentation de poids des échan-
tillons, Iin utilisant les wvaleurs ainsi obtenues, on a ecaleulé la teneur
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(3)
moyenne en arscnic de la couche enrichic en admettant qu’elle contenait
tout l'arsenic provenanl de I'épaisseur de métal oxydé.

La valeur de cette teneur moyenne augmente lorsqu’on augmente la
vitesse d’oxydation (atmosphére plus riche on vapour d’eau}; clle varie
peu au cours du temps lorsque Poxydation est effectuée & 8009, mais
augmente lorsque Poxydation a lieu & 1000°C.

Nous avons, par ailleurs, constaté que, dans les deux cas, la couche
enrichie croit en épaisseur suivant une loi parabolique en fonetion du temps.

3
[ « Oxydation de 48h & @0D°C
., + Oxydation de 1Eh a 1000°C
»
w2
L.
c
-
<
2
-
L8
10 20 0 40 m
Distance depuis Uinterface
Fig. 3. — Cowbes de répartition de Varsenic au volsinage de linterface métal-

protoxyde aprés oxydation dans une atmosphére & 3o %, d’hydrogene el 70 % de
vapeur d’eau,

Conclusions. — L’étude quantitative de la répartition de Parsenic dans
des échantillons d’alliage & 0,075 9%, As, chauffés & 8oo ou 1000°C dans
une atmosphére oxydante, a montré que la pellicule d’oxyde était prati-
quement dépourvue de toute trace de cet élément. IEn raison de la faible
vitesse de diffusion dans le fer, Parsenic s’accumule au voisinage de I'inter-
face ou sa tencur peut atteindre, aprés quelques dizaines d’heures, une
valeur 30 & 4o fois plus élevée que sa concentration initiale. Les teneurs
ainsi obtenues sont cependant insuffisantes pour provoquer la formation
d'arséniure de fer ou d’une phase liquide aux tempéralures o onl éLé
cffectuées les oxydations,

Les courbes de répartition de 'arsenic dans les échantillons oxydés
4 800°C ont la forme réguliére de courbes de diffusion en phase homogéne.
Les courbes relatives aux échantillons oxydés & 1000°C présentent une
brisure correspondant & la limite de séparation entre la phase a formée
par suite de I'enrichissement, et la phase v existant i cette température
dans le métal de base,

(*) Séance du 10 juillet 1961,
(') C. pe BEavLieu et M. Cacner, Comples rendus, 250, 1960, p. 53q.
(*) P. I. KovLesnov et I. I. TchATKA, Fisika Metallov ¢ Metallovedenie, 7, n° 1, 1959.
(") D. S. Kazarnovskir et T, M. Ravirskaia, fsvelzia Acad, Nauk S. S. S. R., n° 4,
1959, P o15-un
(Institut de Recherches de la Sidérurgie, Saint-Germain-en-Laye.)
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ETUDE DE L’USINABILITE DES ACIERS DE DECOLLETAGE
AU MOYEN D’OUTILS RADIOACTIFS

F. VODOPIVEC !
V. SENCAR \
<. HODNIK

INTRODUCTION

Bien que I'usure des outils de coupe ne soit pas vraiment
représentative de I'usinabilité des aciers, 1a détermination
de Tusure est & la base de plusicurs méthodes couram-
ment utilisées pour la détermination de usinahilité des
aciers. Ces méthodes comportent cependant certains incon-
vénients, Les essais nécessitent, en particulier, une quantité
considérable de métal sous forme de barres de diamétre
important, et pour réduire la durée des essais, il faut les
cffectuer i des vitesses qui dépassent considérablement
les vitesses normales d'uwsinage, ce qui diminue la valeur
pratique des résultats. Il est possible déviter lous cos
inconvénients en évaluant Nusure an moyen d'outils radio-
actifs, Ces essais, qui ne demandent quune petite quantité
de métal en barres de diaméwre quelconque, s'elfectuent
auvx vitesses normales d'usinage el leur durée est bréve,
de lordre de quelques secondes i une minute au plus.
Par comnre, 'wtilisation d'outils radioactils présemie des
inconvénients. En particulicr, il faut avoir & sa disposition
un apparcillage de mesure de la radioactivité et il est
nécessaire de prendre certaines précautions cn vue de sc
protéger de I'action des radiations ionisantes,

Compte tenu des avantages et des inconvénients, les
frais de réalisation des essais 4 l'aide dowtils radioaciifs
ne dépassent pas la moitié des dépenses nécessaires i Pexé-
cution des essais suivant los méthodes classiques (13, (2), (3).

CONDITIONS DES ESSAIS

Les données bibliographiques permetient de dégager des
indications générales sur les mesures nécessaives A la déter-
mination de I'usure au moyen d'ontils radicactifs, 11 pst
préférable driliser un acier riche en éléments ayant une
seation efficace élevée & Yabsorption des neutrons, c'est-i-
dire en éléments qui s'activent rapidement pendant Uirca-
diation dans un réacteur nucléaire. Tels sont: le cobaly,

INBTITUT ©F METALLUAGE 0F waukisana {voucosiewvie)

le chrome, le tngsiéne, Je maolybdine, le tantale et le
manganése. La longue période du cobalt peut devenir en
certaing cas un inconvénient. Pour &viter que la dispersion
des mesures ne soit top importante, il faut wiliser des
outils de coupe, donc l'activité spécifique est dans 'inter-
valle de I 4 10 mGifg (1}, (4), (3), (6), (7), (8). {9}, (10}.
Il est aussi nécessaive de récupfrer tous les copeaunx, afin
d'éviter la contamination de Ja machine-outil, en prétant
une allention particuliéve aux copeaux fins (poussiére),
particuliérement radioactifs.

Nous avons utilisé des ontils en acier rapide & 0.8 % C,
17,5 96 W et 12 % Cr de dureté 66 Re. Los outils avaient
la forme de plaquettes 12 X 12 X 3 mm et pesaient
4 g environ. L'activité spéciligue du métal étaic de 0,5
A | mCifg et laclivité totale de 2 & 4 mCi, T y a lien
de remarquer qu'en wavaillant avec beaucoup de soins,
nous avons pu déterminer Fosure aun moyen d'outils dont
Pactivité spéeifique ne dépassait pas 0,2 mCi/g. L activité
totale relativement faible des outils a permis d'effectuer
les essais d'usinage en ne prenant que des mesures de pro-
tection velativement simples, tont en donnant wne précision
satisfaisante.

Les plaquettes étaient fixées dans un porte-outil, montré
sur la figuse !, Elles avaient &é affinées & I'étac non actif
d'aprés les prescriptions allemandes {11). Le rayon du bee
de Tontil €rait de 0,2 mm. Au début de I'usinage avee des
omtils nouvellement affotés, usure est anormalement éle-
vée {13, (4}, (5). On peot remédier & cet effer par un
afffuage particulier de Uoutil ou par une usure préalable
de celui-ci, Nous avens adapté cette dernitre solution ot
effectué, avec les ontils nouvellement afffités. un wsinage
de 20 mn enviton & vitesse pen élevée,

Pendant Pusinage sur lo tour, les outils n'étaient pas
relvoidis ; ceci a permis «’éviter la contamination de Ia
machinc-outil par les copeaux [ins entrainés pac le liquide
de refroidissement. Les copeaux éaient recueillis dans une
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Figure 1 Portesoutil avee plaquette en acier rapide (outil)

Figure 2. — Boile & copeaux dfmontée.

Figure 3. — Dolte 1 copeaux sur Je tour au cours de

hoite en thle [fig. 2 et 3). Le couvercle de la hoite était
muni d'une plaque en verre au plomb de 10 mm d'épais-
seur, qui permettait I'observation du bee de 'outil au
cours de I'usinage,

Des’ essais préliminaires ont permis de constaler que,
parmi les différentes conditions d'usinage, examinées au

cours d'essais antérieurs sur  'usinal des aciers de
décolletage (13), les meilleurs résultats éraient obtenus pour
des profondeurs de passe de 1 mm et une avance de
0,12 mm/wr. La vitesse d'usinage variait de 27 & 150 m/mn.
Cette vitesse émait déterminée par la vitesse de rotation
de la machine-outil {tour de série du type TS 3, fabriqué
par I'Usine Prvomajska, Zagreb), sur laquelle les essais
ont été cffectués, Tous les essais ont é1é réalisés dans l'ate-
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lier de I'Institut sans que le travail normal de 'atelier en
soit dérangé. La seule précaution particulitre prise au cours
du travail avec les outils radioactifs a &é la délimitation
des zones de rayonnement intense autour de ka machine-
outil. La dose maximale de radioactivité, enregistrée 2
I"aide d'un dosimétre & film porté par le tourneur, a é1é de
90 mR pour une série de 200 essais,

L'activité des copeaux a été mesurde avee un compteur 4
scintillations. Le cristal de ce compteur comportait un ori-
fice cylindrique, dans lequel étnit placé un bécher conte-
nant une quantité déterminée de copeaux radioactifs. Le
rapport du taux de comptage de ces copraux et du taux de
complage d'un gramme d'acier provenant de l'outil repré-
sente la perte réelle en poids de l'outil, donc son usure.

Les différents auteurs qui ont éudié Pusure des outils
au moyen de méthodes radioactives ont remarqué que
I'nsure est proportionnelle 3 la durée de 'usinage. Nous
avons d'abord vérifié cette loi de proportionnalité pour
différentes vitesses de coupe, par des séries de six essais,
effectuées pendant des durées de 10 s & 1,5 mn. Comme
on peut le voir sur fa figure 4, les vésultats obtenus per-
mettent effectivement de tracer des droites A partir des
points expérimentaux : les dispersions observées, qui ne dé-
passent pas = 15 %, sont inféricures i celles que l'on
peut constater par les méthodes classiques rapides de déter-
mination de Fusure (1} (3) (). On a calculé les taux
d'usure en mg/mn d'usinage ou mg/g de copeaux pour
différentes vitesses d'usinage i partic des pentes de ces
droites.

ap*
6
2
=
£o
o
E
g
D E F
0 ¥ [1] 1 [i] 1 F
&L
A B c
0= 1’5:‘5__‘:5:: S T TR ::E‘ﬂ%_
[m=]
Figure 4. Auvgmentation de 'usure de Vacier X avee la durie

d'wsinage. Vitese d'wsinage : A = 27,3 m/
C="immn;D = Sm/me; E = 110
(outil endommais).

= 38,3 mfmmn ;

La comparaison des essais O et I, effectués 3 la méme
vitesse, est intéressante. La dillérence résulte du fait que
Pessai Foa suivi l'exécution de Vesai 3 vitesse élevée
(essai F). Au cours de cet essai, P'usure avait 6é tellement
inlense qu'un petit cratére est apparn sur la surface d'affi-
tage de loutil. Lusure de Uoutil endommagé est environ
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TABLEAU I : Cowmposition des aciers éludiés.

Dimensions
Acier de la billete c Si Mn P Cr Cu Al
ou baree

1<) (96) (%l {96} {56} (%) (%) 3]

A 50 x 30 14 022 D56 0,008 0.227 0.09 0.24 .06
B » .18 33 a0 0,032 0.23 mad, n.l, \0&2
C » 19 6 20 0,05 0,23 0.3 0.12 055
D - 15 34 80 0,025 0,20 003 013 084
| o%Ee | o || R | osm | ek | om0 i

- . 29 N ! r ) ).

K » .16 27 l,g D.gi 8145 8.01' 0,08 039
L 65 x 5 .20 24 1,25 0,05 0,738 0,04 0.0 04
M Bx T 18 0, 11l 0,028 0,22 0,04 014 43
R 90 x .0 16 0,22 8 o027 0,224 003 0,00 018
¥ g1n 17 0,24 g 0.023 0275 0.0 0.08 (48
5 2 20 18 23 5 0,043 0,226 004 0.1+ L0611
T 20 14 16 18 0,025 0,188 0,03 0,12 0,040
E 50 x 50 07 . 40 0,029 0,197 0,02 0,06 0.07
N 90 x W0 10 .09 G8 0,027 0,295 0,04 0,08 058
o 63 x 60 09 .04 E 0,047 0,247 0.0% 0,16 025
X e 3 08 021 .57 0.03 0,241 006 .05 036
u @ 0 013 n.d. .97 0,07 0,27 e, nal. 001
c ?# 0 3.:3 n.d. .68 n.d. 0,22 nd, n.d. 001
9 65 3 6 48 0,24 .78 0,092 a,207 0,04 0.8 007

Nuote : nd. : tencur non déterminde,
Alr  tencur totale en aluminivin,

tros [ois plus élevée que P'usure de Poutil intact, mais elle
est quand méme proportionnelle 4 Ja durée de Jusinage. =3
Cecl indique qu'il est possible de continuer les essais d'usi- .
nage avee le méme autil jusqud ce que des traces dusure
macroscopiques apparaissent sur Poutil. En prolongeant
T'usinage jusqu'a une heure A la vitesse de 55 m/mn, nous
avons vérifié que l'usure augmente de fagom linéaire avec 60
la durée detitrmgedetomil, e | Wi wa o e =
Tous nos essais ont été coffectués sur des aciers de décol- g
letage, dont la composition est présentée dans le tableau 1. \g 40
2y

3
[ -]

La plupart des aciers ont été utilisés sous forme de barres
ou hillettes laminées o chaud, d'épaisseur de 20 3 90 mm.

D'USINAGE SUR LE TAUX D'USURE

Les figures 5 el 6 montrent augmentation du taux O-M

d'usure en fonction de la vitesse d'usinage pour deux c L w[m/rr?m] L
aciers différents. La courbe de la figure 5 a é1é tracée A
partic des taux d'usure déterming par les droites de la
figure 4. Le taux d'usure s'accroit au-dessus de 55 m/mn
environ, en fonction de la vitesse d'usinage suivant une
loi parabolique du type :

U=K.v
U = taux d'usure (mg/mn ou mg/¢}
v = vitesse d'usinage (m/mn),

=1

8
On peut calculer les grandews de Pexposant # et de %
S

INFLUENCE DE LA VITESSE / ‘

=3

[@ ma/q]

la constante K de Péquation précédente 3 partir des droltes

obtenues en tragant la courbe représentative des variations Y 4
du taux d'usure cn fonction de la vitesse dusinage en 4 LA
coordonnées bilogarithmiques, Le rapport entre la durée . /F'/ 2z
de coupe indiquant la résistance & la détérioration du bec ot
de Foutil par suitc de Péchanffement et la vitesse d'usinage P
suit une loi hyperbolique (14). Il en résulte quiil o'y a pas 05 1] %0
de rapport simple entre le taux d'usure et la résistance du /o)
ation du taux d'usure en fonction de s

bec & Paction de l'usure ot de Péchauffement, Pigirct 5.5 6. — Moo

vitese nage des aciers X el
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Figures 7 ot 8.~ Voription du taux de délonmation 6:: COpEaNT €
fonction de ls vitese d'usinage des aciers X et

En diminuant la vitesse d’usinage au-dessous d'cnviron
55 m/mn, le tauvx d'usure change peu, L'usure spécifique
définie comme le rapport du paids du métal arraché A
Toutil au poids dus copraux s'accroit légérement dans le
cas de l'acier, Nous n'avons pas trouvé une explication
satisfaisante 4 cet accroissement, compte tenu du fait que
Pinfluence des sulfures des aciers de décolletage sur le frot-
tement entre les copeavx et Poutil ne dépend pratiquement
pas de la vitesse d'usinage (15).

Le taux de déformation des copeaux A, est une mesure
de Pécoulement plastique des copeaux. Il est défini comme
le rapport de Pépaisseur réelle ¢, & I'épaissenr théorique
¢, des copeaux, c'est-i-dire :

rs

Ag = ete, = a.siny
€t
a = avance (mm/ir)
x = angle de direction.

Les figures 7 et 8 montrent les variations du tavx de
déformation des copeavx en fonction de la vitesse d’usi-
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nage pour les deux aciers X et Y. La comparaison de
ces deux geaphiques avee les graphiques des figures 5 ot 6
montre qu'il n'y a pas de vapport simple entre le taux
d'usure ¢ le taux de déformation des copeaux a 'usinage
des aciers de décolletage. 11 est aussi intéressant de noter
que le taux d'usure de l'acier & teneur en carbone la plus
basse cst plus faible aux petites vitesses. Par contre, Pusure
i l'usinage de cet acier aux vilesses Slevées est sensiblement
plus importante que celle de acier plus riche en carbone,

COMPARAISON DES TAUX D'USURE
A L'USINAGE DE DIFFERENTS ACIERS
DE DECOLLETAGE

Le but de ces essais est de déterminer 'l existe un rap-
port entre le taux d'usure ct les difféventes caractéristiques
des aciers, comme leur composition chimique dans les
limites de tolérances des productenrs, lewrs propriétés mé-
caniqu-.'s et leur microstructure, notamment la forme des
inclusions de sulfure (16). La compaosition des aciers étudids
est présentée dans le tablean I. Tous les aciers ont éié
usinés avec le méme outil. Pour cette raison, I'usinage a é1é
effectud 3 la vitesse relativement faible de 546 m/mn.
Nous avons vérifié par des examens macroscopiques pério-
diques I'absence de traces visibles d'usure de Uoutil, sus-
ceptibles de diminuer la reproductibilité des essais, comme
nous l'avons précédemment exposé, L'é&at de Uowtil a &ié
égaloment vérifié, en interealant dans los usinages des dif-
férents aciers, des usinages dun méme acier {acier Y).

Dans 14 eas, sur le nombre wial des 20 aciers éruclids,
on a colevé deux passes conséeutives de la méme baire oun
billetwte, afin de détenminer s7l y avait sur la surface usinée
d'importantes particules de Toutil apportées A la suite du
frottement du bee sur cette surface, Si ces résidus nexis-
taient pas, on powrvait déterminer Uusure totale avec wne
seule passe dusinage, Par suite de ln diminution du dia-
métre, la deuxigme passe s'effectuait i uoe vitesse d'usinage
inféricure & la premiére de 2 3 6 95,

Pour tous les aciers éludiés, I'usure a & proportionnelle
i la durée de Pusinage et & partiv de six points expérimen-
taux, il a @€ possible de déterminer le taux dusure,
Nous allons expliquer phus loin lovigine des discontinuités
sur les droites représentant augmentation du taux d'usure
dans les cas des aciers Y, et E de la figure 9. La figure 10
montre les taux dusure des différents aciers, délerminés
A partiv de la figure 9 ainsi que les taux de défonmation
des copeavx. Dans dix cas, Musuce a &6 plus élevée i la
premidee passe; en quatte cas, on fut le contraive. La
différence des taux d'usore eotre les deux passes a atteint
dans wois cas L7 9% ; dans one cas, elle était au plos
d'environ 10 %, done dans les limites admissibles de dis-
persion de Ja méthode dessais. 11 semble donc rque Ja
quaniité des particules arrachées & Uoutil et eoncastrées
dans Ja surface usinée est cn mayeone négligeable par
rapport A la quantité des particules emportées avee les
copeaux. Il est donc possible de déterminer Pusure otale
en effectvant vne seole passe d’usinage pour chaque échan-
tillan.
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Nous avons cependant mis en évidence, par autoradio- immédial du point de la surface usinée ot le bee de loutil
graphie, que des particules de métal arrachées de l"outil s'est détérioré sous l'influence de 'échauilement intense
sont encastrées localement dans la surface usinée {fig. 11). produit & une vitesse d'usinage d'environ 150 in/mn

Ces particules sont plus nombreuses dans le voisinage (fig. 12).
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Figures 11 a1 12, Autaradiographie do la surface wsinde, Echelle 475,
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Figwre 13. — Relation entre le taux d'wure et la teneor totale dex
acicrs en aluminium,

TABLEAU 11
Figures 14, 15 et I, — Inclusions de sullure dans Ies aciers U, C
o1 S, Attaque Mgdee au nital,
* 100
Acier F 5 Dureté Taux t‘l'm\u‘e_= Lo .
ou billette Brinel (mg/mn x 10%) Le tableau I indique les duretés Brinell, les taux d'usure
sy et les épaisscurs des barres ou billettes pour six aciers.
¢ 0 % W 137 152 A l'exception de I'acier U, tous ces aciers ont été laminés
& i 5 i o 4 chaud. L'acier U a le plus faible taux d’usure, bien que
i sa durcté soit la plus élevée. L'examen micrographique
¥ = 160 1% montre que les inclusions de sulfure dans cet acier sont
8 El 14 18,10 les plus grosses (fig. 14). Les inclusions dans les aciers C,
T = 135 5,10 G et Y sont moins grosses et plus allongées (fig. 15), alors
u 18 168 ™ que dans les aciers T et 8, et spécialement dans ce dernier,
| les inclusions sont trés minces et allongées (fig. 16).
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Ces particules de métal, augmentant considérablement
le taux de comptage des copraux, expliquent la présence
des discontinuités dans les cas des aciers Y, ot E de la
figure 9. La pente de Ja droite ost la méme des deux cités
de la discontinuité, aux crreurs expérimentales prés, L'usure
spécifique est done la méme, La présence de ces décalages,
provoqués par des arrachements, est done fortuite et clle
w'a pas de rapport avee P'usure normale de T'outil.

On n’a remarqué ancune relation entre les propriétés
mécaniques, résilience comprise, et le taux d'usure des
aciers. Le taux d'usure ne dépend pas des variations de
Ia teneur des diffévents éléments des aciers dans les limites
données par le sableaw 1, exception faite de I'aluminium,
Le taux dusuve diminue, en effet, trés légérement avec
Taugmentation de la teneur totale d’alumininm entre 0,01
et 0,0B % (fig. 13). Notons que des observations anté-
rieures avaicnt montré que la durée de coupe des outils
diminuait fortement quand les aciers de décolletage avaient
été calmés i l'aluminium {17). Dans cette série d'essais,
nous n'avons pas non plus rouvé de rapport entre le Laux
d'usure et le taux de déformation des copeaux.

Le taux d'usure des aciers de décolletage dépend done
trés sensiblement de Ja forme, et avant tout de la grosseur
des inclusions de sulfure, Il augmente sensiblement lorsque
la dimension de ces inclusions est inféricure A une certaine
valeur, que nous n’avons pas pu déterminer avec précision,
mais qui doit ére de l'ordre d'une dizaine de microns.
Liindice d'usure des billewtes d'acier laminées A chaud
jusqu'a wne épaisscur e 39 mm est relativement faible, 11
augmente sensiblement lorsque le laminage 3 chaud est
poursuivi jusqua wne Epaisseur de 20 mm, 1l en résulte
que Ja diminution critique de la grosseur des inclusions a
licu au cours du laminage & chaud des billettes entre 40 et
20 mm d'épaisseur. L'indice d'usure des aciers de décolle-
tage ne dépend donc pas seulement de la composition
chimique de ces aciers, mais aussi des conditions de
laminage.

CONCLUSIONS

1. Au moyen d’outils radioactifs, il est possible de déter-
miner P'usure an cours de l'usinage et d'évaluer I'usinabi-
lité des aciers, par des essais de courte durée. Aves des
outils ayant une activité spécifique de 05 3 | mCifg, on
peut, dans des conditions relativement simples, obtenir une
bonne précision (dispersion inféricure & =+ 15 ¢£). Tout
le métal arraché de l'outil en acier rapide est pratiquement
entrainé par les copeaux, ce qui permet de déterminer
Pusure totale des outils en n'effectuant qu'une seule passe
sur chaque échantillon.

2. Le taux d'usure s'accroit, en fonction de la vitesse
d'usinage, suivant une loi parabolique & partir de la vitesse
de 55 m/mn environ, Au-dessous de cette vilesse, la vitesse
d'usinage des acicers de décolletage a peu d'influence sur
Pusure d'owtils en acier rapide.

3. Nous n'avons pas observé de relation entre le taux
d’usure et les propriétés mécaniques des aciers de décolle-
lage, le taux de déformarion des capeaux, ou la variation
de la teneur en éléments d'alliage dans Pacier & Pintérieur
des limites de tolérance du producteur, exception faite de
Taluminium,

+. Le taux d’usure des aciers examinés diminue légére.
ment lorsque leur teneur totale en aluminium s'aceroit
de 0,01 & 0,08 %. Lec taux d'usure des aciers de décolle-
tage st nettement plus élevé si la dimension des inclusions
de sulfure dépasse une valeur critique (de Uordre dune
dizaine ¢e microns).

Ce travail a é1é effectué avee I'aide de l'usine « Zele-
zarna Jesenice ». Les autewrs remerciemt la Direction de
cette usine qui en a aimablement permis la publication,
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Ursachen der Porigkeit von Oxydschichten auf Eisen e

Von Franc Yodopivee und Ladislav Kosec in Ljubljana (Jugoslawien)

An etner Eisen-Bor-Legierung mit 0,08%, B Durchftihrung von Orydatiensversuchen bei 900 bis 1100 °C, Melallo-

graphische Untersuchung der Orydschichten. Folgerungen ithee die Bedeutung des Bors fr die Porigheil der Ouxipl-

schichten. Vergleieh mit fritheren an einer Eisen-Phosphor-Legierung mit 0,09% P erhaltenen Ergelmissen. Erérie-
rung des Bildungs- und Wachstumsvorganges von Poren in Zundersehichlen,

Causes of fhe porosily of oxide layers on iron. Oxidation experiments al 900 lo 1100°C on an sron-boron alloy

with 0.08% B. Metallographic ezamination of the oxide tayers. Conclusions regurding the importance of boron for

the porosity of the oxide layers, Compartson with resulls obtained on an iron-phosphorus alloy with 0.099%, P.
Diseusston of the process of formation and growth of the pores in seale layers.

Causes de porosi(é des couches d’oxydes sur le ler. Exécution d’essats d'oxydation entre 00 et 1100 °C sur un

alliage fer-bore & 0,08% B. Etude métallographique des cotches &' oxydes, Conelusions sur Uimporlance du bore pour

la porosild des couches d’ozydes. Comparaison avee les résullals précédemment oblenus sur un alliage fer-phosphore
& 0,09%, P. Discussion du processus de formalion el de croissance des pores dens les couches de ealamine.

Bei Oxydationsversuchen an Eisen mit nicdrigem Phos-
phorgehalt wurde [estgestellt!) #), daB die Anwesenheit
fliisiger Phosphoroxyde in der Grenzschicht Metall-Oxyd
cine crhebliche Porigkeit der Oxydschicht bewirkt, Die
Ergebnigse legten die Frage nahe, ob der Einfiul des Phos-
phors verallgemeinert werden kann, so daB eine derartige
Porigkeit auch durch andere Begleitstote des isens her-
vorgerufen wird, und ob ein Unterschied im Einflub des
zugeliigten Stofles dahingeliend besteht, dall seine Oxyda-
tionspradukte fest nder fiissig sind. Zur Klirung dieser
Frage wurden folgende Versuche an Eieon durchgefiihrt,
dem geringe Mengen Bor zugefiigt waron.

Versuchsdurehliihrung
Die chemische Zus gz der untersuchten
Eisen-Bor-Legierung ist in Pafel 1 angegeben. Weiter
wurden Vergleicheversuche an einer Eisenlegierung mit
0,0249;, C, einer Bisenlegierung mit 0,074, Mo und an
reinem Eisen durchgefiihrt (siche Tafel 1), Alle Legie-

Tafel I, Chemische Zusammensetzung der untersuchten
Eigenlegierungen

Leglerung < %0 *; Sonstige
Eisen « Bor 0,005 n. b.1) 0,08 B
Eisen - Phosphor 0,08 0,001 000 P
Eisen - Kohlenstoff 0,024 0,001 —
Reines Eisen 0,001 0,02 —_

Eisen - Molybdin 0,001 0,023 0,071 Mo

1 Nieht enmittelt.

rungen wurden durch Umschmelzen von reinem Elektrolyt-
cisen im Vakuum-Induktionsofen hergestellt, so daB der
Grad der Verunreinigungen 0,001Y%, je Begleitstofl nicht
iiberstieg, 1s kann daher voraunsgesetzt werden, daB bei den
Versuchen der EinfluB derjenigen Elemente ausgeschieden
wurde, die nicht absichtlich dem Kisen zugegeben wurden.
Diese Voraussetzung mul erfiillt sein, da sich wihrend der
Oherfliichenoxydation an der Grenzfliiche Oxyd-Metall viele
Elemente anreichern und somit den Oxydationsvorgang
stark becinflussen kénnen.

Die Oxydation wurde im elektrisch beheizten Rihron-
ofen bei Temperaturen von 900, 1000 und 1100°C durch-
gefithrt, und zwar unter Gas aus rd. 70 Vol Wasserdampf
und 30 Yol.-2, Wasserstolf, Zur Herstellung diescs Gas-
gemisches wurde Wasserstoll durch destillieries Wasser mit
;} Yodopives, F.: Rudsrsko-metalurikl Bborn. 1983, Nr 1, 8. 13315 Min.

etallure. Quart. 1963, Nr. 1, 8. 21738 (enyl. Oberacty. ).

' Vodepives, F., A, Kohn, 1, Philibert uw, J. Manone: Mdm. sl Rov,
Métnllung. 80 (1965] 8, 80118,

ciner Temperatur von 90°C £ 0,1 grd geleitet. Die pléitt-
chenformigen (1212 mm?) oder walzenformigen (12 mm
Dmr., 10 mm Dicke) Proben wurden in den auf die Versuchs-
temperatur erwarmten Ofen mit dem Versuchsgas cingesetzt.

Die Querschliffe der Proben wurden in Bakelit
oder Araldit eingefalit und unter dem Mikroskop unter-
sucht. Auch bei sorgfiltigstem Schneiden, Schleifen und
Paolieren konnten Beschiadigungen in der Oxydschicht zahl-
reicher Proben nicht vermieden werden. Doch konnten die
aus der Probenvorbercitung hervorgehenden Fehler ohne
Sehwierigkeiten von den Fehlern unterschieden werden, die
wilirend der Oxydation in den Oxydschichten entstanden
waren.

Yersuchsergebnisse

Die Untersucliungon zoigten, daB bei allen drei Yersuchs-
temperaturen die Oxydhaut aus zwei Schichten zu-
sammengesetzt ist. Die dullere Schicht besteht aus Wastit
nnd ist bedeutend dicker als die zweiphasige innere Schicht.
Diese ist aus Wiigtit und ciner Phase zusammengesetzt,
deren Aussehen und Verteilung von der Oxydationstempera-
tur abhangt, Vergleichend mit den Versuchsergebnissen an
der Eisenlegierung mit Phosphor') %) wird angenommen,
dall die zweite Phase aus Fisenborat oder einem Borat-
Wilstit-Entektikum besteht. Dicses bildete sich nur dann,
wenn die Oxydationstemperatur hilher war als der Schmelz-
punkt des Eutektikum im bindiren System Wiistit-Borpent-
oxyd.

Nach der Oxydation bei 900°C wurden in der dik-
keren, dubBeren Wiistitschicht und in der zweiphasigen
inneren Schicht nur vereinzelte Poren ungleichmaBiger 1'orm
und Girifle heabachtet. Zwischen Oxyd und Metall oder im
Oxyd nahe des Metalles zeigten sich hinfig Risse, die un-
gefahr parallel zur Grenzlinie der beiden Unterschichten
verliefen ( Bild fa). Es kann nicht entehieden werden, ob
die Risse wihrend der Abkiihlung der Proben oder bereits
withrend der Oxydation entstanden, Das Ausschen der
Oxydschicht war dem der Kisenlegierung mit Phosphor
iihnlich, die den gleichen Oxydationsbedingungen bei 800
oder 000 °C ausgesetzt ward), Es war sehwierig, aus den bei
900°C oxydierten Proben Schliffe horzustellon, die zur
mikroskopischen Untorsuchung goeignet waren.

Nach der Oxydation bei 1000 °C war die Oxydschicht.
chenfalls aus zwei Schichten aufgebaut ( Bild 15). Die innere
Schicht war wiederum aug Boratkdrnern und Wilstit als

Honderabdrucke sind vom Veslag Stablelsen m. b, 10, 4 Dissaldort 1, Postlach 8229, unter Argnbo der Beatallnummar Gruppe E Nr. 2090 zu bezichen.
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Grundmasse zusammengeselzt, sio hatte cine etwas groBere
Dicke. In der gesamten Schicht wurden aber auch zahlrciche
Poren von mehr oder minder gleichmaBiger Form und Grofe
beobachtet. Die durchschnittliche GroBe der Poren nahm
wvon der Metalloberflache nach auBen ru. Fine shnlicke Form,
allerdings bei hoherer Porenzahl, reigte auch die Oxyd-
sehicht, die bei der gleicken Temperatur an der Legierung
mit Phosphor entstanden war (Bild 2).

a) rd. 120:1 (Original m:I'j
Bild 1. A der

Bild 2. Ausblidung des z.mdmducm und ou darin geblideten Poren
&n der Probe ciner l-m erung mit 0, P nach der Oxydatlen bel
*C 24 h (tm"l

] )
mme.vm..m-m»mi&wmm

Buld 3. "‘ n r Poreazahl usd awfl das

elumen bmg;n« Pareaanteil in Am it von der

auf die nmuu.:u \u Bezogenen Entierrung. Dn Auvaners
exfolgte dure des e

ciﬂn der Probe m Dlhk! 1e)

Nach der Oxydation bei 1100°C war die Boratphase
an den Grenzen der Wistitkristalle in der inneren Unter-
schicht und an der Metalloberiliche verteilt. Diese Form
dentet darau! hin, daB die Phase bei der Oxydalions-
temperatur im geschmolzencn Zustand verlag. Im Oxyd
sind zahlreiche kugelldrmige Poren (Bild I¢) vcingelagert,
Die Porenzahl verringert sich bei steigender durchschnitt-
licher GriBo von der Metalloberflidicho nach auBen ¢ Bild 3).

Aut Grund des Vergleiches der Beobachtungon an dor
Eisenlegierung mit Phosphor'} 3) und an der Eisenlogierung

eablriesl i I
b) rd. 75:0 (Original 100:1)
B) 1000°C 10h,

mit Bor kann lestgestellt werden, daB die Form, die
Verteilung und die Zusammensetzung des 1weiten
Oxydationsproduktes keinen EinfluB auf die Ent-
stehung der Poren haben,

An Eisen mit 0024, C entstand bei den gleichen
Oxydationsbedingungen nahezu eine vollkommen kompakte
Oxydschicht mit wenigen kleinen Poren (Bild 4a) an der
Metalloberfliche, wobei die Schicht an den beiderseitig

<) o, 1831 (Original 100:1)
und der darin sg-ctlmun Poren an Proben einer I’l‘(lﬂkalﬂ'\llll mit 0,08% B nach der Oxydation bei
@) 000

¢) 1100°C

oxydierton Randern die griBte Porenzahl aufwies. Noch
kompakter war die Wilstitschicht an der Legierung mit
Molybddn (Bild 45), an der lediglich zahlreiche Poren
an don beiderseitig oxydierten Rindern beobachtet wurden
(Bild dc). Ahnliche Krscheinungen denteten bereits J.
Moroau und M. Cagnet?) als Folge spezifischer geome-
triechor Verhiiltnisso, dio an den Probenriindern wihrend
der Oxydation vorliogon,

Die GleichmiBigkeit und Ebenheit der Grenz-
fliche Oxyd-Metall nimmt von Bor fiber Kohlenstofl zun
Molybdiin als Lagicrungeeloment zu. Wihrend der Oxyda-
tion reichert sich das Molybdiin im Metall an der Grenz-
schicht Oxyd-Metall an. Somit beeinflubt diese Anreicherung
nicht die Kompaktheit der Oxydschicht, wohl aber die Form
der Trennfliche Oxyd-Metall, was theoretisch C. Wagner$)
erklart und 1. Maldy?) an Eisenlogierungen untersucht hat,

Dic Ergebnisse der mikroskopischen Unter-
suchungen fithren damit zu folgenden SchluBfolgerun-
gon.

a) Bereits kicine Mengen sekundérer Phasen in Form von
Oxydationsprodukten des Phosphors oder Bors
an der Grenzfliche Oxyd-Metall fihren za einer deut-
lichen Porenbildung in der Oxydschicht wahrend der
Oxydation von festem Eisen. Wahracheinlich haben auch
die Oxydationsprodukte anderer Legierungselemente, die
eine groSere Affinitit zum Sauerstoll haben als das Eisen,
einen shnlichen Einflug., Elemente. die sich zufolge der
geringeren Affinitit zum Sauerstofl an der Grenzfliche
im Metall anreichern, fihren nicht zu Porenbildung.

b) Die durch Oxydation des Legierungselementes entstan-
dene Phase hat im festen wie im flissigen Zustand
den gleichen Einflu.

c) Jehoher die Oxydationstemperatur ist, desto rander
ist die Porenform,

¢) Bei niedriger Oxydationstemperatur entstehen keine
Poren. Die kritische Temperatur der Oxydation
von Kisen in einem Wasserdampt-Wasserstoft-Gemisch
liegt zwischen 900 und 1000 *C,

Folgerungen iiber den Mechanismus der Porenbildung
Wihrend der Obprfliichenoxydation des festen Kisens
ontstehen an der Grenzfliiche Gas-Wilstit Kationen-Fehl-

Ty, Métallurg., Mim., nc.(mms IIIJHIIW
J. elootmeham, Hae. 90 (1902) B, 360,
Maldy, L: Parle 1063, Universitd,
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stellen im Wistitkristallgitter, Die Fehlstellen diffundieren
vom Gas gegen die Metalloberfliche. In entgegengesetzicr
Richtung bewegt sich die entsprechende Menge zweiwertiger
Eisenionen. Wenn die Fehlstellen an die Grenzfliche ge-
langen, gehen sic vom Oxyd zum Metall fiber, wo sie resor-
bieren. Es gibt mehrere Ansdtze zur Deutung der Rosorp-
tionsart. Am wahrscheinlichsten ist die Erklirung von
D. A. Yermilyea*), wonach sich die Fellstellen an die

A)
Biid 4, F

Gase an der Grenzflache Oxyd-Metall Blaschen an den
Stellen bilden, wo die Beriihrung zwischen Metall und Oxyd
durch dic Fremdphasen unterbrochen ist. Dieser Erklarung
steht jedoch entgegen, daB bei der Oxydation einer reinen
Eisen-Kolilenstoff-Legierung keine merkliche Porigkeit auf-
tritt. Es besteht jedoch die Wahrscheinlichkeit, dab sich
in bercits vorhandenen Poren gasformige Entkohlungs-
produkte ansammeln.

l o,1mm

<)

b In der Z,
2) 0,024% C, b) 0,01% Mo,

Versetzungsstufen der Metalloberfliche binden und dann
durch Kriechen der plastischen Oxydschicht resorbieren,
Doch zeigen einige Versuchsorgebnisse, dod auch andere
Resorptionsarten miglich sind, nach denen die Fchlstellen
in das Metall ibergehen kinnen®) 7) ®). Die Ursache fiir das
Fehlen von Poren in der an reinem Eisen entstandenen
Wilstitschicht ist in der quantitativen Resorption der Iehl-
stellen zu suchen.

Fs fragt sich jedoch, ob die Fehlstellenresorption auch
dann wirksam ablaufen kann, wenn sich an der Grenziliche
nicht unmittelbar Wistit und Eisen berlihren, sondern
wenn an einigen Stellen eine fremde I'hase zwischongelagert
ist, wie gie 2. B. hei der Phosphor- oder Boroxydation
gebildet wird. Es ist schr wahrscheinlich, daB dic Poren
durch Kondensation der Kationen-Fehlatellen an
der Grenzfliiche Oxyd-Metall entstehen, wic das bereits
A. Dravnieks und H. J. McDonald?) vermuteten, weil
die Fremdphase deren Resorption mehr oder weniger stark
behindert.

Zur Entstehung der Porigkeit ist neben der Wirkung
der fremden Phase noch cin Faktor notwendig. Es wurde
bereils crwahnt, daB cine ausgesprochene Porigkeit nur
dann auftrat, wenn die Legierungen bei 1000 oder 1100°C
oxydierten, nicht jedoch bei einer Oxydation im gleichen
Gas bei 800 oder 900°C. Es ist nicht zu erwarten, daB
der Resorptionsmechanismus der Kationen-Fehlstellen wiih-
rend der Oxydation bei 900 °C anders ablult als bei 1000 °C.
Infolge der TemperaturerhGhung verdndert sich jedoch die
Plastizitit der Oxydschicht, Man darf also annchmen,
dab eine ausgesprochene Porigkeit nur dann aultritt, wenn
der Grad an Plastizitit der Wiistitschicht unter den spezi-
fischen Bedingungen der Oxydation eino bestimmte kleinste
GriBe {ibersteigt, andernfalls entstehen lediglich Risse.

Eine wichtige Rolle bei der Porenbildung spielt auch die
Oberflichenenergie des Wilstits. Dieser ist es am wahr-
scheinlichsten zuzuschreiben, daB die Porenform um so
gleichmABiger und runder ist, je hsher die Oxydations-
temperatur ist.

Da withrend der Eisenoxydation auch die Entkohlung
ablauft, darf man annchmen, daB ein bestimmter Zusammen-
hang zwisohen den dabei gebild Gasen und der Porigkeit
in dem Sinne besteht, daB die bei der Entkohlung

Lildeton

| 1000 *C 10 h an einer l’.iunle'lerun] mit

bel
c) op‘l % Mn, Probeneand (rd, 75 :1, Original 100

Obwohl sich die Poren nur an der Grenzfliiche Oxyd-
Metall bilden, sind sie iiber den gesamten Querschnitt der
Oxydschicht verteilt. Es findet demnach eine Wanderung
der Poren statt, die zwangsliiufig mit einem Stofitransport
von der Gasseite auf dic Metallseite verknfipft ist, Bild 3
ist zu entnechmen, daB gleichlaufend mit dem Anwachsen
der kleincren Poren der auf das Gesamtvolumen des Oxydes
bezogene Anteil der Poren von der Grenzafliche Metall-Oxyd
zur (Gasseite hin steigt. Diese Erscheinung kann nicht er-
kliirt werden, vielleicht resorbieren in den Poren Kationen-
Fehlstellen, dio von der Grenzfltiche Oxyd-Gas kommen
und zu einer erhihten Instabilitit des Wilstits flihren.

Die Resorption der Kehlstellen allein kann aber keine
Porenbewegung, sondern nur deren Anwachsen gegen die
Gasseite bewirken. Eine solche Bewegung wiirde nur dann
entstehen, wenn die Fehlstellen auf der Metallseite der
Poren wieder in das Oxyd iibergehen und schlieblich an der
Motalloberfiiche resorbiert wiirden, was sehr unwahrschein-
lich ist.

Als walirscheinlich dngq;en ist cine Stoffubertragung
in den Poren durch cinen Ubergang des SaucrstofTes von
der dem Gas auf die dem Metall zugekehrte Seite der Poren
anzuschen. Hierliir sind folgende Ubertragungsmag-
lichkeiten in Betracht zu zichen.

Ubertragung  durch Oberflachendifiusion, Uber-
tragung des durch die Wiistitzersetzung entstchenden
Sauerstoffes durch Gasdiffusion und die Ubertragung
fiber dic durch die Entkohlung gebildeten Kohlen-
monoxyd-Kohlendioxyd-Gasgemische.

Fiir die Oberllachendiffusion des Sauerstoffes fin-
den gich im Schrifttum keine Angaben, die eine quantitative
Auswertung diezor Ubertragungsart fiir den vorlicgenden
Fall ermdglichen wiirden. Das Anionennetz des Wiistits
ist aber so vollkommen und fest, daB es sehr fraglich er-
scheint, ob auf der P, berfliche eine bedeutende Sauer-
stolfdilfusion von der Gas- zur Metallscite verlanfen kann.

Die Ubertragung des durch die Wiistitzersetzung
ontstchondon Snuerstoffes durch Gasdiffusion soll an
dem Beispiol cinor 10 um dickon Pore in einer 500 xm
dickon Witstitechicht erértert werden. Nach Bild 5 hat das
Oxyd auf der dem Gas zugekehrten Seite dor Pore einen

———

i Nﬂr lel B (1957) B, 40205,
:; i-‘.'.'.'-m.'" . 4. MaDaonald: Trane. olestrochoms, Soo. 04 (h94n|
8. 150/61 u.
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Zersctzungsdruck von 5,04 - 10-18 atm, auf der dom Metall
zugokchrten Scite aber nur 4,82-10-1% atm. Im Schrift-
tum finden sich keine Angaben iiber die Kinetik der Subli-
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mation oder Dissoziation von festem Wiistit, so dafl keine
Aussagen iber die Gesehwindigkeiten, mit der diese Vor-
ginge ablaufen, getroffen werden kénnen. Unter der Vor-
aussetzung, daB sich die Sauerstoffpartialdriicke im Gas
innerhalb der Poren mit denen des Wistits im Gleichgewieht
befinden, wiirde dieser geringe Unterschied zwischen den
beiden Driicken jedoch eine so groBe Saucrstoffiibertragung
durch Gasdiffusion bewirken, daB damit die heobachtete
Porenverteilung gedeutet werden komnte. Diese Ubertra-

asa 13§
o
-
S &
3 S
50| WO
g
2 =
; :
8 / 8
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4%, 7

Ansland von der Grenz/Wehe Metalljlrya in pm
Bild 5. Zmammlnwhug des CO-CO-Oasgemisches Im Oleichge-

wieht mit Wastit sowie Dissoziationsdruck des Wustits in Abhdngig-
keit von der auf die Orenxfliche Metall/Oxyd bezogenen Entfernung

gungsmijglichkeit wiirde den Vorhilltnissen in porigen

Sulfidschichten auf Kupfer oder Silber entsprechen, wie sic

von 5. Mrowee und T. Werber®) gefunden wurden.

Bei Anwesenheit von Kuhl xyd-Kohlendioxyd-
Gasgemischen in den Poren, wie sie durch die Oxydation
des Kohlenstofls in den Proben vorausgesetzt werden kann,
diirfte jedoeh die Ubertragung des Sauerstolfs durch
diese (asgemische die wahrscheinlichste Form der
Ubertragung sein'®). Diese Ubertragungsmoglichkeit wird
auch dureh die Beobachtungen von C. E. Birchenallt)
unterstrichen, der festgestellt hat, daB im porigen Teil der
Oxydschicht der Konzentrationsgradient griBer als im
kompakten Teil der Schicht ist. Im folgenden sollen die
einzelnen Schritte, die zu dleser f.hmrl@mg des Sauer-
stofles in den Poren durch Kol d- dioxyd-
(Giasgemische notwendig sind, untersucht wenlvu.

Absehiitzung der Reaktionsgesehwindigleit
bei oiner Stofliibertragung dureh Kohlendioxyd-
Kohlenmonoxyd-Gasgemisehe

Das Kohlendioxyd- Kohlenmonoxyd-Gasgemisch, das in-
folge der Entkohlung des Stahles entsteht, ist mit dem
Wiistit in Berithrung und daher von dessen Zusammen-
setzung abhingig. Der Eisengehalt wiichst linear mit der
Entfernung vem Gas zum Metall'?). Wenn man voraus-
setzt, dall das Gasgemisch mit dem Wilstit im Gleich-
gewicht ist, kann dessen Zusammensetzung mit allge-
meinen thermochemisehen Formeln berechnet werden. Die
fiir diese Rechnunzen notwendigen Angaben finden szich in
den Arbeiten von J. F. Elliott und M. Gleiser!3) sowie
A.Muan und E. F. Oshorn4), Bild 5 zeigt die Abhingigkeit
der Zusammensetzung des Gasgemischos vom Sauerstoff-

¥ \'hdoylvoo B.: Rud.ltih-m!dunlkl horn. 1964, Nr. 1, 5. 59/43; Min.
tallurg. Quart. 1964, Nr. 1, 8. 4348 |engl. Ubersetz.).

" Fuika Mmlluthlullovodenk I.OCIMO)G B0,

l-j ;shnuul. A, W. Jiger v, B Koran: Arch, Eicahlenwes, 34 |1003)

. 279

") J. elestrochem. Soo. 103 [1956) 8. 61924,

1y i‘-liii]l, H. J.: Aota metallurg., Now York, 6 (1958) 8. 43915,

1] Elliott, J. F., uv. M. Gleiser: Thermochemintry for steclmaking. Vel. 1.

Reading/Muss, 1960.

") Muan, A., u. . P. Osborn: Phase equilibria among oxides in aleelmaking.

Reading/bnes. 1965

partialdruck des Wiistites, dessen Zusammensctzung sich
von der Gasseite in Richtung zur Metalloberfliche in einer
500 gm dicken Schicht #indert. Diese Schicht entstand z.B.
durch eine Oxydation von 10 h des Eisens bei 1000°C in
tler Gasmischung aus 70 Vol.-%, Wasserdampf und 30 Vol.-%,
Wasserstolt. Der Gleichgewichtsgehalt des Kohlendioxydes:
f#llt linear von der Gasseite gegen das Metall, wiihrend in
derselben Richtung der Gehalt an Kohlenmonoxyd wiichst,
Der Unterschied im Kohlendioxydgehalt zwischen der Gas-
seite und der Metallseite der Poren wiichst linear mit der
Porengrafe.

Es ist nicht zu erwarten, daB im Wachstumsablauf der
Wiistitschicht und der Porenbewegung die Zusammen-
setzung des Gasgemisches dem Gleichgewicht mit dem
Oxyd entspricht. Man kann aber annchmen, daB die unter-
schiedliche Wiistitzusammensetzung zu cinem gewissen
Unterschied in der Zusammensetzung des Gas-
gemisehes fihrt, der die Ubertragung beider Gase durch
Diffugion zwisehen der Gas- und Metallscite der Poren
bewirkt. Durch die Reduktion des Kohlendioxyds des Gas-
gemisches in Berithrung mit dem Wiistit an der Metallscite
und der Oxydation des Kohlenmonoxydes an der Gasseite
der Pore crl‘o]gt die Ubertragung des SauerstoNes vom Gas
auf die Metallseite der Poren. Dic entsprechenden Reak-
tionen sind in Bild 6 schematisch dargestelit. An der Metall-

Gas

A

gt

: a4

R

_

Metel

Bild 6. Schematische Darstellung der Reaktionen im Wiistit und in
der Pore wiihrénd der Oxydation

seite der Poren reagieren von der Metalloberfliche kommende
Eisenionen mit dem Kohlendioxyd, Auf der Gasseite der
Pore wandern die durch die Reduktion [rei gewordenen
Eisenionen zum Gas und reagieren dort mit dem gasfarmigen
Sauerstolf. Wiahrend der Reduktion und Oxydation an den
entsprechenden Seiten der Pore bildet sich keing neue
Phase, wohl aber kommt es zur Anreicherung oder Ver-
armung des Wiistits an Sanerstoff.

Beim ﬂhrrtrngnngwnrgmlg des Sauerstolles in den
Poren laufen demnach folgende vier Reaktionen ab:
Wiistitreduktion durch Koh] vd, Kohlendioxyd-
und Kohlenmonoxydiibertragung durch dic Gasmischung
in der Pore, Wiistitoxydation durch Kohlendioxyd und
Zullub von Fe*+-Ionen an die Metallseite der Pore durch
Diffusion durch den Wiistit. Als Beispiel fiir die Berech-
nung dieser vier Reaktionen wird eine walzenférmige
Pore mit ciner Hohe von 10 gm, die in der Mitte der 500 um
dicken Wiistitschicht liegt ¢ Bild 6), angenommen,
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Gasdiffusion in der Pore

Die Menge des idbertragenen Kohlendioxydes,
Ncos, dureh Gasdiffusion in der Pore, berechnet
nach A. P. Colburn wnd R. L. Pigford!s), betrigt
Ncog = 9,1 - 10-° molfem? s, Dies entspricht einer Wiistit-
schicht gleichmiBiger Dicke von » =3,9 em/h. In den
Rechnungen wurde das spezifische Gewicht des Wilstits mit
3 = 5,7 gfem® nach F. Marion9), die Diffusionskonstante
mit Do = 1,58 ecm?fs nach Angaben von L. S. Darken
und R. W. Gurry??), umgerechnet fiir den Druck von 1 atm
und ein Gasgemisch von 30 Yol.-%, CO, und 50 Vol.-%;, CO,
angenommen. Die Rechnung zeigt, daB der Druck in den
Poren und die Porendurchmesser theoretisch keinen Ein-
flu auf die Menge des iibertragenen Kohlendioxydes
ausiiben.

Wiistitreduktion durch Kohlenmonoxyd

J. Gerlach, H. Probst und D. Neuschiitz8) haben
festgestellt, daB die Reduktionsgeschwindigkeit des
sauerstoffreichen Wiistites mit Kohlenstoffmonoxyd
zu  sauerstoffirmeren Wiistit dem Kohlenmonoxyd-
gehalt des reduzierenden Gases proportional ist. Die
Rechnung auf der Grundlage ihrer Angaben ergibt bei den
angenommenen Verhiltniseen eine Reaktionsgeschwindig-
keit von N = 8,4 - 10~% mol O4/cm?s, was der Dicke einer
gleichmaBigen Wiistitschicht von 7,2 - 10-3 em/h entspricht.
Durch die Anderung des Druckes in der Pore vergroBert
oder vermindert sich auch der Kohlenmonoxydgehalt des
Gases. Dementsprechend muB sich proportional zum Druck
aunch die Schicht des reduzierten Wiistites vergréfiern
oder vermindern.

Wiistitoxydation durch Kohlendioxyd

Die Geschwindigkeitder Oxydationdes Wiistits
durch Kohlendioxyd kann aus den Angaben von
K. Hauffe und H. Pfeiffer’®) berechnet werden. Bei
einem Verhdltnis von peosfpeo = 0,430, das fiir die vor-
liegende Untersuchung als Gleichgewichtsbedingung auf
der Metallseite der Pore angenommen wird, und bei eciner
Temperatur von 1000 °C betriigt die Oxydationsgeschwin-
digkeit des Wiistites im linearen Teil der Kurve, wo die
Reaktionsgeschwindigkeit allein von der Zusammensetzung
des Gaees abhingt, N =7,1-10-2-0yfcm?s, Das
entspricht der Dicke ciner gleichmiBigen Wiistitsehicht von
y =0G,1-10-3 cm/h.

Dilfusion der Eisenionen

Man kann die GréBe der Diffusionsgeschwindigkeit
der Eisenionen mit Hilfe der Oxydationskinetik des Eisens
1 Colburn, A, P, u. R. L. Piglord: In: Chemical cagineering handbook.
New York, London 1950, 8, 524/59.
1) Marion, F.: Contribution a Vitude du protoxyde de fec. Nanoy 1955,
Universitd, Thise.
1) Darkon, L, &, u. R. W. Gurry: Physieal chemistry of metals. New York,
London 1958,

18} Arh, Risenhattenwes. 36 (1965) 8. 543/47,
) Z. Melallkde. 44 [1959) 8. 27/30,
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in  Wasserdampf-Wasserstof-Gemischen  berechnen?) 2).
Diese Diffusionsgeschwindigkeit entspricht fiir die vorlie-
genden Verhiltnisse der Dicke ciner gleichmafligen Wilstit-
schicht von y = 4,8 - 10-3 emfh.

Die Berechnung der Ubertragungsgeschwindigkeit durch
die Gasdiffusion muB als die wnsicherste angeschen
werden. Da jedoch diese Geschwindigkeit die deor iibrigen
Reaktionen um etwa zwei GroBenordnungen iibersteigt,
darf angenommen werden, daB die Gasdiffusion fiir die
Geschwindigkeit des Stofftransportes in den Poren sowie fiir
deren Bewegung in der Oxydschicht nicht maBgebend ist.
Dic berechneten Geschwindigkeiten der iibrigen Reaktionen
sind zuverlaBlich, weil sic anf Grund experimentell ermittelter
Griflen bestimmt sind.

