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Elektri¢no pretaljevanje kvalitetnih jekel in
posebnih zlitin pod Zlindro sodi v ti. sekundarne
(pretaljevalne) postopke, pri katerih se s pretalje-
vanjem elektrode z definirano kemino sestavo
doseze znatno visja kvaliteta pretaljenega mate-
riala.

Med prednostmi, ki jih prinasa postopek elek-
triénega pretaljevanja pod Zlindro, naj omenimo:
a) odpravo zvepla, b) znatno bolj$o porazdelitev in
manj$o velikost nekovinskih vkljuckov, ¢) direkt-
no predelavo povrsine ingota, d) izboljSanje izko-
ristka pri nadaljnji termomehanski predelavi, ¢)
izboljdanje strukturne in kemi¢ne homogenosti in
f) znizanje anizotropije mehanskih lastnosti.

Poleg omenjenih prednosti ima EPZ-postopek
tudi vrsto tehnolofkih pomanjkljivosti, med kate-
re prav gotovo sodi dokaj zahtevna kontrola ke-
mic¢ne rafinacije, in posebej kontrola elementov z
visoko afiniteto do kisika (Al, Ti, Zr, B, Ca), vodika
in nekaterih $kodljivih primesi.

Ceprav se je EPZ postopek razsiril na Stevilna
podrocja proizvodnje kvalitetnih jekel in superzli-
tin, je splodni vtis, da elektroZlindrni proces ni $e
dovolj raziskan, kar opozarja tudi ve¢ina EPZ pu.
blikacij.

Namen tega ¢lanka je opisati dosedanje izkus-
nje na podro¢ju kompleksnih raziskav elektro-
zlindrnega procesa s posebnim poudarkom na ke-
mizem reakcij, ki potekajo med Zlindro in kovino
pri EPZ-procesu.

OBNASANJE ELEMENTOV PRI
ELEKTRICNEM PRETALJEVANIJU
KVALITETNIH JEKEL POD ZLINDRO

Osnovna znadilnost EPZ-procesa je simultani
potek procesov rafinacije in kristalizacije: ogre-
vanje in taljenje elektrodnega materiala v kemié-
no aktivni Zlindri, rafinacija tekote kovine in
strjevanje v bakreni, vodno hlajeni kokili (slika 1).

Ravno ta znacilnost EPZ-postopka znatno kom-
plicira izbiro optimalnih tehnolo$kih pogojev, ki
so med seboj tesno povezani in odvisni’. Na sliki
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On behaviour of residual
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INTRODUCTION

Electro-slag remelting (ESR) of quality steels
and special alloys belongs to secondary (remelt-
ing) processes by which a significantly improved
quality of remelted metal is attained by remelting
a metal electrode of definite chemical composition.
Among the advantages of ESR process the follow-
ing should be mentioned: a) efficient desulphura-
tion, b) better distribution and a lower size of
nonmetallic inclusions, c¢) direct working of ingot
surface, d) improved yvield in further termomecha-
nical processing, e) improved structural and che-
mical homogeneity and f) reduced anisotropy of
mechanical properties.

Naturally, ESR process have also a series of
technological disadvantages, namely a strict con-
trol of chemical refining and specially the control
of the content of elements with high affinity to
oxygen (Al, Ti, Zr, B, Ca) as well as the control of
hydrogen and certain harmful impurities is re-
quired.

There is a general impression that the proces
has not yet been sufficiently investigated although
it has been very widely applied in the manufactu-
re of quality steels and superalloys which can be
seen from a majority of corresponding publica-
tions.

The aim of this paper is to describe the expe-
rience obtained in complex investigations of ESR
proces with special regard to the chemistry of
reactions between slag and metal.

BEHAVIOUR OF ELEMENTS IN ELECTRO
SLAG REMELTING OF QUALITY STEELS

Main characteristic of ESR is simultaneous
proceeding of refining and crystallisation: heating
and melting of electrode material in chemically
active slag, refining of molten metal and solidifi-
cation in a copper water-cooled mould (fig. 1).

This characteristic of ESR proces significantly
complicates the selection of optimum technologi-
cal parameters which are mutually correlated and
interdependent’. In fig. 2 a principal sketch is given
of the information path which should be taken in
account in ESR process in order to ensure a high
quality of remelted metal? 3,
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Slika 1
Shematski prikaz elektri¢nega pretaljevanja pod Zlindro
Fig. 1

Sketch of ESR proces

2 smo poskusali shematsko nakazati poti informa-
cij, ki jih je potrebno upostevati pri EPZ-procesu,
&e Zelimo zagotoviti visoko kvaliteto pretaljene
kovine 2.3,

Posebno poglavje predstavlja poznavanje fizi-
kalno-kemi¢nih procesov, ker je optimalna izbira
kemi¢ne sestave zlindre glede na sestavo elektrod-
nega materiala ter spremljajo¢ih procesov med
taljenjem (plinska atmosfera nad Zlindro, dodatki
v Zlindro itd.) povezana s praktiénimi in ekonom-
skimi pogledi.

