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Strjevanje jekla v kokili
Solidification of Steel in a Mould
B. Brudar* UDK: 669.18:669.112.223:620.192.43
ASM/SLA: N21, M28h, E25n, D9p, 9—69
UvobD INTRODUCTION

Proces strijevanja jekla v kokili je opisan Ze v najra-
zli¢nejsi strokovni literaturi'~'" s podrodja metalurgije
in matematiéne fizike.

Pritem pa ne gre zgolj za samo opisovanje pojavov,
ki nastopajo pri strjevanju. Tu mislimo predvsem na iz-
ceje'!, notranje napetosti'™ ' in lunker. Vedno veé je po-
skusov, da te pojave razloZzimo in jih opisemo z enaéba-
mi matemati¢ne fizike.

Pri raunalniski simulaciji strjevanja jekla v kokili,
pri kateri smo raziskovali vpliv eksotermnih plos¢ na
obliko primarnega lunkerja, smo namre¢ dobili zanimi-
ve rezultate, ki so nam dali ideje za nadaljnje razisko-
valno delo.

Tako se nam je z rekonstrukcijo kokile OK 650 po-
sre¢ilo, da smo bistveno vplivali na porazdelitev izcej v
prerezu strjenega bloka. Uspelo nam je zmanjSati se-
kundarni lunker in prisli smo do novih spoznanj o sa-
mem procesu strjevanja — da je namre¢ mogode vpliva-
ti tudi na strukturo strjenega bloka.

V nadaljevanju je natanéneje opisan sam poskus in
dobljeni rezultati.

Gre za novo gledanje na pojav strjevanja, ki je mor-
da nekoliko neobicajno. Prvi poskusi pa so dali odli¢ne
rezultate in odpirajo se nove moznosti v prizadevanjih
zzll) li':(bolj!‘»anqu kvalitete strjenih blokov tudi drugaénih
oblik.

VPLIV EKSOTERMNIH PLOSC NA VELIKOST
PRIMARNEGA LUNKERJA

I1zolacijske eksotermne plosce, ki jih montiramo v
zgornji del kokile, sluZijo za to, da ohranimo zgornji del
taline ¢&im dalj v tekocem stanju. Pri strjevanju se pa vo-
lumen zmanjsa pribliZno za 4 %. Zelimo, da bi bilo to
znizevanje gladine taline &¢imbolj poasno in na &m
vecjem prerezu. Tako bi dosegli najmanjSo globino pri-
marnega lunkerja.

Na trzis¢u se pojavljajo vedno nove kvalitete izola-
cijskih plos¢ z vedno boljdimi izolacijskimi sposobnost-
mi, pa tudi z novo ceno. S pomodjo poenostavljenega
modela smo Zeleli oceniti, kako vplivajo te lastnosti na
globino primarnega lunkerja.

* ISKRA Kibernetika, Kranj

The process of solidification of steel in a mould is de-
scribed elsewhere in various textbooks and in profes-
sional literature'="° from the metallurgical science and
the mathematical physics. Usually it is not limited only to
phenomenological descriptions of the effects observed
with solidification. Here we mean especially the appear-
ance of segregations'’, the internal stresses'> ™ and the
shrinkage holes. There are more and more efforts to ex-
plain these effects and to describe them by the equa-
tions of the mathematical physics.

With the computer simulation of solidification of steel
in a mould where special exothermic plates were used
to reduce the primary shrinkage hole, very interesting
results were obtained that gave us new ideas for the fur-
ther research work.

By the reconstruction of the mould OK 650 we suc-
ceeded in influencing the distribution of various segre-
gations in the middle of the cross-section of the ingot
and in reducing the secondary shrinkage hole. So we
came to a new knowledge — how the structure of the
solidified ingot could be modified. In the due text the ex-
periment itself is described thoroughly together with the
most important results. The idea about our vision of the
process of solidification is perhaps a little unusual. But
our first experiments gave us exellent results and new
possibilities in improving the quality of solid ingots of dif-
ferent forms were opened.

INFLUENCE OF EXOTHERMIC PLATES UPON
THE PRIMARY SHRINKAGE HOLE

The isolating exothermic plates that are usually
mounted at the top of the mould are supposed to en-
able the upper part of the liquid steel to stay liquid as
long as possible. By the process of solidification the
liquid shrinks for about 4 %. It is desired to lower the le-
vel of the liquid steel as slow as possible and to keep it
in the largest possible cross-section. In this way the
smallest depth of the primary shrinkage hole is obtained.

On the market there are permanently new qualities of
isolating plates available with better isolating properties
and naturally with new prices.
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V ta namen smo izdelali matemati¢ni model, s kate-
rim smo simulirali proces strjevanja, in pri tem izhajali
iz naslednjih predpostavk:

— kokila ima obliko pokonénega valja z enakomer-
no debelo steno,

— kokila stoji na debeli livni plodéi iz podobnega
materiala,

— velikost kokile, debelino stene in ploste lahko
poljubno spreminjamo, prav tako tudi fizikalne lastno-
sti, kot sta specifi¢na toplota in toplotna prevodnost str-
jenega bloka in kokile,

— talina se pri vlivanju v kokilo dviga enakomerno
z dolo¢eno hitrostjo,

— gladina jeklene taline je idealno izolirana: to-
plotna prevodnost praika za posipanje je enaka 0,

— temperatura taline je enaka temperatur talisca,
strjevati se za¢ne, ko je kokila nalita do vrha,

— latentna toplota ni vklju¢ena v specifi¢no toplo-
to, strjevaje v celoti potede pri temperaturi talis¢a,

— toplotni stik med talino in kokilo naj bo ves ¢as
idealen: strjeni blok je ves ¢as v tesnem stiku s kokilo,

— na zunanji steni kokile predpostavljamo ohlaja-
nje s konvekcijo s konstantnim konvekcijskim koefici-
entom,

— v zgornjem delu kokile imamo izolacijske ploice
z znanimi lastnostmi, ki segajo od vrha kokile do dolo-
¢ene globine.

Za takSen poenostavljen primer smo izdelali racu-
nalniski program, s katerim smo lahko izraunali tem-
peraturni profil v prerezu kokile in bloka in pri tem
spremljali ugrezanje gladine in napredovanje meje med
tekoo in trdno fazo.

Variirali smo lastnosti materiala, iz katerega so izde-
lane eksotermne ploice, dimenzije plos¢ in hitrost uliva-
nja. Poro&ilo o tej raziskavi je shranjeno v strokovni
knjiznici Zelezarne Jesenice.

Racunalnidki program smo uspesno uporabili tudi
pri Studiju strjevanja valjavniskih valjev'?, ki so bili uliti
v Zelezarni Store, in se prepricali, kolikina je upravite-
nost omenjenih predpostavk.

Prisli smo §e do naslednjih spoznanj:

— &e bi ulivali brez eksotermnih plos¢, bi dobili ze-
lo globok primarni lunker, ki bi segal skoraj do polovi-
ce visine bloka,

— pri vsakem ulivanju z eksotermnimi plo§¢ami pa
opazimo pojav »mostu« iz strjenega jekla, ki nastane
nekje na 3/4 visine bloka.

V trenutku, ko nastane most, se pac en del taline na-
haja pod njim, drugi del taline pa nad mostom. DeleZ
taline nad mostom je tem vedji, ¢&im boljde izolacijske
sposobnosti imajo eksotermne plos¢e in ¢im hitreje se
dviga talina v kokili.

Most nastane v vsakem primeru.

Pojavlja pa se drugo vprasanje: Kaj se zgodi z mo-
stom in kako se talina pod njim strjuje, &e upostevamo,
da se pri nadaljnjem strjevanju volumen ujete taline
zmanjsa za 4 %,

Odgovore na to vpralanje je mogoce najti v razli-
¢&nih ¢€lankih, ki govorijo o rahli sredini v bloku, o no-
tranjih razpokah, luknjicah, razli¢nih vrstah porozno-
sti'’, sekundarnem lunkerju in podobno.

Mnogi avtorji trdijo, da pri tem pride do ugrezanja
strjenega dela mostu.

Po nasih izra¢unih in po natanénejem ogledu Bau-
mannovega odtisa prerezanega bloka iz avtomatnega je-
kla €3990'¢ smo ugotovili, da je verjetno res $lo za ugre-
zanje strjenega mostu oziroma za vdiranje necisto¢, ki
se nabirajo v glavi, v notranjost bloka.

Using the simplified mathematical model we wished
1o estimate how all these different properties influence
the depth of the primary shrinkage hole.

For this purpose the mathematical model is made
to simulate the process of solidification based on the
following assumptions:

— the mould has the form of a cylinder with a uni-
form thick wall,

— the mould is put upon a thick casting plate made
of the same material,

— the dimensions of the mould, the thickness of tha
wall and of the casting plate can be varied together with
the physical properties of the material like specific heat,
the thermal conductivity of the solid ingot and of the
mould,

— the level of the liquid steel is isolated perfectly:
the thermal conductivity of the isolating powder on the
top is equal zero,

— the temperature of the liquid steel is equal to the
melting point, the solidification starts to proceed in the
moment when the mould gets completely filled,

— the latent heat of the liquid steel is not included
into the specific heat and the solidification is proceeded
at the melting point,

— the thermal contact between the liquid and the
mould is ideal all the time, even the solid ingot stays at-
tached to the wall of the mould, there is no air gap,

— at the outer surface of the mould the convective
heat transfer with a definite coefficient of convection is
assumed,

— inside in the upper part of the mould the exother-
mic isolating plates are mounted extending from the top
of the mould to a certain depth into the liquid steel.

For such a simplified case the computer program is
made for calculation of the temperature profile in the
cross-section of the mould and in the ingot. It is possi-
ble to follow the lowering of the liquid metal and to study
the improving of the boundary between the solid and the
liquid phase.

The properties of the isolating plates were varied to-
gether with the dimensions and with the casting speed.

The detailed report of this research work could be
obtained at Strokova knjiznica Zelezarne Jesenice.

The computer program was also successfully applied
to the study of solidification of the steel cylinder™ for the
rolling mill, cast in Zelezarna Store, and the validity of
the suppositions mentioned above could be verifled.

The following conclusions were found:

— casting without exothermic plates would cause
very deep primary shrinkage hole extending nearly to
the half height of the ingot,

— with any case where exothermic plates were
used, the formation of a “bridge" of the solid steel could
be observed at about 3/4 of the ingot height.

In the moment of the formation of the bridge one
part of the liquid steel remains above the bridge. the
second part gets caught under the bridge. The amount
of the liquid metal under the bridge is somehow propor-
tional to the isolating properties of the isolating plates
and to the speed of raising of the liquid metal in the
mould.

The bridge is formed in any case.

Now a new question arises.

What happens to the bridge and how is the solidifica-
tion improving when the reduction of the volume (4 %) of
the caught liquid metal is taken into account.

The answer to this question could be found in the ar-
ticles describing the formation of the “soft middle” in the
ingot, the internal cracks, the holes and various types of
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Slika 1:

lzoterme v prerezu bloka v kokili. Toplotna prevodnost ekso-
termnih plos¢ 1.563 W m~'K~' hitrost dviganja taline
200 mm/min, stanje po 106 minutah.

Fig. 1:
Isotherms in the cross-section of the ingot and the mould.
Thermal conductivity of the exothermic plates 1.5Wm~'K—',
the speed of raising of the liquid steel 200 mm/min, the situa-
tion after 106 minutes.

Izra¢unani potek meje med trdno in tekodo fazo v
simulaciji strjevanja bloka pa nas je napeljal §e na novo
idejo.

Slika 1 prikazuje izoterme v trenutku, ko je pri ome-
njeni simulaciji nastal most.

Ali se morda meja med trdno in tekoco fazo ne uje-
ma s ¢rtami, ki na odtisih po Baumannu obi¢ajno po-
menijo izceje MnS v obliki érke A?

Izredna podobnost v poteku linij izcej MnS v obliki
¢rke A in izra¢unanih izoterm nas je silila v iskanje do-
kaza za tako predpostavko.

Po nekaterih razlagah'” '* naj bi bila za to kriva ko-
ni¢nost kokile. V svojih izralunih pa smo predposta-
vljali, da kokila ni koni¢na.

Kasneje smo nadli porocilo, ki opisuje enake oblike
izcej pri kokili, ki je celo SirSa v zgornjem delu'* . To
je bil dokaz, da so razlage, ki se pojavljajo tudi v meta-
lurskih uébenikih, veasih zelo pomanjkljive.

¢ 50 izceje v obliki ¢rke A zares slike trenutne meje
med tekoco in trdno fazo v prerezu bloka, ki naj bi na-
stale ob strjevanju, bi bilo mogo&e na to porazdelitev
vplivati, ¢e bi lahko vplivali na hitrost strjevanja,

Z omenjenim rac¢unalniskim programom smo nare-
dili simulacijo, pri kateri smo pogoje ohlajanja spre-
minjali.

Tako smo si »izmislili« dodatno plast iz Samotne
opeke, ki naj bi bila pritrjena na zunanji strani v zgornji
polovici kokile. Izracunali smo, kako bi se spremenil
potek strjevanja v takem primeru. Ugotovili smo, da bi
to prav ni¢ ne vplivalo na hitrost strjevanja in da bi bile
razlike v temperaturni porazdelitvi v trenutku, ko bi na-
stal most, zanemarljivo majhne. Seveda nismo naredili
nobenega prakti¢nega poskusa, saj ni bilo potrebno.

Druga ideja je bila, da bi kokilo »postavili« na vod-
no hlajeno bakreno livno plos¢o. Tudi ta simulacija je
pokazala, da s tem ne bi prav ni¢ vplivali na tvorbo
mostu.

V vsakem primeru je bila stena kokile predebela, da
bi bilo mogoce kakorkoli vplivati na potek strjevanja v
notranjosti oziroma na potck meje med trdno in tekoco
fazo v trenutku, ko nastane omenjeni most.

porosity’®, secondary shrinkage holes and similar things.
Many authors are suggesting the lowering of the solidifi-
ed bridge.

According to our calculations and after a thorough
examination of the sulphur prints in the cross-section of
the ingot™, it was found out that in fact the lowering of
the bridge and the penetration of impurities from the top
into the middie of the ingot could be assumed.

The calculated course of the boundary between the
liquid and the solid phase in the simulation of solidifica-
tion of a steel ingot led us to a new idea.

Fig. 1 is represeting the isotherms in the moment of
the formation of the bridge according to our simulation.

Is it possible to assume that the boundary between
the solid and the liquid phase were equal to the lines
that correspond to the segregations of MnS in the sul-
phur prints in the form of the letter A?

The outstanding similarity in the course of the lines
corresponding to segregations of MnS in the form of the
letter A with the calculated isotherms forced us to look
for the confirmation of our assumptions.

According to some interpretations'” " about the pro-
cess of solidification this effect could be explained sim-
ply by the conicity of the mould.

In our calculations, however, it was assumed that the
mould was not conical. Later we found the articles
where the same form of segregations were reported'® 2
even in the moulds that were wider at the top. It was the
proof that explanations appearing in metallurgical text-
books are sometimes too superficial.

If the so called A-segregates are really correspond-
ing to the boundaries between the liquid and the solid
phase in the cross-section of the ingot that should be
formed at solidification it would be possible to influence
them if we could influence the speed of solidification.

With the computer program different simulations
were made with different cooling conditions.

An additional layer of recovery that would be “fixed"
at the outer side of the upper half of the mould was si-
mulated. It was calculated how the solidification would
be changed in such case. It was found out that it would
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Slika 2:
Izoterme pri simuliranem primeru brez mosta. Toplotna pre-
vodnost zunanje obloge 1.5W mZ| K~', hitrost dviganja
taline 200 mm/min, stanje po 109 minutah

Fig. 2:
Isotherms in the cross-section of the simulated case. The ther-

mal conductivity of the isolating layer outside 1.5Wm~'K~",
the speed of raising of the liquid steel 200 mm/min, the situa-
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Ostala nam je torej samo $e ena mozZnost:

v zgornjem delu »stranjSati« steno kokile in jo Se
dodatno izolirati z zunanje strani.

V omenjenem programu za simulacijo strjevanja
smo postopoma »tanjSali« steno kokile in »dodajali«
izolator toliko &asa, da smo prisli do zaZelenega rezul-
tata.

Rezultat pa je bil takle: (slika 2).

Jeklena talina se je strjevala tako, da se most sploh
ni pojavil. Meje med tekoco in trdno fazo so dobile
obliko &rke U. V sredini je sicer prislo do primarnega
lunkerja, o sekundarnem lunkerju, ugrezanju mostu
oziroma o vdiranju nedisto¢ iz glave v notranjost pa ni
bilo sledu.

Seveda je bilo vse to izratunano na matemati¢nem
modelu.

Model sam je temeljil na razmeroma hudih poeno-
stavitvah?' glede stika med kokilo in talino, vendar pa
nam je dal ideje za nadaljnje raziskovalno delo. Na os-
novi rezultatov omenjene simulacije smo naredili prak-
ti¢ni poskus s tako imenovano rekonstruirano kokilo.

REKONSTRUIRANA KOKILA

Odlocili smo se za stanjSanje stene kokile tako, kot
prikazuje slika 3. Zgornjo polovico smo koni¢no posne-
li z zunanje strani in preostalo debelino nadomestili z
izolatorjem. Potrebna je bila posebna konstrukcija, ki je
omogocala stripanje in polnjenje zgornjega dela z izola-
cijskim sredstvom. Na ta nacin smo hoteli zmanjiati to-
plotno kapaciteto zgornjega dela kokile v primerjavi s
spodnjim delom in dodatno zmanjsati hitrost strjevanja
v glavi bloka. Zaradi primerjave rezultatov smo ulili en
blok v klasi¢no kokilo.

Odlocili smo se za format OK 650 (650 x 650 x 2000)
in za jeklo, kvalitete C3990. Pri tem jeklu je namreé
mogode opazovati izredno intenzivne izceje MnS in je
zato tudi primerjava med razli¢nimi bloki laZja.

Napravili smo 4 poskuse:

1. jeklo ulito v klasi¢no kokilo (A)

2. jeklo ulito v kokilo d =40 mm izolacija: livarski
pesek (B)

tion after 109 minutes.

not influence the solidification at all and that the tempe-
rature differences in the moment of the formation of the
bridge would be negligibly small.

The second idea was to “put” the mould upon a wa-
ter-cooled casting plate made of copper. Also the re-
sults of this simulation showed that this would not influ-
ence the formation of the bridge at all.

In all cases the wall thickness seemed to be too
large to be able to influence the process of solidification
inside, especially the course of the bundary between the
solid and the liquid phase in the moment of the forma-
tion of the bridge.

There was only one possibility still left.

To lessen the thickness of the wall in the upper part
of the mould and to isolate it additionally from the out-
side. In the program for the simulation of solidification
the thickness of the wall was gradually “thinned” and an
isolator was “added” till the final result was obtained.

The final result was the following (Fig. 2).

The liquid steel became solid in such a way that the
bridge was not formed at all. The boundaries between
the solid and the liquid phase got the form of the letter
U. In the middle the primary shrinkage hole could be cal-
culated, but there was no secondary shrinkage hole, no
lowering the bridge or penetrating impurities from the
top into inside.

Naturally all this was calculated according to mathe-
matical model.

The model itself based on rather severe simplifica-
tions concerning the thermal contact*’ between the
mould and the liquid steel but it gave us anyway the
ideas for the further research work. On basis of these
simulations we performed the experiment with the so-
called reconstructed mould.

RECONSTRUCTED MOULD

We decided to thin the mould wall according to
Fig. 3.

The upper part was taken off conicaly and the re-
maining thickness was replaced by the thermal isolator,
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Fig. 3:
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3. jeklo ulito v kokilo d =40 mm izolacija: perlit (C)
4. jeklo ulito v kokilo d =20 mm izolacija: perlit (D).
(V primeru 4 je bil perlit posebej susen.)

Na slikah 4, 5, 6 in 7 so prikazani odtisi po Bauman-

nu za vse 4 primere obenem z ustrezno sliko jedkane
povriine prereza.

POJASNILO K POSAMEZNIM SLIKAM

Slika 4 je zelo podobna sliki iz leta 1973'°. Prav lepo
se vidijo izceje v obliki ¢rke A in v sredini izceje MnS
v obliki ¢rke V. Na fotografiji jedkane povriine se zelo
lepo vidijo vzdolzne razpoke, ki potekajo praktiéno po
vsej dolzini bloka.

Blok B na sliki § je bil pa ulit v rekonstruirano koki-
lo. Otitno je stevilo razpok v podrodju sekundarnega
lunkerja bistveno manjie, potek izcej v obliki érke A pa
ni bistveno drugacen, kot pri bloku A. Ta ugotovitev
nas je v prvem trenutku nekoliko razocarala, saj smo
pricakovali znatnejse razlike v poteku teh izcej. Pojav
smo si razlozili s tem, da so izolacijske sposobnosti li-
varskega peska verjetno razmeroma majhne.

Pri bloku C smo namesto livarskega peska uporabili
perlit (U2), ki se uporablja za izolacijo fasad na zgrad-
bah. Pokazalo se je, da smo vendarle na pravi poti.

S slike 6 se jasno vidi, da je izcej v obliki érke V v
sredini prereza manj in prakti¢no tudi ni ve¢ razpok v
sredini prereza v podrodju sekundarnega lunkerja. Gla-
va je nekoliko bolj Cista, robne izceje v obliki érke A
potekajo nekoliko bolj pokonéno, kot pri bloku A, nedi-
stote v obliki ¢rke V v sredini prereza so manj izrazite.

Opazili pa smo nekaj, kar nam prej ni zbudilo po-
zornosti.

Osrednji del v glavi, v katerem sicer vidimo mnogo
izcej V, (primerjaj blok A!), je tu najsirsi, e med seboj
primerjamo prereze blokov A, B in C. To podrogje je
omejeno nekako z dvema paralelnima navpiénima &r-
tama.

A special construction was necessary to enable the
stripping of the ingot and the filling of the isolating mate-
rial.

Tha thermal capacity of the upper part of the mould
in comparison with the bottom part was reduced and we
hoped that the speed of solidification in the top would
be additionally reduced too. To make the comparison
among different experiments easier one ingot was cast
into the ordinary mould.

For our practical experiment the mould OK 650
ESS x 650 x 2000) and the quality of the free-cutting steel

3990 were chosen. With this type of steel very intense
segregates of MnS could be detected so that the com-
parison among different ingots is easier.

The following experiments were performed:

— steel cast into an ordinary mould (A)

— steel cast into the reconstructed mould with
D =40 mm and with the casting sand used as the isolat-
ing material (B)

— steel cast into the reconstructed mould with
D =40 mm and with the pearlite used for the thermal iso-
lation (C)

— steel cast into the reconstructed mould with
D =20 mm and with the pearlite used for the thermal iso-
lation (D)

In the last case the pearlite was specially dried.

The Figs. 4, §, 6 and 7 show the sulphur prints for all
the four cases together with the corresponding photos
of the etched surfaces of the cross-sections.

COMMENTS TO THE FIGURES

Fig.4is very similar to the figure from the year 1973". The
segregations in the from of the latter A are clearly
seen and the V-segregations of MnS in the middle of the
cross-section are evident. From the photos of the
etched surface the longitudinal cracks are shown, being
practically distributed all along the length of the ingot.

The ingot B from Fig. 5 was cast into the recon-
structed mould. It is evident that the number of cracks in
the region of the scondary shrinkage hole is significantly
smaller and the course of the segregates in the form of
the letter A is not much different from that one of the
ingot A.

This effect disappointed us at the first moment since
considerable differences in the course of these segre-
gates were expected. This could be explained by the
fact that the isolating properties of the casting sand
were not good enough.

With the casting of the ingot C instead of casting
sand the pearlite (U2) was used. This is the same materi-
al that is so often used for the thermal isolation of fa-
cades of houses. It was shown at once that we were
nevertheless on the right way.

From Fig. 6 it can be easily seen that there are not
so many V-segregates just in the middle of the cross-
section and that there are not so many cracks in the re-
gion of the secondary shrinkage hole. The top of the in-
got is a little cleaner, the A-segregates are a little more
steep than they are in the case of the block A. The impu-
rities in the form of the letter V are less expressed.

But we observed something what was not evident at
the first moment. The middle top region (Fig. 6), where
there are normally many V-segregates, is the largest if
the ingots A, B and C are compared. This region is
somehow limited by two vertical parallel lines of segre-
gates, We wished to increase the isolating properties of
the upper part of the mould. So the thickness of the wall



Slika 4:
Ingot A — odtis po Baumannu Ingot A — jedkana povriina prereza

sulphur print the etched surface of the cross-section




Slika 5:

Ingot B — odtis po Baumannu Ingot B — jedkana povriina prereza
sulphur print the etched surface of the cross-section




the etched surface of the cross-section
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Ingot C - odtis po Baumannu
sulphur print
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Slika 7: Fig. 7:
Ingot D — odtis po Baumannu Ingot D — jedkana povrSina prereza

sulphur print the etched surface of the cross-section
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Hoteli smo 3e bolj povedati izolacijske sposobnosti
v zgornji polovici kokile, zato smo dodatno stanjsali
steno kokile in spet uporabili perlit. V tem primeru smo
namenoma §li v skrajnost glede debeline stene kokile.
Po pri¢akovanju se je ta stena zelo moéno ogrela, pone-
kod celo nad talis¢e perlita, zaradi &esar smo morali
perlit med samim strjevanjem dodajati. (Konéno nam
ga je celo nekoliko zmanjkalo). Stena kokile pa se je v
zgornjem stanj$anem delu toliko ogrela, da se je nekoli-
ko uslo¢ila (napihnila se je) in smo jo morali konéno ra-
zrezati, da smo dobili blok iz kokile.

Rezultat na sliki 7 pa je tisto, kar smo pri¢akovali.

V tem primeru je podro¢je homogene strukture med
obema paralelno potekajotima izcejama 3e SirSe, kot v
primeru C. Ce gledamo od roba proti sredini prereza,
potem konéne izceje, ki so §e jasno izraZene, nimajo ve¢
oblike &érke A, ampak opazujemo namesto konice pri A
dvoje paralelnih navpiénih &rt. Izceje bi laZze opisali z
dvema polovicama na glavo postavljene ¢rke Y, ki sta
nekoliko razmaknjeni.

Razlika med slikama 4 in 7 je oditna.

Nekoliko pa nas je vseeno razolaral »V« v sredini
prereza, saj ga v tem primeru nismo pri¢akovali. Pozne-
Je smo nasli razlago tudi za ta pojav.

NASA HIPOTEZA STRJEVANJA JEKLA
V KOKILI

Na osnovi rezultatov predhodnih ra¢unalniskih ob-
delav in proudevanja slik 4—7 smo postavili naslednjo
hipotezo o poteku strjevanja:

Problem prehoda toplote med talino in kokilo opi-
suje ved avtorjev. Nekateri govorijo o tanki plasti strje-
nega jekla, ki se tvori ob stiku taline s hladno kokilo.
Ker se strjena »srajéka« skréi, odstopi od kokile. To pa
povzrodi, da se toplotni tok iz taline zmanjsa in zato se
»srajéka« ponovno pretali itd. To naj bi se periodiéno
ponavljalo toliko ¢asa, dokler se ne bi »srajcka« toliko
zdebelila, da se ne bi ve¢ pretalila in bi Ze vzdrzala hi-
drostati¢ni tlak.

Tezko verjamemo, da bi pri§lo do take periodi¢ne
tvorbe »srajéke«, ki se enkrat dotika kokile, drugi¢ pa
spet ne.

Gre za ncke vrste neidealen kontakt. Po naSe nara-
$¢a koeficient prenosa toplote od zgoraj navzdol zaradi
vetjega ferostatiCnega tlaka. Iz taline torej odteka to-
plota v stene kokile, tako da se stene intenzivneje ogre-
vajo spodaj kot pa zgoraj. Talina se pri tem mesa zaradi
temperaturnih razlik. To pomeni, da se, po nasem mne-
nju, vsa toplota, ki je shranjena v talini zaradi pregretja,
odtece v stene kokile in jih neenakomerno ogreje (spo-
daj bolj, zgoraj manj), tako da temperatura stene kokile
priblizno linearno nara$¢a od zgoraj navzdol.

Pritakujemo, da ni bistvenih razlik v debelini
»srajéke« zgoraj in spodaj v trenutku, ko ingot odstopi
od stene kokile v celoti. Zgoraj se sicer zelo hitro nare-
di, vendar je tanka, saj je tudi ferostati¢ni tlak manjsi.
Spodaj pa mora biti debelejsa, saj blok kasneje odstopi
od stene.

Ko blok po vsej viSini odstopi od stene kokile, pa
zaradi nadaljnjega odtekanja toplote naras¢a debelina
strjene »srajéke«. To pa poteka v vsakem primeru hitre-
je v zgornjem delu kot pa v spodnjem.

e namre¢ pomislimo, kolikina je temperatura on-
stran zraéne reZe v steni kokile v zgornjem delu, je takoj
jasno, da mora potekati strjevanje zgoraj hitreje. Spod-
nji deli kokile so se le precej bolj ogreli v tistem &asu,
ko je bilo odtekanje toplote v steno kokile zaradi nasta-
jajoce »srajcke« intenzivnejSe. Zato trdimo, da v nada-

was additionally reduced and the pearlite was used for
the thermal isolation again. In this case we deliberately
decided for an extreme situation concerning the thick-
ness of the wall. As expected the wall became very hot
and the temperature raised somewhere even above the
melting point of the pearlite so that pearlite had to be
added continously during the process of solidification.
(Before the end of the experiment practically all the iso-
lating material available was used).

Due to rather high temperatuers the wall of the
mould became deformed in the upper thinner region so
that the ingot had to be cut out of it.

The results shown in Fig. 7 are something what was
expected before.

The region of the homogenous structure between
both parallel flowing segregates is still larger than it is in
the case C. Looking towards the center the final still re-
cognizable A-segregates are no more of the form of the
letter A. Instead of the top of A, two parallel vertical lines
could be observed. The segregations could be better
described by two separated halves of the inverted let-
terY.

The differences between the Figs. 4 and 7 are evi-
dent. However the *V” in the middle of the cross-section
in such an extreme case was not expected any more. An
explanation also for this effect was found later.

OUR HYPOTHESIS OF SOLIDIFICATION OF STEEL
IN A MOULD

On the basis of the results of the computer simula-
tions made before and from the careful examination of
Figs. 4 to 7 the following hypothesis seems to be valid
for the process of solidification.

