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CHAPTER 1

Introduction

Mangasese is an important alleying addition in Steel. This
element influences such aspects of ferrous matevrials as tensile strength,
the position of the neose of T,T,T, diagrams and the composition of the
sulphides in steel, Over the years keen interest has been displayed in
investigating the equilibrium between slag and n@tﬁl in the Fe«ln«0
system, In this dissertation there will be a review of the important
results obtained over the last thirty-five years,

The manganese reaction studied experimentally is the

reduction of ferrous oxide by manganese giving manganese oxide and iron,
(FeO) + [Mn] = (MnO) + [Fe]

Most of the previous work has beem dome at temperatures close to 1600°C,
The present investigation covers the temperature range of 1650°C te
1870°¢C,

The most significant factor concerning this dissertation is
the new technique used to cbtain the equilibrium data, Previously slag-
metal systems were equilibrated in crucibles which caused a certain amount
of contamination in the system. By using levitation melting, as done in
the present work, contamination from crucible materials is completely

avoided, and higher temperatures are easily attained,



CHAPTER 11

L;terature Revieg af ;he 51;§7Meta1

Distribution of Flements in the Fe«Mn«0 Systen

Recent work by Sanbongi(l) and Ohtani(l'zJ has shown that
solutions of manganese in liquid iron show Raoultisn behavior.

Therefore, for the reaction

pe] = o],

AG. = - 9.11’!’ .

Although carbon decreases the activity of manganese in iron-carbone
manganese nlloys, other alloying elements have no significant effect
on the activity of mangannae(z’4). These facts will not be challenged
as the only other elements present will be at extremely low concentra-
tions,

Irone-manganese solutions are in equilibrium with ferrous oxide

and manganese oxide as shown by

(FeD) + Mn = (Mn0O) + Fe »

Some of the earliest work done on this reaction was by Korber and

Oolsan(n), and Krings et a1(63. The discrepancy between the results from



these early works and contemporary data is due to two major factors,
Firstly, in not appreciating the speed of the managanese reaction, the
investigators' method of saﬁpling mst bring censure from modern
scientists, Instead of taking samples by imserting quartz or graphite
tubes into the melt, they just allowed the bath to solidiﬂy‘v)‘ The
second, and te modern investigators the most important factor, was

the error in apﬁiealpyrwmcter(a} temperature measurements caused by
fuming and by unreliability of these earlier 1nstrﬁmeats. Contemporary
high temperature chemists have takem wmore precautions in using optical
pyrometyy.

The expression for the equilibrium constant is written:

Hin0 Ara
K = (—n-n—a x -
‘Fea e

where the activity of iron is assumed to be 1 in very dilute solutions

This value of X is the true value no matter what the slag composition
as it involves the activities of a0 and FeD in the slag, If weight
percentages are substituted instead of activities the value of the
constant is somewhat different., Using weight percentages instead of
activities, and a silican saturated slag, Korber and Oclsan(4) obtained

a relation for the constant:

i@s x"h - “79#“3‘ - 5.172.



Values of the constant obtained from this equation are much higher than
subsequenit workers who worked with FeD«Mn0 slags that contained only
small percents of other constituents,

In 1950 Chipman et ﬁlgv) made the best attempt to sort out this
problem, Their major problem was a great deal of scatter and therefore
they could not accurately plot the slope of their relationship between
log K and %s To overcome this, a theoretical calculation was made of
the equilibrium constant from data on heats of formation, dissociation and
solution, A line parallel to this line was then drawn through the
experimental points, The resulting equation obtained was:

« 8440

Log K . 2,95

i

Chipman introduced a slight uncertainty inte the calculations by applying
the free energy of Foxﬁ to an equilibrium constant invelving (Feﬁ)t where
Faxﬂ is the actual ferrous oxide formula and (Peﬂ)t suggests that all of
iron oxides exist in this form, A recalculation was done in the same
work on an ionie basis and applied te the data, The resultant equation

was found to be:

log an“ = m - 3,08

where KMn*’ is the equilibrium expressed on an ionic basis,

Flaudtg) has derived an expression for presenting equilibrium data
for complicated slags that contain a mixture of anions and cations, Values

of their K' for various authors will be compared in the discussion using:



i
log K* » T N

8
1 anion log X i

where K' is the equilibrium constant on an ionic basis

gnélx‘aﬁimﬂ is the electrically equivalent fraction, For exawple

Eﬁpﬁ4§*
N’p{}é&“ ® ,ﬁ o m . \ : g » 7. -
: - ng * 3@%45»« * Q%?wa@# * seves
Z?ﬁiﬁzh |
53,{)3“ b i ’ i
ﬂFu * 2%{}2~ * Eﬁpﬁ"&n # zﬁéwg‘g#n W

