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Chapter I

Introduction

It has been suggested by Kirkaldy et al(1) that the diffusion of 

manganese in solid iron toward sulphide inclusions at soaking pit tem- 

peratures is responsible for the intermittent ferritic banding frequently 

associated with fractures in the butt-welds of pipe. Such inclusions are 

often found distributed within the ferrite bands and manganese impoverish- 
mcnt in the surrounding ferrite has been clearly demonstrated(1) with the 

electron probe. This intermittent segregation is not to be confused with 

the intense segregation of carbon that results from the interdendritic 
segregation of alloying elements during solidification. Kirkaldy et al(2) 

have shown that such segregation, commonly called "pearlitic banding", 

results from a delay or advance in the time for initiating ferrite nuclea­

tion in high alloy regions. Thus when manganese is the principal alloy 

element, the Ae3line is lowered upon cooling, ferrite nucleation is de­

layed, and the carbon concentration is increased in manganese-rich regions. 

Also, the lower activity of carbon in iron in the presence of manganese 

aids carbon rejection to the high manganese regions where pearlite forms 

on further cooling. This pearlitic banding will not bo considered further 

because it appears unrelated to the manganese transfer associated with the 

non-periodic sulphide induced banding.

- 1 -
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Until recently it was widely accepted that this intermittent 

banding was caused by phosphorous segregation, hence, the term "phos- 
banding” was applied. However, it has been well established(1) by funda- 

nental studies with diffusion couples and by electron probe microanalysis 

of commercial steels that there is no significant relationship between 

phosphorous segregation and non-periodic ferrite banding.

The formation of sulphides in steel was simulated in the Fe-Mn-S 
system at soaking pit temperatures (l300°C) by equilibriating Mn and FeS 

in Fe containers, while levitation melting was used to equilibrate Fe 
with Fe-Mn sulphides at l535°C. Samples produced by these two methods 

were examined metallographically and then microanalysed by electron probe 

in an attempt to determine the compositions of aFeS, MnS and aFe phases. 

It was found that the Mn/S ratio was important in determining which sulphide 

phases, aFeS, BMnS, or both, were present in the samples. These experi- 

mental results, together with a knowledge of thermodynamics and the 

bounding binary phase diagrams, permitted a semi-schematic construction 

of ternary isotherms in the Fe-Mn-S system.

Diffusion couples between solid Fe - 3.16% Mn and liquid FeS 

showed that manganese diffused from the Fe-Mn phase to the FeS phase, 

thereby changing the sulphide to two phases. FeS and MnS. The observed 

diffusion path when plotted on the ternary isotherm is consistent with 

the multiphase diffusion theory of Kirkaldy and Brown, which correctly 

predicts the ferrite precipitates observed in the BMnS phase of commercial

steels.



CHAPTER II

Review of Previous Work

This literature review considers the results of research which 

impart a background knowledge for a study of sulphides in the ternary 

system Fe-Mn-S. Investigations of inclusions in steels have generally 

been confined to the study of their effects on mechanical properties and 

all two frequently no assessment is made of the effects of inclusion 

composition. Therefore the available phase diagrams are discussed in 

order to provide a framework which aids the study of solidification and 

diffusion phenomena.

1. Inclusions in Steel

All commercial steels when examined metallographically are found 
to contain small nonmetallic particles called inclusions(3,4,5). These 

particles may be of widely varying composition, size, shape and distri- 

bution and no commercial steel can be made free of them. At best, 

inclusion compositions can be altered to promote more desirable mechan- 

ical properties in the steel. For example, steelmakers have long 

realized that the addition of manganese encourages the formation of the 

manganese-rich βMnS phase in either globules or idiomorphic crystals. 

This type of inclusion has a much higher melting point than does the iron- 

rich α + β sulphide which otherwise may exist as a thin liquid film around 

the primary grain boundaries at rolling temperatures.

- 3 -
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Sims(3) has classed nonmetallic inclusions in three groups 

according to origin. The first type are natural or endogenous inclu- 

sions which have precipitated from molten or solidifying steel. 

Inclusions can also enter the bath by erosion of refractories in con- 

tact with the flowing steel. Finally, oxidation of tho melt by the 

atmosphere during teeming is also thought to produce inclusions. 

Although the latter two sources may be of commercial concern, they are 

of no consequence in this study and only the inclusions precipitated 

naturally from the melt or solidified iron will be considered further.

The principal natural inclusions are sulphides and oxides but 

common steel compositions can also lead to phosphides, selenides, 
nitrides and carbides(3). The endogenous sulphides, the only inclu- 

sions of concern in this study, have been supposed to form in three 
main ways(3):

1. By decreasing sulphide solubility as the temperature falls 

in the liquid steel.

2. By concentration of manganese and sulphur between the 

dendrites.

3. By decreasing sulphide solubility in solid iron with 

falling temperature and with phase changes.

The precipitated inclusions arc seldom pure or simple compounds 
and are much more likely to be mixtures(3). The velocity of reaction 

and diffusion are thought to control the approach to equilibrium bo- 

tween the sulphide and liquid steel. Thus the composition of small 

inclusions depends upon the melt composition. Inclusions which 
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solidify or precipitate after the surrounding steel solidifies will 

usually assume the shape of droplets or spread along the primary 

grain boundaries, depending on interfacial tension. But inclusions 

whoso melting points are above the melting temperature of the steel 

will precipitate as crystals with well-defined faces characteristic 

of the natural crystalline form of the material. For example, βΜηS 

inclusions appear as random sections of octahedra which are in the 

cubic system.

When sulphides precipitate they can produce different patterns 

in the primary grain boundaries depending on the elements in tho steel. 
(6)Sims suggests that large globules, few in number and far apart, do 

not have the characteristics of a eutectic but appear to be formed 

over a temperature range by progressive rejection of sulphide from 

solidifying iron, longer freezing times producing larger sulphides. 

However, some sulphides high in manganese do exhibit a typical eutectic 

pattom. In this case, Sims speculates that sulphur concentrates in 

the remaining liquid until a eutectic composition is reached and then 

freezes at constant temperature.

Sims has further grouped sulphides into three types depending 
on the degree of deoxidation in the steel(3,4,5,6). According to this 

worker, type I inclusions are large, well dispersed, globular sul-
(6, 7) phides occurring in steels with oxygen contents above 80 to 100 p.p.m.

and with almost no metallic aluminum residue. Silicon contents over 

0.044 per cent are reported to make a negligible change in the sulphide

composition. These characteristically spherical typo I sulphides, then, 
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are not pure MnS because the freezing point of this compound is roughly 
l00°C above the liquidus of the steel. Instead, Sims points out that 

type I inclusions are likely to be impure manganese sulphides contain- 

ing iron sulphide and some oxides of manganese, iron and silicon and 

hence would have freezing points below the solidus temperature of the 

steel. The implication hare is that normally the sulphides form ini- 

tially as βMnS and no allowance is made for reactions between liquid 

sulphide and solid iron which may alter the composition of the inclu- 

sion.

Below about 80 to 100 p.p.m. of oxygen in the steel the sul- 

phides precipitate as small particles or narrow films in the primary 

grain boundaries according to Sims who calls these type II 

inclusions. Such inclusions are reportedly produced by any strong 
(6) deoxidizer such as aluminum, titanium or zirconium. Sims argues 

that this is not an alloying effect, but rather it stems from deoxi- 

dation which appears to:

1. Increase the solubility of the sulphur in the steel so 

that the last metal to freeze is sulphur rich and soli- 

difies as a eutectic.

