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SUMMARY

i

A study was made of the rate of absarption of sulphur :!.n.
grams per minute from sulphur dioxide - nitrogen gas mixtures by
molten iron and iron containing four per cent carbon. The maximum
rate of nitrogen flow and partial pressure of sulphur dioxide was
350 ml/minute and 0-06 atmospheres respectively. The melts were
contained in alundum and magnesia crucibles at 1400° - 1550°C, the
gas being blown on to the surface of the metal and occasionally
bubbled through the metal for mixing purposes by.meana of an
alumina tube. Samples of metal were taken periodically and
analysed for carbon and sulphur by combustion methods. In the
iron = carbon melts the rate of carbon remowal was also studied.
The effect of up to three per cent silicon on the absarption of
sulphur and on the removal of carbon was noted at 1400°C. The
effect of sulphur on the solubility of carbon in iron = carbon =
sulphur alloys was found at 1400° C and the limits of the mimeibility
gap at carbon saturation were determined in this system at 1300°
and 1500°C.

The equilibrium sulphur distribution between iron
oxide-silica~magnesia slags and molten iron at 1550°, 1600°, and
1650°C was obtained. The minimum ferrous oxide content of
these slags was 55 mol per cent. The Feg(Qy content of the slag
was converted to FeO on the iron basis, the slags being analysed
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for FeS, FeO, Fag(Qs, Si0y, and MgO, the metal for S. The

variation in the sulphur distribution ratio, Eéﬂ], with mol
$

per cent FeOT wag found to be independent of temperature in the

range studied and was given by the expression s

%’5;).] = 078 (mol % FeOy) = 325

1880 ° - 1880
The effect of magnesia and silica on the distribution ratio of
sulphur was noted, magnesia and silica being found to lower the
ratio by approximately the same amounte Using the relevant
thermodynamic date the sulphide capacities, (78). p‘l"o. of the
, -;;-s-.—— s

slags in equilibrium with the molten metal were found t0 increase
with increasing FeOT concentration and with increasing temperature.

The absarption of sulphur from a 2 per cent sulphur
dioxide -~ nitrogen gas mixture by molten iron oxide slags held
in magnesia crucibles was studied at 1550°, 1605°, and 1620°C.
The partial pressure of oxygen in tha gas phase was calculated
from the ferric oxide content of the equilibrium slag and the
partial pressure of sulplur in the gas phase was calculated from
the known thermodynamic data on the gaseous compounds of sulphwr and
oxygena rhasulphid.capaoivmmduau,'uurcoftho
absarption power of the slags for sulphur, Thn“ sulphide capacities
obtained from the gas - slag experiments differed from those
obtained from the slgg - metal equilibrium experiments and reasons



are given far the difference..

The absorption of sulphur from a 3 per cent sulphur
dioxide-nitrogen atmosphere by molten iron oxide-silica slags in
contact with molten iron was studied at 1550°C. Samples of slag
and metal were taken almost simultaneously, and the variation in
the sulphur distribution coefficient with percentage FeOT throughout
the run was obtaineds The slag was found to be in equilibrium with
the liquid metal and not with the gas phases Reference has been
made to the application of these results to the pick-up of sulphur
by the metal in the open hearth furnace during the melt-down periode



CHAFTERL I weee

CHAPTER II eee

CEAFTIR III e

G

ONTENDS

CHAPLER IV e

CEAPTR V see

CHAPTIR VI .es

2
3.

be

Introduction sse ese
Litarature Survey eee
ixperinental eee sne

Thernodymanic Data see

Hesults and Discussion
Gas » motal «ee vor
Slag - metal oo eee
Gag » 8lag eee  eee
Gas = plag « motalese

General Dilscussion.se
Heferences eee P

Appendix ane ses

LA L]

LA A

san

Page

37

72

78

79

99

115

120






LT OLUCT ION

With the incrensed produciion of iron and steel and the
demands of all industry for greater quantities of coal and fuel oil,
the reserves of good quality raw naterinls used by the iron and stecl
industry are dinminishing rapidly throughout the warld. Perfarce the
industry must use ares, conl, and fuel oil of poorer quality each
year, which places an increasing burden on the extraction and reiining
processes. As a result, in recent years, the problem of sulphur control
tlroughout the production of iron and steel hae @ssumed great significance
and certainly in the near future will become of paramount importance.

The most important mechanisn of sulphuwr removal in both the
blagt furnace and steel meking furnace is the transfer of sulplmy firrom
metal to slage The removal of sulphur from the molten metal hag been
found o depend upon a nunber of factors, eige compocition of the slag,
metal, and gas pMa, contact area, temperature, total sulphur, tine,
and the degree of attainment of equilibrium among the wrious phases.
The slag phase plays by far the most impartant part in sulphur removal
in both the blapt and gpen hearth furnaces and a thoarough lmowledge
of the chemicel and physical properties of the slags should go far
to help our understanding of the reactions involved in the movement of
sulphur in the furnacess In the open hearth furnice nunbrous investi-
gations have been carried out on slagwmetal relationships with respect
to sulphur, but with 1little success due to the complexity of the slag-
metal systems studieds

In the labaratory, equilibrium conditions can be studied
on much simpler slag and metal systens and the thermodynanic properties
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of the slag and metel obtaineds Simplifications are adopbed such as
ghe study of only two phases, @ . slogegas or slagemebale lven here
complications arise as the study of chemical reactions at steelmlking
temperatures ic rather difficulte furthernmore, molten metal and iron
and steelaking sla's have a corrosive action on the containers and no
refractory hag been found vhich is compl-tely resistant to this attack.
Aluminn, eilica, zirconia, beryliia, thoria and mgnesla are all attacked
%o a greanter o less degree, while noble metals, which can be used for
glags alona, are not always satiafactory. The interpretation of Lhe
results obtained from such studies are complicated by the noneideal
behaviour of most of the components in solution.

The »ole of the gas phase in iron and steelmaldng reactions
hes up to the present been somevhnt neglected, but nare interest is
now being shown, no doubt due to the introduction of the modern pneumatic
processes of steelmalking whare gas-metal reactions are assuming a new
importancee The gas phase is of great significance in opon hearth
steelmlking, whore the modern tendency is to use oil fired ﬁmxa;)oa.
Depending on the sulplmr content of this fuel oil, appreclable
quantities of sulplrwr can pass from the gas phase to the furnace bathe
It hog Losw established that the most dangerous time for pickeup of
sulplar in an open hearth heat is during melt down when the metal is in
dh‘octnmtactwiththesaspmnndmtmmcudtvaalum
ag later on during the refining perioeds Experience has shown thnt
a short, hot, oxidising flame, giving fast meli-down times, leads to
less plcksup of sulphur by the melting metal than a long partially
combusted flame,
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Distinct advantages of using geses in labapatory oxperimental
wark are close control of composition, and more important the ronsonable
assumption that the individunl components of the gas phase hehave
ideally at steelmnking tomperaturese The thermodynamic properties
of gases and their gageous compounds are also reasonnbly well
established at these temporatures.

The present investigation was concernced mainly with none
equilibrium conditions, and it wms proposed to study the absorption
of sulphur by molten Armeo irun, hizh carbon iron, and iron axide
slags held in mgnesia crucibles from a nitrogen atmosphere containing
sulphwr dioxides As the published literature on the equilibrium
of sulphur between molten iron and iron oxide-silica plags was found %o be
very scanty, a study wag made of this equilibriunm frrom 1550°C %o 1680°C.
A nonwequilibrium study was nlso made of the tiwee phase systen
Armco iron, iron oxide-silica slag, and nitrogen gns containing
sulphur dioxides
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The literatwre pertaining %o sulphmyr investigations on a
lnboratory cs well ag on o works peale is exceedingly voluninous.
Ap far as is pospible 1% o proposed %o denl only with labaratery
investigations and the published papers will ba sub-divided roughly
into tlwee groupings s~

le Guo-lletnl Investijgntions.

%. Gag~8lag Investigations.

8. Glag-tletal Investigntionse

These Siwree sub-divisions are of course flexible ng many
vorkers have carried out investigations on slag, gaes,and metal
equilibria at the one time. Almost all of the investigations
reforrod %0 in this veviow hnve been carried out using slag and
metal in the molten condition at temperatures ran ing from 1300¢
%0 1900“C, which covers both dron and steelualkdng Senperaturess
Whiteley and Garter bave sumwiwised the effect of the furnsce
atmosphere in the open-hearth furnace prior %o complote meléing of
the chariee

Several workers have invessigated the equililrium between
molten iron and hydrogenehydrogen sulphide gne mixtureve Knowledge
of the bheynodynanic properties of solutiune of culphur in melten iron
hnmobmxncdmwumaamdydmtm :

a(g)e 8 = HS(e



wvhere § 1s sulphwr In golution in fron. laurer and Biawhaf’
observed a lineny relatlonship between the sulplawr content of the
metal and the ratic f »  Thelr neltoe,vidch cowered a range of
suiphur contents frmpo :o "0+6 per cont sulplaw, did not rench
euililriun as their crucibles were incopable of resisting chemical
attack by the reacting subetances for more then pixty nimites.

Haurer and Bilschof*s estimated equilibwiun constant K ? Dips) ]
L8

mmmzxmtotumpmnmmmﬁhoobmwam&
0+00493 for the equilibriun constant ot 1600°Ce Chipmen and Ta L4
hod used magrevia and beryilda erucibles initinlly, but had foud a
concicerable pick up of sulpiur by the cruclble from the ges phases
they abandoned thene basde cruclbles and suggested the discrepancy
botween thedr vark and thnt of Maurer and Sinschof was due to the use
of beryliia crucibles by the intter. White and S}eel.ly. in the
11:h% of vhese discrepnncies repoated the invessigations, taking
care %0 eldmlnnve thermal diffusion by the use of @ swnll renction
chanber entirely in the Mmafﬂnﬁm«amnta.mirm
temperature twoughouts  These workers obtained an equilibriun
conptant of C+0UP5 at 1600°C, which although half the wilue of
Chipman and s L1, seoned %o prove thné Maurer and Bischof® e results
were in error due to Showwl diffusions lowever, silicon pick-up
fron the alundum containers ocourred, 80 $44% the resmults of

White and Slelly really referred %o lron containing 75 per cent
silicon. Thay nuggected that the difference botween theiy
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equililedun congtont and that of Chipmin and Ta L4 wnp due to
this ellicon plck-up. liorris and ww.’mm. shoved that on
incrensing the cllicon content of the Iron, the sulplar absorbed by
the metal from the hydrogen/lhydrogen sulphide atmosphere decreased.
Agouning o standard state in vhich She netal conSained one per
cont sulphur they obtained a walue of 00”56 at 16LH°C foar the
equilibrium constante When the affect of sillcon on thoe activiy
eoofficiont of sulphur in malten iron 1s taken into considerntion
and the results of White and Skelly corrected accardingly, theilr
corrected conptany is even fursher below ¥hnt of Chipwn and Ta Lie
" Kischener, Boclyils and umn’ have reparted on a
proliminury study which shows thet saturation of the melt with
curbon & proximtely doubles the sulphur activity ot 1560°C. lMorris
and m’ found that onrbon had a pinllar b groster effect %O
ellicon (on a weight per cent bapis) on the aetiviyy coefficient of
sulplurs A% eorbon saturation She netivity of sulpla was
incrensed six-fold in oeupnriam with the fwo~fold incrense of
Kitchener ot al. Heasons put forward for thin incrense in
netivity cosfficlent were that silicon and corbon farmed a compound
with iren in the melt, tius reducing the mol fraction of “free®
wm»mmsmmuwwo:m?m. m'un
suggented that dn a solution containing iron, carbon, and sulphr,
tho affinity of carbon for iren $o mich stronger than the affinity
for sulphurs Maling the assumption that each esrbon aton in



gurpounded by six iron atoms 1% wves shom that at low concentrantions
each ntonmdc par cent of carbon increased the activity cuefficient
of sulphur by six per cent which iz in good agreenent with the
observed increonse of oix %0 soven par cente

5 horman, Llvander, and Chlpwmm westigmted the effect
of ceoncantration on the activity coefficient of sulpre  The
equilibrium oconstant, K = ﬁ}-ﬁ%ﬁ%m, ab difforent suiplur
concentrations up to four per cent wms found not to be a true
conéiant but graphical extrapolition %0 soro sulplur gave a true
value for this constante The infinitely dilute solution was thus
uced ng the standard gtates  Incresse in sulphur eoncentration
wes found %o decrense the netivigy of sulphuar in the melt. Thece
workers also chowsd that their work was in quite good agreement
mmthareMwormuwmumm°mmmm
resulis of Whive and a;mw‘. The corrections to the results of
White nnd Skelly were based on the date of lorrle and wum‘
on the effect of silicon on the activity of mlphr. It was nlso
concluded by Shorsan, ilvander and Chipman s that She work done
by Chipmen and Ta LY wng in error due %0 Sharmald diffusions
m-rinutm that manganese decrensed the activity coefficiont of
sulphur in nolten iron.

zg_mmmcmm“ dnvestignted from their owm
experinente and the data of others the effect of mnganese, carbon,
phospharous, culplwr, aluninium, silicon, and copper on the



activity coeiflciont of sulphur in molten iron solutdons
contalning these elemente. The data on copper was taken fyom
the work of Rosengvist and Ccu“.. it vas found that phospherous,
- aluninium, silicon and carbon incrensed the activity of sulphur,
phosphorous having the least effect, and carbon the nosty while
€0 per, manganese and sulplwr decreased the activity of sulphur,
coppar having the lesst effect and sulphur the moste ALl the
elenento were expronsed in welght porcentages. The nethod of
conbining activity coefficlents for solutions of more than one
couponent wme developed in this papere I% wag ghown thet in a
mltdeomponont systen the activity coefficlent can b expressed
in the form

o3 [ [

¥e < s
@ logfim 10gf ¢ 20gf + 10gf
whare fs @ overall netivity cosfficient of swiphur.
f:‘u aotiviyy cosfficiont of sulphur in the binary
~ 4ron - oulplur solution
g.z : f:‘- coofiiclonts representing sho effect of carbon,
sllicon, etcs, on the activity of sulphmr.
Shorman and Chipmon gave an alternasive method for
computing the overall sctivity coefficlent hased on an observasion
of Marris and Duehl an She offuct of carben and ailicen on She
octiviy of swiphurs  This method 18 %0 find She ancunt of
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solute B which lns the pame effect on the activity coefficiont of
sulplag as solute Ae This equivalent anount of B 1s added to
the actual emount of 3 in solutdon and the notivity coefficlent
carresponding %o this votel reprosents the combined effect of
A+ B, This oan then be repeated for a third solute and so one
This mothod gave botter agreenens with the experimental resulss
than the firet mechod of siraight susmation of log netivivy
coefficientss Pig iron was shown to have an aetiviy coefficiont
of suiylur epproximtely 505 times that of sulphur in nild steel,
wilch strosces the importance of solute ntomsy carbon in particulsy,
on Jdeculphurigation in the blast furnnces

In the sold. puave, lov temperature stullesat 900°C have
been carrded out on the reaction of solid iron sulphide with
lyirogen %o produce solid fron hy Jelidnek and ?Aluaskl“, and
Britske and Kepustineky « Thelr results may be extrapolated $o
higher temparatures by the ndd of the hent capncities and heats of
fusion of the substances involved in She renction, and are found
to Le in reansonable agreement with the high temperature data.

| Under axidising conditdons, am in the opan-hearth furmace,

i% would seem mare appropriste %o study the effect of sulphur
dioxide on molien iron, but little work hne been done on this
agpecte laurer and Bioohnt. clreulnted 50/ gns nixtires over
molien iron, withirawing a portion of the gas poeriodically %o see
in which direction the equilibrium wms proceedings As in their
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Ha/ a8 work equilibriun could not be atiained due %o fallure of
the crucibles. The results indicated that the final sulphur
content was proportional %o the ratio pily/plys Both Herty et nl“
and Maurer and Bischof suggested the following roaction %o aceount for
abgorption of sulphur Lfroh gnsess '

Fe (1iq) + 60y = Fes (in¥e) + G

Both their results and the steclwarks date of Diohl“cmld ba
explained hy this equation. Chipman and Ta 1.1., hovover,
puggected that if shis was the controlling reaction, then ina
g8 nixsure of equal voluses of Op and 50y no sulpiwwr piok-up
beyond Oe000SE sulphur should ocouwr nt 1535%.  Irom practice
this is known %o be incorrects Chipmen and Tn L1 therefare
suigested that since the axygen formed by the reaction would be
abgorbed imwediately by the molsten metal o form iron oxide, the
effective renction should be writien

3 Fo (Qiq.) « 80y .w(%) O“M ()
for which the standard free energy change 1s

GY = 1,600 » 230327,
The equilibrium conptand at the melting point is 80 x 10‘, which
gignifies that sulphy dioxlde in contact with molten iron would
be abgorbed almost entirely. In the open-hearth fennce the

§ bound and square brackets thwroughout this review denote
eoncentrations in the slag and metal phases respuetd

velys
Compounds or ’el&mnfé'underiﬁ?&? e.g."0* refer %o solution of
the compounds or elements in liquid form.
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function of excess alr, Lherefore, in %o prevent contact by
gulphur bonring gases during wmeld dom by the formation of a
protective oxide slcine

Carter and ?nhit“, who studied the equilibriun betuwesn
moltan iron and gas nixtures of S0ps la, and 50 ,0s, and lagy found
no relationship between the sulplur content of the metal and the
ratio pily/pla. Using Lxiuction heasing thoee workers found thad
coneideranhle oxidation took place which eventually led %o the
separation of an axlde-rich phisoe bue %o the high Drequency
heating, this oxlde-rich phase alunye noved o the poriphsxy of
crucible so thit throughout ench experiment the metal alwnys

L

a;peared to be in convach with the gose The "equilibwriun” value

of ewipiar obtained vas renlly the rapult of stoady estate conditions
hﬁ&uhﬁbm“at%hwlp&m%dmmwmmﬂ
phase exactly equalled that at which sulphur antared the continuoualy
forming axide phese from the metals The ewlphwr eancentrations oo
tmm!mmumwwpnrm;wemgam in the gne
phase and were greatent at low temporaturese The relationshdp
bmmmwmdmmhl,pmmcatﬁﬂn

and tomperature was exprecsed quantitatively ly

mg%.l .ga?g * 00350

wwmmr«mﬂwnpmumusm.wm
conpidered thnt the renction tuok place in two stageses
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?l“e*:s&,nﬂw » %&a

Fa « #33 = Jeol
folloved by separation of the agygen-rich phase when sefuration wma
renchaode

In two exporimenis the starting materinl contained nore
sulplur than that corpesponding to the stoady state conditions The
sulphur content feil, but did not reach the expected wvalue, shoving
that the rate of sulplwr removal wag mich slower than the rate of
absorptione It wag sujgested that thin was because no mechanism
exicted for the transfer of suiplwy from the motal %o the gne phoase .
except in the slage An iron axide slag, into which the iron
sulphide could pardition, must firet be formed and the anount of
wmmuiwmw-wmlyorwgmmw%
gns phnse, making this method of sulphur renoval a relatively slow
processe  As the magnisude of the sulphur piclk-up seemed to be
unaffected by one %o six per cent wgrgen, these workers suggested
that Shelr results might be applicable %0 the melting down astage,
provided that the axygen potentinl of the gno phase wns high
enough %0 bring about the formabion of a separate axlde phases
Data on various gasecus fuels at different levels of excess Ggygen
mmlawamummummuuzmmaw
and air is of greater importance in mixed gas, or othar rich gns,
firing of open~hearth fupnnces, than when raw producer ges is useds



The renction of solld iron with sulphur diexlde containing
gasen hns been ptudled by Preece and ld.‘ley”ue 1150°C, who
found that the presence of rulphur dloxide in the frnrce atmosphere
caugad increased rate of sealing, with the formution of a liquid
FeU~Fal eutectic nixture which could penatrate the siteel iy
intercrystaliine meanse o swiphar was picked up when the
atoosphore contained more than 4 per cent agygens

wila: a8

Ag molten iron picks up sulphur from both reducing and
@iilsdng fuwrnace atnospheres, Af the charge as a whole losas sulphur
%0 the gnses, then the alag mist be responsible for the loss. While
many investigntions have boen made on gng-metal, and slag-metal
relationships lese work hng been done on gas-slag reactions especially
Shose pertaining to suiphur due mainly so the carrosive properties
of slagse Moct netallurgicnl slags are extremely resctive
substances, and difficulty is experienced in finding suisable
containers %o hold thw elage at high temporaturess If a containey
materinl iz found that will hold the alag without leakage ap often
ap not the material s found o be slightly soluble in the slags
This givee rise %o ummated constituents in the eglag which can
alter ite propertice thus making the study of simple binayy and
ternaxy oystens more conplicateds lefractory oxides are narmally
used, 9egey 8lunina, magnesin, tharda, beryliia, silien, and
sireonia, lioble metal conteiners of She platinfun group can



aleo be used In slag-gns investigntions but, while inactive,
nre expensive and not s0 strong af high temporatures.