The slags that Chipman used contained up to 4 percent 3&@2,
In his caleculations both slag and metal are taken te be ideal. This

assumption is valid as ﬁ&llciﬂ} et al, in 1952, showed that X', is not

Mn
affected by the silica content until it exceeds 5 percent, where K‘aﬁ ‘
is the equilibrium constant expressed in percent rathey than activities,
In 1955 Turkdogan 'Y} criticized Chipman's method of obtaining
a magkﬁmatieél relationship between log ﬂﬁa and 1/T, by saying
"They [Chipman et al] calculated the free-energy
change in reaction (1) [Pe + MmO = Mn + FeO] from existing
theyrmal data and a estimated heat of fusion for manganous
oxide, and then drew a line through their experimental
peints but parallel to the calculated line, The pessible
errors in their estimate are so great as to make the slope
of the calculated line no more reliasble than that derived

from their experimental points,™



By statistical methods Turkdopan then derived the following

from Chipman et al's data:

log Khh = l% - 5,436

0f most importance is a close serqtiny of the FeO«Mnd systen
to determine whether it is one or multi-phase when solid, In Bell's(s)
excellent review of this topic he sayst
“"Ferrous oxide and manganous oxide are completely miscible
in the liquid state, but evidence of the solid structure of
the mixed oxide is still conflicting, Hay, Howat and White(1?)
and Benedicks and Lefﬁuist(ls) have published diagrams showing
a two phase region in the solid state while Andrew, Maddocks
and H@uatcl‘) and Herty snd nuuilaff(!s) have indicated that
Fe0 and MnO are completely miseible in the solid state, Jay
and Andtcwsclﬁ) and Potterson(l7) carried out an Xeray study of
the solid state and found only one pahse presemt throughout
the system, Carter, Murad and H“y(lt) have provisionally accepted
the evidence of complete miscibility in their discussion of the
Feﬁ-ﬁnﬁ«ﬁiﬂz system, Sloman and Evunﬁclg) and Whitoley(za) by
examining FeleMn0 inclusions from steel found ne evidence of
impiscibility in the inclusions, The weight of evidence is in
favour of complete miseibility in the solid state, the Xeray
ovidence being most convincing, The complete solid selubility
in this system was also dewonstrated by Poster and Welch by

Kervay U.I.uf'ﬂlﬂtl(ZI)a



The question of the form of the oxide of manganese and iron
in the slag has to be answered, It is widely accepted that the only oxide
of manganese is MnQ, The Handbook of Chemistyy and Physies pgives the
dissociation temperature of Mnd, to Ma0 as 535°C, Nome of the papers
covered in this survey has nmentioned manganese to be in the slag in any
other form than MnO,

Chipmaacv) acknewledges that his system contained Fezas in
quantities generally less than 4%, although some values were as high as

B

5,695, In the study of the FeO-Mn0s510, system, Muan(°2) thinks the Fe

2
content insignificant enough to neglect, In bhoth of these cases the Fezms
content was lowert at the higher temperatures,

Pigure I shows a plot of § Fezaslt Pazﬂs + $'Fe0' apainst
temperature for Ch&pgan's(7) data. As the temperature goes up the wezns
content decreases, If this plot is extrapolated to 1990‘6-&héﬁ¢253

content is about 1,5%,
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CHAPTER 111

Figure 2 shows the major components used « Levitation Coil,
Casting Mechanism and Gas Supply -« in obtaining specimens for analysis,
The missing items are the Transformer, High Pruquiney Generator and
Optical Pyrometer., Pigure 3 shows a sectioned drawing of the apparstus,

A standard J&nkiasczx) coil manufactured out of 1/8 inch, out-
side dismeter, copper tube was used, The coil would slip around a 15 mm
pyrex or vyeor working tube., To facilitate handling while in operation
the coil was wrapped in glass wool or ashestos,

