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INTRODUCTION,

Although vacuum degassing was originally conceived
and developed to solve the problem of hydrogen in large
Torging ingots, it was soon realised that the application
of a vaciim could aid the manifsciars of clesnsr steel by
reacting the soluble oxygen with carbon to form gaseous
carpon monoxide. <the procesgses which were soon developad

received wide spplication in 2ll branches of the world's

steel induastries and now vacuam degasgsing is atiliged to
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vecuam dsoxidisad alloy stecle of nany types
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Considerable research and development work has been

~F

undertaken where the objects have been the achievement of
lower oxygen contents together with fewer and snaller
non-metallic inclusions. This hss includad the vacu i

trentment of steel in the !

open', semi-killed snd fully-
¥illed conditions, bat, in spite of thése stadies, there
dons not vet seem to De any universal pale which cen be

applied Tor the production of clean steel. On2 thing is

certain, however:; the removal of oxygen by resction with

o]

= -, . - Tprom S 22 43 - T P
expected Trom thermodynamic congldzrstliongs. Jingl QXFgen
- S e a4 9 <
lavels have heen egiivalent ot besy

with 70-100 torr of carbon monoxide even thouagh the

L]
derassing oressarss heve often been lese than 1 torr, Thics
hae haen found for 21l processege nnd nic one sitandsoat =g
being caperior,

The removel of oxyeen ic least efficiant with the very

high =and the very low cerbon levels ond is at 2 maximunm



VIS IE LIIe Car'000 anG OXyren contents sre stoich atric, !
The fact thet eguilibriam ie not resched is generally

thought to e das to:~

i) the Xinetics of the csrvon-oxygen resection where the
diftasion of the minority species seems to be
Limiting,

(ii) the presence of incolubls oxide inclusions, (either

exogenous in natare Trom sleg =snd refractor

or deoxidation psrodacts formed by reacticon with

i

trace smoants of aluminiam), which do not‘pevmit
absolute assecsment by coluble oxygen.

(iii) the oick@p of oxygen Trom slag snd refractories,

the amount of which will vary with the slog

composition, the tipe of oxideg vhich are ased to

contain the stesl, and the ares to volame consider-
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efractory oxides with which the steel normslly comes into

contact and to sapplemant this with informetion Trom steels

N

degagse v the 30 ton Dortmuand Hordar (D.I.) anit at
English Steel Corporation Ltd.
‘ Chepter [ reviewsthe publishzd information on the

thernodynamice end kinetice of the carbon-oxygen and oxide-

netnl resctions, 2ni also inclades = chort section on

neraticong., Chepter II

o.
H3

resalts Trom laorgs-ccale degassing
deals with lavoratory melis =nd gives details of spparatuas

end exverimental methods as well as presenting and discuassing
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resoect to the carbon/oxygen reaction 2nd the sttainment

of lower oxygen levels. .The conclusionssand suggestions

for fatare work arrived at as a result of this work are

given 2t the end of this dissertation.

(vii)
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I EQUILIBRIA,

1. Thermodynamic equilibriz betweer a melt

and its vapour phase.

1.1, General.

Removal of impurities may be effected in the following
ways(l) =

In an ionic solution where the elements involved are
gaseous (e.g. Hp, Ng) or non-metals (e.g. C,0) removal can
be by a dissociation process or by chemical reaction. Both
are usually heterogeneous reactioné occurring'at interf'aces
involving the dissociation of the gas-metal compound,
recombination fo form 2 molecule and then desorption otr
the molecule into the gas phase, )

lletallic impurities may be removed by evaporation
(Pb,Sn,Sb) bat if the vapour pressures of the alloying

elenents are similsr to that of the impurity then removal

of these will also occur. Volatilisation‘of chenical
compounds (e.g. metallic monoxides) may also be used‘to
decontaminate the melt if their vapour pressures are
sufficientliy high, |

The smme possibilities exist if the impurities are
not dissolved but floal as & separate phase on the surface
of the bath. ‘'They can be removed by a separate dissociation
process, by chemical reaction at the phase boundaries or -by |

evaporation from the surfaces exposed to the vacuum., Lif

the impurities are dispersed in the melt, evaporation and
gas evolution by dissociation or chemical reaction are
hindered by the hydrostatic pressure. On the other hand,

exchange processes via the equilibrium of the solute with

1



the melt are still possible.

l.2. The process of djigsociation,

The equilibrium governing distribution of a distomic
gas between liquid and gus phases is described approximately
by Sievert's law (2)

: 1 = 1y
1.e. [x] == %)

= (px)Z
K = _Efél_ where FXZ = partisl pressure of
Lax - X in gaseous phase.

[?§1= activity of X
dissclved in ligquid
iron.

A short asccount follows commenting on its validity for

oxygen, nitrogen and hydrogen in liquid steel.

1.2.1. Oxygen,

For oxygen dissolved in an iron melt

[o] : ’]é-'02 o e e (l)

Aa® = 28,000 + 0,697
1
3

Ky = \’02 = 3.8x10

[20]

The effect of temperature on.FOQ can be found from
Figures 1 énd 2. Migure 3 shows curves for"Oz against
oxygen concentration for iron at 1540 and 1600o Centigrade(B).
The linear relationship obtained is to be expected since
the activity coefficient o = 89//wt% 0 ie constant ovéq
the whole solubility range (L,5). It will be secen from the
dissociation pressureF Op values ghown in Figures 1—3 that
deoxidation by breakdown of gas-metal bonds in the iron-
oxygen system requires such low pressures as to make the

method impracticable,

1.2.2, Nitrogen.



Yor nitrogen dissolved in ligquid iron(2)

[#] == :21-1@2 e oo (2)

K, = Pyt

[ax]

Assuming that this relationship is valid over a

1]
\V]
N
.
N

range of pressure (6), Figure L (1) shows the pressure
dependence of nitrogen in liquid iron and illustrates that
removal of nitrogen by the dissociation of the metal nitride

is to be expected at industrial wvacuum levels,

l.2,.3.Hydrogen.

The behaviour of hydrogen is very similar to that of
nitrogen. The breakdown of the gas-metal bond by reducing
PHQ daoes not present any difficulty. It is, in fact,much
easier and more effective than reaction with oxygen., which
in principle is also possible., Horeover equilibrium is
reached much faster than with nitrogen because the
diffusion rate of hydrogen is much faster than that of any
other gas. Figure 4 shows the dependence of hydrogen in

liquid iron upon the pressure, deduced'from

(2] —= ;.112 ... (3)

A .
K3 = F Ho® o 370
[24]

0 . 3 » - =4 A3
. ~ 5. EN
1.3, Elimination of oxygen by a reduction process.

In Section 1.2.1. it is concluded that deoxidation
by a dissocistion process is impracticeble and, therefore,
chemical reaction involving a reducing agent must be

employed whereupon the final oxygen content approaches an

equilibrium limit determined by the concentration of the

3
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reactions may be used; reduction with carbon, with hydrogen
or with a metal having a higher affinity for oxygen.
Deoxidation with metellic reducing agents is usually
faster than wifh carbon or hydrogen since generally it is
less dependent on nucleation and transport phenomena than
reactions leading to bubble formation. Figure 5 (3)
comparcs the deoxidising effects of carbon and other elements

in licuid steel. However, complete removal of the insoluble

deoxidation products is virtually impossible and thefein
lies the adventage of reduction by carbon oy hydrogen where
the products are gaseous. On the other hand, in cases where
reduction by carbon or hydrogen does not attain an endpoint
sufficiently quickly or completely, deoxidation Dby
precipitation may be necessary. The main advantage of re-
duction by hydrogen is that, in the ultimate, the reducing
ageht can be removed from the bath by vacuum treatment
providing temperature losses will sllow this. Even so the
efficiency of oxygen removal is low and consequently this
technique is only used with the vacuum induction melting of
elements which are easy to deoxidise, such as nickel. _For
6ther ferrous alloys reduction of oxygen by carbon is
invariably adopted in practice since, whilst being much the
cheaper it is aiso the more effective.

1.3.1. The carbon/oxygen reaction.

For the reaction between cgrbon and oxygen dissolved

in liquid iron the equilibrium can be represented by
[cl + [ol == cop) e oo (L)
B, = b |

[?bﬁ [%D].fb "fo




Ku can be Iound by combining the datse of reactions (5) and

(6)

CO(g) + [O] -w—::?‘ COZ(g) e ¢ e (5)
o - oo

beol o]

Figure 6(g&mmarises the evaluations of this reaction
(8-12) and the following equations are considered the most

useful (12)

Aeg = =37,010 + 20.3!T cal/mole
log K5 = 8088 _ 4.u38
T
COx(g) + [C] == 200(, .. . (6)
K.6 - Pcoz

PCOZ ‘I- g'c]

Data(9, 10, 13, 1k, 15)for this reaction are shown in
Figure 7 (7) from which the most asccurate equations are

coensidered to be (1lL)

Aeg = 33,300 - 30,407 cal/mole
log Kg = =—1,280 4 6.65
_ 7 ,

since, in contrast to the others, these have been
determined from actual experimental measurements of the
CO/CO2 ratios in equilibrium with liquid iron, Kh can now

be found by combining eguations (5) and (6) to give

AGK = = 3,710 - 10,097 cal/mole
_ 811
&%y i |
At 1600° centigrade X), = 43k,

The first quantitative studies of the C/0 reaction
began with Field (16) who, from studies on the rate of

carbon elimnination from BOH baths, deduced that an



1.2,1.1.

equilibrium must be reached between carbon, oxygen and

partial pregsure of carbon monoxide sbove the metal surface.
It was later shown by Herty (17) that for carbon contents

of less than 0.20% m = [%G) [/@] = 0.0022, Leboratory
studies were Tirst started by Vacher and Hamilton (18)

who showed that eguilibrium could be approasched from both
sides. The early assumption that m was virtually
independent of carbon content and temperature was proved
invalid when Marshall and Chipman (19) equilibrated CO/CO,
mixtures with liquid iron at pressures up to 20 atmospheres.
The solubilities of both carbon and oxygen in liquid iron
increase as the gas pressure is raised resulting in genereal
improved accuracy of oxygen determinations except at high
carbon contents. This is thought to be the reason why this
study found an increagse in m with an increase in carbon
content. The experiments have since been repeated by Zuwa
and Chipman (10) and as Figure & shows m is now thought td
decrease as the carbon is raised. Two factors may account
for this decrease. firstly the gas in equilibrium with
carbon dissolved in liguid iron is not pure carbon monoxide,
but contains some COs, and secondly, the activities of

dilute solutions of oxygen and carbon do not copform to

Henry's law.

Effect of carbon dioxide.

From equation 5 and using the data of Fuwa and

Chipman (10) the inf'luence of the presence of carbon dioxide

has been examined by Jackson and Hyams (20).
cop '

D ]

oo ol

K5 f



LIICLTL VLT T R = Cco + cO
0”5 -2 * T e o A7)

Pco

If the gas in contact with the melt is composed solely

of CO and COy so that 19 cog * Poo = Pr = systen prescure,
4 FCO = PT [ [ 4 [ (8)

l+§0'1§5

But from equation (4) (10) Pco = K, '[%0] E%@J-f; '\fc

and therefore D@][%ﬂ = : Pr _
X, "fo 'fc (1 + std[:zacﬂ),. (9}

Equation (9) takes into account the formation of both CO

and CO, and the results of the solution are shown in

Figufe 9 (20,21,22). The solid curves correspond to the

true equilibria whereas the dotted lines correspond to the
simple relationship [%01 [%dl = fg . The temperatures

A Ky,

chosen were 1600° Centigrade for the one atmosphere curve
and 15500 Centigrade for the 10C mm, 10 mm end 1 mm pressure
curves which correspond tc the tem.eratures usually attained
prior to tap_and during vacuum treatment by the D.H, method.
¥rom tigure 9 it is evident that ror equilitrium carbon and
oxygen contents, the activities of carbon may generally be

taken as equal to its weight % for all values between 0.005

and 0.209%C. ‘herefore, from equation (6)

2
%C.Kg = }'&’_ . . o (10)

co,
This eguation has been solved for Pco + Pcoz = Pp rop
various values of PT at a temperature of 1550O Centigrade.
The resulting curves are plotted in Figure 10 from which it
is evident that at all pressures less than 10 torr, CO - 002
mixtures in equilibrium with iron will contain negligibly

small percentages of CO,.



1.3.1.2. Thermodynamic_data on carbon and cxveen in iron.

The solubility of pure ¥e0 in high purity iron

depends only on temperature but pure FeO is difficult to
achieve due to contamination from the crucible asnd since
the sclubility of the pure oxide is greater than that of the
impure oxide, a small correction must be applied. Assuming
that the solubilityhis proportional to mole fraction,
Pigure 11 (23) shows corrected dats of Chipman and Fetters
'(24). Also shown is data of Yaylor and Chipman (25) who e
obtained a direct measurement of the solubility of the pure |
oxide using a rotating induction furnace whereby the liguid
oxide rested on top of the molten iron and out of contzact
with the crucible., Both sets of data are representéd by
the line whose equation is
- £320

T

+ 2,734 . o . (21)

log.: [%Ol = |

Gokcen (12) gives the solubility of oxygen in liquid iron

as . : ‘
| log [%0] = 5:;62 s 2,439 .. . (12)

Equations (11) and (12) agree closely at 1600° Centigrade
as shown in Table I.
Floridis and Chipmen (26) investigated the thermo-

dynamics of oxygen in liquid iron making use of the

Hp -[Cﬂ- Hy0 - ¥e system. Similar work was andertaken by
Gokcen (12) and Dastur and Chipman (27). The eguilibriun

can be expressed as

0] —= = [0 (13)
H + 0 —= HsO(s\ X .})_...Zm_.m ¢ s v
2(g) L#0] 2”(g) 13 by - o

and the equations (12,26,27) have becn summarised by

Bodsworth (7), the best valves being expressed by (26)



LG, = - 52,200 + 14,637 cal/mole

log Ky = 70950 . 3,20
. .

giving Kjz = 4,68 @ 1550°C. and Ky3 = 3.65 @ 1600°C.
From thig data the heat and Tree energy change
accompanying the solution of gasesous oxygen in liguid iron
may be obtained as follows:-
od — _=n7 s Z, \
Hy(g) * [%0] == H,0(,) AaPz =-32,200 + 14,637 . . . (13)
- 1

O
- ——T.0 Azl =-60,200 + 13,94T . . . (14)
Bg) * 5%e) = 2%(g) d

Combining equations (13) and (1L) gives

L, == [#] = Aef = -28,000 - 0.697 . . . (15)
5> 2(g) |

The activity coefficient of oxygen was found (26) to
decrease slightly with increasing concentration according to

log;fo = = 0,20 {:%01 . . . (16)

Figure 12 (7) shows the effect of other solutes on the
activity coefficient of oxygen in iron at 1600° Gentigrade.

The solubility of carbon in liguid iron is shown by
the irpn—carbon phase diagram where the Pelationshi§ With
temperature is linear in the range from the eutectic at
1153° Centigrade upwards to about 1900° Gentigrade. 'The
solubility is given by

v -3 ' |
locl = 2130 + 2.5 x 10 & (%) ... (17)

The variation, with temperature, of the activity of
carbon in liquid iron has been determined for all .
concentrations up to saturation (l},lg) and the combined
data of' these investigations are represented by the
equétion (14).