Dosedanje prakti¢ne izkusnje pri EPZ so poka-
zale, da ima kontrola kemiéne sestave pretaljene-
ga jekla razlicen pomen pri razlicnih kvalitetah
jekel in superzlitinah®.5

Pri kvalitetnih konstrukcijskih jeklih predstav-
lja kontrola rafinacijskih postopkov, med katerimi
je treba posebej poudariti pomen kontrole alumi-
nija in vsebnosti vodika, primarni pomen®, Ti pro-
blemi so, kot bo kasneje pokazano, tem vedji, ¢im
vedji je ingot in ¢im bolj so ozke predpisane speci-
fikacije2.7.8.9, Povsem drugaden pristop h kontro-
li rezidualnih elementov zasledimo pri tehnologiji
pretaljevanja orodnih jekel% 1112, Zato je zelo teZ-
ko podati splosno sliko glede obnaSanja in kontro-
le posameznih elementov pri EPZ-procesu.

Na sliki 3 smo poskusali dati pregled obnasa-
nja elementov, ki smo jih razdelil v tri skupine:

a) elementi, ki se med pretaljevanjem skoraj
ne spreminjajo, oziroma ostanejo v mejah 10 %
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Special care should be devoted to the knowled-
ge of physicochemical proceses since the optimum
selection of the chemical composition of slag from
practical and economic viewpoint depends on the
composition of electrode material and on the pro-
ceeding during remelting (gaseous atmosphere
above slag, slag additions, etc.)

The experience obtained in ESR practice clear-
ly show that the control of chemical composition
of refined metal is of various importance for dif-
ferent quality of steels and super-alloys* 3,

When processing quality structural steels the
control of refining, specially the control of alumi-
nium and hydrogen content is of a primary impor-
tance®. As will be shown, difficulties are the bigger
is ingot and the narower are the tolerance limits
specified2.7.8.9, The problems in the control of
residuals in tool steels are quite different!0-11.12,
Therefore, it is very difficult to make any genera-
lization in respect to the behaviour and control of
particular element in ESR process.

A principal review of the behaviour of elements
in ESR process is given in fig. 3. The elements are
grouped in three groups as follows:

a) elements the content of which practically
remains the same or changed within =10 % limits
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Slika 2
Principielna shema toka informacij pri izbiri optimalnih
tehnoloskih parametrov pri EPZ-procesu
Fig. 2
Principal sketch of information paths in selection of
optimum technological parameters of ESR proces.
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(C, P, Ca, V, Cr, Mn, Co, Ni, Cu, Zn, As, Mo, Cd,
Sn, Sb, W, Pb, Bi),

b) elementi, ki med procesom pretaljevanja
oksidirajo, oz. je njihova vsebnost v ingotu nizja
kot v elektrodnem materialu (O, Mg, S, Si, Ti, Al,
Zr, Nb, Ta, B, N),

¢) elementi, pri katerih obstaja nevarnost, da
se njihova koncentracija med pretaljevanjem po-
veda (naj omenimo predvsem H, in Al),

Obnaganje elementov pri AC~EP2 (shematsko)
Behaviour of elements in AC ESR (schematically)
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Slika 3
Obnaganje elementov pri AC-EPZ procesu (shematsko) in
primerjava eksperimentalnih in izradunanih rezultatov

(Knights & Perkins 1973)"

Fig. 3
Behavior of elements in AC-ESR proces and comparison
of experimentally obtained and theoretically calculated

results (Knights & Perkins 1973)%

Na spodnjem delu slike 3 smo prikazali rezulta-
te Knightsa in Parkinsa"”, ki kaZejo na dejstvo,
da se na fazni meji Zlindra-kovina pri visokih tem-
peraturah odvijajo reakcije v skoraj termodina-
mic¢nih pogojih.

Iz tega lahko zakljuéimo, da imajo na obnaia-
nje kemi¢nih elementov med pretaljevanjem zelo
velik vpliv oksidacijsko-redukcijski procesi (pri
normalni AC-EPZ praksi*), medtem ko moramo
pri DC-EPZ procesu* upoStevati tudi elektroke-
mi¢ne reakcije, ki potekajo na faznih povrsinahs.

* Pri uporabi izmeni¢nega toka (AC), oziroma enosmernega
toka (DC)
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in ESR processing (C, P, Ca, V, Cr, Mn, Co, Ni, Cu,
Zn, As, Mo, Cd, Sn, Sb, W, Pb and Bi).

b) elements the content of which is lower in
obtained ingot than in electrode because of oxida-
tion (O, Mg, S, Si, Ti, Al, Zr, Nb, Ta, B and N) and

c) elements the content of which can be incre-
ased during remelting, as hydrogen and alumi-
nium.

In the lower part of fig. 3 the results of Knights
and Perkins” are presented showing that high-
temperature reactions on the slag-metal interface
proceed in accord to thermodynamical conditions.

Consequently, it may be concluded that oxida-
tion-reduction proceses in normal AC-ESR* prac-
tice exert very strong influence on the behaviour
of residuals whereas in DC-ESR*, electrochemical
reactions on slag-metal interfaces should also be
considered®,

THEORETICAL MODEL OF OXIDATION-
REDUCTION PROCESSES IN AC-ESR

Recent investigations showed that the beha-
viour of certain residuals in AC electro slag re-
melting can be described with sufficient accuracy
by thermodynamical analysis of reactions between
slag and metal3- % 5. 13. 14 This makes it possible to
obtain important information on limitations im-
posed by the nature of ESR process.