The power for the levitation coll was supplied by a Toecotran
10 kW, 200 amp high frequency gemerator that operated at 450 ke/sec, A
7.5:1 transformer was used to allew the lower temperatures to he reached
more easily. (When not using the tramsfermer, higher gas flow rates were
required to reach the lower temperatures),

Temperature measurements were made with a Milletron two
colour pyrometer with an eperating range of 800°C te 1800°C, The
instrument was calibrated over a range of 1300°C te 1650°C, with an errvor
of # 10°C on a carbon saturated iron melt, The calibration was checked at
frequent invervals against the melting point of the levitated specimen, The

calibration was done with a 13% Bh«Pt thermocouple,
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The most critical part of the experimental technique was
the quenching of specimens, It was imperative that the chemical equilie
brium of the system be preserved, Therefore, the spaéimn had to be
frozen very vapidly. A number of methods were comsidered. These will
be discussed briefly,

It was necessary to try many unorthodox methods to try and
obtain the mmili‘&nted specimens in ome intact piece, with the slag in
one vegion on the Surface of the specimens., The assumption used in all
of the early quenching methods was that if selidification could be
accomplished in under one second the equilibrium would not shift any
significant amount, |

The first technique tried was to pass helium over the specimen
while still levitated., This wmethod failed because, while the cooling
gas removed heat, the induced current simultaneously heated the specimen,
This nauning led to the technique of allowing the specimen to fall down
2 sixteen foot pipe, filled with helium; elasped time one sec, This
method, nevertheless, did net work, Tf the drop had been long enough,
the specimen would have eventually solidified, but only after a significant
change in the equilibrium,

The technique tried next was to drop a copper mould down the

apparatus trapping the specimen and subsequently cooling it by the time both had
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plungdd seven feet, with an elapsed time of 0,7 seconds, The major
advantage of this technique was that the specimen was recovered as

one intact piece with the slag located on a bettom surface in one area,
making it very convenient for electron probe microanalysis, It makes
little difference as to the shape of the hele 1n.the mould, The only
really important aspect of this technique was to make the walls of the
leading edges of the mould thin enough so as not to strike the specimen
until the specimen was completely enveloped by the mould, As it turned
out the shift in equilibrium was too fast for this technique; however,
for a reaction with slower kinetics this might work,

It was later discovered that if the levitated specimens were
‘ dropped on a brass plate, although the slag was broken up, large pieces
were still left throughout the specimen and on the surface, The cooling
rate appeared very fast as ryed heat was reached and passed in less than
a second, PFurther evidence to substantiate this was the appearance of
the quenched specimen as a plate rather than a lump, A copper plate was
substituted for the brass which gave even a faster quench,

As the enlleétad data in Chapter V' will show all of the previously
discussed methods failed to give good reproducibility., The best method
of obtaining a rapid quench, once it was known that using one second as the
criterion was totally inadequate, was to drop the liquid drop between two
copper plates and hammer it imto 2 thin plate. The quenched specimens,
however, that were produced by this apparatus were much thinner than when
dropped on a copper plate; ten t'thou =!centimeters: compared with two milli.

meters, The problem with this technique is that the slapg was badly broken
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up, This makes it move difficult to find large areas om which to aim
the electron beam, However, as the results will show, this method
produced consistent results, ;

Figure 3 shows a section drawing of the hammer, It
consisted of a hollowed steel cylinder and a steel piston weighing 5 kiloe
grams, The face of the piston had a copper disk one inch thick fastened
to it, The anvil part of the equipment was another copper disk bolted
to the bottom of the cylinder,

The method of analysis was electron probe micreanalysis,

The probe used in this work was a converted electron microscope, The
electron beam has a diameter of less than four microns with an acceleration
voltage of 25 to 30 kV, The X-ray take-off angle was 55°, The instrument
had twin spectrometers, one operated under vacuum, the other in a helium

atmosphere,



CHAPTER IV

ggporimontal Procedure

A discussion will now follow on specimen preparation, levitation
melting and equilibration, quenching, preparationp of polished specimens
and method of analysis,