' -, . \2
10gfc = -)i;-iq[ l + ,.l- X 10 (T - -]-770)] (1 - x'Fe) . ..(18)



The variation of activity with concentration is given in
Figure 13 which shows that the activity varies marks dly

By

Trom Henry's law when the concentration of carbon exceesds
0.2%/0. At 1540° Gentigrade the data can be represanted .
(28)

log fe = 0.20 [cl - o0.008 [c] ® ... (19)
The activity changes only slowly as the temperatuare is
raised and for concentrations up to 2"/0 C eguation (19)
repregents the experimental data with sufficient accuaracy
over the temperature range of intercst in steelmaking.
Within the composition range in which the activities
conform to Henry's law the activity coeflicient of carbon
is given by

1ogfc = +O.20[.§"$C] e o . (20)
The ef'fect of carbon on the activity coefficient of oxygen
has been evaluated by the following procedure (&).
oo

b4
At any chosen temperature a plot of log K& = log

Le] | 0]
versias %C intercepts the zero %C axis at ths value of log X

.

,fof that temrperature, The slope of this plot is equal to
log KZ: - log KL; 1os*fo + log ]Cc‘and for pure e - C ~ O
melts is - 0,22 [?C at 1600° Centigrade. Expanding the
activity coefficients for oxygen and carbon and substitating
this value gi v~s the relation

logf + log fg + logfc + logj[g = ~-0.22 L%C] . . .(21)
For all bat very low carbon contents the values of logdfd
and 1ogj- are very small and can be neglected and when the
value for 1ov is substituted fﬁom eoaatlon (19) we obtain

logf = - o.p2 [sc] - o.008 [w]® .. . (22)

In Figare 14 (7) the variation of this coefficient with carbon

concentration (line I) is compared with other published

10



VaLlUuesS \U=L1ldl, 1O, =4, DJV/). Altnougn l1ine Y{ (1l0) alirers
from all the other eguations the anélytical technigues are
probably the most accurate. In additibn to this,chromium
was added to the melts to increase the oxygen solubilities
and improve the accaracy of' the oxygen analyses, However,
it must Dbe remembered that the wvalue aff g is then
dependent on the accuracy of the interaction coeifficient
-for chromium with oxygen which is used to convert the data
to the pure iron-carbon-oxygen system.

At one time the ef'fect of carbon on the activity
.coefficient of oxygen ﬁas attributed to a sméll solubility
of carbon monoxide in liguid iron (19, 31) which was thought
to increase with carbon content. It is now recognised,
however, that the effect is probably due to an interactibn
beiween the carbon and oxygen atoms (32, 33)‘which lowers
the activity coefficients of both carhon and oxygen.
Génerally the coﬁcentration of carbon is very much greater
than that of oxygen and the effect of oxygen on the activity
of carbon is significant only at very low concentfatiohs ot

carbon. Interaction effects of other solutes with carbon

in liquid iron are shown in Figare 15,

11



and crucible,

In additidn to the reaction between atmosphere and
melt, there also exists in all melting processes in which
oxide cracibles are used, a reaction between melt snd
crucivble, This results in 2 constant supply of oxygen
from the cracible daring deoxidation of the melt by carbon
or hydrogen and in a limitation of the oxygen level that
depends on the chemical stability of the crucidle material
which cannot be improved upon.

itetal/oxide recactions can occur according to the

following generalisatiouns

oy == i) + [O} .« o o (23)
uod +  lel==na -+ {co} . . . (24)

L4

2 CHOY + [clﬁ{no} s L) o+ {ooy . .. (25)
el o+ [LOI'\ﬂ {mo‘_) . o . (26)

Reaction (23) would normazlly be followed by reaction of
the oxygen with carbon at the gas/metal interface.
Equation (24) is the direct reaction between carbon and the
oxide and occars only at a three phase interface such as
the surface of a melt or at a site where carbon monoxide
bubbles are growing. Reactions (25) and (26) involve the
formation of a gaseous sub-oxide phase and (25) like (24)
can only occur at a three phase boundary

Dissociation of aluminsa.

Bodsworth (7) has compared work done on deoxidation’
by sluminiam. The same egaations can be modified to
present the case for dissociation of the oxide.

IFor the dissociation reactiocn

12



(ALgB) == 2] A1} + 310
Ky = aAl] [ ]3

( Ph1p05 7

This equilibrium constant can be calculated from the

(27)

following data by combining
3{523 v (ng0sy = 2[m] =+ 3{1{20} (34) . . . (28)
Aeg = +196,000 - U7.w T cal mol™t
with {Hzo} {-‘2 + Lol (12)(26)(27) . . . (13)
AGys = + 32,200 - 14,63 (26) |
So for eguation (27) Z&Gg7'1 = 29?,600 - 91.33%"

‘and logio K27'1 = = 63,960 + 19.96
T

Figure 16 compares equation (27.1) with other determinations
(23)(35,7)(34) and whilst there is some scatter (27.3) and
(27.4) give the best agreement. These last two are revisions
of (27.2) but with more recent activity data for aluminium
in iron and hence are considered to be the most reliable.
‘fhe data by Gogken and Chipman (34) has, therefore, been

chosen to represent equation (27)
)

AGS?.LL = + 290,500 -~ 93,7T cal mol-l
Log Kyo ) = = 63,500  + 20.48
T
o} . - -1
At 1600~ Centigrade Bog )y = 3,786 x 10

The apparent equilibriam constant
i L3 .
K;'7 = [waz]? [z0] -
{aps 0. |
A3.203

has been determined by a number of investigators (36~39)
for equilibrium with pure alumina and their values are also
shown in kigure 16. It cen be seen that as well as the wide

scatter between these values they are all far removed from

13



Lie cdlculaned values. 1hls lalter dirterence may be due
to
(i) strong negative deviation from ideslity of
aluminium in iron.
(ii) interaction between 2luminium and oxygen.
(iii)  sampling difficulties.
(iv) persistance of small alumina particles.
(v) inacecuracy of analysis at low levels of
aluminium and oxygen.
(vi) the formation of iron-slumina spinel at

low aluminium levels resulting in a
lowering of a'A3.203.

For the reaction between alumina and carbon according
to (24) the data from eguations '27.4 (34) anda L4 (12,1L)
can be combined to give

5[] + (aL,05) == 2[az] + 3{00}, . . . (29)

AG89 = 278,370 - 123.97
log Kpg = = 61,067 + 27.095
‘ T

- - -6
At 1600° Centigrade Kpg = 3.098 x 10

A comparison of equations (27.4) and (29) shows the
decreased stebility of alumina at a three phase boundary
where carbon monoxide can be continuously formed and pumped
away. Reaction (27) would hardly be expected to occur under
normal vacuum degassing conditions where the cuarrent lowgst
attainable oxygen levels are about 10 ppm. Reaction (29)
is more likely as the activity of carbon increases and the
chances of bubble formztion improve.

Reaction by vapour formation can also occur according

to (LO)

1L



2,2,

~lt'e

Se) T MeOs(eye— o) T By e e BV
At 1600° Gentigrade Kz, = 3.2 x 10"9

;Fe(l) + mgoﬂs);—:;ﬁ‘eo(l) * A0y » ¢ o (31)
At 1600° Gentigrade Kz = U x 2070

2Fe(l) + A1203(S) ::3:23‘80(1) + ‘AJ'ZO(g) . . . (32)
At 1600° @entigrade Kz, = L x 104

These values correspond to very low partial pressures
of the vapour species and the reactions would not be
expected to take place st industrial vacua.

Dissociation of gilica.,

The equilibrium constant for the reaction

(810, Y == [si] + 2(o] ... (33)
"can be found from .
{810, == si, 0 . o . (33(a))

for which Ramstad end Richardson (41) have given

X _ 5 0 _ o P . X ~1
A(xﬁ(a) = 222,800 L7.62 cal mol

The free cnergy of solution of oxygen gas in liguid

iron according to (26,12,42)

;
_ n— 0 ‘ e o e 1
502(g)‘<r— [ ] , (15)

has been estimated as 0@y = - 28,000 -~ 0.69 T (26)

and the free energy for the solution of silicon in iron

has been found to be

811y == [si] . . . (33(p))
AGS, Ly = - 28,500 ~ 1,05 T cal/nol (7)

from data for the reaction betwesen silicon and oxygen in
iron under a eilica-saturated slag (43-U45) and the heat of
solution of cilicon in ligaid iron (38).

Hence %the free energy change for reaction (33) is



Tound by combining the valiaes for (33(a)) (15) and (33(b))

to give
AG%; = - 53,007 ‘ :
3 - 30,21
log X35 5 = log [[181] QL_J 20,289 4 11,58
(25007 T

By a similar combination of frse energy data the equilibrian
constant has been evalusted by Gokcen (12) as
Atﬂu>2 = 129,440 - B8, 4T cal/mol;

4
log Koo = = 26,300 . 10,59
33,2 T

and by Chipman and Gokcen (1t3) as

AGBJO = 153,3L§-0 - 50.37T Cal/mO]-;
= =29,150 4+ 331,01
log K33’3 T.~_

-~

The constant has also been evaluated by Chipman and
Pillay (44t) by measarement of H2/H20 ratios in equilibriuon
with silica 2nd silicon dissolved in liquid iron to give

ZXGEB y = 135,940 - 51,431 cal/mol;

- 29.7
log 1\35'); 29,70 + 11.20
T .
-5
At 1600° Centigrade Xs3,), = 2.5 x 10

The data agree reasonably well but. since (33.lt) has been
obtained by a more diresct method, it is thought to be the
most accurate. |

For pare iron-silicon-oxygen alloys it is found
experimentally that the change injjsi with the silicon and
oxygen contents is almost exactly balanced by the correéponding

change in % for silicon concentrations up to 2.0%/o, i.e.
AL {8si0,)
: 2 A 1 and K, o K = AR
S:L] [fo] - - 35— 733
f 33 A [/oSl] [. JO]

dhere Aéj is the apparent eguilibrium constant.

Using eguations ~ 33,04 {(4lt) and ‘L~ (12,14) the free energy

16
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carbon and silicon can be evaluated.

<sioy + 2[c] ::{Si] + 2fcol L. ()

o]
Ac-5,+ = 128,520 -~ 71,617 cal/mol;
_ - 28,078
log KB& = .07 + 15.65
O A i - _ Dl[ 3811
At 1600~ Centigrade h3+ = i_ ’__ME___ 5 = 1,56

'< & Si 02 >[/°C

For this reaction Xirkwood, ruwa and Chipman (93):obtained
Xe) 2 , - e s
AGY = 131,400 - 73,40 (K = 5,1) by equilibrating silica

with carbon dissolved in liquid iron.

The gaseous species Si0 is fairly volatile

[s1] + [0l = [si0] . . . (35)
Ac,°5 = 20,900 - .92 T
| N | 5
At 1600° Gentigrade K-5 = Pblo - = 1,9 x 10

\fSlf [ sis1] [ 0] '

At low silicon contents this reaction will be negligable

but at 0.01% oxygen the ecuilibrium silicon concentration
. /

w0

is 0.3% giving PSiO = 0,15 torr, Thus if the pressure
is lowergd beyond this valae, silicon and oxygen will be
continuously removed from the melt and corrosion of the
cracible will occur,

At a three phase boundary and in the presence of carbon

the reaction becomes .
(si0,) + [c] & {co}y + {80} ... (36)
end by combining equations (33), (35) and (4) the .
equilibriam constantAcan be found. |
At 1600° Centigrade Kyo = 5.32 x 101
Reaction (36) would, theref'ore, seem more likely to
occur than reaction (33) but kinetics will be more favourable

for the latter because of the greatly increased area for

17



From the foregoing reactions involving silica it is .
apparent that all four (33-36) are possible under normal
vacuum degassing conditions. For instsnce by reaction (33)
at 10 ppm oxygen and for vuare silica the silicon content
would have to incresase to 25% before equilibrium couald be
attained. Similarly rsactions (35) and (36) are likely to
occur egpecially at the surface of the melt where there is
contact with the crucible and with high carbon contents.
However, since the limited data has so far shown a
dependence of the rate upon the square of the crucible
diameter, it is likely that most crucidvle corrosion occars
by reaction (33) followed by (4), i.e. dissociation of the
silica to oxygen and silicon in solation, Tollowed by
reaction of the oxygen with carbon to form carbon monoxide.

2.3, Dissociation of magnesia.

Chipman (23) gives freze energy data for the reaction
<Mg0>'<.-3{}~.-{g} ¥ %_{02} .. (37)

as AG‘%.? =

Magnesium has only a limited solubility in iron and the

174,750 = 149.09 T

stability of its oxide can be found by combining equation
'37" with equation ‘1% (26) for the solution of oxygen
in liquid iron to give

iig0) ={ug}] + [o] ... (38)

9, = 146,750 - 49,78 T .
AG3g Lo, 75 [0 ~32,200 5.90
log Kz = 1log Eﬁg e {<3 = . +10.9

& 138 & - T

“lgo

: ' o )
from which it can be derived that at 1600 ©Centigrade
: -7
K38 = 5,0 x 10

Equations (4) and (36) can be combined to give the reaction

18



2.4,
2.4.1,

haad T TTT T T Tmee=—y ~ -

Gigoy  + [cl =={uy + {co} ... (39)
Aggg = 143,040 - 59,87 T.

log K, = log Pug » Peo = 221289 50005
T am@>b£1'fc 8 '
_l
which at 1600° Centigrade gives Kzg = 2.22 x 107 '

According to equation (38) for an oxygen content of
10 ppm the reaction will only occur if the pressure falls
below about 0.5 torr. i'or higher oxygen levels the
dissociation process becomes increcasingly less likely.
For iron containing lw/o C and assumning equal partial pressures
of magnesium and carbon monoxide at the surf'ace the pressure
needs only to be lowered to about 20 torr for the reaction
to commence., For a 0.,1%0 steel; the critical pressure is
lowered to approximately 7 torr,

Complex oxides.

Double oxide formation with silica.

In practice; silica may be bonded with magnesia as
forsterite (Mg28i0u> and with alumina as mullite
(3Al203.28102)'

Yor forsterite (2MgO.SiO2)

- The free energy change for the formation of forsterite
has been given by Richardson and Jeffes (L6) up to 1430°
Centigrade and as a first approximation the relationship

may also be applied up to 1600° Centigrade.

21gd + 8i0, == MgZSiOu e « o (4O)
_ {ASggg was found to
AG}?LO = -15,120 - 0.0T (L].6) be —O.Ll-‘i- 0.6 cal/’O)

The free energy change for the dissociation of forsterite

to silicon and oxygen in solation in iron can now be found

by combining equations (4O) and (33) resulting in

19



(igy810) 7 <— | b1} + 2L v) + ZMBU . . . \4Ly

AGZl = 151,060 =~ 51.45 @
- 33,030
log K = . 11.25
Ll T
At 1600° Centigrade Ky = 4,07 x 10*/

Pure forsterite, thererore, in contact with liguid
iron containing 10 ppm oxygen would dissociate if the
silicon concentration was below about 0.4%
Schneider and Hesse (47) have measured the magnesium
pressures in the eguilibrium

I4HgO oSl 2lggg) 4 MgZSio# . e . (42)

by an entrainmeht technique and have idenfified the |
forsterite by X-rays. Their results, hbwever, lead to
values for the free energy of formation of forsterite which
are approximately double those recommended by Richardson (u6),
and it is considered that more reliance should be placed on
the values given in equation (L4O) since these are determined
by measuring the heat of solution of Mg(OH)2 and 8i0, in
20% HF which is considered a more accurate technigue.