The problem of the heat transfer between the mould
and the liquid metal was described by several authors.
Some of them suggest the formation of a very thin layer
of solid steel (shell) formed at the contact of the liquid
steel with the cold mould. Because the solid shell
shrinks, an air gap is formed and it prevents the further
heat flux from the inside of the liquid pool. The shell
melts again and this process is supposed to be continu-
ed so long until the shell gets so thick that is does not
melt any more and until it can endure the ferrostatic
pressure of the liquid steel inside.

It can be hardly believed in the periodic formation of
the shell that once sticks to the mould and then melits
again. We mean that there must be some kind of non-
ideal thermal contact. According to our vision we have
to do with an increasing coefficient of the heat transfer
when looking from the top to the bottom of the mould
due to increasing ferrostatic pressure. From the liquid
metal the heat flux flows into the mould so that the walls
become more intensively heated at the bottom than at
the top. We suppose that the liquid is mixing all the time
due to temperature differences. It means that according
to our idea all the superheat that is stored in the liquid
metal, flows to the walls of the mould and warms them
non-uniformly (more at the bottom and less at the top)
so that the temperature of the mould wall increases ap-
proximately linearly from the top to the bottom.

We expect that there are not great differences be-
tween the thickness of the shell formed at the bottom
and at the top in the moment of the formation of the air
gap all along the length of the ingot. At the top a thin
shell is formed very quickly together with the air gap be-
cause of very small ferrostatic pressure. At the bottom
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ljevanju strjevanja debelina stene naraita linearno od
spodaj navzgor.

Tudi izceje v obliki érke A so v podrogjih bliZe steni
kokile prakti¢no ravne Crte, ki so enako strme v vseh sti-
rih primerih.

To si razlagamo tako, ker mislimo, da v zadetku str-
jevanja razli¢na debelina stene v posameznih podrogjih
kokile se¢ ne pride do izraza. Kasneje pa se slika spre-
meni.

Zmanjsana toplotna kapaciteta in poveéana izolaci-
ja v primerih blokov B, C in D lahko znatno vplivata Se-
{: proti koncu strjevanja. Pri rekonstruirani kokili dobi
torej talina proti koncu strjevanja obliko prisekanega
stoZca, ki se nadaljuje v valj. Sirina tega valja se veca
od slike 4 proti sliki 7. Kljub temu, da pri sliki 7 nismo
pri¢akovali mostu, pa je vseeno mogode videti, da se je
del izcej v obliki ¢rke A v sredini ugreznil v obliki &rke
V, ¢eprav ne posebno globoko (manj, kot je pa to raz-
vidno s slike 4). Tudi za to smo nasli razlago, ki je opi-
sana v nadaljevanju.

KAKO SI ZAMISLIAMO NASTANEK
1ZCEJ MnS

Ob fronti dendritov, ki rastejo pravokotno na mejo
med tekoéim in trdnim, se bogati talina z vsebnostjo
MnS, tako da ni mogoce ve¢ »tolerirati« tolikine kon-
centracije. Cisti kristali potiskajo pred seboj talino, ki
postane prenasi¢ena. Zato naenkrat pride do izlotanja
MnS v obliki izcej, kar pa verjetno sprosti nekaj toplo-
te. To pomeni, da se v nadaljevanju prodiranje dendri-
tov proti sredini nekoliko zaustavi, saj odtekanje te re-
akcijske toplote ne povzroéi rasti strjene plasti. V tem
¢asu ima tisti del taline ob strjeni steni moZnost, da se v
njem ponovno izenaci koncentracija MnS. Pri tem ima
odlo¢ilno vlogo temperatura oziroma konvekcijski in
difuzijski procesi.

Ko reakcijska toplota odtele, se vse skupaj ponovi.

Tako si razlagamo nastanek izcej MnS v obliki ¢rke
A — nastanejo paralelne ¢rte, pri katerih se medseboj-
na razdalja manjsa, &e gremo od roba proti sredini pre-
reza.
Omenjena oblika »taline« v obliki prisekanega stoz-
ca, ki se nadaljuje v valj, pa po naSem mnenju dobi last-
nosti tezko se premikajote »marmelade«, ki se pri na-
daljnjem odvajanju toplote pretvori v plastiéno maso,
podobno pudingu in se kréi kot celota.

Predstavijamo si, da je ta plasti¢na talina nekako
»obeSena« na stene, ki so se Ze prej strdile.

Ko se sama skr¢i, potegne za seboj navzdol tudi de-
le stene, ki so Ze prej nastali, pa $¢ niso dovolj trdni.
Nastnejo izceje v obliki ¢rke V.

Na to idejo nas je navedlo dejstvo, ki smo ga lahko
opazovali pri vseh odtisih po Baumannu na slikah 4 do
7, da so namre¢ prakti¢no pri vseh blokih tudi 0.5 metra
nad osnovno ploskvijo bloka kristali deformirani, zavi-
hani navzdol, podobno kot se to vidi v podro&ju izcej V.

V primeru D, ko imamo nad prisekanim stoZzcem iz-
razito Sirok valj, pa se kljub temu nismo mogli izogniti
izcejam v obliki ¢rke V v sredini prereza.

Na jedkanem obrusu pa se vidi, da je v tistem po-
dro&ju glave, ki je po navadi kritiCen, v primeru D iz-
redno homogena struktura. Trdimo, da smo v zgornjem
delu glave dosegli, da je material izredno homogen in
¢ist in zanj ni mogoce ve¢ trditi, da je prislo pri kréenju
do vdiranja neéisto¢ iz glave v sredino prereza. Edino
izcejo v obliki ¢rke V v sredini pri bloku D pa lahko
razloZzimo takole:

the thickness is larger but the air gap is formed much
later.

After the air gap is formed completely, the further
heat flux into the mould causes the increasing of the
thickness of the solid shell. This process is improving
more quickly in the upper part than in the lower part of
the ingot.

If we just consider the temperature of the mould wall
across the air gap in the upper part, it becomes quite
evident that the solidification must proceed more quickly
there. The bottom of the mould accepted much more
heat, because the heat flux into the wall due to higher
ferrostatic pressure with the formation of shell, was
more intense. We say that after the air gap is formed in
the further process of solidification the thickness of the
shell increases linearly from the bottom to the top of the
ingot.

Even the A-segregations in the region closer to the
wall are practically straight lines with nearly the same
steepness in all four cases. This could be explained by
the fact that at the beginning of solidification the influ-
ence of the different thick walls in different heights with
the reconstructed mould can not play its role yet,

In the cases of ingots B, C and D the infiuence of the
smaller thermal capacity of the wall and the increasing
thermal isolation of the mould become considerable only
at the end of the solidification process.

With the reconstructed mould towards the end of so-
lidification the liquid gets the form of a truncated cone
that is continuing into a cylinder. The diameter of this
cylinder is increasing if Figs. 4 to 7 are compared.

Although with the ingot D (Fig. 7) no bridge is ex-
pected, it is possible to see one part of an A-segregate
in the middle of the cross-section is bent down in the
form of the letter V, but not so deeply as it could be
seen in Fig.4. The explanation to this effect is also
found and it is given later.

HOW WE IMAGINE THE FORMATION OF THE
SEGREGATIONS OF MnS

With the growth of the dendritic crystals rectangular-
ly to the boundary between the liquid and the solid
phase, the liquid gets richer on MnS so that once it is
not possible to tolerate such concentration any more.
Pure crystals are pushing the oversaturated liquid in
front of them. At a certain moment the MnS starts to
segregate and it causes most probably the generation of
a small amount of heat. This would mean that in due
course the growth of dendrites towards the center
stops a little, because the reaction heat that flows into
the mould does not cause further growth of crystals.

In this moment in the liquid region close to the solid
shell the concentration of MnS equalizes again. Different
diffusion and convective processes due to temperature
differences are playing the most important role. When
the flow of the reaction heat is finished, the whole story
is repeated.

So we are explaining the formation of the A-segre-
gates of MnS. The parallel lines can be observed and
their mutual distance is decreasing when moving to-
wards the center of the cross-section. The form of the li-
quid metal mentioned above in the form of a truncated
cone continuing into a cylinder attains according to our
assumptions the property of a very slowly moving “jam”
that with the further cooling gets the properties of a
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IZCEJE V OBLIKI CRKE V

Mislimo si, da ima talina obliko valja in da so stene
tega valja trdne, narejene iz iste snovi. Ker se pri strje-
\égnju zmanjSuje volumen, se pa¢ lahko ugreza le sre-

ina.

Predpostavljajmo, da valj razrezemo enakomerno
na valjaste plasti po sliki 8. Volumen vsake od teh plasti
se pri strjevanju zmanjsa za 4 % in zgornja ploskev naj
se ugrezne tako, da dobi obliko navzdol obrnjenega
stozca. Na sliki 8 so s ¢rtkano ¢rto oznalene valjaste
plasti taline, s polnimi &rtami pa plasti, ki bi jih dobili
po strjevanju. Takdno sliko bi dobili, ¢e bi zeleli, da
ostane talina nekako »privezana« na stene valja.

Slika 8:
Strjevanje taline valjaste oblike
Fig. 8:

Solidification of a cylindrcal liquid.

Drugi primer:

Mislimo si, da imamo namesto valjaste taline talino
v obliki prisekanega stoZca, ki pa naj ima, kot prej, trd-
no steno. Spet ga razrezemo na enako debele plasti in
poskudajmo doloditi, kako bi se morale ploskve med
posameznimi plastmi deformirati, da bi talina ostala
privezana na stene stozca. S slike 9 se vidi, da bi se mo-
rala potem ugrezniti v sredini v zgornjem delu (9. plast
na sliki 9) zgornja ploskev valjaste plasti bolj, kot se je
ugreznila spodnja ploskev te plasti ali talina se ne more
strjevati tako, kot smo predpostavili, e naj bo »obe3e-
na« na stene stozca. Nujno potegne del strjene plasti na
steni stozca navzdol, v sredino prereza bloka.

Ce gre za koni¢no obliko taline, je mogode celo izra-
¢unati, na kateri vidini bi se to zgodilo, &e bi §lo za krce-
nje v stozec.

plastic material similar to a jelly that shrinks as a whole
in one piece.

We suppose that such a plastic “metal” is somehow
hung on its boundary to the walls that have been solidifi-
ed previously. When it shrinks, it pulls down also some
parts of the wall, that are still plastic. So the V-segre-
gates are formed.

This idea is supported by the fact that with all the sul-
phur prints from Figs. 4 to 7 in the structure found about
0.5 m above the basis of the ingot, the crystals are de-
formed similarly, as it can be seen in the region of the
V-segregations above,

In the case of the ingot D where we have to do with a
cylinder with a rather large diameter above the core the
appearance of V-segregations could not be avoided.
From the photo of the etched surface it could be seen
that in the region that is normally critical, in the case of
the ingot D the structure is extremely homogenous.

It could be stated that in the upper part of the ingot
an extremely good and homogenous structure is
achieved and it is no more possible to say that there are
any impurities penetrating from the top into the middle
of the ingot.

The only V-segregate in the middle of the ingot D can
be explained in the following way.

V-SEGREGATIONS

Let us suppose the liquid metal is of the form of a
cylinder and the walls of this cylinder are solid, made of
the same material. Due to shrinkage the volume gets
smaller and the upper level moves down in the middle.
Let us further suppose that the cylinder is cut uniformly
to smaller equidistant layers according to Fig. 8. Due to
solidification each layer shrinks for 4 % so that the upper
flat circular surface moves down and it attains the form
of an inverted cone. In Fig. 8 the subsequent cylindrical
layers are indicated by dotted lines. The full lines indi-
cate the form of these layers after the solidification.
Such picture would be obtained if the liquid stays att-
ached to the walls of the cylinder.

Another example:

If instead of a cylinder we have to do with a conical
form of the liquid steel attached to solid walls of the
same material. Let us again cut it into parallel layers of
equal thickness and let us try to find out, how the flat ba-
sic surfaces of these layers would be deformed at solidi-
fication, if the liquid stays attached to the conical walls.

From Fig. 9 it can be seen that something new must
happen if we want to fulfil previous condition.

According to Fig. 9 the upper surface of the Sth layer
should move towards the center much deeper than the
lower surface. With the other words:

The liquid metal can not be solidified in this way. It
necessarily pulls a piece of the solid wall down into the
middle of the cross-section of the ingot.

If the form of the liquid metal is conical, it is possible
to evaluate also mathematically where it happens, if the
basic surfaces of the subsequent layers get the form of
an inverted cone.

Let the volume of the liquid steel of the form of a
truncated cone with the radius Ro and with the angle «
(Fig. 9) be reduced for 1 in the process of solidification.
The upper level is supposed to be lowered so that it
stays attached to the conical wall. In the middle it attains
the form of an inverted cone. The critical height, where
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Pri talini, ki ima obliko pokonénega prisekanega
stoZca, pri katerem je kot med stranskim robom osnega
prereza in radijem « in polmer osnovne ploskve R,, naj
se volumen pri strjevanju zmanj$a za 1. Gladina naj se
ugrezne tako, da ostane na robu »privezana« na steno
stoZca, v sredini pa naj dobi obliko stoZca, ki je z vchom
obrnjen navzdol. Kriti¢na viSina, pri kateri se v takem
primeru prvi¢ »strga« stena in ugrezne navzdol, se izra-
¢una po formuli:

3
H-Ro-tga-(l— ﬁL)
1-n

Ce se to ne bi zgodilo, bi se sicer morala zgornja
ploskev 9. valjaste plasti po sliki 9 ugrezniti bolj kot
spodnja. S slike 4 lahko ocenimo, da je priblizno
tga = 10 in ¢e je n=0.04, lahko ocenjujemo, da se bo
pojavil prvi ugrez priblizno 1.5 metra nad osnovno
ploskvijo ingota.

Natan¢nejsi izracuni pa kaZejo, da se pri pogojih
strjevanja valjasta plast taline v sredini ugrezne celo ne-
koliko bolj, kot e bi 3lo za ugrezanje v obliki stozca.

V primeru D opazujemo le eno veéjo izcejo v obliki
¢érke V v zgornjem delu prereza bloka, nekako tam, kjer
se stoz¢asti del konda in zacenja valjasti del. To je ra-
zumljivo, saj smo s stanjsano steno kokile dosegli, da se
stoZec nadaljuje v dosti 3irok valj.

ZAKLJUCEK

1. Na potek izcej in na strukturo v prerezu jeklene-
ga bloka, ki je bil ulit v kokilo, lahko vplivamo s pri-
merno regulacijo hitrosti strjevanja.

2. Z rekonstruirano kokilo smo nakazali, kako je
mogoce odpraviti sekundarni lunker, rahlo sredino in
povecano koncentracijo neéistod v sredini bloka.

Slika 9:

Strjevanje taline koni¢ne oblike

Solidification of a conical liquid.

the boundary tears off and slips down, can be calculated
from the following relationship:

HeR,-tg a-(1 - av —"'—'L)
-

If it does not happen, the upper surface of the 9th lay-
er according to Fig. 9 should be lowered deeper than
the bottom surface of the same layer. From Fig. 4 it can
be estimated that tga = 10 and if 1=0.04 we can cal-
culate the position of the first V-segregate. It would ap-
pear approximately 1.5 m above the basis of the ingot.

From more precise calculations it is evident that the
lowering of the middle of the surface of a layer would be
even deeper than it is the case with the inverted cone, if
the real shrinkage is taken into account.

In the case of the ingot D only one V-segregate in
the upper part of the ingot can be observed just in the
place where the cone starts to continue into the cylin-
der. The thinner wall in the upper part of the mould thus
enables the formation of a cylinder with a large diameter.

CONCLUSION

1. The course of segregates and the structure in the
cross-section of a steel ingot cast into a mould can be
modified by a proper regulation of the speed of solidifi-
cation.

2. With the reconstructed mould it is shown how the
secondary shrinkage hole can be suppressed together
with the “soft middle™ and with the increased concentra-
tion of impurities in the middle of ingot.

3. Since with a proper form of the mould wall the
homogeneity of the upper part of the ingot can be con-
siderably increased it could be expected that difficulties
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3. Ker znamo s primerno obliko kokile znatno po-
vetati homogenost v zgornjem delu bloka, pri¢akujemo,
da bi s tem odpravili tezave, ki se pojavljajo pri valjanju
nekaterih kvalitet zaradi nehomogenosti v sredini (dvo-
plastnost in podobno).

4. To trditev bo treba e prakti¢no preveriti. Nova
oblika kokile bo seveda nekoliko druga¢na. Opisani po-
skusi bodo sluzili za izhodi3¢e za delo v proizvodniji.

5. Odpirajo se moZnosti za razvoj ratunalniskega
krmiljenja in avtomatizacijo ohlajanja tudi ulitih blo-
kov drugatnih oblik, kar je e posebno pomembno v li-
varstvu.

appearing with the rolling of some qualities of steel slabs
due to inhomogeneities in the middle could be avoided.

4. This statement must be also verified practically.
The form of the reconstructed mould for practical pur-
poses will be a little different. The resuits of the experi-
ments discussed above will be starting point for the
practical measures.

5. New possibilities in the development of the com-
puter regulation and automation of process of cooling of
the cast steel ingots of different forms seem to be open-
ed. It would be very important especially for the techno-
logical development in foundries.
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White Chromium Cast Irons for Rolls, Alloyed with
Molybdenum

D. Kmetic*, F. Mlakar**, V. Tucié**, J. Zvokelj*,
F. Vodopivec*, M. Jakupovi¢*, B. Rali¢*

Kromove bele litine, legirane = molibdenom in se ne-
katerimi drugimi elementi, se zaradi dobre obrabne ob-
stojnosti, trdote in zadovoljivih mehanskih lastnosti vedno
ved uporabljajo za dvoslojno lite valje. Litine imajo tudi
dobro korozijsko obstojnost.

Delo obravnava mikrostrukturne znaéilnosti zlitin v li-
tem stanju in po toplotni obdelavi. Narejena sta izotermna
transformacijska diagrama za destabilizacijo avstenita in
destabiliziran avstenit in kontinuirni lransjérmacijski dia-
gram za destabiliziran avstenit.

uvobD

V valjarnah je poleg ustrezne kvalitete valjanih pro-
izvodov zelo pomembna ekonomiénost proizvodnje.
Doloc¢ena jekla se vroée valjajo v nizkih temperaturnih

30 /
251 ///f/// -
AT e
MasCe M23Cs 1/ Cr 7
2 /
s B My C /2 2/_
5 / . 7
10 / ALl
3
/ ‘M3C
5t w[]L—— 0. Kkor M€ ]
| AD |
o0 1 2 3 4
C v %
SL1:

Kemicna sestava belih kromovih litin in litin za druge vrste
jev v faznem diagramu (KV — kovani valji, AD — adamitni
valji, IND — indefinitni valji, KGR — nodulami valji, Cr —
bele kromove litine, 8)
Fig. 1
Chemical composition of white chromium cast irons, and cast
irons for other types of rolis in the phase diagram (KV — forged
rolls, AD — adamite rolls, IND — indefinite chill rolls, KGR —
spheroidal-graphite rolls, Cr — white chromium cast irons, 8)

* SZ — Metalurski indtitut Ljubljana
** SZ — Zelezarna Store

* Institute of Metallurgy, Ljubljana
** Store Ironworks

UDK: 669.15°26—194:669.14.018.255
ASM/SLA: M28, N8b, TSk, §, Cr, W23k

Chromium white cast irons alloyed with molybdenum
and some other elements are more and more applied for
compound cast rolls due to good wear resistance,
hardness, and satisfactory mechanical properties. The
cast irons have also good corrosion properties.

Paper treats the microstructural characteristics of
cast irons as cast, and after the heat treatment. Isother-
mal transformation diagrams for the destabilization of
austenite, and for the destabilized austenite were con-
structed next to the continuous transformation diagram
for the destabilized austenite.

INTRODUCTION

In rolling plants, the economy of manufacturing is
very important next to the suitable quality of rolled pro-
ducts. Some steel is hot rolled in low-temperature re-
gions with high partial reductions, and low permissible
dimensional tolerances. Narower and narower toler-
ances are demanded also for the cold rolled strips.
These are the reasons that rolls of white cast iron with
high chromium content, and alloyed with Mo, Ni (Cu), V,
Ti, and W are more and more used in hot and cold rolling
plants. The rolls are cast by a compound centrifugal
casting.

Data on chemical composition of rolls of white
chromium cast irons are in references given in wide in-
tervals. Data on manufacturing rolls, and on their heat
treatment are scarce. The phase diagram in Fig. 1 pres-
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Fazni diagram Fe-Cr-C za 17% Cr

Fig. 2
Fe-Cr-C phase diagram at 17 % Cr
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podrogjih z velikimi parcialnimi redukcijami, pri emer
se zahtevajo ozke dimenzijske tolerance. Vedno bolj oz-
ke tolerance se zahtevajo tudi pri hiadno valjanih trako-
vih. To so razlogi, da se v vro¢ih in hladnih valjarnah
vedno bolj uporabljajo valji iz bele litine z visoko vse-
bnostjo Cr, legirane 3¢ z Mo, Ni (Cu), V, Ti in W. Valji
?_e-izdelujejo po postopku dvoslojnega centrifugalnega
itja.

Literaturni podatki o kemiéni sestavi valjev iz bele
kromove litine so podani v $irokih mejah. Podatki o iz-
delavi valjev in toplotni obdelavi so zelo skopi. V faz-
nem diagramu na sliki 1 je za primerjavo navedeno po-
droéje kemiéne sestave valjev iz bele kromove litine in
drugih vrst valjev.

Zlitine Fe-Cr-C so Ze dolgo poznane in so v literatu-
ri opisane $tevilne raziskave. Fazni diagram Fe-Cr-C za
17 % Cr je prikazan na sliki 2 (3). Za razvoj teh zlitin so
poleg zacetnih raziskav F. Osmonda, ki je v mikrostruk-
turi omenjenih litin Ze leta 1892 opazil kompleksne kar-
bide, najpomembnejie raziskave R. S. Jacksona, ki je v
faznem diagramu Fe-Cr-C opredelil likvidus povrsine
(sl. 3) in sistematiéne raziskave vpliva Mo na mikro-
strukturne znadilnosti, ki sta jih naredila F. Maratray in
R. Usseglio-Nanot (1, 2, 4).

Mikrostruktura belih kromovih litin sestoji iz pri-
marnih in evtekti¢nih karbidov in avstenitne matice,
oziroma njenih transformacijskih produktov (sekundar-
ni karbidi, perlit, bainit, martenzit). Za mikrostrukturne
znatilnosti je zelo pomembno razmerje Cr/C in vse-
bm‘;s,t legiranih elementov, predvsem Mo, Mn, Ni (Cu)
in W.

EKSPERIMENTALNO DELO

Na osnovi literaturnih podatkov, ki smo jih imeli na
voljo, smo v Zelezarni Store izdelali preizkusne taline z
razli¢no vsebnostjo legirnih elementov, in sicer z 2,5 do
3,8% C, 11,3 do 19,4 % Cr, 0,39 do 0,66 % Mo, 0,59 do
1,37 % Si, 0,68 do 0,93 % Mn, 0,56 do 0,78 % Ni, 0,023
do 0,11 % Ti in z 0,06 do 0,11 % V. Stiri zlitine smo legi-
rali z 0,80 do 0,93 % W. Zlitine legirane z W so trie in
se uporabljajo za valje za hladno valjanje trakov. Vse-
bnost P mora biti pod 0,08 % in S pod 0,05 %. Preizku-
sne zlitine imajo razmerje Cr/C od 3,62 do 7,76.

Vzorce, preizkusne valjtke, premera 100 in viSine
150 mm, smo ulili tako, da je bila polovica valjcka ulita
v kokilo in polovica v pesek. Tako smo dobili na enem
vzorcu dve razli¢ni hitrosti strjevanja.

Pogoji litja bistveno vplivajo na izoblikovanje mikro-
strukture in s tem na mehanske lastnosti litine. Zato

Sk 3:
Likvidus povrine in lega zlitin glede na razmerje Cr/C v faz-
nem diagramu Fe-Cr-C po R. S. Jacksonu (1)
Fig. 3
Liquidus surfaces and the position of alloys related to the Cr/C
ratio in the Fe-Cr-C phase diagram, according to R. S. Jackson
(1)

ents the regions of chemical compositions of rolls of
white chromium cast iron, and of some other types of
rolls (8).

Fe-Cr-C alloys are already for a long time known, and
numerous investigations are cited in references. The Fe-
Cr-C phase diagram for 17 % Cr is shown in Fig. 2 (3).
For development of these alloys, the most essential are
the investigations by R. S. Jackson who determined the
liquidus surfaces in the Fe-Cr-C phase diagram (Fig. 3),
and the systematic investigations on the influence of Mo
on the microstructural characteristics done by F. Mara-
tray, and R. Usseglio — Nanot, beside the initial investi-
gations by F.Osmond who already in 1892 observed
complex carbides in the microstructure of the men-
tioned cast irons (1, 2, 4).

Microstructure of white chromium cast irons con-
sists of primary and eutectic carbides, and austenitic
matrix, or of its transformation products (secondary car-
bides, pearlite, bainite, martensite). Essential for the
microstructural characteristics are the Cr/C ratio and
the content of alloying elements, mainly Mo, Mn, Ni (Cu),
and W.

EXPERIMENTAL WORK

Based on the data in references, being available, test
melts with various contents of alloying elements, i.e.
with 2.5t0 3.8 % C, 11.3 to 19.4 % Cr, 0.39 to 0.66 % Mo,
0.59 to 1.37 % Si, 0.68 to 0.93 % Mn, 0.56 to 0.78 % Ni,
0.023t0 0.11 % Ti, and 0.06 to 0.11 % V were made in the
Store Ironworks. Alloys with added W are harder and
they are used for rolls for cold rolling of strips. Phospho-
rus content must be below 0.08 %, and sulphur below
0.05 %. The test melts had the Cr/C ratio between 3.62
and 7.76.

The samples as testing cylinders with diameter
100 mm and 150 mm high were cast so that one half of
the cylinder was cast into mould, another one into sand.
Thus two various solidification rates were obtained on
the same specimen.

Casting conditions have essential influence on the
formation of microstructure, and thus on the mechanical
properties. Therefore melting points and solidification in-
tervals were determined for some alloys.

Microstructural characteristics of as cast alloys, and
after the heat treatment were determined by investiga-
tions with optical microscope, scanning electron micro-
scope (SEM), and electron microanalyzer. To reveal the
microstructural characteristics various etching agents
(nital, Villela’s, ferric chloride, alkaline picrate, Muraka-
mi's, and 4 % sodium hydroxide saturated with pota-
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smo za neckatere zlitine dolodili temperature talid¢a in
intervale strjevanja.
Mikrostrukturne znadilnosti zlitin v litem stanju in
toplotni obdelavi smo opredelili s preiskavami z op-
tiénim mikroskopom, v raster elektronskem mikrosko-
(SEM) in v elektronskem mikroanalizatorju. Za od-
ﬂvxnjc mikrostrukturnih znadilnosti smo uporabili ra-
zliéna jedkala (nital, Villela, feriklorid, alkalijski pikrat,
Murakami in 4 % natrijev hidroksid, nasicen s kalijevim
permanganatom). Sekundarne karbide in faze, nastale
transformaciji avstenita, smo lahko dobro opredelili
v SEM. V elektronskem mikroanalizatorju smo dolo¢ili
sestavo primarnih in evtekti¢nih karbidov in koncentra-
cije nekaterih legirnih elementov v matici.

Za eno od zlitin z najustreznej$o kemiéno sestavo in
mikrostrukturo smo naredili izotermna transformacij-
ska diagrama za nedestabilizirano in destabilizirano av-
stenitno matico in kontinuirni transformacijski diagram
za destabiliziran avstenit.

0Od mehanskih lastnosti smo merili le trdoto zlitin in
posameznih mikrostrukturnih faz. V literaturi smo za-
sledili raziskave, ki obravnavajo upogibno trdnost in zi-
lavost teh zlitin (13). Za valje je poznavanje teh parame-
trov zelo pomembno, vendar smo zaradi tezavne pripra-
ve mehanskih preizkuSancev te preiskave odlozili na
kasnejsi Cas.

REZULTATI PREISKAV
Talis¢a in interval strjevanja zlitin

Zilavost in obrabna obstojnost litine je tem boljsa,
&¢im bolj drobni so evtekti¢ni karbidi in éim enakomer-
neje so porazdeljeni po matici. (19) Zato mora potekati
strjevanje belih kromovih litin hitro. Pri previsokem
pregretju in potasnem strjevanju lahko nastanejo poleg
grobih evtekti¢nih klarbidov e veliki primarni karbidi.

V talilnem mikroskopu smo dolo¢ili taliséa in inter-
vale taljenja nekaterih zlitin, izbranih tako, da smo po-
krili ves interval razmerij Cr/C (tabela 1). Zaradi reka-
lescence je razlika med talilnim in strjevalnim interva-
lom majhna. Zlitine so mo¢no izcejane in se rezultati
paralelk in vrednosti, izmerjene veckrat na istem vzor-
cu, med seboj precej razlikujejo.

Tabela 1: Tali¢a in intervali taljenja

Nasta-
Ziitina %C %Cr C/C ek  ZCEek ggjen, Interval
kapljic J- s
TS 'C 'C *C
1 249 1931 7,76 1200 1245 1345 100
2 263 1943 739 1170 1220 1350 130
(legira-
noz W)
3 272 1490 548 1200 1250 1305 55
4 2,76 19,21 696 1210 1250 1325 75
) 3,20 1795 561 1210 1250 1285 35
7 331 1197 3,62 1190 1225 1300 75
8 348 16,23 466 1170 1215 1250 35
(legira-
noz W)

Zlitine imajo talis¢a med 1350 in 1250 °C. Cim bolj
se sestava zlitine priblizuje evtektiéni sestavi, oZji je in-
terval strjevanja. Na sliki 2 se vidi, da ima zlitina s
17 % Cr evtekti¢no sestavo pri 3,4 % C. Na talis&e in in-

ssium permanganate) were applied. Secondary car-
bides, and phases formed during the transformation of
austenite were well determined by SEM. Electron micro-
analyzer helped us to determine the composition of pri-
mary and eutectic carbides, and the concentrations of
some alloying elements in the matrix.

For one of the alloys, with the most suitable chemical
composition and the microstructure, the isothermal
transformation diagrams for undestabilized and des-
tabilized austenitic matrix, and the continuous trans-
formation diagram for destabilized austenite were con-
structed.

