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ABSTRACT

The effect of fluxing additions of MaO, a1203 and Ca0 on the
solubility of copper in eilica-saturated iron silicate slag at 1573° K
uss studied by contacting copper-golu alloys with the slag in silica

9 atms The

crucibles undex a partial pressure of oxygen of 8 x 10"
oxygen pertial pressure was controllad using a CD/C02 gas mixture,
The results of this inveatigation confirm that copper i{s dissclved

as t:ut)m'5 in silice-saturated fayalite slag. The effect of additions

of Mg0, Al,0, and Cal on the solubility of copper in slag was

datarmined by calcuaating the activity coefficlent of Cuﬁu,s for each

of thage flux additione. Tha activity coefficients of Culi in thie

0,5
invastigation varied from a minimum of 2,58 for silica-saturated slaga
without fluxing additionz to s maximum of 3,81 for a slag contalning

10,5 mass per cent lime, Additiona of Fgd and Al,Q, slightly increased

 xhu00.5 whilst additions of Cal subatﬁnﬁxally increased 2r(:uo An

0,5"
dncrease in the activity sasfficient at‘canatnﬂt asubivity of copper
oxido in the zlag zasults in a decreass in the solubility of coppér’
in the slag. |

Equations were alse developad to :slate the solubility of copper
in slag containing either Mgd, a1203 or Cal to tho activity of G““u.s
in the olag. The maximum solubllity of copper in tho elag equ&lib:étad
with a Cu~Au alloy (“Cu » 0,80) varded from a meximum of 2,10 meas
per coent for slag without fluxing additions to a minimum of 1,40 nass

per cant for slég containdng 10,5 mass per cent lima,
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The var.auicas in the activity coefficients of Cul wore

0,5
intepprat ¢ +.ung the acld-base theory of slags. This theory confirms

7 ! “ that the mors baaic oxidea have a greater effact on the activity

. B

courficiont of copper oxide. ’ e g

The knowledgs nbtained in this invastigation of the sffects of

S A ST

fluxing addihlbna on the solubility of copper in the slag will be :

‘ helpful in choosing optimum compositions for capper smelting slags

T W e =Y

to reduce chemical coppor loasus to these alage.
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R 1.  INTROOUCTION -
*5”§ ; .
, é Smelting uf sulphides is ths most widely used process for Lthe
L ? production of copper and as much as 15% of the metal in.the | %
: § original ore is logt in the overall extraction process, %hﬂ loss of : ﬁ
‘gl % . copper durding smelting is about 3% of the copper in the original o o
,: | ? are and most of this smalting loss is to the slag.. |
1 % Copper losses to the slag occur by chemical solution of §
ir : | the metal as the oxide or sulphide or from mechanical ehtrapmenb of : 2
§ L ' : alloy or mabtte particles. The most important factors contpibuting :
EV to the chemical losses ars tho oxygen puteﬁéial of tho alag, i
: P temperaturs, and the slag composition. The effact of oxygen
! i potential and temperature on copper losses has heen fairly g , ‘“54,
: ; &horoughlgkinvasﬁiga&ad. Little anformation ia availeble on ths
( i affact of élag composition on copper lusses o slag. Henea the
g g ?§ object of this study was to examine ths sffect of additlong of
%W a&f, magnesia, slumipe and lime on the solubiliby of metallic co@par in \ qg
' :5;5“1 o @Jigfailinn»saturataﬁ iron silicate slag, A knowladge of the ; o 73
! ﬁ (' variaﬁiqﬁa in éoppe§ golubility For additiéns of slag nunagihuanta i
will help in the optimization of Fflux additions to minimise copper i
losaas to the alag. | \‘ i
In a sulphur-free system, sllica-saturated iron aiiicaba slags
wara squilibreted with coppan-gold ailqya undag a fixwd oxygen
partial pressure of 8 x 107 atm at 15730 K, The' coppax .
gsolubilities in the slegs wero determined. The rosulis have heen i
! interpreted in tovma of tha thoory of the structurs of alage. :;1
§

o
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24 PREVIOUS WORK

2,1 Forms of Copper Losses to Slag

3

There is still strong disagreement about the relative
proportions of dissolved and entrained copper losess to slags in
copper smelting (1, 2, 3, 4, 5). Techniques used to establish

the amounts of entrained losses include centrifuging (6,7) and

settling (8). Losses by entrapment have been shown to vary from

@8 much as 80 per cent (9, 10) to as little as 25 per cent (7) of

the copper losses to the slag. Yazawa and Kameda (11) studied the
Cu~F9-S~Si02~DaU system and found that copper in solution
represented about half the loss of copper to the slag,

“In 1968 Young (12) attempted to clarify the mechanisms and

“nature of copper losses to slags by o roassessment of earlier wonk

using more recent information. It was concluded that the evidence

for exsolution (formation of copper globules in the slag by

derkwxﬁion of tha immadﬁé%a area of copper) from the melt was still
indirect and Further wobk was required. From a minerslogical

investigation Young (15) concluded that the major proportion of

the copper in reverbepatory slag is presant as 4 auhmimran dispersion

of auxphides which was not positively ldentified, Hmwgver, readily
ldentifiable largser globules sesmad to have been fnxﬁad hy an

exsolution and agglnmaration\prdcasa. Regent investigations )
auppo%h the view that a major portion of the unrachvarédecappaw is
in true solution in the slag. The Lwe most impopbank dmvelupmeﬁts

have been the determination of tha extent of oxidic and aulphidic

(13) dissolution of wopper,

i
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;2 2+2 Fasctors Affecting Copper Losses to Slag e
t ' f
Q A number of factors influence the ioSses of copper in '
§ smelting slags (1, 2, 3) Thermodynamic factore have an important i
i *“‘{ ) ‘
/,914 ! @
' § influence on copper lasses to slag and these factors includes % ¥
3 ; i 4
b ! 1. Matte grade N
% ‘ e 2. Magnetite contant of slag f
i 3« Oxygen potential of the slag - measured by 3
the Faz+/F32+ ratio of the slag ' V%
gk« | 4.,  Oxygen content of the matte ~ﬁ
é %‘ ‘ ~1, / 5. $Slag composition - Siﬂz, total iron, Cal, ’f
6., Temperature
; Physical properties that.influence losses of copper to slag
s
! include melting point, viscosity, dendity and surfacs tsnaion of ‘
=B d the slag. The other important factors are assoclated with | . ~ - o
. ‘ ;
3 9
3 ) operating practice = slag-to-blister ratia, converber slag .
& ‘ +
s recycling and the flow chapacteristics of the furnace.
Togurd, Themalis and Jannings (14) emphasized that to clarify
the relative magnitudes of copper losses by entrainment and solution,
further rossarch was needed into the effaect of oxygon pressura and
minor slay components on coppor solubllity in iron silicate slags. |
: Subsaquently a number of fundamental studies have boen reported on 1
the effect of atmoaphere and alag cemposibtion on eopper solubility
in synthetic slags, Thees reports are reviewsd in the next saction
: ! - * .
h & :
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23 Thermodynamic Factors Affaecting Copper Splubility in %laags

2434 Oxyaen Partlal Brossure

The effect of oxygen partiel prossure on copper solubility

Bates (8) first demonstrated the variation of the solubility cf

‘has been approciated since the early sixtles, Ruddle, Taylor and

capper in a sllice-saturated iron silivate slag in equilibrium with

pure coppar under a CO/CO, atmosphere. Similar systems were used

by Mihalop (15), Bailey (16) and Toguxl and Santander (17) to

firmly establish this relationship. The results of these sarlier

investigators werd confirmed by Altman and Kellogg (18) who used

a technique in which the gas phase was allowsd to come to

studias, and Taylor and Jeffes who used the levitation technique
to avoid slag contaminatlon by the crucibla.

Ruddle ut al (B) showsd that there was a stromg correlation
batwaan the EUZO contant in the slag and the oxygen partial pres
This relationship was vory similar to that betwsen the ferric ox
gontent nf'bha slag and the oxygen partial pressure. Therefors,

for cases in wiich squilibrium is not atbained between the gas »

gquilibrium with the melt rather than vica versa as pegr thy earlier

sULre,

ide

nd

the liquid phases, le in general smelting practics, the ferzic oxide

content can be uged to lndicate the state of oxidation in the al
(19).
Ruddle et al proposed a tentatlve reactlon mechanism for th
dissolution of copper in slag by the segquence of reactions:
Slag-matts interface Fo,0, = %0, + 2Fa0
Slag-gas intarface  Fod + 30, = ?9203

Slag-matte lnterface Fazos + 200 = 2Fal % Cuzn ‘
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Reaction 2.3 can be regarded as bsing the sum of the two reactions

20U + éuz = Cu,0 ' 2.4
Fe,0, = %02 + 2Fel | 2.1
where az .
Ky = o0 Gupl : 2.5
2

a a.

Cu ”\2“3
Michal and Schuhmann {19) argued that for silica-saturated slags
LT is nearly indaspendent of oxygan partial pressure and as the

activity of coppar in pure metal ls unlty

a 2

CQQU \ o constant
a

F8233

This illustrates the relatlonship betwsen copper sontent of slag and
Fazﬂs sontant.

Mihalop (15) repaated the work of Ruddle et al (8) and adeptad
the same reaction mechanism for copper dissolution: Mihalop's

results for the solubility of copper in silica-saturated iren

Wsilicnte slnuge agree glosaly with thase of Ruddle et al except ab

higher oxygon partlal prassures nsar ldﬁﬁ atm (16) (not shouwn an
Fiéura 1,) whers thé values are somewbab higher. Mihalop dewrived
the empirical relationship

#Cu,0 = 159,5'9g29321 o - %6
uhich compares with tho relationship of Ruddle et al

fCu,0 = 125,6 pngu,zz 2.7

- The corresponding emplrical reletionships betwsen the tole

fraction of coppar oxide and oxygen pressure werej

log NCUQQ = 0,2174 log POy - 0,0176 (Mihalop) 2.8
log Ney,0 = 0,22 log pp, = 0,05 (Ruddle at al) 249
) { |
//f/v‘ g L

R R

SRR

e DR O R

A

)
A
i
s
{
i
i
4
A
.
X
o)
i
i
i

[Py S O




o

SOVIS 3JIVOITIS  Noul

19 3UNSSIAD TVILEVE NIDAXO SNSYIA OVIS W

FANSSIAd

201 g-0t

NIDAXO o 901

A - o=
QILVENLYS ~ VOIS
JGIXO  ¥34d0D 'L 3wnoH

;Omm 13 N

501 ot~

i~

o
SR i

OH i
St v
v ;
g — ~e-—it
¥ ‘\ -
e ) \ K
=
. >
LS
v 34
£l z .,
. E% -
N . , [y o
-
G
S
{¢1'g) o i
sijnsey uc pasng (91) v Asjing 9
(S = dojouyiw |
(g} @ [© Jo oppny
A fLs1 = dW3L
S e L et o B «ﬁWrxl!syE.?.,..ll e e B e - - ’ - 4 ﬂlﬂwm.«.,&, x 5 i.xﬁ,m-rﬂn@u.{wnx

2




s T i A S R R RS R 2R

A ‘

A M SN

ESE e A

= R
LT nesed el 20 2

-

Bailey (16) investigated the equilibrium between liquid &obpar
and ailica-saturated i’ron silicate slag to resslve the discrepancies
between the results of Ruddle et al and Mihalop., The results of
all three investigations are presented in Figuras ). Ballay
anncéhtratad on the extreme values of oxygon partial pressure and
found initially that his values were considerably lower than those
obteined in ths other two investigations, Bebuesn the extremss all
thres sets of results were in close agreement, Ballay Qrguad that
his‘luwer valuss of copper snlubllity at higher oxygen partial
prassured were a rasult of the non-atbainment of equilibrium and

occurad because of the degres of oxidation of the slag which had

& high initial ferric iron content. Indesd a longer equilibratibnjﬁ

time gave higher values of copper sclubllity which wers in closs
agrammabh with the results of Mihalop.

