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CW\PTf: I 

Introduction 

1angase . is tt.n • nnortant ll yin· udditio:t in , te 1 ~ Thi. 

1 ll'!ent · nfl uenc such a··rH~cts of .nou mato il'llS a. ten ilo ·t.re gth, 

th positi o· the oso o' T. T. 1\ iag:ram. 11n·l c eor;1~itio .f h 

sult'hides in cl . Ov ,r tl t'l yea s h~en · nt res ha. b on di'"J)l ye,t i 

inve~ti~· ting the cqni l"b'du b~tw n sl, nnti met 1 n th Fe- . 1 ~0 

')'Stem. In his diss r nt"on ther. ill t'lc or v .w the i orton 

rc ult · obtain d over tho 1 st t 1i.rty- fiv ycn:r • 

Tlo .n f!MMC actio tud'ci a, ri··o t·ll L t e 

reduc ion of ferrous o ide by nangan<'So r,i. in~ ncs oxi · nd il'o • 

~o t f the prcvi us 

The pres nt invc~tig 

1 70°C. 

'fhe mtl t 

( '>) "' fr<inJ = (HnO) • [Fe) 

or.. be~ den t temperat.ures c1 e to 1 ))0°C. 

ion cover tl tcnmeratur · ran~ o 1650 C to 

'~'icant f· cto em C( n i th's d ·se atio i 

the ew tuchnique us d to obt• in the c .uilibriu dota. Previously sl. v, .. 

otal sys .. ~"> were 1' li r UH in crucib c c u .od a certain , , nt 

. contm inatio in the sy, te • f\y usi.n 1evit· t on r'eltinf:i ., ns don n 

nt w r , cont ·in tion fro cruciLl al. 

avoided , and h · her t mperaturos ar easily att · n d 5 

- l .. 



OIA!'TE < I I 

l}j!;tl·ihu .ion of 

,cccJ t .iorlt y !:" n onr,i (l) <.ntrl )ht"lni (1 , 2.) has :ho\"n th t 

solutio s o rnrmr,anc in liquid iron s:1ow l~noulti n ch · r or. 

There£ re , for th rc ction 

= 

Althourh c r bon d crease th 

r in J ($) ) 
l wt% 

nan 'ano:c; nlloy other all yinv. lc ·lent lave no s' ni f' en t c.,:-fec 

on tho activity o • T so ~nets "'11 not he challon ,en' 

clcr.cnt pr s •nt will be t oxtrornoty 1 w conccntr. -

tions . 

Iron - angnncsc solutions ro in equilibrium .. · th f ou oxide 

(F O) + !n = ( 1n ) + · 

Sof.l of the t r i .• t work do o on thi"' reaction as y J'orhor nnd 

(4) 
1 en J a ( Krin ,s Tho scr ar. y be we n th rosu1 1· f• M 



thes · dy WOl'" an .:I co tcmporn ·y dat: is { u to t a aj or f'~:u:tors . 

r-·rstly , in not ap redntirg t,o STW t of th .rm ~Hm se rei'lcti n.t th 

investigators' . trod o s. mplin n lSt hrino c ns tr fror. 1 o ern 

scientists e tn~t ,d of tal:'in:- ~~ lcs >Y nscr ing qunrtz o'• rr .)hit 

tube int the rr;olt . th y just allowed the hnt1 tCJ !:! Hdi fy(
7

} . T 1 · 

occ 1d, n to riDd rn in estir, tors tlte st i.r'J, oTt nt ft'ctor. wn"' 

he error in optical py o, 
(,) o::r. temn·ra.tur . ttsur · 'lcnts cnus d h 

fumin · nnd ty unreli·bility of th~se earliel' i strt nts . Con ,'or::try 

high tc pc · tt1r ' h r.lht · .HIV t ko :1 rc r cau i ms ·n u, i )'J o ti al 

pyrometry . 

res io for th cquilihr' \n eo s tt n: 

. 
t ' 0 

{~) 
(] F a 

whor t h tivity of i r n · s as. t .e..t o L 1 i. v :ry ilut !'folu ions 

This valu o K is the ru value no th slag c rnpositio 

as it 1nvo1ves th octiviti 

p :rc ntng s • sub~tit 1t in ·t d o ct · viti th valu. o· th 

con tant i ~1om hn different . Ising 

RCtiviti .s , nd a s Hear\ .turated sln 11 Korb r <lf\d lso (4) oh n ned 

relation f r h, c n · unt: 

l I' 0~ }:n 
7~40 ?': 172 
~ - ~· · . 1 
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Vnlu . o- the con" n t obtained frm th · s cn,t t ·on nrc nuch hi "~1er th<' 

subscu ent or ·er \iho wo ·ked -d h Fen t!nO s lans hat contai ed 0nly 

small o cents of her con t"tucnts 

In 195f"} Ch · ~. n et 1 1 ( 7) <.le h h ·~t atte pt to .sort out t 1i. 

r:rohlc • Th.ei r mnj )r problem NO."< a srrcat deal )_f sc tt .r n d the ·cr. 

they could tot nccu tely )}ot th lOJC of th ir rcl~ ion h' bot n.n 

To overcom thi • a theoretical cal culation W'!~ rondo of 

tho equilibri m con~ , nt fro , <.1 t;: on hcntr. of t:'orrnit ion , di •• soc1 tion ano 

solutio • A line pnralle~l to thi: line was then ,{r t 1 hrourh the 

xpo n. ill oints . Th r suiting Cfluntion obtained • s: 

