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The reaction 

2 Te0 	41 	;AO., 	2 Oe where 	FeO) ( i) 
a. 

does not express odequstely the ferrous oxide equilibriva 

with cilici;n in liquid iron. The tW1 silicon concentration 

smIsured by cnnlysis is lrger than tie -N,J1k.unt required 

to afAiefy the equilibrium constent reLtionship 

e ) 	) 
	

This discrep.:ncy in the silicon content 

increases „414 the oxygen prethure of the system increses. 

The product (20() (E,1) w,a detersa.aled over the rirAnge 

of ferrous oxide ot. vit 2.0 to 40 x 	to 

temperatureLi from 155000. to 170000., nt 	intorvels. 

&1143 product mko found to incrense 	wl.th increse 

oar ferrclw oxide A3tivity 	constAlt twapor ture. 

The discrep:Aley in the silicon content is interpreted 

in terms of the presence of dissolved silicon aonoxide 

in the liquid iron ph ee. The tot 1 silicon A-11yeed is 

re61rded vie t e uuill of the dissolved silicon , Ed silicon 

present .4 U 	monoyido. the re• ctions expressing the 

cquilibri 	repreaented by the equations: 



Pee, 

Fe° 	i0 ii 

 

 

 

The experimental d te obttined allu4 the equilibrium 

constants 	the beve reoetiune to bc deterained, nU 

z,lso the.ix v,-,riation with temperature. 

2he standard free energy ohlanges for the two rections 

c,re derived end coop red with the dots obt-incd by other 

workers. 
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It is desirable th t in the process olf steel m king the 

qu ntity 02 e ch constituent present would be controlled 

so thet the steel produced has the dasired piwerties. 

Wu 'ehieve this end it is necessary t h,,ve a kno-ledge 

of the therviodynomic properties of e ch. of the re-Otions 

involved by the conet''tuents. 

ILny roblems exist in OtOOILT:kall6 on a plAlt scale 

such <a r unequr:1 distribution ut one oA the components 

in the liquid or al` 6 p vAte. ',:ause r bleLas l'o-)y be over. 

coue by condu.eting experiaents on i 1 sbor tory Balle tid 

thereby reducinc, the size of the aelt 

proportions. Also, when such experimentio are clrried out 

in she Inborr:tory, 	of the vIriables 111:y be controlled 

tr Oh ioore closely. 

One of the =oat impertait £ °tors con.troi1ing the 

process of steella king is the oxygen content of the steel 

in etch of its stigee of production. Tho oxygen content 

csin bu, on  is, reduced by the enriouo comitituento, rben, 

sang-sinese, silioon, phosphorus, eta., the degree of 

deoxicl:tion depending on the rel_tivo deoxidising power 

of the constituent. xis re.VItive deoxidising power is 

beat assessed by compfsa 	the stisAn&Lrd f se—energy 



ch,nge for the Genera rwlotion 	to reduction 

of ferrous oxide by eacn of the subet ncee. 

ee0 

In gener31 the e ndrd free energy c ;.:.ri-ge for a reetiOn 

i.lvy be determined in either of two wciye: directly, from  

n experimentl deterialliAion of the equilibrium constint 

or electricl nwieuremente, or indirectly by c7Alcalti0n 

fro be to of rection end entropy and specific—het dat:. 

The Indirect i,.ethod, 

The TIni t Hoff Iaochore relJtes the v riation of the 

equilibrium cons tnt with temper;ture to the he t of 

reaction: 

d ln K dt 	A 

H is the he, t of rc,ctiun, which i. i be expressed 

in lorlas o the specific hercto of the products and reicUnte 

by the Kirchoit equation. 

( A 10, dt m a Cp  

where A Cp = E C (pr4ducte) 	(reactonte) 

A J ire usu fly ezpregieed in the for of the ewtiont 

C 	Ad' 	T 
p 

the COnOtAl 	clad A 	being derived 

Lro oorrosp., 	w.ti;Jmi th• t boot fit the plots of 

p 



inat tupera tare for each oi; the rfirlatonts and, producte• 

Inter UOn Oi, th irchoff equ tion gives 

A fl 	A H. 4AC • 

tind the itiochore may be rewritten 

d(log.Z) dl 

velicil when inteerated vea 
th 

T+( 	 

A 

or 	 in E. at—A flAd. T in ¶ 	A 	/2 A 	/ Ii 

i;ometimes thia equation is better expreutLcd n o ther fOrtles 

a, of whicti is governed by the foril. e the specific hot 

equation used for the participating .eriterial&• 

L.aubstituti n of the constant& in the r.bove equetiLn 

will give the standard free energy change for the reaction 

considered. 

The Direct Lethoda. 

.eor speckil types of reactions izwolving, electrolytes, 

the free energy of re.:4ction y be determined by mwisurin 

the 	of a reversible cell. 

If the equilibrium constant f ref:lotion it deteratned 

experimentally a sew temperatureo  then from it any be 



cEacuL.ted the free energy of reaction forthi t temperture. 

A etudy of the equilibrium constant over a temperature 

range will provide the heat of reaction for that re e 

and the entropy change. 

The relation between the standar free energy of reaction, 

the absolute temperature and the equilibrium constant is 

given by the reaction isetherm. The values of the standard 

free energies of reaction caloilabed from the equilibrium 

constants are plotted against the absolute temperatewrk. 

from the gradient and intercept of the estraight line plot 

obtained #  the heat of reaction ai,1 entropy change i ay be 

estimated aceordiL6 to the relationship  

	

AQ 	Csil 	T/16 

Ale equilibrium constant le uoually eXpreseed in ter me 

of the activities of the produots diviied by the activities 
r 

of the reectanto, the activities bei reused to the pol4 

indleated by the reaction equation. The activities are 

usuelly expree.Ad no partial preeouree in Lno renctions 

and DO mol frr,lotions in reAetions in selutiOn. Often 

	

it is convenient 
	express concentratiene in terms 

weight percentelgeo rd, providing the unite of concentration 

are carefully specified, thie lea Cie to no serivus error. 



3ei6ht percentges -re proportiomi t mei frActione 

only if the de; aity of the idx:Ae in which mesurementa ttet 

mrlde doeu n U alter when the concentration of One or other 

of the constituents is altered* ':0110 eseumption 	be 

mode only for relntively smrtll concentration ranges. 

Throuehout 	work, concentrations will be expreeeed in 

terms of weight percentages. 

The 	 e tem. 

1.ne melting; point u1 pure iron is 	C., -.nd it is 

equilibrium in the liquid iron phoo above ttia tampernture 

be studied* she crucible will 12.w;445 sAurnte 

the iron with the substbnce of which it is formed, even 

thou6h the stuv!tion concentration akty be vnniekli 61Y 

crucibles, inenerel, were used es they 

did not introduce any subsU4nce in the liquid iron phase, 

other than 	which von t%lready a p rticipnt in the 

equilibrium. Ale three phaeme present were the metllic 

liquid p1 se, the solid crucible phAva and the g>A3 

whi&i forma the ntzleephere eurroundin the melt. 

The vrtinl oxygen pressure in the &mace utmosphere 
jerrowa 0,6.11e 

may be used to calculate the eat activity in the liquid 
ferroun ox sale 

iron. Tor the ,:pproprktte r-Lnge of 0.14,0= :ctivities the 



(fi; 

2Fo 

(diesd.) *WC) (dissd. SiO dissd.)+k ( 

20 (dissolved in liquid iron (2) 

2 re0 	• • 	OOOOOOO ) 

partila oxygen preseuree in the was phse %re too e: i11 

to be controlled by the direct introduction of oxygen 8t 

low piece uroia but suit-Able preecures as =y  be obtt;ined from 

the dissociation or. w,ILer vapour. 	oxy en pressure of 

the oystem was controlled :Jocur.ltely Ly us .n€'  En e.moophere 

of h3dro6en with Wall amounts of w ter Nrtpour;the oxyLen 

pressures ueed were elwlye hiEh enough to prevent the 

reduction o the eillo crucible to free silicon. 

The equilibrium between the three ph',oes will nor; be 

considered from the etundpoint of the ph se 	6. 4110 

number of tlegrees 0 -  freedom for A the ep.l equilibrium 

is not determined by the number of components solely but 

rather by the number of independent °or ponents. do term 

la defined 	"the minimum number of components the presence 

of which le necessary ond sufficient fox huilOing up the 

eysten without reetricting the proportions of the phliees. 

(a. -.1dlotenck she 	e3.c 	hey u 	of steel= 	1932, 

Ber1W. 

The following ore the reactions involved: 

2 H 0 	2 H + 0 • 0 * 0 • * * 0 (1) 



i 2  'e0 

4A0 	; 02  i• Fe. 
(diogddb) 

The number of independent components is clevirly four. 

By applimtion of the pheise rule, those ph ,see 61waye 

being preeont, the number Of degrees of freedwa must be 

three. Thesu 1,1,4 be temperature, pressure) 	the 

concentration of one of the ooffaponents. VixinL,  of these 

v:iri:4bles defines the system co,41etel 2.,-L the ph,lise 

rule viewpoint. 

A -A41792911MA2g#1091AWIA2a1- 
In the peat. the silicon content of molten iron in 

equilibriva with ferrous oxide ia. been represented b 

the tollowin; reactionz 

( rxls• 	4oc4, 1925, 21, 255) wue 

the first Inveeti8ator to try to obtain the equilibrium 

eoiletpnt for the above re,etion. Pro,a the :,;nalyaes obtained 

by B. .;.;toughton ("Letallury of Iron ',nd 	1932, p.146, 

tire: York durinc the (Mime of one boic epen.hcc,rth hevt, 

Field derivca the product (Fe;) ( i), where 	.) 1,48 the 

totl 	;41.11.ysis end (Let.; igs the Carreue oxide 

concentrtion ,erived ,fro s the solubility product of the 

a:Jvv- necie rection. 



8 

Mn 	FeO = Fe 	MnO 

This solubility product was derived from the total. Mn 

content and (FeO) obtained from the data of Tritton and 

Hanson (J. Iron & Steel Inst., 1924, 110, 90). The 

measurement of temperature was not accurate, onkr the 

estimated value being 153000.  The value of (PeO)2(Si) 
— is given as 0.17 x 10 4  when the (Fe0) is 0.0115%, all 

values being expressed as weight percentages. 

At the same time A. °Canoe calculated the equilibrium 

constant forrthe reaction from early thermochemical data 

(Trans. Faraday Soc., 1925, 21, 176). He obtained a value 

of 0.56 x 10.4  at 1600°0. 

C. H. Herty and G. R. Pitterer (U.S. Bur.Min., Min. & 

Met. Invest., Coop. Bull. N0.36, L928) investigated the 

deoxidation of liquid steel on a laboratory scale. Small 

ingots were made at a temperature somewhere near 1600°Co 

and the ferrous oxide was determined by a modification of 

the Ledebur method previously used by the same authors 

and their co-workers (Carnegie Inst. Technol., 1927, Bull. 

N0.34). The silicon content was determined by the Dickenson 

extraction method, which gave a total silicon analysis 

less the amount of silicon present as inclusions. In 

terms of weight percentages the constant was found to be 



1.49 z 10 w. 

0. 	nerty, 	Christopher .:Ind R. :3* - i, terr:.Irt (0,7irne 

Inst.Tochn(l., 14)*  Bull. No.39) obtAned dnother 

this equilibriwa constant usUa the si4zie itethcd of AD:4443143 

did Harty '!,nd titterer (leo. eit*), but the c,.lea 

were V.Igenir exp imente carried out on e plant scale. 

The conetint val•=43 now fow.d to be 2.07 x 10 for a temper: ure 

;in the roc,ion of 1600°0. 

0. H. ilerty, G. R. Titterer ad 0. 	Ohristopher 

.;;ri • Bur. Lin.•  1931, Teen 	.ipor No.492) clrt=dtht 

the river.:47,0 o the 1:bor3tory reou3.t £144 the plent-ocele 

rent 	for the equilibrium oonetant would 6iva an 	urate 

ectir.nte of tho luAlue of the consthnt for the renetion. 

They suggested tit their result mi)e. higher then th,lit of 

I.. Field (10o, cit.) beeauee he did not tak.e the 

precaution of saturatinG his iron etiit4 	Tho :Aterage 

result of the too conatf.ints was .6;iven 	1.65 x 1Q in 

the rnriGe 	betrii,6en. 0.03 lad 0.4. 

11. achenok (Arch.iv* 4isenhatterga. 1930-31. 4, 319; 

u. iaen, Duseeldorte  1931, lb 292) investitgvted 

the equilibriva of the trio reactionzl 



10 

The equilibrium cOnst;%nts for e,oh rvIction were maaul ted 

experiaentJ1 
	

on the taecamption th:it the Lin kind 

al were cont4inel in the 	goinly4.,; the orthesillo,te 

6a4p1es were tAen froal eid 

fueions Ltnd Besuemdur Converter fusions:  at tw,Aper_;tur ca 

between 1500e0. 61.2d 1675 C. The oxygen 41, i silicon were 

determined by aati.yeis 'A21. expreueed in tome et weight 

percent:gee, giving en equilibrium 00nut' a of 0.23 and 

0.044 z lc 
	

amperaturee 	1600 C. -41d 15270C.t  

respectively. 

The us:ao worker later ( he hysic)1 One: Autry 

6tee1iltiri6, 1932, 1, Berlin) derived this constant from 

thermodyn,,mic 	;-io three ph_ es eilic r  Devi-U.11c 

evlutUnt  f:rld gaseous ph:Ise. The oxygen pressure due 

to oxiesen in the iron ph ,se Lust .A.just itrelf to the 

wlue fixed by the presence 	free eilie . 

I) • Pe0 
where 	is the diseociation of pure cilia:It eso  is the 

dissociation constant of ferrous gxide 	meallic oolution 

and (,i)ESIt le taken as the axis o.; 	 concentration, ole 

which iaust be 10W. 	silicon is soluble in ail proportions 

in liquid iron. The value derived by thie -,ethOd qua 
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2.5 x 10 	temperature of 1600°0. 

B. Korben and 	Oelaen (Wt. Luissx..Wilhe1,11.1nstitut 

f;14 :iisenforsehuner 193i, 211 271) mode a study 	the 

relative deoxiClising powera of elemental mrmoneso nnd 

silicon in liquid iron. The equilibrium seqsuremente were 

derived fray: the !_n,lysee of small *get* contained in 

specially prep,med 	arsaibles sad wavered with a 
Di pir:sei 

the equilibrium constant of tho reetion involving the 

reduction of silica a with iron to dissolved silicon w s 

expressed in terms of the squire of the concentration of 

ferrous oxide in the el g phase 0.rd the silicon content 

of the liquid iron phLtse. he constant so obtained wne 

modified to express the reaction in the liquid phis° by 

including the partition coefficient of the ferrous oxide 

between the slag phase and the liquid phase. (.1:he modified 

constant :ibtained et the tempernture 160000. was 7.1 x 10 

The oxygen content of the iron was determine-1 by the 

aeuu fusion technique oni the silicon by direct analysis. 

No _Atenpt WOO made in this investigation to control the 

furnsoe atmosphere or to ensure thl.t equilibrium was 

obta ined with the atmosphere. 



kortevin old R. derrin (J. Iron Steel In 

193J0  AD 153) aude -111 extensive examiwtion into the crime 

of incluoions in steel. In this work the silicon content 

of 8 sample w s reported i;le 0.29;", for forroue Qtide 

activity of 0.05:1 in the region of 1600°C. These reeulte 

roduced an equilibrium conotsrl uf a K 10 at this 

emperlture. 

The next attempt aide was thrlt of J. ChipmTn (Trans. 

Amer. Lo. L,;.tole, 1934. 22. 420) who c4culated the value 

of the equilibrium constant from the thermOdynamc dst of 

K X. Kolley (U.0. Bur. Min., 1932, Bull. Ro.350) and of 

Y. A. Roth (Vaturwiseenscheften, 1931, a, 360) for the 

r©a °tient 

2 Fe0 	in Ve 	in e) = 2 e (2) 4- 0102  (s). 

2rom these a •L the of amp& J free ener y of rer,ictionwAla 

obtAined: 

a 142,440 t 56.25 

which at rE teaverature of 1600 C. gives an equilibrium 

constant of 0.43 E 10 4. 	Chipman did no ek;im greet 

accuracy x d suzcested that /forty's v-luee of 1.49 1,60 

were better estimxtes. 

Oeleen r.,nd G. Rremer (Mitt. E> iser 
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fur 3isenforschung, 1936, 18, 89) reoelca Asti the equilibrium 

constant from selected dat- in the work of Lorber 

Oelsen (loc. cit.). 2he vnlue oe the constnnt arrival L,  t 

W ,0 11 X 10 	't 1600°C. 
U. zTichenck 	Bruggestann 	survoy of ra:,, ctionP 

of inL,eroet in steeloking entitled 0Investigntions of 

opon-ierth pr., ctioe"(Archie. 3isenhattemw. 1936, 2A 543) 

reported 	soiae test ov!bples 'taken fro:ann. acid wen. 

1-Arirth tara:tce. coo iLdia.ition is Liven or the toe Ln9,que 

used 	they lae given for the constAat is given as 

3.55 It 0 	u c t ,a3ialpsroture of 160ev. 

A 	( 	Iron b.: _tea Irw - ti 	London, :ipecial 
13 

Report 150. 2, 1 .4, p.. 43) showed t4 from. Rorber and 

Oelsen,s results the hest of reaction for the equation 

considered N :0 148 kg. CS1 per 	tic ever, the 

heft of fora-tion of eilic and ferrous (aide would led 

to 	off: re ,ction of only 78.5 kg. cal per g.. .a01., 

tad this difference w--,s attributed by 100-,ace to the hest 

of caution of ferrous otide in 11 aid its 
	When ft 

correction w mi-',de from the squ;,tion for the he :t of 

solution deterolned by E.Orber 411 °elven, a hesit of rection 

of 133 kg...061. per g..sol. wus obtained, which is in. 
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a tie ,ctory flgreement with the iv lue obtuined by direct 

deteriainAions 

Hersaymonko 	nes Nradny SOC., 1938, 4;11, 1245) 

zilae 	investUation of this reaction by iplee  

with 17,dle from the hcirth of an 'cid 4Ittnr.her=rth furn4ce. 