Specimens were made from 1/4 inch diameter Armeco Ivon Rods,

Pieces of about 0,7 gr. were cut and a hole drilled in them to facilitate
holding the required amount of eledrdlytic manganese. The slag was added
by oxidizing the specimens with a torch,

To equilibrate the specimens the following stens were fbl;owedt
a) the system shown in Figure 3 was purged with helium for about one
minute; b) the current was turned on to the maximum value of 200 amp,
in the primary coil; ¢) the specimen was put into the levitation coil
on the end of a glass rod, As soon as the temperature of the specimen
passed the Curie point, after one or two seconds, it would levitate and
the glass rod was removed and the apparatus sealed, Because the specimen
was ironemanganese-oxygen, if any oxygen did diffuse against the flow of
helium snd cause more oxidation of the iron than originally given, no
harm would have been done,

Once the specimen was levitated it had to be melted and brought to
equilibrium, Three factors were responsible in reaching the final steady
state temperature; the height of the specimen in the coil, the rate of flow

of gas, and the density of the gas, The lower the specimen sits in the

- 15 «
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eoil (the lower the curvent) the stronger the effect of the magnetic
field te produce an induced current to yield a2 higher temperature, The
reverse is also true, The shape of the coil causes the co-planar turns
at the bottom to be the major contrelling factor, Any electro-magnetic
properties are proportional te the square of the distance between
conductors and specimen and the current, Therefore the distanece is the
overriding factor.

The faster the gas flows over the surface of the specinen
the faster heat is removed, Therefore, the temperature of the specimen
is lowered,

The den#ity of the gas is an important factor in both getting
the specimen to melt and to control the temperature. Helium, because
of its low molecular specific heat will remove tooc much heat while
trying to melt the specimen, The addition of a gas with higher specific
heat, such as nitrogen, will enable the specimen to gain enough hest to
melt.

The gas flow was not measured and neither was the helium to
nitvogen ratio, The flow of both was regulated intr 2 commwon mixing
bottle by a needle valve on each gas cylinder,

Once the specimen had been brought to temperature it was left
for sbout 30 seconds to equilibrate, The results,next chapter, give the
actual times, To quench the specimen it was simply dropped three and one
half inches and hammered against a cepper anvil by a copper hasmer. To initiate
the quenching p!u«#ss the apparatus wgg set up in such a way that as the

hammer was sent swinging, the current was cut off at a critical point, found



17

by trial and error. The specimen was dropped to be hammered to a thickness
of 0,01 em, Figure 5 shows a levitated drop, photographed from the
bottom, with the slag attahced to the droplet,

Electron probe micro-analysis has bheen used exclusively to
determine the composition of both the metal and slag phases, The quenched
foil was mounted in tramslucite with a sample of pure iven and pure manganese,
and polished by standard metallographic methods using papers and diamond
paste. It was then coated with a thin evaporated layer of carbon and
examined by an electron probe micro-snalyser built in our laboratories by
Dre G. R, Purdy and My, ll. Walker, The concentration of the elements

concerned in this study are given as follows:

by
5 X = e in the slag;
IX
Bg
.=}
% Mn = vM”‘a o in the alloy,
T

where 1x = intensity of either irom or manganese in the slage {tiue“l).
Ig = intensity of pure iron or mangasnese (time’l),
1Mh = intensity of manganese in the alloy over a longe enough
period of timp to get a significant statistical difference
between it,
and Isﬂ = the intensity of the background count on pure irvenm,

¥n
The above, are derived from Birks. (?4)

whose equations simplify to those
presented here because iron and manganese have little or no effect, caused
by enhancement or absorption, on one another. Also, oxygen has no effect

on these two elements,
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A better method for analysis of this system would have been
to produce a set of standards covering the range of compositions of interest,
In the case of the alloy this was considered unnecessary, as the iron.
manganese system is expected to exhibit ideal spectrochemical b@haviaarcgd).