Die Diffusion des Eisens durch den Wiistit zum sauer-
stoffreicheren Wiistit verlauft demnach am langsamsten.
Es ist daher wahrscheinlich, daB gerade diese Reaktion die
Geschwindigkeit der Stoffstrémung in den Poren und damit
auch die Bewegung der Poren bestimmt. Ihre Geschwindigkeit
ist gentigend groB, um cine Verteilung der Poren wie sie an
den Probenquerschnitten gefunden wurde, zu bewirken,

Zusammenfassung

An einer Eisen-Bor-Legierung mit 0,089, B wurden
Oxydationsversuche bei 900, 1000 und 1100°C in einem
Gasgemiseh ans 30 Vol.-%, Wasserstoff und 70 Vol.-%;
Wasserdampf durchgefilbrt und die gebildeten Zunder-
schichten metallographisch untersucht. Zum Vergleich
dienten die Ergebnisse von Versuchen an Eisenlegierungen
mit 0,024% C oder 0,07% Mo und an reinem Eisen sowie
die Ergebnisse einer fritheren Untersuchung an einer Eisen-
Phosphor-Legierung mit 0,00% P.

Es wurde festgestellt, daB bei 1000 und 1100 °C gebildete
Oxyde des Bors und Phosphors Ursache fiir das Entstchen
sehr poriger Wiistitschichten sind, wobei es ohne Bedeutung
ist, ob die Oxydverbindungen im fliissigen oder festen
Zustand vorliegen. An reinem Eisen und den Legierungen
mit Molybdin oder Kohlenstoff wurden in der Wiistit-
schicht keine Poren beobachtet.

Die Versuchsergebnisse fiihren zu der Annahme, daB
die gebildeten Oxydverbindungen die Resorption von
Kationen-Fehlstellen im Metall stark hemmen und damit
dic Porenbildung erzwingen. Bedingungen filr das Wachsen
und die Bewegung der Poren in der Zunderschicht sind
geniigend hohe Plastizitdt der Wiistitschicht und die Stoll-
{ibertragung durch Kohlenmonoxyd-Kohlendioxyd-Gase in
den Poren; diese Feststellung wurde durch rechnerische
Angiitze belegt.
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Raziskave intergranularne krhkosti

jeklene litine*

F. Vodoplvec!, S. Lenasi’, A.Rodi&?,
E. Strucl?, V. Strahovnik? in M., Kmeti¢'

Plod¢ice alumunijevega nitrida po mejah den-
dritnih zrn zmanjs$ujejo plastitnost jeklene litine.
Metailografske in kemijske raziskave kaZejo, da
nastanejo ploS&ice neposredno iz taline tik pred
popolnim strjenjem litine. Krhkosti se je mo-
gocde izogniti z omefitvijo kolidine aluminija in
dulika v litini in z vezavo aluminija 7 moénejiim
nitridotvorcem, kot je aluminij. Zadnja inoZnost
Je tehnolosko najbolj primerna.

1. UVOD

Pri proizvodnji ogljikove in malolegirane jekle-
ne litine se pojavlja kdaj pa kdaj izmelek zato,
ker nima litina zadostne plasti¢nosti; lom trgal-
nih, Zilavostnih in upogibnih preizkuiancev pa ima
znacilen interkristalen ali medan potek, v katerem
so razli¢ni delezi transknistalne, krhke in interkri-
stalne povrsine ter Cesto manjsi otoki zilave povr-
Sine (sl. 1). Iz videza prelomnih povrsin, predvsem
po smeri zlivanja grebenov, ki zdrufujejo razligne
ravnine poteka makrorazpoke, je mogo&e oprede-
liti, da se litina preje prelomi tam, kjer je prelom
intrakristalen in krhek ter kasneje tam, kjer je
prelom interkristalen, in razumljivo, najkasneje
tam, kjer je prelom Zilav. V literaturi je poznano,
da interkristalno krhkost povzrodi v jekleni litini
najbolj pogosto aluminijev nitrid (ref. 1 do 7),
lahko pa tudi vanadijev nitrid (8). Krhkost razum-
ljivo Jahko povzroca vsaka faza, ki je krhka in
obdaja primarna ali sekundarna zrna, torej tudi

' $Z Motalurdki indtitut Ljubljana
? SZ Zelezama Ravne
* Predavanje na 5. kongresu Hvarjev Jugoslavije, Split, 1977,

cementit in Cesto niobijev karbonitrid. Ta se kot
evtekticna komponenta izoblikuje po dendrit-
nih mejah v malooglji¢nih mikrolegiranih jeklih
9, 10).

2. Raziskovalno delo

Iz rednc proizvodnje Zelezarne Ravnc smo
izbrali primerne vzorce za identifikacijo krhkosti;
njeno poreklo in nacin odprave pa smo preverili
na sinteticnih talinah, ki so bile izdelane v induk-
cijski pe¢i. Sestave litin, na katerih je bila identi-
ficirana krhkost, so prikazane v tabeli 1, v tabeli 2
pa so mchanske lastnosti litin.

Podatki v prvi tabeli kaZejo, da imajo litine
sestavo, ki je predpisana po JUS standardu za
posami¢ne kvalitete in da imajo vse visoko koli-
¢ino aluminija, dusika in aluminijevega nitrida.
Krhkost se pojavlja, kot smo ¥e omenili v uvodu,
v zmanj3ani deformacijski sposobnosti jeklene liti-
ne, nima pa zaznavnega vpliva na mejo plasti¢no-
sti in na trdnost,

Drugi clementi, ki so tudi prisotni v litini, ne
kaZejo nobene logiéne povezave s krhkostjo. Iz
podatkov v tabelah 1 in 2 ni mogote razlo€iti, pri
kateri koli¢ini aluminijevega nitrida s¢ krhkost
pojavi. Velja le, da je krhka Ze litina, v kateri je
0,0063 % dulika vezano v aluminijovem nitridu,

Pazljivo opazovanje pri nekajkraini pove&avi
pokaze, da jec interkristalna prelomna povriina
oblikovana iz drobnih ravnih teras, ki s stopnita-
stimi prehodi iz enc v drugo oblikujejo razme-
roma zacbljene izbokline posameznih kristalnih
zrn.
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Razishove interpranulame krhkosti jeklene litine

Slika 1
Pov. 5 <. Posnetki prelomov prelzkusancey iz jeklene litine z interkristalnim prelomoin (), z Zilavim in interkristalnim
prelomom (b), 8 krhkim in Interkristalnim prelomom () In z vseml tremi oblikaml preloma (d)

Fig. 1
Mag. 5 x. Pictures of fractures of cast steel samples withintercrystalline fracture (a), tough and Intercrystalline
fracture (b), brittle and intercrystalling fracture (¢), and with all the three forms of fracture (d)

Ce opazujemo pri ve€ji povecavi, se ta terasasta
oblika pokaze zelo jasno (sl.2), vidi pa se tudi,
da nastane v stopni¢kah, ki terase zdrutujejo, pre-
lom Zilavega znalaja. To je razlaga, zakaj ima
interkristalna prelomna povriina vecjo Zilavost
kot krhka transkristalna povriina, kljub temu da
ploidice aluminijevega nitrida, ki pokrivajo posa-
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mezne lerase, nimajo pravzaprav nobene deforma-
cijske sposobnosti. Analiza v elektronskem mikro-
analizatorju pokale, da je na povrSini nekaterih
teras mnogo aluminija, mnogo ved, kot ustreza
povpredni sestavi jekla. Vendar pa ni mogoée dolo-
¢itd tudi v mikroanalizatorju lokalne koncentracije
aluminija, ker so ploscice zelo tanke in jih snop
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Slika 2
PPov. 150 - . Interkristalua povrdina v litini 15; a) topografija in b) poruzdeliley AL na povriini
Fig.2
Az 15¢ . Ioterervsialline surface of sample 15; (a) topog-aphy and b) distribution of Al on the surface

1o hp
Slika
Tnscrhiistalng povestng v litind 13; a) W0pogalije, W) porasielites AL na posesiog
Fig. 1

Intererysadbing surface of sample 15 (2) topogeapliv, {1 dixteidngion o AL on e surface

sironov, s katerimi v mikroanalizatorju poteka
analiza, prebije in vebuja osnovo pod njimi.

V mikroskopu jo bilo na nekaterih delib inter-
kristalne povedine, oz, mikroterasah lepo razloéitl
drobne dendrite, Katerih povriina je bila boga-
tejsa z aluminijem kot okelica (sl. 3], Obstoj takih

dendprode svanbr s dele doktilaega preloma med
i e pobazalo badi opasovanje v Ltransmisij-
shem clehtrasbens mikeoskopu (sl 4). Moremo
torey sklepati, <k seizloéa aluminijev aitrid, ki
Rebihast povaoia, kihho tudi v obliki dendritnih
Gl ali pa ko obliko privzema pri nastanku.
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Sli
Pov. 5800 X. Indirekine replike vzorcev 7 In 13; a) illavl

ka 4
pasovl med Interkristalnlmi podrodjl, b) dendritska razpo-

reditev lamel AIN
Fig. 4
Mag. 5800 3, Indirect replicas of samples 7 and 15; (a) tough belis between Intercrystalline reglons, (b) dendritic
distribution of AN lamellae

. / x
.’.~ &
v L T
‘e
Skhika §
Pov. 500 x, Jedl z mital Ter delltev plo-

$&ie AIN, ki so vzporedne s primarno Kristalno mejo

Fig.5
Mag. 300 X, etched with Nital. Distributlon of AIN plates
In cascades parallel with primary grain boundary

V optiénem mikroskopu je bilo razlogili tri
zna&ilne oblike razpodelitve lamel krhke faze po
primarnih mejah. Ena je bila zaporedje ravmnih
tankih plo3&ic, ki so stopniasto prehajale iz tera-
se v teraso (sl.5) in tako sledile zaobljeni primar-
ni kristalni meji. Drugi tip pa je bila razdelitev
plos¢ic po kristalnih mejah tako, da je bila dolga
os ploitic pod vedjim ali manj$im kotom glede
na ravnino primarnc kristalne meje (sl.6). V po-
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Slika 6
Pov. 500 %, jedkano z nitalom. Ploddice AIN so pod razliZ.
niml kot na kristalue mejo
Fig.6
Mag. 500 ¥, etched with Nital. AIN plates ore orlented
under various angles to the grain boundary

sami¢nih primerih smo opazili velike kolonije
takih dzlodkov (s51.7), med nfimi pa bolj gostc
nckovinske vkljudke kot drugoed. O¢itno gre za
zadnje strjenc meddendritne prostore. V obch
primerih je bila debelina plodéic priblizno enaka
in je bila vedno pribliZzno 0.5 mikrona, dolZina pa
je doscgla do 60 mikronov. Prva oblika lege ploicic
krhke faze dajc prelomce take oblike, kot jih kaZe
sl. 3, druga in tretja oblika pa prelomno povriino
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Shka 7

Pov. 100 <. Porazdelliey plodtic AIN okoll manjlega prl-
mornegs nvatenlinegn zrnn
Fig. 7
Mag. 100 . Distribution of AIN plates around a small pri-
mury nustenltic graln

Slika 8

Flaksa

Pov. 150 . Raztlenien prelom na th, kjer dckol
razpoka potcka po primarnih mejah, na Katerih so lamele
AIN postavijene kot na sl.6 in 7

Fig. B
Mag. 150 . Branched fracture on the $pots where decohe-

sion cruck passes along primary boundaries with precipi-
1ated AIN lamellae as in Figs, 6 and 7

7 obliko, kot jo vidimo na sliki 8. Lepga plodtic
krhke faze glede na ravoino primarne Kristalne
meje vpliva na plastiénost litine ter razlaga, zakaj
imajo nekateri vzorci litine velji razlesck in kon-
trakcijo kljub vedji kol¢ini aluminijevega nitrida,

V normalizirani litini lezijo ploscice aluminije-
vega nitrida ncedviino od komponcent sckundarne

2EZB 2 (1978} stev. d

mikrostrukture, Najdemo jih na meji med perlit-
nimi in feritninr zrni ter v notranjosti zrn cne
m druge faze. To pomeni, da nimajo intergranu-
larne plodcice nobenega vpliva na dogajanja v mi-
krostrukiuri pri normalizaciji litine.

3. Stabllnost aluminijevega nitrida
prl ogrevanju litine in mehanizem
nastanka krhkostl

lzmed litin v tabeli 1 smo izbrali tri vzorce
in jih 8 ur ogrevali pri temperaturah 900, 1000,
1100, 1200 in 1300°C. Na sliki 9 vidimo, da ostaja
koncentracija aluminijevega nitrida stalna v vsem
temperaturnem intervalu po rahlem padeu med
temeperaturama 900 in 1000 °C. Topnostni produkt
za AIN v avstenitu ima obliko

log (A1) x (N)=:_ + B,

V izrazu so: (Al) in (N) masne koncentracije obeh
clementov v trdni raztopini v avstenitu, T absolut-
na temperatura in A in B konstanti. Sprememba
koli¢ine AIN v litini, ki jo kaZe slika 9, tej odvisno-
sti ne ustreza, saj ne opazimo nobenega zmanjsa-
nja koli¢ine AIN z narai€anjem temperature ogre-
vanja litine,

Mikroskopska opazovanja so pokazala, da pri-
haja pri ogrevanju pri visoki temperaturi nad
1100 °C do delne koagulacije ploicic AIN po mejah,
zato se plofdice razdelijo v zaporedje podolgovatih
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s 0.006— o vzorec 5 1 i | sl
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0,004~ - | = Trgjoge ogrevonja 85,
i ohigditey z gasenjem v vody
Q062 -——1i—-- i !
i
7 J S S i -
900 Yoo ¢ f 1200 1300
Slika ¢

Vpllv temperature $urnega ogrevanja razliénih litin na
kolléino AIN v njih

Fig. 9
Temperature influence of 8-hour annealing of various cast
sleel on the amount of AIN
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Shika 10
Pov. 500 , jedkano z nitalom, AIN po primarnih mejah po
$.urnem Zarjenju litlne pri 1300 *C
Fig. 10
Maug. 500 %, etched with Nital. AIN on primary boundarics
after 8:hour annealing at 1300°C

zaobljenih delov (sl. 10). Ni mogo&e pridakovati,
da bi lahko ta sprememba oblike krbke faze po-
membno vplivala na plasticnost litine, zalo je
razumljivo, da Krhkosti z ogrevanjem ni mogode
odpraviti. Enako ugotovitev najdemo tudi v neka-
terih citiranih virih.

Preiskava na ekstrakeijskib replikah v elek-
tronskem mikroskopu je pokazala, da so v litini
poleg plodtic AIN, ki jih je mogode razlotiti
v optiénem mikroskopu, fe drobnejsi poliedricni,
vedinoma kockasti izlodki (5. 11), katerih velikost

Slika 11
Pov. 4400 %, ekstrakeljska replika. Perlit in drobni AIN
izlodki po primarnih mejnh in v notranjosti avstenitnih zrn
Fig. 11
Mag. 400 X, extraction rveplica. Pearlite and fine AIN pre-
cipitates on primary boundaries and in the interior of
austenite graing
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Racwskave intorgranularne kibkoeste joklenc Lime

je v intervalu med 0,03 in 0,1 mikrona. Te veli-
kosti so izlocki AIN, ki jih dobimo v jeklih, po-
mirjerih z aluminijem in Katerim pripisujemo
zadricvanje rasti kristalnih zm in doscganjc drob-
nozmate feritno perlitne mikrostrukture pri nor-
malizaciji. Lahko refemo, da je v njih zbran alu-
mintjev nitrkd, ki ima pozitiven vpliv na jeklo. Pri
ogrevanju nad 1100°%C so nekaleri drobni izlocki
zrastli v vedje, termodinamiéno bolj stabilne delce,
ki se rozlofijo v optiénem mikroskopu.

Analiza v eleklronskem mikroanalizatorju je
pokazala, da v normalizirani litini ni gradienta
koncentracije Al ob plos¢icah AIN, ki bi bil dokaz
za zamaven difuzijski prenos aluminija iz notra-
njosti kristalnih zrn na meje. Koncentracija AIN
ostaja konstantna do kristalne meje, tu pa zraste
na kolidino, ki ustreza kolicini aluminija v AIN.

Do nastanka ploséic AIN po kristalnih mejah
lahko pride ma dva nacina: eden je tvorba nepo-
srednu iz taline, drugi pa je tvorba iz prenasicencga
avstenita pri pofasnem ohlajanju ulitkov v pesce-
nih formah.

Soded po produktih topnosti se kaZe popoino-
ma logitna mofnost, da ploitice AIN nastanejo
z izlodanjem iz prenasi¢enega avstenita. Ta nadin
pojava krhkosti ltine zagovarjajo avtorji v virih
2, 5in 7. S 1o razlago pa se ne ujemajo naslednje
empiriéne ugotovitve:

— do tvorbe meje prihaja le po mejah neka-
terih od mmogih primarnih zrn;

— plod¢ice lezijo lahko v ravnini kristalne
meje, torej take, kot bi pri¢akovali, && so nastale
iz prenasicenega avstenita: Cesto pa leZijo pod
velikim kotom na to mejo in v vaporednih snopih
ali skupinah;

— ob ploscicah AIN ni opaziti skoraj nobenega
difuzijskega pradienta za aluminij;

— v nekaterih primerih je lega ploséic izrazito
interdendritna;

— med zrni AIN v notranjosti kristalnih zrn,
ki so nastala z izlo¢anjem iz prenasienega avste-
nita, in plo§ficami po mejah je velika razkka
v linearni velikosti. Sc vefja razlika jc v prostor-
nini, saj dosega nekaj redov velikosti. V notra-
njosti kristalnih zrn zrastejo izlo&ki na primerljive
velikost Sele po nekajurnem ogrevanju pri 1300°C.
Takih pogojev za rast izlodkov, kot so med tem
ogrevanjem, ni med normalnim ohlajanjem prilitih
preizkulancev.

Torej je bolj verjetno, da se lamele AIN izobli-
Xujejo Ze v talini in se nato odlagajo v medden-
dritne prostore, kar razlaga njihovo specifiéno
porazdelitev na nekaterih vzorcih. Pri nadih raz-
iskavah nismo nasli nobenega 2znaka, ki bi zanikal
moznost nastanka iz taling, pat pa preje nastete
ugotovitve lahko razlagamo le, &e sprejmemo, da
so ploitice AIN nastale iz takine.

Pri peritokti®ni reakeiji in pri nastanku avste-
nita se talina bogati z aluminijem in dusikom zato,
ker je topnost obeh elementov v avstenitu in v



Tabela | — Kemijske sestavine litin 7 intergranularng krhkostjo

ZEZR 12 (1978} Stev. 4

Dele!

- + N v
Quas: B fuk o ¢ s M P S o upm  hme st terw
Zancn b 9% % pinl -y AIN
% %
5 <CL0s01 0771 023 043 070 0017 0026 020 00125 00098 00027 78
6 CL4730 62959 0893 022 046 069 0015 0023 022 00102 00088 00014 86
7 CL1330 48767 R-156 021 044 075 0018 0022 013 00105 0,008 00019 82
8 CL4730 62976 0900 022 042 071 0019 0026 023 00128 00108 00020 84
9 CLOGDO 61859 0459 030 040 076 0021 0028 021 00123 DO0088 0,0035 72
10 ¢L0501 61946 0478/1 0,22 060 065 0019 0021 022 0,0109 00091 00018 83
11 cLO501 54442 0609 0,27 036 094 0023 0020 029 00092 00063 00029 6l
12 CLOS01 61947 0479 029 039 082 0021 0029 0,19 00098 00079 00019 80
13 CLO501 61937 0470/1 0,23 047 067 0017 0021 020 00117 00106 00011 9I
14 CLOS00 19118 0491 030 048 074 0008 0017 012 00099 0008 00013 86
15 CLO600 61859 0459 030 040 076 0021 0028 021 00100 DODS6 00034 66
¥V vaamerja I' celotno koliding N v jeklu, 0z, & tcorctitnoe mo#no koelidine AIN
Tabela 2 — Mehanske lasinosii titin z intergranularo krhkostjo
Meja
“;'1:“ Kvaliteta s;‘;"“ prsall?lsrcu pvn:;-.kau- nm:f’ " Trdnost R;\z;:zck Ko:?i};ak-
* fanca Sanca kp/mmt b
5 C1. 0501 ni podatkov
6 Cl. 4730 62959 0893 " 51,0 74,5 11,7 178
7 1. 1330 48767 R-156 » 35,1 536 16,0 20.2
8 Cl. 4730 62976 0900 i 515 68,8 100 11,6
9 CL. 0600 61859 0459 e 40,5 719 125 12,8
10 ¢1. 0501 61946 047811 " 34,0 51,3 62 73
11 ¢l 0501 54442 0609 34,0 419 28 24
12 €1, 0501 61947 0479 " 329 590 173 249
13 C1, 0501 61937 0470/1 " 33,7 538 58 73
14 €1, 0500 19118 0491 " 31,0 575 20,0 249
15 Cl. 0600 61859 0459 " 40,3 102 10,5

feritu manjsa od topnosti v talini. Istodasno sc
v talini bogati tudi ogljik. Vse to zniluje talidce
preostale taline. V zadnjih ostankih taline doseie
koncentracija Al in N tako velikost, da iz nje kri-
stalizirajo neposredno plos¢ice AIN. Te nato na-
predujoca kristalizacija potisne na povrdino kii-
stalov, oz. v meddendritne meje tudi tam, kjer
prihaja do izrazite tvorbe dendritov jekla. § tem
se ustvari viis, kot da so kristalizirali dendriti
AIN, Viprailjivo je, &e ni nastanek AIN po dendrit-
nih mejah, posebno tam, kjer najdemo skupine
lamel AIN, ki leZijo pod ostrim kotom na kristalao
mejo in pod razliEnim kotom ena na drugo (sl. 7),
povezan z neke vrste eviektidno reakcijo, podobno
kot velja za nastanek evtekticne oblike niobije-
vega Karbonltrida med kristalizacijo mikrolegira-
nih jekel, ki imajo podobno osnovno sestavo kot
jeklena litina, vsebujejo pa Se do 0,05 % Nb (9, 10).

706

Pri ohlajanju jeklenih ulitkov se na plo§dice,
nastale iz taline, odlaga AIN, ki nastane s precipi-
tacijo iz prenasiCenega avstenita. To se dogaja le,
¢e je chlajanje litine primerno podasno, da sc
more izvrditi prenos dudika in predvsem prenos
aluminija z difuzijo na povriino kristalnih zrn.
Ta dvojni nadin nastanka AIN po mejah bi Jahko
razlo?il, zakaj so razni avtorji uporabili tako raz-
litne nadine za povzro€itev krhkosti, na primer:
izotermno zadrianje na wvisoki temperaturi po
ohladitvi s temperature vlivanja (2, 3), zelo po-
¢asno ohlajanje litine v peéi (5) in vlivanje v viroce
forme (4). Takih pogojev ni pri ohlajanju jeklene
litine, Se posebej jih ni pri ohlajanju prilitih pre-
izkuSancev, na katerih smo krhkost zasledili mi.
Ne ‘more veljati trditev, da pride do krhkosti pri
ponovnem ogrevanju litine pr 900°C (3). Pri tem
ogrevanju pride, kot tudi sicer pri normalizaciji,
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do tvorbe drobnih jzlodkov, ki imajo afinacijski
utinck na kristalna zrpa. Do takega izlotanja pride
tudhi v valjanih in kovanih jeklih s podobno sesta-
vo, kot jo imajo jeklene litine v tabeli 1.

4, Vplly sestave litine na krhkost

Pri isti koli¢ini Al in N je Iiina tem bolj
nagnjena k interkristalni krhkosti, &im bolj je trda
(3), zato krhkost nara&¢a z naradfanjem koli¢ine
mangana Vv litini. Fosfor je brez zaznavnega vpliva,
naras¢anje Zvepla pa krhkost zmanjsuje zaradi
vpliva porazdelitve sulfidnih vkljutkov na zadetek
in potek interkristalnega preloma.

V tehniénih jeklenih litinah pride do krhkosti
pri pribliZno 0,1 % Al in 0,01 % N (4), priporoclji-
vo pa je, naj pri 0,006 do 0,01 % N, kolid¢ina Al ne
prekorati 0,07 %, da ostaja neka varnostna rezer-
va (7). V vzorcih, ki so bili potasi ohlajeni v peci,
je do krhkosti pridlo Ze pri 0,06 Al in 0,004 N (5).

2015 ]
/Varovall'na atmosfera
%/Normama indukcijska peé
0o1e
L
Y
E /Jnferkns!arna
005 . I, -
riticno
- Y%
% 7 2 3
kg Al/tI,
Slika 12

Vpllv razmerja med kolldino Al in N v jekleni litini na
pojav interkristalnega preloma (po viru 5)

Fig. 12
Influcnce of the Al/N ratio In the cast ateel on the inter-
crystalline fracture (ref. 5)

V tem delu pa niso bile opravljene nobene preiska-
ve mikrostrukture, zato je do krhkosti lahko pri-
#lo tudi iz drugih razlogov, na primer zaradi tvorbe
cementita po mejah. Pa& pa je ta avior potrdil Ze
preje poznano hiperbolicno odvisnost med koli-
tino Al in N ter pojavomn krhkosti (sl. 12).

5. Ukrepi za prepreditev nastanka krhkosti

Viri 2 do 7 sogladajo v mnenju, ki ga potrju-
jejo tudi nada opazovanja, da z #arjenjem ulitkov
krhkosti ni mogote odpraviti,
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Raziskave intergranutarne krhkosti jeklene litine

Aluminij se dodaja v talino zaradi dezoksida-
cije, afinacije Kkristalnih zrn, za prepredilev stara.
nja in kencne za prepreditev nastanka mchurékov
v jeklenih ulitkih. Krhkosti se lahko izognemo
7z majhnim dodatkom aluminija v talino, z zmanj-
fanjem kolic¢ine dudika v talini in konéno s tem,
da se prepreci vezava dusika z aluminijem.

Vsebnost 0,05 % Al zadostuje, da sc prepreéi
mehur€avost ulitka, problematiéna pa postane
stvar, ¢e mora litina ostati v ponovci dalj dasa.
Pri tem zadrZanju lahko aluminij iz litine odgori
in Znova postane mogod nastanek mehurckov.
Strah pred to ncvarnostjo je glavni razlog, da
najdemo v litini preveliko koli¢ino aluminija.

Pri izpiranju jeklene taline z argonom se koli-
¢ina dodika v talini ne spremeni (12, 13), pri
vakuumiranju pa pade kolidina dudika za 60 do
80 % (14). To je zadosti, da se prepreti nevarnost
tvorbe AIN po mejah primarnih zrn, vendar pri-
haja vakuumiranje v poStev le v posebnih prime-
rih. Intenzivno kuhanje taline v Zilavilni periodi
zmanjSa kolifino dusika v talini, vendar je te?ko
dosedi vsebnost pod 0,01 % (7). Jeklena talina, ki
je bogata z aluminijem, pa absorbira dufik in je
zato tezko ohraniti nizko vsebnost tega clementa
pri daljdem stanju.

Tako torej ni enostavne mo#nosti, da se zmanj-
$a koli¢ina N v talini, zato oslaja kot najbolj pri-
merna moznost, da se veZe dudik z elementom, ki
je modénejsi nitridotvorec od aluminija. Najpri-
mernejsi tak element je titan (3, 4, 5). Titan po-
bere iz taline najprej dudik, nato se veZe s kistkom
in konéno sc¢ veze tudi z Fvoplom, medtem ko
nastaja titanov karbid le s precipitacijo iz avste-
nita. Dedatek titana nekoliko zmanjga mehanske
lastnosti litine, podoben udinek ima tudi cirkonij
(4). Isti vir navaja, da imajo pozitiven vpliv tudi
cer in mismetal, vendar ju je potrcbno zelo pazlji-
vo dozirati. V vetji mnoZini lahko povzrodita drugo
obliko interkristalne krhkosti. Njun nedostatek je
tudi v tem, da se zelo energiéno vefeta s kisikom
in #veplom, zato je teZje precizno doziranje.

Tabela 3 — Koli¢ine nekaterihi sestavin v preiz
kuswnih lirinah (%)

y Delez N,
Vzoree Al Nt N kot

Tlat 0 AIN : L';al?“
1A 0,16 0012 —  0,0068 00109 9%
IB 0,17 00124 — 00082 00093 75
2A 030 00126 —  0,0064 00108 8
2B 033 00127 — 0,006t 00099 72
3A 026 00154 0,063 00070 00017 11
B 027 00152 0075 n.d. 00011 7
4A 0,078 00158 0030 0057 00045 28
43 0032 001% 0028 0023 00056 28

n.d. — ni doloden



Tapela & — Mehanske lasinosti preizkusnil litie

Meja Kan

Vi PENGE Trdnost (G5 ek Ul iy
K m’imn : o !Ja: kpfow’
A 329 561 137 156 37 9
1B 129 572 165 167 51 8
I 328 563 108 105 44 8P
2B U7 OSSR 124 142 44 o
A M5 563 208 308 37 180
W W4 ST 197 212 19 18
1A 34,1 62 220 38 51 180
B W6 476 282 358 72 18P

! Zilavost je aclimetiéno pevpredle treh prvizkuiancey

V viru 2 najdemo Inditev, dn je cirkonij brez
vpliva na Interkristalno krhkost, drugod so po-
datki, da dodntek clrkonija povisa Zilavost (15),
vendar desegamo nojboljsl ucinek z obdelavo je-
Klene litine s kompleksnim dezoksidantom, ki
ugodno vpliva tudi na obliko in porazdelitev oksid-
nih in sulfidnih vkljutkov.

Ce rezimiramo vse te podatke, pridemo do
sklepa, da je pricakovati najvedji uspeh od obdela-
ve taline s titanom. Zato smo ulinek titana tudi
prakti¢no preverili. Pripravili smo 4 vzorce jekle-
ne litine, kvalitete €, 0501, Kolitina aluminija, du-
tika, titana in AIN je navedena v labeli 3, v tabeli
4 pa mchanske Jastnosti litin. Pri trdnosti in pla-
stitnosti ni razlike, ki bi bila lahko v zvezi 7 raz-
licno koli¢ino aluminija. To potrjuje podatke iz
industrijskih talin in podatke iz literature, Pove-
¢ani aluminij nekoliko zmanj$a raztezek in kon-
trakcijo, Cetudi ne povzroci pomembnih razlik
v kolic¢ini AIN. To je znak, da gre za ucinek utrdi-
tve ferita z raztopljenim aluminijem. Z dodatkom
titana samega ali v kombinaciji s CaSi pa dose-
remo povecanje kontrakeije za ved od 100 %, pove-
Ccanje raztezka za tretjino do dveh tretjin in zago-
tovimo upogib 180%, Zanimivo je, da dodatek titana
zilavost nekoliko zmanjda, v kombinaciji s CaSi
pa Zilavost povefa. Mogoée je to posledica spre-
membe oblike ali porazdelitve vkljuckov. To ugo-
lovitev, ki je lahko obetajofa s stalid¢a Zilavosti,
bi bilo potrebno preveriti.

Pri mikroskopski preiskavi smo v vzorcih 1 in
2 opazili znacilne plos€ice AIN po kristalnih mejah,
v vzorcih 3 in 4 pa znaéilna, vedinoma kockasta
srna litanovega nitrida roZnate barve,

Ce iz tega poizkusa povzamemo ugotovitve, ki
so pomumbne za tehnoloske prakso, lahko ugoto-
vimo, dia s ¢ukanjem v ponovei raste koli¢ina dudi-
ki v lilini, isto¢asno pa pada koli¢ina aluminija.
Vezavo dudika v titanov nitrid lahko dosezemo
le pri dodatky, ki presega teorctiéno potrebnega.
Ker je v industrijskih jeklenih litinah najveé pri-
blizng 0,013 % N, s¢ je mogofe izognili interkri-

stalni krhkosti 2z dodatkom 0,05 do 0,06 % Ti,
vendar je kljub temu potrebno litino dezoksidirati
» aluminijem.

ZAKLJUCEK

Z metalografsko in kemijsko preiskavo preiz-
kutancev, ki so imeli interkristalni prelom, smo
ugotovili, da imajo litine nczadostno plastiénost
zaradi prisotnesti aluminijevega nitrida po mejah
dendritnih zrn, 1z porazdelitve plosgic AIN v litini,
iz njihove lege na dentritnih mejah in iz velikosti
sklepamao, da nastajajo neposredno iz taline. Trdno
jcklo je vedno siromagnejfe z dudikom in alumi-
nijem kot preostala talina, Bogatenje taline doscie
med strievanjem litine tako stopnjo, da je preko-
ratena topnost v talini in neposredno iz nje nasta-
jajo plos¢ice AIN. Te se odlagajo v ugodnih pogo-
jih v meddendritne prostore, zato imajo vcasih
na prelomih dendritno porazdelitev.

Pri dolgotrajnem ogrevanju litine pri tempera-
turi do 1300°C prihaja do koagulacije plosdic
aluminijevega nitrida po mejah zrn. Koagulacija
pa je v tehnolosSkih pogojih Zarjenja premajhna,
tta bi sc krhkost odpravila.

Interkristalna krhkost se da prepreciti z zmanj-
Sanjem koli¢ine dusika in aluminija v litini ali pa
7 vezavo dudika z moénejsim nitridotvorcem, kot
je aluminij, Koli¢ino dudika je mogofe zmanjsati
le z vakuumiranjem litine, kar pride v postev Ie
v poscbnih primerih. Zaradi nevarnosti poroznosti
je tezko dosedi, da bo v litini najve¢ 0,05 % Al, pri
Eemer ni nevarnosti za pojav interkristalne krhko-
sti. Zato je najprimernejia vezava dusika z nitrido-
tvorcem, modénejsim od aluminija. Preizkusi so
pokazali, da se¢ da interkristalna krhkost prepre-
&iti z dodatkom 0,05 do 0,06 titana v litino, ki je
bila pred tem zadostno dezoksidirana z alumi-
vijem.
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ZUSAMMENFASSUNG

Durch dic metalographische und chemische Unter
suchungen der Proben mit ainem interkeistallinen Bruch
haben wir fusigestcle, dass dic uogenigende Plastizitit
des Stahlgusses der Anwesenheit von Aluminiumuiirid an
den Grenzen der dendaitischen Korner hreiben ist,
Aus der Vertellung dor AIN Plitchen im Stahlguss, aus
ihref Lage an den dentritischen Grenzen und aus der
Grisse kann geschlossen werden, dass diese wamitielbar
aus der Schmelze calstehen. Der erstarrende Siahl ist
immer drmer an Stickstoff und Aluminjum als die verblei-
bende Schmelze. Die Anreicherung der Schmelze wiihrend
der Erstarrung des Stahles erreicht oinen solchen Grad,
dass die Lossbavheit von AIN in der Schmelze iberschrit-
ten wird und dle AIN Plitichen werden unmiltelbar aus
der Schmelze ausgeschieden. Diese logern sich bei giinsti-
gen Bedingungen in die swischendendvitischen Plitze, so
haben diese manchmal aul den Bruchfliichen vine ausge-
pritgte dendritische Verteilung,

Boi der langzoitigen Erwirmung des Stablgusses auf
der Temperatur von 1300°C koagulieren diesc Aluminium-
pitridpEitichen an dea Korngrenzen, Dicse Koagulation ist
bei den -technologischen Glithungsbedingungen zu kein
um die Sprodigkeit abzubauen.

Die Interkristaline Sprodigkeit kaon durch die Ver-
minderung des Stickstofl- und Muminiumgehaltes 1m
Staldguss, oder durch die Bindung von Stickstofl mit
cinem stankeren Nitritbildner als Aluminivm vernindert
werden., Der Stchstoffgehalt ist vom Stahlerzeugungsver-
fahren abhiingig. Wegen der Gelahr der Volumenporositiit
ist es schwicrig cinen u 1 kleinen Aluminiumgehalt
von 0050% Al zu hallen, womit dic Gefahr der inter-
kristalkinen Sprodigkeit beseicigt wiirde. Es st zweck-
missiger den Stickstofl an einen stinkeron Nitridbildner
ols AMuminium zu binden. Die Untersuchungen zeiglen,
dass die interkristalline Sprodigkeit mit dem Zusatz von
0.05 bis 0.06% Titan im Staidzuss, wenn diese mit Aumi-
plum genigeng desoxydiert wird, verhindert werden kann.

SUMMARY

Metaliographic and chemical ipvestigation of samples
with intercrystadine fraciwre revealed thar cast alloys
exhibit insulficiemt plasticity due 1o the presence ol alumi-
miwm nilride on the boundarics of dendritic grains, Distrie
bution of AN plates in the cast sieel, their position on the
boundaries of dendrites, and their sizes suggest that they
are formed directly from the melt. The solidified sted is
always poorcr on nitrogen and slusminium than the rest
melt. Enrichment of these clements in the mele during
solidificalion reaches such a degree that the solubibity
Emit is exceeded and thus AIN plates are preciprtated
directly from the melt. They precipitate in [avourable
conditions in the interdendritic spaces thevelore they
exhibit somelimes promounced dendritic distribution on
the fractures.

Long annealing of cast steol at 1300°C causes coagula-

fion of aluminium nitride plates on the grain boundavies.
Coagwlation in technological conditions of anneating is too
small 1o remove the embrittlement.

The intercrysialline embrittlement can be prevented
by the reduced amounts of mitrogen and aluminium in the
melt or by binding nitrogen to stioager nilrideforming
cloments than aluminium. The amount of nitrogen can
he reduced only by vacuum-trezting of the melt which
can be used only in speciat cases. Due to danger of poro-
sity, it is difficudt o keep sduminium below 0.05% which
woudd provent the intercrystalline embrittlement. Thus
only banding nitrogen to strongexr nitride-forming clements
remains as a suitable measure, Experiments showed that
addition of 0.05 to 0.06 % titanium to the melt can prevent
1he intercrystallive embrittlement. But the melt must be
proviously sufficiently deoxidized by aluminium,
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Znacilnosti kvantitativne

UDX: 620.187
ASM/SLA: Tsh

metalografske analize s sprego
raster-elektronskega mikroskopa
in naprave za analizo slike

F. Vodopivec in M. Jakupovi¢

Opis znadilnosti naprave in njenih prednosti
pred napravami, ki analizivajo optiéno stiko vzor-
ca. Analiza dosegljive natanénosii dela naprave in
njene locljivosti. Analiza subjektivnin analitskih
napak. Razprava o obsegu analize, ki da realno
sliko analiziranega vzorca.

UvOoD

Lastnosti kovinskih gradiv so odvisne od
sestave in mikrostrukture. S pomoéjo razliénih
postopkov za kemi¢no analizo se dolofa kolitina
posamicnih clementov v gradivih, po posebnih
metodah tudi koli¢ina posamiénih faz, npr. neko-
vinskih vkljugkov, karbidov in podobno. Tako
dobljene $teviléne vrednosti se uporabljajo kot
parameter pri iskanju korelacij z uporabnimi in
predelovalnimi lastnostmi gradiv.

Metalografija se je dolgo ¢asa razvijala pred-
vsem v smeri kvalitativnega spoznavanja imikro-
strukture kovin, Velika raznovrsinost mikrostruk-
tur tudi pri cnaki osnovni sestavi kovinskih gradiv
je ‘bila vzrok, da se razmeroma dolgo &asa niso
razvile rutinsike metode za ‘kvaatitativno ovredno-
tenje mikrostrukture. Zadovoljevali smo se s tem,
da smo s pomo¢jo optitnega mikroskapa (OM)
ovrednotili najbolj znacilne parametre mikrostruk-
ture (velikost zm, koli¢ina in velikost vkljutkov,
trakavost in podobno) po primerjalni metodi in pri
tem uporabljali etalone, ki so najbolj p2oolni v
ASTM in GOST standardih. Ta nacin ovrednotenja
mikrostrukture je subjektiven, zato ima za pasle-
dico precejdnjc razlike pri oceni istega vzorca v raz-
liénih laboraterijih; razlika je celo med oceno, ki jo
izvrsijo razli€ne osebe v istem laboratoriju. Rud-
dlestone in sodelavei navajajo na osnovi BISRA
izkusenj’, da subjektivna napaka onemogoéa, da
Li se izboljsale sedanje primerjalne metode, zato
nima .pravega smisla naprej razvijati take metede,
Pred leti so v okviru UJZ (UdruZenje jugosloven-
skih Zelezara) v 11 laboratorijih v Jugoslaviji dolo-
¢ili koli¢ine vklju¢kov v 11 identi¢nih vzorcih
jekla. Rezultati so se razlikovali za 50 % od

dr. Frane Vodopivee, dipl. inZ., je samostojni raziskovalec
na MetalurSkem inStitute v Ljubljani

M. Jakupowic, mot. tehn,, je sodelavee na MetalurSkem in-
Stituty v Ljubljant

aritmetiénega povpredja pri ovrednotenju sulfid-
nih vkljuékev?. To potrjuje angleske izkuinje.

Zato je razvoj metod za kvantitativho analizo
mikrostrukture (kvantitativna metalografija —
KM) usmerjala potreba po numeri¢nem ovredno-
tenju in potreba ipo veéji todnosti inponovljivosti.
KM scveda ni ni€ novega. V preteklosti so bile
poznane in z uspehom uporabljene tudi pri nas
razliCne metode za kvantitativno ovrednotenje po-
samicnih parametrov mikrostrukture, Naj nave-
demo nckaj primerov: raziskava raztapljanja in
tvorbe karbidov v jeklu za krogliéne lezaje?, doga-
janja pri ogrevanju dinamo jckla®, korelacija med
koli¢ino sulfidnih vkljuckov in Jlastnostmi je-
kel® 47, dogajanja pri rekristalizaciji in norma-
lizaciji mikrolegiranega jekla® *, kinetika premene
avstenita v mikrolegiranih jeklih™ ), raziskave
staticne in dinamicne rekristalizacije feritnih in
avstenitnih jekel™ in drugo.

Vendar je razdirjenje metod za KM omogotil
Sele razvoj avtomatiénih naprav za analizo slike.
Historiat razvoja teh naprav, od intergracijskih
mizic do sodobnih naprav, najdemo v delu J. Ro-
di¢a®, ki porota tudi o uporabnih izkuénjah pri
raziskavah ledeburitnega jekla z 1.5% C in 12 %
Cri%, Obe razpravi sta lahko dostopni, zato njune
vsebine ne bomo ponavijah.

Za kvantitativno ovrednotenje mikrostrukiure
so potrebni naslednji podatki: volumski dele?
posami¢nih sestavnih faz (vkljucki, karbidi itd),
povpretna velikost kristalnih zrn matriksa, po-
vpre€na velikost zrn sestavnih faz, histogram
porazdelitve velikosti zrn teh faz in ecnakomernost
v porazdelitvi posami¢nih komponent v mikro-
strukturi (izceje, trakavost itd.).

Osnova za moderno KM so naprave za analizo
slike. O napravah, ki delujejo na osnovi OM, je
porocal J. Rodi¢, zato bomo le na kratko povzeli
njihovo zgradbo. Televizijska kamera posname
sliko OM ali posnetck, televizijska slika se nato
diskriminira v odvisnosti od svetilnosti posamic¢-
nih faz, nato se aviomati¢no predtejejo in izmeriio
zrna teh faz, podatki se vodijo v ralunalnik, &i jih
uredi, racunsko obdela in odtipka rezultate ali
jih pokaZe na zaslonu v odvisnosti od vrste pro-
grama, zaceinih pogojev in posebnih vpraganj.

Natantnost dela IMA naprave (naprave za ana-
lizo slike) je odvisna od kontrasta posamiénih faz
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v mikrostrukturi in od Jotljivosti mikroskopa.
Lahko pri¢akujemo zato vetjo natanénost tam,
kjer so velike razlike v opli¢nem Kkontrastu (na
primer nekovinski vkljudki v jokla) in vedje teza-
ve 1am, kjer je majhen svetlobni kontrast (na pri-
mer karbidi in intermetalne faze v jeklih). Zato
pravilno ugotavlja Rodi¢, da je potrebno vioiiti
mnogo defa pri razvoju KM v izboljSanje priprave
obruskov in povetanje svetlobnega kontrasta med
fazami, ki oblikujejo mikrostrukturo gradiv.

Drugi parameter kvalilete KM je loéljivost mi-
kroskopa. Teorcti€na lo¢ljivost opti¢nega mikro.
skopa pri opazovanju v zcleni svellobi je
0,175 pgm®, Izkusen metalograf ve povedati, da je
taka locljivost medosegljiva pri rutinskem delu
z OM in da je potrebna possbna skrb Ze tedaj, ko
apazujemo elee z velikostjo okoli mikrona, 3e
posebej pa je potrebno pazljive delo, ¢e hotemo
izmeriti njthovo velikost s sprejemljivo napako.

Televizijska kamera sicer nekajkral poveda
sliko OM, zalo na ekranu opazujemo pri povecavi
do 10000 krat, vendar 1o ne more odpraviti napa-
ke, ki nastanc zaradi omejene loéljivosti OM, ki
da osnovno sliko, Za tvorboe slike mikrostrukture
pa je mogole uporabiti tudi drugaéne mikro-
skope, predvsem elektronske mikroskape, tako
presevne kot rasterske (REM). Za vedino metalur-
4kih laboratorijev je posebno zanimiv REM zato,
ker omogoda, da neposredno opazujemo poveiine
obruskov, ki sepripravijeni za OM.

REM ima teoreti¢no lo&ljivost pod 0,01 um,
larej za ved kot red velikosti boljsa loéljivost kot
OM. REM ima tudi zelo veliko glebinsko ostrino,
zato je mogoée eclo neposredno opazovanjc zelo
reliefnih  prelomnih  povrSin.  Tretja  prednost
REM je moZnest opazovanja 7 ved vrstami elek-
tronov: sckundarnimi, odbitimi in absorbiranimi.
Intenziteta sckundarnih  elektronov je odvisna
od topografije in deloma od kemijske sestave,
intenziteta odbitih in absorbiranih elektronov pa
je odvisna neposredno od povpreéne atomske teze
opazovane faze. Je torej sorazmerna elementni
seslavi faze, Zato lahko na osnovi slike odbitih
elektronov lodimo posamitne farze, ki se razliku-
jejo po kemicni sestavi, Cotudi med njimi ni optic-

Slika 1
Blok shema sklopa raster mikroskopa — maprava za
analizo slike
I'ig. 1
Rlock scheme of the scanning microscope image analyzer
combination
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Slika 2
Videz sklopa raster mikroskop — naprava za analizo
slike na Metalurskem (ndtitutu v Ljubljani
Fig. 2
Picture of the scanning microscope hmage analyzer combi-
mation in the Institute of Mctallurgy in Ljubljans

nega kontrasta. Lo€ljivost REM je manjsa, Ze
opazujemo povrdino s pomotjo odbitih elekiro-
nov. REM je mogode opremiti tudi z rentgenskimi
spektrometri in nato uporabljati specifitne X
posnetke kot signal za KM. Pri povezuvi REM +
+ IMA ni pretvorbe slike, ampak se signal zajema
neposredno na vzoreu, To edpravi eno od metodo-
1o8kih napak.

Menili smo, da ima sklop RIEM 4+ IMA nckate-
re prednosti prad sklopom OM 4 IMA. Zato je
bilo odloteno, da na metalurSkem indtitutu v
Ljubljani nabavime sprego REM + IMA, &cprav
so take naprave danes fe razmeroma redke tudi
v razvitih driZavah.

Zgradba in delo sprege REM + IMA

Blok shemo naprave REM 4+ IMA prikazuje
sL 1", Signal sc¢ iz REM vodi skozi analogni proce-
sor in sclekror na slikovni ekran, kjer apazujemo
normalne (analogno) sliko. Pred ekranom se pre-
streze signal za IMA in vodi skozi procesor, kjer
se pretvori v binarno (Ernobelo) sliko. Ekran IMA
naprave je sestavljen iz 500 paralelnih ¢ért (lahko
tudi ved), vsaka od teh pa iz 500 tolk, zato obsega
celotna povrdina ekrana 250000 toék (lahko tudi
ved), oz, digitalnih impulzov. Pri avtomatiéni ana-



lizi radunalnik predteje §tevilo impulzov, ki ustre-
za diskriminirani fazi in jih razvrsti v razrede.
Na zahtevo operaterja podatke, zbrane z encga ali
ved vidnih polj, ratunsko obdcla in jih prikaZe po
navodilih operaterja in programu analize. Slika 2
prikazuje napravo ma metalurikem initituru. Na
sliki 3 vidimo, kako se normalna (analogna) slika
pretvori z diskriminacijo naprej v binarni signal
(¢rnobelo sliko), nato se ta s pomodjo ure digitira
in spravi v obliko, Ki jo lahko sprejme ra¢unalnik.
Ratunalnik ima posebne logi¢ne enote, ki obdelu-
jejo zaporedje prihoda signalov ter omogodajo
pravilno ovrednotenje todk, ki oblikujejo ravnin-
sko sliko dolotene mikrostrukturne faze.

Diskriminator ima dva nivoja. Na diskrimini-
rani sliki se pojavi le faza, ki ustreza doloteni
intenziteti clekilronov, v OM bi rekli dolodeni sve-
tilnosti,

Na MI je naprava opremljena s standardnimi
programi: za koli¢ino posamicnih faz, za histo-
gram velikostne porazdelitve zra po dolZini teti-
ve, za histogram velikostne porazdclitve po
povr$ini in za medlamelarno razdaljo. V pogosti
uporabi so predvsem prvi trije. Pred analizo ope-
rater vstavi v ratunalnik tudi posebne zahteve in
podatke: mikroskopske povelavo; najmanjie
zrno, ki ga je potrebno 3e upodtevati; interval
parazdelitve v histogramih in drugo.

Za tvorbo slike in njeno analizo na zaslonu je
na voljo 250000 totk, ne glede na povetavo, zalo
je loéljivost IMA naprave odvisna od povecave in
(o¢ljivosti mikroskopa. Po podatkih proizvajalca
dosega loZljivost naprave eno tofko na zaslonu.
To seveda ne pomeni, da je laka tudi realna loc-
ljivost naprave. Povriina zrn razliénih faz, ki obli-
kujejo mikrostrukiure gradiva, se neg ujema
s celim Stevilom slikovnih todk. 1z éim ved totk
je ta slika sestavljena, tem manj3a je napaka zo-
radi nepopolnega prekrivanja tofkovne (binarne)
slike in realne slike in tem manjsa je tudi napaka
operaterja pri nastavitvi nivojev diskriminacije.

Toénost rezullatov in loéljivost sta odvisna od
kvalitete in stabilnosti naprave, predvsem elektro-
nike in precej tudi od dela operaterja. Vpliv ope-
raterja se kaze v kvalileti pripravljenega vzorca,
v fokusiranju REM in v nastavitvi diskriminacije.
Lodljivost je seveda odvisna predvsem od fokusi-
ranja mikroskopa. Premer snopa v REM mora biti
pod 0,01 pm, sicer ne moremo pri¢akovati dobre
slike in velike lo¢ljivosti. Iz podatkov, katere na-
vaja Ze omenjeni Ruddlestone, je razvidno, da
so podobni problemi tudi pri uporabi sprege
OM + IMA.

METODOLOSKE ZNACILNOSTI DELA
S SPREGO REM + IMA

Toé&nost analize

Analize zmogljivosti bi ocenili najlaZe, &e bi
imeli na voljo primerjalne etalone. Teh mi, zato
ta moZnost odpade. Druga moZnost je primerjava
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Slika 3

Shematiten prikar pretvorbe analogne slilke v binamo in

digitiranja binarne slike z visokofrekvenéno uro

Fig.3
Schematic presentation of the transformation of the analo-
gue image into a binary one, and digiting binary image by
a high-frequency counter
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z drugimi aparaturami z analizo identiénih vzor-
cev, Tega ni bilo mogode uresniditi, zato se opira-
mo pri razpravi o tocnosti analize in lo¢ljivosti
naprave (sposobnosti, da pokaZe v realni velikosti
tudi najmanij$e delce) na veckratno analizo istih
vzorcev na osnovi dveh metod za oblikovanje sli-
ke vzorca: sekundarnih in odbitih clcktronov (SE
in BE).

Pred razpravo o loljivosti, ki je eden od
kazalcev kvalitete vseh IMA naprav, moramo
oceniti mapako zaradi nepopolne stabilnosti elek-
tronike in subjeXiivno napako operaterja.

Veékratne analize istih vzorcev so pokazale, da
je ponovljivost meritev relativno zclo dobra.
V jeklu za avtomate s ca. 2% vkljutkov MnS je
relativino odstopanje pri analizah istega mesta
manjie od 05%. Podobno velja za jeklo s
ca. 74 % karbida M,C. Odstopanje zraste preko
1%, ¢e se diskriminacijski nivoji ohranijo nedo-
taknjeni veC kot 5 minut. Ponovljivost 1 % zaradi
nestabiinosti aparature je zelo dobra. Pri 2%
vkljuZkov MnS v joklu za avtomate je absolutno
odstopanje 0,04 %, kar je mnogo manj od razlik
v koligini vkljuckov v posamiénih mikroskopskih
vidnih potjih. Ta «lstopanja so prikazana v tabe-
li 1. Kljub temu se nam zdi, da ne bi bilo umest-
no, da se analiza zadostnega Stevila vidnih polj, ki
je potrebna, da bi se opredelilo zanesljivo
povpredje, izvrsi, ne da bi operater obéasno na-
stavil diskriminacijske nivoje.

Pri zelo kratkotrajnih analizah je vedja subjek-
tivna napaka operaterja pri delu, kot napaka
zaradi nestabilnosti naprave. To napako smo pre-
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Tabela 1: Kolicina vkljuckov MnS v jeklu za avto
mate in koliéina karbidov tipa M,C v brzoreznem
jeklu (v %)

Jeklo ga amtomate a Brzorezno jeklo b

A

pov. 300 X pov. 1200 x :_,3:; 40‘;";
1 1,336 0,658 3,258 8,203 7,070
2 1,986 0,705 1,677 7,390 8,265
3 2,198 1,980 1,892 9.565 7178
4 1,987 1,587 2,123 5,755 7.210
5 2017 1,233 1,900 7,700 6,576
6 1,869 1,969 2,853 5,229 7.870
7 2736 2,495 1441 5,953 11,943
8 2457 1,600 0,706 6,010 5914
9 2,207 2470 1,632 9,726 8,393
10 1,886 1521 1,177 5,277 8376
11 2,040 31469 1491 9,407 5,208
12 1,463 1,489 1432 7476 9,526
13 2408 4,095 2,266 2,887 6,268
14 1,537 2263 2,306 7,844 7,588
15 2,105 0,825 13717 5,923 6,768
16 2,750 0,360 0,228 6,908 3726
17 1,958 2,227 4,648 6,891 11,575
18 1,794 2,298 1,160 1.287 7,385
19 1,451 0,795 1,261 5,501 8,185
20 1,859 3,154 1898 10,501 6.381
21 1,424 1,627 1,592 6,216 7815
22 1.499 1,862 1,387 8,066 4,990
23 1,245 1,827 0,542 8,196 8,573
24 2,258 1,808 0,794 7.181 7,095
25 1876 0,881 2619 9,509 7.856
arilt.
pop. 1934 1808 1789 7380 7510
stan.
dev. 0410 0,902 0,928 1,500 1,800

a — serija meritev
b, ¢ — analizirano na osnovi slike sekundarnih in
odbitih elektronov

verili $§ ponavljanjem analize karbidov tipa M,C
v istem vidnem polju. Operater je po vsaki analizi
ponovne nastavil ostrino slike in diskriminacijska
nivoja. Relativno odstopanje pri 10 zaporednih
analizah, ki so bilc izveicne v serijah ob raz
liénih datumih, je bito v povpretju pod 5 %.
Ce uposlevamo, da ima jeklo v powpredju 74 %
karbidov Llipa M, je torej absolutna napaka
0,37 %. Napaka je bila dvakrat manjia pri analizi
koli¢ine vklju¢kov MnS v jeklu za avtomate zaradi
vetjepa kontrasta slike in  ostrejs$ih kontur
vkljuc¢kov. Lahko zakljué¢imo razpravo o toénosti
analize z ugotovitvijo, da relativna napaka ne pre-
sega 5% pri dobrem operaterju in standardni
stabilnosti elektronike. Odstopanje se zdi veliko,
vendar je majhno, ée ga primerjamo z razlikami
v koli¢ini karbidov in vkljutkov med razliénimi
vidnimi polji. Te razlike doscgajo pri karbidnih
50 %, pri vkljugkih pa celo 100 %. Analitska napa-
ka je tem vecja, £im manj&i je kontrast med ana-
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lizirano fazo in matriksom, zato se mora opcrater
pri izbiri nac¢ina oblikovanja slike vzorca ravnati
po najvecjem dosegljivem kontrastu. To se seveda
ne sme zgoditi na racun lodljivosti slike. Vir 17
navaja podatek, da je pri spregi OM + IMA sub.
jektivno odstopanje 10 %,

Geometriéna loéljivost

Geometriéno 1lo&ljivest sprege REM 4 IMA
smo preverili na brzoreinem jeklu, v katerem so
bila relativno drobna zrna karbida tipa M,C, pa
tudi drobna karbidna zrna tipa M,C. Meritve so
bile ¢asovno premaknjene za ca. 6 mesecev. Prve
30 bile izvriene kmalu po montaZi, druge po pre-
sledku ca. 3 mesecev in tretje po ponovnem po-
dobnem presledku. Analize smo izvréili pri enotni
povecavi 4000 na osnovi SE in BE slike.