For mullite (3A1203.28102)

Free energy data is available for the formation of the

aluminosilicates andalusite and '. kyanite (A1,0.510,) but

not for mullite. However, it is known that for pure mullite
the activity of silica is 0.42, (48) although when mullite
and silica are present together in a crucible the activity
of silica in the mullite is less than this at low silica
levels and greater at high silica cohcentrations.

Hence for the reaction

{sio,y =[si] + 20 ... (33)
S 1 G 21 5 1 107
K = = .
33 {8510,7 |
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_wnere the el1lica 1s bonded as mullite

- [s;] (012 = 2.5 x 1072 x 0.42 = 1.05 x 1072 . . .(43)

Mallite, therefore, is relatively unstable and would be
expected to dissociate if the oxygen and silicon levels are

sufficiently low.

Double oxide formation with iron oxide.

Oxygen arising from dissolution of the crucible may, at
low carbon contents, react with the crucible to form a
double oxide.

FeO is soluble in kg0, setting up the equilibrium (40)

Fe + [0] — (Feo)Mgo e o o (Ul)

The formation of #eO can thus act as a sink for oxygen and
if aFeO‘and [%O] are in equilibrium any increase in the
oxygen concentration of the melt by fdrther crucible
decomposition will lead'to a higher activity of iron.oxide

in the crucible.
FeO - AJ.203

Oxygen, arising from dissociation of the crugible can
react with alumina only when its concentration is sufficiently
high to form hercynite (40O) by the reaction

Fe(py +[0] + (A1,05)== (Fe0.A1,05) . o . (U5)

- Bys

The oxygen potential~fo. [%0] at this point is 0.079

L]

= 12,67 (LO)

which corresponds to an oxygen concentration of 0.082%
using logfo = ~0.,20 [_%O] (26).

Such high oxygen concentrations are met with in
steélmaking at very low carbon levels and Wiﬂlfcé =

1 atmospnere, and only under these conditions is the

formation of hercynite at all likely.
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For the reaction

2b§ + O2 + Si02 _ F62

Richardson (46) determines the free energy change as
o = - 3 “ )
AGL;6.1 135,300 + 34,4 T
(298-1478°K)

which, on the assumption that this value is still approx-

510, e o o (46.1)

imately valid at 1600° Centigrade and when combined with
eguation (15) for the free energy of solution of oxygeén in
liquid iron, gives

ore + 2[0] + sio,= Fe,5i0) . . . (46.2)

0 = [
AGjg p, = - 79,300 + 35.78 I
17,340
log KLI-6.2 = -—-ED——— - 70819
At 1600° gentigrade Ky p = 27.29

Richardson and deffes (46) also give free energy data

for the reaction

x Fe + Fe O + SiO? = FeSiO3 e o o (U7)

(e)
AGy7 -
(1873°K)

- 28,000 cals

- was calculated for the formation of liguid i*'eSiO3
from liquid w&stite, liquid iron and liguid silica, from
the activities of silica and wastite corresponding to the
composition EéSiOE. | |
From this data K- = 1,854 at 1600° Centigrade.— '

.The value for Kh? sﬂows that the formation of

FeO - S8i0, phases is likely for comparatively low oxygen

2
levels.
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IT KINETICS.

In the practical application of vacuum processes the
equilibrium between gas phase, crucible and melt, as already
mentioned, often cannot be readily attained. Operation is
usually carried out, therefore, in a regién where the state
of the melt is determined by the speed of reactions taking

place,
l. Kinetic Theory.

Homogeneous Chemical Keaction.

The theory of absolute reaction rates developed by
Eyring (49,50) and discussed in some detail by Darken and

Gurry (51) provides the estimated rate for a chemical

reaction, It is shown by Niwa and Shimoji (52)' that if the

rate for the carbon/oxygen rcaction were controlled by a

homogenecous process the rate of the resction would be

approximately _ '
T i
- daC - BEexP.AH 7__ [c] o] . . . (L8)
at Nh - RT 1600

where [C] ana (0] are ¥/o dissolved in liguid iron

R = gas constant .

T = absolute temperature

N = Avogadro's number

h = Planck's constant
AHT = activation energy

This is derived from the general statement by Darken

(51) - Reaction rate

~4C = ( RT )(G'AHT/RT)(GAST /R>( MlXiZ. . 7(CRlCRé'°)

q.‘t NhAA 6

. . [ [] [ 2 ()49)
patbing T 2 2000°K and AH| %= 28 K cal (53) the estimated

change in the carbon-oxygen product :%%-[C]EO] is found to

be 10’ Y/o per hour.
This result is much too large compared with observed
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1.2,

values of 0,12 - 0.18% C per hour for BoH practice (54).

The same conclasion has been obtained by Darken (51)

reaching a rate of :%%'[C][O] = Lx 106 /o per hour

or tor [0] = <0l /o, 10%% G per hour. This high rate
suggests that the surface is rapidly depléted of the minority
reactant (generally oxygen) and that fhe rate controlling
step in the overall reaction is probably dependant on the
rate of diffusion of the minority species (55).

It ié to be noted that the rate of homogeneous reaction
is not dependent on the bath size as shown in equation (MB);
However, in the case of the heterogeneous reaction, the bath
size gives an inverse ef'fect on the rate, an ef'rect which is

confirmed by practical observations.

Mass Transfer in the Gas Phase.

Due to the low pressures and high temperatures of the
gas/metal interface during vacuum refining gasecus diffusion

coefficients will be very large. Kinetic theory gives

[ 1 . :
b= 3 (AT . . . (50)
where A\ = mean free path
'; = mean molecular speed of a molecule in the
. gas phase.
which for CO gives
%
8 I
P

D = 2x 10 X

: . 2 -1
so that if P = 0.01 atmes. and T = 1500°K, D = 0.1 cm “sec

This value is much greater than either cérbon or oxygen in
liquid.iron (3) which are about 7 - 10 x 10"5 cm Zsec "t
Conwective turbulence will also be ﬁigh.in the gas phase
under conditions where the gas ié being continually removed

and large temperature gradients exist. Consequently it is

unlikely that the rate of the C/0 reaction is limited by

2L,
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Diffusion and Convection in Fluids. (56)

General ‘theory.

Diff'usion in liquids is essentially the same process

as in solids and can be described by Fick's laws

_ dc . '
J = =Dz Fick's first law . . . (51)
‘ 2 v

and dC . p.}°C #ick's second law . . . (52)

at 32 a
where J = fluax of material (usually in moles/sec/sq.cn

C = concentration (molss/cc) '

= length (cm)
D = proportionality constant,,diffusivity or

diffusion coetficient (cm“/sec)

Strictly, the driving force for diffusion is not a
diff'erence in concentration (aC), but a difference in
chemical potential (57-59). Thus, if concentrations, and
not activities are used to‘measure such difterences, it is
implied that D includes an activity coefficient term and i%
can be expected that D will be a function of concentration;-
an expectation confirmed by experiment (51).

In liquids convection is usuaily a more important
transport process than diffusion and since they cannoﬁ
sustain a sheer force, bulk movements of large groups of
molecules become possible, e.g.:- aniformity achieved by
meéhanical stirring, indaction or gas bubbling. ’

When the flow of a fluid is streamline or viscous,
molecular diffusion still accounts for mass transport in
a direction perpendicular to the'flow, but in the direction
of flow there is the additional bulk movement of the Iluid

to aid transport. <the total flux of material in a direction

is then given by

dz_Dg—% £ Ve C ... (53)

where Vy 1s the component of fluid velocity in the X.direction.



in turogient Tlow, an additional mechanism of transport
becomes operative, turbulent or eddy diffusion, which is a
more rapid process than normal molecular diifusion. ‘Jhough
it is difficult to separate the various contributions to
transport they are normally assumed to be additive and the

total flux in the direction is therefore:

J = -J)%% + %C - E %%

where B = coefficient of eddy diffusion,

e o s (54)

The simplest practical case is that of a fiuid/moving
past a solid surfacc, such as the washing of liquid steel
or slag against the refractory of ladles or furnaces, Since
the liguid cannot sustesin a shear , the frictional forces
prevent any movement cf the layer of liquid molecules right
at the boundary. The velocity gradually increasés withﬁ
distance from the boundary until i1 reaches the bulk velocity
(Figure 17). The value of Sv is shown ‘o increase as the
distance-along the flat surface (y) increases and as a
consequence the diffusion rate in the x direction decreases.

Eor the solution of the solid in the ligquid: if
'conditions in the fluid bulk are static then diffusion of
the solute occurs away from the boundary, the concentration
gradient gradually decreasing with time and sloWing down
the rate of solution. #hen the liguid is in streamline
flow, dissolved material is continually swept away parallel
to the surface so that the concentration gradient
perpendicular to the surface (x; direction) is markedly
steepened and the rate of solution is increased., In
turbulent fl&w, eddy diffusion further increases the rate
of solution, since there is this additional mechanism for
movement of solute away from the phase boundary. ‘These latter

two cases represent the conditions applying to an induction
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stirred bath where no pubbles are IOrmed, and a ViOLelluLly
bubbling bath respectively.

Boundary Layer [heory.

For streamline flow, in forced convection, past a

~flat plate, Darken (56) has given the velocity boundary

layer thickness ﬁv as being

wd

Sv = 1.6L ReE .« o (55)

where y = distance in the rlow direction from the
leading edge of the plate

A

. Rg = Reynold's number for -the bulk flow.

A gimilar equétion has also been used to give an
approximate value for the boundary layer on the surface of
CO bubbles (52) |

e o ¢ (56)

by o

A"

I - -

where R~e /9 /T,
L = density of liguid iron
r = radius of bubble.

LI 4 g

Q{ viecosity coefficient

of ligquid iron.
v velocity of bubble and bulk liquid.
Putting in values of y+>1 cm/sec, r=+lem , R <= 10

. 3 y
/’= 7 gm/cc and # = 1072 poise, the thickness of the surface
layer of a ges sphere can be calculated as being 0.03 cm
which is a value ten times that given by Darken (54).

If the plate is soluble in the fluid a concentraticn
gradient will be set up. The concentration or diffusion
boundary layer thioknessxnc, does not necessarily have the

sane vélue as that of the velocity boundary layer.

The calculated thickness is given by the equation

) LR )
e = hbhReTESTS L, (57)
Y
vhere S, = Schmidt number = % with D the diffusion

coerficient of the solute in the fluid.,
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The diffusion boundary layer thicknessbc therefore, depends
on the flow conditions specified by Reynold's number and is
smaller for high velocities and low viscosities; it also
decreasecs with decreasing values of D,

In the case of & flat plate gc increases with distance
from the leading edge. In the case of steel in contact
with réfractory X; will vary from point el point over the
phase boundary, so that some average value has to be
specified.

For mass transfer calculations the actual boundary
layer thickness is not so useful as its effective value.
This is that value which would result in the same flux if
only molegular diffusion were operative. Figure 18 shows
schemaﬁically the concentration changes which occur when
fluid flows past a solid in a streamline manner.

The effective boundary layer thickness S is defined
as

- Ca
| 0 = QTiXETT . . . (58)

be Jo= o

where Cg and Cb are the phase boundary and bulk concentrations

respectively.

The rate of solution can be calculated from equation

(53), but ¥, = O atx = O. Ihus
J = -D lc . . . (59)
- Wl o T

This result also applies to turbulent flow conditions, since
the flow must becéme streamline very close to the boundary
and there is, therefore, no eddy diffusion in this region.

Combining the last two equations we have

g = D0, -¢c) . (60)

}
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1018 1& The most userl'ul expression for mass transport to
and from a fluid-solid boundary.
for the case of the flat plate ) 152/35 and so frcm .
c i :

equation (57)

=

§ = 3.09R~E.s % 6
" 6.05 :.e(l)

=3

y

The dependence of ) onRe and Sc will not be the same for
turbulent flow and generally somewhat larger values for Re
nay be expected.

Using Re = 104,__, . ¥ =10 cm/sec and D = 1 x lo"ucmz/sec

and applying equation (61) ]

gﬁk .002 cm
This value is in accordance with experimental evidence and

- those derived by other techniques (52,60). Riddiford (61} has

shown that%)- has an exponential dependence upon temperature.

: E.g)/@ .
D = p —onid
3 A(I_g,)e"i‘ i ... (62)
where E(D) = MED By for laminar flow
J 6
and E(D = 2ED i EV for turbulent flow
?) >
ED = activation energy for .diffusion of

rate contirolling component in the melt.

activation energy for viscous flow in
molten metal.

Sharma and ara (62) used this theory to-explain the

=
]

temperature dependence of the rate constant in the reduction

of silica in e -~ C melils.
A disadvantage of the theory is the difficulty

associated with the calculation of 5. In most cases of

practical interest it can only be estimated. Xing (55)

points out that 8 is a function of the diri'usion coefficient
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larger values of D and smsller the higher the flow
velccity of convective currents past the boundary.

Surface Renewal Theory. (63)

In thies model the idea of a static boundary layer is
re jected and turbulence is considered to exist to the |
surface. Volumes of the liguid are continuzally being
brought into and out of contact with this surf'ace and
transport occurs by a process of unsteady state diffusion.

A parameter 'S' "the surface renewal factor'" is introdaced
and, in so far as it a function of the convectiwve

turbulence, takes over the role of 3 in thg boundary layer
theory.

If there is no resistance to transfer at the surface
i.e, instantaneous eqguilibriam between surface concentrations
and gas, then the theory oredicts that the rate of mass
transfer from melt to éas is given. by

Rate = Agm. (Ds)1§ (cy - ce) . o o (63)

where Cb is the bulk concentration of the solute in the
liquid and Ce is the equilibrium concentration at the
gas/metal interface and S is the surface renewal factor,
equal to the fractional rate of renewal at the surface.

Danckwerts (63) extended theAtheory to the case where there

is resistance to transfer st the surface and a local

equilibrium does not exist and concluded that the rate of

<

-transfer in this case is given by

Rate = A (G - Ce) e o (64)
1 - 1
Xk (DS)%

where k is a constant,
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1.3.4. Convective slow Hodel.

1050}";‘010

This theory deviates from Danckwert's statistical
approach only in that expressions are determined for S.
But basically they are the same models of surface renewal
rejecting the principle of a static boundary layer, Instead.
a flow layer is envisaged within which flow velocity 1is
invarient with depth and is parallel to the surface.
Carbon and oxygen are introduced to the layer by convection.
Transport to the surface then taskes place by diffusion only.

lMachlin's Rigid flow model (6l1)

lachlin's model is restricted to an inductively stirred
cylindricsl bath. It is assumed thet under these conditions
the rigid flow model (Figure 19) (65) can be applied.

In this model the liquid within the surface layer moves

in streamline flow with no velocity gradient‘perpendicular

to the surface and in a direction radislly outwards t'rom

the centre. Thus an element eppears at the centre, discharges

its contents by diffusion as it flows across the surface and

is then mixed into the bulk at the bouhdary. The "dwell time'
is the time taken by the element to flow from the centre to
the edge of the melt surface. |

On this basis #Machlin derived the equation

2Dv % -
dCb = 2 (G, - C_) 2bv. 1% . (65)
at b s [ 'nrhz]

where v = velocity of surface layer.
r = radius of crucible or surface layer.
h = height of metal bath. )
D = diffusion coeriicient of solute.

which is equivalent to

dn = Cy - C . o o (66

where the mass transfer coefficient
_ [.2bv_\%
p TV 4~
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and Agm = area of gas/metal interface.

1.3.4.2. Free Convection iodel -~ Kresus (60)

This model considers natural convection caused by
mass and heat losses from the gas/metal interfaée. Other-
wise the transfer mechanism is the same as in the ‘rigid
flow model' (Figure 19).

