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INTRODUCTION,




INTRODUCTION,

A kmowledge of multi-component gystems containing sodiunm oxide
is of considerable interest to both glass and heavy industries. Wheresas
sodium oxide is a major constituent of glasses, its application in the
heavy industries is mainly as a refining agent and its use for desulphur-

-sieation and dephosphorisgaticn of iron and steel is well knowne Desul-
;phnrisa.tion of pig iron may be effected through the use of manganese,
iime or sodium carbonste as shown iﬁ the following equations.

FeS + Mn = Fe + MnS

FeS + Ca0 = FeO + CaS

FeS + Nag0 = FeO + NegS
(The underlining of e reactent indicates that 1t is 1in solution in
molten iron).

Unusually high manganese contentg would be required for the
efficient desulphurisation of pig iron by mangzneses Thus nearly 3
percent manganege would be required to lower the sulphur content below
0.1 per cent at 1400°C, The availeble date(1,2) on the formation of
sulphides are mot sufficiently reliable to establish whether lims or
soda would be the more efficient desulphurising agent for pig irom.

The use of soda has the advantage of giving rise to liquid slags at
iron-making temperatures, although Giedrocyc and Daney(3) have examined
and discussed the possibility of using sclid-lime to desulphurise

pig iron. Soda has the further sdvantage in that it appears able
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to replenish itself by the following secondary reaction
Nag . .CO3 +NagS+2FeQ = 2Nag0+2Fe+S0,+CO
On the other hand gsoda tends to be lost by wolatilisation, the

loss being greater the higher the basicity of the slage

‘The use of soda far desulphurisation has made it possible to
utilise c&tain low grade iron ores notably Northamptonshire ore in
England and Dogger ore in Germanye Because of the relatively high
alumina content of these ores s 1t was found necessary to operate with
14me/silica ratios of about one instead of the higher ratioc of about
1.4 used in normal practice, in order to obtaln a sufficiently low
melting slage This acid burdening resulted in pig iron of higﬁe:r
sulpiur content than ususle By the addition of sodium carbonate(4,5),
it wes possible to obtain iron with sulplmr contents suitable for
subsequent steel making operations.

There also exists the possibility of dephosphoris#tion of pig
iron by mesns of soda slegse The extent of dephosphorisation depends
on the temperature, the degree of oxidation and basieity of slaga and
the ability of the bases present to lower the activity of phosphorus
pentoxide in the slag which is related to the stability of their
respective phosphatese The free energy curves of Richardson, Jaffes
and Withers(6) indicate that of the ‘more common bagic oxides, sodiun
oxide has by far the gréatest dephosphorising powere This has been

" confirmed by Oelsen and Wiemer(7), who investigated the effect of

godiun oxide addition to Fe-3Ca0.P30s melts and by Maddocks and
Turkdogan(8)(9), who pointed out that a basicity ratio of 1.5 to 2.0
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gave a phosphorus distribution factor almost zero in lime sglags,

whereas under soda slags of similar basicity, distribution ratios of
100-200 could be attaineds Dephosphorisation was found to be most
efficient when the NagO/S10; ratioc approached unity. It would, however,
be expected that the dephosphorising power of the slag would incresse -
contimiougly with slag basicitye The most probable reason that an
cpt:l.inum dephosphorieing power is ‘observed at NegO/S10; ratio ~-1 is the
tendency of the more basic slags to lose sodium oxide by the reaction

(NegO) + Fo = 2Na + (Fe0).

Dephosphorisation is therefore only possible if the slag composition is
kept within certain limits.

The deleterious effect of alkali oxides on iadle and furnace
liningshas led to the study of multi-component systems containing sodium
oxide. Another most important reason for the study of such gystems is
their use in elucidating the principles of Geochemistrye

It is the aim of the present work to further our knowledge of
soda-containlng slags by investigating phase relationships in the
Nag O-MnO-S10; systems



CHAPTER 2.

THE BINARY SYSTEMS Mn-0, Mn0-S10;, Neg0-SiG, and Nap0-MnO.
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4.

THE BINARY SYSTEMS Mn-O, MnO-Si&,
ggag-smi 4 and Q@O-MnO.

The only phase dlagram which has been put forward for the

system Mn-0 is that of Benedicks and Lofquist(10), which is shown in
Figele These authors utilized the following information in constructing
the diagrﬁm, which is in conseqzt;nce somewhat tentative. -
| (1) The results of an experiment by Oberhoffer and D'hurt(11)

who passed o:;ygeh into molten manganese and fronm a microacopic e;amina-
tion of the slag showed that e eqtectic was presente

(2) The similarity between FeO and MnQ cdmpounds.

(3) The similarity between }nO and MnS.

MnO, aécord.:lng to this diagram, has a congruent melting
point at approximately 1700°C. Hay, Howat and White(12) have since
determined the melting point as 1785°C. MnO has a sodium chloride
structure and in view of the lower stability of trivalent mangenese
as compared with ferric iron, it would be expected that the MmO ratio
is nearer the stoichiometric ratio (as indicated by thé diagraxil of
Benedicks and Lofquist), than the FesO ratio in FeO, where there is a
considerable excess of Oxygene A recent investigation(13) has suggested
that MnO 1s, like Fe0, an oxygen excess compounds Thus when pg, = 0.0L
atmosphere, the formula of the oxide was found to be MnO .0s4 at 1650°C,
However, the present work was carried out in Armco-iron, crﬁcibles at
temperature less then 1350°C, corresponding to partial \izressurea of
oxygen less than 10"’-°’. Under such conditions, no great error should

be incurred by assuming the stoichiometric formula.
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Mangenese Oxide-Silica.

The earliest investigation of this system was that of
Doerinckel(14) who found that two compounds were formed, tephroitel
| (2Mn0.£40;) and rhodonite (Mn0.Si0z), both of which melted incongruently
at 1323°C a.nd 1215°C respectively. Greig(1l5) showed that a region of
1iquid immiscibllity occurred in this system with silica-rich compositions
above 1700°C.  With the help of these data, Benedicks and Lofquist(16)
constructed the diagram shown in Fige2. The phase diagramr presented
by Herty(17) Fige3, shows the same features as that of Benedicks and
Lofquist but differs in certain details, principally in the position of
the tephroite-rhodonite eutectic pointe These differences led White,
Howat and Hay(18) to reinvestigate the systems | Their diagrem is given
in Fige4, and in general is intermediate between thoge of Benedicks and
Lofquist and Hertye In another investigation, Glaser obtained evidence
of a third compound 3Mn0.2510; melting incongruently at 1194-1200°C.
Glaser! s work is suspect, however, for his slags were melted in pythagoras
ware and wereprobebly contaminated with AlaOye

Certain inconsistencies in the form of the proposed diagram
led Murad(19) to re-examine the systeme The diagram dbtained by Murad
Fig.5, showed that both tephroite and rhodonite melt congruently. Evid-
vence was also obtained for the formation of 3Mn0.251G; which melted
incongruehtly at 1260°C and also appeared to decompose ;ery easily in the
solid state into tephroite and rhodonite, for even after .@uenching no

new X-ray lines, other than those of tephroite and rhodonite, were

obtaineds The microstructure showed a dark etching phase which was
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6.

suggested to correspond to a fine duplex sgtructure of tephroite and
rhodonite.

Sodium Oxide-Silica.

The presently accepted dlagram for this gystem is that of
Kracek(20) based partly on the earlier work of Morey and Bowen(21).
According to tlgis diagram, given in Fig.6, three binary compounds occur
Naa0sE10;, Nag0.510; and 2Nep0.S10,.  The former two melt congruently
at 8749 and 1089°C respectively, the latter incongruently at 1120°C,
Loffler(22) indicated the existence of a pyrosilicate 3 Nag0.28i0; with
2 c§ngruent melting point at 1122°C., Zintl (23) also reported the
existence of this compound. Nopvidence for it wes obtained by Kraceks
it is possible that the compound obtained by Loffler and Zintle wes in
fact 2Nag0.910;+ Kracek also reported the pi‘e_senc'e of two enantio~-
morphic inversions of Nay0.25i0; at 678°C and 707°é.

Sodium Oxide~Manganous Oxidee

~ No work on this system has been reported. Oelsen(24) reported
the existence of & eutectic in the Naz0~FeQ system and it is possible
that thie also is a eutectiferous system.

Sodium Oxide-Manganous Oxide-Silica.

No previous work appears to have been carried cut on the

~

ternary systems



CHAPTER 3.

INTERIONIC ATTRACTION IN SILICATES.
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INTERIONIC ATTRACTION IN SILICATES.

The investigation of silicate systems has proceeded along two
main linese The first of these ’ia the study of the structure of solid
and 1iquid silicates from a consideration of the individual and mutual
behaviour of the ions concernede The lsecond':ls the study of the phase
diagrams of silicate systems. As yet no definite relationships exist
which vca.n be used to dednco the latter from ﬁhe former or vice versae
However, useful qualitative relationships have been formulated whereby
the tendency to glass formation, compound formation and liquid immiscibility
in poly-component systems can be derived approximately from the character~
sistics of the ions concerneds In the present Chapter & brief sumary
;d.ll be given of existing knowledge of the interaction of lons in silicate
structures and its application to silicate systemss The behaviour of
the NegO-MnO-S10; system willl be discussed later in the light of this
knowledge. '

It is well eaiablished that the structure and stability of
both solid and liquid silicates depend on the capacity of the cations

| present to co-ordinate with oxygen ions. The coordination number of the

J.oné in silicates has been most profitably disdussed in terms of ionic
interactions (couléinbic » Vandr Waals, etc. ,) and the ionic nature of
gilicate crystalse The stability of the silicate structure therefore
depencs on the size and valenc;; of the ions present and the geometry of

the spatial distribution of the ionse
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Dietzel(25) pointed out that the possibility of the formation
of binary or ternary : ilicate compounds is determined by the ionic
field strength Z/a, where Z is the valency and a is the distance
between cation and anions He also showed that the tendency to form
compounds generally decreased with increasing attraction betwsen cations
(other than silicon) and oxygen anions. . Thus if the behaviour of
manganese with regard to the tendency of its oxide to form compounds
with sllica is compared with that of other common divalent cations such
as Ca*t, Mg""’, Fo ' it 1s found that the number of binary silicate
compounds formed decreases in the following orders~

Ton Ionic Radius(A®) Coml‘aound formed
- (Pauling)
Cett 0.99 Ca0,8i0;, 3Ca0,25103, 2Ca0,5105, 3Cal. ao,
Y™ 080 Mn0. 5105, 3Mn0D.2510s, 2MnO.Si0s
'Mgﬁ; | 0.65 - Mg0, 540, , 2Mg0,510z4

Fe** 0475 2Fe0.5105

‘ Accarding to Dietzel, the mmber of compounds should decrease
in the order Ca**) Mn") Fe““‘) Mgt The presence of three
compounds in the MnO-SiOa systen is not incompatible with the interionic
attraction corresponding to the above ionic radii. The fact that the
activity of silica in MnO-Si0; melts is intermediate between that in
Fe0-8i0; and Cal-S10; meltsizs) correborates the above datas To
explain the apparently anomalous position of Mg**, two other factors
must be considereds Firstly Pauling(18) has pointed out that if the

ratio of the radius of the cation to that of the anion falls below
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0O.414, anion-anion contact rather than cation-anion contact will occur.
In such cases the equilibrium distance between cation and anion will be
larger than that calculated from the sum of their radiis Pauling in
discuseing the structure of MgO found that Rygs++ + Rg=- (vhers R =

‘radius) wvas slightly larger than the calculated value, whereas in other

cases, Gege, Cal, Sr0, Bal, agreement was very satisfactory. The rﬁtio
B-Mgﬂ/Bo- = 0,46 which i3 in the region where double repulsion becomes
operative, and consequently the value of Rypes + Ro.. in MgO would be
expected to be larger than calculated theomticaily.

The second factor which must be consldered is the effect of
polarizatibn and counter polarization. Fajans and Kraidl(27) s from an
examination of the molecular refraction of oxygen ions in s.tJ_.icatos
containing different cations, showed that electrons of polarizable anions
can penetrate the outer electronic shell of "non-noble" gas type cations
more readily than that of "octet-cations". Thus electrons of oxygen
anions can penetrate the electron cloud of Mn** or Fe** with greater
ease than that of, eege, Mg**. This will tend to increase the cation-
anion attractive force in the case of Ma** and Fe**,

It will be seen that whereas the ﬁ.rsﬁ factor tends to ralse

AMg"'" to a higher position’in the order Ca*™ > Mn**) Fe'*) Mgty

decreasing Z/a; because & is larger than that expected, the second
factor tends to move both Mn** and Fe™ down the scale by increasing
the interionic attraction. .'I"hesa two factors could therefore give
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the order of compound formation as Ca*™* ) Mn""' > Mg*™t )y Fmett,
A similar order should be applicable :l.n compa.ring the different ternary
eystens, NagO-RO-510; where R = Gad, MnD, Mg0, FeOs
In the above discussion it has been assumed that the cation=

anion bond in silicates is completely iomics This is not necessarily
true, since it may possess a certain amount of mixed bonding (partly
ionic and partly covalent) conferring some directional property to
the bonde This is particularly true in the case of highly polarizable
~ ions 1like Mn"""', Fe**. The sodium ion, on the other hand, is almost
completely ioﬁic-in »char-acter, 80 that NagO has the effect of supplying
oxygen ions which can attach themselves preferentially to either 31"'*
or other cations such as Hg'”’ Ba**, Ca**, Mn“"', Fe**, because of their
higher covalency factors | This pa.rticular property of Nag0O of supplying
oxygen is noticed when N&go is added to fayalite,2Fe0.Si0;e¢ With very
small edditions of NagO to fayalite,FeO and Nag0.2510; are formeds
This propérty of Nag0 is also shown by the absence of liquid immiscibility
in the Nay0-510; system, although the tendancy to two 1iquid formation
in the high silica region is shown by the "S" shaped liquidus curve.