Slika 4
Posnetek karbldov v brpzoreznem |eklu 5 pomoéjo sekun-
darnih elektronov, Karbidna zrna tipa M/C so diskrimi-

nirana na desn! sliki

Fig. 4
Image of carbides in high- speed steel taken by secondary
electrons, MC carbide groins are discriminated on the

right side of the plcture

Slika §
Posnetek karbidov s pomodjo odbitih elektronoy v istem
Jeklu kot. sl. §
Fig. 3
Image of carbides taken by reflected elecirons in thz san?
steel as in Fig. 4

Sliki 4 in 5 prikazujeta normalno in diskrimini-
rano SE in BE sliko karbidov v jeklu. Karbidi ti-
pa M,C so bogati z volframom, zato moéneje odbi-
jajo elekirone in so na slikah svetlejsi. Drugi kar-
bidi so tipa M;C in po kontrastu relativno malo
odstopajo od matriksa.
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Slika 6
Histogrami vellkostne porazdelitve karbidov v brzoreznem
Jeklu, ki je prikazano na sl. 5 in 6. SE-analiza na osnovi
slike sekundarnih elektronov: BE-analiza na osnovl slike
odbitih elektronov

Fig.6
Size distribution curve of carbldes in high-speed sicel
shown In Figs. 4 and 5. SE-analysis based on the secondary
clecirons image: BE — analysis based on thc reflected
electrons image

Grafikoni kumulativne pogostosti na sl. ¢ pri-
kazujejo porazdelitev karbidnih zrn tipa M.C in v
enem primeru porazdelitev vseh karbidov. V grafi-

konu so 7za vsako serijo meritev mavedene e veli- . |

kosti najmanjsih in najvedjih karbidnih zm, ki so
bile uposdtevane pri analizi, in aritmetitna povprec-
na velikost vseh izmerjenih zrn, Porazdelitve so bi-
le doloéene na osnovi meritev ca. 1500 karbidnih
zrn.

Histogrami nimajo oblike premic. To pove, da
poraadelitey, vsaj taka, ki jo doloéimo na osnovi
merjenja velikosti 1500 karbidnih zrn, ne ustreza
Gaussovi normalni porazdelitvi (17). Temu je vsaj
deloma verok metodolofki pristop k doloéanju hi-
stogramov. Pri analizi namre¢ niso bila upoSteva-
na karbidna zrna, katerih binarna slika mi bila
sestavljena wsaj iz 10 slikovnih to¢k na zaslonu,
kar ustireza realni velikosti zrna 0,023 pm?. Pri izra-
tunu porazdelitve niso bila uposdtevana karbidna
zrna, ki so bila manj3a od spodnje meje in karbid-
na zrna, ki so bila ve¢ja od zgornje meje histogra-
ma. Na primer: v analizi je bilo preftetih 1500 zrn.
Pri izra¢unu porazdelitve ni bilo upostevanih 64
premajhnih in 30 prevelikih karbidnih zrn. Ni zna-
no, koliksno je bilo Stevilo zen, manjsih od 10 sli-
kovnih todk.

Stevilo karbidnih zrn, ki niso bila upostevana
pri izracunu porazdelitve, je torcj prececjinje, in to
golove nekoliko spadi obliko porazdelitve. Ta to-
rej velja le za pogoje, v katerih je bila dolotcna.

§ primerjavo posami¢nih krivulj na sl. 6 ugoto-
vimo, da dosega relativno odstopanje najve 4 %
ol povpreéne vrednosti, odstopanje od povpreéne
velikosti zrn pa je celo manjse od 2 %. Pri tem
¥elja poudariti, da so povpretne velikosti karbid-
pih zrn blizu 0,6 pm?, kar ustreza karbidnim zrnom

s premerom 0,87 pm. Slika 7 nam torej pove, da
je mogede s sprege REM + IMA dosedi geometric-
no loéljivost najmanj 0.2 pm, kar wstreza povrsini
0,035 jum?. Na sliki 7 pa vidimo, da je lotljivost SE
slike boljda od 0,05 pm, zato je zelo verjetno mo-
gole doseéi boljso loéljivost ob primernem vzorcu.

Slika 8 prikazuje normalno BE sliko in binarnoe
sliko vklju¢kov manganovega sulfida v jeklu na
precnem preseku valjane palice. Histogrami veli.
kosti porazdelitve vklju¢kov (sl. 9), doloeni pri
razli¢nih povetavah na osnovi ca. 1000 vkljuékov,
odstopajo od povpreéne vrednosti najves 4 %, Na-
paka je torej podobna kot pri porazdelitvi karbi-
dov. Tudi odsiopanje pri povpreZni velikosti je
pod 4 %. Povprecna velikost vkljuckov se motno

Slika 7
Posnetek lamelarnega perlita v raster mikroskopu, Ozna-
tcna je itna | la z debelino 0,03 pm
Fig.7

Image of lamellar pearlite in the scanning microscopa. Ce
mentite lamella with thickness 0.03 um is marked

P k  vkljulk ga sulfida na preénem
preseku jekla za avt 5 p ¢Jo odbitih elcktronov
Fig. 8
Image of inclusion of 't e on the trans-
verse section of freecutting steel 1aken by reflected clec-
{runs
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Slika ¢

Histograml velikosine porazdelitve vkljutkov mangano-
vega sulfida na preénem preseku jekla na sl. 9
Fig.9
Size distribution curve of manganese sulphide inclusions
on the transverse sectlon of steel in Fig. 8.

spremeni, ko se spremeni zgornja ali spodnja me-
ja velikosti vkljudkov, ki so bili upoStevani pri
analizi,

Obscg potrebne anallze:

Pri rutinskem delu ni mogode posvetiti analizi
enega vzorca toliko Casa, da bi dobili idealno po-
razdelitev. V skoraj nobenem primeru tudi ni mo-
gote iz cksperimentalnih razlogov analizirati
vkljugkov in karbidnih zrn v vsem intervalu veli-
kosti, v katerem so prisotni v jeklu, zato je pri
analizi potrebno najti optimum, da je mogoce izvr-
5iti analizo v razumnem <asu in pri tem dobiti za-
dosti objektivno ovrednotenje vzorca. Rezultati,
ki so prikazani na slikah 6 in 9, kaZejo, da je mo-
gode dobiti sliko o velikostni porazdelitvi zm po-
samiéne faze v jeklih, Ze ¢e analiziramo 1000 do
1500 zrn te faze. Porazdelitev zrn posamiénih faz
v kovinskem matriksu ni enakomerna, zato je na
razliénih mestih povriine istega obruska razlitno
Stevilo in povrdina zrn analizirane faze. Zato je

Slika 10
Vkljutki manganovega sulflda na vzdolinem preseku jekla
za avtomate. Analize, katerih rezultati so na slikah 11 In
12, so bile izvrienc na Jeklih ¢ podobnimi vkljudki
Flg 10

T Tohid, 1

on the longl
of I:mulllng “steel. Analyses wlich results are presented
in Figs. 11 and 12 were made with steel having simllap in-
clusions
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potrebno doloéiti kolidino te faze v tem veé poljih,
€im bolj je porazlelitev neenakomerna, ¢¢ hotemo
dobiti reatnopovpredje.

Na jeklu za aviomate smo jzvisili serijo analiz,
na osnovi Katerih labko priblifno odgovorimo, ko-
liko vidnih polj mikroskepa je potrebno analizi-
rati, da dobimo zadovoljivo povpreéje. Povpretna
koli¢ina vkljudkov je zadovoljivo definirana, Ge
analiziramo 25 vidnih polj pri povedavah 300 x ali
1200 X na istem vzorcu, Vidno polje ima pri pove-
cavi 300 x 16-krat veEjo povrSino, kot pri poveca-
vi 1200 X. Zato je vprvem primeru povpreéna ko-
licina dolodena z analizo priblizno 2300 vkljuckov,
v drugem primeru pa le z analizo 140 vkljuskov,
Kljub tako veliki razliki med $tevilom izmerjenih
vkljuckov, oz. veliki razliki med analizirano povr-

999,

Slika 11
Histogrami porazdelitve vkljutkov po debelini na dveh
Jek.l.lh ™ avl.omalt Porm.dclilw Je blla doloena z neod-

] i razlié Steviln vkljutkow:
N — SIwﬂo izmerjenih vkljuskov
d — popreéna debellna lzmerjenth vkljudkov
Fig. 11
Slze discribution curves of Incluosing in the thickness
direction for two free-culting stecl. The distribution was:
determined by independent analynaas haud on vnrlnus
amounts of N— ed i
ons, d — average thickness of mmuu«l inclusions

$ino, se powpreéni vrednosti zadovoljivo ujemata.
Lahko torej sklepamo, da zadostuje pri serijskem
delu podobne narave, kot so nekovinski vklju&ki
v jeklu, analiza toliko polj, da je celotno immerje-
no Stevilo vkljuékov najmanj 200. V tem praneru
bomeo dobili povpredje, ki ne bo pomembno odsto-
palo od povpredja. ki ga dobimo z meritvijo
povriine, na Kateri je desetkrat ve¢ vkljudkov.
Analizirana polja morajo biti enakomerno poraz-
deljena po wezoreu, &e le ni izrazite necnakomer-
nosti, na primer: analiza plofevine, v Kkateri
so zaradi dvoplastnosti verige zrnatih oksidnih
vkljutkov, Ta ugotovitev omogoda, da se opredeli
Cas 2a analizo vzorca v odvisnosti od todnosti,
s katero maj bo definirana povpreéna vrednost.
Tzvrgili smo ve¢ paralelnih serij meritev pov-
precne debeline sulfidnih vkljuékov v 7 razliénih
jeklih za avtomate s ciljem, da preverimo, koliko



meritev je potrebnih, da bi opredelili s sprejemlii-
v napako povpreéno debelino  vkljutkov, ki so
debelejsi od 2 pm. VKljudki so bili podobni tistim,
ki jih prikazuje sl. 10. Rezultati teh meritev so pri-
kazani v slikah 11 in 12. Na sliki 11 so za dve Sarki
histogrami kumulativne pogostosti, ki so bili do-
loéeni z neodvisnimi analizami, ki so zajemale od
1699 do 5292 vkljuckov. 1z povpreéja vseh neodvis-
nih meritev smo dolodili povpredno debelino
vkljudkov, nato pa definirali kot relativno napako
odstopanje povpreéne vrednosti posamitnih ne-
odvisnih meritev od te povpretne debeline. Rezul-
tati 1ch meritev so prikazani v grafikonu na sliki
12

Relativna odstapanja v posamicnih razredih hi-
stogramov na sl, 11 so v intervalu 5 %, neodvisno
od stevila vkljuékov, na osnovi katere je hila do-
loéena debelinska porazdelitev. Enako dr#i za re-
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Slika 12

Na abscisi je Stevilo sulfidnih vkljuékov, knterih debelina
je bila izmerjena v vsaki neodvisnl serijl. Na ordinati je
rclativno odstopanj¢c med rezultatom wsakes anallze in
debelino, dolo¢eno kot popreéle vsch analiz na istem
vzorcu
Fig, 12
of sulphide inclusi is plotted on the abscissa.
Their thickness was measured in each independent series.
Relative deviation of results of each analysis and of thick-
ness determined as an average of all the analyses in the
same sample was plotted on the ordinate

[ —

lalivno odstopanje pri opredelitvi povpretne de-
beline, na osnovi analize 1000 do 5292 vkljudkov.
Velja torej, da je mogode pri¢akovati od avtoma-
ticne dolotitve debeline totnost 2= 5 % Ze tedaj, ko
analiza zajema ca, 1000 vkljuckov.

V brzorezncm jeklu smo izvriili vel analiz ko-
licine karbidov M,C na osnovi BE in SE slike. Re-
zultati so prikazani v tabeli 1. Povpreéji iz 25 ana-
liziranih polj se razlikujeta med seboj za manj
kot 4 %. Vsc primerjalne meritve so pokazale, da
so razlike med neodvisnimi analizami istih vzor-
cev v intervalu +5 %, ob pogoju seveda, da je iz-
vriena analiza toliko polj, ki zagotavlja objektivno
povpredje, pri povprecnih vzorcih je Lo ca. 25 polj.
V poglavju Toénost analize smo omenili, da je na-
paka zaradi netofnosti in mestabilnosti aparature
manj$a od 1 %, subjektivna napaka operaterja pa
je v intervalu =5 %. Podobna so odstopanja ipri

ZEZI 13 (1979) Stev. 2

paralelnih meritvah. Zato je logitno sklepati, da
je tofnost in reproduktibilnost analize odvisna
predvsem od subjektivne napake operaterja. To
opravi¢uje zahtevo, da je za kvalitetno delo s spre-
go REM + IMA potreben dober operater.

ZAKLJUCEK

Na kratko smo opisali zgradbo sprepe raster
elektronskega mikroskopa in naprave za analizo
slike in razpravljali o prednostily, ki jih nudi pred
sprego med optiCaim mikroskopom in napravo za
analizo slike. Zaradi ve&je lo¢ljivosti rasterskega
elekironskega mikroskopa je mogoée doseéi ved-
jo lo¢ljivost. Uporaba sekundarnih elektronov in
odbitih elektronov za tvorbo slike omogota, da
se laZe kot v opti¢nem mikroskopu razlodijo po-
samiéne faze od matriksa. Ceprav je maprava av-
lomaltizirana, pa je potreben dober operater za
uspesno delo z njo. V tem primeru je mogoée do-
logiti povpreéno kolidino posamiéne faze, histo-
gram velikostne porazdelitve zim te faze in pov-
precno velikost zrn te faze z napako, ki ni velja
od 5% pri geometriéni lod¢ljivosti 0,2 un Kkar pa
ni spadnja meja zmogljivosti naprave. Da bi dobili
realne histograme za velikostne porazdelitve in re-
alne povprefne vrednosti pri analizi vkljuckov in
karbidov v jeklih, zadostuje analiza 1000 do 1500
delcev. Ze na osnovi analize najmanj 200 vkljuékov
pa je mogoce z zadovoljivo natanénostjo opredeliti
kalicino sulfidnih vkljudkov v jeklu, kjer ni segre-
giranja in pretirane neenakomernosti v porazde-
litvi vkljuskov.
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ZUSAMMENFASSUNG

Bei der Zusammensetzung ¢ines Rasterbiddes, welches
in dem cmplangstet] mit den clektronischen Bedienungs-
einvichtungen fir die automatische Bildanalyse analysiert
wird, hat dic Anwendung des Rasterelektroncmnikrosko-
pes eimige Vorieile im vergleich mit dem Lichtmikroskop.

Die laterale Punktauflbsung von Rasterclekironcnmi-
kroskop st grisser, cie Elektronenintensitat, die Tatensi-
14t der riickeestrouten Elektronon ist aber von der chemi.
schea Zusummensctzung der analysierton Phase abhunging.
Das bedeuted, dass es moglich it am Bikd Phasen 2u unier.
scheiden, welche sich in der chemischen Zusanunenscizung
von der Matrixunterscheides obwohl keine optische Kon-
traste da sind.

‘Ein zweiter Verted ist in dem, dass uomitletbar das
Primirbild der Probe analysiert wird. Es sind mehrore
Vergleichsanalysen gemacht worden um die Auflisung des
REM, die Analysenreprodhzierbarckit, die Fehler wegen der
Unstondfestigkeil, der subjoktiven Fehler des Operaleurs m
bestimmen und schliesslich den Umflang der Analyse zu
bewerlen deren Durchschnitswerte eine noch armehmbare
Geauigrkeit haben konnen.

These Versleichsontersuchungon 2eigten, doss der Fe-
hler wegen der Unstabilitit der Anlage klciner als 1%
betrigl, der subjektive Fehler des Operateurs bei der Bild-

analvse mit gentigenden Konlrast bewegt sich in einem
Tntervad]l von 5% vom Durchschnitt. Eine mehrfacke Ana-
lyse der Karbide an emem Werkzeugsiahl hat mit Hilfe
des Bildes der sekunditren und riickgestreulen Elektro-
nen eine durchschnitiliche Karbidgrésse von 06 um’ mit
einer Abweichung kieiner zls 5% erpeben, wabei die unte-
re Grosse bei der Analyse beriioksichtigten Kévner 0.2 pm?
betragen hal, Die Histograme -der Vericilung der Karbid-
kormngrosse zwischen 0.2 und 3.2 um' weichen gegenseiting
am weniger als 5% ab. In Auwtomatenstihlen hat die Ab-
weichung der durchschnittlichen Einschlussgrosse und dev
Histograme der Eimschl dssetwerteilung nicht grosser
als 59 botragen, wenn die Analyse auf Grund won 1000 oder
5000 Einschlitssen durchgefuhrt weorden ist. Die Abweichung
des Volumenanteils der Easchlisse war nichw grésser als
59, wonn dicser auf Grundder Analyse einer solchea Feld-
zaly bestimunt wordon ist, dass chumal ca 150 Einschiisse
und das nichstemal ca 1500 Einschliisse berticksichtigt wor
don sind. Dieses bedeuted, dass ¢s mdglich ist eine Gonauig-
keid im Loterval vom £5% 2u errcichen, welche dem sub-
joktivun Fehier des Operaiteurs entspricht, mit verhiliniss.
miissig kurzdaugidnden Analyson der Proben in welchen
che Vertedung der emnzelnen Phasen nicht 2u ungleichmiis-
sig ist.

SUMMARY

Scanning ¢lectron microscope has some advantages
avar the optical microscope m formation of the unage
which is analyzed by the aulomatic image analyzer. Sean-
ning electron microscope has higher resolving power and
the electron intensity especially that of reflected electrous
depends on the chemical composition of the analyzed pha.
se. It means that phases on the image can be resolved if
thev have differenl chemical composition than the ma-
ix lhuugh their oplical contrast is the same, The second
advamage Is that primary 1mage of 1he sample is directly
analyzed. erous comparalive analyses were made in
order 1o determine dhe resolving power of the analyzer, the
reproducibility of analyses, the errors due to the unstable-
ness, the subjective error of the operator, and finally Lo esti-
mate the extent of amalysis which gives average results
with accoptable accuracy. It was found that the ervor due
10 the unstableness of the analvier is iess than 1% while
the subjective enror of the operator analvsing images with

suflicient contrast is about 5% of the averaze values. In
annlysis of carbides in tool steel the average carbide sive
of 0.6 um? was determined by ropeated analyses amnd by
taking images with secondary and reflected clectrons. De-
viation was less 4han 5% while the lower size of consi-
dered graip was 0.2 mam’, Particie sjze distribution curves
of carbide grains with the sizes between 0.2 and 3.2 wm
varied for less than 5%. Pariize size distribution curves
and the average size did not vary more than 5% in [ree-
culting stee] i the analysis was made with 1000 1o 5000
inclusions. The volwme portion of inclusions devizte less
than 5% if it was determined by the analysis of such a
number of Ficlds that once about 150 and then 1500 inclu-
sions were laken in accounl. [t means that the accuracy
in the +5% range can be obtained which corresponds 1o
the subjective  error of the operalor while analyses are
rclatively short, and distribution of single phases i the
samples was not extremely ununiform.

3AKAIOYEHHE

ITpit oGPasoRaHIG GAMOROTD NIOPIPETS, ANIANG KOTOPETe BHNOA-
Hacica B OpnGOPC ABTUKATHVECKOID ANAAKIA DACTPOROCG Iolpime-
HHA. MPIMEHElHE PACTPODONO JACKTPONUOND MUKPOCKONA Hieer Npi
CPABMCUMIT ¢ TIPHMEHEHIEM  ONMTHYECKOID  MER[UCKONA  HCKOTOPHC
npenstywectsa. Pactiponsill SACKTPOMNIIE MUKDOCKOT HMeer GoAse

VYRIYRY pasp HHT cra acaTpoHoB. Tlpn
STOM  HAAD HINTL BO TS HHTY MTE OTK, X
FACKTPOHOE JBHCHT OT ore cocrapa i dhae
3. D10 ANANHT, MTO MOMHO PASAIMATE $AiN, KOTOPWC OTCTYIEOY
T X COCTARA ¥ ne CAGTRR 3 To, 9TO HMGpIme
MIC HE PAAAIMICTUN MIC KaCacTES CATINECKOR KonTpacThocTh. Cae
AVIOUIEE MPEMMYLLECTBO B TOM, YTO ANAANI PHMAPHOrD waobpakcniud
ofpasua BMOOARRETCE HENOCPEACTIeNENG. Banoanen neawR pas cpam
NHTCABHEIX AUAAHIOR ¢ UeAlo, HTOGL! OIPEAGAMTEL! CINCOBHOSTH MPUTS-
Pa paopellictia MITSHSHDHOCTI 2ACKTPHION, BOCOPURABUAI ICABALC T
SHRAMIR, TOTPSLEHOCTH BCaeagTREN MocTaluabhoctil, CyfeeRTimAYo
RO Th n, GRULING MUCHKY SHRAMIE, CPEAs
NI PoIVABTATH mmm«o MAXOAATCA B MPEACAax MPUCMACHHOR TOM-
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HorTn. (MABMAAOCL. “T0 MOTPCINNCTR W38 HecTalHabHoSTIl npidopa
ne opesumaey | 9, o oyfLAKTHERAT NOTPCLUKOCTL MMICPATOPI IPH ana.
A3e ATOBOTO HUPIPEVE € ACCTATOUHMA KOTIPACTOM MAXOAUTCE B
npeacany Somm 8% cpeawero amauveiis. [Ipu onavoe wapbiaos s w.
Crpyaeirasoll CTaAN, NpH noMUl $a30nore MOPTPETE BIOPRRE
HOOTKACHENHGX SACKTROROE ORpeAC LAl CPCANHI BEATHNY XapGi-
A, ROTOPAR COCTARARCT 06 (L' € NIFECIINOCTLID, KOTOPAR HE MPCRM-
masa S ¥, npi deM, KAK HHOHT ARSACA B3ATEL JEPHA BEAHYUHH
02 py TMCTOrpaMM e IPasaulit TI0 PAIMEPAM IJCPOIt BOAMMHME B
NPeASAAN Mestay 0,2 W 32 ua? parumaanch memay cololl ne Cosce,
west Ha 5%, OfpCMEAR AOAR mKAVAEHIHR THEME HE OTKAOHANMCH
Boaee yom wa § %, xoraa 916 onpéagscnie SLIAD CCHOBANO NPK AHA-
AHIC TAKOIO KOAMNECTER U0ACH, Y10 OTASY2A0 B OAHON cayuae 150-Tn,
a n apyrosm cayuae ppd. 1T00UKACMEHHAM  3TO MAYNT, TOUHOCTE
ONPEACACIINS MOMKHO NOAywaTh » wirepkaie S 3 ¢ cpasmarcasio
HENPOASAKHTCARIEIN® anaskiamMi COpasoB, B KOTOPHX pacnpeic-
ACHHE OTACALHEIX a3 HE CAHUEKOM HeDARHOMCPRO,
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BUT DU TRAVAIL
ET METHODES D’ESSAIS

Au cours d'essais sur la désoxydation daciers pour
feuvillards, il a été observé que la quantité d'inclusions
de sulfure de manganése de longueur supérieure 3
0,01 mm et l'anisotropie des feuillards laminés 3
chaud étaient différentes dans des aciers de types
différents ayant la méme teneur en soufre (1). Nous
avons examiné ici en détail cette observation et essayé
de déterminer, pour des aclers de types différents, les
relations entre la teneur en soufre, la quantité d'inclu-
sions de sulfure de manganése et l'anisotropie des
propriétés mécaniques des feuillards. Le comporte-
ment des inclusions au cours du laminage et laforma-
tion de la microstructure en bandes dans les feillards
sont aussi discutés.

Les inclusions de sulfure de mangandse diminuent
les propriécés mécaniques des téles fortes dans le sens
travers et en épaisseur (2 3 5). La striction d'éprou-
vettes usinées avec |'axe de traction dans le sens de
I"épaisseur diminue proportionnellement 4 la longueur
projetée des inclusions de sulfure de manganése
mesurée sur une coupe longitudinale des tdles (6).

Par suite de la faible épaisseur des feuillards, il est
pratiquement impossible d'évaluer [I'influence des
inclusions de sulfure sur les propriétés mécaniques
de I'acier en utilisant des méthodes semblables a celles
des essais sur tdles fortes, par exemple micro-éprou-
vettes ou éprouvettes avec tétes rapportées par
soudage.

La striction d'éprouvettes plates avec axe de trac-
tion perpendiculaire 3 la direction du laminage est
trés scnsible & la présence d'inclusions de sulfure de
manganése dans les feuillards. Pour éviter des erreurs,
les propriétés mécaniques des feuillards ont été
détermindes sur des éprouvertes de dimensions
100 x 20 x 3 mm indépendamment de I"épaisseur
des feuillards.

Le type dacier, les teneurs limites des divers
éléments et lintervalle d'épaisseur des feuillards
sont indiqués tableau f. Quatre types d’aclers ont été
choisis pour les essais dans la productlon courante
du laminoir réversible pour feuillards : acier doux
calmé 3 I'aluminium (A). acier de composition ana-
logue, mais sans addition d‘aluminium (B), acier A bas
carbone et & manganése élevé (C) et acler dur (D).
Trois feuillards en acier effervescent ont été examinés
A titre de comparaison. Dans la premiére partie, los
essals ont été effectués i I'état laminé et & I'éat nor-
malisé. Aucune influence de la normalisation sur I"ani-
sotropie n'a été enregistrée.

Pour cette raison, les essals ont &té effccruds par
la suite seulement 4 ['état laminé. Les échantillons
ont été prélevés environ au milieu des bobines dans Ia
direction du laminage et en travers. La densité (nombre
d'inclusions par unité de surface) et la longueur des
inclusions de sulfure ont été déterminées au micro-
scope métallographique. Seules, les inclusions de lon-
gueur supérieure 2 0,01 mm ont été prises en considé-
ration. Dans le cas ou les inclusions faisaient partie
d'alignements, ol I'éloignement des inclusions indi-
viduelles était inférieur & 0,01 mm, la ligne entiére
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TABLEAU | : Composition des aciers et coractdristiques des feuillards,

Epalsseur
Tr.pe Hombre des fevillards (*)}- s
de l'acier de coulées (mm)
C
A 6 3a43 0.04-
| 0,08
|
= - i S S—
B:ooimi g g8 4 345 0,05-
0,06
B . 3 3435 0,06
Chu v % 5 4 5 4345 0.15-
0,17
D. 6 35445 0.60.
0,77

Intervalle de teneurs (en 23)

Si Mn P s Al O
0,18 0,26 0,007- 0,006 0.004- 0,003.
0,31 0,45 0,029 0,025 0,030 0,005
0.17- 0.33- 0.008- 0.026- 0.002 0.008-
0,26 0,40 0,041 0,034 0,015

- 0,28- 0.007- 0,027- - 0,021-

. 035 0.009 0,032 0.038
SEEry,; SN LS, S . .
0,28- 1.10- 0,011 0.006- 0,01- 0,003-
0,41 1,21 0,025 0,022 0,06 0,006
0,28- 0,65- 0,013- 0,004- | 0,014- 0,003-
039 ! 072 0,032 0,018 i 0,07 0,005
|

B’ : aciers offervascents.

{*) Les feuillards ont éte laminés 3 partir de plats (slabs) de la méme éprisseur et dans le m&me intervalle de tampdrature.
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Figure f. — Relation entre la teneur en soufre des aciers et la

densité d'inclusions de sulfure de mangandse dans les feuillards

(N). Les peints noirs représentent sur cette figure et les figures
suivantes les aciers effervescents.
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Figure 2. — Relation entre la tencur en soufre des aciers et la

longueur d'inclusions de sulfure de manganése par unicé de
surface d¢ la eoupe longitudinale des feuillards (L).

116 | FRANC VODOPIVEC

o I
f
i . —Y
¢ =
L E) ‘
pd ‘
2_ = . o
- {
[
s 1% Mo} Lo [4
a4
T |
EGO) z 1 - o} rm— —
=5 - Ll
0 I
as 1% Mn ) ] 5
a0
060 - 0,77 %E 035 - 0.7 %C
qo8 |- Q06 ~0018 %S T 20008~ GO %S,
Q55 -0.72 % L0 - L2 %M
[ b
o | — M8 — |
e e
]
Sl e
" Q.006-003 45 1
G = 048 %mn |
o
[ as 1% ) [ 15

Figure 3. — Relation entre la teneur en manganése des aciers,

la longusur moyenne (La) et Ia largeur moyenne (Ly) des inclu-

sions de sulfure de manganése dans les feuillards et valeur du
rapport Lm /L.
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a 6té rctenue comme une inclusion. L'épaisseur des
Inclusions était souvent inférieure 3 0,001 mm et.
trés souvent, I'épaisseur d'une inclusion étaiv trés
Irréguliére. Ceci ne permettait pratiquement pas de
déterminer une épaisseur moyenne significative. Pour
cette raison, |'épaisseur des inclusions a été négligée.
Les observations au microscope ont été faites sur
coupe longitudinale des feuillards au voisinage immé-
diat du prélévement des échantillons pour les essais
mécaniques. Dans quelques cas, la largeur desinclu-
sions a été déterminée sur la coupe transversale des
feulllards. Sur chaque feuillard, la quantité d'inclusions
2 éré déterminée sur une surface d'environ 3 cm? La
densité d’Inclusions et leur longueur moyenne ont
été déterminées d'abord. La valeur du produit (den-
sité x longueur moyenne) a été désignée comme
longueur totale d'inclusions par unité (mm?) de sur-
face. La teneur moyenne on fer des inclusions de sul-
fure de manganése a été déterminée au micro-analyseur
a sonde électronique. Enfin, la teneur en soufre a été
déterminée dans l'acler et dans le résidu d'isolation
galvanostatique des aclers.

RESULTATS, PRESENTATION
ET DISCUSSION

Inclusions de sulfure de manganése : densité,
longueur moyenne et comportement pendant
le laminage des feuillards.

La densité et la longueur des inclusions par mm?
de la coupe longitudinale des feulllards augmentent
en premiére approximation avec la tereur en S des
aciers (fig- 1 et 2). Les feuillards en aciers C et D pré-
sentent, 3 teneur en soufre égale, sensiblement plus
d'inclusions que les feuillards en aciers A et B. La
longueur moyenne des inclusions augmente avec la
teneur en Mn des aciers (fig. 3). La largeur des inclu-
sions, déterminée sur coupe transversale des feuillards,
étant peu influencée par la teneur en manganése, il
en résulte que le rapport longueur/largeur des inclu-
sions croit avec la teneur en manganése des aciers.
La valeur du rapport (teneur en soufre des aciers/lon-
gueur totale d'inclusions par mm?® de la coupe longitu-
dinafe) diminue quand la teneur en Mn des aciers aug-
mente jusqu'd cnviron 0,6-0,7 % Mn (fig. 4). Au-deli
de cette limite, Iz valeur du rapport demecure cons-
tante. Rappelons que la longueur seule a été retenue
comme critére de prise en considération des inclusions
au comptage et que la totalité du soufre présent dans
les aciers est sous forme d'inclusions de sulfure (fig. 5).
De ce fait, la relation (fig. 4) signifie que I'épaisseur
moyenne des Inclusions diminue jusqu'a environ
0,6-0,7 % Mn. Ceci est confirmé aussi par I'aspect
des inclusions dans les feullfards de type différent,
présentées figure 6. Les aciers & teneur en mangandse
intermédiaire différent sensiblement, pour la teneur en
carbone, des autres aciers étudiés. Ceci n'est pas sans
influence sur l'indice de plasticité relative des inclu-
slons (7). Pour cette raison, la relation (fig. 4) doit &tre

0.0¢ T
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" 006 012 %C
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92|
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0.01 ~02%me | g pp
g A00<-008%S 400§~ 0072%S
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[ B : 5
[ o5 % Mn) 10 t

Figure 4. — Relation entre |4 tensur en mangandése des aciers
et la valeur du rapport teneur en soufre des aciersjlongueur
d'inclusions de sulfure par unité de surface de la coupe

longitudinale des feuillards.

a5 — SRS S ——

L GOV (MnrS %) a0z aer

Figure 5. — Relation entre la valeur du produit (Mn x S) dans
les aciers et |2 valeur du rapport (teneur en soufre du résidu
d'isolation galvanostatique’teneur cn soulre de l'acier).

considérée comme une tendance globale, dont il
conviendrait d'analyser séparément les divers facteurs
(taille moyenne, taux de corroyage, plasticité de la
matrice). Toute limjte réelle devrait &tre déterminde
sur des aciers de méme composition de base et 3 teneur
en manganése variable.

Deux coulées d'acler du type C ont été traitées
avec 0,03 % Ti. Les inclusions de sulfure dans ces
feuillards ne différaient pas des inclusions dans les
aciers du méme type non traités au titane. Cet élément
a ét¢ repéré seulement dans des inclusions granulaires
de carbonitrure. Le manque d'effer du titane résulce
trés prabablement de la trop faible addition (8).

L'examen au micro-analyseur a montré une teneur
en fer de 5 & 89 dans les Inclusions de sulfure de
tous les aciers calmés et sans relation logique avec la
tencur en manganédse des aclers. Cecl ne conflrme
pas une observation montrant que la teneur en man-
ganése des inclusions de sulfure augmentait sensible-
ment lorsque la teneur en Mn des aciers augmen-
it de 0,4 & 1,2 % (9).
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La faible teneur en fer des inclusions de sulfure
de manganése ne meodifie pas la déformabilité des
inclusions (10). Le rapport de la déformablilité des
inclusions et de la matrice métallique est inférieur 3 1
pour tous les types d'inclusions de sulfure de man-
ganése (11) (12). Ce rapport, appelé aussi indice de
plasticité relative des inclusions, augmente en fonction

Figure 60. — Type A.

Figure 6b. — Type C.

Figure 6c. — Type D.

Figure 6. — Inclusionz de sulfure de_manganése
dans les feuillards des types A, C et D
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de |a diminution de la température de laminage des
aciers (11) (12).

Dans les aciers A, C et D, I'influence de la tempé-
rature de déformation sur la plasticité relative des
Inclusions de sulfure a été déterminée par des essals
de laminage dans I'intervalle de température 1 200-
790 9C (7). Ces essais ont denné les résultats sulvants :

— la plasticité relative des inclusions est i toute tem-
pérature de laminage, inférieure & 1. Ceci confirme
des observations antérieures (11) (12). Cependant,
la plasticité relative est & toute température de
-laminage sensiblement plus faible dans I'acier du
type A que dans les aciers des types C et D;

— la plasticité relative des inclusions augmente sen-
siblement dans les aciers C et D au-dessous de la
température ot la recristallisation de l'austénite
n'est pas compléte entre les passes consécutives
de laminage:

— la plasticité relative des Inclusions diminue sensi-
blement dans les aciers A et C 4 la température de
laminage 3 laquelle I"austénite est partiellement
transformée en ferrite pendant la transformation
3 chaud.

Tout cecl nous permet de conclure que la différence
de longueur des inclusions entre les feuillards des
types A, C et D résulte de la différence de plas-
ticité relative des inclusions de sulfure de man-
ganése dans les trois aciers. Cette différence de plas-
ticité est une conséquence de l'aptitude différente des
aciers 4 la recristallisation pendant le laminage 3 chaud
et & la formation de ferrite dans les aciers pendant la
déformation. Ces différences résultent de l'influence
du mangandse et du carbone sur les propriétés de
déformation des aclers.

On a observé, dans les feuillards de type A, de la
cémentite ou de la perlite allongée en traits vermi-
formes le long des joints des grains de ferrite paralléles
i la direction du laminage (fig. 7). Cette microstruc-

ture montre que la déformation @ chaud de ['acier

Figure 7. — Feuillzrd du type A, Microstructure 3 I"état laminé.
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s'est effectuée en partie dans le domaine de coexistence
de 'austénite et de la ferrite (7).

Microstructure en bandes.

La microstructure en bandes dans les feuillards
laminés 3 chaud peut avoir plusieurs origines :

— une homogénéisation incompléte des ségrégations
interdendritiques conservant dans I"acier des zones
d'austénite de stabilité différente;

— une répartition de la ferrite et de l'austénite en
couches par suite du laminage de I'acier dans le
domaine biphasé;

— les conditions de transformation particuliéres lors
du refroidissement lent en bobines.

Il est évident que I'influence du laminage dans le
domaine biphiasé et du refroidissement lent est d'au-
tant plus marquée que I'homogénéité de I'acler est
imparfaite. On ne peut pas, en principe, diminuer de
maniére notable la structure en bandes par un trai-
tement de normalisation dans le cas ol cette répar-
tition est causée par la présence de ségrégations dans
I"acier,

Les bords des inclusions de sulfure de manganése
sont des endroits de germination et de croissance
préférentielles de la ferrite (12). On pourrait par
conséquent supposer que, dans des feulllards du
méme type, la microstructure en bandes soit d"autant
plus marquée que la quantité d'inclusions de sulfure,
ou plus exactement la longueur d'inclusions par unité
de surface, est plus élevée. L'examen micrographique
des feuillards montre que cette supposition n'est pas
tout A fait justifiée et que l'influence d'autres facteurs
peuc |'emporter sur celle des inclusions, En effet,
souvent des feuillards avec moins d'inclusions de
sulfure présentent une structure en bandes plus
marquée. Un exemple en est danné sur les figures 8
et 9. Les conditions de transformation de I"austénite
peuvent alors avoir un effer plus important sur la
structure en bandes que les inclusions de sulfure.

L'examen au micro-analyseur a montré, dans les
aclers des ﬁgum: 8 et 9. une teneur en manganése
de 12 et 11 %, plus élevée dans les couches de perlite
que dans les couches de ferrite. Les différences dans
la tencur en silicium étaient de 3 et 1 9 respecti-
vement (moyenne arithmétique de 25 comptages
ponctuels), donc dans la limite de I'erreur de I'analyse.
Dans l'acier coulé, les inclusions de sulfure sont situées
de préférence dans les endroits ol la ségrégation des
éléments en solution solide a lieu aussi (13). Par contre,
dans les aciers examinés, la teneur en manganése est
plus élevée dans les couches de perlite, donc hors des
zones riches en inclusions de sulfure. Ceci montre que
la différence de teneur en manganese entre les couches
de perlite et de ferrite ne provient pas des ségréga-
tions formées 3 la solidification des aciers. Il semble
donc raisonnable de supposer que, pendant le refroi-
disscment de I'acier, I'austénite s'est enrichie en
manganése provenant du métal transformé auparavant

Figure 8. — Acier du type C. Microstructure i I'dtat famind.
Quanuté d'inclusions : 3.5 mm/mm' de la surface de la coupe
longitudinale du feuillard.

Figure 9. — Acler du type C. Microstructure 3 I'éat laminé.
Quantité d'inclusions : 7,1 mm/mm? de surface de la coupe
lengitudimale du feuillard.

en ferrite. Cet enrichissement augmente la stabilité
de I'austénite et pourrait ainsi favoriser la formation
de bandes, Un enrichissement analogue a été constaté
dans un acler & 0,035% C, 1,96 % Si et 0,22 % Mn
au cours d'essais de décarburation dans |'intervalle de
température 780-915 °C (14).

Propriétés mécaniques et anisotropic des feuil-
lards.

Les propriétés mécaniques des feuillards sont trés
différentes par suite de la composition différente des
aciers. Pour faciliter une comparaison de I'ensemble
des feuillards examinés, les propriétés mécaniques
sont présentées sous forme de rapport entre les pro-
priérés dans la direction perpendiculaire au sens du
laminage et dans le sens du laminage. Ce rapport a
été désigné comme indice d'anisotropie des feuillards.

La limite délasticité et la résistance 3 la rupture
sont peu sensibles & l'augmentation de la teneur en
soufre des aciers et a la quantité d’inclusions de sul-
fure (fig. 10 et 11). L'znisotrople se manifeste surtout

Revae de Métaliurgie - Décembre 1978

PET DESETLETIJ DELA | 119



696

F. VODOPIVEC - ]. ARH = T. LAVRIC — B. RALIC

2 - T : A
1 i
A ——r——) & | |
o By s e —
!
. | -
12 12 T —
| [ \ | :
] | | i
tof ——— e —— g A I ZESS = raf— c . =
] B i
@ e L st
[ T 2 T r T T
| 1 H 3
| | t
w e T | } i b i
= Y
Cc —a % ¢ _.e% ool :
P—— |
s — as}— i —
a8 - a6 —
17 T T T 12 T
© 004 - Q1RO o 0B -GFFRC o 0,)5-C.ITHRE
0:28 - C4S WM 065 -0R%Mn LN - LZRMe
W . O06-203e%T  GOB-COWWS  00DS-QON%S @ e
I
I g
ol Dl W T |
o —— A S et - —
o &0 I |
‘-t" ‘ 2o |
0uff [ 7 e i o [T i E— = —+— =
P |
' ﬂ-...-‘V"I- i i
{ = i
o | | H
a WErns a0z a0 & ' 3 FIPTTI s s 7

Figure 10. — Relation entra [a teneur en soufre dos aciers et
Ic rapport des propriftés mécaniques en travers et dans le sens
du laminage :

A = Résistance i la traction,

B = Limite d'élasticité,

C = Allengement.

D = Striction dans le tens de I'épaisseur des feuillards.

dans les propriétés de ductilité, I'allongement et, tout
particulidrement, dans la striction dans le sens de
I'épaisseur des feuillards. Cette propriété est impor-
tante du point de vue de I'aptitude de l'acier & I'em-
boutissage. Sur la figure 10, les peints représentant
les feuillards en acicrs différents sont groupés dans
deux familles et dans une famille seulement sur la
figure 11. Cecl montre qu's teneur en soufre égale,
I'anisotropie est plus marquée dans les feuillards C
et D que dans les feuillards A et B. Certte différence
ost logique étant donné qu'a teneur en soufre égale
dans I'acier, la longueur projetée d'inclusions de
sulfure de manganése de plus de 0,01 mm de longueur
est plus élevée dans les feuillards C et D que dans les
feuillards A et B. La comparaison des figures 10 et 11
conduit aussi 3 la conclusion que la longueur d'inclu-
sions de sulfure par unité de surface représente de
maniére plus objective I'anisotropie des feuillards que
la teneur en soufre des aciers.
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Figure 11. — Relation entre la longueur d'inclusions de sulfure

par mm? de |1 surface de 2 coupe longitudinale des feuillards

ot le rapport des propriétés méeaniques en travers ot danms
le sens du laminage @

A = Résistance 4 la traction.

B = Limite d'élasticité,

C = Allengament.

D = $triction dans le sens de I'épaisseur des feuillards,

Sur les surfaces de rupture des feuillards dans le
sens du laminage et en travers, on peut observer
I'influence des inclusions sur la décohésion de 'acier.
Sur la rupture d'éprouvettes ayant I'axe de traction
dans la direction du laminage, on ebserve une surface
ductile 3 cupules et des trous ainsi que de courts
sillens aux points de fissuration ou d’arrachement des
inclusions de sulfure (fig. 12). Sur les surfaces de rup-
ture d'éprouvertes ayant I'axe de traction perpen-
diculaire i la direction de laminage, on observe de
longs sillons séparés par des bandes de cupules (fig. 13).
Les sillons sont d'autant plus nombreux et longs que
le nombre d'inelusions est plus élevé et la longueur des
inclusions plus grande. L'observation de nombreuses
cassures au microscope électronique & balayage a
montré que la différence de composition des aciers
et les différentes propriétés qui en résultenc n'ont pas
d'influence notable sur I'action des inclusions dans la
propagation de |a rupture.
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Figure 13, — Méme acier que sur la figure 1 2. Surface de rupture d'un échantilion de traction avec axe perpendiculaine au sens de laminage.

Les essais cffectuds sur les feuillards parallélement
A I'érat laminé et A |'étac normalisé ainsi que les obser-
vations au microscope électronique A Dbalayage mon-
trent aussi que lanisotropie des feuillards et leur
faciés de rupture sont peu sensibles 3 la microstruccure
en bandes de "acier. On peut en définitive admetere
que |'anisotropie des feuillards laminés & chaud sur
un laminoir réversible dépend en premier lieu de la
longueur des inclusions de sulfure de manganése par
unité de surface de la coupe longitudinale des feuillards.

CONCLUSIONS

Les résultats des essais effectués sur des feuillards
d'aciers de différentes provenances permettent de
formuler deux conclusions principales :

1. Dans les feuillards laminés 4 chaud. la longueur
d'inclusions de sulfure de mangandse par unité de
surface de la coupe longitudinale dépend. pour une
méme tencur on soufre. de la composition de I'aciér,
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Les feulllards en acler doux contiennent, pour une
méme tencur en soufre. moins d'inclusions que les
feuillards en acler au carbone ou les feuillards en acier
4 haut manganése. L'anisotropie dans |'allongement et
particulidrement dans la striction des feuillards aug-
mente de maniére linéaire avec la longueur des Inclu-
sions par unité de surface. Il en résulte que les feuillards
en acier au carbone ct les feuillards en acier § manga-
nése élevé présentent, pour une méme teneur en
soufre de l'acier, une moindre anisotropie que les
feuillards en acier doux.

2. Le nombre d'inclusions de sulfure de manganése
par unité de surface de la coupe longitudinale des
feuillards augmente approximativement de maniére
linéalre avec la teneur en soufre des aciers, On observe
cependant des inclusions de longueur moyenne plus

F. VODOPIVEC — |. ARH — T. LAVRIC — B. RALIC

¢levée dans les feuillards en acler au carbone et les
feuillards en acier & manganése élevé que dans les
feuillards en acler doux. Ceci résulte en partie de
I'influence du manganése et du carbone qui augmentent
I'indice de plasticité relative des inclusions de sulfure
de manganése et partiellement de |2 diminution de la
déformabilité de ces inclusions par suite du laminage
de I'acier dans le domaine de température de coexis-
tence de l'austénite et de la ferrite.

Le laminage des aciers dans ce domaine de tempéra-
ture et la vitesse de refroldissement des feuillards 3
travers le domaine de température de la transforma-
tion de l'austénite ont une influence plus importante
sur la formation de la microstructure en bandes que
la quantité d'inclusions de sulfure et les ségrégations
dans I'acier.
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Utica] parametara termicke obrade na Zilavost | prelom
Celikasa 04 C,5Cr, 1,3 Mo | 0,4 V za vruce alate

FRANC VODOPIVEC, L. KOSEC, SZ — Metalurski
institut, Ljubljana, A. RODIC i J. RO-
DIC, SZ — Zclezarna Ravne

1. METODIKA TSPITIVANJA

IstraZivanje je jzvrSeno na vide &elika sa sasta-
vom u tabl. 1. Celici su iskovani iz industrijskog
bloka u $ipke 12 X 12 mm, iz kojih su izradene po-
trebne probe u aksijalnom pravcu. Time sc izbegao
“ticaj segregacija, koje mo; znaajno da utiu

\ osobine te vrste lelika [1, 2]. Termiéka obrada
s€ izvidena u slededim  uslovima: temperatura au-
stenitizacije 900 do 1050°C, trajanje austenitizacije
1 i 4 asa, kaljenge na zraku, temperatura otpusta-
nja 350 do 650°C i trajanje otpudtanja 1 i 6 ova
odnosno 456 Casova.

Tabl. 1 — Sastav upotrebljenih elika

Element u %

€C Ct Mo V Mn Si P S
A 038 527 128 041 048 086 0028 0,009
B 038 50 1,33 0238 038 107 0017 001

C 037 537 1,22 046 042 092 0,002 0011

Jedna serija uzoraka je kaljena sa zadrZavanjem
od 1 ¢asa kod 400°C, gdje je po TTT dijagramu aus-
tenit stabilan [3]. Zilavost je odredena na standard-
nim probama sa U zarezom na instrumentiranom
Charpyu. Izmerene su sila, trajanje i energija loma
“u daljem tekstu Zilavost). Mikrostruktura je ispiti-
Aana u ﬂatiékom i u raster elektronskom mikrosko-
pu_(REM-), gde je izvrieno i mikrofraktografsko
1spitivanje. Koli¢ina i sastav karbida odredeni su
elektrolitskom izolacijom i mokrom mikroanalizom.

2. REZULTATI ISTRAZIVANJA
2.1. Rastvaranje karbida kod austenitizacije &elika

Uzorci su Zareni u intervalu temperature izme-
au 700 i 1200°C i kaljeni na zraku. Na sl 1 prika-
zan je uticaj temperature na koli¢inu karbidnog izo-
lata, na sadrzaj glavnih legirnih elemenata u izola-
tu i na izraCunati sadrZaj istih legirnih elemenata
u &vrstom rastvoru u austenitu. SadrZaj ugljika u
rastvoru je izrafunat sa Eretpost:wkom da izolat
sadr#i 6% C, dakle, da je karbidna masa uglavnom

. Adresa autorm: prof. Franc Vodopivec, $§2 — Metalurdki in-
lﬂtuct&nliubljana. Lep|

1 11
k primljen 9. %)(‘ 1983, god.
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iz karbida vrste CruC, [4). Ta pretpostavka nije pot-
puno taéna jer po podacima iz literature meko Za-
reni Celik te vrste sadri i karbide M:C i MC [4],
ali je dovoljno taéna za orijentacijski izracun. Nai-
me, i da uzmemo u obzir manje kolidine karbida
drugih vrsta, koji se mogu odekivati u &eliku, jzra-
¢unati sadrZaj ne bi bio znalajno drukdiji.

Na sl. 1 vidimo da se koli¥ina izolata smanjuje
kod povecanja temperature austcnitizacije do 1000
°C. Iznad te temperature ostaje rezidualna koli¢ina
izolata, koja sc¢ ne menja praktiéno do temperature
1200°, Sadraj hroma i vanadija u karbidnoj masi

60 6 T
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Temperature austenitizacije, °C

SI. 1 — Celik A. Uticaj temperature austenitizacije
na sadrZaj nerastvorenih karbida, na sadriaj legir-
nih elemenata u tim karbidima i na sadriaj legir-
nih elemenata u rastvoru u austenitu (donja polovi-
na slike). Trajanje austenitizacije I fas
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smanjuje sc poveéanjem temperature austcnitizacije
do 1050°C, zatim ostaje praktiéno konstantan. Sa-
driaj molibdena u karbidnom izolatu je nezavisan
od temperature austenitizacije,

Za_ kaljivost &elika znadajan je sadriaj elemena-
ta u cvrstom rastvoru u austenilu prikazanom na
donjem delu sl. 1. Veé¢ kod temperature austeniti-
zacije 1000°C postignut jec sastav austenita, koji
se ne menja vise kod povedanja temperature. Posle
austenitizacije kod 900°C u rastvoru u austenitu je
024% C, 0,7;% Mo, 4,1% Cr i 038% V., to znac¢i oko
60% ugljika, molibdena i vanadija te 80% hroma
od_ukupne koli¢ine ti clemcenata u Celiku. Na isti
nacin se izraCuna da je posle auslenitizacije kod
1 *C u rastvoru u austenitu vise od 93% ugljika,
vanadija i hroma (¢ 80% molibdena.

Karbidna masa posle mekog 2arcnja je, dakle, iz
karbida, koji. sc praktiéno kvantitativho rastvore u
austenitu posle zagrevanja kod 1000°C. Manji dio
karbidne mase je vezan u karbid, koji sc ne rastvo-
ri u austenitu i posle ausiénitizacije kod 1200°C.
U tom karbidu je vezano oko 20% molibdena i za-
nemarive koli¢ine drugih legirnih clemenata. Taj
karbid ne saraduje u procesima termicke obrade jer
oduzima austenitu deo molibdena i ugljika.

2.2. Zilavost i tvrdoéa

U prvoj fazi rada ispitan jc ulicaj temperature
austenitizacije 1000 i 1 Te tempcrature su
izabrane zato, §to s¢ najéesce primenjuju za kalje-
njc te vrste Celika, U sledecoj fazi ispitivanje je u
smanjenom opsegu prosireno do temperature od
900°C. Temperaturni interval otpuitanja od 350°C
do 650'C je izabran jer je ocenjeno da pokriva sa
dovoljnom rezervom interval radne temperature raz-
licitih alata izradenih iz Celika te vrste. Kasnije su
ispitivanja Zilavosti izvrfena i kod nife temperaturc
otpustanja od 200 °C,

Na sl. 2, 3,4,5,6, 7, 819 prikazan je uticaj
temperature otpustanja na Zilavost, trajanje loma,
silu loma i tvrdodu éelika. Zilavost &elika ravno-
merno pada kod povecanja (emperature otpuitanja
nad 350°C, kod 500°C je minimum a zatim Zilavost
ponovo postepeno raste, da bi ked 650°C postigla ot-
prilike istu vrednost kao posle otpuStanja kod 350
*C. Ispod minimuma kod °C uslovi austenitizacije
ne uti¢u sistematski na zilavost iznad minimuma #i-
lavost je veca posle autenitizacije kod 1000°C i pos-
le kra¢e austenitizacije. Uticaj temperature austeni-

[
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o 0w
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20 350 450 50 6%

Ternperatura popudtanya, °C
SI. 2 — Celik A. Uiicaj temperature otpultanja (P)

u trajanju 1 i 6 ¢asova na Zilavost. Temperature au-
stenitizacije (A) 1000 i 1050°C, rraim_zie i 4 lasa
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Si, 3 — Celik A. Uticaj temperature otpultanja (P) u
trajanju 1 i 6 fasava na fmim% loma. Temperatu-
ra austenitizacije (A) 1000 i 1050°C, trajanje 1 é&as
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Yemperalura popustanja, °C

Sl 4 — Celik A. Uticaj temperature o!;;u.ilania P)
w trajanju 1 i 6 éasova na silu loma. Temperature
austenitizacije (A) 1000 i 1050° C, trajanje 1

N ;J;é
1 e

A X050°C]

4 &asa

P
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A 000°C

lim
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2 30 450 550 &0
Femperatura pepultanje, *C

Sl. 5 — Celik A. Uticaj temperature ozizus.‘lanja (P) u
trajanju 1 i 6 Sasova na filavost. Celik je posle au-
stenitizacije (A) 1 i 4 Casa kod 1000°C kaljen sa i bez
zadrianja (7)
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450
Temperotura popustanya, °C
Sl 6 — Celik A. Uticaj temperature otpuStanja (P)
na tvrdocu Celika posle austenitizacije 1 i 4 ¢&asa
od 1000 i 1050°C te otpuStanja w trajanju ! i 6
Sasova
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Ternperetura oustenitiracije, °C

SI. 7 — Celik C. Uticaj temperature kaljenja na Zi-
tavost i tvrdocu posle otpustanja od 1 &asa kod 500
i 600°C. Pre kaljenja &elik je meko Zarem kod triju
temperatura

tizacije nije zanemariv; posle kaljenja sa 1050°C jc
Zilavost za oko 40% manja neggo posle kaljenja sa
1000°C a kod otpustanja i1znad 550°C.