Temper,ture corrections were a: a or the'emiseivity of 

the iron ;_nd ter 	cooling t' :,t inevitt-Ibly took place 

as the sample w.s withdrith, tIn accuracy of 4' 10°C. being 

claimed* ;le equilibrium conatnt .14.) the reduction of 

ferrovu oxide by dissolved silicon w,la expreosed in terms 

of the silicon content of the liquuid piryco and the ferrous 

oxide content of the ule: ph%ses Correction wile then ya,de 

lac Korber !ind °aeon's .vrtitiori function so ttrit the 

conut,nt could be egpresued in terms of the ferrous oxide 

ooncentrn Lion o the liquid phl)se. The wnstant wris 

ciculted to be 21 z 10 at temparL.ture of 1600°C., 

for i ferrous Wide concentration of 04.W,  in the liquid 

pha00. 

S 	D,;rken (2rans. Inst fin. ;4eteals, l ondon, 1)40, 

14z 204) rands an attempt !at ealcalf;ting the equilibrium 

constant from a knowledge of the stan&rd free energy of 

rection for the following rtacti no: 



zji (1) 	o Go = —14,400 -4- 2.4.58 T 

i. (1) 	61.0 (solid) AG°  = .2139660 46.63 T 

2 Pe0 = 2 Ai 	G 0 = —27100 22.40 

where 	reXcrs to silicon at uni6 ,otivity in liquid 

iron. 

iroia thew) true equ1tiwn ar4 be dorwoJ tho rec4otion: 

2 Pe  

where a 
2 Po (1) 	102   (BOW) 

200,970 92.59 

These c-Beal- tions produced r conetAnt of 6.1 z 10 

teilverawre of 1600°0. D',rken A.so found that when 

the isotherms doriTed by ciloul,tions were co re with 

the experimentill results 	other workers very little 

4;reeuent could be found. 

*Me next gnitic.,nt contribution w 	hLct mide by  

ifs 



nd 	to of ze ite und 

G. A. Zapffe 	LAms (Trans. Its 

London' ech. kl.iper 14t98, 1942) were the first workers 

to av- ke systmitic inveetiastion of the silicon-oxygen 

equilibrium. in liquid iron by direct me_isermaent. Their 

results were b'ined on eoncentrr_!tion r surements of mill 

ingots contined in sine', crucibles nd surrounded. by 

!Ai attaosphere of cruller vapour ,itroi hydrogen. 

As iLls 	been shown, previous investi& -  ore have 

not Littempted 	inve;.;:tige.tion of the isolAted system, 

but have h:Aced their conclusions on ckItt. derived from one 

or other of the following Sources. Qne of these method° 

tv,y be described us the evlution of the heat content 

chr_inE,e by gyp, lication of the Vernet 1 w rind subsequent 

substitution in the integrted form oe the Vonst Hoff 

iooehere. The other method w::,s that of determining the 

equilibritua oonetnt by mwaurement of the concentrAtions 

of silicon yd erroas oxide in wnaplos which mut ined 

ut le sit one or more other constituents oucli as mnsAlese, 

c-rbont  etc. 

Z.apffe trxi aims controlled the ferrous oxide in the 

liquid iron by using 6n LAmosphere a hydrogen r'rd vv=ter 

16 

A ;;urVeY of the -ao 



17 

vnpour. sue 	Laixturea 	.bled t (3 very ,tu141l ex.yon 

preseuree to be 0bViined ;nd controlled aith 

couip,,retivo else* The water v.jour0.;:rerit 	tile hydrOrn  

w 	skstinViined by k-usim!, the ge through aattaintor 

tAmilf.ar to that described iL section 	oktIU 

Reliable teswer,ture tieJeureatextte; aere laAe by rocustArg 

a celibriated pyroiaeter r OUCh 	ria;,1 	0r, the surfrice 

of the itioleri iron. Airtherslorep caw., te 

the 	t for silicon we obt4ned 4y clwInivz its surface 

free fr,un 71dhe i01113 * 

When the tatomta\t1 free allergy 01 re-otien 1,4,  to be 

found by mu ourilA the equilibriuz owlstent o& the re.ctiont  

it ib 	prar aount ittwort Ines th2.,1 the coneentv.ti0n0 

awsured tah2,1 be equi2ibrium viluese AitklQui;'- ouch vA 

stoitettaent usy be etincidered obv 	,u,nd sorIzere n 

eiit1r eye tc=4 have tended in th pt to 	tUe tht 

oonditicina 	re ehel viith eolAD,r uN0 0 ;50, 

ztipfre 	bias mode nttemp o obtuin equilibrium 

004,11ti'm in their ateasurelients, but It seem unlikely 

Zroa their rouults th ,t they *ere tooktor auceenefal. 

aethod used 	neae etorkerw s• 	tir,t equilibria= 

ort.is :away,' a .4. ti t 	4050131' 	VI 0 tot sI 	licon content 
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before ntl_after   faeltine in the controlled tuoephere 

If the 0.4.13.co/1 con' en w ,8 found to incre ,se durink the 

courae of the run then it wT4a assumed 	equilibriuza 

la a not rei,ciled for thit 11) rticullr ferroub oxide rAotivityl  

and tS fu.rtb,er run would be carried cut area the wime ferrous 

oxide activity but with au inert-rued amount ox silicon in 

the initial eh'Irge. This profile/413 of 	additionu 

was continued until no itirther increase took, pl:ee durirt  

the course of I-3 run. 

The reverce regction w detected by the silicon content 

of the malt deo:raw:sing durin8 the course of re.ction. 

By euitEibly (Idjusa isie the silicon or the charge the 

equilariuta w. a ripproiched from the other direction. 

Me error .Piptte and its zud40 0:43 th:-at they never showed 

th:lt equilibrium 'a a reached with aafficlea uccar,!.oy. 

the .uefts were only he,:.ted for <u perithl of three hours 

%ewer_t turn Lind sometimes zilch leue, but no fy.tte.ipt w >e 

aide 	unou t3s tc4ie peri.0d wL43 aufiieieut to ensure 

the 	frog the -approxiavite appro:, teia z ,de by the ad.titiuns 

of silicon, '1.11c equilibrium wo,e fin liy re..ched. 

an Else'tulip-tic:4i th}it. equilibrium w 	 cr,An be la,de 

only when the r.tee of recticn tire it:noati to be relf.itively 



huh, :nld in. this investi&tionii 	t:.ernpt vva a=de o 

mesure thea rection rtei . 	eue ipremise the 

results =,_y be exlmincd further. 

The rellAtionship between the wIter linear content of 

the hydrogen ndthe ferrous oxide ctivity or the welt 

wvo obtined froau knowledge of the e ul/lbrium constrAnt 

for the venation: 

Fe 4- !L) (gap) 	pp) +kJ ( 	Fe) 

The Wines used wore ZhOuta øb4xie. by J. hipman and 

. etow';'.n (2rAns. Arner.,Loc. iietals., 1936, lit  313) 

y c'-refully 047,Tiucted 1 boratory experiment. 

The resul 	zi4ffe 	Collast invti6;tinc, arc 

i tt=loulr form on p 9 
	

their p,per. FrJrci these 

resultu c,n be Observed the 1ck o reproducibility ot 

silicon concentWtions for fixed values of the ferrous 

oxide activity. &mover, frow, these resuli4,3 7;Tpffe 6nd 

6iwii were 	to show tht the product oi the still. m or 

the ferrous oxide cAotivity rand the; 	the totTA. silicon 

cone= ratiot, wLe not a eftetint but varied with the 

ferrouu oxide ctivity. Thie product vv;s meant to be the 

e ullibriva constant the reuction 

2 ?e0 	61. 	L'il02 	2 Pe 

The concentrtion. of Iron was regarded ro unity 	it 

19 
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formed over 99 of the melt, while the concentrition of 

silica: could 1.so be re '.girded 5q) unity since free s: tic 

w a present in the crucible. This in de the equilibrium 

constr:,nt iunotion of the ferrous oxide octivity nd the 

eilicon ;ctivity only. 

The e ual value of this equilibrium constant" was 

found to increse with increA3e of oxygen pressure 

this vve attiributed to the presence of some form of 

silicon in the iron other than dissaved silicon. An 

the oxygen preusure o.t the system increased, so the 

unaccounted for pcA.t of the silicon coneentrationw 

fwild to Jaleree in allnitude. Ihiti led pfi'e Aad 

to 	that the eXCOSE3 Gillen 	prez;ont in an 

oxidis d iorws oI the element. 

This oxidised for wa considered ,o be silicon monoxide 

in the liquid iron. The possibility s,f the increment 

bail the consequence of dibeolved silica= hl'Ad to be 

discarded. ;,Aii the silic concentra1iion VMS kept constant 

ita a titrItioL vatic, by the presence of the cilia; 

crucible. 	e presence of eilicon ,wnoxide being occepted, 

the reduction of the ferrous oxide coe sugested to take  

place by the two ate.,gee; 



SiO • Pa so.. 41,..,•••....)414141i..4. (1) 

re0 + icy 	SiO + Fe 	 (2) 

iturtheraore the total silicon 	(E Sri) now had 

to be differentiated fro the silicon present as dissolved 

( i), and that due to silicon monoxide, ( 	)• 

(Eta) 	(ui) 	(31Dio) ........... ,04•4140 (3) 

The portion of silicon present as dleoolved oilier-4 was 

shown to be negligibly =Ill. 

The equilibrium constants were defined ass 

Izi 	(FeC) ( i) and X6i0  = (iPeO)(siO) 

'rem these lard aqua ticm (3) the following identity vp,a 

derived: 

(Fe° 	Est) 	(a t 	a lirksi  ............. (4) 

also froat 	(PeO)a(Ziaya 	(P.0),h(:io)b 	 (5) 6/0 
By substituting the valuee of (LiteOts  ttnd (SiO)eta., 

in equntim (4) the equilibriva conslionte were paved 

by the sintult_Ineous equ3102311 produced, t nd in conjunction 

with equation (5). 

The results from two asp isesntol runs were used to 

o2loul,.te the silioon monoxide concentration approprifite 

to one of visas points tin "from that busier value for 

(SiO) ell other vulues of (uiO) issedt.itely follow from 

equation (5)" (4apffe *al 'Sims, op. sit., p.21). 



It is certainly true that from one value of (ziO) 

all other values nol be calculated, but hnsiffe and Sias 

give no reason why such great significance should be 

attributed to one result; ter do they say which value it 

is from which ell others are derived. This method Of 

interpretation was clearly to be regarded as unsatisfactory 

when no indication was given of the relative reliability 

of the data given for the ferrous oxide and total silicon 

concentrations. 

Accordingly an an.11ysie of their results has no been 

made, b:Ised on the following roaaoning• 

Prom ovations (1) and (2) representing the reduction 

of ferrous oxide by either Of two reactions, the equilibrium 

constants soy be defined ass 

for reaction (1), R 	SS P) 	............ ( ) 
(P10)(51) 

for reaction (2), R2 	I) 	....m.o... (7) 
(Pe0)(41i0) 

and from equation (3) may be derived 

(Si)E1 	(Si) 4. (64.0).k. 	ism 

where k/ is the proportionalit i f otor to convert wt. of 

silicon se silicon monoxide to that of silicon monoxide. 

aloft. of SW 	1,57 	(9) 

(8) 

Molest. of Si 
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From equations (6) and (7),  

1 	= (Fe0)2(Si) 	  (10) K1. K2  

and combining this with equation (8) 

1 	 •(SiO) 	 (11) 
1 '2 
— = 	(it PeO)2  4{ (I: Si) — k 
KK  

Substituting (SiO) from equation (7) 

--1--- = (pe0)2  (z si) — 	 
Kl. K2 	 K2"e°)  

} 

which gives the identity 

(PeO)
2  (E; Si) = 	(Fe0) + 1  K K  

	

A42  
 (12) 

2 

If equations (6) and (7) represent the reactions that 

occur in the melt then it is clear from equation (12) 

that a plot of (0'O)2  (11Si) against (?eO) should produce 

a straight line, from the slope and intercept of which 

xi and K2  may be calculated. 

Plots were made from the results given, for each of the 

temperatures 1550°0.0  160000. and 1650°0. in order to 

verify the significance attached to Zapffe and Sims' 

results. Fig.1 shows the plot of Zapffe and Sims' results 

obtained at 1600°C. On this graph two lines are drawn, 

one of which represents the equilibrium constants of 

Zapffe and Sims, the other representing the best straight 
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lines 	fit %he points plo&ted. 	e aethod us& to derive 

the bout etinicht line w-s Wx,t of leJot equ.trea, the tar 

known with gre-ter accuracy being notaumed to be the ferrous 

oxide conoontrtion. 	i the cTvh it a,y be seen thut 

a the ferrous oxide concentrrition i incrivsed so the 

product (Fe0) (E .3i) tends to increoe. 

The merkea difference be,pween these two 'ince, representin - 

Zapffe 	.mso conBttt ind thoue obt6inei by trcAment 

shoen in tbit urvey. is Axto found to exist to a otailr 

agree with Vic isotherms it 1550°C. rd 15OC. 	ble 

shows coAprison of these equilibriuiu constants. 

-;:.-1,11?aaAxa.6 

1550°(. 	lEttoc 	1650 Q, 

	

pffe 6. ..ms) x 0 	0.42 	0.95 	2.15 

F., 	(h,oat this urveyx1q 	 0. 6o5 

	

Zspffe 6. i-Ams) x 10 	13 	25 	48 0 

'ate equilibrium constqnt 
	

function 	the 

(Pram this surVOY)x10 	7 	53 	log 

intercept ;aid ',a such w s found to be eubjectel to very 

high degree of error cavine to the f'ot thit 	i1 v ritions 

in the grAient cn 4ter the intercei)4 by zt ;aueft 	two 



to three hundred per cent. Such considerations lo-ve the 

constAnt without tiny rota sienifieInce at G.11. 

Pig. 2 shoos the plot of the reapeetive equilibrium 

oonstanta .fAgAmet the reciproc4 of the absolute temperature. 

By f.aueuming these aurves are Iine'Ar over the temperxture 

rmge investi/fited, equations representing the free energy 

change us function of the temperature my be derived 

from the gradient Mnd the intercept of these plots. 

The thermedynumie date,  of the results of 44.ipffe mnd 

Sims sly now be compared with the results .obtained by 

the statistical treatment applied in this survey for the 

resctiont 

Fe (liquid) 	i0 	Sit (,. in Pe) 	e° 4.. in 2e) 

where IL $10 	(4'10)(litev) 

'This comparison is shcivin in Table 2. 

Therms 	mil prop. Zspife & 

hilrpression for f3 G 94650 4,  384 5: 
AG°  0 160000. 22000 g 
AR°  94E00 4201 • 

As°  38.7 g. 03 

rom this survey 

82500 4' _ilia 2: 
19100 g.—Cell. 
82500 g cal. 
33.8 g* cp.1 ,./°E 

4n interestim oftsequenoe of 4:,pfge 	results 
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w,,,s their prediction of the tot?.11 oxygen content of the 

iron. They aututested thtt the oxygen content decresed 

with decre,Ine in ferrous oxide , ativity until f1 minim  

w.40 reached, At this minivItimv lue the oxygen present 

s a licon monoxide wAlt equ- I to th.t present as ferrous 

oxide . 21.d further reduction of the ferrous oxide =k ativity 

produced son increse of the tut441 oxygen content. '.-Juch 

postuLlte involves indiscriaiml to use of concentrtions 

in place uZ 	when de riling with silicon cud 

silicon monoxide. 

26 
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In order to invest te the silicon...oxygen equilibrium 

in.liquid iron it is nooeulary 	obt:_;in soma .:00urote form 

of control und aaisureLlent of e ch of the three v::crkiblea, 

temper pure, g-u compoeition 	Dilicun content of the 

11•uid iron. 

fghe required. 4eiveraturee were obtAined 

;aolybdenuta.wound furnace, the to ar ret-Aro being ma :cured 

with an o 	pyrometer. 	ttacephere surroanding 

the inEot inuide the turnaoe w a controlled by eatursting 

oxygen-f ee hydrogen with adjusteble cimounte of .,4ater 

wspOUr Llef4zureaent 02 the water vapour pree4;,ure in the 

hyd.rogen w effected by ueiz, either le;thirometora or 

dew.point App:.,ratus. The third variable, the eiliom 

concenlx,tion, tittle act usted (but not controlled) by the 

addition of awn amounts oc silicon to the chlrge. 

ALiiielby jte!uin........Iot,uyl 

The two types 02 furn ceu genelvilly used for such 

rose %i, 	 the .4103.7baciattle-rsetu1d fumice ).ind the 

frequency induction ferne00. In this 	n 

the molybdenum-wound furnace was used. 

A CrOLIG.seatiomil dii.'grica of such t2 furnace, together 

with fid cart t fittinea, is shown in Fig03. The furwee 
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consists 	._11 outer as of shoet steel the oornero o 

which 	br;z0d. The top i€3 reovble, being securod. 

in position by bolting to the atinc--se. l'xcessive 

leAk.ge o e #ydro;,Len 	the join is revcnted by ploing 

silicone rubber ell.et between the) top un0 the rain wee. 

In the JIL, J.dle of e-ch end of the case is welded z 

4" kiiat. tube nboat 6" long, an to the ends of each of 

e protruding tubes are wed 8" dit m. t13nge pl'Aeo 

with six suitbly plAutd bolt holes herein. 

The tarnce tube is sealed trot; the surrouniJing :1 .tilloophere 

bye rubber g-aket (?) w ich 1a colvressedJT.iinst the 

fixed flt,nge 	further flange (L)the  two tlange 

Lallvtes boine, bolted together. Cooling of these ends is 

necese• ry in xotler to prevent pyrolysis of the rubber 

gasket, 1.1q Vais i 	ahieved by two coolinF chabere (fir) 

fixed between the fILIngos and the furncea 

The Sarn,oe ;abe iz4 be wound w th either Laolybdenum 

or wire. AlthOugh b01,4 hAre been used the tape winding 

vitAa found to ;ive a aoro satistictory 11.rouw, perfwarince. 

e type used was 043" thick r4ad one—eighth of tin inch 

wide. It we wound on en 18" length 	rinngle I' 

flumino tubing ( 	external dinuoter JP. ',Oho tape w''e 

ound on tnis tube a 	in 	i.e., with 	eighth. 
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inch epsee betwoen e 	 tie totA, length of tube 

wouLd w 	'Ate =',3e terAta tiecurc,-.1 	ech end oj: the 

tube by bnnE  with he:•'vy gunge .waybrienula wire 6na any 

kuQvazent Of the wire due to espeneii4n of the ts8pcn heftting 

was prevented by covering the windinGa with**, 	yer of 

a1tuv3UM, ctralent• The tube wile then heldin peeition inside 

the turnnice by e..:ne of euit.-Ally placed firebrickn, end 

the free gee between the wirillinge rti the ci,ee V/ a 

filled with fine aumilv.: powd.er. 