The Lpartance of the Dwmce atnosphore in the blast
furncce is difficult %o assess but in the open hearth furnrce the
ataosphere above she bath 1o critdeals According to Kichardson
and uithnram transfer of sulphayr from alag to gus is accompanied
by & pimltaneous transfer of oxygen from gns %o slage Sinilarly
transfer of oulpiur from metal %0 slag is accompanied Wy a
slmullancous twansfer of wggen from siag %0 metals Thus the
desirable transfer of sulplay from netal 0 gus 1o concurrent with
an also desirable, especially enrly in the refining stage,
tronafer of aygen from gns $0 metal, both elemente paseing via
the slage For conditions of complete combustion esulphar should
be renoved from the slag pmu“, Wt under less axidising conditions
the high besicity which favours Wansfer of suiphur fron metal o
slag aloo favourg the passage of sulphur from gng 40 slage

Berty =, assuning nost of the gnsecus mulpiaz %0 be present
ag oulphr diexide, sugrested the following equations to represent
the roactions betweon pulphur dieide and lime-containing singse

80s + 3C0 « (Ca0) = (Cas) + 800y
503 ¢ 8re + (Ca0) m (Cas) » 3(Fe0)
Qualitetively theve equations show thab reducing conditions and

high goe sulphur contents favour pick up of sulplaw by basie
slage and vice-versns
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Fincham and hichardson , assuning thnt sulphn is
present in slags as sulphilde and sulphnte, represented the
reaction between gas awmd glag as

S
. (S)e p @
4, + (0) = 2 + () K ‘
s lmt ?, ml‘ (0). &
%ﬂu + (0‘),,,“ *%o;a (sq.)m“ K = (o;:m.) 2
. P Oy

The equilibria operated simltangously but the sulphide equilibriun
& G

was imporgant at oxygen prossures lese thatn 10 = 10 atmosplires;

witlle the sulphate equililwium was important st axygen prossurese

greater than ].0‘ - wﬂﬁnmplnrom Between thece limits both

sulphide and sulphate were thousht %o be present, while st agygen

s
Procoures above 10  atmospheres the formation of pyrosulphnte

OCcurreds The slags, which were held in platinmum cups, were
equilirated with ilg, Chy &g and Vg gne nixturess The capacity
wammmcuphwmmmuduucmdphidaeﬂgmlw,
°a-ﬂ‘§f&-. and the influence of slag componition on this
copacily was obtalneds An increanse in temperature at a constant
ﬁmummt,mmmmwmmtwmm.
docreased the sulphnte contente The majordity of the slage
used in the investigation were lineenlunina-silica alagny and
incrensing baslelly favoured high sulplur contents as constant PUa
and piy inpute lagnosin was showm %o be 8 less efficlent

ramcmmmmmammamm



gilica mol-fractlon.

It wns found impossible to study iron oxide-silica melds in
iron cupe becnuse bhe slag crept ous of themy a constant difficulty
wish iron oxide slagse lonsurements wore therefore made in sliliea
cups, lece in @uilibrium with silica, the equilibrium compositions
being extrapolated from 'cehal and :Schulunm”. The sane Yype
of eulphide equilibrium wans assumed %O hold for these slags as
in the line-alunine-sliica Yypae.

Log (g values obtained from the sulpimr distribution data
of Fetters and Chipnan (74) and Winkler and bm.pmn (75)y W
applicetion of the avallable data mh = [°] ‘“’“ = [“] »
vere found to agree quite closely with the thearetical points at
pure FeO obtain:d from a conslderation of thoe equilibrium constant
for the reaction

Fab » g& = Fal # g&
using the thearetical valuo of the netivity coefficlent of iron
pulphide in ferrous exide ne caleulsbed by C-hi;xnn".

Carter aid mmm”awm the equiliwium of line~
alunineesilica slags with 50y = COp » GO gns nlxtures. rlnh.
mlphﬂ’il’-ﬂlpmotmwﬂmwmumett——
mmmmmxpuwmsm;}u*mmum
conducted ab oxygen pressures of 10 « 10 “atmosphores. Fyron
thlzrrcmltllbmﬂv;mam. nlumina, and sillea in the
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binary and termury synthetic slags vere caleulnbed, making the
arsumptions that the oxygen activity of the sing remnined conatant
desplie additions of smdl anounts of sulpiar, and that the sulphide
activity ws proportiomnl to the por cent by veight of swlplue
in the slage
’eihita"ﬁtudiml the decomposition of ferric oxide inte
oxygen and the lover oxldes of iron from 1000°%0 1850°C under
Gygen prescures of ? one t0 76 cme of nercury. The effect of
additions of lime nnd silica upon shis reaction was also observed.
The slag was suspended in a plotimm cruclole from ene arm of an
analytical balance, vhereby the weight lors ceused iy the react on
Faay =Fal0 + i&
wis obtained. The proporsions of ferrous vo ferric acide could
then be calculateds A side reaction of 1-on axide with platinum
o0 = ye (in Pt) +%50
involved a povsible ungatiofactory correction procedure which my
lead %0 errors,
Uerloon and Gurry  4n o elasedcsl inventigntion detarmined
She equilibriun wmﬂ:rﬁ of cgygen over iron oxldes of wapious
oxysen contentss By sultable conbinations of she ooty fny Uny
%0, 00y Oy and adr, any partial pressuwre of axygen eould be
obtained in the experimental gystome A goe of a fimed composition,
mdhamaiuﬂhdpmapuwootwmmmmw
wrummmmmu,mmwmmmm
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in a platinum crucible hold at a constant temperatures After
equilibriun wip reached the slag wne quenched and annlysed fap
farvous and ferric iron. Thus the relationship between partdal
precoure of oxygzen and composision of liquid exide expressed as
the atom fraction ratic of axygen to iron,-;; » Was eetablished.
Darkon and Gurry's recults do not agree vory well wish those of
White in the pure iron-oxygen systens

In a gubsequent paper Gurry and mrm“m & laso
bhorough investigntion of the effects of addisions of manganose
oxide and lime on the compocivion of fron oxide meltse A few
eparinents were made and vhoos in a narrover range of oxygen
partial pressures and temperaturess

Krings and &thlnmm“md studied She pane problon
bafare k‘htto”. and Darlen and am»y”ms Wy o different method.
Forrie oxlde was melted in an evucusted syeSen and the agygen
pressure which resulied fran its decompoedtion wig mengured ob
1550%C, 1975°C, and 1600C.  As well ap pwre ferrie oxide,
forric cclde + lime ( 201 and 1al), and forric axide + silice
(1s1) wore also useds While their results for pwe farric oxide
m«mu&muwmwmwmunmamm
mnmaumrmumoumwmmmwwa

thore of Darken and Gurry,
mmummwnamwmn.m
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and bixi;mn” investigated by geseslag equilibelium the ferrous
and ferric axlie concentrations of vapious ulrxge % 1550°C.  The
range of oxygen pressu:es used was from 10 W m-sn&mpmsms,
gnd the ferrous and ferric oxlde concentrations ware gxprassed as

P

a jeratio waere J = -——%‘-‘ esee  hdditions of basic oxides,
a0, Caly HgO, and inG, wl;:c f;:: %o increase the J-ratio, while
additions of acidic cxiies, $4Cp and ilp, had the opposdto effect
at o constant partial pressu e of aggens Alsl bad 1ittle effect
on the jeratio and seemed L0 n¢h 4 an amphoteric oxide. Iron
oxlie wap melted in magnesis arucibles, and in the course of a
three o four hour experiment wvould becoms satureted with magnesine
The ivon cide ponotrated the crucible wall %o a depth of
appreximntely 37 of an fnche Several dlstinct loyors could bo
noticed on cooling, &) the portion of the crucible penetrated by
the iron oxide, b) & layer of mugnesilo-wusbite solid solutiony

and o) the partion of the slag which was liguid b teperatures
pifficulty wae found in separating ¢) from b) which wes necessiyy
%o obtain a correct Jeratio as ¢) lu representative of the
material wvhich vas llguid at the besperatie.  As barium oxlde,
line and magrenia are ferrite farmrs “heve baslc oxides raised
the jeratio, barium oxide the no b, mignesin the leant. fron
Gury ond barken’ s work sanganece @dde was axpocted o have &
plightly lese effect on raising vhe Jeratlo than lime but lerson
and Chipman found that manganese cide had a much wmaller effect
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than lime, roughly of the order of magnesins. Of the acidlc oxides,
gilion lowered the jeratio moot, the effect of titania being
slightly lesse [rom the data far magnesls and silica 1% can be
calculated graphically that at 1550°C these oxides are eculvalent
on o mol basip (l.ee 1 nol per cent 540y plus 1 mol per cent Mg0
hag no effect on the j-ratio)s  The reculte of Larson and Chipman
differ connidopably from thac in the effect of 1lime »nd pillea

and also fyrom Krings and Uchaclmmmn in the offect of lime, but there
ir excellent agreenent with Durken and Gwry for pure iron axide
melts vithous adiltionss  The relationship botween the J. of
Darkon nnd Gurey and the J = Fo of Lnrao;: and

rory rores
e o+ ve

Chipman is glven hy J§ a:‘.?({f*l)-

ibe Plerre and um;:mn“ usaed the date of Larson and
Chipaan 0 deternine the pertiel pressure of Oy in 50y, and 50y - CO
g2 nlcwres in equilileium with iime, Lron oxide slags at 1550°C,
Theﬂuphmmm%wwmmmmdwthOftmtmm
rolotion batween the Jeratio and cnleium content for a given ply,
as i bt be expected due to the substitution of culphur atoms for
cygen ntomss A% 1550°C. the producte of dissociation of 50y
arg prineipally 56 and Oy and the data lead to the cholce of ~19+4
keal for the free energy of farmition of 00 from Uy and Uy ot
290+ 16°%e

The same authars, in o later investigtdon s oquiiibrated
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¥el plags contalining Mdi?l%i‘in’ﬁ ogxs‘ %?.0. 40y , and Mg0 with
atmospheres of 50y containing/ CO and Gpe It wns founi Shag
starting with an Fe0 ~» 12 atomic per cent (o z;lng, containing no
ferric iron, the sulphur content rose fap above equllilrium thon
decrensade This wag to be expected as the initial oxgygen
potentinl of this slag was low. Once the j-ratio of the slag
md neared equilibrium with the sulphur dioxide atmosphera,

ghe sulphur content decrensed, probably in accordance with the
incrouse in the j-ratlo, Ste Plerre and Chipmn found thot the
pubstitution of lime for iron axide produces & slight lovering
of the sulphide sulphur contont, whils raicing the sulphate
content glightly. The nctivity coefficient of the sulphide
ion goenms to bo independent of ealeiun content in lime-iron
oxide slage. For conditions of constant oxygen pressure in the
gas phige 1ime and iren oxide were approximtely equal in
desulpiurising pover in those alags, wheress in slig metal
rmummummmummwwmwnunuum
distribution poeffiolont due %o the decreased oxygen pressure in
ghe metals Oillea additions lowered the slag sulphur content,
while & plot of lug Cy agalart aolar percentage silica gave a
sinilar curve $o'Richardson and Finchum «  Addition of magnosis
to iron oxide slags grensly lowered the sulphide sulpimer, and 1%
wns shown that maghesia hos about one half the effect of lime
on the j-ratio, whichis in agreenant with Larson and Ouamn"-



e T

Hagneoin wes sald %o contribute %o the axlde ilonconcentration bub
not %o the deswiphurizing pover of the slage

Doving and hichirdson obtainod & value of AHS = =13edkonl
for the farmation of S0 from 8y and On, using the equilibriun
between molten calcium silicate and 50y, OF gas nixtwress This
disagreed with the value of =X94 keal given by ite Plorre and
Chipmn“, the discrepancy boing atiributed %0 vhe greater
complexity of ges mixtures made fyom i0p and CO then from 50y and Ope

Rosenquist and i&nm”maimd the reaction betwoen
swlphur dloxide, sulphur gne abetures and iron sulphide, magnetibe
elags in the solid state at 700° %0 1000°C thearetically and
experimentally, It wag found that the equilibwiun sulpiur
content wag very low at those temperaturet.

' The reactiom between iron sulphide and iron elde in the
slag phase were studied up %0 1300°C hy Wohler, munumsuwm".
and Diepschlag and Horn s vho found that ferric axide reacted with
ferrous sulphide in & nitrogen atmosphore % give forrosic exide and
pulplur diccldes This reaction comenced n 550°C and was complete
a$ 800%C. The ferrosic axide produced rescted silowly with any
exsece iron sulphide on heating between 900° and 1100°C %o farn
ferrous oxldeg the rate of renction slowed down appreeiably at
higher temparatures.
ackotL 20 53 QLA AITVEE WA T Gl O mm u
Of the investigations partalning to sulpine AN




iron and steel making hy £y the greatest nunber have boen
earried out on slagemetel relationshipse

Holbrook and Joaophwwwe anong the firet %o investigute
in the labaratory the distriution of sulphw: between slag and
motale Interpretation of thelr results wos difficult as this
wag nelther an equilibriunm nor a kinetle study of the reaction.

Bardenheucy ami Gallur‘ahm:ad the distribution of
pulpinr between molten iron and molten iron cxide slags with
additions of lime, nlumina, sillon,and manganese oxlies  The
melts were carried out in magnesia and alunlna crucibles using &
hish froquency furnaces Tho atmosphore above the melt wes not
stated and 1% 1s presuncd %o be aire Sulpbur was added %o the
molten sleg ae iron sulphide or calciun sulphide and after five %o
ten ninutes when equilibrium wag thought %o have been ngtained,
the slag and metal vere east into a copper chill mould “whereby
a sufficlont geprration of metal and slag ook place.®  Temperaturen
vere mensured by means of nn optical pyrometer sighted on the slag
loyers The effect of Semparature on the distribution o sulphur
between motal and pure Lron cxide slags wee given us

log Ly . = 2?.}9 - 0724 MI-,.“-{%)),
This early work is open $0 many criticlonss Semperatures
as monsured by the optdesd pyrometer in the thirtles have in muny

2]
cnges bean found $0 be too low § alr heing an oxldising atnosphere
have an effect on the surface lnyers of the sing nnd hence on the



disWribution ratloy equilibrium may not heve boen nttained,despite
high frequency stlrring of the metal, in the comparatively shart
time of ten minusesy the slag expored %o air and heated only hy
conductdon from the metal may have boen much colder than the
motaly and finally ceparantion of slag ond motal may not have been
perfect in the coppor moulds While iron was removed by magnetic
neans from the slag, some slag may have been Srapped in the

motel and this could lead %o lover distribution ratios.

In the 14sht of these remarks 1% 1o swprdein; that this
has been the only major investigation on the sulphur distribution
between dron and slags high in Lron oxilde, and is the standard
reference for wopk on thene type of siags.

‘ Baydenheuer and Geller come $0 the conclusion that lime
wis a better desulphwriger than Lron oxide, as thelr sulphug
distribution coefficiont, ‘T o~ :rensed vhon 1ime wns substdtuted
for iron oxides Additions of silica and magnesin together tended
to lover the coefficient, but cs both vere alwnys prevcent in the
elogs no conclucions were drewn a8 %0 thelr veparate functions,

Aceording to chh'uy“ » Vho represented the distribution
eoefficient ng

‘F&J = (5’“ » (8),. + (8)im

8
MC(Sa‘. (3:. » and (b)m 4o sho sulpiar in the slag associated
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Ca, Fe and !n as pulphlies, line was effective in controlling the
desulplrigation ondy if the sllica and Lron axide contente of the
slag were kept 1lowe
The Lmportance ol slag basiclty and lime additions to

achleve desulphurisation hag long been realised, but the concept of
slag basiclty in terms of slag composition has been wirleds  The
slgplect concnpt of slang baslelly 1s the V-ratio, %K of Hawrey

al:lschd which 1s not very useful when msimg conplex slagn
of the open hearth type. lHulbch and (;M;wm in thelr study of
sulphur equilibriun between enrbon saturated Ifron and biast furnace
elags plotted thelr exporimental distribution coefficients againet
various messures of slag basleity. The best correlation was found

8
vith a slag baslelty of xo‘:ﬁ". Mo 3 gnouar shovs
that magneeda 45 not such an officient desulplurising agent as limes
A more quantitative relationship might be evelved Af the desulphuris-
ation ratlo wns expressed ns some function of exvess base as in the
manner of Grant and Chipmn who studled the dlotribution of mulphur
between liquid iron and bapde openhearth slags. The best
correlation was achioved hy considering excess base to be
(a0  J1g0) = (510; » AlgGe)e The sulplaw concentration of
the motal was shown not %o be directly propartional to the sulphus
mmt«wmg.ummmmmmmuommy
excess base ralsed the distribution coefficionts A drop in
temperature increased the euilibrium sulphwr coutent of the metale
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The distribution coefficiente obtalned were consldarably higher than
thove found in blagt furnice practice, vhich means that in the
blagt furnice complete equilibrium between metal and sing, at
least with respect to sulphur, is not atiained. This wns
eonfirmed by Filer and Mlmn“, vho rought samples of blast
furnace metal and slag %o equilibriun in enrbon cruciblese

Grand and Chi,pmnﬂin a radleally different approach o
desulplurigation from thot narmlly sccepted, showed the abllity
of oxldes othor than lime %o take parts in desulphurisatlons These
workers made use of She data of Fetters and Ch&punn”m
Ca0-ligi-FeO=i510y slags, the date ef Vinklar and Ul'ﬂ.pum“, and
their own ex erimental work which covered n grenter slag range than
the former wotkars and included the effect of M0, Palp, AlaGy and
cér. on desitlplurisations (rant and Chipman rejected the usunl
mechanien of desulphurisation Wy the reaction

(ca0) « Eg = (Cas) + (7e0)
and postulated instead a direct partition of iron sulphide between
plag and metal, the partition coefficient belng influenced by the
oxcocs base of the slage The direch partition of iron sulphlde
betweon slag and motal heg alpo boen shown to ocowr in blast furnice
ulaunwwwkd wm.wmmm“mmmm
of iron in lime-clumina-pilion siags in equilibrium with carbon
esaturated iron. m«m«r-mMumv‘mmw
mechanical meang into the slag bt from reduction of the ferrous
sulphide in the slag to irone
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The excens buce of (rant and cmpmm“m caloulated
apouning that Cal, n0, and g0 were equivalent bases which
neutralised the ncld constituente of the sing forming the compounds
2106 5iln y 4110eFaly s 2Welilaly and M0.enly where 10 = bapic axide
(Ca0, 130, ar n0]. Fel and Lalp were bosh considered neutral
compounds.  From the experimental dada (nO, MgO, and M0 were found
%o be equivalent bases in desulphurising power, while large
variations in FeO, 0, AlsGp and tenperature caused no appreciable
changes in the diswribution coefficient ad A conciant excens buoge

ligasonnble agreemont was found between the experimontal
results and vhe pteelworks data of u&uhl", barken and Mrsm“.
and Tenenbaun and Ihrmm“. sliht discrepancies being explained by
Gront and Chipoan ag due %o errars in sarpling and analysls, fallure
%0 rench equilibrium in the open hearth, @ the progence of carbon.
Slags, however, ag in the Pmuo process which have a V-ratlo of 1,
and are pourly axidising give rice to much higher distribution ratios,
about 50, than found hy ‘rang and Chipmans Mowat  has 6190 found
high digtribution pagios durdn: the reducing peried in electric
steelmling, and hrg concluded Shat for concentrations below 3 per
cent, FeU ploys an important role in desuiplurigation. ‘

Garter g shown tint the mperimental date of Grant
mcmmmhwmwwrmumw

T
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vhore Am40 is a nensu e of the excess buses Unlike (rant and Chipman,
Garter asoumed Fel was o base of equal desulphuriging power %o Cal, M40,
and 180, and oloo vhe compounds 310.Fylyy and 31WAlaGy were Lormed
instead of 410.PqG. and eAlal » The seatter of pointe using this
relntionship was no vorse than thad obtained Ly lrant and Chipmane

The relationship of Carter corresponds %o sulphuy removal
hy the reactlon

g+ (0 = (8 @

Hardersy Grewe and Oolneni. sugpestaed theé a relationchip cxdsted betueen
beplecdty and the ratlo ; . f , the basielty being expressed as the
Voratlos  The ratlo g4 ds o neacuse of the state of axidutlon of the
metal, thus there iz a sindlarity between this expression and that of
Gartar.

The role of magnesie in desulphurisation is somowhet obscure.
The standard free energy changes for desuiphurisation by the basle oxides
are given wﬂ

(Ca0) « [8] = (cas) « [0] AG o= 19,700 cals

%

(Fe0) + [5] = (ves) + [0] AG g0 08 14,000 cals

(m0)  [5] = (wB) + [0] Al = 17,600 onls

o) » (8] = (g » [0] Al goo%: = 33,400 enls
The desulphurising abiiisy of Mn0 4o olightly less than that of Cal,
wvhile lig0 4s considerably lesss Ilaurer and m.mw'mm that
edditions of 1g0 wp %0 10 per cont did not affect the desulphurising
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ratio, but Hocca, Grant amd t:hipmmuoamw that Cal 1s about 1000
tinmes a betber deculphuriser thon !igle Harders, Urewe and Oelaan“
found that Mg0.040n slags, snd pure }Mg0 at eintering temporatures (1700°C)
could not desulphurise welten iron containing sulphar, whereas basie
Catesilp and lime hnd an apprecilable desulphurising powers The -
exporimental wark %0 detornine the extent %o which magneain can desulphurise
in 1liquid slags io difficuls as a bapic crucihle materdal other than
magnesle s required in order %o make mymesia an independent wuriablee

In a magnesina crucible the magnesls content of the resultent alag s
dependent on the acidic oxldes in the slag, and low distribution ratios
wilch might be attributed %o the magnesin content are really caused by
low elag basicitye IHatch and umm“gnvo an indlestion of the abillyy
of Mzl %o sid derulphurisation by neutvaileing excess acld oxides.

Mgl wng regarded ns guivelent w% ¢a0 on a mol busis when conpidering
the equiliberium between motal and blest furnnce slage.