Zilavost je mag&n ako je kaljenje izvr$cno sa za-
dr?avanjem kod 400°C (sl. 5). Trajanje loma (sl. 3)
evoluira u zavisnosti od temperature otpuitanja na
slican nadin kao zilavost. Trajanje loma se ravno-
merno smanjuje do minimuma Zilavosti kod 500°C,
zatim postepeno raste, da bi kod 650°C bilo u pro-
seku neito duze nego posle otpustanja kod 350°C.
Iznad minimuma Zilavosti kod 500°C sistematitan je
neggvoljan uticaj viSe temperature austenitizacije
1050°C.” Temperatura otpudtanja ima neito drukeiji
uticaj na silu loma nego na Zilavost. Porastom tem-
perature otpudtanja sila loma se smanjuje, postig-
ne kod 500°C minimum, zatim relativno brzo po-
raste do maksimuma ijzmedu 550 i 600°C i ponovo
se smanjuje kod daljeg povecanja tcmrcrature. Po-
sle duZeg otpustanja maksimum sile loma je kod

RUD,, GEOLOG. 1 METAL., 35 (1984) 1, 35—42
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SI. 8 — Celik B. Utiveaj olpudtanja do 456 casova
kod 200, 350 i 520°C na Zilavost i tvrdoéu Celika.
Zilavost je odredena na temperaturi otpuianja i na
sobnoj temperaturi. Za temperaturu 520°C nije pri-
kazana taéna evolucija Zilavosti i tvrdode wa otpu-
Stanje do 25 éasova
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Yreme popudtonja, Casova

SI. 9 — Celik B. Detalj sl. 8. Evolucije Zilavosti tvr-
dode kod otpustanja kod 520°C za trajanje do 25
dasova

nize temperature 550°C. Zadrzavanje kod kaljenja
pokazuje i kod trajanja i sile loma uglavnom nepo-
voljan uticaj, sliégno kao kod Zilavosti.

Tvrdoda Celika lagano_raste kod povecanja tem-
perature otpuitanja do 500°C, sporo se smanjuje
do temperature 550°C, a zatim brzo opada kod da-
ljeg povecanja lemperature. Uticaj parametara ter-
micke obrade je praktiéno neprimetiv ispod tem-
perature 500°C.” Iznad ove temperaturc tvrdoca je
nedto manja posle nize temperature kaljenja i du-
7c¢g trajanja otpudtanja. .

U drugoj seriji interval temperature kaljenja je
proiren na ni%c tempcraturc do 900°C, otpustanje
je izvréeno kod 500 i 600°C, a pre austenilizacije Ce-
lik je meko *aren kod temperatura 700, 760 i °C.
Rezultati na sl. 7 pokazuju da temperatura prethod-
nog mekog Zarenja nema primetno uticaja. Zilavost
je praktitno ista posle kaljenja sa 900 i °C i nifa
posle kaljenja sa 1000°C. Temperatura austenitiza-
cije ne uti¢e na silu i na trajanje loma &elika ot-
pustanog kod 500°C, dok se trajanje loma smanjuje
posle otpustanja kod 600°C paralclno sa porastom
temperature kaljenja od 900 na 1000°C. Tvrdoca
ravnomerno raste povecanjem temperature kaljenja
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od 900 na 1000°C, razlika je oko 4 HRec. Tvrdoca
je razumljivo veca posle otpustanja ‘kod 500°C, a tra-
Janje loma je veée posle otpustanja kod 600°C.

Tre€a serija je namenjena ispitivanju uticaja
veoma dugog trajanja otpustanja <o 456 Casova na
Zilavost i tvrdocu. Zilavost je odredena na proba-
ma na temperaturi otpustanja i posle hladenja na
temperaturu  ambijenta. Rezultati su prikazani na
sl. 8 i 9. Tvrdoéa sﬁxom i ravnomerno raste kod
temperature 330°C, kod 200°C je praktitno kon-
slantna, dok se kod 520°C smanjuje po parabolié-
nom zakonu, dakle, brfe u poéelnoj periodi Za-
renja.

Interesantna je evolucija zilavosti. Podetna Zila-
vost jc najve¢a posle kratkovremenog otpudanja kod
350°C. Produzetkom otpuétanja kod ove temperatu-
re zilavost se¢ sporo i linearno smanjuje na oko
80% pocetne vrednosti-posle 456 ¢asova. Zilavost je
niza kod 200°C izgmktiéki nczavisna od trajanja
otpustanja. Kod 520°C iilavost se smanjuje u po-
Cetnoj periodi otpustanja, zatim paraboli¢no raste.
Posle 25 ¢asova zarcnja priblizno je ista kod tem-
peratura 520 i 350°C. Interesantno je uporedenje
zilavosti odredenih kod temperature otpustanja i kod
temperature ambijenta. Zilavost na temperaturi am-
bijenta je znaCajno manja nego na temperaturi ot-
pustanja posle otpustanja kod 520 i 200°C, dok ne-
ma znacajnih razlika kod otpustanja na 350°C. Kod
520 .1 200°C razlika jc nezavisno od trajanja otpu-
Stanja, $to je znak da je njezin izvor od procesa
olpustanja nezavisan faktor.

23. Mikrosiruktura i prelom

Mikrostruktura je ispitana u optickom mikro-
skopu i u REMu. Tzmedu kaljenog &elika i Gelika
otpustenog na 550°C nisu se mogle zapaziti nikakve
razlike, mada su se u ovom temperaturnom inter-
valu izvrsili razliCiti procesi taloZenja (oni ée biti
spomenuti kasnije) i ne uti€u na iorfologiju mar-
tenzita. Kod temperature iznad 550°C taloZenje je
bilo moguée opaziti Ervo u REMu a od 600°C na-
vic i u optickom mikroskopu. Prelom kaljenog &eli-
ka je bio morfolodki isti kao posle popustanja do
500°C. Bio je transkristalan i intimna me$avina zo-

Sl. 10 — Celik A. Prelom kaljenog i neotpustenog &e-
lika. Transkristalno, duktiino i krto
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na cepanja i zona duktilnosti (sl. 10 i 11). Ponekad
su pronadene i zone %de nije bilo moguée taéno
opredeliti krte i duktilne dekohezije; takav oblik
reloma se esto oznadava kao quasiclevage (sl. 12).
esto je krt prelom sledio martenzitnim lamelama,
dok su duktilne zonc nastale na mestima gde fe
dekohezija preskodila iz jedne krte mikrozone u
slede¢u kroz rezidualni austenit. U duktilnim zona-
ma jamice su sitne i kako ce se videti, zato rela-
tivno malo pridonose Zilavosti &elika.

Posle otpuitanja kod 550°C u transkristalnom
Erclomu pojavljuju se znacajne zone glatke inter-
ristalne povrdine (sl. 13 i 14), znak, da sc¢ u Celiku
razvila inlerkristalna krtost. Kod daljeg povetanja

St. 11 — Celik A. Prelom posle otpustanja 1 &as kod
S00°C, Transkristalno, duktiino i krto

Foi

Sl 12 — Celik A. Prelom. posle otpustanja 1 &as
kod 550°C, Transkristalno, kvaziduktilno, krto i sit-
ni duktilni detalji
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ol. 13 — Celik A. Prelom f;osle oipustanja od 1 ca-
sa kod 550°C. Iaterkristalno bez deformacije te
transkrisialno slicito kao na snimku 12

SL. 14 — Celik A. Detalj interkristalnog preloma

temperature otpudtanja prelom je postao iskljudivo
interkristalan i garalelno je povrs$ina zma postala
hrapavija, delimiéno od utisaka karbidnih zrna, de-
limi¢éno od cepanja metala kod dekohezije (sl 15). 1
na prelomu Celika otpustenog kod 600°C pronadeni
su manji transkristalni delovi, morfolosko sli¢ni, kao
posle oipustanja kod niZih temperatura.
Interkristalne Eovxii-uc kod 550°C bile su &eide
le kaljenja celika sa 1050°C i posle duZeg otpu-
tanja. Prelom é&elika na temperaturama otpu$tanja
je bio vecinom sitno jamicastog oblika, dakle, duk-
tilan (sl. 16, 17 i 18), &csto interkristalan, narodito
ako je bila poviSina pod uglom na ravan makro
preloma. Na éeliku prelomljenom kod 200°C pro-
nadene su i kvaziduktilne zone. Prelom dugo otpu-

RUD., GEOLOG. I METAL.,, 35 (1984) 1, 35—42
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SL. 15 — Celik A. 'lmcrk;gmran prelom posle otpue

Stanja od 1 &asa kod 650

SI. 16 — Celik C, kaljen i otpustan 96 &asova kod
200°C. Prelom kod 200°C. Interkristalno i transkri-
stalno, duktilro

Stenog Eelika kod temperature ambijenata je bio
kvaziduktilan ili meSavina krtec i duktilne dekohe-
zije, sliéno kao na sl. 10, 11 i 12

Koli¢ina zaostalog austenita i tetrngonalnost
martenzila odredene su difrakcijom rendgenskih zra-
kova u celiku kaljenom sa 1000°C i otpusitenom u
razliénim uslovima. Pri ne su u tabl. 2 i po-
kazuju da se kod otpultanja na 200°C smanjuje te-
tragonalnost martenzita. To je znak, da se ugljenik
taloZi iz rastvora, a time se smanjuju naponi u re-
Setki. Koli¢ina rezidualnog austenita se ne menja
do temperature 500°C i manja jc posle ponovnog
otpustanja na 500°C. Kod vi$ih temperatura dolazi
do pojava otpultanja u martenzitu i u austenitu
talozenjem karbida.” Proces talo¥enjn karbida nije
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SL. 17 — Celik C, kaljen i otpultan 48 &asova kod
350°C. Prelom na temperaturi otpuStanja. Interkri-
staino i transkristalno, dukitiino

1

Sl 18 — Celik C, kaljen i prelomljen na temperatueri
5?10'(.‘. Transkristalno i delimino interkristalno, duk-
1ino

Tabl, 2 — Sadriaj zaostalog oustenila i tetragonalnost martenzite u &eliku C

Temperatura Otpusdtanje
kalje}::ia C Prvo Drugo
1000 A" 4,8% 500 °C A 4,4%
Te? 0,80-10° 1 é&as Te 0
T 3 T % 500'C A 1,3%
1000 A 4,9% 200°C A 4,9% g
Te 0775.10= 6 casova Te 0i¢-10- :osf;m"“ :e o
1000 A 4,6% 1das Te 0
Te 0,80:10— 200°C A 4,6% T 56
T =) 1 ¢as Te 08
T 56
o Bl D Mol {
» Tvrdoéa HRe. |
eksperimentalno ispitan jer je poznat na osnovu po- val disperzije. Kod povedanja temperaturc kaljenja
dataka iz bibliografije, koji ¢e biti analizirani u iznad

slededoj tagki.

3. RASPRAVA

Rezultati istraZivanja pokazuju, da je evolucija
#ilavosti u zavisnosti od tcmperature otpustanja ne-
zavisna od uslova austenitizacije. Zilavost se kod
7arenja na 350°C poveda u usporedbi sa kaljenim
stanjem, zalim se smanjuje kod povecanja tempera-
ture, postigne kod 500°C minimalnu vrednost u svim
kombinacijama, zatim iznova postepeno raste, da
bi bila u proseku ista posle otpustanja kod 650, kao
kod 350°C.

Uslovi austenitizaeije, ~temperatura i trajanje,
trajanjc otpuStanja i zadriavanje kod kaljenja uti-
¢u na #ilavost kod temperatura iznad minimuma,
dok kod niZih temperatura nema sisiemati¢kih raz-
lika i sve izmerene vrednosti se uklapaju i inter-
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50°C Zilavost <elika se smanjuje. S]k‘.ano&g
uticaj produzetka vremena austenitizacije kod 1
il *C od | na 4 ¢asa i produZetka trajanja ot-
puStanja od 1 na 6 casova.
. Uticaj mliéitoii trajanja vremena austenitizacije
i otpustanja je relativno mali i pokriva se sa in-
tervalom disperzije kod merenja pojedinih proba
(2ilavost je odredena kao prosek Lriju proba), ali
je sistemati¢an i zato realan. Mnogo znadajniji je
nepovoljan uticaj vie temperaturc koji nije zane-
marljiv i u prakti¢nom radu.
Sli¢no nijc &esto, sa slanoviSla osobina, povoljan
uticaj za vanja kod kaljenja, mada, razumljivo,
moze da bude veoma koristan kod prakti¢nih kalje-
nja, jer se zadrZavanjem smanjuje gradijent tem-
perature na preseku kaljenog komada i tako sma-
njuju unutarjni naponi kaljenja.

Ispitivanje je dalo niz originalnih saznanja o
tom c¢eliku. Na osnovu tih saznanja i podataka iz
literature, te odredenih pretpostavki mogude je ob-
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razloziti zavisnosti izmedu parametara termiéke ob-
rade i Zilavosti,

Kod povedavanja temperature i produZetka vre-
mena austenitizacije smanjuje se Zilavost iznad tem-
peratura minimuma, uzimajuéi u obzir interkristal.
ni lom, logian je uzrok u poveanju veli¢ine auste-
nitnih, odnosno martenziinih zrna. Relativna razlika
izmedu uticaja temperature, koji je izrazitiji, i tra-
janja austenilizacije to tumadenje podupire, jer je
ofekivati i veéu razliku u veli¢ini zrna 2 poveta-
nja temperature ncgo od produZetka vremena zadr-
Zavanja na temperaturi. Pitanje je zaSto se uticaj
razli¢ite veli¢ine zrna ne pokazuje kod temperatura
otpustanja minimumom Zilavosti. [ kod <&isto
kratkog preloma veli¢ina zrna ferita ima odreden uti-
caj na zilavost, jer deckohezija cepanjem trosi veéu
energiju za prelaz preko granice zrma nego za put
kroz zrno.

Postoje dva moguéa objasnjenja zasto uticaj ve-
li¢ing zrna nije primeden na temperaturama otpu-
Stanja, koje prouzrokuju intrakristalnu dekoheziju.
Po prvom je razlika u Zilavosti mala, zato se kri-
je u statisuckim varijacijama merenja zilavosti, po
drugom uticaj granica zrna ne dolazi do izraZaja,
jer je prclom smese krte i duktilne dekohezije unu-
tar austenitnog zma. Kao jedinica krte dekohezije
O ne nastupa martenzitno zrno kao celina, nego

mo pojedine lamele ili snopovi lamela martenzi-
ta unutar istog zrna. Mikromorfologija preloma to
objasnjenje potvrduje.

Iz ataka u literaturi za celik sliéne vrste i
bogatijih podataka za &elike sa 12% Cr te 0,1 do
02% C je moguéc opredeliti procese taloZenja kar
bida kod otpustanja. Mada u morfologiji martenzita
nema primetljivih promena, taloZenje karbida iz
martenzita avljuje se ve¢ kod veoma niske tem-
perature. najnize temperature potinje taloZe-
nje epsilon karbida, ali se i cementit MiC pojavlju-
je ve¢ kod temperature oko 200°C [4].

Kod povecanja temperature prvo karbid MC za-
meni epsilon karbid, zatim se sam delimi¢no pretva-
ra u karbid M,C, ili ova vrsta karbida samostalno
precipitira_iz rastvora [4, 5, 6 7. 8]. Taj )grooes
prouzrokuje sekundarno poveéanje tvrdoée Celika.
Kod visih tempcratura iznad 500°C, po istim i jo3
drugim referencama karbid M:C, pretvara se u kar
bid tipa M,C, [9, 10] ili se prvi karbid rastvara i
talozi se drugi.

Kod jos vigih lcmlpcmlura dolazi i do taloZenja
karbida tipa MC u Celicima sa vanadijem i karbi
M:C u Celicima legiranim molibdenom. Iznad tempe-
rature 550°C diluzivnost metala je tolika da dolazi
‘o promene morfologije martenzita, koja se zavriava
na oko 600°C [4]. Na osnovu tih podataka moZe se
objasniti evolucija Zilavosti u zavisnosti od tempera-
ture otpu$tanja na slede¢i nacdin. Do temperature
350°C ugljik se istalozio iz martenzita u oblku kar-
bida. Time su smanjeni unutra3nji naponi i poveda-
na je Zzilavost kod nepromenjene mor[olog'c prelo-
ma. Tvrdoéa se nije smanjila zl oévrifenja kofie
je rezulta: taloZenja sitnih_karbidnih cestica u fe-
ritu. Maksimum Zilavosti je postignut u trenutku
smanjenja unutrasnjih napona na minimum i pre
pocetka sledece faze procesa otpustanja ,dakle, for-
miranja karbida M:C.

Nepromenje na morfologija loma do temperatu-
re otpustanja 500°C pokazuje da se¢ proces preobra-
Zaja martenzita i taloZenja karbida ne odrazava na
mikromorfologiju preloma. Nasuprot tome Zilavost
posle otpudtanja na 350 znaCajno_je veca nego u ka-
ljevom stanju i kod minimuma Zilavosti kod 500°C.
z toga se moZe zakljuéiti da Zilavost nije zavisna
samo od cncrgije potrebne za formiranje prelomne
Fovrs‘.ine, nego i kod energije upotrebljene za de-
ormaciju &elika pre starta makrodekohezije [11].

RUD., GEOLOG. I METAL., 35 (1984) 1, 35—42

. Proces taloZenja karbida M.C, prati smanjenljc
zilavosti i sekundarno povedanje tvrdode, jer iztalo-
Zene Cestice blokiraju kretanje dislokacija i time
spre¢avaju  plastitcnu  deformaciju i deformaciono
ucvricavanje. Velika gustoca dislokacija, koje su na-
stale kod kaljenja, omoguéuje nukleaciju i Sirenje
dekohezije bez g.)ol.rebc po energiji za plasti¢nu dje—
formaciju [4, 12]. Napredovanjem procesa taloZenja
kardida M;C u martenzitu Zilavost se smanjuje zbog
porasta_unutrasnjih napona. Na temperaturi otpu-
Stanja 500°C iztaloZeno je u &eliku najvise karbida
M:C; i satuvana je velika gustoca_dislokacije iz ka-
I_]entl:g celika [4]; rezultat je minimum Zilavosti.

od povecanja temperature m(:iuCe je vide pro-
cesa: povecanje velidine destica karbida MiC,, direk-
tno preobraZenje tog karbida u novi karbid MxCi,
rastvaranje karbida M,C, u feritu i samostalna nu-
kleacija te rast destica karbida MaC,. Vedi precipi-
tali M,C; gube koherentnost a time i sposobnost
stvaranja_unutradnjih napona, te sposobnost za blo-
kiranje dislokacija; time sc povecavaju sposobnost
Celika za plastiénu deformaciju i deformaciono u¢vr-
&¢enje ferita. Slidan je uticaj preobrazaja karbida,
bilo da nastaju zbog viSe temperature vede Cestice
karbida MG, da se karbid te vrste ne talofi kohe-
rentno, ili da ima manju per s¢ sposobnust za blo-
kiranja dislokacija.

od nizih temperatura proces otpustanja je re-
lativno brz i znacajno povecanje vremena izolermnog
zadriavanja nema kod 200 uticaja na Zilavost.

Kod 350°C dolazi kod duZeg otpustanja do smanje-
nja zilavosti z formiranja karbida M.C,, sli¢no
kao kod poveéanja temperature, ali u manjem obi-

nj

mu. Kod 520°C difuzivnost je veéa, pa je zato tra-
f'anje otpustanja znadajniji faktor. To se vidi iz evo-
ucije tvrdoce i Zilavosti Celika kod dugotrajnog %a-
renja. Tvrdoda ostaje u pocetnoj fazi nepromenje-
na, zalim parabolitno pada sa vremenom drZanja,
zilavost se smanjuje do ca 25 éasova otpustanja, za-
tim paraboli¢no raste.

0&ito je, da 'eErva faza produjetak procesa ta-
loZenje karbida fW ; u obliku ko{i sprecava kreta-
nje dislokacije i zato smanjuje Zilavost &elika, dok
su u drugoj fazi povedava deformabilnost Ccelika. Iz
kinetike cvolucije Zzilavosti kod 520°C moZe se za-
kljuéiti da je uzrok povecanja deformabilnosti &e-
lika taloZenje karbida MyC,, a ne rast &estica karbi-
da M,Ci.

Jednostavnim izraéunavaniiem je, naime, mogu-
¢e ustanoviti da kinetiku evolucije Zilavosti odredu-
je difuzivnost ugljika. Kincticka kriva sc, naime, veo-
ma dobro pokriva sa krivom ko!,]u je moguce izra-
éunati pomocu izraza y = k (Dt)*¥ a na osnova kon-
stantne difuznosti D za ugljik kod 520°C[13], uzi-
majuéi kao etak merenja vremena momenat in-
fleksije zilavosti. Iz svega loga je moguce zakljutiti
da poveéat&ic zilavosti nije rezullat rasta cestica
karbida M;C,. U tom slu¢aju, u zavisnosti od traja-
nja otpudtanja, Zilavost ne bi bila inflekcijska tacka
nego bi rasla od pocetka otpustanja. D:h:’la'e se moze
zakljuéiti da do obrazovanja karbida M,C, ne do-
lazi u situ transformacijom karbida M,C, nego nu-
kleacijom i rastom novih karbidnih &estica. Da nije
tako kinetiku evolucije zilavosti ne bi odredivala
kinetika difuzije ugljika u feritu. .

Logi¢no je ocekivati da bi se Zilavost Celika mo-
vecavati povecavanjem temperature otpustanja.
jer kod tog povecavanja dolazi do veée brzine u
procesu preobrazaja karbida M:C; u karbid MiC,,
nego kod drZanja na 520°C. Razlog za sporiji rast
Zilavosti je da, nezavisno od procesa inlmkristaln%
ropuslan a martenzita, kod temperature od_ 550
vide, dolazi do pojave interkristalne krtosti. Kod te
temperature ferit ima veé¢ odredenu plasti¢nost, za-
to bismo u slucaju, da je prelom posledica oboga-
¢enja povréina zrna karbidnim desticama, oCekivali

rala
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sitno gamiéash: povrdinu. Interkristalna povrsina je

550°C _potpuno glatka ili se na njoj vidi mor-
fologija prilagodavanja marienzitnim lamelama u ra-
zli¢itim zrnima austenita. Tek kod vife temperatu-
re zapafaju se ofisci sitnih karbidnih Cestica te pla-
sti¢na i krta mikro i3C¢upanja [14]). Tz morfologije
interkristalnog preloma moguée je zakljuéiti, da se
u cCeliku razvija reverzibilna otpusna krutost zbo
segregacije necisto¢a, u prvom redu fosfora, na kri
stalmim granicama austenitnih zrna [8, 15, 16, 171.

U literaturi podacli da prisutnost molibdena
smanjuje osetljivost ¢clika za taj oblik interkristal-
ne krtosti i za-éelik sa 022% C, 23% Cr je opti-
mum molibdena kod 0,7%. Kod poveéanja molibdena
prcko log sadraja_njegov se povoljni uticaj sma-
njuje priblizno na isti nadin kao kod smanjenja do
te koli¢ine [17, 18]. Rezultati u tom radu pokazuju
da je &elik osetljiv za reverzibilnu interkristalnu kr-
tost, i da se osetljivost sadrZi verovatno ¢ak do
150‘C, koja je za ovaj oblik krtosti relativno viso-
a

Nepovoljan uticaj poveéanja trajanja otpustanja
na zZilavost iznad temperature minimuma Zilavosti
tumadimo kao Kkineti¢an cfekt: dufe vreme zadriava-
nja na temperaturi povecava koncentraciju nefistoéa
na granicama i zate smanjuje koheziju izmedu zr-
na. Osim toga, kod duZzeg zadriavanja na 1cm'g::ra-
turi otpultanja, vide molibdena veie se u karbide,
manje ga ostaje u ¢vrstom rastvorn u feritu, a sa-
mo taj molibden sprefava razvoj otpusne reverzi-
bilne krtosti [17, 18]. To znadi da je Zilavost t
Celika kod temperatura iznad 500°C, a posredno
otpornost protiv termi€kor zamaranja, ako maksi-
malna temperatura dopire u podrutje pojave rever-
zibilne interkristalne krtosti, zavisna od sadrZaja
fosfora i drugih nedistoca u &eliku, Vedi sadriaj fo-
sfora po granicama, naime, smanjuje broj optere-
¢enja do pojave pukotine [10].

Kod sobne temperature prelom &elika otpuste-
nog do 500°C je intrakristalan i smesa krtih i duk-
tilnih mikrodetalja ili kvaziduktilan, dok je prelom
na temperaturama otpusdtanja p:itrpnno Zilav ili me-
san duktilan — kvaziduktilan. Na temperaturi od
200°C prelom Lc preko ili uzduZ martenzitnih lame-
la duktilan i kvaziduktilan, dok je na temperaturi
350°C potpuno duktilan.

Po obliku i velitini jamica nije mogudée razliko-
vati_martenzitne zone od zona rezidualnog austeni-
ta, Podto tvrdoélfodéeli!;)a kod 350°C nije znagajno
d.ru.ﬁaélia nego sobne temperature, moguée je
zakljuditi da je za duktilan prelom prcko martenzita
potrebna u_prvoj aproksimaciji relativno mala ener-
giia, nekoliko dzula. To znadi i da je ukupna ener-
gija koja se potrodi kod napredovanja dekohezije
preko preseka probe, relativno mala i samo dio
izmerene energije loma, éak energije loma u ka-
ljenom stanju i posle otpusanja kod 500°C, kad ije
Zilavost €elika minimalna. Veéina energije se, dakle,
potrosi za makrodeformaciju &elika pred prelomom
i nukleaciju pukotine. To je indirektan dokaz za hi-
otezu koju smo formulirali ranije, da je razlika u
ilavosti zbog lemperature otpuitanja do 500°C ve-
rovatnije posledica energije potro$enec do momenta
pofetka loma nefo za njcgovo napredovanje preko
preseka probe [11].

ZAKLIUECI

Ispitan je uticaj parametara toplotne obrade na
Zilavost, tvrdocu i prelom Celika. Na osnovu dobije-
nih rezultata i uzimajuéi u obzir podatke iz litera-
ture, moguce je postaviti sledeée zakljutke:

1. Proces rastvaranja karbida u austenitu je veo-
ma brz i ve¢ posle 1 ¢asa austenitizacije kod 1000°C

8 RGM
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karbidna masa je¢ rastvorena u austenitu. Iznimak
je dio molibdena, oko 209% moblibdena ostaje vezano
u karbidu, koji s¢ ne rastvara u austenitu ni kod
1200°C.

2. Evolucija Zilavosti u zavisnosti od temperature
otpustanja je nezavisna arametara kaljenja. Zi-
lavost je visoka posle otpustanja_kod 350°C, zatim
ravnonlerno pada, postigne minimum kod 500°C,
zatim postepeno raste, da bi kod 650°C postigla
slicnu vrednost kao kod 350°C. Slicna je evolucija
trajanja loma u zavisnosti od tem?emlure otpusta-
nja, dok sila loma pokazuje maksimum kod 550—
—600°C. Tvrdoéa &elika lagano raste povidenjem
temperature otpustanja do 500°C, lag:no pada do
temperaturc 550°C, a zatim brZe pada povisenjem
temperature otpudtanja.

3. Parametri toplotne obrade ne utife na Zila-
vost i tvrdodu &elika posle kratkotrajnog (do 6 <a-
sova) otpustanja na temperaturama ispog 500°C. Iz-
nad ove temperature nepovoljan je uticaj povedanja
Le;(t)\(;iwcralurc kaljenja, produzetka austenitizacije,
produzetka otpuétanja i zadrZavanja na 400°C, a na-
rodito je nepovoljan uticaj temperature austenitiza-
cije 1050°C. Optimalna Zilavost se postigne posle ka-
ljenja kod 950°C, ali je u tom sludaju ocekivati za
0ko 3 — 4 HRc niZu tvrdodu.

4. Mikromorfologija prcloma je transkristalng”
krto-duktilna te ostaje praktitno nepromenjena - _
temperature otpustanja od 500°C. Iznad ove tempe-
rature pojavljujc se i interkristalan lom zbog raz-
voja reverzibilne otpustne krtosti.

S. Kod otpudtanja do oko 500 casova tvrdoda
i zilavost &elika sc ne menjaju kod temperature 200
°C; kod temperature 350°C tvrdoéa lagano raste, a
#ilavost lagano pada; kod temperature 520°C tvr-
doca paraboli¢no pada a Zilavost parabolitno raste.

6. Evolucija parametara Zilavosti i mikromorfo-
logije preloma je povezana sa fiziCkim procesima,
koji se razvijaju u mikrostrukturi Celika u zavisno-
sti od temperature otpustanja i drugih parametara
termitke obrade.

Izolaciju karbida izvrsila je T. Lavri¢ sa sarad-
nicima, mikrofraktografska snimanja M. Jakupovif,
a rendgenska ispitivanja dr. F. Gredovnik sa sarad-
nicima.
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Interpass
recrystallization
of austenite in
some steels
during rolling
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Yugoslavia.

Variaus sieels were rofled using several passes, and the resulting microstructures,
precipitation of AIN and NbC, and mechanical properties were investigated.
Below a certain critical temperature, interpass recrysiallization does not occur
completely following the first pass. The volume fraction of unrecrystailized
austenite initially increases rapidly, but then decreases gradually as the rolling
temperature is lowered. The amount of AIN and NbC precipitation does nat
appear 1o be related to the fraction of unrecrystallized austenite. It is proposed
that the causc of incomplete recrystallization is the recovery substructure present
in austenite grains which, because of their caarse sire, da not recrystallize after
the first pass. The tncomplete interpass recrystallization produces a duplex
microsiructure, giving the sicel a deformation anisotropy.
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of Metailurgy,

The physical metallurgy of the rolling of high-strength low-
alloy (HSLA) steels is fairly well understood, and a rich
bibliography exisis on the subject. On the other hand,

interpass time was too short to allow complete recrystal-
lization at the lower temperaturcs. At still lower initial
rolling temperatures, ferrite was formed during rolling, and

experimental data relating to microstructural evol
during the rolling of other steels, a process that represents
an important parl of the production schedule, are rather
scarce. The general trend towards lower rolling tempera-
lures makes it important to know the consequences of this
on the resulting microstructure and properties, especially
for reversing rolling, in which the finishing temperature can
be rather low, interpass recrystallization of austenite
frequently being incomplete. It was decided for this rcason
1o investigate the influsnce of rolling temperature on the
microstructures and properties of steels having the
compositions given in Table 1. These stecls were selected in
order to discern the influence of carbon, manganese. and
aluminium on the soficning of austenite. An HSLA steel
was also considered 1o facilitate parison with published
data, and case-hardening siecls were included to obtain
additiona) quantitative data on the microstructures of the
as-rolled stecls.

Experimental

The soaking temperature was 1200 or 1250°C; rolling was
then initiated at these temperatures or afler air cooling to
the rolling temperature. Billets or slabs ~20 kg in weight
and 60 mm thick were rolled to plates in six or seven
passes, the total reduction being ~75%. The rolling time
was 75 s and the interpass time 10-12 s. The reduction per
pass was 15-223%, which is above the value required to
initiate  recrystallization in austenite;' ™ however, the

recrystalli did not initiate because the reduction per
pass was (00 low**

The rolked plates were air cooled on a refractory bed,
although some of them were water quenched. Measure-
menis were then made of the linear-intercept grain size of
the as-rolled steels, and the aluminium nitride (AIN) and
niobium carbonitride (NbC) contents were determined by
wet analysis using a method based on the original Beeghly
halogen cster extraction method;® 7 finally, selected
mechanical properties in the rolling direction were
measured.

Al the applied soaking temperature, AIN was dissolved
in the austenile in steels A, B, C, and F, and the NhC was
completely in solution in steel G. An important fraction of
the AIN and NbC was left undissolved in steel D. The
measured contents of undissolved AIN and NbC are given
in Table 1. and correspond well 1o values cakeulated from
solubility products.®? The mean intercept austenite grain
sizes [or steels quenched afier soaking are also presented in
Table 1.

Incomplcte recrystaliization of austenite was detected
from the microstructures of the as-rolled stecls. Elongated
and very coarse pearlite, bainite, and ferrite grains, as well
as lenticular clusters of ferrite, and pearlite grains
noticeably coarser than those in the surrounding matrix,
were formed on transformation of the unrecrystallized
austenite geains, On the other hand, recrystallized austenite
gave as a transformation product a regular. polygonal
matrix. By evaluating the number and shape of clongated
bainile grains, il was possible to determine the influence of
rolling temperature on the volume fraction of unrecrystal-
lized austenite,

Table1 Composition and austenite grain sizes of investigated steals

Compasition, wi-%

Stee c Si Mn F S [+]
A Bate 04 022 06 001 0034

B Manganese 016 033 124 0017 0027

€ Carbon 048 0-24 062 0013 0009

D Niabium 014 042 1486 0Q05 0008

E Low carbun 006 0006 036 0031 0034
F Case hardening 0186 026 110 0018 0026 098
G Case hardening 014 026 10 0015 0019 a8s
H Casehardoming 017 030 122 0014 004 096
1 Case hardening 016 026 123 a0 o0 101

AGS. 1

Al N Nb v AIN® NbC* wm
0052 00051 0-0024 a7
0026 00054 — 00021 . 95
0026 00083 .. s 0-003 ' 105
0060 00N 0gs1  0:07 0016 00176 42
e 0003 . . .
0026 00095 0002 124

an018 002 1156
0019 00097 '
0037 om

“Content of AIN ar NbC after quenching following soaking for 11 a1 1200°C

1Meoan intercent grain size of austanite after sosking for 1 h st 1200°C
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e

& s1eel A, rolling temperature 900- 760'C, x 100, b steel 8, roiling temperaturo 1000-830°C. « 200: ¢ steel C, rolling temperature 350-830°C,
« 200, ¢ steel £ rolling temperature 800-750°C, x 200, « steel F, solling temperature $00-760°C. = 100

1 Microstructures of various as-rolled steels; compaositions given in Table 1

Results and discussion

MICROSTRUCTURE OF AS-ROLLED STEELS

In the base steel, steel A, the ferrite grains observed were
polygonal and homogeneous over the whole rol
lemperature interval.  For initial temperatures  below
1000°C, two peculiarities are ohserved: lenticular clusters of
fernite and pearlitc grains coarser than those in the
surrounding matrix; and continuous layers of pearlite, up
to 1 mm in length, sometimes associated with columnar
ferrite grains [Fig. la). It will be shown below that the
clusters originate from the transformation of clongaled
unrecrystallized austenite grains. Fernte is formed and
clongated during rolling, and then grows, rejecting carbon
into the adjoining residual austenite, until, finally, carbon
is concentrated in a layer of austenite of cutectod
composition, which transforms 1o lamellar pearlite. If the
initial orientation is favourable, ferrite grains grow in a
columnar shape on cooling afler rolling The local
maximum in the intercepl-grain-size-rolling-temperature
curve in Fig. 2 at an initial rolling temperature of 954°C
corresponds  to the optimal balance bewween [ferrite

quantity and rolling temperature, and will be explained
below when the low-carbon steel is discussed.

In the manganese steel, stecl B, a homogencous,
polygonal ferrite pealite microstructure, produced by the
transformation of recrystallized austenite. is observed
at high rolling wmperatures. When the initial rolling
tleraperature drops below ~ 1000°C, an increasing number
of lenticutar clusters of ferrite-peariitc grains coarser than
those in the surrounding matrix arc observed (Fig. 1b).
Comparison with the microstructure of the same steel
quenched fram the finishing temperature shows clearly that
clusters originate from the transformation of coarse,
clongated unrecrystallized austenite grains, while the fine-
grained matrix resulis from the wransformation of recrystal-
lized wustenite. The difference in grain size between the
clusters and the matrix is connected with the difference in
mitial austenite grain size, and with the higher trans-
formation temperature of strained austenite.'% ! Rows of
fine ferrite grains in the interior of clongated austenite
grains show, as has been reported previously,'®!? that
transformation initiates along deformation bands. It has
been reported’'*'? that, for similar austenite grain sizes,
finer ferrite grains are produced by the transformation of
strained austenite than by that of recrystallized austenite.

136

FRANC VODOPIVEC



Vodopivec et al

Recrystallizauecn of ausienite guring rolling 483

FINISHING TEMP., *C
960 870

1060 780
20" A [ ]
b |
i !
I |
@ E
[
o
(L
8 EJ..‘;'EU (i —
Gz |
=g
P
< I
2ol
O ey
200

760 1000
INITIAL ROLLING TEMP, °C

=

800

2 Voriotion of mean intercept farrite grain size with
rolling temperature for various experimental steels;
compaositions given in Table 1

Lividently, in the steel investigated here, the higher ferrite
nucleation rate in elongated grains could not counteract
the initial difference in grain size between the unrecrystal-
lized and recrystallized austenite grains.

Compared with the steel, the niobium steel,
sicel D, showed a basically similar microstructural
evolution. However, two important differences were
nhserved: the grain size i1s considerably finer for the same
rolling temperature, and clusters of coarser grains in a finc-
prained  matrix  appear at a  higher  initial  rolling
temperature, 1050°C. Above this temperature, a micro-
structure of polygonal grains is produced.

The carbon steel, steel C, showed a similar micro-
structura) evolution to the three sieels discussed above -
homogencous and polygonal grains afler rolling a1 high
temperature, and a fine-gramed fernte—pearlite matrix with
conrse. clongated pearlite grains at lower temperatures
{Fig. Ic) These elongated grains were first obscrved al an
inital rolling temperature of 1050°C.

In the low-carbon steel, steel E, homogencous and
polygonal ferrite grains were observed at high rolling
temperatures. Small pearlite grains are rare, heing more
frequent in the cores of plates. The differences in intetcept
length observed at high colling temperatures between the
ferrite in the base and low.carbon steels is partly caused
by the difference in pearlite contents. Comparison of the
two microstructures shows that the ferrite grains are in fact
coarser in Lhe low-carbon sicel. This could resull from
several faclors, such as a Coanser interpass austenite grain
siee, whether cavsed by coarser recrystallized prains or
their faster growth, or coarser ferrite grains produced by a
higher trunsformation temperature. The actual explanation
was nol determined. When the initial rolling temperature is
lowered to 1000°C, the ferrite grain size was greatly
mereased and the grains became elongated. The formation
of fermte during rolling limits interpass recrystallization to
the resilual austenite. Ferrite does not recrystallize 12
bul rather revovers, and grain fmwlh occurs via strain-
imduced  boundary  migration.® To  obtain  interpass

ree |y'¢t‘|llaf.atmn of ferrite, a much higher deformation per

ohserved in the cores of plates of steel E at lower rolhing
lemperatures,  owing (o the  higher  transformation
temperatures of steels depleted in carbon The maximum
griin size is oblained ar the rolling temperature al which
an optimal  quantity of ferrite s combined with @
temperiure that is sulliciently high to promate o high rate
of grain-boundary migration and, therefore, rapid siratn-
induced grain growth. After air cooling from the finishing
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3 Anisotropy of mean intercept ferrite grain size and
its variation with rolling temperature for low-
carbon steel, steel E

temperature, ferrite grans with clear recovery  sub-
structures and shapes indicating that they are being
devoured by more stable neighbours were [requently
abserved in the steel (Fig 1d). It is interesting to note that
virtually no lamellar pearlite was found in the low-carbon
steel rolled at final rolling temperatures below 370°C.
Cementite was found in stringers of different size and form,
somelimes located i the interion of grains.

On air cooling the case-hardening steels from the
finishing temperature, unrecrystallized austenite grains
transformed to coarse, elongated bainite grains (Fig. le) At
higher rolling temperatures, the microstructures were
similar o those of steel B, except that polygonal grains of
fine bainite were abserved as well as ferrite and pearlite.

GRAIN SIZES OF AS-ROLLED STEELS
In IFigs. 2 and 3 the relationship between rolling tem-
perature and mean intercept ferrite grain siz¢ is shown.
Only ferrite and pearlite grains formed from austenite
recrystallized before trapsformation were considered in
assessing the mean intercept lengths for steels A-ID> (see
Table 1), while all grains were considered in the low-carbon
steel. steel E In the 014C-0 5Mn-0-05A1 basc steel, stecl A,
it was ampossible to distinguish ferrite formed during
rolbing from that formed after rolling. The intercept lengths
were similar in the base, manganese, and carbon steels,
until the imitial rolling temperalure dropped below LGN C,
The niohium steel exhibits a significantly smaller geain size
at the sume rolling temperature, as hus frequently been
reported 7% 1? This difference results from the effect
niobium has on the reerysiallized ausiemie grain size,''®
on the austenile -+ ferrite transformation lemperature, and
mn wnhibiting the growth of anI) formed fernite grains

In the base sweel, a small increase o gram size s
ohserved for an mial rolling teperature of 950°C. As
discussed above, this increase s connecled Lo the formation
of ferrite during rolling: Turther lowerning the rolling
temperature again diminished the grain size. For initial
rolling 1emperatures helow 1000°C, a faster decrease of
intercept length was observed in the manganese and
niabium steels than in the base steel. This phenomenon will
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be discussed below. In the carbon steel, the grain size
decreased linearly with decreasing rolling temperature.
Foc the same rolling temperature, the intercept length
was significantly greater in the low-carbon than in the base
steel. The difference was still more pronounced at low
rolling 1emperatures, at which a maximal grain size was
obsarved in the low-carbon sieel and an increased grain
size in the base steel. The difference in intercept lengths for
rolling temperatures of 1050°C and above, when the
interpass recrystallization of austenite is complete, should,
therefore, be ascribed to other factors: toa the higher
transformation temperature of austenile and the greater
degree of fercite coarsening after transformation, 10 the
absence of pearlite, and, probably maialy, 1o the coarser
interpass  austenite grain size, whether produced by
recrystallization or by growth. When the initial rolling
temperature was decreased to below 1050°C, a large
ingrease in intercept length resuited, and differences
exceeding the experimental uncertainty were observed in
the shapes of grains and between their sizes in the core and
at the surface of plales. Maximum grain $izes were
obtained when the initial colling temperature was 950°C,
The width/length ratio of the grains remained virtually

constant, even on further decreasing the rolling
temperature, whereupon intercept length was again
decreased.

At high rolling temperatures, in all the steels, intercept
length was virtually equal (within the limits of experimental
accuracy), in the rolling direction and perpendicular to it,
both in the corc and at the surface of plates, with the
exception of a 0-2-0'3 mm thick decarburized layer. When
the mitial rolling temperature of the low-carbon stecl was
lowered to below 1050°C, a differcnce in intercept lengih
cxceeding the experimental inaccuracy was obscrved
between lengths parallel to the rolling direction and those
perpendicular 1o i, The increase in grain sizc and the
shapc anisotropy arc both connected to the formation of
ferrite during rolling and the suppression of interpass
recrystallization** *% as stated above. The formation of
ferrite during rolling occurs at a lower temperature in the
core of plates than at the surface, hecause the core is ncher
i carbon, owing 10 segregation. Higher carbon contents
lower the transformation temperature of a steel and shift
the 1zmperature at which ferrite is formed nearer to that of
the base steel. At still lower temperatures, when ferrite
predominates in the steel during rolling, the difference
between the surface and core grain sizes decreased 1o
a level below the linit of experimental accuracy.

Incomplete interpass recrystallization
of austenite

Cirain size affects the recrystallization of austenite.” ' For
olherwise identical conditions, a higher stram i necessary
to itiate recrystallization in coarse-grained avstenite than
in fine grained. The data in Table | show that the gram
size after sonking was similar in stecls A, B, and C, bu:
smaller in the niohium steel, steel D. This difference will be
neglected, and the behaviour of steels during rolling will be
discussed on the supposition that differences in re-
crystallization behaviour are caused mainly by alloying
elements. It is clear, however, that in cvery steel, interpass
recrystallization was delayed more in coarse than in fine
austenite grains, and, therefore, the hindering effect of grain
size will be lowest in the niobium steel.

Incomplete interpass recrystallization was observed m all
aluminium-killed steels. Compared with the base steel, the
nitial lemperature at which incomplete recrystallization s
first observed was ancreased by additions of carbon,

& _ ]
48
T 5
T ——t——r 5 g
1 74
33—t A o ke
G ’f N—— oy g,
" 4
! | .."‘---.._ (o8
_ |
pt— 5
f | i
i |
| JF i
0 _ o | o
1200 1100 T000 300 800

INITIAL ROLLING TEMP *C

4 Varistion of length/width ratio R and density p of
unrecrystallized austenite with rolling temperoture
for case-hardening steels F and G

manganese, and, most eflectively. mobium, as 15 generally
known.

The fact that manganese and carbon produce a similu
effect' " supports the opinion that the effects of niobum
are derived from solid-solution meodifications,*” rather
than from precipitation eftects. When the rolling tem-
perature was lowered, the number of unrecrystallized
grains increased rapidly below a certain cntical tem-
perature, both in the aluminium-killed and mobium
case-hardening s1eels fsteels I oand G, respeetively, see
Fig. 4), then decreased gradually as the rolling temperatare
was further decreased. In the niobium case-hardening sceel.
the entical temperature was higher. and so unreceystallired
austenile grains were more numerous at similar rolling
temperatures. The shape of these wnrecrystallized prams.
indicates thal they originated from the hrst rolling pass
(Fig lc and e} This is confirmed by the curves in Fig 4,
which show that the lengihjwidth ratio R af the
unrecrystallized grains is independent of the iniual rolling
wmperature, and that it corresponds well, within the s
of experimental accuracy. 10 the thickness reduction ralir
ol the rolled plate, 38

In steel F, the precipitation of AIN durmg rolling wis
not checked: it was thought that it should not differ
noticeably Trom that i steels Hoand 1 rolled i similar
manner, duta for which are shown i Fig. 5. The amount of
precipitation was relatively small. and inereased only
slightly when the rolling temperature was dumioshed.
behaviour similar 1o that of sieels AL B and C (ke &

Comparsen of Figs 4 and 3 shows no connechon
between the precipitation ol AIN and the volume fracton
of unrecrystallized austenite during rolling 11 may he scen
from Fig. 6 that the amount of NbC precipiated dunng
rolling was increased at lower rolling tempenitures. A
similar pattern of NBC precpitation was abscrved in
steel G ' A comparison of Figs 4 and 6 shows that the
muximum quantity of unrecrystallized wusienite s not
observed at The mummum rolhing temperature, at which the
greatest amount of NbC s preapilated. This scems Lo
exclude the possibility of a direct connection between the
absence of recrystallization and the precipitauon of NbC
during rolling, and confirms the similur conclusion relating:
o the precipitation of AIN and the ahsence of
recryslallization

Two of the hypothcses that have been advanced to
explain the presence of unrecrystallized austenne gruns i
steel " are considered here. The first®® proposes (hal
unreerystallized austemte grains are stuun hardencd, and
therefore do not undergo sufficient deformation duning
subsequent  passes 1o aminate  reerystalbizeuon  The
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6 Variation of AIN content with rolling temparature
for case-hardening steels J and K; | content
calculated using solubility product in Ref. 9; Il
content in stools sooked at 1250°C, then rolled at this

tura or air led to lower initial rolling
temparature; |ll content in steels soaked at initial
rolling temperature

second'” maintains that precipitates formed by strain-
mduced  precipitation pin subgrain boundaries formed
dusing the recovery preceding recrystallization. The first
explanation is not confirmed by the mean length/width
ratio of the unrecrystallized grains, which shows that
unrecrystallized  grains undergo  the average rolling

cither is the second explanation confiomed by the
tindhmps of this investigation as the primary cause for
retiarded  recrystallization In the aluminium-killed case-
dening  steel, no modification i the quantity of
precipitated AIN that would correspond to the increase in
the number of unrecrystalized austemite grams was
observed. In the niobium steel G, the number of such grains
wits actually increased at a temperature at which an
increase in NbC precipriation during rolling was observed.
Haowever, when the temperature was further decreased, the
quantity of unrccrystallized austenite gradually decreased,
accompanied by a gradually increasing amount of NbC
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elements on the recrystallization kimetics depends on the

rolling temperature. This means that for a given steel,
interpass time, and initial austenile grain size, the number
of austenite grains left unrecrystallized after the lirst pass

will depend upon the initial rolling temperature, The form
in which recrystallization-hindering elements are present

may change because of the rolling process or because of the
temperature alenc. Such is the case for niobium: the

precipitation of NbC during rolling decreases the amount

of niobium in solid solution, which in turn diminishes the

auslenite

the steel

hindrance to hence  the

resistance  of

recrystallization;
to inlerpass

the austenite

The increased number of unrecrysiallized grains pro-
duces sirain hardening of the stecl during rolling. An
indirect confirmation of this hardening is provided hy the
|ru:u:aw in the relative plasticity of manganese sulphnde

precipitation during rolling. A possible new explanation is
that the resistance of strained austenile grains to interpass
recrystallization 1= related to the recovery or polygonized
substructure formed duning the period between the first
anel second rolling passes. When, in the following pass, new
lattice defects are generated, these could be absorbed into
the dense network of subgrain boundaries. This diminishes
the lattice strain below that required to produce compleie
reerystallization in the available interpass ttme. Pinning by
fine precipitates would further increase the resistance to
recrystallization. This explanation is tenable because the
rate of precipitation in strained austenite is much higher
than that in unstrained or recrystallized austenite,’*2* and
only course NbC particles do not affect the recrysial-
lization of austenite during the hot working of stecl.” The
proposed explanation also  explains the  relationship
between the rolling temperature and the number of
unrecrystallized grains below the maximum n TFig. 4
When the rolling temperature is decreased to below that
corresponding to the maximum, the rate of interpass
recovery is diminished. Therefore, strain cnergy could
accumulate in the deformed grains until the level necessary
for recrystallization is attained in the interpass time, thus
reducing the number of such grains. The effect of different

recrystallization of austenite is observed '*

Austenite that did recrystallize afier the first pass also
recrystallized after the following passes. The explanation of
this 15 related to the effect of grain size on the

recrystallization of austenite,'!?

As stated above, and as may be seen in Fig. 2, in the
length
decreased more rapidly at initial rolling temperatures
below 1000°C than at higher rolling temperatures. Close
observation cstablished that both these steels showed,
when rolled at the lowest rolling temperatures, a slightly
higher inhomogeneity in ferrite grain size for those grains
that were assumed, becausc of their small size, 10 originate
from recrystallized austenite. In some locations, very small
fecrite grains were observed, and it is thought that the
finest microstructures are derived from austenite that did
recrystallize following the initial passes at the higher initial
rolling temperatures, but did not do so after the later
passes at the lowest temperatures. This would agree with
the observation advanced above that finer ferrite grains are
formed by the transformation of strained austenite than by
that of recrystallized austcmle. if the initial grain sizes are

mangancse and niobium steels the intercept

similar in both cases.’

recrystallization
approaches that of the basc stecl, which depends, as stated
above, on the quantity of alloying clements in solution in

ions al lemperatures at which incomplete interpass

Metsls Technology

November 1984 Vol 11

PET DESETLETIJ DELA

139



486 Vodopivec ef al.

Recrystallization of austenite duting rolling

FINISHING TEMP,*C

060 9€0 870 790
200 5 0
f RA
e s00t——— l—— = —80
2 | E ____,..A'""" =
-9
v 400F — = S 40 &
u 2 i
od T“—o-.‘__
200 e . =
LE i
|
)

1100 1000 900
INITIAL ROLLING TEMP, #C

o]
1200

7 Variation of mechanical properties of as-rolled low-
carbon steel, steel E, with rolling temperature; LE
yield strangth, S rupture strength, E elongation to
failure, RA reduction of area to failure

Precipitation during rolling

The possible sources of inaccuracy in defermining the
content of precipitates in the steels shown in Fig. 6 will
now be considered. In the niobium steel, the quantity of
AIN and NbC is, within the limit of accuracy of wet
analysis (+00005%N as AIN and +0-002%Nb), the same
in swel air cooled or quenched from the finishing
temperature, which shows that a negligible part of the
AIN and NbC found in steel D was precipitated when the
stecl was cooled after rolling. As stated above, AIN was
almost completely in solution afler soaking. in the base,
manganese. and carbon steels, a fact confirmed by the dala
in Tuble 1 which show that the AIN content of these steels,
quenched after soaking at 12000C, was below the

ement threshold attainable using wet analysis. 1t
can, therefore, bc concluded that any AIN found in these
steels origi i from precip n during rolhng. In the
niobium steel, the niobium, aluminium, and nitrogen
contents were high; for this reason, part of the AIN and
NbC remained undissolved after soakiog at 1200°C, The
remnant of AIN and NbC determined by wet analysis and
given in Table | corresponds acceptably to the values
caleulated from solubility products. Only that part of both
precipitate phases which exceeds the remnant in Table |
can precipitate during rolling.

The influence of rolling temperature on the AIN and
NbC contents of steels is diffcrent for the niobium steel
than for the base, manganese, and cacbon steels In these
latter stecls, the content of AIN increases gradually and
very slightly as the rolling temperature is lowered, which
confirms findings from tests on the chromium-manganese
case-hardening steels rolled at similar temperatures (Fig. 5),
However, the rolling temperature substantially affects the
AIN und NbC contents of the niobium steel. In this steel,
the quantity of AIN and NbC precipitated ducing rolling
increases with decreasing rolling temperature in a similar
way, and below an initial temperature of ~1000°C
virtually all of the available AIN and 80% of the NbC
precipitated during rolling.

Published data®*2* show that the rate of strain-induced
precipitation could be several orders of magnitude higher
than the rate of precipitation in recrystallized or unstrained
austenite. This fact, together with the small increase in the
quantity of AIN at decreasing rolling temperatures, shows
that the fraction of austenite that remained unrecrystallized
between passes in the base, mangancse, am carbon steels
was too small to affect the precipitation significantly. In
other words, the increased precipitation produced by the
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increased volume fraction of unrecrystallized austenite
between passes, was, in these niobium-free stcels. approrxi-
mately sufficient to balance the diminution of preciy

rate caused by the decrease in the diffusion rates at lower
temperatures, For that reason, the relation between the
rolling temperature and the AIN content of the case-
hardening steels in Fig. §, as also for the base, manganese,
and carbon steels in Fig 6, is merely an indication of the
truc relationship, which could not be determined presisely
because of the limited accuracy of wet analysis,

In the niobium steel, the higher rate of strain-induced
precipitation during robling was sufficient to balance the
reduced difTusivity of niobium and aluminium. This shows
that the quantity of austenite remaining unrecrystallized
belween passes was substantially greater in the niobium
steel than in the base, manganese, and carbon stecls.

At the two lowest rolling temperatures, ~ (F01%Nb
remained in solid solution in the austenite. This level was
sufficient to delay recrystallization. In the case-hardening
steel, steel G, the niobium content in solution in the
austenite {~04005%) produced a resistance to interpass
recrystallization similar to that of the niobium-free steel of
the same type.