‘Togurd and Sanbander (17, 20) used copper-gold alloys and a
similar technique to that of Ruddle et al axcept that the alioy~iron
ailicatn slag system was contalned in alumina crucibles, The
affacts of oxygen partial pressure, temperaturd and the activity of
copper in the alloy on the solubllity of copper in the slag wers
determinad. The resulte showod that the copper conkanbt of the siag
was propurbtional to tho activity of copper in the aliay and the
fourth roab of tha partial pressure of oxygen above the melb.

i (mass par cent Cu in slag) = CONSTANT écupOQE 2410

Togurd and Sentandsr discussed tholr results in terme of the

oquilibrium reactions betwoen the gas, slag and motal phases,

Fazna kGO = 2Fa0 + GO, (gua=slag) 2ell
20y ok Fay0, = 2F60 + CuyD {slag~motal) 243
Co + ﬁoz w00, : - Be12
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| : K12 87gy Po,t
4 4
L ‘% From Temkin's model |
3 3 ;
i : WA - ‘
i tu0 F (Vew")(Ma?T( ¥eu,0) 2.14
- . R
.\§ i
; o using the agssumptlions that an“ is approximately canstant and :
£ § the solution is dilute. Thus the activity of cuprous oxide is ‘ ,
I‘;,‘ -
' p proportional to ths mass per cent copper in the slag,
AN o ' le 8g, g ©X (mase % Cu in slag)? 2:15
Y] ’ 2 ,
\ ‘ ' and ‘ — _
N " ] Kaio o o %
(mase % Cu in alag)eX MW cu P, 2,16
, : 11
As shown in Figurs 2, there was a positive deviah#gﬁ fram 1 ‘ B
5 the linear depandance prodlcted from the shove squabisn at high
] ' |
2 partisl prossuros of oxygen and at coppor activities above 0,8 in
B
! tha alloy, Tho high values are thought ta be dus to local
- : praclpltation of cappar‘aa discusesd by Richardsan and Billingbon ? K
5 ) V] ;
(21}, Employing the losst squarss bochnlque for analysis of thain &,
data, Togurl and Santandor obteinbd the expression ,
| masa % Cu in slag = 29,73 “%éuaﬂ 75 | o
. Altman and Kellogg (18) obtained results fox copper o !
solubllity in silice-saturated slags that support a model in wh;yﬁt ‘
coppar oxlets in the slag ag & mononucleayr cuprous speacles
j - raprosentad as CUOO,SQ Tho aabiviﬁy~af dopper in tha cepper~gald
allpy was hald a% 0,78 relative to pure liguid coppor and %ha‘uxygmn
partial prassure was varivd using a‘CO/CUafgaa mixture which wag
| B ~allownd to como to equilibrium with the sleg and alloy. The coppexr s g
| ' , o
4 |
*-— |
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solubility data was smoothed for the eoffect of temporaturﬁ‘and»

TR

slag composition on the activity of CuUU 5 Figure 3 shows the
. y :

L e

activity of Cub, . as a function of the mass per cent copper in
!

B G T R

2

3 Gt B R S TR T e

the slag. The studies of Taylor and Jeffes (22), Altman and Kellogg

(18), Ruudle et al (B8) and Toguri and Santander (17) sppear to be

TS e

reasonably conslstont up to 4 mass per cent sopper in the slag. The

results for copper solubility in slag Por Bailey (16) are

JE T e

considerably lower and this is probably becavss the squilibration

P e

tima was Lon shori,

[ AL S

] ) . ‘ Altman and Kellogg caleulatad SCUGU and found thab this
| | activiby coefficient dxhibited s slight positive deviabion from

idaal behaviounr before reaching a constant valus as NCUQO 5
: '

T S YR

approachod 2zoro and hence in this xegion the apacéaa Cuno’g

oboyed Henry's law. The apecise  Cusl oxhibibted a shrong negative

daviatior from ideallty aver the samo range of NCUQB' The nogative

daviation might have boen tho result of comploxing of the gpeciaes

Y
A AT K s K

Cusls  However there is no svidance Por the existence of such complexes,

e

R

Taylor and Jeffos (22) usod the levitation technique to
SN squilibrate mupﬁ@w~gald'allmy with silica-~saturated slag., This “ﬁug;‘

“techniqua can load to the developmont of tempoarature difrarances

o
o o O

betwean tha motal and slag giving 1ncqrnact aguilibrium data, The w
rasults obtolned at 1573° K are comparad with those af Ruddle et al,
Togurd and Santandor and Altman and Kellogg 4n Figure 3, The rosults
arg in vory good agreemont with thoge of Altman and Kellogg. The

: g alightly lower solubllity of coppor in the alags of Togurd and

Santander might be explained by the prosence ot alumina in tho alag.

R R S b b N 2 s S SR




1
/
1,8 -
| =
6]
{
1,4 B
L,
h2 )]
ac:UOE”S
1,0
0.8
0,6 ;
wrmeeemes Tatylor and  Jeffes  (22)
e Bailey . (16) 4
0,4} g Altman and Kellogg ,
(18) :
wnunam= Ruddle et al (8) « 4
5 v~ Toguri and Santonder R
02 (17)
u
1 2 a4 8 6 7 *
Mass 6 Cu in SLAG
FIGURE 3 COPPER  SOLUBILITY in - SLAG as o
FUNCTIONM  of COPPER OXIDE ACTIVITY
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Re'%e2  Temperature

Ruddle et al (B) invastigatad‘copﬁer solubility in fayalite
slag at tempsratures of 1573° Ky 1623% K and 1673° K, At a fixed
axygen partial pressurs, tho copper solubility in the slag and the -
ferric ion content decreased with increasing temperature. A
aimilar trend was observed by Altman and Kellogg (18) over the
temperature range 1500 to 1560 K.

Togurd and Santandsr (20) invéatigated tha affect of varying
temporature from 1523 to 1623° K on the solubility of copper in
siiicausatdratad iron silicate slag for partial prassurés of oxygen

from 1077 to 1070

atm. The solubility of copper in tho slag
decraased with incresasing temperature, as predicted by the
temparature dependence of the squilibrium constant for ths reaction

2CU 4 &02 = Cu,0 _ 244
The results ars prosonted in Figure 4 for an oxygen partial pressurs
of 10"8 atm, Taylér and Jeffos (22) also showod that coppsw

golubility decressed with increasing temparaturs ovar the

temperature range 1573 - 1773° K. Vary liktle effect of temperaturs

on 2"(IuUD g wae obsarved for a large varlation in slag compoaition.
Lt 9 ™ .

233 Slag Composition

" The effest of slag composition on copper lossos in coppen
smelting hag long bean vealised. Ag early as 1912 Wanjukoff (23) |
gtudiod the affocks on slag loesas of copper af minox elag

constitueonts such as A1203, Cal) and MgO.
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2.3.3.1  Iron

| Bailey et al (24) noticed a considsrable difference betwsen
the izon content of an eguilibrated Rokana slag and synthetic slag.
A vurve of (% Cuy0)/{%Fe) in slag verses log p02 (Figure 5.) showed}
that the copper solubility at a particular oxygen partial pressure
was directly related to its iron content, Furthermore the minor
alag components did not signifiCanhly.alter this rélationship.
| For experiments on iron silicate slags with a high iron content

the only suitable crucible material is alumina., Bailey (16) first

«

svaluatad Ehe affect of alumina on copper solubility, The
solubiliby of alu$ina varied from 16 mass per cent for slags
containing 45 mass per cent iron to 4 mass per cent alumina at
saturation for slags containing 56 mass per cen% iron,

Balley obhssarvaed that the copper contents of the slags increased_.
in the order high-iron, medium~iron and silica-saturated slags as
shown in Figure 6.‘ If the effeoct of alumina is considered the
solubility of copper in slag is lowarsd iF tha irdnvcmntant ig
increased above 40 mass per cent. This result conflicts with the
pradiction from the curve in Figure 5,

Taylor and Jeffes (22) investigated the variation in copper

solubility in iron silicate slogs of varying composition and

- obsenved that aCuOO g dacreasod as 8pan Intreasad, 1t was tonsidersd
) o

that this was bocsuse of the difference in tha relative stabilitiss

of copper silicates ond ferrites, - )
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| \{\ @ 2.3.3.2  flumina t
N % . ko
! N, 8 \ g
\gﬁibl' ‘ The first comprehensive paper on t%a relationships between E
: ? slag compasition and slag copper content was published by . ;
! % ;ﬁ /yx “Wanjukoff (23) in 1912, The charge conteinod matte assaying 30 masé ;
; | % ? o per cent copper and was meltad in a graphite crucible for 1% hours
i _§ 5 ‘ | and allowed to cool inslde the furnace. Premixing of the charge 3 | o %
- % components might have incroased the pdaaiﬁility of entrainment of
? copper into the alag and thae mquiliﬁratlan time of L% hours appears
to have hean dinsufficiont for equilibrium to be reachead. Slow
cooling of the sample may also have caused sume coppar tb précipihata,
from tha alag bafora it bad solidified.
Wanjukoff's resulta indicated that alumine acted as a diluent,
Replacemont of lime with alumina produced inconclusive raesults as
i the coppar solubllity initially decreased by as mJych as 10 per vant
% of lts original value bubt then increased to its original value for
: alunina additlions bé&wuan 10 to 25 mase pax cank, | : o
Investigations by Scobie (25) and Ruddle ot al (8) alse ;
5 produced inﬁahcluaive results, Scoble mixed the charge material and
heated it in a fireclay crucible in an olectpis furnace. The charga %
wae hald at 1643° K For one hour and then cooled to room temperabure. j
Reducling conditions were mainhainéd by ndditions of powdered coal
to the charge. Howsvar, due %o scatier in the results no definite
conclualong can be nade,
| Seabie explalined the sffect of alap composition by suggesting . )
Vthat the amount of copper in the alog could be represented by the /
3
§ R '{
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the following equation,
Cu, = (SD x £50) + (%n1203 ] fnlzﬂs) + (%Ca0 x fCab) +
(%Mg0 x fMgo) 2,18
whare Gig w Coppor in tha elag