In the studles of Hocen, (rant, and %Jhiwn“. whan the
digtribution ratio wns plotted agninst nol per cent FeQ et constant slag
bagicity, a minlmun distrimtion vap found at 7+0 mel por cent FeOs The
digtribution ratio at 1600° roce rapldly from this minlmun as the Fel
content fell below 17 por cent and as the je0 content increased
to 3«6 (mmmwmmmm“mmvww
at 1600°C). With increaging slng beelclty, the minimum bocamee less
pronocunced witll ab s.ag basicitles carresponding %o open honrth slage,
the minimum divappeareds  Theve workers regarded desulphurisation as
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gaking plice by Wwo roactlonse
(Fes] =  (VeB)
[Fo3] ¢ (Ca0) =  (CaB) =« (reC)
In hizhly reduced sli;p the firet renction wug concidered %o control
demulphurisation, but in high Fel gloge, Le0e Duslc open henrth slage
the second reaction wng considered %o be the contwroliing once The
apporent neutral belnviour of Fe0 in basic open-hesrth slags has been
explained Ly Mclmrdnon‘:;zl??m dua %o the focd Shat addition of Fel
%o a basic slag of o fixed/slllca ratlo has two effectss I cnuges an
ineresse in the nunber of @ygen atoms replacenble Wy sulphur in the slag,
and also, due % the increased FeO acsivity in the slag, ralves the @xyjen
content of the metal. A% low FeQ concentrations gl addisions of FeO
have 1ittle effect on she number of replaceable axygen ntoms in the slag
bt incrense considerably the @Kygen contant af the metals At highw
Fe0 contents (3-70 par cent) tho two effocts offset each other, and the
net effect 1z smnll. sbmahm“ » Who plotted the distribution rotio
agninst mol per cent FeO in tha slag ot constant siag basicity, obtained
.mmmmaammmmwmmmuwt
the dirtribution ratie remanins substantially condimt ower o vide range
of (Fe0) concentrations but rises steeply when the (re0) concentration
falle below a certain value. ‘
0f recent years the tendency o describe iron and
making elags in tarms of londc concepts hig come mare %o the fores The
ability of molten elags %o conduch electricity hes been denonstrated by
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nany workers » showing that the narmal concept of slags as o

liquid golution of elecuro-neulyral oxiden nnd compounds chould be
replaced by the concept of an lonie solutions Severnl \mr!nm'c‘u
have explained falrly succecsfully the reactions of sulphwr, silicon,
axygen, phospharous and manganese in basic gteelmking in the light

@6

of thie ionde concaple

Both the %heory of lonized compounds and the theary of
non~loniged oxldes and compounds can explain quite well the nare
impartant slag-netal relationships in iron and steel-mking. The
ionde shewry, while no doubt being the more correct, is not so easily
applied in mctunl practice s the move incarrect compound theary
vhdel involves much less calculotion, Kheinman  has suggosted that
e compronise botween the two thearics night be effected ly the use of
partiaily foniged compounds. A purely thermodynamical approsch is te
be preferred %o eithor Sheory s this makes no attenpt $0 dincover the
nature of molten nlaga; e only gives the activity of a partleular
constituent of the slage

The distribusion of axygen between carbonefree irom and
sinple aeld slags of the FeQ/tdls type ot 1600°C has been found by
Rorber and Mun.mm Taylor amd Clﬂpmn.,. In arder to obinin
the eummzaaum'mmwr« iron and basic slags She concept

(2]
of farrous oxide activity muwt be inwoduceds Both Korber and Oglsen
and faylor and Chipnan bAve shown hat in acid slags the mol fraction

of FeO in the elag is approximately equal %o 1%s activitye The
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actlvity of Fel is found from the value of the wmgygen content of the
notal in equilibrium with the slag divided hy the satwration valus for
oygen ab that Senperature. Conversely 4f the mol fraction of FeO
in the glag i: kmown She cogygen content of the metal in oquidiberiun
with that particular slag con bs founds Values of the activity of
ferrous axide in the pseudo-tarnary system (Cal + Mg0) » 510y » Fe®
are glven by Fetters and uhipum”ami Tuylor and Ghipmn"-

The solubility of exygen in liquid ifrom is given ly
Chipman, Fettors, and Tu,ylw” m’nn

log (0] = - SE ¢ 7HM
Florddis and chlpmn"lnw investigated the nobivity of axygen in
liquid iron in the presence of warious solutes. It wap found that
inorense in axygen decrenses the activity of oxygene However,; the
effect of pulplur on this oxygen nctivity was nob obtained.

The effect of sulplur on the solublliy of agygen in liquid
iron under pure iron oxide slags has been reparted by Hilty and Gmﬁi“.
A ninlmum in the oxygen contont was noted at O»1 weight per cent
eulplurs lo minimum, hovevers wes found in the work of Bishop, Grant
and Chipnan on 1ime saturated-iren axide slagse Hilty mnd Crafte
mm&mmwwmwcmwutmnﬁwsmmwm
solubility but with more than ono per cent sulphur the asgygen
solubllity rose fairly stouplye

Fettors and Chipon found thit in forrous mdde slags
in equilibrium with nolten iron appreciable quantities of ferric acide
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existed, and that the narmal sesunption that all of she ferric oxide
is reduced by contact with molten iron is wonge The amount of
forrie oxide increased with increanse in Mgl and Cal content, but
decrensed with incrense in 5i0y content as previcusly noted by
r(c(:mwo”. The effect of temperature wms not accurately established,
but incrense in temporature seaned % lower ths farric exide content.
Bowen, Schairer, mni Poonjak"mn somowhat lovar teporatures had
also reported on apprecinble quantities of ferric oxide found during
tholr exnaination of the Cal «~ FeO - 540y mlag aystenms Fetters and
CMpmn“uhcmv.thmmmiWctkuulilagu

m (;ﬁuﬂ) - o';m * 4o
The solubility ofwagnesia increaged with incrensing siliea content

»as

of the slag!expected, while incrense in lime had 1ittle effect on the
solubiiity in pure FeO slags.

mmuuwuw:ruuwommmm
76 “o
established by various warkers . Rurkdogan and Leoke expressed

the effect of temporature on the solublliyy as
lq!l: - ? « 0375

whare iy 45 the atom fractlon of dissolved carbon in the Lromecarbon
alloy.

cupmn«n"mmmwmmcnuuun
the polubllity of carbon and their resulte as reparted in the farm
of Turidogan and Lenke  are given by

N = o O et (for the rangs 0»00=0e0p fiad)
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where “e = the atom fracuion of dissolved carbon in the iron-erbone
edlicon Sernnry alloye.
¢
lig = as ahove

lisd = the aton fyaction of dissolved silicon in the iron-earbon
slllicon Sernary a.lay.

The polubllity of graphite in iron-carbon-silicon ternwry allays as
veparted earlier lhy Schichtel and Pimarslqr“ gwe values of graphite
solubllity O3 par cent lover than thoce of Chipman for the sane
eilicon contonbs

The solubility of graphite in hou-unrbm-mlpl'm' alloys
bag been investigated Ly mmm and }hmm.k uuin@ their om r.eun.
and thope of Morris and i)uohl and 45 gdven Wy

g = uo = Ml (far the range G+00 ~0e0L K )

wiore Ig = as above

g = the atom fraction of dissolved carbon in he iren=
earbon~sulplng Sernary alloy.

ly = Yo at fon rqction of 148qiyed sulphur in the irone
From this equation 1% can be scen that at a given Somperature for evary
atom of sulphwr dlesclved in carben saturated iron, an atom of carbon
%5 displaced from the solutdone The results of Kitchener et al
are consistently 05 per cent lower than those obtained Ly Turkdogan
and Hancocke fuper-saturation of iron-earbonesulphur melts 4o well
Imown due %o the steble nature of camentite in the presence of dissolved
sulphur, but the consistency of Turkdogan's results seen %o be against
suparsaturation a8 a pospgible source of errapr in his warks
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The niscibility gap in the lron-curban-sulphur systen has
been deternined several timam ’m, and mare recently Ly liorro and
walchiat“. Turlcdogan and ihmocku.demmmd the boundwries
of the niseibility gap at 1700%, 1350, and 1500°C using earbon
paturated iron. In this investigation the siiphur concentrations
in the lower corbon rich layer were mich less thon thoce of lorrd
and lundquist, and it wvas suggested that the latter's sampling
technique was at fault, thereby contamina$ing the bottom layer

with sulphw rich materinl from the top layer.



CHAPTER II
EXPERDUSITAL



~ay

Praporation of .ruciblaeg

Magnesia and alundun crucibles were produced by onatina a
guspension of the finely grmmmmuxMom‘aanaWot
paris mould, the crucible being formed 4y adsorption of the l\\mpmdim
liquid Wy the plaster to leave a layer of refractory on the plmw
wtuccmn The raw material used was fused magnesia granules \ :

70 obtain & good noneparous crucible, alundum and mmuu
should be fired above 1600° and 1000°C respeciivelys As this omﬁm
be carried out successfully in the departnent, the crucibles were nrp&
%o the appropriate tenperature in an oll-fired Durnace by cowrtesy ’}\
of JuGe Oteln and Coe, ltde, Bomnyiwidges The crucibles after firing
hed & denge translucent appearance and vere found, on the whole, ruiqunt
to the corrosive slage used in this investigatlon. ;/-\

Hitrogen and pulphu- dioxide were the only gnses used \
throughout the experimente. As supplied aylinder niwrogen normally
containg 0»2 to O+4 por cent axygen, which mic% be removed befare
tho gas is passed into the resction furnnce.

The nitwogen purification fwrnace [B) Fige 1, consisted of
a 3.1/4" diametor alundum tube wound wvith Kanthal wire, Ocu;mct
700% Yy a "Sunvic® energy controlisrs In this furnece were placed
four milidte tubes (1.1/4" diameter) containing respectively copper grused)
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iron wool, and small pleces of ferrosilicons In the cooler (450°C)
axit end of the fourth tube were packed some magnesiun drillings.
Ths nitrogen from the cylinder, after being dried in two concentrated
sulplmric aeld bubslers (A), puajed through ths four tubes, copper
gruge firet, magnesiun last, Any ewrbon diaxide which might have
boen formed from the steel wuol or ferro-silicon wnp renoved Ly the
"Carbogorb® bulbs (C)e  Thw nitrogen was then dried by ma gnesium
perciilorate in a U-tube (D) befare pussing into the flowseter (1)"
It wves thought thet at high rates of filow(l.oe 500 ml/min) She exygen
in the nitrogen night not be all renoved and this wans tested Ly pussing
the purified nitrogen ot 500 nl nin over polished copper strip at
10007C for 6 hourss o oxidation of the strip wme noticeable at
the end of thds times The copper gouse was renewed every 150 hours.
fulphur diocdide wes used from a siphon. Before it entered
the sulplay dioxide flowmetsy (J) ﬁ weg passed tlwouh a sulphuwrie
acid bubbler (G) and thon through a U-tube (H) £llled with silica gel
MWMMMSQ to compl tely dry she gase DAfficulty wae
encountered with thoe sulphwr diaxide ns, after passing through the
swlphurie acid bubbler, 1% currded with 1t a fine mlst of sulpharic
acdd whdch ws not removed when magnesium perbhlorate alone was used
in the U-tube. This mict eventuslly led to she blockage of the fine
euwlphur diaxide venturi during several runse This blocknge was not
eapily notdced a8 the gauge contined o reglster the correct positive
pressure, although no sulphur dioxide was passing through the fiowseter.
Choling of the venturd by this nist was detected whon the known '
bubile rate shrough the sulphurie acid bubbler (0) dropped or




‘®*30%

ceoasad, Sms the caune of the blocknge was also ths means of knowing
when the blockage was takdng jince, 8 somevhiad novel situntion. Rs
it wog necessary o have a 'bu‘obln cheelk on the sulphy dloxide othar
liquids with low wapow pressures and containing no weter were tried,
€.« butyl phthalate. Thic was %0 no avail, as reaction took place
between U eulpluwr dioxide and all the liquide trded, the worlous
resction products coatdng the bubbler glace and making it opague.
As 1L wns noticed that the mist alwnys "condensed” on the low pressure
side of the wnﬁw&, 16 vag thought thei a large emply wulb inserted
after the sulphuric scid bubbler night help to precipitate this mist.
The bulb wap cooled in iced water to fwriher the precipitation but
wvithout Loprovement ag the venturi contimied %o blocke Finully the
inlot ldub of the parchlorate Ustube [H) was pocked with silien gel,
widch wag exceedingly effective in removing this twoublesone nlst,
althouzh 1% took several hows %o satuwrate the gol with sulphurie
dlacidse

Anothar difficulty in using sulplur diexide is that the
silicone gronse on the stopeocks was slowly attacked, siving rise %o
a bluck substance which somotimes choked the stopoocks. Contamination
of the gus mixture by this eubstance wns prevented by cleaning the
tubes and regrensing the stopeocks after every run. As this ocowrred
bofore the gus wis meterdd and analysed 1% 45 hishly unlikely that
4% will affect the final gns analysise

Sulphur ddoide astacks and entarictles rubber very severely
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and all tubing aleng wvhich sulphur dioxide flowed, elther the pure
gne or the niltrogenfeoulphur dioxide mixtwre, wap mude of glose ar
polythenes  lwbber had %o be used at the venturi flowmeter glass
%0 glace connections for eane of dlemntling and cleaning the
venturd since polythens must be heated and meited on $u the glase
tubing %0 make o @a;mﬂﬂxb neale

¥low rntes were mensw ed hy neans of Live foot bigh venturd
meters (i,0)e A 2" length of glass oaplllary tube drawm out in the
canbre wao used as a fixed orifice, and the flownstore were filled
with "Griffin and Tatlock® flowmster oll of low wapowr pressurds
Flow rates were ndjusted by raising o lowering the bleeder columns(r),
extronely fine ndjustment being enpable by Shis meanse

From ﬂu‘ flowmetors the two gnses entered the nlxer tube
(K), which consisted of an upright closed tube, 8% x l.1/4"dlaneter,
wvith a layer of magnesium perchlorate at the foots The two
ganes were led to the boutonm of the miwer where they Lupinged on
thls perchlorate and mixed on Shelr way up tho tube while paceing
through at 6" pacling of glase wool (L)s From the nixer the guoes
eould be led through polythens tubing to the furncce, %o analysis (X),
@ to wagte (W) by correct manipulStion of the twowwny stopoocks
(M,5)s After passing tihrough the reaction fwnce the ges eould
be passed %o analysis (V) or to waste (U) by the two-wny otopeock (P)e
Lach gee elde of the apparatus could be isolated Ly one-wny stopoocks
(Q4)s  The nitrogen/sulphur diexide wnste gie was passed into &
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gtrong solution of hydrogen peroxide and sodium lydraxide, which
oxddiced and neutralised the sulphur dlexide in the gase lMethyl red
wag added to this golution as an indicator. Both the sulphur dioxide
bleeder folumn (F) and she wagte beaker (U) were filled with a similay
solutdon %0 prevent the passage of sulphur dloxide into the atmosphere.

A ypass for nitrogen (&) was also used, wierely the reaction
furnsee could be flushed with purified nitrogen during beating up,
ab the same time ng the nitrogne/sulphur dioxide gre nixture was
stabilising. The rate of flov of pwrified nitrogen through the
furnace could be controlled iy & stopeock (2).

dtar patlor !

An sceurate standardisation of the flov meters was ‘
necessary in arder %o find the exact partial presvwe of sulphur diexide
in the nitrogen sulphuy dicxide gue nlxture. '

i ¥

Ag nitwrogen s an inard gas, & physical means of callbration
had %0 be fleund. Previous warkars - had standardised thelr nitrogen
flometars ly lsplaeing with & known valune of witer an equal voluse
of alr, wilch, afber drying, piccod through the flowmetars The time
for this to happen and the gauge reading were taken. AfSer conversion
of the gas wolume %o HeTePe and using the formula

iy = jrﬁ:';‘_ * Fa |
vhore By, = flow of &y niwrogen in mi/min ab leTePe
Fn = fiow of dry adr in nl/nin ag H.2uPe
/2N, = density of nitrogen at G°C
= density of alr nb 0°C
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8 graph of flow of nitrogen at HeT.Pe against Llowwter gauge rending
could be drawme The errars involved in this method must have boen
conaiderable, capecinlly a% high rates of flow as the water under a
presowre hend of several foot musté flret compress the ges untdl the
o0il in the gauge has climbed %o ite correct position and dradmed dowm
the glass tube for thet partloular rate of flowe Vater flows into
the calibraged vessel o do tids and thus "comprecsion water®™ wng
mongured nlong with the remainder to give the fliow rates, which
muot have boen 1ou.'
b on

It wap decided that a water meter offered the best acowracy
and consequently a standard 285 litme gne neasure wns obtained and the
moter ptanderdised agalnet thio. The meter wvaps found %0 be quise
accurate, all volumes on the mobtar to be miltiplied Ly 0#9976. The
moter wmg connected Go the exlt end of the nitrogen flowmeter and dried
compressed alr was passed throuwgh the systeme VWhon conditions had
stablllised after ton ninutes with respect to gas flow, readings of
the flometer gnuge, water metar, Semparature of the water meter, and
ashlend Senperature were taken and the stop watch started. Aftar
twendy minutes all the readings were taken agnin, the flometer
gauge having remoin d quite stendys Fron this the flow of safurated
aily in nl/minute could be caloul:ted, hence the flow of dry adr in
mlfninute. It wus assused theb complote paturation of the gas Ly
ummmmpzm.wwmsmwmmm@:m\
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to dry gns a% °3"C and 760 nn mercury using the %oncion of acqueous
wapour (89). From sthe formuls the nitropgen {low wag found at °39C
and 760 m nmoroury, and a graph of dry nitrogen fiow rate vereus
flovmeter gruge reading was dravme Thipe arblirary figure of "3°C wme
chosen for convenience since the apparatus was set up vhere the.
anblent temperature wns 73°C # 2°C.
8 isation

In order to test the veracity of ths farmila impurified
eylinder nitrogen was used instead of nlr and different reosults were
ob%ained, ascuning that the tension of aguecus vapour in nitrogen is
the same ag in alre A firet this difference was thought $0 be due
to the axygen (OP4 per cent) in the cylinder nitrogen, ut on removing
this oxygen with pyrogallol very 11ttle dnprovement was noticeds The
difference between the two resulis was conslitent ab 4«5 per cenbe

A new, unused rotanctar (guiranteed accuracy $ 24) wan
obtained, which was gradunted in ml/min of agygen at 15%C and 760 un
mercwrys The readinges on the rotameter were couverted to nitrogen
at 23 and 760 ma moroury by the followin: equation, which was
derived from the data of Schoanbowis and Colburn

% s Mo - /ﬁn‘

" A Lo ,
where Voy and Vg are flow rates/min of eqgygon and nitrogen
respoctively, m, and g, 36 the viscosltles of axygen and nitrogen
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respoctively, and /0‘,l nmd /on‘nro the densltics of agyuzen and nitrogen
respectively.. This gave the wolune rate of flow of nitrogen at
15°C which wag then converted to walune rate of flow of nitrogen
at "8°C and 760ms. mercury. The rotameter readings when plotted
gave an unexpected result, in that thoy seemed %o confirm the
figures obtalned iy the compresped alr standardisatione

The only obvious difference in the conditlons between
standardisation ? and 3 wap that ? wns cunducted at a room temporature
of 17°C while 3 was conducted at a temperature of 24+5°Ce This
wag sought as an explanation since a rise in temporature expands the
capillary venturd both in length and area, and aleo increases the
viscosity of the gas. Ualculation showed that the eapilllnxy
expansion factor was negligible but that the viscoslly factor incroased
the flovw from 300 ml/min. at "4+5°C %o 307 nl, win at 17°C for the
sane pressure heades To teat this the venturi was cooled at 17°C
and resulte with the rotamter showed the increase o be alnovt
exnctly as ealeulated. A possible exception %o this iden mny be the
improbability of cooling the gne from 74°C to 17°C while it is noving
at such rapid speeds tlwough the short venturi, yet experimental
rosults show the difference in flows. - Using the rotameter, as
the flow rate for the same presswe head hed decrensed, the venturi
was cleaned in oase 18 hnd boen parsially hlocked Wit the same
results were obtained. Data on the densitles snd viscosities of
mmmwmwwwmmmm“.




Standardisation 4A

e to the discrepancles between the resulis a simple
ayaten wnis sed up %o glve a few check results, which might help in
deternining a cholce betweon the previous standardipations. This
involved the displacenent of one litre of water from an uptwrned
standard finsk a constant head device keeping the gns pressure inslde
the flask at atacspheric pressure. The gas outlet Jet was siturted
in the water wutelde the nack of the (lask aé the pame depth ns it
would oocupy in the standardising positions This was done in order
to keop conditions in thw flowmeter gauge constants The litre flask
wag filled wish wmter, vhose temperatu e was taken, the Jot swivelied
underneath the nock of the f.ask, and the time taken to displace one
1itre of wnter noteds This wvap done for various flow rates and the
rate of flow of dry nitrogen at "3 and 760 mm mercury plotteds The
wvater temaprature for these teste was kept conutant at 17°Ce  The
gne wae presunad %0 be saturated with wmter and the Msultn obtained
were in quite good agreement with the rotameter standardinntion,
especially at hizh rates of flow. A% low rates of flow & tendency to
drift to even lower rates of flow for a constant pressure head wags
hoticeable. The anmblent tenperature wes 749C while thet of the
water was 17°Ce A Justifiable aspuption was made during the
: mmumwmgaanwmtmumtmkmmmw
temporature vas 17°C ag the displacenent tine wne quite short (three
nlmtes)s At low rates of flow, hovever, displocenent time wop



wif o

greaber than ten alwutes and the flagk and gns inslde 1% were no
doubt heating up o room tenporature. This may hove caused the
effect though 1t ie not clear how as the expected change would be
opposite to that obtained.
gtandardisntion 4B
To counteract this temperature effect thy wmter wms

heated %0 %4“C so that all the apparatue was at room temperatures
deven deternminations wuere made and the resulis were surprising
The points obtained were entireldy differeni, the only explanation
bedng thet the gas was not satwrated with water wapour at 24°C and
an overcorrection had been made for Sthis water wapoures The we turd
wag cleaned ut the same resulte were obiained. Wy the gne should
be apparently saturated at 17°C and not a% 24°C is inexplicables
later another now rotameter verifisd the results obtained
by the origzinal rotanmeter. With such diverse resulte 1% wae difficuls
%o foel confident at any particular cholce of standardisation, bui o
combination of standardisation 3 and 4A geened the bend cholce
wpaeiallyunmtorcmkoamlmihumhatwmm
case of ncoldents %o the venturds The different results are plotted
in Fige 2, vhile the final cholce 1o shown in Fige 3, with the
room temperature variantlons.

In contrnst %0 the nitrogen flowmeter the standardisation
of this flowneter was quite cimple. Unllke the plyeical standardisat-
ion of the nitrogen fiowmeter a chenmieal siandardisation was dones
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Sulphue dloxide from the flovsetor pussed into the nixer ani wng
diluted there with niwogen. The thorouhly nixed goses were then
parsed 1n;ao a neutral 4 volunce soluvion of hydrogen poraxide, wvhaere
the sulpluric acid foarmed wns neutralised ly standard sodiunm
bydrw:id.o, using methyl red ng an indlentore The nlxed gns was
passed £ ten minutes Shrough the colution and the volune of sulplux
dioxide at "3"C and 760 m nercury calcuinted and graphed for different
gouge rondings (Fliwd). - Uilferent Liow vates of nitrogen wure
tried (50, 150, 350 wl/nin) in cage some of the sulplur diaxide was
boing carried oub of the colution and not being acldised, Wt 1% we
found thet for o fixed sudplaw diaide gauge reading the sulphw
dicxlie wplume by Shis method of standardipation remined the sane.

