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. M,nQ-CaO-MgO SJ.O2 ialo slags that are typlcally R l no
wi encountered in ferromanganese and sxllcomanganese 7 '
produetion.‘ Gas equllrbratlon technlque was used to
determlne the MnC act1v1t1es in slags. A ’
Q;F multl-coefflclent regre331on model was developed to\'
\E pred;ct theﬂact1v1t1es of MnO in slags at 1500C The :
. results were also fit into an existing slag model. ’ T o0
] Act1v1t1es of Mn in. Pt-Mn alloys at 1300° 1400° and . - ”', \ ‘
¥ jgf lSOOW:xwere also re-determined. _Slag-metal equlllbrlum sy
experrments were conducted at 1500°C under a CO L Cow |
! atmosphere to study«*he equlllbrlum dlstrlbutlons of |
1mportant elemen s It 1s belleved that this work
fSlgnlflcantiy contrlbutes to the understandlng of the
/ behav1our of llqu1d slag, and metal phases. It is also
belleved that the act1v1ty data gathered in thls study ;x\
can be used whenever necessary for new process CL e

oo

developments, ln conjunctlon with llquldus temperature,‘

o

eleﬂtrlcaﬁ conduct1v1ty and v1sc081ty data that were o g

A i, . - -

measured earller.
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ABSTRACT

‘)E o

: Thé”alm of thls study was to measure the thermodynamlc
actu‘uty of MnO in Mn0-Ca0-Mg0-Si0,~21,0,°slags that are
typically encountered 1n ferromanganese and '

s;llcomanganese proauctlon, andato establlsh 2 ‘; ,'q;
eq0111br1um partition of various elements between )
ferromanganese,alloy andfthe‘slag“phase.

W ’ ' o
o a 1

Gas equlllﬁratlon technlque was used to determlne the
MnO activities in® slags\whlch nece531tated the ff
“re—determlnatlon of act1v1t1es of Mn 1n Pt*Mn alloys at
1300° 1400° and 1500°C which confirmed earller results
of strong negatlve deviations. ~ Mno activities were
determlned by equlllbratlnq slags ‘of various '
rcomp031tlons with Pt-Mn alloys under controlled partlal
pressure ‘of oxygen in Mno" saturated platlnum cruc1bles
at l‘OOC. Act1v1t1es of Mno were found to increase
w1th 1ncrea51ng .concentration of Mno, basicity and
CaO-to-MgO ratio. A mult1~coeff1c1ent reare551on model
¢ was developed to’ predlct the act1v1t1es ot Mno in slags
at lSOUt o , oo

nd 4
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Slag-metal equ1llbr1um experlments were conducted at
150Wt under a'co. atmosphere utlllzlng graphlté

The results h“ve shown that the- Mn
d*strlbutlon ratio 1ncreased w1th 1ncrea51ng
"concentratlon of 3111ca in. the“slag and w1th decreaslng
f§ba31c1ty and’ Cao-to-Al() ratlo.
,and manganese confents of the metal phase had Llnear
'relatlonshlp whlle carﬂnn and 5111con had inverse
The carbon solubility. ln the metal phase
‘1ncreased with 1ncreaszng Mn-to—Fe and Mn-to Si ratlos )
While an incredse . in the basicity of the
‘slag»dec;eases the silicon contenc of the metal, it
Increases w1th 1ncrea51ng SlO concentratlon of the'

- The equllibrlum carbeh

Multi—coeff1c1ent regression models were

i

developed to predlct the act1v1ty coeff1c1ent of -

i The

1so-act1v1ty conteours of manganese ‘and 51llcon were -
derlved through the model equatlons 1n 5111comanganese B o
and ferromanganese comp051tlons.
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Figure 9. , ACthltleS of Mno in MnO—CaO SlO . 4‘9: i U} :
P melts. measured at 1500°C by Abraham, A PR
T " pavies and Rlchardson"”, dashed : e e J
llnes show the probable llquldus ’; 7 5

S _ temperature in thensystem. B ’ o ,

“Figure 10, Aetivizt"ies of MnO in MRO-Ca0-Sio, 49 %
a o melts,measured at 1650°C by Abraham, S S
Dav:.es and Richardson®”, dashed o V
llnes show the probable lqulduS

: N o i r
‘ temperature in the system. ] . 20

Figure 11. . AC‘LlVltles of MnO in MnO-CaO-sJ.O .- 51 4
R melts measured at 1650° C by Mehta B2 !
_ -and Rlchardson"”, dashed lines show
" the probabie. llquldus\ temperature
2 “'in tae system.» R T
Figure 12. Actrv1tles of MnO in MnO-MgO S.].O 51
‘ melts measured at’ 1650°C by Mehta Lo . :
- + .and Richardson®”,crosses show-- ' i
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Figure 17

" Activities of MnO measured at 1650°C
‘by Sharma and D\J~chardson"" in

ACthltleS of Mno 1n MnO—Bag\YS:LO

melts measu%ed at 1650°c by M

~and Rlchamison

0 l:z.quldus /llmlts 1n binaries. \\\ :
. C\ "
\

i

Actlv;uéles of MnO in MnO~CaO-Al\O
melta measured at 1650°C by Meht
and Rlchardson"” . the l.nnitz.ng

actlvn.tles in Mno-al .0, are taken B

{53)

egxta
i crosses chow

el

i

fv:om Sharma and Richardson®™,

r"rosses show llquldus limits 1n
g

blnarles.

N
5

.MnQ and Algo, activities in MnO-Al,0; \

“

-3

)\

a

\

melts medisured at 1650°C by Shai‘ma

“and Richardson

nghtly broken llnes show

(5‘)

« Full lines and
points rep:e‘sent results relative
to solid MnO and Al,0,; heavy broken -
line relative to liqﬁid Mno.

correspondlng values for MnO and
- .810,'activities in MnO-S:LOz melts at
" 1650°C taken fro;nrAbraham, Davies

" and Richardson®,- .

\\'

} Mno $1Q,- Al 0, melts relat:.ve to pure

solid.’

‘Mno, calculated by Turkdogan"” " n‘d

”drawn for Ca0-Al,0,~510,
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Figure 18.

19.

 Figure 20.

Figure 22.

' temperature'ran§e 1400°-1600°C; the o .
) llquldus 1sothermal drawn is for

"Rlchardson‘”’ end Mehta and T

_ and Gaskell'™”, |
ARJ.chardson"” and Meht\g and
\ Rlchardson L T ‘

) model W >

] e

; 150000\,\7 L 7

The act1v1ty of MnO in MnO-SJ.O, o . 83
Amelts at 1500°C determlned by Rao,,

and Gaskell““’r Abraham, Davies and

& \\
R:Lchards on®™., .

The act:.v:.ty of SlO 2| in Mno 510,
melts at 1500°C determlned by Rao S
Abrahc\m, Dav:.es and | "

(53)

- W \ 0T
\ ST

Y T,
- - \ W ‘:f,
‘Tonic distributions for\FeO SlO a d' Lo18

Cd0-5i0; melts at 1600°C ealculated : S

.from Massons’s"? llnear ohaln ST N

IonJ.c dlstrlbutlons for Fe "SlO o
melts in the temperature ranqe
.1257°-1407°C calculated.from\. i
branched chain model developed by
Whlteway, Smith and Masson™.

So]ublllty of~ carbon in Fe-—Mn 81 ‘
alloys at 1460° C after Petrushevskn
and Gel’d" on the assumption that

82

Fe%+Mn$+Si%$=100, the different

points correspond to variations of
carbon content from 0.10 to 7.5 mass .
per cent. S o - \
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- Figure 23.° Solubllity of carbon in the system
w0 '\ Mn-Fe-5i-C at 1460°C after.
O Burylev“‘“,qu%o—Mn rat:.o équal to-'
0 (system Mn-S:L-C), O 2,\1 Q.4
7 e 1 07 ~3.0: and ™ (system Fe-—SJ.-O)
- SR o S\blld llnes are calculatted results. -
7—"1Fi;§7ure 24. - ""”‘So ublllty af graphl er in E’e-—
P “all\\oys reproduced frohkSkiredj and
 \; e T Ell: ot‘“” usmg the da’ca of Ch:.pman'

R R et a,L ! |
F gure 25 , Sc;lub\.xllty of araphnte 1\n “‘e Sn. ‘ \‘

jiiloys\\ reproduced from Sklredj and

v Ellmt“‘”’ us:.ng the data of Ch:.pman
- \\\v \,,‘ 7 i ¢ k3
' f A4

E‘xgure 26 SOlub::ality of qraphlte in Fe»-Mn Si
Wes 0 alloysat \1400 C reproduced from

S Sklredf}and F‘lhot‘“” us:.ng the data K
: of Turkdogan and Hancock and Herty \

R R and Royer.“ [ R ’
E‘lgure 27. ’S‘olubvility 6f’gréphi'té in ’vfé:Mn—Si‘ 86 :

: alloys at 1550°C repraducen frdm . ‘.-
oo Sklredj and Elllot““’ us:mg the data T
) of Herty and Royer. .
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Figure 28. - 'Solubility of. g‘raph‘ite in Fe-Mn-Si . 87
B : alloys* at (*1600°C from Sklredj,
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B‘:.gure 29. Solubn.llty /of graphlte ‘in Fe-Mn Sl 87
S L alloys at:‘,, 650°C (‘from Sklredj,
) *from Herty and Royer) R
b [ | £ »7\ s e 3 f .
\2\‘ gu\re 30 a. Isoact:LVJ.ty curves of Mn J.n the 92
\\\ A " Mn-Fe-Si-C melts saturated w1th c
Voo at ~14oo°c‘“” ; | SR
E‘lgure\\30 b Isoactlvn.ty curves' cf si- m the g 94
: L \\ Mn—Fe~S:L~C melts saturated with C
e kT at 1500°C™ (x107) 4 ,w,0and ’
T ‘ indicate the resul ts in equll.l.brlum
. with MnO S10,, CaO-MnO SlO,,
CaO-MnO -Al, 20, SJ.O, and R

. cCaOanO -Al,0,~ MgO- SJ.Q,‘ slags. . ' .

respectively. :
Flgure 30 c.‘ Values of au,,o/as,a in Lhe %94
CaO-MnO-—nlO—MgO .‘:10 slags : T
\ ) equlllbrated with \&m-—E‘e-—Sl-C melts ;
‘saturated with C (x107). Contour - jf
_ " lines are drawn by using the values
N at 1600°C™”, '
s - \ . “
: ’ . \\ BTy
Figure 31. A cross-section of the vertlcal 105
S molybdenum wound res1stance '

s furnace. - ; ) ¢
Figure 32.  The complete experimental set-up. 106
Figure 33 ' . Gas mix'ingt apparatus.’ ‘ - 109
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The change of act:.v:x.ty coefflcn.ent
of Mn w1th composn:.on 1n Pt-Mn i
blnary al}.oys' at 1300°C ' '

RS
i o

» The 'changre \i‘éf activity c'befficienﬂ
‘of Mn with r*ompos:.tlon in Pt-Mn ’
bmary alloys at 1400 C.

5 - o
. 2 . ; ;
- - I g

The change of act1v1ty coefflcn.ent

- optical bae;.c1ty=0 .66.

of Mn with composition. in Pt-Mpy =

b:.nary al...oys at 1500°Cw o
(/V ' : ‘\f)> .

Actlvn.t*es of MnO in : !

‘MnO-Ca0-Mg0-5i0,~A1,0, slags at —.
1500°C, B=0.58+0.02, Ca0:MgO=es, %

'Al,,O,-—'-S, OPtiéal bésiéity:p .68, 5
Dy CTE T : 8.

Act:.v:.tles of MnO in
Mn0-Ca0-MgO- sio, AlO slags at
1500°c, B=1.1740. 05, )

- Ca0: Mg0=0. 26+0 04, % A10—5,

N

Activities' of MnO in
MnO- CaO-MgO sio, -Al,0, slags at
1500 C, B=1.11%0. 06,: i
¢ao: Mg0=2.02+0.04, % AL,0,=5,
optical basicity=0.70.
Activities of Mno in
1500°C, B=1. 07+0 05,
‘Cat: Mgo-4 50+0.06, % Alo 5,

- optical ba51c1ty—0 73
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ActJ.vJ.tles of Mno in
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' 1500°C, B=0.83%0. 04,_ n :

; ;Actlvn.tles of MnO in

' Activities of MnQ in

-Ca0:Mg0=3. 6540. 06, %

Alo 5, L

Son

optical basmcmty-o 67

‘MnO-CaO-MgO 510 Alo slags at V
71500°c, B=0. 64+o 05, o
gao {Mg0=3. 57i0, 06,
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o : optical baSicit)'zif;'. 65.

-

Mno CaO—MéO SiO“"AlO slags at

1500 C for var::.ous Cao- to—MgO ratlos :

with B= o 40.

Act1v1t.1es of Mno 1n ) ‘
~‘Mno- CaO—MgO 519 /Al 0, slags at
'1500°C for varlous Ca0-to-Mgo ratlos

w1thB 0.60. - .-
Act:.v:.tles of Mno in® e
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1500°C for various CaO-—to-MgO ratlos
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Act1v1tles of Mno 1n : o L
MnO-CaO—MgO S.‘LO AlO slags at‘ “
1 1500°C for varlous basn.c:.ty ratJ.os

" w1th CaO Mg0=0. 20 o
s ; . _ T -
figﬁie 48 Activities of MnoO in"‘ o
" - Mn0-Ca0-Mg0~S$i0,-Al,0, slags at
e - ' 1500°C for various basicity, ratﬁ.os
“ ; “\'\ w:Lth Ca0: MgO 2.00. - ‘
| Flgure 49" ‘Actun.tles ofanO in

MnO-CaO-MgO SiQ, AlO slags at
Voo 1500°C for varibus ba.>1c1ty rac1os
R _Mw‘th cao: Mg0=4.00.

o L‘“Flg,q"re 50. Act1v1t1es of MnO in 5
MnO-Ca0-Mg0-810,-A1,0, slags at
e - 71500° for varicus bas:.c:.ty ratlos
. with CaO“MgO'G 00. .
Figure 51,  The effec_t of different basicity
X ratios-on the activities of MnO in
- " MnQ-Ca0-Mg0-5i0,~AL,0, slags at
: | ' 1so\o°c with % MnO=15..  ~
, . \ o ) e

— riguresz.
s ratlos on the aCt.LVltleS of \mo in -
| MnO—CaO-MgO“SJ.O AlO slags, at
S 1500°c with % Mno=15:

Figure 53. The variation of Mno aCthlty with
- compositionin - - &
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. Figlre 55, The varlat.xon of MnO actlvn.ty with 194
% R Vcompos:.tlofl in'® i '
R, MnO-Ca0-Mg0-S1i0,-A1,0, slags at
- 1500°%, B=1.0740.06, - T
' Ca0: MgO=4.5 5040 .38, % Al o =5. DI

Figure 56.  The "vériaﬁion ’of Ma0. acl.tiv,itY with 195
L  composition in- g R
©Y . Mn0-Ca0-Mg0-$i0,-A1,0, slags at
.=+ 1500%C, B=0.480.08, o - e
e cao: MgO=4. 00£0.16, % Alo-s B
7\',Figu’r‘é‘, 57. "The variétion "ofr MnO activity w1th 1967
: ,éa . compOSJ.tlon in . T \
| o MnO-=Ca0-Mg0~Sio0, AlO slags at
- 1500° C, B=0.58%0. 02 CaO MgQO=oe, %
, 31,0,=5. »
Figure- 58. The varxlatlon of Mno act1v1ty wmth o 197
i compos:.tlon 1n S B - |
\ . - Mn0-Ca0-Mg0-Si0,-Al,0, slags at o
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S Figure 5§\.  The var:z.atlon of’ Mno act1v1ty w1th 198 !
o compos:.tlon in- o o R
L " - MnO- CaO-MgO-Slo Al 0,’ slags at S 3
| < 1500%C, B=1.11%0.06, ° R
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Figure 61 o The variation of aCthlty L - 201 N E
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Figurgéi 62. The varlatlon of act1v1ty ‘ 202 ’ j{; 3
oo coeff1c1ent of MnO. w1th compos:Lt:Lon
in. MnO-CaO-MgO $i0,-A1,0, slags at
o 1 1500°C, B=1.0740.06,
v CaQ:Mg0=4.50£0.38, % A1,0,=5.. -
. Figure’63. The variation of activity- 203
’ B coefficient of MnO with coméosition- 7
in Mno- CaO-MgO 5$10,-A1,0, slags at
1500°c, B= =0 ,58+0.02, Ca0: MgO—eo % i
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B L.nder CO atmosphere. 0 "
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Figure 77. = The effect of the CaO-to-Al, 0, ratio ° 228 " 7~ (
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3 p02—4 99:{10‘u atm, Mn content o
E i determlned by che‘tmlcal analys:.s is
S 19.., mass per cent)

