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EMF MEASUREMENTS IN RIMMING STEEL MELTS 
======================================= 

Formation of the skin layer free from blowholes 

Solidified steel melts of effervescing nature are characterized 

by an ingot structure which shows a sound skin layer and , adjacent 

to it, an outer wreath of blowholes. Further inside, the ingot 

reveales in general an inner wreath of blowholes, which is clearly 

shown up against the outer one, as well as non-uniform shrinkage 

cavities in the upper third portion. However, on further conside-

ration, the s olid skin layer turns out a disturbed solidification 

structure: microcaviti es are constituting blowhole traces which 

finally issue in the slightly upward sloping macro channels of the 

outer wreath of blowholes (1). The thickness of the skin layer and 

its inclusion content are determining the surf a ce quality of the 

finish-rolled product . Consequently, the knowledge of those factors 

influenc ing the early stage of the carbon/oxygen ebullition reaction 

is of special import ance technically. 

First, it must be stated that the f ormationof blowhole channels 

begi ns at a moment when the gas bubbles growing at the interface 

of solid/liquid are trapped and outrun by the progressive solid 

phase prior to breaking away and rising out of the liquid steel . 

It may be estimated from solidification laws and usually found 
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skin thicknesses of about 10 mm that this transitional stage is 

reached already with filling up the mould. This i s in lin e with 

the obs erva tion that the thickness of the layer i s constant and 

n ot depending upon the ingot height. So, the s kin layer f r ee from 

blowholes is f ormed with first boiling whilst subsequent boiling 

out remains without any influence on the skin structure. 

The solubility of CO in crystallized iron is practical l y nil (2). 

It, therefore, was assumed for a long time that the intensit y of 

the carbon/oxygen r eaction during solidification could not fai l 

t o involve the f ormation of a rim free from blowholes . As against 

t hat it is known fr om steel making practice that, with excessive-

l y deoxidized steel before casting, ingots are produced of which 

the outer wreath of blowholes is set fre e in the soaking pit by 

scaling. Melts of this kind tend to climb. On casting semi-killed 

qual ities , blowholes are found in the ingot surface if the melt 

contains excessive amounts of oxygen due t o i nsufficient deoxi-

dation. 

A clos er i nvest i gat i on into the factors influencing the beginning 

ebullition process of unkilled steels originates from Stein, Kootz 

and Wi ck who discovered in 1966 that the thickness of the 

skin layer increases with progressive oxygen oversaturation of 

the ladle melt (3). Based on similar considerations, Sel ivanov and 

Korotkikh developed in 1973 a casting diagram f or unkilled s teels 

(4) which is shown in figure 1. This diagram stat es the expected 

thi ckness of the skin layer free from blowholes i n dependence upon 

the carbon and oxygen contents of the ladle melt as well as the cast-
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ing temperature and the rising rate. It appears that small 

variations of the oxygen content in the melt have a great in-

fluence on the thickness of the skin layer. 

The quantita tive conclus ions of both mentioned studies are 

questionable in that the oxygen content of the melt was ana-

lyzed chemically as the total oxygen content of killed samples 

post mortem. Furthermore, it should be taken into consideration 

that the casting diagramm of Selivanov and Korotkikh can only be 

used in the metallurgical practice if the dissolved oxygen con-

tent of the melt is directly accessible. It, t herefor e , seemed 

u seful to insure and extend the range of knowledge by electro-

chemical oxygen measurements in unkilled steel me l ts. It should 

be noted here that the results available hitherto are s till in-

comp le t e . 

The EMF measurements were carried out on industrial 185 t ons 

melts in the casting l adle after tapping , simultaneously , one 

sample was taken every time. The melts were top-poured into 11 

t ons moulds at a rising rate of 1 m min-1 • About 1 minute af t er 

filling EM.:E' measurements were performed also in the moulds . The 

immers i on d epth of the cell into the molten metal was of 0 . 25 m. 

No further samples were taken from the mould. 