2. Lower the interfacial tension of the dendritic concentrate 

co it will spread along the grain boundaries. There is 
(8) some support for this argument because Smith has 

shown that if a liquid phase among the grains of a solidi- 

fying metal has a low interfacial tension and hence a 

nearly zero dihedral angle it will spread infinitely 

along grain boundaries.
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When excess aluminum is added to the steel so that the resi- 

dual aluminum content exceeds 0.01 per cent, formation of the typo II 

sulphides gradually gives way to formation of the type III sulphide 
according to Sims(6,7). This author suggests that the liquid sul- 

phide breaks up into pools in the melt, indicating high interfacial 

tension and lower solubility than for typo II inclusions. Since these 

inclusions are observed to have crystalline faces and reportedly are 

not part of a eutectic, they must have solidified before the steel. 

Again, these inclusions are located intergranularly but they 
leave most of the grain boundaries free of sulphide. Sims(6) does 

not show why the additional aluminum, normally expected to decrease 

the oxygen content even further, should start lowering the solubility. 

But ho does point out that aluminum, silicon and carbon will increase 

the activity of sulphur in an iron melt and hence lower its solubility. 

In this type of inclusion, he argues that oxides would be almost 

eliminated and the iron sulphide content may be lower.

2. Phase Diagrams in the Ternary System Fe-Mn-S ♦
(9)The ternary system Fe-Mn-S proposed by Wentrup is shown in 

Fig. 1 and la. A large miscibility gap begins in the Mn-MnS system, 

borders the Fe-Mn binary and the FeS-MnS quasi-binary and stops just 

short of touching the Fe-FeS system. This indicates that a small 

manganese addition to an iron-sulphur melt causes the melt to split 

into two phases, one sulphur rich, the other sulphur poor. Further 

manganese additions cause increased differences in sulphur content 

* Weight per cent is used throughout this thesis.
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between the two phases. No other information on the center of the 

ternary system at lower temperatures has been published. The most 

important part of this ternary system for sulphur control in con- 

mercial steelmaking and in this study lies approximately within the 

triangle bounded by Fe-FeS-MnS because these are the phases which 

appear to bo involved in the approach to equilibrium. The high 

manganese corner of the ternary is of little concern in this study.
Consider the Fe-FeS system in Fig. 2 constructed by Chipman(10) 

It can be seen that both Fe and FeS are completely miscible in the 
liquid phase but that cooling to 988°C produces a eutectic at 31 per 

cent sulphur. Thus in a typical iron-sulphur alloy containing 0.05 

per cont sulphur or less as in many steels, tho melt would bo almost 

completely solidified before the eutectic composition is reached.

The compound FeS is typically nonstoichiometric and should be written 
FeSx, where x varies from 1.0 to 1.14(11).

The solid solubilities of sulphur in high purity iron have 
 12) been determined by Rosenquist and Dunics as shown in Fig. 3·

The maximum solubility of sulphur at 1,365°C was found to be 0.18 per 

cont in0Fe and 0.06 per cent in yFe, while at 913°C, αFc was found 

to hold 0.02 per cent. These data, although indicative of decreasing 

solubility with decreasing temperature, are of little value in study- 

ing the Fe-Mn-S ternary because manganese has long been known to 

appreciably decrease the sulphur solubility in steel at all tempera- 

tures to insignificant levels. Thus Sim’s argument for type III in- 

clusions that aluminum silicon and carbon lower the solubility of 

sulphur in an iron melt could be a relatively small factor when man- 

ganese is present at steelmaking levels.
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(9)The quasi-binary FeS-MnS proposed by Wentrup and shown in 

Fig. 1 is the only comprehensive diagram of this system published to 
date. The diagram shows a eutectic at l,l80°C and six per cent MnS 

with a maximum solubility limit of 75 per cent FeS in MnS. Data of 
(13) Chao et al corroborated these values placing the eutectic at 

1,181 ± 6°C with the solubility limit at 72 per cent FeS. The NaCl 

type structure of the compound MnS is the only one found in steels, 

although other structures will crystallize if the correct aqueous 

solutions are used. MnS is apparently stoichiometric and recent 
(14)work of Chao et al has confirmed values of 36.8 ± 0.2 per cent 

sulphur in various single crystals. These authors also indicate the 

solid solubility limit of FeS in MnS is considerably higher than in- 

dicated by Wentrup.



CHAPTER III

Theory

The mechanism of sulphide formation and alteration during ingot 

solidification and soaking has received little theoretical consideration. 

The present knowledge of solidification and crystal growth phenomena in 

low melting point metals and alloys is a necessary background for 

understanding these events in iron-base alloys. The means now available 

for analysing diffusion structures in ternary systems should be powerful 

tools for studying the equilibrium of sulphides with iron.

1. Solidification of Metals and Alloys

Formation of a dendritic pattern upon solidification of a pure 
metal is evidence of thermal supercooling according to Winegard(15).

That is, at the liquid-solid interface the liquid has a negative temp- 

erature gradient as shown in Fig. 4. The more extensive the super- 

cooling, the faster the rate of solidification. Nuclei that form on 

an initially planar interface extend into loner temperature regions 

and will grow at the expense of their less advanced neighbours. Thus 

non-planar interfaces will become the stable configuration for growth 

of the solid as long as the temperature gradient in the liquid is negative

- 10 -
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Supercooling is also required for alloy solidification in a 

dendritic pattern. But in the case of alloys, supercooling can be 

produced not only by negative temperature gradients in the liquid, 

but also by constitutional moons accompanied by a positive temperature 
(16) gradient. Rutter and Chalmers developed the basic concept for 

the present understanding of constitutional supercooling and Tiller 
(17) et al presented the argument quantitatively.

Essentially the theory of constitutional supercooling holds 

that if a binary alloy of composition Co freezes to precipitate a 

solid with a lower concentration of solute, then the liquid adjacent 

to the solid will become richer in solute than Co. Fig. 5 shows the 

freezing of a simple binary alloy of composition Co whore the distri­

bution coefficient, Ko, is less than 1. Ko is defined as the ratio 

of the concentration of solute in the solid to the concentration of 

solute in liquid when both phases are in equilibrium. The higher 

solute concentration in the liquid will produce a higher solute con- 

centration in the next liquid to freeze. Thus a steady-state will 

result when the solid rejects solute at the interface at a rate equal 

to the solute diffusion away from the interface into the liquid. Under 

steady-state conditions, a decreasing exponential solute distribution 

will be established in the liquid ahead of the solid-liquid interface, 

Fig. 6. Further, the liquid at every concentration in the solute dis- 

tribution has an equilibrium freezing temperature determined by the 

phase diagram, Fig. 7. When the real temperature in the liquid is

compared with equilibrium liquidus temperature it may be found that 
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there is a sone of supercooled liquid in front of tho solid-liquid 

interface, Fig. 8. Such a condition is called constitutional super- 

cooling and its extent depends directly on the concentration gradient 
in the liquid. Winegard(15) has discussed this subject in great de- 

tail with respect to low melting point alloys.

In an alloy ingot, three zones of grain structure are usually 

found after solidification, Fig. 9, and these can be related to super- 

cooling. The narrow outside zone at the mould face contains equiaxed 

grains which result from thermal supercooling because of the rapid 

heat removal through the mould wall. The relatively wider interme- 

diate columnar zone results from competitive growth of the most favour- 

ably oriented crystals of the chill sone in the slightly supercooled 

liquid. As solidification continues, supercooling intensifies and 

dendrites start to form. Depending on the separation of the solidus 

and liquidus, marked constitutional supercooling will occur and new 

crystals will nucleate heterogeneously to form the contral zone of the 

ingot. Because the nucloi of the new crystals are unassociated with 

the existing columnar ones, tho orientations of the new crystals are 

random.