. : V ane S e e
o P o e A ‘ L

‘Table B.3.8. oThe SEM~EDAX anaJLys:Ls of Pt-Mn 291

- o - alloy sample by 1 J.ne scann:.ng R ‘ o

N IR (Pt-Mn system, equ:.llbratlcn tlme L

' is 24 hours at 1500°C and N T

S L. o Dog=4. 98x10“‘°”atm, Mn content A ) 5 S 5

- : o determln/ed by cheamlcal analy31s is 7 20l
V 14 9 mass per cerit) ) n ‘

@y - O - . u‘ LT = )

Table 839 "The SEM-EDAX analye.ls of Pt'-Mn) - - 298 R

o T . alloy s«nple by llne scanm.ng o ‘ o |

‘ o (Pt.-Mn system, equilibration tlme o -

. < is 24 hours at 1500°C and = S

\paz—s 19x10° atm, Mn content = S e

: SR J determlned by chemlcal analys:.s is L BN ) |

- ” 3.57 mass per cent) o o i

e
an

Table B.3. 10 The SEM-EDAX analys:Ls of Pt-Mn
o ) . : alloy sample by line scanning
IR ! (MnO-Ca0-Mg0-§10,-A1,0, system,
V ' equ11:.brat10n time is 24 hours at: ~j\r> |
1500°C and, p02—5 80x¢0“‘ atm, Mnt
content determined by chem:’c ’\“ﬁ
T analys:.s J.S 3 22 mzi s\v,\,per cent)
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B 3 11 The SEM*EDAX analys:.s of Pt-—Mn

‘alloy sample by line scann;ng i
(Mno CaO-MgO SlO -Al,0, system,
equlllbratlon tlme is 24 hours at
1500°C and po,=4. 76x.L0" atm, Mn "
content. determlned by; chem:.cal ﬂ

analysxs is 3. 20 ‘mass per cent.)
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1 INTRODUCTION -~ i .« o g/ 7 |
I - i . - ) N " . . o ‘7 . o

1.1 Bistory uxd uses of nanganese and f.erromngan‘ese
' alloy R

Manganese ores have been used 51nce ancuent tlmes in the
glass}and ceramic mdustrles to glaze the surtace of
pottery in brown,. In splte of its long ‘uses in the - ”
hlstory, only in the late eighteenth century, the - < |
European iron and steel makr”“s became 1nterested in "
manganese metal for the product Ll\.m of steel By the
mJ.ddle of the nineteenth century, manganese had already
assumed great 1mportance and helped to make the Bessemar '
process possmle by acting as a deoxldlzer and L

- desulphur,,lzer as well aw\ 1mprovu1g the roll:.ng "? DR
" properties of the metal . Towards the end of the ‘ S

3
!

f

nlneteenth oentury, ‘manganese was cons:Ldered serloUSly
-as an alloylng element to J.mprove the strength, ,
T workablllty, toughness, hardness, abras1on r»as:.stance\

and response to heat treatment of a wide varlety of . ) f‘,
'ksteels. )

3

’ ﬂm Manganese is probably the most versatile addltlve in the‘

steel 1ndustry and has the added. advantages of easy

availability and. low cost. ‘A major use is as an alloy - "

add:.t:.on to steel where it acts as.a des ulphunzer and |
deoxldlzer ag well as providing 1mproved rolllng and L7
forging characteristics together with s\rength,
hardenanlllty, wear resistance via’ suppr.\lessmg the. e T
hardenlno transformatlon of steel on, quench:.ng It is : A
also added to alum.mlum, s:.lver, magnes:.ulp, copper,

titanium, m.ckel, and z;an alloys as an al\loylng element '

In some alloys, ‘sprecn.al proper_tles are devegloped, such as

| \ N \ ] |
% I N i 2

| - | : 5
-4 B S o \ '




,electrlcal re51st1v1ty R ’

gmost. eommon ~alloy used as an ade.t:Lve to steéel. On the

o manganesc’

‘hlgh damp:.ng capac:Lty, hlgh npermar\ent magnet ,
! characterlstics (BJ.Mn, AlMn), low expansmn and hlgh

¥ E o el

"Manganese can be added in the. form of 1ts ore durlng v

J.ron-makz.ng, or as ferromanganese alloy in the R

,“steel-makmg stage. ngh carbon ferromanganese is the

other hand, ferromanganese sil:.c:.de -and low to medlum

- carbon ferromanganese have a sultable proportlon of the

' "alloylng addltlon used in order to produce’ steels W dth - *

o

low carnon contents. v , o

BN g : . o : A
i &
Id
o e

Althoughutltanlum and z:.rconlum are relatlvely effectJ.ve
agents for desulpnurlz:.ng 1ron and steel, and although "
alloylrig exlements nlckel, chromlum and molybdenum 1mpart

to steel, some of the same physical propertles as.

]

i ese elements are not cons:.dered ; ne 0
1nterchancr ue to. thelr propertmes ‘which may or may

‘needed in the flnal steel, and are

‘l 3
\/
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i In chemical industry, manganese is used as an oxidizing

”Table T shows the compos:.tlon limits for these alloys.'
The major producers of hz.gh carbon ferromanganese are the
_former U.S.S.R.; U. 'S.A., Japan and South Africa®.

ol f o B 6

N . \ ‘ i 7 ST .
. ) . R .
) d - .-

v 7 Cn e

: Ferromanganese s1l:|.c1de is another alloy used both as an
' addltlon to crude~ steel and as an mgredz.ent for the T
productlon of Iow to medlum ‘carbon ferromanganese The'
, mam producers of th;,s alloy are Japan, U }s A. and
” Vorway. Low carbon alloys are needed as <£ddlt10n5 to
blown steel for the productlom of thlnner f;,.nlshed steel
’ mproducts., The major producers are Japan, U.S. A., France

';andSouthAfmca"’ e S -

r : ) ' -

agent for dyes,rflavours, fragrances and sealants and for
.gproductn.on of chemlcal compounds. MangauLse compounds
are used in glasses, plgments, por\-;elalns—s colour:.ng S
, %gents for glazes, preservatlves {'or foods, dyes in
‘ palnts, bleaches for textlles and: \.o 1ncrease tacklness
in. rubber as well as in the production of flreworks and
matches. One of the most 1mportant single appl:.catlon of
manganese compounds is in the dry battery lndustry where
manganese ox:Lde lS used as a depolarizing agent ;
‘Manganese is also used as a constituént of med1c1nes,
fung1c1des, fertll:.zers as well as a food stock addltlves
since it has nutrlx_lonal value as a trace element. -
"‘Manganese chemlcal: are also used 1n env1ronmental k'
appllcatlons i.e. water treatment, air pollutlon 5 &£
control, fuel addltlves and in hydrometallurc;y for"' -

// (4, N
example ln uranlum and 21nc process:Lng k‘\‘\
o R ; /"1 ’ \\\ . : }\
N P S V- Lo \ ' [
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. Since manoanese 1s used mostly as a ferroalloy for
| ' add;tlons to steel durlng melt:.ng, the commerc:.al )
product:.on of ferroalloys from manganese ores
const:.tute«.a an mportant branch of the metallurglcal
mdustry. he manganese may be obtalned from a number of "
ources wh:.ch J.nclude mangan:.ferrous iron ore for use :Ln '
the blast furnacer, sp:.egelelsen ora low grade ' .
o ferromanganese, med;um—carbon ferromanganese, .
low-carbon ferromanganese, 3111tomanganese. Manganese
‘k metal is belng mcreas:.ngly used instead of low—carbon o
ferromanganese in the proouctlon of stalnless and alloy
steels wlth very | ’low carbon contents

. . )

i N J
o T -
i
i

T I Talale-,,.ri Cmnpos,fl.tzons of d:.fferent ferroma.nganese ‘
1 ‘ ' alloys;‘” T |

o 3 ’ o s . ’i;

) Composition (%)

Mo Fe Si c f-

kigh cazbon . | 764-82 [12.2-19.9]0.1-0.8| -7
" HFerromanganese sihc"ide - 6575 |19.6:8al.| 15-32 {o0.e-2.3)° . .
Medium'carbon | 80-b5 | c11-18 | 1-2 |7 -1-2

lLow carbon | so-85 |13.5-18.5| 1.0 0.5

4
& n
n -

1 2 Manganese o: e in the world and in South Africa
ﬁManganese‘ deposits are distrilouted throigghout the world
" and total reserves are estimated at over two billions
tons.  The former U.S.S.R. has the largest deposits in
the world which accounts for more than 50 per cent, the -+
“largest deposits being in the Chiatura and leopol areas. .
The manganese ore product ‘on in South Africa is estimated

~

=
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T to he the second largest in the world“’ uable II) ; 'l?he o -<P
A manganese ore was orlglnally mined in South Afrlca at © . -

Hout ay, .near Cape Town, and in 1917 small quantltz.es SREIRE R
were: xported The most J.mportant manganese occurrences '

1n South/Afrlca, however, l:.e in' the Northern Cape BT
- prow,nce. These dep051ts extend from Eostmasburg W
northwards through Slshen, Hotazel and Severn. to .

Botswana border, a dn.stance of 350 km A\gap of 55km

L . Kuruman flelds are con31dered to be l:Lnked, although

' B there are many ‘differences in detail and geology between
them. /The ore in the Kalaharl is contlnuous from the

b et Mamatwan mlne to’ the Wessels m:.ne 1n the north and only a

i

" few J.solated er051on remnants occur as 1slands on the . -
north of the Wessel mlne.)’ The estlmated values for the -
3 T )
reserves in the Kalaharl manganese deposit are seen in- Lo
: a ) - A -
Table III.- e K‘f : i
Mamatwan mine.i Bs the largest open—cast mlne in the \ &
] T\;
KalaharJ. field and it was opened in 1963. However, , 54
| Wessel mme is the largest underground mine in the R 4 -
Kalaharl field. These flelds differ in type of ore body,
stratlgraphlc p051t10n and gene31s“’ ) j‘
i n Lo ,A
N - ) ;
; . a o 7 i = i
¢ B 2 ¢ (
5 . , - °
’L..>] ‘ " ’
1 it il - "
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Table IT. World production of manganese ore (in million

1970

fsrazil | 38-50 | 2:60 | 2.07

6.0 3

wagary | 1 0.as .

| 22+ | 0.00 | 0.066" )

35 o105 | o7.sa

.01

Bl
bl
YR o e v e ) o =

30+ | 0.05 | o0.04

- 30+ | 0.03 ]| 0.02

i
T i s < i e %

50-53 | 2:36_ | 1.60

12l

1 30250 [ 0.28 | o0l4s

PP Y

50-53 | 0.15 | 0.12°

30-48+ | 6:28 T‘3.§7

. i
R S Tt

P e

‘ Chingv.i

India . | 10-54 |" 1.8 [ 1.82

Yapan | 24-28 | 0.00 7 0.20

“Thailahd’ ‘a6-50 | 0.06 | o0.03

EAustralia 37-53 | 2.16 | o0.83 .
s S By = N - Sara ?“
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Tablo III llstiuto of reserves in tho Kalahar:.
mganoso dopoa:.t"’ B Ce a

Wessels grade ,(Mt) T . Mamatwan grade (Mt)

+44  Mnx (60 % (Mn+Fe)) = 330  38-40 Mok =
40-44 Mn% (60 % (Mn+Fe)) = . 30 30-38° - Mn% = 6284’
36-40 (Mn% {60 % (Mn + Fe)j _ 18 . 20-30 Mnt " = 5938
30-40  Mn3 (5-10 $ Fe) = 31 ' :

o Subtotal = - 409 Subtotal ~ 0 13204;,

"-Total z:eserve = 13613 m: (based on data from approx. 1337 boreholes

1.3 Production of carbon bearing forromanganese
1.3.1 p‘roduction,« methods

ngh—carbon ferromanganese is commonly produced both in
blast furnaces and in electrlc smelting furnaces by

,_ employlng carbon as reduc:.ng agent. The electrlc
smeltlng furnace has ‘several” advantages over the blast

furnace due to its easier operatlon, increased’

“ flex:LbllJ.ty and less coke 1*equ:.rement” Another

| advantage 'of electric smeltlng furnace is that the purity
of the alloy produced is hlgher.' Two - processes are
employed in the manufacture of hlgh—carbon

" ferromanganese in the electrJ.c furnace.’ They are
refer)red to as the low-— (dlscard) and high~ (enr:.chejd)

o i

slag practice. o N

T‘1e low slag practlce is the least economi cal in terms of
productlon costs per ton of ferromanganese and it
produces the normal grades of hlgh—carbon
ferromanganese. The slags produced contaln 8 to 15 per
cent MnO and they are discarded. ThlS practlse is
*employed when the manufacturer does not produce

3111comanganese for whlch a slag of higher manganese

1




content'"can "be used as a raw m\ateri'al or has no sale f‘cﬂir&'
the hlgher manganese bearlng slag. On the other hand, |
the time taken for extractlon of manganese is 20 per cent
hlgher than that of the hJ.gh slag practﬂ.ce. 1n this
- case, the Mn-—to—Fe ratio is also hlgher due to the more
‘ manganese\ extracted. This is J.mportant for the
manufacturer when the Mn—to—Fe ratio of the ore used is'

S

lOW . , - . ,,'1" oo

0 1n the slag acts as a flux and the decreas:.ng amounts
of MnO- for a given burden requ1res thewaddltlonal flux as
~Ca0 and Mgo in order tor malntaln the requlred slag
ba51c1ty.’ Slnce thlS slag 1s dlscarded, the recovery of
manganese 1n useful\ product is only about 80 per cent

o . . n
- Hl N N A _ I n
. - kS G
\ -
Y

{

In hlgh slag practlce, the slags produced contaln bfltween
25 and 40 per cent Mno- Thls slag is used in the 7 *
Jproductlon of ‘Slllcomanganese alloys due to theu,(//r |
extremely hlgh Mn- to-E‘e ratlo and low phosphorus Lo \
.content. The total manganese recovered in useful/ -
products range from 94 to 98 per ent dependlng on
whether the furnace has an open or a close1 top. rIotal

)

manganese removed as hlgh—carbon ferromanganese and-.

s:.llcomanganese w1ll approximate to 9 )} per cent. Thls ‘f’
; recovery is much hlgher than that of \he 1ow sla’; ) k
practlce. ’ ’ ‘

i 3 2 Manganose oxxde and thnxr reduction react:.ons

r / -

Manganese can exist as the ox1des Mno,, Mn203, Mn, O and
~Mna. (l—However, manganese (11) ox:Lde plays an lmportant

il

nLT role/ln the reductlon process as hJ.qher manganese OXl.deb

)
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’ lower ox1des with the CO of" the furnace gases, cor“tparable
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xide as follows-"v IR R S
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At 1172°C, ,0 transforms entlrely into” manganese U”/I)
e T Q . .
- oxide: - - ) . o S

e A E ‘ ; . ) . E E '(,ﬂ-’l‘ B ©
y - @ ; b t e ) ~ h ;
MnO; = 3MnO + 1120,_(3) DTS
) N . 3 T P o

n

Also some of the hlgher manganese ox1des are reduced to

with J.ron "oxide reductlog in the electr:.c plg iron
furnate. .The reduction.of MnO to- Mn by this means is il
theoretlcally unrlkely w:Lth the conditions prevalllng in

The recctlons w1th co may be expressed as -
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§ dlss@clate and are reduced in the sol:.d state at T
relat:.vely lnw temperatures., Therefore, manganese ox1de o
(MnO) 'is stable up to 425°C, but ‘above thJ.S temperature 7
it is transfo.l:med into manganese(III) ox:.de accordn.ng to\ '
the follow1ng equatlon\\ IR S P __/f» . o

oA e . ° b e g

Mn0O, ‘= Mn0O; .+ 1/20(1) 5 - /

V" ; s ‘ ﬂ(} U o ; ﬂ .- . i "

Manganese(III) ox1de dlssocn.ates & 950"C to manganous i

3MRO, = MO, + U205l id@

TN PP AT IR,

2
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- 2MnO,” +'ﬁc-o’“7_‘ ano + CO,_...........................w....(4) 4
k"ﬂ“,ﬁA;_r . "

Mn + C0a(7)

P — X o N ) T e

Mn,c + 3co CIERUARENIN () B

o) kt_//

(7) kand (8) are 1420" and 1223°C respectlvely, 1nd1cat1ng ‘
that reduction down to-Mn C is the most llkely and

- exXplains ﬁvhy it. is 1mposs:.ble to obtaln ferromanganese of
low carbon content using cazbon as the reduc1ng agent o
;, 0 = // ; "\Tr:, 7 o \ !
a‘ gl - ) - . o P -
‘r] . . 7 . o ) N K\ «
~On the o\‘\cher hand, the reactions occurrlng may be complex ‘

and variable: The- manganesg in.ores is not present

entlrely as free ox:Ldes but often as complex 3111ca€es, “\ 
carbonateq, ‘and. othe,L compounds,, and is closely SN
associated with clay, baux1te and’ other mlnerals. ' The . \ “
decomp051tlon ot manganese ores in actual furnace

~ 4




' ore useu. i([he temperaturs at Whlkcb."'-'

. moisture takes place. At 800° to $00°C the ore beglns to
) sinter and passes mto the initial stage-of the plast:.c

the llquld ‘phase as determmed by manganese montlcelllte

“"Flnally, the flnal reductlon is accompllshed by the

MnO. The extent to whlch MnO can be ‘reduced" depend° on

B “f‘m,“" e

®

operatJ,ons 1s affected by the condltlons and the

temperature ranges. The rate and degree of d:.ssoc:.at:.on .

are therefore varlable, and,’ as such, a function of the

composﬁlon 'ﬁnd also the phy31cal characterlstlcs of the
the‘ ores begln to .=
iy slag formation,

soften, and- the temperature of prif

affect the propertles of the slags produced e

[

T e - ) .
Yo o B ; -
k9l 5 ‘- N N " . A .