Figure 2 shows the r esults of the electro-chemical oxygen measure-

ments . The unkill ed steel melts showed a uniform basic composition 

of 0 . 30 t o 0 .40 % Mn, about 0 . 010 % P and 0 . 030 % S; t he liquidus 

t emperature was rated a t 1520 °c and the casting t emp erature at 

1 565 °c. The carbon/oxygen equilibrium was calculated according 
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to the approach of Nilles (5) for the limiting conditions 

CPco + Pco ) = 1 atm. It should still be added that oxygen is 
2 

b lown upon the pouring stream by means of an annular nozzle if 

the carbon content of the melt exceeds the limit of 0 .12 %. 

In a ccordance with the refining behaviour of steel baths , the 

electro- chemical measurements of the oxygen in casting ladles 

show decr easing oxygen activities with increasing carbon con-

t ents . However, a relatively large variation width of the oxy-

gen activity in the ladle melt applies to a specif i ed carbon 

content. Thi s result is to be expected since the previ ous de-

oxidation of the melt with tapping generally is undertaken with -

out knowing its oxygen content . Thereby, the previous deoxida-

tion needs to be graded in such manner that a good distance to 

the equilibrium at 1 atm total pressure is maint ained and , con-

sequently, the ladle melt is oversaturated with CO . In or der t o 

adher e to these limiting conditions, melts with el evat ed carbon 

content must be blown with oxygen during casting as already was 

mentioned. 

In figure 2 , related ladle and mould measurements were joined 

with a l ine ; thereby, the oxygen activity measured in the mould 

was correlated to a carbon content in complianc e wi th the 

s t oi chi ometric conversion into CO. It becomes evident that the 

oxygen activity in the mould closely approaches the state of 

equi l ibrium at p = 1 atm short ly after fil l ing up . This finding 

signifies that the CO oversaturation is already reduced t o a 

great extent within the first boiling period. 



- 5 -

In order to verify this relationsship, three small melts of 1.5 
tons in weight were molten in the induction furnace and subse-

quently bottom cast. Due to the moderate weight of the melts, 

elevated casting temperatures had to be chosen. In the main, 

these three melts differed by the adjusted oxygen contents and 

the rising rate. After solidification, the ingots were cut open 

t o measure the thickness as well as the inclusion content of 

the blowhole-free rim. Table 1 groups the test data. 

It i s apparent from the test data that the thickness of the skin 

layer fre e from blowholes increases with increasing CO oversat ura-

tion of the ladle melt and decreasing rising rat e . In the absence 

of CO oversaturation subcutaneous blowholes are f ormed . These 

results are qualitatively in line with the casting diagram of 

Selivanov and Korotkikh in figure 1. The measuring of the inclu-

sion content of the skin layer did not result in a homogeneous 

picture. According t o Taffner and Tromel , "normal" boiline; should 

lead to low inclusion values (6). The elucidation of t h is ques-

tion r equires further systematical examinations. Moreover , it is 

not sufficiently known how the different sulphur contents and 

carbon/manganese ratios are affecting the first boiling stage of 

the melt. 

In the early boiling stage, two streams of material are con-

tributing to the growth of the gas bubbles at the solid/liquid 

interface: the gas bubbles take up CO at their basis from the 

concentration boundary layer; the c irculating and oversaturated 

me lt furnishes CO through the front of the bubbles. Now , it is 
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assumed that the solidifi cation front outruns the gas bubb l es 

with fo rming the outer wreath of blowholes when the CO pumping 

flux of the remaining liquid steel breaks down with the pr ogres -

sive reduct i on of the CO oversaturation. This condition i s reached 

at a mel t depth "h" when the pressure in the macr oscopic bubble 

is equal t o the sum of atmospheric and ferrostati c pressure: 

( 1 ) 

An analogous equation to relation (1) is applicable for the con-

siderably higher Cac • a0 ) product adjusted in the ladl e mel t 

whereby the height "h" r epresents a virtual factor. By substrac-

tion, it foll ows 

With uniform rising r ate in t he mould, the further r esul t is 

Wi thin the period A t , the skin layer free f r om b lowholes of the 

thickness~ i s formed in dependence upon the melt overheating AT 
so that 

As the carbon content of the ladle melt i s a l most corresponding 

to the carbon content of the mould melt , it follows lastly 
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a - a O, l adle O,eq (5) 

Thus, thes e plausibility considerations result in a fina l equa-

tion whi ch covers all influencing factors on the thickness of 

the skin layer on which is based the casting diagram of Seli-

vanov and Korotkikh: carbon content and oxygen content , ri s ing 

rate and melt overheating . 