In the case of the slag, however, many attempts were made to
produce standards. A mixture of Fﬁzﬂs andd Mﬂﬁz was heated together in
an iron crucible, A sample of this nixture was taken by placing 2 steel
rod on the surface and withdrawing a drop, Although the erucible was in
a nitrogen stmosphere so that the solution was not becoming richer in ¥FeO®
the method failed, There was s¢ much segregation in the meterial that it
was useless, A set of standards was manufactured by melting the constituents
in this instance Pe® prevared by disseciating ferrous oxalate and MaO,
prepared by dissociating either manpanese dioxide or mangenese oxalate,
on the ond of a tungsten filament, The material produced was so porous
that it also was useless,

The method of obtaining data was straight forward, Alley data
was collected by counting on the alley and pure iron for 30 minutes, The
beanm was allowed to traverse the surface so as to even out any segregation
in the alloy. As for the slag, it was iwpoessible te traverse the small
slag surfaces s¢ a series of spots were analysed, Total time counting on
the slag was 10 minutes, 2 minutes on 5 points, As a guide te the order

of magnitude of the probe readings the range for Ign was 100,000 to 120,000

o
E?a
values remained constant for as long as the filament lasted,

counts/min, where as ran between 20,000 and 60,000 counts/min, The 1°



CHAPTER V

Results

The following four tables show the weights of the various
constituents put into the specimens, the results of the hammer quenched
specimens, a comparison of the equilibrium constant as obtained using
the hammer as against those obtained by dropping specimens onto conper
and brass plates, and the results of Ch&pmmn{7) that ave included with

the data of this work to give the final equilibrium equation,

o190«



TABLE I « Starting weights of specimens levitated and quenched by

the hammer and anvil and the time levitated at temperature

Sample Weight Fe Weight Mn Weight O Time
Number (gm) (mg) (mg) (sec)
119 0,782 24 17 60
120 0,745 20 13 60
121 0,745 20 13 60
122 0,879 36 24 60
123 0.907 28 14 60
124 0,864 29 20 60
125 0,864 29 20 60
126 0,785 26 17 30
127 0,984 29 14 60
128 0,914 32 24 30
129 0,838 28 20 30
130 0,970 33 23 30
132 0,808 24 : 12 30
133 0,872 28 24 15
137 0,993 33 Z0 25

140 1,009 25 14 30



TABLE 1] -« Results of Hasmer Ouenched Specimens

Sample Metal Analysis Slag Aualysis i Temperature
Nusber :
% ¥n % Mn % Fe % O Levitation At Hammery

119 026 25.8 45.5 28.7 M 1665 1850
120 2,71 45,4 30.3 24,3 24,3 1750 1733
121 0,66 42.8 35.9 21.3 1.84 1750 1733
122 (.89 43,6 31.0 25,4 1.61 1750 1733
123 0,55 37.6 39.5 22,9 1.76 1795 1777
124 0,88 42,0 35.1 26,1 1.38 1860 1841
125 0,83 37.7 35.7 26.6 1.29 1860 1841
126 0,54 32.1 38.1 29.8 1.61 1850 1831
127 0,41 34,0 43.4 22,6 1.93 1760 1743
128 0,52 38.5 40,2 21.3 1.87 1770 1753
129 0,65 30.5 43,5 26.5 1.11 1880 1870
130 2,86 43.3 33.0 23.7 1.57 1825 1807
132 0,87 42.4 30.8 26,8 1.62 1760 1743
133 0,89 43,0 33.0 24,0 1.49 1890 1870
137 0,78 39.4 35.2 25.4 1.47 1845 1831
140 0,27 2545 48.2 26,3 2,00 1725 1709

* by difference

{ 14



TABIE IR

Data Collected From Electron Probe

Sample Alloy = Slag

lumber = e e = = . S
119 118,480 770 462 107,140 61,480 27,641 28,911
120 121,760 1362 w57 111,314 55,705 50,522 16,877
121 115,421 1266 503 114,293 58,280 49,073 20,879
122 116,397 1545 512 120,463 60,471 52,561 18,732
123 117,462 1147 500 119,280 60,680 44,768 23,900
124 123,470 1165 w77 123,840 57,180 51,995 20,125
125 119,976  1uen 469 122,176 62,180 46,136 22,220
126 103,760 1018 u78 102,655 58,175 32,920 22,131
127 103,760 923 500 102,655 58,175 34,808 25,204
128 103,760 1037 500 102,655 58,175 39,554 23,347
129 110,222 1158 40 117,633 62,051 35,903 28,228
130 115,142 1465 463 126,291 63,281 54,621 18,028
132 126,023 1628 543 122,735 56,707 52,004 17,506
133 119,595 1600 534 119,150 19,238 51,359 6,351
135 135,507 1730 670 122,735 56,707 48,423 20,081
140 76,670 655 Bus 80,973 20,200 20,648 9,747