" studied the ferromanga(fnese blast *futnace
procasses and found that only SOl.‘Ld phase is found in the ‘
range of temperature from 750° to 800°C. At: this -
temperature ‘range,. pyrolusite (Mno,) 1s reduced to ©
haussmanlte (Mn,0,) - and evoluf'lon of" chemlcally comblned

‘Tyslev

state where any mlnerals such as Mgo Fe 0,, 2Cao0. Fe“o,,
2CaO SlO,, 3Ca0 28i0,, Mno. Alzo,, Mno. Fe,0,, cao. MgO Si0,y
etc are formed due to the recrystalllz.atlon of the - o
orlglnal material. By this stage the hlgher oxides o'f -

mapganese are almost completely decomposed or reduced to
MnoO. . ' ‘ :

[

S"\lightly higher temperatures leads to the formation ojf !

(2Ca0 S:LU",.ZMnO 5i0,) and other s:.llcates. The meltlng
temperature of these silicates is exceeded before
reductlon of the manganese (II) oxide lS started due to
the n:.gh temperature requlred for Mno\\ reductlon. i

J,nteractlon of SOlld carbon with a liquid slag contalnlng

the other const:.tuents in this" slag. c R b q\
- - " ’ ) \',
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By the t:Lme the temperature" w'eached has 1100°C, the
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il

SR - llquld state 15 the predomlnant phase although some of

§ -
slowly 1nto the lJ.un.d

»'?'\'\n

the tomponents are’ in the plastlc state as they. pass only
In a blast furnace, 1t 1s - E
de51rab1e to have thlsnrange between softenmg and L

. melt’ h_, as small as pOSSlble as th:.s rng.on offers\ the

h~91w
ord"

DY
%

k)
v

degree of rfeslstance to penetratlon by gases in
to ensure smooth operatlon of the furnace. ’

i I
A
& P

5o

As the prlmary slag descends 1n the furnace 1t takes up
and dissolves Cao, Mgo, Alo apd SioQ, from the ore (gang)

and ash from the reduc:.ng agent.
bas:Lc components "free the Mno from the 5111ca network and

)

The dlssolutlon of the

Mno_reacts w1th carbon to form manganese carblde. S

Q. o ) B - r?
- R

\\

o

. \\

"

R

jumw ”lh

At th:.s stage, most of the 1ron ox:.de awould I'\ave already

been reduced by the 2ction of solid carbon as\\well as by A

Cas . co from the furnace gases. The :Lron carblde thus formed

accelérates the ‘reduttion of MnO from the slag through,\_ SR\
the react:.on- ' ,\\“ 3 - - Do SR o : g

]

i

ene B : s B !
. N !

. I

3MnO + 4FeC = MmC + 12Fe + 3CO......oiven(d)
| ‘ ’ "r? ' @ - ¢ ;

T

N

PR

Yy 0

small globules through the slag layer.

o ! - s

a

ThJ.s reactlon takes place as the iron carblde descends as

At higher -y

temperatures, 31ln.ca is alsa reduced wz.th solid- ‘caxbon ’
‘and this also reacts with Mno J.n the slag by the

follow:.ng react:.on :

foORt
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Therefore, 1t can be summ 'riﬁed as such that
1

manqanese(II) ox1de (Mno \\ls reduced by three agents
which are’ 1ron carblde, reduced silica and, °”o11d carbon.

- Reductz.on by SOlld carbon is bel:.eved to be the most

1mportant. : ) PR

e}

1.4 The motivation of the présent _study
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,Almost w1thout exceptlon, tht'slag is an essential phase
in metallurglcal operations. Only relatlvely recently
‘,have the\ nature of slag-metal reacflons and the

relatlonshlps between propertles, composition and
temperature of lquld ox1des been somewhat understood to
put the technoloqy of slay control in a metallurglcal

1

operatlon on a sc: entific bas1s. ) cee e

o 5‘:‘\\ y

Ourrently most manganese contalnlng alloys are produced
by\\reduclng manganese ores in electrlc furnaces. Because

manganese is a strateglc and crltJ-cal materlal and
A

- beca\lse it is under competition, - f'he optlmlzatlon of the

i

recovery of manganes in smeltlng and ref1n1ng processes
is essent:.al in other words, 1t\ necessary that the

“ferromanganese smeltlng process be eff1c1ent and frou
phy51cochem1cal pomt of v1ew, the efflc:.ency depends,

in part, on the dJ.strlbut;Lon of 1 he valuable manganese v
among the alloy,’ slag and gas phases which, in turn, -
depends on the thermodynamlc propertles of the alloy and

) slag phases and the phase equlllbrla among them. One can

say that the efflclency of the’ ferromanganese smeltxlng

= i ‘\ e o A
“ - -

-
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process s governed to ‘a large extent by the SR ,“ ,
thermodynamn.c aCth‘J.tleS of Mno, 1n the slag and that of
Mn in the alloy phase from a sc1ent1f1c point of view.
Such knowledge, ‘when coupled ‘with llquldus temperature, o
v1scos:|.ty ‘and electrlcal conduct:.v:.ty 1nformatz.on, ‘is “‘
extremely useful in maxlmlzlng the eff:.cn.ency of the
process ; in predlctlng the changes that may occur due t,

- use of somewhat ‘different. raw materlals and changes in, f’

furnace operatmon On the other hand,. the literature on

thermodynamlc actJ.v:Lty of MnO in ferromanganese type of
slags is scarce, 1ncomplete and very lr.m.ted Although a

substant:.al amount. of data has been avallable o’ the g/

I

it

blnary 510,~Mn0O system and on ternary CaO-SJ.O -MnO, P
Mgo SlO -MnO systems, ‘Mmore. complex systems have not been R

1nVestlgated urthermore, it.is felt that the data
/
C }‘are,1 not accurate enough due to dlscrepancles in

we**e c\ondr& \,,9 Therefore, it is clear that- measurement

i

of thermodynamlc act1v1ty of MnO.in ferromanganese slags

and the\sla\g-metal equ:Lllbrlum dlstrlbutlon of dertaln

element sy such as silicon and manganese are J.mpoz. anﬁt,
both to plant metallurglst and"sc.xentlsts.: Furthermore, '
‘ aata has bnerf\ accumulated, these

fsumL as’ @
7 o Pl . v

‘point “vied:’ 'dett rm;.natlon of these physmco-chemlcal

"

propentles is; also extremel‘?r 1mportant' to predlct and
1
unders and the beh‘avn.our, structure ahfl property
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place in terms of productlon capaci. ty and methods. - Y
However, in splte of the new: methods applled 1n the Q,'_'i o ‘
_ submerged-—arc electrlc f*arnace which is’ major tool for
;/ the procyct/lon of the ferromanganese alloy- today, the
”"// efflc1ency of the recoverygof valuable manganese is not e
3 .% s optlmum dte to the loss of manganese to the slag: and more - o
o eff:.czent methods whlch will- 1ncrease ‘the efflcz.encys
must be” found and 1mproved as *‘he new alternatlves. -
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Although manganese is cr:.t:.cal, strateglc and lmportant
matern.alp, due to- the dec] 1ne in the world productw.on of

steel, it 1s under heavy competrtlon globally PR ‘;
F’erromanganese productlon must be eff1c1ent and S f
cost-effectlve in order to*remau.n competltlve in the ' _

\\‘v global market. - ‘I‘herefore, creatlng new utlllzatlon CoLe “
f:Lelds for mancanese and its alLloys has great 1mportance S
bearz.ng in mind that the: produc:tlon must be - ‘ )
cost-effectlve,' Furthermore, the ferromanganese slags | ‘

= w1th hlgh Mno contentSv ara too valuable to dlscard on R N
er Ty “the' other hand, depos:.ts of hlgh grade manganese cre are’ ’

\ o bemﬁg“ depleted and in the future, 1t w1ll be necessary to

|

Postmasburg region 'of the Cap Prov:.nce}. ) ‘\,; ¥
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'I’herefore, as mentloned above, knowledge of slag-metal i
equlllbrla,;ll( the system relevan*' to ferromanganese : /
produttlon is a fundarrentally important and vital stage
in the understandlng of pyrometallurglcal processes for i
the smelting of. ferromanganese ores. Once" slag—metal |

equ:.llbrlum d1str1but10n of 1mportant elements is known, -

g B : - - v ! =
iy @ B ; o0




:sonie of, the problems encountered in smelt;Lng, lJ.ke
manganese 1osses to slag, can be predicted and, d“:vratz.ons ) ) "
from equll\brlum can be handled R e

&

Thls laboratory scale research work was undertaken to

rstudy the thermodynamlc act:.v:.ty of manganese ox:x.de in
ferromanganese slags and the dlstrlbut:.on of | rmanganese
and SlllCOn between metal and slag phases. The alms of

- the- study can, be summarlzed as:

-The determ:.natlon of Mn act:.vn:les in Pt-Mn bmary alloy, ‘
system, A R S \\ e N e o o i

~The determ.mat.mn of Mno actlv:.t in synthetlc - o Jil . @
<ferromanganese slags w1th composxt:.ons similar to those i o T
encountered 1n fer’*omanganeée pro@uct)xon in South i
Afrrca, S ' Ty T "o

‘=to study the equlllbrlum drstx:‘lbutlon ratlos between

o

A

metal and slag phases, © = . ‘ , T

i, "

”wto develop an emplrlcal model equatlon based on the
presen*{* MnQ activity data to Predlct the Mo act1v1t1es R
~inm the eomposltlon range studied. = =~ - .7 S

Ee

i
|

B
}

Consequently, ‘Tai hetter fJff\lxﬁ'i‘c‘:lérstand‘ing"ﬂo"'}"_‘ﬂ behayiour, i -
n structure and: profae’s:ty relatlonsha.ps of the slag anc‘(l ‘ ‘

metal phases through thermodvn nlCS would result J.n’a S i

better understandlng of the toera “ion. Furthermore, the o y

recovery of mauganese could be optlmlzed




w4 nectssary to redetermJ.Jnen the act iti
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2.1 Genaral cbns*f“ideratiopg

P 2

A quant:.tatlve understandlng of the role of manganese

o \»‘

slag phases, requlres a knowledge of the
activ1ty-compos:.t1on relat:Lons of" manganese ox1de :Ln

these ph,ases. ' P :

‘ L:.terat,ure;mn thermodynam:.c act1v1ty/of MnO in 7
\\ ‘ ferromanganese type of slags is very llmrted, although a’
substantlal amount of data has been accumulated on the

bJ.na_ry. Q:L\O —Mn() 5 )

type slags and. 1n CaO-..,J.O —Mno and Mg0-S1iQ, -MnO ternary
systems have also been de ermn.r}ed, but it is probable - G
. that the data prov1ded areé not’ very accurate due- to

5

dlscrepanc:les in standard free energies of formatlons of
MnO and anO ySi0, lcomtpounds that ex:.sted -at the tlme‘
when these Xxpenment were conducted - On comp]/.ex '
B systems 51mllar to ferromanganese slags, only ocne study
has been done®™ . However, it was found that MnoO
act1v1t1es were not av.allable in the range of slag’
c'é)mbosm_rons that would be of interest to ferromanganese

pr oducers in South Aerca. o | ’

T # K A i i)
i . 5a

e I .Y’order to measure th(N aCthltleS of Mno by the gas
/ equlllbration technlque in ferromanganese sla qs, it was

/'//’/’ : f
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1ts so11d alloys w1thfplat1num at the temperatures raroundm

1500°C A number of" 1nvest1gatlons were done ln the: past

on thermodynamlcs of Pt-Mn alloys“““” ’

F 2

b, . . ~ T V. o

’

The- knowledge on the dlstrlbutlon of: ele[z.'lents like R
manganes'= and s:.l:l.con between slag and mfatal phases is
fundamentally 1mportant to be able to optlmlze the
smeltlng process 1n ferromanganese proc.uctlon. The
manganese losses to the slag can ‘be, estlmated and the
dev1atlons from equlllbrlum can be controlled by 'naklng
use of th:l.s knowledge.‘v cilag—metal reactlons are”redox .

=

exchange reactlons which take place by an excha/nge of
electrons between the reactlng spec1es as they areqr )
_ transferred to and from non-polar metallic phase and
. 1on1c molten slag. 'I'hese reactions are, . 1n prlnclpal,
:Ldentlcal to gas-—slag reactlons w1th regard to the
exchange of electron - In most cases the transfer of a-
reactant from metal to slag is an ox::.dat:.on process, such o

& . =)

as: iy LT

lthough the reactlons as formulated above ‘are

i .
&,onceptually correcty thelr equlllbrlum constant can not

‘be evaluated because the thermodynamlc act1v1ty or
act1v1ty—coeff1c1ent of an 1nd1v1dual ion carrnot be:
determlned experlmentally, for the same reasons Wthh

i~ . :’)

W
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, %3 pref'lude the determination. of actlv:LtJ.es of ions- :Ln - T
R . concentrated aqueous /solutlons‘“’ Although the

- mdern.vatlon of react:,on—equlllbrlum relatlons from an’

lOIllC sm.ructural model is of. theoretlcal 1nterest, thelr
Vappllcatlon to slag-metal equllbrla in multl component 7
B e 'systems has not been partlcularly rewarding when

S o compared w:Lth the much smmler conventional methods of

representlng the slag—metal equlllbrla in terms ofmhe - K
- measured thermodynamxc quant:tles. '

f‘/ X @ = . R "
p / ) : i B
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. \ ‘The knowledge AOf the activities ”of'“sla"g‘“ccmponent's are_

'always useful when a- slag 1s involved in a chemlcal 0
reactlon.) Values of these activities have been dlffltult
- to obtain, because their determlnatlon requ1res

difficult- ha.gh temperature experlmentatlon and very
) accurate chemlcal analyses. ‘The range of interest lies
o 7 o often \Ybetween the Rault’ J/p;!.aw and Henry’s law ranges, and
suitable standard states are not always easy to specify
“in such strong. solutions. Because of lack of activity
e gdata for multl—component slags, the mlag-metal
. f ’ . equlllbrlum relatlons are often represented in: terms of

o
concentratlon of reactants and products by/ lnvok:.ng the

3

o s mass—action law. The- isothermal equ:.llbrl\um constant K : oW
: " “thus expressed varles with the slag compos:.tlon, when the
" act1v1ty-coeff1c1ents of ox1de reactants’ and products :Ln

the express1on of the equlllbrlum constants are omltted

sl

o e

The composition dependence of activities in p"“olymeri"c

- melts is related in a general way to changes in st,,at'e of:
depolimerization of the melt with composition®".. s
Although qualitative, the slag bas:.c:.ty defined by the
concentrat:.on ratlo {oxXides of network modlflers) s

e
i
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(ox:.des of net:work formers) glves a general 1nd1cat::.on of
the extent of depol:.merlzatlon of the melt, and hence 1s
a sm,ple 1nd1cator of the trend in changes of oxide. .- &

LAY
pS

act1v1t1es w1th comp051t1on. Consequently, ‘the
equlllbrlum constants for slag—metal reactlons,

expressed in terms of concentratlons of slag components ,

are often 51mple functlons of slag bas1c1ty, at least for:
compos:.tlon ranges of practlcal 1nterest. B

a2, %?rptéiin binary systen

: : - ' i it
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PR 'l'he actJ.v:LtJ.es of manganese in solid platlnum at

temperatures of 1500 and 1650°C have been flrst BT
determlned by Abraham and his co—workers‘“" The | }
technlque adopted was to measure the fmanganese taken up

‘ equllJ.er.um with: pure manganese oxJ.de at controlled
part:.al pressures of oxygen, ranglng from 107 to 107 atm,
_nine hours were requlred to brlng the platlnum to -

) : equlllbrlum \:uth the SOlld oxide at both temperatures

' ments,oned above. Consequently, the experlments were
- normally run fcr perlods of 9-12 hours. \hAbraham and his.
co-workers employed reactlon (13) in ordel to determlne

' the act1v1t1es of manganese in solld platlnum and the

“Calculated by appl:.catlon of the equatlon (14) der\ved

f:Lom the equation (13) The round orackets 1nd1cat\

L by solid platinum (solid solution); when brought into- -

values of act1v1ty coeff1c1ent of manganese were

ox1de components and square brackets 1nd1cate components

; in the metal phaser , L

A
K
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" In equatlon (14) R 6’02 ig the\partlal pressure of oxygen.