Amporption of th: sulphur dicelde in acidulated wmtaer
and titration with a standard KI/1IG solutlon usling starch as an
indicator wae 2lso used and the %wo diiferent chenical methods gave
excellont agreamente The lhydrogen peraxide nmothod, hovever, wis
preforred due %o the ocnse of standardising the decinarmal sodiun
hydroxidge

This ptandardisation of the sulplur dioxide meter was only
used as 6 rough gulde %o flow rates ap the suiphwr dicside content
of the ges wog determincd bofore, during, and afier evory rune

fisaction Furnioe

The reaction furnsee (1), Fige, 5, ws a vertical
resivtance frnoce would with 19 gauge nolybdenun wire carrylng a
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mullite tube (a) (35" long, 2" lede, 203" Oude)s The nolybdemn
wire wns evenly wound over a length of 15" on an aiundum tube (b)
(15" long, ?5" L.de) the cwrent %o the coll belng adjusted iy
moans of o 40 aup Variac sutotransformers This winding gave in the
mullite tube (a) a 5" long hot sene (g 5°C) at 1550°C, the Semperature
being neasured by a platimss-platimus =137 rhodiun Shernocouple (%o)s
Tenporature control was mamnl on the Varise, temperatures being
easily kept constant at & &C. '
The molybdenw: wire was covered y a 1/4" thick layer of
aluming conant (1), which wng protected from contaninntion from the
insuloting bricks (o) by broken lumps of alweine (¢) held in place iy
an alundum tube (d)y 6" in dianetere The space betwen this
alundum tube and the steel cutside holy of the furnnce was filled
with lnsulasing Wwricke (e). The protectivé Nunace atnosphore
mmmmmahmwwmwwm This 1l
and Hy wes obtained from gylinder amonia which was “cracked" by
pageing it through a furnace containing ebeel wool at 950°C.  The
wuneracked® amsonia wes removed by diluve sulphuric seid followed
ty concentrated sulphurle aelde The gnses were then completely
dried by pascing them over éalclum chlaride and maguesium perchlorate
bofore being led 4nto tho bostom of thy stood shell of the furntces
The nitrogen plus lydrogen exited from the Sop of the furnnce via
;mww«crww,mmtmmmmwm
Mmumamamhmumwwaﬁ
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with its harmful cxygen, into the furnace shells The removable
oteel %op of the furnace was held in ploce by eix nuss, the gas tight
soal (at) being made of nsbestos tapo.

The mullite tube (a) was held in place ly two ashestos
rope geokete (q.q), the lover one clanped very tightly, the top one
falrly loosely to silow for expansion and contraction of the mullite
tube Juring heating and coolinge The top end of the millite tube
ws water cooled by a copper coil (p) o prevent melting of the
rubber bung. (r) The open ends of the mullite Sube were fitted with
rubber bungs. The top rubber bung (r) earried an obserwation
window (s), flush gas inlet (%), aliding seal (u), and two Sindanyo
radietion phields. (v) Through the siiding senl, which consisted of a
silicone greased Ow-ring clumped hy a scrow lmoby passed a 24" dense
pintered alunine tube (x) (1/4% oude, 1/8% 1.de) which could be
extended into tho hot mone of the furnace at wills The bottom bung
(rb) enypiod a 74" cloved millite thernocouple sheath (y) and a gas
oxit (m) which wns connocted 0 n tuomwmy stopoock (p)e |

The magnesia ar alundun erueible (1) (1«-3/4"hﬁgls.3.»!."":..6‘...j
069" 1.ds) was placed inside a protective alunium arucible (?) |
(1e3/2" hidgh, 167" Oude, 104" Leda), the two separated by o layer
of powiared mterial (3) the pame as the inslde crucibles This
powder acted ns a sponge and soulked up the slag in the event of a
erucible fllure and po prevented the corrosive slag from attacklng
the muliite tube (a)s  The crucibles were muparted by lighh
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alundun stools (4), which wewe slipped over the thepmocouple sheath,
wvhose closed end just touched She hottom of the outside crucible.
A hot sone deternimmtion gave the relationship between the Lemporature
at thie point and the Somperature of the metal in the crucible
(83°C dicference at 1.50°C). On top of the outside alundum crucible
wag placed 8 mullite tubo (5) (107" Oude, 104" 1.ds, 16" long) with
gne olite (6) cut for three inches above the crucibles This
mullite tube served the dunl purpoce of £illing up dead space above
the crucible in order %o cut down fluctuntions in the gouges and
alpo to protect the outside mulilte tube (u) from slag when "hlowing®
the gns into the slag and metals

The thermocouple nilivoltage was rend on & Tinsley vernier
potentioneter using a 36" galvanomater Lean.

The train for removing the lagt traces of uncracked ammonis
- wne redesigned in order t0 eliminate any molsture being carried through
into the fwrnoce shells This train is shown in Figed. Fron the
craeking furnnce (£) ths gns ¢ ntaining some uncracked mmonin pnssed
into a 5 litre ewpty reservolr (g).  This wae So prevent a back
suction of the liquids into the furnace in the event of an electrienl
fouls in the erackdng Dunnoss

PAfficulty had furmerly ocourred in the Wrain due to the
cholidng of the 1nlet tube in%o the concentrated sty botsle with
annondun sulphate which i very insoluble in concentrated Hoilge
To elininate thls o two-way tap (h) lod to & botble (J) of § ldtres
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capacity, half filied with 5 per cent spulphuric eeld containing
notlyl red ns an indieators If She Inled mbo.hwm %0 get blocled
with ammoniun sulphate the gae flow was switched to the other Sube.
The stopeock (k) on the blocked tube was gradually opened until
sulphuric seld wap forced up the tube by She ges pressure insldie
(4}, and this dissolved out the bloclkngess Iwo ar thres washings
wore somotimes necessary before She blockage wne completely cleared
but at no time was alr alloved into the aystem, and the gas flow
weg only momentarily interrupted when twrning stopeock (h)e
Two concentrated sulphurdc acld bubslers ( e,e ) renoved nest of
the molsture picked up from the dilute sulpluric acid and the neid
miot 1n the gan wes removed ly passing she gas Shrough a granmulated
pine sower (n)s Finally the gas was completely dried by pascing i%
through a tower (), the bottom half filled with lump caleiunm ehloride,
the top half vith magnesium percidorate, before entering She fwrnnce
shell by (m)s Another precaution which was taken wag Shat the furmnce
was nover alloved $o become colde  The temperature of the furmace
wos kept 0% 1570 whon not 1n uce 80 St no nolsture pick eould occur,
and the nitrogen and hydrogen flow was keph on all the tines

The slundne injoetdon tube (x) which wag lowered into the
molten metal bo give good mixing stood up well to Lhis procedure,
but whon attempte were made Lo bubble high iron oxide alags, the
iron axide led to swelling snd bursting of the tubes Magnesin, widch
has & much bester resistance %o iron oxlde slags, wes trieds
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Hagnenia tubos could only be swplied iy the makers in
15" lengths macimus, and as the distance from the top bung $o the
melt wis grenter than 15" these lengths would have %o be Joined either
together or %0 alunine tubes of the same dismeters In order to
preserve the mignesda tubes 1% wvap declded %o helf thenm and join ench
wm&wmmmmaummmg Eqnuys were cus
on the outside of both tubes, and the tubse butted Sogether oder &
central wooden pluge An alundum covering 3% x 12" dismeter vas
soeared over the Join, alloved %o dry thorouhly, and fired at
1000°Ce  The Join was gas tight ut when an atlenpt was mude to
MWWI&WM%WM%WHI&WW&W‘H
atmadgnafthomﬁing. uwmauwmmw
mmaemmmmsuwmwmuvwrwm
Joining and partly fractureds  The procedurs wns repented and the
sano thing haponed agnin, the fracture ocow ring 8t the sane pdaces
As the coufficients of expansion of aluninn and magnesin are quite
diiferent 1% was thought that the expansion on heating %o the hilh
Lenperatures effects the fractre. A stainloss steel tube wish
sebestor gnakets tightened Ly etainloss sieel nute at &&M ond of
the tube wap next used in an attept %0 Join the tuses. This after
& fow inluinl failures due %0 Liproper lubrication of the agbestos,
provided en excellent if somewimt henvy Joine On dipping the ’
mmwumcmum.wm,mmw;mmv
At & nolten iron preseuse head of 1 0% and ilovin; at 800 mi/etn.
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nitrogen, no bubbles were fumed ae all the gas was cacaping
through pares in the magnesin tube wa.lse  4n alehohol allp of
nigieais powder wes next used in order %0 £111 up the pores but
vithout succecs ae at high temperature the tube was as porous ne
bofores  Svidently at high Semperatures the magnesin graing must
peparate on wpansion forming voids and the matarial inserted into
the pares at room Semperature is uselens.

In view of these difficulties the use of magnonin tubes
wig abandoned and the less satdsfactary aluaina tubes used instead.
‘o attompt wng made Lo hoat these alunina tubes in order to pre-hent
tho gas as 1t was thought thet She long hot gone in the furnace plus
the relatively high veloclly of the gns through the tube would prevent
any thamel diffuslons The relative densities and pereentagen of
the gases are also agninst any thermnl diffusion ecourring.

The experimente essentinlly consisted of the sulplwr plok-up
by iron, ironwcurbon, and iron-esrbonesilicon allqye from sulphur
diecide-nitrogen atmospheresy She plek-up of sulylur by iron exide
slage from pulphur dioxide-nitrogen atuospheresy and the equilibriun
distribusion uf eulpiaur detwoon iron and iron exlde-silicn slages
In order that the experinental conditions night bo stablitsed
aynthotic mierinds bad %0 bo used troughout and Yholr propurutions
are described below. e
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4f Carbon=Tron Alloy
atock Armeo iron (G, 0«10 por centy '0,0-013 par cent

P, 04005 per centy B, 0+085 per centy 51, trace) wns melted in

a grophise crucible using high frequency hentinge  ihen the melt
wis quiescent the Semporature wes lowered %o 17200°C and hold there
for ten minutess  The "icish" was shlmed off and the metal cast
into 3/4" dianeter iron moulds. The metal was broken up Ly
hamer blows into small plocess . The earbon content wns 4+3 per

canbe

Iron-gurbon-guiphue nlioy

The 4 per cent onrboneiron nlloy wes melted in a
mngresin crucible under a nitrogen atmosphere nnd enough lunp
forrous mmmdw@wnm cent pulphur alloye
The "dah® was renoved and the aligy cast into 12" dianeter iron
moudds. She earbon and sulphur contents of this alloy vere |
8+7 and 177 per cent respectivelys

Armeo dreq
Btock nrmeo iron (3/4" dismeter) was cleaned with every

Murmmpmwmt.wmmhﬁol’m.
m&mmmmmmammwxmm
nitrogen and encough lump ferrous sulphide added %o give a 1 per
cont pulptuy ailoye  The metal was east into 1/7® diancter irom
m.m.nmznul/t!'m ;

~ 0¢4 per cent iron.



Although there were various methods of prepsring pure
foarrous axlde, the method adopted wes $0 heat ferrous axalate under
voeuun a¢ 000C. The fervous oxalate wes paclked in%o n steel tube
and dried overnight a% 150°C before the Semperature was paised %o
1000°C and held there for four howrs under vacuume The stesl tube,
s%ill evacunted, was then quenched horizontally in cold watere The
| elinkered, black forrous axide wip ronoved and ptored under nitrogen
to prevent axidations The yleld hy this method wos small and
several lote hd %0 be mades :
Annlysis by total iron gave 101+27 FeO, and hy ferrous
iron 101+47 ¥aO, shoving thnt a 1ittle metalllc iron was present
and that ferric iron was absant,
Sldes
Fine white sllica sand was ground in nn agnte nortay
for eight hours, then beiled with dilute hydrochlaric acid far &
further Swenty-fouwr hourse The sillen was filtered off, washed
several times with witer, dried and storeds [0 analysis wns deternined.
forroug sulphlde
Ferrous eulphide wop mede by tho dirdct henbing Sogether
of iron powder and pulphurs Klsctrolytlc from (=70 BuGeSe) wes
nixed oarefully vith flovers of sulphur 11 in excaeo of the
stolohiowetrioally reqiired miounte Tho nlxtuwre in 15, lote




wag placed in a glaged sillen erucible vish a fine layer of sulphur
on top to prevent oxidation and the crucible covered with a silica
lide Af%er ignition the ferrous sulphide button wns scruped to
ronove any axidation products, crushed 0 00 B.o.0e and gtoreds

The analysds of the ferrous sulphide presented some
dlificuly as ly total Lron a good dndicntor end point with
diphenylamine sulphonate could not be obtaineds Gravinetric
estinitlon of the sulphide invoived some loss as [hS when dissalving
the sulphide in an cxldising acld solutions This RS wms
absorbed in allndline cadmium chloride nnd added %o the total sulphuy
found by the Baily precipitations

The average of the two methous gave a farrous suiphide
purdty of 96 g 4/b

v . 2 1 1 5 BTty
by S5 ke bl & i ALGAVIAE G LS g

The high carbon ( above 1{) sulphur, silicon and irom
samples were all crushed in a percussion mortar $0 puss a 22 mesh
Bellalle  The ren and sulplar aliqy sanples were nilled down to
give fine turningss The sulphur in both these allqys was
helpful in giving small pleces of metal.

Coxbon » Carbon wus estimeted by the standard combustion
uthed“- Oxygen wos posped over the alley millings for helf
- an howr at 1100°C and the earbon dioxide evolved wns abworbed in
8 "Corbosorb® bulbe Tin powder wos used as an acceleratoy and

two extra potasslun parmenganate ges scrubbers were placed in
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the traln %0 remove all traces of sulplwr guses, as the alley
narmnlly contained nbove 0«5 per cent sulplmwr. Mritich Chendocal
Standard Lren carbon allays, @ a synthetic standard were used as
checls on the mothod every ten analysens

Sulphur ¢ OSulpluwr wes also estimated iy the standard
conbustion mt.md". Oxygen was pnsced over the nlloy ndllings
at 1300°C and the sulphar dioxide evolved wns abesorbed in acidulated
water and tlurated with KI/KIG solution using starch ag an
iniicator, the estimtlon nermully taling twenty ninutess As no
high swlphur, high earben British Chemical Standard wos available
two gynthetic standard alloys vere made up by melting Armce iren
and iron sulphide in a graphite crucible as aboves These alloye
were cruched %0 pass 60 Belebe and the £ 60 but >72 Beiuis
portion talen as the standard frone The sulphur content of these
irons wag obtained iy cxidition of the sulpluwr and precipitation
as Dodle, (Beie 1101, Part Ih s 1957)s The sulphur was aloo obtained
by combustion annlysis using as standard the British Chenical
Standard iren as closs to vhe mynthetde standard compositions ap
poceibles  The evolution method for sulphur analysis was also
tried with 11tdde successe The results iy the £irst two methods
vere within the limits of analytical error and the final analyses
ofthehnawmvwl

8 ly BaiOupptn 8 ly conbustion 5 ly evolusdon Cerbon

z:wu:fa 1 1 01:% g Or 94 o7t
2 LW nang’y 2008
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I% wne noticeable that the Dritish Chemfical Standards and the
new standurds gave virtuslly ldentical results for the strength of the
KL/KIG solutions These now standards were also used as carbon
standards when deternining the carbon contents of high carien,
high sulplar allqyse

Ho gynthetic standard was wade wp for the low enrbon,
high sulphur alleys, a high sulplw Britdsh Chendesl Standard
being used lnsleads

sdidcon ¢ Ollicon was estlmated by a standard pranodnr;'.o
The metal was dissolved in concentrated hydrochloric acld, the
solution svaparated to drynese and baked. The recidue was
dissolved in hydrochlaric acid, bollsd ani the sillea filtered
off on an ashless paper pads The resldue, weighed after ignition
in a platinum basin, was funed with W and H, 50, and reweighed.
The difference between the two welghings gave the anmount of silica
e et WULCH W convarsed S0 ol lloon.

The slags ware crushed %0 pass & 60 mesh sleve. <he
aethod of crushing is lmpo-tant in order %0 prevent acidation of

to ferric oxide ;
mtmmw/\mwm«mwwm <he
slag was crushed in n percussion mortar with a single hlow, then
edoved y Sho oversise woo crushed agaln with a single blow, then
sleveds This eingle blow then sieving teclhnigue was cwried ous

until all the slag was sieveds v slags were all treated Shis
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woy in arder %o prevent as much ag possible the production of fines
which are very easily exidiseds Aftar crushing o weak magied
wes drawm across tha slag to renove wyy metal globules which
night have been picked up in samplings

Swlplyw ¢ Swlplawr was analysed by the standard Sechnique of
Finchan and Riohepdemn o A profired boat containlng the slag
wag introduced into a 137 phodiwy/platimys wound Dwnsce at 1450°C.
Carbon dicide at a fixed rate wis passed over the slug and the
sulphur dicide evolved was absorbed in sclduinted water and
continuously titrated with KI/Klp solution using starch as an
Andlenters The ectimidion normully took twenly minubes. A
gynthetie iron oxlde, iron sulphide slag wns melted under nitrogen
and ground o pass a 72 mesh sleve. This slag and a blast
furnace slag were analysed for sulpiar by the BaSl, methods The
gynthetlc slag wae also analysed by cosbustlon using the blast
furnoce sleag ne standard and She sulplaar content y thds method
agroed closely with the result obtained Ly the BasO, method,
vigew

By Baily pptn Ry Combusiion

Blagt Dwnoce siag 1o 04t -
Gynthetde iron axide slag 136 2131
This showdd that either slag could be used as the standards

Gillca o Oilica was eotimated in the slags ly fusing a knowm
weight of easple with sodiun carbonate in a platimus cruclbles
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The water lerded fusion was acldified with hydrochloric neid and
a fow drops of nitric acid. Perchlaric seld was added %o delydrate
the silica. ihe rolution was ewaporated to dense white fumes,
eooled, diluted, and filtered tirough poper pulpy the filtrate
boing washed alternatively wish dilute hydrochloric acid and eld
wobers The residue, welghed after ignition in a platinun
crucible, was fumed with ' and l,50, and rewoigheds The difference
between the two weighings gave the amount of silica.

Zotal Iron ¢ If She plag eontnined under 10 per cent silica,
the slag was dissolved in hydrochlarie acid with a few drops of
hydrofiuoric aeld added to aid dispolutions If over 10 per cent
sllica She slag was fused with sodiun carbonnte in platinun, the
fucion leaded with water and acidified with hydrochlorie acids
Th: solution was ewparated almoct to dryness, then concentrated
hydrochlaric neld added in arder %0 obtain the correct concentration
of acld for the peduction of farvie iron %o ferrous iron by
stannous chlorides lxcess stannous chloride woe renoved by the
addition of mereuric chlorides Fhosphoric/sulphurie acld ws
added and the eolution titrated with standard decinormal potassium
dichrombe using diphenylamine sulphonate as an internal indlentars

Ap pevernl of the slag samplos taken from the nmelt were
not very heayy (1+0 = 105g) an ulternative procedure wis adopted
for analysing for total iron in theve supless This involved
finding the total iron from the silicn filwrate. The flltrate
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from the sillcn estimtion contained large amounte of perchlorie
seld which interfored with the exidationereduction reaction
uging potaspgium diclromato. 7o the alnmost bolling siliea
filtrate dilute nmmonia (1 s 1) solution wms added until the
precipitation of iron as hydraxide was complotes  This precipitate
wng waghed by decantation several tinmes using asmonium chlaride
(2f) as washing agonte  The filtered precipitate wns redissolved
in hot concentrated hydrocnloric aeid and the total Lron in this
polution determined ap nboves  This was a somowhng lengtly
procedure but hed %0 be resorted to as thare was not alwnys encugh
glag %o do a peparate total iron analysis.

Porzous Tron s The ferrous Rron in solution wep analysed

volumetrically by potussium dichromnte using diphenylamine sulphonnte
ag an internal inileaters As ferrous irom cuidises readily in

golution in contact with air a closed sycten was useds Ilydrochlorie
acld wng satwrated with earbon diowide by boiling the hydrochlerie
ncid in a closed vesrel and continuously bubbling carben dioxide
through the seld not only as it cooled but also on standing in the
colde The slag plus a few marble chips wea placed in a wide
mouthed 600 ml conieal flask fitted with a rubher bung through
which earbon dicxide could be sduitted by glase tubing %o the
botton of the flwske A stoppered Shictle funnel and a burette
wore alpo led into the flask Shrough the bunge The gne exited by
a glose tube in the bung into o beaker containing ammoniacal



endnium chlorides. VWith earvon diaxide from a cylinder passing
vigorously the thistle funnel stopeock was opened for & fow nimites
dhen clocede The gas was pnesed for five mimutes until all the
air wne fluched from the flasks Carbon dioide saturated
hydrochloric neid plus a fow drope of 40K lydrefiuaric seid (inte
which marble chips had been dropped) were added %o She thistle
funnele The oorbon diacide supply %o the flagk wes twrned down and
moot of the ncid adnitvted hy opening the weth‘mmol stopoock,
5 cee remining in the thistle funncl %o set ag a peale The scld
reccted with thonarble chips and keph a enrbon diaxide atmosphere
in the £lagk. On heating the slag was dissolved with the evolution
of lydrogen sulphide which wns swept out of the flagk by the earbon
dioide flow and into the mmonincal oadmium chloride sclution where
codntum sulphide was precipitasede AfSer purging for five ninutes
the acld solution was cooled in a cold wvater bath, carbon diceide
stlll passings Phosphorie/sulphuric neid and godiun diphenylanine
wore added via the thistle funnel and the ferrous iron titrated by
docinarml potaseiun dichromtes  The codidum solution wap meddified
with hydrochlarie acld and titrated quickly with KI/KIG using
starch as an indlcators Dlack determinotions on the veagents were
also carried out periedicaliy and found %o be negliyiblee

As sulphide lons reduce forrie iren to farrous iron
forning elemental sulphur a earrection hng to be made for this
excoss forrous iron. The difference between th: combustion sulphwr
annlysls and the hydrogen sulphide analyeis by eadnium chlaride

w o R alsint >
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gives the amount of elemental swiphur formed in the flask and hence
the correction far the fe:rous irons This exvess ferrous Lrom
normally anounted %0 one %0 two per eent of the true ferrous content
of the alag.