Oxid,  tion of the wolybrlenuta 1,)e t the hi temp fir- tlAree 

r-y,  ()hod by the interior of the furnce we prevented by 

pneeing striyi of hydrogn throu6.1 the *Ailing. Jflow 

of ibout halt litre nil hour w Land euitficient ba 

this w,e more eed -1,o two iitres4 	hour Zr teciperritures 

Love 14C00-̀  	4.1 	re .,;,14  w a p,,aa t.L-1 A.n „Flrough two 

tubes welded tu the aide of the iv sea •41-1t1 0.1CCOLIO g:Tie 

(LO ipt1 thv,u61-s the crneka 	1ekainevit4Al1e in auch 

fun ce. 

The tpe ele were vee,cd tiro-ugh the funr_:ce e3sing, 

by insul!ting with porcelain Zerruleo I:auggod with ;:,:sbootee 

wool 	covered with ',:auncluszi cement. T.he current w 

supplied t the windings fro :4 ',Varivolt" trcInsformer 

bv,,de by the Greshla Tr)ricforraer CliaQ Ay. The current 
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passing through the furnace could be conveniently adjusted 
voreord. 	by variation of the voltage obtained from the transformer, 

the secondary of which was'tapped at two-volt intervals. 

The current passed was always in the region of 25 amps., 

the maximum never being allowed to go abo*e 35 amps. 

The furnace tube (1) which contained the charge and 

through which was passed the controlled atmosphere, was 

made of recrystallised alumira as supplied by Thermal 

Syndicate Ltd. At each and of this tube were fitted 

rubber bungs (0) held firmly in position by wooden saddles 

(B) which in turn were held by two long bolts (D). 

Through the bung at one end of the furnace was passed. 

a "Pyrex" glass tube 1" diam., and to the end of this 

tube a microscope slide was sealed with picein wax, so 

forming an observation window through which the optical 

pyrometer could be focussed. On one side of the glass 

tube was sealed a side arm, forming an inlet for the 

furnace atmosphere. 

The bung at the other end of the main furnace tube was 

fitted with a short length of "Pyrex" glass tubing in 

order to provide a support for the anti-thermal diffusion 

tube (R). This tube was made of mullite and extended to 
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the middle of the furnace, it being supported in. itc 

'yrex" tube bye small rubber ring. 

The current prieulhg throuein the furnace windinge was 

measured by a 'tent; test' ammeter, 	wr,e never allowed 

to exceed 35 	Which, althou ,Ix cote for "running U 

the furriice to 1.0004., was (LngerOualj high et higher 

teppevtures. in consequence the Purrs I ca trid to be heated 

above 1500
o
Q. r ther sloaly, the uoximua current oX 33 

:gimps being only two to three mtv, is above Me holding current 

for the furnce ut 1600°C. 

During the "running op" the volt4Le drop ,croiJ6 the 

titmice windingu w.,43 ,lucre aed intermit4ently 	the 

current pa Wing we at,intined t the .-Iximum of 35 

500
o
C. w mched 3 3 So 4 hours nA 1300oC. ter is 

simil;r period. At this stge the run fu to oaullly inter 

ed -nd the Turin sae left :1t 1300°0. overni ht. 

The OPtleal 'yrOmster. 

Accurate weteurements Of temp -cure were required in 

the range 1500u0. to 1700°0., Iria theLe were carried cut 

by using the disappear 	filizment typo of 4ticfi1 pyroaeter. 

Oh ma,4urements assumed that the towerfture of the 

li laid iron w s o uniform within the limits of :lccur-tcy o 

the determirvtion. 



o pyrometer was sighted so that the hide oi the 

crucible ( ). 	.3, w*Is obaerved tarou h both the ),4',o1 
window u the end ot the furce, nd the hole in the 

radiatioL abield (a) pl,A2ed .:4&;inst the aide c the crucible. 

?i.4 ie cleca*er TA larger picture of the way in 

which the pymaeter w: eat qp. fro a it ,a4 la(3 	oeeh 

the viv4 in which the current to the tilent wr 	upplied 

-nd -w=sured. 

	

The filRment current was supplied by 	tte 

three 2 volt .?.ocuraulL4tors eAld vTiriel by resistance box 

connected in aeries. F 	knowledge og the volte 

drop 14604o 	fixed resiatnce, connected in eerie with 

the circuit, the current 	itt; thr.,ugh the 'llaent could 

be obtined, Thi a volt4,e dro w 	necured either 

directly by glivras 	vol%meter or ;iiere .43eur tely with 

potentiometr. Utilisix:d the potentiQtet.er, IrriatioxLJ 

o. 2 	were re2idii.y oboervable. 

Cnlibr1tion c4f the pyrozet.er vie 0rricd cut by ploLti'llg 

the coolix. carvat -i both iron al nickel. 	n the re&;ion 

below l45Ocj a platinum pli tiu.rhodiw tteruiOouplo 

we used. the cooling carves of iron nnd ckclwere 

obtained by plotting mer)surement 
	

the 	 curer 

tAen :At htalf minute intern 	 inet 	£he 
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zaelting points co b1;.32,1Let viere found to b 	cl close 

relation to the extrapolation at the calibrytion curve 

obtEilned 	lower tewperLAtures using the thermocouple. 

Any departure frog, bLick.body ccalditinfa of the r di for 

will not proklace error providln the dep-, rtare 	conbt n 

for eslch meesurer ents ;ueh error w a avoided, as the 

enlibratiOn age mode directly to the teAperture of the 

melt. the rAcit4tion. 	pla cod 	root the crucible 

prevented rAdiition f rom other p_.,zta of the furnace 

being roilected off the aide of the crucible. Obserrvtion 

of the ,melting point using tr-knapretn crucibles produced 

aifiering fro::: : th, obt-ined frola coolin 

curves, but the cooliLk;..curve points were those considered 

to be ..ore eliuble 	so wero used in the firrIl 

0,1ibr..tion curve. 

The KI'zthr,trometer. 

The EAnnlyeis Of &•18 mixture atj be itt to y comp ring 

its therall conductivity with that of sofas sto:Indard 6 

The ke_th,aremoter 	!7- n inatruaent cap-blo o detectin F, c 

difference in therm Al conductivity in V4o 6, e streills 

insVint-Jneouely. An rirraysis by this atothod. can be trirried 

out only if there is sufficient difference in theraa 

cOnductivity betneeu t e constituent 6.f.sses. The 



COnductivities of vv., ter vRp0ur and hydr0geL differ consider. 

-Aly 2  so th},)t deterianzAion of 	qu-ntities of vir,ter 

vli.pour in hydrogen IA:Ay be c. .rried cut twine; ic.:ttriroaeters. 

:the diagram of c katharozeter is shavn 	2ig.5. 2tie 

.,•-nliIlysor coal} rem the theril conductivity of the %vet *? 

hydrogen wits: tirtt of pure dry hydrogen by wIsins.  

strealg 	eLioh of the gases through en 11-'tube in the 

:Inner shown am the di.iligretai. 	a se-10:,  or 	of e 

of the II tubes contiiin elements connected ao th it c:,,ch 

torus tin cliy i. of 	'411e:3r:items brid6e circu,it. .these eleaento 

consist of platinum spir:lo co,.:tad. with, Et wain yer  a 

,; ue and are her 	by r+ oarrent of 350 milliamps. This 

current cit• supplied by ty:A:tery of three 2 V. eccuinul,:-.tors 

trickle.ch,:, rged Zro the D.C. rx,iine supply (see Pisa). 

The oarrent tkexi from the floc:amulet° t`l Li never - illowed 

t* exceed 30 

An ywie (A' the cp6 c(-ipoaition n i& ailde by WA-:ourin  

tie extent to which the b..ince of the aeatevone bride 

circuit 44-_1:i dLyturbed when t 	(-Jr greliter 	 tivity  

lowered the tel*erctura of t e approprl-te spirt=les snit 

hence decreg4sed their resistence. Devin.tions £roA baanee 

of the electrical circuit were me ,surod with 	e 

CA -',mbridgc recorder. inis recorder i capL,b1.0 	0 On 



the deflection, 11x1 1ao recording it, n the fore or 

-co alde up 	points icon t one ;Anue interrau. 

Two keth2rometer/i were used for theoe Jul/esti xtifts, 

of the: w e c,librted for the prtil water.r4our 

preasure in the "wet" -de of the T.171yeer. 

Before ony fecur' 'e toots could be 	,,de u e accumul tors 

11,1d to be left runnin 
	

1e3st week, hydrogen being 

cul ted thro 	both aides of th kathro/Iteters• The 

current paseing through the elements w then Ajusted 

by switching le recorder on 'test" tIndvarginz the 

resistlince 	see Visa), until the 6:Amanometer sAowed 

zero deflection. In this wiy the filament current wne 

etvInds:irdised to eomo srbi.trt ry rizea ',47.1lue by colaft ing 

the volt sgo drop &liorollu resisonee 
	

Inst the volt!ge 

stnrk:rd cell. 

The filment current hving been set, it vme then 

neeeesnry to b'lonce the Alotatone bridge cdreuit. This 

wis achieved by pf.nzinc, ry hydrogen through bath aide° 

of the ,..riolyraor :Ind then, with the A.vonometer switch 

on record", the resi4t-nce C (?ig.6) 	A.toreJ until 

the Eiavanemeter Showed hero derlection. 	ter these 

cijnatmente had been 11e the kothikromatere were 

per lee,::.ettreuen Le or the 'Morava o3nduotivity vori;.noe irola 
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th.,, t of the stundard gos. 

iydro6en 	 ._.ter:w pit:410d. up fro= 

eitur for convi,inin‘7 seturA t 	o lut ion. of csl ()Una 

chloride E3 p osea tlroubh the wet" side of the 

katherometeru 	-then through rtn ciatalys train. The 

water vapour vme -,::iboorbed from the guie stream by, two 

weighed tubes containing; "Anhydrono`l. 'Lho dried hydrogen 

wt.--is then 1.).,eued throe ,h 	s'4, 7,10(4.rd gps-meter which me;'' eared 

the .tot: I volume, at room tewp r,' ure, of 	 p, - seed. The 

totil volume of hydrogen, _corrected to conditions of 

o 	. t, 	er tuee 	preootare# 	used to find the 

number oi grazt-mols of the glcs present ;u this iraue 

tobether with the number 	 .m-:.Ole of water vupour 

-Alloaed the r; do o the tartial pressures of wz.i.ter 

r pear anti byd gen to be oslouluted• The 	flea for 

e ch oalibratten point 17116 run for sever:1 hours, during 

which tuna a continuous tr-ce of 'the galvanometer deflection 

was alde. erom c:411br:,tion points obt_ined in this 

the plots shown in i ig.6 were constructed. 

'2he k.athorometers were used to laeasure p rti 3 preociuren 

in the 	0 to 15 DU. 	error never exeeeded 0.1 

this error in the 1,1ri e 00 t frequently used 	to 

15 ME0.*) cons itutes An error not exceeding pJ 
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Tao soar ce oi error oere usperienced whezi usinis 

Itthrometers in the winner 	eOr £1r yes exceedin 

4 litros/nr• consistently 1oi results aero obtiined. 

Werrection tor ouch errors w.3 made by p Lacing dry hydrogen 

throu 	°tit idea cf the k - th rometer 	the required 

flow rite 	this recAjusting the sere of the gtavi4aometer. 

Thiu oper,tien, 1.thou,,h tedious/  w neoost,,ry for any 

mosureass a liodo a t e'oh of the flow r-,tea exceedin 

4 litres/hr. 

A farther source o error 	introduced by writions 

is talperLture of the body Ald surroundings of the 

kattarometore. Both eXalysere hid t o be in Close proximity 

to the aolybdenum,..w und 4zra co 1n order tht the do-d 

opAco 0J the comeat 	tubes shoild be 0 DIAnintw• Although 

the kathrometerc were plLIced beloa lAle level of the 

furn_,cet  sufficient heating of the 	lyaore took pliice 

to 	roduce errors. .:rue K1 errors were .voided by 	 jumtii  

the sere Of the .'air.nometer when tha furnDce wos t 

temper ro. 

The  Hydrogen Flow Appratus. 

ng•9 ehOws the Nplyitus used for grodueing a strcr:m 

of pure hydr,:4gen 	portion of wiiich ot.strolled s4ounte 
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of winter were added to produce a cenvenlent furnikce tmosphere. 

A supply of hydrogen w:;o obtained from cylinder of 

the roxyGen.free" gao. hie suPO4 entered the eietela 

a f1,74ak the pressure O. whion 	st'-bilised by a 

manoatt. The manost t Oper:ited by -adjustment Of the 

height of a lonz column of aster up which rurpluz hydroeen 

froi the fly:; irk bubbled. 

The pressure.stbilised hydrogen le.lring the fl,:lok 

p• seed thrugi Atm ce continn6 xal9dised ribestos 

rand heted to temperAure of 360°U. /u oxygen preee.nt  

in the E.,. s  tic.,:s thus converted into wv,ter, 11tich wfts 

removed by p stain the g is th row a bubbler conUin1ng 

concentr- tel eulphtl!,. le °id. acid r -y a«a then removed 

j pqao 	the a .;Irouag solid pot:Aisium hydroxide 

pellets; finlly the 	ws vesed over fAnhydrones. 

The stre1;;I of dry hydrogen w a divided into two Ir;rts 

s 4Le. one eoing directly to the dry side of the 

Jitharometere to ,ct 	atund rd glJe the other going, 

through • flow meter to one or other of the saturators. 

Three types of saturt;tore were used for t daittin 

fixed quantities 	rY ter v.:pour into the hydrosen stream. 

They were either the ex ,lic acid uaturator, the saturected 

c',1ciusa chloride uolu ion scturator. or the reflt.ut water 
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aa uratur. 

IL 1ALLASLI4I2r: 

In ox or to produce eAaily controll 	;.jounta of .41ter 

vpour in the lyarogen be1M ptr.r.Lre6uure of 4 1ma

the hydrogen .o&i:3 y a-ed over cryatalu of ox,lic oid 

dihydrete. .ater la 6iven off by the deoQ4poeition 

the d hydr;iie In the following way: 

( CCOH ) 	H 0 = ( =OH 	2 H 0 

The acid d 	rite with 10' of the Nahydrou,' :cid wee 

pl 	I. rea J tube, the temper=ture of which 

controlled by imAaraing it in a theraeatit blth. By 

;djuating the te4ernture, within the limita Q the 

theraestt, the hydrvcen could be a turated with water 

v,pour in the resaure r.nge 0.) to 7.0 

paturtion w_ith cf:1 c3tiz C4lorlide - 1141tion: 

By pLlosin6 the hydrogea. is a through amtun,ted aolution 

culcium chloride, wwber trlyour yreatsuree in the ren e 

3 zra toI5 az. could be obt:4inedi 4%IthOuh cGAution 

of thiu gilt tended 	be unrelit)ble, it it Chosen 111 

preference to aUutiona of othel. pobelble 	tu becuse 

of the relatively :4176.e r:nge of Iver IrTehr-preasuree 

obtined for rAT..laon-.11e vrkitiona 0 teoper*turs. 

39 
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hydrogen w bubbled .through thie saturitel solution 

by blow :Leg the gas threiag1z a parowpiste 9f sintered 

les* The porous plte leo. placed well bel the Maass 

of the solution which */13 conti-,ined iii 	dryine 'tower s  

the bottom or which w:. filled with crygiV-le oiwl.cittla 

chloride hershydrte to mint 	coAplete tur3tion. 

Th.e  ilea= :isituac tor: 

i divkgra of this pp rtu& ,io ehosn 	Piga°. The 

hydrogen entrline n exceee oi orv4ter rivour by passing 

through flzek or boiling w:•ter. The wet hydrogen rises 

throw 	Iflizged coluzal, fruit: WhiCkl t ly)auez *through a 

side nrzt 0 a 	e apir 1 writ •,Ined in thermostat. By 

suiVlbly 	the te4pei:. 	4.° t.he• therzi.eat-t bath, 

t e 	wAer in t'aty hydroisen ml,4 b 	ztrolled. 

.‘Xeet.ic 'a ter i* eendersecl cut 4.n the zpir ,-3.1  • rid this 

w ,ter dr ins to he bottom Of the spirli 'Ind thence Vi.4  

tT tube trek U. the flit cent ining the boiling w;Iter. 

The w_ktur,ted hyOrogen v.s let QU to the furnsce through 

hezIted tub. A I iuc aboo were heated by winding theta 

with Lichroine wire 1.=nd p;iesine,1 suitable all current 

through the windinz the conitenoiltiOn 	74 ter vapour w  

thuu 	vanted. 01,}44a.3 tp hzgi to be -voided, :Ind where 

rozioesta_,ry tz.pe were consUructet of b.e% tad lengths; 
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silicone rubber tubing compressed by me ,ne of ocrew 

0111). 	tthc. oweters could not be used for the oe:suremant 

of the wt, ter vapour contems of the hydroGen 
	

these 

hiGher vlues s the hectinE of the anA.ysers, premiution 

necosid:kry to prevent the deposition of dew, vis 

Zao kP,thnrometors wore connected tc the ends of the 

turr.*,ot. cid the hydrogen flow syste by narrOw-bOrs 	BO 

tubin iikj ben : prevented by glase-blowing all joints. 

Bac of the kotheremeters wis provided with a by-pose, as 

w,a niso the form, se. ' pu were sultribly pl:,:ced in. the 

systea so that the furazce could be fludhw with a r n 

without 1),,,soinS t. 	el a througi the Ienthorometers. 

In order that the ka thn rOust or t;nnlysing the Glees 

ving the use Should detect wter v.Tour only, the 

APO leoriug thr "wet" aide ot the it.thorchiteter rico dried 

with Nishereme and pureed haok. through the t1dry olds; 

the dried a 'rota the Ammo* wit thus used i&i a a t,.a.idrd 

of reterenee, instead Qe pure hydrogen. 

The beck di 	0f !Jir into the syste..1 was found 

be quite zwreeiJblet points where 
	ro6en left the 

system. This we avoided by intorposine bubblorL50  contAming 

dibutyl phtihuij4te, 	such positions. 



211.11-1211ESAWLAPP3rat4a• 

A method w-s required whereby pfarti,1 water •tmpour 

preesures gre7.:,ter than 15 ma. Mild be msosured. Of the 

vrieus ferias of hygrometers, t±.;e dew.point ivIiirstue was 

considered the an one teat would give the required 

results. 