4

g _5 ‘and a Mag 1S the act1v1ty of stolchlometrlc Mno in the
o ox1de which-is nén- stoichiometric when p 02 exceeds 10"
atm, AG is the free energy of formatlon of one mole of:
' at01chlometr1c MnO from solid: manganese and oxygen. The
"‘\AG values ‘were derlved by extrapolatlon above’ 1244°C“°’ '
. :of the AG? values: \,alculated by Coughlin:. The a’ Mm0 Values
-"were measured at dlfférent p 02 levels 1n a previous study
carried out by Dav:.esJ and Rlchardson“” and by employing
these~va’1ues 1n equatJ.on (14), the non- st01chlometry of
f i o

_Mno was' handled o S o

N . T
I 4 Tyl
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lo 1s shown as a’ func.tron of. cwnoos:in.on/ ine rlgure 1.
gYMu Bastiop.

o~

As it 1s“seen in Flgure l, a llnear relatlonshlp was
found between log'yM,, and XM,,. , o ‘ .

a
¢

-~

- - A B m . o 2 - )
. ‘ y X . i - )
2 [ o /\\ - &
@

| The follow1ng work by Smlth and Davies™ was carried out
’ : o _to apply the Pt—Mn act1v1ty data of Abraham, Dav1es and \

R ‘ CaF -based slagé& largely by use of Abraham, DaV1es and
w Richardson’s tecr\&nlqu 8000 However, Smith and Davies®
I '\o(btalned anomc.lous results which have led to a ' ,

B - - redetermlnatlon of the act1v1ty of manganese in platlnum ,

at 1500°C, and 1600° C. The experlmental technlquﬁ |
} descrlbed by nhraham and hi% ¢co-workers“” Was employed
o | ' with follow1ng dliferences A CO0~-CO, gas mixtu; :ﬁ/was \

Y /used lnstead of H -CO =N, and the major ity of the

=
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experlments were carrled out ww1th CaFa-MnO slags N

-

- saturated w1th MnO" ’Several exper«unents at an, oxygen : .
R N Vpotentlal of 10° atm and 1600°C. wer.. fcarrled ouf, with pure
solid MnO as ascheck on the CaF —MnO experiments.' Runs ’ s
were of 12 hours duratlon using| ithe CaF;-MnO slags. ) TR
Y Although it was found that equlllbrlum was reached under _ )
N y7 hours for slags, for the SQlld MnO experlments, it was /f \\
' found necessary to hon for 17 hours before eqn\vlllbrlum R

o

was reached ThlS was in- contrast to the experlence of
- Abraham and hls co-—workers‘“’ :

= i

el

. " . - R ) " - i
) ‘v‘;,,.( -0 -

The equatlons (13) and (»14) were emplo ed 1n
calculate ‘the Mn’ aCthltleS in blnary Pt—Mn

values were derlved by extrapolafllon above\\1244 C‘“" f

o

' taken from Dav1es and Rlchardson“”; ,Smith and Dav:.es‘m i
‘also used the alternatlve data in order to ca\lculate Ay

. . values as a check on.the @y, values and found\ a numerlcal

' dlfference ©of less-than-3 per cent ona’ MO even in the

- | ‘ ‘7 Case of max1mum dlscrepancy ap, values were co\talned by
\\\\,‘ - ‘a Glbbs—Duhem 1ntegratlon.\ ‘The equlllbrlum .Aanganese
levels were compared with those of Abraham and hlS v
co-workers‘“’ as-it is seen in Figure 2." At 1o00°(\ therer R -]
e L is a small difference between values of Zbrdham e\t al. = o
~ and the values of Smlth and DaVJ.es‘m but -at 1600 Ls, the " =
o results} nearly coincide with results of Abraham %t al? at_
\ -1650° C . There was no explanation for the dlscrepancres o
' fI'hus, they d*'aw attention to the use. GF MnO-saturated oA T
(aF, slagg: that if solid solution existed between ¥nO and
- CﬁaF,, or if nydrolys1s of CaF, led to the presence of Cao,

‘a\mo values would be reduced and the dlscrepancy would b"e 7 i
‘ \\// .

]

ih the opposite direction.. However, they obtaained a

value of a Mn0 greater than unity w\"f n they applled the

i
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The act1v1 ty coeffzczent of solid manganese

~ e . measured By Abraham et al.™ in solid Mn-Pt . -
/ | L 7 ’ ‘ . - , 5 )
: ér. Fo alloys at- 1500’and 1650°C: " mhe ‘top line . |

shows on the same scale, values for the

: ;f?Jf B r‘actlvzty coeffzczent of lquId iron in sqlld o R
- B i e-Pt alloys at lSSO%:as measured by Larson ‘
' ' : and Chlnman o o SR . ' T

A T 150050 L e o R
o LT ox / g L ! :
;e - m’\ i Sonay : . P 1680 oc} thh and Davles(u’ i ] \m B A y o W
, o g cf Fim == 1500°C an 4,\ ‘ o ; i
g . 1/,: . 1650°C} Abraham et al. _/6 :
; S e ,/m

\ 200 T2 3 & 5 6 71 8. s W .
. <Mas % Mn in Pr T
“ ] Figure 2. Equlllb 1um concentraclon ef Ma ln Pt-Mn 7 »
" | . ﬁ E | alloys“” . N e S o ’

76 . ) , ! . j\ . ©o T




Pt-Mn activity data of Abraham et #l. in order to
calculate the MnO activities in MnO-saturated CaF, slags.

. Furthermore, the experiments designed to compare the use

of solid MnO gave exactly the same results with%ﬁ:‘??
experimental error, although it was observed that
cons:.derably longer times were required to reach |,

equilibrium than those quoted by Abraham and bls

co-workers"”. ot

In a later study, Rao and Gaskell™ ok atame\'l anomalous
results when they used the data of both prev1ous ]
stud:.es‘“ M in evaluat:.ng/ MnO activities in various ( \)1
binary xnd ternary slags. Therefore, the activity of
manganese’/in Pt-Mn alloys were redetermined in the

’ tempera"ﬁure range 1300°-1600°C in the composition range

0.07 <Xy, <033 by equilibrating platxnum foils with solid
MnO under atmospheres of f:Lxed oxygen pressure obtained

\'by using CO-CO, mixtures. The results obtained were

different from those of the two prr-vn.ous investigations
of this system‘“ W The reaction (13) was employed and
-p_e Mn activities w‘,ere calculated through the equation
(14) as in two préirious studies® ™ ." abraham and his
co-workers"”’ found Iny,, to be linear function of X,, in
the range 0<Xy, <02 and Smith and Davies™ found lny,, to
be an approximately linear function of X2, in the range
0<Xy,,<028. Rao and Gaskell fitted their data, in the
exper:imen;(al composition range, into the expression

below:

Inv, = a + aXp “+ AR B . U eagesrairrasasasis (15)

24
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The results of Rao and Gaskell® are seen in Figures 3 ‘ |
; ‘and 4. In Figure 3, the variation of the equilibrium
v manganese contents of the allo" with’ oxygen pre{sure and 5 -
A , temperature are shown. . In F;Lmv're 4, the variations of o
Inyy, wz,th temperaturé and comgos:.tlon are shown. 1In
Figure 5, the. results of three studies on Pt-Mn system
~are shown. The solid line represents the results of Kao
and-Gaskell and the symbols represent the two previous
work®™ ., As it is seen in Figure’S, the results of
Abraham et al. are in better agreement with those of Rao
and Gaskell. | An explanation for the differences among
] the results of these three.investigations can not be
b offered.
' ) ,
2.3 Structure and properties of slags

1l

\ Slag is a generic term used to designate a great variety
h A of simple and complex compounds, which may be solutions
of oxides from different sources, sulphides from the

charge of fuel and, in some cases, -halides such as CaF,
which are added as flux. In high temperature
metallurgical operations, slag forms a non-metallic
bath, due to its 1mm1sc1b111ty and low density. By
. comparlson w1th molten metals, liguid slags show great
f diversity of properties, capable of wide variation
) according to chemical composition and tempera,ture. The
J//‘ reason lies in the equal diversity of structure. From a ®
///‘“ - metallurgical point of view, interest is directed almost
' ‘ exclusively at the properties of a slag in its 1liquid
q ‘ state.

The primary function of a slag is to serve as a receiver
b for the unwanted liquid and solid constituents of the

25
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Figure 3. The variation with temperature and Oxygén
' prassure of the Mn content of Pt-Mn alloys
equilibrated with solid Mno"?,
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Figure 4. The variation with temperatuze and

composition of Iny,, in Pt-Ma alloys"®.
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metal bath, i 'ncluding the gangue from the valuable ores
and the elements which are partitioned between the metal

: and the slag phases. Therefore, the composulon of a

slag must often be adjusted within narrow limits to
secure an optimum removal of the undesirable elements
w1thout removmg other elements required in the- metal.

GThe. »5lag// f/ue required also to fulfil other needs, such

as comjrolllng the supply of oxygen from the atmosphere
into the metal, or to act as a physical barrier to the
passage into the metal of gaseous species such as
hydrogen, nxtrogen and sulphur. The formation of a
liquid slag from solic sxides is endothermic and
generally the chermal efficiency of the process is
related inversely to the volume of the slag. In some"‘’
processes, heat is supplle‘d from the metal bath, as in
the open-bath electrjc-arc furnaces, so that the slag
acts as a thermal barrier and the rate of rise of the
metal temperature is inversely proportional to the

thickness of the slag layer.

Slags are capable of dissolving small amounts of neutral
metal atoms, presumably lodged in the holes in the slag
structure. They can also dissolve water in some form,
probably disscciated; and can pass either oxygen or
hydrogen or both from a furnace atmosphere through to a
melt below™. The transmission of oxygen is very easy in
the‘case of a slag containing iron oxide, or the oxide of
any other metal which can display more than éne valency.

The most common rate controlling factors for a reaction
between the slao( and the metal are the dlffusn.on of the
reacting species in the slag and the transfer of the
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species acb)oss the slag-metal interface, so the ' TR
viscosity and the surface tension of the slag are also of

considerable impo Eance. In the electrlc smelting
furnace, the slag 1s fraquently used as a res:.stor. 7 ‘ &

T

%
.,'/

To achleve theJ.r functions, udequately, slags must nave

A
certain phys1cal (melting 1)01nt, electrlcal ~t

conduct:.v:.ty, viscosity) and chem:. al {basicity,

oxidation potentlai, thermodynamlc) properties. They
must have sufficient fluidity to run freely when they are :
removed as a l‘;‘iquid from the furnace and have ability

not to decrease the rate of mass transfer to ana freca the
slag-me&\al interface. They must become flu:.d at a low

enough teniperature for the process to be yyorked

z;:conomlca1 !/y with as little heat input and refractory

wear as posmblef\. Fluxes such as lime, quartz, fluorspar

or iron oxide maﬁ?iibe adde’d solely to lower the liquidus
temperature and vilscosity of slags. Their specific

gravity must be sufficiently different from that of the

metal to allow easy operation. - They must have suitable

DN

composition and structure to dissolve impurities and
gangue minerals at low activity and to allow any desired
slag-metal reactions to occur®™,

2.3.1 Structure of silicate melts

The knowledge about the slag structure began with
investigations into the structure of glass due to the
result of two important facts. Firstly, a glass is
essentially a non-crystallised rigid solid which can be
considered to possess a "frozen-in" liquid structure“**,
Secondly, many glasses are derived from liquids which are
slag-like both in their properties and in composition.



A

7i N - S

In terms of the molecular theory, the chemistry of slags
was considered as solutions of component oxides in which

certain acidic oxides are more or less completely held in

combination with basic or nietallic oxides, the nature of
the:-interoxide compounds being derivable from the

chemical behavicur of the slag or the mineralogy of the : Y
. ,AsolldJ.fJ.ed sneclm&us. T B

The measur‘ements’ of the physical properties such as
electrical conductivity®™, electron transport®,
viscosity™, and expansiv:Lty"" of the silicate melts have
caused a marked change in the molecular thoory proposed

o

to represent the slag structures. xﬂ‘x

{23-24)

Investigations by Bockris and his co~workers greatly

~extended the state of knowledge about the structure of

thelianid slags. By showing that in binary alkaline and
alkaline earth silicates:

(a) the electrical conductivity is of the same order of
magnitude as for ionic melts, e.g. fused salts,

(b} the ratio of the conduci.:.v:.ty above and be.Low the
liquidus temperature is about 100; o

(c) the temperature coefficient of electrical conduction
is positive;

(d) the passage of current through the melt produces
eléctrclysis.

Bockris concluded that slags were ionic liquids and that |

R

electrical conduction was a cationic process. He added

S

that the viscous flow process reflected the size and o
interparticulate attraction of the large constituents of
the slag (the anionic silicate group). He s:i;;gested that.
viscosity measurements should therefore be a factor in

30
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explaining slag structure. Con51der1ng viscosity,

dﬂxns1ty, and compress:LbJ.llty measurements on liquid
s:.lJ.cates, Bockris formulated his discrete ion theory of v
slag structure. He shortly proposed that the infinite

random network would be progre551vely weakened by

breakage of §i-0-3i bonds as basic oxides were added to

pure silica. The individual stages of depolymerisation

or dissociation, which overlap with one another was
described as follows. At about 12 mole per cent basic
oxides, this three-dimensional infinite network would
break down into large, discrete ring structures. As the

basic oxide content increased, the size of these discrete

 ions would decrease further until ring structures gave

way to chain structures at about 50 mole per cent basic
oxides. At the orthosilicate composition (66 mole per
cent basic oxide) only SiO! ions exist and further
additions of basic oxides would introduce free oxygen
ions (0%).

Tbe d:Lscrete ien theory was not found to be adequate to
describe molten silicate systems sspecially from a
thermodynamic point of view. Meadowcroft and

Richardson®

modified the t"zeoryand so provided the
basis for understanding of z“le structure of liquid slags.
Their new idea was based on work done on binary and
ternary phosphate systems which, from many points of
view, were analogous to binary silicates. They used the
eéﬁ"i’sting chromatographic techniques for the extraction
of polyphosphate ions from phosphate glasses. They found
that in the liquid state there existed a continuous
distribution of ions of increasing weight and size as
opposed to the few discrete ions proposed by Bockris.
Therefore, Meadowcroft and Richardson® proposed that in
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silicate systems similar ‘ J
polymerisation/depolymerisation reactions occurred and ]

' that the system was in a state of dynamic equilibrium.

He expressed the network forming/breaking reaction in -
terms of an equilibrium '

i

0" + 0 = 20T, crieusennnsbesenteasaions (16)

Thus, combinaticn of any bridging oxygen (0°) with a

neighbouring free oxygén (0*) produced two non~bridging

oxygens (07) and constitutes a depolymerisation process L
and a decrease in the size of pelyanions. The reverse '
step constitutes polymerisation and an increase in the

size of the polyions. Thus, increasing the proportion of

basic oxides decreases the average size of the polyions

and vice versa. The nature of the cations in the melt

influences reaction (16) through control of the

electronic environment at individual reactiocn sitesf At
present, the slag theory is not yet in a position to M
describe this influence in zetail. The modern slag
theory provides more satisfactory explanations for
certain features of slag systems than was previously: !
possible and also justifies the general features of the
observations made by Bockris"‘;.