Mechanical properties

The mechanical propertics of the stecls have been discussed
in more detail elsewhere.?® In the present paper, only a
short comment with emphasis on the deformation
anisotrapy of the steels will be given. The presence of a
duplex microstructure, a fine-grained matriy, and lenticular
clusters of coarser grains did not affect the strength or
ductility of the carbon, base, manganese, and niobium
stecls. Such a microstructure is, however, related to the
elliptical fracture of steel specimens, the long axes being
the transverse diréction and the short axes in the through-
thickuess direction,

The strength of the low-carhon steel was lowered when
low processing temperatures led 1o the formation of ferrite
during rolling (Fig. 7). This shows thal recovery softening
is very efficient in reducing strain hardening, and that the
influcnee of grain coarsening, which diminishes the strength.
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properies. was nol, therefore, balanced. Helow the
wemperature at which ferrite  forms  during  rolling,
dlongationr was increased and reduction of area lowered as
the ralling wemperature was decreased

Ihe farm of fragture abtained for the low-carbon steel
wan stnnlat (o that of the manganese and niobium steels,
ve lumg anes i the teansverse direction and short axis in
the through-1hickness direction of the plates, as has alrcady
heen nhserved 7 The deformation anisotropy produced by
vollig m the ferrie range makes the steel less deformable
within the rolling plane than perpendicular to i1

Iw depencence of the short-axisflong-axis ratio of
elispmcal fracture specimens on the rolling tcmperature is
sl in Fig K The carbon steel shows no anisolropy, the
lacture  remaining  circular over  the whole rolling-
tempernture interval. In the base steel, a small degree of
amsatropy is observed at the lowest rolling temperalures;
tlus probably results more from the presence of ferrite
during rolling than from the rare cJusters of coarser grains.
I'he anisotropy is more d in the B and
niobium steels, being stronger and appearing at higher
rolling temperatures in the latter, although the sulphur
vontent is lower, and both stecls are subject to similar
mfluences of sulphide inclusions on deformability.*® It
vould, therefore, be concluded that the anisotropy is, at
least partially, connected with the presence of lenticular
clusters of medium-size ferrite and pearlite grains, together
with that of coarse, elongated bainitc grains, rather than
centirely with that of sulphide inclusions. It is not clear
whether the anisotropy should be ascribed to the flatiened
and elongated shape of the clusters and bainite grains
ot 1o the rolling texture inherited from unrecrystallized
austenite 3

In the low-carbon stecl, a constant small degree of
anisotropy was observed after rolling a1 temperatures
above that at which ferrite appears, while at lower
tempxeratures the anisotropy increased strongly with lower
tolling temperatures. In this case, the anisotropy is caused
by texture originating from the recovery of ferrite during
hot olliog.™ 7

Conclusions

1t as pussible from the work described above to define some
Lators relevant to interpass recrystallization. These can be
summuatized as:

| When the rolling temperature was lowered, the as-
rolled grain size was decreased in all the steels studied in a
similar way, provided that the strain energy was eliminated
fiom the steel by interpass recrystallization. The grain size
depends on the composition of the steel, the smallest
occurting in the niobivm microalloyed steel and the
cairsest in the low-carbon unkilled steel. The various
dillerent contents of manganese, carbon, and alumimum
wlluence the as-rolled grain sizes of the steels relatively
hitle

2. Below a certain critical imtial rolling temperature,
part of the austenite present after soaking does not
scerystallize after the first pass, and remains unrecrystal-
tieed until rolling is finished, whereas, once recrystallized,
the austenite will undergo interpass recrystallization after
vach pass when rolling is continued. Unrecrystallized
ansteniie grains transform on cooling to lenticular clusters,
ol coarser mean grain size than those in the matrix
produced by the transformation of recrystallized ausienite,
of o coarse, clongated bainite. This produces a
deformation  anisotropy in the steel and lowers the
deformability within the rolling plane.

1. Mangancse. carbon, and, especially, niobium inceease
the temperature at which the interpass recrystallization of

austenite becomes complete, while aluminium and AIN
seciy 10 be neutral in their cffects. The interpass stability of
unrecrystallized auslenite is  probably related to  the
recovery substructure formed between the first and second
rolling passes. It is proposed that the subgrain boundaries
absorb lattice defects produced by subsequent deformation
and that the strain in coarse, unrecrystallized austenite
grains is thereby reduced below the level necessary lo
produce recrystallizalion during the interpass period. At
still lower temperatures, the rate of recovery is reduced,
and the strain encrgy rémaining in austenite that is left
unrecrystallized following the ficst interpass period may
increase and reach the level required to produce interpass
recrystallization.  For this reason, the quantity of
unrecrystallized austenite is gradually decreased as the
rolling temperature is lowered below a given critical value,

4. If, during rolling, a small quantity of ferrite is
produced, the microstructure is only slightly altered. and
the mechanical propertics of the steel are not significantly
influenced. In ferrite formed during rolling, the strain is
reduced by interpass recovery, while grains are coursened
by strain-induced grain-boundary migration. For steels
with high quantities of such fernte, thc mechanical
properties are modified, and a deformation lexture is
produced, which decreases the deformability of the steel
within the rolling plane in comparison to that perpendi-
cular to it.

S, The quantity of AIN precipitated during rolling
depends  littke on  the rolling temperature, and s
independent of the manganese and carbon coutents of a
steel. In the niobium steel, the quantity of AIN and NbC
precipitated during rolling 1s greatly increased when the
rolling temperature is lowered. The reason for this is the
substantial increase in the volume fraction of strained
austenite in which strain-induced precipitation can take
place. because of the substantial decrease in interpass
recrystallization.
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Effects of Finish-rolling Temperature and Carbon Content

on Microstructure and Mechanical Anisotropy of

0.04~0.13 % C Steels®

By Franc VODOPIVEC,** Marin GABROVSEK** and Janez ZVOKELJ*"

Synopsis

Steals with carbon contert from G153 1o 0.04 %, were rolled in lom-
preratare rarge | 22 lo 750°C and subsequently air coolsd.  The miero.
svuctwre a5 well as wmechawical propeviies were mvestigated.  The gratn
size im steels s finst gradually decreased with lowering 1olitng temperatwe,
and thee it is fastly increared with fiother lowering of vallng temperature
dowu ta farrite range.  The microstructure ts the tore coarse and hetera-
geneons the lesy completed was the interpass recrystallisation of anstenite
and the mave ferrale woas present in steel during ihe eolling.  The rolling
in farrits vange produess a sirong anicotropy in tensite duetilisy.

Key wids: loocarhon steels ; hot roliing temperatwe; micrastructure ;
recrystallisation and recoiesy ; gratn sizge ; mecheniy [ properties; anisetsnpy
i temsile duatility

I. Introduction

The microstructure of steel evolves during the roll-
ing ol steel fiequently in a way, which can not be ex-
trapolated on the basis of single pass rolling. ‘The
cause is in the fact that interpass recrystallisation,
recovery and grain growth are connected from one
pass to the following and may be interlaced also with
strain induced precipitation.?  In low carbon steel
rolled at temperature below the transformation peint
af austenite during the rolling fervite s introduced as
additional factor of influence.  While statie recrystal-
lisation of austenite is imtiated at straming near 10 9,2
the recrystallisation of ferrite would require a per pass
deformation of above 60 %." The accumulation of
straining in more passes rolling does not attain the
required value because of the very fast interpass re-
covery ol ferrite.  In an earlier work in which several
steels were investigated, it was found that the evolu-
tion of grain size in as rolled steel is very different in
low carbon steel than that in steel with approx. 0.15
C.1" The aim of this work was to investigate in de-
tail the influence of rolling ternperature in range of
carbon content from 0.04 o 0.13 9%, where an im-
portant part of hot relling would be performed also in
ferrite range.

II. Experimental

The composition ol investigated steels is given in
Table 1. All steels were of industrial heats. ‘The
soaking temperature was of 1 220°C and suflicient 1o
ensuve the selution of aluminium nitride in austenite,*
Alter soaking, part of the specimens was rolled with
the initial temperature of 1 220°C and part was air
cooled to lower temperatares and then rolled accord-
ing to the same deformation schedule, The finigh-

rolling temperature was in the vange between | 032
and 750°C. The drop ol temperature of steel during
the rolling reached approx. 160°C at high initial tem-
perature and approx. 120°C at low initial tempera-
ture. T'he rolling of 55 mm slabs o 1l mm plates
was carried aut in 7 passes with an average per pass
deformation of above 209 That is sullicient for
the recrystallisation of austenite in interpass time ol
approx. 8s at high temperature,? insufficient for the
completed recrystallisation of austenite at interme-
diate temperature and too low for interpass recrysial-
lisation of ferrite.®  In specimens air cooled Irom
finish-rolling temperature the evolution of micro-
structure was much more evident than in those water
quenched, For that reason all investigations were
performed on steels air cooled from finish-rolling tem-
perature,  'The investigation consisted of the asses-
sment of the linear intercept grain size, the evaluation
of microstructure and the determination of mechan-
ical properties in rolling and transverse directions.
For the determination of mechanical properties
standard specimens of 8 mm of diameter, 60 mm ol
gauge length and with screwed head were used.

III. Microstructure of As Rolled Steels

1. General Observations

Atter rolling at high finish-rolling temperature the
microstructure consists of polygonal and regular grains
of ferrite and pearlite in all steels, pearlite being leys
with the decrease of carbon content in steel.  Exam-
ples of microstructure obtained at high rolling tem-
perature arc given in micros. A and B in Figs. |
to 3. Below an initial rolling temperature (approx.
950°C in steels with 0.12 C) lenticular clusters of
grains with size ane form different than those n
the matrix were observed (Figs. 1(C) and 1(D}).
Such clusters were reported carlier” and explained as

Table 1. Compesition of 1ovestigated steels.

Element {wt?;)

< Aa 5i r 5 - Al N
K 0.13 046 0.2¢ 0,007 0.033 0.058 0.0057
M 0.12 0,44 0.21 0.008 0.04 0.050 0.0054
T 0,12 041 0,28 0011 0.04 0.10  0.0053

I 005"
L 0.07 0.3% 0.2¢ 0018 0.03  0.049 0.0052
S 0.0+ 0.34 001 0008 DM G029 0.0049
z Q.07 0.02 0003 00052

*  Manuseript reecived cr.l.july; lS,HIBBJ: accepted in the final form on October 16, 1987, @) 1988 151)

*& [nstitute of Metallurgy, Lepi pot i1, 61000 Ljubljana, Yugeslavia.
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A FT980C B FT847C
G KT B D PTG
Fig. 2.

Microstructure of steel Loair cooled from finish-
mlling temperature,

produced during the cooling from finish-rolling tem-
pervature by transformation ol austenite grins which
remained unrecrystallised over the whole process of
rolling. In [errite formed during the cooling from
rolling temperature (rom recrystallised and unrecrys-
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A: FI')1008°C B: FT820°C
G: FT7190°C D: ET7i4°C
Fig. 1.

Microstructine of steel K air cooled from finish-
rolling temperature (F77).

A FT946°C B: KM BGI°C

O FT R0 D: FT8l7o

Fig. 3.

Microstructure of steel Z air cooled rom finish-
wlling temperature.

tallised austenite, no substructure was observed. This
shows that at the transformation ol austenite strain
hardening and polygonisation are removed.

Below the temperature of approx. 870°C, a substan-
tial volume [raction of ferrite appeared in some steels



during the rolling, and that stwongly allected the
lurther evolution of microstucture when the rolling
was continued,

Beside ferrite grains praduced by the uanslorma-
tion of austenite at cooling, two additional types of
fervite were observed: one is mostly in coarse and
clongated grains with marked polygonisation sub.
structure, and the other is mostly in coarse and clon-
ganted grains withoul substructure but having con-
cave boundaries and many neighbows.  Ferrite of
these two types is shown in Figs, 1(C), 2(C), 2(D),
3(C) and 3(D}. Substructure and coarse grains size
indicate that ferrite appeared during the rolling did
not recrystallise and eliminated the strain hardening
by recovery and polygonisation.  This process con-
tinued also during the cooling from finish-volling tem-
perature until the lemperature permitted the rear-
rangement of dislocations and point defects introduced
in the metal by the straining. The polygonisation
abserved in optical microscope is the more evident the
lower was the rolling temperature,

A specific form of ferrite observed in steels volled at
low finish-rolling temperatwe is in form at coarse
grains free of internal substructure and grown by
deformation  induced grain  boundary migration®
(DIGBM). The coarse size ol these grains of [errite
and concave boundarics with many neighbours indi-
cate that the process of DIGBM is very [ast in interpass
lime and during the air cooling after the rolling. It
is evident that ferrite without substructure was lormed
during the cooling fram the finish-volling tempera-
ture, while ferrite formed in interpass time developed
a polygonisation substructure after the following roll-
ing pass.

DIGBEM is explained as veceystallisation in situ with
as nueclea polygonisation grains more stable than
neighbours because of size, [orm or oricutation, oceur-
ring at straining lower than that required for interpass
recrystallisation of ferrite.

2. Microstructure

In stcels K and M a small volume (raction of fer-
rite apprared during the rolling. At low rolling tem-
perature the microstucture consists of a mixture of
polygunal grains formed by tyansformation ol re-
crystallised austenite, clusters of grains produced by
the tramsformation of unrecrystallised austenite and
polygonised fervite, while no fervite formed by DIGEM
was observed. That signifies that in order (o initiate
the DIGBM & higher strain than that imposed in the
last pass is required. Dy the ranslormation of unre-
crystallised austenite grains, the greater size prevailed
over the effect of straining.  “That explains the comse
microstructure produced at the transformation from
unrecrystallised austenite.  The carbon content in
steel T is identical to that in steel M. In spite of this
a substantial volume fraction of ferrite prodnced by
DIGEM is observed at the lowest finish-rolling tem-
perature in steel T.  The explanation is probably in
the higher content of aluminium and silicon in this
steel. These higher contents shifted the austenite-
ferrite translormation 1o a higher temperawre and

Transactions ISI], Vol 28, 1988 [119)

vansed the carlier presence ol fervite during the roll-
ing. I the group of steels with low carbon, three
compositions are mvolved.  Sweel L diflers from steel
K omastly in carbon, steel S in carbon, silicon and
aluminium, while steel 2 with the same level of car-
bon as steel S is wokilled and therelove frec of silicon
and almminiam. At high finish-rolling temperature a
similar microstrueture is found in steel L as in steel K,
only the quantity of pearlite is sialler.  Polygonised
ferrite and forrite produced by DIGBM are found at
higher finish-rolling temperatuces.  In steel L ferrite
formed from unrecrystallised austenite s found only
at very attentive obscevation.  (That is explained in
terms ol erosion of coarse wnreerystallised austenite
grains by the translormation advancmy during the
cooling during the volling.)  Aflter the finish of roll-
ing, the complete translarmanon of austenite occurred,
during air enoling. Al this moment the size of grains
was to small to cause such a marked difference in size
and morphology of ferrite and pearlite as in case ol
stecls with higher carbon.

At bigh finish-rolling temperature the microstruc-
ture in steels 8 and Z is similar to that ol steel L. At
low rolling temperature the microstructure consists of’
polygonised ferrite and lervite formed by DIGBM after
the end ol volling (Figs. 3(C) and 3{1))). More
polygonised ferrite is found alier the rolling ol steel
at the lowest finish-rolling temperature.  Pearlite
which was found at triple boundary points at high roll-
ing temperature, is found ar grain boundaries and
sometimes also in the interior of grains grown by
DIGBEM at low finish-rolling Lemperature.

V. Grain Size

In Fig. 4 the relavonship between finish-rolling
temperature and the linear intercept graims size [or
ferrite grains is shown.  The significance of the curve
requircs a carclul consideration because the assessed
grain size represents lerrite of different ovigin,  Alter
volling at high remperature ferrite is produced by the
transformarinn from recrystallised or unrecrystallised
austenite aller the volling. In intermediale range of”
temperature ferrite appears during the rolling,  How-
cver, the microstructure depends still mostly upon the
behaviour of the predominant austenite during the
rolling.  Austill lower rolling temperatuve the micro-
structure is produced mostly by the rolling of lerrite
with reeovery and DIGBM in interpass time and at
the cooling of steel from finish-rolling temperature.
In the range of finish-rolling temperature down 1o
approx. 870°C: in all sieels the grain siz pracdually
decreasing in a similar way. At {inish-rolling tem-
perature of 1 OD0°C, grains are the coarsest in unkilled
steel A The difference in size with respect o stecl
S with sirilar composition, except aluminium, is ap-
prox. 0.5 ASTM number. It results rom the inhibi-
tion of interpass grain growth ol rearystallised austenite
due to the precipitation of aluminiuin nitride during
the rolling.”  The diflerence between other stecls is
partly connected to the difference in precipitation of
aluminium nitride and partly to the diflerence in the
level of alloying clements.
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Linear intercept grain size , um
2

Finishing temperature , °C

Fig. 4. Influence of finish-rolling temperature on lincar in-
tercept goain size of steels,

The minimal grain size is oblained al a tempera-
ture ensuring the most of interpass recrystallisation of
austenite, a moderate volume fraction of unreerystal-
lised austenite and the less of [ervite appeared during
the rolling,  In steels K and M the formation of fer-
rite during the rolling is reflected by the less steep
decrease of grain size, when the rolling temperature is
lowered below approx. 870°C., Tt has been explained
already that in both steels at the rolling in low tem-
perature range, polygonised forrite was observed.
That is a reliable evidence that ferrite was present in
steel before the last rolling pass. In other steels an
increase in grain size, alter the minimum of grain size,
is obtained when the rolling temperature is [urther
lowered. ‘The increase is very fast, L. in low carbon
steels § and Z the grain size is decreased by approx. 1.5
ASTM numbers when the finish-rolling temperature
is lowered from 1 000 Lo 870°C.  When the tempera-
ture is further decreased to 8007C gran size is in-
creased by approx. 2.5 ASTM numbers.  'That gives a
good evaluation of the rate of grain growth in deformed
ferrite in interpass time and during the cooling aflier
the end of rolling.  The growth of ferrite by DIGBM
is evidently much faster than the interpass growth of
recrystallised austenite,  Figure 5 shows that the
grain size obtained by the finish-rolling at 800°C! de-
creases proportionally to the increase of carbon con.
tent in steel,  That leads 10 the conclusion that the
grain sizc due Lo the rolling of steel in ferrite range is
the coarser the more of ferrite is present in steel.  The
quantity of ferrite depends upon the composition of
steel and upon the transformation temperature of aus-
tenite during the rolling.  Additionally, it is possible,
on the base of Iig. 5, to conclude that the grealer
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was the deformation during the rolling, or more pre-
cisely, to the more passes ferrite was rolled the grain
sizc is the coarser,

In steel T an increase in grain size is obscrved by
rolling at the lowest temperature in spite of the iden-
tical content of carbon as in steel M. “The explana-
ton i, as already stated, in the increase of p a trans-
formation temperature due to the content of alloying
clements, which as silicon and aluminium counter-
balance the effect of carbon. In Table 2 some ex-
amples of assessment of grain size of ferrite produced
by the translormation of recrystallised and unrecrys-
tallised austenite are presented,  The difference
amounts of approx. 2 ASTM numbers and it seems to
be independent upon the rolling temperature.  In
low carbon steels such measurements were not pos-
sible.  While in the microstructure of steel rolled in
intermediate range, ferrite produced from unrcerystal-
lised asstenite was identified, the clusters were too
small for reliable assessment of grain size. As ex-
plained earlier unrecrystallised austenite grains in low
carbon steels were ereded by the advancing transfor-
mation and therefore grains did not transform as
entirety when the steel was cooled from finish-rolling
temperature as in the case ol .12 O steels.

By rolling in high temperature range equiaxed
gramn are obtained. At rolling at low temperature
ferrite grains were the more elongarted the lower was
the temperature (Fig. 6).  That is partly duc (o the
absence of interpass recrystallisation of ferrite and
partly also to the axial growth of grains because of
DIGBM. Tt is not clear whether the uniform growth
was hindered by fine pearlite respectively austenite
grains that are lrequently found at ferrite grain bound-
aries. The small number of such grains and the fact
that ave observed also in the interior of ferrite grains
produced by DIGBM indicates a stronger effect of roll-
ing texture of lerrite which was already reported.?5!

V. Mechanical Properties

‘The influence of finish-rolling temperature on me-
chanical properties of two steels is shown in Figs. 7 and
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Fig. 7. Influence of finish-rolling temperature on mechani=

cal properties of steel K.

8. ‘The cfect on properties of other investigated
steel was basically similac.®  In the lower part ol both
figurcs the properties in rolling direction are shown, in
the middle the ratio of properties in transverse and roll-
ing direction, and in the upper part the ratio of axcs
of fracture surlace of temsile specimens.  In stecl K
tensile strength and yield point in rolling direction are
slightly inereased when the finish-rolling temperature
is lowered. The increase is smaller than it could be
expected on the bass of the difference in grain size
after the Hall-Petch equation. In steel S the tensile
strength and yield point slightly decrcase at low roll-
ing temperatuwre without connection to the evolution
of grain size shown in Tig. 4. In steel K elongation
and reduction of arca arc virtually constant in most of
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Fig. 8.

the finish-rolling temperature range.  'The clongation
decreases significantly only at the two lowest finish-
rolling temperaturcs, At the lowest rolling tempera-
rure also reduction ol arca decreases slightly,  In view
of the strong anisotropy ol wensile ductility at this wen-
perature is questionable whether the decrease of re-
duction ol area is significant.  On the total the effect
ol finish-rolling tempecature on properties in volling
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direction is siabl when compared 1o the vagiation ol
grain size which ecciis in the same range af inlling
temperature.

The lower than expeeted influence of grain
strength properties in rolling dirvection is explained by
the heterogeneous microstructure. It seems that at
high rolling temperature the influence of coarser com-
ponents of micrastructure, which result lrom the irans-
formartion of unrecrystallised austenite, 1s greater than
it could be expected from their volume fraction, while
at low finish-rolling temperature the effeet of grain
coarsening due o the rolling in ¢ range is lower
than cxpected from the variation of grain size. On
some samples the hardness of polygonised ferrite and
ferrite produced by DIGBM was measured. It was
found that the ficst was harder (Table 3), It is pos-

sible ta conelude at this point that the propertics of

steel after rolling in fercite range are influenced by
grain size and the volume fraction of lerrite of different
origin in steel.

In both steels the anisowopy in mechanical prop-
erlies is increased with the lowering rolling tempera-
wre. Tensile strength and yield point are increased
and ductility decreased in transverse direction with
respect to rolling direction.  The greatest is the ani-
sotropy in reduction of arca, especially on specimens
with tensile axis in rolling direction,  The anisotropy

in ductility can be better understood on the basis of

Fig. 9, wheve the eflect of finish-rolling temperature
on anisotropy in reduction of area is shown for all

Table 3. Vickers hardnes of polygonised ternite (PF)
and fecrite produced by DIGBM,

Steel Finislwi;iiipg temp. PF DIGEM
%)
S 783 175 164
A Rs0 113 121
L1k 150 129

0 a al=
w
4 d
o m
3 @i-dm 5 |“‘
Tensile fracture £
surfoce
i
!
0 J
1000 900 800

Finishing temperature, °C

b rolli

Fig. 9. The relationship between i g temperature
aned the ansotropy of facture of tensile specimens
machined in rolling direction, “The anicotropy is
clehined as rano of the shor wnd long axes of ellip-

tical fracture surtace,
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tested steels. At high rolling temperature a virtually
constant neacly circular shape of the tensile lracture
surface is observed independently upon the content ol
carbon in steel,

lowered be-
low 87070 approx. the anisotropy is increased in all
stecls, however Laster in steels S, T and Z in spite of
the lower level of sulphar in these steels than in steels
with higher carbon.  Ouw all speeimens the short axis
of elliptical fracture surface corvesponded to the short
wansverse direction, d.e., the throngh thickness divec-
tion of rolled steel.  If the effect of inclusions was pre-
dominant on anisotropy an epposite cffect would be
expected not anly becanse of the ellect of inclusions,
but also because the relative plasticity of sulphide in-
clusions is higher when the steel is rolled in austenite
than in ferrite range and therelore longer inclusions
are abtained by the rolling in austenite range.?

In a simpiitied madel of planar flow for the defor-
mation of tensile specimens localised in the veduction
of arca (striction) the fracture would oceur when the
ductility of steel in onc of the axes: rolling, transverse
and short transverse direction was attained. In this
simple model the length of the axes ol elliptical frac-
ture surface <an be taken as a qualilative measure ol
relative ductility.  If the [racture strain is expressed
as

When the linisherolling temperatu

§ < In dyjd,

with dy:  the initial diameter of tensile speeimens
di: the axis of the clliptical fracture,
the effeet of finish-rolling temperature upon the rela-
tive ductility ol steel in different directions in Fig. 10
is obtained. In the evaluation ol the relationship it
must he considered that in every test the limit of duc-
tility was attained only for the direction of the longer
axis, which is the transverse direction on specimen ma-
chined in rolling direction and e rolling divection
in transverse specimens,  Iu both cases the limic of
ductility was not attained in short transverse direction,
The connection rolling temperature relative duc-
tility is very similar in all steels, however significant
differences are observed between steels and between
the direction of testing. In high finish-rolling tem-
perature range the ductility is independent upon the
temperature.  Also the initial ratio ol ductilities is
conserved. low ductlity in rolling direction, higher in
transverse direction and the highest in short trans-
verse diveetion,  “The difierence between the three
directions is higher in steels K, L and T than in steel S,
That corresponds to the diflerence in the content ol
sulphur in stecls and suggests that the anisotropy ob-
served in steel after rolling at high temperature is duc
mainly to the presence of sulfide inclusions in steel.
In fact uo variation ol relative ductility was observed
at temperature when the interpass reerystallisation of
austenite was uncompleted.  That proves cvidemly
that the presence of lenticular ¢lusters of coarse grains,
which are produced by the transformation from un-
recrystallised austenite grains, is without significant
cffect on anistropy in reduction of area.  In low tem-
perature range the relative ductility in short transverse
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Fig. 10, The relationship between finish-rolling tempera-
ture and the velative ductility of steel in the reduc-
tion of area of tensile specimens.  The relative
ductility is expressed as d=In d;/d, with ;2 e
corresponding axis of Lhe fracture surface awd
s the inital diamcter of the specimen.

direction is fastly increased with the decrease of finish-
rolling temperatwe in comparison o that observed
after rolling at high temperature in austenite range.
The rolling in ferrite range is reflected not only in
graing size increase but also in an increase of ductility
of steel in through thickness direction in area of strie-
tion of tensile specimens.  The oppostte is ohserved
for the rolling and transverse directions, the ductility
is decreased with respect to that found in steel rolled
m austenite range and by completed interpass re-
crystallisation. Tt seems logical to conclude at this
point that the anisotropy in ductility of steel in phase
of reduction of arca of tensile specimens is connected
1o the microstructuze and the texoure produced by the
rolling of stecl in fervite vange in several passes.  The
rolling of steel with uncompleted interpass recrystalli-
sation produces pancake shaped grains in the rolling
plane, similar grains are probably obtained also by
DIGBM. That would explain the similar relation
between the volling temperature and the ductility of
steel in rolling and transverse directions in the stric-
tion arca of tensile specimens.

The anisotropy is greater in steel S in which a pre-
dominant volume fraction of ferrite obtained by
DIGBM was observed than in steel K, in which only
polygonised ferrite was found.  The difference in ani-
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sowopy is much lower than the difference in grain
siee, The latter amounts o approx. 4 at a finish-
rolling erperinuare of about 800°C, while the vatio of
anisotrapy is only abom 1.4 between steels 8 and K,
That suggests that the anisotropy is connected also to
the wxture of fereite. At this moment no evidence is
available wlieh woulld permir to separate the part of’
anisotropy due (o the microstructure from that due to
the texture. Al no data on the eflect of polygonisa-
tion and DIGBM texture are available.

V1. Discussion

In all steels a homogencons and polygonal micro-
structure of ferrite and pearlite is obtained if the roll-
ing is carried out in temperature range ol completed
interpass recrystallisation of austenite,  ‘The uncom-
pleted interpass recrystallisation of nustenite introduces
in steel clusters of grains with size of approx. 2 ASTM
numbers coarser and of different shape than those
found in the matrix obtained by the transfirmation
from recrystallised austenite.

From ferrite formed during the rolling the strain
hardening is removed by recovery respeetively poly-

gonisation and a fast grain growth occurs because of
strain induced grain boundary migration, Nuclea

for this grain growth are polygonised subgrains more
stable because of size, form or space orientation.

The effect of grain size on mechanical propertios of°
steel, when the rolling is performed in austenite range,
is smaller than that expected from the change in fers
rite grain size in terms of the Hall-Petch cquation. A
strong anisotropy is introduced in steel by the roll-
ing in presence of fervite and it is manifested 1o the
most in the reduction of area of tensile specimens ma-
chined in rolling direction.

The interlacing of different phenomena introduces
fervite of the [ollowing four origins in steel air cooled
from finish-rolling temperature:

1) polygonal ferrite obtained at the t
from recrystallised austenite,
2} mostly acicular lerrite obtained at the transfor-
mation of unrecrystallised avstenite,
3)  polygonised fervite, and
4) lerrite produced by DIGBM from polygonised
ferrite at the cooling of steel from finishing Lem-
perature.
Ferrite obtained by translormation is [ree of sub-
structure, independently of the fact that it may be
obtained by transformation of recrysiallised  and
unrcerystallised austenite.  Also ferrite lormed by
DIGBM is free of substructure and softer, while
polygonised ferritc is harder. That, the different
grain size, the texture of polygonised ferrite and for-
rite formed by DIGBM confound the connection be-
tween grain size and the strength as well as yicld poing
ol steel, which can not be interpreted in terms of the
Hall-Peich relation. The anisotropy found in sieel
at high temperature is due to sulphide inclusions.
The anisotropy found in steel at low finish-rolling tem-
perature, when the rolling is carvied out in presence of
ferrite, is connected to the microstructure as much as
the texture of polygonised ferrite and fervite obtained

nsformation
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by DIGBM. The relative influence ol these lactors
was not investigated.

V. Conclusions

(1) At high rolling temperature Ui inlerpass re-
crystallisation of austenite is completed and in aeel
a homogencous and polygonal microstructure s
observed with grain size decreasing with decreasing
rolling tempeeature,

(2) At a definite lcmperature interpass recrystal-
lisation ol austenite is not completed. By wansforma-
tion of unvecrystallised austenite a microstructure is
produced with approx. 2 ASTM numbers coaiser
grain size, then that of grains produced by wransforma-
tion from recrystallised austenite. The microstructure
of steel rolled with uncompleted interpass recrystal-
lisation is heterogeneous.

{3) When the rolling is carried out in presence of
lerrite, strain is removed fraom ferrite by interpass re-
covery. In ferrite formed during the rolling and de-
formed and polygonised when the rolling is continued,
a [ast process of deformation induced grain boundary
migration occurs. That leads to fast coarscning of
ferrite grains and a microstructure which is even
coavser than that obtained by the rolling at finish
temperature higher over 200°C.

(4) The temperature of uncompleted interpass re-
crystallisation depends upon the composition of the
steel.  The temperature of formation ol lerrite dur-
ing the rolling depends mostly on the content of carbon
in steel, however it is influenced also by other alloying
clements,

(5) In steels containing aluminium and nitrogen,
allumininm nitride is formed during the rolling.  The
precipitates of aluminium nitride hinders the grain
growth of recrystallised austemite.  That is refiected
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in a dilference ol approx. 0.5 ASTM numbers in grain
size in as rolled steel with vespect to the steel withont
aluminium nitride.

(6} The influence of rolling temperature on me-
chanical properties in rolling direction is relatively
small and 1t can not be explained in term of evelu-
tion ol grains size in the same range of rolling tempera-
ture. The most plausible explanation scens to be in
the heterogeneity of microstruciuge.

(7) When the rolling temperature is decreasing,
the difference in mcchanical propertics between voll-
ing and transverse direction is increased.  Yicld point
and tensile strength increase faster in transverse divec-
tion while the increase of deformability is opposite,

(8) At volling in lerrite range a strong deforma-
tion anisotropy is produced. The most evidenl mea-
sure al this anisotropy is the oval [racture ol tensile
specimens.  The anisotropy is caused by the defurma-
tion and polygonisation of ferrite as much as deforma-
tion induced grain growth ol ferrite, through grain
size and shape as much as texture.
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Specimens were heat treated and deformed by drawing up 10 a (otal deformation of 80%. The magnetic properties were
measurcd in axial and in radial directions. By increasing deformation, coercitive force is increased in axial direction and
decreased in radial direction. Remanence and energy product increase with the deformation up to a deformation. which
depends upon the time of spinodal decomposition. The anisotropy in remanence is proportional 1o the elongation by drawing
while the anisotropy in coercitive force is proportional to the ratio of initial and actual diameter of the deformed rod. It is
concluded that the anisotropy in remanence depends upon the length of spinodal phases, while the coercitive force depends
upon the diameter of these phases or more probably upon the magnitude of stresses produced by the accommodation of the
lattice of spinodal phascs. Only axial stresses produce a beneficial effect on magnetic properties.

1. Introduction

Iron—chromium-cobalt alloys are casy to man-
ufacture by conventional metallurgical methods
and with relatively little costs, for that reason they
are considered as appropriate magnet materials
for general use, especially for small diameter parts
as they possess a good hot and cold workability
(1-6]. The magnetic properties can be greatly im-
proved by thermomagnetic treatment [7,8] and an
axial anisotropy is obtained by combination of
heat treatment and cold working (1,3,5,9]. In order
to obtain good magnetic properties a high temper-
ature annealing is necessary after hot rolling be-
cause remanence steadily increases with the tem-
perature of annealing of hot rolled alloy [10]
However, with a high annealing temperature the
alloy acquires a propensity for cold deformation
by twining [10] and that produce a low ductility at
room temperature. For that reason the cold work-
ing should be carried out at a temperature when
deformation by shearing occurs. Generally this
temperature is above 250°C [10].

2. Experimental work

An alloy with the following composition was
manufactured by melting in an induction furnace:

32% cr, 10.5% Co, 0.01% C, 0.19% Mn and 0.7%
Si. The contents of carbon and manganese arc
below the levels indicated as detrimental in refs.
[11,12). The ingot was rolled in the temperature
interval 1200-950°C to a 13 mm lamella. This
was afterwards cut in strips, which were by turn-
ing and grinding transformed to rods and de-
formed by drawing at a temperature of 400° C up
to a total deformation of appr. 80%. The heat
treatment was as follows: annealing 30 min at
1200 ° C, quenching, heating to 680° C, transfer in
a furnace hold at 615°C, holding for 15, 30 or 60
min, quenching, drawing, heating to 610°C and
final heat treatment (aging) by slow cooling
according to ref. [4].

3. Effect of deformation on hardness

In fig. 1 the effect of deformation on hardness
is shown in an as-deformed alloy and aftcr aging.
After drawing the hardness is slightly higher by
longer spinodal decomposition at 615° C (spinodal
time). It increases in all cases after an initial
transition period according to the general power
law H =k + k,¢" with H: hardness, ¢: deforma-
tion, n: coefficient of strain hardening and k and
k,: constants. The strain hardening coefficient is
identical in the quenched alloy and after spincedal
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Fig. 1. Effect of deformation by drawing at 400°C upon the
hardness after deformation and after aging.

transformation. That shows that the process of
deformation is not affected by the spinodal trans-
formation. After aging the hardness is greatly
increased and the difference due to a different
length of spinodal decomposition is slightly di-
minished. The decomposition of phase a in
spinodal phases «; and «, by low temperature
greatly increases the hardness [13] because it in-
creases the difference in composition between
spinodal phases. This is reflected in the difference
of the lattice parameters. The initial type of lattice
is conserved by spinodal decomposition, for that
reason both phases accomodate through elastic
stresses along their boundary.

4. Magnetic properties

In fig. 2 some demagnetisation curves (loops)
and in fig. 3 the effect of deformation on proper-
ties for the alloy hold 30 min at the spinodal
temperature 615°C are presented. By axial mag-
netisation the remanence, coercive force and en-
ergy product grow with increasing deformation
and the demagnetisation loop becomes more and
more square. By radial magnetisation all proper-
ties are diminished when the deformation is in-
creased and the loop is more and more triangular.
A rough representation of the squareness of the
loop can be given through the ratio B, 4, /B,. This
is shown in fig. 4 in dependence upon the defor-
mation. By axial magnetisation the ratio increases
up to a deformation of appr. 70%, while it de-
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Fig. 2. Demagnetisation loops after different deformation.
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F. Vodopivec et al. / Magnetic anisotropy in CrCoFe alloys mn

e

T TN

615°C %A

--/ .

Deformation

0 s 30 45 60
Spinadal decomposition , min

Fig. 5. Deformation by peak properties in axial direction in
dependence upon the time of spinodal decomposition,

creases steadily by radial magnetisation up to a
level which remains constant below appr. 30% of
deformation.

By radial magnetisation all properties decrease
with the increase of deformation with exception of
the coercive force by deformation up to appr.
10%. By axial magnetisation the coercive force
grows steadily with the deformation. A similar
effect of deformation on coercive force was found
also after 1S min of spinodal time, while alter 60
min of spinodal time a maximum of the coercive
force was found by appr. 60% of deformation.
After an initial transition range up to appr. 10%,
the remanence increases to a maximum by appr.
50% of deformation. A similar effect of deforma-
tion was observed also by shorter and longer
spinodal decomposition, however a different max-
imal value was obtained by different deformation.
The effect of deformation on the energy product is
similar to that upon the remanence. The dcforma-
tion at peak value of remanence steadily increases
with the length of spinodal decomposition (fig. 5),
while peak values of the coercive force and energy
product are obtained by an intermediate deforma-
tion after 30 min of spinodal decomposition,

5. Anisotropy of magnetic properties
The magnetic properties depend upon the peri-

odicity of the spinodal structure, which is propor-
tional to the size of spinodal phascs [1-6]. After

30 min of holding at spinodal temperature 615°C
the size of spinodal phases attains appr. 20 nm
[13] and the shape of the particles of phase «, is
spherical. By cold deformation the shape of par-
ticles changes to rodlike [1,3,5,9] and an axial
alignment is produced. Thus, parallel to the defor-
mation which diminishes the diameter of the rod,
the distance between particles of phase a, is de-
creased and the gradient of concentration between
spinodal phases is increased, as phase a; contains
more chromium and phase a, more cobalt than
the average composition of the alloy [14]. The 2
lengthening by drawing is given by the ratio of
initial and actual surface of the section of the rod,
thus by the ratio d?/d? with d, the initial and d,
the actual diameter of the rod. The index of
anisotropy is defined as the ratio of properties in
axial and radial direction. In fig. 6 it is shown that
the anisotropy in remanence increases lincarly to
the dcformation up to a limit. The addition of
chromium and cobalt to the iron does not causc a
significant solid solution hardening [15,16] in com-
parison to the spinodal hardening [13]. Tt is sup-
posed that the effect of both clements on strain
hardening is similar also and that thercfore the
shape of spinodal phases is modified in a similar
way during the deformation by drawing. This

615°C & 30 min
{ ’/’ 15 min
. |

» o
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Ne |
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N
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Fig. 6. Anisotropy in remanence in dependence upon the ratio

of squares of initial (d;) and actual (d4,) diameters of the

deformed rod. Thermal treatment: spinodal decomposition at
615° C and aging.
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supposition is confirmed by the shape of the
spinodal structurc presented in refs. [1,3,5,9]. Let
us thus suppose that the length of spinodal phases
is modificd proportionally to the lengthening of
the rod. Adopting this supposition it can be finally
concluded that the remanence depends upon the
length of spinodal phases, or more precisely, upon
the length of particles of a, which are embedded
in a matrix of phase «,. The proportionality be-
tween the lengthening and the anisotropy in rema-
nence is conserved up to the limit deformation
when particles of phase a, remain embedded in a
matrix of phase a),. The moment when particles «;
begin to stick together or the intermediate layer of
phase «, is diminished beyond a thickness which
is necessary to conserve to rodlike particles of
phase a, the role of elementary magnetic do-
mains, the effect of deformation of remanence in
the axial direction starts to be deteriorating. This
explanation seems to be acceptable considering
also the fact that particles of phase a, with the
corresponding envelope of phase a, represent ele-
mentary magnetic domains [1]. Indirectly, the pro-
posed explanation for the effect of deformation on
axial remanence is supported by the fact that the
critical value of deformation, when remanence

Fig. 7. Anisotropy in coercive force in dependence upon the

ratio of initial (d,) and actual (4,) diamcters of the deformed

rod. Thermal treatment: spinodal decomposition at 615° C and
aging.
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starts to dccrease, is higher by longer spinodal
decomposition at 615°C, when a more coarse
spinodal structure is obtained [13].

Fig. 7 shows that after an initial transition
period the anisotropy in coercive force is propor-
tional to the ratio of the initial and the actual
diameter d,/d, and therefore to the thickness of
the rod deformed by drawing. Adopting the al-
ready mentioned hypothesis that the difference in
deformability between spinodal phases is negligi-
ble, the amplitude of the spinodal structure 1s
proportional to the diameter of the rod. It can be
concluded therefore that the anisotropy in coer-
cive force is proportional to the distance between
particles of phase «,. Probably this distance could
not have a physical significance, but such signifi-
cance would be expected from the gradient of
concentration between spinodal phases, which is
inversely proportional to the distance between
particles of phase «,. The gradient corresponds to
the misfit layer in which the lattices of phases «,
and a, are accomodated, it is thus the layer in
which coherent stresses are generated, as stated
already. Internal stresses are generated also by
deformation by drawing. In spite of this the coer-
cive force in the radial direction decreases when
the deformation is increased. By drawing defor-
mation longitudinal internal stresses are gener-
ated. It seems justified therefore to conclude that
for magnetic properties beside the amplitude also
the direction of the internal stress is significant.

The specific volume of chromium is greater and
that of cobalt is smaller than that of iron [17).
Considering the similarity of the atoms of the
three elements it can be supposed that by inser-
tion of chromium atoms the lattice of iron would
be dilated, while the insertion of cobalt atoms
would produce a contraction of the lattice. The
phase rich in chromium (phase a,) would have a
greater specific volume than phase a«, rich in
cobalt, the envelope of phase a; would therefore
tend 10 elongate the rodlike particles of phase «.
That would produce longitudinal internal stresses
thus stresses in axial direction. Tt seems justified
therefore to conclude that only internal stresses
parallcl to the magnetisation field have a benefi-
cial effect on coercivity and through it a beneficial
effect on the energy product.
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6. Conclusions

The alloy was submitted to spinodal decom-
position for different time at 615°C, deformed by
drawing at 400° C, aged and magnetic properties
determined in axial and radial direction. By in-
creasing the deformation the coercive force is in-
creased in axial and is diminished in radial direc-
tion. Remanence and energy product increase with
the deformation up to a level, which depends
upon the time of spinodal decomposition at
615°C. The peak values are attained at a defor-
mation, beyond which the rodlike particles of
phase «, begin to stick mutually or the inter-
mediate layer of phase «, is diminished to a
thickness, which is necessary to conserve the role
of elementary magnetic domains to rodlike par-
ticles of phase a,. The anisotropy in remanence is
proportional to the lengthening, while the ani-
sotropy in the coercive force is proportional to the
ratio of the initial and the actual diameter of the
alloy by drawing. It is concluded that the ani-
sotropy depends upon the length of the spinodal
phases, while the coercive force depends upon the
diameter of these phases or more probably upon
the magnitude of stresses produced by cold defor-
mation and by the lattice misfit caused by accom-
odation of the lattices of spinodal phases. Only
axial stresses produce a beneficial effect on mag-
netic properties.
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Texture and surface segregation of nonoriented

electrical sheets

F Vodopivec and M Jenko, /nstitute of Metals and Technologies, Ljunijana, Slovenia

and

F Marin3ek and F Gredovnik, Stovenia Steetworks, Ljubljana, Slovenia

Sheets of thicknesses 0.15, 0.3 and 0.5 mm were manufactured in & laboratory from steel with 1.9% Si, 0.3% Al,
0.025% C and 0.052% Sb and steel without the addition of antimony. The shects were submitted to box annealing
of 2 h at 850°C in vacuum and dry and wet hydrogen and their microstructure, magnetic properties and texture
were investigated. The findings show that antimony does not affect the grain size, it increases the remanent
induction, decreases the cocrcive force and modifies the texture. The effect of antimony depends partially upon
the sheet thickness and seems to be connected with the segregation on the sheet surface.

1. Introduction

With the addition up 10 0.1% Sb in nonoriented electrical sheels
from silicon steels a better texture and lower energy losses arc
obtained' *. Antimony scgregates at grain boundaries during the
annealing for reerystallization and decarburization and leads to
an incrense in Lthe number of ferrite groins with soft magnetic
lattice space onentation in the sheet planc. Two hypotheses were
proposed with the aim of connecting the bencficial eflect of anti-
mony with its intergranular segregation - : a selective nucleation
of grains with different space oricntation and a selective hindering
of the growth of recrystallization nuclei and recrystallized grains
in the sheet plane. Several experimental findings and the analysis
of the growth of grains with a size significantly smaller than
that of e sheet thickness indicate that both hypotheses are
questionable,

A similar segregation as that at grain boundarics was also
observed on the surface of the sheet. Considering this segregation
andl the geometry of grain growth in the sheet it was proposed
that the benelicial effect of antimony should be connected with
the diminution of energy of grains emerging on the surface of the
sheet® and the resulting increased driving force lor grain growth”,
Tn ref 8 an ordered C (2 x 2) segregation of tin is reported (or the
(001) plane of a-iron. Every ordered stale reprosents an energy
minimum energy, therelore, the segregation could form only if
the surface energy of the (001) plane is lowered.

The laboratory Facilities at our disposal do not permit direct
verification of whether the effect of antimony was surface depen-
dent, it was therefore decided to find indirect supporting
cvidence. I the influence of antimony was related 1o the com-
position of the metat at the surface then a stronger ¢flect could
be expected with u smaller sheet thickness.

2. Experimental work

Two steels with approximately 1.9% Si, 0.3% Al and 0.025% C
were manulactured in a laboratory induction Mumace from the
same base malerials in order to keep the level of uncontrolied
elements constant. To one of the steels 0.052% Sb was added.
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[ngots of scction 40 x 40 mm were hot rolled to 2.5 mm steips in
the temperature range 1100-820°C. The strips were descaled and
cold rolled to 1.6 mm, coiled and submitted to recrystallization
anmealng in a vacuum furnace for 2 h at §50°C and then cold
rolled 1o thicknesses of 0.5, 0.3 and 0.15 mm. Specimens of both
steels and all thicknesses were then box annealed for 2hat 850°C
in dry and wel hydrogen with a dewpoint of 20°C and in vacuum
In the beat-treated specimens the average grain arca, magoetic
properties and the texture were determined, the last by the
method of the relative density of the grains with specific laltice
plancs n the sheet plane by X-ray diffractometry. Some tests
were performed also on the steel with 0.044% Sn manulactured
from the same base malerial and submitted 1o an identical hot
and cold working as well as thermal treatiment.

3. Microstructure and properties

The grain size is similar in antimony and in comparalive stecl
and it increases sliphtly with the sheet thickness (Figure 1), while

o Stéel with Sb

o Sieel wilth Sn
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- addihons e
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Figure 1. Average grain siz¢ of steels with and without addition of anti-
many and tin afler 2 b of annealing at 50°C 1n vacuum, dry and wel
hydropen
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Figure 2. The content ol carban in sheets alter boa anncaling in vacuum,
dry and wet hydragen for 2 h a1 850°C. 0.3 mm sheets.

it is much greater in the tin alloyed stecl. The effect of sheet
thickness on the grain size is explained by deformation by the
finul cold rolling, which amounted 10 63.6% in the 0.5 mm shect,
1o 81.2% in the 0.30 mm sheet and up (o 90.6% in the 0.15 mm
sheel, This explanation was confirmed in a test in which sheets
of all thicknesses were obtained with the same level of defor-
mation of 62% by the final cold rolling. In the Jimit of accuracy
of the asscssment the grain size obtained in (his test aller wet
hydrogen a ling was independent of the sheet thickness.

The gruin size 15, in all cases, sipnificantly greater after annzal-
ing in wet hydrogen. As found earlier®, the decarburization pro-
moted substantially the rate of growth of recrystallized grams in
this type of steel. The content of carbon was virtually unchanged
afler vacuum anncaling, it was diminished to nearly hall the
imitial content after dry hydrogen anncaling and diminished 10
below 0.003% afler anncaling in wet hydrogen (Figure 2).

The promoting effect of tin on the rate of growth of reery-
stallized grains was confirmed also in a systematical investigation
of the grain growth kinctics in the wemperalure range 675-
B25-C'". In this work it was alsa established thet the addition of
un makes the stecl pronce to abnormal grain growth because
of the anisotropy i mobility of the grain boundarics''. No
explanation of the effeet of tn on prain growth was found so Far

In Figure 3 AES depth profile analysis and in Figure 4 the
intergranular segregation ol antimony are shown. The diameter
of the Auger primary electron beam used for the determination
of scpregation i Figures 3 and 4 was above 50 g, thus greater
than the size of the grains emerging from the surface of the sheet
or fiom the intergranular fracture which was obtained by bending
the 3 mm strip anncaled at 850°C and quenched in liquid mitro-
gen. Both figures show the distribution of clements near the
surface of several grains on which the segregation of antimony
is nol necessarily the sanie and the space orientation is different.

In both cases the segregation attains approximately 1 at% Sh.
The segregated antimony is located in a film of approximately 2
monolayers thickness. Tt is useful 1o know that a similar seg-
regation of tr: as that of antimony was lound on the sheet surface
4fter the same annzaling of the steel alloyed with tin.

The satuation induction is independent of the presence of
antimony in the steel, the atmosphere ol anncaling and decieases
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Figure 3. AES depth profile analysis of the segrezation of antimony andl
other elements at surface of the 0.5 mm sheet from a steel with 1.9 Si.
0.3 Al, 0.02 € and 0.048% Sb box anncaled for reerystallizntion andi
decarburization 2 h at 830°C in wet hydrogen. From ref 7.

slightly with an increase 1n the sheet tuckness (Figure 3). The
remanent induction is smallest after vacuum anncaling. higher
after anncaling in doy hydrogen and highest after anncaling in
wet hydrogen (Figures 5 and 6). That shows naturally that by
equalling other parameters the remanent induction depends
strangly on the content of carbon in solution in the steel.

I'he remanent induction 1s nghest alier all annealings m the
Q.15 num sheet, it is significintly smaller in the 0.30 mm sheet and
il is only shghtly diminished when the sheet thickness is further
increased to 0.50 mm. It is in all cases greater in the stecl with
the addition of antimony and is lowest in the tin steel with a
siamficantly greater grain size. Thus, it seems justified 1o conclude
that the remanent induction is not connected to the grain size.

By equal sheet thickness the coercivity is greatest afler vacuum
annealing, smaller after dry hydrogen annealing and smallest
alter wet hydrogen annealing. The coercivity is greater with
greater sheet thickness after vacuum anncaling, il decreases sig-
mificantly with sheet thickness after dry hydrogen treatment and
only slightly after wet hydrogen anncaling. In all cuses and
cspecially after wet hydrogen annealing the coercivity is sig-
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Figure 4. AES depth profile of segregated autimony and other alloying
clements of the stec! with 1.9 55, 0.3 Al 0.02 C and 0.052% Sb afler 2 b
anncahing al 830°C" The hat rolled strip was frectured after quenching
in liguid witrogen. From ref 7
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Figure 5. Magnchic propertics of steels with and without antimony in
sheets of ditferent thicknesses after 2 b of box anncaling in vacuum, dry
und wet hydeogen al 850 C (85 Saturution induction: (Bg) rénanent
mduction und (M) coercive loree, Some date are given also for the stecl
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nificantly lower in the sieel with the addition of untimony than
in the comparative stecl. In the steel with the addition of tin
it attwns an ntermediate value and s shghtly more thickness
dependent. Considering the caclier presented experimental find-
ings it is clear that the coercivity is not aflected by the gram
size, very slightly by the sheet thickness afier wet hydrogen anneal-
ing and s very strongly affected by the carbon content, also the
carbon content in solid solution since the solubility of carben in

He (A cm™)

Figure 6. Pt of the demagnetization loop for sheets of different thick-
nesses [rom the 0 052% Shand the comparative steels after annealing in
different atmosphores
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Figure 7. The relative density of poles of grains with different luttice
planes in the sheet plane for sheets from with steel antimony anel the 0,15
mm sheet of the steel without y. All speci were box led
for 2 h at 850'C in wet hydrogen,

a ferrite with 2% Si amounts to approximately 0.01%, thus
almost 1o the level found in steel anncaled in dry hydrogen,

It is especially important to note that by all thicknesses the
coercivily was lowest after anncaling in wet hydropen, thus
alter the treaunent which is a basic phase of the manufacturing
ol nonoriented clectrical sheets

Figure 7 presents Lhe results of the X-ray difftactometry analy-
sis in form of the relative density of grains with the indicated
lattice planes in the sheet planc performed on three sheets of the
antimony stcel and the 0.15 mm sheet of the comparative steel,
By the maximal thickness of 0.5 mm the density of all analysed
plancs is similar. When the sheet thickness s diminished the
density of grains with (110) lattice plane in the sheet plane is
diminished, while the densily of (211) and (200) plancs and
especially the last one is inereased strongly above the level in
the comparative sheet of the same thickness. Itis evident that the
cffect of antimony on the texture is stronger the smaller the sheet
thickness.

X.ray diffractometry shows the space orientation of grains to
the same depth and independent of the sheet thickness which s
much greater than the average diameter of the grains. On sectioning
of the sheets the following number of grains were counted : 7.3
by 0.15 mm, 12.7 by 0.3 mm and 20.5 by 0.5 mm. A simple
caleulation shows that on the surface of the sheet the following
share of grains are emerging : 27.2% by 0.15 mm, 15.7% by 0.3
mm and 9.7% by 0.5 mm. Thus. the thinner the sheet the greater
the number of grains emerging to the surface of the sheet that
arc affecied by the surface segregation and the greater the share
of such grains that are considered in the diffraction analysis.
Indirectly (he results of this analysis show that the beneficial
cffect of antimony on the propeities of nonaricnted electrienl
sheets is significantly connecled (o its segregation on the surface
af the sheet,

499



F Vodepivee et al- Texture and surface segregation
4. Conclusions

(13 The grain size in noneriented cleetrical sheets is not affected
by the addivon of 0.052% of antimony to the 1.9 8i 0.3 Al stecl,
while the addition of 0.044% of lin greally increased the grain
size thiough the promotion of abnormal geain growth,

2 By usmg equal temperature and time of annealing the gram
size 15 the grenter in decarburized sice) alier anncaling in wet
hydrogen : the carbon i selid selution hinders the rate of growth
ulliged grains.

(3 Purning the anncaling a similar segregation of antimeony
occurs at the arain boundaries and on the surface of the sheet,

{4) The magnctic properties of nonoriented electrical sheets
are affected by the anncaling phere through the decar-
burization of the sieel, by the sheet thickness and by the presence
ol antimany in sieel in the following way -

(i) the sawuration inductions independent of the presence of
antimony in sleel and the annealing atmosphere, it is slightly
increased when the sheet thickness decreases;

(i1) the remancnt induction is the highest with the smallest
sheet thickness of 0.15 mm, it is substantially lower in the 0.3
mm sheet and further shghtly diminished in the 0.5 mm sheet.
The remanent induction is slightly greater in antimony steel and
it is greatest in the decarburized sheet ; and

(iii) the coercivity is lowest in decarburized sheet and sub-
stantially lower in antimony than in comparative sicel.

(5) Aflter the anncaling for recrystallization and decar-
burization in wet hydrogen the relative density of grains with the
Lutice plune (211 and especially (200) in the sheet plane is

of recryst

6500

strongly increased with the smaller sheet thickness. The relative
density of the (200) planes is substantially greater when compared
with the steel without antimony. This is considered as indirect
evidence that the effect of antimony on magnetic properties of
the steel is significantly connected 1o the effect of its surface
segregation on the process of growth of reerystallized grains.

{0) The effect of antimoeny in steel is (elt in a greater remanent
mducton and lower coercive foree, which led 10 a smaller area
of the demagnetization loop and to smaller inductive energy
losses in nonoriented clectrical sheel.
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Materials technology

Solubility of (Mn Fe,_)S in a 3% Si steel within the temperature range 1100 to
1300°C

Franc Vodopivec, Blazenko Korousic, Marko Lovrecic and Matjaz Torkar

By EPMA point counting the contents of sulphur and manganese in solid solution were determined after annealing in a temperature
range of 1100 to 1300°C and quenching in three 3% $i steels with 0,055 1o 0.38% Mn. The established solubility products are not
equal and differ from published data.

L&slichkeit von (Mn,Fe,.}S in einem Stahl mit 3% Si im Temperaturbereich von 1100 bis 1300°C. Mit dem Mikrcsonden-Punkizihl-
verfahren den die M g an Schwefel und Mangan in Mischkristallen bestimmit. Die drei untersuchtan Stihle mit 3% Si
enthielten 0,055 bis 0,38% Mn und wurden 2uvor hei Temperaluren zwischen 1100 und 1300°C gegliht und abgeschreckt. Die erhal-

tenen Laslichkeitsprodukte wichen voneinander ab und differierten zudem von verdifentlichien Waerten,

A prerequisite for the formation of (011)]001| Goss

texture in oriented sheets is the inhibition of recrystallised *

gtain growth up to a temperature above 1050°C, when the
conditions for the formation of texwre are achieved by
anncaling in dry hydrogen. The inhibition of grain growth
is ensured through (MnFe,.)S and AIN particles [1: 2).
which precipilate during hot rolling of the sheet [rom both
compounds in solid solution in 3% Si fermite. In order to
achieve the inhibiting function precipitates must remain
relatively stable up 1o the temperature of formation of the
texture and dissolve in the matrix in sufficient quantity at
the initial rolling temperature which is high and shows the
poor solubility of both compounds. A sufficient stability is
ensured through low solubility and small diffusivity of the
compound elements in the matrix material.