S0 = Silicate degres = oxygen combinagd with silics
oxygen combired with iron

P50, FAL,0, atc = amlicata'degxma factor, alumina degree
factor ate ’

However, tﬂo data failed to suppoxt the sgquation.

fuddlo wt al (8) porformad a sories of experiments to atudy
the effact of small additions of Alzﬂs,’Mgo; Cal and ZnO on copper
solubility in thaiélag. The silicawsaturatsd iron silicate slags
woro brought to equilibrium with pure copper at 1573° K. Mo
slonificant variations in tho copper content of éha alag were obsarved,

Toguri and Santander (17) used aluiina srucibles in their
experimente to astablish the affoct of the partial pressure of
oxygen on tha aplubllity of coppor in iron silicate alaga, Thw
solubility of cepper weas slightly lowex than the values obtained
by Ruddle ot al (8) and Altmun and Kellogg (1B) for silica-saturated
alags without alumina, Thie difference was attr&butaa to the
prasence of aluminaﬁ(ﬁ.ﬂ 3 0,5 mase pay cent) in tho elag. Those
threa Lnuentigahlmné are compared in Pigu?n Js

Nagamord, Mackey and Tarassoff (26) squilibrated purs copper
with sllica~tingaturatod Cayalito alags in alumina cruclibles, The
alags contained an averoge of § mase per cent AL,0, over the range

6 w1

of partisl prassures of oxygen from 107 to 107" atm, Nagamori et aj

gonelyded that tha prasence of n1203 lowers the copper solubility.
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;
; In a moxe extansive study, Bailey and Garner (1.6, 27) § g
gx equilibrated 5 9 of pure copper with 20 g of fayalite alag contalning E %
é either S or 10 mase pexr cent alumina, Figuro 7 shows that there is ; 5
{é littla difforence in the solubllity of coppar betwesn alumina«frdu ? j
| E slag and slog contadning 5 maso per cunt alumina. The elight %
"f §§ .difretancn wag attributed to the raduction in tha iron content of the %
%k % slag from 44 mess por cent to 30 mass per cent. For additions of up % !
3 u% to & maws par cant, alutina did not affect the solublility of copper, §
Ai For slag containing 10 mass per cent alumina tbara woo a significant §
| incresas in the sclubility of coppwr. Theso reculte indicatn that | ?" V;:;ki
the effoct of slumina is depandent on its concentration. It asppeave L
that for a particular aiag thare is a eriticel elumina concahtration i,
above which thors i a marked affect on the copper solubility, : ’
Gl . § )
; 2.3.3,3  HNagnoala g
/
, ///“ 1 Due %o scatter no conclusive results have been abtainad for -
ﬁ. - % N the offect of magnesis on copper solubiidty by Wanjukafe (28), ;
?; 1 Seobie (25) and Ruddle wt @l (8). However, it is gencrally falt é
% ) i that e much aa 8§ wate por cent magnesia dogo nod significantly altes |
8 | the oolubility of copper in slag,
| 2:3.3.4  Lima |
| Thera do gansral agheswont that the solubility of copper in
E ; slag s reducsd with inoreasing cgd content of the nlag (), 2, 8, 10,
, % f , , 26). Montilto ot al (28) studied a maﬁha*ai%Qcata plag ayetem for
g
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11&% contents in the slag of betwsen 6 to 8 mﬁss per cont and

némarved a raduction in the diasolved copper content. This is

~thought to be due to the relative basicitios of coppar. oxlde and
lime, The sillca content of the slag varied fProm bstween 20 to ' !

30 masg per cent,

(it

24344  Sunmary and Comparisan of Differont Invesblaatlions

3 vy

Previous work indicates that the solubility of capper in
sllica~saturated iron silicate slag depends upon the partisl

pressure of oxypan above the melt, the tamperature and the

cempounltion of the alag.

Tha solubllity of copper in slag incrassas with increasing

parhiﬂl prossura of oxygen between the limits of iron saturation

and magnotite saturation, uwhilst an increase in slag tempsrsture

4 ‘ | decreassy the solubllity of copper in thy slag. =

1 ‘ At a parhicuian partial pressura of oxygen an incrﬁnag in &ha
| V iron content of the slag produces a decrsase in the solubility of |
ﬁeppgr in the slag. From the work of Balley (16) the effoct of ‘ .
alumina on copper solubllity appeara to be depondant on ite |

conzenkration In the slag. At a partial pressure of oxygen of

10°% atm th addition of § mass per cent ALl lowera the

solubllity of coppor In alag whilat tho addition ;F 10 masa per

cant AL,0, increasus the aolubility of copper dn the slag (Figurae 7)
Tho rasults for 10 maas per cent Alzas appear to ba In error ag .

discusaed later (Soctlion 5.2.2).
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The effecte of these parameters on ths solubility of copper :
in slag are summarized in Table 2.1. The results are prosented
/ as masg per cent copper in the alag raﬁntnd‘tn the activity of §
copper oxide in the form (’:utln'5 in the slag.
Each result in Table 2.1 has baon caleculated from the rauw '
axparimental copper solubility data of tho respective investigations i
b : - w ]
. i at & pertial pressurse of oxygen of 10 8 atni, For copper equilibrated K d
1 with silica~saturated iron eilicate slag the results of Ruddle et al 3 ’
5, f (8), Mihalop (15) and Altman and Kbllagg (18) ars in good agresment, Py
- E ‘ The result for Taylor and Jeffes (22) is slightly lower and could :
3 ) L . B ¢
{ ~ ba the rasult of the difficulties experlenced in temporature control : (
. é - uaing the lavitation tochnlque. Toguri and Santandex's (17) results % i
Z;? are lower dus to the alumina content of the siag and the probability ;
; that the slags waere not s{lica-ssturated. %
i
| |
P ;
) i
§ !
§ * |
§ !
4 i ;
!
e -
S
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3.  EXPERIMENTAL
) The solubility of copper in silica<saturated slag was |
g studied by squilibrating a copper-gold alloy with an iron %
jq' 2 silicate slag in silica crucibles at 1873° K under a knpun é
q?ﬂl o ;" : oxygen partial pressure of 8 x 10"9 ahm’mainta£nad by a CD/ﬂDZ %
| Qas mixbuya. The activity of copper In the copper-nold alloy was E
varied from 0,3 to 1,0 relative to pure liquid énpper as the %
. standard stake and the effect of sdditions of Mal, Ale03 and CaO é
; T . on the solubiliby o copper was examined. §
3l K##arimanhal ‘n‘asign ’ “
i The axperimantal programme was designed to detormine the j
? solublility of coppor when copper-gold alluys are equilibrated : %
§ é , , with silica-ssturatod iron slilicats slag. The advantage In ysing % . !
‘ i & whpper-gold alloy ia that it is then possible to.vary the » § h
E setivity of capper in the alloy and thus the activity of cappar f; ’;
é oxide in the slag z @
b : la Scutg,s % aCuWO& - 3,0 ; g
| % The additional sdvantage in uaing geld in the alloy ie to ‘ §
g . pnatablish the extent Lo which copper &s entrained in the slag | § s
(y% ~ from the anslytical value of gold content dn the slag. Gold -
E ‘{f . ' ~ exhibite a amlubiiity of 0,000 moss por cont (18) av 1573°
§ | { palabive to pure gald and values obbtained for the gold content of
5 the sleg can be seen in Figura 19, |
N. |
I X >
TR | W‘f
i @ i
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The solution of copper in slag is represented by the simple

i;‘,T ‘ '. o oxidation rsaction

ey} + $0,(9) = <C“00,5) 3.2

L The reasons for the cholce of Cu00,5 as the copper molecular |

% species are discussed later.
3 For the four phase system shown below, ‘
£ € | ’ka . | . ’ a, GAS )
i L ’ s%nz;réc~ra203~0uou,5 SLAG
% FBACU~Au'> ‘ ALLOY
. ‘é, | 510, CRUCIBLE
;éy £ﬁéra,ana 5 components; le, all other spaciéﬁ in ths aygtem
‘? may be farﬁed from a minimum of 5 species, These’may be nonsidéned
= é ~és Cu, Au, 5i, Fe and 0, From the phase ruls, |
$ % F = L4 2-p o 343

where [ is the number of components, P is the numbaer of phases

' end F is tha number of degrees of freedom, ;
EERNE | F o= 5424 = 3 '

This means that in order to ¢ . -  unique values of any parameter

three variables must be helﬁgyaﬁsﬁanﬁ. Experimentally, temperature

e A oL ek b b e i

and partial premsur;i"}oxygen are easily controlled, QTharanng

.at constant temperature and partial pressure of axygen unique valugs

| of~Ncu00 are obtained at sach concentration of topper in the alloy.
(,\‘ i‘ ‘ . s , ) i‘i\\;\‘::;»j_‘— . )
e ' . Copper concentratinon in the alloy may be varied by dilution of
@ }} gl .
( copper with inart gold, From equation 3.1 it can ba seen that at
\\ i\\ ' .' » 5] ! i)
it ary fixed partial pressure of axygen a range of CumD 5 Valuas can
. 0,5 . |
. , i
be obtained over a range of copper ontents of the alloy. Ly
, | | 3
. ' e,
' 18y
B 0 12
5 B »
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In this study 2 g of coppaf»gold alloy were equilibrated in
gilica crucibles with 5 g of iion silicate slag, The oxygen partial
prassure was fixed by the equilibrium attained in & mixture of
carbon dioxide amd cacbon monoxide :

fe  cO +'.%02 = €0, - 34

The partial prussure of oxygen for revarberatory smelting is
commanly in the gegion of lu'lﬁ atm and for cmﬂvarting in the region
of 10*8 atm (28), Continuous smelbing and converting processes
vparate over the rangs of nxygeﬁ partial pressure 10”5 to 10*7 atm
whilst flash, blast and slag reduction furnaces operate in the

10 “11

ragion 107 vo 10

9

atm (26). Tha oxygern partial pressure of
B % 1077 atm used in this inveshigaﬁidn’is more representative of
_canverter smelting. N |

| Eqﬁatiana 342 and 3.4 may be combined to give the equilibrium
xaactié% |

3,5
for which the equilibrium constant K is

9
"oun, o Peo V |
K = az 1_!__ Zeb
W Pro,
thusg ‘ Peg PN
' C By, # | K« =a Ba7
0”90,5 pCDZ Cu
and a N ¥ | : |
o CUO,S w CUQG’s CUUG,E 5?8