The boundary conditions for solution of the diffusion
equation are as given previously. As the element's'
residence time on the surt'ace increases so does the depth
of the diffusion zone within the element.’

This depth,-is given at any instant by

b, = 2(Dt)Z . o . (67)

where t = A

v

and at any instant the rate of diffusion according to rick's

first law is given by

(C'b - Ce> .o o e (68)

ot

an
at /At T

If the distance travelled on the surface by an element is

¥y, then from (67) and (68) the rate of diffusion frrom an

element of area dA = =zdy, is:-
1
dn\a_ L/ Dy\2 . (Cp - Ce).zdy . . . (69)
at J— 2 ;" E

then the number of particles which are exchénged through
the ares zA in unit time is obtained by integration of the
above eguation from O -,X (A is the distance between
stagnation points on the surface). This gives

g_I}_ — Z}\ _I_)_‘_V_ * (Cb - Ce) e e @ (70)
aw D, \E. (C.~C )
and the rate of evolution from anit area is(_sg) *\Up Ve

for the total area A__, therefore, the rate is

"‘d-I-l‘ = A (C “C) [ 4 L 4 ®
T ng b s’ (71)



where P = K ﬁi)

Assuming that the flow at the suri'ace is Triction free,
Kraus (60) derived an expression for the dwell time of a
liquid element:

tz"é:ﬁﬂ_% e o o (72)
) g;¥?,

where ;} = kinematic viscosity (cmz/s_ec)
and = expansion coefricient (°c™")
CP = specific heat (cal.g.oc)
?/ = heat flow
Evaluation gives &_ = 0.1 sec.
v

Kraus (60) interpreted this as indicating that4K was small -
gpproximately O.1 mm.

Wwith the above value for t = AJ tﬁe mass transfer
\

-

coefficient is given by:-

l@: DZ X___:l; e oo (73)
| | '?/”Cf

and evaluation gives F = 0,025 cm sec ~,

‘For flow with friction at the surfacé Kraus shows that

; 1 .
{3 is reduced by a factor of<2> 5 ‘_’..."-:;- for molten steel

using D = 6.0 x lO"5 cm2/sec (66,67) and‘q‘= 7 x 10"30m2/
séc (68).

Application to induction furnace melts.

Figure 20 (93) shows diagrammatically the flow pattern in
the induction furnace., The magnetic field forces the
liquid metal up in the centre of the furnace, the height‘
of which increases with power input.,' From the dome of ﬁhe
bath thus formed the melt flows down again to the sides.

The distance between the stagnation points ;X in eguation (70)

is determined by the radius 1 of the crucible. The average
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velocity Y at the phase contact areas has been deduced
1"
by Knuppel (93) as follows:-

The pressure on the melt causing the bath dome is.calculated

from .
t A\".
Py = 31.6N/_7i::: . O kg/cm2 e o o (7h4)
5}» N

where /& = relative permeability Q.2
" = specific resistance of melt :L%Q— = cen.207l

-

= frequency (c/s)

"

induced power (R#)
A = cylindriczl surface ares of melt (cmg)

The pressure FS is held in ecquilibrium by the gravitational
pressure {0 h

where f’ = 8S.G of melt , = rise of bath.

VL Py /h 316(% ',L‘ll e .o« (75)
Hence h = 31. ?jrﬂﬂ“ . ¢ - (76)
| rf P

1
"

For liquid iron Knuppel and Oeters (93) obtain

il

h 1.76 cm @ 1600° Gentigrade
h = 2,02 cm ¥ 17000 Zentigrade

i}

The average velocity Vv 1is calculated approximately by

assuming flow along an inclined plane (Figure 21)

where V = -:2L- 2gh

Hence inserting the above values for h

-

V = 29 cm/sec @ 1600° Centigrade

Y 32 cm/sec @ 1700° Centigrade

Experimental determination measuring the speed of removal

i

of a piece of coal to the outer edge gave V = 20 em/sec,
in reasonable agreement with the calculations.
" '
Knuppel and Oeters (93) used equation (71) for

consideration of nitrogen removal under vacuum and obtained

good agreement with their experimental results:-



1.3.5.

A LV Ly 50 Y i Fa LU \CliysecC) |
from equ., (71) | (experimental) i
1600°C. 20.6 | 14.5
i
1700°C.. 23,8 g 17.3

They concluded that in their case streamline psarallel flow
had teken place, but that in accordance with Kraus's
calculations where the rate of flow tends to zero i‘e; at
the surface, the thickness o the boundary layer is given by
§ = 2,9x107° x b £ 13 x 1070 cm

and correspondingly the mass transfer coefricient would be
smaller by a factor of l.l.

Kraus obtained } @ 12 x ]_O"3 in melts on iron melts
in which film formation on floating slsg particles could be
recognised.

Summary and comparison cf mass transfer theories,

The foregoing theories of the kinetics of degassing
from quiescent melts start off with the basic assamption
that the rate controlling step is the transfer of components
from the bulk of the melt to the gas/metal interface. The
mechanism of transport is then analysed end the transport
coefricient svaluated in attempts to deduce the factors
which int'luence the rate.

All four theories yield expressions for fhe rate of the
same form
' g_% = fsﬁ‘gm (Cb-—Ce)
vhere p = constant, _ .
Kinsman (65) has summarised them in Figure (19). The
first two theories are the most genefal; they are applicable

under all hydrodynamic and geometrical conditions. They

‘differ in their concept of the process, but for practical

purposes are much the same, since they both contain an
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convective stirring. |
tlachlin and Kraas obtain P in terms of fundamental

parameters such as kinematic viscosity which can be

directly measared and consequently they are more amenable to

experimental testing than the others.

l.4.ilass transnort by bubbles.

1.h4.1,Nucleation of CO buabbles.

The importance of bubble nuclestion was first realised by
Kgrber and Oelsen (69) who discovered that under certain
conditions an iron melt supersaturated in carbon and |
oxygen could be prevented from forming CO gas. This was
especially true of glazed crucibles.

Using the Volmer - Becker - Dgring theory (7C, 71)

Miwa (52) derives the critical radius 15‘::c which mast be

achieved prior to growth of a stable bubovle as

r,::: = - 2R'J.‘ __.> - % %‘ e e o (77)
N Auco
where = . surfece tension of 1i§aid iron
P = total pressare on bubble

excluding surface tension
i.e. atmosphere + ferrostatic

Au is the f'ree energy change for the reasction

co
[l + [ol &= { co}
and N = Avagadre's numbzp

From thig eguation it is shown that

It .
. S I SR ¥ )
= B = ‘
In (0 )
b/0,
wWwhere Oe is the egailibriam oxygen content
and Ob ig the actaial oxygen content of the melt.

I'me free cnergy change of the critically sized gas babble

is given by
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l l%%’ + BPJ J

the probability of forming the criticsal sige heing

B3 - G*
= e I\OAN . o . (80)
RT
Inserting r = lO“--5 cm
and 6 = 1500 dynes/cm

}' is f'ound to be extremely small.
Similarly Bogdandy (72) gives the nucleation freguency of
gas bubbles as g
=i

J = P . e:Ri nuclei/cmj/sec . o . (81)

e ©

-

where the work of nucleus formation is # =

He gives the radias of the nucleus as

x 2 gl
r = e . . (82)
fIﬁP{n EE
CS

wvhere the supersataration under steel making ‘conditions

is defined by

beo . [50]l0]

2 5 £ v 10~
CS F co 2.5 x 10

n

Equation (81) applies originally to the formation of vapour
bubbles under feduced pressure, According to Bogdandy (72)
it can be used as an estimate for the nucleation of bubbles
in supersaturated melts, although fhe frequency factor ¥
cannot be determined with accuracy (73,74,75).

Figure 22 (72) shows that the frequency of nuclei
formation is extremely low and the calculation (73,75) shows
that the formation of CO nuclei within the melt is practically
impossible, Henée a CO boil must re;y on heterogeneous
naclestion and it is, therefore, necessary for the vessel wall

to contain many crevices in which gas may be trapped. urowth
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That this conclasion is valid is demonstrated by the
exneriments of Kgrber and Oelsen (69)and by the investigations
of Brower and Larsen (76). The fact that the CO boil is
generally controliable is evidence that nucleation of
babhles is net rate determining, However, it is worthy of
note that recent attempts to achieve vacuum-killed low
carbon steel (77) and lcw carbon stainless steel has
resulted in a lack of the C/0 reaction when the starting
carbon content is less than about 0.04%. Initiafion of the
reaction has been achieved by small additions of carbon or

metal seeds (78).

.

1.4,2, Growth and motion of gas bubbles.
It ié only in recent years thalt it has been eétablished
(79) that the bubbles observed in steclmaking processes,
which are usually greater than 1 cm in diameter have the
spherical-cap shape shown in Figure 23. Niwa (52) shows
that the Stokes-Navier equation is inadequate to deécribe
bubble movement.
| The frictional force on a sphere having a radius r and
velocity V is
FRS = 6ﬂ31rv according to Stokes law . . . (83)
Balancing this against
2 E)pr® ...
Substituting /9 = 1, 1 = 2 x 1072 poise the velocity
comes to 700 m/sec, an exceptionally fast rate Jeading vo
a Reynold's number Re of ;H)5. Hence this equation cannot

possibly describe the conditions appertaining in practice.

Using Newton's eguations
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the velocity V = <’% rg) e o o (86)
which is in agreement with Haberman and iiorton {(80).

Work of Davies and Taylor (81) on spherical cap bubbles

gives
2
V = "3- gRC s ¢ o (87)
where RC = radius of curvgtire of sphericeal cap.

which in terms of an equivalent spherical radius is similar
to equation (&6).

Figare 24 shows the good agreement obtained by Bradshaw
(82) in experiments with a variety of media.

It is, tanerefore, apparent from this work that the rate
of rise is unaitected by the properties of the fluid such as
the densitj of the liquid and the surface tension at the gas/
liquid interface. it is dependent only on the size of the
bubble except for liquids with viscoslities greater than
about 100 cp., where there is a decrease in rate of about
10-15% due to a slight change in bubble shape.

Studying the transier of 002 between water and gas
bubbles Baird snd Davidson (63) give the following equation
for the mass transfer coefficient (cm/sec) from consideration

of laminar flow about the spherical cap.

N
LN

F = 00975 de_z‘::' D= g o o o (88)

i

radius of a sphericsl dbubble of
equivalent volune. ’ )

wher i
ere de

The small inverse relationship between ﬁ and de shown
in the above eguation is not supported by Richardson (79)
who suggests that ﬁ is virtually independent of bubble size
although bubdle shape, being altered by viscosity has a

small int'luence on . JYor spherical cap bubbles it appears
.L ~
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2.1,

than across the cap and is about 20% of the total.

2. Comparison of Theory with Bxperimentsl Results.

Kinetics of the C-0 reaction.

It has been shown that at the low pressures encountered
in vacuum degascing, it is unlikely that transport in the
gas rhase determines the rate. It is possible that either
heterogeneous chemical reaction or mass transport in the
liquid is the rate-controlling step. The experimental
evidence indicates that in the quiescent stage of' the C/0
reaction the rate of evolution of carbon monoxide is

dn

dt s

PAgm (Cb - C) C

Because the rate controlling step is proportionél to

he surface areca and because of the argument outlined in
Secfion l.1l., homogeneous chemical reaction can be ruled
out as rate determining.

A summary of experimentally deternined values for the
mass transfer coefiicient is given in Table 2,

The boundary layer theory gives P = % from which
Larsen (&9) estimatés 6 as 0,0022 em. On the other hand
the basic hydrodynamic theory under 1,.3.1. gives lé= 0.03 cm
(52) for the surface layer of bubbles which is in rough
agreement with the work of Schvartsman (87). Darken (56)
agrecs with Larsen (£9) and zlso gives 0.003 ¢&m.,

el

Using this value and the diffusion coeficient of

<

oxygen Do = 7.8 x 10-5 én° "1(7), Kinsman (65) gives
F = % = 0.026 il SGC—l.

1" :
Knupoel and Oeters (93) use the kraus model to study the
mass transfer mechanisms of 1Jarogen and nitrogen from their

calculations c&‘F for nitrogen removal and asing
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four limiting cases, since it is shown that the suriace
concentrations of carbon and oxygen change with those of
the bulk of the melt, Knappel determines the effective
nass transfer coefi'icient as .0L7 cm/sec for oxygen contents
of between 0.010 — 0.020 (C% .06 ~ .1L%). With increasing
oxygen and decreasing cannaF reaches the value 0.01L
em/sec at .053% 0 (.031% C). The fact that'l@_ becomes
smaller with decreasing carbon (down to stochiometric C/0
ratio) indicates that éc/f’o # 1. Xnlppel (93) determines
this value as 0.1L.

liachlin's (6L) rigid flow model is applicable to

induction stirred melts znd gives

1
B= of 2LV
: r 1T
' ) 2
(vhere the surface asrea isrelated to r by Agm = T r°).
Unfortunately it is not possible to compare theory
with experiment owing to the uncertainty of' the wvalue for

the velocity v . iachlin assumes 10 cm sec—l, but a better

1

value of 20-30 cm/sec —, by a comparison of theory with

1t :
experiment, (Section 1.3.4.2.) is given by Knuppel and -
Oeters (93).
Taking the value for the diffusion coefficient of

oxygen as 1 X 10—1‘L cmz/sec"l this gives p as
. of 1xi07t x20)%
SN N

L1
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The theory developed by Xraus (60) gives p 2s a

function ©of fundamental constants, i.e.

b - ot &Mur

giving P = .025 cm sec

where X 2.0 x 107k deg C
at 1600°C '
. 2
e 7 x 1077 cm~/sec.
L= 7.0 g/cc.

Cp = 0.2 cal.g.deg.C.

giving good agreement with experimental results.

H

The transfér coefficients determined by Parlee (85)
are considerably smaller than the theoretically derived
values of the boundary layer and Kraus models and the other
experimentally determined vaihes shown in Table 2. Kinsman
(65) states that a possible explanation for this is that
the conditions for'Parlee‘s experiments were not friction
free, contamination possibly having occurred from a thin
surface layer of alumina. Hence the derivation of .Xraus
for friction at the surface, the normal value of apsrox-
imately 0.04 cm sec"l would be expected to he reduced by a
factor of % i.e. 0,008, 'his is now in line with the
results quoted by Parlee of 0.0015 - 0.0126 cm sec™t.
Similarly Kraus (60) found that when a visible oxide film
had formed.p was only 0,005 cm sec™L,

No data is available for the frequency of bubble
nucleation as a fuaction of pfessure and concentration and

hence the rate of degassing during the boil cannot yet be

theoretically investigated. However, Kraus (60) did succeed

L2



in deriving an approximete exoression for the rate in the
presence of' excess bubble nuclel i.e. when boiling is so
vigorous that the melt effectively becomes a foam.

The gas flow which leaves the liguid passing through

a cross~sectional area A is, therefore:

N =  dra A/
it —%%- e o o (89) ’
where v = velocity of rising bubbles.
jo) = ©pressure in bubbles
%r = ratio of gas volume
lig.vol.+ gas volunme.

this approximates to

%% = 2 (DECe/Cb)if Y Acy, . . . (90)
and b= 2 (0e/C) ... (o)

¥or CO formation in steel melts of between 0.05 - 0.5% C
and for 9~ = %
yﬁ | ﬁ = 0.1 - 0.3 cm/sec.

which represents a rate 10 x that in the absence of bubbles.