There i s a suggestion to derive, according t o equation (5) , the 

rule for the steelmaking practice tha t the oxygen content should 

be chosen as high as possible in order to obtain a skin layer as 

t hi ck as possible . Here is a limit to this measure with carbon 

contents below 0 . 12 %: wild boiling and ebullition under boot- leg 

f ormation occur with excessive oxygen values. Cons equently , an 

optimum ladle oxygen content should apply t o steel mel ts of effer-

ves cing nature which ought t o be according to the measurements 

available with r eference to the equilibrium in the mou ld at 

Cac • a0 )K = 0 . 0018 approximately 

a = O,ld,Opt. 
0 .0018 + 0. 014 12 % c ld - 1b • 0 . 014 

(6) 

This equ a tion is based on the assumption that an optimum result 

requ ires the reduction of about 0 . 014 % of oxygen with for ming 

CO in the early boiling stage independently of the carbon content. 
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The optimum ladle oxygen contents according to equation (6) a re 

recorded in figure 3. From measurements by Halberg (7) , the 

f ollowing applies to LD steel melts 

(7) 

Th i s relation also is included in figure 3. The two curves inter-

sect at 0 . 1 1 % of carbon. With lower carbon contents, the c on-

verter melt must be deoxidized before casting; higher carbon con-

t ents requir e ox ygen blowing u pon the pouring str e am between the 

ladle and the mould . The aluminum amount in grams p er t on of 

steel to be used for the previous deoxidation wil l be at the best 

(8 a ) 

o r a fter substitution of the e quations (6) and (7) 

Zt ( 22 18 ) 
mAl = 48 [%GJ- [%CJ - 12 • 0.014 - 140 

1b 
(8 b ) 

The equation (8) is applicable for carbon contents from about 

0 . 035 t o 0.10 %. 

I n s teelmaking plants, the aluminum amounts u sually added are 

s omewhat higher than those calculated from equation (8 b) . The 

r e a s on is ·that the fre e pouring s tream absorbes oxygen f r om the 

ambi en t atmospher e . This effect was neglected with the above 

consider ations as prec ise measurements are n o t ava i l able hithero . 
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On the described limiting conditions, the reliable adjustment of 

the undoubtly existing optimum oxygen content l og ically cal ls 

for the introduction of the electro-chemical oxygen measuring 

method in steelmaking practice. Thereby, several process techno-

logical solutions are possible: 

tapp ing 
1. The deoxidation of the melt before casting is effected in 

accordance with its oxygen content determined by electro-

chemical measuring in the furnace. 

2. Acc ording to the result of the electro-chemic a l de t e rmination 

of the ox ygen in the ladle, trimming additions i n the fo rm of 

boiling energizers or in the form of aluminum a r e introduced 

into the mould. 

3. The ri s i ng rate i s fixed in compliance with the oxyf,e n c ontent 

of the l adl e me lt; by way of example, this method is applicable 

for ladles with slide gate by selecting the chang e conus 

according ly. 

4. The optimum oxygen content and the desired casting temperature 

are adjusted by means of a ladle metallurgical process. 
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\lergieBen unberuhigter Schmelzen 

( 1,5 t Versuc hss chm elzen) 

Schmelze I Block 1 2 3 

Kohlenstoff 0,10 % 0,03 Oc) 0,07 % 
Mangan 0,41 % 0,34 % 0 ,43 % 

GieBpfanne Phosphor n. b. 0 ,020 gij 0,025 % 
Schwefel n. b. 0,022 % 0,027 % 
Sau erstoff ak tivita t 0,030 0,023 0,044 

GieBdaten GieBtemperatur 1G04°C 1608°C 1629 ° C 
Ste igges chw in dig keit 0,70 m min -1 0,70 m min-1 0,17 m min -1 

Kokille Sauers to ff a k t iv ita t 0,022 0,022 0,037 

Auswertung Sauerstoffabbau J a0 - 0 ,008 - 0,001 - 0,007 
Blasenfreie Randschicht 14 mm 4 mm 36 mm 
Fla chenbezogen er Ei nschluBgehalt 0 ,21 ~o 0,20 O(i o, 11 ~ o 
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