644() 
torr ' = - .... 2 . 9.l , '·ln · T 

Chipman introt Heed a li ht unccrt nty into the calculations by n plyin~ 

the fr c enor.,y of Fe 0 to nn cc uilibr ' m on tan i volvin (Fc0) wh re 
X t 

Fe 
X 
(l i. t.l nctual f. rou ox. t~' fo·rmul nncl (F O)t U,P,"'C. ts hnt all of 

iron .·ist in this forn . A rccal ul tio \ia. dono in t10 0.1 

,. or on an ion • br-sis mu atr>licd to tho d t • The l' sulta 1t ct uat on 

ms ~ound to b : 

\here K ·ln ++ i the cquilih:rium c >a~lis . 

f.looJ(.) ha de ·v d n cxprc" ·ion for pre. nti ; cquil >riUJ dat, 

for cor.1pl' cat J sl, .1!1"1 hat eont i l . ix ure o anicms nnd cation • Vn ue 

of the' K' for v r· ous auth rs '"ill u. conpur d in t 



1 
10'' K' = X 

1 
!: ' • log K', an1on :1. 

where K' i.s the aquiH :rimtl constant on ttn hmie basis 

,, ' ... 
'j PO .) .. 

4 NF,. + 2N0z .. + 3N1'
04

s .. + 4Nf'o0
4
4-

2Np2"' 

s 

+ , ••••• 

'fha sl<tf!S that Chipnt 1 usod contained up to 4 '\"HH·cent Si02 .. 

In his caleul*'tions· l1oth sla I and met "1 are t·· ·o 1 tn he idonl .. This 

j.Ssumption i (10} . . va.liJ as Bell ~tal , ut !9S2 , shO\':~d that :K'Mn is not 

by the :Sf 1i ea contont until it exceeds 5 per-cont ., wheTe K' Mn 

i tho oqui1ibdum constan .. expressed in percent athel" than ctivities . 

In 1955 Tu:rkrlo au (ll) criticiz.od f:hipman ' s mathod of obtni:ninr, 

a mathematical r€~lationship hatweon log K~ln and l./1', hy saying 

''They [ Chlpman t al] cd culated the fro .. energy 

chauge in reilcti<m (1) [Fe + >1n0 ~ Mn • .,. F~O] from exi.sti:ntt 

th ~rt:w.l df\ta and n. esti'!llated h~at of fusion for manganous 

point s but paralle l to tho c lculated li 1e . The possibl~ 



By tat s ical r:1ctho is Turkclo,~ru then deriv t le following 

from Chipman et al ' s dat•1. : 

Of ct i. ortancc q ' clos en t .y f th. F' .. • 11 sy te 

to det .n in \ih ther it i"' on or nul i - p.ns whol so . d . Tn on•. (B) 

i!Xcellent T'O'Iriew f this tol'ic he say : 

"F rrous o:drlo an oxid co. >1 t ly m .scibl 

in t 1e liquid • t te • but evi , o · th solid of 

th till c nf i tin-; . (12) 

and a.ncd · v nuhli hed di. sh ~i 

a t\>'O phas r gion in the oU d at hil . 1\ndr w 11 •f.KdockR 

nnd Ho a ( l 4) and llcrty ~q. Oarliloff( l S) hav indi c .t t 1 

r- 0 and ~0 r co 1 tely .is iblc n t ay 

and A dr (l ) ;md r' •tt.orson (l 7) on • - r y .f 

t h o l ·· d . t a • n d -::-o n on 1 y on rtt · "" t rou•rh 1 

the ysten. Carter • Hurad a d lt y(lS) vc ~rovi :i nally accept d 

th evhlonc of co .rl te ni ihility in th ir disc 1.5 i n o~' h 

·e() ... •.JnO .. 'a)
2 

yst • Slo.;m and Ev ns(l~) nnd r: •te y(2f) y 

xamining r o ... ' 0 on fro l o d o v'donc of 

im . ci ility il t l inclusi~ s . n n lri • t <me • s n 

f·v ur of c mplet ~i sci ility in th · solid stat ~ th x~r1y 

ovidonc st c<> vincing. ' ho coT~plet soli ' s il•ty 

· n tlli r:t vns a.l :;.o oust r rnd ' lch y 

- ray (21) 
• 
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o~ t.,. o:dd m. r.~fl tes •.nd iron 

of rnnn- m o!"e l. ln< , 'The t, nol oo' of Ch 

i •· A~t: · • . ·on tc ·o~pe. ~ tu:r 

qu. t.i ties :en -:. Uy 1 •. s n ~- up. !;{), ..., s l . ,.t- !:! • ~~l 

5 . (9" . fn t~ 0 tl Pc 3 
!j u~ y 0,. 

con Clt :n ir;n n cont enou~ 1 to 1. f)!l 'C · • r. h. t'\ 0 tH e . .,.. fh r f .,v .. . ~) 

Pi:u1'. I sho ;. ~ ,l 0 Q ·~ r~ ~ -:/ r· ... /} .. '-' t t: If • I ti 1St 

te 'POT' t t "0 ior Chll Ym'n (7) d'"tn .. ttl •. t run rntur <J()~I\ \ t I ~e 
2 

·ont n Tf th lot is ;<tra, .1nt<l't o 1 1·1 C the · .. r
3 

c•mt nt is at out 1. 5% . 
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CH/\PTm III 

us d .. Le •i,t tio•1 Coi 1; 

C tin chani s' nd Ga vU''PlY ... . n ht in in r:r .pecill'o for H "l>' i 

The is. inr. ito s a "' th Tr•msf m r • Hi rh Prcqv ncy f:~mer tor a d 

Opti cnl Pyror; te • :i gul' 3 shows a s c ion d rav;'' n , o 

A st:md·rd Je:nkits(2 3) co'l a.11 actured out of 1/8 inch, ou'" .. 