The deficiency of thermo-kinetics data on slag
and metal systems at high temperatures limits the
application of thermodynamic and kinetics ana-
lysis.

In our investigations of oxidation-reduction
reactions proceeding in AC-ESR a thermodynamic
model has been devised and successfully applied.
The model is based on the following assumpti-
ons* 5:

— Diffusion rate at high temperatures is extre-
mely high, therefore the time required for the for-
mation or destruction of concentration gradients
on reaction interface boundaries is very short.

— The elements present in electrode material
react with liquid slag on reaction interface accord-
ing to thermodynamic laws which hold for a
general reaction:

/Me/ + x /O/ = (MeO,),

or explicitly:

Arer —  Amno 2 sio,
= /% 0/.f, = = = =
Yo~/ ticka Kre  amn Ky ag; . Kg;

=V a Tio, =r/ WL S
ar,.K-n azu-KM

Thermodynamical activity of slag and metal
compounds can be estimated as follows: The acti-

* AC — Alternating current, DC — Direct current
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TEORETICNI MODEL OKSIDACIJSKO-
REDUKCHISKIH PROCESOV PRI AC-EPZ

Raziskave zadnjih nekaj let so pokazale, da se
obnaSanje nekaterih elementov med procesom
pretaljevanja pod zlindro da dokaj natanéno opi-
sati s termodinami¢no analizo reakcij med tekoco
zlindro in kovino 4.5 13. 14 Na ta nadin je mogoce
dobiti pomembne informacije o omejitvah, ki so
pogojene z naravo EPZ-procesa.

SirSo uporabo termodinami¢ne in Kineti¢ne
analize omejuje dejstvo, da obstaja zelo malo ter-
mokemi¢nih podatkov zlindrinih in kovinskih si-
stemov pri visokih temperaturah.

Pri nasih dosedanjih raziskavah smo aplicirali
termodinami¢ni model pri Studiju oksidacijsko-
redukcijskih reakcij, ki potekajo pri AC-EPZ. Mo-
del se opira na nekaj osnovnih hipotez* 5:

— Pri visokih temperaturah je difuzija izredno
hitra in je &as, ki je potreben za vzpostavitev, ozi-
roma razkroj koncentracijskih gradientov na reak-
cijskih faznih mejah, zelo kratek.,

— Elementi, prisotni v elektrodnem materialu,
reagirajo z Zlindro na reakcijskih povrSinah v so-
glasju s termodinami¢nimi zakoni, ki veljajo za
splo$no reakcijo:

/Me/ + x/0/ = (MeO,),
o= WO Lm0 20
Fe Ay - KMn

oziroma v eksplicitni obliki:
* V?g‘ig; : g
ag; . Ky,
k)

ato, _ I/ aao,
ar; . Ky aly . Ky

— Termodinami¢no aktivnost kovinskih in Zlin.
drinih komponent lahko ocenimo na osnovi:

a) Kovinske komponente s parametri interak-
cije:
n

log f; = lgl /X/, .ef

b) zlindrine komponente na osnovi statisti¢ne
termodinamike realnih ionskih raztopin (model
KoZeurova).

Detajlen opis apliciranega termodinamiénega
modela je v literaturi Ze opisan® 515, zato na tem
mestu Zelimo poudariti le uporabnost teoretiénih
izvajanj pri oceni aktivnosti SiO, v veCkomponent-
nem sistemu: CaF,-Ca0-SiO; (slika 4).

REZULTATI

V tem poglavju bomo poskusali opisati nekate-
re prakti¢ne izkusdnje, ki smo jih pridobili pri pre-
taljevanju kvalitetnih jekel po postopku EPZ v
laboratorijskih in industrijskih pogojih.
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vity of metal compounds can be calculated by
taking into account corresponding interaction pa-
rameters:

n
log f; = -2. /X/; . e
j =

The activity of slag compounds can be obtained
on the basis of statistical thermodynamics of real
ionic solutions (model of Kozheurov).

Detailed description of the thermodynamic mo-
del has already been given4 5. 15 therefore we want
only to underline the applicability of theoretical
considerations in estimation of the activity of SiO,

in the multicomponent system CaF,-Ca0-SiO,
(fig. 4).
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Slika 4
Primerjava teoreti¢no izra¢unanih vrednosti asjo, (teoret.)
in eksperimentalnih vrednosti asjo:(exp.) v sistemu CaF-
Ca0-Si0, pri 1450°C
Fig. 4

Comparison of calculated theoretical values for aSiO:
(theor.) and experimental values for asio; (exp) in CaF-
Ca0-Si0, system at 1450°C

RESULTS

Here we shall try to describe some practial
experience obtained in electro-slag remelting of
quality steels in laboratory and industrial condi-
tions.
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Vodik