A diatos of this appsrntus ie shown. in 2ig.11. It 

consists 	I, _q.ic vessel to whie;f1 cixe ee4ed two tubes, 

one at the bottctL and the other on the upper side. At 

the t4) is 8 neck which containsr rubber bung to hold s 

thin silver thimble in pl ire. hIe silver thimble, on 

which the "de m" depoaits 	tube about 	wide 11 4" 

long, e .led at the lower end. Zhe detection of the 

"dew" is tacilit ted by wiping the aurfce of the thimble 

with rubber pA,d lxed to the end or & piece of iron 

wire. Trtio per is held in position oy the rubber bung 

throu fthich it irisoets. 	t e upper end of the treble 

ie fixed 6.1s funnel held to 	thiLible with pioien 

teormowater rests on the bottoa of the thimble 

and the thimble nd funnel vIre filled with 2Q solution 

of nlcohel in w wter. Cooling of the l.i uid ia effected 

by pl.xoi smoll sumps of solid c-Arbon dioxide in the 

upper part of the funnel and stirring the liquid by 

42 
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elevating and lowering the theca'mometers The smartie° of 

the thimble woe strongly illuminated eo thr.4 the deposition 

of dew coal be observed through a mr.Ignifying Oases 

Greater couracy wus obt.w ineA if the dew-point me 

taken at. that te2iperature at which the dew disappeared 

rather than that at which the dew appeared. CL,,librytien 

to inveetigute the E4  o maw ay of the method wae avAde by 

comparison with the kintlivrosteven) tiad also by comparison 

with known atmoephero of Battu:voted hydr4en produced by 

the reaux satumtor. The errors in ze:;eureleant were 

somewhat greats  in the region of  kr 50 results obtained 

can be little more than qualitative. 

The interior of the Furnaces 

Silica crucibles. were used to contain the liquid iron, 

11.104hie ensured complete ea tur6tion of the liquid phf.Ase 

with silica. 

Translucent allitreesil"' salad eruciblea were those 

geneQr:1l,y usel for the eguilibriuia measurements, but 

transparent vvvitreceilli silica and zircon crucibles were 

also tried. 

Reaction between the silica crucible:end the fords cue 

tube tod to be prevented, as the glass produced by such 

luzing would, can cooling, inevitably , ek the furnace 
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vabe as well Aa 	the milav1 of the crucible ipposoible. 

Sate x sute of r1ffira 	voided j reatin6 the drutible 

on 	c trough which w , s slid ,into who gurrice. N as 

fluxing vivAi found to ts.ke ples tetween the trough ,0.d 

the fam.ce tube, but s1i6ht iluzints did ucour between 

the trough nd the crucible. 

lie,  crucibles could be used 44ce only a, on heating 

bove 1400,  C., they were found to becoac very brittle 

Co=gad 1 	pieces on remov:,1 froa the furace. zircon 

crucibles were found to be nore tlitisfotory in this 

respect rind could be used reps. tedly. 

At ech end of the turn , cto tube were placed rGe 

v;d1i,Ytion shields mAle of ;J.lundum cement ao tfv,t tie 

bun ;e it ech end were prototed i'VQ:a the ridiltion. 

The pzon kurificition App44*,Jt4e: 

The 	rgen It6 purified by p: sein6 i t through an 

.113sorptin tr,in to remove oxygen .ald nitro en. The 

entr,  inment -ciA3 effected by psainir ache 	first through 

sulphuric sold bubbler, followed by t,  tube cont:,,ining 

)0tlesium hydroxide pellets nrd then _further tube 

contQ inin6 ftAnhydronse • All tab ces 	having 

been re acved residul v.:twin '0 a reoved by p sang the 
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argon eore',41.1. through copper g use he -ted tc.i 4800 
	trho  

nroe w -1st reuoviad by p,isoing the -rgon .hrotigh u furtb.er 

tube or "Pyrex" €1,. se oont:iirting a zuxtu.re of 4:...tioium oxide 

:arid alenesitua owder 	int ined 	1..eisper.iture o 

610°C. 
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The Analysis of Tot:L1 Silicon Content. 

The silicon content of the ingot was determined by 

precipitating the silicon se silica. To do Mlle, throe 

requirements must be mrtiefied: first that ,1.111 silicon 

murt be oxidised to silica, eecondly that the preaLpitnte 

=et be freed i4e completely a poseible from'impuritiee. 

and thirdly th..4t the preaipit Ate must be of maingeable 

proportions. The actual size of the ingot %vie kept constant 

so that temperature measurements were m:de under pima 

conditions, the finil weight of the ingot usucal being 

about 10 to 1 ems, clivul:r in shape and about half on 

inch deep. The palace content or the ingot w. at generally, 

between 0..Y v‘nd 	measuremente outside this rAnge 

were mold° extendlag the range from 0.1,! o 10' eilioon. 

The whole ingot me ,:mlysed when the avec:tad silicon 

w:20 less th•la 1.0 but for eilicon contents higher then 

this 'rate* only 1,1 9pj8f eh-,ped segment of the ingot evls 

need for each :In;-Alyais. La this way the bulk of the 

precipiti:,te wAls kept down 	0.4tAgicieable proportions. 

The prooedure adopted wa a described below. 
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The cold ingot w.:te ^Liken fro;iL the furn,-:.ce and freed 

from < 11 eurfece '.4dbeGions. The inevitrLble esence of 

these Aheoions 	crused by p:.rticlee of the siiic 

cr. cible, M.licei becri,ilie extremely fr&gile on being he ted 

to 1600''O. 411 glen beirt:  cooled, atickinF, Lo the 	et. 

neote with ions 	ooneentr:ttion,; were -found to !wive 

fee/ or r;o :..dheeionia on their surfaces, but ingots cont ining 

Cr more kv.Llicon were found to 	 unnll p.,rticlee 

of silica rAti., ched to the eurf•ce cl the ingot. The 

cOlaplete Voaoirkl of these :3dhesiona w a neoeseary --a their 

presence wou1,1 , vitiqte the au.beequect anzA4sic 

Out or, the ir,Yo . The silicz wdhesir ne were removed by 

ocr:kping the sides and bottom of the ingot with Olen 

file* The partielee Of the crucible did not atiak h.rd 

to the aides of the ingot :Jmd coviping brought zlhout 

their i_41st complete r=oval, which "vs revelled when the 

curie. ce 'Aia in Qp e oted with :4 ca.,,gnifier • 60i20 ingots 

were tm.ted with 404,4 hydrofluoric 0.014 for periods Of 

up to three hours to .effectrea,01,U of :;.erosions, but this 

method was ,z13csisdaned Ge the camping operntion w:e find 

S0 be mrcch uidker .end more completes When the surt.ce 

of the ingot wee pitted complete removal of cidheeie a 



chieved fir4it b eariping oWay sac much of the sales. -Se  

possible 	 he tretin.z. the ingot with 40;!, hydrofluoric 

perIcd. 	ceverkl houre 

The clerined it tA; or a portion thereof w e weighed end 

then diLieolvcd in 150 aa. of concert-tam:tad lvdrochloric 

which were ;:_iddied 50 mi. of coneentr,ted nitric 

Thic oper,tion .E.1 carried out in 1 ,rge porcelain 

ev9p0r,ting b  einothich rvo koiP t covered; it took :.bout 

five hours for the in Got to di000lve coLipletely. Ingots 

Laore then 5f,  silicanitere not rell.d 1y ottaoked 
4.1d fw:ther additions of nitric acid were node during 

the diasolving0Up process* 3.7 al. of OZ perChloric were 

added ti's the soluti:' Jal the evaporating busim4 which w 

ten holted 	 bath Iny fame cupbwa'd until 

the percealoric 	bt.:Lan'Co fume. At thio piAnt 

clock 	843 	 !cod over the Irtoin find the precipitates 

of elliv,1  cind eryataline :ferric chloride calowed to 

digest .'Or ono hour. This period of digeaticn 	necectrxy 

to corlgulte colloidal, 	cot free in the dissolving—

up proceeu. 100 al. uL hydrochloric ;.•.c1.3. diluted with on 

equal volume of vr.lter were ,,,.iddea to redisiolve the ferric 

chloride, the fl is precipitate beine, left in fora 
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rsadil 	 Jhen she ferric caloride h ii redissolved 

tho solution It & filtered through a qiatu to.42 filter 

Paper. The pr 	te 	,shed f:f-eo of ferric chloride 

with repeated < i ;dlicn,tic..ns of first 1O 	fim'lly 

hydrochloric :Acid, un il the 	 red quite while. 

The f.i.ltrct4e 	w,;,shod into the origin,  1 eveport4ting 

basin f,ind a further ri.adition of perchlorie acid Linde, 

follovved by a similar process of evaporation and 

The second precipitate was waehed free Of impurities and 

add& to the first, which was contained in a clean platinum 

crucible. he corabined preolpitatee, when bulky, as in 

the case of the hianer uilicon contents, were heated for 

two hour* 	a steam oven, before iotition to consuant 

wei6h 	;I:he kirst s oolk,,e Oi 	lenition 1as concitr too 

with ilorc than uoual care to prevent divided silica fro;a 

be ink.".; carried away oita the volatile zqat ter of the filter 

paper. 

;'then co Cant weitfht (within . .2 Lag.) had been reached 

the silica was treated with 20 xaL. Gx 40;!!,  hydrofluoric 

acid, the solution evaporated to drynee ,, and the stall. 

residue (0.08 gram) 	to constant weight. The 

difference botween the weit;hts before and after treatment 

with hydrofluoric acid, lea w the "blank", was taken as 
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the weight of the silica precipitate. This 	reit  Inn 

conjunction with a knowledge of the weight o1 the saaple, 

gave the total ailicon content of the ingot.  

The accuracy of this method was verified by analysinG 

a steel the compoaition of which was known. 1Lle otal 

silicon content of thib steel way 61ven al 3.30! 

Analysis A. 	Analysis 

g Wt. of mole 	2.2312 g. 	2.2373 . 

t. of ppt. less blank 0.1574 g. 	0.1586 g. 
silicon 	3.296! 	3.303 

Wherever poLi'cltae the ingot was analysed in c utllica e 

the difference between the duplicate analyses was never 

greater than 04-2' i and usually rnueh lees than th is 

value. 

krel erims t = to show the Prose • a of asjaaWATINE. 

 

PuxinE tho course of an experimental run the only 

quantities in3Lentaneously measurable were the everature 

of the ingot anew the composition of the eases entering 

and leavi the furnace T.44.,  The only way in which the 

equilibrium could be shown to exis v wa by studying these 

gas ockmpositionas When they were equal the system c d 

be shown to bo aZ equilibrium, providing that reaction 

takes place at a detectable velocity. Fatharometer;J were 
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teed to make the ana.yeee 0f the as cempeeitions, but 

these instruzents were sensitive to any impurity in the 

gaa stream, and se before reliable measurements were made 

it wau nacos ary to chow that the gae compositions meaeured 

were free iron; errors derived from such impurities. 

The first experimental rtet was carried out by setting 

ap the furnace in the normal manner and not chargirg 

the crucible with iron. By doing this any difference 

found in gas composition at the "inlet(' and "outlet", 

when the furnace was . 4eken up to uemperatare, could be 

a tributed to impurities ,introduced through leaks in 

the apparst uo. ,eekage of air into the op:tee:was detected 

and traced to two e uses — ineffective sealing of the 

bun 4 at each end of the furnace tube and rubber.to.glaus 

joins in the apparatus. The latter defect was remedied 

by constructing the apparatus ae coeipletely as possible 

with glass—blown joints; where this -4as itepeeeible short 

lengths of rubber tubing were used, sealed with acetone 

collodion. The leaks °coxrring at the bungs were prevented 

by emearing the bums with glycerol, and strapping ahem in 

position with wooden saddles bolted firmly in position. 

These saddles had to be loosened while the furnace was 

being heated. Orals to give the furnace tube room to 



expend* Iche apparatus e  noa found to be completely 

leak.pruuf au rOulii temperature, but wien the temperature 

Wfla ralk;ed 	titan 1400
o
C. saall quantitiee of hyirogen 

sulphide we o detected. 	iw was traced 4o pyrolyoia 

oe the rubber bungs, ar4 al oct completely eliminated by 

inserting radiation steppers at eaCh end or the furnoe 

tub+ 	The presence of hydrogen sulphide was, aj wc,4.1.1. 

be expected, registered bar the °outlet" katharometer °fly, 

and the efieet of the eRlan trace o. this gas still 

proment was avc:ided 4 .111441116 the gaaes first ..rous;h 

the nweto side of the katharometor, then throuEn an 

saficieht 4ying. tabe cOntainin 'nhydrone", and finally 

through ti„! ,dry”  aide of the katharomster. 1n this nay 

the agecta u.L 40aseous 14pUrities othQr than mil:8r vapour 

were avoided alto8etheri otter these pre/i=nJr 

invest Eat 	tt=e apparatus was considered ready for 

reliable measurements. 

A rut wati now carried out by fill ine, the crucible 

with 15 #.1 or carbonyl iron'  contanin8 	cilia= intimately 

aimed therewith. the figure of 30 silicon was chosen as, 

according to the results of Zapffe and mis, this should 

give a enter vapour oontent in the eurrotutding atatosphere 

within the rare able by the kathemfteters. 
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Oxidation of the ohar,e uring the heating...up of the 

furnace wa3 prvented by pas;ing dry hydrogen through 

the furnace tube until the twaperature reached 1450°C.  
Above his temperature hydro-en containing the appropriate 

aawni, of atervapou.r for equilibrium. conditions at 1600 

was admitted. An attempt was made to reach a temperature 

of likeo  0. by adjustin6 the current,  gassing through the 

windings. but tbif twaperature was appraached only aithin 

5 	and never exactly reached, because each step cif the 

transformer tapping.systam corresponded to a riee 

furnace te;.3perature of aLou 8°C. 

'Then a steady 1,:eliverature was reached the water content 

of the outlet" Lases was found. to be constant. as indicated 

by the katharaaeter. This being se. the water vapour 

content of the "inlet" gas was alteryi by adjusting the 

temperatur o. tho thermostat bath in which was immersed 

tht c.lcium Chloride watura 0 so thxt its a yer vapour 

content was equal to that of the "outlet" maw 

When steady conditions had been reached -hc flew of 

hydrogen and water vapour was discontinued and replaced 

by a rapid straw, of argon. After flushing the furnace 

tube with argon the current pas Ong throu6h the windings 

wAs turne off k%rid the ingot allowed to cool inside the 
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urn_ce. 

`Shen coo x the farm.. Wt =e opened, the ingot rusaoved, 

end an fAny.tlyeis ok: the tetal uilicon sr::: de in the a:nnor 

described w:rlier 	t' le section. The tot3,1 

Content of the ingot w a and to be 1.07!: ehOwing thf:ct 

no epprecinble ch i..n ee froa that etvIrged 	h;:id t-.:ken 

plf3ce. 

Prom this experiment it .Ippe:.red that equilibrium 

Ooni.iitione not r to thoee of '4"ipffe :nd 

were be1lag pro'aucect• klowoverf  before further experiments 

of this mkture were oonduetel it viria neoesw.,.ry to show 

'Writ:it the, e i l.ib2 Jam being me,leured. 	,.:nd not 

governed by o oate very sloiv rs 	cmtrol 	process' 

AccorL 	ex,peritaavte were devised 	shcor th,_,t both 

reduction of the system wore possible .11_4 

th:,It equilibrium .a.iy be approAchect from either direction. 

yjaas-.uctio12. , rociess• 

A oh,  rge of e-rbonyl iron cunt i nine, n9 silicOn w ie 

put into tr 	.ucent vitreoeil eilie cruclble _Ind 

p -owl in the 'turn _ce. This ch ,r w a he ',4ed in etre-   

of dry hydro4..,ent  LAa detleribed for the previoue experiment, 

but inate •ti of ch_nging the g..s etre to the "wet" 

_.t 1450 
	the flow of dry g.lo w..sa left uninterrupted 



throughout the cure o the rat:. 	he totaperaturo vue 

raised to some arbitr:try v.ilue a ne.,,r spoeible to 

1600°C., :.ind there allowed to rea,in. 

During the heating of the furni., ce m1 the subsequent 

period at e steady temperature, 	con tinuouc tr -=, ce 

the defleition of the kathuremeter provided r000rU 

the fps coivosition of the outlet" 	 min tion 

of this trooe shared that duriaG the period of incre_sine., 

tepperature the water vapour content of the outlet" g 

incrwised continuously to yogic very hh v luta, off the 
er 

Belle of the kr,thsrometer racordst. After period f • bout 

h' 1f su hoart 1608°C. the water' vbpOur content dropped 

to 	p,trti,1 presuare of 15 	which ws mer-qaur-ble by 

the kr,tharometer. ?rota this paint onw.rde a continuous 

tr , ce, which ic reproduced in Fig•12, we obtined. 

rw thie tr.ce it;..1',y be seen th,.:t duririi the first 

two hc.iu.re  of the peritx1 t conet.nt ter.Deriture aoet of 

the change in w,ter v -pour content took: pl , ce, nd fter 

period only very sa:11 ch,me,ets oocurred, oven though 

there wca still difference in .',41 sozpositiore in the 

"inlet's 	outlet" stre ,las (the ninlet" boirç pure 

hydro 	only) * 

After 0 period of 10 hours the tube w•-c flashed with 
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trgOn end cooled. Jubsequen t'quayois c the irv)t ehawed 

the silicon wntent to be 0.42 by weight, he whole of 

- which must 11:-.Ne been found from the crucible by reduction. 

This r.:;te o pick—up vvel found to be very el ow. Airther 

experimemo were aRrried out i t e 'e ..inner, but for 

e'Acia euoceive rut inercy:s ts moue cc of silicon were 

Aded t the 	rge. Pro41 these further experiments 

it w foud th. 	the eillcon co itent 	the ingot 

incre. ed it bec..e inc re 	reduce the 

ef the crucible %nd thereby incrculse the silicon 

content of the ingot, 

Reduction did occur, because citer a oh rui. the i.rirA481.0 

)r tot 3. silicon in the In of reve=led :fl incrooe in 

silicon content in fir3.61 cAse. 

This evidence shoned thLit oxygen could be removed from 

the system, tht the silicon oantent of the iron could 

be incre4aed by reduction and th t a condition Ohich 

:opered to be t. a  t sae equilibritua could be miched from 

the reduction. of silia4 in contot with 	id iron. 

2he Cxid tionalAktaxplse. 

