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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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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

£
£
-
E
_
b~
)

Ingot C - odtis po Baumannu
sulphur print




Q
B

Slika 7: Fig. 7:
Ingot D — odtis po Baumannu Ingot D — jedkana povrSina prereza

sulphur print the etched surface of the cross-section




146

Strjevanje jekla v kokili

Z2EZB 21 (1987) 4

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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