Direct studies of binary silicate melts by X-Ray

diffraction at high temperatures were reviewed by
2 ‘

i

Waseda™™ . X-~Ray diffraction measurements on the molten
and glassy binary silicates containing alkaline oxides

in the composition range 0~60 mole per cent ha-{re shown
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that the silicates mainly con31st of Sio, tetranedral
units and the structural change in the fundamental 1inits
due to the addition of alkali metal oxide is .
ir"x"signifiéant. These Si0, tetrahedral units distribute
more randomly with increasing addition of metal oxides.
It was concluded that the existence of discrete 8i0,
tetrahedra becomes importanﬁ at silica contents 1e‘s‘£'

" than the orthosilicate comp\.,s1tlon, w:Lth pollmerlzatlon

to form chains and rings at hlgher 311.Lca contents. ’

Structural studies of glasses by Mossbauer spectroscopy
have been reported by mar,x‘y"inyestigators. Systems of
metallurgical in"r;’erest héve beer.\ reviewed by Bowker,
LupisandFlinn®™, Most of the slé“igs studied were based
on the system CaO-Fe 0, SlOz. The method was valuable for
determlnlng the change“s in the state of valency and

co- orcp.nacn.on numbe: of iron. The works of several
authors 3 *‘howed that, in Na,0-Ca0-SiO, glasses, iron,
at low concentrations, behaved as a network modifier in
octahedral co-ordination with oxygen. Both Fe* and Fe*
were able to occupy octahedral sites. An increase in the
iron oxide content caused an 1ncrease in the fraction of
Fe”™ in tetrahedral co-—ordlnatlon and resulted in its
taking a greater network forming role. '

o

" Infrared absorption spectf‘a of Pb0O-Si0, glasses by

Y showed a continuous shift in

Yanagase and Suginohara
the Si—~O~ stretching vibration frequency to a lower wave
number as the PbO content increased to 70 mole per cent
as shown in Figure 6. Thereafter it remained constant at
890 cm™. This wave number was assigned to the

vibrational mode of the Si0;” ion and the contirﬁious shift
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was interpreted as due to a progress;;ve b:eakdownbf the

“silicate struéture as PbO is added. The wave numbers

corresponding to other compositions in the

frequency—cwmposz.tlon plot for Pb0-Si0, were then used to

make as:::.gnments for other/ glasses, as shown also in

Figure 6. 'Thus, évidenc / was obtained for the presence

of discre‘te ions or group\lngs at compositions
corresponding to the formu.;ae Sio}-, Si,0f-, Sl.O,,, , Si,,02-,

¥? studied the structure of

Pb0~S5i0, glasses by Raman spectroscopy and attributed

Furukawa; Brawer and White

their results.to Jdepolimerization of the network.
Orthosilicate ions began to appear at the metasilicate
compnqltlon and their number 1ncreased gradually as the

Pb(’f a, lent increased. However, depolimerization was

u.ete at the orthos:.}.lcate composition, implying
that S120-,' and probably some larger groups were present.-
Piriu and Arashi® concluded that various discrete kinds
of polymerized silicate units were present in basic melts
and glasses of thls system. The concentratlon of more
polymerlzcd unlf's decreased in comparlson with the less
polymerLzed types as the Pbo content 1ncreased In
addition, the decreasing frequency of the high frequency
bands suggested that the mean chain léngth decreased with
increasing PbO. These features were :simi‘lar in both
melts and glasses. | '

i
Raman and infrared spectroscopy were us‘ed by various
authors to study the structures of silicate énd
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aluminosilicate melts and glasses nd a large part of
this work was devoted to understanding the structure of

.melts important in geological processes.

The alkali and al kaline earth silicat'e glasses were
studLed most;, :Lntensz.vely and their band systems were
1nf.er76re1\ed by comparison with | pect:.a of correspondlng
crystals. \) This allowed the 1dent1f1catz.on of band groups
assoc;ate«c/l with the orth\o, pyro, meta and disilicate
compos:LtJ.o ne,; and with vitreous silica. Mysen, Virgo and
concluded that a very limited number of anionic
structural units were present in silicate melts.
were considered to be monomers (S$i0}"), dimers (S:zo, )
chains (5,087

network structures with four, three, two, one and zero

), sheets (Si,057) and three-dlmensz.onal

br:mglng oxygens per silicate tetrahedron
respectlvely. It was considered that any three of these

could co-exist at a given composition.

)

Another Raman Spect‘roscopic study on the structure of the
glassy and molten states of the binary silicates was
carried out by Iguchi and his co-workers®”.
first time, the results gave evidence for the
co-existence of four different types of non-bridging
Therefore, this was a disprove to the accepted
concept of regarding the non-bridging oxygens as single

Q0" ion alone.

oxygens.

The different techniques®™ as NMR spectroscopy, X-ray
induced photoelectron spectroscopy (ESCA, XPS) ¢ and the
technique of trimethylsilylation (TMS) were also used tc
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study the structure of silicate melts. Studies by many
workers with crystalline materials of well-defined
structure have shown that the TMS derlvetlve of the
parent material is usually obtained as the main product.
The method was therefore valuable for identifying the
major ionic species in materials of unknown '
constltutlon. Lentz", using TMS method showed that, in

a 1 mole solutlon of sodium silicate with Na-to-Si rat:Lo,

(39)

of 4, only 43.5 mass per cent of the silicon was present

as Si0{~, the remainder being dimer, trimer, and higher

anions.

The dlrect evidence of the structure in the melt is very
llmltec_. and this fact reflects the experlmental
difficulties which are 1m_,olved in obtaining such data.
But, there is some indirect evidence , such as the low
values of eﬁt,,ropies of fusion of oxides and the.
comparatively small change in viscosity on melting,
which suggest that no major structural changes are
involved on changing from the solid to the liquid state.
Some info:mation about the structure of a liquid slag
can, therefore, be J.nferred from examination of the solid
structLres.

The
diai.gram of Si-0 tetrahedra in crystalline and molten

The solid oxide structure is relatively simple.
state is shown in Figure 7. Metallic cations are
surrounded by oxygen ions in a thxee—dlmensahonal
crystalline network. Mcst of these oxides su;bas Cao,
MgO, MnO and FeO form structure similar to thet.gf sodium
chloride, in which each cation is co-ordinated w'it:h six

oxygen anions. This structure is called an octahedral

37
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coordination and each oxygen ion is co-ordinated
similarly with six catioms. A few basic oxides exhibit
an eight~fold co-ordinaticn, but, in contrasL, the
co-ordination is only four-fold (or tetrahedral) for the
cations in the acid oxides, s:.llca, alumina and
phosphorus penthoxide. The tetrahedral structure of
silica are linked together to form a three-dimensional
pattern of hexagonal cells. The structure of pure liquid

><311J.ca is probably very s:.mllar, although the regularity

céf the/, solid lattice is distorted, and it can be
regarded as a gigantic molecule (Figure 8). This
hypothesis is supported by the fact that the viscosity of
the liq"ixaid is very high because, in general, the

vvmsc051ty is increased as the dlmensions of the molecules

are increased.

It has been widely accepted that the mecHanism of o
slag-metal reactions in metallurgical processes i\/{s &
closely related to the chemical characteristics of
complex silicate anions in the liquid stateé. Due to the
fact that slags are associated with many of the most
important processes of ferrous and non-ferrous
extractive metallurgy, an understanding of their
behaviour is essential to the control of these processes.
For a better understanding of the slag structure,
whenever possible, several techniques should be used to
study the structure of slags in order to provide
,up‘.;ortlng dud complementary information.

- 38
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Figure 7. Diagfah of 8i-0 tetrahedra in crystaliine
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igure 8, Diagram of dissolution of silica getworﬂ\by
metal oxide.
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2.3.2 Physical propertias of slags

The physical properties o7 slags can be considered as
density, viscoéity, liquidus temperature, electrical
conductivity and surface tension

The density of slags is an important properf;yJin the
sense that the separaﬁion of the phases during the
metallurgical processes is largely dependent on the
density differences between the metal and slag phases.
The density of a slag is a function of its composition“”,
as an example, if a slag contains a high density oxide
such as iron oi:ide, the density increases with increasing
amount of this oxide. In another example, a slag
containing calcium oxide has an increasing density with
increasing amount of calcium oxide. Since the density of
a slag is a direct measure for its volume, the densities
of the slag systemé can be determined from the molar
volumes of the pure metaJ’_./‘ oxides constituting the

“Y. Therefore, in a metallurgical process, by using

slags
the slag forming reactions in the ore+flux system, the
volume of a slag can be determined from the amount and

the composition of the fluxes used.

B

B

Viscous flow and electrical conduction are both -
transport processes. Viscosity can be described as a )
measure of the resistance of a fluid to flow. Liquid ,//
slags fall into the general class of Newtonian fluids.
The viscosity of the slag has an important effect on the
speed and the efficiency of the extraction and refining
processes; ‘At a constant composition, the mass transport
and thermal transfer by diffusion and convectidn are




R
o

5

‘inversely related to the viscosity-of the molten slag.

As an example, the viscous slag may entrap the bubbles of
gas emerging from the molten metal and form a foaming ‘

slag which is not desirable and results in increased slag

volume. This requires an enlarged refining vessel to
contain it and reduces the heat transfer rate <
significantly. Therefore, the viscosity of a slag must
be low ‘because the diffusion processes in the slag must
occur quickly enouéh for the reactions between slag and

alloy to approach equilibrium rapidly. This also affects

' the kinetics of the process favourably. When the furnace‘:‘

is tapped, due to the turbulence, small metal droplets
entrapped in the slag and the rate at which these metal
droplets are separated from the slag phase is a function
of the slag viscosity. On the other hand, an excessively

viscous slag glves rise to operational dlfflcultles
during tapplng.

The viscosity is directly related to the ionic size or
the molecular species present in the melt. Therefore,
the-viscosity of a liquid slag increases with an increase
inithe structural complexity. Thus, an increase in the
concentration of basic oxides results in a decrease in
the viscosity of the molten slag due to the silica
network breaking up into smaller silicate anionic
groups. An increase in the silica concentration as an
acidic componentfshows the opposite effect and results in
higher slag viscosities for all compositions more acidic
than the metasilicate ratio. In the more basic
compositions than the orthosilicate ratio, the discrete
anions exist, therefore, the viscosity is not effected by
structural considerations.
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quu1d1;s temperature of slags is an important parameter
in the operation of the prog¢ess because, by using the

llquldus temperature data, it i S possible to determine
the extent of slag overheat:.ng and therefore to obtain k?}\
better heat utlllsatlon quuldus temperature is also }

considered as’ t garameter to make estimations about slag

“Viscosities and electrical conductivities

#2439 gtudied the viscosgities in

Number of investigators
the slags related to the ferromanganese production.
Trekalo™” found that an increase iff MnO content decreases
the viscosity and the liquidus temperature. The other
investigators found that the viscosity decreases with
increasing MnO content of the slag and that this ,k,effect
is even greater in acidic slags than in more basic slags.
On the other hand, Balon, Gartman and Levin®® observed a
slight decrease in the viscosity with increasing MnO

content. Kurnushko"

also found that increasing MnoO
content decreased the v1scos:Lty and all of these slags
were llqu1d{ '/t 1500°C with the possible exception of the

slag contalnlng the lowest MnO content.

Chubinidze and Kekelidze“? showed that viscosity of
silicomanganese slags decreased with increasing basicity"
of the slag at 1500°C. They also found that an increase
in MgO content decreased the viscosity remarkably.

Kekelidze and Samarin“®

studied the viscosity of
medium-carbon ferromanganese slags and found out thac
with increasing MnO-to-CaO ratio the liquidus
temperature and viscosity decreased for all MgO
contents. However the change in the viscosity values

were remarkably high at low' temperatures and very low at

42




5
5
Dy
P

-

high temperatures. The substitution of MgO for cao
reduced both the lquJ.dUS temperature and the v1scos1ty

values.

{

{)
- Jakovenko and Koridakov'®

MgO on the viscosity of the sla‘“gs encoum:ered in

investigated the influence of

ferromanganese production. They found out that by ,
reducing the MnO content and increasing the MgJ cori:tent, 4
the cgnditions of superheating of the slag were .improved |
which in turn the viscosity was lowered. ¢ . :;~\~\\ Y

I

Tanabe, Okni\iand Honda'® investigated the viscnsity of
vCaO-MnO—Al,O,—SiO,»slags and found a sharp decrease in the
viscosity with increasing MnO content. However, above
the basicity of 1.32 and an increase in MnO content up to¢
20vi‘mass per cent increased the viscosity. On the other
hand, at constant MnO contents, the viscosity decreased
as the Alz‘O3 content increased to a certain point,

thereafter increased with further additions of Al,0,.

’\’\\ n
Kozakevitch"? measured the viscosities of five different

slags containing 16 to 20 mass per cent MnO and showed
that slags with alurﬁina contents of as high as 29 mass
per cent could have liquidus temperatures below 1400°C
and low viscosities. He explained that at low silica
levels, the basic ox1des were essentially equivalent.in
their effect on slag structure, however, at higher silica
levels, the different cations began to impose different
effects on viscosity of the slag. i
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Warren“” also determined the liquidus temperature of the
MnO~Ca0-Mg0-S5i0,~Al,0, slags related to ferromanganese
pztoduCtion in conjunctior{ with the MnO activij;y
measurements and found that the ligquidus tempeératures
for slags with 13 mass per cent MnO were lower than those
belong to the quaternary system Ca0-Mg0-Si0,-Al1,0,.

Woollacott et al.“” measured the viscosities in ,
MnO-Ca0O-Mg0-Si0,-Al,0, slags at 10 mole per cent Al,0,. He
found that SioQ, plays a Ipaj"or role on the magnitude of
viscosity and MnO had the greatest effect in decreasing
the viscosity. MgO was less effective in decreasing the

: ((

N\

viscosity.

Electrical conductivity can bé‘taken as a measure of the
ease of mass transport caused by a.gradient of electrical
potential across a material. The electrical ‘
conductivity of silicate melts is generally considered
to be entirely cationic, although this may be influenced
by the anionic constitution. The slag must posses
suitable electrical conductivity to allow the flow of the
electric current and to generate the heat required in
submerged arc electric furnace processes. Molten slags
are ionic conductors and an increase in the amount of the
network modifying oxides results in an increase in the
electrical cohductivity of the slag due to an increase in
the concentration of conducting basic catzons and the
decreasing size of the silicate anion network. J

The literature on electrical conductivities are limited
compared to those on viscosities related to
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ferromanganese siags. The increasing wse of electric arc
furnaces in the production of ferromanganese moﬁtiva;;:ed
the investigations in this field and the work done on
electrical conductivities were usually performed in
conjunction with viscosity measurements.

Y .
Kurnushko'! studied electrical cenductivities in BEREY
conjunction with viscosities for slags containing 10
mass per cent MgO, 5 mass per cent Al,0, and MnO up to 15
mass per cent. He observed that increasing the MnoO
cbntent decreased viscosity and increased the electrical
conductivity only slightly. Kekelidze and Samarin'®
found that MgO.had a stronger efféct on electrical
conductivities than was suggested by Kurnushko®’.

Tanabe et al.“ and Shubinidze and Kekelidze"” carried
out extensive investigations on electrical
conductivities of MnO containing slags with wide
composition ranges. Tanabe et al.“” first studied the

"~ influence of MnO content from 5 to 25 mass per cent when

the Ca0-to-8i0, ratio varied between 0.78 and 1.43. They
found that electrical “Conductivity was increased with
in(éreasing amount of MnO. An increase in the basicity up
to about 1.1 increased the conductivity but thereafter
decreased it.. This c_j,/.fc":i"e:‘.\f§se conflicts with the ionic
theory of the slags. He al'so found that the effect of
Al,0, was not significant. S

Schubinidze and Kekelidze“” studied the silicomanganese
slags and found that basicity had only a slight effect on

45
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eheﬁtrxcd Cond\ICthltleS.: MnO was the only component

' e%feot:mg the conductivity. A sllght increase was also

observed by increasing the MgO content.

b2y
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In a recent study, Eric, Hejja and Stange® studied the
liquidus temperatures and the electrical conductivities

in synthetic Mn0O-Ca0-Mg0-5i0,-Al1,0, slags representing

the slags produced from the cperation of ferromanganese
electric furnaces. According tp this study, the
electrical conductivity of these slags increased with
1ncrea51ng bas1c1ty ratio bbetween the basicity values Q*‘“
0.55 tc 1.1. The electrical conductivity was found to \\
decrease depending on the MnO content. at basicity ratios
above 1.1. The liquidus temperatures were found to vary
from 1300° to 1380°C. Increase in the basicity ratio
J.ncreased the liquidus temperature. The elractrlcal
conduct:.v:.ty was found not to be effected s:.gn:Lf1 cantly
with the CaO- to—MgO ratios.

)
e
et

The surface tension is an important physical property for
the wetting of metals and refractories by slags and for
the rate at which various components dissolve in the
slag. The surface tension information can be used for
the calc.ulatieh of interfacial tension and adhesion
between metal and slag.- The surface tension of liquid
slags in general decreases with increasing silica A
content of the slag and decreases with the addition of
alkali oxides, boric acid, calcium sulphide and
phosphoric oxide, whereas lime, iroh oxide and alumina
increase the surface tension of the slag.
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$2.3.3 Thermodynamic properties of slags involving MnQ
The distribution. of mancjanese between the alloy and slag
phases determines the 9‘9]3&%‘3COV3ry of manganese. -
| This distribution is controlled by the thermodynamic
¢ ‘characteristics of the furnace charge which consists of
: molten slay and metél phases; i.e., the equilibrium
constants o\ki‘f reactions that take place and the activities
of the components involved. The equilibriurﬁ'?wconstants
» are temperature dependent but the activities are les\é
7 affectedm by temperature. At a particular temperature the
S equilibrium constant specifies the maximum recovery of V
manganese possible for give? activity characteristics of
reacting components. The activities may be described as
the effective concentrations. Therefore, the recovery

of manganese can only be imprbved by manipulating the

e

. compositions of slag and élloyfi,phases such that the
h o activity coefficient of manganese oxide in the slag
' should increase and the activity coefficient of
manganese in the alloy should decrease. The reverse
situation is desired in the case of elements if their
contents in the alloy should be restricted. Normally,
‘ ;,9 . only the slag composition is manipulated to achieve
these; since metal composition is determined by standard
specification.” Thus, the thermodynamic activity
information plays an important role in increasing the
recovery of manganese in ferromanganese production.

w\\‘g _ Once optimum &ctivity characteristics of the reacting .
AR \,, components have been obtained, the next objective is to
g .‘ " bring the reaction to equilibriym as close as and as
' 1\}.\ quickly as possible. This would lead to the ;ptimum
f Q@ o recovery indicatgd by .‘the\‘ thermodynamics »f the process
( o ’ . |
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and furth/.i&yould” influence the rate qf reduction as a
possible fyroduction objective. The géneral: agreement is
that the‘ n\x\anganese distribution is close to equilibrium
in normaX ferr‘omanganese practise, whereas, the silicon
dlstrlbutlon is not. The factors influencing the
fkmetlcs of the reduction reactions in a furnace
producing high-carbon ferromanganese should be studled
in order to determine the nature of the rate-limiting
step of the reactions, as well as the extent of the

positive effect of temperature 1ncrease‘“’

The system Mn0-5i0, was, 1nvest1gated by Glasser®™. The
conventional quenchlng technique was used and manganese
was kepf in the dlvalent state by working in an
atmosphere of low oxygen partial pressure. The data W
gathered was used in constructlng the equilibrium h
diagram ¢f the binary system.