Although these arguments have thus far been supported by experi- 
(15) ments with low melting point binary alloys , the same three zones 

of crystal types are found in multicomponent iron-base alloys. There- 

fore, the supercooling and solidification concepts should be quali­

tatively applicable to higher melting point ternary alloys in the 

Fe-Mn-S system.
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2. Goring, A Non-equilibrium Condition

The foregoing discussion has considered solidification of alloys 

under local equilibrium conditions at each temperature in the sone, 

but in practice equilibrium during cooling is rarely attained due to 

slow diffusion in the solid. This necessitates consideration of an 

additional phenomena called coring which introduces concentration 

gradients into the crystals.

Because mixing in the liquid by convection and diffusion is 

so much faster than diffusion in the solid state, the solid is usually 

unable to alter its composition throughout to follow the equilibrium 
(18)solidus curve indicated by the phase diagram. This results in 

coring where the centre of the resulting crystal is richer in the 

higher melting point constituent than the average for the whole alloy, 

and where the last metal to freeze is much poorer in this constituent. 

For example, in Fig. 10, the first material to solidify at temperature 

T1 has the composition a on the equilibrium solidus curve abc. However, 

because solid state diffusion is so slow, this material does not achieve 

saturation as the temperature falls and its solubility for the lower 

melting point component increases. In the extreme case whore solid 

state diffusion is negligible, the centre of each crystal would remain 

at the composition a which froze initially. At any given temperature 

then, only the outer layer of each crystal or dendrite has the compo- 

sition indicated by the equilibrium solidus abc and the average compo- 

sition is somewhat loss in the low melting point component as shown 

by curve ab ' c '. When the temperature falls to that of the equilibrium 
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solidus for the overall alloy given by T2, the average composition of 

the solid b* will be denleted of the lower molting point solute which 

is still retained in the melt. With continued cooling, the remaining 

melt will change in composition approximately according to the enuill- 

brium liquidus line def (or its projection if a eutectic can be formed) 

while the outer layers of solid will continue to accumulate on the

crystal in accordance with the solidus curve abc until the average com­

position of the solid equals the overall composition of the alloy at T3

At this temperature the remaining liquid, rich in solute, will freeze

and further enhance the compositional differences between the core and

surface of the crystals.

The phenomenon of coring is responsible for the dendritic

segregation of manganese in iron which has been nhown to be large com-
(2)pared to that for other common alloying elements in steel . It

should be noted too that the sulphide phase which has very limited
(12)solubility in solid iron will be pushed ahead of the solidifying

interface end finally solidify interdendritically to remain in intimate

contact with high manganese concentrations.

3. Diffusion in Ternary Systems

In a ternary system, the second independent concentration 

variable introduces an extra degree of freedom not found in binary 

alloys. This may cause the planar interface of a ternary diffusion 

couple to become unstable and thereby produce interface configura­

tions which are difficult to interpret in terms of diffusion. Two
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general approaches to studying ternary diffusion phenomena have met 

with some measure of success. The first approach takes tho phenomena- 

logical equations and after choosing suitable values for diffusion 

coefficients predicts a virtual path for diffusion on a ternary iso- 

therm. Such a path may or may not be confirmed by experimental dif­

fusion couples, depending on the phases between the terminal composi­

tions on the isotherm. The second method has concerned itself with 

morphological change during oxidation or liquid metal attack of binary 

alloys, one component of which behaves in a noble manner. Although 

both approaches contribute much to an understanding of ternary dif- 

fusion, it appears that considerably more work is required before 

their equivalence will be demonstrated.

(i) Phenomenalogical Equations and Diffusion Paths

The basis of the phenomenalogical equations for diffusion 
(19) starts with Fick’s first law , which relates the diffusive flow 

or flux J, and the concentration gradient VC by

J = -DVc (1)

where D by definition is the diffusion coefficient, when this rela- 

tionship is combined with the mass balance

div J + ac = 0 (2)at

Fick's second law results

. (3)
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For a ternary system with two independent components having concentrations 

C1 and C2 which diffuse in one direction in a single phase, it is possible 

to rewrite (5) so that

3C_ _ I wA - /
ss ψ Mn/ D —^1 (4)

at ex I 11 ax oxi 12 ox I ' '

and . \ I \
0C~ Λ / OC,1- —= X p -2 L JL D —2 (5)
bt οχΓ12 dx Γ CxT22 dx

where the D’s are functions of C1 and C2. For these equations, para- 

metric solutions have been sought which give rise to two ordinary non- 
linear differential equations(20,21,22)

In the initially-stopped infinite diffusion couple produced 

by holding the terminal compositions in intimate contact, the behaviour 

of diffusing atoms can bo very complex because the extra degree of 

freedom in ternary systems may allow supersaturation in some regions 
(23,24,25,26) leading to precipitates or non-planar interfaces.

(25)
Kirkaldy and Brown have stated that if all interfaces of the inter- 

mediate phases are planar then it frequently may be possible to obtain 

parabolic solutions at phase interfaces with duo regard for the para- 
(27) bolically expressed interface continuity relations . Such a solu- 

tion endorses the idea of infinitesimal equilibria which presumes that 

concentrations at adjacent interfaces of infinitesimally thin layers

of the structure are in equilibrium. A calculated diffusion path 

through unsaturated regions should describe the physical sequence 

observed in a suitable diffusion couple. But if the calculated path 

enters supersaturated regions on the ternary isotherm, its trace is 
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terms of the same parameter, λ. However, the penetration curves cannot 

be derived from the diffusion path since most of the kinetic data are 

discarded in tho isothermal plot.

Regardless of the type of interfaces in the couples, the diffu- 

sion path must cross the straight line joining the terminal compositions 

at least once since, as stated previously, the mean composition of the 

couple must lie along this straight line.

Diffusion paths in two-phase regions suggest several phenomena 

depending on their course. Paths coinciding with tie lines specify 

that the two phases connected by the tie line are in equilibrium across 

a planar interface. By convention, thio portion of the path should bo 

dashed to indicate that it represents no spatial extent in the couple. 

When paths enter a two-phase region from one phase and return to that 

same phase after crossing tie lines, they delineate a region of isolated 

precipitates. Diffusion paths leaving one-phase zones, cutting tie linos 

and continuing on in other phases characterise non-planar interfaces 

which may appear as columnar-plus-isolated precipitate or purely colum­

nar regions in the couple. In the two-phase areas, diffusion paths do 

not reverse the order of cutting tie lines because the components’ 

activities are single-valued functions of position on the phase 

boundary.

Diffusion paths in three-phase regions may be approximated by 

straight lines whoso termini represent the local equilibrium existing 

at a planar multiphase interface. Again, because such paths represent 

infinite proximity in the couple they should be portrayed as dashed 

lines on the ternary isotherm. Finally, paths must leave the triangles 
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on sides opposite to those which they entered otherwise there would not 

be single values for the activities of components at the tie-line 

terminals.