Of mechanical properties only hardness of alloys and
of single microstructural phases was measured. In refer-
ences, investigations treating the bending strength, and
the toughness of these alloys were found (13). Though
the knowledge of these properties is very important for
the behaviour of rolls, these investigations were post-
poned for later due to difficult preparation of testing
specimens.

RESULTS OF INVESTIGATIONS

Meiting Points and Solidification Interval of Alloys

Toughness and wear resistance of the alloy are the
better the smaller are eutectic carbides, and the more
uniformly they are distributed in the matrix (19). There-
fore the solidification of white chromium cast irons must
be fast. At a too high superheating and low solidification
rate big primary carbides next to coarse eutectic car-
bides can be formed.

Melting points and solidification intervals of some al-
loys were determined by fusion microscope. The alloys
were chosen in such a way that he whole interval of the
Cr/C ratios was covered (Table 1). Due to recalescence
the difference between the melting and the solidification
interval is small. The alloys exhibit intensive segregating,
thus the results of parallel tests, and the values mea-
sured more times on the same sample differ a great
deal.

Table 1 Melting Points and Solidification Intervals

Forma- Begin. - Melting
tionof  of ed .
Alloy %C %Cr Cr/C drops i interval
OC OC lc OC
1 249 1931 776 1200 1245 1345 100
2 263 1943 739 1170 1220 1350 130
(alloyed
with W)
3 272 1490 548 1200 1250 1305 55
4 276 1921 696 1210 1250 1325 75
& 320 1795 561 1210 1250 1285 35
7 331 1197 362 1190 1225 1300 75
8 348 1623 466 1170 1215 1250 35
(alloyed
with W)

The alloys have the melting points between 1350 and
1250° C. The closer is the alloy composition to the eutec-
tic composition the narrower is the solidification interval.
It is evident from the Fig. 2 that the alloy with 17 % Cr
has eutectic composition at 3.4 % C. The melting points
and the solidification intervals are mainly influenced by
the carbon content, to a lesser extent by the Cr/C ratio,
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terval strjevanja vpliva predvsem vsebnost ogljika, manj
pa razmerje Cr/C in koncentracije ostalih legimnih ele-
mentov. Od vsebnosti ogljika, ki sicer zniZuje tempera-
turo tali$¢a, in razmerja Cr/C je odvisen delez karbidne
faze v mikrostrukturi, kar tudi vpliva na taliice in inter-
val strjevanja zlitin. 1z faznih diagramov Fe-Cr-C se vi-
di, da se z narad¢ajoco vsebnostjo Cr evtekti¢na tocka
pomika v levo in k vi§jim temperaturam.

Mikrostruktura zlitin v litem stanju

Mikrostruktura zlitin je odvisna od kemiéne sestave,
razmerja Cr/C in pogojev strjevanja. Vse zlitine smo le-
girali z Mo, zato imajo v mikrostrukturi poleg primar-
nih in evtektiénih karbidov M,C, tudi karbide Mo,C.

Mikrostruktura evtektika je odvisna od deleZa avste-
nitne faze, ki nastaja med procesom strjevanja. Ce na-
stane med strjevanjem veliko avstenita in je majhen de-
lez preostale taline, ki se strdi kot evtektik, imajo evtek-
ti¢éni karbidi tendenco, da segregirajo vzdolz kristalnih
mej avstenitnih zrn. Take mikrostrukture, ki je znaédilna
za zlitine z do 20 % karbidne faze, pri nasih zlitinah, ki
imajo od 25 do 35 % karbidne faze, nismo opazili.

V nekaterih zlitinah smo opazili v evtektiku bolj ali
manj lamelarno izoblikovane karbide, ki rastejo iz sre-
dine meddendritskih prostorov (sl. 4) Pri drugih zliti-
nah, pri katerih je avstenitne faze zelo malo in ta prakti-
¢no ni omejevala strjevanja evtektika, imajo karbidi po-
polnoma lamelarno obliko (sl. 5). Ceprav so veliki pri-
marni karbidi heksagonalne oblike znadilni za litine z
nad 35 % karbidne faze, smo te opazili tudi pri nekate-
rih nadih zlitinah, in to predvsem na sredini preizkusnih
valj¢kov, kjer so bili za njihov nastanek ustreznejsi po-
goji (sl. 6.).

Deleze karbidne faze v mikrostrukturi smo za neka-
tere zlitiné izratunali po enadbi (1):

% K = 1233 (% C) + 0,55 (% Cr) — 15,2
Izra¢unane vrednosti se dobro ujemajo z vrednost-
mi, ki smo jih dobili z meritvami po linearni intercepcij-
ski metodi v opti¢nem mikroskopu (tabela 2). Vsebnosti

Mo in W sta majhni in ne vplivata bistveno na delez
karbidne faze.

Tabela 2: Delez karbidne faze (% K) v mikrostrukturi

Ziitina Cr/C %C  %cr . K s Kizmerje
izralunan
7 362 331 1197 32,2 30
6 480 3221 1542 329 29
3 548 272 1490 26,5 26
5 561 320 17,95 34,1 35
2 739 262 1943 279 28
| 7,76 249 1931 26,1 25

Mikrostruktura matice je odvisna od razmerja
Cr/C, vsebnosti Mo in pogojev ohlajevanja. Matica
ima v litem stanju avstenitno mikrostrukturo, oz. je med
ohlajanjem potekla delna ali popolna transformacija
aystenita v perlit. Pri litju v kokilo potekata strjevanje
in ohlajanje hitreje, kot pri litju v pesek, in perlitna
transformacija je zavrta. Pri zlitinah brez Mo lahko pri-
¢akujemo popolnoma avstenitno matico pri razmerju
Cr/C vetjem od 7,2 (1,2). Z legiranjem z Mo se razmer-
je Cr/C, pri katerem dobimo popolnoma avstenitno
matico, pomika proti nizjim vrednostim. To pomeni, da
ima lahko litina pri isti vsebnosti Cr ve¢ C in zato v mi-
krostrukturi ve&ji delez karbidne faze in avstenitno
matico.

and the concentration of the other alloying elements.
The carbon content which namely reduces the melting
point, and the Cr/C ratio determine the amount of car-
bide phase in the microstructure which has also influ-
ence on the melting point and the solidification interval
of alloys. The Fe-Cr-C phase diagrams show that the in-
creasing Cr content shifts the eutectic point towards the
left and to higher temperatures.

Microstructure of As Cast Alloys

Microstructure of alloys depends on the chemical
composition, the Cr/C ratio, and the conditions of solidi-
fication. All the alloys were alloyed with Mo, thus the
microstructure contains also Mo,C carbides next to the
primary and eutectic M,;C, carbides.

Microstructure of eutectic depends on the amount of
austenitic phase which is formed during the solidifica-
tion. If a high amount of austenite is formed during the so-
lidification, and the portion of the remaining melt which
solidifies eutectically is small, the eutectic carbides exhi-
bit tendency to segregate along the boundaries of
austenitic grains. Such a microstructure being charac-
teristic for the alloys with up to 20 % of carbide phase
was not observed in our alloys which contained 25 to
35 % of carbide phase.

In some alloys more or less lamellar carbides were
observed which grow from the centre of interdendritic
spaces (Fig. 4). In other alloys with a very low amount of
austenitic phase which did not hinder the solidification
of eutectic, the carbides exhibited fully lamellar shape
(Fig. 5). Though big primary carbides of hexagonal
shape are characteristic for the cast irons with over 35 %
of carbide phase, they were obseved also in some of our
alloys, but mainly in the centre of the testing cylinders
where the conditions for their formation were the most
suitable (Fig. 6).

The portions of carbide phase in the microstructure
was for some alloys evaluated by the equation (1):

% K = 12.33 (% C) +0.55 (% Cr)—15.2

The obtained values are in a good agreement with the
values which were obtained by the measurements in
optical microscope by the intercept method (Table 2).
Contents of Mo and W are low and they do not influence
essentially the portion of carbide phase.

SL 4:
Eutektiéni karbidi rastejo iz sredine meddendritskih prostorov,
lito stanje (3,21 % C, 15,42 % Cr, 0,53 % Mo, Cr/C 4,80). Pov.
100 x

Fig. 4
Eutectic carbides grow from the centre of interdendritic
spaces, as cast (3.21% C, 15.42 % Cr, 0.53 % Mo, Cr/C 4.80).
Magn. 100 x
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SL. §:
Lamelarni eutekti¢éni karbidi, lito stanje (3,20 % C, 17,95 % Cr,
0,63 % Mo, Cr/C 5,61). Pov. 100 x
Fig. 5
Lamellar eutectic carbides, as cast (3.20% C, 17.95% Cr,
0.63 % Mo, Cr/C 5.61). Magn, 100 x

Preiskovane zlitine so legirane z Mo in preizkusni
valjeki imajo na presekih, ulitih v kokilo pn razmerjih
Cr/C nad 5,5, popolnoma avstenitno matico (sl. 5). Le
v vedji oddaljenosti od povriine smo pri nekaterih vzor-
cih opazili v mikrostrukturi manjsa perlitna zrna. S pa-
dajoco vrednostjo razmerja Cr/C naraséa v matici de-
lez perlitne faze. Avstenitno perlitna mikrostruktura
matice je prikazana na sliki 4

Perliino matico lahko reavstenitiziramo in tako zago-
tovimo, da ima litina po destabilizaciji in transformaci-
ji s stalis¢a mehanskih lastnosti ustreznejio mikrostruk-
turo matice (martenzit). Menimo, da z ogrevanjem av-
stenitno perlitnih litin 50 °C pod solidus temperaturo
dobimo avstenitno mikrostrukturo matice. Za natan-
cnejie pogoje reavstenitizacije so v literaturi podani
dnmml (1, 2). Vsekakor pa je ugodneje, da z razmer-
jem Cr/C, legnranjem z Mo in pogoji strjevanja Ze v li-
tem stanju zagotovimo litini avstenitno mikrostrukturo
matice (9).

Kemicna sestava karbidov in matice

Koncentracije Cr, Mo, Mn in W v primarnih in ev-
tekti¢nih karbidih in v matici, izmerjene v elektronskem
mikroanalizatorju, so podane v tabeli 3. Meritve smo
naredili na vzorcih ulitih v kokilo.

Tabela 3: Vsebnosti Cr, Mo, Mn in W v karbidih in matici

. neL ™ RL Karbidi Matica
Zlitina Cr/C%C % Cr Mo primarni eutek.  perlit  austenit
7 362 331 1197 0.58 383Cr 329Cr 6.7 Cr —

0.55Mo 045Mo 0.26Mo -

08 Mn 0.7 Mn 06 Mn —
6 480 321 1542 053 424Cr 370Cr 77 Cr 70 Cr
0.44Mo 046Mo 026Mo 034Mo
S48 272 1490 056 448Cr 399Cr 105Cr
097Mo 092Mo — 0.13Mo
09 Mn 08 Mn — 0.7 Mn
5 5.61 320 1795 063 484Cr 438Cr - 10.2Cr
042Mo 042Mo — 0.23Mo
095Mn 09 Mn — 0.8 Mn
2 7.39 262 1943 052 507Cr 490Cr - 108Cr
083 0.49M0 046Mo  — 03 Mo
W 059w 061W — 0.44W
09 Mn 09 Mn — 0.7 Mn
1 776 249 1931 054 51.2Cr 49.0Cr - 10.5Cr
041Mo 044Mo — 0.31 Mo

V diagramu na sliki 7 je prikazana odvisnost med raz-
merjem Cr/C v zlitinah in razmerjem Fe/Cr v karbidih

Table 2 Portion of Carbide Phase (% K) in the Microstructure

Aoy CriC %C % Cr ca!cumed% 3 measured
7 362 331 1197 322 30
6 480 321 1542 329 29
3 548 272 1490 265 26
5 561 320 1795 341 35
2 739 262 1943 279 28
1 776 249 1931 26.1 25

Microstructure of matrix depends on the Cr/C ratio,
amount of Mo, and conditions of solidification. Matrix as
cast has austenitic microstructure, or a partial or com-
plete transformation of austenite into pearlite occured
during the solidification. Solidification and cooling are
faster in casting into moulds than in casting into sand,
and pearlitic transformation is retarded. In alloys without
Mo fully austenitic matrix can be expected at the Cr/C
ratios higher than 7.2 (1, 2). Alloying with Mo shifts the
Cr/C ratio at which fully austenitic matrix is obtained
towards lower values. This means that cast iron can con-
tain at the same Cr more C, and thus a greater portion of
carbide phase can be in the microstructure.

Investigated alloys were alloyed with Mo, and the
testing cylinders exhibit on the cross sections cast into
mould a fully austenitic matrix if Cr/C ratio was over 5.5
(Fig. 5). Only at a greater distance from the surface
smaller pearlitic grains were observed in the microstruc-
ture of some samples. The reduced Cr/C ratio causes
an increased amount of pearlitic phase in the matrix. The
austenitic-pearlitic microstructure of the matrix is shown
in Fig. 4.

Pearlitic matrix can be reaustenitized, and thus it is
ensured that the cast iron has a more suitable micro-
structure of matrix (martensite) from the viewpoint of
mechanical properties after the destabilization and the
transformation. It is supposed that heating austenitic-
pearlitic cast iron at 50° C below the solidus temperature
gives austenitic microstructure of the matrix. More de-
tailed conditions of reaustenitization are given in graphs
in references (1, 2). Anyhow, it is more favourable to en-
sure the austenitic microstructure of the matrix in the as
cast alioy by the Cr/C ratio, alloying with Mo, and the
conditions of solidification,

Chemical Composition of Carbides and of Matrix

Concentrations of Cr, Mo, Mn, and W in the primary
and the eutectic carbides, and in the matrix, measured
by the electron microanalyzer are presented in Table 3.

Table 3 Contents of Cr, Mo, Mn, and W in Carbides and in the
Matrix

Carbides Matrix
Alloy CriC%C %Cr Mo phrary Eutec. Peariite Austen
7 362 331 1197 058 383Cr 329Cr 67 Cr —
055M0 045Mo 026Mo -
08 Mn 07 Mn 06 Mn —
6 480 321 1542 053 424Cr 370Cr 77 Cr 70 Cr
044Mc 046Mo 026Mo 0.34Mo
3 548 272 1490 056 448Cr 399Cr - 105Cr
097Mo 092Mo - 0.13Mo
09 Mn 08 Mn — 07 Mn
5 561 320 1795 063 484Cr 438Cr - 10.2Cr
042Mo 042Mo - 0.23Mo
095Mn 09 Mn — 08 Mn
2 739 262 1943 052 507Cr 490Cr - 108Cr
083 043Mo0 046Mo - 03 Mo
W 059w 061w — 044w
09 Mn 089 Mn — 0.7 Mn
1 776 249 1931 054 512Cr 490Cr — 10.5Cr
041Mo 044Mo — 0.31Mo
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SI. 6:

Primarni karbidi heksagonalne oblike. Pov. 100 x
Fig. 6

Primary carbides of hexagonal shape. Magn. 100 x

M,C;. Z razmerjem Fe/Cr je podana sestava karbidov
M,C;, ki se sicer lahko spreminja od (Cr,Fes) C, do
(CrsFe,)C,. Primarni in evtekti¢ni karbidi imajo v nadih
zlitinah sestavo od malo nad stehiometri¢nim razmer-
jem (CryFe,) Cry do (Cr,Fe;) C;. Krivulja za evtekti¢ne
karbide lezi nad krivuljo za primarne karbide, ker imajo
evtekti¢ni karbidi pri istih vrednostih Cr/C manjso vse-
bnost Cr. Razlika v vsebnosti Cr med primarnimi in
evtekti¢nimi karbidi je najvecja pri najnizjem razmerju
Cr/C. Z nara$¢ajoco vsebnostjo tega razmerja proti 8 se
vsebnost Cr v primarnih in evtekti¢nih karbidih pribli-
Zuje isti vrednosti.

Poleg Cr, ki v kristalni mrezi karbidov nadome3ca
atome Fe, smo v karbidih izmerili tudi dolofene kon-
centracije Mo, Mn in W. Vsebnost Mo v zlitinah je
majhna, zato je v mikrostrukturi malo karbidov Mo,C.
Ti karbidi so drobni, vendar smo jih lahko dolo¢ili v
elektronskem mikroanalizatorju, kot tudi karbide W v
zlitinah, legiranih s tem elementom.

Vsebnost Cr v matici naraic¢a z vrednostjo razmerja
Cr/C. Meritve koncentracij Cr in Mo v matici so poka-
zale, da je ta zelo nehomogena (5). Odstopanja od pov-
pre¢nih vrednosti so pri Cr v mejah +20 %. Bistveno
vedje je izcejanje Mo, in sicer vefinoma v mejah
+ 50 %. V nekaterih primerih pa smo v izcejah izmerili
tudi do 2 % Mo. Podobno smo ugotovili, da tudi karbi-
di nimajo homogene sestave. Pri vedjih, predvsem pri-
marnih karbidih, je koncentracija Cr najvecja v sredini
in se zmanj$uje proti robu karbidnega zrna.

V karbidih smo merili koncentracije Cr, Mo in W tu-
di na vzorcih, Zarjenih 2, 4 in 8 ur na temperaturi
1050 "C. Pri tej temperaturi poteka izloanje sekundar-
nih karbidov in s tem destabilizacija avstenitne matice.
Izmerjene razlike v koncentraciji omenjenih elementov
med litim in Zarjenim stanjem niso sistemati¢ne in so
odstopanja v mejah merilnih napak.

Diagram izotermne destabilizacije avstenita

Sistematiéne preiskave destabilizacije avstenita, izo-
termna transformacijska diagrama za nedestabiliziran
in destabiliziran avstenit (TTT) in kontinuirni transfor-
macijski diagram za destabiliziran avstenit (CTT) smo
naredili za zlitino S z naslednjo kemicno sestavo:
3,2% C, 1,22% Si, 0,86 % Mn, 0,035% S, 0,030% P,
1795% Cr, 0,63% Mo, 0,69% Ni, 0,08% Ti in
0,095 % V. Zlitina ima razmerje Cr/C 5,61 in v litem
stanju avstenitno matico (sl. 5). Izotermna transforma-
cijska diagrama smo naredili na osnovi metalografskih
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SL7:
Odvisnost med razmerjem Cr/C in razmerjem Fe/Cr v karbi-
dih M,C,
Fig. 7
Relation between the Cr/C ratio and Fe/Cr ratio in M,C, car-
bides

Measurements were made on the samples cast into
mould.

Piot in Fig. 7 gives the relationship between the Cr/C
ratio in alloys and the Fe/Cr ratio in M,C, carbides. The
Fe/Cr ratio defines the composition of M,C, carbides
which varies between (Cr,Fe;)C, and (CrsFe,)C,;. Primary
and eutectic carbides in our alloys have the composition
between the composition which is slightly above the
stoichiometric one of (Cr;Fe,)Cs, and the composition of
(CrFe;)C;. The curve for eutectic carbides is above the
curve for primary carbides since eutectic carbides at
equal Cr/C ratios have smaller contents of Cr. The differ-
ence in Cr content between the primary and the eutectic
carbides was the highest at the lowest Cr/C ratio. If this
ratio goes towards 8, the Cr content in primary and eu-
tectic carbides approaches to the same value.

Beside Cr which in crystal lattice of carbides substi-
tutes Fe atoms, certain concentrations of Mo, Mn, and
W were found in carbides. Mo content in alloys is small
therefore the microstructure contains small amount of
Mo,C. These carbides are fine but they were determined
by the electron microanalizer, as well as the tungsten
carbides in the alloys alloyed with that element.

Cr content in matrix is increased with the increased
Cr/C ratio. Measurements of Cr and Mo concentrations
in the matrix showed that matrix is very unhomogeneous
(5). Deviations from the mean values are for Cr in the li-
mits + 20 %. Essentially greater are segregations of Mo,
mainly in limits +50 %. In some cases in segregations,
even up to 2 % Mo was found. Similarly, it was found that
also carbides do not have a homogeneous compaosition.
In bigger, mainly primary carbides the concentration of
Cr is the greatest in the centre and it is reduced towards
the edge of the carbide grain.

In carbides, the concentrations of Cr, Mo, and W
were measured also in the samples annealed 2, 4 and 8
hours at 1050°C. At this temperatures secondary car-
bides are precipitated and thus the austenitic matrix is
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Chemical composition

Kemicna sestava
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Diagram izotermne destabilizacije avstenita (A — austenit, F
— ferit, P — perlit, K, — sekundarni karbidi)
Fig. 8
Diagram of isothermal destabilization of austenite (A — austen-
ite, F — ferrite, P — pearlite, K, — secondary carbides)

preiskav. Mikrostrukturne spremembe smo opredelili v
opti¢nem mikroskopu in v SEM. V nekaterih primerih,
ko je bilo tezko dolotiti mikrostrukturne komponente,
smo si pomagali §¢ z meritvami mikrotrdot in selektiv-
nim jedkanjem (15, 16).

Za izdelavo diagrama izotermne destabilizacije av-
stenita smo vzorce izotermno zarili razliéno dolgo &asa
v temperaturnem podroéju med 500 in 1150°C. Razpad
avstenita potcka v dveh temperaturnih podrodjih, ki se
v ozkem podrocju prekrivata (sl. 8). Za toplotno obde-
lavo zlitin je pomembna destabilizacija avstenita z izlo-
¢anjem sekundarnih karbidov (K,), ki poteka v visjem
temperaturnem podroc¢ju. Izlo¢anje sekundarnih karbi-
dov je najhitrejse med 940 in 990 “C. Nad temperaturo
Ac; poteka transformacija y=v + K, in pod to tempera-
turo y=y+a+K..

Nad temperaturo Ac; se iz avstenita izlo¢ajo karbidi
M,C;. V temperaturnem podrocju med Ac; in Ac, pa se
iz avstenita izlo¢ajo tudi karbidi M,:C, (10). Izloéanje
sekundarnih karbidov je za nadaljnjo toplotno obdela-
vo bistvenega pomena. Brez predhodne destabilizacije,
pri kateri se zaradi izlotanja sekundarnih karbidov v
avstenitu zmanjsa vsebnost Cr in C, transformacija av-
stenita v martenzit, kot tudi v bainit, niti ni mogoéa.
Perlitna transformacija pa poteka v destabiliziranem
avstenitu pocasneje.

V niZjem temperaturnem podroé¢ju razpada poteka
transformacija avstenitne matice v perlit. Transformaci-
Ja poteka najhitreje med 670 in 710 °C.

Sekundarni karbidi se za¢nejo izlocati iz avstenita
po doloceni inkubacijski dobi, in to ob kristalnih mejah
med avstenitnimi zrni in na meji avstenitnih zrn z evtek-
ticnimi karbidi. Proti sredini avstenitnih zrn poteka iz-
lo¢anje hitreje po doloéenih kristalografskih ravninah
(sL. 9, 10, 11). V zacetni fazi izlo¢anja so karbidi drobni,

destabilized. The measured differences of concentra-
tions of the mentioned elements between the cast and
annealed state are not systematic, and the deviations
are in the limits of measuring errors.

Diagram of Isothermal Destabilization of Austenite

Systematic investigations of the destabilization of
austenite, isothermal transformation diagrams for un-
destabilized and destabilized austenite (TTT), and the
continuous transformation diagram for destabilized aus-
tenite (CTT) were constructed for the alloy 5 with the
following composition: 3.2% C, 1.22% Si, 0.86 % Mn,
0.035% S, 0.030 % P, 17.95 % Cr, 0.63 % Mo, 0.69 % Ni,
0.08 % Ti, and 0.095 % V. The Cr/C ratio of the alloy was
561, and the as cast alloy exhibits austenitic matrix
(Fig. 5). The isothermal transformation diagrams were
constructed from data of metallographic investigations.
Microstructural variations were determined in optical
microscope and by SEM. In some cases when the mi-
crostructural components were not easy to be deter-
mined, measurements of microhardnesses, and selec-
tive etching were applied (15, 16).

To construct the diagram of isothermal destabiliza-
tion of austenite, the samples were isothermally an-
nealed for various times in the temperature interval 500
to 1150°C. Decomposition of austenite occurs in two
temperature intervals which overlap in a narrow region
(Fig. 8). The destabilization of austenite with precipita-
tion of secondary carbides (K,) occuring in the higher
temperature interval is important for the heat treatment
of alloys. Precipitation of secondary carbides is the fas-
test between 940 and 990° C. Above Ac, transformation
Y = y+K, takes place, and below that point y = y+
+a+K,.

Above Ac,; M,C, carbides are precipitated from aus-
tenite. In the temperature interval between Ac, and Ac;,
also M;;C; carbides are precipitated from austenite (10).
Precipitation of secondary carbides Is essential for fur-
ther heat treatment. Without the predestabilization when
due to the precipitation of secondary carbides the con-
centrations of Cr and C are reduced, the transformation
of austenite into martensite as well as into bainite is not
possible. Pearlitic transformation is slower in the de-
stabilized austenite.

In the lower temperature interval of the decomposi-
tion, the transformation of austenitic matrix into pearlite
takes place. It is the fastest between 670 and 710°C.

SL 9:
Izlotanje sekundarnih karbidov v avstenitu, 80 s Zarjeno na
1050°C. Pov. 500 x

Fig. 9
Precipitation of secondary carbides in austenite, annealed 80 s
at 1050’ C. Magn. 500 x
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SL 10:

Morfologija izlo¢anja sekundarnih karbidov iz avstenita, 40 s
zarjeno na 1050°C (matica je iz avstenita in martenzita)
Fig. 10
Morphology of precipitation of secondary carbides from aus-
tenite, annealed 40 s at 1050° C (Matrix is of austenite and mart-
ensite)

s asom izotermnega Zarjenja pa rastejo. Najvedji vpliv
na rast sekundarnih karbidov ima temperatura in nad
1050 °C je njihova rast Ze zelo hitra.

Inkubacijski ¢as za potek premene v perlitnem po-
droé&ju je daljsi. Morfologija izlotanja cementita je po-
dobna kot pri izlo¢anju sekundarnih karbidov, le izlo-
¢anje cementita po prednostnih kristalografskih ravni-
nah je manj izrazito. Sam potek transformacije je hitrej-
§i kot proces destabilizacije. Na nekaterih mestih se vi-
di, da je transformacija potekla hitro po celem zrnu
avstenita (sl. 12). Oblika cementitnih lamel in medlame-
larna razdalja v perlitu sta odvisni od temperature
transformacije. Pri 750 °C je cementit grob in globula-
ren, le na sredini vedjih zrn je nakazana lamelarna obli-
ka. S padajoto temperaturo transformacije ima cemen-
tit vedno bolj lamelarno obliko (sl. 13, 14). Najmanjio

Perlitna transformacija, 5 min Zarjeno na 690°C. Pov. 500 x

Fig. 12
Pearlitic transformation, annealed 5 min. at 690° C, Magn. 500 x

SL11:

Morfologija izloéanja sekundarnih karbidov iz avstenita,
5 min zarjeno na 950°C (matica je iz avstenita in martenzita)
Fig. 11
Morphology of precipitation of secondary carbides from aus-
tenite, annealed 5 min. at 950°C (Matrix Is of austenite and
martensite)

Secondary carbides start to precipitate from austen-
ite after a certain induction period, and this occurs on
the grain boundaries between the austenite grains, and
on the boundaries of austenite grains with eutectic car-
bides. Towards the centre of austenite grains the preci-
pitation is faster on certain crystallographic planes
(Figs. 9, 10, and 11). In the initial phase of precipitation,
the carbides are fine, but they grow with the time of
isothermal annealing. The greatest influence on the
growth of secondary carbides has the temperature, and
above 1050° C their growth is already very fast.

Induction period for the transformation in the pearli-
tic region is longer. Morphology of cementite precipita-
tion is similar to that of the secondary carbides, only
precipitation of cementite on the preferred crystalogra-
phic planes is less pronounced. Transformation itself is
faster than the process of destabilization. On same
spots it is evident that the transformation was fast
through the whole austenite grain (Fig. 12). The shape of
cementite lamellae and the interlamellar spacing in per-
lite depend on the transformation temperature. At 750°C
cementite is coarse and globular, only in the centre of
bigger grains lamellar formation is indicated. With de-
creasing temperature of transformation the shape of ce-
mentite is becoming more lamellar (Figs. 13 and 14).
The smallest interlamellar spacing in pearlite is found in
the alloys at the transformation temperature around
650° C. At lower temperatures pearlitic transformation is
slower, and lamellae can be observed only after longer
annealing times.

The curves of the initial precipitation of secondary
carbides, and of pearlitic transformation were metallo-
graphically exactly determined by optical microscopy
and by SEM. Bigger problem was to determined the time
when both processes are completed. Precipitation of
carbides and the pearlitic transformation move from the
grain boundaries into the interior of the grains. The time
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SL 13:

Morfologija perlitne transformacije, 10 min 2arjeno na 750°C
Fig. 13

Morphology of pearlitic transformation, annealed 10 min. at
750°C

medlamelarno razdaljo v perlitu ima zlitina v tempera-
turnem podrodju transformacije okoli 650 °C. Pri nizjih
temperaturah poteka perlitna transformacija potasneje
in lamele opazimo le pri dalj$ih ¢asih Zarjenja.

Krivulji zacetka izlo¢anja sekundarnih karbidov in
perlitne transformacije smo lahko metalografsko toéno
dologili z opti¢nim mikroskopom in v SEM. Vegji pro-
blem je doloditi &as, v katerem sta oba procesa konéa-
na. Izlotanje karbidov in perlitna transformacija pote-
kata s kristalnih mej v notranjost zrn. Cas, v katerem je
proces koncan, je zato odvisen od velikosti kristalnih
zrn. V nekaterih primerih tudi sicer tezko toéno oprede-
limo konec procesa izlo¢anja sekundarnih karbidov,
ker v martenzitni osnovi tezko lo¢imo karbidna zrna. Z
meritvami trdote si prav tako tezko pomagamo, saj se
trdota, ko je izlo¢enih Ze veé kot 80 % sckundarnih kar-
bidov, ali se perlitna transformacija priblizuje koncu,
bistveno ne spremeni in so odstopanja v mejah merilnih
napak. Na potek destabilizacije in perlitne transforma-
cije pa vpliva tudi izcejanje legirnih elementov. 1z teh
razlogov sta krivulji, ki oznacujeta konec obeh proce-
Sov, opredeljeni le priblizno.