~ usou. The coi 1 oulcl sl ii a ound r 1~ 

To facil' tatn h ll'n. hit in 1' tion 

t 

The pow r or he Jevit t:i n eo 1 was upplied '1y • Toccotran 

10 k . v. . 200 amp hirdt fr·,quoncy aner. tor th. t ttpc • ted 4S'J l:c/sac. A 

7. 5:1 rnnsfor.or was u d to llo · , o 1 ~., r to i raturc. to 

en •ty . (Wh 1 rot. u!'inn the tr11n flo ntes wer 

re 1. ·red to roach the lo.io te1 · Cl'l:l urcs) . 

eolqu:r p rometar with nn r~rcratinrr ran ,o o oo•c 1-o 1000°C. Th 1 

in5;trunent "tt· s calihr ted over a ran o o l :SOO C to H150°C, i h ar t'r r 

f 1 °C o a car on r:a \ r to lt . ali ration <l <"heck d "'t 

rcquen ·. iTtvcrval i.lf' in t th 1 lting po nt of th lcvit .tcu r; ci. n . Th 

col'br tion was done ith a 13°· Rh ... Pt t'hc:r, cou h· . 



r C 1pon n r;.f th 
· •c. , nlsr. , r. n Su, 

revit t~ n r; in.· t .. _ 
ly end L vi n ion Coil 



To 2 Colour Optical Pyrometer 
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76 em 
Radius 
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Steel Piston 
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I I I I I I 
0 em . 10 

Gas Blow - off 

Fig. 3 Sectioned Drawing of Experimental Apparatus 
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Th ~ t cri icd part o~ the ex r.i en ·al t hniqu wa~ 

the quenching of It in i , rativ t at tho hcr:dc· 1 cqu"' li-

pr sorvcd • 

. diseu s c bri fly . 

It as • cct'ls. <H'i' to try .any uno 1>otl M~ ods to try and 

obtzd.n the equilib ated ""pcdmcn~ in ont- intact nice • uith the sl p in 

of t.1e early <(tl(Hchin .othods a. 1at if != Hdi fi , ti< il could ~ 

. ceo 1) 1 1 r.hc( in er one ~econcJ th equil brim ,.,.ould not shift ny 

si 'Hificant a iOUnt . 

The first t hniquc trlod wa to ~ass Uu ov l" the sped e1 

tJJ ile still levitote • This m thod failed ecaus , ~'h'le the cooliny 

g s re v d he t ·' the nducod c rret t s:i . 11 taneously h ate th sr) ~cimc • 

'I'hi re soninn- l d to tho chni.qu f llo inr, the . flCCll'fiC• o fall c wn 

'' . :ixtcett f ot l;li ~· fillnt wit; hel' ; 13 d ti on .oe. 

m thod1 n v rthol s, hd rt t wo l(,. lf the dro ha. bo n lon , enoU'n, 

the spech n W!Jul(} h.vc ~" ntu.Uy oHdi i d . but mly after a tgn' i ant 

chan~ in tl tquilih i • 

Th techniq c tl"i. nex wa t dro1 a cop r mould down th 

., par(itus tr pping the sp ci .•. wt nd ibs quontl, C(lolhv, it y the tirl oth 
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p un:,c' sevr~n fe-., t/ith an elu' d ti,, of 1., 7 second~ ~ The 1·jo 

ndvantnm) of thi tcchniqu. va5 th t the ec1m n was r c d n 

one intact • 'cc 1th t 1 . 1. r located on h tto , 'ur ac. i.n one area., 

makin;· it ve:ry conv' i n f l" 1 ctron pr he It d· s 

l'ttlc dif£ renee , s to th .,hal of the hole itt the o 11( . Th only 

rcnlly "mpo· tant s cct of tl is technique '" to na t e walls < f t .e 

le~ding dgc. of t tc J'!lould hin enou h so s not to strike th, ~ ecim!,n 

unt '1 .. ·u~ p dr e w. complotcl onvclo; ed by the mould .• it tun cd 

out the .. h in quili 1riu \'•• s oo r .t or thi~ t c miP 1 ; 

for o .. caction 'th , 1 wor ld hi m' r.h. or • 

It as 1 tor di •;co ercd th t if the l vi tate t~i 

dropp cl n a hrt: s, pltltc li ltltou ,h t H) •• la"! wn ., okc up , la r.c pi ce 

"'ere still lo" throu hou tl c nee· 1 n an l . , he su. face . T t' cool.'n . 

.~.ate u ca1· d v~ry f s red t at a .. reached • nd in less h:m 

ccond . rurth r ev · d nee to substnnti: thi G5 the r. nra cc of 

th quenc1 od s ocim n . a plate 

uh titutct for th br s ' tich ave 

tl nn o 1 ur:m. 

ven fns ,r qu 

COYJr:e • 1latc 

ch . 

th collected d. tv in C 1aptor v '11 ho' 11 nf t o r v n 1sly 

ve good e -,roduci 'i 1 i y . Tl be, .cthod 

of obtainin a r: ) d quench , once i was know.n thl'l usin~f one c; · cond as tl e 

e i torio l s t tally i ad ctuato 11 wa. to drop t lC liquid clr p .,ctw n t o 

eo1 per >lat s d ham er i i n·t o · thin plat • T, 

h '~ever; tl, t we ·a produce hy tl i a :l< rntu much tt innc"' thn. wh 1 

droppc on copnor ; 1 t ) ; c ~ 'thou - 1 centimeters COl'' n • d with t\'Jo i 11 .. 

ctcr • Th nro llt.L Hi th tl i t chnicpe i' that the 1 g '" s hadly bro c 
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u,. . This . n .s it mor. L ficult to o::iml 1 rn. nren. ·•hich to d 

th . el ct ron ,cam. Powevcr _,. ns t'htJ rc<;ult:s l'ill how • tl i motho 

protluc d eo l te .t n.s 1•::., . 