(ii) Attack of Binary Alloy Surfaces by Liquid Metal

The second approach to diffusion in ternary alloys is concerned 

with the attack of binary alloys by oxygen or by liquid metals.
(25)Wagner has shown for binary alloys involving a noble metal that 

an oxide film is stable with uniform thickness if diffusion in the 

alloy, is fast with respect to diffusion in the oxide but that it is 

unstable when diffusion in the alloy is slower. When solid alloys are 

in contact with a liquid phase, one of the components is likely to be 

more soluble than the others and hence the liquid phase may penetrate 

the solid irregularly.
(28) Harrison and Wagner’s study on the effect of liquid silver 

in contact with solid copper nickel alloys appears relevant to the case 

of liquid FeS interacting with solid iron-manganese alloy. At high 

temperatures, the copper was highly soluble in the liquid silver but 

the nickel had limited solubility. By introducing calculations parallel 
(25) to those for oxidation of binary alloys containing a noble metal , 

the authors showed that a plane solid-liquid interface could not remain 

stable. Starting with a slight perturbation of the plane interface on 

the atomic scale, it was argued that the effective length for copper 

diffusion was less at some points than at others. Thus more copper was 

lost to the liquid from that part of the perturbation requiring the 

shortest diffusion distance and the amplitude of the perturbation in­

creased with time producing a macroscopic non-planar interface.
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Two limiting cases for the silver liquid penetration of the 

copper-nickel alloy were anticipated by Harrison and Wagner. The 

first case visualized widely spaced fingers of liquid silver entering 

the alloy and leaving broad projections of alloy with essentially the 

original composition. In the second instance, numerous closely spaced 

liquid penetrations were separated only by narrow columns of the less 

soluble nickel.

In the apparently analogous case of liquid FeS in contact with 

solid iron containing a low percentage of manganese along an initially 

planar interface, it is expected that the liquid FeS should penetrate 

the alloy. This case is related to that of copper-nickel-silver because 

the liquid FeS will not dissolve the second component, iron from the 

alloy. Hence only manganese dissolves and at a rate proportional to 

diffusion in the solid alloy. Based on Harrison and Wagner’s argu- 
(28) menu for the general case of a solid alloy A-B under attack by a 

liquid C in which only A is soluble, the rate of recession of the solid- 

liquid interface with respect to liquid FeS in contact with solid Fe-Mn 

will be considered.

For an initially plane solid-liquid interface, the mole fraction 

of iron, NFe, in the Fe-Mn alloy is a function of distance, X, from this 

interface and of time, t. Hence for the rate of change of concentration

SIL
= D —~ for x > Xx (6)

U u · C- v3x

where Xt designates the interface motion after time t, and the diffusion 

coefficient, D, in the alloy is considered independent of concentration.
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Since the manganese is highly soluble in liquid FeS and its concentration 

in the solid Fe-Mn is low, the solid alloy at the interface will be 

essentially pure iron after time t. That is

N οί 1 at X = X . (7)r Θ u

Because iron does not enter the liquid FeS, it must diffuse backward 

from the advancing interface at a rate equal to that of the penetrating 

liquid, μ, where

μ = dXt/dt . (8)

Combining Fick's first law and the mass balance yields

X = · (9)

A further initial condition is that

N_ = N· at X> 0, t = 0 (10)Fe Fo

whore N’ is the initial mole fraction of iron in the solid. Assuming Fe 
the alloy sample is sufficiently large to apply the solutions for a 

(28)stepped infinite couple, Wagner and Harrison argue that the above 

equations are satisfied by a solution of the form

N = IP + (1 - Ν» ) - ■ (11)Fe Fe Fe erj. a
and

X. = 2aiDt)1/2 (12)
V 

where the dimensionless parameter a is given by

aciN·/^2 for Ν’ <^l . (13)
Ain iin

Combining (12) and (13) gives for plane interfacial movement
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X. = 2Ν» (Dt/π)1^2 for Μ» <^l (14)
v i'in eh

This plane interface is not stable according to Wagner’s 

theory(25) and experiments(28) and hence the rate of attack of 

deeply penetrating wedges of liquid must be considered. In the first 

limiting case mentioned previously where the fingers of liquid are 

widely spaced, the diffusion of manganese into the liquid parallel 

to the initial surface corresponds to diffusion from an infinite space. 

The penetration depth, X , of a single finger of liquid FeS perpendi- 
(28) 

cular to the original interface has been shown for the general 

case to be of the form

X = (5 K N’ D· t)V2 for <$L 1 (15)
p Mn Mn Mn

where K is the distribution coefficient for the soluble metal between 

liquid and solid, D’Mn is the diffusion coefficient of the soluble 

component in the liquid phase and is the mole fraction of the 

soluble component in the liquid in equilibrium with solid of the 

initial composition.

In the second case where the liquid wedges are closer together, 

the penetration depth for the general case was given J in the form

X β 2(K Η» D·., t)1^ for N· ^1 (16)
p Mn m wn^®'

Although the physical conditions underlying (15) and (16) are essen­

tially different, they yield similar values of according to

Harrison and Wagner(28), which are much larger than the value of 

for planar interface movement.
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As pointed out by Harrison and Wagner(28), the main assumptions 

in calculating the expressions for are noteworthy since they nay not bo 

strictly applicable. First, liquid and solid at the tip of a wedge may not 

be in equilibrium and the geometry of the finger near the tip could be in- 

fluenced by local dissolution and redeposition of iron as well as dissolu- 

tion of manganese. Further, side branching of penetrating liquid was not 

considered but these authors have found this effect experimentally. This 

configuration would tend to decrease the depth of penetration. Finally, 

the liquid does not always penetrate perpendicular to the original inter- 

face and this also reduces the expected penetration distance. Hence 

Harrison and Wagner only consider the values of X in (15) and (16) as 
P 

upper limiting values rather than definite values and this has been born 
(28) 

out in their experiments with the copper-nickel-silver couple·



CHAPTER IV

Electron Probe Microanalysis

The electron probe used for microanalysis is essentially an 

instrument with magnetic lenses designed to focus an electron beam 

at a cross-over point of roughly 1μ diameter where it enters the solid 

surface of a specimen whose chemical composition is to be determined. 

Selection of a specific area of the specimen is aided by an optical 

viewing system. The 1μ diameter electron beam irradiates about lu3 

causing it to emit a complex X-ray spectrum including the character- 

istic radiations of the contained elements. Analysis of the X-rays 

by means of a spectrometer and a detector provides both qualitative 

and quantitative data about the elements in the selected volume.

Many metallographic features such as inclusions, precipitates 

and penetration zones in diffusion couples which frequently require 

quantitative analysis are amenable to study by the electron probe. 

Analysis of these features requires standards of known composition 

in order to correlate sample composition with intensity. In addition, 

for ternary and higher order systems where standards of uniform com- 

position are not readily obtained, it is useful to determine absorption, 

fluorescence and atomic number corrections for the observed intensity. 

These corrections will be discussed later.

- 24 -
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1. Excitation of X-rays in the Electron Probe(29,30,31)

X-rays are excited when a potential difference, usually in the

order of 25 to 35 K.V., draws electrons from the filament through the

magnetic lenses to the sample. The X-rays, which radiate in all direc-

tions from the point of electron impingement, are produced by less than

one per cent of the kinetic energy of the electrons. Most of the kine- 

tic energy changes to heat. X-rays consist of a mixture of wavelengths 

and the variation of intensity with wavelength depends on the applied 

voltage. Intensity is defined as the rate of flow of energy through 

unit area perpendicular to the wave motion. Fig. 12 shows a schematic 

plot of X-ray intensity vs. wavelength for one element at ono typical

operating voltage. The intensity is zero up to a certain wavelength

called the short wavelength limit, With increasing wavelength,

the intensity rises rapidly along a smooth curve called continuous or

white radiation, providing the voltage is above a certain minimum

value, as required in the electron probe, peaks such as Ka and Kβ

interrupt the smooth curve. Wavelengths of these intensity maxima

are characteristic of the particular element excited and hence are

called characteristic X-rays.