BIC
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TABLE III « HEquilibrium Constant and Temperature Values of Chipaﬁan”)

Temperature °C K‘Mn
1655 2,70
1640 2,73
1620 2,41
1680 2,01
1690 2.47
1610 2.47
1630 . 2,67
1672 2,24
1730 2,18
1738 1,62
1689 2,07
1583 .24
1743 1,79
1750 1.58
1723 1,99
1637 2,62
1615 2,93
1587 3.31
1598 3.44
1597 3.62
1633 2.82
1638 2,70
1706 1,50
1718 1485
1697 2,24
1646 2,45
1630 2,94
1568 3.91
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TABLE IV « Effect of Quenching Technique on the Apparent Value of K!

“uench Temperature (°C) No, of

Fosarvee &
Specimens i Chipman
firass Plate 1760 8 6.9 = 10,8 1,66%
Copper Plate 1645 11 2.6 = B,S5 2,52
Hammer 1760 16 1,.70% 1.66%

* calculated fyrom statistical equations



CHAPTER VI

Discussion

The significance of this work is two fold, Firstly, there
is the verification of the fact that Chipman's werk was quite accurate
within the experimental limits, Secondly, that the technique of levitation
melting can be used for equilibrium problems at high temperature,

Data were collected in this work over the range of 1650°C
to 1840°C with most of the data above 1730°C, Chipman's data cavﬁrud
the range of 1568 to 1750°C with the majority of points below 1700°C,
A combination of both sets of data as shown in Figure 4 covers the entire
range between 1650°C and 1840°C, By applying statisties to both sets

of data an equation for the equilibrium constant was calculated to be:

log K » §9-%9- - 2,706,

When this equation is compared with that of Chipman et a1(7) in Chapter

11, log x = S22

« 2,95, one can see the striking similarity, It is
of great significance that such a geod correlation was obtained by both
the usual erucible method and the new approach of levitation,

An interesting development is a cowparison of the three
equilibrium equations that can be statistically calculated from Chipunu(7)

and the data gathered in this dissertation, The first equation is the one above

« 34
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that is felt to be the true equetion for the equilibrium comstant:

Te
log K = §9§£ » 27064

The second equation is calculated Chipman's data alone, the third is
an eguation ealculated from the data collected in this dissertatien,

They are, respectively:

log K = 2&%}.‘. - 3,203,

log K » 2202 . 2,011,

and are shown in Figure 4,

These last two equations show the pitfalls that can oceur
if not emough points are taken or the range of temperatures is too
NATTOW,

The following table shows a comparison of the equilibrium

constant as obtained by different workers,

TABLE V =~ Comparison of Bquilibrium Constants of Many Workers

3e11’® korber® cnipman(”) Krings(® Fisner®®) Present

and ot anl et al Fleischer Work

HDalsen
at 1550°C K'Mn 3.5 2.4 3.8 3.1 3.4 3.7
at 1600°C Ké, 2.4 P 3.2 - - 3.1

The equilibrium constants of Chipman et al and the present weork
are equivalent to xﬂn. whereas with the rest, Kﬁn represents the equilibrium
constant of the reaction in a complicated slag, The Kéﬁ values are equilibrium

values with respect to melts that contain only exides,
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The sources of error in measuring K were temperature measures
ment, estimation of temperature decrease while specimen falls from coil
to be quenched, and analytical ervers invelving the electron probe,

The two color pyrometer, as deseribed in Chapter 111, was
accurate to # 10°C which gives an erver of * 0,5% at 2000°K, Pure iron
(melting point 1535°C) was used as a ealibration standard.