Abraham, Davies and Richardson“® measured the aci-ivities

of no at 1500°C and 1650°C in its melts with SiQ,,
Cao+\sloz, and Ca0+Si0,+Al1,0,. The results indicated that
Mno 11 nteracted with SiQ, more strongly than FeO, bhut Lass
strdngly than Ca0. For better recoveries, it was
rec/émmended that more basic slags are preferabl@ to keep
the MnO activities higher and SiQ, activities lower.

Their results are shown 1n,,n1gut_s 9 and 10.

r

Mehta and Richardson® also measured the activities of

Mno at 1500°C and 1650°C with Sio,, Ca0+Si0,, MgO+Siv,, |
Ba0+si0,, Ca0+Al,0,, and CaO+Si(,+Al,0,. The amphoteric
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Figura 9. Activities of MnO in MnO-CaO-SiO, melts
measured at 1500°C by Abraham et al.“”,
dashed lines show the probable'liquidus

) " temperature in thae system.
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Figure 10. Activities of MnO in MnO-Ca0-SiO0, melts
: measured at 1650°C by Abraham et al."®,

c )

dashed lines show the probable liquidus
temperature in the system.
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nature of alumina was well reflected in the activity
coefficient pattern for MnO in Ca0+S1i0,+Al1,0,. Their
results are shown in Figures 11, 12, 13 and 14.

)\

g : ) !

Sharma and Richardson“" measured the MnO activities at

1650°C 'in mixtures of MnO+Al,0, and MnO+$i0,+A1,0,. They
also»measuréd the su‘.}“phide/‘capacities and derived the
actiit}{:y coefficient of the sulphides of manganese and
magne(s’ium. The activity coefficients of sulphides were
greatest at compositions where the free energy of
formation of the silicate mixtures had their max imum
negative values. Their resu’lts are shown in Figures 15,
16. '

#3330 manganese metal was dissolved into

In these works
solid platinum which was in contact with mangan:ese
containing slag. The desired oxygen partial pr}essure was
generated by mixing H,, CO, and N,. The activities of MnoO -
in slags relative to the pure solid oxide were calculated
by ﬁsinq the activity values of Mn in solid platinum®™.
The equiylibrium exploited in these studies was ?given by's

1
(MnO)‘, = [Mn] + 502 ...................... PN PR § ) It

\\~\

%

The round brackets indicate components in the slag phase
and square brackets indicate components in the metal
phase.

50




PRI ‘ B P
= > \‘L ; A e L S
. i iy L . ; e
L
‘/ \\\\’/i/\’.') o /Z .

o-8
: ' MaQ
" Xew
Figure 11. Activities of MnO in MnO-Ca0-Si0, melts
measured at 1650°C by Mehta and
Richardson®”, dashed lines show the probkabhle
liquidus temperature in the system.

i o MgO X.ugo MnQ
i Figure 12. Activities of MnO in MnO-MgO-SiO, melts
- measured at 1650°C by Mehta and
f ’ '~ Richardson®’, crosses show liquidus limits in
: binaries. -
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Figure 13. Activities of MnO in MnO-BaO-SiO, melts
measured at 1650°C by Mehta and
RichardQ%n"",crosses show liquidus limits in

binaries.

Figure 14. Activities of MnO in MnO-Ca0-Al1,0, melts
measured at 1650°C by Mehta and
Richardson®’, the limiting activities in
MnO-Al,0, are taken from Sharma and
Richardson®’, crosses show liquidus limits
in binaries.
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W Figure 15. MnO and Al,0, activitiaes in Ma0-Al,0, melts

'/OMnO(L) |

e

N

measured at 1650°C by Sharma and
Richardson®’. Full lines and points
represent: results relative to solid MnO aud
Al.,0,; heavy broken line relative-to liquid
Mno. Lightly broken lines show
corresponding values for MnO and $iO,
activities in MnO-SiO, melts at 1650°C taken
from Abraham et al."®,
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' Filer and Darken™ studied the equilibrium between blast
. furnace metal and slag phases in graphite crucibles. The
4 effect of 5 mass per cent additions of individual slag
‘ compo;lents was studied in relation to the manganese
distribution. They showed that MgO and Ca0 additions had
» basically the S<\me effect of decxeas:.ng the (MnO) /[Mn]
" ratio but the s:.llca 1ncrease\d this ratio while alumina o
had no effect. High ba31c1ty; gr temperature resulted in |
4 low (MnO)/[Mn] ratio, low teﬂn’berature or high basicity
favoured the low silicon content of metal. It was

\ emphasized that the compiete equilibrium was not
v N ~achieved 1n the blast furnace which prevented the
k“:«, :merovemeut of desulphurization and the manganese
recovery.

Stukel and Cocubinsky®® determined the distribution of )
50° and 1540°C. The

manganese between metal and slag at:
equilibrium was described as:

MnO) + C = [Mn] + CO........ eerereerseereseeseensonsereeereiaen(18)

v

Graphite crucibles were used in thex experiments. The
slag samples contained 1-10 mass per cent MnO, 16-45 mass
/u per cent Ca0, 31-59 mass per cent Si0,, 8~31 mass per cent
’ Al,0, and 0.1-0.8 mass per cent Fe0. The MgO content was
5-11 mass per cent only for six experiments. They found
that, for a given temperature, the manganese
distribution approached equilibrium values, the
distribution ratio (MnO)/[Mn] decreased as the

y Ca0-to-8i0, ratio increased, and, for a given-basicity,

o ) the recox}éry of manganese was enhanced by high
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temperatures and low slag volumes. The range of
manganese concentrations in pig iron did not affect the
manganese distribution, alumina did not afféct the
recovery of manganese and up to 13 mass per cent
substitutibn of MgO for Ca0O did not appear to affect the
manganese distribution between metal and slag phases.

R
o4

Tﬁrkdogan"” made a further study of the data of Stukel
and Cocubinsky"" to calculate the activity of MnO
relative to pure liquid MnO in these slags mentioned
above. He derived the emlllbrlum constant of reaction
(18) as

since the activity of carbon would be 1 in a carbon
saturated system and the CO atmosphere was considered to
be 1 atmosphere. Then from the available data on the
free energies of formation of MnO and CO from their
elements in their standard states (pure liquid Mn and
MnQ, CO at 1 atmosphere and B-graphite), he obtained the
free energy change o,f\ reaction (18) as:

AG® = -225041 + 14L63T (JImole)..........lveeeerereeen. (20)

and the temperature dependence of the equlllbrlum
constant was g:l.ven by

~
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where the K is as in equation (19). It was hecessary to
kndw the aéétivity of manganese in carbon-saturated iron -
to evaluate the ayy. Due to the lack of data in

activities of manganese in carbon saturated iron, he

considered the thermodynamlc properties of Fe-C melts.
<6ince the 51m:LIar1ty in the electronic coanfigurations,

it was permissible to assume that small percentages of Mn )
may not influence the activity coefficient of Fe and it ( Sy
was conceivable that the activity coefficient of Mn in
these melts may not be very different from that of Fe.
Therefore, he was able to predict th¢ activity of

manganese in carbon saturated Fe-Mn-C melts, and errors

due to this estimation were not considiered large enough

to affect the subsequent activity calculations.

sy

Turkdogan observed that MnO concentration did not effect” :
its own activity coeff1c1ent. Therefore, the slag
composition can be recalculated to give Ca0%+510,%+A1,0,%
= 100. Consequently, it was possible to draw
iso-activity coefficient curves of MnO in the
Ca0-5i0,-A1,0, pseudo-ternary sys;tem. These curves are
shown 1n Figure 17 within the range of composition in
which Stukel and Cocubinsky worked", MnO activity was

. not affected by the temperature. Therefore, the

iso-activity coefficient curves in Figure 17 were
assumed to apply within a range of 1450°-1600°C.
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Ca0-Al,0,-5Si0, pseudo-ternary system for the
temperature range 1400°-1600°C; the liquidus

isothermal drawn is for 1500°C.
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The important features of the relationship in Figure 17

are as follows: a ‘ y

- For a given CaO content, the activity coefficient of -

MnO increases as Alz@g is replaced by $i0.,

- For a given S5i0, oorif:‘:ent, activity coefficient of MnO ' .
increases as Al,0, is replaced by Ca0, )
- For a given Al,0, content, act 1v1ey coeff1c1ent of MnO .
increases as Si0, is replaved b\y Ca0 at low CaO to-8iQ,

ratios (Ca0:5i0,=0. 71) , but at higher b‘-lSlCltleS

(Ca0:510,=0.84), further increase 1n G"ao content of the

slag, at the expense of Si0,, decreases the activity

2

coefflclent of MnO.

The first two items were interpreted suggesting the
existence of some bonding between the manganese cations
and aluminate anions. In low bas:fij;\';ities, replacement of
Si0, by Ca0, at a given Al,0, concené’ration, is expected to
weaken the binding forces between manganese and silicate

ions, thus inc:.jeasing the activity of MnC in the slag.

However, he explains that an increase in Ca0O content for

a given Al,0, concentration will also reduce the

interaction between aluminium and silicate ions so that,

at higher CaO-to-S8i0, ratios, aluminium cations would ho

longer be stable and would form aluminate anions which in

turn would attract manganese cations, and consequently,

the activity coefficient of MnO would become less.

\x
N

®" investigated the equilibrium between Mn-Si-C

Rankin
carbon saturated alloys and silicate slfags that
contained various amounts of Ca0, Mg0, and A1,0,. He

adopted the approach, from a practical point of view, to
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study the equilibrium by measuring the distribution
ratios of Mn and<Si or K’, the apparent equilibrium
constant of reaction given by: - ., o

) 2

2Mn0) + (Sl = 2AMn] + (SIO)..oirrierieireireieene22)

e
bl

The varlatlons with compos:.tl?n of aM,,/as, in the alloys

and.qmﬂhum in the slags werelsbtained and the data was
used to predict the equilibrium MnO contents of slags
that were formed in the production of high-carbon
ferromanganese and ferromanganese silicide. For a
ferromanganese alloy of fixed compos:.tlon, the s
eculllbrlum MnO content of the slag decreased wa:th
increasing additions of CaO, MgO, and Al,0,, the effect
being greatest for Ca0 and least for Al,0,. He found a
fairly good correlation between the equiliﬁlrium MnO
content and’the total amount of Ca0, MgO, and AL0, in the
slag, calculated as |

IMO = %CaO + 08%Mg0O + 05%ALO;. XMO refers to the
single compo.altlon parameter for a slag in equilibrium
with an alloy for which the MnC content is uniqguew A
small number of analysis of slag and metal from the
production of ferromanganese were compared with \}ag.__ges
predicted from the equilibrium laboratory study and it
was found that in the production of high~carbon
ferromanganese and ferromanganese silicide the
eqﬁilibrium of reaction (22) was not attained in

practice.
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In another study, Rankin®” found a higher Si0, solul‘/illty

than:that of which Glasser® found in the MnO-SLO system
at 1450°C. The silica saturation level was’ found as 0.165
mole fraction. As it was expedted from the equation

{22}, the equ\llbrlum 5iQ, cont\nt of the slag was found
to increase as the Si content of the alloy was 1ncreased.
The recalculated activity vaj.u)s of ' MnO were changed only:

slightly by adopting the higher silica saturation limit ©

whereas the activity of $i0, was 51gn1f1cantly altered.
The SiO, activities were calculated bj Glbbs—Duhem )

equation. ‘ i

Rao and Gaskell'™ measured the MnO activities in Mn0-SiOQ,
melts.at 1400°%, ,riSOQ° and 1600°C by the technique in which
equilibrinm was established between the melt, a gaseous
atmosphere of fixed oxygen pressure and a Pt-Mn foil
immersed in the melt. The activities of MnO obtained |
were significantly lower than those of the previous
investigations®”*®, although a good agreement existed
between the activity of MnO obtained at silica saturation
and that measured by the previous 1nvrast1qators., ‘A good

i

agreement also ex1sted between the corre.;pondlnd
solubilities of silica. The \a/,‘tlvn.tles of SiQ, were
determined by.Gibbs-Duhem equation. The integral molar
free energies of formation of MnO-SiO0, melts at 1400°,
1500°, and 1600°C and the partial molar heats and
entropies of MnO and SiO, at 1500°C were calculated. The
standard free energies of formation of Mn0.SiQ,and /,ff’?
Z2Mne., SlO were calculated from the activities of Mn® and
S5i0, in the metasilicate and orthosilicate melts 5;
ivespectively The composition of silica saturation ,
(sitiée. uolublllty) was found to be a significant
functlon L)f bxygen pressure and hence Mn*/Mn* ratio in

e

61

N



i

Q

e

o

tne melt. The results obtained at 1500°C were compared.
with those of Abraham asid his co-workers"” and Mehta and
The \

h\

Richardeon™ as it is seen in Figures 18 and 19.
h
\

activities of MnO obtained by Rao and Gaskell were

significantly lower than those of the two previous" ‘\Q\
investigations®*, Aithough a very good agreement was
found between the activity of MnO at silica saturation

(53)

and t\'hat” measured by Mehta and Richardson™, good

agreements also existed between the corresponding silica !

solubilities.
)
A
Rao and Gaskell“" also studied the rhermodynamlc
activities of MnO in the melts MnO—\u.O,, Mn0O-B,0,, and in
pseudobinary sections in the MnO- TlO -310,, MnO- TI“\ -B,0,

and Mn0-5i0,-B,0, at temperatures in the rangs of 1400" to

1550°C with the same technique mentioned above. They
observed that for a given mole fraction of MnO, the
replacement of SiQ, by TiO, increased the MnO actiwities,
and the replacement of 'SiQ, by B,0, decreased the MnO
activities which indicates that Ti0, and B,0, are,
respectively, less acidic and more acidic than Si0,. The
differences in acidity also cauf;éed the 'solubility of MnO

#in the binary melts to increase starting from MnO-TioO,,

to Mn0O-$i0,, and MnO-B,0,. The form of the variation of
MnO aCtl\TltleS, within the narrow com0031tlon range
studied at 1400°C in the sttem Mn0O-B,0,, was

c.haracterlstlc of a gsystem of polyions. The fluxing

[

action of TiO, was explained qualitatively as being due
to the Ca*~Ti' interaction decreasing the influence of
the Ca®-0" interaction. The fluxing action of B,0, was
explained in terms of B,0, decreasing the activity of Sio,
either by mutual depolymerlzatlon or by the formatlon of
boros;Lllcate anions. :
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Fugure 18 The activity of MnO in MnO-Si0, melts at
1500°C determ.ned by Rao and Gaskell'”, !
Abraham et al."® and Mehta and Richardson“.
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i Figqura 19. The activity of Si0, in Mn0-Si0, melts at
4] 1500°C determined by Rac and Gaskell'“,
. , Abraham et al."” and Mehta and Richardson®”.
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Turkdogan and Hancock' made an extensive study of Mn and
S5i dlst.rv.hutwn in systems of relevance to high-carbon
ferromanganese productlon which was conducted at
equilibrium under controlled laboratory conditions. The
major findings of the study which pertain to the |
equilibrium of equation (22) are given as follows:

- For a given concentration of iron in the alloy, an
increase in the CaO-to-5i0, ratio increases the silicon

distribution ratio, but decreases the manganese

distrib tion ratio, :
- For a given Ca0-to-SiO, ratio, the silicon distribution
ratio increases with decreasing iron content of the.
@lloy, whereas the opposite is true for the distribution
ratio of manganese, '
- In slags that contain A1,0,, the silicon and manganese
distribution ratios increase as the Al,0, content is
reduced from 20 mass per cent to 0. R

S

Toltstoguzov“” found by a comparison of laboratory and
plant daté} that the equilibrium of equatlon (22) was
approachr/d closely during the production of
ferromanganese and ferromanganese silicide. The data
were expré’Ssed in terms of K’, the apparent ecuilih.imi”‘ |
constant of equation (22). For a constant s:.llcon T .he
alloy, K’ was found to increase as the bas1c1ty oi: l" \

\
slag was increased.