SL 14:
Morfologija perlitne transformacije, 120 min Zarjeno na 650°C
. 14

Fig
Morphology of pearlitic transformation, annealed 120 min. at
650°C

of the process termination thus depends on the size of
crystal grains. In some cases the exact determination of
the end of the precipitation of secondary carbides is dif-
ficult since carbide grains can hardly be distinguished in
the martensitic matrix. Measurements of hardness can
also not help since the hardness changes very little
when more than 80 % of secondary carbides are precipi-
tated or the pearlitic transformation approaches to its
end, and the deviations are in the limits of measuring er-
rors. The destabilization process and the pearlitic trans-
formation are influenced also by the segregations of al-
loying elements. Therefore the curves determining the
completion of both processes are approximate,

In some samples being destabilized below 900°C al-
so retained austenite was observed in the microstruc-
ture. Due to fast cooling (microstructure was stabilized
by quenching) beside the stable austenite also residual
austenite is present in the microstructure of the matrix
in partial destabilization. The both austenites differ in the
content of alloying elements (Cr, Mo, and C) (Fig. 15).

The Ac, point was determined dilatometrically.

Sh 15:
Delno destabiliziran avstenit (850°C, 2 min). V sredini zrn je
stabilni avstenit. Ob kristalnih mejah, kjer so se izloéili sekun-
darni karbidi, je med martenzitnimi iglami zaostali avstenit.

Pov. 500 x

Fig. 156
Partially destabilized austenite (850°C, 2 min.). In the centre of
grains there is stable austenite. On grain boundaries where
secondary carbides are precipitated there is residual austenite

between the martensitic needles. Magn. 500 x
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Pri nekaterih vzorcih, destabiliziranih pri tempera-
turah pod 900 °C, smo opazili v nikrostrukturi tudi za-
ostali avstenit. Zaradi hitrega ohlajanja (mikrostrukturo
smo stabilizirali z gaSenjem) je v mikrostrukturi matice
pri delni destabilizaciji prisoten poleg stabilnega avste-
nita $e zaostali avstenit. Avstenita se razlikujeta po vse-
bnosti legirnih elementov Cr, Mo in C (sl. 15).

Temperaturo Ac; smo dolodili z dilatometrom.

Izotermni transformacijski diagram za destabiliziran
avstenit,

Temperatura destabilizacije 970 °C je istoCasno iz-
hodna temperatura nadaljnje toplotne obdelave.

Omenili smo Ze, da visje razmerje Cr/C in legiranje
z Mo zavirata transformacijo avstenita v perlit. Pri de-
stabiliziranem avstenitu moramo upostevati Se vpliv se-
kundarnih karbidov.

V primerjavi s TTT diagramom za nedestabiliziran
avstenit je pri destabiliziranem avstenitu podrogje na-
stajanja perlita pomaknjeno mo¢no v desno, v tempera-
turah pa ni nobene razlike. Vet je v avstenitu izlo¢enih
sekundarnih karbidov, daljsa je inkubacijska doba. Za
praktiéno uporabo diagrama je seveda pomembna le
popolna destabilizacija avstenita (sL. 16).

Dolo&ena razlika je v morfologiji nastajanja perlita.
V nedestabiliziranem avstenitu poteka transformacija
predvsem s kristalnih mej proti sredini avstenitnih zrn.
Pri destabiliziranem avstenitu pote¢e premena hitro po
celem, oziroma delu avstenitnega zrna. S ¢asom Zarje-
nja narad¢a Stevilo transformiranih kristalnih zrn.
(sl. 17). Sekundarni karbidi delujejo kot kali in v desta-
biliziranem avstenitu poteka kontinuirna transformaci-
ja (sl. 18). Tudi pri teh pogojih transformacije je iz Ze
omenjenih razlogov nemogode to&no opredeliti konec
premene.

Destabilizacija: 970°C , 60min - Destabilization
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SL 16:

Izotermni transformacijski diagram za destabiliziran avstenit
(A — avstenit, K, — sekundarni karbidi, P — perlit, B — bai-
nit)

Fig. 16
Isothermal transformation diagram for destabilized austenite (A
— austenite, K — secondary carbides, P — pearlite, B — bai-
nite)

Isothermal Transformation Diagram for
Destabilized Austenite

The destabilization temperature of 970°C is simul-
taneously the starting temperature for further heat-treat-
ment processes.

It was already mentioned that higher Cr/C ratio and
alloying with Mo retard the transformation of austenite
into pearlite. In destabilized austenite also the influence
of secondary carbides must be taken in account.

Compared to the TTT diagram for understabilized
austenite the region of formation of pearlite in destabi-
lized austenite is shifted significantly to the right while
there are no differences related to the temperatures.
Amount of secondary carbides precipitated in austenite
is greater, longer is also the induction period. Only the
complete destabilization of austenite (Fig. 16) is certain-
ly important for practical application of the diagram.

There is a certain difference in the morphology of
peariite formation. In undestabilized austenite the trans-
formation goes mainly from crystal boundaries towards
the centre of austenite grains. In destabilized austenite
the transformation is fast over the whole or over a part
of austenite grain, Longer annealing time increases the
number of transformed crystal grains (Fig. 17). Secon-
dary carbides are nuclei, and continuous transformation
takes place in destabilized austenite (Fig. 18). Also in
these conditions of transformation it is not possible to
determine exactly the termination of the transformation
due to the reasons already mentioned.

Formation of cementite is influenced also by secon-
dary carbides beside the temperature of isothermal
transformation. They are bigger in the bigger austenite
grains, but their density is lower. Thus the growth of ce-
mentite in the bigger grains is less hindered than in the
smaller ones.

Bainitic transformation is possible only after the de-
stabilization of austenite and at Cr/C ratios smaller than
5.2. By alloying with Mo, bainite can be obtained also at
higher concentrations of Cr (1, 6). Induction period for
the bainitic transformation is long. Significant portion of
bainitic phase in the microstructure is obtained only af-
ter longer times of isothermal annealing. A completely
bainitic matrix can be expected only after a very long
times of isothermal annealing when the alloy has a suit-
able Cr/C ratio and is alloyed with Mo.

SL17:
Perlitna transformacija destabilizirane avstenitne matice,
60 min Zarjeno na 650°C. Pov. 500 x
Fig. 17
Pearlitic transformation of destabilized austenitic matrix, an-
nealed 60 min. at 650* C. Magn. 500 x
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Meja med perlitnim zmom (temnejie) in netransformiranim
avstenitom (svetlejie) v destabilizirani matici
Fig. 18
Boundary between the pearlite grain (darker) and not trans-
formed austenite (brighter) in the destabilized matrix

Na izoblikovanje cementita vplivajo poleg tempera-
ture izotermne transformacije $¢ sekundarni karbidi. Ti
80 v vedjih avstenitnih zrnih vedji, njihova gostota pa je
manjsa. Zato je v vecjih zrnih rast cementita manj ovi-
rana, kot v manjsih.

Bainitna transformacija je mozna le po destabiliza-
ciji avstenita in razmerjih Cr/C manjsih od 5,2. Z legi-
ranjem zlitin z Mo lahko dobimo bainit tudi pri vi§jih
koncentracijah Cr (1,6). Inkubacijska doba za potek
bainitne premene je dolga. Pomemben delez bainitne
faze v mikrostrukturi dobimo le pri dalj$ih &asih izo-
termnega Zarjenja. Popolnoma bainitno matico pa lah-
ko pri¢akujemo po zelo dolgih ¢asih Zarjenja zlitin z
ustreznim razmerjem Cr/C in legiranih z Mo.

Bainitno in martenzitno mikrostrukturo lahko loé&i-
mo le v SEM (17). Bainit stabilizira avstenit, zato jev
mikrostrukturi matice $e precej netransformiranega av-
stenita (sl. 19). To so potrdile tudi meritve mikrotrdot.

_ Zatetek martenzitne transformacije smo doloéili z
d.llatometrom, M, temperatura za popolnoma destabili-
zirano zlitino (970 °C, 60 min) je 180 °C. Potek marten-
Zitne transformacije ni odvisen le od delne ali popolne
destabilizacije, temve¢ tudi od temperature destabiliza-
cijskega Zarjenja. M, temperatura se zniZuje z naradéajo-

temperaturo destabilizacije (1, 6, 7). Pri kaljenju del-
no destabiliziranega avstenita je v matici poleg marten-
Zita tudi avstenit.

Kontinuirni transformacijski diagram za
destabiliziran avstenit

Diagram, prikazan na sliki 20 velja za popolnoma
destabilizirano zlitino (970 °C, 30 min). Preizkuse smo
naredili tudi pri drugih temperaturah destabilizacije in
na delno destabiliziranih vzorcih, da smo dobili &im veé
podatkov o vplivu razliénih pogojev destabilizacije na
mikrostrukturne znagilnosti pri kontinuirnem ohlaja-
nju.

Morfologija bainitne transformacije v destabiliziranem avste-

C, 4 ure). Mikrostruktura matice je iz avstenita, bai-
nita, martenzita in sekundarnih karbidov

Fig. 19
Morphology of bainitic transformation in destabilized austenite
(300°C, 4 hours). Micostructure of matrix is of austenite, bai-
nite, martensite, and secondary carbides

nitu (3

Bainitic and martensitic microstructure can be distin-
guished only by SEM (17). Bainite stabilizes austenite
therefore a good deal of not transformed austenite can
be found in the microstructure of the matrix (Fig. 19).
This was confirmed also by the microhardness measure-
ments.

The beginning of the martensitic transformation was
determined by dilatometer. M, point for a completely de-
stabilized alloy (970°C, 60 min.) is at 180°C. Course of
martensitic transformation does not depend only on the
partial or complete destabilization but also on the tem-
perature of the destablization annealing. M, temperature
is lowered with the increasing temperature of destabili-
zation (1, 6, 7). After hardening the partially destabilized
austenite, also austenite next to the martensite is found
in the matrix.

Continuous Transformation Diagram for
Destabilized Austenite

Diagram is presented in Fig. 20 and it is valid for a
completely destabilized alloy (870°C, 30 min.). Experi-
ments were made also at other temperatures of destabi-
lization, and with partially destabilized samples in order
to obtain the most possible data about the influences of
various conditions of destabilization on the microstruc-
tural characteristics in continuous cooling.

In slow cooling at 300°C/h, the transformation oc-
curs at first in pearlitic stage, then also in the bainitic
stage. The extent of transformation is in both stages ap-
proximately equal. Martensitic transformation is namely
observed, but amount of formed martensitic phase is
small. At shorter times of destabilization the extent of
transformation in pearlitic stage is smaller and in the
bainitic one greater, but at temperatures around 200°C
also martensitic transformation is observed.
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Kontinuirni transformacijski diagram za destabiliziran avsten-
it (A — avstenit, K, — sekadnmi karbidi, P — perlit, B —
init)

Fig. 20
Continuous transformation diagram for destabilized austenite
(A—austoniio.K.-ucondary&):ubidcs.P—pwﬁo.B -
bainite

Pri po¢asnem ohlajevanju 300 °C/h pride do preme-
ne najprej v perlitni, nato pa v bainitni stopnji. Obseg
transformacije je v obeh stopnjah priblizno enak. Mar-
tenzitna premena se sicer opazi, martenzitne faze pa je
nastalo malo. Pri krajsih &asih destabilizacije je obseg
tranformacije v perlitni stopnji manjdi, v bainitni pa
vedji, s tem da se pri temperaturah okrog 200 °C opazi
tudi martenzitna premena.

Pri vedjih hitrostih ohlajanja (merjeno v sekundah
ohlajanja med 800 in 500°C, oznaka t8/5) dobimo pri
hitrosti t8/5 = 165 s ze popolnoma martenzitno preme-
no. V zatetku martenzitne premene smo opazili anoma-
lijo (értkana krivulja M,). Podobni rezultati iz literature
to anomalijo omenjajo, vendar brez ustrezne razlage.
Ugotavljamo pa, da je anomalija pri krajsih asih desta-
bilizacije bolj izrazita.

Nasa preizkusanja so bila izvedena v omejenem
obsegu, vendar se vidi, da ima ¢as destabilizacije, ki
vpliva na obseg izlotanja sekundarnih karbidov, bistve-
no vlogo na transformacijo avstenita pri kasnejsem
ohlajevanju. Veéja stopnja destabilizacije avstenita po-
spesuje obseg transformacije v perlitni stopnji. Anoma-
lija pri martenzitni premeni, ki je ve¢ja pri manjsi desta-
bilizaciji avstenita, je verjetno povezana z nehomoge-
nostjo avstenita. Ta je vsekakor vedja pri nepopolni de-
stabilizaciji.

Premenske totke, ki so vrisane na diagramu, smo
dolo¢ili na podlagi dilatometrskih krivulj pri kontinuir-
nem ogrevanju s hitrostjo 300 °C/h.

Mikrostruktura matice je odvisna od hitrosti ohlaja-
nja. Pri delni destabilizaciji je v sredini kristalnih zrn Se
avstenit.

At higher cooling rates (measured in seconds for
cooling from 800 to 500° C, marked by t8/5) a complete
martensitic transformation is obtained at the rate
t8/5 = 165 s. In the beginning of the martensitic trans-
formation an anomaly was observed (dashed curve M,).
Similar results in references mention this anomaly but
without any explanation. It was found that the anomaly is
more pronounced at shorter times of destabilization.

Our testing was limited but it is evident that the time
of destabilization which influences the extent of secon-
dary-carbide precipitation has an essential role in the
transformation of austenite at further cooling. Higher
stage of austenite destabilization accelerates the extent
of transformation in the pearlitic stage. The anomaly in
the martensitic transformation which is greater at small-
er destabilization of austenite is probably connected
with the unhomogeneity of austenite. This is anyhow
greater at uncomplete destabilization.

Transformation points being plotted into the diagram
were determined from dilatometric curves in continuous
heating at the rate 300° C/h.

The microstructure of the matrix depends on the
cooling rate. In partial destabilization still austenite is
found in the centre of crystal grains.

Residual austenite can be obtained at harsher condi-
tions of hardening and at higher contents of Mn and Ni.

Morphology of pearlite depends on the degree of
destabilization as it was already explained at the isother-
mal conditions of the transformation.

Hardness of Alloys

Corresponding applicable properties of white chrom-
ium cast irons depend on the amount of eutectic car-
bides in the microstructure, and on the hardness of ma-
trix (6, 7). The best wear resistance and the hardness
possess the alloys with martensitic matrix. Alloys with
martensitic-pearlitic matrix are softer, their hardness de-
pends on the portion of pearlitic phase (11, 12).

The alloy for which the transformation diagrams were
constructed exhibited as cast on the cross section cast
in mould the average hardness 650 HV, and on the cross
section cast into sand 635 HV respectively. Destabilized
samples with martensitic matrix had hardnesses be-
tween 760 and 800 HV.

The highest hardness of alloys with 15 to 18 % Cr is
obtained by hardening from the temperature between
940 and 970° C. For the alloys with higher contents of Cr
(over 20 %) the temperatures of hardening are higher,
up to 1010° C. Martensite is harder if more carbon is dis-
solved in austenite. Solubility of carbon increases with
the increased temperature of hardening (18). By harden-
ing from higher temperatures, also residual austenite
can be obtained in the microstructure, especially if al-
loys contain over 1% Mn. Also Ni (Cu) acts like Mn
which on the other hand improves the through-hardena-
bility. In our alloys the residual austenite was not detect-
ed by dilatometric investigations. The residual austenite
was obtained in the matrix only under harsher condi-
tions of hardening from higher temperatures.

The samples were hardened in air from the destabili-
zation temperature of 970°C. Martensite is stable and
the hardness starts to drop in tempering above 400°C
(Fig. 21). The hardness of alloys with sufficient portion
of residual austenite increases in tempering between
450 and 550°C due to the decomposition of residual
austenite into martensite. The transformation is con-
nected with volume changes, and it is undesired be-
cause of internal stresses. Microstructural characteris-
tics of tempered cast iron are shown in Figs. 22 to 26.
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Zaostali avstenit lahko dobimo pri ostrejsih pogojih
kaljenja in pri vijih vsebnostih Mn in Ni.

Morfologija perlita je odvisna od stopnje destabili-
zacije, kot smo to Ze razlozili pri izotermnih pogojih
transformacije.

Trdota zlitin

Ustrezne uporabne lastnosti belih kromovih litin so
odvisne od deleZa evtekti¢nih karbidov v mikrostrukturi in
trdote matice (6, 7). Najboljlo obrabno obstojnost
in trdoto imajo zlitine z martenzitno matico. Zlitine z
martenzitno perlitno matico so mehkejse, njihova trdo-
ta pa je odvisna od deleza perlitne faze. (11, 12).

Zlitina, za katero so narejeni transformacijski dia-
grami, ima v litem stanju na preseku ulitem v kokilo,

recno trdoto 650 HV in na preseku ulitem v pesek
635 HV. Destabilizirani vzorci z martenzitno matico
imajo trdoto med 760 in 800 HV.

Najvecjo trdoto zlitin s 15 do 18 % Cr dobimo pri
kaljenju s temperature med 940 in 970 °C. Za zlitine z
vi§jo vsebnostjo Cr (nad 20 %) so temperature kaljenja
visje, do 1010 °C. Martenzit je trsi, &im veé C je razto-
pljenega v avstenitu. Topnost C narai¢a z narai¢ajoco
temperaturo kaljenja (18). Pri kaljenju z vi§jih tempera-
tur pa lahko dobimo v mikrostrukturi $e zaostali avste-
nit, zlasti Se, ¢e vsebujejo zlitine nad 1 % Mn. Podobno
kot Mn ucinkuje tudi Ni (Cu), ki sicer izboljsa prekalji-
vost. V nasih zlitinah zaostalega avstenita z dilatometr-
skimi preiskavami nismo zasledili. Zaostali avstenit
smo dobili v matici le pri ostrejiih pogojih kaljenja z
vi§jih temperatur.

Vzorce smo kalili na zraku s temperature destabili-
zacije 970 “C. Martenzit je stabilen in trdota pri¢ne pa-
dati pri popuscanju nad 400°C (sl. 21). Trdota zlitin z
zadostnim delezem zaostalega avstenita pri popuséanju
med 450 in 550 °C naraste zaradi razpada zaostalega av-
stenita v martenzit. Premena je povezana z volumskimi
spremembami in je zaradi notranjih napetosti nezaZe-
ljena. Mikrostrukturne znadilnosti popuséene litine so
prikazane na slikah 22, 23, 24, 25 in 26.
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Sk 21:

Vpli_v temperature popuséanja na trdoto destabilizirane litine z
razlitno mikrostrukturo matice (M martenzit, B — bainit,
P — perlit, A, — zaostali avstenit)

Fig. 21
Influence of temperature of tempering on the hardness of de-
stabilized cast iron with various microstructures of matrix M —
Martensite, B — bainite, P — pearlite, A, — residual austenite)

200

Sl 22:
Mikrostruktura destabilizirane litine kaljene na zraku. Matica
je iz sekundarnih karbidov in martenzita. Pov. 500 x
Fig. 22
Microstructure of destabilized cast iron hardened in air. Matrix
is of seconday carbides and martensite. Mag. 500 x

Sl. 23:
Mikrostruktura kaljene litine 2 uri popui¢ane na 400°C. Pov.
500 x

Fig. 23
Microstructure of hardened cast iron, tempered 2 hours at
400° C. Magn. 500 x

Sl 24:
Mikrostruktura kaljene litine 2 uri popui¢ane na 600°C. Pov.
500 x

Fig. 24
Microstructure of hardened cast iron, tempered 2 hours at
600" C. Magn. 500 x
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Sl. 25:
SEM posnetek na zraku kaljene litine. Mikrostruktura matice
je iz sekundarnih karbidov in martenzita.
Fig. 25
SEM picture of air-hardened cast iron, Microstructure of matrix
is of secondary carbides and martensite.

S kontinuirnim ohlajanjem smo pripravili vzorce z
mesano perlitno-bainitno-martenzitno mikrostrukturo.
Potek trdote v odvisnosti od temperature popudtanja je
podoben kot pri vzorcih z martenzitno matico, le izhod-
na trdota je niZja. Trdota vzorcev s perlitno matico se
pri popuicanju ne spremeni.

Trdote ostalih preiskovanih zlitin z avstenitno mati-
co v litem stanju so podobne, tiste z avstenitno-perlitno
ali popolnoma perlitno matico pa so mehkejse in je nji-
hova trdota med 480 in 550 HV. Temu ustrezne so tudi
trdote po toplotni obdelavi. Trdota je pri zlitinah z av-
stenitno matico v litem stanju enaka po celem preseku
preizkusnih valj¢kov.

Mikrotrdote posameznih mikrostrukturnih faz so
podane v tabeli 4. Pri karbidih M,C; moramo uposteva-
ti, da je njihova trdota odvisna od kristalografske smeri,
v kateri jo merimo (6).

Sl 26:
SEM posnetek kaljene litine 2 uri popuitane na 300°C
Fig. 26
SEM picture of hardened cast iron, tempered 2 hours at 300°C

By continuous cooling the samples with mixed pearl-
itic-bainitic-martensitic microstructure were prepared.
The variation of hardness depending on the tempering
temperature is similar to that in the samples with mart-
ensitic matrix, only the initial hardness is lower.
Hardness of samples with pearlitic matrix does not
change in tempering.

Hardnesses of the other investigated as cast alloys
with austenitic matrix are similar to that of alloys with
austenitic-pearlitic matrix, but the alloys with fully pearli-
tic matrix are softer and their hardnesses varied be-
tween 480 and 550 HV. Similar relationship remains also
after the heat treatment. Hardness of the as cast alloys
with austenitic matrix is practically equal through the
whole cross section of testing cylinders.

Microhardnesses of single microstructural phases
are given in Table 4. It is necessary to take into account
that the hardness of M,C; carbides depends on the crys-
tallographic direction in which it is measured (6).

Table 4 Microhardnesses of Microstructural Phases

Tabela 4: Mikrotrdote mikrostrukturnih faz HV
Primarni in evtekti¢ki karbidi M,C; 900— 1300
Martenzit, sekundarni karbidi 650—700
Avstenit 400520
Perlit, sekundarni karbidi 360—420

ZAKLJUCEK

Opisane so nekatere mikrostrukturne znatilnosti in
pogoji toplotne obdelave belih kromovih litin, legiranih
z Mo in z Ni, Si, Mn, V, Ti, in W, namenjenih za centri-
fugalno dvoslojno lite valje. Iz preiskav se vidi, da so
mehanske lastnosti odvisne od mikrostrukturnih zna¢il-
nosti in s tem od kemiéne sestave, pogojev strjevanja in
ohlajanja ter toplotne obdelave.

Z ustreznim razmerjem Cr/C, legiranjem z Mo in
hitrim strjevanjem dobimo v litem stanju drobne evtek-

Phase HV

M;C, primary and eutectic carbides 900 ... 1300
Martensite, secondary carbides 650... 700
Austenite 400... 520
Pearlite, secondary carbides 360... 420

CONCLUSIONS

Some microstructural characteristics and the condi-
tions for heat treatment of white chromium cast irons al-
loyed with Mo, and with Ni, Si, Mn, V, Ti, and W which are
intended for centrifugal compound casting of rolls, are
presented in the paper. The investigations show that
mechanical properties depend on the microstructural
characteristics, and thus on the chemical composition,
conditions of solidification and cooling, and on the heat
treatment.



~ ZEZB 21 (1987) 4

Bele kromove litine za valje, legirane z molibdenom

165

karbide in avstenitno matico, ki je s stali¢a na-
je toplotne obdelave najustreznejia. Sicer pa je
~ matica lahko tudi avstenitno-perlitna ali perlitna.
. Delez karbidne faze je odvisen predvsem od vse-
pnosti C. Primarni heksagonalni karbidi, ki nastajajo
~ pri potasnem ohlajanju ali pri delezu karbidne faze,
yedjem od 35 %, so nezaZeljeni, ker bistveno poslabsajo
- Zilavost litin. Po kemi¢ni sestavi ustrezajo karbidi ste-
§ riometriénemu razmerju od (Cr;Fe,) C, do (Cr,Fe,) C,.
- Z naradéajoto vrednostjo razmerja Cr/C nara$ta vse-
B Bost Cr v karbidih. Karbidi M;Cs z veé Cr so tréi. V ev.
tekti¢nih karbidih je pri istem razmerju Cr/C manj Cr
kot v primarnih karbidih.
~ Trdota litin je odvisna od deleza evtektiénih karbi-
“dov in trdote mikrostrukture, ki jo dobimo po toplotni
“obdelavi. Osnova za toplotno obdelavo litin sta TTT di-
“agrama za destabilizacijo avstenita in za destabiliziran
“aystenit in CTT diagram za destabiliziran avstenit.
- Morfologija izlo¢anja sekundarnih karbidov (desta-
bilizacija avstenita) in perlitne transformacije nedesta-
‘biliziranega avstenita je podobna. Oba procesa poteka-
ta s kristalnih mej proti sredini kristalnih zrn, in to hi-
treje po dolo¢enih kristalografskih ravninah. V destabi-
liziranem avstenitu poteka kontinuirna perlitna trans-
formacija.

Izlo¢anje sekundarnih karbidov, ki poteka najhitre-
je med 940 in 990°C, je bistvenega pomena za nadalj-
‘njo toplotno obdelavo litin. Le v destabilizirani matici

mogocta martenzitna in tudi bainitna transformacija.

initna transformacija poteka podasi in je za prakso
m? pomembna. Najtr$e so litine z martenzitno mati-
©0. Z ustrezno toplotno obdelavo pa lahko dobimo zliti-
‘ne z martenzitno-perlitno ali perlitno matico, ki so meh-
‘kejSe. Pri popuscanju litin z martenzitno ali martenzit-
‘no-perlitno matico pri¢ne trdota padati pri temperatu-
rah popustanja nad 400 °C.
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Suitable Cr/C ratio, alloying with Mo, and fast solidifi-
cation enable the formation of fine eutectic carbides in
the austenitic matrix in cast state which is the most de-
sired from the viewpoint of further heat treatment. Matrix
can also be austenitic-pearlitic or only pearlitic.

Portion of carbide phase depends mainly on the car-
bon content. Primary hexagonal carbides formed during
slow cooling or in alloys containing more than 35 % of
carbide phase are undesired since they essentially re-
duce the toughness of alloys. According to the chemical
compositions the carbides correspond to stoichiometric
ratios from (Cr,Fe,)C, to (Cr,Fe,)C;,. The increasing value
of the Cr/C ratio causes the increased content of Cr in
carbides. M,;C, with higher Cr content are harder. Eutec-
tic carbides at the same Cr/C ratio contain less Cr than
the primary ones.

Hardness of cast irons depend on the amount of eu-
tectic carbides and on the hardness of the microstruc-
ture obtained by the heat treatment. Basis for the heat
treatment of cast irons are the TTT diagrams for the de-
stabilization of austenite, and for destabilized austenite,
beside the CTT diagram for the destabilized austenite.

Morphologies of precipitation of secondary carbides
(destabilization of austenite), and of pearlitic transforma-
tion of undestabilized austenite are similar. Both pro-
cesses start on the crystal boundaries and proceed tow-
ards the centre of grains, and the process is faster along
certain crystallographic planes. In destabilized austenite
continuous pearlitic transformation takes place.

Precipitation of secondary carbides which is the fas-
test between 940 and 990° C is essential for further heat
treatment of cast irons. Only in destabilized matrix the
martensitic and also bainitic transformation is possible.
Bainitic transformation is slow and it is less important for
practical applications. The hardest are the alloys with
martensitic matrix. By a suitable heat treatment the al-
loys with martensitic-pearlitic or pearlitic matrix can be
obtained, but they are softer. In tempering the cast irons
with martensitic or martensitic-pearlitic matrix, their
hardness begins to decrease at the tempering tempera-
tures above 400°C.
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Basic Concepts of Numerical Simulation of a Radial
Forging Process
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1. UVOD 1. INTRODUCTION

S spoznanji splodnih principov fizikalne metalurgije'
jajo preoblikovalni procesi v vrofem pomembnejsi.
mlikovanje v vro¢em Ze dolgo ni ve samo spremi-
janje oblike preoblikovanca, temve¢ termomehanska
mﬁwa materiala, ki naj privede do ugodnih struktur-
nih sprememb. Pri upoitevanju medsebojnih odvisnosti
med strukturo, lastnostmi in obnasanjem materiala med
ti¢nim preoblikovanjem so deformacija, hitrost de-
ormacije in temperatura tiste fizikalne vecine, ki imajo
odlodilni vpliv. Nadzorovana porazdelitev teh termo-
mehanskih parametrov med preoblikovanjem je potreb-
na pri optimiranju preoblikovalne operacije. Preobliko-
valni procesi v vro¢em so zahtevni za eksperimentalna
vanja zaradi visokih temperatur in preoblikoval-
hitrosti. Od tod tudi potreba po matematiénih in
numeriénih modelih, ki pripomorejo k bolj$emu razu-
mevanju eksperimentalnih rezultatov ali celo delno na-
domes¢ajo draga preizkusanja. Tri klasi¢éne metode za
analizo preoblikovalnih procesov so bile pogosto upo-
rabljane v preteklosti’:

— metoda elementarne plastomehanike
— metoda drsnih linij
— metoda zgornje in spodnje meje.

Analiza preoblikovalnih procesov je zahtevna in
mnogo poenostavitvenih predpostavk je bilo vpeljanih
v klasi¢énih metodah, da bi se izognili matematiénim te-
Zavam, kar je seveda zmanjlevalo njihovo uporabnost.
Napredek numeriénih metod v zadnjem &asu, posebej
metode konénih elementov’ (MKE) in vzporedno
zmanjSevanje cen racunalniskih obdelav, ponuja moz-
nost za realnejse simulacije preoblikovalnih procesov.

2. MATEMATICNI MODEL

Za analizo porazdelitev napetosti, deformacij in
temperature, ki se spreminjajo znotraj deformacijske
cone med preoblikovanjem, je nujna uporaba numeri-
¢€nih metod. Razvoj MKE na podrotju plastomehanike?
In prenosa toplote ponuja zadovoljivo orodje za ratu-
nalnisko simulacijo preoblikovalnih procesov v vroéem.

_Simu}qcijo preoblikovalnega procesa v vro¢em lah-
idealiziramo®, kot je to prikazano na sliki 1.

Since the general principles of physical metallurgy
were recognised’, the hot working processes are no
longer only concerned with shape changes but also con-
sider the thermomechanical treatment which contributes
to beneficial structural changes within the material. In
considering the interaction between the structure, pro-
perties and performance of the material under plastic
deformation, the strain, strain rate and temperature are
quantities which have a fundamental influence and a
controlled variation of these thermomechanical parame-
ters is essential for optimising the forming operation.
The nature of hot working processes makes experimen-
tal observations difficult, due to the high temperatures
and speeds involved. Therefore mathematical and nu-
merical models have a role to play in either improving
the interpretation of experimental results or even replac-
ing, in part, an expensive testing programme. Three
classical methods for analysing metal forming problems
have been widely used in the past?:

— elementary plasticity
— the slip line method
— the upper and lower bound method.