Satisf.ctery proof of the exie;ience et 	rue 

equilibrium required ,p ro ch oz the swim (oupposed1 

equilibrium) concentritions by ()aid *Wm of eine:: in 
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the liquid Iran ;la Well tte b r reduction al: bilio, in 

Wirk.011--WiAb the motel, 

krunHvt,ti c-a‘ried out it which the 	crucible we 

dhrged with iron wn- in it,!,; 27, of silicon. The telverture 

wrcg3 DA-sed 	quickly e poouible to 1600°G. while tho 

furnee tube 
	pu.ti) C. i out cn,Jiltiiluottuly • A 	caw), w - Li 

preferred tt, 	..t.. oo ;ahor c dry hylroon :'te hydrogen 

wou1:1 %11.1ost cart 11,r ve increceed the silicon e4mtent 

by •_t comp 	:t,211, yet undesir ble f-Aaeunt. 41a en 

ate:: 	te.4erature Ct beer re _dled 'bhe puir4ping 

dieccattinlied >nd ivdrogent  (-,!L) t i nit 	v•• our in 

contaiderAble excese ever th.e t expected for oequilibriva' 

conditions, w:_43 	 1ited• As soon kia the tarn. .ce tube 

h4 been tilled with wet hyarogen gad : continaoue flow 

eet:::i.bliched. a record of both olailetn and "t)u tict",fit a 

ecaposition vrle Ade. 

The two r,-, oes we-e a,lied by sopEirizipozint, thew 

one on 4he other, Ei Ethown in 218.13. 	e two r_ces 

chew that Vic outilet" 	trted with 	rel. ; tit/ ely 	1' 

vu,  ter v.,..deur 	1144erits which, after 	perIcid 	out 4even 

hours, incre,Ded to 	v 3.tte equ 1 	 the '4 irilet" 

o. 	Xho oxid t on Q  x 4.)aeoci, u 	red w 	very _lueb. 

:ster 	:n the reduction :.;n1 	theraore, the ox1(1%,  tion 
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proceeded to equilibrium.A furthar experiment w s eirried 

in the .114 w-y but with no iro in the crucible. The 

',outlet" s re!hed the swam composition ea thDt of 

the 4in1W q3 without tr.y tip 1,showinis th-.t no 

Qxnen. w at ken up iz the vla stral. It w!,e thus 

obViouo th. the oxygen Vika-up iL the f(drater experiaent 

could only be 1,ttributed to oxiantion of the liquid iron 

ph,ee. 

The ingot produced fro.1 this run we ex -'mined J:ald 

xbio in or °lad? t; Jou were round to be present .in‘ 

the et:ricep 	vus pitt 	Very roach in ca;v%risen 

with the surV.oe o the ingots obt xned by reduction. 

These latter ieciote were e4.aooth !nd shiny. Any oxidation 

of eiiic in the 11. nisi iron ph,se necempArily proauced 

free silisq, whit*, on, preeiplUtIon, rose to the surV;00. 

iiover, ,naysis showed the tin,' silicon content at 

the Inis6 4 U0 be l0B, which snows loss of ,;nly 0.1574, 

fray tho vatic 	tiilly ch..rged. 

ht Oxid-tion proceou w-e shown to h_ve re-ched 

equilibriuu from g,s coAposition me-eureglento, but the 
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naoant of s iicon elim$11  ted /row, the Aelt 	only a 

frAction of th texpected fro z the study cf the reduction 

process. The fin' 1 silicon content rv.a oxpected to be 

very air r 1 
	The high finAl silicoL content, in this 

experiment, ;4ne. fn others conducted 0-103  ,rly, win attributed 

to the incotaplete sepNrutiwi of precipit.tealfrort the 

Liquid iron phlue, the a11ic.1 rei:I.ining suspended in the 

iron in a finely divided fore. 

Prelimipary  	 

irroa the above conoiler-tinu ik, vas considered esir ble 

to ipproeh the equilibriaa /row the reduction si,,e 

if oxid4tin rt ,s r)llowed to Ace pl:-ce for iAay length of 

tilm o 	mere:sin p rt of the tot :a silicon content of 

the In sotwould be prosent ,As suspende u 	which 

wou1c be fatierLiinei by 3lysis 	liusolved in 

the iron 	Eio• 

experiment,1 Curie were =1de at 
	

tezzer, ture 

es ne,r S possible to 16000 	so th. t t ferrous oxi e 

uctivities corresponding to the different totl silicon 

contents used could be fael:,sured under equilibrium cOnc itions. 

cb rgetl  were =.cie with the silleo content 0.1r loner 

thr)n the expected fiaa vaus, Tho "run up 	o crried 

out by pesaine, a a miLii of dry hydro en threuab the fura,ce 



tube until 	em, erAture 	1450 	w u re ache 	At this 

point the hydr0tien w a repLood by wet" hydrogen. The 

temperrture lova r,A.ued to the requiroa v,:aue and , llowed 

to become otoy. Durint,; this "run up" perio the a 

compositions of both "inlet" Aad "outlet" otmoz were 

Ontinuously recorded by•tho kath roaster recorders. When 

the difference in gas oompoeition dropped to about O. um.. 

the reaction were so slow that no change of the - condltions 

occurred Just&a the fammce over perLQds Of time Q8 long 

,.,45 24 hours, 

Covering; the dhurge o wIrbonyl iron with I y r of 

powdered qw:rts conaLievAly increased the rate of t:4.0-111) 

of silicon by the liquid piL.;ae, and large writ:Aims of 

the silicon cuncentrtion occurred in shorter periods of 

tia however, the difficulty of mching the equilibrium 

still existed becuse the r-ate of rwlak;ion ner equilibrium 

w::14 still 61 	rild this w a overcome finally by Ajusting 

the wtIter-Irpour content of the "inlet" g.,e to the steuAdy 

value r 0.1-4.eal by the outlet" g-41. The presence of the 

powdered cwrrtz accelerAted the initi;J1 p rt of the re otion 

us mush that it was possible tc bring. the dif Terence of 

&AO OOMPOOltiOna to Within 5' oith n three 
	

five hours. 

Approach of the equilibriam by this method Involved 



lon6 periods 0i 41.me dur ha which the furnce could not 

be kept 	stendy to: Seri 	eurthermorei it w-ls 

only 'ftur both the slicon content 'ind the oxygen pressure 

of the uysteu !x.  d bee/.; :atered th,t (no equilibrium point 

could be :lei sired. 

This toehnique, although eatieffotory for obtg. 

preliminry auto, art a inAequate for fall investigation 

of the system afar the temper:It-are rAage desired. 

The eystem 11;,s four vtiriblee, evf,ch of which has to be 

fixed for c:,,ny one equilibrium point. chosetiles 

i.ire tot:a pressure, 	er-turel 	oxnen prez4Jure 

(Ln this cA3e measured from .;.1 knowledol, of thu vtitor vapour 

presaure hydro6en pressure ratio), and totAl eilleOn 

content of the 3l 1. In the prelimimry experiments the 

teaderturo end tot::; L pressure were Xixeds  :=nd the silicon 

content 	omen preure (.1justed until no further 

ra::Ictien took plce. 

The oxygen pressure ar„,13 the istoiest of the four wiriblee 

to aeAmrc and to alter. If the tot-1 silicon content 

could be kept constant as well as the tot ::1 pretwure, th 

the oxygen pressure vArlation could be studied with 

writions of tet4per,ture. The ioilowir,  run: avowed this 

to be pooeible, 



tii3.10:,  crucible vu charged with c rbonyl iron 

cont, ining 	of silicon, 	cell in the fern- co, 

er l ted in currentof dry hydrogen. the temner ture wLae  

increcised until some '),.rbitr x7 v)lue over 1535QC• 

reached. Then the toulperlture w la ate dy the g',,e composition 

of the outlet" er,re'..1.7.3 w 2 noted Ind the 'altar wpour 

pressure of the "inlet" stre9La , 34lwated to rtlue about 

1.0 mia. lower tip-n 	t of the "outlet" stre,Ja from the 

furnslce. 	eoilvosition of the "inlet" g,.s etre-tm 1/.43 

then slowly increAsed by 3niik;ing the tamp erg 	the 

therraost. -t b th LitirrOLIIIiling the elcium chloride a.., tur.  Atm. 

In this um:, the equilibrium point could be re:-IsheJ t  se 

shown by the coopositiona of "inlet', 	outlet' gas 

etre-A:43 baize; equ'il4 further increase in the w•. ter 

content 	 ths "inlet" 6,-,a over the value of th-.:t of the 

"outlet" g,;,0 shaved h::t oxi&tion 	nva occurring end 

ttv.i.t the equ.ilibrium point 111d been peeed. The vvter 

Iripour content of the "in-1W sue straua 	lowered to 

(.:bout 0.1 «arl. loner tiauri to t of the "outlet" 

streLm nd left steiAdy for h xl.xzx hour, during which 

time equilibrium w,Ja fan :11; attained . 

The measurements non .49de est,..lbliehed one set of equilibilum. 

tr,lues Of silicon. cwacentrtion in the zaelt, oxygen 
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pressure arid temper tare. Par farther ineasarex.ent 

the current p using throU6h the furze..ce wfl-s incrwAsed 

oufficiently to raise the tezperture some fifty degrees. 

The actu41 temperature of the farrrIce did not matter so 

long 	it remained constWat wad wee accur,itely known. 

As this new temperlture wys being reached, the wr.;ter 

Irlpour content of the outle0 gas rose to 1 new vAmet  

sci in order to Qbt,A,n new equilibrium oonditions the writer 

'v pour content of the inlet 	vpi.s InoreAsed slowly, 

as before, and further equilibrium coneentr tions 

mevieured. in thit; way the oxygen pretl'eare O the system 

could bo studioa for nalaber of te4ver tures dux- 	the 

course QS fle, ru-11, provided the silicon content re: uined 

const)41t ,row the first DS ieuroX ent until the furmce 

wao flushed with 1-,gon. ‘;Mmesuent Ilysis of the 

ingot from this run for total silicon content reveA.ed 

thLt the silicon content had not altered. usainiv)bly. 

When the inlet',  and "outlet" igh compositions did not 

differ by acre th*.n 2 twat. s the shin ;e 	the silicon content, 

roamed by ouch difference, wao Baal. This is better 

understood by oQnsidertly, the elvin6e in silicon eoritent 

111 	, veld occur in. 1 hoar wt fluwrr. 	of 4 litx'es/hour  



In en 18 gram LngotThe oil-Inge 	silicon content is 

aticul;.ted t the 411seuraption thfit 1 szt:z...mol,  of oxygen 

is required to :..lter the silicon content by 1 grin 

lift. in 
0.2 
0.5 
100 
2.0 

10.0 
20.0  

's compositi 	awt. of i ch.2nged 
0 .00 37'. 

IY 
	 0.009' 

0.0185 
0.0371 
0.092V 

.3.13V 

If some increil.se of the tok. 	icon h:::41 occurred it 

would almost cert..inly 	Vtken plL.ce during the period 

of the run-.up" when the ingot wust subjected to strongly 

reducinE13 conditions. ?mllaace from previous XUX18 11;03 

shown th',t when equilibrium w .s ne*rly re'Ltched the ‘Jcaount 

of silicon t Icon up by the reduction of the 

coat ,ct with the ingot was not meisur .ble. The rite of 

reduction Of silice; was farther reducea by oalttin to 

pl.oe the 14fer of powdered qurtz on top of the dI rge. 

The e41.011. vvrlAtions of eilicOn content occurring daring 

aeriei., 4 runt4 were ,ocordingly nealected. 1t wse by 

using this technique of study nz-; the v: rifitica of oxygen 

preoaure with to;41er:.turn that the .i.v.jority of det,,, were 

obt,,ined. 



?Procedure adopted for lartresti:sting the i:ctuil.ibri t. 

A a 11 trInslucent "Vitreosil" crucible vc4e filled 

with about 18 g. of oz.rbonyl iron cont,,ining some admixed 

silicon in the fora of rl fine powder. Carbonyl iron grlde 

C e a uses 	supplied by the Venel Nickel Company. The 

afixima limits of impurities :.1"k1 given lac: 

Si, Cu, c3 1:Ind Or. 

The amount of silicon chArgedi loves alwitys slightly 

less (0414 thin that desired ',=t equilibrium, as in the 

runs with small silicon emtents the small take.up of 

silicon, which eosetimes occurred during the "run uPd, 

increl.sed the total silicon above the desired value. 

It the totill silicon content produced an unexpectedly 

large eater vapour content in the "outlet" gab stream, 

the hydrogen flow was continued until sufficient reduction 

had taken place to reduce the water vapour cuntent of the 

furalce ataosphore to the value desired. When the water 

vapour and hydrogen mixture was afterwards ltdmittedp it 

stopped farther reaction tInd the total silicon content of 

the melt remained 41proximitely constant for the durtttion 



of the run. 

The sir inside the tube wee pusap d out and the system 

tested for to lke. If the greesure inside the fumes 

tub 	dirk not Incro 3 se to Lore thin 2 mm. over period of 

five minutee allmr coLlplete cmcwtion, the apperltee eve 

considered to be le:;k.proof.:~pry hydregen vve now admitted 

to the tubo 	when atmospheric preueure 	been reached 

inelde the tube the :_,E) controlling the exit ot &gee 

frola the farace was opened uo .'.111ow tho iv;ee r e of a 

steady streaqa of hyarogen. The nori4J:il rte of flow w a 

a little over 4 litres per hour. 

The temper stare w#e rAeed to about 10
co0. '$bove the 

Leltisc point (1535°00 of the iron ph,se end salaried to 

become eteedy. The w.Ater vapour content of the "outlet" 

saki, wtAa observed froa the kstharometer recorder and the 

temperature of the a:slcium Chloride witarator Llltered to 

the desired value. If 'aterntion of the silicon content  

wle to be evoidea during the run up wet hydrogen w e 

substituted for the dry gAs ^tto per1;ure lower thin 

145©°. 
When the chttnge over from "dry" to "wet" hydrogen Title 

made no 11)Lireciable variatien in the ive compoeition at 

the outlet a s observed Once the effects of the alteration 
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Of flow rato 	p,,fased. 

ilherl the required teaperetare was re-che redaction 

of the systeai m41 Viking piece. The reduction of the 

systeavra; followed by oxidation Wqich ..E4a only allowed 

to continue for Li period of ten minutes - sufficient to 

show that equilibria; 4,d been passed nnd thA; the effect 

The 	ter vapour content of the "inlet" ges 

ws then reduced so that it was n, :yin lamer 'than that of 

the "outlet" gps* The 	compositions were then left 

to beoo steady over i persica of twenty minutes*  during 

which time the w.ter-vapour pressure in the ''outlet" gee 

seldo,a T.,ried by more th.n 0.2 
	

This fin1,1 g•7113 composition 

w ,s 	.s the equilibrivavalue attained by the system. 

Before each ta.uper„Itare asAmrement wis wide the 

potentioaster system, W.G stz:ndbrdised. 	urAne; the course 

of the run temperotare meNsuremontu were taken about every 

fifteen =tutus, except daring the flnel s t ges of the 

equilibrium, when they were 	eve.ry fsve minutes. 

The telJperaturc 	the fuyn ce w., s Low incroesed so.cie 

fifty egreeo an: allowea wo becoilie steady. 	w&ter 

irpour content 
	

the outlet" 6:a stre,uL 	incre'-sed 

to some velue hither thn that previously measured. At 

this new temperature the whole procedure ' :e repe::,ted end 



further set of mesureaents rx:Idfa. 

After mesursaents WA been tAten nt three or four 

temerturas, the flow of laydrogen na water wspeur 

reploed by r4id (6 litres per hour) stral:11 of argon. 

The ::,:rgon w:s vioed into the furn:;ce threueh the r.inti. 

ern it diffusion tube in order to eirround the ingot 

constntly by the inert atmosphere. After the argon by.d 

flowed for about ton zinates the furry:: co wis cooled. 

Joe experimen4s were conducted by cooling the furmce 

to 700°C. only0  to save time und strain on the furl/5.400 

windinEs. Although the crucible could be removed rer-:;dily, 

tho theral et.in on mullite trough was usually too 

great anA clused it to froturc. Also, on plrleing the 

new charge in the hot furivce excessive oxid;:4tion occurred 

whiCh could only be counteracted by prolonged reduction 

in dry hydrogen: 7atmosphere. The cold crucible was 

Ukon fro: the •furw/ce And the ingot removed. 

:13xcept in the runs carried out 	hind silicon concen. 

trt-J,tions, t e upper surfee of er?.ch in 6o' vps bright, smooth, 

free fro ;a surf,,ce .-)dheeions. The sides and bottom 

were seldom found to be pitted but Anvil particles of 

silict fro-.! the crucible adhered to the surface. 

The In of w;is cenned, If necesory cut up, .nd 



waysed for tot il silicon ::!s previously deecribed. 

The oxygen pressures hr..-A been determined ==t sever:-el 

telaperttu.ree <=t i conatont ailicon content of the melt. 

The tei4er.Auro mnge over which the investi, pion 

Cg,rried out was 154000. to 1b60 C. In three runs the 

temperiltare wINe -L':ken Lev degrece over 170000. end the 

results obt4ned showed the systea in n 

to that st lower tompereture'4.. 

The laltharoucter records :.-11lowed the xvter vapour 

hydrogen r:itio 	equilibri= g!la 'thocphere to be 

plotted. 	in t. te4t-per,- -ture for 	value of the total 

silicon content. some of these plots are shown in 21g*14, 

an' from them .irb-4 be aeon "het linear relation exists 

within experiment 1 error. T:he kree runs carried out at 

arfrintlim teeriture or 17000C. showed that this line.,rity 

w a a.Aint.ined t 	so extr•looLition of 	plots 

1700 C. w.:0 considered justified. 

Thera).1 Dig futsion. 

When fel raixtv.re of two or :sore g sea is contained in n 

vesuel in which 1. rgo ther:ol 6r diem, exists, the gees 

with the tsreater moleculur wetigits tend to concentrate 

the cooler end. o the gr:idients This phenomenon is known 
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as thermal dif.Luslion, and is explulned by the kinetic 

theory ot gage°. alle effect Imy be loosened considerably 

by a-4usirc the mixture of eases to flow through the vessel 

auffiolout rot' to procure establishment of the 

theraol.diffasion equilibrium. 

Font-irri Lind Chipmn (J. Aamr. Chez.. Was., 1934, ,Zit 

2011) showed Uhy -t when cOncentrtin c1 ono of the 

reuctalts in Kn equilibrima s controlled by n T43 mixture. 

the errors of the equilibriu in cneequence of 4hem.1 

diffusion could be >;la =eh =tea 20 

4fte and ;ins (Uetule Technology', 1942, z D0.6) 

in their investigation of tbo silicon.oxygen equilibrium 

in liquid iron, relied on the preheatin o. the w; ter 

wpourk..hydrogen gas aixture by the tarnce tube only to 

overcome the effects o. thorinol diffusion, but no experimental 

evidence wee given to justify the technique. Fontana and 

Chipman overcame the effect by prehoatinE the &ices in a 

narrow alumina tube, herlted by windince of pltinum wire, 

through Which thu galue'r:: were Ilseed r,L)idly before entering 

the furnce. 