Having éatabliahad thia eimple relatlonship tha effects on copper
solubility in the slag of individul addibions of Mgd, Al,Og, and .
a0 wera investigated under indentleal conditions of temperature

and partlal prossure of axygen. The addition of one of thé Fluxing
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components Mg0, Alzoa or Cal to the above system increasas the | 0 yé
number of degrees of freedam to a total of 4. Therefore, a furthaer | ?T ‘é
variable such as the concentration of ﬁgﬂ, Alzﬂ3 oi Cal must bse
controlled, At a temperature of 1573°K and an oxygen partial pressure f 'bl 1
§ of A x 1077 atm oxygen the slag composition was varied by the : é;'/j-’   f
% addition of up to 4 mase per cent Mg, 8 mass per cent AL,0, and E H ﬁ
é 10,5 mass per cont CaD, : % :
; 3.2 Bagic Experimental Procedure %
‘~§ » The iritial charge consisted of 2 g of copper-geld allby and , é
% 5 g of iron silicate slag containing 36,1 mass per cent Sinzg - | % i
,% 49,4 mass per cent total iron, and 49,2 mass per cent ferrous iron § ;
§ (Saction 3,3,2). The charge was conbtained in a 10 ml crucible and !
E upon melting the alag phase completely covered the mebal phasae, )
é Equilibration of this system at 1573% K results in the partial i - ”lkj
% reduction of iron oxide in the slag with the subsequent Fcn&ﬁtion | - mg
; ‘ - of a cu;ﬂunFa allay. The initial oxygen potential of the slag,
;f’ : f | © defined by the Feﬁf/Fa2+ ratic at 1573° Ky was keph well bslou
? | ‘é tﬁat st 8 x 10"9 atin oxygen to ensure raqrasnntativa analysss once
Elﬂx: % equilibrium has been rsached. The Fa3+/?ez+ ratlio of the ‘ 5
:‘ N § standard slag was 0,004 which was well balow the value of 06,090 in ‘ ®
5 2 | slags ot equilibrium with sn oxygen patontial of 1078 akm, gnd with a |
S eilica content of 36,1 mass pox cont (19). Valuss of Fe */Fe® > 0,50
: . ; ’tend to give erretic results and reguire axbanded periods to .
% astablish equilibrium (29). An initdal highggﬁygan potential
3 " Y o
T :
f
{, i ) S 3 E R
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?& E
of the slag would result in a high doppar salubility of which &  ‘.5
E portion would prosumably remain as fing}y diapereed metal droplets \ %
?i from reduced copper oxide, or as soluble copper in the lrtiice of ‘“
? unraduced magnetite (18) as equilibrium wes attained.
i The silica content of the starbting slag was 36,1 mass psr cent z'
z " which is comparable with the value of 37,0wmass por cent found in ? %
~§, silica-saturated slags at 1673° K snd o oxygen potential of }
i 107% atm (19), The high silica content of the startiné slag ensured ‘ % !
% . winimal dissolution of the crucible. However, the significant % P
parcentags of crucible fallurves experisnced were due to imparfacbiohg, %
in the crucibles guch!gs bubbles in thé walls rabher than to E
disselution of the crucible. *
N The equilibrstion time was determined by contacting a copper- 3
i i gald alloy containing 70,94 mass por cent coppar with slag at an g
i oxygen potential of 8 x 1077 atm for perinds up to 40 Hours, For ;
i_ g gach run the compositions and amounts of alloy and slag were |
} “é L constant and the activity of copper in the alloy was ahout 0,82 ;
‘ at the end af the run, |
3.3 Materials
& In thias sectlon, bthe mataerials and procoduras uswed to prepare
2 the metéi, 8luag and gas phoses are described and the cholce of a
: . sulteble cruclble matsrial ls discussad, |
: | \ ‘
f b
Iy
% .
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3.3.1 _'S__:_l_gg

A silico~-ssturated iron silicate sla§ was usad in this study.
The slag was prepared from ferrous oxalate, iron powder and pure
precipitated éilica powddr, Dacomposition of forpous oxalate at
1273% K produced Fezﬂs‘pomdar which wae then mixed with the required
amount of silica by dry grinding. Iron powder wes added to glve a
mixturs of cowmposition 15,5 mass por eent iron powdar, 38,7 mass per
cent $i0, and 45,8 mass per cent Fe,0,. The flnal pouder mixtura
was mixed by tumbling for 24 hours. On heating this mixturs part
of the Fa203 is reduced by the Fe and a slag of fayalite composition
is Farmed, |

A mild‘ataei pipe with a welded base was used as the melting
crueible.  To maintaln a Faducing atmoaphera at *he slag surface
the iron crucible was placed inside a graphita,cruéiblg and zirconlis
bubble was packed between the two erucibles, The ézuoibla‘assembly
was hald &n & muffle fusnace at 1623° K for 5 hours; The mnlhan'
slag was slowly coolad within the furpace, chipped from 1t§ iron
containee and ground to & sultsble slze in a Sisbteknik mill. The
rosulting alag analysed 34,1 mass pun cant 3102 and 49,4 nass par
gent total Fo (49,2 mass por cent Fa 5.

Tﬁa,partial Iiguidus diagram for the sysiem F90~Fa203u3102
ig wepregsentad in Flgure 0 and fayallte composition at silicaw-
saturation and 1573° K i roprasentod by the lime ad (32). Although
Information is now aVa{labla foxr the quatarnary Lunba«u~5102 (3&)

the tarnary ls quita adaqua%a for this investigatian,
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The aclubllity limits of Mg0, Al,0, and Ca0 can be svalustad

fram the ternary diagraeme for the syatems MgO-"FnD"~S102,
“Fe0"-Al,0,-510, and Caﬂ»"FoU”—Si02 shown in Figuraes 9, 10 and 11,

Thase diagrams are not entirely nutlnfuctuny as thoy do not 1na;u&a

- i the ferric ion content and thus correspond to the lowsst oxidation
i : staten, From the Figures the limits of component solubiiitiee at
15737 K ares

N Mgl 5 mass per cent
’ - Al,0, 13 maeas pur cent m
Cal 25 mass per cent

*

In this work values lower than these were used to snsure tatsl

-y

W el N
- . ’
\Y
»

“solution of Mg0, Cad and 81203 in the slag.

3.3.2  Alloy

R

!
o

The variation in the activities of gold and copper in 1£du1d

solutions of Cu~Au are shown in Figure 12, The a@ataga iron content

of the alloy throughout the wxporimental vampaign wae loss then 0.16t

nean poar cant and &hus its offect on tho activity of copper in the

alloy wan aosumed to be nepgligible. The temperaturas of the liguidus

lines Tor the binexy alloy ara all woell below 1573° K and thus the
{ i R - aotivity of coppor could be varied over the complote compoaition ;
; | | ranga o? the alloy. . T
§ L '? 5 " The coppar~goid alloys were proparad fiom mint gold Qixa
) ? (99,99 per cent purdty) and nlactrnlyﬁia coppar (99,95 ban cent

purity). The gold wire was cut down, tha coppsr turnsd on a lathe g ,
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and the two me'als mixed to give two master alloys containing

70 and 20 meas per cent coppér respectively. Each mixture was

placed in & rocystallized alumina crucigle in a molybdenum resistance
furnace and held at 1473° & for two hours under a reducing

atmosphere uf deoxidized arhon and hydrogen. The samples were ” n*
quenched undar pure argon and eggain turned down on & lathe. The )
master alloys were mixed in suitable proportions to giQa the other
allay compositigne as required. In sevaral runs pure copper was ..

used,

Fedel Crubibla Matarial

One of the greatest problsems in equilibrium studies bf this
type is ths lack of é suitable inert crucible material., The cholce
of rafractory oxide crucibles is limited by thoss commgrolally
available to sither silica, alumina; magnesia or zirconia, It
was decidad to work at silica saturation and therefors vitreous
silica crucibles wers used to contain ths alloy sand slag. Cruclble
fallures occursd by thermal shock and s$lag aétack. Tha best

crucibles were Tound to be thick~wallad 10 ml squat crucibles

fyitrosil COO). The 10 ml crucible was contained within a 15 ml

» b ‘wxlmd erucible with a packing of pure pracipitated silica
-wbéa ibe two cruclbles to act as a trap For alag in case of
cr& ~Lura, thaveby protecting the work tube of the furnace.

!

At 1573“ Kftha truciblog gradually underwent a phass change from the

P
\\\\\

(5

vitreous state o a pumdav.' At the samo timo the slag adhey

. the orucible surface dus to alng obtack and thus fresh crucibles

wors used for wach run,.

i
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3.4 Apparatus

This study required a system to centain slag and metal in a
crucible at 15732 K for up to 40 hours under an atmosphere with a
fixed axygen potential. Facillties were reguired Lu contreol
temparature, 0as cnmposmtxnn and Lo pravxda guenching of squilibrated
samples under an inert atmosphere. The apparatus consisted of a
gas train capable of delivering a controlled gas atmosphere, a |
reaction furnace with a quenching chamber;‘and acturate tembanahurﬂ
recording and controlling aquipment. Thaeé»are discussed in turn,

Figure 13 is a schematic flowsheet for the apparatus whilst

plates L and 2 are phutmgrapha of the GXparxmﬁntaL systeam,

3-&;1 Gas Traln

Three gases @ere used during the heating, squilibration and
~ quenching cycle, Carbon monoxids was generated by.reduction of
carbon dioxide over graphite, and carbon dioxide and argon were . ,
‘ abiainad dirveptly frot cylindara. The carbon dioxids mas‘purchésé&‘;ﬂ

1?:&@ Afrox (South Africa) and conkained the following impurities,

Nitrogen 30 ppw
Oxygen . 1D ppm
I ; Water Vapoﬁn 200 ppm

Caxhon dloxide: from o gas aylinder was drlad by passaga

thrnugh 98 per cant sulphuria acld and a drying omLumn cantalning
succassivm 1ayaxﬁ af caleiunm chlondde and mngnssium perchlarate
(anhydronn), After deying the cavbon dioxids streah was dooxidised
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by passing it through a kanthal wound furnace conteining coppef

o e S e
=

turnings at a temperature of 850° K, The argon was dried and

deoridised in a similar mannar,

Carbon monoxide was produced by passing carbon dioxide through

a column of coarse crushed slectrods graphite maintained at 1473”;&

in a molybdenum waund resistance furnace. The carbon monoxide

T S e oo e g o eyt
3 P
i e
T e T

‘generated was then passed through saturated sodium hydroxide solution
to ramove ﬁnacas of carbon dioxide. The carbon monoxide then flowed
thrﬁpghfcancanbratad sulphuric scid for the removal of watar vapour
5"’;;1  ; o . piokéd up from the &aDH solution before passing into a column

containing ascarite to remove C0, as well as calcium chloride and

I L “ magnesium perchlorate to remove any remaining meistura.
Tha carbon dioxide and carbon monoxide gas streams each

contained a gas bleader for maintaining constant gas flow through

a capillary flowmeter. The capillary flowmeters pontained n-butyl
! i
; |/

phthalate as the manometric fluid and were calibrated using a soap

B

e N L Film burette, : . o
N . The carbon dioxida and carbon monoxide gas streams were
intimately mixed fﬁ a gas mixer contalning glass beads. The

mixed gas passed to the reaction furnace where it was introduced

through « 3 mm ID recrystallized alumina tube with ﬁha outlet

positioned just above»tha“nruaibla(aaaamhly in the furnace.
A combined Pl&wrata of 400 ce/min of €0, and €O was malntained
. thrnugﬁ the equilibratlan furnace, Dénkun amd Gurey (30) fourd that H
FOF o 13 mm ID tuba at‘1373° K‘a flowrate of 1,2 em/sav was

necegsary to eliminate thermal giffusion offcn ant C02 and the - 2
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uncatbainky in measurement of temperature was ovar 1° K, fhanmalr
diffusion shculd be more pronounced ét 1573° K and, although the
experimental flowrate of 1,9 cm/ssc should eliminabe any thermal
diffusion effects, thers will be an uncertainty of over 1° K in the
tomperature of the hot zone, Purified argon was passed directly to

the quanching chamber at a flowrate of about 1000 ml/min.