Metal forming processes are complex and many sim-
plifying assumptions have been introduced to these
classical methods in order to avoid mathematical diffi-
culties. This, however, limits their applicability. Recent
developments of numerical methods, in particular the Fi-
nite Element Method® (FEM), and a parallel reduction in
unit computing costs offer an opportunity for a more
realistic simulation of working processes.

2. MATHEMATICAL MODEL

The complex stress-strain and temperature distribu-
tions which vary across the deformed region during the
deformation process require the use of numerical meth-
ods. Developments in the FEM in the field of plastome-
chanics' and heat transfer offer a satisfactory tool for
computer simulation of hot working processes.

The numerical simulation of the hot working process
can be idealised® as shown in Fig. 1.

.: FNT — Odsek za metalurgijo, Univerza E. Kardelja, Ljubljana
Dept. of Civil Engineering, University of Wales, Swansea, U. K.
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MATEMATICNA SIMULACUA |ZHOD

PREOBLIKOVALNEGA PROCESA I REZULTATI
ROBNI POGOJ

Slika 1:
Simulacija preoblikovalnega procesa.

VHOD
PODATKI

Vhodni podatki predstavljajo lastnosti in zacetno sta-
nje preoblikovanca, kot so: oblika, porazdelitev tempe-
rature, sestava in mikrostruktura materiala.

Matematiéna simulacija preoblikovainega procesa:
Pri MKE razdelimo preoblikovanec na manj$a obmo¢-
ja, imenovana elementi. Togost vsakega elementa je do-
lo¢ena z njegovo geometrijo in lastnostmi materiala, ki
jih elementu pripisemo. Oba vpliva obravnavamo loce-
no in zato relativno enostavno vgrajujemo razli¢ne ma-
terialne modele. Model preoblikovanca dobimo s sesta-
vljanjem togostnih matrik elementov. Taksen pristop
omogod&a analizo razliénih geometrijsko zahtevnih pre-
oblikovalnih procesov.

Z robnimi pogoji simuliramo razli¢ne pogoje, v kate-
rih poteka proces.

Izhodni rezultati. Po obdelavi rezultatov numeriéne
analize dolo¢imo optimalne tehnoloske pogoje. Nazo-
ren grafi¢ni prikaz rezultatov je pomemben sestavni del
analize z MKE.

3. MATERIALNI MODEL

Pri modeliranju obnadanja materiala med plasti¢no
deformacijo je potrebno poznavanje ustrezne napetosti
teCenja. V splodnem je ta odvisna od sestave in mikro-
strukture materiala in od hitrosti deformacije, temperatu-
re ter deformacijskega stanja, povzrotenega s plasti¢no
deformacijo. Napetost te¢enja dolo¢imo z nateznim, tla-
¢nim ali torzijskim preizkusom®. Pogosto napetosti tece-
nja niso dosegljive za specifi¢ne kombinacije termome-
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Slika 2:
Ploskve napetosti te¢enja v prostoru termomehanskih parame-
trov.
Fig. 2:
Flow stress surfaces in the space of the thermomechanical par-
ameters.

INPUT MATHEMATICAL SIMULATION QUTPUT
DATA OF THE WORKING PROCESS RESULTS
BOUNDARY CONDITIONS
Fig. 1:

Simulation of the working process.

Input data represent the material properties and in-
itial state of the workpiece; such as shape, temperature
distribution, composition and microstructure of the ma-
terial.

Mathematical simulation of the working process: In
FEM the workpiece is divided into small regions termed
elements. The stiffness of each element is determined
by its geometry and material properties. Both effects are
considered separately and therefore it is relatively sim-
ple to incorporate different material models. The work-
piece model is obtained by combining the stiffness con-
tribution of each element. Thus any complex shape of
the workpiece model can be analysed using the FEM.

Boundary conditions are applied to simulate different
conditions under which the process is to operate.

Output results: A decision on the most suitable set
of operating conditions can be made by postprocessing
the numerical results. Graphical representations play an
integral part in the interpretation of the numerical results
of a FEM analysis.

3. MATERIAL MODELS

In the modelling of material behaviour during metal-
working processes a knowledge of the appropriate flow
stress for the material is essental. In general this will de-
pend on the composition and microstructure of the ma-
terial and on the strain rate, temperature and deforma-
tion modes imposed by the working process. The flow
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Slika 3:

Osnovni enodimenzionalni ellslto-viskopllslidui reologki mod-
el.
Fig.3:

Basic one-dimensional elasto-viscoplastic rheological model,
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hanskih parametrov in jih ocenimo s pomodjo poznanih
podatkov. Znane so razli¢ne interpolacijske enatbe, kot
na primer Hajdukova™ ali Sellars-Tegartova enacba®. Na
podlagi teh enacb lahko dolo¢imo potencial napetosti
te¢enja v prostoru deformacije, hitrosti deformacije in
temperature® (SI 2). Ploskev A-B-C-D je dolo¢ena z ¢,
@, T, ki povzro¢ajo enako napetost te¢enja K, pri dolo-
¢enem stanju mikrostrukture materiala. V sploinem se v
delcu materiala med preoblikovanim procesom termo-
mehanski parametri spreminjajoiz ¢, @, Tv ¢, ¢/, T in
temu ustrezno se spremeni napetost tecenja iz K, v K’y
ki je dolo¢ena s ploskvijo A’-B’-C'-D’. Za napovedova-
nje sprememb termomehanskih parametrov med pre-
oblikovalnim procesom v vroéem uporabljamo elasto-
viskoplasti¢ni materialni model, zdruzen s prenosom
toplote.

4. OSNOVNE ENACBE
ELASTO-VISKOPLASTICNOSTI

Osnovni  enodimenzionalni elasto-viskoplastiéni
reoloSki model, ki je predstavljen na sliki 3, lahko razsi-
rimo za primer splodnega kontinuuma. Postopek je po-
drobno opisan v literaturi [4]. Na tem mestu bodo pred-
stavljene le najosnovnejie enacbe (SI. 4).

Hitrost deformacije je razdeljena na elasti¢no &, in
visokoplasti¢no & komponento (En. 1). Elasti¢éna hi-
trost deformacije je dolo¢ena s Hookeovim zakonom,
medtem ko &, izrazimo z ustreznim zakonom te¢enja. S
tem dobimo enacbo (En. 2), kjer je y parameter telenja
in @ je funkcija, ki je razli¢na od ni¢ samo za pozitivne
vrednosti funkcije F. Zaetek visokoplasti¢énega obna-
$anja dolo¢a pogoj, izraZzen s skalarno enacbo (En. 3),
kjer je K, napetost teCenja pri enoosnem preizkusu in ¥
parameter utrjevanja. Enac¢bi (En. 1) in (En. 2) lahko za-
pisemo v inkrementalni obliki in tako dobimo izraz
(En. 4), ki dolo¢a spremembo napetosti v ¢asovnem ko-
raku At,=1,, ;— 1, Z uporabo implicitne ¢asovno inte-
gracijske sheme (En. 6), kjer je hitrost viskopolasti¢ne
deformacije na koncu asovnega intervala izraZena s
pomocjo prvih dveh Elanov Taylorjeve vrste (En. 7), do-
bimo konéni izraz za inkrement napetosti. (En. 8,9).
Plasti¢no delo se med preoblikovanjem spreminja v to-
ploto, kar povzroda prirastek temperature. Povpredno
hitrost generacije toplote v ¢asovnem koraku izratuna-
mo s pomo¢jo izrazov (En. 10, 11), kjer je f frakcija pla-
sticnega dela, ki jo akumulira material.

Analiza nestacionarnega prenosa toplote z MKE je
opisana v literaturi [9].

5. ROBNI POGOJI

Z robnimi pogoji simuliramo pogoje, v katerih pote-
ka preoblikovalni proces. V splosnem lo¢imo mehanske
in termalne robne pogoje.

5.1. Mehanski robni pogoji

Mehanski robni pogoji so odvisni od oblike in giba-
nja orodja ter od trenjskih razmer med orodjem in pre-
oblikovancem.

Med preoblikovanjem se preoblikovalni stroj elasti-
¢no deformira. Problem poenostavimo, ¢e privzamemo,
da je stroj tog. Tako je gibanje orodja popolnoma popi-
sano z gibanjem ene tocke, ki ga izraéunamo iz kine-
matike stroja'’. Ti podatki so del vhodnih podatkov in
so lahko éasovno odvisni.

stress is determined from true stress — true strain data
obtained from tension, compression or torsion tests®.
Frequently stress — strain data are not available for
specific combinations of the required conditions and
they must be estimated from data that are available. Var-
ious expressions have been suggested for the interpola-
tion of high temperature data, for example Hajduk's’ re-
lation or the Sellars — Tegart expression®. On the basis
of these expressions the material flow stress surface in
the strain, strain rate and temperature space can be re-
presented® (Fig. 2). Surface A-B-C-D is defined by the ¢,
@, Trequired to give the same flow stress K| for a parti-
cular state of the microstructure of the material. In a part
of the deformed material the thermomechanical parame-
ters ¢, ¢, T will change to ¢/, ¢, T" during the forming
process and the flow stress will be changed from K, to
Ki defined by surface A’-B'-C’-D’. To predict the change
of the thermomechanical parameters during the hot
working operation an elasto-viscoplastic material model
coupled with heat transfer is used.

4. BASIC CONCEPTS OF
ELASTO-VISCOPLASTICITY

The basic one dimensional elasto-viscoplastic rhe-
ological model shown in Fig. 3 can be extended to the
case of general continua. Details of this approach are
provided in Ref. 4 and only essential expressions are
reproduced in Fig. 4.

The total strain rate is separated into elastic &, and
viscoplastic £, components (Eq.1). The elastic strain
rate oheys Hooke's law and £, is expressed by the ap-
propriate viscoplastic flow rule. This gives the governing
equation (Eq. 2) where y is fluidity parameter and @ is
taken as non-zero for positive values of the yield func-
tion, F, only. The onset of viscoplastic behaviour is go-
verned by a scalar yield condition (Eq. 3) where the un-
iaxial yield stress is denoted by K, and y is a hardening
parameter. The rate equations (Eq. 1, 2) can be written
in an incremental form to give the stress increment oc-
curing in time step At,=t,,,—t, (Eq. 4). Use of the im-
plicit time integration sheme (Eq.6) where the visco-
plastic strain rate at the end of the time step is predicted
by a limited Taylor series expansion (Eq. 7) resultes in
(Eq. 8, 9) for the stress increment. Most of the plastic
work done during the time step is converted into heat
and gives an increase of temperature. The average rate
of heat generation within the time step which enters the
thermal analysis is calculated according to (Eq. 10, 11)
where, f, is a fraction of the plastic work stored in mate-
rial.

Thermal transient finite element analysis is described
in Ref. 9.

5. BOUNDARY CONDITIONS

The boundary conditions represent the conditions
under which the process is to operate. Generally we dis-
tinguish between mechanical and thermal boundary con-
ditions.

5.1. Mechanical boundary conditions

The mechanical boundary conditions depend on the
shape and movement of the die and the friction at the
die — workpiece interface.

During the course of the forming process the form-
ing machine undergoes elastic deformation. To simplify
the problem the forming machine is assumed to be rigid.
Therefore the motion of the die can be completely de-
scribed by specifying a velocity at one point which can
be calculated from the kinematics of the forging ma-
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OSNOVNE ENACBE ELASTO-VISCOPLASTICNOSTI
BASIC EQUATIONS OF ELASTO-VISCOPLASTICITY

Inkrementalna oblika osnovnih enalb:
Incremental form of the basic equations:

3te™)

3™

Povpreéna hitrost generacije toplote v &asovnem koraku
Average rate of heat generation within the time step:

@ o (ot | {ag) - { o
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Slika 4:
Pregled osnovnih enach.
Fig. 4:
Owerview of basic equations.
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Proces radialnega kovanja v vroéem poteka brez
maziv pri visokih temperaturah, zato so trenjske razme-
re v stiku med orodjem in preoblikovancem zahtevne za
numeriéno obravnavo. Porazdelitev striznih napetosti v
kontaktu lahko ustreza Coulombovemu zakonu, pravilu
o konstantni strizni napetosti ali lepljenju. Smer striz-
nih napetosti je odvisna od relativnega gibanja med
orodjem in preoblikovancem. Ker je relativno gibanje
materiala odvisno od trenjskih razmer, je problem o&it-
no nelinearen. Mesto nevtralne tocke, kjer ni relativne-
ga gibanja, najdemo z iteracijskim procesom. Ko najde-
mo pozicijo nevtralne tocke, lahko trenjske razmere
predpisemo, kot je to prikazano na sliki 5.

5.2. Termalni robni pogoji

Med preoblikovanjem preoblikovanec izgublja to-
ploto zaradi stika s hladnej$im orodjem in s sevanjem.
Za opisovanje teh pogojev uporabljamo standardne
matemati¢ne robne pogoje.

— predpisano temperaturo na sti¢ni povrsini
— predpisan toplotni tok skozi stitno povrsino
— Newtonov zakon o prenosu toplote

6. ILUSTRATIVNI PRIMER

Z MKE smo analizirali proces radialnega kovanja
na kovadkem stroju z zaokrozenimi kladivi, ki je shema-
ticno prikazano na sliki 6. Napetostno-deformacijsko
stanje pri takSnem kovanju je kvaziaksisimetri¢no. Geo-
metrijo delovnih povriin kovaskega kladiva razdelimo
na tri dele:"" "

I — vhodno cono
Il — kalibrirno cono in
II1 — izhodno cono.

Skoraj vsa plasti¢éna deformacija nastopi v vhodni
coni. Glavna parametra vhodne cone sta kot a na kladi-
vu ter povpreéna vhodna hitrost V,,, materiala. Za kova-
nje z redukcijo @ 120/@ 80 mm, ki smo ga analizirali,
je bil kot @= 10°in V,, = 45 mm/s. 1z teh podatkov in iz
poznane kinematike stroja lahko izralunamo:

Ly

projekcijo vhodne dotikalne povriine na os
simetrije (113.4 mm)

Uinp pomik vhodnega materiala v smeri simetrijske
osi po vsakem udarcu (10 mm)

W, delovni hod kladiva v radialni smeri
(1.76 mm)

tua ¢as trajanja udarca (0.018 s)

Uporabljeni podatki o materialu':

Material: X5CrNil8.8
Zacetna temperatura 1000°C

chine.' These velocity data are part of the input and can
be varied with time.

Since the radial forging operation is carried out at
high temperatures without lubrication the friction condi-
tions at the tool- e interface face are complex.
The distribution of the shear stress at the interface may
obey either Columb’s law, the constant shear rule or
sticking friction conditions. However, the direction of the
shear stress is unknown due to relative movement of the
material at the interface. Since the relative movement is
friction dependent the problem clearly becomes nonli-
near. The position of the neutral point, where relative
sliding is zero must be found by an iterative procedure.
After the position of neutral point is established the fric-
tion conditions can be prescribed as presented in Fig. 5.

Slika §:
Predpostavljene trenjske razmere.

Fig. 5:
Assumed friction conditions.

5.2. Thermal boundary conditions

During the forming process the workpiece loses heat
due to contact with the colder die and also by radiation.
To model these effects, standard mathematical boun-
dary conditions are used:

— prescribed temperature at the contact surface

— prescribed flux across the contact surface

— Newton's law of heat transfer

6. ILLUSTRATIVE EXAMPLE

A roundfaced die radial forming proces which is
schematically presented in Fig. 6, has been analysed us-
ing FEM. The stress-strain field is assumed to be quasi-
axisymmetric in this case. The geometry of the working
surfaces of the radial forging die is divided into three
parts: 11,12

| — the inlet cone
Il — the sizing cone
Il — the outlet cone

Nearly all the plastic deformation occurs in the inlet
cone. The main parameters of the inlet cone are the
angle a of the die and the average speed V,,, of the input
material. In the present example the reduction was
& 120/& 80 mm and the inlet cone angle « and speed
V.., were 10° and 45 mm/s respectively. From this data
and kinematics of the machine the following boundary
conditions are evaluated:

Ly projection of the inlet cone contact area on to
the centreline axis (113.4 mm)

Uine displacement of the input material along the
centraline axis after each punch (10 mm)

W4 displacement of the die in the radial direction
while in contact with the workpiece (1.76 mm)

t duration of the punch (0.018 s)

The material properties used in this example are giv-
en below:
Material: X5CrNi18.9
Initial temperature 1000°C
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Slika 6:
Shematiéni prikaz procesa radialnega kovanja,
Fig. 6:

Schematical view of the radial forging process.

Lfstnos(i materiala pri zadetni temperaturi kova-
nja:’

— modul elasti¢nosti 120 kN/mm’
— Poissonov koli¢nik 0.34
— gostota 7430 kg/m’
— specifi¢na toplotna kapaciteta 650 J/kg K

Interpolacijska funkcija za napetost teenja:
Ki=K.-A, -c"‘"-A:-@""- A).q',m

kjer je

K= 189.5 N/mm?
A=12997 m,=0.00258
A,=1.570 m,=0.196
A)-0.740 m,-0.128

Uporabljeni so bili 8-vozlis¢ni Serendipity aksialno
simetri¢ni konéni elementi z reducirano (2 x 2) numeri-
&no integracijsko shemo'* ter von Misesovim kriterijem
te¢enja z izotropnim modelom utrjevanja materiala.’
Nelinearni elasto-viskoplasti¢ni problem smo resevali z
metodo tangencialne togosti. Pri tem smo uporabili im-
plicitno ¢asovno integracijsko shemo s korekcijo nape-
tosti na koncu vsakega ¢asovnega koraka'®. Sistem line-
arnih enaéb smo redevali s frontalno metodo'®.

REZULTATI

Na slikah 7, 8 in 9 so prikazane posamezne faze raz-
voja prirastka plasti¢énih deformacij v preoblikovalni
coni med udarcem kladiva. S pomo¢jo rezultatov MKE
lahko na enak nacin predstavimo prostorsko in ¢asovno
porazdelitev ostalih termomehanskih parametrov med
preoblikovanjem. To so temperatura ter vse komponen-
te in primerjalne vrednosti tenzorjev napetosti, defor-
macij in hitrosti deformacij. Dologevanje sil, momentov
in energije, potrebne za preoblikovanje, je z MKE na-
tanénejse kot pri klasi¢nih metodah. V mnogih primerih
nas zanima tok materiala. Pri kovasko-valjavski liniji,
na primer, je glavna naloga kovaskega stroja zapiranje
notranjih napak v materialu. Simulacija zapiranja no-
tranjih poroznosti v materialu z MKE je grafi¢no prika-
zana na sliki 10.

Material properties at the initial temperature:*™

— Young's modulus 120 kN/mm?
— Poisson's ratio 0.34
— density 7430 kg/m?
— specific heat capacity 650 J/kg K

Interpolation function for high temperature data:”
KimKi-Aye™™T A ™. Ay - ™

with:

Ko = 189.5 N/mm?

A, = 12997 m, =0.00258
A;=1570 m,=0.196

The 8-noded Serendipity axisymmetric elements with
reduced (2x2) numerical integration scheme' were
used. A von Mises yield function with isotropic strain
hardening was employed.* The nonlinear viscoplastic
problem was solved by tangential stiffness solution algo-
rithm. An implicit time integration scheme with the
stress correction at the end of each time step was per-
formed.” The resulting set of linear equations were
solved by the frontal technique.'®

RESULTS

Figures 7, 8 and 9 show the distribution of the incre-
ment of the equivalent plastic strain developed at three
positions of the die during one stroke of the forging ma-
chine. The distribution and history of the other ther-
momechanical parameters can be similarly represented.
These parameters are temperature and all components
and equivalent values of the stress, strain and strain rate
tensors. Calculation of forces and energy consumption
during the forming process by FEM is more accurate
than by classical methads. In many cases the material
flow is of great interest. In the forging-rolling production
line, for example, the main purpose of the forging ma-
chine is to close the internal rupture. Modeliing of the
closure of an internal rupture in a continuous cast billet
by the radial-forging process is illustrated in Fig. 10.



Slike 7, 8 in 9:

Prirastek plasti¢nih deformacij v preoblikovalni coni med
udarcem kladiva.
Fig. 7,8 and 9:

Increment of the equivalent plastic strain developed at three
positions of the die during one stroke of the forging machine
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Slika 10:
Modeliranje zapiranja notranjih odprtin v konti-liti gredici z radialnim kovanjem.
Fig. 10:
Modelling the closure of an internal rupture in a continuous cast billet by the radial-forging process.
7. ZAKLJUCEK 6. CONCLUSIONS

MKE je pogosto uporabljena metoda za analizo
preoblikovalnih procesov. V primerjavi s klasi¢nimi me-
todami ima naslednje prednosti: z MKE lahko reiuje-
mo primere z zahtevno geometrijo preoblikovanca; pro-
blem lahko refujemo z razli¢nimi materialnimi modeli;
mozZno je obravnavanje nestacionarnih napetostno-de-
formacijskih in temperaturnih polj. V prihodnje prica-
kujemo vgrajevanje novih spoznanj s podroéja fizikalne
metalurgije v numeri¢ne modele. Prvi koraki v tej smeri
so bili Ze storjeni.'™'®

The FEM is now widely used for the analysis of metal
forming processes. In comparison with classical meth-
ods the FEM has certain advantages: various complex
shapes can be considered, it enables implementation of
diferent material models and treatment of transient
stress-strain and temperature fields. In the future the in-
clusion of the metalurgical development in the numerical
modelling of hot working processes is expected. The
first steps toward this goal have already been made."” '®
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Nastanek in rast utrujenostne razpoke v korozijskem
mediju

Occurrence and Growth of Fatigue Cracks in Corrosion
Environment

L. Kosec*, F. Kosel**

V prispevku obravnavamo nastanek in ravzoj poskod-
be kovinskih materialov v obliki klinov iz korozijskih pro-
duktov. Analizirali smo pogoje rasti in motenj v rasti kli-
nov, vpliv stevila in velikosti klinov na intenzivnost napeto-
sti v sistemu kovina-klin. Rezultate analize smo posplosili
s tremi primeri poskodb delov orodij in naprav.

1. UVOD

V kemiéno aktivnih okoljih nastanejo na povrdini
kovin korozijski produkti, ki so razli¢no trdno povezani
s kovinsko osnovo. Temperaturne ali mehanske napeto-
sti lahko poskodujejo plasti korozijskih produktov. Te-
sno oprijete in goste plasti korozijskih produktov upo-
Casnijo ali povsem zavro potek korozijskih procesov.
Poskodovane plasti pa te zad¢ite ne nudijo ali pa zgolj v
omejenem obsegu. Poskodbe so razli¢ne: razpoke, lus-
¢enje korozijskih produktov na posameznih delih povr-
Sine ob meji s kovino ali znotraj korozijskih produktov.

V prispevku obravnavamo vplive temperaturnih na-
petosti in oksidacije kovine na razvoj in obliko po-
$kodb, ki pripeljejo do poruditve. Analiziran je primer,
ko se je zaradi mehanske nestabilnosti porusila oksidna
plast na povriini in je skozi nastale razpoke prisel koro-
zijski medij v stik s kovino. Na takih mestih je pridlo do
pospeSene oksidacije. Zaradi posebnega nacina dosto-
pa oksidanta so na teh mestih korozijski produkti zrasli
v obliki klinov. Korozijski produkti se v fizikalnih in
mehanskih lastnostih bistveno razlikujejo od kovine.
Zato pride pri temperaturnih spremembah do napeto-
stno deformacijskih stanj, ki vplivajo na morfologijo ter
deformacijo korozijskega produkta in kovine.

Rezultate analize modela ilustriramo s tremi prime-
ri: z elementom orodja za tlaéno litje medi, cevmi pre-
grevalnika pare iz termoelektrarne in anodnimi palica-
mi akumulatorja, ki naj pokazejo relativno razsirjenost
pojava.

O pojavu oksidnega klina in njegovem vplivu na po-
rusitev kovine je malo strokovnih referenc. Vpliv oksid-
nega klina na Sirjenje razpok je analiziral P. T. Heald'
in ugotovil, da razpoka samo zaradi oksidnega klina ne
more preiti v nestabilno rast, ¢e sistem ni obremenjen.
Razprave o pomenu oksidnega klina na razvoj poskodb
strojnih delov in naprav pa najdemo tudi v nasi stroko-
vni literaturi***5-¢,

UDK: 620.193.01
ASM/SLA: R1h, Rle, R2j, Q26p

The contribution treats the occurrence and growth of
defects in metal materials in the form of corrosion pro-
duct wedges. The conditions of wedge growth and
crack growth retardation, and the effect of the number
and size of wedges on the stress intensity in the metal/
oxide system were analyzed. The results of the analysis
were illustrated by three examples of this kind of defects
on certain tool parts and equipment components.

1. INTRODUCTION

In chemically active environment metal surfaces get
covered by corrosion product coatings whose adhesion
to the base metal is variously firm. High thermal or me-
chanical loads of metal/oxide systems can impair corro-
sion product coatings. Firmly adhered and thick corro-
sion product coatings can slow down or even complete-
ly stop the progress of corrosion, whereas the injured
layers can no longer protect against corrosion or can do
this only to a certain extent. The defects of the injured
coatings can be of various kind like cracks, splitting of
corrosion products on some areas of the surface, on the
boundary to the base metal, inside the corrosion pro-
duct layer etc.

This contribution treats the effects of thermal
stresses and metal oxidation on the occurrence and de-
velopment of defects leading to failure. An analysis is
made of a case where due to mechanical instability, the
oxide surface coating broke, and through the created
cracks the corrosion medium came into contact with the
metal. On such places an intensified oxidation took
place. Due to the special way of transfer of the oxidizing
agent through the broken oxide layer, on these places the
oxides grew in the form of wedges. Corrosion products
differ essentially from metals so by their physical as well
as their mechanical properties. As a result the proper-
ties inside such a system are very non-uniform, so the
stress-strain states which occur at temperature
changes, cause the deformation of the corrosion pro-
ducts, and change their geometric characteristics.

The results of a general analysis of the model repre-
senting the discussed system are illustrated by three
examples: an element of tool for die casting of brass,
pipes of a steam superheater from a thermal power
plant, and anode rods of a car battery. These examples

* Univerza Edvarda Kardelja v Ljubljani, FNT, VTOZD Montanistika
** Univerza Edvarda Kardelja v Ljubljani, Fakulteta za strojniitvo

* E. Kardelj University of Ljubljana, Faculty of Natural Sciences, Dept. of Metallur.
*+ E. Kardel) University of Ljubljana, Faculty of Mechanical Engineering
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Visokotemperaturna oksidacija je eden od pogostih
nacinov korozije kovin (suha korozija). Povisane in vi-
soke temperature in nihanje temperature 3¢ dodatno
moéno obremenjujejo kovino, zato so poskodbe v takih
okoljih 3e bolj pogoste in usodne. Take pogoje bomo
upostevali pri nastanku in rasti oksidnega klina.

2. NASTANEK IN RAST OKSIDNEGA KLINA

Nastanck oksidnega klina sledi predhodni enako-
merni oksidaciji povriine kovine na primerno visoki
temperaturi. Na povriini nastali oksid ima razli¢en tem-
peraturni razteznostni koeficient od kovine. Prav tako
Je pomembno, da ima nastali korozijski produkt tudi
znatno vedji specifi¢ni volumen. Fizikalne in mehanske
lastnosti oksida in kovine se s temperaturo spreminjajo.
Na obravnavani pojav pa vpliva tudi trdnost vezi med
oksidom in kovino.

2.1 Nastanek oksidnega klina

Obravnavali bomo primer, kjer sta nastanek in Sirje-
nje oksidnega klina mozna zaradi menjajocih se tempe-
raturnih obremenitev. Na primerno visoki temperaturi
nastane na povriini kovine v dolotenem ¢&asu zvezna
plast oksida. Pri ohlajanju sistema kovina — oksid se
zaradi razli¢nih temperaturnih razteznostnih koeficien-
tov v oksidu pojavijo tlaéne napetosti. Zaradi njih se pri
vi§jih temperaturah kovina in oksid plastificirata; ko pa
se temperatura zniZa in preide sistem iz plastiCnega v
elasti¢tno obmodje, zaéno v oksidu narascati tlaéne na-
petosti. Oksidni sloj na povriini se elasti¢no deformira.
Z ohlajanjem lahko tlaéne napetosti v oksidu doseZejo
mejo plasti¢nosti. Ce je trdnost vezi s kovino dovolj ve-
lika, pri¢ne oksid ponovno plasti¢no te¢i. Drugace pa
se lahko lokalno ukloni ali pa lus¢i, ¢e je zrusilna stri-
Zna trdnost na meji s kovino manjsa od tangencialnih
napetosti. Ponavadi potekata oba pojava isto¢asno.

Pri ponovnem segrevanju sistema se pri doloceni
temperaturi eventuelne preostale tlaéne napetosti v
oksidu izniéijo zaradi razli¢nega Sirjenja kovine in oksi-
da. Nato se s segrevanjem v oksidu pojavi in naras¢a
natezna napetost. Zaradi mehanskih poskodb, ki so na-
stale med ohlajanjem, se v oksidu pojavijo koncentraci-
je napetosti. Na teh mestih se pri nadaljnem segrevanju
3e razmeroma krhek oksid lahko porusi z razpoko, ki je
pravokotna na povriino kovine. Nastane lahko veé ta-
kih razpok. Te razpoke omogo¢ajo prost in hiter dostop
zraka do kovine, zaradi &esar pride do omejene, lokalne
oksidacije. Ta drobna oksidna zajeda je zaletek oz. za-
rodek oksidnega klina.