The solubility of sulphur in silicon ferrite is given in
several refercnces [3...7] in form of the solubility product:

Iuy.‘-{nix151=$+8. M

with anl and |§| as mass contents of both elements in
solid solution in %, T - the wemperawre in K and A and B
as constants. The solubility product is derived from the re-
action

IMnl+/5/= MnS (2)

assuming that the precipitated phase is a pure manganese
sulphide with a constant composition, thus also with a
content of and sulphur.

In this work the solubility of (Mn,Fe,.,)S is determined
in temperature range 1100 to 1300°C by EPMA analysis
of sulphur and manganese in solid solution, thus using a
direct method, while solubility datz published so far were
determined by indirect methods [3...7), which may lead to
significant inaccuracies.

In steels for oriented sheets the contents of manganese
are below 0,19 and the sulphide phase is of mixed com-
position depending, as it will be shown later, on the con-
tenls of manganese in steel and on the anncaling tempera-
ture. In [7] a2 modification of the solubility product is pro-
posed with the introduction of a term feg depending on the

Frune Vodopiver, Blazenko Korousic; Murko Lowrecic: Matjor Torkar,
Instiiute of Metals and Technologies, Lyubljana, Sl ij:
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Teble 1. Composition of steels (mass contents in %)

C Si Mn 5 Al
A 0.026 3o 0.38 0032 0.039
B 0014 291 0.105 0.033 04027
[ 0.013 293 0.055 0.039 0.025

contents of carbon above 0.015% in steel and the tempera-
wre. This modification of solubility product was not veri-
fied in this work and will be thus neglected.

Experimental work

By meliing in a vacuum induction furnace and from the
same base materials, pure relay iron, metallic silicon and
sulphur, three steels with composition given in table 1
were manufactured. The steels were cast in ingots of
60mm*60mm cross-section and hot rolled 10 30imun bars.

The steels differ significantly in manganese contents, In
steel A the contents of this element are significantly above
those in steel C and below the contents found in steel for
oriented sheets, while in steel B they are nearly on a level
with thosc found in this type of steel [R]. The contents of
carbon, silicon, sulphur and aluminium are nearly on a
level with those found in steels for oriented sheets but are
slightly different in all three steels, however, the differ-
ence could not appreciably affect the solubility of sulphur.
A high manganese content in steel A was selected because
earlier results showed that in structural stecls of this level
of manganese a constant composition of the sulphide
(Mn,Fe,,)S is obtained [9]. Specimens of all three steels
were first homogenised by a 16 h annealing at 1300°C,
watcr quenched and then anncaled 8, 12 or 16h at 1300,
1200 and 1100°C and water quenched.

The sulphur and manganese contents in solid solution
were determined by electron microprobe analysis by 50
point countings of 100s on the specimen area of about 1.5
cm~. On every specimen Lhe background was determined
by 100s countings in scrics of 10 points before, between
and at the end of the counting on bath sides of the peak
Ky intensity for sulphur and manganese. By this method a
sufficient reproductivity and a chemical resolution of
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Figure 1. Inclusions of |Mn.Fe,,)S and combinad sulphide
oxide inclusions in the 0.055% S steel annealed 12h a1 1200°C
and quenched

ubout 10ppm ol sulpbur in solid solution [10; 11] were
obtained. The manganese conlenis in solid solution were
above 100ppm.

In some points an abnormally high sulphur intensity was
found because under the optical microscope invisible par-
ticles of (Mn.Fe,, §) were hit by the electron beam. In
such cascs counting was repeated au a. distance of some
um. For the determination of sulphur in solid solution on
one specimen one working day was required. For that rea-
son during the analysis the absorbed current of about
4+10-8A was registered and only countings within the
range + 5% of the average current were considered. Only
the correction due to the diffcrence in absorption was cal-
culated. Synthetic FeS was used as standard lor sulphur,
while for manganese a 2% Si 0.41% Mn steel was used
and no correction was necessary.

The sulphur contents in all steels were above solubility
at 1300°C. These were partly bound to inclusions of a size
range of 1 to 10pm, figure 1, and parly o particles of a
sizc of up to 0.1pm precipitated during annealing at 1100
and 1200°C, figure 2.

In order to evaluate the reliability of the microprobe
analysis the size and the mutual distance of precipitates
must be known. This is a prerequisite for the decision
whether the intensity KoS gencrated when the electron
beam hits the precipitate is sulficient 1 be discerned from
the K¢S intensity from sulphur in solid solution. It was
established in SEM thal the size of precipitates formed
during annealing at 1100 and 1200°C was approximately
0.1pm. The electron beam diameter is below 1 pm and the
excited volume is approximately 1.5pm-. The counting
for sulphur was approximately 10 imp/s, the intensity gen-
erated by a spherical precipitate with a diameter of 0.1pm
is theorically 26.3imp/s. The difference is sufficient for
the operator (o avoid the precipitate and to start a new
counting at a distance of some pm.

If the distribution of a volume fraction V of particles
with a diameter d is represented by a simple quadratic lat-
tice, figure 3, the linear distance between precipitates is
given by [ = dtV1/3 and the distance in space =173
divif3, Considering a hypothetical steel with (.033% of
sulphur in precipitates a linear distance / = 13.7um and 2
space distance {, = 23.7um are calculated. Thus, the dis-
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Figure 2. Nital etching. Precipitates of (Mn,Fe,.)S as well as
precipitates of aluminium and silicon nitride in 0.055% S steel
annealed 12h at 1200°C and quenched

Figure 3. Mutual distance of precipitates ordered in simple
cubic latuce

tance is sufficient for the operator to avoid the precipitates
during the EPM analysis. These calenlations show also
that the majority of precipitates in figure 2 are aluminium
or silicon nitride.

The precipitates are a mixed sulphide Mn,Fe..§ since.
according to [12], MnS and FeS show complete mutual
solubility and are 100 small 1 allow the determination of
their composition, respeclively the manganese and iron
contents by EPMA. For this reason the composition was
calculated on the base of the balance of total sulphur and
manganese contents in the steels and both clements in
solid solution and in sulfide assuming an identical com-
position of sulphide inclusions and precipitates. This as-
sumption is supported indirectly by figure 4, which shows
that after Sh of annealing at 1200°C the iron contents,
relatively high after solidilication are diminished to a level
of 1-x =0.035 [9].

e o Cast_held 30 min. at 1200°C and quenched
0 e Additionally annealed at 1200°C and
E quenched
i 50+
e
&
s -
0 ,_:T‘-"_‘T 4 4 1
Q 0. 1.0 15
/o Mn in steel
Figure 4. Iron contents in sulphide inclusions in a 0.14 C, 0.40

Si, 0.048 S and 0.13-1.18% Mn
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Figure 6. Relstionship between sulphur and manganese in
solid solution in 3% Si ferrite
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Figure 6.  Solubility products according to some references (A}
and the experimental data from this investigation |B)

Solubility of MnyFey.,S

Figure 5 shows the relationship between manganese
and sulphur in solid solution oblained through EPMA. The
solubility of sulphur increases rapidly with the decreasing
manganese content in solution in ferrite and increasing
temperature.  In  figure 6 the solubility products
log i Mn [«]s| = AsT + B calculated on the base of data in
figure 5 are shown as well as the solubility products found
in [3..70.

The differences between the investigated steels are con-
siderable and of two types. The slope of the solubility
curve, which shows the effect of annealing lemperature, is
similar to that of published data at the lowes! manganese
contents, however, the solubility of sulphur is fi. at
1300°C 3 to 5 times lower than that calculated from earlier

steel research 67 (1998) No. 2
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established products. The difference from the 0.105% Mn
steel is smaller and even smaller from the 0.38% Mn steel.
With increasing manganese in steel the slope of experi-
mental curves in figure 6 decreases and shows that higher
manganese contents decrease the effect of temperature on
solubility, It is surprising that the lower the experimentally
determined solubility product, the lower the manganese
conlents in steel. This is in contradiction with the results in
figurc 5, which show clearly that the solubility of sulphur
in silicon ferrite is smaller with higher manganese contents
in solid solution. This and the different solubility product
show that the solubility given by log|Mn|+|S| = AT +
B is valid only for determined manganesc contents in steel
and the selecled temperature since il depends upon the
composition of the sulphide phasc. The solubility product
is valid for the equilibrium of both elements in solid solu-
tion with manganese sulphide MnS. In case of low man-
ganese in steel the formation of the sulphide phase occurs
through the reaction xMn + (1-x)Fe + S — Mn,Fe,.,S. The
product is thus a mixed sulphide with x in a wide range
due of the complete mutual solid solubility of mangancse
and iron sulphides [12], The solubility product, which
docs not account for the formation of a sulphide with
composition depending upon the manganese contents in
steel, does not show the real solid solubility of sulphur. In
the steel with lower manganesc more iron is found in sul-
phide and the slope in figure 6 1s greater. It can be con-
cluded that the solubility of FeS increases faster with in-
creasing temperature than the solubility of MnS.

The slopes of the curves in figure 6 correspond to the
classical Arrhenius relationship $) = Sy exp (- Q/RT) in
which §y is the solubility at temperature 7T, Sq a constant,
@ an apparent activation energy for the solution process
and R the universal gas constant. The following activation
cnergies were calenlated: 101.5kJ/g mol for the 0.055%
Mn steel, 402kJ/g mol for the 0.105% Mn steel and
27.1kJig mol for the 0.38% Mn steel.

In an analysis of 20 specimens of steel for oriented
electrical sheets average manganese contents of 0.08% Mn
were found [8]). Assuming for such a steel an average re-
lationship temperature - sulphur contents in solid solution
from figure 6 it is possible to calculate that at 1400°C one
finds in solid solution 0.02% § and 0.016% S at 1300°C,
values which correspond to volume fractions of 0.055 re-
spectively (L044% of sulphide precipitates, thus the
quantity which is necessary [13] for the inhibition of low
temperature grain growth of recrystallised grains and of
the secondary rccrystallisation. This is in acceptable
agreement with the soaking temperature of the 3% Si
steels required to obtain the texture and the final texture
annealing of cold rolled strips (8], According to solubility
products published earlier this temperature is  abour
1250°C and significantly lower than that used by the roll-
ing of oriented sheets,

From the balance of sulphur and manganese in stecl and
in solid solution and assuming an equal composition of
inclusions and precipitates the manganese contents in sul-
phide can be calculated. The results of this calculation in
figure 7 show that the manganese contents in sulphide in-
crease from 23 1o 39% (Mn+Fe+5=100%) when the an-
nealing temperature of the 0.055% Mn steel is lowered
from 1300 to 1100°C. A similar difference is found in the
0.105% Mn steel by a higher level of manganese 30 to
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44.5%. In the 0.38% Mn steel the contents of this clement
in sulphide are approximately 60% and the eventual effect
of temperature is within the limit of accuracy of the
analysis.

The different sulphide compositions explain why the
solubility product is dep upon the mar con-
tents in steel. The sulphide is namcly not & product of the
reaction Mo + $§ — MnS, which would give & solubility
product indcpendent of the manganesc conlents in steel

and independent of the ling temperature, but it is the
product of several partial reactions
xMn+ x5 = xMn§ (3
(1-x)Fe+(1-x)§ = (1-x)Fe§, 4)
xMnS 4 (1= x)Fe+S = Mn_Fe, 5. (5)

Because of the mentioned complete solid solubility of
both sulphides the partial reactions arc combined to the al-
ready mentioned reaction:

xMn+(1—x)Fe+8 — Mn Fe,y 8 (6)
with the cquilibrium constant

. A ptn, Fe, 8
1ay, 1* tag "™ -lag !

(O]

The iron contents in stecl are in all cases above 96%,
thus, the activity can be assumed to be lap, | = |ape l—xl
=L

The sulphur contents in the sulphide can be considered
as vinually independent of the contents of mangancese and
iron, thus also the activity coefficient (ag) = &, while the
activities of manganese and iron in the sulphide phase de-
pend upon the composition of the steel and the tempera-
ture. The solubility product is not constant because both
partial reactions, thus

xMn + x§ — xMnS , (8)

(1-x)Fe+(1-x)§ = (1-x)FeS ©

have different and mutually independent equilibrium con-
stanls.

Let us assume that the activity of sulphur in solid solu-
tion |ag| is proportional to the activity of manganese in
solid solution in the metal and in the sulphide.

Let us also suppose thart for the formation of MnS only
the sulphur in solid solution is available. the quantity of
which is proportional 1o the molar fractions of manganese
in sulphide with the composition Mn,Fe)., 5 and calculate
the equilibrium constant and the solubility product for the
reaction xMn + xS — xMnS. The results of this calculation
are given in figure 8 as three parallel curves. The fact that
the calculation did not give a single curve could be ex-
plained by the following assumptions:

o the activity of manganese in the sulphide is not pro-
portional to its contents in the sulphide;

70
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Figura 7. Molar fraction of manganese (x] in the sulphide
{Mn,Fe, IS latad from the bal of sulphur and manga-
nasa in stesl and in solid solution

-2

Mn
0,055
0105
0.38

\

et
"

Temperature, °C

1oo 1200 1300
-4 i B } } 1 !

% 70 66 60
Temperature —.}-.! 0 K

Figure 8. Dependence b 1 the temperature and the equi-
librium constant for the reaction xMn + xS — xMnS

# the composition of the sulphide determined on the base
of the balance of manganese and sulphur is erroneous;

s the activity of ma in solid solution in the metal
is not proportional to the manganese contents in the
sulphide.

The Bist assumpiion is contirmed indirectly by the data
in figure 7, which show that the diminution of the manga-
nese contents in steel from 0.38 to 0.055%, thus a diminu-
tion for 6.91 times produces a diminution of the manga-
nese contents in the sulphide from 60 to 23%, thus for 2.6
times. Also data in figure 8 fit this assumption acceptably.

Let us suppose that the activity of all elements in sul-
phide in the 0.38% Mn steel is identical to their molar
concentration ang, =x = 0472, ape = 1-x = 0.028 an ag =
0.5. This assumption is supported by the fact, that the sul-
phide composition is according to figure 4 by 0.38% C
very near cquilibrium. Let us further assume that due
lower manganese in steel the activity coefficicnt of this
¢lement in solid solution in the metal is above I. and the
activity is thercfore higher than the concentration. This as-
sumption is based on the fact that by decreasing manga-

steel research B7 (1996) No. 2
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nese in steel the manganese contents in sulphide decrease
much more slowly. On the base of these two assumplions
and on the base of experimental data given in transformed
form in figure 9 the activity coefficient for manganese
shown in figure 10 in dependence on temperature and for
2 contents of manganese was calculared. For the 0.105%
Mn steel the activity coefficient of UM,.,] = 2.42 and for
the 0.055% M steel the activity coefficient | | =5.11

Mn

-3 — i

¥ V_'__/" V”J 0105

g 1/ 0055
g - — —_—1

Temperature , °C
100 1200 1300
-5 t i : 1 +
74 70 6.6 6.2

T:mpemture—'f- xi0*, K

T

Figure 9. Solubility product log |Mn + S| calculated under the
assumption that part of sulphur in solid solution is in equilibrium
with the mangansse contents in sulphide
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s | 0105 % Mn
g al—
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Figure 10. Relationship betweon temperature and activity coef-
ficiems for the 0.055 and 0.105% Mn steels

Coefficient of activity [fpyn)

0 L] 02 03 04
Content of Mn in steel, s

Figure 11. Influence of the manganese contents in steel on the
activity coefficient of menganese in solid solution
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both independent from temperature. Figure 11 shows that
the activity coefficient diminishes rapidly when the man-
ganese contents in steel increase from 0.055 1o 0.38%. If,
instead of the nominal contents in steel, the activity, thus
|CM|1| * Ianr is uscd a constant solubility product
identical to that for the 0.38% Mn steel is obtained also for
the 0.105 and 0.055% Mn steels. An identical result would
be obtained also considering the activity coefficient of
manganese in solution lfMj = | and assuming that the
concentration of manganese in the sulphide is not propor-
tional Lo its activity.

Condclusions

1. EPMA was used [or the determination of the effeots of
temperature and the manganese contents on the solu-
bility of sulphur in a-phase in 3% Si steels;

2. in the range of total manganese contents of between
0.055 and 0.38% and of temperatures of between 1100
and 1300°C solubilities of sulphur from 13 to 175ppm
and of manganese from 110 o 3600ppm were deler-
mined;

3. considering the total contents of sulphur and manga-
nese in steels as well as the contents of both elements
in solid solution the composition of the sulphide,
which precipitated in temperare range 1100 to
1300°C was calculated. The manganese contents in the
sulphide were found to be within the range of 23 (o
60% depending on temperature and ils contents in
steel;

4. the solubility of the mixed sulphide MoyFe | _yS cannot
be expressed in form of the ¢lassical solubility product
log|Mnl « [S] = A7+ B with [Mn] and [S] as
mass contents of both clements in % in solid solution,
which would be valuable for all Ji4 contents in
steel. The reason is the composition of the sulphide,
which depends on the manganese contents in steel and
on temperalure;

5. the solubility can be expressed by the classical solubil-
ity products if instead of the manganese mass contents
in %, its activity is used. The activity cocfficient of
manganese increases from approximately 1 to 5.11
when its contents in steel are lowered from 0.38 to
0.055%;

6. by direct EPMA a significantly lower solid solubility
of the sulphide Mn,Fe| .S was determined than that
which can be calculated from published solubility
products. The lower solubility fits better than pub-
lished data 1o the hot rolling temperature of oriented
sheets and the theorical quantity of precipitates re-
quired for the inhibition of rapidly recrystallised grain
growth up to the temperature of the formation of
the | 001 | (011) texwre.

(A 01 105; received: 29. May 1995)
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Effect of fretting amplitude on microstructure of

1C-1-5Cr steel
F. Vodopivec, J. ViZintin, and B. Sustarsic

A successive grinding technique was used to examine the changes in microstructure generated by fretting of @ 1C 1-5Cr steel.
The findings indicated that the white phase was precipiiation hardened austenite and that it grew laterally hy coalescence of
initial aveas of a few micrometres. Frequently, very small modifications of the initial microstructure were found near the white
phase. This is explained by the small queantity of hear generated and its rapid dissipation in the steel. Similur carbide precipitates
to those in the white phase were found in areas of residual austenite in rapldly solidified water atomised particles of the samie type

of steel,
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Introduction

In previous articles, data on the friction coefficient, the
shape and the morphology of the worn arca, and the
dependence of the fretting test parameters were described'-
and a summary of a microstructural investigation reported.?
In this paper a more detailed description of the changes in
the microstructure caused by the heat generated in the
region of the worn aren is given. Emphasis is given lo the
tempening and transformation phenomena (which explain
the change in the initial microstructure), the temperature
difference between the affected and non-affected steel, the
nature and the growth of the *while phase’, and the cooling
rate in the affected steel. In Refs. 3-8 wmperatures in the
range 500 1250°C were reported for the steel in the fretting
arca. By measuring with a special device, a temperature
of 1050°C was established in Ref. 9. However, there is
msufficient microstructural confirmation of the temper-
atures, and experimental observations of the changes of the
steel microstructure during fretting are scarce. The aim of
the present work is to present and discuss experimental
data in order to understand the changes in microstructure
for a IC 1-5Cr steel. The formation and the growth of
micracracks, which were also found in the heat allected
arca, will be presented in a separate paper.

Experimental

Details of the fietting test used are described in Refs. 1 and
2. The test consisted of a fretling motion of a ball on a flat
specimen, both from the same Fe=1-1C-0-3158i-0-35Mn
0004P-00025-1-45Cr ball bedring steel heat treated to
give the snme microstructure and hardness of 6263 HRC.
The 1esting conditions were as follows: load applied on the
ball 100g frequency 50 He testing  temperature 50°C
number of cycles 280 000; air atmosphere; and amplitudes
of 5, 15, 50, and 75 pm. Microstructural examinations were
performed on flat specimens. Surface layers of thickness
3-7pm were ground off carefully, then surface polished
and nital etched, and the microstructure then exam-
ined using optical and scanning clectron microscopy.
The content of chromium in the segregation bands was
determined by electron probe microanalysis.

Results from only four of the specimens submilted to the
fretting lests are presented here because microstructural
examinations showed that the formation and growth of the
white phase could be investigated by i ing the ing

amplitude and keeping the other test conditions constant.

The cooling rate, which would produce in the worn area
the same degree of modifiction of microstructure, was
evaluated by investigation of the microstructure of particles
manufactured by water atomisation of steel of the same
composition.

MICROSTRUCTURE ON AND BELOW

WORN AREA

Specimen A: fretting amplitude 5 pm

Figure | shows the wern area and the microstructure al
increasing distance below the initial {contact) surface. Aflter
grinding off & layer of steel of thickness 54 pm the heat
affected white aren is virtally circular with elongations in
the form of short pointed laths. These show changes of
microstructure as a result of the increase of temperature
caused by particles of metal being torn off the specimen

1 Micregraphs of contact surface and at increasing
distance from contact surface for specimen A, fretting
amplitude 5 pm: upper left picture shows contact area,
upper right picture shows white heat atfected area
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3 Micrographs of rf and at | ing
distance from contact surface for specimen B, fretting
amplitude 1S pm: upper left picture shows contact

area, upper right picture shows heat affected area

and rolled between the contact surfaces by the fretting
motion. The microstructure of the while area consists of
an irregular central island of a white phase embedded in a
matrix in which differences in grey coloration revenl
different microstructures.

Al high magnification the white phase, which is found in
the central island of irregular shape, shows a microstructure
with a homogencous matrix and small precipitates which
has a sharp boundary between it and the neighbouring
microstructure (Fig. 2a). This consists of mariensite em-
pered at a temperature of around 700°C and shows fine
carbide particles produced by the tempering as well as
coarser non-dissolved carbide particles (Fig. 2b) of the same
shape and size as in the imtial microstructure (Fig ). In
the heat aflected arca different stages of tempering were
found, up to complete spheroidisation: ie. a microstructure
of carbide particles embedded in ferrite, At the periphery
of the while area, numerous microcracks concentric with
the curved boundary are found (Fig 1). The initial size
of the white arca on the suiface was 240 pm, and the depth
of the changed microstructure from the surface was less:
than 20 pm,

Specimen B: fretting amplitude 15 um
Figure 3 shows the area of the heat affected microstructure:
at increasing distance from the initial surface. White phase
islands in the form of wormlike bands of different size are
located over the whole discoloured area ( Fig. 4a). At higher
magnification an identical microstructure is found in the
white phase 1o that in specimen A: a homogencous malrix
with small carbide precipitates which has a sharp boundary
between il and the surrounding microstructure of tempered
martensite (Fig. 4b). The microstructure of the affected area
shows that the wear damage on specimen B was very
probably caused by the fretting motion of several small
particles torn from the specimen, which produced localised
flash overheating. For that reason, and as shown in Fig. 4a,
el : the medification of the microstructure in the allected area
a ores of white phase and tempered martensite; b temperod WS smaller than that observed for specimen A, indicating,
marensite  near boundary of hcat affccted ares; ¢ inital that the average temperature in this arca was lower than
micrestructure: martensite and non-disselved carbide particles for specimen A. This alse indicates 2 more progressive
2 Micrographs of specimen A, fretting amplitude 5 pm decrease of temperature towards the non-affected steel
with the microstructure shown in Fig 2¢. Electron probe
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@ part of heat affected orea, islands of whita phaso are indicatod
with arrews: b area with white phass ard tomperad austenie

4 Micrographs of specimen B, fretting amplitude 15 pm

microanalysis on the bright bands in Fig. 4a revealed an

5 Micrographs of contact surface and at increasing
distance from contact surface for specimaen C, frotting
amplitude 50 pm: upper luft picture shows contact.
area, upper right p heat ted area

planar border with the initial microstructure appeared on
hoth sides of the ellipsoidal heat affected arca. In the area.
of the protrusions the wear damage was of a different form
to that in the main white phase area. At high magnification
the protrusions appeared whiter and the transition bound-
ary with the steel matrix, with virtwally unchanged
microstructure, was steplike. At greater depth the pro-
trusions were separated [rom the clliptical white arca by a
narrow region of steel with a slightly changed initial
microstructure. At still greater distance from the surface
the white area broke up into three parts. At a depth of
32 pm a band of white phase of length ~ 120 pm and width
of 10 pum with o steplike boundary towards the matrix
i ructure was still obscrved.

enrichment in chromium and which is evidence
of dendritic segregation which occurred during the solidi-
fication of the steel and became clongated during the
hot rolling.

Specimen C: fretting amplitude 50 um

The size and shape of the allected area of microstructure
at increasing distance from the contact surface (Fig. 5) were
similar to those observed for specimen B, Carcful obscr-
vation of Fig. 5 reveals, however, that the wear damage in
the form of pits is situared primarily in the islands of white
phase which mostly formed in the bright bands of
microstructure  which were shown by eleciron probe
microanalysis to have a segregation of chromium up to
twice the averapge content in the stecl. Consequently, it
scems that the while phase slarled to form in the segregation
bands either because of a slight difference in hardness or
because of the lower « -4 transformation lemperalure,
since carbon is coscgregated with chromium and lowers
the Acy temperature,

Specimen D: fretting amplitude 75 ym

The wear damage was much greater than on specimens A,
B, and C (Fig.6). Defects in the form of pits and
microcracks of varying widths and depths were distributed
over the whole white phase arca. The maximum depth of
the pits was 16 ym, while microcracks orthogonal to the
fretting motion were observed up to a depth of 27 pm.
After the first grinding, two protrusions connected by a

- 2%4pm

6 Micrographs of contact surface and at increasing
distance from contact surface for specimen D, fretting
amplitude 75pm: upper left picture shows contact
area, upper right plr.-lurt shows heat affected area

with pr d by
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A white phase showing equisxed carbude particles; b white sres
shenwing rodlika carbicde particlas: ¢ boundary of white phage

7 Micrographs of spacimen D, fratting amplituda 75 pm

The microstructure of the white phase consisted of a
homageneous matrix without grain boundaries and numer-
ous equiaxed precipitates of size <005 um (Fig. 7a). More
rarcly, rodlike precipitates (Fig Th) and precipilale frec
areas were observed. A hardness in the range 1000-
1050 HV5 was measured in the white phase, which is in
good agreement with the data in Rel 8. The hardness of
the initial microstructure of temperad martensite was
in the range 800-850 HVS. Generally, the boundary
between the while phase and the matrix microstructure
was abrupt (Fig. 7c). The great difference in microstructure,
namely a matris with tempered martensite with non-
dissolved carbide particles and, in the white phase, a
dispersion of precipitates smaller by more than one order
of magnitude in a uniform matrix, showed the great
difference in temperature experienced over a distance of
some micrometres, The microstructure showed that the
temperature in the matrix in contact with the white phase
was below 748°C, which is given in Ref. 10 as the Ac,
temperature for the steel used in the present work.

Four specimens tested under different fretting amplitudes
were investigated. Variations in the microstructure of the
volume of steel affected by the heat generated by the
freting test, were observed. The common characteristics
were as follows:

(1) @n area of white phase with a hardness in the range
9501050 HVS and up to 200 HVS above the initial
hardness of the steel

(i1} the diameter of the heat affected surface was larger
than its depth, the ratio being 2 10:1

{iii) an irregularly shaped white phase area and a small
arca of heat affected microstructure on specimen A,
wormlike formations on specimens B and C, and a
relatvely large arca on specimen D

(iv) the transition from the white phase o the malrix

metal was abropt. The microstructure of the matrix
near the boundary with the white phase showed
differing levels of tempering of martensite, from
complete spheroidisation with carbide particles of
size ~1pm in a matrix of ferrite to a lightly
tempered martensite with a well defined lath marrix
and carbide precipitates of <005 pm

in virtually all cases, the microstructure of the white
phasc was identical and showed a homogeneous
matrix with a dense dispersion of carbide precipitates
of <005 pm. Infrequently. rodlike precipitates and
precipitate free areus were found

{vi) the white phasc appeared first in segregation bands,
which have a chromium content of approximately
twice the average content in the steel.

To fully explain the nature of the white phuse, the local
heating ture and q ing rate required to
produce the same microstructure must be determined. A
powder of the steel used was produced by water alomisalion
and its microstructure examined. Figure 8a shows that the
microstructure of the powder particles of ~ 50 pm in size
consisted of martensite and a significant quantity of a white
phase, which was identified by X-ray diffraction as retained
uustenite. As shown in Fig. 2a the microstructure of this
phase ¢t i of a homogencous matrix and precipitates
of <005 um in size, i.e. a microstructure very similar 10
that in some areas of the while phase on the specimens
subjected 1o fretting, It thus scems justified to conclude
that the white phase formed during the fretting tesis (not
the white area) consisted of dispersion hardened retained
austenite. It is thought that the high hardness may be due
partially to preapitation hardening and partially to internal

V)

=
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a marlensite and residual sustenite; & mostly radlike carbide particies
in mixed matix of manensito and rasidual austanita

8 Section of wator atomised particles from 1C-156Cr
ball bearing steel

stresses generated by the fast cooling, since austenite has a
smaller temperature extension coeflicient than the surround-
ing ferrite matrix. Such stresses produced the microcracks
in the white phase which are shown on the section of the
fretting specimens {Fig 9). This suggestion does not agree
with carlier explanations that the white phase was o
dispersion hardened ferrite® Data in Ref. 9 show that the
carbide particles found in the inital microstructure dissolve
in austenite above 1000°C. No such particles were found
in the white phase regardless of its shape and size which
suggests that in the arcas of white phase the steel had been
heated to a temperature above 1000°C.

The question arises as to the difference in temperature
between the white phase and the matnix, which existed in
areas such as those shown i Fig. 7, where the degree of
tempering of martensite was smaller than in areas exhibiting
a microstructure like that shown in Figs, 24 and 4b, In all
these cases the microstructure showed that the steel had
nol been heated above the Ac, lemperature, since no signs
of the ferrite (marlensile) Lo austenite transformation were
seen outside the white phase. Assuming that the lemperature
in areas such as those in Figs, 2a and 4b was maximally at
the Ac, level of 748°C and that the temperature was lower
in areas having the microstructure shown m Fig. 7c, the
change of temperature at the boundary of the white phase
and matrix microstructure was 2250 K. The higher
temperature of the white phase and the drop of iemperature
at its boundary must be accounted for. First, however, the
formation and growth of the white phase must be explained.

9 Section of specimen D, fretting amplitude 75pum,
showing microcracks in layer of white phase

It must be established whether it formed by a gradual
increase of temperature over the whole area shown (lop
right of Fig. 6) or grew by coalescence of smaller islands.

To determine this the shapes of the while phase areas in
the investigated specimens were considered. With increasing
fretting amplitude the quantity of the white phase in the
heat affected arca increased by formation and growth on
new isolated points where the high lemperature required
for the formation of the while phase was gencrated, It
seems logical 1o also conclude that on specimen D the
white phase sturted to form on several isolated points in
the initial stages of fretting, and that prolonging the testing
enabled single islands to grow by coalescence into the large
single area. A considerable drop of temperature oceurred
at the boundary of the white phase. The small depth of the
affected volume of metal. as well as the abrupt boundary
of the wiute phase, showed that the heat generated by
single Nashes was small, being limited to volumes of the
order of a few cubic micrometres, which may correspond
10 the size of the smallest islands of white phase shown in
Fig. 4a. The white phase clearly grows much faster nearer
the surfuce rather than in the body of the specimen. A
Togical explanation for this is that the gencrated heat was
dissipated very quickly in the surrounding matrix. preduc-
ing slight tempering, and that the white phase area grows
by coalescence of single, isolated areas produced by heat
flashes. Considering all the findings it also seems that all
the previously formed white phase was maintained close to
the maximum temperature during the test. If not, a
significant dilference in the size of carbide precipitaies
would be expected between the initial and final stages of
growth. It is suggested that the difference in lemperature
caused a significant difference in the local value of the wear
coeflicient over the area of the fretting motion, with a small
wear coefficient existing in the hol arcas and a larger wear
coefficient existing away from them. This would explain
the coalescence of single, isolated areas of white phase and
their faster growth laterally than into the depth of the
specimen during the test.

The cooling rate, which allows the formation of the white
phase, cun be evaluated from (he microstructure of the
water atomised particles of the steel. In arcas of relained
auslenite  rodlike precipitates  were observed (Fig. 85).
Careful examination of the white areas also revealed small
equiaxed particles, i.e. a microstructure very similar to that
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of the white phase, 1t was concluded that the white phase
was formed at a cooling rate similar 10 or greater than the
cooling of the water atomised particles. From data in
Ref. 11 solichlication cooling rates in the range 4 x 104
~1'6 % 10* K s~* were caleulated for water atomised par-
ticles of 50 pum in size. Although a direct transposition from
solidification to the transformation cooling rate is not
possible, it scems safe to conclude that the cooling rate
that produced the microstructure found in the white phase
was 10°-10°Ks

Conclusions

I. It is suggested that the white phase consists of
precipitation hardened retained austenite. The hardness
may also be partly due to the stresses caused by the
difference in the expansion coefficient between that of the
white phase and that of the matrix.

2. The cooling rate, which produces the microstructure
found in the white phase is concluded 10 be 10°-107 K s}

3. In some pluces the microstructure shows a difference
of temperature of more thun 250K on the boundary
between the white phase and the matrix

4. From observations of the formation of the white phase
under conditions of increasing amplitude, it seems that this
phase grows by coalescence of single areas of a few square
micromelres in size.

5. These areas form by local flashes of temperature and
occur faster in bands with segregation of chromium. Very

short flashes generate a small quantity of heat which is
rapidly dissipated in the matrix. This allows a growth of
the white phasc, which is much faster on the contact surface
than in the body of the specimen, explains the large ratio
of dinmeter to depth of the white phase observed in all the
specimens tested.

6. The predominantly surface growth of the white phase
is also explained by a difference in the friction cocfMicient
over the length of the fretting motion.
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Im vorliegenden Reitrag werden die Ergeb-
nisse der mechanischen und frektographi-
schen Unter g gelabl, die
an Briichen von ND-Schaufeln ciner 300-
MW-Damplurbine durchgefiihin wurden.
Ihe ribehatteten Turbinenschaunfeln wurden
teilweise wihrend Revisionen und teilweise
nach Turbinenversagen entnommen, im Ce-
gensalz zu den gebrochenen Schaufeln, dic

hmslos nach Turbi sfall ausgebaut
wurden,
Tafel 1. Ch e ng
von 10 Schaufain
chemisches Element Anteil in %
Kchienstoff 019—023
Chrom 11,84 — 12,30
Molybdin 0,80 — 0,90
Vanadium 021—035
Mangan 0,41 —0,72
Siliciurn 0,200 — 0,430
Nickel 0,490 — 0,700
Schwelel 0,003 — 0,017
Phosphor 0019 — 021
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Untersuchung von Rissen und
Briichen an betriebsbeanspruchten
Turbinenschaufeln

i, o oL ) R e

Von F. Vodoplvec!, V.S. Vrblé2, B. Ule!, J. Zvokel]! und

L. Vehovar'

Untersuchungen liche Legicrungsel lagen grof 1

Folgende Tests und Unter ungsmiilig im vorgegebenen Rahmen, Nach
her Wirmebebandlung sind keine

warden durchgefiihn:
— chemische Analyse des Suahls,

— Besummung der mechanischen
Eigenschaften und der Bruch-
zihigkeit,

— Feingefiigenmersuchung,

— Untersuchung der Grob- und Feingefiipe-
nusbildung der RiB- und Bruchober-
flichen, die wihvend des Betriebs ent-
standen sind eeler im Labor simuliert wur-
denund

— Analyse und Quantifizierung einiger Ele-
mente aut der Rioberfliiche mit typischer
Grob- und Femgelligeaushildung.

Die chemische Analyse wurde mit Hilfe eines
ARL-Quantometers (ARL = Applied Re-
search Laboratories) durchgefibrt. Samiliche
Proben fur die chemische, Gefiige- und me-
chanische Untersuchung wurden vom Fuf
oder aus unmittelbarer Nihe des Schaufel-
fules entnommen, Dic Proben fur dic mecha-
nische Untersuchung wurden parallel zur
Schaufelachse bearheitet, Rei den Proben zur
Ermmttlung der Kerbschlagziilngkei befand
sich die Kerbe, dhnlich wie bei den Rissen,
rechiwinklig zur Schaufeloberfliche. Die
Bruchzihigkeit wurde an zylindrischen Span-
nungsproben mit einer Umfangskerbe gemes-
sen, ber denen ein Rifi dureh Daverschwin-
gungsversuch, wie in [1 und 2| beschrieben,
crecugt wurde. Die Untersuchungswene zur
K:lbs:hlugtji]ﬁgkcil (KK'} nnL‘me‘llcn wei-
testgehend den Ergebnissen der Gleichung
Kic = 0.0717 R fiir Sprisdstahl, wobei Rp,
wic in [3] vorgeschlagen. als Fliehgi cin-

nennenswerten Unterschiede hinsichtlich der
mechanischen Stahleigenschaften zu erwarten,

Mechanische Eigenschaiten

Dic mechanischen Eigenschaften von zchn
Schaufeln sind in Tafel 2 dargestellt. Eini-
ge Eigenschafien, besonders die Elastizitits-
grenzeund die Kerbschlagzahigkeit, varieren
erheblich, dennoch liegen die Werte oberhalb
der vom Kiufer geforderten Grenzen, der
einen Mindestwert der Kerbschlagzihigheit
von 15 ) spezifiziert hate, Die Auswertung
zahlreicher Priifberichte hat gezeigt, dab nur
n einigen wenigen Fillen emne Kerbschlag-
zahigkeit > 24 J erzielt wurde,

Schaufelrisse und -briiche

In der ersten Schaufelnut wurden drei unter-
schiedliche RiB- und Bruchausbreitungen
festgestellt:

— ¢inige Britche, die wihrend des Betriebs
in der ersten Schaufelnut an der Abswém-
kante und in der Regel 30 bis 50 mm von
dieser Kanle entstanden sind und

— Briiche von ribehalielen Schaufeln in der
erste Schaufelnot mit (Bilder 1 und 2)
ader ohne (Bilder 3 und 4) urspeiing-
lichem Rib.

Bei cinigen der im Betrich gerissenen Schau-
feln wurden die Riober(lichen zu Untersu-
chungszwecken im Labor aufgebrochen, Die-
ses Verfahren wurde n der Regel nach Ab-
kihl mit i 1

gesetzt wurde.

Das Feingefiige des Stahls wurde visuell und
mit Hilfe eines Rasterclekironenmikroskops
(REM) untersucht, und mit zwei Wellenliin-
gen dispersiven Spektrometern konnte auch
die Verschmutzung der Bruch-

igem Stickstoff durchge-
filut.

Die grobe Gefiigeaushildung und die gedfi-
neten RiBoberflichen lieBen auf drei unter-
schiedliche Riflausbreitungen im Berrieb
schliefien: )

fliichen bestimmt werden. Tafel 2. M : Stahieig
Stahlzusammenselzung Elastizitdtsgrenze Az Nimm? 7568 — 985
Die Zusammensetzung der Legie- Zuglestigkeit R Nimm?® 941 —1037
rungselemente und Verschmutzun- Dehnung % 20— 15
gc:’; die in ml:l: l:_'lﬂbf":llflclcrll m‘lcr Flschenvemingerung % 50—40
gebroct . & bschlagzahigkei —14
wurden, istin Tafel 1 aufgelistet. K ol = =1
Alle Teile wurden nus dem gleichen Bruchzahigkeit AT 62— 61
martensitischen Chrom-Stahl X 21 g:::mmr:;ngmn :;3_2:53 6
Cr MoV 12 [ gefertigr, und simi- -
335



Bild 1. Bruch dor Schaufel 442, die nach Turbinenversagen aus der
Scheibe entnommen wurde. Der urspringliche Rifbereich flegt

auf der rechten Seite.

Bitd 2. Bruch der Schaufe! 447, die nach Turbinenversagen aus der
Schelbe entnommen wurde. Der urspringliche Ribereich llegt

aul der linken Seite.

Bitd 3. Bruch dar Schaulel 379, ale nach Turbinenversagen aus

der Scheibe entnommen wurde.

— Oberfliichen, dic nahe am Ausgangspunkt
des Risses keine Schwingungssireilen
aufweisen, aber solche Streifen auf dem
verbleibenden Rifl zeigen (Bilder 2
und 5),

— Rioberfllichen ohne Schwil

list, wobci die Tiefe und der Durchmessereini-
ger Licher nicht mehr als (0.5 mm betrugen.

Zwei riBbel und drei unbeschiidi

Bild 4. Profil des in Biid 3 dargesteliten Schaufelbruchs.

In den Bildern 1 und 2 werden die Bruch-
oberflichen der riBbehafieten Schaufeln dar-
gestellt, die kurz vor oder withrend des Tur-

Schaufeln versagten wiihrend des Turbinen-
schadens oder kurz vor Eintritt des Schadens-

fen (Bild 6).

In allen Fillen wurden die Risse in der ersten
Fubnut durch Lochkorrosion (Bild 7) ausge-

Bild 6. Tell der Cberiliche des Risses von Schaulel 450,

336

ereignisses. Von diesen Schaufeln konne fur
Ui hungsewecke lediglich der Teil ent-
nommen werden, der in der Turbinenscheibe

verblichen war.,

binens s gebrochen sing. In Bild 1 ist
der RiB in der ersten FuBnut bei einer Emfer-
nung von ungelihr 40 mm von der Abstrém-
kante aufgetreten. Der RiB hat sich bis zu einer
Linge von ungefdhr 70 mm parallel zur Ar-
beitsfliche ohne Anzeichen von Schwin-
aungsstreifen ausgebreitet. Der spontane
Schaufelbruch breitete sich cntgegen der
durch die Gefugelinien angezeigten Richtung
aus. Die Linien, die die Spitzen der Geflige-
linicn mitcinander verbinden, entsprechen un-
gefibr den Mitelinien der Schaufeln und
dewtenauleine symmetnsche Befestigung der
Schaufel in der Scheibe hin. In Bild 2 wird ein
wiihrend des Betriebs entstandener Bruch mi
cinem elliptischen Rill aul der Arheitsiliche
und dem RiBausgang ungefihr 50 mim von der
Absirdmkante dargestellt, Auf wenen Teilen
der Rilleberiliche sind Schwingungsstreifen
feststellbar. Die Linie, die die Spitzen der Ge-
figelinien mitcinander verbindet, ist asym-
metrisch und weist auf cine cben solehe Ver-
bindung der Schaufeln in der Turbinenschei
be hin,

Bitd 7. Bruchbeginn auf Schaufel 450.
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Die kritische GriBe der RiBentwicklung bei

Tafel 3. Kritische Ri3grofe.

hiedlichen Belastungsstufen wurde
miltels Gleichung (4) fUr die in Bild 1 und 2
d tellten Schaufeln berechnet:

Cor = K210 (7 - 0,212 R2GRZ5) /(1,2 m R%)

wobei
¢ = 1.1016 fiir ein angenommenes Verhill-

nis der Achse des elliptischen Bruches
ab =032

R = Elaslizitlitsgrenze und
Kp = stausche Beanspruchung in der Schaufel

In Tafel 3 sind dic berechneten kritischen
RiligrisBen unterschiedlicher statischer Bean-
spruchungen sowie die Rilgréille in den
S 442 und 447 dar .Nach Aus-
e des Turbinenh llers hegtdie statische
Beanspruchuog in der ersten FuBnut, in der
beide Risse aufgetreten sind. zwischen 144
und 699 Nfmm?. Es ist klar, dafi selbst bei Ver-
achlassigung der dynamischen Beanspru-
chung die GrisBe der urspringlichen Risse
ausrcichile, um cinen Schaulelbruch wihrend
des Betrichs auszuldsen. Daher war aufgrund
der geringen Bruchzihigkeit die normale be-
triebliche Belastung ausreichend, um cinc in-
stabile Ausbreitung bestehender Risse aus-
zuldsen, dic im spontanen Bruch beider
Schaufeln endete. Diese Schaufeln befanden
sich in unmittelbarer Nihe der Turhinen-
scheibe, was zu emem Ungleichgewicht im
Turbinearotor und zu einer Art Kettenrcakti-
on bis zum vollstiindigen Versagen der Tur-
bine fuhrte.
Die Schaufeln 379 und 434 sind cin Son-
derfull. Beide Schaufeln waren in der ersten
FuBnut ohne vorhergehenden Rif aufgrund
stabiler Ausbreitung gebrochen. Der Bruch
beider Schauteln ist sehr ihnlich, daher wird
sdiglich ein Schaden detailliert beschrie-

-
Bild 8. Oberfidche des Risses naho dor Koimstalle n Bild 7.

VGB Kraftwerkstechnik 77 (1997), Hett 4
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Schautel-Nr. 442 447
Elastizivatsgrenze Re Nimm? 811 758
Bruchzahigkeit K¢ Nmm—=32 2296 3874
kritische Tiefe des urspriinglichen Risses (a;) mm

statische betrisbliche Balastung (Rp) N/mm?

144 814 208,7
283 207 52.9
355 13,05 33,2
810 4,1 10.4
Grofie des latsachlichen Risses (Tiefe)

{Ber) 18,0 15
Lange (be,) 33,0 40,0

ben. Die Bruchoberfliche ist in Bild 3 und
das Profil in Bild 4 dargestellt. Da dem
Bruch kein Rill vorausgegangen war, kann
auf ginen spontanen Bruch in der Turbine
geschlossen werden, Die sorghilige Unler-
suchung der Bruchoberfliichen zeigt mehre-
re besondere Bereiche. die durch maximale
Beanspruchungen in Richtung der Schau-
felachse hervorgerufen worden waren. Der
erste Bereich, der in Bild 3 mit 1 markicn
wurde, wird durch cinenges Segment auf der
Arbeitsfliche der Schaufel dargestellt mit
cinem Abstand zwischen 80 und 190 mm
von der Austrinskante. Wic spiter noch ge-
zeigt wird, 1st dic Oberfliiche in dicsem Be-
reich durch ziihen Bruch gekennzeichnet, Im
Bereich 11 entspricht die Gefiigeausbildung
weitestgehend Bereich I, und die Oberfliche
ist ungeliihr 40° zur Schaufeloberfliche ge-
neigl. Der Bruch im Bereich I ist rechi-
winklig zur Schaufelachse, und wic in Bild 4
dargestellt, folgt der Bruch der ersten FuB-
nut. Der Bruchausgansgspunkt im Rereich
1 Liegt in der Ecke zwischen den Bereichen
I und 1. Im Bereich 111 handelt es sich
um emen spriden, trans-finterkrstallinen
Mischbruch (1-T-Rif). Die unterschiedliche

W

Bird 8. Rifob

Bruchausbreitung im Gegensatz zu Bereich
1 kann durch die unterschiedliche Schaufel-
dicke erklart werden. Fur die Bruchausbrei-
wing bei glaner Beanspruchung, dic den
Bruch im Bereich 1 hervorgerufen hat, mufd
folgende Bedingung erfiillt sein: B 2 2,5 %
(KR wobei B der Schaufeldicke ent-
spricht (4). Wenn die festgestielhien Wente
der Bruchzzhigkeit (K- = 74,5 MNm-%2)
und die Elastizititsgrenze (Rg = 837 Nimm?)
cingesetzt werden, so [8Bt sich berechnen,
dal} dic Bedingungen fir eine reine Span-
nungsriBausbreitung durch B > 19,8 mm er-
reicht werden. In Bild 7 betrdigt dic Schau-
feldicke im urspringlichen Punkt der Aus-
hreitung von Bereich 11 18 mm, d.h. wei-
testgehende  Ubercinstimmung  mit den
Berechnungsergebnissen. Der Bruch von
Schaufel 434 verhiclt sich ihnlich, lediglich
im letzten Teil der Ausbreiung verdnderte
er sich zum Blatt mit geringerer Dicke. was
gemiili oben aufgeliihrier Berechnung einem
groBen Teil an Scherbruch enwsprach.

Bei den Brilchen der Schaufeln 379 und 434
wurde keine Bicgespannung aufgrund von
Schaufelanstreifungen gefunden. Aus die-
sem Grunde kann angenommen werden, da

krg



beide Schaufeln durch zu grole Zugsp

Kortosiol

nung des Stahls gebrochen sind. Die Span-
nungen waren wahrscheinlich durch erhih-
te Zenrifugalkriifie hervorgenufen worden,
die sich wihrend des Turbinenversagens
entwickelt hatten. Dic Zentrifugalkriifte ha-
ben sich aufgrund der zanehmenden Bruch-
entwicklung der Turbi lle | ae-

am Lochgrund erzeugt
wird.

Lochkorrosion war die Ursache aller Risse in
der ersten Schaufelnut des FuBes. In einigen
Fiillen waren dic Liicher sogar bei visucller
Inspektion sichtbar, ansonsten wurden dic
Léicher mit entsprechender Vergréllerung

steigert, was durch groBe Schwingungs-
streifen aul der Bruchoberfliche deutlich
wird.

Feingetiigeausbildung der Briiche

Anhand der Proben, die vonunterschiedlichen
Teilen der gebrochenen Schaufeln und aus
den Laborstucken genommen wurden, konn-

ichtbar gemacht,

In allen Fallen, in denen dic Reinigung der
Oberfliiche ausreichte. um Details  der
Rifoberfliiche zu erkennen, sah die Feingefu-
geausbildung derin Bild 8 dargestellien Ge-
fugcausbildung ahnlich, d.h, sprider trans-/
interkristalliner Mischbruch.

Schwingungsstreifen wuorden auf Riliober-

flichen in ciniger Entfernung vom Aus-
eangspunktder Schaufeloberfliche gefunden,

ten verschicdene A yrmen fesige-
stellt werden, Da die Feinstrukwi ausflibrlich
n [6] beschrichen wind, soll an diescr Stelle
nur eine kurze Zusammenlassung erfolgen.

In der Regel waren simdiche Bruchober-
fliichen nahe des Bruchausgangspunktes mit
Korrosionsprodukten behaftet, und selbst
nach griindlicher Reinigung wares nicht miig-
lich, mit Hilfe der REM-Untersuchung zu-
verlissige Details zu erkennen, die auf den
ausldsenden Korrosionsmechanismus hinge-

Das zeigt, dafl zwei Mechanismen subiler
Ausbreitung beim RiBwachstum aktiv waren,
Dementsprechend  zeiglen  sich  aul  der
Rilioberfliche zwei unterschiedliche Feinge-
lig ildungen. Bei reiner Ermiidung mit
Streifen unierschiedlicher Breite ist dic Aus-
breitung transkristallin. Es scheint sicher, dafl
der Grund fiir dic Ausbreitung in der Ampli-
tude der Ermiidungsbelastung zu sehen ist,
und daB groBe Streifen wahmscheinlich ein
Hinweis auf Turbinenbetrieb mit kritischer

wiesen hiitten. Die einzige Ausnahme bildeie
die in den Bildern 6 und 7 dar lie Probe,

Umdrehung sind. Im zweiten Fall zcigte die
Ribloberflache bei makroskopischer Untersu-

bei der mehrere Rillausliser nach sorgtéiltiger
Reinigung festgestellt werden konnten. Nahe
der Lochkomosion mit einer Griie von elwa
0.25 mm ist ein sprider rans-finterknstalli-
ner Mischbruch (Bild 8) ohne Schwingungs-
streifen zu crk Dic Feingelugeausbil

dung der transkristallinen Oberfliche ist
federantig und fihnlich der Oberfliche hoch-
fester Stihle mit erhithtem WasserstolT-
gehalt, Daraus kann geschlossen werden,
dalibei Lochkorrosion die Ribildung durch
cinc zu hohe Beladung des Stahls mit Was-
serstoff ausgeldst wurde, der withrend des

chung cine deutliche Ausbreitung der Ermil-
dung. Bei entsprechender VergroBerung zeig-
te dic REM-Untersuchung, dall es sich um

Bild

dal sich die Risse bei vorherrsehender Ermu-
dung undfoder Korrosion ausbreiteten, alse
bei Kommosionsenmixlung.

Am Beginn der Komrosionslocher war der
Stahl mit Wasserstoff befrachtet, der die
Bruchzihigkeit verringerte, und ein inter-
oder transknstalliner Rib konnte sich auf-
grund dy her Bel

oder statisc] 2
uusbreiten. Bei fortschieitendem Korrosions=
prozel entwickelie sich der RiB nach den glei-
chen Mechanismen, und es wurde cine
RiBoberfiche ohne Streifen vorgefunden.
Wenn die Korrosionsintensitit verringertoder
die Korrosion eingedimmt werden konnte,
entwickelte sich der Rib bei ausreichender
Stressamplitude wic bet reinen Ermildungser-
Schtinungun.

In [7] wird benchiet, daB die Anreicherung
von Verschmutzungen in den ersten Konden-
saltropfen mehre Grifenerdnungen ervichen
kann. Die Licher in der emsten FuBnut zeigen.
dafl die ersten verschmuteten Kondensattrop
fen in diesem Bereich der Schaufel auftreten_
wosiedurch die statische und dynamische Be-
lastung besonders geldhilich werden.

Spontaner Bruch wiihrend des Betriehs wur-
de an mehreren Schaofeln festgestellt, I
Bild 10 st die Feingelugeausbildung des
Bruches der Schaufel 379 in Bereich I darge-
stellt (1. Schriu). Die Schaufel war ohne Rils
sofort gebrochen. Die Feingefigeaushildung
zeigl einen quasi-zihen Bruch unter Schub-
spannung mit sehr wenigen interkristallinen

Finsell

I iten. Die Gefugeausbildung dersel-

eine g hie Feingefilg: g han-
delt, Sie besteht aus Gruppen von Stufen und
Mikrorissen rechtwinklig zur Ausbreitungs-
richtung mit abwechsclnd breiteren Blindern,
in denen die Obertliche einen anderen Ent-
wicklungsmechanismus anzeigt (Bild 9).
Die Grate verlaufen parallel zur Ausbrei-
tungsrichwung der Risse tber den Stufen und
Mikrorissen, rechtwinklig zur Ausbreimngs-
richtung. Daraus kann geschlossen werden,

ben Schaufel ist im Bereich [ identisch. Imy
Bereich 111, in dem die Aushreitung unter ein-
facher Dehnung stangefunden har, liegr ein
speacler imer-firanskeistalliner Mischbruch
vor (Bild 11k
Eine sorgfiltige Auswertung kit darauf
hlicBen, dab der U hied der Kerb-
schlagzidhigkeit und der zunchmende Teil in
terkristalliner Briiche nicht nur mit der Fein

! der

Bikd 11. Bruchoberfidche im Bereich Il der Schaufe! in Bitd 3.

VGB Kraftwerkstechnik 77 (1997), Heft 4
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geliigeausbildung erklint werden kann [6]).
Die Temperatur der Wirmebehandlung, die
zum Erreichen einer hohen Elastizitit bei die-
sem Stahl erforderlich ist. liegt im Bereich
umkehrbarer interkristalliner Segregation
ciniger Elemente, das gilt besonders filr Phos-
phor. Es scheint logisch, du interkristalliner
Bruch durch geringe Zihigheit teilweise auch
auf Sprisdigkeit zuriickzufithren ist, die durch
interkristalline Segregation entsteht, Diese
Vermutung wird durch die Tatsache bestitigt,
daf} interkristalline Facelten sehr glatt und ty-
pisch fur interkristalline Spridigkeit waren,
hervorgerufen durch umkehrbare transknstal-
line Segregation [8].