Wher the specimens had been equilibrated they were dropped
3 1/2 inches before being quenched by the hammer, In the very short time,
it takes for this drop (0.14 sec) the specimen loses heat, An estimation
of the heat loss and the consequent temperature drop was calculated as a
summation of the heat losses due to conduction - convection and radiatioen,

The standavd heat transfer formulae are:

q="h AT A
where q is the total heat transferred by conduction-convection
&7 is the difference between the specimen and the fimdng gas
A is the surface area of the specimen

h  is the heat transfer coefficient

%_ o' b f “fu 1/2 (_E__)l/z
where

D is the diameter of the specimen

Kf is the tfmmal conductivity of the fluid at the mean

temperature of the specimen and the fluid, i.e. mean

conduction layer temperature



density of the fluid at mean temperature of fluid and

specimen

V_ is veloeity of fluid as specimen falls

C_ is specific heat of fluid at 0°C

Be is viscosity of fluid at mean tampgrature of specimen
and fluid

u is viscosity of fluid at 0°C

K is the thermal conductivity of fluid at 0°C

By subistituting the latter equation into the former, and expressing ¥
in terms of time, the integration gives the total heat less due to
conduction-convection,

For the radiation component the following equation was used:

ty ¢ 400 £ 2 4604,

q
+=0,1714 ¢, {(J‘Tm...)‘ - e

where!
q is the total heat loss
A is the area of the sphere
€ is the emissivity of the surface
t, is the temperature of the surface of the specimen

t is the temperature of the surroundings

For a specimen of 0,6 gm it was estimated that the terperature
loss was 16°C at 1730°C and 19°C at 2000°C giving a cooling rate of
120°C/sec and 140°C/sec respectively, The final temperature assigned
to each specimen was levitated temperature minus the interpolated value

between 16°C and 19°C,
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Two sources of error are involved in: this:caloulation: Firstly,

the levitated specimen are not spherical but slightly tear shaped,

However, it is suspected that they become, if not completely, more

spherical once out of the influence of the electro-magnetic field, Secondly,
the weights of the specimens were not the same, The calculation was

done over the range of weights of 0,6 gm to I.dgm and found to increase

by only 0,5°C,

?he major source of error was the analysis of the specimens, These
errors were two fold; electronic drift in the instrument and a statistical
error involved in counting, To obtain numbers that would have statistical
significance for the manganese content it was necessary to count on the
alloy for thirty minutes and similarly on the pure iron for the same period
of time, To take into account any drift in the electronics the procedure
was to do a background count on the iron for fifteen minutes then count
on the alloy for thirty minutes followed by fifteen move miﬁm:es on the
iron, To ensure a correction against a drift in the Iﬁn values,a series
of three one minute counts was made every time a shift from alloy te iron

or iron to alloy was made, The counting time on the slag was wuch shorter,
only ten minutes, In this case counts were made on the standard te ohtain
Ign and !§u before and after the data was collected from the slag, These
precautions should keep the errors due to drift at a minimm, If the drift
was perfectly linear between the start and end of an analysis there should

be negligible tfﬁ&%. However, because the probe could pick up inter-

ference from outside sources there is the possibility of a small error,
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¥hen counting, it is a statistical fact that the 95% confidence
limits 1ie in the vange N ¢ 2/T , The order of magnitude of the slag
data is such that only 1% error can be attributed to it; wﬁareas, the
alloy data yielded an error of 6%, These values were calculated on

the mean values of Iga . This last figure can be diminished even

e
further if lower and lower counts were taken., In figurec 4 the 95% confidence
limits for the equilibrium equation are plotted, Visually one can see
that the statistical spread of the data is good in that all but one
point fell within the 95% confidence limits, This is borne out by the
correlation coeffigiont's value of 0,94, which is considered good for
least squares plots,

Table II in the results shows a comparison of equilibrium values
obtained using various quenching techniques, The only technique that
gave good reproducibility was the hammer, First impressions were that
a specimen dropped on a copper bloek would be quenched rapidly enough,
To the eye, red heat was reached in well under a second, An estimation
of the order of magnitude of the eoaiing rate for a hammer quenched
specimen will he attemnted ueing a stendawd souation due te Carslaw and
Jsegnr(zs). The wodel is for linear fiow of heat in a solid bounded by
two parallel planes and boundary condition of zere boundary temperature,

The fbrmﬁla ist
X

L "
V= Ve cos1g§

-

l-&tz t/#iz



where:
V  is the final temperature (°C)
V_ the initial temperature (°C)
£ the distance between houndaries (em)
t the time (sec)
x the position between the boundaries

K wwﬁ?ac;

If the rate of cooling is considered at the centre of the slab,
where X=0, the above simplifies to:

2 2
Y ' VQ ’an' t/45

The hammer quenched specimens were gauged and found to be 10 thou-
cm, The cooling rate was calculated on a liquid slab 10 thouecm over a
cooling evele of 1800°C to 1500°C, The calculated rate was loﬁ’C/aee.
The actual value was less than this, A calculatidon done on a slab with
g thickness of 0,6 cm (the diameter of a levitated dvop) gave a value
of about IOS’C/sec, however, a realistic value for tue cooling rate is
probably IOS’C/sec.