2.2 Rast oksidnega klina

Nastali oksid ima znatno ve&jo prostornino od kovi-
ne. Volumska deformacija zaradi oksidacije je tolik$na,
da bi napetostno stanje dale¢ preseglo poruino trdnost
kovine in oksida. Zato se oba (sistem) plastificirata. Na-
petostno stanje je v oksidni zajedi (zarodku klina) ena-
ko manj3i meji teéenja ene od obeh sestavin sistema
Or mins KOU j€:

O1 min ™= min (o?:un' °¢‘M|n)

Pri ohlajanjih s T,,, bi se v oksidu pojavile tlane

napetosti, zaradi katerih sistem plasti¢no tece. Plasti¢no

telenje poteka vse do temperature prehoda sistema v
elasti¢no stanje pri T, (temperatura prehoda sistema v

should point to the relative frequency of the phenomen-
on. In literature very few references can be found about
the phenomenon of an oxide wedge. The effect of the
oxide wedge on crack propagation was analysed by
P.T.Heald (1) who proved that a crack cannot start
growing unstably only because of an oxide wedge if no
load is applied. Some investigations about the import-
ance of an oxide wedge for the development of defects
on various machine parts can also be found in our pro-
fessional literature® * %5

High temperature corrosion is one of the most fre-
quently found types of metal corrosion (dry corrosion).
High temperatures, raised temperatures and high tem-
perature cycles represent an additional load for metal,
making the deffects in these environments even more
frequent and fatal. These very conditions will be consi-
dered in our investigation of the occurrence and growth
of an oxide wedge.

2. OCCURRENCE AND GROWTH OF OXIDE
WEDGE

And oxide wedge occurs after a previous uniform
oxidation of a metal surface at a correspondingly high
temperature. The newly formed oxide has a different
thermal expansion coefficient than the metal. It is also
important that this new corrosion product has a consid-
erably larger specific volume than the metal. The physi-
cal and mechanical properties of the oxide and the metal
are changing with temperature. Besides this, the dis-
cussed phenomenon is affected also by the strenght of
the oxide adhesion to the metal.

2.1, Oxide Wedge Occurrence

We will discuss a case where the occurrence and
growth of the oxide wedge are possible because of
changing thermal loads. At a correspondingly high tem-
perature and within a certain time a continuous oxide
layer occurs on the metal surface. During the cooling
process of the metal/oxide system compressive
stresses arise in the oxide due to the different thermal
expansion coefficients. At higher temperatures the
oxide and the metal become plastic because of the
compressive stresses, but when the temperature low-
ers, and the system passes from the plastic into elastic
region, the compressive stresses in the oxide start in-
creasing. Now, the oxide layer on the surface undergoes
elastic deformation. During the process of cooling the
compressive stresses in the oxide can reach the plastic
limit. If the strength of the adhesion to the metal is
strong enough, the oxide starts flowing plastically.
Otherwise, it can bend locally or split in case that the
breaking shear strength on the metal boundary is small-
er than the tangential stresses. Generally, however, both
these two processes are going on simultaneously.

During reheating of the system, at a certain tempera-
ture the possible remaining compressive stresses in the
oxide become eliminated because of the different ex-
pansion of the metal and the oxide. If heating is continu-
ed, tensile stresses appear and increase in the oxide.
Due to mechanical defects that occurred in the oxide
during the process of cooling, different stress concen-
tration areas can be found. With continued heating on
these areas, a relatively brittle oxide can break with a
crack running rectangularly to the metal surface. Several
such cracks might occur. These cracks enable a free
and fast transfer of the oxidant (air) to the metal, indu-
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elasti¢no stanje pri tlaku). Napetostno stanje v oksidni
zajedi je pri tej temperaturi enako:

OT min (Tpsomm (O?K (Tp)v 0?‘ (Tp))

Z ohlajenjem pa tlaéne napetosti naras¢ajo. Ce do-
seZejo mejo tedenja Oy, pride do ponovnega plasti-
&nega tedenja sistema.

Naslednja stopnja v spremenljivem temperaturnem
rezimu je segrevanje sistema od T, na T,,,.. Pri tem se
v zaletku tlane napetosti, nastale pri ohlajanju, zmanj-
Sujejo in pri doloeni temperaturi je sistem brez napeto-
sti. S segrevanjem se v zajedi pojavijo natezne napeto-
sti, ki s temperaturo rastejo. Ce napetost preseze trd-
nost zajede pod temperaturo prehoda iz elastitnega v
plastiéno podroéje (T, — pri natezni obremenitvi), se
zajeda porusi. Razpoka je nadaljevanje razpoke v zve-
zni povrsinski plasti oksida. S tem se ponovno odpre hi-
tra pot za dostop oksidanta do kovine ter se tako pospe-
§i rast zajede v smeri razpoke. Po vetkratni ponovitvi
temperaturnega cikla (T, =T, — T...) se zajeda izo-
blikuje v obliko klina mikroskopskih razseZnosti.

3. NAPETOSTI ZARADI OKSIDNEGA KLINA

Rast oksidnega klina v kovini uravnava predvsem
hiter prenos kisika po razpoki do kovine, v smeri nor-
malno na steno klina, pa difuzija skozi oksid. Na ta na-
¢in nastane in se ohranja trikotna oblika klina. Vsaka
razpoka skozi primarni oksidni sloj je lahko zadetek
oksidne zajede oz. klina. Zato je na kovinskih delih, ki
so izpostavljeni menjajodim se temperaturam, veliko
mikroskopskih poskodb v obliki oksidnih klinov.

Napetostno stanje, ki se pojavi v sistemu med rastjo
oksidnega klina, raziskujemo na poenostavljenem mo-
delu, tako da izberemo tanck sloj polprostora, ki ga
predstavlja polravnina z ve¢ oksidnimi klini. Napeto-
stno stanje je odvisno od temperaturnih obremenitev in
ga b:mo analizirali pri treh znacilnih mejnih tempera-
turah.

3.1 Napetostno stanje pri najvi§ji temperturi, T ..

Pri tej temperaturi oksidni klin najhitreje raste. V
njem se pojavijo tlaéne napetosti, ki dosezejo minimal-
no mejo tecenja ene od sestavin sistema oy .. Ker pa
se oksid in kovina razlikujeta tudi v drugih lastnostih,
se pojavijo $e dodatne temperaturne napetosti. Te na-
petosti so v temenu klina, to je na meji polravnine raz-
meroma velike tlaéne napetosti in so vzporedne z mejo
polravnine. Pod mejo polravnine delujejo na klin znat-
ne strizne in normalne napetosti pravokotno na smer
polravnine’. Primerjalna napetost v sistemu kovina-
oksid je znatno vedja od meje tecenja, zato je hitrost
plasticne deformacije velika in napetostno stanje ne
preseZe oy ... Rezultanta sil zaradi tla¢ne napetosti na
plaiéu klina (o, ,,) deluje proti meji polravnine. Zaradi
nje in temperaturnih napetosti se sistem znatilno defor-
mira. Teme oksidnega klina se pri tem zozi, kovina pa s
plasti¢énim te¢enjem zavzame ta prostor. Posledica re-
zultirajo¢ih napetosti je izboditev meje polravnine okoli
temena oksidnega klina (sl. 1). Zelo izraziti primeri pla-
sti¢ne deformacije sistema so takrat, ko na temenih ok-
sidnih klinov izpade del oksida in se porusi ravnoteZno
napetostno stanje na tem delu polravnine (sl. 2, 3).

Oksidni klin vpliva na stabilno oz. nestabilno rast
razpoke v kovini zaradi tlacnih napetosti, ki so enake
meji te¢enja oy ., (T,.,,.). Dejanska Sirina korena razpo-
ke je (2):

cing a limited local oxidation. This tiny oxide flaw repre-
sents the beginning of an oxide wedge.

2.2. Oxide Wedge Growth

The newly formed oxide has a much larger volume
than the metal. The volume deformation due to oxidation
is so extensive that the stress state exceeds by far the
rupture strength of the metal and the oxide. Therefore
both of them (the metal/oxide system) become plastic.
The stress state in the oxide flaw (wedge embryo) is
equal to the lower yield point of one of the system's
components as follows:

Oy min™ G MIN (OF ke Tyn) (1)

During cooling from T, compressive stresses ap-
pear in the oxide due to which the system exceeds the
yield point. The plastic flow continues down to the tem-
perature of the transition of the system from the plastic
into elastic state, T, (temperature of the system’s tran-
sition into elastic state under pressure). The stress state
in the oxide flaw at this temperature is:

Ty min (Tn) =a min (O'OK (Tp)o G:‘ (Tp)) (2)

With continued cooling the compressive stresses in-
crease. If they attain the yield point o, ., this induces a
repeated plastic flow of the system.

In changing temperature conditions, the next stage
is heating up the system from T,,, onto T,,.. Here, at the
beginning, the compressive stresses induced by cool-
ing, are reduced and at a certain temperature the sys-
tem is free of stress. With heating up the system, tensile
stresses appear in the flaw, increasing with temperature.
If the stress exceeds the strength of the flaw below the
temperature of the transition from the elastic into plastic
state (T} — under tensile load), the flaw breaks. The
newly occurred crack continues the crack in the primary
surface layer of the oxide. In this way, the oxidant has
again a fast access to the metal reopened, stimulating
the growth of the flaw in the direction of the crack.
After several repetitions of the temperature cycle
(Tomax — Tenin — Trna) , the flaw grows into a wedge of micro-
scopic dimensions.

3. STRESSES INDUCED BY OXIDE WEDGES

The growth of the oxide wedge into the metal de-
pends especially on how rapid is the access of the oxi-
dant to the metal along the crack, and in the direction
normally to the wedge face, on how strong is the diffu-
sion through the oxide. In this way the wedge grows in
the form of a triangle and keeps this form. Any crack
through the primary oxide layer can mean the onset of
an oxide flaw or wedge. As a result, on metal parts
which are exposed to changing temperature conditions,
a great number of microscopic defects in the form of
oxide wedges can be found.

The stress state occurring in the system during the
process of oxide wedge development, is investigated on
a simplified model by choosing a thin layer of semi-
space, representing the semi-plane with several oxide
wedges. The stress state as function of thermal loads
will be analysed only for three extreme temperatures.

3.1. Stress State at the Highest Temperture (T,...)

At this temperature the oxide wedge grows the most
rapidly. Compressive stresses appear in it, attaining the
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C(l-v) [p.

t O min max ,
o, (T LT—v 2 O+ % Oraa (T ’]

P (C)=

kjer je © kot klina razpoke v kovini, v Poissonovo 3tevi-
lo in p strizni modul.

Kriti¢na Sirina korena razpoke pri nestabilni razpo-
ki pa je: @¢-=2y/0,, (T, kjer je y povriinska nape-
tost. Razpoka je stabilna, ¢e je @.>@ (C). Ce pa je
@c<@ (C), je nestabilna in vodi k porusitvi.

—

Slika 1
Razpoka skozi oksidno plast in klin do kovine na vrhu klina.
Fig. 1
A crack running through the oxide layer and the wedge right
to the metal at the wedge tip

Slika 2

Deformacija kovine v okolici klina. Razpoke v smeri osi klina;
50 x

Fig. 2
Deformation of the metal in the vicinity of the wedge. Cracks in
the direction of the wedge axis; 50 x

3.2 Napetostno stanje pri temperaturi prehoda
iz plasti¢nega v elasti¢no podrocje sistema, T,

Tlaéne napetosti v oksidnem klinu se poveéajo, ven-
dar ne ¢ez mejo tecenja. V tem primeru lahko dolo¢imo
najvecje napetostno stanje v kovini ob korenu oksidne-
ga klina, prav tako pa faktor koncentracije napetosti*.
Napetost v oksidnem klinu je enaka oy, (T,), faktor
koncentracije napetosti pa: K,=1,1209-0y ., (T,) Je,
kjer je ¢ dolzina oksidnega klina. ée pa je na povriini
vet klinov, je faktor koncentracije napetosti v kovini ob

Slika 3

Deformacija kovine in oksidnega klina zaradi odluiéenja
oksida na temenu klina; 40 x
Fig. 3
Deformation of the metal in the oxide wedge due to oxide split-
ting on the wedge back face; 40 x

minimum yield point of one of the system's components
Or min- BUt since the oxide and the metal differ aiso in
other properties, additional thermal stresses appear too.
On the back face of the oxide wedge, i. e. on the semi-
plane boundary, these stresses are compressive, and
relatively high, acting in the direction paralle! to the se-
mi-plane. Under the semi-plane boundary considerable
shear and normal stresses act on the wedge in the di-
rection rectangular to the semi-plane (5). The compara-
tive stress in the metal-oxide system is considerably
higher than the yield point, therefore, the rate of plastic
deformation is high, and the stress state does not ex-
ceed the o, ... The resultant of the forces arising from
compressive stress on the wedge faces (o, ). acts in
the direction towards the semi-plane boundary. Because
of this and due to temperature stresses, the system un-
dergoes a typical deformation.

The back face of the oxide wedge narrows, its place
being taken by the plastically flowing metal. The conse-
quence of the stresses resulting from this is the buck-
ling of the semi-plane boundary around the oxide
wedge, (Fig. 1). Very distinct cases of plastic deforma-
tion of the system can be observed if on the back face
of the wedge a tiny piece of the oxide splits off and de-
stroys the equilibrium stress-state in this part of the se-
mi-plane (Fig. 2, 3).

The oxide wedge has an influence on the stable or
unstable crack growth in the metal owing to compres-
sive stresses being equal to the yield point o, (Tra)-

The actual width of the crack tip is (2)

& (cjm—2i1=Y) [—L tan © + 7 6, me (Tm)] (3)
4npo, (Te) LI-V

where O is the wedge angle of the crack in the metal, v

Poisson’s number and p shear module.

And the critical width of the crack tip at unstable
growth is: ¢@.=2y/0, (Tm.) where y is the surface
stress. Crack growth is stable if ¢p.># (c) and unstable
and leading to failure if 8. <# (c).

3.2. Stress State at the Transition Temperature
from the Plastic into Elastic State (T,)

In this case the compressive stresses in the oxide
wedge are increased, however not beyond the yield
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Slika 4
Skupine oksidnih klinov; 50 x

Fig. 4
Groups of oxide wedges; 50 x

korenih klinov manjsi (sl. 4, 5). Ce je v polravnini vet
klinov dolZine c, ki so med sabo oddaljeni z d, je faktor
koncentracije napetosti K, =B;-0r ., (T,) Jc.

A 0 0,2 0,4 0,6

i 1,1209 087186 0,62536 0,51046
0,8 1,0 2,0 3,0
0,4446 0,39866  0,282206 0,2303

kjer je A=c/d.

Sistem z ve¢ enako velikimi oksidnimi klini v pol-
ravnini je odpornejii proti porusitvi v primerjavi s siste-
mom, ki ima le enega samega iste dolzine.

3.3 Napetostno stanje pri najniZji temperaturi, T,

Tlaéne napetosti v oksidnem klinu se poveéujejo in
dosezejo pri neki T, vrednost, ki presega napetostno
stanje pri vseh vi§jih temperaturah. Faktor koncentraci-
je napetosti se zato poveca in je doloéen na enak nadin
kot zgoraj.

Tako kot pri najvisji, je tudi pri najnizji temperaturi
zanimiv odgovor na vprasanje o stabilnosti razpoke v
kovini. Hitrost Sirjenja razpoke ¢ (t) je:

-05

e(t)= uo(t) {[l_w(t)n] —l}
n(l—v) 2y

Odtod sledi pogoj za nestabilno rast razpoke:
w=2Yy/o, kjer je w Sirina temena oksidnega klina. V
tem primeru je hitrost Sirjenja razpoke neskonéno veli-
ka.

4. MOTNJE V RASTI OKSIDNEGA KLINA

Motnje v rasti oksidnega klina se pojavijo takrat, ko
se v dolo¢enih razmakih ne obnavlja razpoka v oksidni
plasti ali klinu kot hitra pot za prenos kisika do kovine
na vrhu klina. V nekaterih primerih se lahko zgodi, da
oksid zapre zunanjo stran razpoke, tako da se tudi pri
nihanju temperature zapreka ne pokoduje oz. ne poéi.
Takrat je oksidacija vezana zgolj na transport skozi
oksid. Rast klina se tedaj upo¢asni, posebej $e na kore-
nu, zato se mu spremeni tudi oblika. Zelo trdno zaporo

M
Slika §
Shema sistema kovina-oksidni klini.
Fig. 5

Scheme of the metal/oxide wedge system

point. We can define the maximum stress state as well
as the stress concentration factor in the metal around
the oxide wedge tip‘. The stress in the oxide wedge is
equal to oy, (T;) and the stress concentration factor is
K =1,1209- 0y . (T,) JC, where c represents the length
of the oxide wedge. In case of several wedges on the
surface, the stress concentration factor in the metal
around the wedge tips is smaller (Fig. 4, 5). If there are
several wedges in the semi-plane of various lengths (c)
and distances (d),ﬁthen the stress concentration factor is
KI-BI'OT mn (Tp) "c-

A 0 0,2 04 06

By 1,209 0,87186 0,62535 0,51046
08 1,0 20 30
0,4446 0,39866 0,28206 0,2303

where A=c/d

A system with several equally sized oxide wedges in
the semi-plane is more resistant to rupture than a sys-
tem with only one wedge of the same length.

3.3. Stress State at the Lowest Temperature (T.,)

The compressive stresses in the wedge increase,
and at a certain minimum temperature (T,,.), attain the
value which exceeds the stress state at all higher tem-
peratures. The stress concentration factor is therefore
increased, and can be defined in the same way as
above.

Similarly as for T,,,, we are also for T, interesed in
the answer to the question of stable or unstable crack
growth.

The rate of crack propagation ¢ (t) (2) is:

-05

- bWt {[1-‘”“’"] -1} 4

¢ n(l-v)o 2y @

Therefrom the condition for the unstable crack

growth is obtained: w=2y/o where w is the width of

the oxide wedge back face. In this case the rate of crack
propagation Is infinite.

4. RETARDATION IN GROWTH OF AN OXIDE
WEDGE

Retardation in the growth of an oxide wedge takes
place when from time to time a crack enabling a fast
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za dostop kisika predstavlja npr. kompozitna plast oksi-
da in kovine, ki lahko nastane v dolo¢enih delovnih
okoljih oz. pogojih. Ta je odporna na menjajoce se tem-
peraturne obremenitve, posebej v fazi ogrevanja (nateg)
in je vzrok dolgotrajni motnji v rasti oksidnega klina.
Taka kompozitna zapora je manj odporna na tlane oz.
strizne obremenitve, zaradi katerih se lahko odlusé¢i s
povriine in motnja preneha (sl. 6, 7, 8).

Slika 6
Mehanske stabilne pregrade (komposit oksid-kovina)
nad oksidnim klinom.
Fig. 6
Stable mechanical closure barrier (an oxide/metal composite)
above the oxide wedge

Slika 7

Mehanske stabilne pregrade (komposit kovina-oksid)
nad dvema degenenranima oksidnima klinoma; 50 x
Fig. 7
Stable mechanical barrier (an oxide/metal composite) above
two degenerated oxide wedges; 50 x

5. PRIMERI NASTAJANJA OKSIDNIH KLINOV
5.1

Bat stroja za tla¢no litje medi je izdelan iz orodnega
jekla za delo v vro¢em (0,4% C, 5% Cr, 1,3% Mo in
0,4 % V). V stacionarnih pogojih dela je nihala tempe-
ratura na povrdini bata v priblizno 11 sekundah od
780°C (T,,,,) do 600°C (T,,,), ob prekinitvah pa se povr-
jina bata ohladi pod 200°C ali celo na temperaturo
okolice. Po dolo¢enem ¢asu dela se je bat poskodoval
zaradi t. i. toplotnega razpokanja na delovni povrSini.
Te poikodbe se kaZejo v mrezi bolj ali manj globokih
razpok-kanalov, ki se §irijo v kovino v obliki oksidnih
klinov. Na osnih presekih bata je tako mo¢ opaziti

transfer of oxygen to the metal does not reopen. In
some cases it can happen that corrosion products close
the crack from the outside so that even at varying tem-
perature this closure does not break. In these cases oxi-
dation depends only on the oxygen transport through
the oxide. Owing to this, the growth of the wedge slows
down especially at the tip, thus changing also the wedge
morphology. A very solid closure for the transfer of oxy-
gen represents for example a composite layer of oxide
and metal created in specific working conditions. This
layer is resistant to changing temperature loads, espe-
cially in the phase of heating (tension), and this is the
reason for a long retardation in the oxide wedge growth.
Such a composite closure can, however, be less resis-
tant to compressive and shear loads due to which it can
peel off the surface, and the wedge starts growing again
(Fig. 6, 7, 8).

Slika 8

Kemiéna sestava oksidnega klina in stabilne pregrade.
Fig. 8

Chemical composition of the oxide wedge and the stable
barrier

5. SOME EXAMPLES OF OXIDE WEDGE
OCCURRENCE

5.1,

The plunger of a die casting machine for brass is
made from hot-working tool steel (0.4% C, 5% Cr,
1.3% Mo and 0.4 % V) (5). At stable operating condi-
tions the temperature on the plunger surface varies in
approx. 11 seconds from 780° C (T,,) to 600° C, while at
work stoppage, the plunger surface cools down below
200°C, or even down to the ambient temperature (T,..).
After a certain time of operation, heat cracking occurs
on the working surface of the plunger. These defects
can be seen as a network of more or less deep cracks
— channels — extending into the metal in the form of
oxide wedges. On the axial cross section of the plunger
it is thus possible to observe practically all the above de-
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prakti¢no vse prej opisane pojave: razpoke v klinih, de-
formacije klinov in okolidnje kovine, zaprtje razpok in
motnje v rasti oksidnega klina (sl. 2, 3, 6, 7, 8).

5.2

Na zunanji steni cevi pregrevalnika pare, ki dela pri
niZzjem temperaturnem nivoju kot bat, so se pod relati-
vno tanko plastjo Skaje pojavili oksidni klini. V nekate-
rih primerih se je iz teh klinov razvila poskodba do po-
ruditve stene cevi. Poleg agresivnega delovanja okolice
(dimni plini) je sistem cevi podvrzen tudi obremenit-
vam zaradi nihanja temperature (sl. 9).

Oksidni klini z zunanje stene cevi pregrevalnika pare; 100 x
Fig. 9
Oxide wedges from the outer side of the steam superheater
tube; 100 x

53

Povsem enake poskodbe, v obliki klinov korozijskih
produktov, so nastale na pozitivnih elektrodah akumu-
latorskih baterij in so pripeljale do lokalnih zlomov pa-
lic in uni¢enja baterije. Palice iz malolegirane svinéeve
zlitine so obedene v bateriji in zato so ves ¢as zaradi la-
stne teze obremenjene na nateg. Pri polnjenju in praz-
njenju baterije poteka kemiéna reakcija, katere produk-
ti se mo¢no razlikujejo v gostoti. Trdnost sulfata PbSO,
je manjSa od napetosti zaradi teZe palice in se porusi.
Menjajoci se ciklusi praznjenja in polnjenja pri stalni
natezni obremenitvi omogocajo rast korozijskega pro-
dukta v obliki klinov (sl. 10). Ko seze poskodba zadosti
globoko v kovino, se palica nenadno porusi (krhko).

6. ZAKLJUCEK

Kovinski deli orodij in naprav, ki delajo v agresiv-
nih okoljih, se prekrijejo s plastmi korozijskih produk-
tov. Zaradi mehanskih ali temperaturnih obremenitev
so korozijski produkti pogosto mehansko nestabilni,
kar pripelje do lokalnih porusitev. Skozi razpoke priha-
ja medij zelo hitro do kovine in na teh mestih zaéno ra-
sti korozijski produkti v obliki klinov.

Ce so izpolnjeni pogoji trajne mehanske nestabilno-
sti korozijskih produktov, klin raste in pripelje do poru-
Sitve istema. V sistemih s korozijskimi klini nastanejo
znacilna napetostno deformacijska stanja. Ta vplivajo
na oblikovanje sistema in eventuelno porusitev. Mot-

scribed phenomena: cracks in the wedges, deformation
of wedges and the surrounding metal, crack closure and
retardation in the growth of the oxide wedge etc. (Fig. 2,
3,6,7,8).

5.2

On the outer wall of a steam superheater, operating
at a lower temperature level than the plunger, oxide
wedges were observed under a relatively thin layer of
oxide scale. In some cases the defects arising from
these wedges developed into total failure of the pipe
wall. Besides the agressive effect of the environment
(flue gases), the piping system is subjected also to
loads arising from temperature variation (Fig. 9).

53.

The same kind of defects in the form of corrosion
product wedges were found on positive electrodes of a
car battery.

These defects resulted in local breaking of anode
rods and total failure of the battery. The anode rods,
which are made of a low-alloyed Pb-alloy, are hung onto
the battery boxing and thus constantly under ten-
sion load. During battery charging and discharging a
chemical reaction takes place. Its products differ very
much in specific volume, so the PbSO, probably cannot
bear the weight of the anode rod and breaks. The ex-
changing cycles of discharing and charging at constant
tensile load enable the growth of corrosion products in
the form of wedges (Fig. 10). When the crack reaches a
certain critical point deep enough in the metal, the rod
undergoes a sudden brittle failure.

Slika 10

Klin v anodni palici akumulatorske baterije; 100 x
Fig. 10

A wedge in the anode rod of a car battery; 100 x

6. CONCLUSION

Metal parts of tools and machines, operating in
agressive environment, get covered with corrosion pro-
duct layers. Due to mechanical and thermal loads corro-
sion products are subject to mechanical instability, lead-
ing to local failures. Through cracks the oxidant rapidly
reaches the metal and on these places corrosion pro-
ducts start growing in the form of wedges.

In the conditions of permanent mechanical instability
of corrosion products, a wedge grows and causes a fai-
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nje, ki prepre¢ujejo hiter dotok korozijskega medija do
kovine na vrhu klinov, zavro njihovo rast in spremene
njihovo obliko. Ugotovljeno je tudi, da je rast skupine
oksidnih klinov v enakih pogojih po¢asnejia kot pa ta-
krat, ée je v sistemu en sam klin.

V prispevku smo obravnavali rast klinov v kemi¢no
in mikrostrukturno homogenem kovinskem materialu.

V kemi¢no nehomogenih materialih so s potekom
koncentracije legirnih elementov dolotena prednostna
mesta nastanka in rasti klinov. Ce je medsebojna orien-
tacija nchomogenosti in komponent temperaturnih na-
petosti ugodna, potekajo razpoke oz. oksidni klini
vzdolz negativnih izcej. Na teh mestih so razlike v raz-
teznostnih koeficientih kovine in oksida najvecje; oksid
nad negativno izcejo je med nihanjem temperature
znatno bolj obremenjen kot nad pozitivno, zato veéina
razpok v oksidu nastane nad negativnimi izcejami. Ana-
liza takega primera je zahtevnej3a in bo vsebina samo-
stojnega prispevka.

lure of the system. In corrosion wedge systems very ty-
pical stress-strain states occur, affecting the morpholo-
gy of the system and inducing a possible failure. Clo-
sures preventing a rapid access of the oxidant to the
metal at the wedge tip, retard the growth of the wedge
and change its morphology. The authors also found out
that the growth of a group of oxide wedges is slower
than that of only one wedge in the system.

This contribution treats oxide wedge growth in a ho-
mogeneous metal material. In metal materials with non-
homogeneous chemical composition and microstructure
the places likely for the occurrence and growth of
wedges are defined from the concentration distribution
of the alloying elements. If the interorientation of non-
homogeneities and thermal load components is favor-
able, cracks or wedges run along the negative segrega-
tions. On these places the differences in thermal expan-
sion coefficients between the metal and the oxide are
the greatest; the oxide above the negative segregation
is during temperature variation under much greater load
than above the positive segregation, therefore the major
part of cracks in the oxide are to be found above the ne-
gative segregations. The analysis of such a case de-
mands special attention and efforts, and will be the sub-
ject of a separate investigation.
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Zapozneli lom jekla z visoko trdnostjo
Delayed Fracture of High-strength Steel

B. Ule*, F. Vodopivec*, J. Zvokelj*, M. Grasi¢* in L. Kosec**

V élanku so opisane teoreticne osnove, potrebne za ra-
zumevanje napetostno induciranega segregiranja vodika v
Jeklu z visoko trdnostjo. Opisano je merjenje kriticnega in
mejnega napetosinega intenzitetnega faktorja ter na tej
osnovi analiziran vpliv malih mikrostrukturnih variacij je-
kla na njegovo obcutljivost k zapoznelemu lomu.

1. UVOD

Ena od znanih oblik poruditve jekla z visoko mejo
plasti¢nosti ter trdnostjo nad 1200 Nmm~? je zapozneli
lom, ki nastane zaradi napetostno induciranega segregi-
ranja vodika v jeklu.

Raziskave zapoznelega loma, ki jih je opravil G. L.
Hanna s sodelavci', kaZejo, da obstaja inkubacijski ¢as
do nastanka prve mikrorazpoke; ta podasi raste, vse do-
kler ne doseZe kriti¢ne velikosti, kar privede do hipne
porusitve. Tako inkubacijski ¢as, kot tudi ¢as do loma
se podaljfujeta z zmanjSevanjem obremenitve, vse do-
kler pri neki dovolj nizki obremenitvi zapozneli lom
sploh izostane. A. R. Troiano’ je odkril, da nukleacija
mikrorazpok izostane tudi v primeru pravoéasne raz-
bremenitve, vendar pa se mikrorazpoke pojavijo potem,
ko je jeklo ponovno daljsi ¢as mehansko obremenjeno.
To vodi do sklepa, da je nukleacija mikrorazpok posle-
dica elasti¢ne interakcije med mobilnimi atomi vodika
v jeklu ter polji troosnih napetosti ob razliénih diskonti-
nuitetah kovine.

Lokalno kopicenje vodika v zadostni koli¢ini pa po-
slabsa kohezivnost mreZe ter olajia nukleacijo mikro-
razpok.

2. TEORETICNI DEL

Atomarni vodik v Zelezu je bodisi na intersticijskih
mreZznih mestih, bodisi ujet na razli¢nih napakah kri-
stalne mreze, ki jih imenujemo pasti. Nekaj vodika naj-
demo vedno tudi v molekularni obliki v porah.

Koncept pasti sta predlagala Darken in Smith’, da bi
pojasnila vpliv temperature in koncentracije vodika v
Zelezu na njegovo difuzivnost. Oriani‘ je kasneje na os-
novi razli¢nih eksperimentalnih podatkov izratunal ve-
zavno energijo, s katero je vodik vezan v pasteh. Skoraj
v vseh primerih je dobil vrednosti okrog 27 kJ na mol
vodika. Podobne vrednosti so navedene tudi v referen-
cah 5,6 in 7, Ceprav sta Kumnick in Johnson® odkrila tu-
di pasti z vezavno energijo priblizno 60 kJ na mol vodi-
ka. Gostoto teh pasti, ve{'ctno so bili to dislokacijski
pragovi, sta ocenila na 10° m~* v mo¢no deformiranem
Zelezu.