- From the above considerations thé following characteristics of
the ions concerned can be summarized.

(1) Mn++ ion is hikhly polarizables The bond between
M+ énd 0™ 1s muéh stronger than that between

Na"; a.nd< 0= .
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The oxygen ions from Naz0 have a tendency to attach
themselves preferantially to Mn™* and s1**

The Na* ions occupy the holes in the network oi' the
‘gilicate structure and show almost no tendency as a
"network former™.

Mn** and Fe have a tendency to give mixed bonding
and Mn"* like Fe w:lll stabilize glasa.



CHAPTER 4.

PREPARATION OF RAW MATERIALS AND TERNARY SLAGS.
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FREPARATION OF RAW MATERIALS AND BINARY SLAGS.

Manganous Oxide.

Manganous oxide was prepared by heaiing ﬁanganoua oxalate
in vacuum at 1000°C for an hour. Whilst the temperature was still
1000°C cracked ammonia was passed for about an hour., It was allowed
to cool in the atmosphere of cracked ammonia. Manganous oxide of
equal purity could be prepared by heating mangandis oxalate at a
temperature of 1000°C in an atmosphere of rracked ammonia, but the
product required to be reheated in cracked ammonia at 1000°C for two
to three hourse. |

Manganous oxalate is usually prepared either by the action
of sodiun oxalate or ammonium oxalate on manganous sulphatee In the
preparation of manganous oxide the latter product was used because
impurities present as ammonium salts volatilise, leaving a purer product.

The arrangement of the apparatus used is shown Iln Fig.7.

Silica.

Ground silica sand of more than 99 per cent purity.was heated
with hydrochloric acid (1s1) to dissolve any iron present as impurity.
The sand was then wasghed with water. This procedure of alternate
boiling with hydrochloric acid and washing with water was repeated till
no appreqiable iron was present in the leaching solution. The washed
silica was dried in a muffle at 900°C to remove any carbonaceous
impuritiese The product contained 99.9 per cent SiC;.
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Tephroj.te §2Mn0. 510, }.

ihnganous oxide and silica in the proportion corresponding to
the composition of Tephroite were melted in an Armco iron crucible in
a platimum registance furmaces An atmosphere of purified nitrogen
was maintained in the furnace tubes The product was crushed and
remelted.

Sodium Silicatese

~ The systems Rg0-S105-C0; (R = K, Na, Li) have been studied
by mimercus suthors because of their importance- in experimental
petrologye Niggli(28) compared the three systems Lizg0-5i0;~COz,
Nag0-810,-C0; and K30-310;~C0; and concluded that only potassium
disilicate, sodium metasilicate and lsthium orthosilicate may be
directly prepared by melting the ingredients together. Huttig and
Dimof£(29), investigating the reaction between NayCQs, NagO and amorphous
éilica, found that evolution of CO; was not continuous, nelther did it
take place at one temperatures About half was evolved between 610°
and 765°C, the remainder above about 875°C (Fig.8). ‘1‘_urner(30) also
investigated volatilization from sodium silicate. His results, Fig.9,
show that volatilizatlon increases sharply as the sodium oxide content
increases beyond that corresponding to sodium disilicate. This was
confirmed by Carter and Ibrahim(3l). GConsequently no attempt was
made to make éodium metaéilicate or sodium disllicate of exact compos-

sition.
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Apalar sodium carbonate and purified gilica, in a proportion
corresponding to sodium metasilicate were mixed thoroughly and melted
in a platinum basin in a muffle ( ) 1200°C)s It was crushed and
remelted.- The procedure gave sodium sllicate whose sodium oxide content
was about 2 ﬁo 3 per cent lower than that corresponding to sodiﬁm meta-
ssilicates This sodium silicate was used to make ternary slags on
the 2Mn0.510; = Nag0.8i0;, 2Mn0.S10,-Nag0.8i0;, Ma0.Si0; = Nay0.810,
joinse Tor th; slags on the Join MnO =~ Na;0.510; sodium silicate was
prepared ﬁhich containedfslightly higher per cent of sodium oxide
(1 to 2 per cent) than that corresponding to sodium metasilicate. For
an X-ray standard of sodium metasilicate and sodium disilicate only
one sample of each compound was made cofresponding to the exact

compositions, Nag0.S10, and Naz0,2510z4

Preparation of ternary Slagse

These were prepared by mixing thoroughly the required amounts
of sodium é.nd manganese ailicatés. Allowance for the non-stoichio~
moetry of the former was made by the addition of calculated amounts of
MnO or S10, as requireds The mixture was melted in an Armco iron
crucible in an atmosphere of purified nitrogen, using a platimum
resistance furnace for high melting slags and a Kanthal resistance
furnace for those with low melting pointse Slags with high MnO or
S8i0; contents were kept about 100°C above the temperature “at which they
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became fluid for about half an hour, vhereas those of high NagO content
ware raised only 50°C above the corresponding temperaturess The slags
were observed f.hrcugh the window shown in Fig.lOs¢ These were later
analysed to check whether the required composition had been obtaineds
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CHAPTER 5.

IDENTIFICATION OF SLAG CONSTITUENTS,
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IDENTIFICATION OF SLAG CONSTITUENIS.

The identification of the crystalline congtituents of the
slags was carried out by four methods, viz.,

(1) HMicroscopic examination using reflected light,

(2) Examination of thin sections using transmitted
light,

(3) The determination of refractive indices by the
immersion method.

(4) X-ray diffraction photography.

The first method gave direct information on the mode of
crystallisé.tion of the glagse It was usually possible to identify
with certainty the primary crystalline phase by this method and some=
times the phases which separated during binary precipitation, particularly
the binary precipitation of 2MnO.Si0O; and ¥MnO.

The other methods were used to confirm the results obtained
by microscopic examination of the polished sections and to identify
finely divided crystalline phases which had been formed during binary
and ternmary crystallisation. Identification of crystals by refractive
index measurement was extremely useful in the case of high soda slags
vhere, due to the etching effect of the polishing fluld, good micro -
sections were extremely difficult to obtain.
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Micro-examination of slagse
The slags were polished for micro-examination using the

usual polishing procedures ZIhis method did not present any difficulty
with slags containing high petlrcentages of gilica or manganous oxide

but those containing high percentage.s of Nag0 were extremely difficult
to polishs Water was found to have an etching action on the slagse
Organic reagents like carbon tetrachloride, alcohol or paraffin oll
stained the surfaces Slags nearer the sodium metasilicate composition
oetched even on exposurse to the atmosphere within five to ten minutese
Moreover the glassy malrix of the quenched slags tended to be etched
and cracks developed during polishing. This effect can be expecteds
Since in the first place, these slags conﬁained larger amounts of

Naz0, and secondly, the quenching process induced certain mechanical
strains in the glass, both these factors will accentuate etchings The
quench strain induced [:ertajn amount of anisotropy to the glassy matrix
which could be observed in polarized light In a Vickers Proj ectiqn micro-
scopss Dry polishing, using no waﬁer, gave a matte surface unsuitable
for examination under microscopes  However, these glags were softer.
They were polished as lightly as possible to the 4/0 paper stage,
;iipped in water for a few seconds and quickly dried. These specimeﬁs
were then polished bnfdry "selvyt" without any polishing powder and
finally polished on mylon. A difficulty encountered with slags of high
Nas O content was that they were goft and had a tendency to flows This
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obscured the grai:; boundaries and g0 glight etching was necessarye It
was found that about 0.1 to 0.2 per cent of nitric acid in & mixture
of water and alcohol was sultable for etchinge In each case the
duration of etching had to be found by trial and error. Every
specimen had to be dried qﬁick]y by cotton wool and then dried in warm
air, If the preliminary drylng by cotton wool was omitted‘ the slags
had a tendency to stain. Specimens were preserved in a desiccator
with P05 as a dehydrant,

Determination of Refractive Index.
When crystalline particles are immersed in a liquid and

examined by transmitted light their appearance depends on the relative
refractive indices of the crystal and the immersion mediume The
observation of "rellef" of the particle is a very sensitive test for
determination of refractive indices of the crystalline particle
relative to the liquid in which the crystal is immerseds Relief is
absent when the refractive index of the c;'ystal is equal to that of
the surrounding liquid because the light is not reflected or refracted
at the interfaces The observation of relief is facilitated by the
ugse of the "Becks line" effect. |

The "Becke line"effect refers to an optical phenomsnon
gasociated. with the vertical interface of the two phases of different
refractive indicese It is best observed with a high power objective.
With a low power objecfive a reduction in illumination increases the
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sensitivityof the test. Figell represents this effect where N.is
the higher refractive index and N, the lowers The resultant effect
is a concentration of light above the interface on the side towards the
medium of higher refractive indexe The concentration of light becomes
apparent when the microscope is slightly raiseds

Crystal fragments are generally crudely lenticular in cross
section,and immersed in a liquid of known refractive index, behave like
bi -convexlenses. Thelr behaviour is diagrammatically represented in
Figell (B and C)e The effect of slightly raising the objective is
shown in 11 (D,E,F)s The arrows show the movement of the "Becke line".
This movement becomes less apparent as Np approaches Np, « When
Nf = Nj, the fragment vanishes. The various effects of oblique
illumination are shown in Fig.lz.

The above criteria are strictly applicable only when fragments
are examined with monochromatic lighte In the determination of
refractive indices, white light was useds Liquid media generally
disperse light more than the solids placed in them. In the case of
oblique illumination when the refractive index of the crystal for yellow
1ight matched that of the immersion liquid, colour fringes appeared
around the edges of the fragment, fred on one edge and blue on the other.

| The birefringence of sodium silicates and other new compoﬁnds
was not high. In no case was the interference colour higher than

yellow, Becausé of the low birefringence only the average refractive
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index was determinede Compounds like manganous oxide, tephroite and
rhodonite were easily distinguished because of their high refractive
indices and high birefringence. These compounds were also easily
distinguishable in the micro-examination of polished slags;
The following liquids were used as immersion media(32),
Mixtures of Bthyl Oxalate and Medicinal paraffin
= l.41 to 1.47
Mixtures of Medicinal paraffin and <t -chloronaphalene
= Lle47 to 1l.63
Mixtures of < ~chloronaphthalene and Msthylene Iodids
= 163 to le74
Mixtures of Methylene iodide and Merwin'!s Solution
= 174 to 186
Merwin!s Solution was prepared by dissclving 35 grammes of Iodofornm,
10 grarmes ;f Sulphur, 31 grammes of Stannic iodide, 16 grammes of
arsenic tri-iodide and 8 gremmes of antimony tri-iodide in 100 grammes
of methylene iodide with periodical shaking and gentle warming.
Other liquids used were:s~
Monobrono-benzene 1.5%4
Bromoform 1,598

% =Bromo naphthalens 1.658
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Examination of thin sectlions using transmitted licht.

Thin sections were prepared in a few cases by the normal
procedure of grinding with successively finer grades of carborundum
powder immersed in water. It was possible to gain information on the
mode of crystallisation and 6pt:l.cal properties of certain of ‘the cry=-
stalline constituents present, but the method was of limited applicability
on account of the action of the water used dwring grinding on the
constituents of high sodium oxide slagse Unfortunately it was not
possible to modify the procedure to use a non-aqueous suspension medium

for carborundum.

X-ray Examination.

X-ray diffraction photographs were taken of all the slags using
Cu -K« rediation from & Reymax rotating anode X-ray unit and a 9 cm.
diameter Van Arkel camera. Copper radiation gﬁve considerable darkening
of the X-ray picture due to incoherent scatiering of the X-rey beam but
had to be used, as & more suitable rotating anode was not availebles



CHAPTER 6.

THE DETERMINATION OF THE TEMPERATURE OF THERMAL CHANGES.




IHE DETERMINATION OF THE TEMPERATURE OF THERMAL CHANGES.