This large degassing rate has been found experimentally
only in large industrial installations and the data given in
the literature is scanty. However, the values given in
Teble 3 give good agreement with the determination of Kraus.
This evidence on toaming melts is contrary to the calculation
of Richardson (79) who used equation (88) for the removal of
CO as bubbles in the oven hearth process. He obtained a

value of 0.04 cm/sec"l (Table 2), a value very close to that
. >

e

for normal diffusion-controlled calculations.
 From the foregoing, it seems almost certain that

transport in the melt is the rate determining step for

quiescent melts. Richardson suggests that there is also

good reason to believe that the growth of CO bubbles is also

L3



~controlled by the same mechanism. (Surface sctivation is

thought to play little part since the surface of the bubble
is renewed at a rapid rate, unlike the gas/metal boundary in
a static melt.) The experiments or Sharma and wWard (62) on
the reduction of eilica by an iron-carbon melt provide
additional confirmation of this. The predicted temperature
dependence derived from the model based on slow diffusion of
oxygen in the melt, agreed closely with the experimental
results.

In view of these thoughts the conclusions of Kraus on
foaming melts need further explanation.

Kinetics of melt-crucivle reactions.

Kinetics of silica reduction,

Turkdogan et al (94) studied the rate of reduction of

-

gilica from silicate slags by graphite-saturated iron in

~the presence of carbon monoxide and at 1600° Centigrade.

In order to minimise changes in slag composition during the

experiment the bulk ratio of slag to metal was maintained

.at a high level of about 33 to 1, i.e. 200g slag to bg metal.

The rate carves shown in Figure 25 were found to be linear
with time for the first 5 to 10 hours of reaction time after
which there was a gradual decrease in the slopes of the curves.
Because of this Turkdogan suggested thaﬁ the rate-determining
process in the breskdown of silica was due to an ihterfacial
chemical reaction rather than mass transport of the reacting

species in either of the bulk phases.

For the adsorption of silicate ions at the slag-metal

interface, _ .

510, + [ = EJSiOQ
slag

where [] and [jSiOZ are vacant and occupied sites at the

Ll



Turkdogan derived the rate equation

41 = UHE,§~ x k4.K,.88100 s v I ... (92)
_ _ i + Ka.asi0,

where I

integration constant determined from
the initisl silicon content of metal.

o
n

depth of cylindrical melt.

ki = rate of forward reaction.
Ky = equilibrium constant for adsorption
o reaction.

i'he fate of the reverse reaction, kz, is assuamed to
be negligible at this stage.

the rate constant R, for a given temp. and silica
activity is given by;

R ’ - ki' Ka° aSi 02

,Nigi/sq.cm. /b, e « » (93)
1+ K5.88100 ~

which, on rearrangement, gives the foldowing expression;

R__ = k
35:0,

which should result in a straight line with a negative

¢ Ko - KR e o . (94)

slope for a plot of R against R, Figure 26 shows the

ag;j Oo
plot of Turkdogan's results and because of the agreement
he concludes that'the toregoing rate theory is applicable
to the reduction of silica from a silicate melt by graphite-
saturated Fe-Si aslloys. ¥or prolonged reduction times
(10 hours) where the rate of reaction decreases with time,
Turkdogan found continued agreement with this theory providing
the reverse réte of the reaction was taken into account.

In the absence of CO bubbles at‘the slag/metal inter-

face the rate of reduction was found to be reduced and the

results suggested that under these conditions the rate

controlling process was the diffusion of oxygen to the

15



graphite walls of the crucible near the slzg-metal-graphite
3-phase bouandary. The interdiffusivity of silicon in
graphite-saturated iron was also obtained from this work
and found to be (5.4 £ 0.4) x 1072 sq.cﬁ/sec, in agreement
with other data (95).

Grimble and Ward (96) have exemined the possibility
that the reduction of silicon from silica-saturated slags
by carbon-saturated iron in graphite crucibles may occur by
both chemical and electrochemical means. In the dissociation

of silica the simultaneous reactions

U+ —_— .
(8i™") + Le =—= |si
| L) . . . (95)

and 2(02") - bhe === 2[0]

will probably occur at adjacent sites so that.electrons will
be trensferred directly between them and the overall reaction
will be chemical ratiner than electrochemical in nature.
The three-phase reaction between silica and carbon

(810,) + 2¢ = [si] = 2{coy ... (96)
can also occur by an electrochemical mechanism consisting of
'sébarated anodic and cathodic reactions. In a graphite

crucible these are the anodic reactions,

2 ¢y + 2 (0%7) - le == Z{Mﬁ e« o (97)
occurring at the slag/graphite interface and a cathodic
reaction '

(s1%) ¢ e == [s1] ... (98)
at the slag-metal ianterface,

Ward (96) conducted experiments.using electrochemical
cells with separated anodic and cathodic areas and showed
that the electrochemical reduction of silica by carbon does

occur, Although the fractional contribution by electro-

chemistry to the overall reduction of silica in graphite

L6
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of the rate of silica reducticn in simple graphite cells
with that of sleeved crucibles shown in Figare 27, sirongly
suggests that the oéntributions cf eiectrochemistry and
chemistry are of similar magnitude., In view of this work
it would seem that the electrochemical reduction of silica
plays an important part when graphite crucibles are used.
This applies to the work of Turkdogsn et al (94) and
suggests that his data should not be used when considering
simply the chemical dissoclation oif' silica which occurs
with refractory crucibles.

Sharma snd Ward (97) have investigated the kinetics of
the chemical process operating in the absence of any electro-
chemical reaction. They suggest that the reduction of silica
by carbon is unlikely to occur as a single stage process
since this would involve a three-phase reaction which could
only occur along a line. Instead the overall reaction must
consist of a numbér of steps and the following partial

reactions are proposed;

(1) dissociation of silica at the oxide-metal

interface, (8102> ;[SJ] + 2 [O] . e . (33)
(ii) diffusion of (a) oxygen and (b) silicon
thrcugh the boundary layer at the silica-metal
interface. |
(iii) transport of oxygen, silicon and carbon in .
fhe bulk metal. |
(iv) diffusion of (a) oxygen‘and (b) carbon through
the boundary layer at the metal-gas interface.
(v) | reaction of carbon and oxygen at the metal-ges

interface to form carbon monoxide,

L7
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dard suggests that the chemical reaction rates (i)
and (v) are not controlling since the rate curves he
obtained in his experiments were not linear. Of the
remaining mass traznsport steps, (iii) was considered to be
rspid in &n induction~stirred system and (ii)b and (iv)b
were thought to be rapid bpecause of high concentrations of
carbon and silicon in the melt. The diffusion of oxygen in
the metal boundary layers were thus concluded to be the rate-
determining steps. <The chemical reaction steps (i) and (v)
were considered to be sufficiently repid to maintain the
equilibrium oxygen leven in the metzl at the oxide-metal and
metal-gas interfaces, and the oxygen gradients in the system
were represented schematically as in Figure 28.

A model was accordingly derived by_ﬂard using the
boundary layer theory, making the assumptions that
gR = gg’ ﬁhe concentration of oxygen in the suvrface layers |
of the metal were zero and that the product of the activity‘*'
coefficients for oxygen and silicon. were equal to unity

Sjo X 1gi = 1). The final rate equation took the form;

1 -t
S - B T 2xGex) | 1] T L L (99)
where X = fraction of metal surtface in contact with
silica. ,
and 1l -Xx = fraction of metal surface in contact with gas.

Reasonable agreement was found between theoretical and
experimental determinations of the final silicon content.’
The experiments were carried out at itemperatures between

1370 and 1600° Centigrade which allowed calculation of the

rate constant
1

d [%S_i] 2o V ] %Sl 2
Tat Mgy K [ ] . . . (100)

k =

L8
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reaction was determined,

Figuares 29 and 30 show plots of log k against T,

Table L shows the good agreementi obtained between the
theoretical and eXperimental valuaes Tor the activatbion
energy in the high temperature range (1425 « 1600° C) which
suggests.that under the conditions used by Ward the model
of rate control due to the slow rate of oxygen diffusion in
the metal may well be correct. A line drawn through the
low temperature points (£ 1425°C) for the unsataurated melts
sﬁown in Figure 30 gives an apparent activation energy of
120 x cal/g.molg a value which is too high to be explained
by the diffusion model and ward suggests chemical rate
control associated with the breaking or Si ~ O bonds (98)
in solid silica. The carved form of figure 30 could,
therefore, represent a transition rrom predominantly
chemical control at low temperatures to pfedominantly
diffusion rate controi at high temperaiurecs.

Graham and Argent (99) have studied the crucible
reactions in the vaciam melting of a v.2/0 steel asing
aluminosilicate crucibles containing 95 ~ L2% alumina.

Using arguments similar to those used by Sharma and ward (97),
Argent mskes the basic assumption that the rate-determining
step is the transporti of silicon and oxygen across the
boundary layer of the crucible-metel interface. iHachlin's
rigid flow model (64) was used to calculate the rate of )
reaction with the lining, on the assumption that the crucible
wall could be represented by areas of alumina and silica
proportional to their volume fractions in the rerfractory

and thst alumina could be considered inert by comparison

with gilica. igare 31 shows that the carbon loss and silicon
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reaction; _ '
~ | r_,
<0102> + 2 [(,];: 2{()0} + (_sil e e o (34)

The final oxygen levels achieved were sbout 0,001 w/o
irrespective of crucible composition.

Ihe initial rates of silicon pickup for melts in 95,60
and 42% slunina crucibles were predicited to be 0.035%/hour
O.lZ%/hour.and 0.19'%/bour'which are in excellent agreement
with the observed rates ol 0.0a%/hour, 0.12%/hour and 0.20%/
hour, The total pickup over &5 minates was calcalated to be
0.0L, 0.14 and 0,22% as compared with the experimental values
of 0,05, 0,10 and 0.1l63%; whereas Tinal oxygen contents were
estimated to be 0.002, 0.0065 and C.u07% and are thus much
higher than the experimental value of' 0.001j%. Greham and
Argent concluded that the agreement hetween predicted and
obgserved silicon contents was good and that the discrepancies
between the theoretical and observed oxygen and silicon
contents might be explained by the fact that no account was
taken of either the leaching-out of the silica-rich compénent
off the refractery or the surface activity of oxygen in ircon
melts., This aspect of ref-aofbry-metal interi’sce resctions
is dealt with in the present work (see Section 3.2).

Tiberg (88) has investigated the dissolution of oxidee
in carbon steel melts under vacuum. iaterial studied

included silica, aluminosilicates, alumina, magnesia and
lime at an initial carbon content of O.&% and at pressures

between 1 -~ 600 torr. <the rate of solution was determined
by measaring the reduaction in diameter of the bars after a
given time of immersion in the m 1t, but althoagh this

technique is useful for compering the performance of the
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to allow a guantitative assessment to be made.

Kinstics of alunina reduaction.

The rate of deoxidstion from melts in slumins cracivles
(99.75% Al205) under guiescent conditions, was stadied oy
Parlee, Seagle and Schuhmann (85) who stiadied the evolution
and adsorption of carbon monoxide at pressares between 650
snd 1000 torr. Tthe experimental procedure involved egull-
ibrating a melt with a known pressure of carbon monoxids and
then rapidly altering the pressure to the required value for
for degassing. Lthe pressure was kept constanit at this value
by altering the voluwie of the system and a record of volume
acainst time was made. Their results are sumnariszsd in
Figare 32 (65). In low carbon runs the rate initially
varied and then became constant (processing time LU-50 nins)
and sometimes equal to zero. High‘carbon runsg, however,
gave a constant rate throughoat. The straight line
portions of the voluame against time graphs were interpreted
as being the steady state rate when the oxygen concentrations
were such that the rate of oxygen supply had Descoime equal
to the rate of deoxidation. In some graphs the final slope
was necgative indicating a reversal of the crucible reaction
and a precipitation of alumina. In the case of the high
carbon runs, corrosion of the crucible was found to be very
severe and the high rate of gas evolution was considered io
be due entirely to reaction with the crucible. A decreaée
of pressure resulted in an incrnased rate of carbon monoxide
evolation., They interpreted their results on the basis of
transport in the melt being rate controlling and asing the.

boandary layer theory they derived the expression;
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where y = V - rt
v = volumne of system

P = Do
bo
and by = steady state rate of evolution of CO

The parameter y may be regarded as the value of V in the
absence of a crucible recction (B = final volume and
¥ = volume &t any time t)« The experimental data was found
to follow an eguation of the form of (101) and the comstant
@ vas Tound to range from 1.5 x 10"3 to 12.6 x l(')'~ cm/sec
depending on the caroon contenf. As shown in Figure 33, &

large incresse in P occars with carbon contents of less than

0.2 /0

'he thickness of the stagnant boundary layer ig not

necessarily the same as the eifective thickness of the
concentration gradient zone and kachlin (6L) attempted to
avoid this concept in his rigid flow model. Iile considered
that the sarface layer moves in streamline Ilow with 1o
velocity gradient pervendicular to the surlace., iass
transfer occars by difTasion during the movement of the

sarf'ace from the centre to the oubside of the bhath, He

pel

derived the general rate eguation;

L 20y 2
(’ _ - r
Ch o= 2 (O - Cy) Treh? oo e (65)

at
which can be used to consider the deoxidation at the meltb-
gas interface, .
¥or the melt-crucible intzrrace, a given element of”
metal comeg into contact with a length (h + g ) in a single

sweep and so ecuation (&5) becomes;
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4 similer modification can be mede Tor a double loop mixing

I

pattern where the mixing lengths are 5 5 and 5
ilachlin apnlied this model to the case of i Q for

iron-carbon melts in alumina crucibles, ascuning that
eguilibriun is maintained at the two surfaces, and cbtained
reasonable asgreement with the experimental work of iischer
and Hoffman (100) as shown in Table 5.
In a similar way, kachlin attempted to apply his model
to the work of Pzrlee et al (85) and, although several
large assumptions were made, he obtained fair agrecment with
the experimental data. .
Birks and Booth (1U1) have studied the mechanism of
the reduction of oxide inclusions by carbon in liguid iron
during vacuuam fusion analysis. The rate of reaction was

measured by the volume of czarbon monoxide eveclved during

* the quiescent stage and the two were shown to be related by

4

v t .\’ ' . 4
where V =  volune of CO evolved at any time t

Vo = total amount of CO evolved daring the
reaction time t7. assuaning that all the
particles are ecgually sized spheres.
Figure 3l shows a plot of log (1 - %+) against log
(1 - %+) and compares experimental data on casts killed with
aluminium and silicon + manganese with a straight line
through the origin of slope three, according to equation (103).
The good agreement between theory and experiment is thought

to confirm that the dissolation of alumina is the rate

controlling process, although the final stages proceecd more
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end is thought to be due to errors in determining the true
end-point of the reaction plus the fact that, in the final
stages, a large number of the more evenly sized particles
may have disappeared leaving oniy a few larger ones to be
reduced during this period.

Rinetics of megnesia redaction.