Fi ,ur 3 how~ , •tion draw'n of the ha , .. It 

consi ··t. tl tl · a hollo e i o 1 cylintl r and a t p 1 ni ton wcii!hi g 5 ki 1< .. 

gr l"' • Th f e of the , hton ad n co 1per dis on~ ineh thiel~ ·, st ned 

to it .. The mwil ll~l"t o · tho ~qui .! nt wos tmot:her copp r dis!\ b ,ltod 

to the bottor'l f the cylinc er. 

1 e ~tl od of ann Y""ls w s electron proho mieroonnly i • 

Th prohe use in thh mrk wns a converted lectron microscope . te 

e l ectron hea. • d run tor t\f 1 s than . O\.l . • crons wit an ace lcr tion 

·< ltage of 25 to 30 l'V. T e X- r y t ke ... off. nn le 'IIJ<L<; !15 • The in tTum~mt 

had twir spectro et r _,. o e pcrat d undQr v, cuu _,. the oth r . n o liu. 

ntuos her • 



CI!APTEP IV 

Dxpcrimental Procedure 

~ discucsion ill now follo on spccinen pr p rati n, levitation 

melting and equi.libr tion , ouenching , nr paratiofl of l olishcd specimens 

nd ethod of analysis . 

ST ecinens were made fro t 1/4 incl diarnetcr Ar co Iron P ds . 

Pieces of about o. 7 gr . were cut and a hole drilled in them to fac"litat 

holdin~ th required amount of elec:t:rdlytic .umgnn se . The lac; was dded 

by oxid · zinr. the s cci~nens il th a torch . 

To cc:uilihr tc the ncci en the followinp st "'5 were follo d: 

) the ~ rs ·em shown in Figure 3 was purged ~rlith helium for al)out one 

minute ; h) the current We s turn d on o the maxi. m valu of 200 am • 

in th pr' m ry coil ; c) the "pecim n \ias put into he levitation coi 1 

oy th end of a gla o • As oon as the tc perature of' th . T>Cci .en 

as eel he Cur:le point j a·tcr on or t wo seconds , it would levi tat~ and 

tho gla s rod as re1aoved and the ppar us sealed. Rec<u e the sped en 

wa i r on- manganese- oxygen , if nny oxygen did diffuse p, in t t1e flow of 

helium nd C' USC I'll T o idation of the iron tha ori inally iven , no 

har. would have been done . 

Once the specinen wa levitated it ha~J to be melted and brou ht to 

equili ~rium . Three factor· \verc r sno sible in r chin ~ the fin 1 s . ady 

t~tc temper ature; th hcipht of th ·p cin·on in t e oil , the rat of flow 

of ga , and t he density of the ,as . The lower th srecirnen sit in the 

- 15 -
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coU (th low l' th current) th stron:: r ho c fact o ·he gnetic 

fitll\ to p:rtH.!uce n lnduced c ':r.l"'cnt to )field t~ hi57;her te ., " r~tur • The 

rcVP.tse ;l.g l)l;o tro • T l e shape o~ tho co 'l cau"'.eS he co- pl • ur t ll'll · 

at tho otto:n t b the najor controlling factor . Any clcc -ro- ·ar.nctic 

pYopcrtie ·rc PTOpo:rtional ta the squ r . of '1 dhta co et~tc.e:n 

con •. luctors and spccir.~cn and t c current . Th(•rcfoN tht' ( .. ;st a.ncc is the 

ovr~rridin"' factor . 

1110 fnste:r t .e n: s flows over tho surface o tho "' " ecimcn 

tl fastor he tis l"c;oved . Therefore , t1o or.rporature of' th snodinen 

is lo ercd. 

Tho density of tho gas is an i port ant fact :r in hoth getting 

the specimm to r.lolt and to control the t nporatur<h ilelitm , . bcctluse 

of it<· low molecular s ci fie he· t will reraove too mud .1eat whllo 

tryi.. to 1 lt the spt'cil:lc:m .. The ddition o gas with h: g~ r poe 

heat , $lJC ns nitro en ,. \ill enablo tho "'pccimtn to ,• in cnO\Iph tea to 

mel ~ 

ni..r gen ratio . The flow of both tfa. reRUl at· d intc a (;()r;T. on . ixi g 

'ottle by a a odle v 1 vo on a.eh ras cylinder 

c 

One tJw ~pecimen hau oen broutth to te . er urc it t·as; 1 .et 

for <lbout 3( seconds to tHWilibrato.. Th ults,next cha. tcr. give the 

ac:t a:l tim~s . To {\Uer ch the Sp\lcimon it t as ~1 nly !lroppo( th e and on 

halP inches and '\.oro a red lllainst c er nvi 1 by a c To in tL t 

t ' quenching p the p':1aratu s sot up in s• 4Ch ., } y th t n th 

h nu;· r w G nt win ing , the current wa!!; cut o ·f t rHicnl point ,. f 
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by trial and error. The sr im~n wns d:rop, od to be h merod to • thic ne 

of 0 . 01 c • Figure 5 shmis a levi tnt d drop, photogr phcd from the 

bottom, with the sleg nttahced to th · dror>let .. 

Elect on probe m· ero .. analysis has he<im used exclusively to 

determine the coT!lposition of both the metal and "larr phases . The que ch"'d 

foil was 111 unted in tt·anslucite with a sampl of pure ir n anJ pu tn nr.anc e, 

nd polished by "tandard metallographic methods using pn: :!TS and dia ond 

p·ste. It was then coated tvith a thin evaport1t •d layer of carbon rod 

e:.<amined by an electron l robe micro- an lyser built in our labora ori. s by 

Or. G. r. . Purdy .md t-1r. II. l~alker. The c n~entrntion of the element 

con cerned in t 1is atudy are given as follows: 

i.n the slag ; 

in th~ a.ll oy , 

where IX = i te si ty of either iron or man ganes in the 

1° - int n · ty o.f! i . - 1 ron or m, · pm se (tl ,,e ) , 

-l lage (time ) 1 

r,. .,. intensity of anganese in t 1 alloy ove . n longe enough 

cdod o ... time to ge a ip,nificant stati ti.cal di f erenc . 

between it , 

d I:g = th inten ·ity of the hac gro:....nd eount on ure iron . 