Selmer-0Olsen'™

obtained slag and metal nalys’;* by Tenm ‘/
taps of a 10-mvA submerged-arc furnace that rrmiw 54
high-carbon ferromanganese. k Thw alloy had an '
approximately constant composition of 70-75 mass per

cent Mn, 0.04-0.06.mass per cent Si and 5.8-6.9 mass per
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cent C, but the MnO content and thq basicity of the slag
varied. In each case, the MnO conté/ht of slag was found
to decrease as the baSictity.was increased. It was
concluded that the most practical basicity formula for
the plant operators to work with was the old-fashioned .
£Ca0/%5i0,. | |

Number of investigations have been done on the
distribution of Mn between slag and metal relevant to
iron and steelmaking. In these slags Mn is at low
diluj‘i’ions in molten iron. The squilibrium was described
by:

(FeO) + [Mn] = (MnO) + Feooiiriiricrnieeininirissnsnnann, (23)

’ [Fe] was omit’ged in the calculation of equilibrium

constant sincé;‘y for dilute sclutions of manganese in iron,
a@r, is approximately unity. The activity of a component
in a j)hase is characteristic of the phése and not of the
f,eact:fion used to obtain it nor of the multiphase system

‘a3 a Whole. Thus, when activities are used for the

calculation of the equilibrium cdnstant, a true
equil\\ibrium constant will be obtained and it will apply
to all types of slags provided that the temperature and
composition ranges of the slag are applicable to the
process.

“* were among the first researchers who

Korber and Oelsen
investigated the equilibrium with simple FeO-MnO and

Fe0-Mn0-510,, the latter mixtures haviny a composition
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& ' that ranged from 50 mass per cent Mno and 50 mass per cent
: Sio, to~ “48 mass per cent Fe0 and 52 mass per cent Sio,.
They descrlbed the equlllbrlu'n constant by:

T

Chlpman, Gero and Wlnklex“" dé"‘ermlned the temperature
dependence of the valx}\le of th\‘ B true equilibrium cons;ant
for the binary MnO~FeQ system at 1550°C. They found that
the activities of the oxides were equal to their mole
fractions in the syr \.em They expressed Ky, by the
following :

1081(."; =

+|E

It is found to be in good agreement with the calculated

free energy change in the- ~cactlon, put was s:.gnlflcantly

higher than that obtained by Korber and Oelsen‘®. The

slags used by Chipman and his co-workers“ had a larger
/._\ proportion of impurities which have a noticeable effect
[ on the activities of the oxides.

Bell*” studied the equilibrium between molten iron and
)e;'ags containing FeO, MnO, MgO, and Si0, using both MgO
and SiO, crucibles at 1550°C. The value of K, was
obtained as 3.5 which compared favourably with the value

- S
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obtained By Chipman and his co-workers"®,
obtained in thi’s work on the distribution of manganese .
between metal and FeO-MnO-Mg0-Si0, slags suggested that .
Ldeal mixing of silicates occurs in the system

E‘eO—MnO $i0, and FeO—MnO—MgO 5io,.
to construct iso-activity curves for FeO, MnO, and Si0,
in the system FeO-MnO-SiO, and ts calculate the Mn, Si,

The data

Thus, 1t was possible

and oxygen content of iron in equilibrium with these

) »'\.
¢

slags. Knowledge of this data is :meortant in connectlon’

with deoxidation of steel by additions of manganese and

silicon. The value of Ky, which was found by Chipman and

(66)

(68)

results of Fischer and Fleischer™ working with MnoO

saturated slags.

Bell, Murad and Carter'™ used the equilibrium constant of

" and estimated the

Chipmtéﬁ and his co-workers
aCthltleS in the Mn0-5i0Q, binary from their measurements

w1th mp«tuats of MnO-Fe0-Si0, slags at 1500 C. . The slags

‘.d’ of ternary system FeO—MnO SlOz.
“z::‘g cible i~
T '“‘J‘"ﬂ!eW. appeared to give too high values for
Thls w..r, cung id=red due to the effect of the

They usad a
urnace and a wire-wound resistance ,;

furnace* :
KMAO
contlnuoua 'ausqrptmn 0i slayg by the cruc:lbl used, or

the samplmg teo r"m m»— Abraham, Davies and

lis2)

Richardson criticiged ttic approach as Bel and his

co-workers assumed that the activity coeff1c1,ent of FeO
is unity in the ternary 'md that the activity C\Qefflment
of MnO depended onl{ upon the mole - ractlon Of c‘lllca J.)\
the binary and ternary systems. The %4 added t‘.‘at th:. s ise \

not truly a valid assumption as one wou'ld a‘lcp(ac T *'he

LJ . . '\\ B

was also in good agreement with the \\
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B activity coefficient of FeO to be raised by the presence
of MnO and vice versa. Therefore, it would only strictly
be possible Eo derive values for the ratic Gyw : Gro-
Richardson also pointed'put that these authors failed to
take intg account the considerable amount of MgO
dissolved into their slags from the magnesia crucibles.

ot : used. o |

i\

|

i

[
o used the same eguilibrium

constant® to determine the Ay Values #A Mno-Feo- Sio,

' " Turkdogan and Pearson

~.» and some basic steelmaking slags. The activity of MnO in
' ‘ the slag was calculated from the equation given by:

'
s
e

Ay = Ky @rp) Mn%....... fraseresrerssanes Ceerrreeeetaeaae (26)
: , by
1] . ‘ As mentioned.above; Ky, was c“a:'(c'akiulated ri?sing the equation
from Chipman and his co- worke*rs‘“’ and ar,o values were
read from the ternary dlagram‘"’. When a slag composition
. was such that ar,o Values coulq\ not be derived from the
iso-activity diagram™ the aci:ivity was calculated from
‘the oxygen content of the liguid iron in contact with the
slag, and from the oxygen contént of licquid iron in
o contact with pure iron oxide. ‘fhey showed that the
A , ‘activity coefficient of MnO is independent of
Q‘ temperature within the range considered (1550° and
1650°) and that the activity of Mn0O depends only on slag
composition. They plotted a graph of Gy \against
) concentration at 0.45, 0.47, 0.48, 0.52 amd saturation
~silica mole fractlon',.’ In Fe0O-Mn0-Sio, sla<gs, rich in
silica, MnO act1v1ty}}showed a negative deviation from
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ideality, being greater than that found for FeO. This
result was attributed to the greater stability of
mangani;,\'\;se silicates when coméared with the ferrous
silicates. In other words, MnO interacted with silica

more strongly than FeO. ‘ f)U

Mcre complex steel making slggs containing Ca0, Mg0, Mno,
FeO, Si0, ard P,0, were divided into groups to investigate
the effects of the influence of (Ca0-MgO), (Fe0) and
(510,-P,0,) . 'fhis method was adopted due to the

‘difficult\ies in investigating the effectaof all the

individual constituents. Ca0 and Mg0O; :nd $i0, and P,0,
were presupposed to have a similar influence on the molar
basis on Gyy. The slags were divided into groups of
fixed ferrous ~xide content (Xpe = 0.05, 0.10, and 0.20)
and MnO iso-actﬂivity diagrams were drawn for these three
pseudo'-‘ternary systems. It was shown that an increase in
the proportion of (CaO+Mg0), which means an increase in
basicity, increased the gy, values. On the other hand,
an increase in the FeO content decreased the ay,, values
in the slag. |

{72)

Bishop, Grant and Chipman'® equilibrated the liquid
open--hearth type of slags with molten carbon-free iron in
the temperature range 1530° and 1700°C. They used the
equation (23) to calculate the activity of MnO in these
slags and they plotted the iso-activity contours on the
pseudo-ternary diagram

(Ca0+MgO0) - (Si0,+A1,0,+P,0,) - (MnO+ (Fe0),) . On a molar
basis, they showed that an increase in the basicity
ratio, given by (Ca0+« .g0)/(Si0,+Al1,0,+P,0,), to a value
about 2.3 increased the value of the activity coefficient
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of MnO. The activity coefficient of MnO then decreased <£
as the basicity ratio increased above this value. A’

comparison of the influence of slag composition on the
éctivity coefficients of MnO and FeO in the slags
indicated that MnO is a more basic oxide than FeO, as
generally accepted.

Jicheng et al."”” measured the activities of MnO in blast
furnace-type slags Ca0-5i0,, Ca0-$i0,-Al,0, and

Ca0-Si0,-A1,0,-MgO at 1500°C in graphite crucible with Ag
and Sn as solvent metals according to the reaction (18).

The agreement between the activity coefficients of MnO

‘obtained from the experimental results using Ag and Sn
\\\separately as;" the solvent metal was good..
A

i |
/ '

v S0 i
i

1

Warren® carrféd out the on?i:y study of the slags that are
somewhat simil{.ar to ’those arising during the production
of ferromangaj}iése in South Africa. The slags consisted
of MnO, Ca0O, MgO, Si0,, and Al,0, but the Al,0, content was
much higher than typical industrial slags. The liquidus
temperatures and the activities of MnO at 1500°C were
determined. The: gas equilibration technique was 'used by
the mixtures of H,, CO, and N, gases. He found that the
liquidus temperatures for slags with an MnO content of '13
mass per cent were lower than those belonged to the
quaternary system CQO—MgO—SiO,—Ale,. The results can be
summarized as follows:
-The liquidus \,tempei;atures of synthetic discard slagsk
did not differ markezjlly from the liquidus temperatures
recorded in the phasé‘{\ diagrams (‘erived by Osborn et al.™
i :




N experimental difficulties are concerned in determining

©

for the system Ca0-Mg0-Si0,~Al,0., being lower, on
average, by about 30° to 40°C as mentioned before, |
-The concentration of MnO in the slag did not affect’its
own activity coefficient within the compositional limits
of the stu&y,
-The substitution of some MgO for CaC in the more basic
< slags raised the activity coefficient of MnO. A2An
\ increase in the Al,0, .content for given basicity ratio -
; decreased the activity coefficient of MnO, especially in
the more basic slags,
~The activities of UMnO, the silica content of the slags,
the liquidus temperatures, the viscosity da}:a and the
rate of reduction of MnO from the slags shdi&ed that the
slags should be chosen ‘
a. With as high a basicity ratio as possible
b. With some MgO, depending upon the Al,0, content
c. With relatively high Al,0,
‘d. With low liquidus temperatures, and the liquidus
isotherms widely spaced.

2.3.4 Slag Models

Slags have a very impof'rtant role in most
p“yro}hetallu:gicai operations. In spite of this major
role, precise information about their properties and
behaviours is incomplete. Furthermore, when the

their thermodynamic properties, the crude estimations
obtained by using slag models are rather considered as
reliable information. The most successful estimations
such as the ones developed by Flood-Grjotheim’s™™ model,
although very important industrially, are limited to
highly basic steelmakirig slags. Elliot and his

6

co-workers'” revised this applicatio: due to an error in
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the use of-free energy. Grjotheim and Brun‘™ | ippi tag
this model to the experlmental results investi gatlng
phosphorus and manganese dlStr.LbuthI? between slag and
molten metal.

The most fundamental structurally—based glag models haye

{78, 1!) (80)

been developed by Toop and Samis and Masson™'. Torp

and Samis developed a theoretical treatment which

~allowed the most probable number of anions in any acid or

basic silicate slag to be calculated in terms of an N
equilibrium constant for the equilikrium between si’%gly
bonded oxygen, 07, doubly bonded oxygen, 0°, and free
oxygen, 0, ions in the melt as described by equation
(16) :

In this approach, for binary silicate systems, the
‘equilibrium constant was assumed to be characteristic of

the cation.

, , . .. A
%) axpressed the distribution of anions in terms

Masson
of ionic fraction rather than concentration of reactive
groupings. Although this allows more specific
conclusicns to be reached regarding the concentration of
polyionic species, the treatment is limited to melts of
X50,<05.

considered: one in which the Si0f~

In Masson’s approach, two cases were
ion is considered to be
a bifunctional mer unit and the other in which the S§iO}~

-
-t
AW
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ion is considered to be a tetra functional mer unit. In
the former case, only two of the Si—O~ groups on any SiOi~

ion can react to form polysilicate ions and, therefore,

only linear chain ion formatios is possible and in the

latter case four of the §i-0~ groups on a Si0}” ion may )
react, thus permitting the formation of branching chai ”
ions. By making use of the vast experience in the
studies of polymerization processés, Masson made some
assumptions-in his model: '

-The intramolecular condensation may be neglected,
-All functional groups of the same\\)kind are chemically‘
equivalent,

~Ion fractiﬁons are related to thérmodynamic activities
b_y the Temk\if{\a equation

|

Guo = Nogo Noporiineoseeieninnenienenensesnienon(2T)

The first assumption implies that the silicate ions .
consist exclusively of linear and branched chains of
general formula Si,0X%"". The distribution of anions in
such a system is considerad in terms of the equilibrium
constant for the reaction between the Si0}” and any \
species of chain length x to yie:k,d the next higher mEMer
and free oxygen ion. Thus the deil\\plimerizg‘;;ion reactionk

can be written as: N o

] P

N ' d

Sioy™ + SLOZNT = Si 02 4 0% (28)

5 ..

Il o~
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o When the constitution of binary silicate melts is .
% ; considered in terms of linear chains alone, the

) | equilibr.{/um ratios, K,, for the reactibn (28) are assumed
o to be independent 2f x. The chain growth by addition of
| monomer can occur 7t only two sides, namely, fche ends of
the chain, in linear chains. Similarly, \
depoiimerirz,ation of monomer from the chain can also occur ;
at two locations. Therefore the equilibrium constant for /
QS o the reaction (28) is independent of chain length.
L, \ Denoting the equilibrium constant for the reaction (28)
- to be K, the sum of the ion fractions of silicate anions
is obtained as :

4
o »
)’ : mﬁh‘m ; NSA’O; + Nsl'zo" + NSI’:OQ"""Q --------- ..s......(29)
» Substituting for the individual ion fractions, the
3 ) Y . i
| summation reduces to
. x si0,
INgicae r” tetreriraasrerecerenacenssenasesnsensensane(30)
1— 4 \/;/'
o Nz
e ]
L \\ If silicate and oxygen are considered to be the sole
o ‘ ionic species in the melt,
g 1 NO,_...‘.. ...... cesseientenanceererinnnes ceeveeeenen(31)
74
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° Substitution of which into equation (31) will give

) -\ I_NOZ‘ '*’::“ 32
-. Ny, = = eeieeeerisensni ceeeeerrene n(32)
L 1+K ——

« o 2y } . . .
The mole fraction of silica in the binary melt was
expressed in terms of Ng,, and Noz_, and using sguation

W o

(32) and the Temkin’s equation:
J

o oy n
. ﬂ}{o = NMZ* Noz_..........-.--n..;:.oa.‘...-...........a....---o........i{-.. ...... (27)
‘ : .
o W
Masson derived the following expression:

SR , L
Sy 1 3-K+awe KE-1)
( Nsio, l-ayy 20

+K

. a“‘yo)
123
The gize distribution of silicate polyions was given by:
\m ; [
4 ! 1

eereeeresreererereenereneen(34)

o N __[ 1 ]‘f‘ 1
o e 1+aMG/K(1 --auo) ! _E..+ 1 :
5 ayp  (1-ayg)

i o

The value of K fdr various binary systems was-obtained by

curve fitting experimentally-determined

Fy
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activity-composition relationships. In Figure 20 The
calculated'ionic distributions for Ca0-Si0, and Fe0-Si0,
melts at 1600°C are shown.

iy i

Whiteway, Smith and Masson™ derived the following
theoretical equations for the size distribution of the
polyions: |

[

'i _ (3x!) Eg —’l( _g—.a 2x+1 _:
M= T !(3)' [ IS A E—— @5

i \

1

N, is the ion fraction of x-mer, & is the rrdction of Si-0°
groups: present in the completely depoli}merized state
which have réacted,‘ to form doubly-bonded oxygen and free
oxygen ions, and Ni,;_ is the ion fraction of free oxygen.
From this distribuﬁion function and the Temkin equation,
the activity of basic oxide expressed by a, was expressed
in terms of mole fraction of Si0, and'K,, the equilibrium
ratio for x=1, as:.

7
1 L2
1—1_1_ Mo
1 : A":.!U""") 9 (36)
o—— — ) ‘...") ................................. LR XY
Nsio, 1—aye
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: 1 2= 1 u+1
- Nx =——Qﬂ!—'— 3“.!{0 Kl,l(l_“‘llo) (1 b auo). ............. n:(37)
- (x+Dlxt l+m iomg '
BLATIN " Ionic distributions were plotted for the system FeO-~3i0,

/ . in the temperature range 1530°~1680°K and the value of Ky,
v /‘ was found to be 0.70. By curve-fitting the experimental
acti\ic‘ity:composition data to equation (36), the values
° , | Calculated were inserted into the equation (37). Thus,

\ thé ion fractions of various” species(up to a decamer,

, Si;,,,O}f‘ were calculated and shown in Figure 21.

L ‘ The distributions closely resemble those calculated
: previously using linear chain model. Masson,

Sommerville and Sosinsky"!