~

There is some variation in the results given in the
literature on the resistance of magnesium oxide to liguid
iron. Fast (102),'in investigations on the ‘saitability of
diffefent crucible materials, obtained highest purity with
magnesia crucibles. )

thhemann, Treppschuh and Fischer (103) produced a
cruéible by electrically fusing magnesia of different grain
sizes and in this, no reactions could be observed between
crucible and melt. The same authors also found (104) that
no reaction could be established when ruéed magnesia was
introduced in po@der form on to the iron melt and was
allowed to act for thirty minutes at 10""Jr torr, Harlier
work by #eber, Fischer and Engeldrecht (105) contfadicts the
above results, stating that satist'actorily pure iron could
not be obtained by melting in magnesiam oxide crucibles;
the lowest oxygen contént obtained was 0.012%.

ilachlin (64) has shown that if transport in the liguid
phase is the rate-controlling factor in both deoxidation and
melt-magnesia reactions, then from the rate equations it‘
can be predicted that a minimun oxygen level will occaur,
which persists until the carbon concentration becomes very
low (1, 86, 106)., Earlier work of J.H.iHoore (106) had
investigated the kinetics of oxygen transfer from magnesium

oxide crucibles containing iron. In this work an oxygen
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The ox,;gen content then rose very rapidly snd after a
further thirty minutes had reached a value of 0.050%,
Brotzmann (107) repeated this exzperiment and obiained -
ostensibly the_same resilts, the carbon and oxygen contents
falling rapidly when the pressure was lowered from 600 to
10 torr and the oxygen level rising rapidly at low carbon
contents. ¥rom the final analyses 12g of oxygen was found
to have been absorbed by the 25 kg melt within an hour,
Winktler (1) hes given an account of work carried out
by Kraus (¢6) whose experimental results are shown in
Figuares 35-37. A constant sressure of 10—3 torr was used
and the rate was measared by removal and collection of the
carbon monoxide evolved. From this and a final analysis of
the melt, the manner in which the carbon and ‘oxygen
concentrations changed during degassing could be estimated

(Figare 35). Figare 36 shows a plot of %% against the gas

‘content of the melt ﬁhere the curved portion of the graph
represents the.chsaging rate at the end of the boil period.
Then for the rirst 25 minotes of the quiescent period %% is
proportional to the gas content of the melt and the oxygen
content falls as hown in Figure 35. A period is then reached
when %% tends to zero and the oxygen concentration tends 10
increase; i.e. an approach to thermodynamic equilibrium with
iig0 is made. ‘“Yhe graphs show that under Kraus' experimental
conditions a carbon-bearing melt of 27 g (approx. 4 cc)

with an initial carbon level of 600 ppm and an initial oxygen
level of 60 ppm contained in an electrically heated magnesia

crucible, a minimum oxygen level of 0.00lZw/o was attained.

This began to increase af'ter about 55 minutes when the carbon

‘

55



-

Bennett, Protheroe and Ward (10&) carried out
investigations on vacuum deoxidation from magnesia crucibles,
in which they examined the influence of agitation and argon
parging on the degree of deoxidation achieved. ‘They found
that the degreec of deoxidation achieved in melts subject to
agitation by continuous sampling (o.OOO?W/o [0) was greater
than in static melfts (O.OOlW/o[QD and argon lancing brought
about a further improvement (0,0005%/0[C]). (Figures in
brackets are the final oxygen figares attained by each
technigue). ‘The fact that Bennett Q%) achieved lower final
oxygen levels than Kraus (86) is due not only to the fact
that Kraus' melts were not subjected to agitation, but also
because the %%m ratio was greater in Bennett's case and
his final carbon levels were higher,

Brotzmann (07) hagﬁlso investigated the reactions
between magnesia and iron melts under Peddced pressuare,
#ith preliminary experimental melts of 2kg and 25kg he
found that the erffect of moisture content, the proportion
vof silica and the pretreatment of the crucible had to be
taken into account. This he did using gas analysis to
record the quantities of carbon monoxide and hydrogen
formed andAby analysis of samples taken from the melt for
carbon, silicon and oxygen. Oxygen donation f'rom magnesia
was then caiculated by an oxygen balance. With low carbon
melts, quantities of iron oxide were formed and absorbed
by the crucible which led to inaccuracies in an oxygen
balance snd, theret'ore, Tor studies with magnesium oxide
only melts containing carbton were used,

The main experiments were concerned with the behaviour
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ol the crucible on melting iron containing carbon as a
function of temperature, pressare and carbon content and

to minimise interference by waler and silica charge weights
of 25 kg were used.

In the theoretical interpretation of the results the
assumption was made that the lig0 was reduced by iron and
that the oxygen, then formed, was removed by carbon as
carbon monoxide. It was felt that, rather than the products
of" reaction being transferred across the metal-gas interiace,
an: easier and moreAlikely rouate would be through the pcres
of ithe crucible, 7This was demonstrated by allowing the
surface of the melt to freeze over while the bulk of the
metal remained just above the liquidus. Only a slight
decrease in the rate of gas evolution was noticed and
Brotzmann, therefore, concluded that most of’the magnesiwun
and carbon monoxide products, formed by reaction at the
mélt~cracible interf ace, were transported through the
vcraqible wall and did not contaminate the melt.

Actual gas flows measursed tor various carbon coqtents
and pressures are shown in kigare 38. Calculstions based
on the ﬁagen»Pamqville equation result in the amount of zas ¢«

produced by the reaction being described by

S R w0t 2.9 x 107 L x %J9O >
2 [c]

L 50 + E2
. o o (104)

<

for large gas Tlows or pressures £ 10 torr.

: -4 - .
end B o= g(r)) L x0T L 99x1070 2 ;. +(205,
2 P - few

for small gas flows or pressures » 10 torr.

whére M = amount of gas drawn through the refractory.
and P = system pressure.

Migures 39 and 10 show the values derived from these
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equations plotied as a function of carbon content and
pressure for a temgerature or 1610° Centigrade, In the

range between O 1 and 0.2 litres (WTP) per minate CO the

-

valueD vere celcu1 ted vy voth methods and, as can be seen
T'rom the figuareg, there is a transition from one eguation
to the other. A comparison of Figures 39 and 4O with
Figure 3¢ chows reasonsble greemeht net withstanding the
large essumptions made. At lower temperatures (153000)
larger deviations were round.

Fajii and Araki (109) conducted experiments in which
electrolytic iron was melted in a2 pure magnes crucible
undef'a tlow of 100% argon, After adding 0-0.8% carhon to
the molten iron, thé concentration of oxygen in the argon
was controiled constantly at 0,2,5,6,8,1C,13,16 and 20% and
the temperatire was controlled at 1600° Gentigrade. The
éuthoré found that by asing this technique, which was
pr1n01pallv to allow anderstanding of the kinetics of the
C=0 reaction in the oxygen converter, decarbuarisation wes
linear with time down to 0.15% C independent of the carbon
concentration in the molten metel. <This céngtant rate of
izcarburisation wes increased with an increase in the 0Xyg
concentration oif the atmosphere according to Kigure Ll.

Tre rate of supply or oxygen f'rom the magnes1a crucitcle

was assessed using an atmegphere of pure argon. P“1 e, in

spite of the Tact that the reaciion rate was expected to be

°

"~ zero, the rate of decarbarisstion wes, in fact, 0.275

(g/min = 107%) &t 0.6 C to 0.268 (g/min x 107%) at 0.2 C

£or a bvath weight of 1.4 kg. This was considered to be due
te reaction with magnesia end was deducted rrom the total

ts to agsess the true

03

decarburi 5tlon rate on subsequent he

en
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oxygen. 'The oxygen concentrations in the molten metzl were
found to be below the theoretical values in equilibriam with
carbon,

Decarburisstion rate was studied at temperstares of
1550, 1600 and 1650° @entigrede, and was found to increase

;
J

Q

linearly with temperature., #rom this, the activetion ener

ole,

—
=3

for the carbon-oxygen reaction was found to be 34.6 k cal/

a value higher than those of other workers thouaght to he due

L

to the fact that in these cages the pollution reaction rate
vios not subtracted from the total decarbarissiion rate.
‘The eftect of varying the metal depth from 3.1 - 7.5 cm

vas found to have no effect on the ratve of carbon loss which

1=

not surprising since the C-0 reaction &éid not rely on

. . . A . .
> pubble formation and the 2BLS ratio wes roaghly constant.
Vm

The efiect of the gas-metal surfece ares was studied
by placing a series of magnesia rings on the surface of the
metal., Again, the decarbarisstion rate was constant with
time but, as expected, there was a decrease es the inner
diameter of the ring was reduced. The decarburisstion rate
by gaseous oxygen was calculated by subtracting the
deCﬂrburloatlon rate of the reactions for both the crucible
and the ring from the total rate. A plot of this rate
against the free surfsce ares is shown in Figure L2 and is
suggested by the authors as being approximately linear.

2.2.4.Comparison of deta on oxide decomposition.

Wherever possible the rate of oxygen supply from the
various oxide materials tested and reported in the literature
has been calculated in terms of the number of moles of oxXygen

transferred/unit area/anit time and these values have been

59



two cases the only dimension of the crucible given was the
Gismeter and it wes necessary to calculate the length of

the cruacible/metal- interface using the chorge weight. In
another case only the charge weight was given and the
sseumption was made that h = 2D where h = height of cruciblie
and ) = diemeter of crucible.

Conditionsg varied immensely from melt to melt, but even
though the experiments are notv truly comparable they do
serve tc indicate the range of transfer rates which might be
expected for the various oxides,

The data or fujii and Araki (109) and thoge of
Brotzmann (107) are in apparent agreement, contrary pecrhaps
to expectations since Brotzmenn's work was carried out under
vacuum and, therefore, the oxXygen levels should be lowver and
the transfer rates higher than in the experiments of Fujii
vhose work was done at one atmosphere Lressure. <Two reasons
may account for the high rate observed by Hujii. ~Firscly he
took no account of the interfering efiect of silica snd
water contents of the magnesia (Brotfzmann correctéd his data)
and secondly, he notes that the oxygen values in his
experiments are below the equilibrium values, The first of
these recasons is likely to be the more important. In
accordance with theoretical considerations, Brofzmann
observes a decrease in the transfer fate with a decrease in
the dariving force for the reaction as contrelled by the .
pressure and the carbon content. Kraus (86) obtains a lower
value than either 3rotzmann or Fujii; but his experiménts
vere carried out at low carvon levels, i.e. about 100_ppm
carbon and this is to be expected. i#rom thermodynamic

considerations alumina has been shovn to be more stable than

o
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expected. The work of Parlee et al (85) and Fischer and
Hofitmann (100) has confirmed these predictions stowing the

.

trensfer rate from alumina to be 10-20 times slower than
from magnesia. The influence of a vacaum above the nmelt
sarface in speeding up the reactions is demonstrated by the
results of ¥ischer (100) where the rate is seen to increase
by a factor of three in comgarison with the nhigh carbon melt
oi" Parlee.

Tne results of Sharma and Ward (97) on the dissocistion
¢f' silica arec consistent within themselves, but are an order
lower than those reported by Turkdogen (97) and‘Graham and
Argent (99). Werd points out that the difference in the

two sets of results mey bhe due to the presence of an

electrochemical reaction as demonstrated by the experiments
of Grimble and Ward (96), although this would hardly explain
the discrepancies between the results of iard and those of
Argent. Turkdogan has indicated that lower rates are
possible when the process is diffusion-controlled, but even.
so the transfer rates measured by ward cannot he rfully
explained on this bssis. It is possible, however, that

both the smoothness of the translucent silica crucible ahd
its geometry (tall with a smgll diameter) are responsible
since these factors will inf'luence the rate or removal of
oxygen from the crucible interrece. “Lhe results of Graheam
and Argent, as might be expecied with lower silica activ{ties,
are in general agreemsent with, though a little lower than,
those reported by Yurkdogan. One feature of the oxygen
transfer rates presented in Tabie 6 needing farther

explanation is the high rate of decomposition of magnesia
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probably be discounted since there is no eﬁidence that
corrections were made for the donation of oxygen i'rom other
sources sich as sgilica and vater. Brotzmann {107); however,
claimed to have accounted i'or these contaminants and it is
difficult to find errors, either in his work or the method
of calculation, large encugh to grossly alter his results.
Presumably the explanation lies in the fact that this work
was carried out under vacaum, thas grestly favouring the
dissociation of magnesia since bocth products of reaction
are gaseous. On the other hand, unless silicon monoxide is
formed, only ohe_product ot the silica-carbon reaction, carbon
‘monoxide, is gaseous and the application of & wvacuum wovuld
not be expected to increase the rate of the silica reaction

to the same extent as that of magnesia.’
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IIT DEGASEING PROCESSES,

The purpese of 'including a short section on industrial
degaseing is to/indicate the levels of gas removal which are
being obtained by the various technigues and also to attempt
to illustrate the complexities of obtaining steels with low
oxygen contents and thereby low residusl contents of non-
metallic inclusions. Several reviews of the various vacuum
degassing processés have been given. hund (11C) and
Edstrgm (111) both gave summaries in 1962 and more recently
Flux (112) has reviewed degassing plants and Eketorp (113)
has dealt with the more difficult problem orf criticélly
comparing processes and their achievements.

Figure 43, from Flux (112), shows schematicazlly the

degassing methods which are currently in operation and

n

although no further elaboration of process details is

required here, some comparison of degassing efficiency is

needed to highlight the factors controlling the removal of

oXygen.

1. Hydrogen removel,

The ability of a process‘to remove hydrogen is, to scne
extent, a guide also to its ability to remove oxygen by the
carbon~oxygen reaction since subh factors as the area of
steel surface‘exposed are important. SHor this reason datg
on hydrogen removal by the various techniques has bsgen
compiled (114-123) and is shown in Figure 4y and lable 7:

A true comparison can only be done, of course, 1 sampling
and analytical technigues are consistent., However, this is

not the case and samples have been taken from the ladle,

teeming stream, ingot head and machined from the ingot.
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feom rlgure A4 ana lebie /, 11 can be seen that streanm
degascing (L4, 115) is the most erricient and gives the
lowest hydrogen levels, many below 1 ppm. The dilution
(116, 117) and circulatory urocesses (121), the UH and RH
respectively, come next and static ladle degassing (118,119)
is poorest, but can be brought up to the same level as the
RH by agitating the steel witn bubbles of argon injected
through a porous plug in the base of the ladle (118).

Results from Domnarvet (119), however, where a similar process
is in use t'it on the same curve as those from Beardmore Ltd.,
which do not have argon injected. ‘he conclusion might be
drawn that the method and / or quantities of gas introdﬁced

at Domnarvet are inadequate and further improvement could bhe
made, |

Wahlster (121) and ickillan (11&), thouéh with dirierent
processes (RH and static ladle respectively), both report
that gas agitation serves to maintzin a consistently low
hydrogen level which is shovn up by the lack of correlation
between initial and final hydrogen 1evéls.

The effect of' surrace area exposed to vacaum is not only
illustrated by the difference between the individual procesees
but also by the results on open, semi-killed and Fully killed
steels (114,122), the former having a higher efticiency of
hydrogen removal for a given hydrogen level. The effecﬁ of
the % ratio can also be seen rrom the results of ilciillan
(118) with different sized ladles. The 20 ton non-agitated
heats are slmost comparable with the £0 ton esrgon-agitated
heats. In spite of these considerations, a considerable

amount of hydrogen removal is obtained by means of diffusion

to the free surface rather than by entrainment in buabbles
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tilied steels.

Although there are diff'erences between processes, most
technigues seem to be capable of obtaining less than 3 ppm
of hydrogen af'ter treatment but, whilst this may be sufficient
for many applications, there are still grave doubts aboutl the
gbility of most processes to treat steel satisfacterily Tor
the production of large forging ingots. Vacuum casting alone
is proven. in this respect and to give freedom from hairline
cracking., especially in low sulphur and heavily worked stecels,
final hydrogen levels of 1.5 ppm seem to be essential.

2. Oxygen removal,

Variations in steelmeking technique, deoxidation praciice
and stecel composition prohibit a general compariscn of oxygen
removal by vacuum degassing. Diff'iculties are incrcased by
variations and inaccuracies in sampling and analytical
techniques, particularly at low oxygen levels.