Kontrola vodika pri EPZ-postopku sodi med
najbolj resne procesne probleme, zlasti pri izdela-
vi velikih ingotov, pre¢nega preseka nad
500 mm? 16, Prav gotovo, da (v literaturi Ze opisani)
problemi v zvezi z obnasanjem vodika predstav-
ljajo znatno oviro za nadaljnjo razSiritev EPZ-teh-
nologije, zlasti na podroCju pretaljevanja posebnih
in superzlitin,

Prakti¢ne izkusnje so pokazale, da je naradca-
nje vsebnosti vodika kriticno zlasti v zacetni fazi
EPZ-procesa'’. Dosedanje raziskave so pokazale's,
da imajo dominanten vpliv na vsebnost vodika v
pretaljeni kovini trije procesni parametri (slika 5):

a) bazi¢nost Zlindre,

b) parni tlak H,O v plinski atmosferi nad Zlin-
dro,

c) vsebnost vodika v elektrodnem materialu.

Nase raziskave so bile usmerjene v Studij vpli-
va parnega tlaka py,0 nad plinsko atmosfero na
vsebnost vodika v EPZ-Zlindrah",

Kot izhodis¢e za Studij smo izbrali reakcijo:

{H,0}, + (0*) = 2 (OH~)

Ravnotezno konstanto za to reakcijo lahko za-
piSemo v obliki:

(% H) = (% H%) Vpyo

Kot zlindro smo izbrali sistem: CaF;Al,0,-Ca0,
oziroma standardno sestavo: 33 % CaF, + 33 %

ALO; + 33 % CaO. Poskuse smo delali pri dveh
vrednostih parnega tlaka:
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Slika 5

Vpliv razliénih tehnoloikih na vsebnost vodi-
ka pri pretaljevanju konstrukcijskih jekel pod Zlindro
Fig. 5
Influence of various technological parameters on hydrogen
content in ESR processing of structural steels

Hydrogen

The control of hydrogen is very serious proces
problem especially in the manufacture of big
ingots with cross-section over 500 mms®. 16, Well
known hydrogen problem is certainly a consider-
able obstacle to further development of ESR tech-
nology especially in the field of special and super-
alloys. Practical experience has shown that first
phase of ESR processing is most critical as regards
the hydrogen problem". Investigations which have
been carried out to the present show' the domi-
nant influence of the following three process para-
meters as regards the hydrogen content of refined
metal (fig. 5):

a) slag basicity,

b) partial pressure of H,0 in gaseous atmos-
phere above slag,

c) hydrogen content of electrode material.

The aim of our investigation was to study the
influence of partial pressure of water vapour py,o
on the hydrogen content of slag”. The base for
considerations was the equation:

{H;0}, + (0>-) =2 (OH~)

The equilibrium constant for this reaction can
be written in the form:

(% H) = (% H% Vpuo

The slag belonging to the CaF;-Al;0,-Ca0 system
of standard composition 33 % CaF,, 33 % ALO, and
33 % CaO was used. Two different partial pressu-
res of water vapour were utilised namely 8§ mm Hg
and 35.6 mm Hg which correspond to air moisture
in winter and summer time, respectively.

The relationship between maximum hydrogen
content (HY and slag basicity at 1620°C is pre-
sented in fig, 6. Practical results obtained by refin-
ing of low alloyed steel with the use of the same
slag and @ 100 mm crystallizer are also given.
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Slika 6

Odvisnost maksimalne topnostl vodika v Zlindri s 33 %
CaF, —33% ALO,—33% Ca0O od baziénosti Zlindre pri

temperaturi 1620 *C.
Fig. 6 2
Relationship between maximum hydrogen solubility
nnwra%mﬁnmmwmwwu
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Piwo = 8mmHg in 356mm Hg, kar priblizno
ustreza vlaznosti v zimskem in poletnem ¢asu. Na
sliki 6 je grafiéno prikazana odvisnost maksimalne
vsebnosti vodika (HY od bazi¢nosti Zlindre pri
temperaturi 1620°C. V diagram smo vrisali tudi
praktiéne rezultate pretaljevanja nizko legiranega
jekla pod enako Zlindro v kristalizatorju & 100
milimetrov.

Iz dobljenih rezultatov sledi, da se sistem Zlin-
dra-plinska faza s ¢asom taljenja priblizuje neki
ravnotezni vrednosti. Ta ugotovitev in dejstvo, da
obstoja doloteno razmerje (koeficient porazdelit-
ve) med vodikom v kovini in Zlindri (% H) % H,
ki pri manjsih presekih ingota znasa 8—10 in pri
veéjih preénih presekih 3,5—4,5, so povsem v so-
glasju s prakti¢nimi izkuSnjami, kakor tudi z ne-
katerimi eksperimentalnimi raziskavami drugih
avtorjev 1621,

Ceprav danes obstajajo nekatere racionalne
tehnoloske resitve (uporaba suhega zraka, optimal-
na izbira EPZ-zlinder, prepihovanje tekoce Zlindre
z inertnimi plini itd.), velja zaenkrat Se misljenje,
da je kontrola vodika pri EPZ-postopku dominan-
ten metalurski problem.
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Slika 7

Obnasanje kisika pri elektritnem pretaljevanju kvalitetnh
jekel pod Zlindro
Fig. 7
Behaviour of oxygen in electro-slag remelting of quality
steels