The temperature of the phase changes which occur during the -
crystallisation of a liquid slag may be determined by a number of methods
each of which has certain advantages and disadvantagese The well known
method of differential thermal analyses used in physical metallurgy is
of 1little use in the determination of arrest points of certain slags
during cooling, due to -the tendency to super-cooling and glass farmation
in silicate systemse The method can be used during heating provided
the slag is initially in the completely crystalline state. The
differential curves so obtained give a clear indication of thermal
arrests occurring during heating but usually additional information is
required to enable the changes occurring at each arrest to be identified
with certainty. This is particularly true when the possibility of
polymorphic changes in the solid state existse Visual observation
of the beginning and end of melting, as described by White, Howat and
Hay(33) and used in the investigation of the ‘Nag O-Fe0-S10; system by
Carter and Ibrahim(31), furnishes reasonably accurate values for the
golidus and liquidus temperatures when the slag is completely or almost
completely crystalline. It also provides a useful means of identifying
these two arrests on diffei'ential curvese The temperatures determined
by visual obsarvation are probably accurate to within + 5°C, although
the error may be slightly greater for the liquidus determination. For

greater accuracy and also when difficulty is experienced in crystallizing
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the slags completely, the quenching method, used extensively by the
Geophysical Laboratory, Washington, D.C., in their numerous investi-
sgations of slag systems of interest in geology, may be used. Its
main disadvantage is the multiplicity of apparatus required to carry
out the method expeditiocusly. A modification of it was used in the
present work along with the other two methods mentioned aboves The

experimental procedure used in each method will now be described.

Differential Thermal Analysis.
The experimental arrangement is shown in Fig.13A and 13B.

One of the Bt/13% Rh.Pt. thermocouples protected by an Armco iron
sheath and a gland, was inserted in the slag, the other was placed
in magnesia in the second hole in the crucible, which served as a
neutral body. The readings on the potentiometer corresponding to the
slag temperature and differentiel were taken every 30 secondse The
gelvanometer was normally connected to the differential except for
the few seconds required to measure the slag or neutral body temper-
sature. AIf there was any change in the differential reading, as
revealed by the galvanometer during the intermediate periods, the
corresponding readings on the potentiometer were noted together with
the time.

| The temperature of the slag and the differential reading were
plotted onl the same graph with time as abscissa and both slag temper-
sature and differential reading as the ordinates The temperature

corresponding to a change point can be easily found from the graphe
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The furnace was heated at the rate of one to one and a half degrees

centigrade per minute.

Visual Observation of Melting.

The furnace used was the same ag that used for differential
thermal analysise The arrangement of the crucible was slightly
different as shown in Fige1l3.» The crucibles were made from Armco
irons Two vertical holes, as close together as poséible were drilled
in the crucibles to the same depth ( ~ % cm.). One or two fragments
of slags were placed in the larger hole and the thermocouple junction
inserted in the othere Heating was carried out at about one degree
centigrade per minute in an atmogphere of purified nitrogen. The
course of melting was observed through the quartz window in the water
cooled 1lid of the furnace, a small lens being used for magnifications

QuenchingMethog_._

For most of the slags examined it was possible to obtain a
completely glassy structure by sufficiently rapid cooling and in many
cases even furnace cooling was enocugh to give glass only. If a glass
of composition X, Fig.l4, is annealed for a sufficiently long pericd at
temperature T and then quenched, crystals of primary phase separating
should be diétinguishable by refractive index measurements or micro-
scopic examinations If the quenching temperature had been Ty, only
glass would have been 6bta:1ned. By repeated quenching expei-iments over

a narrowing temperature range, the liquidus temperature can be obtained
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to within the accuracy of the temperature measuring equipmentes The same
procedure can be used to determine the temperatures of binary and‘ternary
crystallisations The cruéibles containing the slag were therefore
placed in an iron cage and held atlgiven temperatures in an inert atmos-
phere for a suitable léngth of time. The cage was then withdrawn on
the end of a long iron hook and quenched immediately in waters For
the slags which required exceptionally long annealing periods to

induce erystallisation, it was found nécessary to adopt a different
procedures In the first arrangement used, 0.25 in. diameter, 0,25 in.
deep holes containing the slags, were drilled in a strip of Armoo iron
12" x 1" x 0.25" as shown in Fig.15A. The holes were 0.5 in. apsart.
The strip was placed on top of a rectangular bar of Armco iron and
inserted into a herizontal Kanthal wound tube furnace of standard
designe The temperature gradient was measured using a chromel alumel
thermocouple which could be moved along the.groova running along the
upper surface of the rectangular bar, Fig.l1l5Be The variation of the
temperature along the length of the strip wes plotted as ghown in
Fig.15A. The temperature of each hole thus could be obtained within
=§°C; Two slags were used in each experiment, one in each of the two
rows of holess The temperature was first raised above the expected
liquidus temperature, an inert atmosphere being maintained throughout.
After cooling, in the furnace, the strip was removed and exemined to
verify that all were in the glassy condi%ion. The strip was then

repleced and reheated to a temperature range which it was anticipated
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would include the temperature of the phase change, for approximately

one week. After cooling, the bottom lsyer of the metal strip was
buffed off until the slag was exposeds The slags were then examined
using transmitted light to detect any sign of crystallisation and the
crystals were ide;tified by refractive index measurementse To eliminate
the laborious task of buffing the strip, a modified errangement was used.
Instead of placing the slags directly in the holes, the slag was placed
in small Armco .iron cfucibles 0-5 in. dlameter, which were inserted in
larger holes drilled in the metal stripe As the holes were larger it
wagbnly possible to examine one slag at a time. The procedure was
essentially the same as before. After quenching, the crucibles were
gsectioned and examined, and if any crystal were present. they were
identified by refractive index measurements. | A gimilar procedure was
used to determine the temperature of binary and ternary crystallisation.
When it was found after sectioning that the contents of a crucible
showed a new ;:rystal form, greater accuracy was obtained by quenching
over a narrower temperature range using the iron cage method already
described.
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The slags examined are shown in Fig.1l6. Compositions, lying
on the joims MnO-Naz0eSiQ;, 2MnO.Si0z-Naz0.Si0;, 2Mn0O.Si0; -2Nay0,5i0;,
2Mn0, 810, =Nag 0.2510; and MnO, Si0; =Naz 0.8i0z , will normally be expressed
in terms of the two compounds of which they are composed in weight
percentages, and the proportion of MnO, 2Mn0.Si0; and Mn0,Si0; will
precede that of 2Naj0.S810;, Nag0.510; and Nag0.2S810; ;’.«f. Compos~
svitions of slags not lying in any of the joins will be expressed in the
ratio Ma0/Nag0/S10ss As the slags were made in Armco iron crucibles
there was an unavoidabls contamination with iron, so most slags were
analysed and their analyses are given with iron expressed as FeO.

Most of the slags were subjected to X-ray examination and in
certain cases it was necessary to take more than ons X-ray diffraction
photograph of the same slag in order to identify the phases present at
different stages of crystallisations The X-ray data are glven in
full in Appendix I. A summary of the optical properties of the compounds
is given in Appendix II. The results obtained during the identification
of the phases present by X-rey diffraction and refractive index measure-
sment will be presented when discussinglvarious Joinse
) It will be noted that three new ternmary compounds, viz.,
Naz0.Mn0.Si0; , Nag0.Mn0.28i0; and 2Neg0.3Mn0.3510; were identified.
Evidence in support of these compounds will be given in their respective

placese
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PART I.

JOIN MnO-Nep 05105
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Join MnO-Nag 0,510z« 4

Investigation vas limited to slags containing less than 50
per cent of MnO since slags with a higher content had melting points
higher than 1500°C and could not be melted with safety in an iron
crucibles The composition and enalyses of the slags examined are
given in Table I. These slags were completely crystalline after
cooling in the furnaces It was indeed impossible to quench them to
| glasées and the quenching method of thermal analysis could not be used.
The temperatures of phase changes were determined by visual observation
and differentisl thermal analysise The phases were identified by
X-ray diffraction é.nd petrological examination. A new ternary compound
Nag0.Mn0.S10; was found to oceur at 36.7 per cent MnO and 63,3 per cent
Naz0.5104,its average refractive index being 1.653 with very low
birefringence (0.006). In thin gections the crystals of the compound
looked almost isotroplice The interference colour was never more than
first order yellowe '

Phase and thermal data for this join are given in Table 2. Those
data have been used to construct the vertical section shown in Fig.17,
from which it may be concluded that Mn0-Ne;0.Si0; is a true binary join.

The 50/50, 45/55 and 40/60 melts showed primary MnO crystals on
a background of Nap0.Mn0.S810;, as shown in Fige18. The MnO crystals
were usually globuiar althouéh a few star-sliaped dendrites were also
observed (Fig.19). The 35/65 melt also showed the presence of traces
of MnOy although this is contrary to the MnO-Ngg0.8i0; binary section
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TABLE I,

Composition of Slags Examined in Join "MnO-NepO.SiCp"

MnO/Nag 0.S10; Compositlion before Composition after

melting(wt.percent) melting(wt.percent)

MO NagO 510 MnO _ NagO  Si0;  FeQ
50/50 50 25,2 2448 49,8 24,5 251 0.25
45/55 45 28 27 44,7 27.2 27,1 0.3
40/60 40 30,5 29.5 30,6 20.7 20,8 0,36
35/65 .35 33 32 3446 32,0 32,2 0.44
30/70 30 35,5 3445 20,9 34,8 34,7 0.49
25/75 25 38 37 24.7 3744 3743 0.45
20/80 20 40.5 39.5 198 39,9 39,7 0,39
15/85 15 43 42 14,7 42 42,2 0.51
10/90 10 46 44 946 453 44,2 0,54

5/95 5 48 47 Not analyseds
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TABLE II.

Pheges at Room Temperature and Thermal Data on
o-Ngao.sggl Joine .

Phases
Composition  Identified L Visual Method Differential Method
MnO/Neg0.810; by X-ray Beginning End of 1st 2nd
and Rele of melting Melting. Arrest. Arrest.
60/40 ) Did not
melt at
55/45 1560°C
50/50 i MnO 1192° 1430 1193 1435
Neg O.MnO. S10y
45/55 { Mn0 | 1195° 1339 1192 1346
 ( NagO.Mn045i0,
40/60 z MnO | 1193° 1265 1195 1272
3647/63.3 Na,;o.Mno.Siog 1195°  1195° - -

Ne 0uMnOe &1 920°  1175° 021 1179
Nag Oe Sioz

35/65

30/76 Nag OsMnO, 10, 924 1100 918 1095

Na.z O. Ui%

Neg OeMnOe Si0; 920 1005 - -
Na.BO. l-lioa

€

2

25/75 2
20/80 g Nez OsMnO, S10; 920 930 017 935

2

i

i

Naz 0,510

15/85 Naeo.MnO.Sng 918 965 919 9260
10/90 Nep OsMnOe 8105 920 1022 922 1025

_ Neg 005103
uago.Mno.&oa’ 924 1052 - -
Nag 0.S1 ’

5/95
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derived from thermal data shown in FigelZ7. It is probable that this is
due to a supercooling effect'in whiéh separation of MnO occurs along the
metastable extension of the MnO liquidus curve. Figel7 shows that the
slope of the ¥Mn® liquidus curve does not differ appreciably from that of
NogOeMn0.8i0ze  The super-cooling effect is very slight and would not

be expected to affect the result of either the visual or the differential
method of determination of the temperature of phase changes, especially
as the slow heating rate (1.5 to 2°C per mimte) should facilitate the
attainment of equilibrium before the start of melting.

The microstructure of a composition corresponding to Nag0O.MnO.SiOg
(3643 Mn0/6347 Nag0.£10;) after slow cooling in the furnace showed only
one phase, as can be seen in Fig.20. The compound melted completely
at 1195%. | "

Slag compositions intermediate between those of NaesOeMnO.SiOp
and the NasO.MnO.Si0;~Naz0.510; eutectic (18/82) showed primary crystals
of NagOeMn0.Si0s surrcunded by eutectic (Fige.2l). It was not possible
to obtalin a true representation of the microstructures of the slags
20/80 or 15/85 as even five or ten mimutes exposure to the atmosphere
completely étched the specimen. The etching effect is represented by
the two figures 22 and23 ¢ Fige22 was taken as soon as possible
(vi?hin,z to 3 mimutes). Fig.23 represents the microstructure of the
same slag (20/80) after allowing it to stand for five o six minutes in the

atmosphere.
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PART 24

JOIN 2 Mn0.Si0;~Naz0.2810,.
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Join 2Mn0,S10z-Nap 0,2510;.