Danes je znano, da kot pasti delujejo skoraj vse ne-
pravilnosti kristalne mreze kovin, tako dislokacije® ',

* Metalurski institut, Lepi pot 11, Ljubljana

UDK: 669.14.018.2:539.56:620.192.3
ASM/SLA: Q26s, SG Ba, ST, 2—60, EGn, 3—66

The paper presents theoretical fundamentals to un-
derstand the stress-induced hydrogen segregation in
high-strength steel.

Measurements of the critical and of the threshold
stress intensity factor are presented which represent
the basis for analysing the influence of small microstruc-
tural variatious of steel on its sensitivity to the delayed
fracture.

1. INTRODUCTION

Delayed fracture caused by stress-induced hydrogen
segregation is one of the known types of failure of steel
with high yield strength and tensile strength above
1200 N mm—2.

Investigations of the delayed fracture by G. L. Hanna
and coworkers' showed an incubation period before the
nucleation of the first microcrack, a slow growth of the
microcrack and an instantaneous failure when a critical
size was reached. The incubation period as well as the
time till failure occurs are prolonged with the decreased
load until at a sufficiently low load the delayed fracture
does not occur at all.

A. R. Troiano® found that nucleation of microcracks
does not appear if the unloading took place in the due
time, but microcraks occur after steel was again me-
chanically loaded for a longer time. This leads to the
conclusion that the nucleation of microcraks is a conse-
quence of elastic interaction between the mobile hy-
drogen atoms in steel aiid the triaxial stress fields at dif-
ferent discontinuities in the metal. Local accumulations
of hydrogen at a sufficient level diminish the cohesive
forces in the lattice and facilitate the nucleation of
cracks.

2. THEORY

Atomic hydrogen in iron is found either in interstitial
sites of the lattice or it is as trapped hydrogen bound on
different imperfections of the crystal lattice, being called
»traps«. Some hydrogen in molecular form is found al-
ways in the microvoids too.

Darken and Smith® suggested the concept of traps to
explain the influence of temperature and of concentra-
tion on the diffusivity of hydrogen in iron. Later, on basis
of experimental data, Oriani* calculated the trap binding
energy of hydrogen and obtained value of about
27 kJ/ mole hydrogen in almost all the cases. Similar va-
lues are quoted also in refs. 5, 6 and 7, while Kumnick
and Johnson® discovered traps with the binding energy
of about 60 kJ/mole hydrogen too. The density of traps,
probably dislocation jogs, were estimated to 10 m~3 in
a heavily deformed iron.

** Univerza Edvarda Kardelja, FNT — Montanistika, ASker&eva 20, Ljubljana



184

Zapozneli lom jekla z visoko trdnostjo

ZEZB 21 (1987) 4

pore'"'? meje zrn", mejne povrine kovina-karbidni
delci', kot tudi povriine nekovinskih vklju¢kov'* '°.

Matemati¢ni model za opis vodika v pasteh sta razvi-
la Foster in McNabb'". Po njunem modelu je v pastch
ujeti vodik v lokalnem ravnotezju z intersticijskim vodi-
kom. Interakcija med vodikom in pastmi je termiéno
aktiviran proces z aktivacijsko energijo, ki jo sestavljata
vezavna energija pasti ter aktivacijska energija za difu-
zijo vodika v idealni mrezi Zeleza, ki dosega vrednost
12 kJ na mol vodika.

Gonila sila za intersticijsko difuzijo raztopljenega vo-
dika v kovinah je gradient kemi¢nega potenciala vodi-
ka. K temu gradientu prispevajo koncentracijske razli-
ke ter u¢inki polj elastiénih napetosti. Termodinamiéni
uinek polj elasti¢nih napetosti je utemeljen z reverzi-
bilno dilatacijo kristalne mreze kovin ter pozitivno
spremembo volumna, ki spremlja vgnezdenje vodikovih
intersticij v podro&ja pozitivne deformacije, medtem,
ko se podro&ja s tlatno deformacijo z vodikom osiro-
masijo. Na ta na¢in je z nehomogeno prerazporeditvijo
vodika doseZen krajevno neodvisen kemiéni potencial
vodika v nehomogenem polju elasti¢nih napetosti.

Li, Oriani in Darken'” so s termodinami¢no analizo
problema, pri ¢emer so vodik v Zelezu obravnavali kot
povsem mobilno komponento, izpeljali naslednjo enad-
bo:

=i+ RT In[H] -0, Vy (n

v kateri prva dva ¢lena dolo¢ata kemiéni potencial vo-
dika v odvisnosti od njegove koncentracije, Vy, je feno-
menoloSki parcialni atomski volumen vodika v Zelezu,
o, pa je hidrostati¢na komponenta napetostnega tenzor-
ja, s katerim popiSemo troosno napetostno stanje. Ob
predpostavki, da je v ravnotezju kemicni potencial vo-
dika krajevno neodvisen, z enatbo (1) izra¢unamo kon-
centracijo vodika v podro¢ju maksimalne hidrostatiéne
komponente napetostnega tenzorja v razdalji r pred ko-
renom zareze:

[H),=[H] exp (o, V,//RT), )

kjer je [H] povpreéna koncentracija vodika v preizku-
sancu.

Za ravninsko deformacijsko stanje, na¢in obremeni-
tve I ter za ravnino napredovanja razpok iz korena zare-
ze uporabimo naslednjo enacbo™:

oy=2(1+v)K,/3)2nr 3)
1z enaéb (2) in (3) dobimo:
_ 2(1+v) K, Vy
[H]. =[H] exp IRT J2nr “)

Enacba (4) povezuje napetostni intenzitetni faktor K, ter
koncentracijo vodika v razdalji r pred korenom zareze.

De'jstvo, da pri apliciranem napetostnem intenzitet-
nem faktorju K, ki je niZji od mejnega napetostnega in-
tenzitetnega faktorja Ky zapozneli lom sploh izostane,
je Beachem?®' zapisal v obliki kriterija, ki dolo¢a pogoje
pojavljanja tega loma:

Km < K| < Kk-. (5)

kjer je K,. kriti¢ni napetnostni intenzitetni faktor.

Gerberich” je na osnovi bodisi mehanizma Troiano-
Oriani** bodisi Beachemove hipoteze® postuliral kriti-
¢no koncentracijo vodika [H)?, ki v razdalji r pred kore-
nom zareze povzro¢i nukleacijo mikrorazpok. Predpo-
stavil je, da je kriti¢na koncentracija vodika lahko dose-
Zena le, ako delujota mehanska obremenitev preseZe
neko mejno vrednost, kar lahko zapiSemo kot:

K> Ky => [H] =[H]" (6)

At present, it is known that almost all the kinds of im-
perfections in the crystal lattice of metals, both disloca-
tions® '°, microvoids'' ¢, grain boundaries’, metal-car-
bide interfaces™, and the surfaces of non-metalic inclu-
sions' ' can act as trapping sites.

A mathematical model of hydrogen traps was deve-
loped by Foster and McNabb'’. According to the model,
trapped hydrogen is locally in equilibrium with the inter-
stitial hydrogen. The interaction between hydrogen and
the traps is a thermally activated process with an activa-
tion energy constituted of the binding trap energy, and
the activation energy of diffusion of hydrogen in an ideal
iron lattice being 12 kJ/mole hydrogen'™.

The driving force for the interstitial diffusion of the dis-
solved hydrogen in metals is the gradient of chemical
potential. This gradient is influenced by the differences
in hydrogen concentrations and by the effects of elastic-
stress fields. The thermodynamic effect of the elastic-
stress fields is caused by the reversible dilatation of the
crystal lattice of metals, and the positive volume change
accompanyed by the insertion of hydrogen interstitials
into the areas of positive strain, while compressively
strained regions are impoverished with hydrogen. Thus a
locally independent chemical potential of hydrogen in an
inhomogeneous elastic-stress field is obtained through
an inhomogeneous redistribution of hydrogen.

The thermodynamic analysis of this process, under
supposition that hydrogen is a completely mobile com-
ponent, was established bi Li, Oriani and Darken'® who
developed the following equation:

Wy =5+ RT In[H] — 0, Vi 1)

The first two terms determine the chemical potential
of hydrogen depending on its concentration, V,, is the
phenomenological partial atomic volume of hydrogen in
iron, while o, is the hydrostatic component of the stress
tensor describing the triaxial state cf stresses. Suppos-
ing that the chemical potential of hydrogen in equilibrium
is locally independent, the concentration of hydrogen in
the region of the maximal hydrostatic component of
stress tensor is given at a distance r from the notch root

by (1):
[H], = [H] exp (5, V,/RT), (2)

with [H] as an average concentration of hydrogen in the
specimen.

For a plane strain state, for a mode of loading |, and
for the plane crack propagation from the notch root, the
following equation is given®™:

0,=2 (14 V) K/3 }2nr (3)
From equations (2) and (3) we obtain:

2 (1+v) K, V,,
3RT |2nr @

The equation (4) connects the stress intensity factor
K, with the concentration of hydrogen at the distance r
from the notch root. The fact, that the delayed fracture
does not occur if the applied stress intensity factor K, is
lower than the threshold stress intensity factor K., has
been applied by Beachem?®' as the criterion to determine
the conditions under which the delayed fracture takes
place:

[H],=[H] exp

Ky <K <K, (5)

where K. is the critical stress intensity factor.
On the basis of the Troiano-Oriani mechanism®*# or
the Beachem hypothesis®, the critical concentration of
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S kombiniranjem enaéb (4) in (6) dobimo:

_3RTF {@2} &
2(1+v)V,,  L[H]

Enacba (7) velja le v primeru, ko je plasti¢na cona ob

konici zareze omejena na manj kot eno kristalno zrno

velikosti d. Ce upostevamo, da je vpleten e vodik, ujet

na mejah zrn, lahko piemo:

KTH

TH

_3RT}?:d {[ﬂL} :
2049V, In [H] ;d=R,, (8)
kjer je R, velikost plasti¢ne cone pri ravninskem defor-
macijskem stanju ter na¢inu obremenitve I.
Z izrazom (8) ni mogode pojasniti eksperimentalno
ugotovljene odvisnosti med Ky ter mejo plasti¢nosti.
Upostevaje e vpliv polja drsnih linij ob korenu zare-
ze, dobimo po Gerberichu® za Ky naslednji izraz:

RT [ﬂ];_’} (s}
Ky = n -

e, {[H] 2a @)
Omeniti je potrebno, da pri meji plastiénosti pod
1200 Nmm ™~ pogosto prihaja do neujemanja med enad-
bo (9) ter rezultati eksperimentov. Deloma lahko to
neujemanje razlozimo z odvisnostjo razmerja [H}F"/[H]
od meje plasti¢nosti jekla. Farrell in Quarrell® sta na-
mre¢ ugotovila, da so za doseganje krhkosti v jeklih z
nizjo mejo plasti¢nosti potrebne visje koncentracije vo-
dika, kar sta zapisala kot [HF o« 1/0ys. Kim in Logi-
now”’ pa sta pokazala, da se v jeklih z visjo mejo plas-
ti¢nosti topi ve¢ vodika, torej [H)= o,,. Konéno dobi-

mo:
HF_ B
(H] o,

pri emer je ff konstanta za posamiéno vrsto jekla.

(10)

3. EKSPERIMENTALNI DEL Z REZULTATI
3.1 Izbira jekla in geometrija preizkusancey

Cilj preiskave je bila ugotovitev vpliva mikrostruktur-
nih variacij visokotrdnega jekla z 0,40 % C, 0,31 % Si,
0,71 % Mn, 0,019 % P, 0,006 % S, 1,03 % Cr, 0,21 % Mo,
0,26 % Cu, 0,009 % Al in 0,010 % Sn na obéutljivost k z
vodikom induciranemu pokanju. Jeklo je bilo izdelano
po VOD postopku, zato vsebuje le malo Zvepla, analize
pa so pokazale, da vsebnost residualnega vodika ne
presega 0,05 ppm. Natezni preizkusi so bili opravljeni s
preizkudanci z zarezo, katerih geometrija je prikazana
na sliki 1. Po podatkih iz literature”’ je za taksne preiz-
kusance odvisnost med napetostnim intenzitetnim fak-
torjem K,, njih geometrijo ter aksialno delujoéo silo P
dana z izrazom:

Ki=o05 (= 1.27+1,72 D/d) (1
pri pogoju:
0,5<d/D<08

Razmerje p/D, pri ¢emer je p korenski radius zareze, je
bilo blizu vrednosti 0,02. Moran in Noris® sta z ratunal-
nisko simulacijo nateznega preizkusa cilindri¢nih preiz-
kusancev z zarezo po obodu ugotovila, da se pri raz-
merju p/D=0,01 do 0,02 pojavijajo maksimalne nape-
tosti ob lomu preizkusanca za priblizno dva korenska
radiusa pod povrsino, medtem ko so maksimalne defor-

hydrogen [H];" which produces crack nucleation at the
distance r from the notch root was postulated by Ger-
berich®. He assumed that the critical concentration of
hydrogen could be achieved only if the applied load ex-
ceeds a certain limiting value, which could be written as:

K> Kpy=> [H], = [H]¢" (6)
Combining Egs. (4) and (6) we obtain:
K, = 3BTV { LL*L_} @
2(14+v) Vy [H]

The equation (7) is correct only when the plastic zone
at the notch tip is limited to less than the grain diameter
d. Considering that also hydrogen on the grain bounda-
ries at the crack tip is involved, we can write:

M In {L’L’L"} ,d=R, (8)
2(1+v) V, [H]

with R, as the size of the strain plastic zone under mode
of loading |.

On the basis of equation (8) it is not possible to ex-
plain the connection between the yield strength effect
and Ky, though it has been established by experiments.

If taking into account the influence of a slip-line field at
the notch root, according to Gerberich®, we obtain for

™=

Kon:
AT m} o
K = - |n —
™ av, { [H] 2 )

It is necessary to mention that disagreements are of-
ten observed between Eq. (9) and experimental results
at yield strength below 1200 N mm~?. These disagree-
ments were explained partly by the dependence of the
[H]*/[H] ratio on the yield point. Namely Farrell and
Quarrel”® ascertained that larger concentrations of hy-
drogen are needed to produce embrittlement in steel
with lower yield strength, and postulated the relationship
[H]* e 1/0,,.

Kim and Loginow® suggested that the content of sol-
uble hydrogen in steel was proportional to the yield
strength, therefore [H]« o,,. Finally, we obtain:

HE_B
H o,
with f} as constant for a single type of steel.

(10)

3. EXPERIMENTS AND RESULTS

3.1 Selection of Steel and the Geometry of Speci-
mens

The aim of the investigation was to establish the influ-
ence of microstructure on the hydrogen induced sus-
ceptibility to cracking of a high-strength steel with the
composition: 0.40 % C, 0.31 % Si, 0.71 % Mn, 0.019% P,
0.006 % S, 1.03 % Cr, 0.21 % Mo, 0.26 % Cu, 0.009 % Al
and 0.010 % Sn. The steel was manufactured by the VOD
process, thus the content of sulphur was low and the
concentration of residual hydrogen did not exceed
0.05 ppm.

Tensile tests were made on notched tensile speci-
mens with the geometry shown in Fig. 1. For these
specimens, the relationship between the stress intensity
factor K, the 27geometry. and the axial force P is given by
the equation®:

K, —1,27 +1,72 D/d) (1)
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macije dosezene v samem korenu zareze, kjer se sicer
pojavljajo prve mikrorazpoke.

-
|

30°-60°

L

|l
tp

Slika 1
Geometrija cilindri¢nih nateznih preiskusancev z zarezo po ob-
odu.
Fig. 1
Geometry of cylindrical round notched tensile specimens,

3.2 Toplotna obdelava

Toplotna obdelava preizkuSancev je obsegala 1/2-ur-
no avsteénitizacijo pri 850°C s kaljenjem v vodi oziroma
olju ter popuscanje. Slika 2 prikazuje mikrostrukturo
letvastega martenzita, izoblikovanega pri kaljenju v vo-
di. S popusanjem 2 uri pri 480 oziroma 420°C je bila
dosezena meja plasti¢nosti 1185 oziroma 1290 Nmm 2,

Slika 2
Avstenitizirano pri 850°C in kaljeno v vodi. Letvasti martenzit
Fig. 2
Austenitized at 850°C, and quenched in water. Lath-shaped
martensite.

under condition that:
05<d/D<08

The ratio p/D, with p as the notch root radius, was
close to the value 0.02. Moran and Noris? found by the
computer simulation of the tension test with cylindrical,
peripherally notched specimens, that the maximum
stresses at fracture occur at about two notch-root radii
below the surface when the p/D ratio is 0.01 to 0.02. On
the other hand the maximum strain occurs at the notch
root where also the first microcracks appear.

3.2 Thermal Treatment

Thermal treatment of specimens consisted of a 30
mins. austenitisation at 850°C, quenching in water or in
oil, and tempering.

Fig. 2 shows the microstructure of the lath-formed
martensite in the steel quenched in water. After temper-
ing 2 hrs. at 480°C or 420°C yield strengths of 1185 and
1290 N mm~2 respectively were obtained. The hardness
of oil quenched specimens was between 52 and
53.7 HRC. This means, that the predominantly martensi-
tic microstructure of oil quenched specimens (Fig. 3)
still contains up to 3 % of bainite. After tempering speci-
mens quenched in oil 2 hrs. at 450°C, a yield strength of
1230 N mm~? was obtained.

2lpm

Slika 3
Avstenitizirano pri 850°.C in kaljeno v olju. Spodniji bainit v mart-
enzitni osnovi.
Fig. 3
Austenitized at 850°C, and quenched in oil. Lower bainite in the
martensitic matrix.

3.3 Hydrogen Charging

After thermal treatment, the specimens were charged
with hydrogen by etching 24 hrs. in a 0.1 N aqueous so-
lution of hydrochloric acid.

Chemical analysis of specimens immediately after the
removal from the acid solution showed a hydrogen con-
centration of 2.9+ 0.1 ppm independently upon the yield
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Trdota v olju kaljenih preizkulancev je dosegala vred-
nosti med 52 in 53,7 HRc. Pomeni, da je v preteZno
martenzitni mikrostrukturi tovrstnih preizkusancev po
kaljenju v olju (sl. 3) Se tudi do 3 % bainita. S popuséa-
njem v olju kaljenih preizkusancev 2 uri pri 450°C je bi-
la dosezena meja plasti¢nosti 1230 Nmm~2,

3.3 Navodicenje

Toplotni obdelavi je sledilo navodic¢enje preizkusan-
cev z jedkanjem 24 ur v 0,1 N vodni raztopini solne ki-
sline.

Kemi¢ne analize vzorcev neposredno po odstranitvi
iz kisline kaZejo, da dobljena koncentracija vodika
2,9+0,1 ppm prakti¢no ni odvisna od meje plasti¢nosti
jekla. Z drugimi besedami: s 24-urnim jedkanjem 3e ni
dosezena stacionarna koncentracija nasiCenja jekla z
vodikom. Zaklju¢ujemo, da del pasti Se ni zaseden, saj
bi v tak$nem primeru bila koncentracija vodika razli¢na
v preizkusancih z razliéno mejo plastinosti® %,

24 ur po odstranitvi iz raztopine je koncentracija vo-
dika v preizku3ancih padla na 0,82 40,1 ppm ter 48 ur
po odstranitvi na 0,58 0,08 ppm.

Ob predpostavki, da je hitrost uhajanja vodika iz ci-
lindri¢nih preizkuiancev majhnega premera (D je pri-
blizno 7 mm) premo sorazmerna razliki med trenutno
ter residualno koncentracijo vodika v njih, dobimo za
koncentracijo vodika v odvisnosti od ¢asa po jedkanju
(v urah) naslednji izraz:

[H]=0,55+235 exp (—0,091) (12)

Polempiri¢en izraz (12) je uporaben za fenomenolo-
§ki opis uhajanja vodika iz cilindri¢nih preizkusancev
in ugotovljeno je bilo™, da v navodicenih preizkudancih
ostaja $e okrog 0,55 ppm vodika tudi dolgo ¢asa po
koné¢anem jedkanju.

3.4 Doloevanje kritiCnega ter mejnega napetostnega
intenzitetnega faktorja

Ragzvit je bil eksperimentalni sklop za registriranje in-
kubacijskega Casa, to je ¢asa do porajanja prve mikro-
razpoke ter za registriranje poc¢asnega napredovanja
mikrorazpok do hipnega loma statitno obremenjenih
preizkuancev z zarezo po obodu. Sestavljen je bil iz
polovi¢nega Wheatstonovega mosti¢ka z variabilnim
uporom, ki ga je predstavljal uporovni listi¢, nalepljen
preko ustja zareze. Porajanje ter napredovanje mikro-
razpok je bilo registrirano posredno z odpiranjem ustja
zareze, kot sprememba upornosti aktivnega uporovnega

{ Pstot.

| ’--11

strength of steel. In the other words, a 24 hrs. etching
did not produce the saturation of steel with hydrogen. It
was concluded that all the traps were not filled since in
such a case the concentration of hydrogen in steel
would be different in samples with different yield
strengths® . Twenty-four hours after removal from the
acid solution, the concentration of hydrogen in speci-
mens dropped to 0.82+0.1 ppm and after 48 hours to
0.58 +0.08 ppm.

Supposing that the escape rate of hydrogen from the
cylindric specimens with small diameter (D is approx.
7 mm) is proportional to the difference between the ac-
tual and the residual hydrogen concentration, the follow-
ing equation can be derived for the variation of hydrogen
concentration with time (hours) after the removal of
samples from the acid solution:

[H]=0,5542,35 exp (— 0,09 1) (12)

This semiempirical equation is useful for the pheno-
menological description of losses from the
cylindric specimens and as it has been established™ that
the specimens charged with hydrogen still contain resid-
ual hydrogen of about 0.55 ppm even a long time after
the etching.

3.4 Determination of the Critical and the Threshold
Stress Intensity Factor

An experimental set-up was developed for the regis-
tration of the incubation period i. e. of the time neces-
sary for the nucleation of the first microcrack, as well as
for the registration of the slow propagation of micro-
cracks to the instantaneous fracture of the round-
notched specimens under static load. It consisted of a
half-Wheatston bridge with a variable resistor represent-
ed by a strain-gauge sticked across the notch opening.
Nucleation of microcracks and their propagation were
indirectly registered by the displacement of the notch
opening as the change of the resistance of the active
strain-gauge compared with the resistance of the refer-
ence strain-gauge. This experimental set-up (schemati-
cally shown in F?g (4)) permitted to detect the propaga-
tion steps of about 0.1 um.

An almost similar set-up was used to measure the cri-
tical stress intensity factor i. e. fracture toughness of
steel. Fig. § shows how the measurements were made
on the “Instron” tensile machine with an accurate exten-
someter mounted on the notch opening of the specimen
for calibration of the strain-gauges.

Slika 4
Eksperimentalni” sklop za zasledovanje porajanja ter napredo-
vanja mikrorazpok (1 — natezni preiskusanec z uporovnim listi-
¢em, 2 — refere&ni uporovni listié, 3 — merilna enota z izvorom
napetosti, galvanometrom ter ojacevalcem, 4 — registrator).

Fig. 4
Experimental set-up for the detection of crack nucleation and
propagation (1 — tensile specimen with strain-gauge, 2 — re-
ference strain-gauge, 3 — measuring unit with power source,
galvanometer and amplifier, 4 — recorder).
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Slika 5
Merjenje lomne Zilavosti. Ekstenzometer na preiskudancu sluZi
kalibriranju uporovnih listicev.
Fig. 5
Measurement of fracture toughness. Extensometer on the ten-
sile specimen used for the calibration of the strain-gauges.

listica glede na upornost referenénega uporovnega listi-
¢a. Eksperimentalni sklop (shematsko prikazan na sliki
4) je dovoljeval zaznavanje koraka propagacije okrog
0,1 pm.

Skoraj podoben sklop opreme je bil uporablgen za
merjenje kriti¢nega napetostnega intenzitetnega faktor-
ja, t. j. lomne Zilavosti jekla. Na sliki 5 je prikazana iz-
vedba merjenja na trgalnem stroju »Instron« s preciz-
nim ekstenzometrom, montiranim preko ustja zareze
preizkusanca ter uporabljenim za kalibriranje uporov-
nih listicev.

Z merjenjem ¢asa do loma preizkusancev v odvisno-
sti od uporabljene obremenitve je bil eksperimentalno
dolo¢en mejni napetostni intenzitetni faktor Ky, to je
mejna statiéna obremenitev, pri kateri 3¢ ne pride do
nukleacije mikrorazpok.

Kriti¢ni napetostni-intenzitetni faktor K, t. j. lomna
Zilavost jekla je bila izmerjena na cilindri¢nih preizku-
Sancih z zarezo ter utrujenostno razpoko v korenu zare-
ze. Tako kot za izratun mejnega, je bila tudi za izracun
kritiénega napetostnega intenzitetnega faktorja upora-
bljena formula (11), globina utrujenostne propagacije
mikrorazpoke pa je bila izmerjena z opti¢nim mikro-
skopom po vsakokratnem preizkusu.

Za preverjanje rezultatov je bila lomna Zilavost izra-
¢unana 3e s korelacijo Rolfe-Novak®' za takoimenovano
upper shelf podro¢je. Odvisnost med izmerjenimi fak-
torji (Kyy, K;.) ter mejo plastiénosti jekla je prikazana
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Slika 6
Odvisnost med napetostnim intenzitetnim faktorjem (Ky,, ) in
mejo plastiénosti preiskovanega jekla.
Fig. 6
Relationship between the stress intensity factor (K., K,.) and
the yield strength of the investigated steel.

The threshold stress intensity factor Ky, which repre-
sents the limiting value of static load below which micro-
cracks do not appear, was experimentally determined by
measuring the time till fracture occurs related to the ap-
plied load.

The critical stress intensity factor K, i. e. the fracture
toughness of steel was measured on round notched
tensile specimens with fatigue crack at the notch tip.
The Eq. (11) was applied to calculate both the threshold
and the critical stress intensity factor. The width of the
fatigue crack was measured with an optical microscope
after each experiment.

To check the obtained results, the fracture toughness
was also calculated by the Rolfe-Novak correlation®' for
the upper shelf region. The relation between the mea-
sured factors (K., K.) and the yield strength of the in-
vestigated steel is shown in Fig. 6. The plot presents al-
so the relation by eq. (9) calculated on the basis of mea-
sured values for steel with fully martensitic microstruc-
ture after quenching (points M). Considering the equa-
tion (10), a vaule of 5770 N mm 2 was calculated for the
constant f.

The straight line for [H]“/[H]=const. proves that
linear interpolation is acceptable at yield strengths
above 1200 N mm~2,

The threshold stress intensity factor K, for tempered
martensitic-bainitic microstructure with only few per-
cents of bainite after quenching (point M+ B) has the
same value as that for a fully martensitic tempered mi-
crostructure with the same yield strength (K=
=2100 N mm~—*3),

Hydrogen has no noticeable influence, if any at all, on
the fracture toughness of the investigated steel. How-
ever, at the same yield strength, the fracture toughness,
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na sliki 6. V diagramu je vrisana tudi odvisnost (9), izra-
¢unana na osnovi izmerjenih vrednosti za jeklo s po-
vsem martenzitno mikrostrukturo po kaljenju (tocki M).
Upostevaje izraz (10) ima konstanta B vrednost
5770 Nmm >

Premica za [H]"/[H]=konst. dokazuje, da je pri meji
plasti¢nosti nad 1200 Nmm~* dopustna linearna inter-
polacija.

Mejni napetostni intenzitetni faktor Ky za popusce-
no martenzitno-bainitno mikrostrukturo z le nekaj od-
stotki bainita po kaljenju (tolka M+ B) ima enako
vrednost, kot je bila dolo¢ena za jeklo z mikrostrukturo
popus¢enega martenzita ter enako mejo plastiénosti
(K[" =2100 Nmm~—* ").

Vodik nima vejega, ¢e ima sploh kaksen vpliv na
lomno Zilavost preiskovanega jekla. Pri enaki meji pla-
stitnosti pa je lomna Zilavost, v nasprotju z mejnim na-
petostnim intenzitetnim faktorjem, nekoliko odvisna od
majhnih mikrostrukturnih variacij jekla. Tako ima jeklo
s popuiteno martenzitno-bainitno mikrostrukturo ter
mejo plastinosti 1230 Nmm~* lomno Zilavost med
2310 in 2360 Nmm~*? kar je nekoliko ve¢ od z linear-
no interpolacijo dolotene lomne Zilavosti za popuséeno
martenzitno mikrostrukturo enake meje plastiénosti
(K. med 2250 in 2320 Nmm~*?),

3.5 Mikromorfologija prelomov

Mikrofraktografske preiskave prelomnih povriin na-
vodigenih cilindri¢nih nateznih preizkusancev z zarezo
po obodu, so bile opravljene z vrsti¢nim elektronskim
mikroskopom.

Slika 7 kaze del prelomne povriine nateznega preiz-
kusanca z zarezo, z mikrostrukturo popuitenega mar-
tenzita ter mejo plasti¢nosti 1185 Nmm~2, Stati¢na

Slika 7
Z zapoznelim lomom nastala prelomna povrsina preiskuianca z
mikrostrukturo popuséenega martenzita ter mejo plasti€nosti
1185 N mm~? posneta z vrstiénim elektronskim mikroskopom
Fig. 7
Scanning electron micrographs of the delayed fracture surfaces
of specimen with the tempered martensitic microstructure and
yield strength 1185 N mm—2,

contrary to the threshold stress intensity factor, de-
pends slightly on small microstructure variations of
steel. For instance, steel with the martensitic-bainitic
microstructure with yield strength 1230N mm~—2? has
fracture toughness between 2310 and 2360 N mm~—32,
which is slightly above the value of K,. being between
2250 and 2320 N mm~*? found by linear interpolation for
the tempered martensitic microstructure with the same
yield strength.

3.5 Micromorphology of Fractures

Microfractographic investigations of fracture surfaces
of round notched tensile specimens charged with hy-
drogen were performed in a scanning electron micro-
scope.

Fig. 7 shows a part of fracture surface of a round
notched tensile specimen with fully martensitic tem-
pered microstructure and with yield strength 1185N
mm~2, Static load i.e. applied stress intensity factor
2190N mm~*? was close to the limiting value
(Krw=2180 N mm~3?) which caused the delayed frac-
ture of the specimen after 181 hours. Right along the
notch (above), an area of slow crack propagation can be
seen separated by an unsharp boundary from the frac-
ture surface formed by an instantaneous failure (below).