As pointed out by Eketorp (113), besides the effect of
promoting a reaction between carbon and oxvgen, vacuum
degassing improves the rate of elimination of oxide inclusions
daé to the turbulence created. The two effects can be
isolated such that deoxidation is carried out only by means
of the carbon-oxygen reaction (124) or by means of the
addition of aluminium (123) in which case the treatment is /"'
limited to the removal or' oxides to free surfaces. A1l the
intermediaries between these two I'orms are possible and éuch
work is at present being done to f'ind the proceduare best
suited to individual requirements. Wahlster (121) has shown
(Figure 45) that the final oxygen content after treatment

depends partly on the initial oxygen level and partly on
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deoxidation, the lowest values being achieved when the steel
is in the 'open' condition. Similarly Perry (124) descrihes
a carbon deoxidation practice employed at Republic Steel Co.,
on 90 ton heats using the induction-stirred 1lsdle technique
shown in rigure L3b, Here the carben-oxygen reaction starts
at 600-500 torr and reeches its maximun at 30-10 torr. After
reaching a base pressure of 0.1l torr, a short period is.
allowed before slloys, deoxidents and possibly carbon are
added, Tablie & shows that 0.1 - 1.0% C steels produced by
this procedure have lower oxygen and nitrogen content; than
by conventional two slag practice.

Even so, with steels deoxidi%éd with the less aciive
elemeﬁts such ss silicon or manganese, the oxygen ccnlent
can usually be reduced. For exemple, Leach and Sorby (116)
have found that, providing the carbon content is nhigh, oxygen
levels of Lj0-60 ppm in the furnace (double slag practice) can
be lowered by 50%,

Innumerable combinations of cerhon deoxidation and alloy
deoxidation éaﬁ be contemplated. Wahlstor in commuﬁication
to Eketorp (113) has reported results from 100 ton basic open
hearth heats containing .186%. C, .35% Si, 1.4% in, ,035% Al,
which were tepped with an oiygen cbhtent of about HOO ppm,
‘the required manganese being added to the ladle. Jith the
first method all the silicon was added to the ladle and an
aluminian addition of 0.6 kg/ton was made 5-7 minutes befiore
the end of vacaum treatment. <The second technigue was 1O
fully deoxidise the steel with an eluniniam addition to the
lzdle priov to degassing. <The results, which are given in-
Figare 46 aﬁd which are the average values ol a large nuaber

of heats, show that the lowest final oxygen contents are
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theref'ore, it cannot be taken ror granted that a coﬁbination
o1 carbon deoxidetion plus precipitation deoxidation yields
better resalts than the lattsr alone. Knaggs and Broxhanm
(125) have published data concerning different deoxidation

of

(o]

tecinigues used with the ladle to ladle stream degassin
110 ton plain carbon and low-azlloy steel heats, ﬁhere 20-30
heats were treated according to each technique. ‘The 'inal
oxygen contents achieved by each technigque are shown as
Trequency curves in rigure 47, rrom which it can be seen that

methods C and P, which involve the wvacuuan treatment of

-4

ordinary double slag stesls and o' silicon killed single siag
steels wvielded much better results than normal practice. . The
lowest oxygen contents of about 17 ppm were obtained when the
preliminary deoxidation was Justv powerful enough to give
suft'icient dispersion of the stream dafing degassing (E and ¥).
Kato et al (126) have shown that it is pdssible to control
carbon deoxidation to such an extent that semi-killed steedl
can be produced by means of DH vacuum tresatment. They Tirst
established the relationship between the momentary oxygen
content of the steel and the pressure change in the systemn.
By means of this control of the oxygen content they were able
to make the aluninium addition reouired to give the desired
ingot structare,

Aluminiom can become a high-grade deoxidant provided the
deoxidation products can be rencved. Plquinger (127) aﬁd
Torsell (128) have both demonstrated the importance of
collisions and turbulence in the separation of deoxidation
products, particularly those o aluminium. .o0re detail is,

therefore, needed on the extent of turbulence (129) requirgd
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be designed with thies in miﬁd (113, 130). Particalarly with
aluminiumn deoxidised steel care must be taken toc avoid air
oxidation by teeming in an inert or reducing atmosphere., In
this connection Leach and #atson (115) have demonstrated that
ladle to mould stream degassing yields a cleancr steel and
attribute this to the lack of oxidation on teeming.

HEverything points to the fact that aluminium will find
wider use as a deoxident than ever before; and vecuum degassing,
despite carlier optimism with carbon deoxidation, will be
able to provide assistance in this respect since by this means
additions can be made with much more precision. In reality
no higher aluminium contents than about 0.02% are reqguired
to ensure aen oxygen level as low as that obtainable in
practice with carbon in spite of the fact thét, theoretically,
carbon under vacuum should be a more potent deoﬁidant than
aluminium as ¥iguare 48 (3) shows. In practice equilibrium
is far from obtained, even under the best conditions as
represented by vacuum indaction melting, and values lower
than those corresponding to an equilibrium pressure of carbon
monoxide of 75-100 torr are rearely obtained with carbon.
Figure &9 illustrates a collection of data on the carbon and
oxygen values achieved with three of the major processes
where addition of deoxidants has not been made. Information
from papers by Sickbert (131) and Samarin (132) has
supplenented works data on the DI process operated by the‘
English Steel Corgoration; Sheft'ield. This diagram shows
that, in general, all the well-tried degassing wmethods
achieve similar oxygen levels. sone are as good as vacaum

induction melting in terms of oxygen levels attained and yet,
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The lowest carbon x oxygen prodicis are achieved near to
the stoichiometric line where both carbon and oxygen are
present in sal'ticient amounts since,; as has been shown

esrlier, the rate at which the minority species

(&)
T
5}

L

ifrases tQ
gas-netal interfaces can control the kinetics of the C-0
reaction. 'The rate thst this reaciion nroceeds in the
various degascing procegses hasgs been stadied only in slight
detail snd menition will be made o7 thesge studies in the
discussion. ‘Whe influence ofr the dissociation of oxides
vresent in the slag and refractories‘and the pressnce of
non-metallic inclusiong both on the final oxygen levels
attained aﬁd on the shape of the curves in Figare 49, is,
as yet, unknown. Jith this in mind the aim of the work re-
ported in this dissertation was to crovide new informetion
on the mechenisms of' oxide-metal reactions snd the soairces
and kinetice of oxygen donation daring the degsssing of

steel by the DH process.
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I ). APPARATUS AND GENSRAL PROCEDURE.

The apparatus for this study had to be designed and
built at the commencement of the project. Help was
required f'rom electronic enginecers in the assembly of
parts of the gas analyser but otherwise the equipment was
built and maintained under the direction of the author.
Over a year was spent in planning, making and assembling
the varioﬁs pieceé of equipment and a further six months
were necded to develop the best experimental techniques
commensurate with obtaining & high degree of accuracy.
Photographs of the furnsce and ancillary equipment are
shown in Figures 50 and 51 and a schematic diégram of the
arrangement is shown in Figure 52. It is ceomprised of =
51b wvacuum induction furnace assembly to which has been
made suitable attachments for metal and gas sampling,
pressure control and flow measurement. By the side of the
furnace and generator was constructed an apparatus for
the analysis of the gaseous atmosphere in the furnace

chamber,

1l.1l.Heating.
A Radyne C.90, L50 Kc/s generator having an cutput

of 12 kW and having water cooling at the rate of 10 litres
per minute was used to induction heat the metal load. The
working coil was constructed of 1" x " copper strip with
a #" diameter copper tube brazed to it to carry the power
and cooling water from the generator; It was made up of
five turns, according to the manufacturers' recommendation,
(the height being 634" to fully cover the material to De

melted) and placed outside the vacuum vessel to avoid
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positioning also provided more room inside the vacuum
vessel and less seals were required, thus reducing the
chances of leakage.

Preliminary air melts with this equipment were
unsuccessiul, the 5lb charge not quite reaching the
melting point of iron. On the manufacturers' recommendation
a Radyne Mica-Stack, o0il cooled, loading condenser of
0.06 m¥ capacity, with separate water cooling at a rate
of 3 litres per ninute, was sited as near as possible to
the work coil, _

Magnetic fields outside the coil, found to cause
heating of the steel framework were reduced by replacing
the mild steel with aluminium wherever possible and by
bresking up any surrounding construction with an insulating
material such as Sindanyo. Using this equipment it has
been possible to melt down a 51b charge in less than an
hour on 6-7 k# full load. Usually, however, a preheating
time of 1% ~ 4 hours has been used so that the crucible
might be gradually heated in order to avoid cracking,
premature breakouts due to hot spots and excessive thermal
gradients.

Vacuum vessel.

The wvacudum vessel had to be impermeable, resilient,
electrically insulating, able to withstand thermal gradients
and shocks and stable at the pressures and temperatures '
involved. “The choice for cheapness and good dimensional
tolerance was a translucent vitreﬁbsil material, the

dimensions of which were decided by the size of the crucible

,and the minimum cross-sectional area which would accept a
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bubbling tube together with their O-ring seals. With

these things in mind the vessel finally chosen was a tube

1
2u" x 1 long, the ends being ground flat to the axis
32 . )
and machined to 5" & 0,010" for 14" X E" lengths with a i

1
. : 11 - 32
4" minimuwa to lyg  maximum bore, 6-7 mm wall and glazed

inside and outside. The ends of the tube were scaled by
VIT O-ringe compressed by machined aluminium caps.

1.3.Charging and melting.

The vessel was designed to be charged from the bottom,
the cracible and its support resting on the aluminium
bottom cap which was bolted into position af'ter charging.
The crucible assembly, shown in Figure 53, consists of a
cylindrical mullite sleeve into which was fitted a crucible
of' the material under investigation, the gap between the
two being tightly packed with fused alumina powder (200 mesh)
and topped with a packed ring of asbestos wool. The
assembly was then cemented onto an alumino-silicate seat
and support tube using alumina cement. Oxidation reactions
from crucibles covering a range of aluminonsilicateb
materials, from nearly pure silica to nearly pure alumina,
and crucibles consisting of 90% magnesia were examined.

In the preliminary melts ﬁhe initial charge was 31b
of mild steel rods, 3" diameter x 5" long, which were
melted down and then 21b of i Jdiameter mild steel rods
was fed into the melt through the vacuum lock. ‘he %"
diameter rod. was in 2ft. lengths, tapped and cut at éach
end to a 2 B.A, thread. Difficultiés soon arose, however,

wvhich made this method of charging impracticable.
Bridging of the initial charge occurred on melting causing

hot spots and breskouts of metal and ramming the bridge

12
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Dy uile 1eedCl’ red OIly succeeacd 1n Iurther cracking or
the crucible., Another difrficulty was that the feeder rod
had to be free from rust and oil, with a polished surface,
which presented storage problems and demanded time-consuming
labour.

The second (and present method) of charging was to
suspend a 51b block of iron away from the crucible sides
and then lower 1t into the crucible when the temperature of

. . - o) . . .
the iron was about 1,000 centigrade. In this mammer the

critical expansion difficulties between crucible and charge

were avoided and subsequently there were very few breakouts.
The charge consisted of pure iron machined to a cylinder
24" diameter x 33" with a 2 B.A, x %" thread tapped into

the centre of one face. After degreasing and shoiblasting
the block was suspended, with the 2 B,A, tapping, by a

I diameter rod through the vacuum lock,

The carbon content of the melt was controlled by
placing the reguired amount of graphite on top of the iron.
This produced localised melting at those areas with which
it was in contact, but the liquid metal remained on top of
the charge and melting was mainly from the bottom of the
charge upwards. By this technique a yield of about 100%
was achieved in the 0,10% C, range, but a slight loss
occurred in'ﬁﬁe 1,0% C, range. In a few melts a ridge of
metal was formed aréund the crucible perimeter which
subsequently gave difficulties with thermocouple insertion.,

Pumping equipment and plumbing.

It was visuaslised that at pressures greater than

1 torf, the rate of gas evolution from the melt would be

within the capacity of a rotary pump but that below 1l torr,

an oil diffusion pump would be necessary.

~J
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oil-sealed rotary pump I 8C 50B (Figures 52 end 54) which
the manufacturers claimed to have an ultimate vacuum of
0.005 torr without ballast and 0.5 torr with ballast

(L8 litres per minute displacement). With the empty
vessel sealed oft at the ball valve, thermocounle, gas and

pressure lines, a Tinal pressure of less than 0.005 terr

could be reached, but with all the lines open and the
charged crucible in position, the ultimate pressure varied

from 0.01 teo 0,03 torr, and 0.50 torr with ballast. “The

ES

lesk rate from 0,030 torr and with s8ll lines open was

(]

0.10 torr ger hour. *The system was checked before each

melt after pumping down and if the pressure reached was less
thaﬁ 0.05 torr then it was regarded as operational. Pumping
down with gas ballast for at least 12 hours was necessary
td remove water vapour given off from the crucible and
thermocouple constructions.

The pump lire was f'abricated from M oiLa. coppey tubing
and connected to the bottom aluminium plate via a flexible
connection. An isolatiocn valve and 3205 moisture trep were
fitted to the pump and a pressure controller was Titted as
. near as possible to the vacuum vessel. A second rotary
pump Po, Edwards ES35, with an isolsation valve and moisture
trap, was used to pump down the vacuum lock during sampling,
it being controlled by an electromagnetic valve EiV,l, It
had an ultimate pressare of 0.0l torr., This pump could Be
utilised to give faster pumping down of the whole systen

5"

wvhen reqguired. Plumbing lines, Z 0.8., were connected
16

from Py by BiiV.l, to the manometer and by EMV,2, to the

ticleod gauge and to the vacaum vessel at the guide tube Dby

EKV, 3. CGarbon nmoncxide, hydrogen and argon lines were

i
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b& needle valves plus Fischer and Porter flowmeters (0.5 -
litres per minute). Trial melts had previously been |
carried out using vacuum taps as a means of control, but
these were fragile when unsupported in the plumbing line

and great care was required in operation to prevent breakage
or leakage. Replacement by electromagnetic valves allowed

a mu&h more robust and compact plumbing line with the valves,
their rectifiers and on~bff switches easily accessible,

After a few melts the electromagnetic valves and needle
valves had to be cleaned free from copper filings, turnings
and dust from the plumbing line to prevent leaks across the
valves and the valves then functioned without further
trouble., 'the correct operation ot the electromagnetic valves
and needle valves in conjunction with the ball vealve gave

the required pressure and atmospheré in the vacuum lock and
/or vacuum vessel, |

Pressure measurement.

Pressures from 0.005 to 800 torr had to be accurately

measured, the lower ranges being required for leak rates

and detection. ¥or accurate work at the higher pressure
ranges the pressure gauge had to read all gases and
condénsible vapours. <Two gauges were used tor the present
work.

The simple mercury manometer, used to measure pressures
from 800 to 1 torr, was accurate to within € 2 torr givihg
a continuous reading and nmeasuring all gases. To allow
rapid relisble reading and avoid measuring a dif'ference in

heights, a movable scale (0.5 mm = 1 torr) was used to adjust

for varistions in atmospheric pressure, <The pipe line from
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lock or through EHV.3. to the guide tube which was
approximately 7" above the melt,

The Génevaé Heasurvae L.D. 1. ik,II licLeod gauge was
used to cover a pressure range of 150 - 0.001 torr, the
compressicn of the gas being operated by & spring-loaded
plunger against & mercury fésevoir, The .operation was
simple and rapid and asccurate readings, especially in the
range 1 - 0.01 torr, were obtainable but it had the
disadvantage of not measuring total pressure. The gauge
was connected directly to the vacuunm lock and to the vacuum
vessel by way of the ball valve or by EliV.2, and 3 and the
guide tube.