The continuous spectrum arises when electrons hit the target 

because of the fact that electrically charged particles emit energy 

when decelerated rapidly. However, not all electrons lose energy in 

the same maimer. Some are stopped in one impact with an atom giving 

rise to X-ray quanta of maximum energy and minimum wavelength. Other 

electrons lose fractions of their energy after each of several impacts 
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thus emitting smaller amounts of energy with longer wavelengths. The

whole spectrum of wavelengths represented by the smooth curve from 

λSWL upwards constitutes continuous radiation. It can be anticipated

that a slightly higher accelerating voltage for electrons will shift 

the continuous spectrum to the left since the number and average energy 

of the quanta are increased. In probe analysis it is desirable to mini- 

mize the continuous spectrum because it gives no information about the 

particular elements of interest.

2. Analysis of the Spectra(29,30,31)

The characteristic X-ray spectra emitted by the small volume 

element in the sample must be analysed for wavelength and intensity 

before the chemical composition can be determined. Thore are two 

principal ways to isolate characteristic X-rays from the various speci- 

men elements. The first method, called crystal diffraction, produces 

X-rays of one chosen wavelength because only one wavelength is dif- 

fracted for each incident angle setting of the crystal, according to 

the Bragg Law. The second method, energy dispersion, uses an electronic 

filter in a detector circuit to pass only a particular X-ray energy 

corresponding to a selected characteristic wavelength. Energy disper­

sion is not as efficient in separating characteristic X-rays as is 

crystal diffraction, particularly at low chemical concentrations.

Hence, in probe analysis, the drawbacks to energy dispersion arc overcome 

when detectors are used simultaneously with spectrometers (Fig. 13). 

The spectrometer, when set to diffract only one desired wavelength, 

will pass on to the detector only quanta of one energy level. This 
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combination greatly reduces the background relative to the characteris- 

tic radiation of interest and hence improves the sensitivity of the 

electron probe microanalysis.

(17)A

3· Intensity vs. Chemical Composition

To a first approximation, when a high energy electron strikes 

either an clement in an alloy or a pure element, the number of ioniza- 

tions in the detection counter is proportional to the intensity of the 
( 32) incident X-rays. Hence for electron probe microanalysis, Castaing 

derived a relation of the following forms

JA

100A

Here, nA and n100A are the number of ionizations from the alloy and 

pure element respectively, IA and I100A intensities from the

alloy and pure element and is the mass concentration of the element 

in the alloy. This relationship holds strictly for X-rays produced in 

atoms of the sample before absorption and other matrix effects exert 

their influence. The simplicity of the relationship) arises because 

the radiations being compared are identical in all aspects except those 

arising from travel in the sample. Thus factors such as absorption in 

passing through windows between the sample and the ionising chamber 

and spectrometer inefficiency are cancelled because they occur in both 

terms of the ratio. The quotient of the two intensities after correc- 

tion for matrix absorption, atomic number differences and fluorescence 

gives, for most practical purposes, on accurate ratio of the element in 

the alloy to the element in the pure state regardless of configurations 
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in the particular probe design such as the angle of electron incidence 

and the angle of X-ray take-off.

(i) Matrix Absorption for Characteristic X-rays

Characteristic radiation of an element is usually absorbed dif- 

ferently by other elements than it is by the radiating element itself. 

Thus, if an element is in an alloy whose other components have relatively 

higher or lower mass absorption coefficients, then its apparent radiation 

will be relatively reduced or increased in intensity respectively as it 

emerges from the specimen.

These effects have been investigated by several researchers, 
(33 34) (35)including Castaing and Castaing and Descamps . Castaing

introduced a parameter X defined as

X = μ’ csc 0 (18)

whore μ’ is the mass absorption coefficient and 0 is the angle between 

the sample and the X-rays entering the spectrometer. The absorption 

correction which depends on both the accelerating voltage and on the 

atomic number of the specimen is calculated by means of f(X) functions. 

Unfortunately, those conditions stipulate that a double family of curves 

is required to calculate absorption corrections and only a limited 
(36) number of f(X) curves is presently available, Philibert also 

has contributed to absorption corrections by deriving analytical 

expression for the f(X) function.
Birks(31) has developed a relatively simple method for cor- 

recting intensity ratios for matrix absorption. His calculations result 

in a modified version of equation (17):
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ZA W

τ----  = U 
100A

FA
Λ Fl00A (19)

where FA and F100A intensity functions for element A in the alloy 

and in the pure state. Both of these functions depend on the total

absorption coefficient for A radiation, the take-off angle and the ac- 

celerating voltage.

(ii) Atomic Number Effects on Electron Excitation

The electron excitation at a given distance X beneath the surface 

of the specimen depends on the number of electrons stopped in a specimen 

of density p at that depth. In calculating the production of X-ray quanta 

the mass per unit area, p x, of material traversed by the electrons is 
usually considered(31,33,36). The stopping power coefficient decreases

for increasing atomic numbers and it is assumed that the stopping power 

of an alloy is a linear combination of the stopping powers of its consti- 

tuent elements. If this were the only factor at work, the true relation 

between the concentrations and the characteristic emissions would depart 

considerably from linearity except in the case of alloys containing ele- 

ments close together in atomic number.

Luckily, this stopping power effect can be offset by a difference 

in electron backscattering between the alloy and the pure element. Back- 

scattering is the loss of electrons from the specimen while they still 

retain sufficient energy to produce X-rays and it results in the produc- 

tion of less quanta. At moderate accelerating voltages of approximately 

three times the excitation potential, this backscattering effect which in- 

creases with increasing atomic number is compensated for by the decrease in 
stopping power. Birks(31) has developed an easily applied method to 
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account for atomic number differences by deriving simple multipliers 

for the total mass absorption coefficients depending on the accelerating 

voltages.

(ill) Matrix Enhancement for Characteristic X-rays

Corrections for matrix enhancement are concerned with the addi-

tional characteristic radiation excited in element A by fluoresconce
(33) from element B. Several researchers including Castaing and

(37)Wittry have attempted to evaluate fluorescent enhancement from 

fundamental parameters, but the calculations are long and involved. 
Birks (31) has developed an approximate empirical expression for en- 

hancement in terms of three parameters:

1. the intensity of characteristic B radiation excited at a 

given depth in the specimen.

2. the fraction of characteristic B radiation absorbed by 

element A.

3. the excitation efficiency for B radiation in producing 

A radiation.

The resulting expression is readily determined and is equivalent to 

multiplying the R.H.S. of equation (19) by (1 + KF) where KF, is 

called the total enhancement coefficient. The relationship between 

intensity and mass fraction can now be written as follows:

I. F.
- «Λ (1 + V (20)100Λ 10OA



Birks (31) claims that when atomic number multipliers are used, 

this equation will give intensities correct to within +2 per cent of 

the amount present in the alloy. Thus, for most electron probe micro- 

analyses this equation used in conjunction with suitable standards 

should give reasonable values of mass fractions in alloys. More accu- 

rate analyses are likely to be obtained only by exclusive use of standards 

at the present time.



CHAPTER V

Experimental Methods

The equilibrium between iron and iron-manganese sulphides was

studied by two types of experiments. For temperatures near the solidi-

fication point of iron, two to three grams of iron were equilibrated

with the sulphide phases in the electromagnetic levitation coil and then

quenched in mercury. The second type of experiment was designed to

investigate the equilibrium at l300°C, a temperature representative of

ingot soaking. Finite diffusion couples comprising liquid FeS in a

solid Fe - 3.16 per cent Mn container were equilibrated in a high fre-

quency heating coil and then quenched in a stream of hydrogen. In a

modification of this technique, both FeS and Mn were enclosed in high

purity iron containers and equilibrated. Specimens from all experiments

were examined metallographically and representative samples were ana-

lysed by electron probe techniques.