For silica-saturated iron silicate slags without any fluxing
additions tha Fe0-Fe,0,~510, phase disgram (31) in Figure 8 shows )
that as the oxygen potential is increased, the forric ien content
and hance the FBB+/F32+ ratio of the slag are increassd and the
silica cbntant is genexelly decreased. Table 3,1 shd@s the
variation in silica and Fes+ contents and the ratio‘FaZ+/F52* with

oxygen héétial preasuces from the data of Michal and Schuhmann (19).

-

\\
[ \
Teble 3,1 Variation of Silica, F93+ Contents and \
Fea+/Faz* Ratio with Bartial Pressurs of Oxyasn
Oxygen Partial Fo°t Feot/Fe?t sig,’ N \
Praasure (atm) (mass %) (mass %). L
1077 749 0,184, 35,0
1078 4,0 0,069 37,0 s
#8100 3,1 0,000 % 37,0
107 2,4 0,083 58,5
10710 L4 0,030 39,0

*

* © This invagtigation
‘ . [
L Run 12 dolebed bacauss of anomolous result.
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: The valua obtained in this invostigation for the
3 Fas+/Feg+ ratio in silica-saturatod slags containing no flux
;i additions was 0,080, This comparos with the expected valus of
? ‘FaG'/Fe?+ = 0,0811 at an oxygen partial prassurs of 8 x 10" y atm (19). :
} The result indicates that accurato atmosphere control was \ g
. i; maintained throughout the experiments. )
¢ " %,4.2 Furnace Assembly
“ : A molybdenum resistanco furnace with 8 conatant btemporature
f Q zone of approximately 50 mm was usaed as the equilibration furnace. %
. scale diagram of the furnace aaaewhly is shoun in Figure 14, ' ?
Eéb 1 mn gaugs molybdenum wire was wound N a porous alumina tube at a ;f
E?U ’ S e Spacing which could give a maximum uparab ny tamparatu“a of 1773° K, §
? » 'x \Thm alanent was hmld in place by alumina cemont and aluming bubble ?
§ J servad as an insulating modium batwean the slument nnd an outer :
a parous alymina tube. Refactory brick was used as packing betusan
| tide tubm and the furneco shell, The furnace was sea;ad at top
. and bottom against the work tubu and a wixbura of Pouﬁ parts of ) { " qw;
nitrogen to ons pant of hydrogen wes Introduced thnmuéﬁ*ﬁha furnace ‘ ?g
o ?ﬁ  shell to provent oxidation of tho malybdanum wire ab bemparaturo, - N
)'Q The constant heal 20n8 uas madntéinad at 16747 fa, S° K over a . ]
F< ) ;“ N ,v halght of 45 mm within the work tobm, Tha uvarall’témperabura \ " o
: f"ng . - R drift wze rnducﬁd ko 429 K using a Eurothgom thyrdskor controller, {R ) 2
%D ” : i ‘ B “‘ A molybdanum furnace was used bocausn it uas tha only type ! e
£ ‘ ” avallable ab the time. Thore i&«iha plak bhat roducing gos From.tga
é; S $ | furnaca casing con diffuse through the work tube and upaat §hn “ ‘ , f;héi
;b  &\\}5“13 o conbrollad volue of oxygan partial prassura, H@mavor. the rosults |
E v | U
! . | oif
: i |
: : o 3 n ; o g
o i B f JERNA . ”, g
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for flux-free slags are consistent with resulta of provicus

investigators, Theraefore it is concluded that diffusion of reducing

= e ey mepn

gas into the work tube did not ococur,

The work tubo arrangement is shown in mora detail in Figure 15

and conaisted of a racrystellized pythagoras tube seoaled at both

R g . AR T =
2

§ | ends with water cooled jackets. The work tube was 1000 mm in langth

| | with OD 60 mm and ID 50 wm. Tho tubs was kept in positien in the

N

; "ﬁ é | furnace usiﬁg’a\@ﬁxturu of asbeatos atring and Volar industrial
( 4 lubricant compacted between tha tube and ths top and bottom furnace !
4 i f , flangas. Tha eheath at the taop of’tha work tube was sesled at the ;
| - flsnge by rubber O-rings. Tha gas inlet and tharmucuupia sheath ware

set into a removable brass block at the top of the sheath using

%i DR T silicone rubbare. The lower jacket was scaleod to tho work tube in

! ' o similar fashion to that of tha uppar'Jackah and opened out into a

quenching chambor which incorporated an argon inlet and exhaust fdr ‘
the 60/002 gas mixture. The silica crucible assembly raeated on top
of a basa of nlumiha cemant aupported by a racrystallized alumina rod,
; R Tha axrangsment is shown in Figurs 16 and Plate 3. Only one raaction } s
S cruclible could be uuéd during each xun hocaune of the diametsr of ‘ ’
e \g | : | the Wozk tubw, o ; o : e :

The cruciblo assambly wae supportad within the hot zone by a |

”‘§  - | reorystallized alumina tube (5 mm 1D) which alotted onto a stainless
;' | steol pushrod (10 mm 0D). Tho pushrod pasasd dounward through the

li : quenching chumbgr into a brasa gulde tubo which was scrowed to the )

| bane of the guenching chamber gainat an O-ring Lo form a gan tinht ;

| ’ . aeal. A bthreaded acraw ssa) hékd the pushrod in ponition within the b g 4

furnace and when thin scal was unacrewed alightly it wae possibie to | i

amoothly roiee or lower the crucible szssambly by hand. , T

o B
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The temperature in the furnace was measured using a

Pe/Pe-13% Rh thmrmcccuple positioned 10 mm above the slag surface

in the cruaible. The e.,m.f. output, relative to an ice-waler

e L e e SN

mixture, was displayed on a Hewlett~Packard digital mulbtimeter.

A Hitachi flat baed recorder uwas used to record temﬁeratura drift and j

G

was adjusted to ImV Full scale using an.slactranic "back»off" unite B

A schematic diagram of the circult }a shouwn in Figure 17,

The tamparééuna wag controlled by a | . % Rh/P£-30% Rh

thermocouple positinnad 3 mm from the molybdenum resistance elemant

. ’*;“«x- connectad to a 25 amp maximum cépacity Eurotherm threa term thyristor .
b controller, . ) é ‘i
‘Deth thermocauplos wara chocked against ahéhdard thermocouples 3 ‘g
calibrabed at the melting points of cnppan"mﬁ niakel, |
3+5 Propedurs

M stenderd charge of 2 ¢ of alloy and 5§ g of élag was welghed g i
out For nach expsrimont, For experiments lnvelving additiona of ‘iv | 0 2

magnaéia, alumina or lime the requirsd amounts of althar Mg, Alzas

or Cell were weighed out find mixod with the slag, The crucible
arrangement was then placed on top of tho gulde tube which was
positioned and soalod to the bass of the quenching chambar. The
furnsce tube uas flushod for 20 minuted bofore the srusible assambly
was ralsed 20 cm and senled araund the atainless atool puahrqgiby
tightaning the throaded serew, The furnaco tubn was flushed for a

fupther 10 minutes and then the crucible assembly was raiéad in

1 0 1 ey - v . % . - + hod N
s B LR R T e T : SRR
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stages of 10 om over five minute intervals until it was in position.
Once the prucible assembly was in position the GO/CU2 gas mixture

was switched from bypass inte the furpace and the flushing gas was

turned off. The hot zone reattained tomperature after approximately

of 25 hourss Any final adjustment to the 00/002 ratio was madae by |
varyiné the pressure hoad in the bleeders. Tampé£atura and flowrates
normglly remained stuady throughout the Bxpn;lmenh.

At the end of the sguilibration period argob was Flushed into
the quenching chamber, thea DG/UGZ gas mixture turned to bypass, and
the crucible assembly quickly lowered into the chamber. “Tha‘sample
é;s allowed to cool within the chamber for 15 minutes before remotal

firom the furnace.

- 3.6 Analytical Techniques

This soction discusses preparation and analysis of alloy and

Cslayg samples. Care was taken to obbain reprssontative samples. The
Wy

alloy‘ﬁaa analysed for copper, gold and iron mhilaﬁ the slag was"
analysed for copper; gold, total iron, ferrous ien (I1), silica,

magnesia, alumina and lime where appllcable. g 1;:

3.6+1 Proparation of Samplos Por Analysis

L)
f

’ ; o
Af'ter the sample was removed from tho quenching chomber,; the
slag and alloy phases were soparated and cleanod fox analysis,
The prucihla wall above the slag line was vasily broken away and

i

RY

15 minuhes and the sample was maintained at temporature for a period

*
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the remaining sample broken into emall particles thus releasing tha - |
alloy phase. Slag adhering to the alloy phase wbuld causa high irop
values and thus the beads woere cleaned Qsing an electrically driven
étifﬁ wire wheel. The Leads were then carefully turned down using
a Bridgeport milling machine. |

Grinding on an electric grinding whonl proved tho most effective
method for removing the crucible wall from the slag. Clean separation
was achisved hecsuss of the noticeable difference in taxture between
the two phugses and any conbtamination nf tﬁe slag wigh crucible material
was avolded, Any fine alloy particles adhaging to tha slay wers alse
removad by grinding. The glag particles were then ground ina
Sisbtecknik mill.

Analyses were carrvied out by the Analytical Qiuis;pn af The
National Institute for Mebtallurgy, Johannssburg.