A theoretical calculation for the time required for squilibrium may
be estimated if it is assumed that the rate of attainment of equilibrium
between slag and metal was controlled by diffusion in the slag phase, This
is entirely reasonable as transport in the induction stirred metal dreplet
will be rapid, chemical reaction at the interface should alse be rapid at

the temperatures considered (1650°C to 1850°C), and diffusion in the imstirred
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slag phase will be relatively slow, The time (t} required to achieve
a close approach to equilibrium can be obtained by considering the
(27)

relation

2
t = constant *%ﬂ

for diffusional process im a stagnent phase, wheia D is the diffusion
coefficient, X is the thickness of the phase, The constant is umity

for 93% achievement of equilibrium, and equal to 2 for 99% approach to
equilibrium, Thus, to calculate the time for equilibration typical

values of D and x are required, Accurate data for the coefficients of
diffusion of ions in molten slags are very scarce, However, the coefficient
of self diffusion of calcium in lime-alumina - silica slags is about

& 4 cmzlﬁeﬁ at i?ﬁﬂ‘cfza); The slags

10 ﬁmzlaaﬁ at 1550°C, and about 10~
in this study are much more fluid than lime-alumina~silica slags, Also
because of the rapid quench needed to obtain equilibrated specimens it is

s or 1@“2 @nzfsaa. Using this as a typical

not unlikely that D eould be 107
value for D along with x = 10°% cm one finds t = 0,2 sec. Therefore,
the estimated quenching rate is more than sufficient to prevent a shift
in equilibrium,
If the slag was pure FeD-¥Mn0 the oxide content should lie between
22,3% and 22,6%. The fact is that the majority of oxygen values found
by difference, were above this value. It is possible that some of this
oxygen is present as Fszﬁs. However, there is :.oxygen available to
take care of even the most pessimistic estimate of Fws* ion content,

Figure 5 shows a photomicrograph of alloy and slag taken at 500 magnifica-

tion., It is therefore sugpgested that because of the holes on the surface



showing typ

Figure 5 « a) | ) :
b) levitated drop showing

s unetched
3

ical slag sample at 500X
slag attached to drop.
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and internal porosity, the spectrometers collect Xerays as if less
iron and manganese were present, However, because of the similarities
between the properties of the two elements, this has no effect on the
iron to manganese ratio, It should be emphasized that this ratio, and
not the absolute values of the iron and manganese contents, determine
‘Nn (see page 3).

In Chapter IV the formula for iron or manganese content in
the slag wunvgivan as lFe(Mn)/Ige(Mn)' When compared with Birks(24)
calculations there is a difference of 0.5%, However, the error, quoted

by Birks, in his tables of data is "not better than 5%" and therefore,

the difference mentioned above can be neglected,



CHAPTER VII

Conclusions

The conclusions to this work arvre as follows:

1) The data obtained in this work, when combined with Chipm‘s(7)
data for the reaction

(Fe0) + [Mn] = (MnO) + [Fe]
give what is considered to be the best equation for the dependence
of the eyuilibrium constant on temperature:

log Km = §§_92' « 2,706

where 0
(apo0) 1
hL Areo? |
’ m o
this ieads to a standard free enc.y for the reaction:

A6° = = 27,404 + 12,47 cal mole”™)

2} High temperature equilibrium problems can be studied using levitatioen
melting, hammer quenching, snd electron microeprobe analysis of the

quenched specimens,

3) Suggested future woik would be to investigate systems of more complex
nature, For example, the Fel « ¥Mn0 « sii}z ternary would be a good starting
point, The results from such work in conjunction with data from the present

study could be used to check the validity of Flood's ionic theory of slags,

uﬁsn
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