1. Materials and Specimen Preparation

The following materials were utilised in preparing specimens for 

levitation and diffusion experiments:
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C Mh — S Si Cu Cr

Westinghouse 
"Pure Iron"

Spectrographic
Electrodes

not
0.001% detected 0.001%
(guaranteed to contain at

0.004%
least 99.95% Fe)

-----

Electrolytic
Fe-Mn Alloy 0.05% 3.16% 0.011% 0.014% 0.035% C.00l% 0.018%

Iron Wire
0.009" dia. 0.06% 0.08% 0.009% 0.008% 0.003%

Battelle,
High purity Iron Impurities 23 ppm. metallic, 11 ppm. nonmetallic

Electrolytic
Manganese 99.5%

Ferrous Sulphide Commercial purity

For the last two Battelle iron containers, iron sulphide was prepared by 

levitating Battelle iron in a hydrogen atmosphere and dropping it into a 

graphite crucible full of sulphur, where the exothermic reaction yielded 

a high purity product.

Specimens for levitation were prepared by cutting a 3/8 inch 

length from the electrodes and drilling a 1/4 inch hole axially to a 

depth of 5/16 inch. Then a 1/16 inch thick disc was machined from the 

electrodes to fit snugly in the hole and a loop of the 0.009 inch wire 

was tied around it diametrically. After the manganese and ferrous sul­

phide additions were weighed and placed in the cavity, the disc and wire 

assembly was forced into the hole ready for levitation (wig. 14(a)).

The diffusion couples were prepared by drilling 7/64 inch holos 

into small pieces of the Fe - 3.16% Mn alloy. A weighed amount of ferrous 



sulphide was placed in the drill hole and the opening was plugged by a 

short length of "Pure Iron", machined to fit tightly (Fig. 14(b)). In 

the modified technique, containers were made from the "Pure Iron” electrodes 

and from the Battelle high purity iron. Both ferrous sulphide and man- 

ganese were added to these pots. The last two pots had iron sulphide 

made by levitation melting. Openings in the pots were plugged with 

material identical to that of the containers and the final pot had the 

top sealed by argon arc welding.

When the specimens were quenched in their respective experiments, 

they were sectioned with a jeweller’s saw, mounted in incite and metal- 

lographically polished. The final surface was prepared by polishing on 

Buehler microcloth impregnated with 1 micron diamond grit and lubricated 

with kerosene. After examination by optical microscope, the samples were 

placed in an evaporator and coated with carbon a few angstrons thick to 

provide electrical conductivity in the electron probe.

2. Levitation Apparatus and procedure

The levitation apparatus, Fig. 15, was supported on a trolley and 

consisted essentially of a 15 mm. glass tube, about which 1/3 inch copper 

tubing was coiled and connected to a 10 KVA, 450 Kc/S Tocco generator. 

The coil configuration was similar to that described by many researchers, 
(38) (39)including Polonis, Butters and Parr , Harris and Jenkins and 

Jenkins, Harris and Baker(40). The bottom of the coil consisted of five 

turns around a former comprising a 15 mm. spigot, which tapored into a 
60° angle cone. The bottom two turns were wound coplanar on the spigot 



and the upper three turns were wound helically on the cone. After removing 

the coil former and inserting 15 mm. C.D. glass tubing expanded to conform 

to the coil configuration, two reverse turns were wound helically around 

the glass about 1/4 inch above the lower part of the coil. This configu- 

ration provided adequate lift and lateral stability for levitating speci­

mens. The top of the glass tubing was connected by plastic tubing to a 

glass top with three tubes designed to exhaust gas, admit specimens and 

permit viewing through an optically ground pyrex flat. This arrangement 

is shown in Fig. 16. The bottom of the coil-wound tube was inserted in 

an iron-sleeved brass block containing mercury and fitted with a gas inlet 

tube.

Auxiliary apparatus required for successful levitation included 

tanks of He and H^ for preventing oxidation and controlling temperature.

A two-colour optical pyrometer sighting through a 45-90 prism on the opti­

cal flat indicated specimen temperatures to within ±10 C. The levitation 

coil was cooled by water flowing from a source separate from the generator 

and by air directed from above. Supercooling of the specimen was virtually 

eliminated by touching the levitating sample with the tip of 0.009 inch 

wire suspended from a small piece of soft iron, manipulated from outside 

the glass tubing by a horseshoe magnet.

To begin a run in the Levitation unit, the system was first flushed 

with He. Then the specimen was suspended on an iron wire hook, lowered 
into the coil, and heated rapidly above the Curie Point, 768°C, whore it 

levitated and melted. Then the wire nucleator was dropped down the tube 

and caught by the magnet, suspending it above the specimen. Thereafter, 



the sample entrance was sealed with a rubber stopper, was introduced 

and the He flow was stopped. After equilibrating the two phases of the 

melt for about a minute at the solidification temperature of iron, the 

H2 flow was increased slightly and the iron nucleator was touched to the 

specimen, causing the iron to solidify from the top to the bottom. After 

equilibrium was established for one or two minutes, the power was cut and 

the magnet was pulled away, allowing the specimen to precede the nucleator 

into the mercury quench.

3· High Frequency Heating Apparatus and procedure

The Fe - 3.16% Mn couples and the high purity Fe containers were 

equilibrated with their contents in a high frequency heating apparatus 

fastened to a trolley (Fig. 17). primary features of the unit were a 

1/4 inch diameter copper tube with six helical turns around a three inch 

diameter vycor tube, three feet long (Fig. 18). The above-mentioned 

Tocco generator supplied power and cooling water for the coil. Samples 

were placed on a thin disc of "Pure Iron" in the bottom of an alumina 

crucible balanced on the end of an assembly of refractories and a 1/2 

inch diameter iron tube. The iron tube could be lowered to position the 

couple in the center of the coil for heating and raised to locate the 

specimen between two vertical copper tubes which exhausted at the cru­

cible. The iron tube was perforated at the top and served as a gas outlet. 

Gas purity was improved by forcing it through platinum gauze and magnesium 

perchlorate to remove water and through ascarite to absorb CO2. Tempera- 

tures were measured as for levitation with a two-colour optical pyrometer.
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A run was initiated by positioning the couple or iron container 

in the crucible between the coil and flushing the vycor tube ’with He or 

When the power was applied, the temperature was increased rapidly 
to 1300°C as indicated by the optical pyrometer and maintained by adjust- 

ing the power settings, rather than by controlling the gas flow rate. 

At the end of a run, was admitted through the two copper tubes, the 

power was cut off and the sample was thrust up between the two streams 

of exhausting to quench.

4. The Electron probes

Three electron probes were used throughout the course of this 

study. The philips probe at the University of Toronto and the Fisher 

Scientific probe in Boston were used to confirm the preliminary results 

obtained on the McMaster probe. This latter probe was built under the 

direction of Dr. G. R. Purdy and utilized the circuitry, electron gun, 

alignment coils and condenser lens of a philips E.H. 100 electron micro- 

scope. To these components were added an objective Lens, a light optical 

system and two flexing mica-crystal spectrometers. One spectrometer had 

a vacuum path and the other a continuously flushed He path. From each 

spectrometer a Siemens flow proportional counter and. preamplifier fed 

pulses to a Philips rack of counting electronics, including a one channel 

pulse height analyser, an electronic counter and a rate meter. Appendix I 

gives an example of the procedure used to obtain settings yielding the 

highest peak to background ratio of counts for the elements using this 

equipment.