The synthetic pure ferrous oxide analysed by this method
gave 101+47 ¥e® as againgt 10127 FeO by the total iren method,
these resulis showing the nccuracy of Shis ferrcus iron procedures

lagnesia o Iy the time thot duplicate or more sulphur,silica,
farrous iron, and total iron analyses had been crrried out Shere
was often little or no glag left %o annlyse for magnesine The
elagsleal mothods of magnesia annlysis are simple but above all
excecdingly time consuning, especially in the presence of silica
and iron oxide which mu:-% be renoved before any magnesia annlysis
in attempiode

A shorter method was sought and a pocgible solution was
rmmwwxxms"wum"mm-amm
and coel ash deposites Yhis invoived She wie of ethylene dianine
totra-acetlo nedd (BebaTeds) for the analyels of magnesiumy iron,
aluninium, and titanlum being complexed with triethanolanine.
O~crepolphtbnlein complexone screened with metiyl red and a green
dye (paranine green Bil) was used as an indlestoars This method,
hovever, had not boen used far the Yypes of slags farmed in this
investigntion, the highest iron oxide contents previcusly
investigated bein; sixly per cente The effect, Shorefore, of 50 - 95



por cant iron axlie was not known. Three slagn werd analysed by
the classieal method (MgPelp precipitation) end by the new nethod,
the results shoun below

8 Fel FauQy 540y Hgo Hg0

(Clasnical ) lew

Run 37 Final Slag 0960 85600  1%M0 (8 54 B2
Run 42 8.%0peme o780 657  23e8  1s0 76 76
Fun 42 10.05psme +06 658 2988 Yoo 87 8

mmummmtmmMmmmmwmm
used in this invertigntion.

o-aag.a:mpmmmvmmmw.
. sulphurie/ly refiuaric acld nixtuwe in & plotimm besine  The
residue wap dissolved in dilute hydrochioric neld and made up to
250 ml. wudtm.mummwmmwmm
by the addition of triethanolasine and amonins  he solution was
titrated by the standard BeDeTehs solution using O-cresolphthalein
a8 indlectore The titretions were earried cut in daylight as the
purple %0 gray end point is extresely difficuls %0 see wider
artificial lighte The NeieTeds was standardised agninet a magresiun
mpmu_mnmumummmt.

By this method ns muy magnesia analyses as there were
platinm basing could be enrrded out in four hourse

RCHIGNL 3 OC a1

mwmwmmmw..n
the metal were sccurately welched into o tared erucible. The




iron~curbon allqy was in the fun of lwwps, and Armeo Lron in the
forn of l.1/4" x 3/4" diameter cylinderse In the iron-corbone

giliconvrwms silicon in powdered form wag added %o the lwyp iron
earbon alloy before moliing

In the gns/elag investigntions the powdered slag
constitue ts ware Shoroughly mixed and placed in e cruciile.

In both the slag motal and gas elag/hetal investigntions
Armeo iron crucibles were made %o £i% inside the wgnesia cruclibles.
The powdered sleg constituents were thoroughly mimed and placed
in this metal crucible so that on melting at ppproximtely 13009C
" the molten slag wvas kept awny from the magnesin crucinle walls, untdl
the iron crucible, which wag part of She metal charge, itself
melted of 1585°C. In the slag metal equilileiun rung the
equilibriunm walue for the distribution coefficlent wme appronched
from both pldes na sume of the charged slag sulphar contents were
above She equilibrium value and some of the charged metal sulphur
mmuwommmmm.

The reaction fwnace having been pet up, and the aysten
teoted for loals, puwrified nitrogen ws admitted for ten ninutes
into the furnsce via the mixer and the alumina tube (x) in ovder
to flush out the air in the tube and thon via the lWy-pass (n) for
s further half houre The furnace cwrrent wue now switched on and
the ecoling water started slwough the collse The nitrogen flov was
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then cut back %0 75 nl/nin., Shis flow rate parsicting until
the fwrnnce temperatinre reached the experdmental wmluee With
nolybdenunm wound furnaces the resistance of the winding increnses
pome paven times between room Semperatwre and 1600°%C. It wasp
necensary, therefare, %0 start with a lov wultage across the
winding and incrense this progressively ns the Semperature rose,
keoping the furnece cwrrent as constant as poseiblle. In this
vay the time taken %o rench 1.50°C from roon Semperature waug
poven %o elzht howrse

Two to three hours before the estimated time ag
tenperature, the nltrogen and sulplwr dloxide gns fiows were
~ ptarted as 1t sometines took thds length of time bafore the
sulphur dioxide content of the mixed gns reached 1ts stable
value especiolly 4f new porchlurate hed been added to the nlxer.
The nermnl procedure was %o start She wiiphmr diexide fiow first,
the gas exbousting %0 waste (W) «  Afuer half en how when sulphuw
dioxide md £illed all vhe gns tubes the nitrogen flow was started
slovly and built up % 1te full walue over ten mimitess Omall
adju tnents to the blleeder columas gnve the desired value for the

flow of both gesess The nixed gns wes alloved 40 run %0 wiate for

a further howr before the firet Sen-ninute analysis was made at (x)
using 4 vols. hydrogen peroxide and decinorml sodium hydrexcidee

Amalymes for sulphur diexide were cnrried out every rifteen mimites
untdl & etable sulphur dioxide content was obtaineds The idend
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situ-tlon of both gns nixture and furnace temporatre being correct
at the sane time wap seldonm realised as one nearly always lagged
behind the othars On the echarge melting,the sliding alumina tube
(x) was moved into position 1/4® above the mels. This distance could
be Judged quite clearly ly the reflection of the end of the tube on
the molten surface and alse hy the depth from the top of the Lmer
crucibloe

Whon the furnice temperntnrad and sulphuwr dioxlde content
wthewmonhbiantmduirﬁms.hp(ﬂmm,
and tap (1] twned so that the nixed gus was pscing into the furnnce
with tap (P) open %0 analysds (V)s The clock starting Sine wns
noted. lUvery fifteen minutes the alumina tube (x) wns lowered into
the melt and the gns bubhled Shrough the melt for 15 seconds %0
enpure thorough mixing. Atbempts o Llow the gus into the melt
all the time hed %5 be abandoned beceuse of the erratic murging of
the gauges due %o Lrreguliy bubbling in the melt. Fine bape
Mmmmunmmmmmmmmwu
Any erratic surging in the gauges could not be tolarated as an
anet Imowledge of the inlet groes had %0 be obtained, and this was
inposedbls with fluctuating gauges.

At the end of a certain period of time and after a
umwmmupmmmm.mqu
olag sample takens Tap (P) ws switched %0 analyeis (U) (formerly
waste) and the bung replaceds mme(m}
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the volume of sulphur dioxide passing tiwough the furnnce, and
thorefore taking no part in the reanctions with the melt, between
sanplings wag obtained.

Hotal samples were taken hy a silica tube (30" long,
8/8" isds) atteched 0 8 partially evacunted yubbor bulbe The tube
wis grounded on the boiton of the crucible and on releasing the clip
slovly a 3% long metal sumple wes sucked up the tuboe Core had to
be taken ns o hollow sample resulted 40 Ghi clip'wes released t0o
suddenly. The tube abd sample were quenched lmwdintely inte cold
wnter, the silien Lroken mwmy and the metal sample broken or sawn into
oeyorel pleces %0 teot its souncnesss lo slag was ever found
entrapped 4n the mstal specimens by this sapling techniques  After
wolighing the metel wap prepared for analysis. Motal sampling tinme
wag leee than 10 secondss _

mas.mmmwmpm.m‘mwnm
iron rod into the elag in the exmct centre of the crucibles 4 blob
of slag solldifled in the cold metal and this was quenched in mercury.
Slag semples taken ot the same time and quenched in water showed an
Ldentical andlysis to thove quenched in mercury, which was, however,
preferred due %0 the po.sible exidation of the slag Ly stean from the
water although a few sing sanples were quenched in watere The
Mﬁm«mﬁmh%mﬂhm-mwtumm
magnesia solld solutions were foarmed at the crucible walls and this
mtorinl wis not representative of the slag in equililrium or in
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contact with the molten metal. After weighing, the slag specinmen
wag prepared for analysise Motal and slag smpling time was less
than 20 secondse By this method falrly emall pamples of siag
ware obtained (1s0-220g) which led pometines %o lack of matarial for
analynics In the equilibrium studiee of slag and metal, after slag
pampling the molten mehal wos somotinen uncovered and nare sing
wns added by means of a silica tube (84" long, 1/2* L.ds) placed in
the furnnce 1/2" above the slng surfrca.

In this woy metal and/or slag samples were Saken over a
period of time, the actual time at Semperature being about Live
‘hours durdng which four to six slag and metel samples were obbaineds
mwm-wmmmwmmwmum
gulphur dioxide flov was remaining constont, the drif$ usually
mwmm.crmmmuam
denpity of the bleeder column liquids This rise in density ws
due to the absorption of smuphwr dicxide from the bleed-off. A%
the end of the run the gng wan analysed again, the fumee switched
off and tap (T) opemed to adnit purging nitrogen to the nystems
The furnice cooled overnight with nitrogen flowing Slwough the
mlilte tube (a) ot 25 nl/mine  The sulphwr dicxide was turned off
first, and nitrogen nllowed to flov Slwrough She %ubes and nixer %o
wagte (W) in order %o reuwove the sulphur dioxide before elosing
tap @

The procedure for emwying out the equilibrium runs
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involved the use of nitrogen only tlwoughout the runs, metal and

plag sampiing as before. Hotal wns pometinmes added to the melt

by caging the plece of metal in 'rmeo wire, the cage being quiclkly
lovered into the furnace on an Arneo wire until the metal entered

the crucible. Wlmaﬂﬁ&rwhﬂmv&rowﬂdh%t&k‘a\m

In the elag/gns investigntions the exit furnace gno
wag analysed every five minutes in order %o find when equilibrium
was attained, Lece exit sulphur dloxide equalled inlet sulphur
dicscldes

In all the investig tions ldeally it would have been
advisable t0 analyse the samples for sulphur as soon ng they were
taken, but this was Séund impossible with only one pair of handss
In consequence all the runs were done "blind®, and in a few cances
donger mimul times would have been advisable.

Temparatures werd measured hy the millivolta e generated
by o platinmum platinue-13% rhodium thermocouple (te). - This
thermocouple was enlibrated every 40 hours above 1000°Cat the melting
‘point of pallsdium (1552°C) and leos ‘requently at the melting
point of gold (1063°C)for the experiments up %0 1550°C.  After
gach run at 1600°C or 16507C, tlwee inches of couple were renoved
and a nov Join mades The calibrations were conducted in the
nolybdenun wound fwrnace, a palladiun wire being laid across the
ende of the two thermocouple wires, 3/16" apart, and welded to
ench wire by an oxy-coal gns flamee  The melting point of this
wvire then corresponded to the BellF generated ly the thernocouple
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at breaks It wng found that the wariation in LI0F, generated
at 1557°C was very little from standardication o standinydisntion

of one thernmocouple and firom bathh %0 bateh of thermocouple wire.
The vardations from Hefs 1026 ¢ 1957 were aloo very small.
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Zhermodynande Data
The oxides and sulphides of iron are non-stoichiometrie

in behaviour, the procise corpositions depending on tesperativre.
Caleulntions on the faryrous axlde, ferrous sulphide equililwriun
ronctions are complicnted hy this behaviowr, especinlly as the
thernodynamics of the non-stolchiometyy of farrous sulphide have
not been establicheds lormal provedure whon working with thece
compounds, especially in she liquid stabe, is %o treat Shom as
stoichiometric conpounds assigning to them the formulse 'Felt
and ‘Fed' , the inverted comms gympolising that in fact they
-are non-gtolchionetrice Throughout this work however the compounds
will be desigwnted FeO and Fele

The free energy change in the formation of ilquid ferrous
oxide from liquid iron and axygen gns at$ 1 atnosphere pressure is
ghvon by

?.(&) L '&(') o M(M Aﬂ";m.m‘;m"k 3 M.ﬁ?.:.&m
The free energy change in the formntlon of liquid Forrous sulphide

from ldquid dron and sulplur gns at 1 atecephere prosowre has not
‘been diroctly measured at steelmnking temperatures but may be
caloulated from the free energy data at lower temparaturevs
Kolly  gives the free energy change in the reactlion

Te(¥) + balg) = res(L) an AQ“mo'\mk"”'m i
This FeS equation wng extrapolated beyond the meliting point of iron
by introducing the heot of transformtion of ¥-iron %0 § = dronm,
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tho heat of fusion of §-iren to liquid iren and the changes in
heat enpacitien of the vardous elements and compounds fronm
4300° $0 000K |
This giwee

ro(R) %s.(g) w FaB()  AG% e’ = nooo ) ® 27,100e500447 »

15+797 logeT = M 2% x 07

A pimplified farm of this equation, negleeting the change in hent
capncition is

FolR) » "s.(g) = Foi(2) AG%e00 moco’y = 34,170 + 10217 eees(?)
Gonbining equations (1) and (?) gives

reo(2) « Poa(g) = as(0) + Bou®) 070 47 o = 21,050 - e

eeee(3)

The estimted error in the free energy change of Shis equation
18 & 2,000 eals.

A confirmation of ghe free energy change for this resction
muwmmtrawazuammcwﬂmmm
equilibris between liquid iron and slage containing M”put
cont FeU, 4 por cent Feplp , and 6 por cent Mgls The activity
coefficlant of FeS in these melts is assumed %o 105, the wvalue
caloulnted by Chipmn  from the 'FeO-Ves* phase diagrem, the hests
of fusion Fe0 and Fell, and the sulphur distribution data of
Bardenheucr and Geller « This activity cosffictent eoubined
with the sulphur in tho slag, and the values of ply and py in
mmmunwuwmumwu-&nm
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sulplur eontente of the metal respectively, gives the equilibriunm
constant for renction (3) and hence the free energy change for the
rencéion.
The waluce of pliy are obtained from the equation of
Cardier and Cw“
b =g \‘\ AG® = = 28,080 « 3+447
using She activity of eulphur from the relatiomship obtained by
Shormany Elvandey u-\ Lh:pmuw sint
log f, = =028 [%] whove { = activity cosfficiont of sulphur
The values of ply are obtained from the equation of Doty and
.cmao
t& =0 _£A0°--w,m-o-m =
using the activity of aygen fro the data of Flarldls and Chipnan
that

logFo -»0-%05[.?50] M‘,-uuvlv coafficient of oxygen
mmmfam"mwaunmmcm"

mummi&»wuu«mgxmm(a)d

» 19,550 cals .m.ltw,m.mn 1796°C and 1670°% respoctivelye

These valuos anwmuommwmomgwm

\
|
1
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dmmwmcwdmwrmm”.numxw»mm
corroct tharmodynanic date for the brealdowm of sulphwer diccide
at elovated ‘tamperatures. @t steelaldng temperatures ewlphur
can oxiot in & gneoous atucsphare of pure S0y as 0p, 50, Suy By
80 Hgy and S mmhmgm;)harn%md()mwom
h«mym&rw%MuumchWMnhu
gznuwxouq .mmmuum s and 5te Plerre and
Chipmu “,oimu:lonntdzrtm bodng found between the
tires pote of data as shown in Table I

Kellay, M.uh\rqu‘ and Jef'fes, and %0 o lesver extent
Ste Plarre and Chipmn, have based tholr valuss on spectroscople
noagurenmonte. Thece uuutq;nnu. how ver, have boen intorproted
disferantdy by ench woarker, with the result that the medn disagree~
ment betweon then 1les in the cholce of the correct dissoeintion
enerqy of Gy and 50 into normal atons.  Table T  gives the
uuwgm;mmmmmmmw
renctions at 1550°C. Mummunsmmas;
and g in the ges can be &pnored. '

Tho data of Ote Plerve and Chipmn  4s prefarred on the
rmmtbbnmihwcmdhmmm.mu
the olagn which were used in this investigations 1y means of
the data, gns compooitions at elevated temperatures con be .
caloulated 4n Sarms of the partdad pressures of o0y and Gp &n She
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06
Kelley Richardson and 3% Plerre and
J 99 : 3
R&wum Aq |u1.“ K' m‘l AG ‘u‘°K K |m.K M.‘nso" K m. "
Keal. Keal. Keal.
~ie e e
280 ()= (g)+20n (g) 110,29 Se971x10 | 110013 6+24dx10 | 100448 79467300
ae “& -
50s (g)=6(g) o (g) | 01060 1064 x10 | 6662 100610 | 7137 2077210
“6 % b
80s (g)=30(g) #505 (g) | 4625 20996520 | 2699 4005500 | 34017 70908320
Vv = o ; -
S0 (e 200 (g)=itg(g) 16060 10°8:00 | 16034 10090310 16+27 1o 136220
&
#0:(g) = o(g) - - - B 31+67 10814320
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gos phase vige= using She data of Ote Plerre and Chipman.

A% 1550C La=mpbly and x = ply

e 8
pla = 3-407:10 -8

po= .

pi0 7-9«0:10_.‘!
A ;
e
po s D54 x10 X
PO m 1186 x 10 0o k
Butp&t).tbpo.opso»p&opm pﬂopﬁ&ubﬂlﬁam
an *X e a.mun...g.a E L&-&M on_-___mw
+ 1514 x 10 ;’ + 10136 x 10 n) tx-ouo
For any particulsy value of x = ply, this quadrtic
equotion can be solved for a = pily, and hence the composition
umwpmuwwswmmwm?mcuwm
can bo caleulateds A% 1550°C and ply = 1 x 10 , with inlet geo
of pure culphur dioxide at 1 atomosphore pressure, the partial
wumuammommn:.mmmm

ps = D75 x w‘m.
ﬁ‘ " T35 x m.’
pic = 798 x

po =  LAlx 10"#
pog = A3 x lQ,

ply = 1000 x 10

pily = BROOP



] -

Graphs onn thus be drawm of the partial pressures of
diatondc sulphur gas in equilibrium with particulsy partial
pross wres of aggen at wrious Semperatures sg in Figels,
widch shows the results of Kellay, ldchardeon and Jeffes, and
Gl Phn"c and Chipmane






REOQULTS AND DISCUSSION

The purpone of the present wark was to investignte some
of the factors affecting the sulphur absorption characteristics
of various slags and metals from sulplur dioxide bearing stuospheres.
A slmple gos aysten of sulplan dioxide and nitrogen was chosen in
arder to facllitate the experdmental worls The general plan was
to start with high carbon iron, with and without additions of
silicon, and proceed $o Armco iron finding the effocts of us
many varlables as possibloe 1% wme ariginally intended to use
lime, silicn, and alumina slage in this investiipation but constant
Cerucible failures made this impossible and iren exide slags vere
used instend.  As data on sulplur distribution coefficlents between
molten iron and Lron deide slage was wory scanty, 1t followed that
work had %o be done on this aspect as well. Finally the effect
of the sulphur bearing ges on iron axide slags in the absence of molten
iron wos investignted.

In order %o mke reference easier it is intended %o
report the experimental work in four sectionss=

1, Gap = motal.

2. 8lag - metal.

8¢ Gap » slag .

4 Gas = plag » metal.
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e Gogenetol
In any investigation involving gne and liquid metal

thoere are a great mnber of wariables which mast bo investignted
before a comprebensive plotwe of the resctions taking place ean
be obuained. in this investigntion onily o fow of these variables
were conasidered dus to the length of time requirved for a single
run and ite attendant analysese The variasbles considered were
tenperature, carbon, and silicon concentration of the metal,
partial preseurs of sulphur dioxide, and the mechanisns of the
processs

Ap none of there gas-metal runs atiained equilibriun
with the gas phape the inwectigution was of neceusnity a dynanie
onge The welght of metal in the crucible was lmown and from the
ehange in composition with time the rates of carbon remowal and
sulpiur sbeorption could be caleulnteds The reaction between
llquid Lron containing carbon and sulplanr dioxide can be written ag

Yo » M * .‘Q 3 m * %0 n-oolnn(‘)
This resction can be subdivided into tlree companent purts as followss
2Fe ¢+ Uy = 7Wel o t& c"u..l“)
Vo « t& = JFai sesnses(8)
28eQ + ﬁ = 2Fe « 200 cn-.ﬁ(’)

Honctions (6) and (7) are of eourse controlled ¥ remction (5)

and Shorefore cannot procead at n foster rate than yeaction (5)y
vhich 1s the rate controlling step in the renctions. The renction
rate of (5), however, cannot easily be neapured in high earbon
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irons but the rate of suiphur absarption and of exrbon eliminetion,
i.00 rates of (6) and (7) respectively, can be obtained from a
knowledge of the change in sulphyr and carbon contents of the
metol over a period of times IS follows from reaction (4) tms
for every lg. of suwipny dioclde reacting with molten iron, U-Sg.
of sulphur should be deposited in and 0e375g. of carbon eliminated
fron the metal at 100 per cent efficiency of remctions (6) and (7).
From the experimental data this 100 por cent is rarely attained,
for a variety of reasong, e the nitro en sweeping over the
motel mwy renove She gnoeous sulpluy before 16 has $ime %o renct
wvith the nolten metnl or concentration gradients may be set up in
- the metal, leading to parte of the melt being high in wweacted
ummw‘fmummmm

The experimental data on the gas-metal reactions is given
in Tebles II « IV. mmmwmw,q.umwu
the ratio of the sctual change in carbon and sulplayr weighte
coleulnted from the metal analysis %0 the Sheoretical change in
carbon and ulphur weighte onlouleted from She gas nnalyeis, over
the same period of timee The efficlency is reparted as o
percontages  The shearetlcnl change in carbon and sulphur weighte
obtained from the gas mnalysis bas been caloulnted from the
inlet mlnud exit sulphur dioide and not from thy inlet sulphur
dioxide nlones In mout of the experimental runs an apprecinble
quantity (0 « 157) of the indet sulphur dicxide passed Wwough the
furnsce wishout reacting. nmmsmumwm.r“

wustsny,
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Zren-tarbon Adiqyn
- -
Run Increment Actunl fron Tomp. Chaprgeiiltrogen Hemarks
time of 'lluumcw metal analynis % Metal fiow
e M pes D RS s
&/min. g/ min, l‘t;‘
B 7800 G0 s00035 00002 1400 @0 0085 Fixed
aluning
34 IS00 570  sQULVE ~000B2 tube
200 975 6M™3  00L0L *000S
99 780 S%1  s000B3 000D
Average (8) »00108 +00084 Average (4)
s N 5000 530 00634 00457 2350 af ey O
™ S0e1 B3¢l #0190 +00P0B
134 2Me0  A7e1l  +QULS7 ~U0L4E
19 fe9  1eB 0008 0008
Avernge (3) »00P0  «0UM4BAvarage (3)
3 35 o560  O7«7  S00B17 +00470 00 4 + 0540
108 a5ed 1900 “0U8% #0087
75 gouges unetablew -
50 o8 D% +00UB0 00884
Average (3) *00379 00370 Avarage (3)
7 48 430 333  s000BY 00000 40 &K 02078
54 657 DOsT  s00LSP +OULSY
56 S50e5 6000 +00MOY +00244
40 43+1 0605 +00000 00185
36 1770 325 +0ULH6 +00058