Kisik

Za razliko od vodika je kontrola kisika pri iz-
delav velikih EPZ-ingotov povsem dognana. Na
sploéno ugotavljamo, da se vsebnost kisika med
pretaljevanjem zniZa tudi do 60 % (slika 7). Pri
kontroli kisika je pomembno poudariti dejstvo,
da je odgor elementov z visoko afiniteto do kisika
v tesni zvezi z vsebnostjo kisika v EPZ-ingotu in
oksidne komponente ustreznega elementa v Zlin-
dri* 5, Kot primer navajamo odvisnost med Kkisi-
kom in nekaterimi parametri EPZ-procesa, ki v
celoti potrjuje veljavnost Ze omenjenega teoretic-
nega modela.
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From the results it can be seen that the slag-
gas system gradually approaches to a definite
equilibrium value.

This finding together with the fact that there is
a definite ratio (coefficient of distribution)
between the hydrogen content of metal and slag
(% H) /% H which lie within 8—10 and 3.5—4.5
range for ingots of low and high cros-section,
respectively is in complete agreement with prac-
tical experience as well as with experimental
results of other authors!é—21. The control of hydro-
gen content in metal refined by ESR proces rema-
ins to be a principal metallurgical problem in ESR
process although some rational technological
measures have been applied, e. g. the selection of
optimum slag, the use of inert gasses for blowing
out slag, etc.

Oxygen

For the difference from hydrogen the control
of oxygen even in the manufacture of large ESR
ingots is completely obtainable, Generally, it can
be said that the oxygen content of metal is decre-
ased even by 60 % as seen from fig. 7. As regards
the control of oxygen it should be stressed that
oxidation losses of the elements with a high affi-
nity to oxygen are closely connected to the oxygen
content of ESR ingot and the corresponding oxide
content of slag® 3. As for instance, dependence of
certain parameters of ESR process on the oxygen
content can be mentioned which completely con-
firms the validity of the theoretical method menti-
oned.

Nitrogen

As seen from fig. 3 the nitrogen content of re-
fined metal is normally decreased or remains the
same as that in electrode material. At high tempe-
ratures nitrogen dissolves in liquid metal and only

15
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Slika 8
Odvisnost koeficienta interakcije dudika v sistemu Fe-X-N
od atomskega Stevila elementa X
Fig. 8
Depedence of interaction coefficient of nitrogen in Fe-X-
N system on atomic number of element X



Dusik

Kot je pokazano na sliki 3, se vsebnost dusika
med pretaljevanjem pod zlindro normalno nekoli-
ko zniza ali ostane enaka vsebnosti elektrodnega
materiala. DuSik se pri visokih temperaturah raz-
taplja v tekoCi Kovini. V prisotnosti nekaterih ni-
tridotvorcev, kot so V, Nb, Ti, Zr, poteka disociaci-
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ja nitridov le delno (slika 8)22.2

Znacilnosti nitridov v primerjavi z oksidi so:

a) dokaj visoka gostota: AIN (3,1 g’'cm?), TiN
(52g cm’), NbN (8 g/cm?), kar otezkola proces
njihovega prenosa iz kovine v Zlindro (asimilacija
z zlindro),

b) zelo majhne dimenzije (NbN, TiN) ter ugod-
ne strukturne lastnosti (kubi¢na ali tetragonalna
oblika), kar je posebej pomembno za modifikaci-
jo nekaterih jekel.

Slika 9
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in the presence of certain nitride formers like V,
Nb, Ti and Zr their dissociation proceed only
partially (fig, 8)22. 2,

Characteristic features of nitrides as compared
to oxides are as follows:

a) rather high density: AIN (3.1 g/cm’), TiN
(52g/cm®), NbN (8 g/cm?') which hinders their
transfer from metal to slag (assimilation by slag),

b) very fine size (NbN, TiN) and favorable
structure properties (cubic or tetragonal form)
which is specially important in the modification
of certain steels.

When remelting certain tool steels and high-
speed steels the additions of nitrogen (e.g. in the
form of FeMnN or FeCrN) can be used in order
to exert an influence on crystallisation conditions.
As for illustration the following results of the mo-
dification of high-speed steel can be mentioned:

Beumm

®100mm

Fig. 9

Mikrostruktura brzoreznega jekla S 6-5-2 (M.2) modificira- Microstructure of high-speed S 652 (M.2) steel modified

nega z razliénimi variantami (Ti + dusik)

in different ways (Ti + nitrogen)
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Pri pretaljevanju brzoreznih in nekaterih dru-
gih orodnih jekel je mogoce z dodatki dusika (npr.
v obliki FeMnN ali FeCrN) vplivati na pogoje kri-
stalizacije. V ilustracijo navajamo rezultate modi-
fikacije brzoreznega jekla:

S 6-5-2 (M. 2) v treh variantah (slika 9)

B.143 Ti dodan v elektrodo v koli¢ini 0,1 %

B.144 Ti dodan v elektrodo (0,1 %) + dusik v obli-
ki FeCrN (0,03 % N)

B.149 Ti dodan v elektrodo (0,1 %) + dusik v obli-
ki FeCrN (0,06 % N)