'I e above , ar e dedv d ro Birk'S· (24) whose c u tions i.mpli y to those 

p resent d he r e becan.s iron and mangan e hav 1 ttle r no e feet , caus 

)y enhanc nt or ab orption , on one anot cr. Also , oxygen h . no effect 

on t esc two lemonts . 

d 
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A hetter rncthod fo:r analysis of this system \'tould havt"! been 

to pxoduce . a set of stmulard, c~ 'P.ring the r~n~e of compositions of' interest . 

In tho cttse o E' tho alloy this tUlS con~· dcrrc1. \mneccs .• ary, as the iron .... 

n•ang<ln~sc syst<lr.l is CXD ctod to e)'(hibit ide:d spectrochemical l:H:lhrwiou:r(ZJJ) . 

an iron crucible . 1 sample of this nixture was tt'lken by l'llncing a steel 

the tho<.! failed . Thorn was so ,uch sesr:regntion in the rante ·ial thnt it 

tha it also wns uselo•s ~ 

was collected by counting on the alloy tmd pure inm for 30 mirru:te~ .. Tho 

counts/m~n , N!Joro :Jt; ~~~ :r.R hetweon 20 jnoo ancl 60 ,000 counts/min . Tho I 0 

vd-u~~tG X" mained co-n!: tant for a hm ns th~ filament hst d. 



Hcsults 

·nw follm'linp four 'tihl ·s show t {. we\gLtr; o" tho vrri()us 

c n~tituent., put into the snoc mens • the :r snl L of t!H ho 1~. r quenched 

sp cLr1t"fl~i , a conparis01 r f t1.e <'qui libri u const. nt as o ttli:r.e< us in ! 

the han1n.er as against tl os • ohtair;ct' hy d owr>i.ng ~!1ecin.ens onto coo!1Cl" 

tmd b ·nns plates . ::mJ tho results of Chitman (7) tha. t~1""i;' included 1-'?ith 

tic d, t.s of this work to J:lve tlw final <H,uililn·:ium ~( uat.ion • 

.. 10 -



TAilLE I - Startmg ~eights of specimens lev' tatcd and quench d by 

Sam le 
Nu h r 

119 

120 

121 

122 

123 

124 

125 

126 

127 

128 

129 

130 

132 

133 

137 

140 

th hammer and anvil and the tir11e levitated at temperature 

tveight F 
(<r.) 

'1 . 782 

o .• 745 

0 . 745 

0 . 879 

0 . 9 )7 

0 . 864 

0 . 864 

o. 785 

o. 84 

1) . 914 

0 . 838 

0 , 970 

o. 80 

o.sn 

0 . 993 

1. 009 

24 

20 

20 

36 

28 

29 

29 

26 

29 

32 

28 

33 

24 

28 

33 

25 

1 eirrht 0 
(. r.) 

17 

13 

13 

24 

14 

2 

20 

17 

14 

24 

20 

23 

12 

24 

2 

14 

Tir•1e 
( ec) 

60 

60 

60 

60 

60 

60 

60 

30 

6<1 

3 

30 

30 

15 

25 

30 

20 



T/l.nt.f II - ~~-esults of '!nrmer Ducnched 5neci1:CJls 

Samule 
K' 

T~r;:'lcrntUT;;; 

);, 'm Levitation At l 1 ~.r:1mer 

--~------------------~------------------------------------------------------------------------------ -----------------
BQ u. 26 2S . R 45 . 5 Z8 . 1 2 . 21 1665 155--

120 o. 71 45 . 4 Jf"l . 3 24 . 3 24 . 3 1750 1733 

121 0 . 66 42 . 8 35 . 9 21 . 3 l . R4 1750 1733 

l22 ' o. so 43 •. 6 31 . 0 25 . 4 1. 61 1750 1733 

123 0 . 55 37. 6 39 . 5 22 . 9 1. 76 1?95 1777 
124 n.sa 42 . f) 35 . 1 26 . 1 1. 38 lSGQ 1841 

125 0 . 83 37. 7 35 . 7 26 . 6 l . 2!1 1860 1841 

126 o • .s4 32 .. 1 38. 1 29 . 8 1 s61 185'1 1831 

127 {i. 4l 34 . 0 43. 4 22 .. 6 1. 93 1760 174. 

l2S 0 . 52 38. 5 4:1 ,. 2 21 . 3 l .. R7 117() 1753 

129 0 . 65 30. 5 43 . 5 26 . 5 l . ll 1R90 1 P,7f) 

lSI) 0 . 86 43. 3 53. 0 .23 .. 7 1. 57 1325 l$.07 

132 o.s7 42 . 4 30 .. S 26. S 1. 62 17fi0 1743 

133 0 . 8!} 43 •. 0 33. 1) 24 . 0 1. 49 1890 1870 

137 0. 78 39. 4 35. 2 25. 4 1. 47 184S 183} 

140 0 . 27 25 . 5 4~. 2 26. 3 2 . "::-0 l72S l7f1 

.. hy oiffcrencc 

hJ .... 



T/illtE ITA 

Data Collected From Electron Probe 

Sample Alloy S1a .. 