5. Calibration Curves for Microanalysis

Calibration curves giving the raw intensity from the electronic 

counter as a function of weight per cent in the ternary alloy were sought 

initially using standards alone. Attempts to produce homogeneous standards 

of ternary compositions by sintering, high frequency heating and levitation 

melting techniques met with limited success because the segregation was too 

extensive for standards on a micro scale. However, the elemental iron and 

manganese standards were readily available and an exceptionally homogeneous 

single crystal of MnS was obtained from Professor L. H. Van Vlack of the 

University of Michigan. Samples of FeS with acceptable levels of segrega­

tion were available commercially. Thus the use of these standards in com- 
bination with the theoretical calculations of Dirks(34) appeared to be the 

most promising means of obtaining calibration curves for microanalysis of 

this system. Appendix II gives a sample calculation of intensities for 

one ternary composition. Typical calibration curves for iron and manganese 

in the ternary system are shown in Figs. 20 and 21, for the McMaster probe 

operating at 30 K.V.



CHAPTER VI

Results

The object of this investigation was to examine by metallography 

and electron probe microanalysis the phases liquid FeS, solid βΜηS and 

solid Fe which exist in the portion of the Fe-Mn-S constitution diagram 

relevant to steel solidification. Equilibrium conditions were investi- 
gated at l535°C by levitation melting and at l300°C by iron pots contain- 

ing Mn and FeS additions. Diffusion couples between liquid FeS and solid 

Fe - 3.16% Mn were designed to simulate Mn diffusion into the FeS at 

l300°C.

1. Levitation Melting

The initial intent of the levitation technique was to trap sul­

phide inclusions in the levitated iron, to examine them metallographically 

and to probe representative sulphides in situ and thus determine their 

compositions. However, production of inclusions larger than four or five 

microns in diameter was difficult. Also, in many of the larger inclusions, 

tiny iron precipitates and fingers of iron extending into the sulphide 

phase were observed (Fig. 22). This iron phase in the sulphide prevented 

accurate microanalysis of the sulphide phase with three or four micron 

diameter electron beams.
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Subsequently larger amounts of FeS were added to the iron until 

sulphide films six microns thick or more formed on the bottom surface 

of levitating specimens. These films were retained after quenching and 

cross-sectioning (Fig. 25). Micro-examination of the sulphide films 

showed that without exception, they contained iron precipitates and that 

the sulphide-iron interfaces were non-planar (Fig. 24).

The presence of aFeS, BMnS or both in the sulphide inclusions 

depended on the Mn/S ratio. Considerable sulphur was lost during levita- 

tion, thus an estimate of the final Mn/S ratio was difficult to make. 

However, initial Mn/S ratios less than about one produced mostly aFeS 

in the sulphide inclusions while initial ratios over 1.5 yielded only 

βMnS sulphides. Intermediate ratios gave mixtures of the two sulphides 

(Fig. 25).

In contrast to the inclusions, the sulphide films on the levi- 

tated specimens wore always entirely βMnS. Regardless of how much the 

Mn/S ratio was lowered, no aFeS was observed in the sulphide films, even 

though inclusions in the iron adjacent to the interface wore almost 

entirely aFeS. This is shown in a typical strip chart recording of X-ray 

line scans for Fe and Mn across a sulphide film-iron interface (Fig. 26). 

Scans giving images of absorbed electrons, backscattered electrons, 

Fe X-rays and Mn X-rays at the sane location as the lino scan arc shown 

in Fig. 2?.
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2. Iron pots Containing Mn and FeS Additions

The equilibrium between liquid FeS, solid βMnS and solid iron 

at l300°C was investigated with the aid of iron pots. An iron plug 

retained most of the sulphide in the pure Iron containers. However, 

when pots wore made from the Battelle iron, most of the sulphide escaped 

past the plug. This was remedied by introducing a deeper pot with a 

plug approximately 1/4 inch long. Finally, when FeS prepared by levita- 

tion was added to the Battelle iron containers, it could be retained 

only after fusing the top of the assembly with an argon arc welder.

Micro-examination of the iron pots after heating at l300°C for 

30 minutes disclosed that the sulphide existed as almost entirely aFeS, 

a mixture of FeS and βMnS, or pure MnS depending on the ratio of Mn/S. 

Fig. 28a shows a photomicrograph taken with a blue filter, illustrating 

the light grey aFeS phase and the darker grey βMnS equilibrated with the 

pure Iron container. Some very dark grey eutectic owide also is present 

in the sulphide. The photomicrograph in Fig. 28b taken with partially 

polarised light at the same location shows that the boundaries between 

the sulphide phases are not clearly defined.

Examination of the high purity Battelle iron pots showed that the 

extent of each phase was several times larger than in the case of the 

lower purity systems. The two sulphide phases are shown through blue 

filtered light in Fig. 29a. Some very dark grey eutectic oxide is pre- 

sent within the aFeS. Again, as in the lower purity systems, the boundaries 

between the two sulphide phases are not sharply defined. The phases appear 

separated by a sone of phase mixture with an intermediate grey tone. This 
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is seen more clearly through polarized light, as in Fig. 29b. The phase 

mixture is much more discernable at high magnification (Fig. 30).

A typical strip chart recording of X-ray line scans for Fe and 

Mn in a Battelle iron pot (No. 8) is shown in Fig. 31. From right to 

left, the scan starts in βΜηS, traverses a sone of phase mixtures, crosses 

a band of aFeS about 5μ wide and then eaters a region of phase mixtures 

from which it never completely escapes. The whole scan was only about 

lOμ from an iron phase. Fig. 32 shows scanning images for absorbed 

electrons and X-rays from Fe, Mn and S in the line scan location. Similar 

scanning images are given in Fig. 33 for Battelle iron pot (No. 10) equili- 

brated with FeS and βMnS.

Tables I, II, Ila, IIb, IIc, IId, He and IIf give tabulations 

of data on the electron probes, the microanalysed pots and the point 

counts on the iron and the sulphide phases.

3· Diffusion Couples of Liquid FeS in Fe - 3.16% Mn Containers

In order to study the diffusion of Mn into the FeS phase at l300°C, 

diffusion couples between FeS contained in an Fe - 3·.16% Mn alloy wore 

prepared, very little difficulty was encountered in retaining the sulphide 

in the containers during heating (Fig. 34).

Micro-examination of cross-sections through the couples disclosed 

that the liquid sulphide penetratod the inside walls of the containers. 

In doing so the sulphide formed some βMnS and either loft small iron pre- 

cipitates or projections in the sulphide phase (Fig. 55), or it left large 

areas of iron behind the advancing sulphide interface (Fig. 36). At the 

sulphide penetration front, relatively fine globular precipitates formed 
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as shown in Figs. 35 and 36. Examination of those precipitates at high 

magnification through polarized light disclosed that they contained con- 

siderable amounts of a very dark phase and wore generally darker than the 

adjacent βMnS phase as shown in Fig. 37. Many of the precipitates also 

had an iron phase in their core. Traces of the very dark phase, believed 

to be an oxide, were found associated with the sulphides throughout all 

of the diffusion couples.

Strip chart line scans for the X-ray intensity of manganese across 

the sulphide-iron interfaces invariably had the same profiles (Fig. 38). 

The 3.16% Mn in the Fe away from the sulphide fell off sharply to a low 

constant value at the fine precipitates and then increased abruptly on 

reaching the sulphide phases. Additional probing indicated that the man­

ganese content of the iron phase everywhere behind the fine precipitates 

was approximately constant.

Table III lists the results of electron probe point counting on 

aFeS, βMnS and aFe phases in a representative diffusion couple.



CHAPTER VII

Discussion of Results

This discussion centers on the metallographic and microanalytic 

data from three types of experiments designed to survey equilibrium and 

kinetic conditions in the ternary system Fe-Mn-S. All three experiments 

comprising levitation melting, the iron pots and the diffusion couples 

offer both equilibrium and kinetic information. The following sections 

will emphasize the equilibrium aspects of the three experiments and the 

kinetic data will be incorporated in the final section.