The compositions exsmined and their analyses are given in
Table 3¢ All the slags were at first coaled in the furnace. Those
containing 50 per cent or more of Nas0.2S8i0; were completely glassye
These slags were extremely difficult to crystallise. Another new
compound Nagd.MnO.ZSioa was encountered in this join, having an
incongruent melting point and lying within the primary field of
separation of 2Mn0.Si0ze |

Slags Cooled in Furnacee

The compositions of the slags are expressed in the ratio
2MnOs S10n/Neg0,2510z0  The slags 92e9/7el, 85¢8/14e2 and 7845/2Le5
when cooled in the furnsce, showed lathlike crystals (Fig.24) which were
identified by refractive index measurement as 2Mn0.Si0; in a glassy |
matrix. In certain parts of the glassy matrix of these slags not
only primary 2Mn0.Si0; wac seen but also a needle-like structure was '
visible as shown in Fig.25. This was, at first thought to be an
etching effect but it was found that neither the characteristics of the
microstructure changed on repolishing nor was it present in all parts of H
glassy matrix. Closer examination (by refractive index measurement)
 revealed the presence of Mn0.Si0; and of a third unknown phase later
1dentified ag NagOoMn0s28i0s,in glassy matrixe )
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TABLE IIT,
is. Join 2Mn0.3i0; ~Nag 0. 28105«
Ratio
2Mn0. Sl Before Malting. After Melting.
Nag 0.23510, MmO NepO___ 5iOg MoD_ NagO gf-% Fe0
9249/7.1 65 3 32 6502 268 31,9  0.15
85.7/1443 60 5 35 60el  4¢7  35.2 0.2
7845/21e5 ° 55 7¢5 3745 54,9 743  37.5 0,16
71.5/2845 50 10 40 49,8 9.4 40,1  0.13
6403/3507 45 12.5 42,5 44.8 12,3 42,9 0,17
5742/4248 20 15 45 39,7 147 452 0,19
50/50 B | 47, 35.8 1Be8 4743 0.12
4249/57.1 30 20 50 209 19,7 50,1 014
 3547/6443 25 22 53 2447 217  53.2 0.1l
2846/71e4 20 25 55 19,8 - 24,8 55,1 Qa2
21e5/7845 15 27 58 14s6 2646 5842  0e3
1443/8547 10 30 60 98 29.5 603  0.31
701/9249 5 32 63 4.7 31s5  63.3 0435
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The slag 71.5 s 2845 cooled in the furnace from 1300°%C and
1250° showed a localised region rich in Mn0.Si0; swrounded by en area
containing Mn0.510;, 2Mn0.Si0; and glasse In Fige26, which shows the
sectioned crucible containing the 71.5/2845 composition, the area
containing Mn0.Si0; is encircled. Fige27 shows the structure of the
Mn0.S10; rich‘a.rea‘ and its neighbourhoode The surrounding area was
distinctly green in contrast to the pink Mn0.Si0;-rich erea. The amount
of typleal lathlike crystals of 2Mn0.Si0; increased towards the top of
‘the crucible (Fig.28)s No Nag0.Mn0.25i0; crystals could be identified
in the slags by refractive index measurementse ' The peculiarities of
the structure of the slag 71l.5/28.5 persisted when it was crushed,
renelted and cooled in the furnace from 1300°C and 1250°C. But when
quenched from 1300°C, this slag was uniformly glassye

Two slags 6443/33.7 and 57.2/42.8 showed the usual lathlike
2Mn0,510; crystals and giass. The rest of the slags with higher
Nag0.28i0; were completely glassye

Differential Thermal Analysese

It is obvious that differential thermal analyses could not% be
used with these slzgs in the join 2Mn0,Si0; ~Nag 0.2S5i0; with accuracy
because of the presence of large amounts of glasse The ideal method
for these slags is the static (quenching and annealing) method. But
it was thought that the slags with high 2Mn0,Si0; content might crystallise
easily if slowly cooled in the furnace and annealed at low temperéture v

although the optimum crystallising temperatures of the slags were
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not known. Then this slag could be used to determine the thermal
differential curves on heating. The object of this determination was
twofolde Firstly, to determine the probable temperature of the phase
changes and secondly, to obtaln an indication of whether or not the
join 2Mn0.Si0; - Nag0,2Si0;, 1ike the 2Fe0.S10; - Naz0.2310; join in
the Nag0-Fe0-Si0; ternary system, is a true binary joine So only
three slags 92-.7/7.1, 85¢8/14.2 and 78,5/21.5 were slowly cooled and
annealed at an arbitrary low temperature.

These slags were melted and allowed to coo]/in the furnace
to 1000°C. They were held there for one hour, allowed to cool slowly
in the furnace to 500°C and amnealed at that temperature for 60 hours
These slags were completely crystalline. One of the thermal
differential curves obtained using such a slag is shown in Fige29. It
shows three endothermic arrests at 730°C, 750°C and 1265%C., the first
tvo being more pronounceds These represent the probable temperatures
of phase changese X-raysshowed the presence of 2Mn0.Si0;, MnO.35i03
and NagO0.Mn0.25i0;¢ The three change points shown by the differential
curve and the preéence of three phases at room temperature indicated
that the join 2Mn0.S5i0; =Nag0,25i0; 1s probably not a simple binary
Join as 2Fe0,810; ~-Nap0.2510; is in the Naz0-Fe0=-SiO; system.

. Quenching and Annealing Methods.

All the slags in the join Nag0.2810, -2Mn0.‘3103 were annealed

and quenched from different temperaturese The results of these
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experiments are given in Table IV. Although many more experiments were
carried out only relevant data fixing the change points are given in
Tablea IVe
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Mp S+NMS, +MS

TABLE IV,
Abbreviationss 2Mn0.Si0; = MS Nag Oe¥Mn0.2510; = NMSy
~ Mn0.Si0y =MS Nag 0.2510; = N33
Si0 = S glass = L.
Quenched Time Method
Slag after .of Phasese of
Composition annealjégg Annealing Identification.
at -~ .
1330° 2 hours L Soe e
M Ss RSy 1320° 2 hours L+ S Rele
= 925171 765° 2 hours L+ S Rele
.- 7559 10 hours ~ L+MS+NMSg Rele
MnOsNag 0+ Si03 7309 10 hours L+Mp S+1MS, Rels
= 6333332 . 720° 60 hours Me S+NMS, +MS ReIs and X-ray
Mp S NSy 1280°C 2 hours L
=85+8314¢2 1270°C 2 hours L+eS Rele
L 765°C 2 hours - LagS ReXe
MnOsNag 0s 8103  755°C 10 hours L+M, S+1MS, Rele
= 6015335 7309 10 hours L S+NMSy R.I.
. 7209 . 60 hours MpS+liMS,+MS © R.I. and X-ray.
MaSs NSy 1230° 2 hours L
= 78.5121.5 1220°C" 2 hours I+ S R.le
. 785° 2 hours LS ReIo
MnOsNa,0s 8103 7559 12 hours L+Mp S+NMS, R.1.
=55¢7+5337«5 730° 12 hours L+M S+1MS, Rele
. - - . 720° 72 hours MpS+NMS4+MS  ReIe and X-raye
MpSalNS, 1160° 2 hours 2L
= 71.5s28.5 1140%C 1 hour L+Mp S+MS Rele
- 1110°C 1 hour L'l'}'hS'l'm ReIe
MnOsNap0s S10,  1100°C 2 hours . L+M8 Rels
- = 5081040 _. 765°C - 2 hours L+ S R.T.
. 755° . 12 hours LM S+iMS, R.I.
730°%C 12 hours LM S+1MS, Rele
720°C 72 hours ReIe and X-raye
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TABLE IV (cont'd).

Slag Quenched Time Method
Composition. after of Phasese. of
annealing Annealing Identification.
at -~ °0.
Mo SeNSy 1105°C 2 hours L
=64.3335,7 1095%C 1 hour L+ S Rele
R 765°C 2 hours L+ S R.Ie
MnOWNag a 8103  755°C 12 hours L+}p S+1MS, R.I.
A 5812.5142.5 7309 14 hours L+Mp S+NMS; ReTe
- - 720°C 72 hours M S+NMS, +MS Re.I. and X-raye
Mz Ss NSy 1035°C 2 hours L
= 57.2/42.8  1025°C 1 hour L+M, S R.I.
765°C 1 howxr LeMpS R.1.
MnOsNap 0sSi0; 7559 14 hours LM S+NMSy Rele
= 40315345 730°C 14 hours L+Mg S+NMS, Rele
.. 720°C 84 hours M S+IMS, +MS ReI. and X-ray.
. MpSaliS, 960°C 2 hours. L
= 50450 950°C 2 hours L+M; S Rele
- 765°C 2 hours L+ 8 Rele
MnOsNag 0s 510,  755°C 72 hours L+ S+NMS, R.I.
= 35318447 730°C 72 hours L+ S+NMS; ReI.
. 7209 15 days MS+NMS, Re.I. and X-raye
Mo S NS, 860°C L
=42.%157.1 850°C 2 hours L+MgS Rels
' - 765°C 3 hours L+pS Rele
MnOJNeg 0. S10; 755°C 72 hours L+l S+NMS, R.T.
= 3042050 740°C 72 hours LM, S+NMS, ReIe
.. 730°C 72 hours L+NMS, R.I.
690°C 72 hours L+NMS¢ - Rele '
630°C 15 days NMS; +MS+Si0; R.Is and X-raye.
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TABLE IV (cont'd).

~Quenched Time Method
Slag after of Phasese of
Composition anneasling  Annealing Identification.
at -~ Oc [ .
M Ss NSy 765°C L
= 335716443 750°C 4 hours L+NMSy Rele
- 730°C 24 hours L+NMS, Rele
MnOsNag0sSi0;  720°C 72 hours L+NMS, +810, Rels
= 25822353 710°C 15 days . NMS;+3105 ReI. and X-raye
Mz S NS, 755°C , L
= 28464714 745°C 2 hours L+NMS, Rele
. 730° 2 hours L+NMS, R.I.
MnOsNaz 0sSi0  720° 10 hours L+NMS; +NSg Rel.
= 20125455 700° 7 days NMS, +NS3 +S10; R.I. and X-ray.
Mo S NSy 7759 L
=21e517845 765° 1 hour L"l‘NSQ R.I.
. 7459 2 hours L+NSy ReIe
MnOsNay 03 S103 735° 10 hours L+NSy +NMS, : ReI.
= 1542758 700° 7 days NS, +NMS, +510; ReI. and X-raye
M SsNS, 815°C L
= 1443285.,7 805° 1 hour L+NS3 R.Ie
- 745° 2 hours L+NSy ReIe
735° 6 hours L+NS; «NMSy ReTle
710° 6 hours L+NS; #1015, ReIe
700° 4 days NS, +1MS3 +510; R.I. and X-raye.
Mz Ss NS, 850 L :
= 7a13929 840 2 hours L‘I'NSa . Rele
. 700 4 days NSy +MMS, +5i0; ReI. and X-raye
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TABLE V,

Summary of Thermal data of Slags in
Join ZMIIOO Si&:NQaOozsi%

Slag Primary phase Secondary phase End of Freezing
Composition separation. separation. Phases at Room
‘ . tempe
0219a7°1 . 1325 760 | 725 |
8558114+2 1275 | Ma 8 760 725
78.5021.5 1225 760 725 | M,S4MS
- = MaS o+
71.502805 1155 MS 760 | + 725  MMSg
. (2-Liquid NMS, ._
formation .
64.3135.7 1100 | 760 725
5742142.8 1030 760 725 |
i M S —
508 50 955 | 760 725 MS+NMS;
42.9457.1 855 | 760 | 685 | NMS,+MS+S10,
o= et —
35,7864.3 760 725  NMS;+510; 715 NIz +810;
) NS, _ | ‘ -
28.6871.4 750 | 725 710
21,5578+ 5 760 | 740 | MMS,eNS; 715 | NMSyeNS:
- ’ +
14.3185,7 810 | NSz 740 705 | si0,
7.1492,9 8a5| - -

-
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The Compound Nag0.Mn0.28i0, and Microstructure of Slags,

The identification of the ﬁew compound Nagd.MnO.ZS:I.Oz was
facilitated by three fects arlsing from the experimental results given
in Tables IV and V,

(1) T".¢ 2Mn0.Si0; ~Nag0,25i0; is not a true binary join.
(2) This join intersects three three-phase triangles in
the solid state.
(1) 2Mn0. S10; =}Mn0. S103 =Nag 0. Mn0e 25105 «
(i1) Nag0.Mn0,2Si0; -Mn0.Si0;-Si0z.
(111) Naz0.Mn0.25i0;-Si0,=Nag0e25i0z 6
(3) It also intersects two binary joins Mn0.Si0;-NapOeMn0.2510;
and Naz0.Mn0,25i0;~-Si0z at the compositions 50/50 and

35.7/64+3 (Fige 30 A and B respectively).

The unknown compound mast lie at the intersection of twlines
originating from MnO.Si0, and 510, (Fige30)s The compound NagO.MnO.Sils
was already identified and it sppeared probable that the unkmown compound
(Hay0.Mn0.2510; ) would 1ie at the intersection of the lines joining
MnO.S10; to Nag0.S10; and NagOeMnO.Si0; to Si0; (Fig.30,point C)e The
required mixture Mn0O, Nag0.,2S10; and Si0O; correspending to the compositio:
Nag 0eMn0e2Si0s was melted and cooled in the furnaces The microstructure
(Fige31) showed white crystals of 2Mn0.SiO; which appear to have taken
pa;.rt in & peritectic reactions The slag was crushed: remelted, slowly
cooled to 600°C and meintained at that temperature for one houre The

microstructure (Fig.32) showed only NagO.Mn0.2810, and glass as determine
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by X-ray and refractive index measurements It was fUrthef anneaied
at 600°C for one hour, the corresponding microstructure being shown in
Fige33. On further annealing for three hours at 600°C the micro-
- structure revealed a single phase (Fige34)e Petrological and X-ray
examination confirmed that a single phase wag present. The compound
melted incongruently at 820°Ce. From the characteristic structure
developed during amnnealing it appeared probable that growth twins were
formed during the process of crystallisation. However, no conclusive
proof was obtaineds

In the microstructuresof the slags in this join (2Mn0.Si0;-
Nap 0425103 ) crystals of 2Mn0.Si0; could be easily distinguished under
the microscopes They were always lathlike, even in quenched slags,
although the crystallites were sm2ller (Fig.35)e Crystals of Nap0.MnO.
251C; and Mn0.Si0; could not be distinguished from each othere Fig.36
and 37 show the mlcrostructures after binar} and ternary crystallisation.