3.6.2 fnalysis of Alloy

®

Copper (36) was determined by the short lodine procedurs and

interference fpom iron was proventod by complexation with ammonitim

biflourids, 0,5 g of alloy was dissolved in a mixture of niteic and

aulphuric ﬁCidgg bolled to remove oxides of riltragen and fumed. The
solubtion QEB neutrallsed in ammonium hydeoxide and rsacidified using
acetic acid. Potassium lodide was added and the solutlon titroted
with standsrd sodium thiosulphate solution, |

Gold (37) was finally ramoved by normal fire assay. * Base motala

wore first romoued by scorification. mméwmﬁn 1 tp 5 g of alloy wag

wrapped in agsay Ph foll and plased in a scorifying dish. Tho sample

o . TS i rvc 3
W e ety
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was Pinally analysed as a standard gold sample.

Iron (38) was determined by abomic sbsorption spectroscopy.

1 g of alloy was disselved in an HCL/HNOL/H,0 mixture and diluted

to standard volume using potassium nitrate,

e e e g A RO YT g
Y o 8

34643 Analysis of Slag %
g |
Y ?
Ef i Fur analysis of iron (Fell), (39) the sample was disaolved in %{
g%r a HF/H2304 mixkure in the presence of excess sodium mm%évanadate. %’
%f{ . : fhu hydrofluoric acid was then complexed with boric acid and the é_
B unpoactad vanadium I titrated wibh standand Ferrous ammonium sulphata \g
solutinn using sodium dipﬁanylnmime sulphonate as the redox indicator. %
After dissolution of the alag, gold was soparatod and concentrated ?
4 by liduid»liquid axtraction and detecmined directly by atomic
) | ghsopption spectroscony, From the organic phase § g of sample wae ,
1 digestod in aqua regia, The solids were taken up in HCL and diloted i
%; q ; to volume. A sultsble aliquobt was exbrocted into 5 ml of Aliquot !
| i o 835-DIOK solution. 1P tho gold uas sufficiontly high it vas :
deﬁarminaq,diranﬁly in the 5quaous phase by atomic absorpbion
§ spectoscopy ag describod below for copper. . “”Jki f
;ng‘ | ‘ _For analyais of copper 0,5 g of sample was heatsd with HF/HClOa
%‘ mixtura. The residus was tzeated with fresh agua renla if gold was
§2  ) : also to be doberminsd, One ml of HCL was added and the solution
$“m ' diluted to standard volumo., Copper was debormined directly from tha
;, cloar golution by atomlc absorption spoctroccupy. : '
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Total iron, silica, MgO, Al,0, and Cad (ad, 41) were
datermined by X-Ray fluorescence spoctrometry. 1 g of the slag
sample was fuaad'uith lithium totrabur&ta/LiF/aodium tetraborate
flux in a platioum crpucible and the mass dilution ratio determined,
The flux was cast into a glass disc and thao inbapeity of sach .
element dotermined by X,R.F.  Single slement eénndards in the
same flux were used and correctlons for inter-slement effects in

the samplo were made using pre~detormined influence Factors.
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Iri this section the exparimental results are tabulatod as the

maas par cent of topper, gold and iron in the salloy and the elag

compogition as tha mass per cent of the respsctive oxidy vomponaents,

The time roquired to establish aequilibrium is glven.

4,1 Equilibration Time ’

The pariod required to establish equilibrium was determined

by contacting 2 ¢ of soppor~gold alloy contalning 70,9 mass pex

cant copper with § g of fayalite slag. The samples warse hald ab

1573° K under an oxygen partial pressure of 8 X 10"9 atm. The

results are shown in Figure 18 and Table 4.1 and indicate

that equilibsium was achleved within about 20 houra., In all

subsaguant rung the samples were held at temperature for 25 hours

ko ensure that equilibrium was attalned, .

Tabla 4.1

Coppor Contant of Sian for Difforent

Contaeting Timos

Tamperature 1573° K
Oxygen pantial pressure § x 1077 atm

Alloy coppar content 70,%4 mags pur csnb

Run No, Time Coppar In Siag
. {houra) (mass por cent)
2 § 1,3
3 10 1,9
5 T 2,0
o 25 2,1
42 ‘ 40 | 212
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42 Copper Solubility in Iron Silicate Slaq

The analyses of the slag and the éllay for experiments
without Fluxing additlens are tsbulated in Table 4.,2. The
alloy was analysod for copper, gold and iron and the analysis
amoothad to 100 mass per cent, The slag was analysod for coppearc,
yold, total iron, ferrous iron and sillea. The apalytical data
for the slag have been axprgaaed as unsmoothed mass percentagos
of the oxides Cu,0, Fel, Fe,0, and 8i0,. (Smoothing was not
necessary at this stege as thias would be offectively accomplished
when calculating mole fractions), Total iron and Ferrous iron
could only be dnalysed to within is% of the amount present, All
other anslyses ars accurate to iz% of the amount present, The
unalyses of the alloy had a combined exror (Cu, Au,; Fs) af too,

In all experimenta the guld contont of the slag was less than
0,01 mass pear conb. The solubility of gold in fayalite slag at
1573% K Ls very emall (0,008 mass per cont). ( 18) No correlation
betwesn gold and copper contonts was ohesrved (Figure 19)
which suggasted that vary little, Lf any, copper waas present in the
alag as entrained allay.

Ra the coppexr sontent of the alloy was varisod from 19,7 Lo
99,9 mass per cant the coppor oxide content varded from 0,56 to
2,7 mass papr sankt, The PEZU,, and Siﬁz tontonte remalnad

relativaly congbant apart from one snomaly.io Run 12,
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4,3 Coppor Solubility in Iron Silicate Slag With Fluxing Additions

The analyses of the elag and alloy for slage containing fluxing
additions aro tabulated in Tablo 4.2, For all fluxing additions the
allay was analveed for copper, gold and iron and the analysis
smoothed to 100 mass par cént. Tha elag phuse uas analysed for
copper, gold, total ireon, ferrous iron, silica, and magnesia, alumina
and lime where appropriate. The analytical data have gaan axpresaed
as mass percentayes of the respective oxidas,

Addition of 4,0 mass per cent magnesia was observad to increass
the silica content to 39,5 maas par cent, and decrense the total
iron oxide content to 52,7 mass pexr cent compared to values of 37,9
and 58,2 mass per cent respectively for the runs without 7luxing
additions, As the copper content of the alloy varded from 19,98
to 99,97 maas per cent tha copper oxids content of the slag varied
from 0,51 to 2,50 mass per cant,

for the addition of 6,0 mase per cent alumina the copper oxide
contant varied from 0,54 to 2,13 mass per cent whilst the copper
asontont of tha alloy varied from 18,0 to 58,0 mass per cent. The

average ailice and total iron contents ware 43,3 and 47,4 mauss per

ecant respoctively. Tuo exporiments at 4,3 naas per cent alumina uere

‘alvo carrded out at copper sontonts in alloy of 58,7 and 68,6 per

gant,

For Mme additiong threw gerlas of expoplmente were complotud,

 Yho lime contents of the slag wors fixed at 4,3 , 7,8 and 10,5 many

por cent Cal, Ovex this range the silica content wae observed to
vary from 41,0 to 44,0 and to 45,4 mase par cont while the tokal e

iron vardad fron 61,5 to 45,6 end 41,6 mass pur cent respoctively.
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With increasing lime additions, the copper content of the alloy
for sach serles varied from 18,8 to 69,5 from 18,5 to 66,8 and
from 18,6 to 65,9 mass per cent as the copper oxida contents varied

from 0,47 to 2,13 from 0,35 to 1,85 and from 0,32 to 1,58 mase

per cent respectively..
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5. SOLUBILITY OF COPPER IN SILICA~-SATURATED IRON SILICATE SLAGS

5.1 No Fluxing Additions

The solubility of copper in the silica~saturated slag without
fluxing additionn is shown in Figura 20 as mass per cent copper in
the slag versus mans per cent copper in the alloy., Thae copper
sclubility in the alag increasas uith’increeming coppar content of
the alloy to e maximum of 2,4 mass per cont copper when ths slag is
aquilibrated with pure coppor. Values fram this investigetion have
.been compared with those of Ruddle et al (8) and Toguri end
Santander (17) in Flgure 20,

Tha experimental point of Ruddle et al for pure copper at silica-
saturaticn appears to be a littls high and ie possibly a reault of
entrainmant of copper in the slag, Tho results of Toguri and
Santander ara alsoc higher a; high coppar contents in tha alloy and

thia may be dus to either entrapment of the alluoy in tha slag {(uniikely)

(21) or to the slightly higher oxygen partial pressure. The values

at coppar contants of the alloy up to 50 mass per cent are lower
and this may be due to the affuoct of about 6 mass per cont alumina
in tho slag. Howsver, the general agreement between this ifnvestigation
and previous studiss is very good and indivates bhat the experimental
aystam oparatod corgectly,

Malybdenum wound furnaces with reducing gas surrounding tho

elemente were usad for this study, Thers i tho possibility that
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this gas may diffuse through the work tube and hence alter the
partial pressurs of oxygen in the vicinity of tha reaction crucible,
Howaver, because of the satisfactory agrecment hetween this and

provious studies this does not aprear to have occurred in this case.

5¢1.1 Solubility of Copper ao cuo015

Tha solubility data wore analysed using a tharmodyremic
approach that involvea the calculation of the activity of copper
oxide in thp alag as Cunn’so

Although the oxidation stato of copper cannot be determinad by
anglytical mothoda thers is indirect evidsnce to support the viaew
that dissolved cuopper exlats in the molton stats predominantly aa
tho nupréua spocies rathar than the cuprlc spscles. It has beon
agsumed that the copper dissolvad in the slag existe solely as the
nhp:cua spanien,

“ S1age are donic salutiona (46, «7) and coppor oxide may exist
in alaé a9 Cu+ ox Cu§+ iona or an a more oomplex ion involving other
slag componants (18). Lumaden (47) has suggested that tho properties
of aimple iron silicato slsgs can bo more convaniantly descpibod
uslng a compoaltidn based on the nautral oxldes Fed, Fnﬂl’a and
§10,. Tho opecaes Fe0) g 4& introduced bacause the ferric apocioa
3+.