Nurnbor ro Itm 
IBg xo TO 1Hn 1re Mn ·ful ttn ... Fe 

119 118,4-BO 770 462 107,140 61,480 27,641 28,911 

120 121., 760 1362 457 111 .. 311+ 55,705 50,522 16,877 

121 115,421 1266 503 114,293 5B,280 49,073 20,879 

122 ll6,397 1545 512 l20,463 60 ,471 52,,561 18,732 

123 117,'+62 1147 500 119,280 60 , 680 44,768 23,900 

124 123,470 ll£5 l~77 123,840 57 ,180 51,995 20,125 

125 119,'376 1464 469 122,176 62 ,140 !~6 ,136 22,220 

126 103,760 10lR 478 102,655 58,175 32,920 22,131 

127 103,760 923 500 102,655 58 ,175 34,808 2~,204 

l2B 103,760 1037 500 102,655 58,175 39,554 23,.347 

129 110,222 1158 440 117,633 62 ,051 35,903 28,228 

130 115,142 1465 463 126,291 63,281 51.j.,621 18,028 

132 J.26lJ023 1628 543 122.735 56,707 52,004 17,506 

133 119,595 1600 534 119,150 19~238 51,359 6,351 
N 
...... 

135 135 507 , 1730 670 122.735 56,707 48,423 
:u 

20 ,041 

140 16,670 655 445 so , 973 20,200 20,648 9 t 71+7 



TABLP I II .. I:qu. lihrh n Const t :m1 Tc. p rnture '<lues of Chip. n ( 7) 

165r: 2. 70 

164() 2. 73 

162 2. 41 

16 0 2 .< 1 

169 2. 47 

1610 2 .. 47 

1630 2. 67 

1672 2 . 24 

1730 ~ . 18 

173 1. 12 

168<l 2. 07 

1583 3. 24 

1743 1. 79 

1750 1 ,. 58 

1n3 1. 9 

H137 2 . 62 

1615 2. !}3 

15 7 :s. :n 
1598 3. 44 

15~7 3. 62 

1633 2 . 82 

1638 2 . 7() 

1706 1. !0 

1718 1. 85 

1697 2. 4 

646 2. 45 

1630 2. ~ 4 

15 8 3. 91 

158 4 . 43 
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TAnU! IV Effect of ~~wmchin? Techn:i.rtue on the A.pp;:rrant - lue of K' 

'lu<mch Te nrporn t urc (OC) 'io . or l' • 
,, 

'"c bserved ' 
SnC'ci . ns c ip .nn 

.., .... 

ih•ass i)l:Ita 1760 8 6 . 9 - u.a 1 . 66 '* 

Co·ppcr P 1 o.tc 164!3 11 2, 6 - fl . S 2. 5' * 

!lnmm r 17(/) 16 1. 7 * 1. 66* 

~ calculated fTom tatistical ,qu"tions 



CHAP !R VI 

Discussion 

The signific<tnce o th · s wo:rk i.s t>•:o +'old . 'irst ly, ther . 

is tl e verification of the fact that ;hjpman' s work was quite accurate 

wi t hin the exp0riwent:1l lim.l s . S~:'condly , th t the tcchnL \lC of I-·vit tion 

melting can h used for equilibrium probl ms at hlgh temperature. 

Data were collected in t h is 'Nork over the r· n..,.e of 16 0 °C 

to l840°C with most oft 1 data above 1730° .• Chipr.,an's uata covered 

A combination of both sets o data s.1 wn i Figure 4 covers the entire 

range between 1650 °C and 184G°C. Ey aiJplying statistics to both s ts 

of data an equation ··or ti:c c uilibriu const ant \'las calculated to be : 

v 5990 2 . 
log " = ~ - • 7tl6 . 

,,rt I i . . d i h ~.. C i 1 (7) • Cl m1en t 1 s equation ls compare w t tuat o man et a 1n . 1al tor 

II ,. lou K 6440 ., ~ - 2 . 0s, one can sec the stri inf~ si tlilarity . It is 

of ro t si tnific nee that such n ~'OOd eorrelation '1: obtained by both 

the ·usual crucible 11 ethod and tho now approach of 1 vitation . 

n intere·tin. development is a cotparison of the three 

equilibrium equations th t can be statistically calculated f 1·om Chin an ( 7) 

and the data gathered in this dissertation . The fir t equation is the one above 

.. 24 -



th1 t is f lt o he tltc tr•te e uution .or th o uiHhriu const· nt: 

5!J9f) 
log K ... -r .. z . 7t.6 . 

The s conJ oqtmtion i. calcul"tEA Ch.ipnnn 1 s dnt<J• alone~ th thl '(1 i!'i 

Tlaey ~rc , r .apcct ve!y: 

v - _4572 lo " - ~ 2. 011 , 

and are showt n :ir;ur A 
'i o 

con:Jtant a obta.' ned by d' f!'or nt worl~e:rs . 

Cor. ri.son of l:~uili ·rium Constant'" of 11 n:y t'or'k 

n 11 ( ') Kcn·he:r (S) Chi man (7) K inps (6 Fisher(Z'l) 
nnd ot nl t al Fleisch r 

Do ls n 

at 1550.,C t•' 
'' ~~ln 

3,. 5 2. 3. fl 3 .. 1 :; , 4 

t l600°C K' o= 2. 4 2. 3 3. 2 ..... 

The equili riu ccmst•·nts n£ Chi . et d and the 

PTesont 
ror 

3. 7 

:;. 1 

ar c i v 1 J t t iCrtn • her(taS with the r s • r. • ~ res en s th 

eo 1nnn of th<t roaction in n co pl' cated lag. The ~'= Vt lu s 

,uili ri 

cui lib· •iu:r.l 

·:~.lues wid r poet to moltG t mt c ntain nly r xi des . 
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ihe SOl""Ce 

mant ,, e~ti tat ion o · temperature decrease ~hilo spec r~cn falls fro . coU 

t b • q en~.:h d, and nalyt cnl errors i volving th electron "r he . 