In this research the probles of tiler:11:1 diffusion were 

aomewh,;3 different frola those of irevious iavostigotovot 

as both °inlet" and 0outietn Asps streams were analysed 



for their wetereerepour content. The tube through which 

the) 6eaee left the furnece venal  ,a described in :3ection 2, 

of narreekebere tleillite#  and extended into the furn ce to 

a poeiteon direct4 over the crucible. T?to Gises, if 

pesood at a eufficient rate, were "quenelle before any 

therma diffusion could take pi lee rilen the ther.enl 

gradient. No atteept wee mode to prehe the incez,ng 

geed bec.uee when the eystem wee not t equilibriuee it 

wee not importent th,,, t the owlet compOeition reaching the 

melt be kn<ean# providing it wee knoen whether oxid'2tiOn 

or reduction 	occurring. When equilibrium wee reached 

then the coelpOsition of the inlet" 'a eieesured by the 

kr: tat/ rcemeter e the te 	 ree chine the ingot 

inside the fern-  Cc*  etherwiue it weuld imply thlz water 

vepour w e being loam 	ined under 1  et uilibrium" 

conditions. 

The extent to which therm el diffwien took piece was 

Contr011ed b the now to. Accerelingly, the effect of  

ail-,  aiornss Of flow rate en the coapOeition of the effluent  

s 	vi investigated. The c -rbOnyl iran in the crucible 

wee el7erged with 7' silicon, 43 0 	known th t et this 

hi eh concentretio both the teuperature effect c:3 a3. the 

effect of increesix the ailican by reduction h d negligible 
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effects on the equilibriuz 45,a oo4:pesition. The g,a 

culvositieri of the "ouLlet'l gas w-zi Laos;surcul at e=:cis of a 

number of flew r<<  too between one and ten litres por hour. 

AB •- eh v)ri,.tion :.)2 flew rite mos w.de, the ketharomster 

zero h-d to be readjust d vo prevent the effect of the 

flo. rt to on the k:Lth. :ruas r nterfari 
	

5 chows 

plot cd lilltharemster rw.;ding cg inst flow rata o rried 

oat 	eomt,nt teaperaturct of 1605 
	

f.eots of 

therall diffusion ..re quite pronouncod when t: e flow 	e 

below 3 litreo per hoar, but above this value no affect 

wAs ,erastmble until at 10 litres per hour the 

ef.iect of turbulence on the katharometer became 

Tne flow r--to used vve usw4lly 4 litres per how. 

ray_ a Difjusion,. 

The turn ice tube loolating the oys Ora from the furn,ce 

w a of ii 	reft=ctory. buch tubes develop slight 

porosity above lovo C., but it vrte found th'it if +-An excess 

pressure of 5 ma. mr:,e 	 inside the tube, the 

diffusion of ;foreign g4ses into the systera Wat3 

The furnace tubes developed miero.cr74cke • Ifvur prolonged 

takv,ges, ..Ana when thiti occurred the tube woe diecarded, as 

diffusion of foreign &sae into the agetex. vitiated 
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measurements. Zuch brekdown vuts immedi,tely detooted 

by the k th • romoter. the g lvnnometer deflection of which 

Eriflang 
	

t otS the scale. 

Quenchinc in  Ar on. 

The type oz furwee used was not twit a ble for quenching 

the melt by withdrnwlng it fro l. the furnace tube. Previous 

workers have used vertic;A. darn.=o:, r.xid dropped the 

crucible trixa the ho zone of the Armco directly into 

some coolin8 1 quida ,ester, liquid tin, 	carbon 

tetrachloride 11.ve been used for this Aarpose. aithdrowill 

of ft crucible at 165000. froa horizontrA, furnrico in the 

course 0 	few seconds vvs.  imprectible, especially 	the 

furnace atmosphere wro predominAmtly hydro en and therefore 

a potanti I explosive. 

kNidence Ilready 0Wined showed tivt precipiucition 

ci zilic7t from the 4elt vps very slow. ;:msurements of 

the rate of coolinz of the Purru;a0 once the current ht.d 

been turned off showed th solidification of the melt 

took plce about 10 rarates after cooling from 1650°  n 	 C.i 

during this time the amount of silicon precipitated a 

silict . would be considerlble only if the hydrogen-water 

vapour atmosphere ws mointAmed. for a melt contiini 
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eilioon in equilibrium. with ite surroundinas st 

1650QC., about ht,a2 the silicen would be oxidised to 

silica if the teLipernture was droppdd to 1550°0. ;Jnd the 

compoeition of the atmosphere wint ined. By repincin 

the atmosphere of h.r. rogen and water Nr4pour with jargon, 

the source el evgen w-s rumoved and the hi h degree of 

oxidation prevented. However, even i2 this source of 

oxygen was not removed previous evidence lyie shown tht 

the =cafor p- rt Of the sales would rein suspended in 

the aeft. '21r,t a part of the tat 1 silicon content of 

the in of wasp present s suspended uiici did not ontter 

80 long ar  it 14 Lot rise to the surfece„ is it wan the 

total silicon content Of the ingot that was me3sured. 
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'..:echni.qu.  woad  for i..easureaen.te 4t i J ea Preucures. 

kitharometer5 could not be used to Sao.,  sure the water 

vapour content of the hydrogen at the higher v luck. 

required* Of the method at 	for raw: ati 	the 

water vq)our pressure or 1.1 413- 13. Y mouified fora of the 

Re 	ult de....point methoi was used. '.!herde aethe:ls, including 

the dew..point technique, nre subject to r-other 

in ,ocurlcies. Au in tile acirk c-trrieri out :it lower oxygen 

pressures*  it aou deuir3ble c.) w.eek3tzre the w,, ter-v pour 

content of both the 	),nd the "out, let" 	stre ,.cas. 

the amount of whter v.ipour in the hydrogen wss closely 

controlled by the saturating unit described fully in 

- ieotion 2. This apvrtue had the Fldvontr,,,ge over the 

eaolum chloride saturtor of being more reliable in 

controllin6 the vuter v7ipour content of the gas a ra,,Lt. 

The hydrotLen 	w ter lrpour from tL a-tt,trt or %Tree led 

utr ight 	 cc thrtAi 	;1. 	.ubJzly. h te4 by a 

suit ale 	oi ',Ni chrome" resist once wire, and 

wn from the tenpo vure or the thernostnt bath of the 

eriturttor the t the degree of nstur-xtion of the "inlet" 

gas stream 	measured. 

The gasets left the fern cc by passing through the anti. 

thersal-diflusion tube, to which. was coniaected heated 
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glass tubing leAing to the dew-Point {-441017 tut). Tae 

cone tau atoll <3.1501 use of this piece of oppar.:itue is described 

in ection 2. a further disi“Ilrnt.i,se 	the dew-point 

Lvptiri.txte t7is the tie required for e!:. oh awsurezent to 

be =de -.4.bouit four atInutes. 

The "run 11;0 rind .  to be (v..refully controlled, a  excessive 

oxictition weal ; 	led to fora: tion of Inrge 

uxoesir%ble 5:4'401u:it of 	exceeLlive reduction to 

tOo such silicon present in the liquid-ix-on ptAse. It 

• found a tut-, story to run the furv.ce up to .1 

teuiper.::ture of 'bout BOO°C. in tt current of pure hydrogen 

and then p 	a re ,ra of hydrogen orrta 	suit .ble 

• ount of NI ter v pour. ThQ Latium') of w...ter vapour chosen 

61.4,i,led by dew-point ze.azu.remen a aide (-luring the 

"sun up to 800°C. l'his zethud of controlling the furn ,ce 

w a found to prevent both exceseive reduction ,and  excessive 

Attempta were 4.:;de in earlier rune to investig!..tte the 

variltion of the oxygen pressure os: the ayate= with 

v:ari,tion of te;4erature ca t conev.lnt ei.I icon concentrAtion. 

This, however, stir4 found impr:totictAble lop when using 

es ill !,1;anunts of silicon, it w-.41 impossible to keep the 

silicon content const-Int while :.se.euresente were being 



e over ri temperature r..-Aage. At the lower 

concentr.ttions, ealll increases in tota sateen cent 

represent very zuch .1.rger proportionA increese. 

	

eilie ra w =o put in the 	eiv2rge, 	euiiieient  

wz o *tken up by redaction of the ellie.1 crucible during 

the initkAl period of running up in pure hydrogen. 'When 

terspexetu.re of 1600')G. w;-at reached, dew..point 	 ante  

of the "outlet" g-20 were 	e every h--,/f hoar until a 

steady It•Aue w::e obtined. 

The water.vo.potir content of the es.,,  a etre,  to entering 

the furn ce wee kept easewirft lower than tiat leaving 

the furn?loe so thit reductiOn 	J.1.,i‘r4s occurring. When 

the tev.perature of the furn3ce w x 3 otepx.ly the w:-ter vwour 

content of the tlinlet" 6.10 wJe incre!.ised until it beo,•:eie 

equA, 	thi • t of the "cu tlett' 	• it 	not consid erect 

wise to increzise the water v..pour content of the "inleti- 

.‘bOve .thi.t of the "outlet,' 	the accuriey of 

mecieurements in tho latter w s not stiffioient to show 

when the one eQuapoeition w:is only el ightly greater th' n 

the other. The tlielt wLis nllowed to equilibrate over r2 

peric of one hour, during which time dew-.paint rae oureaents 

were t.ken cont .molly. After the requisite me -Asureriente 

were a de the furnttce tube ri Is flushed 0) Itia argon, the 
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furmoe current out off, )nd the molt alloeed to cool 

inaide the furnuae. When (sold the ingot wne tiken front 

the turnaos & amlyeed in the wiuel wn 
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where X e0 

Os (liq.) 

Thelerrou9  Oxide ActiVitY 	liquid Iron, 

;When sm,11 qul,ntities of oxygen (less than 0•Z 

dieeolvo in liquid iron, then from the frees. energy 

considerations of J. ahip n snd LI. G. PontHm (Tr4ns. 

Amer. Soc. 2,etolep 1936, aa, 313) most of the oxygen 
be considered to re \ct with the liquid iron to form 

dissolved ferrous oxide. The 	oxygen pressure 

of. the atmosphere surrounding.such a melt ttt equilibrium 

would be very will .and not directly meestarAblot  so in 

order to control and measure this salll oxygen pressure 

indirect methods hive to be used. iiixtures or gaol' 

amounts of water vapour in equilibrium with hydrogen ifiin 

produce oxygen pressures of the right order of magnitude, 

therefore if the partiL'il water vapour pressure in the 

surrounding tAtmosphere is 	known, the ferrous 

oxide t ctivity in the melt may be derived. The equa=tions 

representing the various stageu of the reaction ere: 

2 II2  ' 0 	20 O.•. 

02 (IPB) 	2 0 (in liquid iron) Os, .4keo4o0 (2) 

Fe (liq.) + 0 (in liq. iron) Ve0 	in 2e.) (3) 

(1) 

which, when codbined;  give the equation: 

(4} 



The 1'k -tic) or the parti:11 pressures of hydrogen 	water 

vAuour was mtv=sured directly by the katharauetors• 

knowleUe c this rstio, together with the vAue of the 

equilibrium owlets:It IC ter.  at the ;,pproprif4te te,uperfiture 

:.111ass the ferrous oxide uctivity to be celoUltAelik 

ttoiapt;. to obtis..4n v -luee ot Z4 	izthe liquiri.iron 

r.,41ge 1535'1  t ifito c. hive been :re by several aorkers. 

btu; , ocovrieen of the v„Irivuu results ohog0 considervblo 

divoraence exists. 

0  D. '-licherdecin ohd J. a. 	 itee1.1nit.  

1948, kg; 26B) 12,1re 4.de co4preheneive tiurvey Of t11 

existit18 d_ 	for the rwiotions 

2 le (liquid) 	2  (&',a) 	(' in Fe) 	(5) 

The principal results tilken fur considerGtion were 

thode of J. 	ard 
	

Irt11(44smer*V,heat.3oc., 

1940, 62 299),  P. Et. Ummett and J. a. ;Ahaltz (J.,Amer. 

Chem. :Zoo., 1930 52, 4268), L. 	Darken, 	R. 	Garry 

(J.Amer.Chea.sos., 1945, 67 130)1 and V. Cirilli (GsseW 

ar3, 1947, 76, 331). Wf th000 results, 004 

those of alipman .111d L rehui weru 6iven for the liquid 

irkai 1-,416e. 15.0 O. to 170eU., bat these did not produce 

a strai6rt lire whonee %vie plotted against the reciprocal 

of the , bolute tolvorature. 
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Richardson and Jeffes arrived At their fln,.1 values by  

extrapolating the datf:. known to be reliable belon the 

melting point of iron, zaid mixing vpropri-Ate corrections 

for the entropy ch'nge at the melting points of ferrous 

oxide and iron. in that way they arrived at the follouing 

expression representing the vari,:tion of free energy with 

teapexature for reaction (5). 

	

G (1808°  2000°X.) 	111.250 +21.67 T...(6) 

The equation. for reaction (1) was obtiined from 

Ricktardson and Jaffee' survey (ibid. p.267) of existing  

data, the principal works considered beini: those of 

P. D. Rossini (Res. E t. Bur. wads., 1939, 22 407) end 

A. R. Gordon (J. Chem. 'Physics. 19341  2, 65)  The etpation 

derived was: 

A G 	(373°  25000K.) 	3.2.8p000 4). 26.75 T•••(7) 

combtrotl& equations (6) and (7) the equation representing 

re,stion (4) is obtained: 

60 	(1808 	2000°E.) 	3.380 2.54 T. ..... .(8) 

Prom this expression the values of RyeC  shown in Toble 3 

were calculated. 



to Obtained Direct f t 

T 0. T It Log.Z. .0  

155©
®c. 1823X. 1.850 0.708 

1575 O. 1848°R. 1.844 0.0698 
16000C. 1873314, 1.839 0.690 
1625°0. 1898°K. 1.834 0.682 
1650°0. 1923°E. 1.829 00675. 
1675°0. 1948°K. 1.825 0.668 
1700 0., 1973°K. 1.820 0.661 

Afe ig1111...oza Direct '.....amAggep.. 
012 "run" provided ovigen.prerczarea oorrespond140 

to a set of fixed teAperatures at a constont silicon 

concentration. The oxygen presoures were interpreted 

from the kAtharometer deflections, a continuous record 

of which wss obtl4ined froa the trace of the recorder. 

The data obti.tined c shown in the table below. 

TOTAL '..ilLICCH 

o. Init. Pixol Tepperature Kato.Defl. 

wt. t 0* DiV10.0100 am. 

1. 1.0 1.68 1560C. 15.8 4.70 
1601„C. 18.5 5.52 
1631%,0. 20.0 5.97 
1703wC. 24.5 7.20 
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5.0 4.f5 
0 

15 410C • 7.5 
159600. 8.2 
1665, C . 10.1 
1658"4. 9.8 

10.0 9.91701,0.  , 4.5 
3.604-0 • 4.2 

7.0 7.3. 163e0. 4.2 
1601?0. 5.3. 
1653VJ0. 5.5 

3.0 • 

11. 

2.21 
2.41. 
3.00 
2.89 
1.31 
1.22 
1.22 
1.51 
1.63 
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8.  

9.  

wt • 0. 	Divisions 

0.6 0.7851559004 
164500. 

24.0 
32.2 

160. C. 34.7 

0.3 0.684 153500. 24.5 
155900. 30.0 
1679 C. 41.0 

1.0 0.847 158900 23.1 
1640 C. 29.0 
1668°C• 31.7 

0.4 0.487 15 510. 32.0 
1562:C. 32 • 7 
161000. 41.0 
164800. 45.5 
1669 C. 43.0 

0.4 0.373 1539:))0. 40.9 
155400 • 42.1 
1590 C. 48.2 

0.5 0.568 159200.   32.0 
16100C • 36.3 
167900. 44.6 
1590 C. 30.6 

0.4 0.388 1537:0 
15 6100 • 
1597 0. 

44.0 

 58 224814 1.0 1.387 1.63641„,0 • 
166570. 
1705 La. 25.9 

7.13 

10.38 
9.62 

7.31. 
8.97 

12.24 
6.90 
8.66 
9.47 
9.60 
9.79 

12.25 
13.65 
14.28 
12.20 
12.57 
14.36 
9.60 

10.84 
13.37 

94,15 

1  211436 .... 1154  2356  
7.20 7.71 
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no. 1 Teopereture Esto.De 

wt. C. Divivions . 

3. 0.9 0.825 15423 o 21.0 6.24 
1605c0. 26.5 7.91 
1691 C. 35.4 10.57 

14. 0.0 0.48 
(... 157100. 33.2 9.92 

16270. 40,9 12.2c 
1654-C. 44.7 _ 13.39 

The later al ticn oS the Isothertui. 

Direct interpret.ltion cf ths cle‘t,a in the precediA6 

.tlide is ixpou&ible 	ea eh pAalt represents equilibrium 

concontrtions determine t some- a bitrry teaper,;ture 

in the rnge 1550 Cy1700°C. 