It was found that the ternary peritectic reaction

Liquid + 2Mn0.Si0; = MnO.Ei0z+Naz;0.Mn0.2510,

was extremely sluggishe This was clearly shown during the stages of
- annealing of the slag SQ/SC. The structure at 755°C is shown in
Fige38. The needle shaped 2Mn0.Si0, crystals ere clearly seen, also
some rectangular 2MnO.SiCs crystais which appear Po have partially
undergone peritectic reaction. Because of this suggespivehess of the
peritectic reaction, two slags of the composition 50/50 were annealed
at lower temperaturess Ongf;hich showed the structure shown in Fig.38

and the other completely glassy. After annealing for 84 hours at
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720°C the first showed the structure given in Fig.39 The part
encircled in Fig.39 showed the contours of a parent rectangular
2Mn0,Si0; crystal. | Under higher magnification the structure showed the
remnant of 2Mn0.S5i0; crystalsy (Fig_.-iO). The completely glassy slag
annealed for 15 days at 720°C‘showed no 2Mn0.,8i0; crystals. The
structure is shown in Fige4le X-ray and refractive index measurement
revealed the presence of Mn0,Si0; and Nag0.Mn0,25i0; only.

As has already been mentioned the slags with higher Nag0.2Si0y
contents were extremely difficult to crystallises Morzover as the
Nag 0.25i0, content of the slags was increased polishing became difficult.
When completely glassy slags wers annealed; the ternary precipitate
was extremely fine and could only be identified by X~ray diffraction
and refractive index measurements. Primary cryptals of NagOeMn0.2510,
could be easily obtained, (Fige42)e Primary Nag0.28i0; crystals were
very heavily etched (Fig.43)s These slags were not soft enough to
polish on dry "selvyt" without polishing powder and reproduction of the
microstructure was extremely difficulte

From the examination of the slags on the join 2Mn0O.SiO;~
Nag0.23810; it is seen that it is not a tieline and intersects three
three~phase triangles, The results of the quenching and annealing
experiments show that Mn0.S5i0; only occurs in slags containing up to
50 per cent Nag0.5i0;, forming as a result of a pe}-itectic reaction

L + 2Ma0,Si0; = MnO.S10; + NepO.MnO.2510z

in which 2Mn0.Si0; is consumede This reaction, &s has been shown, is
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very sluggishe Undsr these conditions it is difficult to visualise
how 1n0.S8i0; can crystallise in furnace cooled slags especlally when
these slags give glass so easilys. But Mn0.3i0; does crystallise in
furnace cooled slags of composition 92.9/7.1, 85.8/14.2 and 78.5/21.5.
Also, 2.MnO.SiO; and Mn0,S10; crystgllise from the slag 71.5/28.5,
between 1140° to 1110°C. The structure of this slag and the apparent
anomaly will be discussed after the llquid immiscibility gap in the
Nag 0-Mn0-510; system has been discﬁssed.



PART 3,

JOIN 2MnO.S10;=Nap0.5i0s.
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" Composition and analyses of the slags examined are glven in
Table VI« The slags were first melted and cooled in the furnace. Some
élags showed segregation and had to be crushed and remelteds All the
slags in this joln were completely crystalline after cooling in the
furnaces The beéinning and the end of melting ﬁere determined by the
visual methode The differential thermél analyses curves sghowed
definite heat effects and changes of slopes Some showed as many as
five changese This is illustrated in Fig.44. To interpret these
points the guenching and annealing method had to be undertaken. Another
new compound 2Nap0.3Mn0.35i0; was encounterede The arguments leading
to the location of this compound will be postponed till the joln
2Mn0. 510, -2Nag 0. 510, has been described as the results of the two joins
2Mn0,S1C, ~Nag 0. 510, and 2Mn0O. 510, ~2Na,0.510; are necessary for its
identificatione

The results obtained by the visual and differential methods

are given in Table VII, which also indicates the phases present at
room temperaﬁure. From these thermal data the liquidus is drawn and
is presented in Fig.és. To substantiate thls diagram the slags marked
were annealed and quenched from different temperatures. The results
of the quenching and annealing experiments are given in Table VIII,
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IABLE VIe

Analyses of the Slags on the Join
2Mn0. 51 g;-uago.Siga

Ratio Composition Composition
2Mn0. Sils before meltinge after melti

Nap 0. 510z MnO.  Nag0 i Mn0 Nag0 SEEE Fel
92.9/7.1 65 4 31 6448 3.7 3106 012
8548/14.2 60 7.5 3245 50.8 7.2 32.5 0.16
7845/2145 55 n 34 54,6 108 34,2 0,17
71.5/2845 50 15 35 49.5 1446 35,2 0,23
6443/35.7 45 18,5 3645 44,7 18,01 3645 0.2l
5742/4248 40 22 38 39,7 21.5 38,1  0.20
50/50 35 25.5 3945 34,7 24.9 39,6  0.22
42,9/57.1 30 29.5 40,5 29.5. 29,0 40.6  0.28
35.7/6443 25 33 42 3445 3243 42,1  0.28
28.6/71.4 20 36.5 4345 19,6 35.6 43,6 043
21.5/7845 15 40 45 14,5 392  45.1 Q.4
14.3/85.7 10 44 46 9.5 43,0 4641  0.43

7e1/9249 5 4745 47.5 4.6 4642 4747 045
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TABLE VII,

Thermal Data and Phases present at Room Temperature.

Fhases ~Differential
2Mn0, Si0> at Visual Methods Thermal Analysess

Nag0.5i0; Room Beginning End of 1st 2nd 3rd 4th
- Tempe of melting melting Arrest Arrest Arrest Arrest

Mz S ~ » |
02.9/7.1  N;¥pSs 723° 1320°  720° 830° 1192° 1318°
NMS, -

M S | . .
85,8/14¢2 IaMpSs 730° 1260°  722° 828° 1200° 1255°
NMS, '

%8 |
7846/21e4 NMo S 730° 1190°  725° 830° 1108° 1185°
KMS, |

Ma S .
71e5/2845 1MoMpSs 732° 1160°  727° B825° - 1150°
NMS, -
M8 | '
6443/35s7 MMgSs 730° 1095°  720° £800° 910° 1006,
MS; 1100

S
57.2/42.8 HLMS 725° 1030®  729° 772° - 10229

NS
RMS
NMS,
NS
42,9/57.1 NS, 732° 950°  740% - = 9559
ﬁ'ng '
NMS

35.7/64¢3 NMS, 740 923 NeDe N.De N.D. NeDe
NS, : :

50/50 790° 925° 783°  930° =~ -
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TABLE VII (cont'd).

Phases ' Differential
2Mn0,8i0; FPresent Visual Method., __Thermel Analyses .
Nog0.Si0; at Room Beginning End of lst 2nd 3rd 4th
Tempe of melting melting Arrest Arrest Arrest Arrest
NS
28.6/71.4 NSy 743° 910° 740°  920° - -
NS .
NS
21.5/78.5 NMS; 7429 9959 745° 910° 985° -
NS
NMS
14.3/85.,7 NS 740° 1020° 745° 910° 1030° -
NS :
NS
7e1/9249

NMS, 745° 1070 NeDe NeDe N.De N.D.
NS ' : ‘




Results of Annealing and Quenching Experiments.
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TABLE VIII,

Join 2Mn0. S0, -Nag 0510z

Composition Temp. of Method of
2Mn0. 8103 /Nag 0. Si0y Phases present Annealing Identifi-
4 scation.
92.9/7.1 Liquid + }8 . 1200°C Micro and R.I.
‘Liquid + S8 + MnO 1190°C "
Liquid + MzS + MnO 830°C "
Liquid + M8 + M S 820°C N
Liquid + M8 + M5, 730°C "
MS + NpMaSs + NMS 720%C  R.I.and X-ray
85.8/14.2 Liquid + M;S 12009C Micro and R.I,
Liquid + M8 # MnO 1190°C "
Licquid + ;S + MnO 830°C "
Liquid + %S + M}p S 820°C "
Liguid + MzS + M S 730°C "
M8 + LM Sy + NMS 720°C ReIeand X-ray
7845/2145 Liquid 1190°C
Liquid + MnO 118000 Releand nicro.
Liquid + MnO 1110°C "
Liquid + MnO + M8 1100°C »
Liquid + Mn0 + M8 830°C "
Liquid + Y8 + MM S 820°C "
Liquid + 45 + kM S 7309 .
MBS + HMS + S 720°C  R.I.and X-ray
71.5/2845 Liquid 1160°
Liquid + MnO 1150° Micro
Liquid + MnO 830° "
Liquid + NS + S 8209 Micro and Rel
Liquid + MG + 1S 7309 moo
ReIleand X-ray

MaS + IMsSy + IS

720°

e
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TABLE VIII (Cont!d)e

Composition Tempe of Method of
24n0, 510, /Naz 0. S10; Phages present. Annealing Identification.

6443/3547 Liquid 1100°

Liquid + MnO 1090° Micro

Liquid + MnO 1010° "

Liquid + Mn0 + LM S, 1000° Micro and Rel.
5742/4248 Liquid 1030°

Liquid + NaMe S 1020° Refractive Index

Liquid + Na3Mg S5 770° "

Liquid + Nplp S +10MS; 760° *

Liquid + Nolp S +1MS; 730° .

NoMs S +NMS, +140 S 720° Releand X-ray
42.9/57.1 Liquid 950°

Liquid + NMS 940° ReIe

Liquid + NMS 750° Rele

NMS + NS + NS, 740° R.I.2nd X-ray.
35¢7/6443 Liquid 930°

Liquid + MS "920° Rele

Liquid + NS 870° "

Licquid + NMS + NS 860° "

Liquid + NS + NS 750° "

NS + NS + NMS, 7409 ReIsand X-raye.
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Discussion of the quenching and annealing
experiments and microstructuress

In this section the identification of phases with slags
by refractive index measurements was extremely useful. It was easy
to distinguish crystals of 2Mn0.Si0; and MnO but impossible to identify
ZNagO.BMnO.BSng, Nap 0.Mn0.S10; and Nag0.Mn0.28i0; by examination of
mici'ostructures. Moreover, the glagsy matrix of the quenched slags
tended to be etched and cracks . developed during polishings

The slags 92.9/7.1 and 85,8/14.2 cooled in the furnace
showed primary 2Mn0.Si0;e When quenched, only primary 2MnD.S10; was
present up to 1200°C but whem quenched from 1190° MnO was also presents
The structures at 1200°C and 1190° are shown in Figures 46 and 47. The
MO globules were always surrounded by crystals of 2Mn0,810; and were
always brightere Crystallisation of 2Mn0.S5i0; and MnO contimmed tol
830°C. At 820° no MnO was observed in the slagse Two crystalline
phases were now present, 2Mn0.Si0; and 2Naz0.3Mn0.2Si0; (Fig.48).
These two continued to be stable crystalline phasesup to 730°C, At
720°C the slags were completely crystalline containing three crystalline
phases 2Mn0.8i0;, 2Nag0e3Mn0.3S10; and Nag0.Mn0.Si0; (Fig.49).

2Mn0,Si0; was no ionger the primary phase in the 78.5/21.5
slage The primary MO crystals obtained on quenching from 1180° are
shown in Fig.50. These MnO crystals were globular but were erranged
in the forms of dendritess Binary precipitation of MnQ and 2MnO.Si0s

was observed at 1110°C. In this case the MnO crystals were not
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dendritice | Agalin the MnO and 2MnO. SiO,a crystals were superimpésed on
" one enother (Fige51)s This is probably because MnO and 2Mn0.Si0p
mucleate each other. Tiie erystals of MnO vanished at 820° and fine
crystals of 2Naz0.3Mn0.3Si0; were observed inéguissy matrix along with
large white crystals of 2Mn0.Si0y (Fig.52)s Ternary crystallisation
is shown in Fig.53. It is worth noticing that the typical large
lathlike cryétals of 2Mn0.£10; were not present.

The 71.5/28.5 slag showed primary crystallisation of MnQ
but no binary precipitation of 2Mn0.510; and MnO was observed. At
8209C 2Mn0.Si0; and 2Nag0.3Mn0.3810; cyystallised out and MnO redissolvex
Ternary crystallisation of 2Nag0e3Mn0.35i0>, 2Mn0.S10; and Nag0eMn0.Si0;
occurred at 720-7309C. (Fig.54).