Na koncu naj omenimo, da poteka intenzivni
razvoj osvajanja tehnologije legiranja kvalitetnih
jekel z dusikom preko plinske faze pri visokih pri-
tiskih. Ta tehnologija ima veliko perspektivo na
podro¢ju izdelave nerjavnih jekel- 2,

Zveplo

Znacilno za zveplo je, da se zelo lahko odstra-
njuje iz tekoce kovine med EPZ-procesom. Trans-
port zvepla poteka v smeri kovina-Zlindra-plinska
faza. Simultano poteka proces prenosa kisika iz
Zlindre v kovino po reakciji:

/S/ + (0*) = /0/ + (§8*),

oziroma pri sodelovanju plinske faze
1 1
S/ +—{ 0= /0/+—]S
/8/ 2( 2] 10/ 2[ z}

Pri standardni EPZ praksi je vsebnost kisika
pod kontrolo reakcij, ki potekajo med dezoksidan-
ti in kisikom, npr.:

/Si/ + 2 /0, = (Si0,)

Kombinacija reakcij daje sploSno reakcijo:

/Sl + %[o,] + /Si/ = (Si0) + ;[sz]

200} %
N
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Slika 10
Obnasanje Zvepla pri pretaljevanju nekaterih visoko legi-
ranih kvalitetnih jeklih pri konstantni sestavi Zindre in
geometriji elektrode in kokile

Fig. 10
Behaviour of sulfur in electro-slag remelting of certain
high-alloyed steels at the same slag and the same
electrode-mould geometry
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S 6-5-2 (M. 2) Three variants-presented in Fig. 9,
B. 143 Ti added to electrode (0.1 %5).

B.144 0.1 % Ti added to electrode + 0.03% N
added in the form of FeCrN,

B. 149 0.1 % Ti added to electrode + 0.06 % N in
the form of FeCrN.

Finally it should be mentioned that investiga-
tions are being undertaken in the alloying of qua-
lity steels by high pressure nitriding. This techno-
logy has a great future especially in the manufac-
ture of stainless steels?h 25,

Sulfur

Sulfur is very easily removed from liquid metal
in ESR proces. The transport of sulfur proceeds
in the metal-slag-gas direction. Simultaneously the
transport of oxygen from slag to metal proceeds
according to the following reaction:

/S/ + (0) = /O/ + (S8T)
as well as by reaction with gaseous phase:

/sl + l—{oz] = 0/ + »-'«{sz]
- 2 2

In standard ESR practice the oxygen content is
controlled by reactions occuring between oxygen
and deoxidizers, as for instance:

/Sif + 2 /0/ = (Si0,)

By combining the two reactions a general re-
action is obtained:

/s + —;-[ 0.} + /8 = (5i0) + %[sz]

The equilibrium constant of this reaction is:

s E.SLQL(LSL)”’
a5, . K\ Po,

From the above equation it follows that the
degree of desulfuration in ESR process depends
on the following important parameters:

a) the basicity of slag,

b) the chemical composition of steel, most of
all the silicon content of steel,

¢) the partial pressure of oxygen in atmosphere
above the slag.

The results of desulfuration of different grades
of steel obtained in electro-slag remelting at the
same slag and air atmosphere are presented in
fig. 10'. Ingot dimensions and the fill factor was
also the same. It is clearly seen that desulfuration
degree actually depends on steel composition, i. e.
on oxygen activity of the liquid metal.

The influence of slag composition i.e- of the
slag basicity all other parameters being constant
is seen in fig. 117, At the basicity of slag (% Ca0)/
/(% Si0,) = 3, the ratio between the amounts of
sulfur distributed on metal-slag-gaseous phase is
practically constant.

S




oziroma ravnotezno konstanto:

_ asjo, (Ps, )”z
ag = —1L 1 2L
ag; . K PO,-

Iz te enacbe sledi, da je stopnja odZveplanja
pri EPZ-postopku odvisna od treh pomembnih pa-
rametrov:

a) bazi¢nostj zlindre (vpliv na aktivnost SiO,),

b) kemicne sestave jekla (predvsem vsebnosti
silicija v jeklu),

c) parcialnega tlaka kisika v zra¢ni atmosferi.

Na sliki 10 so ponazorjeni rezultati odprave
Zvepla pri pretaljevanju razlicnih kvalitet jekla
pri enaki sestavi Zlindre in zra¢ni atmosferi'. Tudi
dimenzije ingota in polnilni faktor sta bila iden-
tiéna. Iz teh rezultatov sledi, da je stopnja razzve-
planja dejansko funkcija sestave jekla, oziroma
aktivnosti kisika v teko¢i kovini.