Zusammenfassung

Es wurden die Untersuchungen beschrichen,
die an rifibehafteten und gebrochenen Schau-
feln aus dem Stahl X 21 CrMoV 12 | aus dem
ND-Teil ciner 300-MW-Turbine durchge-
fuhrt wurden,

VGB Kraftworkstechnik 77 (1997). Heft 4
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Untersuchungen und Ergebnisse:

— Die¢ «l he Stahl
wunle an mehreren Schaufeln analysient
und lag im erforderlichen Bereich fir den
Werkstoff X 21 CrMoV 12 L.
Di¢ mechanischen Eigenschaften, dic
benfalls an einigen Schaufeln iiberpriift
wurden, lagen in einem breiten Spekirum.
Dic Kerbschlagkraft war gering; wihrend
der Untersuchungen wurden Werte um
20 J erminelt. Die Bruchzihigkeit war
cbenfalls schr gering.

~— Beider Mehrzahl der untersuchien Schau-
feln wurden in der ersten Schaufelnut des
FuBes Lochkomosionsawicim Betrieh ge-
wachsene Locher festgestellt, Die Ober-
fliiche dieser Risse zeigle transkristalling
Aushreitung mit Streifen aufgrund von
Korrosion und ErmildungsriBausbreitung
sowie inter-firanskristalline Ausbreitung
in Bereichen olne Enmid
auch an Keimflichen,

rung
=

zeichen,

— Aufgrund der geringen Bruchziihigkeit des
Suhls und der Gréiie der Risse in
derersten Schaufelnurwurde abpeleitet, daB
spontane Briiche zuvor im Betsieb riftbe-
hafleter Schaufeln durch Zentrifugalkilte
hervorgerufen werden kinnen.
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Evolution of substructure during continuous rolling of

microalloyed steel strip
F. Vodopivec, S. Reskovié, and |. Mamuzié¢

With the aim of investigating the evolution of the substructure, the volling of a steel sirip comaining 0-13%C, 0-75%Mn, and
(H48%ND (all we<%4 ) was interrupted and the partially rolled strip water quenched. Using X-ray diffraction spectra, subgrain
size and distocation density were determined for specimens taken before and after the rolling passes. Both these microstruciural
characteristics were related to the rolling temperature and the amount of NbC precipitation. The distribution of precipitates was
investigated via TEM. At lower rolling temperature, particles precipitated m rows in the austenite lemperature range,
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Introduction

A considerable number of papers have bean published on
subjects such as processing, microstructure, and mechanical
propertics of microalloyed steels, improved propertics of
which are oblained through precipitation and controlled
rolling. The precipitation and its dependence on the
processing parameters and the y « transfloarmation have
also been widely investigated. An overview relating chemical
composition, processing, microstructure, and properties is
given in Refs, 13, Very little attention has previously been
focused on the investigation of the evolution of substructure
during the continuous rolling of steel strip, probably
because of the experimental complexity of trials on an
industrial rolling mill. In the present work the results of
such a wal are presented and discussed.

Experimental procedure

STEEL AND PROCESSING

The present investigation wos performed on an Fe 0-13C
0:18Si- 0°75Mn-002A1 (FO08N - DO48Nb (wi-%) steel. Con-
tinueus cast slabs of thickness 1% mm were rolled in
the temperature range 1180-1040°C to a 17 mm prestrip
and then in the same heat finished in five passes to give
a 288 mm strip with a total finishing deformation of
83:1% in the temperature range 987 to 887°C. The rolling
parameters are given in Table 1.

Specimens of strip before and afler the rolling passcs
were obtained as follows, After part of the 17 mm prestrip
had been rolled to the final thickness of 2-88 mm the upper
rolls of all live stands were lifted and the partially rolled
strip was cooled with a jet of water at a pressure of 214
bar. The cooling rate was suflicient to reduce the strip
temperature to below ~3500°C in a few seconds. As far as
it is possible in an industrial experiment and neglecting the
austenile to ferrite and martensite transformations, the hot

Table 1 Rolling parameters

deformed microstructure and substructure of avstenite were
frozen. The strip temperature was measured just before the
rolling pass. The intcrpass time was calculated considering
the rolling speed and the distance between the stands. An
average pass lime of 0-061 £ 0005 s was also calculated.

The microstructure of the prestrip, air cooled from the
prerolling finishing temperature, consisted of polygonal
grains of ferrite, pearlite, and bainite and showed that
austenite had been completely reerystallised before the
17 mm prestrip was entered in the first finishing pass This
conclusion can also be reached considering the prestrip
temperature and the results reported in Ref 4. Specimens
for microstructural and X-ray examinations were cut from
the partially rolled strip before and after the rolling pass.
Specimens of size 10 = 10 mm were prepared for observation
of microstructure and deep etched in a 3% HNO, solution
in ethanol. Debye-Scherrer imaging and diffractometrical
recording were performed with a Philips device using
Co K, radiation. Profiles of dilfraction ines were corrected
using the Stokes® method for line broadening.

Aler air coeling of the coiled strip hot rolled according
Lo the parameters in Table |, a microstructure of polygonal
ferrite and peaclite was obtained with a grain size of
ASTM 13 and excellent mechanical properties: vield siress
518 MPa, tensile strength 598 M Pa, and notch toughnesses
of 165 J em ™% in the rolling dircction and 83J em ™2 in the
Lransverse direction.

The deformation resistance of the steel was delerm-
ined by conventional torsional tests on specimens from
the 17 mm prestrip heated at 1240°C and cooled to the
deformation temperature, whereas the rolling force was
measured on the rolling stands.

X-RAY DIFFRACTION ANALYSIS

For the determination of subgrain size and dislocation
density, known as substructure, the X-ray diffraction
method proposed by Warren®? and Averbach™ and im-
proved by Krivoglazov'” and Rjubosapka'' was used.
Using this method it is possible to determine the size of

Doformation, % Sirip Interpass Total Rolling
e, " e, rolling foice,
Pass. C Par pass Total T 8 time, & IPa
1 987 382 382 106 348 62
2 863 432 588 5896 245 348 302
3 938 301 764 418 >07 583 362
4 813 163 796 347 158 0 419
5 887 166 831 787 v 959 433
ISSN 0267-0836 Marerials Science and Technology Novembar 1999 Vol. 16 1293
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Substructure evolution during continuous rolling of steel strip
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subgrains (parts of the lattice free of line defects and
confined by dislocation walls or polygonisation boundaries)
as well as the number of dislocations per unit arca
(dislocation density) on the busis of the broadening of
several X-ray diffraction lines (spectra) and the shifting of
their peaks (Fig. 1). Both the broadening and the shifting
reflect a subgrain size smaller than | ym and lattice
distortion due to lattice defects, mostly dislocations. Klug
and Alexander'* defined the real profile of the diffraction
line according to
1=

hie) = _[

where ¢ is the integration variable and ¢ is the angle
between the actual diffraction angle 20" and the exact
Bragg angle 20, In the equation (s —1) represents the

A A

fle— t)g(r) dr (N

M

A\

diffraction broadening and g(1) the line broadening of the
diffraction line. The line broadening depends on the profile
of the diffraction source, the beam axial divergency, the
beam penclration, ¢le. and is explained 1n detail in Ref 12,

Stokes® proposed the solution of the integral (1) using
the function hig), the line broadening g(#), and the Fourier
transform for the determination of the ideal diffrac-
tion profile. The diffraction lines (110}, (200), and (211)
were used in this work as shown in Fig.2, Using the
Stokes method, Warren®? developed a technique for the
determination ol the broadening duc to subgrain size and
lattice distortion.

The shape of the diffraction line, corrected for the line
broadening, can be described by a Fourier series. The
Fourier coefficient F(t, 1) is the product of the disper-
sion and distortion components of the broadening. The

Pass 110

A

NN jk
,/\ J\ M. T mkmj\“ m/\

2 X-ray diffraction profiles a before and b after rolling pass for rolling of strip in five passes
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dispersion component is a function of particle size and
stacking fault energy, whereas the distortion component is
a function of inlernal stresses in the lattice™ Thus

Fit, H) = Fp(L)F(L, H) . (2)

where Fy(L) is dispersion and F(L, H) is distortion
broadening of the diffraction line.

The natural logarithm of the Fourier cocllicient F (L., H)
is given by the expression

In Fy(L, H)=In F (L)~ W ALRIR + 1+ (3)

where AL is the change in subgrain size due Lo the Iattice
parameter distortion and k, k, and ! are the Miller indices.

For a given value of subgrain size L, the relationship
In (L, i) versus (h* + k*+1%) is a straight linc of slope
—2= 2x}(ALJ; which intersects the ordinate at the value
InFy(I). Tn this manner it is possible to calculate the
dispersion and distortion Fourier coefficients separately.
Furthermore, it 1s possible Lo calculate the change in the
square root of the length of an clement of substructure
(subgrain) due 1o distortion according 1o

tgpa’
AL ==— . . . . ...

L= =
where p is the distortion angle and g is the line broadening,

The average relative distorion of the lattice Lig) is
calculated using the cxpression
raLy”?

Lwa
where Ly, is the ideal subgrain size. Suppose, afler Bertaut,**
that the individual element of substructure {subgrain] is a
group of undeformed cells of height L orthogonal to the
reflection plane. It is then possible, according to Warren,®
to determine the subgrain size from the graphic relationship
of Fy(L) versus L. The intersection of the tangent at L =0
on the abscissa then represents the subgrain size D

BB o ownooieso &% %0 s m & &% w l(B)
The dislocation density ¢ is then calculated according Lo
Smallman and Westmacolt'* as
ix e

nl

(4

Lig)= - (3)

-7

Deformation resistance

The deformation resistance was determined before the
rolling trials with the aim of establishing the rolling
temperature interval that would allow the maximum
amount of precipilation in austenite, especially the strain
induced precipitation of mobium carbonitride, and would
also ensure that no austenite to ferrite transformation
occurred during the rolling. The results of the torsional
tests arc shown in Fig. 3. During these tests the austen-
ite to ferrite transformation started at 845°C. In the
temperature range of approximately 1000 1o 950°C the
precipitation was not completed during the deformation
tesl, whereas below 950°C the precipitation was completed
before the end of the test. Thus, deformation induced
precipitation occurred in the temperature ranpge 1000
o ~850°C and significantly increased the deformaltion
resistance. The rolling temperature interval given in Table |
was well within the range of precipitation by torsional
deformation. The temperature of strain induced austenite
ferrite transformation is also sufficiently below the strip
temperature before the last rolling pass and this confirms
that the rolling was carried out entirely in the austenite
range.

In Fig 4 the cffect of rolling lemperature on total rolling
force per mm? of deformed steel and the share of the rolling

_ i3 lhus:lnilu ]
] |
o — Austenite + ferrite
= |
2 o “ Strain_induced
2 precipitation
2 | |
c | Ay
H |
£ 10 e : —
£ |
% i
= | !
2 ] S —
Testi'ng temperalure "’C
|
ol o | o  [ow o
1 il e | o
10 9 8 7
YT, 107K-!
3 Deformation i as functi of
temperature
=~ I irotal rolling force
E Fr ‘ |
E
]
L] -~
:‘ / //m'T'
u - force due to preexisting
O ~ dislocations F,
-]
1w |
g i
|
| — |
A 8 a3 85 87
T, 10 K7
4 Total rolling force as function of deformation

temperature: dependence of share of rolling foree due
to pre-existing dislocations on rolling temperature is
also shown

force duc to the increased dislocation densily (strain
hardening), which will be discussed below, are also shown.

Subgrain size and dislocation density

After quenching the incompletely rolled strip before and
after the first two passes the microstructure consisted of
marlensite and probainitic ferrite (Fig. $a). whereas alter
quenching after the third pass and beyond, progressively
more polygonal ferritc was found. In the steel quenched
from the last pass the microsiructurc consisted of poly-
gonal ferrite and martensite or pearlite in similar propor-
tions (Fig. 5bi. Since, as demonstrated through torsional
deformation tests, the rolling was performed in the austenite
range. it seems logical o attribute the lower hardenability
for smaller sirip thickness (17 mm before the first and
2:88 mm alter the last pass) to the strain induced austenite
10 ferrite transformation.’

The Debye Scherrer images in Figs, 6 and 7 show a
distinctive difference in contrast and widlh of diffraction
rings before and after the first and last rolling passes. The

Manerials Science and Technology  Movember 1999 Vol 15
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Substructure evolution during continuous rolling of steal strip

5 Microstructure a in prestrip quenched before first
rolling pass and b in strip quenched after last rolling
pass (optical)

dilference reflocts variations in subgrain size and dislocation
density. In Fig 2 profiles of (110), (200). and (211) lincs,
used for the determination of subgrain size and dislocution
density, are shown flor specimens before the first and alier
the last rolling pass. In Fig. 8 the dependence of subgrain
size and dislocation density on the rolling temperature is
shown. The area beiween the two curves on each figure
represents the modification of both substructural charac-
teristics caused by the rolling pass deformation and the
softening processes occurring during the interpass lime,

As expected, on deereasing the rolling temperature, the
subgrain size is decreased and the dislocation density is
inereased. During the interpass time subgrain size increases
and dislocation density decreases.

To u first approximation the strip temperature decreases
proportionally to the rolling time. It is therefore possible
w determine an approximate rate of subgrain growth
expressed as the ratio of the difference in size between the
start and the end of the interpass time versus the length of
this time. From the Arthenius plot for growth rate from
the second to the fourth interpass time a growth activa-
tion energy of 232 k) mol™" was caleulated, in acceptable
agreement with the activation energy for self-diffusion in
austenite.'®

Observation via TEM showed traces of struin induced
precipiiation of niobium carbonitride during the second
interpass lime. Only homogencously distributed precipitates
woere found before the first and after the second rolling
pass (Fig. %a), and thc content of precipitated niobium
carbonitride hardly increased. [t increased by ~ 50% by
the end of the second interpass time, and increased further
when the rolling was continucd.'” With the increascd

6 Debye-Scherrer i a before

of strip sp
and b after first rolling pass

content of niobium carbonitride precipitates in parallel
rows were observed (Fig, 9h) produced by strain induced
precipitation and precipitation in deformed austenite.

The finishing rolling temperature was well above the
v transformation temperature. Therefore, the rows of pre-
cipitates could not mark successive boundarics of this
transformation," " and it seems justified to conclude that
particles precipitate in rows on dislocation lines pinned by
dislocation pairs,” which appear because of dislocation
motion under stress produced by deformation or y—x
transformation. This explanation evolved from the idea in
Refl 22 that particles in rows nuckate on dislocations
appearing during the 3« transformation.

The shape of austenite grains in steel, quenched before
the third and the following passes, shows thal no
recrystallisation occurred during the second interpass time
or alter il Starting from the second interpass time, recovery,
subgrain growth, dislocation ordering and annihilation,
and strain induced precipitation interacted in a process
consisting of several stages, which cannot be explained on
the basis of the resulls in the present investigation. All
stages of the process are interconnected and it is not certain
which is the slowest and rate determining. The final resull
of the process is more rapid precipitation and slower
recovery.

In Fig. 4. in addition to the total rolling force, the share
of the toal force due o the increasing dislocation density

Materials Science and Technology MNovember 1999 Vol. 15
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b

7 Debye-Scherrer images of strip specimens a belore
and b after last rolling pass

before the pass deformation 1s also shown. Both values are
reported per mm® of deformed metal,

The total rolling loree was ealeulated from the measured
rolling force given in Table | and the volume of deformed
metal. The share of the relling foree atiributed 10 the
steady increase in dislocation density was caleulated as
follows. The dislocation density in austenile before the
first rolling pass was assumed (0 be negligible vompared
with the density after the first and the following rolling
passes. 1t was thercfore assumed that dislocations found
in steel quenched belore the first rolling pass were genera-
ted in the austenite to martensite transformation during
the water quenching of strip. This assumption is supp-
orted by the fact that the initial valuc of dislocation
density of 76 x 10" m™? is ncceptably near the value of
60x 10%m=2 given in Ref 23 for a steel containing
D18%C and 12%Cr o0il quenched from 1040°C,

The deformation resistance atributed 1o the dislocations
present in austenite before the rolling passes was then
caleulated according to

Fa=F—-F [
where Fj is the specific rolling foree attributed 1o the pre-
existing dislocations, F, 1s thal measured in the second
and the [ollowing passes, und F; is thut measured in the
first rolling pass (all MPamm™?); f is the increase in
deformation resistance of steel at the temperature of the
following passes, calculated through extrapolation from

250 ] —]
|
|
2001 — B —
= Before the rolling pass
|
w
5
2 1so- ————
=
n
After the '
retling pass
1] |
ooL— 1
00!000 %60 300 850
Ralling temperature . °C
z‘ p——— - - —————— s .-
" 0
E After the }/);/V““
2 5| rolling pass
z v
g n_—’/
]
© |
g 1
i 81— =~— Belore the rolling pass -
o
=
[=]
a ()}
1000 850 T e

Roling temperature , °C

8 Dependence of a subgrain size and b dislocation
density on rolling temperature

higher temperature, when no strain induced precipitation
ocvurred during lorsional tests.

Somewhat contrary lo expectation the share of the 1otal
rolling farce attributed to the increase in dislocation density
F, diminishes with decreasing rolling temperature (Fig. 4).
Although the method used 10 determine F, is highly
approximate because of the diflerence in soficning processcs
during the torsional test and the rolling, it pives, il not
precise absolute values, at least a reliable dependence on
the rolling temperature. This conclusion is confirmed by
the ohservation that in torsional tesis the relative increase
in deformation resistance in the temperature range of strain
mduced preaipatation, 1., in the range of slower softening
of austenile, decreases with the torsional temperature. This
agrcement between two very different approaches can also
be considered as an imdirect confirmation of the correctness
of the method applicd to determine subgrain size and
dislocation density.

In Fig 10 the subgrain size and average interpass
subgrain growth rate are shown as functions of the content
of NbC determined by electrolytic isolation and wet
chemistry at the end of the interpass time.'” Two virtually
symmectrical relationships are obtained with inflexion points
ut the third pass. Alter this pass extended NbC precipitation
in parallel rows was observed. Afier the last rolling pass,
the dislance bestween rows of precipilates is 50- 100 nm,
ic. on average half the subgrain size. Considering the
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Substructura evalution during continuous rolling of steel strip

{28k 288nm

9 a steel specimen quenched before first rolling pass (dark field TEM) and b steel specimen quenched after last

rolling pass (TEM)

1] T 200
"
E €
5 Subgrain size é
- .
2 &
E H |l 150 ¥
: — | |}
Subgrain |
.S | growth rate ‘ @
5 | |
r=]
N |
0 0o
12 18 24

e NbC

10 Subgrain size at end of interpass time and subgrain
growth rate dnrlng ||11:=rpass hme as lunclmn uf
proportion of pr
100%NbC corresponds to v\aorﬂical carbonitride
content of 0:054 wt-%

assumplion that subgrns nre blocks of nustenite free of
dislocations, the subgraim size would be expecled (o
correspond approximately to the distance between rows of
precipitates, if these are precipitated on dislocations.

In Fig. 11 the rolling force per mm? of deformed steel is
shown as a function of the dislocation density before (D)
and after (D, ) the pass deformation. The quantties By, and
D, ae laken as the difference between the dislocation
density determined before (D)) and after (D, ) the rolling
passcs and the dislocation density before the first rolling
puss (D). thus Dy=D,— Dy and D,=D, —D;. Two
similar relationships are obtained, both with an inflexion

800 T ‘ T
- 600 |
E Before
o deformation™
. |
= 400 }——o
8
s
_%.' 200 - 4
« | =~ er
/ deformation
2 % 6 & 0 2 W

Dislocation density, 10™m ?
11 Specific rolling force as function of dislocation
density before and after rolling pass

point at the third rolling pass. Experimental points fit well
to linear relationships, which would be logically expected.
Neglecting the change in dislocation density resulting from
the end of pass deformation and the quenching, it again
seems o be confirmed that recovery was very eflicient in
the first three pusses und 3-5 times slower during the two
last rolling passes. Since precipitates pin dislocations and
hinder the rate of recovery, it scems from Figs. 10 and 11
that precipitates in rows started to appear in a grealer
quantity only after the third rolling pass, although such
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precipitation was already observed an TEM foils before
this pass.

It should finally be mentioned that ull processes presented
and discussed in this paper occurred during the total rolling
time of 959 + 0265, It is probable that under constant
rolling conditions, especially equal deformation per pass
and interpass time, the comparison of experimental data
would be more reliable. It is thought, however, thut the
results und conclusions would not be fundamentally
different.

Conclusions

I. Subgrain sizc decreases and  dislocation  density
increases al the greatest rate during intermediate passes
al corresponding rolling temperatures. when rapid pre-
cipitation of NbC particles in parallel rows hinders the
dynamic and interpass recovery.

2. The proportion of the rolling force that is due to
dislocations present in the steel before the rolling pass
decreases on decreasing the rolling temperature.

3. The snbgmin size al the end of the interpass time and
lhc raie of interpass subgrain growth decrease with

ing rolling ture. After the last rolling pass
:.ubgmm size corresponds on average to twice the distance
between rows of precipitates.

4. The specific rolling force is proportional to the change
in dislocation density and increases three to five times more

rapidly in the g of strain induced precipitates,
5. The lation of disle 8, L& the strain
hardening, greatly increases the rale of austenite

transformation. Under very similar cooling conditions
a microstructure of martensite is obtained in a 17 mm
thickness recrystallised strip and a microstructure of ferrite,
pearlite, and martensite in a strain hardened 2:88 mm strip.
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Technical note

Cracking and fracture of valve shafts in the secondary
steam circuit of a nuclear power plant. A case investigation.
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Abstract

The failure of a secondary steam circuit valve was investigated. Several fatigue cracks were initiated on valve shafls
in the angle of the groove supporting the puppet. Cracks propagated obliquely toward the shaft end. The final shaft
fracture occurred by shearing in valve position closed, when the shaft bearing section was diminished sufficiently. The
surface of the split ring transmitting the puppet weight Lo the shafl was worn irregularly, Fatigue cracks initiated and
propagated in the split ring groove angle due to resonance stresses at the start of the operation, when the temperature
of the valve was low and the shaft steel notch toughness was also low. © 2001 Elsevier Science B.V. All rights
reserved.

Keywords: Secondary steam circuit; Valve shalts; Puppet weight

1. Visual examinations of the broken shaft

In Fig. 1 the scheme of the valve is shown, with
the cracking and fracture location on the shaft
and the split ring connecting the shaft and the
puppet. The examinations consisted of visual and
low magnification examination of the fracture
surface, examination in optical and scanning elec-
tron microscopes, the determination of mechani-
cal properties and hardness, as well as the

* Corresponding author. Tel.: + 386-61-170-1800; fax: +
386-61-170-1939.
E-mail address: imv@imtsi (F. Vodopivee),

checking of the wear intensity on split ring sur-
faces (Vodopivec et al., 1997).

The fracture of the shaft is shown in Figs. 2 and
3, both parts of the broken shaft end are shown.
All cracks were found to start in the sharp lower
angle of the shaft groove holding the split ring.
All cracks propagated initially to a great length
along the periphery of the split ring groove. The
ratio length over dept was approximately 10 on a
crack, which propagated for 25 mm along the
circumference of the groove and only for 2.5 mm
toward the shaft interior. Macroscopic striations
were present on the surface (Fig. 4) of all cracks,
which propagated to the interior of the shaft at an

0029-5493/01/8 - sec front matter © 2001 Elsevier Science B.V. All rights reserved:

PII: S0029-5493(00)00409-X
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Fig. 1. Scheme of the failed valve.

angle between 40° and 50° toward the central
borehole in the greater shaft broken picce in Fig.
3. Microscopic striations were not visible, proba-
bly because the fracture surface was covered with
a layer of oxide of granular appearance (Fig. 5).
The final racture area is shown in Fig. 6 on the
side view of the smaller piece. This area is without
fatigue striations and it represents less than 10%
of the total fracture surface. It is parallel to the
shaft axis and it is also covered with a layer of
oxide of granular appearance.

Fig. 2. Fracture surface on the shaft end.

P ‘-]h.'l'd"lili!llil“yiilliigliiﬁliﬂl%wi';u!ltil-'llhlll]hl'l \;iullllifHj\‘yii'lllﬂlll@iiiiﬁ{”%‘ql:l

Fig. 3. Pieces of the broken shaft end with the central bore-
hole.

Ten crack initiation points were identified along
the periphery of the split ring groove. This, and
the preferential crack propagation, show that a
shifting of the point of maximal stress occurred
during the start or the operation of the valve in
position open, when the puppet was suspended on
the shaft through the split ring. Edges, mostly
orthogonal to the plane of crack propagation in
the fatigue area, rcpresent the joining of partial
cracks propagating in parallel levels (Fig. 7).

Fig. 4. Striations on the fatigue fracture surface.
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Fig. 5. Granular oxide layer on the fatigue fracture surface.

The following conclusions are proposed on the
basis of the visual and SEM examination of the
rupture surface:

o the cause for the shaft cracking were stresses in.

the shaft in valve position open;

e several crack initiation points indicate to a
shifting of the maximal stress along the periph-
ery of the shaft groove;

e from the initiation point, the propagation oc-
curred much faster along the periphery of the
split ring groove. This indicates to a frequent
shifting of the maximal stress point;

e all fatigue surface is inclined 40-50° toward
the shaft axis. This indicates a propagation in a
combined stress of tension and shear;

e the surface of the final (brutal) shaft fracture,
after which the valve was set in position closed,
is of shearing type.

At a distance of about 110 mm from the split
ring groove a borehole of 19.5 mm diameter is
situated. On one side the bore opening is virtually
intact, while on the other side the opening is
deformed (o an elliptical shape with the longer
axis 21 mm and it is surrounded by a ridge of
deformed metal of height of approximately 0.5
mm.

186 | FRANC VODOPIVEC

2. Damage of the split ring of the broken shaft

The shifting of the crack initiation point along
the shaft groove indicates that the split ring had
an essential role in the process of shaft rupture.
The half of the flat ring surface resting in the shaft
groove is worn (Fig. 8) and the ring thickness is
diminished in the damaged area. The opposite flat
ring surface is similarly damaged on the external
area holding the valve puppet. Thus, both flat
ring surfaces, which transfer the puppet weight to
the shaft, are damaged. The border between the
damaged and the intact ring area is locally
marked by a ridge of approximately 0.1 mm of
height. The volume of metal in the ridges is much
smaller than the volume of metal lost on both
damaged areas. It is therefore evident, that the
damage on both flat split ring surfaces results
mostly from wear, which could occur only
through shifting of the flat ring areas toward the
shaft and the puppet. The extent of wear damage

B e b e

Tig. 6. (a) and (b). Surface of the final shaft rupture on the
smaller picce in Fig. 3. The shear (racture is shaded in Fig. 6b.
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Fig. 7. Edges of joining of fatigue crucks propagating in
different parallel levels,

was assessed on both surfaces of the ring in Fig.
9, assuming as reference the intact surface. The
average loss of metal on the ring—puppet contact
surface amounts to 185 mm* and on the ring—
shaft contact surface to 586 mm®*. The wear inten-
sily is three times greater on shaft than on puppet
side. The Hertz pressure was virtually equal on
both bearing areas of the split ring. Assuming an
equal wear coefficient and a wear intensity pro-
portional to the relative shifting of the worn
surfaces (Vizintin et al., 1996), it is evident that on
shaft side, the relative shifting of the split ring was

Fig. 8. Half of split ning. The interior flat surface is situated on
the lower part of the shaft groove.

Fig. 9. Difference in height between the worn and the un-
damaged split ring surface side shaft (A) and side puppet (B).

greater and that it occurred in valve position
open,

The puppet load produces a combination of
tension and shear stress in the shaft groove angle,
where fatigue cracks were found to start. Since the
split ring is movable in the shaft groove, wear
force could generate only a negligible torsional
stress. With ring shifting, the point of maximal
stress was shifted and the conditions for the initia-
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tion of a new crack in the groove angle were
established.

3. Laboratory investigations on the broken shaft

ARL quantometer analysis showed the follow-
ing composition of the shaft steel: 0.03% C, 0.50%
Si, 0.43% Mn, 16.0% Cr, 4.35% Ni, 0.22% Mo,
0.32% Nb, 1.0% Cu, 0.016% N, 0.006% Al
0.024% P, and 0.003% S. It was assumed that also
the split ring was manufactured from the same
steel as the shaft. A very homogencous hardness
of average 407 HVI10 was measured over the
whole length and section of the shaft. The me-
chanical properties were determined at room tem-
perature and at 300°C, thus slightly above the
operation temperature of the valve of 280°C. The
obtained properties given in Table 1 represent the
average of two parallel tensile and three parallel
Charpy notch toughness specimens (Vodopivec et
al,, 1997).

The difference between yield stress and tensile
strength is small. No conventional yield stress was
found by testing at 300°C and a lower tensile
strength was established at this temperature, Uni-
form elongation and reduction of area are smaller
at 300°C than al room temperature, while notch
toughness is very small at ambient temperature
and much greater at 300°C. The ductile fracture
surface consisted of equiaxed dimples (Fig. 10) on

Table |
Mechanical properties of the shaft steel

Ambient temperature

Hardness (HV 10) 407
Yield stress, MPa 1248
Tensile strength, MPa 1250
Elongation, % 13.0
Reduction of arca, % 58.0
Shear strength, MPa 758
Notch toughness, J 1.0
Temperature 300°C

Tensile strength, MPa 1032.0
Elongation, % 6.5
Reduction of arca, % 48.0

Notch toughness, J 109.0

188 | FRANC VODOPIVEC

Fig. 10. Ductile fracture surface of a tensile specimen tested at
room temperature,

‘tensile specimens and of elongated dimples (Fig.

11) on shear specimens. The fracture of notch
specimens tested at 300°C was similar to that in
Fig. 10. On notch specimens tested at ambient
temperature the fracture surface was brittle and
transgranular (Fig. 12). By the examination of the
final rupture of the shaft in Fig. 6, which was
covered with an oxide layer of granular appear-
ance, locally a fracture micromorphology was
found (Fig. 13) similar to that in Fig. I1. This
supports the conclusion that the final shaft rup-
ture occurred by shearing parallel to the shaft
axis.

The steel is very clean and only rare non-metal-
lic inclusions were observed by optical mi-
croscopy. At the shaft surface the microstructure
consisted of tempered martensite (Figs. 14 and
15), while in the shaft interior also stringers of &
ferrite were observed.

4. Investigations of the cracked shaft

US inspection showed the presence of small
cracks in the groove angle, where the fracture of
the broken shaft was initiated. In Fig. 16 the
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Fig. 11. Ductile shear fracture surface of a specimen tested at
room lemperature.

section of the end part of the cracked shafl and in
Fig. 17 a row of parallel cracks, unconnected in
the observation plane, are shown. The direction of
the crack line is from the lower left angle of the
shaft toward the central borehole in the shaft end

Fig. 12. Briule fracture surface of a notch toughness specimen
tested at room temperature.

Fig. 13. Shear fracture area on the final fracture surface of the
broken shaft.

on the lower side in Fig. 16. The terraces on the
fatigue fracture area in Fig. 7 were formed by
connection of these cracks. In Fig. 18 the crack
originating in the groove angle is shown on the
polished specimen. The oxidized cracks surface
from the initiation point in the shaft groove angle
to the tip confirms the presence of cracks during
the operation of the valve in position open.

The chemical composition, the microstructure
and the mechanical properties of steel of this shaft
were virtually equal to those of the fractured
shaft. Lower ductility and higher notch toughness

Fig. 14, Microstructure of the shaft steel, optical micrography,
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Fig. 15. Microstructure of the shaft steel, SE micrography:

at 300°C than at ambient temperature were confi-
rmed. Additionally, fracture toughness by ambi-
ent temperature was also determined. In
temperature range from 20 to 250°C the Charpy
toughness increased from average 16 to 106 J, and
at ambicnt temperature the average [fracture
toughness was of 90.1 MNm 7%,

5. Process of shafts cracking and fracture

Observation on the broken and on the cracked
shaft as well as on the split ring show that fatigue

1cm

[ Mo

Fig. 16. Section of the shaft end with the split ring groove.
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Fig. 17. Row of cracks in the marked angle of the split ring
groove in Fig. 16. Ground specimen,

cracks were initiated because an asymmetric
stressing was transmitted from the puppet to the
shaft. The static stress of the puppet weight and
the valve closure force are small and could not
alone induce the cracking and the fatigue fracture

- of the shaft. The presence of oxide in the tip

confirms the presence small cracks in the shaft at
the valve operation temperature. Due to the great
Charpy toughness, the propagation rate of fatigue
cracks was small at operation temperature. By
faster propagation due to a greater stress also a
greater and partially tensile final fracture would
be obtained.

It is quoted in Bienussa and Reck (1997) that
damages occur in nuclear power plants by fatigue
supported by the presence of manufacturing de-
fects. Kunihiro (1992) reports on fatigue fracture

50 pm

Fig. 18. Cracks with oxidized surface in the marked angle of
the split ring groove in Fig. 17. Polished specimen.
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because of resonance vibrations due to global
stress fluctuations during reactors start and shut
down. It is concluded that one of the four items,
which may affect the in-service fatigue fracture, is
the lack of consideration of possible vibrations in
the design and manufacturing stages. In Malm-
berg (1991) fatigue induced by vibrations from
pump motors is mentioned as a degradation
mechanism of nuclear power plants components.

It concluded that the investigated shafls were
also submitted to unforeseen dynamic stresses. It
is evident that the initiation and the propagation
of fatigue cracks occurred in valve position open,
otherwise cracks would start in the upper angle of
the split ring groove. The source of unforescen
dynamic stresses were probably rcsonance phe-
nomena induced by the opening of the valve alter
reparation or maintenance stops, when the valve
temperature and the notch and fracture toughness
of the shaft steel were low. At the same time also
the relative positions of the split ring and the
puppet were shifted and new fatigue cracks were
initiated. High notch toughness prevented fatigue
crack nucleation in valve position open at the
working temperature of 280°C. By this tempera-
ture also the crack propagation rate was low for a
length of time, otherwise, the fatigue crack would
propagate to fracture from one initial point. At
sufficient size of the fatigue cracks, also the prop-
agation rate in operation occurred probably. The
final fracture occurred at the closing of the valve
or in valve position stop by operation temperature
otherwise the final fracture surface would not be
oxidized. Such occurrence of the fracture of the
valve is confirmed by the fact, that it was not
possible to start the plant after the annual over-
hauling was finished

6. Conclusions

Different laboratory tests were performed on
the steel as supplement of visual observations of
the shaft fracture and of the split ring wear with
the aim to establish the cause of the cracking and

the fracture of the shafts. The following conclu-

sions are proposed on the basis of observations

and test results:

e most of the shaft fracture was produced by
fatigue (stable) propagation of several cracks
which started in the lower angle of the split
ring groove;

o both contact areas of the split ring, which
transmit the puppel weight to the shall, are
irregularly damaged by wear. The damage is
greater on the shaft side of the flat split ring
surface;

e scveral fatigue cracks propagated from differ-
ent points around the shaft groove periphery;

e unforescen stresses were transmitted to the
puppets and to the shafts due, very probably,
to resonance by opening the valve by starting
the operation of the plant;

o the final rupture of the shaft occurred near the
operation temperature by the closure operation
or in valve position close, after the shaft bear-

- ing section was sufficiently diminished. through
propagation of fatigue cracks.
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Change of fracture mode in Charpy toughness
transition temperature range
F. Vodopivec, B. Breskvar, B. Arzensek, D. Kmeti¢, and J. Vojvodi¢-Tuma

A transition layer of width 5- 10 pm was found on the boundary between ductile and brittle fracture for Charpy V
notch specimens in the transition temperature range of a structural steel having a microstructure of polygonal
ferrite — pearlite. The fracture mode in the transition layer was shearing with occasional submicrometre dimples.
From tensile tests on notched specimens, the cleavage fracture stress and flow stress by ductile decohesion were
determined. Based on the experimental data and the assumption that the volume of metal involved in the plastic
deformation during fracture was related to the volume of the dimples, it was deduced that the transition layer width
represents the size of the plastic zone immediately before cleavage initiation. The crack opening displacement and

the crack tip radius for the change of fracture mode were calculated.
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Introduction

Unnoiched (ensile specimens of structural steels having
yield stresses in the range 265- 1000 MPa remain ductile
down 1o 20 K below their nil ductility temperature
(=120°C). In Charpy V nowich (CYN) testing. however,
brittle fracture occurs at a significantly higher lemperature.
The behaviour of steels having dilferent microstructures:
polygonal ferritc and pearlite, quenched and tempered
ferrite pearlite, or tempered martensite is the same; only
the temperature of cleavage fracture is diflerent.' Explana-
tions have been proposed for the change of fracture mode
during the fracture process of Charpy specimens in the
transition {emperature range. An extensive survey is given
in previous work® and only some explanations will be
quoted here. The appearance of brittle fracture has been
ascribed 10 plastic straining before the onsel of cleavage,*~*
Brittle fracture is initinted because, ahead of the erack tip,
a normal stress component arises which is greater than the
cleavage strength at a determined distance ahead of the
crack tip.* An intrinsic change of matrix abead of the crack
tip could also create conditions for brittle lructure.™ The
criteria [or cleavage are: a critical strain initiating the ¢rack
nucleus, a critical triaxial stress preventing blunting of the
crack tip, and a eritical normal stress.® Crack tip blunting
must have a critical radius 1o keep the ductile propagation
stable™ nnd cleavage propagation starts because of in-
sufficient crack tip blunting.”

Twa mechanisms have been proposed to explain the
change of fracture mode from ductile to cleavage. Accord-
ing to Knott'" cleavage in mild steel occurs when a
microcrack in a brittle grain boundary carbide propagates
at a critical tensile stress. Smith"' modelled the process by
considering a crack nucleated at a grain boundary carbide
by a dislocation pile-up of length equal 1o hall the grain
diameter. For cleavage lracture o occur ahead of a sharp
crack, the local cleavage (racture stress has 1o be exceeded
over some characteristic distance X ahead of the erack tip a
centain distance ahead of the crack tip.'? The characteristic
distance is that over which the stress intensification ahead of
the crack tip exceeds the ratio of cleavage fracture stress to
uniaxial tensile yield stress. In the tested steel, of grain size
60 pm, the characteristic distance was about twice the grain
size. Inan Fe - 0-1C - 0-44Mn - 0-047P - 00758 (wi-%a) steel,
the variation of the charactenstic distance with grain size
was determined.'? 1t was established that the distance was
constant at ~ 190 pm for grain sizes up o about 50 pm and

that it increased proportionally above this critical grain size.
Cleavage (racture of spheroidised steels can be considered
as the propagation of penny shaped crack nuclei produced
by the cracking of carbide particles."* From investigations
on quenched and tempered steels, it is concluded'® that the
cleavage mechanism can be described as statistical competi-
tion occurring between the differently sized carbide particles
in the rapid stress gradient ahead of a sharp erack and that
knowledge of the carbide particle size distribution and the
relationship between carbide size and fracture stress can be
used to predict the cleavage [racture toughness of any given
steel. Cleavage fracture in steels ol bainitic microstructure
is not nucleated by cracked carbide partickes.'® A statistical
method based on carbide induced cleavage fracture was
developed (o estimaie the lraciure oughness and il was
shown that the value of plastic work at the crack tip is smaller
for a bainitic steel than for a spheroidised ferritic steel.'” A
maodified statistical model of brittle fracture incor]mrasing
stress and carbide size distribution was developed,'® which
allows the caleulation of the cleavage probabilities at the
initiation sites.

The second mechanism of change from ductile to brittle
propagation does not invalve the presence of brittle inclu-
sions ahead of the crack 1ip or the presence of intergranular
curbide. Curry'® stated that plastic low was a necessary
precursor 1o cleavage and that yielding, which may be by
slip or twinning. is involved in the nucleation of a cleavage
Iracture which is then mechanism controlled. Further, it is
concluded that the cleavage fracture stress must be exceeded
over some microstructurally determined characteristic dis-
tance before cleavage can occur. Cleavage initiation can
occur in the ferrite lattice at the intersection of wwo slip
bands, in the absence ol brittle phases, and the crack
extension foree is controlled by the grain size, which is the
microstructural parameter determining the tendency of the
material to fraciure.”

The change of crack propagation mode involving a brittle
inclusion ahcad of the crack tip is sufficiently proven,
whereas experimental support for the seccond mechanism of
the change of fracture mode is still lacking.

Tt is known that the mode of [racture changes, the
fracture energy in the transition temperature range being
lower the closer to the notch tip of Charpy specimens.
This effect is more evident the lower the amount of lateral
straining of CVN specimens before the start of crack
propagation. The fracture energy is mainly dissipated as
adiabatic heat,*' which increases the emperature in the
zone of plastic deformation and decohesion, and less than
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100/ is retained ns incrensed lattice clastic encrgy. The
increase of temperature during ductile fracture could attain
a significant share of the width of the transition temperature
interval:™ as o result, only the CVN fracture near and below
the lower shelf threshold occurs an the nominal testing
lemperature.

Before ¢racking commences, the greater the plastic deform-
ation of the entire section of CVN specimens, the preater is
the CVN value. The instant the crack starts to propagate,
straining and decohesion processes only oceur ahead of and
along the crack front. Severul processes occur in the
propagating layer of steel, which are competitive in terms of
loca) stress and local strain.® For the change of fracture
mode of Charpy specimens [rom ductile to brittle in the
transition temperature range, and the occurrence ol a mixed
fracture process. the following tentative explunation was
recently proposed.” The initial crack blunting depends on:
(i) blunting us a specific property of the steel and (i)
blunting which depends on the notch tip radius. The
blunting which is a specific property of the stecl depends on
the elastic modulus, the yield stress, and the strain
hardening™-** according 1o the relationship

=03 & [1.5 (Ltn) &]"
BgD)EIIS(M)E

o

where R, is the yicld stress, £is the elastic modulus, and u is
the strain hardening exponent. It is temperature dependent
due to the effect of lemperature on (he properties of the
steel. The eflfect of temperature on blunting is small in the
Charpy transition temperature range, when the CVN value
is decreased from =150 J to abaut 10 J, since the change in
the properties used for its caleulation is also small.”

The siress concentration factor K, ahead of the notch tip
is caleulated®™ using

!n‘,.=t+lu(l+§) 0 R T T

where R is the extension (size) of the plastic zone and r is (he
noteh tip radivs,

The critical radius of the plastic zone r is calculated
secording 1o’

r—p[exp(ﬁ-‘-—l) l] R T ) )
or according o7
r=03AERYS . . . . . . . . L L @)

where p is the notch Lp radius, R, is the cleavage lracture
stress, R is the uniaxial yield stress in tension, and 3 is the
crack opening displacement.

According 1o cquations (1) and (3), in the transition
temperature range, blunting (as @ property of the steel)
changes very little, because the change of related propertics
is small, whereas the Charpy toughness is decreased by one
order of magnitude or mare. It will be assumead here that
this blunting remains virtually constant, Since ahead of the
notch tip the blunting is sulTicient and ut greater dislances
from the crack tip i insufficient for ductile crack
propagation, it seems fogical w conclude, that in the steel
immediately ahead of the notch tip the blunting is greater
due to the effect of the notch tip radius and that it reaches
the value determined as a sieel property at a given distance
from the crack tip. This distance is smaller for lower
temperature. If this part of blunting is too small, the mode
of fracture is changed to cleavage. Crack tip blunting occurs
by the emission of dislocations and it is impeded at lower
temperature because of the increased Peierls force.® As a
result, the propensity (or the cleavage lracture of fernite is
enhaneed. In short, in the transition temperature range, the
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Testing temperatwe , °C

1 Effect of testing temperature on tensile properties and
Charpy V notch (CVN) toughness of as received steel
{nil ductility temperature 115'C] and strain aged
steel (nil duetility temperature - 120°C)

extent of blunting, as a steel property, can be assumed 1o be
constant. Below the upper shell threshold toughness, it is
oo small for ductile crack propagation over the entire
section of Charpy specimens.

Reliable information on [racture mode change would
be expected from the examination of the fracture micro-
morphology on, and near, the boundary beiween ductile
and brinle propagation. The (racture surface of the CVN
specimens ncar the ductility —cleavage transition line is
very rugged and is associated with a large CVN value, und
observation of the transition between ductile and brittle
fracture at sufficient magnification in the SEM is usually
possible only on Charpy specimens having a low fraction
of duclile fructure. Therefore, in the present work, only
specimens with a mostly brittle fracture surface were chosen
for SEM observations (e.g. Fig. 5). The frmcture surface of
notehed tensile specimens  tested at the nil ductility
temperature offered an additional opportunity for exami-
nation of the fracture mode chunge luyer, since Iracture
was found 1o consist of a shear ring and a brittle central
arci. These Lests were also used 10 determine the properties
required 1o identify the nature of the transition layer
between each mode of fracture.

Experimental work

The steel used was of composition (wi=4) Fe-0:18C -
0-46Si - 1:29Mn —0-02P - 00058 - 0-22Cr - 0043A1- 0-30Cu—
008N and was received in the form of 25 mm plate, The
room Temperature yield stress ol the steel was 364 MPa in
the as received condition. The microstructure of the steel
was polygonal ferrite and pearlite with a linear intercept
grain size of 35 ym, Standard CVN specimens of cross-
section 10 10 mm (10 = 8 mm in the noich section) were
used. Tensile tests were performed on unnotched 10 mm
dinmeter rods and on rods having circumferential notches
of the same form as in the CVN specimens. Tensile and
CVN tests were also carried out on strain aged specimens.
The strain aging comprised: 10% cold rolling. annealing
for 30 min at 250°C, followed by air coaling. The effect of
lesting temperature on lensile properties and Charpy
toughness is shown in Fig. | for the as received and the
stran aged steel.
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Theoretically, the | Charpy h impact
velocity of 536 ms™' corresponds to a hammer kinetic
encrgy of 300 J, The cxit hammer velocity v, is lower and it
1s related to the initial kinetic energy by the equation

%-.mn-cvu A ey
4

and
e =0-31(300 - CVN)'/

where CVN represents the Charpy toughness in J, v. is the
exit hammer velocity in m s™', wis the weight of the Charpy
hammer (203 N), and g is the gravitational acceleration
981 ms )

In the lower shell range (CVN toughness <10 J, see¢
Fig. 1) the exit velocity is 52 m ™', and in the upper shelf’
range (CVN toughness ~150 ], see Fig. 1) the exit velocity
is 38 m s~ ', To check the eventual cffect of loading rate on
the fracture mode, since at high velocity the separation of
the crack tip and dislocations could oceur,® tensile tesis
were performed at nil ductility tempernture (—115°C) in
the crosshead speed range from 100" o 1-Sms ' with
computer recording of the load und the extension. For all
loading speeds, the fracture was of similar appearance
and, smce the dilTerence in crosshead rate of 4 orders of
magnitude (up to 15 m s~ ') has no elTect on tensile Mracture
mode, it is concluded that the effect of fracture rute on the
mode of Charpy fracture could also be neglected.

Results and discussion

MECHANICAL TESTS

The effect of emperature on the tensile properties and the
Charpy toughness down to 20 K below the nil ductility
temperature is shown in Fig. 1. The CVN value decreases
from an upper shelf value of ~ 150 J 1o a lower shelf value
of <1017 in the wemperature range from 10 1o —100°C.
Afer strain aging, the upper shell value is decreased, the
lower shelf value remains virtually equal to that of the as
received steel, and the transition temperature range is
extended 1o a higher temperature by about 35 K. In the
transition temperalure range, the tensile properlies ane
increased, the uniform clongation (UE) remains virtually
unchanged, and the reduction in arca (RA) is only slightly
diminished.

In an unnotched tensile test of as received steel at the nil
ductility temperature (Fig. 2a), the loading force increases
rapidly to a peak value termed the strength. Beyond the
peak force, deformation occurs by a virtually constant
loading force termed the flow stress. indieating an appar-
ently low strain hardening. A similar shape ol siress—
elongation dependence has been reported ™ after stage 1T of
hardening of aluminium at 196 K.

In noiched lensile tests ol as received steel, the loading
foree increases proportionally with extension up Lo about
80% of the peak value (Fig. 25). Beyond the penk value,
the dependence shows a short stage of virtuzlly constant
loading force before fracture occurs due Lo the combined
clleets of the strain hardening and the decrease of the
bearing section of the specimen. The fracture surface was
found te consist of a ductile ring and a central cleavage arca
{see Fig. 4a discussed below). Since cleavage fracture of
the central area occurred without plastic deformation, it is
concluded that cleavage started when plastic delormation
was initiated. The cleavage started at the stress R.=
1250 MPa with the loading rate of | mm s~ ". In agreement
with Sandstrém and Bergsstrom, this stress is virtually
independent of loading rate in the tested range, The
cstablished value of clmva% fracture stress is in agreement
with the values obtained'’" from four-peint bending tests

‘I ]
T [N
1l l
i SR
. | |
il 1] i

@ unnotched tensile specimen tested st loading rate of
1mms '; b notched tensilo specimens tested at vaniaus load-
ing rates
2 Load- i i J of as i steel
tested ot nil ductility temperature ( 115°C)

on mild steels at —115°C. The cleavage fracture stress R.
varies with the reciprocal of the square root of grain size
o' and can be caleulated from the results of four-point
bending tests on C—Mn structural steels according to

R.=330-+3384~"2 . . . . )

Since the grain size of the investigated steel is 35 um,
R.=902 MPa 1s obtained, a value smaller than the cleavage
[racture stress obtained from the present tensile tesis.

The yield stress R, of the as received steel at the nil
ductility temperature in Fig. 2¢ is 480 MPa. If the rupture
force in Fig. 26 for the loading rate of | mm s ' is related
to the size of the projection of the ductile ring surfuce in the
plane of brittle fracture. a flow stress Ry of 3550 MPa is
oblained, which is 74 times greater that the yield stress al
the ml ductility temperature for the unnolched specimen.
The difference is explained in terms of a notch constraint
effect on ductile and brittle fracture strenpth. For the max-
imum loading rate of 1-5 m s, the relationship between
loading force and extension is slightly different than at
smaller loading rates. It is possible that the processes at the
crack tip were different from those at lower loading rates,
although the fracture surfaces were virtually identical: a
duetile ring at the surface and & greater central cleavage arca
(sce following section).

FRACTURE SURFACE

Testing of unnotched tensile specimens at nil duetility
temperature revealed the fracture surface to be ductile,
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a general morphology showing ductile ring and brittle central
area; b micromorphology of a

4 Fracture surface of notched tensile specimen tested at
nil ductility temperature (- 115 C)

maeroscopically fat, and with deep radial shits (Fig. 3q).
The fracture of notched tensile specimens tested at nil
ductility temperature, for all loading rates, consisied of a
narrow conical ductile ring incl at about 40" o the
specimen axis, and a greater central fat brittle arca
(Fig. 4a). A similar fracture mode was observed for CVN
specimens ractured in the lower part of the transition
range: a narcow band of ductile Iracture ahead of the crack
tip followed by a brittle arca (Fig. 5). Two specific lracture
details were observed on the tensile ductile fracture surfnce
at nil ductility temperature, A micromorphology, which
pears as mcompletely grown dimples of submicrometre
size on the bottom of much greater dimples (Fig. 36), and in
f other arcas, submicrometre shallow, frequently pelygonal
[ : - shuped regions (Fig. 3¢). Similar observations were also
- Ie in small ductile inserts in the central brittle area of the
fracture of notched tensile specimens at nil ductility
temperalure (Fig. 4b). This type of ductile fracture micro-
morphology may be produced. as suggested by Garrison
d Moody,” by shear fracture due 1o shear localisation in
a small volume of metal.

a general morphology; b, c details of 2 rovealing micromor-

phology of ductile fracture

3 Ductile fracture surface of hed tensile sp
tested at nil ductility temperature (-115 C)
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5 Fracture surface of CVN i testod at t -
ture close to lower shelf CVN toughness

The transition from ductile to brittle propagation was in
some locations sharp, and virtually no transition layer was
observed between h mode of propagation (1 6). The
ductile propagation from the inchined ductile arca ahead
of the notch tip changed to cleavage orthogonal to the
fracture force virtwally on a straight boundary and with-
out the broken shape expected if the change of fracture
occurred along polygonal fernte or ferrite—pearlite grain
boundaries. Generally, just ahead of the boundary ling,
the size of the dimples was smaller. At other points, where
the angle between each mode of fracture of CVN specimens
was smaller, a transition layer of width 35— 10 pm was
obscrved, It consisted of a shear surface and occasional
submicrometre dimples (Fig. 7a). AL other points, the
dimpled area changed to 4 smooth sheur Iy . b,
7¢) or a shear layer with shallow rounded undulations
and parallel ridges orthogonal to the fracture mode bound-
ary line (Fig. 7d). Some ridges penctrale from the transi-
tion layer into the brittle area and show a mixed type ol
fracture. Both boundaries of the transition Iayer are straight
and not associated with fernite or ferrite - pearlite grain
boundaries.

The question remains whether the transition layer cor-
responds to the extent of the plastic zone ahead of the crack
tip belore the start of the cleavage or o the layer of plastic
Now which is a necessary precursor lo cleavage fracture. ' It
18 evident that the stress in this layer sufficient for planc
shear o occur ahead of the crack tip where fracture
propagation with the growth of dimples ended. For sharp
cricks, the size of (he plastic zone for plain strain conditions
5 Fl\l.'ll 1?_"

6 Transition line between ductile to brittle crack propa-
gation on CVN specimen tested in transition tempera-
ture range close to lower shelf notch toughness

r=(1/6a)Kic/R) . . . . . = i)

where K\ is the lucture toughness in MPa m ™" and R, is
the uniaxial yield stress in lension in MPa. The (racture
toughness for this stecl is caleulated in the lower shell

Charpy toughness region® using
log Kic = 125 +-0-606 Jog(CVN) . (8

. o T I
and in the tlemperature transition region™ using

Kie=0RECVNY? . . . . . . . . ... ®

Assuming (from Fig. 1) that, at =120°C, CVN=8 I and
R.=480 MPa, a fracturc toughness Kje=63 MPam '?
is deduced using equation (8), whereas a fracture tough
ness much greater than empirical values determined on a
steel having similar microstructure and properties’ is caleu-
lated using equation (9). Considering .F\,. -63 MPam ™!
R =d80 MPa, and [ =220000 \1I' \ plastic zone size
r=910 pm is calculated using C(|ll<'l|l<!ll (7). This value is
much greater than the width of the transition ver
(510 pm) measured on the fractured surfuce. Knoit™
gave the following relationship to calculate the crack
opening displacement &

li:’\'.

RiE Sl o R el s (10}

where Ry is the flow stress for the region ahead of the crack
tip. The cnitical crack opening displacement d.. is related Lo
the eritical stress intensity fugtor K¢ under plane strain
conditions by*

A = 040K/ R.E) i G . (1

where R. and £ are the yield siress and the Young's
modulus respectively.

Assuming K=Ke=Kic=63IMPam™'"™ and Re=
1550 MPa, the value 5=2-5 pm is obtamed from equa-
tion (10) and &, =376 pm is obtaimed from equation (11).
Whereas the first value is close to. the second value is much
greater than the width of the actual transition layer. The
relationships between the size of the plastic zone and the
crack opening displacement (equations (3) and (4)) were
developed assuming a stable mode of crack propagation
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4, b, ¢ shaar transition layer betweaen ductile and brittle crack propagation; o rounded ruggédnéss and brittle ridges in shear transition

layer

7 CVN specimens tested close to lower shelf notch toughness temperature

and, as a consequence, a stable plastic zone size. However,
in the present case, there is o change of [racture mode and a
fracture transition mechanism which consists of shearing in
a Jocalised fracture layer without, or with relatively hitle,
growth of dimples. s a narrow plastic deforms-
ation band each side of the propagating crack and also,
necessarily, a small plastic zone ahecad of the crack tip. For
the ductile fracture of unnotched speeimens tested at nil
ductility temperature, the average diameter of dimples was
231 pm, whereas just ahead of the shenr transition layer the
a ge diameter of dimples was 0-68 pm. The volume of
metal h is plastically deformed in the decohesion
process is approximately proportional 1o the cube of dimple
size . If, under fracture mode transition conditions, the
dilference in size of the plastically deformed volume of
I determined as (/d) is also considered, equation (7)
cun be rewritien in the form

re= (1 6a)dofdV (Kic/ R . . ; (12)

mel

where  is the diameter of the dimples formed under stahle
crack propagation (=231 pm) and d. is the diameter of
dimples at the fracture mode boundary line (d,=0-68 pm).