MnO was still the primary phase in the 64.3/35,7 slag but
the primary phase in the 57.2/42.8 slag was 2Nap043}nC.3Si0;e Fige55
shows the structure of this sl#g quenched from 10209, containing _
2Nas 06 3Mn0. 3510y and glasse The structure obteined after ternary
crystallisation at 720° is shown in Fig.56. Crystals of 2Mn0.SiO
could be easily distinguished even in ternary mixturese The micro-
sstructure shoﬁed large holeg especially around the crystals of
2Mn0.,Si0;e It was noticed that slthough 2Mn0.81G, crystallised at the
ternary stage the crystals were fairly larges This is probably due to
the_higher gtability of 2Mn0.Si0;e The stabilit} of 2Mn0.Si0; wes

also observed in discussing the join m«mo.smz-Nazo.zsmz.
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_ The 42,9/57.1 slag showed primary crystals of NesO.Mn0.S10;
in gless (Fig.57) when quenched from 940°C. No range of secondery
crystallisation was observeds The 3547/643 slag also showed primery
crystals of NapO,MnO.Si0O; when quenched from temperature 930° and 860°C,.
This was followed by binary crystallisation of NagO0eMn0.£10; and

'Haz 0.51i0; as shown in FigeS8, which illustrates the structure of the
slag quenched from 860°%Ce
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PART 4.

JOIN 2MnQ.S1i0; ~2Nas 0,810z
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Join 2Mn0,510, = 2Naz 0,510,

Eight slags were preparad on this join., As it wag difficult
to prepare and keep 2Naz0.8i0;, all the slags were prepared from
Naz0e5i0., MnC and Si0;e The slags were cnalysed and their analyses
are given in Table IXs It was difficult to prepere and examine slags
of higher Nep0 content on account of loss of Nap0 by volatilisations:
Thermal data were obtained by the visual method and also by differ-
sential thermal analysese The interpretation of the microstructures of
the furnace-cooled slags was relatively simples The identification
of the unknown compound 2Nap;043Mn0e35i0; was greatly facilitated by
the results of the examination of the slags on this joins The thermal
data obtalned from both methods are given in Table X, which also
indicates the phases present at room ‘temperature as. identified by

X-ray diffraction and refractive index measurementse

Discussion of the Joln ZMnO.SiOg-zy%O.SiQQ;
and Microstructures.

In the microstructure of the slag 96/4 containing 2Mn0,SiO,,

M0 and 2%0.‘31\&10.33103 the large primary crystals were clearly seen
(Fige59)e The binary precipitation of MmO is also seen. No such
large ci-ystals of 2Mn0.Si0, were in the microstructure of the slag 9217,
' The 2Mn0.Si0; crystals had the typical form obtained in secondary
crystallisations Again all the crystals were superimposed on

MnO crystals (Fige60)e  Beyond this composition primary dendrites
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TABLE IX,

Q_ggxposition and Anaiyses of the Join
2Mn0eSi0y = NagOeMn0eSi0> = 2N330.£i0,.

R Before Melting. After Nolting,
¥ 0. 510, M0 Nag0 5103 MmO NagO 810,  FeD
9644 Not Analyseds
92917.1 65 5 30 64,3 4.8 30,1  0.16
© 85.8s14.2 60 10 30 597 9.6  30e2  0.21
784552145 55 15,0 30.0 5.6 14,1 30,7 0.3
71582845 50 20 30 49,5 19,5 30,2 0,31
64.3435.7 45 24 31,0 - 4446 233 313 0,33
57.2142.8 40 29 31 39,5 28,2 318 04 -

S50+ 50 33 32 35 32,4 31 35.4 0.59
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TABLE X,

Thermal Data and Phasés at_Room Temperature
the Join 2MnO,giC; - Nag OoMnO, €105 ¢

Phases
Composition present = Visual Method. Differential Method.
2MnO.S1 at Room Beginning End .
2Naz 0, S1 Temp. by of of 1st 2nd 3rd
R.I.andX-ray melting Melting. Arrest Arrest Arrest
9Re9/7e1 M5
MnO 830° 13307 825° 1325°
Np M5 53
MnO '
85¢8/14.2 MS 826° 1310° 822° 1060°  1305°
MnO |
7845/2145 M8 830° 1295° 825° 9509 1300°
. Nale S ‘
MnO | |
71.5/28.5 NHM S 1120° 1270° 1125°  1280°
MnO
6443/35.7 NV 820° 1255° 880° 1265°
NMS . '
MnO

5742/4248 oM S 875° 1210° 879 1105 1205°
MMS




F«9 59 / iM

Wit. 60.
Jlr'y’o. Sion
Coo\ecl ir\ YW, -~uvnft.C.
c<y*VerlWho VMon - M5
SEO" c¥d  (B.0.

. Srof =949". 7*1

gyysWs S5vLjp<Y,Y” .»,0s<J.

Mo \afX,liV«. a.(w>vo.sior evysMIs
£id c Vti< bl « .

Hg S9.
51">x0. 5f0, *2Mo,"0. SiO* r 46:4.
Cool'ec* #N R, ~Ancdk
JlaTg< ~-WROCNE $ o
Arc>%0. S04 . r*iTnav® YW= M ladba,
M-wO C<Y'gkh SY¥sall fv¥~

Fig. 60 / .



57

of M0 were observed and the secondary 2Mn0.Si0, (Fige.6l). In this
microstructure, again, the characteristic lathlike crystals of primary
2Mn0.Si0, were not presents MnO separated as the primery phese in
all the remaining slags exesmineds The 71.5/28.5 slag is of interest
in that it contained only MnO and 2Nzp0.3Mn0.38i0; (Fig.62)s Neither
the slag 71.5/2845 nor 64+3/35.7 elag showed any 2Mn0,Si0; «  The
latter showed only MnO, Nag0.Mn0.SiO; and 2Naz0e3MnO.3Si0; (Fig.63).
The identification of the compound was greatly facilitated
from the nature of the slag AMn0,S10312Na30.810; = 71.8328.2. As
this slag only shows MnO and the unknown compound (2Nag 0. 3Mn0, 3510, )
this compound should lie on the line joining MhO and the slag 71.8:2_8.2.
It wag found to lie on the intersection of ¥xmx lines joining Nago;MnO.SiOE
and Mn0.8i03, and that joining MnO and the slag 71.83128.2. The.X-ray
data and the refractive index are given in the Appenc:‘lix.
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PART 5,

JOIN Mn0,Si0; = Naz0.Si0z.
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Join Mn0.S1i0;-Nap0,5i0: 4

Two major difficulties presented themselves during the inter-
pretation of the join MnO.SiO;~Ne,0.S10;.
| (1) Separation into two immiscible liquids was found to
occur with certain slags on this join.

(2) The differential thermal analyses heating curves of
these slags showed one exothermic change (Fig.64) at 715°C.

In addition the usual difficulties were encountered during
polishing with slags of high Na;0.8i0; content, but the constituents
could eaglly be identified by petrological methodss

All slags were melted and cooled in the furnace. The 95/5
slag was completely crystalline and contained MnO.Si0;, 2Mn0,Si0; and
Nag0.Mn0.25i0;. The composition 90/10, 55/15, 80/20 and 78/22, on
cooling in the furnace distinctly showed two leyerse Fig.65 shows the
crucible sectioned vertically and polishede The top layer contained
Mn0.Si0; and glass and the lower layer MnO.SiO», 2Mn0.Si0; and glass
identified by refractive index measurementse The lower layer showed
a definite arrangement of the crystals (Fig.ee);

A thin section of the lower section of the slag was prepared
and examined in transmitted light under crossed nicok§w Two types of

arrangements were observed as shown schematically in Fige67.
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FVg. 67

The crystals seemed to have been etched during the preparation of the

thin section. The "etch-lines" had a definite order) +this is also

represented in Fig.67# The first arrangements were more predominant

than the second. A similar arrangement of 2MnO. 8i% and MnO.SiOg was
the

also observed by Murad in his investigation on”“MnO-SiOg system. In

his pure MnO-SiQj slags no glass was present. Figs.68, 69, show the

structure 62/38 = MnOiSiOfe. In this etched structure, again,

similar sirrangements of "etch lines" are observed. This suggests that

the structure forms by shear strain.

To decide vdiether the separation into two layers was due to
differentiation during crystallisation or due to separation into two
immiscible liquids, a number of slags were quenched from different
temperatures. The composition and the results of quenching eire given

in Table XI.



60.

TABLE XT,
“Crystalline

Composition Quenched ‘ Phase present
MnO.S%_Q% from - °C Result in lower layer.
Nagz 0,810 —
92/8 1350°C Homogeneous glass

1300°C "

1200°C Two glasses -

1100°C Two layerse Mn0.38i0;

1050°C u $2Mn0. Si0;

Mn0. Si0;

90/10 1350°C Homogeneous glass
85/15 1300°C Two glagses
80/20 1200°C "
78/22 1100°C Two layers. Mn0.Si0;

1050°C Two layers ?:BMnO. Si0s

MnQ,Si0;

75/25 1350°C Homogeneous glass

1300°C Two giasses

1200°C "

1100°C Homogeneous glass

1050°G Glass + Crystal 21n0.Si0;

-
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When crucibles containing two glasses were broken a peculier
fracture was observeds This is shown in Fig.70. With slight pressure
the central protruding portions came out as beads. The beads wers
completely glassy and were surrounded by another glassy layer. Fig.71A
shows the polished section of the crucible containing the beade Two
distinct glasses were visible consisting ofziﬁner bead and the encircling
glassy layers Fig.71B shows the remaining complimentary concave hémi -
sphere after the bead has been removed. |

The colour of the inner bead remained pink ip ell the slags but
that of the encircling layer changed from pink to green as the amount of
Nag0.Si0; was increaseds The refractive index of the inner beads also
renained virtually constant whereas that of the outer layer changed
considerably. Table XII gives the refractive indices of the two
layers (quenched from 1200°C).

TABLE XII.

Slags Outer Lazyer Inner Layer.
92/8 1.653 1.658
20/10 1.647 1e658
85/15 1.636 1.657

80/20 1.631 1,655




PVg. 70. 5,00 A ‘gg;

Qripf/My YOt *200°C
otricii'"IK® CeIviTo™l t)ea.c(
Scr'mrar'di*4 by <MIIbfy of'assNf (S™6kr> b

A DY

w /TR A ay 4rfi€ cve\de .oMx "h

r«-rt><32-n,TAg Co-m>'IrTn<T»V«=»vY pc,-»b? «-jtiv b<«a«/ Kc<s

m TTlov< ¢(* Ka.vinrich <re>>'edkv«  H A TTo«sA hfyf o*~tU.< €-f>>hyf



62

- With slags containing two layers, quenching and annealing
experiments could not be carried out satisfactorily, since once the two
layers separated, it was not ' possible to obtain uniform slags by
annealing at lower temperaturess It was therefore not possible to
find out the equilibrium phase distribution at room tempsratures

Table XI shows that with the exception of the 75/25 slag,
all the lower layers contzined primary MnO.3i0, and secondary 2MnO.S10;.
The upper layer remained completely glassy in all cases, even when
quenched from 1050%C after 25 minutes at that temperature (Fig.72).
Bﬁt when the same slag was annealed for two hours at 1050°C MnO.Si0;
crystals crystallised out (Fig.73)s These results indicate that these
slags lie in the primary field of crystallisation of Mn0.Si0;e

It is also seen from Table XI that the 75/25 slag, although
showing two layers at 1200°C is a homogeneous glass at 1100°C and
two layers are absente When this slag was annealed at various temper~
satures and then quenched the following results were obtained. All the

éonstituents were identified by refractive indax measurementss

Temp. Time. Phases

1080°C 1 hour glass | :

1070°C " glass + 2Mn0.810,

750°C " glass + 210,510,

740°C " glagss + 2Mn0.Si0;

730°C 84 hours glags + 2Mn0,S1i0; + Nag 0.Mn0,25i0,

720°C 15 days. Mn0.8i0; + “'a;0.Mn0.25i0,.
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Differential Thermal Analysess

As salready mentioned the existence of an exothermic change
in the slags showing two layers presented difficulty in interpreting
the result of this join. The result of the quenching and amealing
experiments and the presence of only two phases at roon temperature
cuggesta that the join MaDeSi0;-Nag0sMn0.2510,~Ney 0,810, 1s & tie line
and ZIme.SiOé is not a stable phage at rdom temperatures Therefore
the slags shon(ing two layers are in the sﬁate of non-eqtiilibrium at
room temperature. In such a case the presence of an exothermic change
is probably due to the tendency of the slag to return to equilibriume
This could not be verified with the slag 90/10, 85/15, 80/20 and 78/22
as once the two liquids separated it 'was impossible to obtain a uniform
slag by amnealing at lower temperature. Bub the slag 75/25 although
showing two layers when cooled in the furnace, does not show the same
when quenched from 1100°Ce  The furnace cooled slag shows the differ-
sential thermal (heating) curve given in Fig.74 which again shows the
exothermic change at ahout 715°C, Th{-;w~ slag (75/25) was quenched from
IllOO“C end annealed at 720°Ce Then this was used to obtain the
differential thermal curve. ' - Figure 75 indicates the curve obtained
In this curve no exothermic change point is noticeds |
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PART 6.

EXTENT OF LIQUID IMMISCIBILITY IN
A ﬁ_a_z 0-MnO=-5i0, SYSTEM.
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Primary Field of Siliea, MnD.S10; and NajO.MnO.25iC.

The following slags were prepared to determine the ﬁrimary
field of cfystallisation of silicas These slags were not analysed
but were weighed accurately up to the third place of decimal and
melted in iron crucibles.