Avernge (8) +00113 +00131 Avarage (5)
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Iron-Carbon Alloye (cont'd)
Fun Inecrement Z‘ Actunl m- emps Charge Nitrogen lenarks
time of U ot " Metal fiow
50p flow Carbon .aapmr d T 200ml, min.
mins. lost Pso,
g/min. g/min. atn.
10 W 86+5 5S¢4 »000B8 00078 1400 4 ~0055 .
49 830 582 00008 «00076
30 778  87+5 «00074¢ ~0ULLO0
35 HIFO  §6e5  »Q0LL4 00091
Average (3) »00085 +00005 Average (4)
u 7 137°0  10s4 +Q0070 00007 2400 4  +0103 Gas leaking
at seal
15 20 1270 1130 +QQ750 »GOBS0 21400 4fC  «0590 Geuges
fiuctuating
53s5  180°0 1690 (170 +0LS4L very badly
due to
o4 1890 I1B8O (1571 LU continuousn
bubblihg
375 138:0 1100 01040 +0LO9L
Average (4) +0ULl4 <0137 Average (4)
7 0 130 83s8 +00760 »0072"1 1400 4C  +0106 Bubbled
44 1140 1010  =QUP38 «00PU" every 15
nins for
B 1090 118:0 . «((P30 «00337 15 pecs.
Gnugen
25 1620 13220 +00340 «00370 fluctunting
29 135:0 138:0 - +QQPHG «00308
Average (5) +00761 +00314 Average (5
1A 40 96e5 78+l +00L37 +00P07 1400 4% <0200  gauges
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Iron-Carbon Alloys (con®'d

Incromont..l %a__ Actunl from Temp. Charge Nitrogen Remarks
/ ebics netal analysis“C Hetal fiow

Sﬂgflw varbon Sulphur _g]c| di 8 200nd,/min .
ning. lost palned d ds Pso,
g/min. g/min. atm.
50 910 897 +00181 00738 1250 4G ~0108 gauges
steady

53075 972  93¢7 »QUL97 00754

4775  §3+6 690 +00149 +0040

17 B0e8 592 ~0UL76 +00P35

25 830 830 =00166 +0074

Average (5) 00176 +0074) Average (5)

58 113:0 925  «0074 +0193 1550 4% 0099 .
B3s5 1070 70e7  «00N0S 00200

375 G0e5 71e8 QU178 00172

335 671 772 00127 s00169

Average (2) *0018  +OUL9%Average (4)
51078 « 7000 «00P07 1400  4fC  +0098 Graphite
truclible

bHO75 - 9308 - 00”43

40 - 7009 = » 00705

40075 - 740 w * 00193

; 200714 Avorage (4)
60:25 = Med - 00537 1400 4%C3’s +0710  Graphite
55 - 9604 = e 00547 Crucible

*00B4” Average '7)
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TABLE IV

JAxmuco Irog.

Fun Increment JActual Actuanl Temp. Charge litrogen Remarks
time of Thear= from “%C netal f%& fiow
B0g £low etical metal nl/min,
mings. Sulphur analysis
gained ﬂ%&
g/min .
5 18 dle2 «Q007) 1550  Armco <0104 200 lMetal
20 180 * 00034 partially
20 256 * 00048 covered by
Average(3) * QUU34 48/59
nmon, idneslag
22 56+ 5 109-0 00276 1550  Armco +0099 200
8075 o0 * 00754 * 009 Dirficulty with
4325 1160 * 00754 80y wventurd
30 1310 * QU300 blocking
30 1085 « 00277 « Q102 :
Average ( 5) +00770 ’
2 208 104-0 * QL35 1550  Armco «0302 340
20:9 804 *0118
43 5%1 * 0065
26 373 * 0047
Averapge (4) 0085
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should never be above 100 per cent but in several cases this has
been exceeded, particularly in the anocunt of enwrbon axidised.
This can be explained by she fact thnt alr entered
the furnnce during the sampling of the metal and ewidising some of
tho earbon in the melte - As the weighte of carbon lost (Appendix
Table IIA are very small a 1little alr could change this efficiency
appreciably, raloing it avove 100 par cente Juns 1 - 14 ware
conducted with a fixed alunina inlet tube widle fron lun 15 ommyrds
a oilidng alunina tube wap used in order to bubble she sas through
the melte This bubbling cogplicated matters as the flownseters
fluctunted wildly during this bloving time and 1% wne difficuls to
~ obtain a constant sulphur diexide fiows  With blowing, an additional
factor wms the spleshing of the metal out of the crucible on %o
the wnile of the muliite protecting tubes This loes lessened the
weight of metal in the erucible and thuo raised the efficlency,?,
as the weight of metal in the crucible for ealeulstions wae obtained
from the charge welght minus the sample weightes Chocks at $he end
of each run indiented that this loss was small (0 « %g.) 4in the
rung with blowin; every 15 uilnubes. umnmpwm
continuously into the metal cousing the gnuges %o fluctuante, and
the calculated efficiencles were all nbove 100 per cente The
total metal lose from the crucible wes 13ge and carrecting far this
in the lost perdod of tlmw altered she efficlency from 210 %0
1387 for carbon, and from 167 to 10K for sulphur, ae the estimted
metal weight in the crucible for this lapt period of time was 30+0g.
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while the actual welght wng 25:0g. The fluctuating gauges and
themetal lose from the crucible wepe the roasons Lor abandoning
conbinuous bubblinge In all the other pung the netal loss wes
divided proportionally among the periods of time depending on the
muwothlmperwiodot&imhmlnmztmam-ttm
was alnoat negiiglble.
mumwwmw.-%ﬂ.mmmty.

%,mawmmmnmxummmu(wwm
are reparted ns gramses lost or gnined per ninute. The average
waluos of the rates were obtained from the total sun of the losses
’um«wmmuv&uwwmwummuﬂa
flowve Obviously erronecus rosults, those over 1004 , were
neglected in the ealeuli tion of Shese averages, the figwes in
paranthesis denoting the number of perdods of time taken to arrive
sttluv#m-. The average values arethus not the average of the
rates of carbon loss or sulplur galne In Buns 8 and 9, silicon
in poudered form was added to the cold charge and from the erratle
silicon analyses obtained 1% in obvious thnt thorough nixing of the
silicon in the molten motal did not take place until late in the
rune For this reason no rates of vilicon renovel are given for
these rung only whether the silivon incrensed or decrensede In
funs 10D and 19, however, thorough nixing was asccompliched by
bubbling the gns twough the melt every 15 mimutes and the rates
of decrease of silicon are reporteds As the change in weight of
mmmumummmmumnmu



wiile

deposition of sulphw is very small (O+1g. max) the decresse in
gilicon content of the metal 1z due % oxidetion of the silicon
to sillen and not %o a dilution effect.

Fize 6 shows the effect of wvarious partial presmgpoes of
sulplur dioxide on the rate of carbon remowal and sulphur absarption
at 1400°C with a conctant nitrogen flow of 200 ml/min. The
points marked are the rate of carbon removil and the rate of
sulplar abmearption for each time increment of sulphur diacide
flowe Bach run wng cwrried out at a conitant parsial pressure
of sulphur diacide, and the run nunbers are included in the
figwes for ence of references The thearetical efficiency of 100
‘wmthgimtoromm It can be sean Shat the sates
are approximeely propartional to the partinl presswre of sulplur
dioxide in the gnus but that the walues are weil below the muxlmm
value. This 45 no doubt due %0 She sweaeping awy of the agygen and
pulphur goees by the nitrogen fiow before they have an oppartunity
%0 renct with the metal surfuces Iun 17 1o plotted on Shis figure
to show that bubbling of the niwrogen/sulplur dicide gre mixture
through the metal raises the rotes %0 the theoretisal value.

Thie bubbling gives a more intlmte contact betwesn gns and metal
4p opponed to the stagnant layer of gns and metal as oppoced %o
the stagnant layer of gne farmed on the purfuce of the metal ds
the geo 40 blown on %o She metals IS fullows from this that the
actunl mechanies of the lmpingenent of the gne on the metal are
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fimportant in theve rate ctudies, and ag far az was poosible
identicel procedures wure carried out in the experimental runse
The average values of each run are also plotted as clrcles, this
being dens Siroughout the gao-metal grapho.

The effect of te parature on the rates of carbon
renoval and sulphr absorption 1s shown in Fige7, incrense in
tonperatw ¢ decreasing She sulplayr rate and having little effect
on the carbon rates This reduction of pick-up of sulphur fron
an U/l atmoosphere could be due to an incrense in the activiy
of sulpl with increasing teperatures  lHigh terperature would

 be expocted %o raise the rate of curbon remownl and although a

tondency %0 raise 1% io noted the effect iz very elighte The
seattar of points in the carbon rate s much greater than in the
sulphur rote, although all three runs were of the bubbled typee
There are two series of results plotted in Figs 8, one
geries with the gns nerely prsced over the melt and the other with
the bubbling technique. As also shown in Fige 6 the bubbling
technigue ralses both the rate of eulphur absarption and enrbon
renovaly both seriec, hovever, shovw thot incrensing silicon
lowers the rate of sulphur absorption whlle alco lowering tle rate
of ewbon removals It 4o well knowm Shné sdlicon raises the
activity of sulphar in molten Lron~earbon ailgys snd 4% would
bo expected thet increase in silicon would Send %o lover the rate

otpuwxmlphrm;”mummmmhn
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The change in the rates with silicon content is slightly greater

in the case of the bubbled melte due no doubt %0 the mechanics

of the process. In these iron-carbon and silicon runs the

thearetlcal weight of earbon removed wns caloulated from the gns
analyels by sssuming that the gas reacted with the silicon firet

at 100% efficlency, any remaining oxygen then reacting with the
earbon in the wmetals o overall efficiency of carbon and silicon removal
was caleulateds It can be seen that the rate of earbon removal,

- S{ﬁl ’ hmhynwmwmuotamomrm.~g{_g1,
in these experiments, but not enough experimental data is available
%0 pay more. The carbon contents of these runs were well below
the ancunt of graphite wilch would be poluble in ironwcarbonesilicon
uxmu@mwwmmmwuwmulmiww
wis oboerved on the surfnce after melting but this was thought to
be due %o inequalities in the silicon content of the molten metal.
This "ideh™ wos slov %o disappesy but did not interfere with the run
as 16 vos at the periphory of the arucible end the metal wng exposed
to the gas all the times A little "kish® vhich disappenred befare
the flret sanple wos Salon, was nlso noticed on the metal gurfuce
in Run 19, probably for the same reason ag nbove.

The effect of carbon content on the rate of sulplur
de;osition s shown in Figh 9 at 1550° and 1400°C o runs
containing botween 4 per cent corbon and Armeo iron were attempted.
The carbon contents plotted are the mean of the carbon contente at
the beglnning and end of an increment of sulphwr diacide flows
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Fun 25 was conducted in a graphite crucible at .400°C, hence the
M@uwb«xom@td%m% An incrense in carbon content
dowers the rate of sulphwr picl-up probably due %o the increase in
act vity of sulplur with increasing carbon contente  As already
dudxww ralslng the tenparature lowers the rate of sul; o
plele-up.

Provious work on the reactlons between sulpluy diaxide,
nitrogen gas nlxbures and molten Amco iron has been published by
Carter and Tahiru. There workers obtained an “equililytunm®
sulplur content in the metal depending on the partial presswe of
sulpbur dicedde above the melt ns shown in Fige 0.  As the
- ealeulated equilibriun sulphur content of Chipman and Ta u..’nl
twenty %o thirty tinmes thet experinmentally obtained, Carter and
Tohir rostulated that thelr constant sulphur contents were due to
mnuuawumummwmmmmmm
equall “lng the rote of aboorption of sulpluy from the metel by
the slog phnses o puch "equilibriun sulphur contents were
found in Shis investigution in huns "2, %4, and 28. In those
runs the charge metal was stock Armco irom, She experimentel
tenperature 1550°C, and the experinental technique as in the 41
runse In Run 22 @ separate axide phase begnn %o be visible at 9040,
appearing in the form of a rim round She welt due %0 the convexity
of the owrface of the molten ironms Jue to the small volume of
this cucide phwe, however, 1% could not be pupleds At no time
ummmmmmmnmmnnuw.-
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In Bun %4 due to the groater concentrution and rate of sulphur
dioxide pasping over the molt a peparate oxlde phase wns observed
ummnfmcmmmtatwmu’dimwmuthoulu
Hdnety mimutos later this axide phase had completely covercd the melt
and a gample wus taken (Tablos IX and VIIA)s  In Run %8 a separate
iron oxlde slag wos added to the melt in order %o saturate the
molten iron with cgygon and o make eonditions appraximte %o those
of Grrtor and Tahlr early in the rune

In all three runs comencing with Arnmco iron the sulphuar
conbent of the metal wap still incressing % slmt down, vhon the
concentrations of sulpinwr in the metal were well above the constant
values of Corter and Tehir as showm in Fig.10.

The crucibles of Carter and Tnhir were mede from parous -
nagnesis bricks which absorbed large quantitdes of slage IV is
thought that she iron oxide slag was furmed continuously, 1t picked
up eulphur and was thon absoarbed 3y S orueible. Fresh Liron
oxide was formed and the process repenteds This is borne out by
the fadt thed the distribution ratios of Carter and Tahir are all
lowy = 106 avernge and the slag never had time %0 vome %o
near ecuilileium with the mtals This constant remowl of slag
plus sulphur into %he crucible walls always left the metal uncovered
and also kept the metal sulphur falrly constants In this lnvestls
gation, however, little abearption of She slag cccurred, the
distribution ratlo of 3+63 was near equilibriun and ns the sulphwr
content of the slag rose so did the sulphur content of the mesal.
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and no equilibriun value wag found.
In fun 2 1% was noticeable that Shore was a very abrupt

drop in the rate of pilok-up of sulphwr and loss of ewbons It
wag Shough® that ap the earbon content of the melt had remained
higher than normal at that sulphur content, the metal night have
reached the composition where two iiquid layers are formed in the
tronecarbon-guiphur aystens Prom the daga of Tmkdogen and Hancoek
thls appenred unlikely but o other explanstion could be glvens Twe
deterninations were made in grephite crucibles %0 recheck the
linmite of the miselbility gape The crucible was held o
teaperature for tinree hours with ocensional milxing of the melt and
then quenched into water. The %wo layors separated quite easily
and analysis gave '

Top layer Dottan Layer

1300°C 277y < 007 200y Se57/C
1500%C noe8l3y 0ol 1-00foy 4207 C.

The sulpiur analywes far She Sop layer are subjech 40
errar us the conbustion method was umed and 1% Lo doubtful if thie
mothod can be used successfully for such high sulphur contentse
The results far the botton metal layer are plotted on Figell,
with Shove of Purkdogan and Bunoook s Davien and Levsen. s tnd
Noesd and Lundquist T 14ait of the slsotbiitsy g nd dte.
wmwnmmmwkuvmwmm. The |
agroenent botwoen the warious results is seen %0 be quite good
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axcept thowe of larro and Lundguiste The isothermunls nust be
roughly paraliel %o the limit of She niscibility gop and it 4s
obvious thet at 4 per cent eorbon the isobhermals must be crowded
vory closely together, and th'$ Semparature has 1little effect on
the composision of the enrbon ri.gz nyerae

furkdogen and limncock have also investignted the solubility
of grephite in ion-sulphur-carbon alloys snd although 1% was not
the object of Runs 25 and 76 %0 detarnine the effect of sulphur on
the graphite solubdlity in fron at 1400°C 1% can be obteined from these
runge Ae sulphr was added %o She metal phanse from the gas thw
graphite solubility decreased, Fi .17, the eucess graphite over
zhaohmnwwmbommmctnmum. The deta from
Fun 25 18 in excellont agreement with that of Tuzludogn and Hancoclks
In fun 26 the partdal precoure of sulplmyr dioxide wms double that in
fun 25 at the same nitrogen fiow and thus th: absoarption of swlpimr
in fun 726 was proceeding at roughly doubls the rate than in Hun®Se
lue to this faster ploleup of sulpbwr 1% 4s possible that the
metal nmighs be supersasurated with carbon befasuse of the rate of
procipitation of graphite being less than the rate of pick up of
eulphu. MW.@MWMX&WM
Turkiognn' e line and two of the experimental points in fun 26.
The other point in this run lies on she line and from the poeition
of thic point and i%e neighbouwr from fun "5, 1% would seen thet the
inflection of the solubllity line as given by Turldognn might be
tuoo gront, and should be slightly lens, as shown by the dotted line
in Fige 1% .
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In the enrly experiments with high carbon iron 4% wos
noticed that a earbon monoide bubble was wuclented every Swenty
to thirty seconds, giving a good mix %0 the metale. lHowaver, in
the rune with Armco iron 4t was obvious that as there was liitle ar
no carbon in the metal evolution of bubbles would not be awailable
t0 help distribute the sulplur throughout the melts The metal wae
at a tomperatwe from top t0 hottom of g 1°C and 1% wap aleo uniikely
that conwection ewrrents would play any pard in nixing she metal.
It wveg not known if the diffusion of sulphur was fast encugh
at 1550°C %o even out the gradients in composition from top to
bo.tom of she mels (3/4" deap)s lbperinents were carried out ag
1:50°C %0 deternine not only 4 segregetion took place b ite
axbonte

A 1L pulphupr dicidewnitrogen gas was poseed over molten
Armco dron held in a magnesia crucible for two hoursy then the
erucible was cooled in the Nunnce under nitrogens (uenching the
erucible by drawing 1% down into the cold pars of the furnace tube
would hive bean more satisfmetory bub Shis was thought inadvieaile
due to She danger of cracking thw muliite tube and consequent risk
of a furnnce burn outs  Solldification was complete Sen ninutes
after shut dowm with a rapid evolution of gns from the ingot = few
seoonds before finnl solidifiecstions  Theingot when sawn in two
was blovn at the Sop and analysis of the metal from three places
gnve
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Distance from botbon of ingob £ sulphue
Qe 78" O 674
e g7" G172
O» 16" 0.088

Saw cuttings mode on halving She ingot amalysed 0+304)8.  From
the e figures 1% seensd that hardly any sulphur mansged to diffuse
to the bo.tom of the metal pool in two hours, as She originel sulphuy
content of the ivon wap O-04fl.  Thw oulplur segrogntion might
have boon due %o the effect of solidification and %o Sest this the
ingot wvag remelbed under nitrogen and stirred with a silica tubes
mymmmmmmm«uummng«m
half ingot showed a uniforn sulphur content from top %0 bhotton
showin: thet no segregntion had talen places

o gos evolutlon wae obuarved on coaling the metal in this
axparinent and po sonditions ware not quite the same ag in the
previous segregited rune A further experiment was omrried out by
peoeing o A4 swlphur dicxidesnitrogen gos over molien Arnco iron and
sampling the welt by two parallel siiica tubes held together and
comected a% the top o o purtdally ewacunted bulb by a Teplece
One tube wee 3/4" longer than the other so thot two samples oemld be
drown from the welt slmultanecusly bub 3/4" apart vertieally, fy this
nmothod a sample from the bottom and top of the melt was drawm at tho
mw.wwmmmmmmm‘m
pushed into th: melt. mmmummamn/m.
8/8" dlameter, und the sample from the top of the melt wns halved, the
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tophalfbeinatmﬁmtmmwmmwﬂnmm.mmm
hall of the sample bedng the last metal o enter the silica tube.
The analyses of the somples were '

Botiun of melt 017878

Top of Helt (top half of sample) Oenesls

Top of melt (boitom half of pample 013973
The gas wag pagsed £or & further two hours and the mels cvoled in
the furnace under nitrogene Gas evolution occurred us before and
on hadving the ingot segregution wae a.min worltade

It wop obvious from vheoe eperiments that,as expected,
sogrog tion was taling place in themelt, dueto the play of wulplur
beardng goe on %o the surfuce of the melt and the non-iransfer of this
sulplwr at the surfce to the interior of the melte For this renson
“he experimental procedure had to be modified, and a sliding alwsina
mrcpmmwt&dm.mzmmmmuwm
the melt to add mbixding,

An attenpt wos made %o find if iron sulphide had aay
m«wmummu.mw be a cause of segregetion
60 ge of metal from previous segregatlon oxperdnents {approsge 0045)
mmg.amuuammmmmmu
hald at 1550°Cin & plasinun wound fupnnce for two hours, the metal
mbemqnmmwmumwmmmmmm,‘
folicirication, with vigoreus gas evolution, was complote in one
minutes  On helving the ingot the wtel wes very badly blom
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and a pulphnr print showed two wary distinet paris So the ingot.
A layor 1/10" thick on the top of She ingot being high in sulphwr
(007478) , while the netal bolow wee of unifarn composition (0-2015).
The tup layer wag of a cindary appearance but could be drilled quite
cleanly and 1% was thought %o be an iron dxide slege It is Jmown
from the work of Milty and cram"m,m.anmmpmm
? por cent considerably incresnses the sclubility of aqgen in
molten irons On diluting the mlphur content of the metal vith
the Armeo iron stock, which is 4teels high in oxypen, an execens
of axygen must have been present which separated ns a ferrous oxlde

plag phases Sulphur partitioned inte this slng phase from the
metal, bub the partition coefficient, {@}. » 6, ws M

s

than normale
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Owing to the lack of data on the distribution of sulphur
between lron axide slegs ani molten irom several experiments were
carried out to deternine the effect of sillica and of temperature on
the disteribution coefficients