Vpliv sestave Zlindre, oz. bazi¢nosti Zlindre pri
vseh ostalih konstantnih parametrih kaZe sli-
ka 117, Pri bazi¢nosti Zlindre (% CaO) /(% SiO,)=
= 3 je razmerje med koli¢ino Zvepla, ki se poraz-
deli med kovino-Zlindro-plinsko fazo, skoraj kon-
stantno.
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Slika 11

Porazdelitev Zvepla med kovino-Zlindro-plinsko fazo med

pretaljevanjem nizko legiranega jekla. S, (S), S; in S; so

vsebnost Zvepla v ingotu, zlindri, plinski fazi in elektrodi
Fig. 11

Distribution of sulfur between metal-slag-gas plases in
remelting of low alloyed steel. S, (S), S;, S; — sulfur
content of ingot, slag, gaseous phase and electrode,
respectively

Aluminij

Dosedanje prakti¢ne izkudnje pri pretaljevanju
konstrukcijskih jekel, posebej velikih kovaskih in-
gotov, so pokazale, da je kontrola aluminija pri
EPZ-ingotih zelo dominanten metalurski prob-
lem#.5.6.16, Pri standardni praksi, tj. uporabi zlin-
der z visoko vsebnostjo ALO; in kontinuirani dez-
oksidaciji Zlindre z Al se opaZa padec vsebnosti
Al od noge proti glavi ingota!l. 16,

Slika 12 kaZe spremembo vsebnosti aluminija
Alg-Al, (E = elektroda, I = ingot) z vi$ino ingota
Pri razli¢nih izhodnih aluminijih v elektrodi',
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Aluminium

Practical experience obtained to the present in
electro-slag remelting of structural steels, specially
heavy forge ingots has shown that the control of
aluminium content in ESR ingots is a dominant
metallurgical problem* 5.6 16 In standard practice
i.e. when using slag with a high AlO, content and
at continuous deoxidation of slag with Al additions
a decrease in the aluminium content of ingot has
been observed in leg-head direction!!. 16,
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Slika 12

Spremembe vscbnosti aluminija Al.-Al, (E = elektroda,
I = ingot) z viSino ingota pri razliénih vsebnostih alumi-
nija v izhodni elektrod} "

Fig. 12
Difference in aluminium content of electrode and ingot
Al,—Al; in depedence from ingot heigth at various initial
aluminium content of electrode’

The difference in the aluminium content of
electrode and ingot Aly — Al; (E — electrode, I —
ingot) in dependence on ingot heigth at diffe-
rent initial aluminium content of electrode is pre-
sented in fig. 12",

A part of aluminium added to slag (approxima-
tely 15 %) is transfered to metal which makes it
possibble to control the aluminium content of
obtained ingot’.

Slag composition exerts much higher influence
on the aluminium content of ESR ingot. Due to
the complexity and high research costs a theore-
tical model has been developed which together
with the use of a mini-computer makes it possible
to estimate the influence of various parameters.

The results of the investigations of this type in
comparison with practical results obtained in
electro slag remelting of a series of structural
steels in laboratory and industrial conditions are
given in fig. 13515,

Titanium

The behaviour of titanium in ESR proces is
rather similar to that of silicon. Its control is spe-
cially problematic in stainless steels with about
0.6 % Ti and up to 0.1 % Al*, The control of tita-
nium is very important in refining maraging steels
and certain super-alloys.
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Pri dodatku Al v zlindro del tega (okoli 15 %)
prehaja v kovino in na ta nacin lahko vpliva na
vsebnost Al v pretaljenem ingotu®.

Neprimerno veéji vpliv na vsebnost aluminija
v EPZ-ingotu ima sestava Zlindre. Zaradi kom-
pleksnosti in dokaj visokih raziskovalnih stroskov
takih raziskav smo razvili teoreti¢ni model, ki
omogoc¢a z uporabo mini-ra¢unalnika oceniti vpli-
ve razli¢nih parametrov.

Na sliki 13 smo prikazali rezultate tovrstnih
raziskav in jih primerjali s prakticnimi podatki
pri pretaljevanju konstrukcijskih jekel v labora-
torijskih in industrijskih pogojih3. 15,
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Vpliv razli¢nih tehnoloskih parametrov na vsebnost alu-
minija pri EPZ-postopku
Fig. 13
Influence of various technological parameters on alumi-
nium content of steel in ESR proces

Titan

Obnasanje titana pri EPZ-postopku je dokaj
podobno obnasanju silicija. Njegova kontrola je
posebej problemati¢na pri pretaljevanju nerjavnih
jekel z vsebnostjo titana okoli 0,6 % in aluminija,
nizjega od 0,1 %%, Tudi pri pretaljevanju maraging
jekel in nekaterih superzlitin je kontrola titana
velikega pomena.

NasSe izkusnje se nanaSajo na pretaljevanje ne-
rjavnih jekel tipa AISI321 in razli¢nih kvalitet
maraging jekel® 15, Na sliki 14 je prikazana odvis-
nost med aluminijem in titanom za nekatera ma-
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Slika 14

Odvisnost med aluminijem in titanom pri pretaljevanju
maraging jekel vrste 18 NiCoMo
Fig. 14
Relationship between aluminium and titanium in electro-
slag remelting of maraging 18 NiCoMo steel

Our experience concerns electro slag remelting
of AISI 321 steel and different grades of maraging
steel.

The relationship between aluminium and tita-
nium in maraging steel of 18 NiCoMo type is pre-
sented in fig. 14. The relationship has been calcu-
lated on the basis of the theoretical model and
then compared to practically obtained data. A
detailed description of these investigations has
already been published? 15,

Other elements

A general review of the behaviour of other ele-
ments during electro-slag remelting can be seen
in fig. 3.