TABLE XVI.
MnO NagO S10;
16 14.5 695
19,5 17.5 63
R5e5 11 6345
29 7 64
32 S 63
28 12 60
32 8 60
35 5 60
37 3 60
40 3 57
375 6 5645
34 9 57
37 9 54
3245 13.5 54
29 16 55
42 6 52
395 9 Sl.5
37 12 51
34 14.5 51.5
58 3 49

~ These slags were extremely difficult to crystallise. After
being meltéd in iron crucibles they were ecooled very slowly in the furnace
(8 to 10 hours) and finally amnealed at 600°C for 7 dayse The slag
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CHAPTER 8,

THE TERNARY DIAGRAM NagO-Mn0-SiG;.
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The Ternary Diacram N%O-M-Si&.

| Three new compounds NagO.Mn0.S510>, NagO0.MnO.25i0; and 2NagO.
3Mn043510; were found to exist in the part of the NayO0-Mn0-Si0; system
investigatede All these compounds were found to have incongruent
mélting pointse These compounds are represented in Fig.80 which also

ineludes the phaseé present in the slags exsmined at room temperature.

Equilibrium Phase Distribution at Room Temperature.

(1) The data given in Chapter 7, Part 5, indicates that when
considering the solid state phase distribution in the NapO-MnO-510;
system, MnO.Si0;=NagO.Mn0.2810; and NagOeMn0.2£10,~Naz0.510; can be |
regarded as tie lines. It is probable that NapO.Mn0.2510,-510; is also
a tie line because the slag "L" only shows two phases, Naz0.Mn0.25i0;
and Si0, at room tempara.ture.- More_pver at that temperature no |
Nag 0.2810; is present in the slag "B" which further substantiates that
Nag 0.Mn0,2810,~-Si0; is a tie line, -~ Ib would be present if instead
Nag 0.2810; -m. Si0; wirea tie line.

I£ MnOsS10; ~Nag 0sMn0s2510; , NegOsMn0s28510; ~Nag 0s510, and
Nag OeMn0, 2540, -S10; are tie lines, NepO0.MnO.2810,-Neg0.25i0; must be
e tie line, This would give the phase distribution

‘Naeol.SiCb - NegOeMn0,2510; - Nag0e251Cs,

Neg0.28i0; = NepOuMn0e25i0; = Si0;

810; = NegOeMn0e25i0; = Mn0,S5i0;
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This is further confirmed by the phase distribution in the slags

marked "C".

(2) The investigation of the MnO-I1Ta;0.810; slags. showed that
MnO~-Na,; CeMn0,510; and Nog0eMn0,8i0; ~Nas0.S10; are tie linese The
slag P only shows MnO and 2Haz0e3Mn0,33i0; at room temparatufe. This
suggests thot MnO-2NagQe31n0.35i0; is a tie lines  If MnO-NazQ.MnO.S10;
and Mn0-2Na;0.3Mn0,3510; are tie lines, Nap0.Mn0eSi0;-2l0;043Mn043810;
mst be a tie lines The room temperature distribution of phases in
slags marked "H" confirms thab

MnO = NagOQuMn0,Si0; = R2Naz 04311003510,

is the distribution at room temperaturee

(3) N2p0.Mn0e28i0; 1s absent in the slags marked "G" and MnO is not
present in slags "D". This suggests that 2MnO.Si0;~2la,0e3Mn0.35i0,
is a tie line rather than MnO = Naz0.Mn0,25i03¢ The equilibrium

phases in the slags G and D confirms this assumptione

(4) That 2M23043Mn0,3810; -Mn0,S10; is not a tie line is clearly
shown by the slags marked "D™ and "A%. The alternative 2Mn0.Si0p =~
Nag 04¥n0.2810; explaing the phase distribution in these slagse

(5) 210,810, did not appear in the slags beyond the join
2Na3043MnCe3810; = Nap0,Mn0e25i0, as shown by the glag "E¥ which
shows NagO«Mn0sE10;, 2Naz0.3Mn0e35iC; and Nap0.Mn0s2510;s  Therefors
2Nag0e3Mn0,35i0; =~ Nap0,Mn0.25i0, is a tie lines
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(6) The remaining foin must be either Nog 0eMn042810; = NapOeMnOe
S10 or Ma0.5i0; - 2Neg0.3MnDs3810;4  Tho absence of NegO.S10 in the
slag E suggesté the former as the tie line rather than the latter.
This is confirmed by the phese distribution of the slags marked "FW.

From these considerations the proposed phase distributions
in the solid gstate ares=- |

1. MnO - NegOelu0e510; = 2Neg 04 3Mn0,3810;

2¢ MnD = 2Nep0e3Mn0e35i0; = 2Mn0eSi0;

3¢  2Mn0,S10; - 2Ndz0e3Mn0,351i0; - NaQOoMDOoZuiQa

4e zxvmo.smg Nog 0eMn0.2510; = MnD,Si0;

S MnDS10; - Neg0un0,2510; - 810, |

6o  NagO.Mn0sSi0; = 2Nag0s3Mn0.38i0; - Neg 041420, 25105

Te NagOeMnO.S10; ~ NepOei$i0Q; - Nag0eMnOe28i0;

8¢ Nag0.Sil; - NepOoMnOe28i0; - Neg0e2810;

O  Nep0.2810; - Nay0,Mu0s2510; - S1Gse |

From the thermal data obtained earlier, by visual method,
differential thermal ana._lyses and quenching and annealing experiﬁlents ’
binary sections and the primary phases separating were obtainede The.
primaery phases are given in.Fig.Bl end the binary sections in Figs.82-86.
These togsther were used to obtain the position of the invarient points:
! The liquidus surface so obtained is given in ‘Iﬁ?ig.’Sl which is
in accord w:l.th all the previous experimental results and the binary
sections shown in Figs.82-86.
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CHAPTER 9.

LIQUID IMMISCIBILITY,
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LIQUID I1i{ISCIBILITY,

Liquid immigeibility is known to occur in many binary and more
complex systems of silica with several basic oxides, e.g., FeO, MnO,
Ca0, MgO, Si0, Zn0, NiO and Co0s No immiscibility occurs in the binary
alkali oxide-silica systems, nor in the Ba0-3i0; and PbO-Si0; systems
although the silica liguidus curves indicate that a1l the above
systems except Rby0-8i0y, Csz0-810C; and Pb0-Si0, show a tendency to
separation into two liquidse Silica liquidus curves for these systems
are shown in Fig.87.

The separation into two liquids in metal oxide~silicse systems
has been attributed by Warren and Pincus(34), to the need to satisfy
the co-ordimation requirements of ©i%** and the metallic cation. A
state of lower free energy is attained when sepﬁration tekes place into
one liquid rich in silica in which fhe co-ordination requirements of
8it% are satisfied and a second liquid which contains sufficient of the
metéllic oxide to enable the co=-ordination recuirements of the metallic
cation to be satisfieds Thus in soda-silica melts with low soda
content the interionic forées between silicon and oxygen tend to retain
all the oxygen in a single phage. Thé attraction between Nat and singly
bonded oxygen ions tends to cause seﬁaration of a second liquid phase
richer in soda. As this second tendency is relatively weak no separ-
ation actually occurs. In.the corresponding Ca0-Si0; melts the inter-
ionic attraction forces between Ca'' and éingly bonded oxygen ions are
much stronger, and separation into two liquids takes place. The

smaller the ionic radius of the metal ion, the larger is the metal=-
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cxyzen ion attraction, and the greater will be the extent of the
immiscibilitf gaps Warren and Pineus used the above explanation for
two licquid formation to estimate the limit of immiscibility. Certain
assumptions were made as to the maximum distence between ca** ions in
Ca0=-Si0; glasses and the density of the melts They obtained a value

of 33 per cent by weight of Ca0 for the limit of the two liquid region
which was regarded to be in satisfactory agreement with the experimental
value of 28 per cent «+ A similer calculation for the MgO-SiQ

systen gave a value of 39 per cent by weight of Mg0O as compared with
the experimentsl value of 31 per cent,

In ternary silicate gystems in which both the binary metal oxide-
silica systems show liquid immiscibility, the immiscibility gap exﬁends
across the diagram, e.ge, FeO-}n0-Si0;, FeO-Mg0-SiGs. Wheré only one
of the binary systems shows liquid immiscibility, eege, NogO-Mg0-Si0;,
Ca0-Al>03~-510; , the gap is limited in area and extends only e short
distance from the binary side showing immiscibility. It is believed
that the effect of alkali oxides and alumina is to provide extra
unsaturated oxygen ionse In the case of NagO the reason is obvious.
With Al,0; it is probable that the Al atoms enter the silicate network
even though the Al3* ion is trivalent.

Liquid immiscbility has also been observed in systems which do
not contain silica, e.ge, the binary systems FeO-DaFa and Ca0=-B;
and the ternary systems ?%%5PaO-P§OS, MnO=~Ca0=-P;O; and Fe(O-Nas0-P505.

Thus in the FeO-CaO-Pz0s/system separation occurs into one liquid
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rich in FeD and the other liquid rich in 3Ca0.P,0s.Hs can be seen in
Fige88 no ligquid immiscibility occurs in the binery systems although the
FeO liquidus curve of the FeO-P;0s system indicates a strong tendency
to two liquid formation. Liquid immiscibility therefore shows itself
as a closed lenticular shaped loope

The satisfying of co-ordination recuirements indicates that the
states of lowest free energy will be obtained when the smaller Fe**
ions are mainly surrounded by smaller O** ions and the larger Caf+ ions
are associated with the larger PQy ionss The extent of this "sorting
out" will depend upon the difference of free energy of formation from
their constituent oxidoes of 3Fe0.P3;05 and 3Ca0.P305 « In the
Ca0-Fe0-S10; system this type of immisclbility does not appear presumably
because the difference between the free ensrgies of formation of 2FeO.
Si0; and 2Ca0.Si0; is considerzbly smaller. Nevertheless Chipman(36)
has shown that there is a strong positive deviation from ideality in
the system as might be expected if a tendency to two liquid formation
existse

As has been described earlier a closed immiscibility loop appears
in the NapO-Mn0-Si0; systeme “n immiscibility gap was also found to
ocecur in the Mn0-Al;0;-S10, system by Towers and Gworek(37) as showm
in Fig.89, and it is probable that the reason for the gap is the same
in both systems, for the m=2in characteristics of the immiscibility gap
are similar in the two systemss Thus the two layers found by Towers

and Gworek were pink and gray, as in the present investigation and the
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gap occurs at a corregponding part of the ternary diagrame No liquid
immiscibility gap has been reported in the Mn0-Si0, system, apart from
the normal type &f high silice contents, although recent experiments
in which MnO-Si0; slags were melted in carbon crucibles at temper~
atures above the liquidus and cooled repidly indicgted that gseparation
into two liquids in a composition range slightly less siliceous than
MnO.S10; occurs at temperature above the ligquiduse

Mn** occurs in 6-fold co-ordination in 2Mn0.Si0; but its state
of co-ordination in Rhodonite (Mn0.Si0,) is uncertein. Voos(38)
found that rhodonite formed an unbroken series of solid solutions with
wollastonite in which Ca** occurs in 8-fold co-ordination so that
it is probable that th+ shows 8~fold co-ordination in rhodonites  On
the other hand Fe** and Mg** only occur in 6-fold co-ordination,
Ca*" shows 8 fold co-ordination in Cd_Si0; but its co-ordination state
in more basic compounds is uncertain. However, Brandenberger(és)
has assumed it to be 8-fold in ¥ ~CapSiQy and it may well be that
Gaf+ only occurs in 8-fold coordination in liquid slagse

Liquid immiscibility of the type under discussion may therefore
be due to the occurrence of Ma** in two different states of co-ordinatic
in the liquid state, viz., 6-fold co-ordination in the liquid which
gave_rise'to the grey layer and in which the silicate ions are possibly
predominantly Siz0,%® and 8~fold co-ordination in the rhodonite type
of liquid (corresponding to the pink layer) in which the silicate ions
consists of (8i305)8  ringse
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APPENDIX I,

RESULTS OF X-RAY DIFFRACTION,




ABBREVIATIONSs -

~

2MnO. S10,

Yol

Mn0. 5105 MS
NagQ.SiO3 = NS

Nag 0,258i0; = NS
2Nag0.5i0; = 1,8
Nag0.MnO.S10; = NM3
2Nag0e3Mn0.3510; = Nalp S

Nag 0.Mn0e25i0; = NMS,

Intensity of X-ray Diffraction Liness-

~

8 stronge
fege = fairly stronge

m medium,

Il

fome = fairly medium, (1l.e., weak-medium)

weakes

il

W

VeSe = very weake



Nap 0.Mn0.S10; Nag 0eMn0.2510,

(Ms) (1s; )

Intensity "d" values. ‘ Intensity "d" values.

8 3,012 : ' n 34647

m 24858 8 3.281

8 | 2,728 | VeSe 2,586

s R+668 W 26292

8 2602 VeWe 2207

m Re438 Me 2.095

nm 2.299 n 1.946

v 24167 a  1.825

\*4 2.114 m 1.769

m 1.988 8 1.487

m 1,909 m 1.292

8 1,784 W 1.037
8 1.621

w 1.566

s 1.527

' 1.458

w 1.439

m 1.389

4 l.324

w 1.304

W 1.064

W 1.137



2Nag 06 3Mn0. 3510, Tephroite.