Using a similar concopt to introducs the apecles Cuoo's the

two poneible mechanioms for copper dissolutlon in slsg are given
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by the equstions

20u + 40, = Cuz0d 5.1
Cu + $0p = Cuﬂn’s 5.2
whora 8Cu,p ™ Ky nZCupozi 5.3
and aCuDU'S w Ko aCupgz* 8.4

Altman and Kellugg (18) providad firm aQidanca for the sxistonce
of tha spscios CQGO,S by plotting tho activity coefficlonts of Cu,0
and 0”00,5 Joraua tha mole fractions of Cu,0 and Cunﬂ,sq (Figure 21).
It lo evident from the figure that ths spesions Cuﬂa,s axhibite a
mild positive deviatidn from ldsal behaviour end that Ycune’s
approachas a cqnaténb value aa &c“un,ﬁ approachea zero. Both thaae
obaarvations are consistent with tho species Cunn’s obeylng Henxy's
law at low concentrations of c““u,s in tha slag. In contrast the
Cuzﬂ spocias axhiblite a strong negativo doviation from ideal behavioup
and 7 Cu20 tende to zaro as ﬁCuZG approachas zoro. This lmplios
that the speclen Cuzn doas not obey Henpy's law, Tha negabivn
daviation might oceur bacaouse of the prosance of coppaxr complexes
in the slag but thera 1o no avidence for tha existence of such
complexen (21),

Farlisy work by Togurd and Santandor (17) elso provides svidence
for the axistence of tho spaclos CUDG.G’ Temkin‘a model for the

behaviour of Lonle elag apooies was used to show that

(masa % Cu in slag) o< ’Kl aﬂupﬂg% | 8¢5
where \ﬁqQQQO o (masa % Cu in ammg)z 5,6
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Pure iiquid Cu0 is identical to pure liquid Cu,0. Tha linsarity

0,5
expacted from equation 5.5 is obssrved in Figure 2 for activities

of copper less than or equal to 0,8 in the coppar-gold alloy,

Hele2 Acbtuity of Cuuals

1P it is asaumod that copper dissolves in the slag o cut tone
ths aalubility of copper can bs raletad to both the activity of
copper oxide and the oxygan potential as follows
8cus ¥ cuo

N
cuOD’S ‘ 5,7

0,8 0,5

whero Tcuun'5 = activity coefficlont of copper oxide
Nc“ﬂn,ﬁ = mola fraction of copper oxido.
Nouw
cu(l) + 40, = (Cuonps)(l) 5.8
tharatore

a¢U009§(1) = Kap,02) paE* 5,9

whare (at 1573°% K) Kg g= 7)7045 (rafer Appendix)

The activity of copper (relative to pure liquid metal) in tha
liquid Cuwfu~fo alloy was assumod to be the same as lte actlvity in
the binary Cu~Au alloy. 1In tho majority of casea throughout tha
axperimental programmo the iran contant of the alloy wss lansse then
0,10 mass por cont and adjustments to the copper activity were
considernd unnecesoary,

Activities in the liquid Cu=~Au binary eyatem have boen .

determinad by Oriand (48) at 12567 K from ghalvanic cell moasuremsnte

Qs
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and by Eduwards and Brodsky (34) at 1550% K using Knudsaen waight’lma#
measuremanta, Although the resuiis of these investigations are
cotsistent, the results appear tc be 1&cunract in view of later
work by Hultgren et al (49), Neckal and Wagner (50), Schmahl and
Minz) (51), and Hager ot al (35). The resulte of Edwards and
Brodsky (incorporating extrepolated measurements of Oriani) (34)
are unusual in that 8p, ohows o large negative doviation from ideal
behaviour in the dilute solution range, but has a aoaiéive daviation
for mole fractions of copper greater than 0,8, Partial molsr heate
of mixing are also subject to ¢ large error because of the narrouw
tamparature rangs uva£ which tho activity coeffliclonto ars measured,
The activities of copper have therefore baasn estimated by linear
interpolation &t 1573% K from the work of Hagar ot o) over the
temporature range 1300° K to 1733% K. Theso values are comparsd
with the valuea of Edwards and Brodsky in Figure 12,

Usdng aquatlon 5.9 tho activity of EuGQ‘S was calculated for
tha alloy and elay compositions given in Table 4.2, The activity
goaffivient of copper oxido was then valculated from the eguation

s , n N
CUUn's = CuOQ,E/ Cuﬂups 5,10

The activity and scbivity zceefficlents of copper oxide aro listed
in Teblo S.k. Thio table aloo includes the results of eimilax
cdaloulationa for additions of magneala, alumina and lime.

The activity cooffleleont of coppor oxida s plotted against tho
mole fraction of copper oxide in Figuro 22 for silica«saturatad

nlag without fluxing additionas The overall analytical error in the
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TABLE 6.1 ACTIVITIES AND ACTIVITY COEFFICIENT OF Cuﬂo FOR ALLOY AND SLAG

+5

Alloy Corposition Slag Composition

N Yoo

v i a a
-t to, mess % Cu Tt cu Cubp, 5 Cudg, 5 0,5

NO ADDITIONS

12 19,68 0,434 0,20 0,0146 0,0086 2,6071
44 29,91 © 0,570 0,36 | o,0248 0,0095 2,6105 p
16 42,55 0,697 0,53 0,0386 0,0165 2,3354
55 53,73 0,783 0,68 0,048 0,0190 2,6053
7 68,73 0,872 0,82 0,0597 0,0234 2,5513
53 - 98,90 1,000 1,00 0,0729 0,0263 2,7718

MAGNESIA ADDITIONS (4 mass per cent Mg0)

P

i3 18,96 0,421 0,185 Q,0135 0,0045 2,7551

14 31,52 0,588 0,36 0,0262 0,0095 2,7579
15 45,31 0,720 0,57 0,0418 0,0129 3,2171
16 57,49 0,810 0,725 08,0528 0,0192 2,7500
17 69,87 0,878 0,83 0,0605 0,0236 2,5636
56 99,57 1,000 1,00 0,0729 0,0247 2,9514

Q
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TABLE 5.1 cont. ACTIVITIES AND ACTIVITY COEFFICIENT OF Cuby . FOR ALLOY AND SLAG
L3
Alloy Composition Slag Cemposition
f ‘ ; X a 8, N ).
. Run No. Mass % Cu Cu Cu CuUO,S CUDUoS Cuno's
ALUMINA_RDDITIONS (4 mass per cont Al,0,) .
19 55,73 0,796 0,70 0,0510 0,0189 2,6994
18 68,58 ‘ 0,871 0,82 0,0597 0,0231 2,5844
| ALUMINR ADDITIONS (B mass per cent Al,0,) '
24 17,97 0,408 0,175 0,0128 0,0082 2,4515
25 31,11 0,584 0,355 0,0259 0,0089 2,9101
28 42,50 0,727 0,58 0,0423 0,0141 3,0000
57 53,72 0,783 0,68 0,0495 0,0186 2,6613
28 57,97 0,817 0,735 0,0536 0,0198 2,7071
LImE AQDiTIONS {445 mass per cant CaD)
38 18,80 0,418 0,185 0,0135 0,0044 3,0682
36 31,47 ‘0,589 0,36 0,0262 06,0092 2,8478
47 40,82 0,662 6,505 0,0368 ., 0,0143 2,5734
34 52,63 8,775 0,65 0,0485 0,0176 2, 7557 i
a3 69,52 0,876 0,83 0,0605 0,0198 3,0556
=
N
1
]
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kTﬁBLE 5.1 cont. ACTIVITIES AND ACTIVITY COEFFICIENT OF Cuﬂﬁ;s FOR ALLOY AND SLAG
"Allay Compositien Slug Compasition
, ‘ X a a N g
. Run No. . Nass % Cu Cu Cu Cuno’s 5“00,5 CUGO’S
. ‘
' LIME ADDITIONS (7,5 mass per cent Cal)
50 S 18,53 0,414 0,185 0,0135 0,0032 4,2188
, 49 30,44 0,576 0,345 0,0251 0,0076 33,3026
52 40,40 0,678 0,50 0,0364 0,0115 33,1682
51 54,76 0,790 0,69 0,0503 f,0150 3,3533
45 J 66,79 0,862 0,80% 0,0587 43,0178 3,24578 :
LIME ADDITIONS (10,5 mass por cent Cal) ’
41 18,62 0,416 0,185 00,0135 0,0029 4,65852
40 31,42 0,887 0,36 0,0262 0,0073 35,5690
N 32 43,32 0,704 0,54 0,0393 g,0102 3,8529
v 39 56,03 0,798 0,708 0,0514 08,0145 3,8074
3D 65,60 0,857 0,80 0,0583 0,0146 3,9932
i
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sum df oxides present in the slag was of the order of *5 masse per
cent, This would result in a maximum error in NCUOD of less

. ’
then 0,5 per cent. The analytical error over this gcange has

therefore basn assumed to have a negligibleo offect on the

o TRERSHT WY N

activity coefficlent of copper oxide. As may be ssan from Figure 22,
within the 14m1ts of experimental error the activity coefficient of
Cuou’s 1s constant and Cuno's oxhibite Henrian behaviour aver the
range zera to 0,0263 mole fraction uf C“GO,S’ The app;rantly '

.

canstant valus of Cuoo g over the rangs of mole fractions of
¥

copper oxids gave an avaerage valus of KCUOU,S = 2,58 , These
observations support the view that scluble copper in the slag exists

2 as the spacies Cutlm5 .

$.1.3 Prediction of Solubility of Copner

The solubility of copporx oxide in silica-saturated iron |
silicate slag as o function of copper activity in the alloy can be ?

pradictad using tne equation

PRI S S N

a s Kya, p. ¢
’ 1 = 0,07286 &g, at 1573° K 5ol
= E ) »
{_ . where K = 7,7045 as calculated proviiusly -
5 % ’ and where mass % Cu in alag oX aﬂunu 5 5.6
.i ’
i

The activity of copper oxide in the slag is plotted against

ucﬁgd'ﬁ in Figure 23 and regression anulysis was used to obtain the
"
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relaticnship
‘muaa % Cu in elag = 34,60 aﬁ“”o,s 5,12

Analytical procedures give a iz% orxor in the raw datas for
coppor solubility and thus it can be sssumed that equation 5,12
nrodicta the eclubility of copper in slag to within 3% over the
solubility range zeroc to 2,4 mase per cent copper oxide,

Refering to Table 2,1 it can be seen thet the rosults for copper
solubllity in silica-saturated slag for thie investigation agrose wall ;
with the results of Ruddle et al (8), Mihalop (15) and Altman and ;
Kallogg (18) at 1573° K and a partial prussure of oxygen of lu"a atm.

Tha rasulha‘of Togurd and Santander (17) are somewhak lo@or and .
posaibly dua to the nlag vot baing at silics saturation and to the
affoct of alumina in the alag. The results of Taylor snd Jaffes (22)
ars aigghhly lowor then the vesults for this lnvestigation and this is
poseibly dua to temperaturs fluctuations batwoven the alloy and aleg

axporienced whan using tha levitation technigue.

3

5,2 Effsct of Fluxing Additions

The solubility of copper in ailica-gaturatod slags contalning

maghaada, alumina and lime io discuasod {n the fallouwing sections,

§+241 NMagnegia

The aolublility af copper in aildlca-saturated elag containing - i

about 4 mags por cent magneela is shown dn Figure 24 as wmeas por

. /; -
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cent copper in the slag veorsue mass per cent coppar in the alia&.
The trend was similar to that observed for magnesis-frac slags for
which the copper solubility of the slag incresssd as the copper
content of the alloy was incroased (Figurs 24). Tho copper contant
of tha slag reachad a maximum value of 2,2 mass per cedt whon the
slag was aquilibrated with pure copper.’