, also extended the polymer

ib ‘ theory to terhary silicate melts. They calculated the
o optical basicities of mixtures in the two ternary system
, N which are Fe0-Ca0-5i0, and FeO-Mn0-5i0, and the values of

K,, by interpolation

TN

From the correlation between log K,, and the optical | (O

basicities of these ternary systems found previously®.
The calculated values of K,, were used to calculate the

"y !”x;\ion fractions in the two ternary systems for compositions

@ more basic than metasilicate.

Another approach using oxygen and cation sub-lattices
was introduced by Yokokawa and Niwa™. A similar model
to this was developed by Kapoor and Frohberg"?.
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Figure 20)\\ Ionic distributions for FeO-SiC, and Ca0-SiO,
\{\na*lts at 1soo°c calculated from Massons’s?
i&\\g‘.near chain model.
\
\

Figure 21. Ionic distributions for Fe0-5i0, melts in
' the temperature range 1257°-1407°C calculated
from the branched chain model daveloped by
Whiteway, Sinith and Masson'™.
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) According to this model, the properties of
Y '~ multicomponent systems are represented by using binary

A .
: ﬁ‘ parameters.

, Gaskell®” has reviewed all these models and outlined the
\ basics of t,hé approaches used. In Gaskeil”s reviéw,

‘ additiocnal to the models already mentioned abave,
another structural slag model also outlined was of Lin
and Pelton’s"". According to this study , a structural

model ‘is glven for binary silicate systems hav1ng MO= Sio,
type where MO is a bas:.c oxide and silicate tetrahedra
and-oxygen bonds are considered as structural units. The
model considers the dependernce of the enthalpy of the
bonds on composition. One m_ajbr advantage of tlifs model
is that it permits tu: calculate:the nambers: of ions of -
any configuration as it is not restricted to
consideration of chain silicate ions.

o/

(( '/ A statistical model has been developed for complex slag
\ \(O: systems by Gaye and &welfrlnger

the same model have been carried out by Gaye and his
(90-92)

®® and studies related to

co-workers . The maodel of Kapoor and Frohberg"® was
| sxtended to represent the properties of multicomponent
o systems. This statistical slag model was used to fit the

ﬂ‘ 5 results of the present work by making use of the

P72\ K : . T . ; .

s | ) equlllbrz.um slag compositions. Therefore, the model

1  ‘ ©owill bew <plaLned in detall and dlscussed in section
/ ; 4.1.2. ’

o Lot
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2.4 Thermodynamic proparties of liquie‘*}manganeso alloys ///

o

A

A number of authors determined the activities of
components in liquid manganese alloy melts. Ohtani® |
measured the solyhbility of carbon in Fe-C~Mn melts at.
1530+ 10°C up to about 40 mass per cent of manganese and
obtained the following equation:

ANE® = N = Ng = 010Nipiiiicinccnenicneeneneeen(38)

where AN™ is the difference between solubility of carbon\ij\\

in Fe-C represented by N2 and Fe-C-Mn represented by N¥
being represented by mole fraction. The activities of
manganese and carbon were determlned at 1540°C in the
range of Mn=0-40 and C=0- saturat...on mass per cent. He
found® that the solubllltv of carbon increased
gradually with increasing manganese content and the

‘activities of manganese and carbon decreased gradually

with the addition of carbon and manganese respectively.
It was shown that interaction parameters play an
J.mportant role in giving 1nforma’u.on on the behav: ours of
the alloplng elements.

Schenk and Neuman®

(1450°-1500°C), Petrushevskii and
Gel’d"™ (1460°C) also found the same relatiahship between
AN¥" and Ny,. Feldman®® (1500°, 1600° and 1700 C) and

Matoba and Banya"” found the relatlonsh.Lp s :

N 80
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‘Turkdogan

R

and Leake"™ used the results of Chipman et

al.” and showed that the difference ANM"; between carbon

saturation in Mn-Fe-C ternary alloys N

and that in

iron-carbon binary melts N2 is:

ANX"

i
4

i

= 0.ANpperereeeeiiaeeeneereeennn. eererernrer— . -(40)

i i

K W

Petrusheyskii and Gel’gl‘”’ determined the sblubiiity of

“carbon. .Ln>

: b
liquid Fe-Mn-8i-{ melts at 1460°C. Their

extraﬁmla‘_ed results for the Mn-Si binary agree well with

the results of Chlpman et al.
are somewhat lower than those of Turkdogan, Hancock and
Herlitz®?,

small and
In Figure

9 However, their results

These discrepancies between the res“ults are
are. W1th1n the perm1ssmble experlmental error.

22, the\ solublllty of carbon in Fe-Mn-8i-C

melts found® in t\hlS study is °hown

Burylev®™”

(1290°,
\1400° and

ou'alned by number of authors .

19 3
W,
Ry

calculated the carbon éo’lubility in Mn-Fe-C

1460° and 1490°C), Mn-Si-C (1400°C) and Mn-Fe-Si-C

1460°C) systems in c,onnectlon witch the date
(62 95, 98,100)

He applied the

regular solution model to these systems and the acreement

betweer. the calculated and experimental data was

satisf.é\‘ctory up to 15 mass per cent Si in the melts.
also,;determined the enerdies of mixing for these systems

moref precisely. T
syst\em at 1400°C 4.; L‘hamm in Figure 23.

"s N
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He

solublllty of carbon in° Mn-Fe-8i-C
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Figure 22. Solubility of carbon in Fe-Mn-Si alloys at

1460°C after Petrushevskii and Gel’d" on
the assumption that Fe%+Mn$+Si%=100, the
different points correspond to variations of
carbon content from 0.10 to 7.5 mass par
cent.

82

%2 [



N

Esin and Vatolin®® found lower solubilities of carbon
than those determined by Petrubhz;vskll and Gel’d™ a
1460°C. and expressed the carbon sblublllty in Mn-S:L—C

t

melts by:

L
I

056 = O8Ng = 45Nueeeeireereeireereeeresiee o (@1)

Mn, Ss

logNg™

3

=, ‘ il e

\\
Skiredj and Elliot“®” interpolated the results of Chlpman
et al.™ who measured the solubility of carbon .'I.I‘lz E‘e-Mn-C
melts at 1290°, 1490° and 1690°C and drew the carbon \,\i’j’/
solukility agalnsc_ the manganese content at 1400°, 1550°,
1600{’%’ and 1650°C shown in- ‘Figures 24 and 25. The /results
were in good agreement with those of Turkdogan et al.®"

{108)

and with Herty and Royer except the discrepancies at
low Mn-to-Fe ratios and in the binary system. Skireé'}j
and E1lliot™” also used their own data and the.

interpolated data of Turkdogan and Hancock' and Herty
and Royer™in tha construction of carbon iso- solub:.llty

curves for the system Fe-Mn-Si-C at 1400°, 1550°, 1600%~

and 1650°C shown in Figures 26,27,28 and 29.

A
5

Yakushevich et al.™¥ measured the solubility of carbon

in silicomanganese melts between 1350° and 1800°C., They
expressed the solubility of carbon in meJ. S with up to 32

mass per cent silicon by the following equation where "C"

+is the solubility of +arbon in mass per cent.

C = C, — 0387Si"" + (1515-056T) x 107%**......... (42)

17
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Figure 24. Solubility of graphite in Fe-Mn alloys
. reproduced from Skiredj and Elliot“” using

the data of Chipman et al.
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Figure 25. Soiubility of graphite in Fe-Si alloys
c | reproduced £rom Skiredj and Elliot™™ using
i ' the data of Chipman et al. *
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Flgure 26, Solub;lzty of graphztﬂ in Fe-Mn-Si alloys at
1400@ reproduced from |} kzredj and Elliot"™
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Figure 27. Solubility of graphite in Fe—Mn-§i~éllcy§;€€
1550°C reproduced from Skired3i and Elliot™

x .
using the data of Herty 2uad Royer.
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Figure 289. SOJ.ubzl:Lty of graph:.te in Fe-Mn-Si alloys at
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f In this’ equatlon, C, is the mass percentage of carbon at | P2 =
zero silicon ar//d was given by: , ‘ ? ;
) ‘ ! ;
‘ j
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€ = 0415 X 10T + 0.56.ccccceccecrreieiieeeeeeeeeeeencrineenenen(83) “1 A
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_The values calculated from equation (42) and (43) are | Jl) | \{\
somewhat different from the values given by Turkdbgan®”. i - lr\\ :
E i . Et ) .
Schultz, Riazanve and Payne™” determined the acti VltleS 1 ’
of manganese in Fe-Mn alloys at 1538°C by measurlng "the :{J '
! vapour pressure of manganese in ecuilibrium with the ' ’ o Q
o} ) i 4 ] 4
o melts using the carrier gas method. It was found that ;
' \ |
| Fe-Mn system was ideal. The results were in good j }
agreement with those of Sanbongi and Ohtani®* and' N | R
w c - ; {109) ’ i i Ty

Vatolin and his co-workers . The latter authors used
electrochemical methods to determine the activities. _

j
1
: ‘ s ’
. . } 1i
\\ 5, . !
N A o / o ‘ B i ) .
) o A % ¢ . i } f “o

\,i Feldman"'” determinsd the activity of carbon and ce ' ‘\
S ) o ' - . ‘ 1 ‘
f?:’g; v manganese in Fe~Mn-C alloys.{(up to 35 mass per cent Y &
{ )jé A manganese) at 1550° 1600° and 1650°C. Ohtani** also - |
N\l measured the carbon and manganese activities at 1 40°C in % :
C oA : \3 H
Fe-Mn-C alloys using an electrode concentvatlon, <il., ,;;/ : ’
- N o '\Wu ] i
The r{sults of both authors were in good agreeu.en"t ;o \
( ) }
Ohtam. obtalned an empirical féormula for the act:.v L) .- K Lo
 manganese as: R
L . ‘ l , ¥ -
4 \\\\ } ’ }( ; ::; X g ‘w
N _ 23 % NN | (1=-NP _ L, |
G = Nye \ R PPN (- : ) I x _—
$ b ! "
i A D ,
= ; i K(\*»\ ,’

2 : S : e e

" . R Z "
e e i e e s




TN
\m
/ 13

{
|
1

!
B
!;

L6

- manganese on the carbon activity was proportional to the = 8

*manganese at 124¢4° and 4.545°’ and nine liquid Mn-Si

. by carbon. At a fixed'alloy composition, an increast in

/
N

/‘ = 3 LAY

Wang and Chou““’ , Vatolin et al. W ang Schenk and
Neuman® also measured the activity of’ manganese in
Fe-Mn-C melts between 1460° and 1600°C. Their results
were in good agreement with that of Ohtani®™ and /
Feldman™”. | {

N o,
\<7,//.‘ [N

Wada et al.™® studied the efferts oumanganese and
silicon on the actlvn.ty of cdvbon in austenltlc Fe~Mn-C
and Fe-Si-C alloys by equilibration with controlled
CH,~H, atmospheres in the range of 848° to 1147°C and for - ' ’
composition up to about 60 mass per cent Mn and ‘7 ‘mass per
cent Si. They found that the activity coefficient of ”
carbon was lowered by manganese and the effect of !

Mn conten'r silicon increased the activity coefficient
of carbon and the increase was a funct:.on of both the
silicon and, carbon content ‘

<

“* used a transporti‘tion method to

Gee an\ t Rosenqv:.s;
measuri 2.1 manganese vap qur pressures over pure liquid
alloys. In blnary system, the derived manganese

activities at 1527°C and the corresponding silicon -

activities calculated fromthe Gibbs-Duhem equation S R

showed large negative deviations from ideality. 1In
carbon saturated Mn-C melts, the manganese activities
showed negative deviation from ideality in the range
N.=0-0.028 and the activity of manganese, at a fixedﬁ\
molar concentration, increased as silicon was replaf\(oed

the temperature resulted in an increase in the manganese
activity. For carbon saturated alloys, the activities of

89
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manganese at 1527°C were lower than at 1427°C.

° This was
explained with regards to the increasea’"\*g\:”arbog}
solubility in the melts. ; : ) O

i

i

Tanaka™" determined the manganese activities in Mn-C,
Mn-Si melts by the vapour pressure measurements at
1400°C. The activities of manganese in Mn-C melts' showed

0%

a positive deviation from ideality at less than 0.17 mole

fraction of-carbon. At higher mole fractions, a negative
deviation was observed.

melts were calculated by the measured manganese

The smllcon activities in Mn-Si~

actlvz.tles in these melts and the Gibbs-Duhem equation.
Remarkable negative deviaticns from ideality were
obseryed. ' .

Ahmad and 'igratt"”’ used a torsion-effusion techniquz to
carry out vapour pressure measurements on twenty two
Mn-Si alloys at temperatures between 1127° to 1627°C. The
activities of manganese and silicon at 1427°C showed very:
strong negative deviations from ideality. The manganese
activities computed from the vapour pressure data of Gee
and Rosenqvist“”’ and the data from Ahmad and Pratt™?® are
in good agreement cver most of the composition ranjé
except the deviations at the highest manganese contents.
Excess free enurgies were calculated from the measured
vapour pressures and were used to calculate the excess
entropies of mixing in combination w1th the

The
excess entropies of mixing were found to be moderately

calcrimetrically measured heats of formatlon.

negative.
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Kor“® determlned the act:.vn.ty( f silicon in Mn-Si melts
at 1500°C The equlllbrlum betweén Mn-Si melts and slags
contam:.ng Mno, $10,, Ca0 and MgO were studied at 1400°
and 1500°C in silica and magnes:.a crucibles. An
empirical equation to pred:.ct the manganese and silicon -
distribution was obtalned ayls function of the slagv

»

basicity at 1400° and 1500°C. A higher slag basicity and a

lower activity of silica in the slag was obtained by the
additions of up to 10 mass per cent CaF,. 'This resulted
in lower silicon cmatents in the metal phase. The
presence of up to ,.O mass per cent iron in Mn-Fe-Si melts
decreased the activity coefficient of silicon. The
effect of 1 to 2 mass per cent carbon in the metal on the
equ:.l:.br:.um was rcughly estimated and found to be almost

e

negligible. Y

Tanaka''” determined the activities of manganese in
Mn-Fe-~-C, Mnf-Si-C and Mn-Fe-Si-C melts by the same
technique as in his previous work®" at 1400°C. The
results were shown’/by iso-activity curves. 1In the
measurements, the//atomlc fractions of Fe, Si and ! in
Mn-Fe~C and Mn-Si-C melts were limited to lower than
0.25, the atomic fraction of Fe in Mn-Fe-Si-C melts to
about 0.05 and 0.10 only, and the atomic fractions of Si
and C to lower than 0.25. The iso-activity curves of Mn
in the Mn-Fe-Si-C melts saturated with carbon at 1400°C
are shown !n Figure 30 a.

W
N
Dresler™®

evaluated the activities of carbon and
manganese in the ternary system Fe-Mn-C for the )
temperature range 1400°-1800°C. Th= activities of carbon

were determined by the Lupis and Elliot dilute solution
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Figure 30a.

h\\

Isocactivity curves of Mn in the Mn-Fe-Si-C

melts saturated with C at 1400°C ™",
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"approach. Manganese activities were calcul ated with

-Gibbs-Schumann J.ntegratlon for ternary systems. He :
found that carbon reduces manganese act1v1ty ' " Lo
signifigantly, partlcularlyﬁat high carbon contents. i

p

Tanaka“‘?’ equll ,.brated the carbon saturated Mn-Si-C and
Mn-Fe-Si-C’ alloy melts with MnO- SlO,, Ca0=MnO- S:.Oz,

W = Ca0-Mn0-AL,0,-$i0, and Ca0-Mn0-A1,0,-Mg0-§i0, slags. From 0
the exper:.mental rcsult > he calculated the foliowmg i
thermochemlcal values by making use of the act1v1t1es
obtained prev: ously by himself and various

;
L

: investigators:
© Y -The aCthltle.: oi Si in carbon saturated Mn-Si-C melfs .,
RS at 1500° and 1550°C, and in carbon saturated Mn-Fe-Si-C
melts at 150\O°C (Figure 30 b),

-The activities of Si0, in Ca0-Mn0-Si0, molten slags at
1500°C. ‘ I

—The values of a,‘,,.o/ag,a2 in Ca0-MnO-Al O3 .>10 molten slags
at: lJOO C,

-The values of Gym/dsp, in Ca0-MnG-A1,0,~Mg0-Si0, molten -

slags equilibrated with carbon saturated Mn-Fe-Si-C
alloy melts at 1600°C (Figure 30 c). '

Ni, Ma and Wei" determined the solubility of carbon in

/,/»w Mn-C, Mn-Fe-C, and Mn-Si-C melts at 1400° and 1500°C. The
interaction coefficients e, ef', ¢f were calculated.
i@ o

il . .

j Although it appears that a substantizal amount of

) s information has been available on manganese containing

| liquid alloy syste ns, the majority of these are related

- Q to conditions in 1rc.n and/or steelmaking where manganese
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