Pressure Control.

For investigations into the‘kinetics cf gas reactions
with molten iron two approaches are possible. #Firstly the
volume of the system can be kept constant and the pressure
rise measured, or secondly, the pressﬁre can be kept
constant and the increase in volume measured. In the first
fcase, however, the pressure increase results in a change of
equilibrium conditions and a decrease in the rate of the
carbon-oxygen reacfion, In experiments such as these,
involving large gquantities of reacting silica, the pressure
rise necessary to achieve equilibrium would be extremely
large and the data would be virtually meaningless. For
these reasons it was decided trat the reactions undergoihg
investigation should be controlled at constant pressure, the
change in volume being measared, at intervals of 10 minutes),
by meéns of a Parkinson--Cowan flowmeter in the exhaust line

of Pl to an accuracy of £ 0.002 litres. Correctiocns for

H,7.P, were then applied.
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possible to the vacuum vessel, the requirements being

that pressure variations should be corrected rapidly and
smootﬁly without the need for the introduétion of other
gases to maintain a positive lesk. The Edwards VPCI
controller was rejected for this last reason plus the fact
that it had a limiting vacuum of 150 torr. Some
considersble time was also spent designing and making an
automatic pressure controller which would give a permanent
record of the flow rate. This consisted of a motorised
fine needle valve (Edwards LB2A), geared to a potentiometer
and sending electrical signals to a/Rikadenki mV

recorder, The motor received signals from a main
controller which in turn was acfivated by a pressure
transducer, Preliminary‘trials, however, showed an
undesirable time lag between signals received from the
transducer and the movement of the vaive'which gave rise to
pressure fluctuations of 10 torr, This equipment was,
therefore, rejected in favour of the Edward's Cartesian
manostat which depended upon the movement of a cartesian
diver for its action. The diver was a tube with a closed
top, floating upright in a mercury seal with both the inside
and the outside of the tube communicating with the system
to be controlled. Gas, at the required control pressure,
was tfapped inside the diver and cut of'f from the system by
an on-off valve. The diver lirted to close the exhaust
orifice through which the system was being evacuated. If
the pressure in the system rose the diver was depressed,

opening the exhaust orifice so that evacuation could resume,
when the system pressure fell below the control pressure

the diver was lifted'against the exhaust orifice so that
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exhaust orifice could be changed by a fine control to
provide an accurate adjustment to the control pressure.
Using this technique, large amounts of gas, such as
that given off during melt down and upon melting, caused
rapid f'luctuations of' gbout 4 mm around the set pressure,
buat virtually no variation was observed under_steady
conditions at 760 and 76 torr. The manufacturers claimed
a filow rate of 4 litres per minute at LOO torr and 0.5
litres per minute at 50 torr acrogss the 1.0 mm orifice with
a sensitivity of & 2 torr at 4OO torr and o.lh tofr at 100
torr., ¥or melts at 3 torr, the flow rates with the manostat
in circuit were insufficient td guickly obtain the desired
pressure and for these melts a 1" diameter pipe section
replaced the manostai, the pressdre being controlled
manually by 1" and " diaphram valves.

Temperature meagurement.

The reactions undergoing investigétion were very
sensitive to temperature changes and, therefore,'good
control of the bath temperature at léOQo Centigrade %
10° Centigrade was essential. Dip thermocouple readings
were not considered to be sufticiently accurate, trials
with inserted couples had shown that there were severe
temperature gradients through the crucible wall and so a
continuous immersion technique was sought. It was soon
found that standard Pt - Pt/13% Rh couples were prone to
failure at 1600° Gentigrade and 26%-Rh/80% Pt - 5% Rh/95% Pt,
0.5 mm diameter, wires were found to be the most reliable.
The e.m.f. generated at the thermocouple junction was fed to

a Rikadenki, fast response, mV recorder and the compensating
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alumiﬁa from Thermal Syndicate (3 mm bore k 12" long) was
chosen as sheath material since it was considered to be
relatively inert at the pressures used and since the area
of sheath exposed to the melt was very small compared with
the surface area of the crucible. The deéign of the
thermocouple, however, proved to be difficult and it was
some time bef'ore a completely relisble thermocouple, with

s lite of over 6 hours at 1600° Centigrade was found. The
design finally chosen is shown in Figuare 55. <Lhe 12"
alumina sheath was first broken and recemented at a position
about 3" from the tip. This allowed thermal expansion to
take place without further cracking and the danger oi metal
penetration was substantizlly reduced. 'The thermocouple
wire was run through a 2.5 mm o.d., twin bore alumina tube
and a bead formed at the tip, a fresh length of wire being
used for each experiment. The sheath was then cemented
onto ﬁhis tube, the remainder of the wire being protected
by a 4 mm diamster twin bore silica. <vhe design was
completed by an aluminium cap with suitable O-ring seéls

to prevent leaks and explosions in the case of a thermo-
couple failure, the holes in the twin bore silica being
filled with molten black wax. it was decided that the
‘thermocouple should be immer;:sed 13" - 2" in the melt and
consequently the total length or the thermocouple was
chosen at 211", leaving 32" protuding above the top cap of
the farnace chamber., A seéond couple was always in position
in the furnace in case of a prematufe failure with the

first one.

1.8, Sampling from the melt.

The accuracy of the results is very dependent upon
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The analysis for oxygen, particularly, is frought with
difficulties in the event of piped or porous sémpies and
several techniques were examined before a relisble one was
found. A major difficulty was that the furnace design
prohibited the storing of samples in the chamber and each
one, after being taken from the melt, had to be withdrawn
through the vacuum lock and guide tube. This tube was only
N diemeter which further restricted the sige and shape of
the sample and its holder attachments. Silica suction
techniques, evacuated pyrex pin tubes and silica sboons wenrs
rejected at the outsst becéase of the likelihood of
contqmination. A variety of metal cansg and spoons were
tried but it was difficult to obtain the corfeot thickness
to prevent melting on the one hand, and temperature changes
on the other. These were eventually rejected because of the
difficulties and cost of menufactare and also because
their design did not allow them to be withdrawn smoothly
from the melt,

| Finally, the design shown in Figure 56 was found which
has since given satisfactory results, but even so
satisfactory samples of 1% C. irone have been difficult
and sometimes impossibie to take at‘pressures of about
3 torr due to the initiation of a boil on immersion of the
sampler. This device consisted of a mild steel tube,
" b.d. 16 gauge, which was sealed at one end by a welded
mild steel cap;at a position 1F" gbove the sealed end of
the tube was an intake orifice, made by milling away halfl
the diémeter of a 1" section., The position of this sampling
tube could be adjusﬁgd to one of five positions in order to

allow sampling to continue if the metal level in the

&0
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as the reaction proceeded. Sampies 1" long x " diameter
were obtained by turning off the tube shell on a lathe.
Farther tarning gave samples for carbon and silicon
determination and the specimen core was used for snalysdis

of oxygen. Extreme care was taken to avoid greasy and

6}

o)
 ad

burnt chippings an n a similar way all sampling tubes
were degreased and shotblasted prior to use. In order to
f2lly deoxidise the metal and provide sound samples for
oxygen analysis o.l wt/o of coiled 0.5 mm diameter
aluminium wire was placed in each sampling tube before
immersion. Preliminary trials showed that, to avoid
temperature fluctuation with the small mass of metal used,
the optimum freqguency of sampling was at 30 minute intervals.
It was felt that control of temperature was nore important
than obtaining large numbers of samples which, in addition
to temperatare variations, also results in a lowering of
~the charge in the crucible.

Automatic‘sampling of the melt was achieved by fitting
the sample tube in its holder onto a 43" stroke,
pneumatically powered steel rod which travelled, through
0 ring seals, in the guide tube, ‘“This technique ensured
that the residence time of' the saﬁpling tube in the melt
was no more than one second, thus avoiding contamination
of the melt by the tube and keeping temperature losses to
a minimum, High carbon samples were annealed immediatel&
after besing taken to facilitate machining. |

An important feature of design which enabled a

satisTactory sampling procedure to be cstablished was the

building of the vacuum lock (Figure 57) to isolate the



sampler I'rom the vacuum vessel ana proviae wne requilea
pressure and atmosphere when the sampler was in the furnace
chamber., This lock was a cylindrical chamber consisfing of
I diameter copper tubing attached to the vacuum vessel by
a 1" ball valve and a 1" diameter copper guide tube. The
ball valve opened the vacuum'lock to the vessel when sampling
was in progress and sealed it off when the lock was required
to be open to atmosphere. On the top of the vacuum lock
chamber was a detachaﬁle brass fitting, sealing the chamber
from ihe outside atmosphere and also retaining a vacuun
tight seal for the pneumatic sampling rod. Attached to
the chamber were lines for evacuation,'gas entry, pressure
measurement and air admittance, The evacuation line from -
Py passed through EMV.1. to pump‘odt air, from the vacuum
lock, before sampling and the furnace atmosphere,'froﬁ the
lock, after sampling. Air was admitted to the lock to
'prevent explosion from oécuring on taking out the hot
sample, |
The pneumatic sampler (" diameter rod)(Figare 57) was
| operated at a pressure of lOO.lbs per sq.ins., Reducing
valves adjusted the speed of the sampler such that the
sampling tube entered the melt slowly, with a minimum of
splashing and was withdrawn as gquickly as possible. It is
worth noting that previously, the saﬁpling had been
ﬁndertaken manually, pushing a sampling rod through the.
vacaum lock. However, although speed control was good the
control of alignment was difficult and the samﬁler sometimes
broke the_thermocouple.

1.9.Gas analvsis unit.

Previous'work‘(107) has shown that contamination of

the melt can take place from the water contained in the
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removes the bulk of this moisture, some always remains and
_its effect can be very important particularly at low carbon
levels, where the evolution of carbon monoxide is slower,
and with magnesia crucibles., In addition to this, at low
carvon levels and high pressures the formation of carbon
dioxide can be important. It was, therefore, thought that
analysis of the gas phase above the melt was necessary,
firstly in order that an accurate oxygen balance could be
done and secondly since the gas composition avove the melt
af'f'ected the carbon-oxygen eguilibriuam.

The apparatus was constructed, according to the
diagram shown in Figure 58, out of 10 mm diameter pyrex
glass tubing and was arranged horizontally on a bench top
as shown in Figures 59 and 60, It relied upon the
successive measurement of the gas pressure in a standerd
volume as each of its components was removed, For this
measurement, a pfessure transducer was used which generated
an e.m.f., if there was a pressure difference across its two
metal diaphragms. Hence if the pressure on one side of the
transducer was made egual to zero then the reading obtained
‘was that of the pressure on the other side of the trans-
ducer. The measuring head itself was comprised of two
transforners, whose megnetic circuits consisted of two
symmetrical fixed parts and a common movable co¥re,
liovement of this core varied, in opposite senses, the )
reluctances of the two magnet circuits by altering the air
gap. The inductance of the primary windings and the
coefficients of primary to secondary mutunal inductances

varied with the displacement of the core, in one sense for

one transformer, and in the opposite sense for the other
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the circuit inductance was constant and, when energised by

an alternating voltage of conétant amplitude, the alternating

current in the primary circuit was also of constant amplitude.

The difference between the secoadary voltages.was proportional

t¢ the primary current, to its frequency and te the difference

between the two coefficients of mutual inductance, that is

to say, the movement of the core. The range of the trans—

ducer used on the gas analyser was I 50 mb, and the altern-

ating voltage was provided by a 3000 c.p.s., 24v oscillator.

From the transducer, the oultput was originally fed straight

into a rectifying circuit and then measured by a Rikadenki

mV recorder which had a series of mV ranges and worked on

the principle of null balancing the system potentiometer.

This set up was satisfactory whilst the high - frequency

furnace was not in action but great difficulty was

experienced in obtaining a constant signal whilst melting

was in operation and so to combat this 'pick-up' effect the

transducer was screened with a double layer or copper gauze

at earth potential, This improved matters but did not, by

any means, make the trace satisfactory and, as a result,

three types of rejection filter were tried but, again, all

were unsuccessful., inally, the problem was solved by using

an acceptance tilter finely tuned to the frequency of the

oscillator, i.e. about . 3' Ke¢/s and a good analysis trace

was obtained throughout the whole of the melting periocd.’
Calibration of the pressure transducer was carried

out by means of an accurate Toepler gauge and the procedure

and results of this calibration are given in Appendix I.

By this, it was found that the relationship between pressure

and the output from the transducer (mV) was exactly linear

8l 4
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be used directly in the analysis calculations, thereby

avoiding tedious reference to the calibration curve.
The circuit had two Leybold Q20 mercury diffusion

-8 torr) one of which (Dy) was used to

pumps (10"3 - 10
evacuate the space af the back of the transducer. This
pump was backed by an Edwards mechanical rotary pump

28C20A which had an ultimate vacuum of 0,001 torr without
gaé ballast and a displacement of 22 1, per minute. The
second diffusion pump (Do) backed by an Edwards ES35

rotary pump having an ultimate vacuum of 0,01 torr without
gas ballast and a displacement of 35 t, per minute, was
used to evacuate the whole system when required. All the
valves marked V1-V10 shown in Miguare 58 were electromagnetic
and were controlled from a central panel., Both the mV
recorder and the transducer had separate zero adjustments
and checks were made before each run to ensure that the
system was leak-free.

The procedure subsequently adopted for analysis of the
gaseous atmosphere above the melt was as foilows:-

After completely evacuating the system all the valves
were closed and a small amount of gas (of pressure less than
.5 torr) was pumped from the furnace by way of electro-
magnetic valves, V3 and Vo, the gas being compressed into
the transducer chamber on the high pressure side of the
diffusion pump Dj. When a pressure of 3 - L torr (6~8 mV)
was obtained in the chamber, valve Vy was first closed,
followed by V2 vhen the pressure became constant. The gas
was circulated over phosphorus pentoxide to remove water |

vapour by opening V3, V7 and Vio. After approximately
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2 minutes V3 was closed and the gas pumped back into the
chamber. vwhen the pressure'again became constant Vyp and
V7 were closzed and the pressure noted. Thé gas was next
.analysed for carbon dioxide by opening valves V3, Vg_and

Vg to remove this component by passing it through a liquid

| nitrogen freezing trap. Again after a few minutes when 21l
COo had been removed, V3 was closed and the gas pumped back
into the chamber and when the pressure had become constant
Vg anG Vg were closed and the pressure reading taken.
Similar procedures were undertsken to analyse for hydrogen
and carbon monoxide. XFor hydrogen removal, the gas passed
through a copper oxide furnace controlled at 6500 Centigrade
vhich oxidised CO to CUp as well as H2 to Hy0., By opening
VS, V5, Vg and V7 the water vapour was remov?d by absorption
onto Pp0g5, leaving the carbon dioxide (originally CO) to be

frozen out by'liquid nitrogen on the next analysis cycle.
A typical analysis chart from such a sequence is shown in

Figure 62 from which it can be seen that the volume fractions
of the gaseous. comnonents in the furnéce chamber are found
by dividing the initial total gas pressure (or mV) into the
pressure (or mV) differences between each analytical cycle.
Analysis of samples taken fbom the furnace was carried out

es often as possible during the course of' the melt. The

slow step in the analysis cycle, however, was the collection
of gas from the copper oxide furnace after th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>