The solublility data wers enalysed in a similar fashion to those
for silica~saturated slags without fluxing additions and the rasulte
of the calculation of activity and activity coefficlent of coppex
oxide are pwgeanhud in Teble 5.1. The activity coefficient of
coppoy uwidehiu plotted againat the mole fraction of copper oxide
in Figure 25 and conmpared with the average wnlue of activity
coafficlant fox ailicanaatu:ntad slags without Tluxing additions,

The apporsntly constant valua of activity coefficient over the
range of mole fraction of copper oxide from zero to 0,0247 indicatas
that Henry'a law is obeyed. The averasge value of ""&::.mu'5 wan 2,83 ,

The sulubllity of copper oxide in ailic&»aatu;utad iron sillcate
slag conea;nlng 4 mass par cant wagnosia as a function of capper
astivity in thw alag can be predicted from the relatisnship |

msos % Cu in slag o4 SCubg, 5 | 8.6

The ralationship lo plotted in Figure 25 and from regression

analysis, oboys the equation
maos % Cu in slag = 33,74 %Cu0y, g 8,13
vhich may ba compared to the equation

mass % Cu in alag = 34,60 ncuﬂn 5 5412
Ay
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obtainad for silica-saturated slegs without fluxing additiona.
Thera is insufficlent infurmation on ooppsr solubility in iron

sllicate slags containing magnosia evailable in the literature

i

for comparison with this atudy.

B

The effoct of additions of 4 masa per cont magnesia on the -3

solubility of copper in silica-saturated iron silicate slags im

not immodintely obvious from Figurs 24, However squation 5.14

?
!
Y
%

shows that thers is a slight decreass in tha solubllity of copper

in slag containing 4 mans per cent magnesia by comparison with nqhahion
5,12 for magnesnia=fres alag. Tha activity cosfficient of coppsr

oxlde increased (Figurs 28) for sleg contauining magnasia and the
explanation for this and the lower scolubility of copper in elag
contalning wagnesia lies in the acid~base theory of slaga (52).

Slag components may be clessiflied as ecid, basic or amphoteric,

For aclidic oxidoa, the cation-oxygen bonds apa cuoreiderably atrongss
than thosa of baslec oxides, For throe-dimenslons) sillca structurss

tha cation entars a hole in which it iafcnnatdiﬁatad with tuslve

oxygen lana. Ap lnoreaso in the cow-ordination of the o&tinn'td a
point where it fn Just in contact with tha surranunding oxygen fena i ®
increasss the langth of the cation-oxygon bonds and reisss the : g

ensrqy o? the system, thus making the structure isase utabla'm The

[ dagree of instabllity 12 ralsed ap the cation-oxygen bond strangth
ia inorsased in the pure banle oxide and ss the siza of tho baslc

oxide cation ie decressad, . | 1
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The ion-axygen sttraction F between a cation of valency z* g =
| and an anion of valency Z~ may be expressed as (52) g
! :
; Ham 2
i Foow 2R 5.14
{ r
s
| whore @ is the electron chargs and r is tho masn distance of 1
; soparation botween the cantres of the lons., Oalculated values of
; F/e® tor various oxidus are compared balow and used aa o baais for
E \ the divieion of the oxides into baaic; scidic or smphotexic (63).
S TABLE 6.2 ACID-BASE CLASSIFICATION OF OXIDES (53)
Ty OxLda | Ffa® Clasaification
” ‘\h | > ‘ e o .
: Nazo 0,36
Balb ‘ 0,53
" Cu 8 | 7,60 . basie
Cag ‘ 0,70 o
Mn0 0,83
Fal 0,86
! Zn0 0,87 |
; M0 0,95 |
! _ Fo,0, 1,44 . amphoteric f
‘ N 2 :
, R1203 ) 1,56
) T, 1188 )
C - sio, 2,44 | acid -
| | o PO 4,31 \
% 3
! {
‘inﬁiﬂﬁwm‘&,ﬁk‘»:vaj*‘( o} e
Yy }, o
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The classification of oxides in slag daponde on tha
composition of the slag itself. Fur slage which are acldic in

! ‘ nature the amphoteric oxidea tend to act as basic oxides and in

/ basic elags they sct as aclde,

In the liquid otate the regulay arrangement of tha ions ls
dastroyad (52) and the cation is free to interchange its position
whilst remaining co-ordinated on the average with approximatoly the
gamo number of anions as in the solid stats, The mobility of the {
cations is related to ite electron charga‘and so~ordination number.

It is to be expected that cations of acid classification are less
; ‘ mobile than basic oxidas and thus less likely to provide’axygan .
é ions when dissolved iy the alag.

From Table 5.2 ailica is a very scldic oxide. In tho liquid

state, silica has a tetrahedron structure. Uhen a basic oxide is

nwmv ﬂ,,
N TR T
-

added to liqu d silieca esch oxygen len enters the natwork and

soparates tho corners of tuo tetrahedra mhllutvtha added cation

f ramaina adjacend tg the separation and 48 accommodabed within the ‘ié ]
é ) i' holas of tho structurse. With progressivs additions of the basic | |
§§ é ’5 oxida tha\thrmandimmnaional array Jo steadily broken doun to form ! i
§%, Q silicate éalymara (52). ) o | 3 )
% \ z The eolublility of copper ia dagarminmd by tha availability of. %
éik % sitoo within the silicate etructurs which in tuen is e function of ?
E . i bl nlag composition. For irvon allicate slepga equilibrated with copper Z
g ’ “§ | 3 motal, copper oxido anta us a basic oxdde (Teble §.2) and broaks ;
%' 2 the silicnte sbructuro to associate with oxygen anlona, Tha N z'
L0 f E ;
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addition of copper to tho slag should bo reflected by a small i
changa in thn cencentration of the amphoteric oxids Fnzos. Such i
E: % a small change would ba shouwn by the Faa“/ra?‘+ ratio. For coppors
; “ % froa slage Fo-t/ra?t = 0,0811 *0,01 (19) at & partial pressure of
g ‘ | oxygen of 8 ¥ 102 atm, whilst for niagy contalning copper in thi; study
Foot/re?t = 0,080 %0,01, Thie differéncs ie not significant. B
; Magnaesia is sn amphoteric oxide and in silica-saturatad iron
% silicate aleg acts as a baslc oxide, The addition of 4 mass per
Z; ) o cant magnesia should result in a slight decreass in the mase per
5 %ipx cent copper in the slag. The coppor contant of tha alag ia 8ec to f
W?j docreonse slightly with the addition of Mg0 according to the |
” relationships
. maaﬁ % Cu in slag = 34,60 &6u00’5 ) 5,12
| (silico~apturated slag without
- | fluxing aﬂdihicna)‘r
mase % Cu in slag = 33,74 “ﬁ“uu,s . 5.43 i
; (containing 4 masa % Mg0) :
'; , : Thae N92*'and cut Lons in the tuo basle oxddna, cuﬂats and M0, é 3
ﬁb “%ii wil) be mobile within the silicate structure and therefure it can ‘
‘ (%‘ bo assumed that a small percentage of the sites within tho silica % %
g‘ structurs cccupied by coppexr ione will be replaced by magnasia lona | % |
3 and the eolubility of copper in the aley will be reduced. Thare z
é , | should also be a olight decresss in the Fma*/Faz* ratio bwouuse . §
o g r9203 ia less basie than magnesis., Thios was not oboarved in the §
i
i
|
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rasults as F93+/Fa2+ a 0,080 tO,UI for s;licauaaturatad slag

without Pluxing additions and Fe '/fFa°* = 0,083 0,01 for elag
containing Mg0, This effact is thought to be due to analytical
arror resulting from the omall saemple sizes end the difficulty in

the anslysis of FaQ.
5.2.2  Aluming

The solubility of copper in silica-saturated slag contalning
about 8 maas per cent elumina la shown in Flgure 27. Although

tha scatter in the results makea comparison 6ifficule,yit appears

g‘;‘ o that the addition aof 8 mass par cent alumina decreassd the
i o
e sojubility of copper in silica-saturatoed slag very slightly for

coppor contents of up to B0 mass per cent in tha Cu~Au alloy. The
coppesr cantant of the nlag roached a maximum valus of 1,845 mass
per cant whan the slag was squillibrated with a copparngald»alluyA
containing 58 masa per cent copper, 7; s § s ‘i .

.ﬁwl +iditional runs ware conducted with slags containing sbhout
4 mé%{ @oz cent alumina, These resulta have been inclused in

A Figdra 27, There appsars to ba very little difference betwesn

o g i i e

?{i o ‘ . tho wesults for 4 mass per cent and 8 mass per cent alumina which
k implios that alumina hias very littls effect on the solubility of v | .??
(3 , copper ln‘ailina«aaturatad slags up to 0 mass per cant alumina. | |
The calculgtad activitise end activity coefficiaenta of copper

¥

oxide are presentod ip Table 5.1 and the activity coefficient of
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cvoppar axide is plotted against the mole fraction of copper nxide : ké

in Figure 28, From this figurs it can be sesn that the addition

’ ' of 8 mass per cont alumina to the slag increcsas XCUUO 5 from
: ?
2,58 for alumina~free slegs to 2,75.
= 5 Far oilica~saturated iron silicete slags contedning 8 maes per

cont alumlina, tha relationship

mass % Cu in slag o< Pouo ‘ 5,6
0,5
ia plotted in Figure 29 and produces the equation
i l mass % Cu in sleg = 34,18 8.0 8.18
A 0,5

which is comparable to equation 5.12 for alumina-free slag

ig masas % Cu in slag = 34,60 a k 5.12
: CUDD.S

-0 i As may be moen by comparing equationa 5,18 and §5.13 the addition
of 8 mass paer sent slumina to the silica-saturated slag deprosses

the solubllity of copper oxide slightly compsred to ths valus of this

Auiubility far a ailiaé«aaturatad alag without fluxing additionga

This slight raduction in the solubllity of copﬁan may be explained
from the acid-base thegry of glags. From Table 5.2 it caa ba sasn
that 5&203, like Mg0, ia an nmghoﬁebib oxide and thuo acte as a

basic oxide in silica~saturated izon silicate slag. Alumina is less

baoic than magnesia end thus its effect in lowering the solubility

i " of copper should be less pronounced for the same concentration of

flux. The offect of alumina is lsas than that of magnosia (4 mass

| por cent) sven at a concentration of 8 masn pex cont.
When § maas pexr senb‘31203 ls added to the slan, the value af |, E
the Faa*/Faz* ratio wag 0,074 iu.dk tamparad to the value of
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