Practical experience obtained to the present
has shown that the control of a majority of resi-
duals such as Pb, As, Sb, Sn, Cu,... is not neces-
sary if the slag composition is maintained within
definite specified limits.

Although producers of ESR-slag give certain
specifications for particular elements these infor-
mations are deficient and inaccurate. As for in-
stance the following table 1 presents a specifi-
cation of the standard ESR slag of CaF,-AL,O,-CaO

type®,

Lead

In electro-slag remelting of steel and super-
alloys lead is reduced and transfered to gaseous
atmosphere in the form of vapour. Therefore PbO
content is limited to 0.02 % maximum.

Arsenic

According to the thermodynamic stability of
arsenic oxides arsenic starts to reduce after the
melting of slag and leaves the melt in the form of
As and As;O; vapour®, Generally speaking there is
only a few data on the behaviour of arsenic.
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raging jekla, vrste 18 NiCoMo. Odvisn(_.)s(i so izpe-
ljane na osnovi teoretitnega modela in nato pri-
merjane s prakti¢nimi podatki. ObSirno so te ra-
ziskave opisane v literaturi !5,

Ostali elementi

Splosni pregled o obnaSanju ostalih elementov
pri EPZ-procesu je razviden iz slike 3. Dosedanje
prakti¢ne izkusnje so pokazale, da kontrola veéine
rezidualnih elementov, kot so: Pb, As, Sb, Sn, Cu
ni potrebna, ¢e sestavo Zlindre ohranimo v dolo-
éenih, predpisanih mejah.

Ceprav proizvajalci EPZ-zlinder navajajo dolo-
&ene specifikacije za posamezne elemente, so te
informacije pomanjkljive in premalo precizne. Kot
primer navajamo nekatere specifikacije za stan-
dardno EPZ-zlindro, tipa CaF;AlL,03CaQ¢ (Tabe-
la 1)

Tabela 1: Necistoce v EPZ-lindrah
Table I: Impurities in ESR slags

g "
C 0,03
P 0,005
S 0,02
PbO 0,02
$i,0, 0,002
Na,0 + K,0 0,20
FeO 0,20
MnoO 0,20
MgO 0,20

Svinec

Med pretaljevanjem jekel in superzlitin se svi-
nec reducira in v obliki pare zapusé¢a zlindro, ozi-
roma prehaja v plinsko atmosfero. Zato je vseb-
nost PbO omejena na maksimalno vrednost
0,02 % PbO.

Arzen

Sodet po termodinamiéni stabilnosti njegovih
oksidov, se ta takoj, ko je Zlindra raztaljena, zaéne
reducirati in zapus¢a Zlindro kot As ali As,0,—
— paref, Na splosno o njegovem obnasanju ni ve-
liko podatkov.

Fosfor

Pri standardni EPZ-praksi niso dani pogoji za
odpravo fosforja, ker je oksidacijski potencial
Zlindre zelo nizek. V literaturi obstaja nekaj po-
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Phosphorus

In standard ESR practice dephosphorization is
not possible due to a very low oxidation potential
of ESR slag. However, certain data have been
published on dephosphorization in electro-slag re-
melting obtained by the use od CaF,-CaO slag with
a high FeO and low SiO, content,

Carbon

The control of carbon represents no problem
in electro slag remelting of steels with carbon
content over 0.1 %. However, certain measures
have to be taken to assure a low carbon content of
slag when remetling steel with a low carbon con-
tent (e.g. stainless steels with carbon content below
0.04 %) and specially in the case of super alloys.
It has been determined that carbon present in
slag can be easily transported to metal during
remelting. This transport of carbon probably
proceeds by diffusion of carbide ions which are
subsequently oxidised to carbon.

CONCLUSIONS

The presented review of the behaviour of ele-
ments in electro-slag remelting of quality steels
and superalloys can not be considered as comple-
te, however it offers certain informations and
suggestions which can help to better under-
standing of the problem which has become very
actual due to the introduction of computer control
of ESR proces.

Generally, it can be stated that there is a serio-
us deficiency in the data on the behaviour of par-
ticulate elements during electro-slag remelting.
Data on high-temperature thermochemistry of
ESR-slags are also lacking. As a result of such situ-
ation ERS-opractice is still based on empyrical
work in a higher extent than on corresponding
theoretical models, which help to deepen our

knowledge and represent much better basis for

the introduction of computer control of ESR
process. 15,
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datkov o odpravi fosforja pri EPZ-postopku z upo-
rabo zlinder CaF,-CaO z visoko vsebnostjo FeO in
nizko vsebnostjo SiO,.

Ogljik

Pri pretaljevanju jekel z vsebnostjo ogljika
nad 0,1 % ni problemati¢na njegova kontrola. To-
da pri pretaljevanju jekel z nizko vsebnostjo oglji-
ka (npr. nerjavnega jekla z vsebnostjo ogljika pod
0,04 %), in posebej pri pretaljevanju superzlitin,
so potrebni dolo¢eni ukrepi, da je vsebnost ogljika
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