All the experimental work was carried out in mnesia
erucibles and the data is glwen in Table V, with the complete siag
analyses in Table VA There are warious ways of reporting slag
componitions when sulphur, ferrous iron and ferrie iron occur
togethar in plogee The ferric omide can be reported as ferrous oaxide
on the bneds of either ite iron content o its wgygen content.
Forrous iron enn be reparied as being all ferrous aclde ar divided
betwoon ferrous oxide and ferrous sulphides The slag analysis in
tide investigatdon gave n closer appronch o 100 per cent total when
the sulphur was assuned to be prosent ns ferrous sulphide, the ;
renaining ferrous irem being reported as ferrous cxide. The mnalyeod
ferric onlde wns converted to ferrous oxide on the iron basis, the
total farrous axlde bein; designated Fely's I8 was not alwys
possible o analyse for magnesin due %o inpufficlent weight of slag
sanple and the mgnesin dontent hy difference in the Tables is
denoted Wy an asterisk. This nethod of slag desimation is
sonewhat unsatisfmctory, a better method would have beon the atonic
per cont of all the atom species prosent in the slage This would
have moant, however, a determinntion of the oxygon content of the
slag vhich 40 a diffiouls analytienl procedurs especially in the
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presence of sulphur,

In Table V um sudphs concentrations in the metal wary
quite conslderabdy, with a wutinunm of 208 welght per cente Inctead
of the narmel dietribution coafficient, ([8), being ueed 1% ws
decided & betler cogparilson of the d&afzrig:um ratios could be made if
Gha sotivity of eulphur in the metel was used in place of [8] 4n the
ratios The conversion used wag obtainsd from the work of Sherman,
Elvander, ami uhi}mw. who found tang

log f, = = ov0o70[8)

where ‘{s = aotivily cosfficlent of mulphur in the binawy ironesulphur
| allay

and [8] = percentage pulphur in the metal.
mneuﬁvxwmxpmummmauiqg]gfgm,gmng
the new distribution coufficient ﬁfl' An even betber distribution
cosflelomt would be oblained by using the activiy of sulphur in
the sla; but no date vere available Por thie,

The equilibrium distribution coefficlent Lo plosted
againet mol % FeUy 4n Fig.d3. Hquilibriun fme approsched montly
from the high slag eulphuwr side slthough a few poinis wers obtained
from the low slag sulphur sides It wns Lmposeible to obtain
experinentally the distribution coefficlent for a pure iron oxide
elag held in & refractory erucible due %o the dilution of the iren
axlde by the crucible materdal, in this case magresin. As well as
plck-up of magnesia, silice was also fluxed @rom the crucible by
the iron oxide siage  This silica was an impurity in the magnesia
from which the crucibles were mede and geens %0 ocowr ag an
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intergranulay materinl in the crucible well and thorefare is vary
enally absorbed by the reactive iren axide sloge In thins way the
ging can plck up as much ag 100 per cent silica. With the
addision of silien S0 the Lron oxide melt the polubllity of magnesia
in the slags increasod very markedy and instead of a two component
gysten of iron @xide and silica being ctudied as desived, a
three component system of iron oxide, sillea, and nagnesia is encountered
A furthor complexity 1s the farmtion of appreciable quantities of
forric oxide even in contact with molten irons This ferric oxide
wis converted %o ferrous arlde in the glag amalysls, thus assusing
that the deculphurising power of both wcides wos the spame, which i
not necoesarily soe In work of this nature it iz very necossary %
make these arbifvary nssus ptions in order Lo slplify a complex
multi-component system into o mich elmpler binary or Sernary syetome
Throe Wraqusw”. 1600°, 1650°C,ware used in this
{nveatigation. At 1600°C/low silica plags were used owing %o the
much groater solubllity of magnesis at bhigh Sewperatures, and the
greater possibllity of crucible failures It s poen from Figedd
thnt the distribution coefficlent is proportional to the mol per cent
FeO, in the slag. The effect of tempersture is 206 very marked with
a possibls slight incrense in the distributlon cosfficlent at
higher tenparatures. The relatlonship between the distribution
eoofficlent and the mol por cent FeQ, from 15507 to 1650°C 1s given ly
(&) = 0e078 (mol % m') =305

[ag]

(1880° ™ ane )
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Only two sinilay investigations on the distribution
coefficlont of swlplur between iron axide sings and liquid Lrom have
been made, One Ly Bardenheuer and Gcllar“and tha othor by Fotters
and Ghipwm“. Thene workers' slag date were recaloulsnted in a
slhllay manner S0 those in this investigation and thodr results
between 1550°C and 1660°C are plovted agninot mol # r.or in Fig.14.
Bradenheur and Geller found little or no ferr.c iron present in
thelr melts while the farric irun content of Febtars and Chipmen
wis gonorally lese thon in this lnvestigetions  The ressons fop
these differences in ferric iron concentration arg not clear ag
the Sdrhlc dron contents in this investigntion were siailer from
run $0 rune

The resulis of Bardenheuar and of Fetbers can be seen to
fall Into two seprrnie groups with the resulte of this investigntion
dring between thens o tendenay is noted in either se$ of pointe
for Genpe atwe %o hive any effect on the sulphur distribution ratio
and the seatbar of polnts in both lavestigations is very wide.
However Dapdenhouer and Geller nanaged o obtain a relationship for
the tompaerature dependence of the sulphur distribusion coefficient
betueen pure ron oxide and nolien lron, given iy

mmmmmm.mamwmmnw.w.m
1650°C at 100 mol por cent VeO are shown in Figld, vhere they are
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seonm 0 lie well below the experimental line obtained in this
investigations It ds obvious from the results of Bardenheuer
and Geiler Shat in the formation of thelr distribution coefficiens
oquation the effect of magneeda and sdllcn were neglected and the
slag wag consldered ne pwre iels Owing %o magesia having a low
nolecular weight the mol percentage of magnesin ean be quite
appreciables  Fetbers and Chipmon unfartunately conducted thedr
distribution coelficient experimente vith very low slag eulpiar
consants (0009/) and did not report thelr sulpiwr slag analyses to
the third decimal ploces Thiv mﬂdwtmlyammtw.m
grentor peatter of thelr pointe which lle % roughfly the suse mol
parcentage ferrous acide.

¥ige 15 shoun tha effect of silica on the distrimusion
eoofficiont of sulplay ag conotang mignesia percentages, while Fis.16
shovs the effect of magnesin on .he distribution coefficient at
constant silien mmmmm
sRstant—pliten-—paposnsagesy  Irom these figwes 1% can be seon
that ot constant silica nol porcentage as magiesls dimplnces
forrous axide from the elag the distribution ratio is lovered.
Hagnealn i therefore not such an efficiont desulphurising
ngent ap ferrous oxide in high ferrous axide slagss Sdlica
at conctant magnesin mol pmmtnm dlowers the mmm
ratio of vulphwr, the effect of silica being slightly greater than
the effect of myguosia on an equal nol per cent busis. This is
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rather suwrprising ug magnesin in a baslc oxide while silica is an
acidle axlde and 1% would narmally be expected that silioa would
lower the distwribution coafficient much more than an equal molay
anmount of magnesine The equiwvnlance of magnesin and sildea 4s

aloo shown in Figel3 vhare thare is little wwriction from the standard
line in any of the slags despite fairly wide waristions in compositdon
wvith respect %0 magnesia and siliens I8 1s unfortunate thet high
magnesin, low silica ferrous wxide slags are not liquid below 1600°C
and adoo that high siilea Serrous oxlde slage cannot be obSained
without the necessary adjunet of igh wagnesia due %o fluxing action
of those slago.
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A one per cent sulplur dioxlde-nitrogen un:.anmdg\
mmamwmuomag.oxmmmmmgma \\

magienla crucible until equilibrium was reacheds M&nnmhum \\
nsmd“hatmimdwhnthmtuﬂmﬂyhm&mﬁdamwum
exit from, the furnnce were equile rwmummrm«ua :§\
three hours and the equilibiun aleg sanple wos taken/one %o two hows
Mxmm.wmmm‘mmmmmmfm
equ . libriun wag reachads 'haummwmshmmum
%0 reduce the plek-up of mignesia from the crucible ua\wm
The slags were crushed ecarefully and analysed for tamx\\\trm. total iron,
and hence ferrie irem, silica, sulphur and magnesin. ﬁ\gmw
of the slags saspled 4n those runs a-@ given in Table VI, which contains
both equililwrium and noneequilibriun slagn.

At steelmlking tomperstures sulphur dicxide dissocintes
vary alightly into several gnoes, 30y Say 8, 0, 50 and (g boing the
dmportant ones. 8% Plerre and uhawn“hw glven the gns equilibriun
omtuuunuw‘ﬂmulumm;pw'uulpmm&nhtu.
but not at any other temperatures

hmmcﬂwn“hw fowxl the relationshlp between
Juwmwmmmwmwmcctwmm

Ay o R b g R AR K mmm’

hmhmmmutwmmowwnumnm.
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In thie investigatlon 1% was necessary %0 find the aygen pressure in
nm&khrimviﬂxthalagmmaehmlwmmmwof\hmg,
but ag the hmamuwﬂmwmm%m&tgwmm
Chipman was insufficients However, Darken and Gwry “mw aloo
conducted rescarches into the agygen pressures in equillbrium vith dron
axide melts and thelr results are shown in Fige 17 at various teparntures

%h“ﬂmﬁumwwwﬁmﬁmwhmuﬂhnm

o

of axygon %o irons Ote Plerve and Chipmn used tho § = El-:-
Ve * Fc
ratlo as & medswe of wlag wygen potentinl, the relationship between

thootwo syntens being given ly :-q& «d)s  In Fige 17 the

4 results of Lareon and Chipman ot 1550°C are seen %0 agres clovely with

those of Durlan ond Oueyy aopaotally 4% s« 11, vhtoh e approcimtely
a.rummmwwwmuwmu@m The 1680°C
isothern 1s approximite, ne the highest tenperature used by barken
and Gurry wvas 1635°Cs  Tho phase bounduries hnve boen drawn in the
figare purely as reference points for She axygen potential of the slage
Fige 18 shows the chanse in partial pressure of sulphur with
q@mummgmmwumnm.wmm.
uwxamuuuww Velronm the change in free energy eqguationsfor
thrwmsu«. As & result of the experidmental meshod used in this
laveptization, magnesls and gllioa in a precinile quantitioes were picked
w#«mumww-utbmm mmwm-.
Mmtnmmnuauuumwmmuwu
raised and lovered respecsively the J » ratio of $he equililwiun slags.
m_umumummmmmmmmcm
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vorkerse The solubllisy of magnesisa at 1550°C 4u 0+7 mol per cent
hence the smnll difference in the Jeratio at constant axygen pressure
b-mcnoamfhﬁmlpwmtmu. There seons no apparent coune
for the inflections in the ourves at J = +4, a possible aplanation
being that the scatter of the experdsental pointe 1s wuch nore pronounced
at highar agygen pressures. The effect of silica was studied at only
one axygen presowe and it heg been assumed in the figure that the silica
lines Llde parallel 4o the pure Vel lines From Fig.d9 1% can be seen ting
pilica, O per cent, and magnepia, O per @ent, are roughly equiwalent
on a mol per cent bagis in altering in opposite directions the § » ratie
ntnpkld‘huthnnlxm..nm Ho experimental work wng done above
1550°C by Lapeon and Chipman and it hes beon aspumed in all the
caleulntions that Fige 19 is applicable to 1620°C. This asswgption
seems reasonnble as in iron axide/lime slags with a certain lime
concentration and a constant eqygen gos presoure ,temperature hod ne
offect on the Jeratio.

The agygen potentinl of thoe slage in ¥his invesiigation can
be obtained from the slag analysds by %wo mothodsy, As 4% is assumed
that forrous sulphide existe in the slag, the agygen potential of the
slag pbtained from the FeU and Vi,{ concentration will be disferent
 from that obtained from the jeratio. The two values will be quite
cloce as in lun 40A due %0 ite low slag sulplur concentration but quite
for apart as in lun 35 due %o ite high slag sulphy concentrations
mumurmm.mmm«mwmmc“@:;:h_
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is shown againet mol per cent FOOT. I% wap decided %0 une the J-ratio ap
a meagure of the aqgygen potential of the slag, due %0 the relatively
large diiferences in sulphwe concentration among the equililsriun
piangs. The combindd effect of the magnesia and silica in altering
this J-ratio mmi honce the sulphide capaclty is aloo shoum in Fl.20.

The calculations to find the sulphide eapacity of the slags
vore carrled out ne followss The J-ration from the slag nnalyeis
was carrocted for the magnesin and sillca content of the sing and then
omudmmmmm;}wwwouwm From
Figel? the portinl precsure of axygen in equilileium with this alag
at the particular tomporature wes obtaineds This was taken as the
partial presswe of axygen in equiliberium with the slage The partial
poesoue of sulplur dieclde in the furnnce was knoam from the gas
analysls and the partial pressure of axygon in the furnace was divided by
this to give the equivalent ogygen pressure in pure swlphmr dioxide.
From Figeld using St Plorre and Chipmen*s line the equivalent sulphur
prossure at thin equivalent axygen pressure wes found,and multiplied
by the suwlphwr diaxide partial pressure %o give the actual partial
pressure of sulphur in equilibrium with the slage The suwlpluwr
content of the slag was kmown and this with theparilal presow es }
of axygon and sulphu gave the sulphide capacitys  This sulphide oapueity
enables comparisons %0 be made of melts of varicus compositions ag
dilfering wiues of aygen and sulplw pressure in the gne phase.
mmum:mummmmﬁmun
muummpwmmnmummmm-nf
glven in Table VII and shown in Fige 21¢  The Fe.G concentrasion in
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the slag has been converted to FoO on the iron basis w give Fcorf
As there woe no other data on high iron adide slags in equilibriun
with sulphwr dioxide/nitrogen gne nixtures, it was decided %o use the
slag-netal experiments as a comprridon of sulphide capacityl
A the aqygen concentrations in the netal pamles have not
been determined in this investigntion thay were calcula.ed from the
tron axide sctivity of the slag using mol per cant Ko, 86 ths Lron alde
concentrations i'}m activity of 1’00’ vas obtained from the work of
Laylor and uhlpmn on CaleligOero0-640y alagss  The solubilisy 1imit
of oxygen in molten iren is given iy s

by
log [0] e . "* e V34

ladbmtthowmmmtatthunmmhhobwa'u
by

W sag
‘ltmnmmwtndpwmwhndmcm«nthmv
of wygens The purtinl pressures of cxygen and sulphur was obtained
from the Gggen and pulphur ecncentrations of the metal as shown in
Chaptor IV. lio dota is available on she effect of sulphur on the
uosmv«_wmmu«m,mmam&mwmm”
nm;mnsmemmumumwuwmm
sulphur hos 11.tle effect on the sclubility of cxygen in molten iren.
It Ins boon assund 4n the ealeultions that the nctiviy of ene salute :
16 uMnltered iy tho presonce of the othar polute in the Sernary ironesulplure
@ygen allay. This 1o an asowption but the anly one vhich can bo mede &n
the circunstancess
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The sulphide eapacitios as ecalculased from the slag metal
equilileiun date are given in Tnble VIII and shown in Fig.”l. The walues
at 995 nol par cont toO: are calculuted from the distributlon coefficients
of pure k‘aor aspuning an activity of sulphwr in the motal of O»100.

The data lle on threo lines depending on temparature with very listle
scatier about each linde  The sulphide capacity decrenses with decrosping
FoOpy the rate of decreonse beconing greater at lover FeQ, eoncantratlons.
On lowering the tesperature She sulphide onpacity is also lovereds The
agreeunent botween the sulphide capaclties obtained from the gno-slag
equililria and from the slagenctal equilileria is very poar, ﬂn
tegperature effect bedng the only sinilarity.

The ealculuted sulphide capecities from the slag metal
equilibrium data of Bardenheusr and Geller (41) and Petters and Chipmn
are glven with the recults of t&a dnvestd ation in Fig."?, and the
agroanent between the three sets of data 1o seen to be excellent.

Fottars and Chipman annlysed their metal samples for oxygen and this
analyced oxygen concentration hes buen used in the caleulstions on their
resulte. Because of the o reenent between thelr results and the other
slag metal resulls the oxygen contents of the motal samples as caleulsted
from the slag analysis seen %o be carrects

cm”h&c caleulited from the ironesulplur phose disgram
that the aotivity eoefficiont of iron in sulphide,}ls, tn dilute sdlution
in iron is 75 ot 1500°C. The sulphur distribution ratio of 4+58
mmmmmummmummmnm dml
 valuo of 50054 fur —U\FsS + This value combined with xm
mwmwuvmmummurm»&a
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with Chipmants celoulsted walue of 1+86) using the data of Bardenheuer
and Gellers Considering the equation
FeO +z0n(g) = Fob + H0u(g) O0° = 21,450 « (o620

Qp,s - \’i;,
Qﬁo ' P*'Sg .

= x,ié%“‘_'_f‘ﬁ" o8 Qe =1 in pure Fel
. Sy

s ¥ Qe »9 ev-oz' ). as = 008169( res)
W xp
in Vel/Fel sing
§ s = 2007, K
pria Fps X *0UOL60 x 6702

K ean be caloulated at the a propriste Semper:ture from the change in
free energy equations This final equetion gives the sulphide capecity
for pure el independently of slogemetel equililriunm datay and i seen t0
be in exceilent agroenent with the sing metal equilibrium data in Flge™?
This is further evidence that the puiphide capacities of high iren
oxide slage with pilica and magnesin additions are accurately represented
by the siag.metal data in Fize "l If his s so then the slag gne

. e@uilibriun data must bo in error for vome reasons The partial
preseure of sulphur gns in suiphar diecide gno nixtures at a constant
oxygen pressure obtained from the deis of elther Kelley, or Richardson
and Jeffes, Fige 18, has a lover value $han thas obtained from the
dota of Ste Plerre and Chipmane This lower value of sulplur pressure
1eads %0 on incresse in log 0 , We mimm diffarence in log C, being

* 0o? betwoon St Plorre and © and Richardoon and Jeffes at
the ke one temperatures The ¢ of the data of Ste Piorre and

Chiprman therefore lends %0 the clonest agroement between the alag-metal

WNW'mWhrh-mﬂma. The discrepancy ’

\
L g
‘.\. ;
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does not lle in the thernodynunic data for the equiliriun ms
compocitionse

6% Plerre and Chipmn equilibrated only four pure iron oxide
alags with 50u/0U gne mixtures at 1550°C and their rosults are shown
in Fige 22, mmmmcegtFﬂTMCMmud\dﬂlm
90.gaugsh%-olwcmtroorwmawcosudmmmws
mol per cent FaUp with 50p/C0 = 2007 gnse The decresse in mol per
omrmxmm;,wcmuumummwwmmmm
in the slagss The slage equililwated with pure Uy and 50,/C0 = 341 are
in good agreenent with the 1550°C gns-slag results of this investigntiony
vhorens the 50,/C0 = 207 plag egrees better with the slag-motal
investigations.

In the work of Ste Plerre end Chipman the oygen potentiel
ummgmmw-mpumummmmmmwu.
wgmfmdwmwukdmetmﬂpmdtm‘hﬂwmm
Mmummommuwwmumtm«wmm
controlled by the CO/CCy ratio of tho gass DLue %o this She ferric
uidqmommumufthnoln;:numm&muthmnﬂph:‘
diaxide vere much higher (557) than the slage &n equiliiriun with 90s/C0
mixtures (317). St Plerre and Chipmn charged thelr slags vith &
 farrie oxide concentration slightly bolow the expected equilibriun
value in o rder %o lessen the experimental time %o come %0 equilileium.

Thore are several poseibilities ne %o why the sulphide
capreily of the alags as measured by the plag metel runs is ten fold
thnt neasured by the siag metal runse  The madn difforence betwoen the
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sloge in the two oets of experiments Le in the high ferric oxide
concentration of the slage in equillieiun with the gne phases The
sulphide capacity as postulated from the reaction
(¥e0) « Thale) = (ves) « Ta(a)
dnvolves the activity of Vel up

Oro*ly = .(.3.3.);.&.
p*iy
and 1% 48 a poesibility that the activity coefficlont of FeO in FeOwFay G
melts yaries. [Irom the almors stralght line relotionchip of ply
against lg in Fige 17 at one temperatiure 1t seens that Je0 and FeyGy

a
form idenl solutions, o at most the sctivity coefficient of FeQ in
FeUeiggUy molts departs very slightly from unity, but definisely not
by a factor of ten.

The partial pressures of wggen and sulphur in the equilibriun
gas phase were obtained ly different procedures for the two sets of
exporimentos  The relevant shermodynanic data hus been investignted
independently by severnl workers and sgreement betwsen then, while no meuns
perfect, 1s good and the slight discrepancles cannot account for the
large di ference in sulphide eapacitiocs. 4

o wark has been published on the effect of farric axide on
the notivity cosfficlent of sulphur in fron cxide melte. In order %o
bring the slag-gns data into line with the alag metal data the ferric
oxide in the alage would have to lower the activity coefificiont of sulphur
some ten-folds This would have % happen over the small concentration |
range from 6 por cent PeyQy in the slags in equilibrius with the metal
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to 25 per cent Fex(y in the slags in equilibrium with the gas, and it is
extrenely wilikely that such a large ehange in activity coefeiclent
would take places A the farric axide contents of Ste Plerre and
Chipman' s slags equilibrated with pure sulphur dicxide were of the
order of 55 per cent Fealy, and their results sgree quite closely
with those of this investigation, this Liplies a constant activity
coofficient of sulplur of approximately Ol between 25 per cent and 55
por cent Fealy, which s again unlikely. Purthermore from the increansing
sulplmr concentration of the slags with a low jJeratio it night be
expected that incresse in ferric oxide concentration would have the
opposibe effect and raise the activity coefficient of sulplur in these
iron oxlie meltes The affinity of sulphur for ferrous iron would
also be expectod to be greater than for ferric iron, this again raising
the activily coefficient of sulphur on increasing the ferrie oxide
concentration in the slags.

lione of the above explenations satiafactarily explains the
dirference between the two sots of experimental results, the remaining
and most pocsible probability being that the slags were not in
equilibrium with the gas phases  From Run 37 Lt was nown that the
sulphur concentration of the sla; could rise far nbove the equilibriun
value due to the bw axidation potentinl in the slags In one experiment
«mrmmmawmumummm.uwm
the equilibrium oxygen potential of thw slag the sulphur content began
to decrease to the equilibrium valiues  The reactions taking place can
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be postulated as oxidation of the slag,
. L
? e 03%(3) = e + 0 .ooooo...(ﬁ)
vith pick up of sulphur until the concentration of the ferric ions
becone appreciable and the reactions

L s e
g% » oFe = 385 ¢2Pe ssnsssese(9)

and 8" + mm +20 w50 +6 h“ ssnssnssa(lD)
begin to take places If those lest reactions (9) and (10) are slow,
sulphur will be removed slowly from the slag into the gns phage.
The ferrcus ions farmed will be reoxidised %o ferric ione as in (8) Yy
the sulphur diaxide gns, the quantities involved in ten minutes being so
small as %0 be ummensureable by the gas analysis. infartunately in
the experimental apparatus used it was not pospible to find if
elemental culphur wes lssuing from the furnnce in the exis 218,
although gones of sulphur deposition were noted on the furnace tube
walls at the end of each rune This means that while the axidation
potential of the plag wos in equilibriun with the gas phase the sulphur
content of the slag was not, higher concentrations of sulphur being
presents This then would give both in the results of St. Plerre and
Chipman and of this investigation higher sulphur capagities than at
equilibriun.