The tHO color yr fl'!Ct r, ns {esc ibed n Ch pte HI 1 was 

ivh tm ... he specimens hnd bean ccmi. tihrnted th y wore dropnod 

3 1/2 11 ch bcior hd g quenche-d by t:h ha...,m r . In he very '1ort tine ., 

it tnl. s for this dr J (O. lt! sec) th r.i'ccimcn loses heat . An o!ltiliJntion 

of tl ~ hea loss and the consequent t .m - rat urc drnp \~. c. cul nted , s n 

sur-tiD"'tion ~.f t e he t los~'"" du , to con uc ion - co v •ct em at.cl a(· · ation. 

Tile t nchtrt hent trAns ,. fo:rmulne n:r. ! 

tt = h i'T A. 

q is: th ~ total hoa tr n ferr 1 hy co duction .. convcction 

·AT is the dffercnce hetw on th· spcr.:'oon und t iL flowing ftlS 

A is t h · urfttco aren of th speciMen 

h 1.~ th h at t:n:>.n fer cooffidcnt 

Dc>rv... ell 
' ,. 6 ( '' ~ 1/2 ( -~. ) 1/3 

u ~' - ' 

'~ s tho the1 · 1 l conductivil y etf tht:! flu· {.i t th .. ean 

tcn11 ratul'C o the recinten ,•md th.f' f) uid , i . • , an 

cot! Ju •tion lay x tempor tur 



p f dt"nsi ty o the fluid , nr-nn tc:"'r1cratu ~ of luid nnd 

· c imen 

., 1 velocity or fluid .. s·1cdmen f."i ... ,~ v I ,,l ~- ·l 
('L 

c is spcci fie h at 0 fluid a.t or, 
p 

lJf is viscosity o.r fluid t r.tcrm tu ,n·aturc oi pcci en 

and flt.1i I 

v viscosi y of flui at 0°(: 

K is the therm 1 conductivity of flu:id t °C 

By !H 1•st i tuting th 1 ttc·r. enu tion jnto the :Forner, tmd 

in teT'ms f time , the into::;rat 'on give th totttl host lo. s ctu to 

conductio \• convection . 

For the radiation cotnponcnt the followin ~ eqt aticm W'lS used~ 

>~her ' 

c 

t 

c 
\ •• + 460 4 

r c . lf,o ~ ( t + 4ti0)4J - '! .( 

n is t 1 t tt 1 cat lo . 

A i the nrcn o th !;ph ere 

is the e i ssivl!y {) the sn:rfac , 
L the temp r w tur of the surface of the 

t is the tcr ;Hn:atur0 ot' tiC sur roc ( 05 

f-01 as cir.1.n of 0 . (, g 1 it w,s c:t at 

s c c 

l20°C/sec and 140°C/sec rcr: cti vcly . The finnl tc 11pc:rnture c ssi ,ned 

t eac sn cin 'n wr s levi ted teMp ratur minu th lnt olat d v lne 
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Two sou ccs nf error are involved in this calcu lation: Firstly, 

the lcvitrtocl pccinon arc I ot ,,phor:ical h lt slirrhtl r tear ·· )nn d . 

l owev r , it i'> su!'p cted th t they >ceo• , · r: not c . letely s 

sp'1 rical once out of the influ •nee of t l octro- . ap-notic field . S condly . 

the wcinhts of the s' d. ens 'cro not the s<'Jr,(l . Tlw cal hrti.on wns 

oonc over t 10 range of \iei hts of n . 6 1•1"1 to l. Ogn and fo1md to inc:rcrsc 

Tit ajor source of err('r Has the on, lysi"' o the p ci1;1e ls . T s 

errors or two fold : c1 ctronic dr "ft ·n ti1c instru ent ·mr! st tisti al 

error involvod in eountinl1' . To oht, n numhcr that \iould hnve statis : c:-1 

signi f" cnnce f r ne un e; e contcn it wa .• necessary to count on the 

a loy for th · ' minut 1s and !" • mi 1 a:r y on th ur iron or the "'<l 1 riod 

of ti J • To ta ·c into 'cc unt any dri t in th .loctroni c. he proc dur 

w,s to do b ck round count on the irot for fi f.teen r inutos then count 

on tho alloy for tni rty minutes follow d by f ftecn more ninutc on th' 

iron . To en urc a correct Ol an inst dri ·t 0 n the r in v lu ~s., a ser ies 

of t 1roe em minute cotmt. as n, do every time a i ft ro r:tlloy to ir n 

:r iron to nll v wart r:adc . T 10 count· n time o, tho s1 a w• 1. tch sh rtcr, 

only ten minutes . In this on t~": s 

nn<. after the uata wa~ collected from th~ lar. Thes 

roc utions s 1oulrl k · p the errors dnc to drift f t minimum. I H! d ift 

s 'P rfcct l linear hctwocn the r-tart nnd end of nn analy"is h() . ·hou d 

be nc r l i ihle r r . HmJcvo:r ~ )ccmme tho p ob could j ck 11'1 inter-

ferenc fro out ide . om·co thoro is the 1mss ".hi Hty of 
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1i 1it.s Ho in the rrm .c \ :.:,. 2 /iJ • T L order ('I :1 ·trnit J o of the s 1 nn 

nta is ucl th. t onl 1% crrnr can he nt l'ibutc£ t it; i\cr s , t.ho 

alloy dat yielded an error of 

Th"s 1 st can be di inish d oven 

further i · 1 ~1<''1" an 1 ower co\mts h' ro tal, .n . n ri u 4 the 5% eonfl<cncc 

l'mit for tl.c ({Uilibrim ,qu. tion a lott d. Vi ually one can $0 

nt nll bu one 

l oint fell \·<itMn the J.5"; onfidenc l' !lih . hh is om out )' t c 

corrol1tion Cl ~f~c1 nt•,. r luc of 0 . 94 , which L consi<l :r-d ood or 

lot!> . 