Froa the plot of oxnen pressure 	net tezperture 

t cons L,nt silicon sonoentrn, the oxygen pressure 

vA5  intereolted wt. %a-oh tctilperz-' 	b,ltween 155eC. ,trd 

1700C. at 25`'0. iatervels. 2ho Interpol ted data ve 

shown in -lain 4 - 10, oci Vble representing the 

isotherm:. ma 	tion o ( 	cc 	with (:?c, 

The Oxygen in Ole liqui iron ph-se virra considered 

by previous workera to be present 	dissolved ferrous 

°aide'  rather th,a dis2olvei oxygen. 'for the purposes 

of uniformIty ,113 co.:zpurison#  the oxygen preserZ is 

rei.t*irded were 	being dae to ferroAti oxide dissolved in 

the iron. 
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TIMPICLATUAR 1550 

Pe0) (E si 

1 

1.68 
0.785 
0.684 
0.847 
0.487 
0«373 
0.568 
0.388 

9 1.387 
10 4.65 
11 9.9 
12 7.1 
13 0.825 
14 0.48  

	

4.62 	6.07 	8.58 	12.35 

	

6.85 	9.00 	12.W 	12.63 
8.32 10.92 15.47 16.26 

	

5.95 	7.82 	11.08 	10.35 
9.71 12.77 18.02 15.72 

13.80 18.15 25.63 25.71 
8.74 11.50 16.25 15.03 

22.47 16.41 23.20 20.90 

	

4.88 	6.42 	9.07 	11.4 

	

2.26 	2.97 	449 	8.20 

	

1.20 	1.58 	2.23 	4.96 

	

1.30 	1.71 	2.42. 	4.07 

	

6.30 	8.28 	11.72 	11-.01 
9.40 12.40 27.53 14.78 

A plot of (000) (E 	L.Igailurt (Fe')) is shown In 
P3s.16« The ovisticn row osentIng the beet straigh4 line 
passing through these points is given by 

F.0) (E 3i) 	0.818 x 	00) 2.43 x 
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1.68 5.05 8.65 9.51 
0.785 7.68 10.09 14.45 
0.684 9.13 12.05 17.25 
0.847 6.67 8.78 12.60 
0.487 10.71 14.12 20.2 
0.373 
0.568 

14.80 
9.63 

19.48 
12.65 

27.9 
18.1 

0.388 13.30 17.50 25.1 
1.387 5.30 6.97 9.98 

10 4.6* 2.41 3417 4.53 
11 9.9 1.20 1.58 2.26 
12 701 1.42 1.87 2.68 
13 0.825 7.05 9.32 13.36 
14 0.480 10.34 13.65 19.52 

15.1 
16.3 
20.4 

13.4 
19.9 
29.0 
18.7 
24.7 

13.87 
9.60 

5.10 
5.04 
14.76 
18.31 

A plot of (fe0) (E Si) .47iinst (FeO) is shown in 
rig.17. The atituAiou representirE the best straight 
line palmist, throuch these points is given by 

('e0) 	Si) 	0.846 x 10 (PeO) 4* 3.94 
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1.68 	5.45 	7.17 	10.40 	18.1 

0.785 8.45 11.10 16.10 20.4 

	

3 0.684 10.00 13.12 	19.05 	24.8 
0.847 7.38 9.73 14.10 16.8 

	

0.487 1142 15.42 	22.17 	24.3 

	

0.373 16.00 21.08 	33.50 	34.6 

	

0.568 10.52 13.80 	20.02 	22.8 

	

0.388 14.610 19.2 	27.8 	30.1 
1.387 5.80 7.63 11.02 16.9 

	

10 4.65 	2.56 	3.37 	4.88 	11.0 

	

11 9.9 	1.21 	1.59 	2.31 	5.3 

	

12 7.1 	1.47 	1.94 	2.81 	5.5 

	

13 0.825 	7.67 	10.38 	15.05 	18.6 

	

14 0.480 11.36 	14.95 	21.7 	22.5 

A plot og (PeO) (Y: Si) ageinst (MO is eh 	in  
Piga& The equation rapresenting the beet straigh 

line passin8 through these points is given by: 

(PeO) (ESi) 	0.912 10 	PeV) + 5.21 



z10 	 x30 

1.68 5.90 7.77 11.36 21.8 
0.785 8.12 10.6 15.64 19.2 

0.684 10.83 1207 20.9 29.8 

0.847 8.20 10.8 15.8 21.0 

00487 12.78 16.9 24.65 30.1 

0.373 16.98 22.3 32.8 39.9 
0.568 11.40 15.0 22.0 2705 
0.388 15.71 20.7 30.3 35.6 
1.387 6.24 8.2 12.02 19.9 

10 4.65 2.72 3.58 5.26 12.7 
11 9.9 1.25 3.64 2.41 5.8 
32 7.1 1.55 2.04 2.99 6.2 

13 0.825 8.62 11.34 16.6 22.7 

14 0.480 12.23 16.1 23.6 26.8 

! plot of (F e0) (E:41) *Against (ieQ) le sheen in 

214.19. The equation reprasentibg the best etrnight 

line ptAseing thr iuih these poiu1s is given by: 

(Te0) (E Si) 
	

1.012 Z 10 	?GO 5.84 X 
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Pinel 	 re0 	('eO 
2 

2 

wt. 
1.68 
0«785 

6.30 
10.05 

x 10 
8.29 

13.22 
12.3 
19.6 

it 10 
25.2 
30.2 

3 0.684 11.6 15,31 22.7 35.3 
4 0.847 8.93 11.72 17.4 25.6 

0.487 13.80 18.15 27.0 35.4 
6 0.373 18.03 23.70 35.2 46.2. 
7 0.568 12.30 16.20 24.0 32.8 
8 0.388 16.75 22.1 32,6 40.2 
9 1•387 6.72 8.85 13.1 23.7 
10 4.65 2.83 3.72 5.5 14.2 
U 9.9 1.26 1.66. 2.5 6.02 
12 74 1.63 245 3.2 7.07 
13 0.825 9,36 12.34 18.3 27.7 
14 0.480 13.20 17-35 25.7 31.6 

1.) 

8.  
TZIPL'il.AZI,U 1650°  

A plot of (Pee) (E: Si) VAnst (Fee) is Sham In 

The equAtion rape eeentings the beet atreligt line 
passing tbrou,gh these points ia given by: 

(Pe0)2(E. cji) 	1401 x 10 2  (FeO) 4' 6.22 x 



Final 
	

(e ) 	('eO (E 

a 	gee at 0 2‘ 10 
1.68 6.68 8.78 13.2 28.8 

2 0.785 10.82 14.25 23.3 35.6 
0.684 12.15 16.030 23.9 39.2 

4 0.847 9.67 12.75 19.1 30.8 
5 0.487 14.68 19.30 28.9 40.7 

0.373 19.14 25.2 37.7 53.0 
7 0.568 13.21 17.4 26.0 38.4 
8 0.388 17.81 23.5 35 • 1 47.2 

1.387 7.13 9.38 13.9 26.7 
10 4.65 3.00 3.95 5.9 16.6 
11 9.9 1.29 1.70 2.5 6.0 
12 7.2. 1.70 2.24 3.4 7.7 
13 0.825 10.10 13. 3 19.9 32.7 
14 0.480 14.10 18.55 27.7 37.4 

L3 2. 
TsakiaATuns 1 

A plot ox (Ye0) 	.) agpinet (Pet)) ie awn in 
P3 j.21. Ins equwtion xypreeenting %he beet et= it 

line through these points is given by: 

( PeO) (2 w2.) 	1.211 z 10 ( 	6.58 



Ve0 P00) (E 

wti. aim. x 10 o 
1 1.68 7.08 9.30 14.1 33.2 
2 0.785 12.59 15.25 23.1 41.7 
3 0.684 13.36 17.60 26.6 48.4 
4 0.847 10.37 13.68 20.7 36.2 
5 0.487 15.78 20.8 31.5 48.2 
6 0.373 20.16 27.9 42.2 66.5 

0.568 14.00 18.4 27.9 44.3 
6 0.388 18.8 24.75 37.4 53.6 

9 1.38? 7.64 10.02 15.2 31.9 
10 4.65 3.1 4.08 6.2 17.6 
11 9.9 1.30 1.71 2.6 6.7 
12 7.1 1.78 2.34 3.5 8.7 
13 0.825 1048 14.34 21.7 38.8. 
14 0.480 15.00 19.73 29.9 .  42.8 

Ina Si 

TABL4 10 
TEWXERATUR3 1700 0. 

A plot .01 (Pe0) (E Si) agnilost (Pc ). is ahem in 
iig.22. The equation representing the beet straight 

line passing through these points is given by: 

(Peo) (z si) 	1.338 x 7.95 z 
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The Interpretation of the klot Of p'e0 E 611 	19.0 

Interpolltiono frog ifig.14 (repreoentin the r-:rtltion 

of kr-th rometor re clinewith t 	sure t conev nt 

eilioon concentriltion) were converted into the .ppropri„, te 

r:lues of ferrous oxide ,,ctivity by usii16 the allibrzltion 

came of the ki th:ilrometer 	obt%in the ratio of the 

rtiel pressures of thy: wt.ter wpou,n..ar;rogen mixture, 

subsequently convertin6 this r:',1ue to ferrous oxide 

tootivity treat the d_tn 1n rk3b1e 3. i:ha ferrous oxirie 

'Activity, expressed in. t ergo of .041.4 'percent .Gets, w. 

oqu,red a. LAz1tij ie by the p?ropri.te tina. silicon 

content lAe sure.i by ,n lye18. In this a y the d t. 

ropresented in fiGareo 16 22 were copuled, the plots 

be 
	the Isotherms :,t the temper! tore 155C°C. $  157 °C.$  

1600'0.0  3.625 0., leo' 	1.675 0c. 	 respe °timely. 

It 18 at once 	 over 	- nee invest  teci $ 

these plots Y re beaL represented by strniisht lino& with 

positive gradients. 	e .eh of: those plots h2==s 	rldient 

end is not rtral101 to the abscissa lxiz impliee thAt the 

product (FeO) 2(E si) la not conetqat, bat inere.,ses with 

the ferrous oxLie activity. The only possible expl,  motion 

of the obeerved 	i tht the %eta silicon content, 
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mosurerd by tinalysis, is, for soue renson or other, grexter 

thin the auunt required to a f tisfy the equilibrium for 

eqUkYtion (9) below, f..nd this iscrepA*icy incre- sea with 

the ,iegrec of Oxiaition of the melt, 

2 ea() 	3i 	zip 
	

( 	9) 

The solubility of silictrt in liqui iron illy be gu;3ged  

approx1w4tely day meAmring the silicon content of melts 

oont-inirh  1 rGe , mounts of oxygen* uch me,suremente 

h.,ve been Li,de by ':3pffe and 	and Other workers and 

in no cis° w 43 the silicon content found to be more th in 

040Y by w 
	

t at 1650QC. The effect of dewerminine  

qurintities o1 aissolVed silica in the totes cmlysis 

in therefore neglicible, 	the presence of dissolved 

oiliest does not expl,in the excess portioL o 

A further possible expriv;tion might be try it the 

diacrep ncy in the silicon content is .)ccounted for 

the Ippliction of an z:J:tivity correction. Jucil an 

explan,6ion seems unlikely bemuse the cautions beLne 

deA.t with .re dilute the lArgeot ferrous oxide ,ctivit 

met w td was 0.042-1. by weicf ht, Bven if tIle activity 

correctioh we tsvpreciable i-  is unlikely it 4ould bear 

the observed rather cvoplex (inverse sqw;re j ran Z40416 14) 
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to the forroue oxide activity. 

Thie tiocrepancy in the uilicon centent c n best be 

041)1Amed by the preeence of eilicon in Lios fora dissolved 

in the liquid phAse, other thiln dissolved ailicen and 

silica. If the presence of ooze not 004pOund is nocepted, 

comP0=A0 of four types aluet be considered they :Are: 

(1) Iron ailicide. 

(2) 1Alicon hydride. 

(3) wilicutes. 

(4) 0.1icon,wmoxide. 

The firot poseibilit Wh, of iron oiliclAe, any be 

dismissed imeately as, on increlAiing the silicon 

content, the quAntity of iron eilioide ehoull increase. 

liev4ever, 	a discrepenoy inere see ;:ite the silicon content 

decreAries, 	so this poseibility is excluded* 1;othinq 

Ives boon round in thio work or in the werk by others to 

justify the presence Of 1',rge amOurrW OZ silicon hydride. 

Also it it) unlikely that the concentration of hydride 

would inare)ee with inerwlee of oxyzen pressure. The 

preoence of a lictee would •eal::.nd increiieed solubility 

o the c(aPlexoe with inorez-4A in oxygen proesure. Asp 

expl:ntion oil these lineal would be rer:leavaible„ were it 



(10) 

(1.) 

6J. 
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not for the f\ct thnt 	very hicks oxy6en preesures the 

silicoh content is only fe theusAldths 

licon 	.1.s for uoverl decea 	ccasaidered 

tai exis 	al.CIt2. 	tLIer; ;turata, 	Yt recent ye. 'x's 

it exis4ence tt 	b ri pruved 	te:aper:.tures :,bove 

1C0C
oO. # 	thermodyncsio proportieu h.ve been 

ta oisin t 	1!or this re" ;son lone ooze silicon r,onoxi de, 

however lIttle.#  must be present in the I'll 	t the 

:motmt of silicon monoxide present is sufficient to 

ccount for the observed iscrep nay y be dlown in 

the fo11owin6 way. 

Zecticon 1, de41ing with tire in ergretation ul the 

results of aaptte 4.nd ;1imet  the too reactions oeaused to 

express the equilihrt:i were regarded az 

fibs equilibria ;11. consVints of these toe re,stt One were s 

iPor re,ctik,n (10: R 	(:ii0)/(51)(PeO) 

'or re%ctic,n (11): 1. = 1/(1000)(*i0). 

ilroa these two equilibrium cOnst ;Mu the followin 

identity wrAe'derived# relAting thou to Vele totA. saloon 

deatentt 

1 
	( /00)2 (y, 	0.636A 	re0 
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If the proportion of silicon =AMU* present is 

L.pprectiblel  the grAient of the plot of ONO) ( 

g7:1 not (iW) will be me-isurnble oi4 the plo 7611 be 

linear. Zuch plots were 41de .rrt ore found to be linen*. 

It i for this re:Json thi;t the presence of silicon monoxide 

is tJken to ccoullt for the unexpl.,ined portion of silicon 

in the alt. 

Pru,4 the grAient 	intorcept of crc,h 6r2ph the 

li-aues of R ,nd K,)  al be c-loalted4 dosevort  ix order 

to bt-in :41 unbiAlcd knOwlodzse of ooh of theae 	zits, 

the equ tion for the beat strtiEht line w .8 o ught by  

using too aothed of lerAat squlros. 

The Litatioicva Amlycis. 

A st4isticl Al,lysia of the res lts wfu41 corried out 

with the dul purpose of testin6 the eignifiaince of the 

line rity of ech plot .id ,Also of ndin,: the equation 

of the roFreseion line. 

o test the sigrificnce of nn a zerentl liner 

reltionship the correLtion coefficient is ccAlculted. 

it is defined by the ezprecelon below where r is the 

coefficient. 



96 

r to e ehar)oteristios such; th,3 if data Gain be represented 

eseetly by straight line than it is equi'll to. 1. AD 

the aignifiolnoe lessens Es the value of r drops until 

no relation eziets et all end r 0. 

Trible 11 shows the correV tion eoefficieuts crJ.eul tea 

nor ooh. te:41per-ture. In only One C, th: t t 15CC Cop 

does the v lue Z 11 below 0 . 

The equ=tien Or the beet strait line w a los d by 

dehc1ng the regreseion of (Fe61 	,A) upon ( 

by the wethod of le t squares. This method has the 

e feet ox rGduoinz the sum el ti- sorires of the deviations 

016, , ) (2 	to 	v luo. 6 eh e redustica 

gives the best estiilk.,:lte Of valusa of (PeC) (E ui) from 

v„luea 	Fit) • ..i1he valves 0 X na X are crlesiqted 

from the constr,In a Of the etitr.ti0ns• They are kicwn  

together with the .r logerithals in Tait. il. 
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TtABIR 12. 

TEMP. 	Taa. K. CiAliiiiIATI4 
04.Te* 

2 LOg 2 1 ►g a 

14~~ x102 Jac 

155000. 	1823°K. 	0.890 5.484 5.290 .2.'i235 0.7779 1.8909 
1575°0. 	1848°K. 	0.943 54412 3.376 2.5248 0.7519 1.8761 

1600°0. 	1873°K. 	0.963 5.339 2.753 2.4397 0.6975 1.8435 

1625°C. 	139e0. 	0.974 5.268 2.723 2.4352 0.6286 1.7984 

1630°C. 	1923°K. 	0.983 5.200 2.783 2.4445 0.5777 1.7617 

1675°0. 	1948°K. 	0.991 5.134 2.907 2.4635 0.5227 1.7183 
1700°C. 	197A. 	0.922 5.068 2.882 2.4598 0.4752 1.6769 

Pig.. 23 shows plot of the v3riution of the levrithms 

of each of the equilibrium comonts with the reolprosril 

of the ribsolate temperature* The et= Adurd frse.ensray 

changes ,Are derived from the equi,:tions representing the 

straight.line portion of etch plot. 

The ettAn&rd stLites of the silicon n4 sllicon 

monoxide flre coneentrAion of 	by weight. The ferrous 

oxitle activity is expreseed 	terms of weight percentages, 

and again unit rctivity refers to a 17,:t eolutiwn of ferrous 

oxide in :Liquid iron. The conoentrtion of alio_ in 

liquid iron is rewrded us const. n 	the to,turaion 
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value nt any one tesaperuture• This watts ie stutors....tioaly 

incorporated in the. equilibrium oonstrint IL,. The conoentrat—

ion of iron, expreesed in t arms of weiEht percent gee, 

ar-ly be tAcen 'e 100 without serious error, c nd this 

oonstunt fictuve ineor.porA,ted into the appropriate equilibria 

constant* 

The standard free.energy change for = re,.etion ia 

governed by the rolcAtionships 

A
o 	

a In X in r. 4.575 T 	A II T A So* 

The tolloging eqw4tione demonstrate the 4r.rioui riviations 

involved in the equilibrill* 

(' 3a "ie) + 	(;.! in Pe) so Si.0 	in Pe 
(3i0)/(1)(Ye0) .4 00000 000.071,110,i040, ( ) 

Ire0(, in Fe) 	SiO 	in ?a) 	SiC,  (eolid) 
E2  m 1/(310)(PeC) 

2 re0 (. in re) + Si 	 0 (solid) + 2 

1X2 
 ati  lA3iXre01  ***** 	 

2 SW 	in Vie) m Si 	in Pe) 4. SiO solid) 
K2A2 - (S1)/(si0) 

The equatlo,ns for the standard frc:e.energy °henget  the 

stl-ndiArd entropy ohilnge, and the 	t of rwatic...n 

tabulated below. 
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AG°  

11.17 T 

8* 

 

3. 	QS-  g. eal.for 

  

0 noa 
20,500 2#54 20,500 2.54 
200500 8.63 20,500 8.63 
20,500 4  13.71 T 20 • 500 13.71 

The saes with whical a rer., otion will occur t 	tven 

temperature ie estizoted iro.,  the *Umbra free energy 

chf,nge acoompfalying the rm tion. At 1650 C. the °tendert% 

free energy changes secto)cpanying e.,! eh of the aboze reuetiona 

ore 	21,500, .. 15,600, — 37,100 and 5#49C0 axle •. A 

cozpiiricon of thous figures indictee th=at the oxid,7, tital 

of eiliezm to silicon saonoxide is more f wile than the 

Oxidrftion of eilleOn monoxide to eilicr, 

RetkulU fTom Runs using_ 1 Dew!..pol,st Apparatus.. 