(M5 )

Intensity "a" values Intensity 3" values.
W 3.101 8 2.808
w 2,886 | s 2.56
m 2;749 , 5 251
8 2608 8 1.78
n 2+509 w 1.67
W | : 20426 VeWe 1.615
w 2.343 m 1.54
w 2+128 m 1.52
n 1.86C:. n 1.43
n 1.687 w 1.37
8 1.517 w 1.35
‘w 1.315 n 1.06

m 1.177 n . 1.04



Mn0.Sil; - MnO
(115)

Intensity "4" values ' Intensity "3" values
8 2991 8 2¢ 564
8 26773 8 | ' 222 -
m 2.608 5 157
ul 24249 8 1.341
m 2.18 , s . | 1.284
m 1.816 n 1.111
m 172 8 0.9%%
n l.61 ' m 0.9088
n 1.505 8 0e857
m 1.418 m 0.787
VeWe 1.316

VeSe 1.263



Nag 0,510, Nag 02510,

o (ms) (s3)
Intensity "d" values . Intensity "d" values
W ‘ 5430 8 3,783
w 3,56 8 3276
8 3.039 | v 292
m 24571 m 2482
m 24405 m 2443
w 1,98 m 2.350
m 1.883 w 24137
w 1.83 v 2.082
m 1.75 ' | v 2+00
W 1e53 w - 1.96
v 1.445 W 1.610
n 1.42 s 1,539
W 1.140 | m l.482
w 1.114 s 1,442
W 1.03 w : 1.386
W 0.99 w 1.299
v 0.934 n 1.280

¥ . 1.6

m 1.150
8 1.136
n 1l.111

m 1.04



MnO/NS = 50/30

Intensity "d" walues Phases

m 3.011
fome 24725
m 2667
n 2.601
8 24568
fese 2.218
fome 1.782
fes8e 1.567
n 1.525
n 1.338
m 1.282
MnO/NB = 45/55

Same as slag
MnO/NS = 50/50.

nis
NMS
NS

s

s
MnQ

‘MnO

MnO/NS = 20/60

Intensity

fesge

fomo

fome

"34" values

3.013
24360
2728
2¢669
24602
2566
2219
1.986
1.783
1.622
1. 527
1.339
1.283

Phas

MnO



MnO/NS = 35/65 MnO/NS = 30/706

Intensity "d" velues Phases Intensgity “a" values Phases
mn 3,04 NS n 3,04 NS
£ome 3,01 NS fom, 3,01 NMS
n 24729 NMS £ollle 24857 148
m 24666 NHS n 2,730 NS
m 2,601 NMS . n 24669 1S
oo 24574 NS m 2,601 NMS
fom, 24404 NS n 24569 NS
£ese 1,785 NMS n 24402 NS
Lose 1.622 NS Yews 1,978 NS
£oSe 14525 NMS W 1.888 NS
w 1.748 NS | w 1.746 NS
w 14417 NS w 1.786 NS
Yowe 14143 NS m 1.623 NS

, ' , n 1.524 S
w 1.4_21 NS
W 1.388 NMS
VeSe . 0699 NS

MNO/NS = 25/75

Same as slag
MHO/NS = 30/70



MnO/NS = 20/80 | MnO/NS = 15/85

same as slag ' Intensity ™d" valuses phases

MnO/NS = 30/70
8 3.038 NS
w 3.0 s
W 2727 113
W 2.667 NS
w 2.601 NMS
mo 24572 NS
n 24403 NS
n 1.885 NS
W 1.783 NMS
fome 1,748 NS
W 1.62 NS
Vele 1,53 NMS
VoW l.444 NS
W 1.421 NS
VeWe 1.112 NS
VeWe 1.031 NS

MnO/NS = 10/90

gsame as slag
Mn0/NS = 15/85



MYMNeS = 92.9/7.1 Mo S/ S = 85.8/1442

Intensity "d"values Phases Intensity "d"values Phages
g 2.808 Mz S n 2,807 %S
w 2461 NV S m 2.607 NoMo s
VeBe  2.56  MaSa YeSe 24562 %S
MnO MnQ
s 24509 M8 m 24508 %S
8 24222 MnO alb %
8 1.78 MeS £oSe 24221 MnO
n 14569 MnO w 1.859 M S
m 1.542 M8 n 1.779 S
m 1e52 M8 veve 14688 N3 S5
w 1.516 BMS feme 1.572 . MnO -
v 1.508 NoMb S £.me 1.516 WMo Ss
n 14342 Mn0 £ose 1.339 MnO
Lomms 14283 MnO fese 1.284 Mn0
m 1.058 S  VeWe 1.176 %M S
n 1,041 - M S w 1.06 MS
w 1.041 Y 8
fose 0,995 MnO

M35/, S = 7845/21.5

seme as slag
MoS/eS = 8548/14.2



M2S/M: S = 71.5/2843

Intensity

VeWe

FeSe

fem.
feSe
fome

fome

fo.m.

feme

"d"values FPhase

4,14

24607
2,566
2.51

2422

1,860
1.686
1,569
1.516
1.342

?
MM S5

TSR
MnO

Walh S
NaM S
MO

Nl S5

MnO
ol S

MoS/MS = 6443/35.7

Intehsity Q" values Phase.

fese

W

fese

f.m.

VeWe

fon.

fese

feme

fom,
fome

fewe

3.011
24857
2727
24666
24609
Re565
24510
2437
24425
2300
1.91

1.861

1.783

1.688
1.622
1,529
1,569
1.516

1.340 -

1.284
1.176

s
NMS

Nobp S5
Mn0

Natp S
1S

Mo S5
43

M S
ws

Mol S
s
NMS

Moo S5
MnO

N2l S5



2¥n0, 810, s N2, 02510,

= 92.987,.1

VeWe 34646 NIIS;,
w 3,280 MMS,
W 24990 MS

8 24807 M S
w 2,773 M3
fome 2585 NM3y
s 24509 Mo 8
VeWs 2,25 MS

s 1,78 M8
£ome 1.541 M, 8
feme 1.429 M8
w 1.825 104S,
w 1.486 IS,
fome 1.262 }MS

Slag 2MnO0.Si05 8 a5 0,2510,
= 85.8/14.2 and
7845/21e5

seme a8 2MnOeS8i0zsNag0.2810,
= 9209/701

R1n0e S10y 4 Na, 0.281C;
= 71e5/2845 .
W 3.646 NMS;
fome 34280 IMS,
fome 24990 M3
n 2.807 1.8
w 2773 MS
fesSe 24585 NSy
W 225 M3
W 2.18 MS
W 2,096 NSy
W 1.945 NM%
fome 1,825 IMS,
femls 1.78 S
w 1.609 MS
f.m. 1.541 IS
w 1.505 M3
fome 1.466 NS,
n 1.429 IS
n 1.263 MS

Slag 2Mn0.£i0; s Na0.2510,
= 6443/35.7 end 57.2/42.8

Same as 71.5/2845



2MnO, Si0; s Naz 0.2510,
= 50/50 -

fome
m

feme

feme

fome

f.ne

VeWe

fome

3,646 MMS;
3,280 NS,
2,990 MS
2.773 HS
2.586 NMS,
2.25 S
2.18 M3
2.096 M5,
1,946 NMS;
1.825 NMSy
1,609 M3
1.505 M3
1,465 MiS,
1,291 MM,
1.263 MS

2Mn0. 810, 3 Ne,; 0. 310,

= 42,9/57.1
fome +201 Silice(Tridymite)
W 3.808 Silica(Tridymite)
Rest of the lines same asg

2MnO. 5105 s Nap 0. 281
= 50/50.



2MnD. 810, N, 0,2510;
= 35.7/6443

feme

Ve Wa

fom.

ferle

fame

4,301 silica(Tridymite)
4,08 silica )Tridymite)

3.646 MMS
3,280 1MS,
2.585 NS,
2.096 MMS,
1,946 NMS,
1.825 N3,
1.768 NS,

1.486 NMSy

AMn0.Si0; 4 N0 0.2510,

= 21.5/7845

n 4430 (silica)Tridymite)
Vowa 4,08 (silice) "
VeWwe 3481 (silica) *
feme 34782 NS5

fole 34646 IMS,

feme 34280 NMS,

fome 34276 NSy

w 2.82 NS

n 24586 NMSy

' 2443 NS

W 2351 NS,;

w 2.096 MMS,

A 1.946 MM,

fome 14825 MMS,

m 1.538 NSg

\i 1.486 NMSy

VeWe 1291 NMS;;

VeWs  1e281 NS5

V.We Le151 NS5

W 1.136 NS3 |



2Mn0, 810 /Nag 0,810,

~

= 9R.NM7.1
farle "3.280 1S,

Se 24808 M8
feme 2606 ;Mg S5
fome 2584 NMS,
s 2456 MS
8 24509 M8

bS5

W 2,096 10MS,
fome 1.826 NMSg
f.s. 1.781 4, S
fome " LeS3 1S
4 1.516 MM &5
v 1.488 NS,
VeWe 1.178 oM S5
fome 1.05 M;S
2Mn0eSi0, 3 Nag 0810, =
85881442
same a3
2Mn0, 1053 N5 0. €10,
= 92.%7.1

= 78.6s 21l.4

VeWe ) 3,646 NMSz
fore 3,281 1M,
m 2807 FbS

VeWe 2750 N‘a%%
feme 2608 NgM;En

o 24566 IMSy

n  2.561 M,8

s 251 Mz S
RS

W 2.095 WMS,

W 1.545 NS,

w 1,859 N4 S5

fome 1.826 NMS,
fonm, 1.78 M,?,S
feme 153 MQS
feme 1.516 D&I@S‘g
We 1.487 m
VoW 1.178 NG5,
fomo 1005 "Pbs

= 714512865

and 64.333547

game 88 .

2Mn0Q. 105 3 Nap 0, 8104
= 780 6321,4

-~



2Mn0, 81034 Moz 0,810,
= 957.2342 08

fem.

m

fomii

fome

W

| 3.647 WS,

3,280 MMS,
2.808 M, S
2,749 W1 S
2,607 WM 85
24586 1S,
2,561 ¥pS

2,51 M;S
Mk &

2,095 MMS,
1,86 M5,
1.826 NMS,
1.78 S

1.769 NMS,

1.637 M Ss
1,516 NS5
1,487 IMS,

1.177 a5 S

2Mn0. S105 3 Nzp 0, 810,
= 50150 .
fome  3.647 WIS,
m 3,280 NMS;
n 3.011 48
W 2.858 NMS
2,749 M5,
m 2.607 MM Ss
n 2.728 1MS
m 2.667 1S
fome 24601 MMC
foge 24585 MMS,
W 2509 MM s
w 2.095 NM5,
fome  1.86 IMy5,
fome 14826 NMS;
m 1.785 1S
v 1.769 NMS,
w 1,687 Kol Ss
W 1.621 MMS
n 1.516 ol Ss
w 1,487 1S,
w 1.177 %M S,



2Mn0,¢ Si0y /T2, 04810,

= 42.9157.1

folte 3,647 NMS;
forte 3,281 IS,
W 3.04 NS

feSe 3.012 NIS
fom, 2.858 NMS
fese 2.729 WMS
fecs 2.668 NMS
n 2.602 NMS
feco 24586 NMSy
Y 24436 I1IS
w 2,095 WIS,
fome 1.826 NS,
m 1.785 NS
vews 175 NS

fome 1.621 MMS
W 1,483 1015y
VeWe 1.419 IS

VeWe 1.388 IS

2MnOeSi0zs Nap0.S103 = 35.7/6443
and 28+6/71el

same as 2Mn0.Si0,/Naz 0S40
= 42‘ 9/57.1 .

_Mn0.S1i0; 1 N2z 0.E10,
= 21e517845

w 3,646 NS,

w 3,281 1S,

m 3.039 N3

fome 3,012 1MS
W 26358 s

fome 2.73 MNMS

n 2,668 1018
W 24602 M3
w 2,585 115,
w 24571 NS
W 2.407 NS
W 1.882 NS |
w o 14825 MMS,
u 1,785 18
w | 1.75 XS
W 1.42 NS

— 1.141 NS
VeWe 10 032 ) NS

2Mn0, 2103325 0.810;
= 1443/85.7

same as 2MnO.Si0;/Nap 0.810;
= 21.5/7845



Phase
2MﬂOtSiOb
Mn0,.Si0s

Nag 0,250,

NagUe 5105

Naz 0eMn0. 510,
Nep 0o Mn0s 2540,
2Na 043Mn0, 35105

PETROLOGICAL DATA.

Refractive
Indexo

= 1,782
= 1,818

= 1.735
= 1,742

1.501
1.518
1,653
1.605
1.674

Birefringence

1st and 2nd order
Colours

Meximum polarization
Colour yellowe

1lst order yellqw.l
lst order orzngee.
lst order yellows
1st order yellow.

1st order yellowe

Crystal
Habit.

Orthorhombic

Triclinic

Orthorhombic
Orthorhombic
Pseudo cubice
Pseudo cubice

Pseudo cubice