From equation (12), the plastic zone size r, is 22 um, in
aceeptable agreement with the width of the transition layer
established on the actual fracture. This plastic zone width
was therefore termed the critical plastic zone size before the
shange of fracture mode from ductile o cleavage with o
ic shear transition. With greater plastic zone width, the
would propagate with a ack opening
ment in the ductile mode.

Using a measured width of transition layer of 10 pm as
the plastic zone size in equations (3) and (4) and assuming
R =1250 MPa, R.=480 MPa, und E=220000 MPa, the
transition crack opening displacement &, =0.068 um and
the crack tip radius p—2-5 pm are deduced, The calculated
crack opening displacement could be of the critical size for
the initiation of the plune shear which produced the fraciure
mode transition layer. The crack tip radius and the dia-
meter of dimples in the fracture ol duetile propagation
are v similar and sugeest that the caleulated notch tip
radius is associnted with crack propagation with the nuclea-
tion and growth of dimples. Thus, it cannot be attributed to
crack propagation with plane shear, which is character-
1sed by & much smaller deformation volume., A similar

greater cr
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ption as that applied o rewrite equation (3) would
suggest that the erack tip radius is also related to the plastic
zone size through the cube of the ratio of dimple sizes {dJrﬂ’
as follows
_ 3/ Re
o= defd)] |exp (E 1)—1] P s
and that the actual size of the crack tip radius just whead of
the transition layer is r=2-5x 0-025=0-062 ym.

L (13)

Conclusions

1. The fracture of Charpy V notch (CVN) specimens in
the lower range of transition temperature was similar to that
of notched tensile specimens tested at ail duetility tem-
perature (= 115°C) and consisted of regions of duetile and
cleavage fracture.

2. The morphology of the fracture surface ol nolched
tensile specimens tested st —115'C was virtually identical
for crosshead speeds ranging from 01 10 1500 mm s, It
is also concluded that the effect of the acwual fracture
propagation rate, which depends on the Charpy energy, on
CVN fracture mode change is negligible,

3. In the loading rate range tested, a rate independent
cleavage strength of 1250 MPa and a ductile flow stress of
3550 MPa were determined on notched tensile specimens
at —115°C. On unnotched specimens, the yield stress of
480 MPa was determuned at the same temperature.

4, In some regions of the boundary line between ductile
and brittle fracture propagation. a shear layer of width
510 ym was observed. The size of 1he dimples just ahead
of the transition layer was 34 Limes smaller than in the
stable ductile propagation area, The fracture mode boundary
line does not show the broken shape that would be expected
if’ the change of fracture mode occurred along the polygonal
ferrile or lerrile—pearlile gram boundanes.

5. 11, in the equation relating the ductile crack propaga-
tion relevant 1o the mechanical properties of the steel and
the plastic zone size ahead of the crack tp, the volume of
melal involved directly in the decohesion process is con-
sidered, the deduced plastic zone size is in acceptable
agreement with the width of the fracture mode transition
layer obscrved on CVN specimens fractured in the lower
part of the transition temperature range. The related crack
opening displacement and crack ip radivs were caleulated.
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1UVOD

Povrino obveSteni Easnikarji in politiki so slovenski
javnosti vsilili mnenje, da je proizvodnja jekla ena od
industrijskih dejavnosti v zamiranju in je zato tudi v
Sloveniji nima smisla ohranjati. Dokaz, da to mnenje
nima podiage, je rekordna svelovna proizvodnja 794 mio
t. v letu 1997, kar je pomenilo ca 6% rast glede na leto
1996 in utrdilo poloZaj jekla kot osnovnega gradiva teh-
niéne civilizacije'**, V javnosti je tudi razsirjeno
mnenje, da je zastarela tehnologija, po kateri se v
Sloveniji proizvaja jeklo (pretaljevanje jeklenih
odpadkov v clektrooblodni peéi, dovrditev 3arZ v
ponovéni pedi z ev. vakuumsko obdelavo, kontinuirno
ulivanje v gredice in klasiéno ulivanje v ingote ter
konéna predelava z valjanjem v plo§ée, trakove in profile
ter kovanje), tudi ekolofko dvomljiva, Odgovor na to
dilemo najdemo v knjigi L. Brown in sodelaveev: Zemlja
1998, World Walch Institute, 1998, v poglavju
Oblikovanje novega gospodarstva. Tu je zapisano na
stranch 210 in 211 twdi: "Prehod iz gospodarstva
zavrgljivih  proizvodov v gospodarstvo ponovne
uporabe/recikliranja je Ze v teku. V jeklarski industriji
ZDA zdaj previadujejo oblelne pedi, ki uporabljajo staro
Zzelezo; 1. 1996 je bilo na ta nadin proizvedencga 55%
jekln, Iz pretopljenih odsluZenih aviomobilov delajo
plofevinke za juho. Ko jih zavriejo, pa jih lahko
pretopijo  za proizvodnjo  hladilnikov. Izrabljene
hladilnike je nate mogode uporabiti za proizvodnjo
avtomobilov. Jeklarska industrija, ki za surovino
uporablja veliko odpadnega materiala, tako omili teZave,
povezane s kopanjem in prevozom neobdelane rude, ter
amanjia porabo energije za ca 60%. Jeklarska industrija
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expenses, i

ZDA, nekoC zgo¥fena v zahodni Pensilvaniji, Kjer je bilo
obilo Zelezove rude in premoga, je zdaj razpriena po
vsch drzavah. Moderne male oblene pedi, raziresene po
vseh ZDA, uporabljajo za proizvodnjo jekla zgol)
lokalne odpadne materiale; 5 tem pa prinafajo tudi
zaposlitev za lokalne prebivalee in priliv prihodka. Mala,
gosto poseljena ameridka zvezna driava New Yersey
ima na primer malo gozdov in nima rudnikov Zelezove
rude. Vendar ima trinajst papirnic, ki uporabljajo
odpadni papir, in osem malih jeklarn, ki skoraj izkljuéno
uporabljajo odpadni material. Papirnice in jeklarne
skupaj prodajo za ve¢ kot 1 mird USD proizvodoy, s
¢imer omogofajo delovna mesta za prebivalstvo in
velike davéne prihodke". Jasno je torej, da ni ckonom-
skih in ne ckoloskih pomislekov zoper proizvodnjo jekla
v Sloveniji po Ze obstojeci tehnologiji, ki je zelo
sodobna. Vpradanje se postavlja le glede zadostnega
organizacijskega in ckonomsko IrZnega znanja in
posodabljanja opreme.

V tem sestavku navedene Stevilke bodo bralcu
ponazorile Kakovost in uspeSnost sanacije Slovenskih
Zelezarn v obdobju 5 let z zaletkom leta 1993 in koncem
leta 1997. Ali pa so te $tevilke tudi spridevalo za
kakovoest, narodno gospodarsko  ozaveifenost in
odgovornost vladne politike, ki je dopui&ala proces
sanacije, kakrien je Zc bil?

Nekateri mediji so s porofanjem v javnosti ustvarili
viis, da zaposleni v druzbah Slovenskih Zelezarn (v
nadaljevanju: S7) Zivijo praktiéno samo od driavne
podpore in jim je zato treba gledati $e posebej strogo pod
prste. Javnost zelo malo ve o tem, kakino je bilo
poslovanje v obdobju sanacije, zato domnevam, da je
nemalo ljudi. ki mislijo. da se je zgodilo v tem ohdobju
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marsikaj, za kar javnost ne sme vedeti. Zanimivo je, da
so se mediji na Siroko razpisali o zamenjavi predsednika
uprave v druzbi Metal Ravne in o domnevnem
izsiljevanju, v nobenem mediju pa nisem nadel obvestila,
da je Nadzorni svet SZ zahteval poseg poobla&denih
organov v dveh primerih, ko je §lo za sum prekoraitve
pooblastil in $kodljivo ravnanje.

Zato je koristno, da javnost tudi izve, kaj je iz SZ
“odieklo" v obliki plag, davkov, prispevkov ter anuitet in
obresti bankam, in si tako ustvari predstavo o narodno
gospodarskem  pomenu proizvodnje in  primarne
predelave jekla v Sloveniji.

Ta ocena je pripravljena na osnovi izkazov uspeha in
bilanc sredslev ter njihovih virov proizvodnih druzb, Ki v
Zelezarnah ustvarijo okeli 90% vsega prihodka in ves
izvoz. ¥V SZ so vkljutene e storitvene in neaktivne
druzbe. Zadnje so 7e veé let fiktivna lastnina in prinaSajo
le poslovno izgubo,

2 IZKAZ USPEHA

Beseda sanacija pomeni ozdravitev, to pa je
usposobitev podjetja, da lahko samo posluje v danem
gospodarskem okolju in s sredstvi, ki jih ustvarja,
financira tekode poslovanje in razvoj ter usmerja nekaj
dobicka lastnikom. V preglednici | so iz izkazov uspeha
za proizvodne druZbe izbrani nekateri parametri, ki
omogo&ajo stvarno oceno dogajanja med sanacijo in
oceno sedanjega stanja. Ker je v navadi, da sc domadim
ljudem ne zaupa prav veliko, bi bilo koristno, da bi
lastnik najel dobrega tujega izvedenca in mu narogil, naj
oceni izkaze uspeha in bilance virov sredstev koncerna
SZ in druzb za obdobje 1993-1997 ter ugotovi uspeinost
sanacije.

3 POSLOVANJE V LETIH 1993 DO 1997

Stevilke o poslovanju v letih 1993-1997 v preglednici
I zasluZijo najvejo pozornost javnosti in 3¢ bolj
lastnika. Te Stevilke povedo, da je bila obremenitev
proizvadnih druZb za pokritje strofkov financiranja
poslovanja v povpredju vsa leta trikrat ali ved vedja od
priakovanega donosa; ne donesa na knjigovodsko
vrednost kapitala, temved na doscZeno vrednost
blagovne proizvednjc. V petih letih so SZ imele 308 mio
DEM stroskov financiranja. Verjetno vse obveznosti iz
tega naslova niso plafane, ampak so danes zapisane kot
terjatve bank in vkljulene v pasivo bilance kot
kratkorodne obveznosti, kjer najdemo tudi dolgove do
dobaviteljev. Skupno bodo banke iz sanacije SZ v petih
letih pridobile 248 mio DEM iz obveznic, 100 mio DEM
iz obresti na obveznice (placal jih je drzavni proracun,
vrnile pa jih bodo SZ. ko bodo zmogle) in 308 mio DEM
stroSkov financiranja iz tckofcga poslovanja. Torcj
skupno 656 mio DEM.

Namesto komentarja o upravienosti in koristi
odlivanja denarjn iz podjetja v sanaciji navajam
ugotovitev iz revije Euromoney 32, maree 1998: "But
the US treasury and other governements had a pressing
concern. They could not pour taxpayers’ money in trough
the front door to Korea just to see it flow immediately to
pay of loans o international commercial banks. For an
IMF plus programme to come into effect, commercial
banks would have 10 agree to roll over their credit lines
to Korca and accept some of the consequences for im-
prudent overlending at short term maturities”. Dogodki v
zvezi s sanacijo SZ kaZejo, da se je v Sloveniji zgodilo
tisto, fesar se bojijo vlade demokrati¢nih drZav s trZnim
gospodarstvom: javni denar, namenjen za sanacijo, je
odtckal iz drZavnega proraduna v poslovne banke, podje-

Preglednica 1: Proizvodne drufbe iz koncerna Sloveaske Zelezame. Nekateri kazalci poslovanja v obdobju 1393-1997 (v 000 DEM)

1993 1994 1995 1996 1997 Skupaj
DEM % DEM % DEM % DEM % DEM % DEM %
Blagovna proizvodanja, t | 388.229 407.521 397.376 312.559 393.544 1.899.22
9
Prihodek od prodaje 507.867 | 100 | 560,107 | 100 | 650.472 | 100 | 576.030 | 100 | 599.720 | 100 [ 2.894.21 | 100
r— e r—— ﬁ
Izvor 240309 | 47,3 | 302,172 | 53,9 | 301.840 | 60,2 | 352472 | 61,2 | 384,729 | 64,1 | 1.671,52 | 57,7
2
Proizvodnja na 62.920 68.290 85.106 81,787 97.167
zaposlenega
Dedana vrednost na 12.206 11.745 19914 18,482 20,405
zaposlencga Il SR i | [ e | | e e e
Stevilo zoposlenih 8.072 8.202 7.643 7.043 6.172
Investicije 1.100 0.2 4.300 07 | I1R145 | 28 | 27.74R | 48 | 10647 | 19 | 72467 | 25§
Plate 125066 | 24,6 | 135.630 | 24,2 | 149.987 23 145445 | 252 | 136.785 | 22.8 | 692913 | 239
Prispevki (SPIZ,ZZ2ZS 65.686 | 12,9 | 62529 | 11,2 | 64039 | 98 | 56848 | 98 [ 50.052 | 83 | 299.140 | 10,3
in_drugi) ter dohodning
Bruto plada na 1.240 1377 1.523 1.720 1.846
zaposlenega (DEM) SRl | MR | S (S| i i SN SR IS M| i—
Strodki financiranja 143.761 | 283 | 41448 | 7.4 | S0.180 | 7,7 | 37.775 | 66 | 34923 | 58 | 308087 | 106
lzguba iz poslovanja 95.710 | 188 | B2.807 | 148 | 46040 | 7.0 | 66.374 | 11.5 [ S5.864 | 9.3 | 346.795 | 12,0
Celotna izguba 112.264 | 22,1 79.120 14,1 65.016 10 164,989 | 28,6 | 131952 22 553.334 | 19,1
Amorlizacija 68.361 13,4 | 48.159 8.6 46.759 7.2 4R.542 84 43.116 7.2 | 254971 | 88
18 KOVINE, ZLITINE, TEHNOLOGIJE 33 (1999) 1.2
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tje pa je ostalo neozdravljeno in je zato deleino
obsojanja javnosti in politike.

V prvem letu sanacije so dosegli stro¥ki financiranja
celo 28,3% prihodka od prodaje. To je zelo veliko in
dokaz, da je bila sanacija premalo pripravljena, Le
ncobvedfeni optimist je po izkazu uspeha za leto 1993
lahko pricakoval, da s¢ bedo Slovenske Zelezarne same
pobrale. Sanacijo so torej Slovenske Zelezarne zalele ne
samo tehnolosko neuravnoteZene zaradi zmanjSancga
obscga proizvodnje in spremembe programa proizvodov,
temved tudi obremenjene z neustrezno sestavo virov
sredstev preko razumne meje. Financni strosek se je v
Jetih do 1997 sicer postopoma zmanjéeval, vendar je bil
tudi v letu 1997 nad pri¢akovanim donosom.

Analiza podatkov v preglednici kaZe, da je poslovna
uspednost kaj malo odvisna od Stevila zaposlenih. V letih
od 1995 do 1997 se je zaposlenost zmanjSala za okoli
20%, dodana vrednost pa je zrasla le za 2,5%. Podobno
ni bilo nobencga pomembnega zmanjSanja izgube iz
poslovanja, ¢eprav bi ravno to pri¢akovali od podjetja, ki
je v poslovni sanaciji. Kako bi le, saj so bile investicije v
celotnem obdobju (iz lastnih virov in iz dela kredita
dizave v znesku 59,7 mio DEM v letu 1994, uresnidene
v veliki meri v lewn 1996) prav izredno majhne, v
povpredju le 2,5% v primerjavi s strofki financiranja, ki
so dosegli v istem obdobju 10,6% prihodka od prodaje.
Za posojilodajalce je bil donos posojil, ki so jih najele
SZ, v povpre&ju tri- do Stirikrat ve&ji od padea vrednosti
DEM. Videti je, kot da bi bila sanacija naravnana tako,
da bi se koncern SZ rahlo slabil, vendar bi se ohranjal v
zadosini kondiciji, da bi mogel vracati posojila, ki jih je
potreboval za poslovanje. Odsev poslovanja je seveda
bilanca sredstev, ki v pasivi izkazuje zelo velik deleZ
obveznosti, posebno kratkorocnih.

Dodana vrednost je bila wdi v letw 1997 nizka.
Zanimivo je, da sta jo v letu 1997 povelevale predvsem
obe najvedii jeklarski druZbi; Acroni (27.128 DEM) in
Metal (21.966 DEM). Metal je dosegal Zz mnogo vedjo
dodano vrednost: 28,397 DEM v lew 1995 in 34,331
DEM v lew 1996.

Delez plag v prihodku od prodaje ni presegal tistega
pri konkurencnih podjetjih. Tudi rast povpreéne plade je
bila v letih 1993-1997 sprejemljiva. Dosegla je 17% in je
hila prakti¢no cnaka rasti prihodkov od prodaje, vendar
pa 3,2-kiat manj3a od rasti prodaje na zaposlenega, ki je
zrastla za 54,4%. Seveda pa je bil deleZ plaé mnogo
prevelik glede na ustvarjeno dodano vrednost.

Absolutno je izvoz v obdobju 1993-1997 zrasel za
60% in dosegel v letu 1997 povpreéno 57,7% vrednosti
vse blagovne proizvodnje. Po deleu izvoza v prihodku
od prodaje se logijo v letu 1997 wdi i "core firme":
Stroji in tehnoloska oprema Ravne (65,6%), Metal
Ravne (72,5%) in Acroni (64,5%). Te druZbe so s 158
mio DEM izvoznega prihodka v letu 1997 wdi najvedji
izvozniki.

Stevilke v preglednici povedo, da je bilo precej
doseZenega pri povedanju prodaje in osvojitvi zunanjih
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rgov, vendar pa malo pri uspeinosti poslovanja. Kazalci,
ki 1o prikazujejo bi se gotovo mnogo bolj izboljdali, ¢e bi
ob zmanjanju zaposlenosli vzporedno potekalo tudi
vlaganje v zmanjSanje drugih proizvodnih strotkov in
povedanje storilnosti. To pomeni investicije v
proizvodno opremo ter raziskave in razvoj, vsaj v obsegu
zneska letne amortizacije. Tako pa je bila ve&ina zbranih
sredstev amortizacije porabljena za financiranje lekotega
poslovanja, kar je bilo nujno za kratkorofen obstoj,
vendar pa katastrofalno za srednjerocno in dolgoroéno
uspednost podjetij.

Dokaz za oplemenitenje proizvodnega progruma je
rast povprene cene na tono prodanih proizvodov. Ta je
zrasla za 42%, tj. na 1397 DEM/t, v druZbi Acroni, in za
26%, kar je 1891 DEM/L, v druZbi Metal. Ta druZba je v
letu 1996 dosegla celo povpreéno ceno 1977 DEMA
blagovne proizvednje. Zanimivo je ob tem vedeti, da je
bilo leto 1996 recesijsko, v letu 1997 pa so proizvajalci
jekla docakali rast cen in kolidin, torej konjunkwuro na
rgu jekla,

Na osnovi Stevilk v preglednici in  kratkega
komentarja je jasno, zakaj sem sredi leta 1997 presodil,
da ni mogofe pri¢akovati izboljfanja poslovne
uspenosti druzb v koncernu S7 brez dokapitalizacije. Po
zakonu o delni privatizaciji je za dokapitalizacijo in
prevzem obveznosti iz garancij za kredite, najcte za
poslovanje v preteklosti, namenjene 10 mird SIT.
Najvedje druzbe v koncemu SZ skoraj nimajo lastnih
trajnih obratnih sredstev. Likvidna sredstva se obrnejo v
koncernu SZ pribliZno Stirikrat Jetno, kar je prepotasi.
Ce bi bilo mogoZe financirati tekode poslovanje iz
banénih posojil 7z obrestmi, ki bi hile nizje od
pricakovancga donosa, da bi druZbe lahko iz lastnih
sredstev financirale razvoj (investicijski razvoj, razvoj
tehnologije, razvoj trga, razvoj kadrov itd), bi bila
sredstva po zakonu zadostna, ¢c bi bila uporabljena za
izboljSanje deleZa lasinih obratnih sredstev, kar pa s¢ ni
dogodilo. Pricakovati je, da bodo obrestne mere 5¢ nekaj
Casa vegje od donosa in udi inflacija v SIT velja kot v
DEM. Torej bodo makrockonomski pogoji za poslovanje
§7 zaradi velikega dele?a izvoza v prihodku od prodaje
preeej neugodni. Ker bo tolarska inflacija Se dolgo vedja
od devizne, narmicanje strofkov v tolarjih ne bo
izravnano z vejim prilivom iz izvoza. Zato ni verjetno,
da bi lahko v sedanjih razmerah poslovanja druZbe lahko
kmalu ustvarile dovolj lastnih trajnih obratnih sredstey,
ki so temelj za uspedno poslovanje. Zalo so sredstva,
dana po zakonu prej premajhna kot zadostna, Drugace
bo. ¢ bode druzbe v koncernu SZ dozivele
nadpovpre&no veliko in dolgo cenovno in koliinsko
konjukturo na trgu jekla, Seveda tudi (o velja le ob
izpolnjenem pogoju temeljitega zmanjfanja proizvodnih
stroskov in poveCanja izkoristka,

Sanacija pa bi bila popolnoma iluzorna na osnovi
predloga za dokapitalizacijo in prevzem obveznosti v
vidini 3,7 mrd SIT. To je bil prediog Minisirsiva za
gospodarske dejavnosti v zaletku oktobra 1997 na
predlog poslanca Jancza Kopada v Driavnem zboru.
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Vlada ga je tudi sprejela na korespondenéni seji, vendar
je bil kasneje sklep preklican in sprejeta e omenjena
dokapitalizacija in prevzem obveznosti SZ.

Realna ocena Stevilk o poslovanju SZ v obdobju
1993-1997 navaja na sklep, da tudi po letu 2000
Zelezarne ne bodo  sposobne brez povedevanja
obveznosti placevati obresti na obveznice za sanacijo, ni
pa nobenega upanja, da bi pladale glavnico obveznic za
sanacijo in danasnji neto dolg. Ce bi drZava v letn 1993
ne poplatala baninih terjatev ali pa vsaj resni¢no
finan¢no sanirala pedjetja v Slovenskih Zelezarnah, da se
to ni zgodilo, je dokaz 28,3% stroSkov financiranja v
prihodku od prodaje iz leta 1993, ampak 1a sredstva
vioZila v investicijsko in tchnolosko sanacijo ter v
uravnoleZenje proizvodnih zmogljivosu, kar bi moéno
znizalo proizvodne strodke, bi obstajala moZnost, da bi
bile Zelezarne od leta 1994 naprej sposobne, du bi
vraCale bandne terjatve ali vsaj tisti delez teh terjatey, ki
bi se pokazal kot upravicen po reviziji. Bile bi gotovo
poslovno sanirane z dokapitalizacijo in prevzemom
obveznosti z zakonom o delni privatizaciji, ki je bil
sprejet v lew 1998, Posredno potrdilo za ta sklep
najdemo v dejsivu, da so strodki financiranja v ohdohju
1993-1997 (308 mio DEM) vedji od zneska sredstev, ki
50 biln porabljena za poplailo banénih terjatey v zadetku
leta 1993 (248 mio DEM obveznic).

Razen v primeru izjemne konjunkwre, kar je
praktino nemogode, pa vsaj dva razloga potrjujela
neupravi¢enost pri¢akovanja popolne, poslovne in
finanéne sanacije. Leta 1995 je bila tedaj moéno
zadolZena druzba Jeklo Store prikljudena druzbi Metal
Ravne. To se je zgodilo po priporofilu aviorjev Shudije
Phare. Vendar se tedaj ni uresnicilo priporocilo aviorjev
iste $wdije, da je treba pred pripojitvijo Jeklo Store
dokapitalizirati v visini najmanj 50 mio DEM., Dolg, ki
ga je mocno zadolzeno Jeklo Store preneslo v Metal
Ravne in bremeni poslovanje te druzbe, je bil v zaetku
leza 1998 pribliZno 8 mird SIT in jo grozil, da bo kmalu
onemogolil poslovanje druZbe Metal, ne glede na
zadovoljivo rast proizvodnje in prodaje v letu 1998,
Dolg sestavljajo obveznosti do dobaviteljev in bank, ki
Jih je treba seveda redno izpolnjevati, Ta dolg tdi
moéno znizuje boniteto druZbhe Metal. Za sanacijo tega
dolga je bilo porabljeno veliko sredstev iz
dokapitalizacije in prevzema obveznosti po zakonu iz
februarja 1998,

V preglednici najdemo samo dva pozitivna doscika
sanacije: nara$éanje deleZa izvoza v prihodku iz prodaje
in nara3fanje povpredne vrednosti proizvodov na tono
prodanib proizvodov. Oboje je dokaz, da se je navkljub
teZzavam pri linanciranju proizvodnje v proizvodnih
druzbah nagel zunanji trg za nove proizvode z ved znanja
in dela ter zato draZje. Oboje je v najvedji meri zasluga
voadilnib in vodstvenih ekip v podjetjih, ki bi dosegle
gotovo ved pri primerni financni podpori. Vendar pa je,
vsaj pri vseh treh jeklarskih druZbah, dele# stroskov za
material in zunanje storitve v ceni proizvoda e vedno
nesprejemljivo visok. Za o so subjektivni razlogi,
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vendar pa je nekaj odstotkov strodkov za material widi
zaradi pomanjkanja lastnih obratnih sredstev. To je
vzrok za vidje vhodne cene, obresti zaradi zamud pri
plagilih za blago, porabljeno za proizvednjo, "ad hoc"
spremembe plana proizvodnje in zamude pri dobavah.

Pri zmanjSevanju strodkov, podobno kot pri
financiranju, je bil pri sanaciji doseZen dale¢ premajhen
uspeh. Ni jasno, ali upravni in nadzorni organi niso
namenili zadostne pozomosti temu problemu, ali pa so
mislili, da se bodo zadeve uredile same po sebi in brez
vlaganj v opremo, tehnologijo in RR. Sodeé po Stevilkah
o zaposlovanju in vesieh v medijih je bilo v letih sanacije
veliko vloZenega v zmanjievanje Stevila zaposlenih. Ob
tem je treba povedati, da je v ceni proizvoda Ze nekaj let
strofek dela v jeklarnah SZ niZji kot pri konkurenci v
razvitih drzavah.

V preglednici 2 sta prikazani bilanci stanja za
proizvodne druzbe za konec leta 1992 in 1997,
Knjigovodska vrednost premoZenja se je v tem obdobju
zmanjiala za okoli 26%, 1j. na 867 mio DEM, kar je %e
vedno veliko glede na prihodek od prodaje ca 600 mio
DEM. Relativno se je v letih sanacije najbolj zmanjala
vrednost kratkoroCnih terjatev za dobavljeno blago, kar

jc dobro.

Kumulativno so izgube pribliZzno enake za leti 1992
in 1997. Mo¢no pa se je zveala izguba iz preteklega
poslovanja, ki je dosegla konce leta 1997 212 mio DEM
0z. 24% vrednosti pasive. Konec leta 1992 so bile
kratkorogne in dolgoroéne obveznosti pribliZzno enake in
50 5 670 mio DEM za 32% presegle prihodek iz prodaje
1z leta 1993, Konec leta 1997 so bile dolgoroéne
obveznosti sprejemljive, moéno pa so se zvedale
kratkoroéne obveznosti. Prihodek od prodaje ca 600 mio
DEM je leta 1997 presegel obveznosti le za ca 30%. To
pomeni, da se je finanéno stanje posredno izboljsalo,
vendar premalo, da bi mogle druzbe brez $kode redno
plaevati finantne obveznosti in bi bil likvidnosini odliv
brez Skode za poslovanje. V obdobju 1993-1997 se je
neto dolg sicer zmanjial za okoli 17%, tj. na 334 mio
DEM oz. ca 56% prihodka od prodaje, vendar pa je v
njem moéno zrastel deleZ kratkoro&nih obveznosti zaradi
zamud pri placilih dobaviteljem in pri vra€anju kreditov.
Gre lorej za obveznosti iz tekofega poslovanja, ne pa za
liste iz posojil za investicije v zmanjSanje strofkov
proizvodnje in povecanje proizvodnosti, kar je potrebno
za zmanj8anje stroSkov proizvodnje.

Zelo je slabo, da sc je primanjkljaj TOBS (uajnih
obratnih sredstev) poveéal od 12,56 na 166 mio DEM,
torej za ved kot 13-krat. Velina vsega, kar je bilo
pridobljeno z zmanj3anjem obveznosti, je bila placana iz
lastnih obratnih sredstev. Ker s likvidna sredstva v SZ v
povpredju obrnejo Stivikrat na leto, bi moralo biti hitrejic
obraanje tudi eden od temeljnih ciljev sanacije. Stanje
TOBS konec leta 1997 pomeni, da je veina poslovanja
druzb potekala na osnovi kratkoroénih posojil, katerih
cena je nekajkrat presegla donos proizvodnije.

Ob tem je treba povedati, da so bile v 87 paslovna
uspeine nekatere manjse druzbe, ki so imele v pasivi
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Preglednica 2: Bilanca stanja za proizvoedne drulbe SZ konee leta 1992 in 1997

3Li2.1992 % 31.12.1997 %

v mio DEM v mio DEM
] Stalna sredsiva** 874,33 74 635,26 13
a) mat. in nemater. naloZzbe 836,01 7l 621.08 71
b} dolgorotne finanéne naloihe 3833 3 14,19 2
2 Kratk. gibljiva sredstva 301,13 26 231,56 k)
a) zaloge 86,37 i 120,87 14
b) kratkorolne terjaive 214,76 13 108,12 12
i aktiva/pasiva 117546 100 868,70 100
4 Trujni kapital 505,40 43 401,73 46
a) Osnovni kapital 814,90 69 441,42 51
b} izguba iz preteklih let 0.00 0 212,14 24
cl izguba iz tekodega posl. 309,50 26 90,02 10
- Obveznosti 670,06 57 460.75 53
a) dolgorolne 35637 0 63,30 7
by krukorofne 313,69 27 39745 46

bilance stanja najved 20% obveznosli in emu ustezno
majhen dele? strofkov financiranja, Likvidnostni presek
stanja veging proizvodnih druzb SZ konec leta 1997 ni
bil boljii kot na zacetku leta 1998 in je realna slika
napa¢nega nadina sanacije podjetja.

Jeklarne v Slovenskih Zelezarnah se oskrbujejo z
najvaZnejdimi surovinami in repromateriali preteno iz
uveza, wdi z jeklenimi odpadki. Te sicer iz Slovenije
tudi izvaZajo, Eeprav je to deficitno. V preglednici 3 so
po podatkih iz SZ navedene cene nekaterih uvoZenih
materialov, njihova borzna ter nakupna cena #a druZbi
Acroni in Metal.

Preglednica 3: Cene nekaterih surovin v juliju 1998

Borza | Acroni Metal | Razlika
DEMA | DEMA | DEMt %
Jekleni odpadek 188 221 225 18,6
Leg jekl.odpadek 898 1230 1260 38,6
Nikelj 7577 9668 - 278
Ferokrom 1026 1232 1180 17,5
Ferosilicij 1140 1266 1260 108

Slovenske jeklarne so slab pladnik in navedene,
verjetno pa $¢ druge surovine in repromateriale, npr.
clekirode, ognja varne materiale in rezervne dele,
plafujejo precej nad borzno eeno oziroma listo, ki jo
placuje konkurenca. Vzrok za tako stanje je pomanjkanje
lastnih virov trajnih obratnih sredstev. Poleg viSje cene
draZijo stroske nakupov e obresti za zamujena plaila,
ki so velikosti 1% meseno.

V izkazu uspeha druzb Acroni in Metal za leto 1997
so dosegli strofki materiala 18,83 mird SIT.
Desetodstotno zniZanje tega stroska bi pomenilo ca 29%
povedanje dodane vrednosti v obeh druzbah in
zmanjdanje izgub pri poslovanju za 2/3. To pove, kako
vazno je, da se pri sanaciji zagotovijo optimalne razmere
poslovanja pri nabavi. To se pri sanaciji v obdobju 1993

KOVINE, ZLITINE, TEHNOLOGIE 33 (1999) |-2

do 1997 ni zgodile. Nasprotno, prav katasirofalno so se
zmanjiali lastni viri trajnih obratnih sredsiev.

Tak¥nega prihranka pri poslovnih strofkih, kot tudi
pri nabavi materialov in delov za proizvodnjo, ni
mogode dosedi z nobenim drugim projekiom, sploh pa
ne z zmanjievanjem zaposlenosti. Do tega bi moralo
priti, && bi hoteli doscéi enako zmanjSanje stroSkov za
okoli 30%. To ni mogole, ne da hi se zato zmanjiala
blagovna proizvodnja, oziroma je mogode samo, e bi sc
zelo mnogo vloZilo v obnovo proizvednih naprav,

4 SKLEP

DruZbe v koncernu Slovenske Zelezarne ne bodo
mogle uspeSno poslovati, pa tudi ne privatizirati se z
domadim mesanim ali tujim kapitalom, s sedanjim
bremenom obveznosti. Te bo moral prevzeti lastnik, to je
drzava Slovenija. Postavlja se vprasanje, ali je lastnik
pripravljen, da to breme prevzame danes in omogoti
popolno sanacijo druzb v koncernu Slovenske Zelezarne
do mere, da bi lahko same skrbele za tekoco proizvednjo
in ves razvoj, ki je potrcben za uspeh na Ze osvojenem in
na novem trgu. Taka sanacija bi druibam dala realno
trino vrednost in bi se strofek zanjo gotovo poveml pri
privatizaciji. Ce bo lastnik breme prevzel fele ob
privatizaciji, bo temu primerno ob prodaji ali
privatizaciji iztrZil nizko eeno, ne da bi dobil kakrinokoli
pomembno povradilo.

Tudi vlada se je zavedala, da ukrepi po zakonu o
delni privatizaciji iz februarja 1998 niso zadostni. Zato je
sprejela 11. decembra 1997 sklep o dodatnih poroStvih in
dokapitalizaciji.

Do danes, po vednosti avtorja tega spisa, ni bil
sprejet noben dodatni ukrep, mnogo sredstev za
dokapitalizacijo pa ni bilo v lew 1988 namenjeno za
izbolj§anje ickofega poslovanja in viaganje, temved za
pokrivanje obveznosti, katerih vir je nedodelana
zdruZitev podjetij Metal Ravne in Jeklo Store leta 1994,
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Dependence of accelerated creep rate on
carbide particle distribution in martensite for
0-18C-11-5Cr—0-29V steel

F. Vodopivec*, J. Vojvodi¢-Tuma, B. SustarSig, R. Celin and M. Jenko

The number of carbide particles stringers at boundaries and subboundaries of martensite per unit
ol surface decreases wilh the third root of tempering lime at 1073 K. The accelerated creep rate
al 853 K depends on the number of stringers of carbide particles per unit of surface, and below
an inflection point, the creep rate increases strongly. Equations relating for creep rate are
discussed in terms of experimental creep rate, number of carbide particles stringers and average

particles spacing.
¥ Creap

stgal, Temp

Introduction

Modemn creep resistant steels with the microstructure of
tempered martensite are used in thermal power plants at
a tlemperature inducing changes in size and distribution
of carbide particles.'* The initial microstructure of these
steels consists of a ferrite matrix and carbide particles,
mostly in stnngers al  martensite  boundanes and
subboundaries, yet the dependence of creep rate on
carbide particle distribution has received little attention
so far. By routine testing of a tube of stecl X20 of
diameter 45 mm cut from a damaged overheater after
57 000 h of operation, it was found that one side of the
microstructure was tempered martensite with stringers
of carbide particles, while on opposite side, the
distribution of carbide particles was uniform, and the
aceelerated creep rate was for about 4-3 times greater.”
From investigations on a 0-1C steal strengthened with
Ta, W and V carbide and nitride particles, it was
concluded that the rupture time was quantitatively
correlated with the microstructural purameters, such as
carbide particle spacing and subgrain size.’ By long term
ereep fracture tests of steel P92 in the temperature range
§23-1023 K. the creep rupture strength ubove 923 K
decreasec! faster with increasing rupture time than at
Jower temperature.” The authors explain the difference
supposing that the content of MX precipitates was
constant in the rangs of test emperature of 823-1023 K
and that the faster decrease in rupture time at higher
temperature is due 1o the stronger enhancing effect of
deformation  on coarsening of MX  precipitates.*”
According 1o Refs. 8 and 9, MxCy particles at grain
and subgrain boundaries delay the subgrain growth,
while mtrugranular MC particle pin dislocations. At
tempering at 800°C, the coarsening of M,C, particles was
time dependent with ¢, and the accelerated creep rate
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martansite, Carbida particles distiibution, Acsekalsd creep rale, Creep rale equations

increasad proportionally to the average partick spacing '
i deduced by applying the relation 2=(ddin"™,"
where of=2r 15 the particle size and /is the volume share
of carbide phase in the steel.' The strong increase in
creep rate above the inflection point in Fig. | was
attributed to the change in distribution of carbide
particles from stringers at grain and subgrain boundaries
to uniformity,"”

I is confirmed that by constant quantity and size of
particles, the cieep rate also depends significantly on the
distribution of carbide particles in tempered martensite.
The @im of the present work was to establish and verify
a method for assessing the number of stringers of
carbide particles per unit of arca in tempered martensite
to determine their effect on aceelerated ¢reep rate and to
verily how the presence of stringers and of uniform
distribution of particles affecied the equations conneet-
ing the creep rate to particle spacing and size.

Experimental

Specimens of steel X20 (0-18C-11-5Cr—1-08Mo-0-29V)
were quenched and tempered for up to 134 h a1
1073 K." The steel was used because, after a sufficient
long tempering at 1073 K. virtually, only the presence of
cacbide particles M C, with Cr. Fe and Mo was esta.
Blished, and the absence of |aves phases” and MC were
verified."? Uniaxial accelerated creep tests were carried
out on specimens tempered for a different time with 100 h
constant stress of 170 MPa at 853 K, easlier found to be
sensitive 10 the effect of carbide particle distribution on
creep rate.' The specimens have a diameter of 42 min,
gauge length of 30 mm and 1o1al length of 80 mm. The
temperature was controlled within [ K, the change in
total length of specimens was recorded with the accuracy
of 0-001 mm and the creep rate deduced automatically
for periods of time of 10 min, By great creep rate, the test
was ended with a total deformation of 0-5 mm. The time
of primary and secondary (constant) creeps was shorter
by longer tempering.
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pivec ef al. Dependence of accelerated creep rate an carblde particle distribution

Creep rate (s7)
=

21 e -5 > y A"y -
10 1 i % At N et
05 1,0 15
Interparticle distance (um) 3 Distribution of carbide panicies afler 168 h of temper-
ing ot 1073 K

1 Steel X20 (0-18C-11.5Cr-0-20V) tempered at 800 C for
up to 1344 h: dependence of acceleraled croep rale al
580°C on calculated average particle spacing'®

The distribution ol carbide particles was examined by
scanning electron microscopy of specimens cut out from
the gauge section of crept specimens. [n the inital
microstructure, carbide particles were located mostly in
stringers at grain and subgrains boundaries (Fig. 2).
With longer tempering time {, the number of stringers
per unit of surface of specimens (termed number of
stringers) decreased, the share of uniformly distributed
particles increased (Figs. 3 and 4) and, after the longest
tempering, the distribution of carbide particles was
uniform. The number of stringers was assessed for every
specimen with counting on six micrographs at cqual
magnification. After longer tempering, it was (tequently
uncertain i @ small number of particles represented a 4 Distribution of carbide particies after 672 h of temper-
stringer. To make the assessment easy, only rows with 10 Ing at 1073 K
or more particles ar a mutual distance about equal or
lower than the particle size were considered as stringers.

The applied method was reliable and less time consum- E 2
ing than the assessment of particles size and spacing in =
stringers, On general, the decomposition of particle e 16
stringers at grain boundaries was slower than that at » 124
subboundiries. In the same spacimens, the average size e
of carbide particles increased"” with %, where ¢ is the g’o_a-
tempering time, -1
For the effect of subgram size strengthening oy, the G 0.4
relation o, = 10GH A, wius proposed, where 2, is short g
width of laths in tempered martensite, G is shear module g 0 0 a 8 12

Tempering time, h'”

5 Dependence number of siringers per unil of surface
versus lempering time at 1073 K

and b is Burgers vector.™ The assessment of the short
width of laths on specimens tempered at 1073 K was less
accurale than that of the number of carbide stringers,
nanely, in vol mariensite graios, the laths’ width
varicd between 0-5 and 4 pm, and afier longer temper-
ing, stringars did not coincide always clearly wath
subgram boundasies.

Results

At tempering at 1073 K, the number of stringers with
2 Diswribution of carbide particles aher 24 h of wmparing mare than 10 particles in a row decreased proportionally
at 1073 K to 1", where 1 is the tempering time (Fig. 5), ns for the
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6 Dependence of accelerated creep rate on numbeor of
stringers of carbide particles In lempered marlensite

theoretical particle coarsening kineties."® The experi-
mental points fit well with the ¢'* dependence, and il is
wssumed that a similar kinetics of decomposition would
zlso be obtained for stringers of carbide particles with
<10 particles in the row.

In Fig. 6, the dependence of accelerated creep rate
versus the number of carbide particle stringers is shown,
The experimental points it well to a curve of two
segments that can be approximated to straight Ilncs with
change in slope at the inflection point at 0+5 % 10 mm™?
of particle stringers, and below this point, the acceler-
ated creep rate increases for ~7-5 times slower by
growth of the number of stringers. As with longer
tempering time, the number of stringers is lower, and the
share of uniformly distributed particles greater, it is
assumed that the ratio of slopes of both linear parts
represented the creep rate increase due to the change in
distribution of carbide particles of similar size from the
miajor effect of particles in stringers to the major cffiect
of uniform distribution of particles. A similar effect of
carbide particle distribution on creep rate was found in
so far unpublished mvestigations of creep rate of steels
X20 and P91 with three different grain sizes tempered up
to 17 520 h." After tempering at 923 K, the creep rate
increased, as expected from the growth of particles
spacing, while tempering at 1023 K, longer for the steel
P91, a similar milection was observed as in Figs, L and
in 6. All these findings suggest that the faster lowering of
steel creep rupture strength above 923 K in Ref. 5 may
be due also to the redistribution of carbide particles that
occurs after shorter tempering at higher temperature.

In the dependence in Fig. 6, only the effect of particles
of carbide stable ul the tempering temperature of
1073 K is considered. With relerence to the steel
composition, the difference in  solubility of M.C,
carbides between the tempering temperature of 1073 K
and test temperature of 853 K is assumed to be
negligible. The solubility of MC carbides is higher at
this temperature than at the creep test temperature of
8§23 K. No experimental data were found for the
solubility of vanadium carbide in ferrite in creep
resistant stezls. According to the solubility product for
vanadium carbide in  microalloyed steel.”  log (V)
(C)=—9500/T+6-72, where (V) and (C) are weight
contents of V and C in solution respectively and T is
temperature in kelvan; the content of V in fertite is of
more than 2 orders of magnitude lower at creep lest

temperature of 853 K than at tempering temperature of
1073 K. Thus, vanadivm carbide was virmally in
solution at tempering and could precipitate at creep test
as uniform dl:l[)cmou of particles in the interior of
ferrite grains. It is assumed that the extent of
precipitation during the creep test at 833 K was equal
for all specimens amd the effect of plastic defermation
was also equal ™ Thus, on the basis of the clear
dependence in Fig. 6, it was assumed that the effect of
the eventual precipitation at crecp test was constant for
all specimens and that the dependence was a reliable
evidence of the effect of distribution of carbide particles
stable at 1073 K on creep rate. This conclusion agrees
with the dependence in Fig 1 and also with the
calculation results of creep rate later in the present work.

Discussion

The dependence in Fig. 6 confirms that, in crecp
resistant steel, stringers of particles are steonger barrier
to moving dislocations than the equal content of
uniformly cistributed particles of similar size. Visual
cxamination of micrographs at sufficient magmlication
confirms that, in stringers, also after longer tempering,
the particle spacing is much smaller than the calculated
average spacing and supports the conclusion that the
cffect of stringers is probably related to the smaller
particle spacing in rows. The decrease in the number of
subgrain boundaries at tempering is explamed by a
recovery process” facilitated by high temperature, while
the decrease in the number of stringers is due probably
lo the greater coarsening rute of particles at grain and
subgrain boundarics. It sezms justified to conclude that
the creep resistance of stecls with the microstructure of
lempered martensite cannot be reliably modelled with-
oul considering the effect of the distribution of carbide
particles. Thus, the different values of creep activation
energy and stress exponent reporied may be related 10
the omitted effcct of carbide particle distnibution in
tested specimens. The theoretical model for the calcula-
tion of the effect of non-shearable particles on the creep
rate relates, by constant volume share ol carbide phase.
this rate 10 the particles spacing 2'''®

= (W fkuTG)iwa’ D i
where is the creep rate, bis the Burgers vector, A is the
Boltzmann constant, T is the temperature in kelvin, G is
the shear modulus, ¢ is the acting stress, D s the
diffusion coefcient and p is the density of mobile
dislocations,

A better fit to experimental values of creep rate was
found by introducing . equation (1) a constant A
accounting alse for particle spacing, a $tress exponent
n=2, the rationalisation of the stress & with the shear
modulus and yicld stress at creep temperalure and the
threshold stress a,,,, below which, theoretically, no creep
could ocour' '

1= A{DGO/kyT) (e —an/G) o 2)

In the detachment concept of interaction of particles and
mobile dislocations, the particle size is included as
parameter of a real microstructure

E=Gr|(1=k)(1-gjoa)]”* (3a)
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pivec el al,

5= (bap/kyT)exp( - EficyT) (3h)

where £ 15 the creep activation conergy, a, 15 the
detachment stiess, r is the average panticles size, and
the relaxation paramcter k=TT, where T, is the
dislocation line energy in the matrix and T; is the
dislocation line energy decreased by the attraction foree
precipitate-dislocation. The value of the parameter k is
(0<k<1)™

In the present work, the discussion will be limited on
the effeet of microstructural paramelers on calculation
of creep rate applying values of the stress exponent of
n=2 end 3 and the deduction of the effect of particles in
stringers on the threshold stress. For the calculation of
the average particles spacing deduced from experimental
particles size and volume content of carbide phase, as
expluined earlier, particles size and physical constants
will be used and the results compared o experimental
creep rates.

Let us now quote some references on the subject of
creep rate of creep resisting steels with the microstrue-
ture of tempered martensite. In Refs, 24-26, experi-
mental data on creep tests on the 9CrIMoD-2V steel
(P91) are presented and discussed [or the range of stiess
of 75-450 MPa, temperature of 823-923 K, creep rate of
5% ]D % 0 107 s~ and for times to rupture up to
3%107s It was cmlclnd-h'd that the rearrangement of
dislocations affected more the creep rate than (he
particle coarsening and that the pinning of subbound-
arics with precipitates was of cssential importance for
the creep rate. In addition, it was deduced that the
apparent activation cncegy was lower by higher engi-
neering stress and that the interaction of dislocations
and M3;C; particles was attraclive. The conclusion was
that the detachment model did not awount well for
experimentul data for the investigated steel P21 prob-
ably because the elfects of gram and subgrain size as well
as carbide particle distribution in high emperature
lempered marlensite were omitted.

It was confirmed for a 9Cr=Mo=Nb=V=N steel®
that the activation energy was strongly dependent on
stress. Two families of precipitates of different size were
found in the steel; coarser M1;Cs partickes at grain and
subgruin boundaries und MC precipitates were uni-
formly distributed in the matrix. Tt was suggested that
the creep rate depends on the difference in threshold
stress generated by two familics of precipitates by a
power law with the stress exponent of 5 and that My Cy
particles obgtruct subgrain coarsening, while MX pre.
cipitates interact with dislocations. Assuming that the
stress dependent encrgy barrier depended on an inter-
mediate and the final states, applying the experimental
data in Refs. 24-26, equations relating the threshold
stress 6y, 10 temperature, the ereep rate to the apphed
stress and  creep activation energy and the stress
exponent to the applied stress were evolved ™™ without
the nclusion of parameters of steel microstructure. For
steels with the microstructure of tempered martensite,
the equations gave the creep activation energy about twa
times ima:er than the creep activation energy for
ferrite.

In tempered mariensite, the average interparticle
distance calculated by applying the relation quoted
carlier'' does not account for real particle spacing
because of the omitted particle distribution. Based on
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Fig. 6, it was assumed that, for the investigated steel,
equation (1) could be applied with sulficient rl:li:ihil]ly
ouly for the microstructure with o particle :.lran.-znr

ber below the inflection point at 0-50% 10° mm ™~
when the effect of uniform particke distribution prevailed
over that of stringers of particles. The dependence in
Fig. 6 supgests that, in the analytical treatment of creep
rate for the microstructure of tempered martensite with
non-uniform distribution of carbide particles, a term
accounting for the distribution of carbide particles based
on the number of particle stringers or another repre-
sentative  parameter ol  microstructure  should be
included. This term can be in the form of a ratio
of average effect of particle distribution of py=
slAe,y=0- 13, where A, is the average growth of creep
rate in the presence of carbide stringers and 5 is the
average creep rate growth by umiform distribution of
particles. A term decreasing the ucting stress kevel
(- &p9) with the ey value depending on the distribution
of carbide particles and substituting the threshold stress
ay, in equation (2) could be used alsa. The averape effect
of particle distribution on stress can be deduced from
the ratio of slopes of the linear approximation of both
parts of the dependence in Fip. 6 of pg=0:13 and with
the stress cxponent n=2, 6,9=109 MPa from
(0-0p2=013a°, with =170 MPa,

In equations (1) and {2), physical constants and
experimental parameters are included. OF these, the
particle spacing is calculated from particle size and
volume of carbide phase in steel and the creep rate is
determined  experimentally with sufficient accuracy.
while the experimental determination of dislocatton
density requires appropriate research facilities.

For the dislocation dc:mly and velocny v for copper,
the equations ¢=2(Gbp'”) and «'=pvb are given,
where 7 i the acting shear stress. With r=g/V=170/3
and the values for G and b given later. the mobile
dislocation density of p=1-03% 10" m? is deduced
from the first relution, For the density of mobile
dislocations, the equation

p=(c/aMGb)* ()

wlhere z=0-4 was proposed.”’ Tawoducing the data
inte cquation (4) 6= 170 MPua, Gy =57-6 % 10° MPa
(Ref. 32), M=3, b=25x10" " pm, the  dislocation
density of p=0-978 x 10" m™ is obtgined in good
agreement with the value calculated carlier. For the
dislocation density of A=0-978x 10" m™* and creep
rate #=12:3%10 "ms ' the dislocation velooity of
v=0-5% 107" m 57" is deduced.

The calculation of creep rate was performed for the
two points in Fig. 6 listed in Table 1 with the prevailing
effect of uniform distribution of particles on creep rate
below the inflection point. Other data used were
temperature of 853 K, Ggr=57-6x 10" MPa (Ref. 32),
kp=1-381 x 10 I K™, b=2:5210""m and D=
3:49% 10 "“sm * (Ref. 28). Expenimental and calcu-
lated data are shown in Table 1.

Considering the range of accuracy of data used for the
calculation, it is concluded that for the stress exponent
n=2, the agreement of experimental and calculated creep
rates is acceplable. For the stress exponemt n=3, ihe
calculated creep rate s for —2 orders of magnitude
greater than that of the expenimental, and the difference
would be even greater by greater stress expoment. 1t




evident that the stress exponent n=2 is reliabke for
equation (1) for the uniform distribution ol carbide
precipitates, and it should be used probubly ulso for
relations developed based on equation (1), with inclu-
sion of parameters related to the distnbution of particles
and particles spacing in the investigated steel. An even
better agreament of experimental and deduced ereep rate
is oblained, applying the stress exponent n=2 above the
inflection number of stringers. However, the agresment
is casual because the creep rate depends on particle
spacing, which is fictitious in the presence of stringers of
pariicles in the steel microsiructure.

In Ref, 5, the stress expouent decreases proportionally
to the increasing test temperature from 823 to 1023 K,
and with extrapolation, the value of n=2-4 is oblained
for the tempemture of 1073 K applied in the present
invesugation. The dependence of the siress exponent on
temperature reflects the change in microstructure at

dopiver el ol D d of ac d creop rate on carbide particle distributio:
1.E-00 =
4
o
k=085 /
1E05 7
/ k=09 / /g
& VAl
£ 1E00 k0,7 =4
£ / J
2 / ked,6
- / {Jl
k=08
1,E-20 j
084 096 086 097 098 098 100
a/dy

tempering or test temperature with coarsening and
redistribution of precipitates. which is enhanced by the
creep deformation. At lower temperatures, changes are
due mostly to the coarsening of carbide particles,' while
al higher lemperatures, the redistribution of M;:Cq
particks also occurs, which affects the creep rate
stronger than particle coarsening.  Accordingly, the
faster decrease in creep rupture strength in Ref. 5 can
also be explained in terms of the effect of change of
particle distribution,

The creep deformation and the creep rate arc greater
near the fracture of specimens, and a greater change in
size and distribution of particles can bz expected in this
area.™"" If the crecp activation encrpy is deduced from
tests of creep rupture strength or 1ife™ ™ and the effect
of changes of microstructure is omitted. values for crecp
activation energy would be obtained for microstructure
chunge during the test. and the activation energy would
represent the simultancous processes of plastic deforma-
tion and change in microstructure.

In equation (2). microstructural parameters are not
included. Tt can be wverificd by applying parameters
calculated for single points in the dependence m Fig. 6.
A very Tow value of the part of equation (3) before the
square bracket is oblained by applving the values for
shear modulus G, Burgers vector b and experimental
partiele size r. The exponent for the product in brackets
requires the value of the parameter 4<1 and the stress
ratio (afeg<] and also the valuwe of the product
[(1-&¥1 --rr!rrdpl"”{I. As the values of b apd r are
small, a low value of detachment activation energy is
ohbtained by applying equation (3), and a very low creep
rate by is deduced applying equation (3b), As shown in
Fig. 7, the calculated and experimental crecp rates
approach only for high valucs of parameter & and of
stress ratto ofay, 1L s concluded thot equations (3a) and
(3b) arc not suited for the calculation of creep rate and

Table 1 Experimeniol dola and creep rales calculated using oquation (1)

Point  Pantof Fig. 8  Parlicle space /, ym

02651077
0:21%10°°

180 i
124

1 L}
2 |

Average particie size r, pm

7 Dependence of creep rale on ratio alss for ditferant
values of parameter k calculated from experimental data

activation energy for the steel with the microstructure
of tempered martensite, as established earier,*?**
applying different analytical approaches.

Conclusions

I. In the investigated steel X20, the number of
stringers of carbide particles at grain boundaries and
subboundaries of martensite  decieases al 1073 K
proportionally to the third root of tempering time,

2. The accelerated creep rate at 833 K increases with
the decrease m the number of carbide particle stringers.
Two hinear segments are found in dependence 10 both
parameters. a period with slow increase in crecp rate to
inflection point 0+5 x 10* mm™ of stringers and the 73
umes faster creep rate growth by o further decrease in
carbide sinnger number.

3. Below the inflection point. the effect of carbide
particles uniformly distributed is greater than the effect
of particles in stringers.

4. An acceplable agreement between experimental
and caleulated creep rates was oblamed by applying the
stress exponent n=2 in the equation that includes the
particle spacing for uniform distribution of particles.
Applying a higher stress exponent #=3, creep rates
greater for ~2 orders of magnitude than the experi-
mental creep rate are obtained.

5. An acceptoble agreement of the cakulated and
experimental ereep rutes could be obtained if u correc-
tion factor accounting for the effect of the number of
carbide particle stringers per unit of arca is also
considered.

Creep rate, ™"

Experimental  Galculated o
n=2 n=3

M8x10-" 962x 107" 183x0°

1221070 703x10°% 134 0°"
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6. The real creep activation energy could be deduced
only from results of creep ests on specimens with a
sufficiently similar distribution of carbide partickes or
from tests where the effect of purticle distribution on
creep rate is also considered.

7. Applying equations developed based on the dis-
location detachment model, a creep rate is obtained for
scveral orders of magnitude different than the experi-
mental ereep rate,
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