The remilt*e carried oat =t theca hisher oxygen 

pressures aro shoe* in Table 13. 
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uplui  

(E Si) CO/ (P 0) AGO) (2. si) 

0.728rA 0.0146 21.2 x 32e6x 
2 0.409 0.0163 23.6 22.8 

0.172 0.0302 43.7 32.8 
4 0.133 0.0323 46.8 29.2 

0.124 0.0334 484 29.2 
0.207 0.0282 4041 

7 0+250 04183 26.? 17.7 
0.40 0.017? 25.7 26.4 
0463 0.0178 25.8. 41.7 

10 0.201 0.0316 45.8 42.0 

Teiken alone these results have little aignifitnnol,  

bewuse of the consider0b1e probable error in measuring 

the w ter vapour hydrogen ratio in the vs mixture. 

This error probably :Arises both from the errors of 

me-surement 	frcon the uucert%inty in detecting the 

attoinment Of equilibrium. A plot 0,e these points, whid't 

were obt-ined r.ct tealpervtare a ne.r use possible to 

16 QC., is shown in Pig.24. 

The not tter of the pkeints is very mad% but the miljorily 

et them lie below the line which represents the points) 

obtlined by the katiurometer technique. 'La,* y me, ,n 

that at the higher oxygen pressures the aradient of the 
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plot Chunges. 

The latv4 are insufficient for ny detinitm conolusi-us 

to be druwn, but oven so the pain , , gree 	theraselves 

o 	greter degree ti nn points obtrilned by other workers. 

i vidently the ferrous oxide c 1 ivity increases as tile 

roduet (PeO) •(2, 	ineresses. 



z).F:Qt2i_oli   



The Otoalcrographic izzalution of ooze 	t • 

The =3e...kuptiou h%s bithertt, been made that Um 

contentthe zelt does mot 'tater while the ingot io 

'Illowed to cool. 4g1ch nn wAmizotion 	be justified 

oz 1y when it is shown tht,.t me grec >tion of uilic , th it any 

be forwed/  does not tike p1  ce durin6 eling. If d 

cooling sooe ailicor_ is oxidised to silica which rises 

to the surock  the totil silicon mosared by -.,n%lysis 

will no represent the Lot-.1.1oNntent 	the welt 

An,lysis of 	Ingo produced under conditions 

caducive to the forahtion of eilio in the Laat showed 

th:,1; little segregAien took plesce. The ingot was sown 

lateri 	ito centre and eaeh pLirt .nRlymed. 

Analysist  

Lower portion. 	Upper portion. 

Wt. of aliple 
	

5.2545 g. 	7.7330 6. 

at. of ;1i0 ppt. 	0.1254 g. 	0.1921 g. 

1.16' 

hree -mite were prevred, one unzer highly reducing 

conditioass was under highly oxidising conditions/  'ind 

one under conditions floral tz the technique miopted in 

the aet;sureentb. These three Ingots were cut vertical' 



103 

thro gh their oentree, poliehed# iki exmired fur the 

occurrence, aim: =.)nd dispersion of inclusions. 

Besides uniforay sortched surfse, three distinctive 

types of 	p.tches ouuld be aoeu 	y in the Surface; 

these were prolyibl (i) blow.holea produced by the evolution 

of gs; (ii) Irge ii- clasions, Or the holes left by lrge 

inci4sions beitlg tern from the. surface during, polishing; 

Ur (iii) 	inclusions. Their identitic7,tion rested 

on the size L.nd shApe of the vrticuL.r prAch exmined. 

These vnrious typee of inclusions were confined to sertAn 

clerly defined :ire s. 41d photomicrogr,phs were m-de o 

represent ive ere :s of o oh type. '1.grInas of the three 

malts are shown 41d e.ach alelt le considered. in turn. 

Vig.25, with plates 5 and 6, shows the arose section 

of en ingot, with phOtemicrovsphe of the portion Indio:140d 

at 	cignific.ltin of sigh (Wtmstere. The ingot was 

obtAmed by hwiting cWrge of ovirbonyl iron cent.- nirg 

4.5 wt...,, of powdered silicon. This iwis he ted in 

eillat,  crucible to tc ar ware of 1 20
oC. in an biosphere 

of dry hydroonm iuv this tepperaturo 	re:-ched, 

hydrogen oonttnIng e very high vIter..1vpour content was 

ad tied Into the tube end oxideilun Of the silicon in 

the liquid iron allowed to tAte place for e period of 



9 ' 	...z. 6,  7d •.s ' _71 117d 

• sr 38//? 6/2 
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about h 	i..41 hour. After this period the farn,ce i7 a 

swept cut with 	swift stre?.1111 ct Argon -nd cooled. 

4--;11A.n,tior. of tat) polished surf <ea  of tha in o shoaed 

p i x' ~1y th;.;t no WA* holes were pr000r. 	',Acept fur 

a 13,41d (A), o taining a hith concentr tion, ttle die ersion 

of e ),:11 indlusions wis even throuchout 	sur.aco. 

Approximately in the centre livls looted .r6e ':And well 
Au-434w) 

defined rei (1),1 well -u 11024 	iLelusions lyinz 

in the eves between. The large inclesio4s were confined 

completely to thikh eentriA. 

Pi 26. with plates 7 and 80  shoos the aielt mAe under 

iprously reducing conditle. 	a silicon content of 

this elt wAs 1 
	,nd the 6:nitic: tion of the 

phOtotAcrogrsphe is gi•in eighty iik3icaters. 

An rs (A), iler the tpp airfce oC the ingot, we 

found to conViin 6enera scet tta 	of blow holos with 

i elusions unifor 	distiributed between. he greater 

r dim; of curvature of the upper surface ie indimtive 

of g-e evolutio. :1r 1l inclusions wore aoattered evenly  

thrvug'nout the surtice. ehowing .00 segreeation 

pluce. As with the previous gielt well defined sre 4 ( 

its tauld oPProximAtely in the centre ot tho AP t this 

axle . Apin conliAlning A gener 1 cie..t •• orittg of murgi k44ger 
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includi one • These 1 ,rger inclue Joni- tire eh own °la- y on 

1:; e a. 
g* 27,  with pLites g and 10, e •ovie the racial o of 

the examimition Of melt corrlcd out under nerlal condition/3.: 

e 	ccintaining ;)bout 	of ail c-n*  vre heted to 

1600c0., 	then the eurr0undin 	,,,oEphc.s..i.e brought to 

equilibriula with it before the Llelt 	cooled in tz etre)a 

of pure Irgon. 

A sall 1:re:: (A) ile:x the too eurt,ce coat tined blow 

helot), but their concenurLAtion 	oluch Iowa -than the 

4onceritr,tiori of blow holes found in. the aelt ste4de under 

reducing conditionks. 	genera.lerattering of tonal inclusionin  

wAs found over tnerwhols surface, but ag,:lin no segregation 

could be seen* In the centre tdvse found on ••:;rea (3) 

containing ri locoliaed concentration of the larger inclusiona 

gram. these Obeeriv.tione it aoy be et-ted thfA only on 

oxidcition os 	elt conteinins hi e31iccn concentriona 

did, ti.ny aegreg-4tion of the etuill inclusione t-ke p1 ce. 

yhie ee reaction vy_4e so stital t:ind lowlieed 	its effect 

LE:y be regarded ae ineigniticnnt. the 1,-rger indlueione 

were found to be loc:a:Wed o t the centre of el,cb zae3.t. 

31112:* aunt be i n c4nsequence of uneven 0001ir of the molt, 

the centre being she 1 et portion of the Licit to solidify. 
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evidence "its ound to auagost that the s:Llicon 

7,titayse4-$ were vitited b . tho elimination (i silica from 

durinz the prQoectil at cooling. 

106 





107 

1zto_LnAthe ccur4oftheTherstodada...Dati. 

All therjaedszwaio data derived have been ealculated 

from the interpretation of the plots of the products 

(IfeC) •(E ii) aepinst the ferrous oxide a otivity. 1h© 

equilibrium constant of the two reaetIone Involved in 

the equilibriws r3re mea4iured by the gradient :•:ind intercept 

of thee. plots, end the *lemmay of measurement depends 

on the ecotter of the points forming es a h plot. 

13verimental errors soy arise from measurements of 

(i) temper:,turet  (it) ferrous oxide iativityp and 

(iii) total eilioon content of the melt. 

The errors c.-4nnot be assesbed easily to give some 

fixed strisure of the aceur a of the dot:, 20 the etnotuard 

dirrkition and variance Of each Of the pieta w e 0:aeta, tea, 

They sire t bulv4ted below. 

TA)314 14. 

Temperature 	3tantiard deviation 	1P-41anee 

15500C. 
1575,,O• 
1600%. 
1625p0• 
1650Q0.  
3.67500. 
1700-0.  

2.98 at 10 	8.88 x 10 
2.46 s 	6.05 
2.24 " 	5.02 
2.23 	 4.97 
2.10 	 4.41 
1.82 	 3.31 
2.20 	 4.84 
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The accuracy of the temperAtire 	eta* went is eh 

gra,ter 	th t nor 11y wet with in similar investigptione. 

The crilibrn!.tion agR isnot the melting point of nickel 

iron altos it possible to (airliftAt) 	orror due to 

emissivity corrections, whiob have to be .-, pplied =then 

eraibrytii.41 io in:iirect. Although 3°0. differences in 

tavern tura were re.ldily ine7isurablet  the firril saer:-iurement 

of tewper.- ture is not aVimed with 'this pour* q, 	The 

c7ilibratiOn relies on the 1. ;tent he- t of fusion being 

de elated sharply sn the cooling; curve. The highest point 

oil the eilibr,tion oh:,rt is f,t the melting point of iron, 

15.35k.'C. Temperature measurement above this point reline 

on extrtpol:tion nd filluiumeo that the Amiesivit f 'tie 

Bartle° from 1.clich the ter: er::, ture 	me:.sured rea4me 

constn 	This neiAstraption is not completely Notified 

f::nd involves .111 error of ;about = 8°0. 1;:o sureziento 

relying on differences of teader)ture .re subjected to 

much grerlter occur ,  oy, about 2 3°C. 

When the plot of the logIritha of the equilibrium 

constant cwiinst the reciprocl of the abeaute temperntare 

is constructed, the grAient of the curve will depend on 

aceuro.te uiessurmaent of differences in temperature. The 

intercept oz the 140I relies on the G,bsolate c:<1 ibr.t3.esu 
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of telaernture, nd 1s therefcre not linotin uo ocur tel 

i)e, the gr:-dient. Before the z:J.ccurAcv of the 	t of 

and the stz:,.nd,::, rd entropy acv loge is discussed, 

the acourAcy with which the equilibrium ie moisured zust 

be coneidered.• 

The maximum error of the eilicon fivx!; ,yoie ie = 0.27'• 

rarrors derived from the in=< OCUrito arioureraent of the 

ferrous oxide :.ictivity by the katherometers are egitizaJted 

to be 0•C. ahen the two errors ,ire considered together 

they nre ineuf'fieient to ccount for the rel 	3.:zoge 

st:ind:.1rd 

Although the equilibrium aye ti em stria itpprixi abed a 

noir 	_is the at:lour:cog of the zwi• ,auxement a would F,11ors, 

come deviation mut inevIV bly Occur. This deviation from 

true equilibrium probably .ncaouLts for the grtriter ;Fart 

of the error shows by the scatter of the points on the 

plots of (i'eC)) (E i) nativist the ferrous Oxide activity. 

For reaction 2, involving the oxidation of silicon 

monoxide the beat of reaction term izig be tcAen to be 

mccurite to = 0.4 kg cal. This terra in the expression 

for the stand rd free—energy ch9n103 Lbr the relation ta4 

only be reEprded 	eetinote, for it implies 41:1A the 

he:It of re..ation is independent of temperJture• nn 
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ace ugotion not wholly Suestified. ::he entropy term of  the 
Jo. equ.l.tion is subject to a larger error, 0.10 g c-11. per 

0
0. 

Reoction 1, i4Volving the oxidtion of oilicon to 

silicon monoxide, is subject to 13rger errors thfln reaction 

The tu!r-t cif:  relation is probably .ccurbate to * 0.6 

and the entropy terra to 0.9 g.—c .1. per oC. 

• .• -lble /5 shows the results obtAined by other workers. 

sxcept for the reaulte 	Jrai tho e of .:pfee rind 

War, the product (200 i) was determined at one temperature. 

only r  temperztture in the region of 1600°C. 	results 

hilve been omitted -it* ether cita the reltIbilit of 

temperoture me4surement w-,s too vague for the valuers to 

erit serious consideration. Most, of these rot:mite were 

Obt ‘ined ,.t grerilly Lying oxygen preesures qnd the 

silicon concentrct 	term represented the tot-1 silicon 

determined by analysis. ray in the results of this via* 

and the results of Zapffe 'find - las is the silicon term 

corrected for the presence of silicon monoxide. 



gyaeswollsLyeauults with those of other workers. 	111 

T..ABLE 1,. 

AUTHOR 
	

TIWP. ('eO) (u i) 	=kali 

1600°C. 
3 

ft 

H. Lchenck 

Rarber & Oslaen 

Harty & 'fatten= 

Rerty 4 Christopher 
tt 

2ortevin eerrin 

Drken 

Uerusymunko 

.1henck & Brag °mann 

.600ince 

J. Chipman 

hapffe r Axis 

.8 z 
71 

14.9 

	

20.7 	21nnt 

	

16.5 	1.414rAn result 

60 	Experiment 

61 

110 
35.5 

	

5.6 	Calculr)ted 

	

9.5

4.8 	9 

Experlament 

Nxpe rimont 
if 

is 

Results from this work 1600 C 21 	Experiment. 

from table 15, Z%pffe 	size' rewlt for the product 

( i)t 1600°C. is 9.5 x 10 When corrected for 

silicon monoxide. Thiu vnlue vos increased to 14.5 x 10 

when the firrilysis indivited i r 2ection 1 *ens applied to 

their &AL,. The v:-)lue (*VA/led 112 this research at 

temperature of 16C0
oC. was 5.21 x 10 

	
Thecae figures 

are abtat the same order of .6nitudc and compare f-tvourabl 

when the results of previous investigator, re considered 

too. Vle v-  lass 0 K tind K obtlined by ,sapffe ur4 ;AMU 
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re com red with the results of this investig:Aion in the 

*VAL) below. 

do Nlp 14. 

BMPX4TURS 
	

ZAPET8 z4111 
	

THIS I1 VE5TIGATICH 

K2  Ka  K 

1550
c
0. 30.9 7.69 x 10 5.29 z 10 77*8 

1600
s
0. 26.3 4.00 z 10 2.75 2 10 69.8 

1650°0. 22.3 2.08 x 10 2.78 x 102  57.8 

In genera it 	be st.ted -thlt; the product (Fed"( 

inore-ses with increJse in Oxygen pressure where the da.v 

were obt.ined by eXperiment. lOrber nd ‘ielson's results 

were obG.:ined from melts ill cont,,ct with el g rulL open 

to 	41 :tmoephore of vir. It is not aurpriaing h= :t such 

v Lae is obt,ined whet; it is undemto,Jd th t the 

°wen p 	urs of the zelt mast be rol$-,tively 

Much dloser ugraeaent is found betivem the results 

obUined in this work ,:end the sacul.Aions of Iiioa.nce 

the sept,,r-Ite work of Chipmn. It is interesting to nova 

tivt the v, ilvto of She product of the squilre of the ferrous 

oxide activity with the corrected silicon ccnoentrLtion 

obt inc d ia this work is the mo_in of tie rebults of 



ItieConce 	Ohipmens 

The presence or ae-surt)ble proportions of silicon 

monoxide in silicon rich Blois h r been suggested by 

eevern1 Russian workers. notebly 	V. Geist' P,44 A. 1. 

Itochn (.hurms1 Prikindnol t imii., 1948, 21. 1249) ond 

P. V. Oelld s n•i 	A. .sin (Doklady Akademii 

1950, 	473). Altho h the presence of silicon monoxide 

in the el g ph-,se h-s been core no thermodynpmic dr4ts) 

The Pres sera of aissolution of Si!.; in livid. IS' 

the tewperature ronge 1823 4. 19730R. the straidnrd 

free energy rechrge for the reictieln 

(solid) 	Li (1. 	2SiO (gas) 

has been found by A. J. :S. Veloh end N. Q. Tombs(Deeper 

be published). it la given by the equstions 

117.1 4. 0.0509 T (in kg...eels.). 

aichnrlson ona Jeffes (J. Iron Steel 	t)eo.1949, 

417) wleul,ted the sten&ril fret: energy charge for tiie 

reaction 

Si (li uid) 	Si 	activity in Fe). 

1473 1973°3 
	28,500 - 0.00064 T (kg 

113 



?or the reaotlon 

0 (solid) 113 	t?e 
	

2 	(--! in -4  

20,500 	0 137 T.( 

Cunsequently for re ction 

(giu) 	(Y GOtVi y  

62.6 • 0.0139 (k.—c.10.),,  

)olosible 4;qtanIsions oI  

Thu results of thin investiepAl n, ,athough conclusive 

over the r5nce investig_led, le,ve uo.Le probleas still 

to be solved. 'The ,,lost 14portnnt fro Ll the aw.demic 
jetrot)') wwle 

Vieopoint ia the extenl,ion of the rAn6e of Clwften otivi 

in the liquid ph u to the point of satur-tion :t 1. y 

w • The Azstivity coofficienua of tho var.;..cius re otAats 

prob,bly ratil.,ned cowt,nt over the rnge inveutlg2tod 

othereloe the 4310t, ( ,) (I] .;:1) woulo not be liner. ig 

this plot 0041d be extended to the eaturntion poin any 

change of gvadisat would pieWbli be due to u chlinge 

one or .4Lore of the activity coefficients. Any extension 

of the rungs relies on the occur 4e• aeurement of the 

stter wpour content of the surrounding ...4.:40sphera. 

useful tool in 1; i direction vitAal.d. be  Withgarometer 

it.lyaer .cpt:e.21 so tht it could be unintained in a 

114 



115 

thermoLita t‘th 	emper, cure 	650C. _Lci tweet to 

zitwAoare very auch hoE,her ter r,pour—, reL6tares. 

high . t °zap 	ture 	noeeeef=ry to prevent the deposition 

of dewor the vulle of the !..t431yeer fro ., the a etream. 

Nu reli;Aqe aePeuremente h -vo been ,ta 	to shay the 

Jrt oil is 	-„aonoxiile tAes in re, ctione oecarring in. the 

81 C phatie. 
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