The area of slow crack propagation, which is com-
pletely undefined at low magnification, is shown in Fig. 8
at a higher magnification. This area is predominantly
ductile and irregularly shaped dimples are found next to
the well defined dimples. Irregular dimples indicate that
decohesion occurred at a very low plastic deformation. It
is also possible that some details are a consequence of
cleavage too.

A similar micromorphology of the area of slow crack
propagation is observed on samples with the tempered

Slika 8
Podrocje po¢asne propagacije s slike 7. Pretezno duktilna obli-
ka preloma.

Fig. 8
The area of slow crack propagation from Fig. 7. Predominantly
ductile fracture.
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Slika 9
Podroéje potasne propagacije na preiskuSancu s popusteno
martenzitno mikrostrukturo ter mejo plastiénosti 1290 N mm 2,
Duktilna oblika preloma s posameznimi cepilnimi ploskvami.
Fig. 9
The area of slow crack propagation in specimen with the tem-

pered martensitic microstructure and vyield strength
1280 N mm~—2. Ductile fracture with single cleavage facets.

obremenitev, namre¢ aplicirani napetostni intenzitetni
faktor 2190 Nmm~—*2, je bila blizu mejni vrednosti
(K1 =2180 Nmm ~%7?), kar je povzrotilo zapozneli lom
preizkudanca po 181 urah.

Neposredno ob zarezi (zgoraj) je mo¢ videti cono po-
¢asnega napredovanja mikrorazpok, ne ostro lo¢eno od
prelomne povriine, nastale s hipno porusitvijo (spodaj).

Cona polasnega napredovanja mikrorazpok, ki je pri
nizki povedavi povsem neopredeljiva, je pri vedji pove-
¢avi prikazana na sliki 8. To podroéje je pretezno duk-
tilno, poleg dobro definiranih jamic pa najdemo tudi
jamice nepravilnih oblik. Nepravilne jamice kaZejo, da
se je dekohezija izvriila z zelo malo plasti¢ne deforma-
cije in prav mogoce je, da so nekateri detajli tudi proiz-
vod cepljenja. Podobno mikromorfologijo preloma v
coni potasnega napredovanja mikrorazpok zasledimo
tudi na preizkusancih s popus¢eno martenzitno-bainitno
mikrostrukturo, medtem ko je na preizkusancih s po-
puifeno martenzitno mikrostrukturo ter mejo plasti¢no-
sti 1290 Nmm~? Ze tudi oblutnejsi delez cepilnih ali
kvazicepilnih ploskvic (slika 9). Podro&je naglo zlomlje-
nega osrednjega dela preizkusanca s slike 7 je pri vedji
povedavi prikazano na sliki 10. Prevladujejo podroéja
duktilnega tipa preloma, ¢eprav je opaziti tudi cepilne
oziroma kvazicepilne ploskvice, a v manjiem obsegu.

Podobna je mikromorfologija preloma osrednjega,
naglo zlomljenega dela preizkuSancev s popuiceno
martenzitno-bainitno mikrostrukturo, kot tudi preizku-
Sancev s popusdeno martenzitno mikrostrukturo ter me-
jo plasti¢nosti 1290 Nmm~2, &eprav je v slednjem pri-
meru 3tevilo kvazicepilnih ploskvic povecano.

Pojavljanje cepilnega oziroma kvazicepilnega tipa
preloma v coni polasnega napredovanja mikrorazpok
Jje le sporadi¢no, v nasprotju s prevladujoto duktilno
obliko preloma, zato sklepamo, da je nukleacija mikro-

: Slika 10
Podroéje naglega loma iz slike 7. Duktilno, cepilno in kvazi-ce-
pilno.
' Fig. 10
Region of fast fracture from Fig. 7. Ductile, cleavage and quasi-
cleavage.

martensitic-bainitic microstructure, while a noticeable
amount of cleavage or quasi-cleavage facets appear in
the samples with the martensitic microstructure and the
yield strength 1290 N mm~2 (Fig. 9).

The area of fast fracture, already shown in Fig. 7, is
shown again in Fig. 10 at a higher magnification. Here,
the ductile type of fracture prevails though cleavage or
quasi-cleavage facets can also be observed but in small-
er extent.

A similar micromorphology of the areas of fast frac-
ture is also observed on the samples with the tempered
martensitic-bainitic microstructure as well as on the
samples with the tempered martenistic microstructure
and with yield strength 1290 N mm~—?, though in the lat-
ter case the number of quasi-cleavage facets is larger.

Cleavage or quasi-cleavage type of fracture in the
area of slow crack propagation is merely sporadic in
comparison to the prevailing ductile type of the fracture,
thus the conclusion can be made that the crack nuclea-
tion as well as the slow crack propagation are mainly
strain induced processes related to the decrease of
fracture ductility I. e. decrease of the microplasticity in
the area of stress induced segregation of hydrogen at
the crack tip.

4. CONCLUSIONS

An appropriate method was developed for the detec-
tion of the nucleation and the propagation of micro-
cracks at the notch tip of hydrogen charged static
loaded cylindrical round notched tensile specimens. The
limit of the detectability of microcrak propagation was
about 0.1 um.

Measurements of the threshold stress intensity factor
Ky of the hydrogen charged chromium-molybdenum
C.4732 steel with the tempered martensitic microstruc-
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razpok ter njih pofasno napredovanje deformacijsko
induciran proces povezan s poslabianjem lomne duktil-
nosti, t.j. poslabsanjem mikroplastinosti v podrogju
napetostno induciranega segregiranja vodika ob konici
razpoke.

4. ZAKLJUCKI

V okviru opravljenega dela je bila razvita primerna
metoda za preulevanje nastajanja ter napredovanja mi-
krorazpok iz korena zareze na obodu navodicenih ter
staticno obremenjenih cilindri¢nih nateznih preizkusan-
cev z zarezo. Najmanj$i korak propagacije mikroraz-
pok, ki ga je bilo mo¢ zaslediti, je znadal okoli 0,1 um,

Merjenja mejnega napetostnega intenzitetnega fak-
torja Ky navodi¢enega krom-molibdenskega jekla, vr-
ste C.4732, z mikrostrukturo popuiéenega martenzita
oziroma popuséeno martenzitno-bainitno mikrostruktu-
ro enake meje plasticnosti, kaZzejo, da majhne mikro-
strukturne variacije preiskovanega jekla ne vplivajo na
Ky

Ti rezultati se ujemajo z ugotovitvami Nakasata in
Terasakija®, ki potrjujeta, da mejni napetostni intenzi-
tetni faktor K, pri enaki trdnosti jekla ni odvisen od
mikrostrukturnih variacij visokotrdnega jekla. Ce je ta
ugotovitev splosna, potem je utemeljena hipoteza, po
kateri je nukleacija mikrorazpok, ki povzroge zapozneli
lom jekla, vedno omejena na martenzitne dele mikro-
strukture (najprej doseZzena [HJ). Le na ta nadin na-
mre¢ lahko razloZimo, da majhni deleZi bainita v prete-
Zno martenzitni mikrostrukturi popustenega visokotrd-
nega jekla nimajo vpliva na mejni napetostni intenzite-
tni faktor. Zdi se, da se razli¢na jekla pri enaki vsebno-
sti vodika ter enaki meji plasti¢nosti v pogledu nuklea-
cije mikrorazpok obnasajo kot elasti¢ni kontinuum.

Merjenja kritinega napetostnega intenzitetnega fak-
torja kaZejo, da majhne koncentracije vodika v preisko-
vanem jeklu nimajo opaznejsega vpliva na lomno Zila-
vost jekla. Pa¢ pa je pri enaki meji plasti¢nosti lomna
zilavost (v nasprotju z mejnim napetostnim intenzite-
tnim faktorjem) odvisna tudi od majhnih mikrostruk-
turnih variacij jekla, saj ima jeklo s popuséeno marten-
zitno-bainitno mikrostrukturo nekoliko vi§jo lomno zi-
lavost, kot isto jeklo s popuidteno martenzitno mikro-
strukturo enake meje plastiénosti.

Rezultati teh preiskayv se ujemajo s atki, ki so jih
objavili Ohtani, Terasaki in Kunitake®™, ki so poveéano
zilavost duplex mikrostrukture razlagali s koristno vlo-
go majhnih delezev bainita pri zmanj3anju delov posa-
meznih avstenitnih zrn, ki se transformirajo v martenzit.
Tak3na mikrostruktura ima pove¢ano odpornost proti
napredovanju razpok, t. j. manj$o ob¢utljivost k zapoz-
nelemu lomu.

Porajanje mikrorazpok v podroéju maksimalnih de-
formacij, kot tudi pretezno duktilna oblika preloma v
coni pocasnega napredovanja mikrorazpok navajata k
sklepu, da je nukleacija mikrorazpok deformacijsko in-
duciran proces, povezan s poslab$anjem lomne duktil-
nosti med trajanjem obremenjevanja.

ture or the tempered martensitic-bainitic microstructure
and with the same yield strength showed that small mic-
rostructure variations of the investigated steel had no in-
fluence on K.

These results confirm the Nakasato’s and Terasaki's
statements® according to which the threshold stress in-
tensity factor K,,.. at the same tensile strength does not
depend on the microstructure variations of high strength
steel. If this statement is general, the hypothesis sug-
gesting that the microcrack nucleation leading to the de-
layed fracture is always confined to martensitic areas of
the microstructure ([H]* is at first reached) has argu-
ment. It seems that this is the only way to explain the
lack of influence of small portion of bainite in a predomi-
nantly martensitic microstructure of the tempered high
strength steel on the threshold stress intensity factor.
As far as the crack nucleation is concerned, it seems
that various steels with the same yield strength and the
same hydrogen concentration behave as an elastic con-
tinuum.

The measurements of the critical stress intensity fac-
tor show that small concentrations of hydrogen in the in-
vestigated steel has no noticeable influence on the frac-
ture toughness of steel. However, at the same yield
strength the fracture toughness (contrary to the thresh-
old stress intensity factor) depends also on small mic-
rostructure variations of steel, since steel with the tem-
pered martensitic-bainitic microstructure has slightly
higher fracture toughness than the same steel with the
tempered martensitic microstructure and with the same
yield strength. The results of this investigation agree
with the data published by Ohtani, Terasaki and Kuni-
take™® who explained the higher toughness of the duplex
microstructure by the beneficial effect of small quantity
of bainite which reduces the size of single austenite-
grain parts in which the martensitic transformation takes
place. Such a microstructure has a better resistance to
crack propagation i. e. it is less sensitive to the delayed
fracture.

The nucleation of the crack in the region of maximal
strain as well as the predominantly ductile type of frac-
ture in that area suggest the conclusion that the nuclea-
tion of microcracks is a strain induced process related
to the decrease of fracture ductility during the loading.
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DOKTORSKO DELO

Mirko Dobriek: Konstrukcija trokomponentnih
sistemov Pd-Au-Zn, Pd-Cu-Zn, Au-Cu-Zn

{Mentor: I. Kosovinc, 18/12/1986)

Zgoraj omenjeni sistemi so osnova sistema Pd-Au-
Ag-Cu-Zn. Paladij zaradi svoje majhne gostote, korozij-
ske obstojnosti, katalizatorskih sposobnosti ter nizke
cene vedno uspeineje nadomes¢a drago zlato in plati-
no. Avtor je izdelal neizotermne preseke teh ternernih
sistemov, dolotil fazna podro¢ja z rentgensko fazno
analizo, ki jo je dopolml Se z metalografsko analizo. V
vseh treh sistemih je ugotovil Siroko enofazno podroéje
ternerne trdne raztopine, ki se §iri iz obrobnih sistemov
popolne topnosti v ternerni prostor. Delo ima prakti¢no
uporabno vrednost predvsem na podroéju dentalnih zli-
tin in omogod¢a nadaljnje raziskave veckomponentnih
sistemov v oZjih, tehni¢no-ekonomsko zanimivih kon-
centracijskih obmoé&jih.

82 strani 29 cit.

MAGISTRSKA DELA
Mihael Tolar: Kohezivae cone v plaviu

(Mentor: J. Lamut, 4/3/1986)

PlavZ je agregat, v katerem potekajo fizikalno-ke-
micne reakcije v odvisnosti od razporeditve plinskih to-
kov ter temperaturnega polja. Lega in oblika kohezivne
cone v delovnem prostoru plavza sta odlo¢ilni pri raz-
poreditvi plinskih tokov iz spodnjega v zgornji del peéi.

Avtor je v svojem delu obravnaval termostabilnost
mineralnega vsipa in obnasanje koksa po visini delov-
nega prostora pedi, prehod silicija in Zvepla iz vrotega
koksa v grodelj, oblikovanje meh&alno-talilne cone v
peci ter kohezivne cone, skupaj z ukrepi, ki vplivajo na
njihovo obliko in lego. Kohezivne cone so kompaktne
nataljene plasti mineralnega vsipa, ki so vrinjene med
plasti koksa in jih med seboj ni mozno ve¢ loditi. Pred-
stavljajo prehod med za¢etkom mehéanja in dokonéno
stalitvijo vsipa. Obi¢ajno imajo te cone obliko V ali W.
Obnasanje vsipa pri pogrezanju je avtor zasledoval z jc-
manjem vzorcev na 7 ravneh v plavzu. Ugotavljal je
stopnjo redukcije in metalizacije, deleZ FeO ter nastaja-
nje zlindre. Hod preizkovanega jeseniikega plavza je
bil periferen.

110 strani 173 cit.

PH. D. THESIS

Mirko Dobrsek: Construction of Ternary Pd-Au-{n,
Pd-Cu-Zn, and Au-Cu-Zn Phase Diagrams

(Supervisor: I. Kosovinc, 18/12/1986)

The upper mentioned systems are the basis of the
Pd-Au-Ag-Cu-Zn system. Paladium due to its low densi-
ty, corrosion resistance, catalytic properties, and low
price successfully substitutes more expensive gold and
platinum. Nonisothermal cross sections in these ternary
diagrams were constructed. The phase regions were de-
termined by the X-ray phase analysis which was comple-
mented also with the metallographic analysis. In all the
three systems a wide one-phase region of the ternary
solid solution was found which extends from the edge
binary systems of complete solubility into the*ternary
space. The project has practical applicability maihry in
the field of dental alloys, and it enables further investiga-
tions of the multi-component systems in the narrower,
technically and economically interesting regions of com-
positions.

82 pages 29 ref.

M. SC. THESES
Mihael Tolar: Cohesive Zones in the Blast Furnace

(Supervisor: J. Lamut, 4/3/1986)

Course of physico-chemical reactions in the blast
furnace depends on the distribution of gas flows and the
temperature field. Position and shape of the cohesive
zones in the operation area of the blast furnace are es-
sential for the distribution of the gas flows from the low-
er into upper section of the furnace.

Further, termostability of the burden, behaviour of
coke along the height of the furnace region of operation,
transfer of silicon and sulphur from hot coke into pig
iron, formation of the softening-melting zone in the fur-
nace and the cohesive zones are treated together with
the measures which can influence the shape and the po-
sition of the cohesive zones. These zones are compact
partially melted layers of the burden which intrude into
the coke layers, and they cannot be separated anymore.
They represent the transition between the initial soften-
ing and the final melting of the burden. Usually these
zones have the shape of letter V or W. Behaviour of the
burden during descending was followed by sampling on
7 levels in the furnace. Degrees of reduction and metalli-
zation, portion of FeO and formation of slag were ana-
lyzed. Running of the blast furnace in the Jesenice Iron-
works was peripheral.

110 pages 173 ref.



194

Doktorska in magistrska dela v letu-1986

ZEZB 21 (1987) 4

Mira$ Djurovi¢: Vpliv induktivnega meSanja taline na
kinetiko reakcij med talino in Zlindro pri izdelavi
jekla za kroglicne lezaje C.4146.

{Mentor:J. Lamut, 14/5/1986)

Moderni postopki izdelave elektrojekla vkljucujejo
tudi obdelavo taline izven peli. Krogli¢ni lezaji zahte-
vajo zelo kakovostno jeklo. V delu je bil. poudarek na
Studiju vpliva induktivnega mesanja. Raziskave so bile
v jeklarni Zelezarne Boris Kidri¢ v Niksicu. Avtor je
najpn:j obdelal osnovne znalilnosti lezajnega jekla

C.4146, osnove reakcij med talino in Zlindro ter izven-
Feéno obdelavo tekocega jekla s poudarkom na intenzi-
ikaciji reakcij. Zasledoval je gibanje Zvepla v jeklu
med obdelavo v napravi ASEA-SKF, vpliv sestave sin-
tetitne zlindre, pomen delovne temperature, sestavo
dobljene #lindre in moznost reoksidacije. Na osnovi re-
zultatov raziskav je avtor predlozil tehnologijo za izde-
lavo lezajnega jekla v obloéni peéi skupaj z rafinacijo v
ASEA-SKF napravi in litjem ingotov.

73 strani 9 cit.

Henrik Kaker: Kvantitativna energijsko disperzijska
analiza Nimonic 80 A v rastrskem elektronskem
mikroskopu

(Mentor: V. Marinkovic¢, 8/7/1986)

Avtor je na nikljevi zlitini Nimonic 80 A obravnaval
postopke obdelave zbranega spektra z energijskim
spektrometrom, metode kvantitativne mikroanalize in
ratunske postopke za popravke v koncentracijah anali-
ziranih elementov vsled razlik v atomskem Stevilu med
vzorcem in standardom (etalonom), absorpcije in se-
kundarne fluorescence rentgenskega sevanja. Naredil je
tudi primerjavo med metodo s standardi in brez njih ter
dobljene rezultate primerjal z rezultati kemijske anali-
ze. Analiziral je napake, ki vplivajo na to¢nost kvantita-
tivne mikroanalize z energijskim spektrometrom. Ugo-
tovil je, da je relativna napaka pri metodi brez standar-
dov pod | % pri koncentracijah nad 20 mas. %, naraste
pa na okoli 16% pri koncentracijah pod | mas. %.
Glavna prednost metode je njena hitrost. Zelo primerna
je, ¢e nimamo na razpolago ustreznega standarda in ¢e
to¢nost pri nizkih koncentracijah ni odloéilna. Metoda
s standardi je pri majhnih koncentracijah sicer bolj na-
tanéna, a je bistveno pocasnejia. Mikroanaliza faz v zli-
tini Nimonic 80 A je pokazala prisotnost Ti karbonitri-
dov in Cr karbidov na kristalnih mejah ter enakomerno
porazdeljeno fazo y' v osnovi.

74 strani 43 cit.

Miras Djurovi¢: Influence of Inductive Stirring of
Melt on the Kinetics of the Melt/Slag Reactions
in Manufacturing €.4146 Ball-Bearing Steel

(Supervisor: J. Lamut, 14/5/1986)

Modern processes in manufacturing steel in electri-
cal furnaces include also the treatment of melt outside
the furnace. Ball bearings demand a high-grade steel. In-
fluence of the induction stirring was analyzed. Investiga-
tions were made in the Boris Kidri¢ Ironworks in Niksi¢.
Initially, the basic characteristics of the ball-bearing
C.4146 steel are presented, together with the basic
reactions between melt and slag, and the out-of-furnace
treatment of molten steel with a special emphasis on the
intensification of reactions. Variation of the sulphur con-
tent in steel during the treatment in the ASEA-SKF
equipment was followed, together with the influence of
the composition of synthetic slag, and the importance of
operating temperature, composition of the obtained
slag, and the possiblity of the reoxidation. Based on the
results of the investigation an improved technology for
manufacturing ball-bearing steel in electric arc furnace
together with the refining in the ASEA-SKF set-up, and
casting the ingots was proposed.

73 pages 9 ref.

Henrik Kaker: Quantitative Dispersion Analysis
of Nimonic 80 A by the Scanning Electron Microscope

(Supervisor: V. Marinkovic, 8/7/1986)

The author has chosen the Nimonic 80 A nickel alloy
to present the methods for treating the spectrum ob-
tained by the energy spectrometer, the methods of
quantitative microanalysis, and the mathematical meth-
ods to correct the obtained concentrations of analyzed
elements due to the differencies in atomic numbers be-
tween the sample and the standard, in the absorption,
and the secondary fluorescence of X-radiation. A com-
parison was made between the method where stand-
ards were applied and the method without applying
standards. The both obtained results were compared to
the results of chemical analysis. Further, the analysis of
errors influencing the accuracy of quantitative microan-
alysis by the energy spectrometer was made too. It was
found, that the relative error with the method where
standards were not applied was below 1% for concen-
trations above 20 mass % of elements, but this error is
increased to about 16% if concentrations are reduced
below 1 mass %. The basic advantage of this method is
that it is fast. It is suitable when a corresponding stand-
ard is not available and when the accuracy at lower con-
centrations is not essential. The method applying stand-
ards is more ccurate for lower concentrations but it is
essentially slower. The microanalysis of phases in the Ni-
monic 80 A alloy revealed the presence of Ti carboni-
trides and Cr carbides on the grain boundaries, and the
uniformly dispersed y' phase in the matrix.

74 pages 43 ref.
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ASM/SLA: N2L, M28h, E25n, D9p, 9-69

Metalurgijn — jeklarstvo — strjevanje jekla — izceje — sekundar-
ni lunker

B. Brudar

Strjevanje jekla v kokili
Zelezarski zbornik 21 (1987) 45 137—150

Na osnovi simulacij ohlajanja bloka v kokil po poenostavije-
nem modelu smo pridli do nekatenh novih ugotovitey glede poteka
strjevanja, Predvsem smo Zeleli povezati potek izra¢unanih izoterm
s potekom izcej. Da bi se prepritali o praviinosti svojih predpos-
tavk, smo rekonstruirali kokilo OK 650

Vlili smo 4 poskusne bloke aviomatnega jekla C 3990, jih prere-
zali po dolgem, naredili Baumannov odus in fotografirali jedkano
ploskev. Iz primerjave med posameznimi slikami sklepamo, da je
mogode s primerno stanjlano steno kokile vplivati tudi na porazde-
litev izce) V v glavi bloka. Pri¢akujemo, da bi na ta naéin lahko
odpravili probleme, ki nastopajo pri valjanju nekaterih kvalitet,
kadar je za 10 vzrok nehomogenost v sredi bloka.

Avtorski izviedek

UDK: 620.193.01
ASM/SLA: RIh, Rle, R2j, Q26p

Metalurgija — Temperaturna utrujenost — Korozija
L. Kosec, F. Kosel

Nastanek in rast utrujenostne razpoke v korozijskem mediju
2elezarski zbornik 21 (1987) 45 175—182

V korozijskeh medijih se povriine kovin prekrijejo s korozipski-
mi produkti. To je posebej izrazito pri oksi(r»ciji ovin na povisa-
nih ali visokih temperaturah. Mehanska nestabilnost teh plasti je
vzrok, da skozi nastale razpoke prihaja korozijski medij v stik s
kovino, zaradi cesar rastejo korozijski produkti v obliki klinov.
Menjajoce ali stalne natezne napetosti povzrode trajno nestabilnost
korozijskih produktov in paspeseno napredovanje klinov v globino
kovine. V sistemih s korozijskimi klini nastanejo znacilna napetost-
no-<deformacijska stanja, ki vplivajo na oblikovanje sistema,
Motnje, ki preprecujejo hiter dotok korozijskega medija do kovine
na vrhu klinov, zavirajo njihovo rast. Posebej uspeine v tem so
kompozitne plasti (kovina-cksid), ki so mehansko zelo stabilne.
Skupine oksidnih klinov rastejo v enakih pogojih podasneje kot &
Je v sistemu en sam klin enake velikosti. V kemiéno nehomogenih
materialih (s kristalnimi izcejami) so praviloma negativne 1zceje
mesto, v katerem nastanejo in rastejo oksidni klini.
Aviorski izviedek

UDK: 669.1526-194:669.14.018.255

ASM/SLA: M28, N8b, TSk, 5, Cr, W23k

Metalurgijn — bele kromove litine — mikrostruktura — TTT in
CTT diagrami

D. Kmeti¢, F. Mlukar, V. Tucié, J. Zvokelj, F. Vodopivec, M. Jaku-
povié, B, Rali¢

Bele kromove litine legirane z molibdenom za valje
2elezarski zbornik 21 (1987) 45 151165

~ Delo obravnava mikrostrukturne znadilnosti belih kromovih li-
tin legiranih z molibdenom v litem in toplotno obdelanem stanju.
_Na izoblikovanje cutekti¢nih karbidov, dele? karbidne faze in
mikrostrukiuro matice v litem stanju vplivajo poleg pogojev strje-
vinja in ohlajanga, razmerje Cr/C in vsebnost ogljika in molibdena
v zlitini.
Podani so izotermni transformacijski diagrami za destabilizaci-
Jo austenita in za destabiliziran austenit in kontinuirni transforma-
cyski diagram za destabiliziran austenit,
Avtorski izvietek
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ASM/SLA: Q26s, SGBa, ST, 2-60, EGn, 3-66
Metalurgija — fizika kovin

B. Ule, F. Vodopivec, 1. 2vokelj, M. Grasi¢ in L. Kosec
Zapozneli lom jekla z visoko trdnostjo

Zelezarski zbornik 21 (1987) 45 183—192

Prispevek obravnava teoretiéno analizo napetostno inducirane-
ga segregiranja vodika, ki pri jeklu z visoko trdnostjo povzrodi za-
pozneli lom,

Na osnovi merjenja kritiénega in me{negn napetost intenzi-
tetnega faktorja ter ob pomoéi mikrofraktografskih preiskav je bilo
ugotovljeno, da ima popuséena martenzitna mikrostruktura enak
K kot popuséena martenzitno-bainitna mikrostruktura, enake
meje plastiénosti, da pa ima slednja boljso lomno Zilavost,
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Metalurgija, kovanje, matematiéni model

T. Rodi¢, D. R, J. Owen:

Osnovwni koncept numeriéne simulacije radialoega kovanja
Zelezarski zbornik 21 (1987) 45 167174

MKE je pogosto uporabljena metoda za anatizo preoblikovainih
Procesov. Vgnmerjmi s klasiénimi metodami ima naslednje pred-
nosti: 2 MKE lahko reiujemo primere z zahtevno geometrijo
blikovanca; problem luhko reujemo 2z razliénimi materialnimi mo-
deli; moZne je obravnavanje nestacionarnih napetostno-deforma-
cipskih in temperaturnih poly. V prihodnje pridakujemo vgraje-
vinje novih spoznanj s podrodyu fizikalne metalurgije v numeriéne
modele. Prvi koraki v tej smen so bili 2e storjeni.'” '

Avtorski izviedek
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Metallurgy — Thermal Fatigue — Corrosion

L. Kosec, F. Kosel

Occurrence and Growth of Fatigue Cracks in Corrosion Environment
Zelezarski zbornik 21 (1987) 4 P 175182

In corrosion environment metal surfaces become covered by
corrosion products. This is & typical feature of metal oxidation at
temperature rise and high temperatures. The mechanical instability
of these layers is the reason for the occurrence of cracks through
which the oxidant gets in contact with the metal. making the corro-
sion products grow in the form of wedges. Changing or constant
tensile stresses cause a permanent instability of corrosion products
and intensify the growth of wedges deep into the metal. In corro-
sion wedge systems typical stress-strain states occur, affecting their
morphology. Barriers preventing a rapid access of the oxidant to
the metal at the wedge tip, retard the growth, Especially successfrul
barriers are composite metal/oxide layers which are mechanically
very stable. In equal conditions groups of oxide wedges grow more
slowly than if there is only one wedge of the same size, In chemical-
ly nonhomogencous materials with crystal segregations oxide
wedges would as a rule start growing in the areas of negative segre-
gations.
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Mectallurgy — steelmaking — solidification of steel — segregations
— secondary pipe

B. Brudar

Solidification of Steel in a2 Mould

Zelezarski zbornik 21 (1987) 4 P 137150

On the basis of simulations of solidification of an ingot in the
mould using the simplified model new facts about the process of so-
lidification were obtained. We wished to correlate the calculated is-
otherms with the course of segregations. In order 10 cheek the val-
idity of our assumptions we reconstructed the mould OK 650,
There were 4 test ingots of the free cutting steel € 3990 cast. They
were cut longitudinally and the sulphur primis and the photas of the
eiched crosssections were made, From the comparison among dif-
ferent figures it could be concluded that it wis possible to influence
the distribution of segregates by a proper thinning of the mould
wall. This holds especially for the V.segregates in the upper part of
the ingot. We expect that in this way some problems occuring with
the rolling of some qualities could be suppressed when it is sup-
posed that the unhomogeneities in the middle of the ingot are the
reason for them.
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Metallurgy — matenals Science

B. Ule, F. Vodopivec, J. Zvokelj. M, Gradi¢ in L. Kosec
Delayed Fracture of High-strength steel

Zelezarski zbornik 21 (1987) 4 P 183—192

The paper presents theoretical analysis of stress induced hydrog-
en segregation, which produces delayed fracture of high-strength
steels. On the basis of measurements of the critical and the thresh-
old stress intensity factor and by means of microfractographic ex-
aminations, it was established that the tempered manensitic mic-
rostructure has the same Ky as the tempered martensitic-bainitic
microstructure with the same yield strenth, the latter having a bet-
ter fracture toughness.
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Metallurgy — White Chromium Cast Irons — Microstructure —
TTT and CTT Diagrams

D. Kmeti¢, F. Mlakar, V. Tucié, J. Zvokelj. F. Vodopivee, M. Jaku-
povi¢, B. Rali¢

White Chromium Cast Irons for Rolls, Alloyed with Molybdenum
Zelezarski zbornik 21 (1987) 4 P 151165

The paper treats the microstructural characteristics of the white
chromium cast irons aloyed with molybdenum, as cast and as het
treated.

Formation of ecutectic carbides, portion of carbide phase, and
microstructure of matrix in the cast state are influenced by the
Cr/C ratio, and carbon and molybdenum contents in the alloy be-
side the conditions of solidification and cooling.

Isothermal transformation diagrams for destabilization of aus-
tenite, and for destabilized austenite, next to the continuous trans-
formation diagram for destabilized austenite are presented.
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Metallurgy, forging. mathematical model

T. Rodig, D. R, J. Owen:

Basic Concepts of Numerical Simulation of a Radial Forging Process
Zelezarski zbornik 21 (1987) 4 P 167174

The FEM is now widely used for the analysis of metal forming
processes. In comparison with classical methods the FEM has cer-
tain advantages: vanous complex shapes can be considered, it ¢n-
ables implementation of diferent material models and treatment of
transient stress-sirain and temperature fields, In the future the in-
clusion of the metallurgical development in the numerical modell-
ing of hot working processes is expected, The first steps toward this
goal have already been made'™ '*

Author’s Abstract