Tn Jl II in t r ·ults s.ho •, :\col rLon of eqfilil riw>. vnl t 

obtained us in vadous qmmch · ~H· t 

grt o s;ood :roi r uucibill ty w. !'> the l nm•· er. •· rr.t impr . shms Her ~hat 

• speciz. e dro ~cd 

To th 

of the order 

.;. e. (26) 
T' . 

l'.,t "il5 TCtCl d i W 11 t:nd r 

m::ignitude of tl o cooliJ f Tnt. 

The h 

a hamr er qt cnch d 

t 1 n tt • o lid bound d I- y 

two u;n.·all 1 u l a. s • n boun ;~ry condi t · on o tCl' ho dary 

v .,. v 
!' 

' 2 Jt ... 'If 
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h ~re: 

v is the final temperature (OC) 

v the initial t mperature (OC) 
0 

~ th distance bet\'wcn boundarie (em) 

t the time (sec) 

X he position between the boundaries 

K "'/' ::.- ._ PC 

cor: duct i vi ty 

If the ate of co linr, is considered at the c ntre of the ·1 b • 

~her X=0 1 the a ove 

v 

em. The coolin;-; at, was calculated on a li<tu~ slab 10 thou- c over a 

cooling cycle of 1800°C to 150 °C. The calculat d rate as I06 °C/~ c. 

The actual value \a les than this . A c~.lcul tion dono 01 n lab with 

a thic".ness of 0 . 6 c:1 (t!~ di<r'1ctcr of a levita.,.ed dl'u-)) gav a value 

of bout I03°C/sec ~ hot ever , a real· stic vDlue fo ti1 coolin< r . te is 

probably I05°C/scc . 

It theoretical calcul tion for the time required for sq ilibrium m y 

be o timated if it is assumed th t the rate of attainment of equilibrium 

hctw en sla~; and metal t-ms con roll d by diffusion in the slag ph s • This 

i entirely reasonahle a" transport in the indu tion stirred metal dropl t 

will be raid , ch r'c~l rcnction t the interface should also be raid at 

the te pc tu s considered (16SO"C to l8506C) , and di ffu ion in th mt tir cd 
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slag phnso Jill be relatively slow. The time (tJ r~quir~d to achieve 

a close approach to equilibrium can be obtained by considering the 

:relation (Z?) 
2 

X 
t = constant 0 

for diffusional process in a stagnent phase , where n is the diffusion 

eoeffident 11 X is the thickness of the phase . Tho constant is unity 

for 93t'Q achievement of equilibrium, a.'ld equal to 2 for 99% approach to 

equilibrium. Thus • to calculate the time for equilibration typical 

values of D and x are required. Accurate data for the coefficients of 

diffusion of ions in molten slat:s are very scarco . However , the coefficient 

of self diffusion of calcium in lime .. alumina - si U.ea sla! s is about 

~s 2 ~ 4 z (28) 10 em /sec at 1550 c, and about 10 em /sec at 17SO()C · • The slags 

in thh study are much more fluid than lime .. dumina .. silica slags . Also 

because of the rapid quench needed to obtain equi.Hbratacl specimens i.t is 

not unlikely that 0 could be 10"' 3 or 10 .. 2 em2/sec . Using his as a typic<l 

vnlutJ for D a.long with x 10'"2 c one finds t = 0 . 2 sec. TI1ereforo , 

the estimated quenching rate is more than sufficient to prevent a Sthift 

in equilibrium. 

If the slag \·1a:; r ure Fe0-~1n0 the oxide content should lie etween 

22 . 3% and 22 . 6% . The fact is thAt th majority of oxygen values :found 

by difference , were above this value . It · s possible that some of thi 

oxygen is present as Fc
2
o

3
• However, there is oxygen _available to 

take care of even the 3+ ost pe:;simistic estima e of Pe ion content ~ 

Fi8ure S shows a photomicrograph of alloy and slat~ taken nt 500 f:la~!Jlifica .. 

tion ,. lt is therefore suggest d th t because of the holes on the surface 



Fi ur 5 ... a) 
b) 

Photomicrograph show'na t· pical . 1 , 
Bottom o levitat J drop showi slag 
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ample t SOOX ; unetched 
tachcd to drop . 
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and int rnal -porosity, the spcctrome ers collect x .. r ys as if les!' 

iron and man~anese ''ire present . However , h-cause of th similariti 

etween the properties of he two cle ents , thi.s has no effect on the 

iron to mangan se ratio. It should be erolhasized th t thi ratio , and 

not th absolute values of the iro 1 and manr,anes co t n , d t rmine 

1)1n (see page 3) . 

In Chapter IV th forrnul f r iron r < gan e content i 

th· sla 'i given as I / ! 0 \Yhen co arcd wi h Dirlc 
{24) 

re (Mn ) Pc(Hn) • 

calcul ations there is a difference of o. s% . Ho ever , the error, quoted 

by Birks , ·n hL t'lhles of data i. "not b tter than 5'•" an th efore, 

the difference mentioned a ovc o n be neglected. 



CHAPTfi!· 

1) "f 1 dnt 

dz t fo • thr) r _act. o, 

( ~uo + r m] . ( 1n'}) + rr~] 

i c f 1. t · s eo 

wh 

t on . 'f:lJ'<' r tuT(l: 

5Q!}f' ,. ~ .. 2 .70f, 
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nat tr • l·or ... ' l)lt· tll r:c - ·~n < 1'11 t"n 
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t-rt nrt 

10int. T l :rCf';ll ~ ro1 such •orl-. 'n ccmjunc m ·'th <'nt' f ·('tm t 1e pre ent 

u y eoul< b • used to e 1 c · 1' -. I • f P ood' to 1i.c t l ory o 
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