The result of Sts Plerre and Chipnan vidch agroes clossly
with the slag-metal data of this investigatlon had a high sulphur
concentration and the ferric iron and sulphur concentration of the
charged slag may have been nesr the equilibrium value, both these facts
making for en early approach $o equilibrium with 1ittle increase in the
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sulphur content above the equilibrium value.

Fuh 36 was carried out in an alunina crucible in order to
find the effect of alumina on the equilibrium sulphr content.
Bquilibrium had not been reached at 27 per cent sulphuwr and shortly
afterwards the slag penetrated the crucible and the run had %o be
abandoneds It was found that alumina crucibles could only withstand
{ron axide atbtack for the relatively short time of two howrs before
erucible failure occwred and for this reason no equilibrium results
in alumina crucibles wera obtalnede

In an attempt to approach the equilibrium composition from
the high sulphur side lun 37 was charged with an approximately 4 per
cent sulphur/Lorrous oxile slag and the gns nixture passed over the
slag in an atbempt to reach eguilibwriume Slag samples taken at
intervals showed that pick-up of sulphur was ocewrring with a simultaneous
oxidation of the slags At the beginning of the run when the slag
oxddation potentinl was low, conditions were perfeéd for pick-up of
gulphur hence the rise far above the equilibrium sulphwr concentration.
If the run had been continued the oxidation potential of the slag
would hove resched the equililpiun vaiue whereupesths sulphur concentration
of the sleg would have decreased to the equilibrium velue. The run,
however, was shut down prematurely n8 1t wos carried out "hlind" and
it seemed at the time that equilibrium was not being attained. This
working "blind” is a great drawback in this type of work as it la
several days before the analysis of the slag is complete and Shen one
mmnmummmuwu—awm: -toe

& o ™lphur above th £inal
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at low slag oxidotion potentials seenms to be a fenture of this type
of run ag it wns noticed several times on sampling the melt early in the
heat that sulphur dloxide was evolved from the melt for some considerable
time alter the mix dus %o sampliing. This evolved sulphur dioxide
raised the sulphur dioxide concentratidon of the exit gns above the
sulphur dioxide concentration of the inlet gese  This sulphur dioxide
evolution was not due %0 alr entering the reaction tube during sampling
as dunmny sampling attenpts were made several times without disturbing the
glag, nfter which no sulpbur dioxide was evolved from the slage Again
gulphur dioxide wos not evolved after the equilibrium slag sanples were
taken. It is thought thad the surface layer of the iron oxide slag in
contact with the gas becomes axidised %o the equilibrium value, diffusion
of oxygen from thls surfoce layer into the melt occurring much nare
plowly than the diffusion of sulphurs  When sampling of this non-
equilibriun slag takes place this axidised layer is mixed into the main
bodiy of the slag, therely raising the total axidation potentlal of the
plage Decause of this higher oxidation potential sulpir is given off
from the slag, no doubt reacting with some of the celde to farm sulplawr
diecide which appears inktho exit gasess In the equilibriunm alag,
however, mwmnmmxmmmum‘:mm
no difference to the sulphur concentration of the slag and heneg no
alteration in the sulphur dicxide content of the exit guse.

In Run 42 afber attaining equilibrium the Semperature wes
raised from 1605° %o 1650°C and held at this temperature for 1.3/4 hours.
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Bquilibrium was not reached but it is notiteable that the slag sulphur
fell from 22 %o 1+7 per cont while the oxidation potential remained
substantinlly constants Jrom this it seens that the transfer of
sulplnr fronm slag %0 gas is slow unless thore is a similtaneous wransfer
of oxgygen from gns %0 slags This final slag at 10-05 wms also
cooled in the crucible and analyseds The magnesia content was higher
possibly due to sampling of the megnesia rich solid solution on breaking wp
the crucible to obtain the slag sample. The oxygen potential and
the sulplur concentration of the slag had decreanged slightly due to
the dilution effect of this higher magnesia content.
Fig423 ghows the effect of temperature on the experimental
oquilibrium constant of the reaction
(ve0y) +35a(e) = (res) + F0u(g) sesnens(8)
K, = (ﬁFeS)O P

Trooy) ¥
where Ny o and lpeon are the wol fractlons of iron sulphide and iren

oxide respectively in the sings It is assumed that the activiyy
voefficlents of iron sulpilde and ferrous oxlde in the slag are both
equal to one.  The variation in equilibriunm constant ealeulated from
the change in free energy equatlon ic shown for comperdlsons The
tegparature effect on the equilibriun constent is simllar in both oases
but the experimental values are t00 great, the difference decreasing with
decrensing temperature. This difference, as outlined, previously,
could be due to boo high a sulphur concentration in the slags

An lonic renction may also be considered for the absorption
of sulphur by the siag such as
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(%) » %) =)+ serseneena(ll)
vy L%
where ! = and lio® are the enionic atom fractions of sulphur and
oxygen reppectively in the slage It is nspumed that the nctivity
coefficiente of the agygen and sulphur ions are both equal %o one.

The change in free energy of reacion (11) has not been
measured directly but may be obtained from the change in free energy
for the reaction

0"¢g8 =0 + 8" AG® = 18,000 = 9e257
as given by Blshop, Grent and CM}mn“. This change in free energy
combined with the changes in free energy for the reactions,
+8:(g) aﬁ."'. and $0a(g) = 0 leads %o the value for the change in
free energy of equation ( ) of

AG° = 17,750 » Se247

The experimental pointe and the calculated theroetical equililwium
constants are showm in Figs 24, The temperature effect is sinilar in
both cases but the experimental values nre %00 low, the difference .
decreasing with increcsing temperature.

It is obvious that there is a great sinilarity between
equations (3) and (11). bubt that the experimental determinations of the
equilibrium constants for the renctions difer from the thearetical
¢ ngtent in o porite directlons. — SeeebeesSadele toll setalllobad
Fron—he—reopesieti oot la-oneoelbi-diseatdong It hag been

n’\rwmunummdmmwa\unmmwu
froe enorgy values for resction (3) are correct. If the ealoulated
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value for the setivity coefficlent of ferrous mlphido"h used instead
of unity this will increase the difference between the exporimental and
theoretical equilibrium conotantes

If the experimental and thearet.cal equilibrium constants
are accepted from Fige”3, then eithor the theoretical ar axparimental
equilibriun constante, or both, are in erray in Fige®4. Tha
presence of sulphwr may have an effet on the activity of oxygen and
vice versa in those slage but this is unlikely %o be great due %o the
gmall percentage of sulphur in these slage. The mos® likely
explanation is that the change in free energy for reaction (11) as
given by Bishop, Grant,and Chiphan is in errore
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Tlree experimonts were carried out at 1550°C by passing a
sulphuwr dicclde-nitrogen gns mixture over slag and metal held in magnecia
crucibless The slag and metal were given a bubble-misx evary fifteen
nlmtes for fifteen seconds. The charged slags consisted of iren
oxlde with additions of sero, ten, and twenty per cent silica so that
the range of slage used In the equilibrium studies were covered
adequatelye The total rate of gas flow and partinl pressure of sulphar
dioxide were similar to those of Run %4, from which a slag and netal
sample il been obtaineds lun 28, with sero per cent silica was
intended as & further comparison with the work of Grrter and fahlr .
Samples of slag and metal were talken almoct simultaneously at interwals
of time, the normel analyses being carried out as beforas The analyses
of the elags and the sulphur concentration in the metal ave given in
Tables IX and VIIA.

It can be seen from Table IX that the sulplmur concentrations
umm;mnmrwcapmwmmhm,mw”t
renulable chance 48 in the silica concentration of the eloge In Runs
29nmlscthaamaapn‘mtamottblhlwmin¢ﬂum
and in Run 30 reached half the charged value two hours after comencement
of the run. mum“cwmbwmmwndunuﬂn
mmmmmhmpzuwammmmmmw
to the farnation of an axide slag phase at the expense of the motal.

As the ferric axide eontente of the slag phase are approximately
tbmuhth&gnmommmnu,mqm
potential of mmmmmmmnummnmm the
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mechanism of tho reactions taking place in the system can be pletured
ag oxidation of the wper slag swface in contact with sulphu dioxide,
pick up of eulphur at this surface ocowring as weils The sulphur and
oqygen diffuse through $he slag layor until the slag-metal interface is
reached. The axygen potentlal of the slag is too high for slag-metal
Squilibrium and iron passes from the metal into the slag to lower this
oxygen potential, therely ralsing the slag bulk, With this transfer of
iron & slmltanecus Wrancfer of sulpur across the slag-mstal interface
must also occur in arder %0 bulld up the concentration of sulphur in
the metol %o the equilibrium values Throughout the run the ferrie
oxide content of the slag does incresse slightly with time possibly due
to the ferric axide bocoming more stable at lower silica concentrations
in the alag.

The sulphar distribution coefficlents in these goo-slagemetal
mwoahmmmmuonwmpmudnmtmlmmthﬂr
If Fime25s  The equillbrium sulphuwr disteribution coefficlent at 1550°C
is nlso phown for comparison.  Although the one point from Run 74
is quite far from equilibrium, the podnts raprosenting lung 28«30 are
relatively close to equilibrium especinlly in tho latier stages of the
runs,  The alugnmhmmmmManmmunglyuam ,
sulphide content (26-0%e8) which my alter considerably the distribution

ratlo Ffﬁ

Ap;mmwn¢«mmmmmmm
mmomm&mumwmucmuLA
greater weight of slag would have entalled a greater attack on the
crucible walls with the risk of crucible failures Uue to the :
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contact angles of molten slag and metal with solld magnesia the metal
upper surfuce assunes § convex shape, while the slag wpper surface
assunes & concave shape. Because of this there is an appreciable depth
of molten sing at the crucible walls, and a fairly shallow depth at
the centre of the melt where the slag sample is taken. Core must be
exercised in order not Lo remove %00 much slag when sampling, as
this leaves an area of metal exponed %0 the gas atmospheres In the
slage-nmetal equilibrium runs this was relatively unimpartant as fresh slag
could be added, but in these gns-slage-metal rung the addition of a slag
would bhave upset conditions completely. The contimuous farmation of
iron axide in the gaswslag-metel investigations did help to maintain
the slag bulk but on %wo ocensions the motal was uncovered.

In fun 26 after the 8+31 sample wns taken approximtely
50 per cent of the metal surface wns exposed to the sulphur dioxide/nitrogen
gosy and ag a consequence the sulphur concentration of the metal rose
steeply due to reaction between the metal and the gnse  The sulphur
distribution ratlo thirty mimutes later was below the equilibrium value
shoving that during this time the main direction of sulplur movement
wag from the g %0 the mnetal and then to the slage IDue %o this
increaped pick-up of sulphur, iron oxide wns formed in greater quantitics
mmmw,msmmwmmmwhg, with Sine
and in this particular case reversing 1% slightly. In Run 29 after
the 7+18 pamplo was taken approximitely 10 per cent of the metal
surface was exposed %0 the gas phases  The sulphur dlstribution
ratio fifty minutes later was agnin below the equilibr-iunm value.
Throughout Run 30 no exposure af metal to the gns phape took piace
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and all the walues of the dlstributlon coefficlent are above the
equiliberium line.
From Table VIIIA 1% can be ceen that as the concentration of

gilica rices from Run 28 & Run 30 the efficiency of absorption
of sulphur by the metal increases. This 1s no doubt due %o the /
increased fluldity of the hish silica siags maldng the passage of sulphar
from gns to metal vin slag much easler. As the silica -concentration
of the slag Increnses the rate of pick-up of sulping by the slag decreases.
Whether this is an inherent propopty of thece slags or is due to the
incrensed rate of transfor of sulphur to the metal is not known. The
efficlency of absorption by the slag-metal system is wnifornly high with
e slight decresse in efficlency as the run progresses. This decrease
in efficlency wes aleo noted in the gre-metal experiments and was due
to 2 fall in the activity of sulphur at higher sulplmr concentrations.

© In hun 28, despite the farmatbn of FeO from the motal, the
concentarntion of FeOp in the slag decrensed throughout the run due to
the pick-up of sulphwr by the slag and also %0 a slight increase in
magneela concentrations In fun 29 the decresnse in FQO’ concentration wne
due to the incresse in magnesla tlwoughout the run as the incroase in
sulphur concentretion wus counterbalanced hy a docrense in silica
ommtrauoﬁ. In Bron oxide slags held in magnesia crucibles an
incrense in silleca concentration normilly means e proportional increase
in the mugnesin concentration of the slage, but in Fun 29 the magnesia
\mtranmwa-Vpermmnm-!por cent silics vag well below
magnesia saturations It can only be assumed that the increasing w
concontration throushout this run WG due $0 the concentration epproaching
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the gaturation limits In lmun 30 the concentration of Focrincr&mod
ghroughout the run due to the formation of Fe0 from the metals This
increase in Pelp lowered the sillea concentration of the slag, the magnesia
concentration being lowered not only by the incrense in i-‘eor beh aloo
by the decrease in silloca concentrations The passage of sulplu and
of axygen into the metel was ruch fagter in thie run due to the very
fluld slag and so the amount of Fel formed was consequently greaters

Dus 4o the closencss of appronch toequilibrium in these runs
1% can be poctulated the$ the amount of swlplmr abgorption hy an iron
oxddg/silica glag in conbact with wolten iron 1s controlled not only ly
the gas phese but to 8 greab extent by the metals It has been shown
in the previous section that the lower the oxldatlon potential of these
plags the grenter vhe nbsorption of sulphur from a sulplwr dioxide/nitrogen
atnopphere.  In these gas-slag-metal runs the molten iron controls
the oxygen potentlal of the glag and as & result of this the slag
picks up a greater quantity of sulphur than 1% would if 1t were in
equilibrium with the gase The paptition coefficiunt ‘thnn comes into
actlon and the sulphur pagces f{rom the slag to the mnetal until the
equilibriun ratie is attoined. » :

devernl attempts o use lime-silica slage of approximntely
50 por cen® lime ended in fallure as the magnesia crucibles could not
vithetand the slag attacks. The slag pasced Shrough the walls of the
crucible leaving the metal surfece exposed te the sulphur dioxide/nitrogen
gase Additions of magnesia o the slags in the hope of lessening the
eropive action of the molten slag were also unsuccessfule






In this investigation 1t wns found that the rate of absarption
of pulphur by nolten metal from a sulphuwr dicxide/nitrogen gne mixture
wag vary dependent on the mode of contact of the gas and metal phasaess

Bubbling the gas tlrough the motal increased the contact area of the
two phages and hence Increased the rate of absarption of sulphur by

the metels Other factors affecting this rate of absorption were also
exanineds Radsing the partial pressure of sulphur dioxide in the
gne phase at a constant nitrogen flow increased the rate of pick-up

of sulphur by the metal, but not propartionally. Increase in eoncen=
tration of earbon and silicon in the metal, and increase in Lemporature
wag found to decrense the rate of absorption of sulplur,

The rate of cirbon removel from the iron-corbon molten alloys
mimrmudhymtmmninmpmnupr«motmlpm
dioxide in the gns phase at a constant nitrogen flow but, sinilarly to
sulphur, not proportionaily. Incresse in Gemperature and in the silicon
concentration of the metal raised and lowered respectively the rate of
carbon remnovel. ;tmvwnmoubh that the change in the rate of
earbon removal wog almot proportional to the change in the rate of
sulphur absarptions obvieusly the absorption of sulphur by the metal
mmmo«mmmmpm-umnammmma
oxygen by the metal, and hence removal of enrbon in the ironwearbon
alloys. One swrprising fact emerged from these gno-motal runsy as
th.mm\maomm-mummmamwamuwm
that the rates of reaction would be unifornly fast and be unaffocted
by concentration ar temperiture factors, but this was found not to be
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the cape ns outlined praoviously.

Molten Armco iron was found %o absorb sulplwr and exygen fronm
a sulphur diexide-nitrogen gns mixture, the axygen eventually forming
a peparate oxlde phase which not only reacted with the gas but inte
whdch sulphur partitioned from the metals lHo "eguilibriun® concentrations
of sulphur vere foupd, the rate of nbsarption being almost uniforn
throughout, with a slight decreape in the rate at higher concentrations
of sulphur in the metals

In the gnswslag experiments lron oxide-pilica slags were
observed to absorb large quantities of sulphurfrom the gne phose during
the early period of the run whon the axygen potentinl of the slag was
low. Absorption of oxygen by the slag from the gas phase took place
simltaneously, and the axqygen potential of the slag roce slowly until
equilibriun with the axygen potential of the gns wms attained,
From the experimental resulis it can be concluded that the concentration
of sulphur in the slag must have reached a maximum some time before the
oxidation potentinl of the slag resched the equilibrium wnlue. On the slag
approsshing clocer $o oxygen equilibrium with the gas, sulphur wng
evolved from the slag and the concentration of sulphur in the melt fell
slovly. It was noticeable that whareas absorption of sulphur in the
initial stages of these ironeoxide slag runs wos rapid, the rate of
evolution of sulphur from the melt at high oxygen potentials in the
slag wap extremely slow and could not be mensured ly the ayparatus
used in this investigntions Soemingly once sulphur has boen picked up
by these slags it is extremely difficult to remove it from the glag
oven at high oxygen potentials in the slag.
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It wns found in the studies of the gns-plagemetal system that
the absorption of sulphuwr from the gas by the slag and metal system was
almogt completes The ferric iron concentration of the slag was
controlled by the molten metnl, this keeping the oxygen potential of the
slag well below the value in equilibrium with the ges phape. = Because
of this low oxygen potential the concentration of sulplur in the slag
wag appreciable. The sulphur partitioned into the metal fron the slag
and it hag been ghown from the experimental data that the sulphur
in the slag-motal gystem wag nenrly in eqhllibrium. Although the
depth of slag layer was not great, approximately 1/10°, the diffuasion
of sulphur through the slag to the slag-metal interface must have been £
fairly rapid in order to maintain this equilibrium. It was noticeable
that if the metal wes uncovered by the slag, the abeorption of sulphur
by the metal was much fagter than the absarption by the slage Thorefare
the slag, altﬁmz;h picking up sulphur itself and passing it on to
the metal, protected the metal from an even greater plok-up of sulphur.

As this investigntion wms carried out using nitrogen-sulplun
dioxide gos mixtures of low axygen potentinl the results camot be
applied directly to openehearth conditions, where on the average the
oxygen potential of the combusted gases is highe The mein piclkeup
of sulplur in the openshearth furnace is known to take place during
molt down of the charge when the gases nre impinging directly on either
the melting metal ar lumps of undissolved lime floating in the
dispersed pools of slage Complote combustion of the flane hns aluaya
been desl ed ap experience has shown that greater sulphur plck-up ocours
wvith & partially combusted flanme striking the solid metal charge.
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The cold metal charge to the open~hearth furnace normally
conelpte of steel scrap and pig-irony and it is thought that the
oxidising flame in the furnace converts the surface layer of iron inte
a wvatery iron axide~silica slag whose melting point is approxinatdly
1400Ce This slag then acts ap o barrier agninst the gages and
prevents the pick-up of sulphur hy the main bulk of the metal. During
the formation of this protective slag slin, the ability of the skin
iteelf to absarb swiplwr from the grses 1s impo:tante If the oxygen
potential of the skin is high, i.es a high percentage forric oxide, then
it is extremely unlikely that mich sulplur will be abstracted from the
gnoess  The oxygen potontial of the eldn wi 1l be high if the the slag
comes %o equilibeium with the omidising gns phase.

From the experimental work in this investigation 1% was found
that the iron oxide~silica slag did not come to oquilibrium with the
gee phage but with the liquid metal pheses  During melt down with the
motal melting, 1t might bo said thet the liquid slag is in contact
with solid metal, s0 that a solld metal-liquid slag dnterface.ds.the ..
eofifrclling dnterffices It would be unlikely that equilibrium would
be reached in this liquidesolid eysten, but more likely that equilivrium
would be reached betveen the liguid slag and the ges phace. lHowswer, 1%
could equally well be postulated that there are two interfaces, 1, a
1iid plagediguid mebal interZace and 2, a liquid metal-solid metal ;
interface. If this is the case then the slag could be in equilibrium
with the molten mebal, and tms have a low exidation potential. Plck-up
of sulphur from the gas is then controlled not y the agygen potential
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of the wwtbyunwgmpdbonunlotthlhgmoquinbrmuth
molten irons The gas phase in this investl atlon, with a partial
pressure of oxygen of approxlmately lon.amphcu, carresponds
roughtly to a g& ratio of 7 at 1550°C. This (é&ratio could be
obtained in the open-hearth furnsce just in front of the ports with poar
combustion conditions, and in the iight of this investigntion rapid
pulphur pick-up from the gases could be expecteds Under mare normal
oxidising conditions the same mechanism could take place but the plclkeup
of sulphur might be less due $o a thicker slag layer which then might not
wholly come %o equilibrium with the molten hetals  The hotier this
protective slag, of cowrse, the less the pickeup of sulphury and for

this reason the use of axygen for cutting down the cold metal charge
would be ideals
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VIIA = Slag A
Run Clock /WeS 540y We0 FexGy FFelp Aigo
time wte percentages
l;.n.
94 B35 2600 6 Nede TMede 680 504
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Iun Increnent Actunl Actual from slag and metal
ting of Thearetical analysis
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