1. Levitation Melting

The sulphide inclusions in the levitated specimens were too fine 

for reliable microanalysis with the electron probe. Therefore, we were 

able only to observe and record the coexistent phases at the solidifi­

cation temperature of iron. These observations, along with other pub- 

lished results, suggest an isotherm of the construction shown in Fig. 39. 

The isotherm illustrates the experimental observation that levi- 

tated specimens with Mn/S ratios in the order of 1.7 or greater always 

had βMnS inclusions throughout with no evidence of the aFeS phase. Lower 

ratios of Mn/S produced a combination of βMnnS and aFeS in the inclusions 

(Fig. 25). The lower the ratio, the greater the amount ofaFeS relative 

to βMnS. In principle, a knowledge of the Mn/S ratio at the first
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appearance of aFeS in the βMnS and of βMnS in the aFeS should define 

two sides of the three phase region, yFe-liquid FeS-βMnS at l300°C. 

However, a considerable amount of sulphur was lost during levitation and 

so the actual Mn/S ratios are uncertain.

The iron phase found within the small (generally less than 6μ 

diameter) inclusions of the levitated specimens (Fig. 22) presented pro­

blems in the microanalysis of the sulphides. The 2 to 4μ diameter electron 

beams of the McMaster and Toronto probes impinged on the iron phase in 

the sulphide and gave erroneous intensities for iron and manganese. How­

ever, the use of a probe such as the JXA-3A which has an electron beam 

diameter of 0.5μ may well make possible analysis of such inclusions.

2. Iron Pots Containing Mn and FeS Additions
The iron containers equilibrated with sulphide at l300°C were the 

most reliable specimens for quantitative microanalysis. Results derived 

from the three electron probes, metallographic observations and published 

data are summarized in the ternary isotherm of Fig. 4o.

Subject to the error arising from the fact that some of the sul­

phide escaped past the plugs of the iron containers during heating at 

l300°C, the relative proportions of the aFeS and βMnS phases could be 

controlled by altering the Mn/S ratios. It was found that ratios in the 

order of one or more resulted in the formation of βMnS with no evidence 

of aFeS. Progressively lowering the ratios resulted in increasing amounts 

of aFeS relative to βMnS as in the case of the levitated specimens.

One of the most important observations in this experiment was 

the large dimensional increase in the sulphide phases after changing from 
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Pure Iron to the ultra high purity Battelle iron container (Figs. 23 and 

29). This suggests that impurities such as oxygen play a prominent role 

in the growth of phases under equilibrium conditions. Indeed the diffi- 

culty of retaining the sulphide in the Battelle iron pots demonstrates 

that the interfacial tension of the sulphide was decreased when the oxygen 
content was lowered. This is in agreement with evidence from Smith(8) 

that a liquid metal with low interfacial tension will tend to spread 
(6)along grain boundaries and with the observations of Sims that sulphides 

which wet the grain boundaries are associated with lover oxygen in the 

iron than are globular sulphides.

Metallographic examination of the two sulphide phases in the 

Battelle iron pots suggests that they were equilibrated with iron at tem- 

perature. For example, two phases have assumed globular shapes wetted 

by the third (Fig. 30). Also, assuming the diffusion coefficient for Mn 
in yFe at l300°C is in the order of l0-8cm2/sec. and the time at tempera- 

ture is 80 minutes (4800 seconds), then a rough calculation of the dif­

fusion distance, S, can be made as follows:

S » (Dt)1^ - (4800 x 10”8)1/2 - 6.9 x 10”3 cm. » 69»·

Referring to Fig. 30, the large iron phase is measured as approximately 

4 cm. across at 2250x or 18μ. Thus the diffusion distance for manganese 

is roughly four times the size of the iron phase and equilibrium should 

prevail at temperature.

The point counting data for the iron pots obtained from electron 

probes and recorded in Tables II to IIf permits only a semi-quantitative 

conclusion about the compositions of the three phase region FeS, βMnS 
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and yFe at 1300°C. However, it can be seen from the microanalysis of 

pots Nos. 8 and 10, which, because of their high purity should yield the 

most accurate data, that the manganese content of the iron phase is very 

low, 0.03 per cent in Ho. 10 and not detected in Ko. 8. The sulphur 

concentration in the iron is below the limit of detectability. The tables 

also indicate that the sulphur concentration in both aFeS and βMnS phases 

adjacent to the iron phase is on the average 9 or 10 per cent greater 

than expected if a pseudo—binary between stoichiometric FeS and MnS 
existed at l300°C. The sulphur content in pots Nos. 8 and 10 decreases 

from a high of about 53 per cent in the aFeS to a low of roughly 45 per 

cent in the βMnS. In the two phase regions of aFe-βMnS the sulphur content 

approaches the value for stoichiometric βMnS.

One interpretation of the high sulphur content in the FeS and βMnS 

equilibrated with yFe is that the microanalysis is incorrect. However, 

considering that similar high sulphur readings were obtained with three 

different probes, this view appears unlikely. Furthermore, the magnitude 

of the observed difference is several times greater than the absorption 

corrections applied to the manganese and iron intensities from any of the 

three probes.

Acceptance of the probe results invites two explanations. First 

it is possible that the supposed pseudo-binary between FeS and MnS does 

not exist at liquid FeS temperatures and higher. However, a shift in 

phase boundaries at lower temperatures could bring about the appearance 

of a pseudo-binary or it could minimize the amount of the third phase 

present (γ or aFe) making it difficult to detect. Secondly, it is possible 
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that oxygen, which is known to be present to some extent in all specimens 

except pot No. 10, also could shift the equilibrium towards higher sulphur 

values. However, if oxygen content is a factor, then only a small amount 

of oxygen in the order of a few p.p.m. must be required for the equilibrium 

shift because every precaution was taken to eliminate oxygen from pot No. 

10 and no oxides were observed metallographically.

3· Diffusion Couples of Liquid FeS in Fe-3.l6% Mn Containers

The diffusion couple experiments qualitatively confirm the equili- 

brium data from the iron pots. Although the couples are essentially a 

kinetic experiment, it is reasonable to assume that local equilibrium 

exists in the couples. Indeed the manganese content in the iron was found 

to be low (roughly 0.20 per cent). Also, the sulphur contents of the aFeS 

and βMnS phases are higher than expected if a pseudo-binary exists (Table 

III). However, some discrepancy in sulphur values occurs and this is 

believed to result from the difficulty of positioning the electron beam 

in sulphide phases without striking iron precipitates or dendrites (Fig. 

35)· A higher value for iron intensity results in a lower value calculated 

for sulphur.

4. Kinetic Information

The ultimate aim of our study is to understand the history of 

formation of sulphides in commercial steels. This requires tho equilibrium 

data as well as information about the transitional modes of the complox 

ternary system. A modicum of kinetic information may be inferred from 

our experiments, particularly the levitation and diffusion couple experi­

ments.
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The iron phases found within the inclusions of levitated specimens 

(Fig. 22), indicate compositional changes in the sulphide during or after 

solidification. Such changes appear to be in the direction of higher 

manganese concentrations in the sulphide. The shift to higher manganese 

requires the rejection of iron from the sulphide which could occur in 

the form of iron fingers or as a precipitate if a nucleation site, for 

example, a solid oxide, is present.

Sulphide films on the levitated specimens also presented some 

evidence for phase changes. The fact that no FeS could be formed in the 

sulphide films even though this phase existed as inclusions adjacent to 

the sulphide - iron interface suggests that the film was not completely- 

equilibrated with the iron. This can be explained on the basis that the 

high frequency electromagnetic field in the iron provides almost all of 

the heat while the thin sulphide film is likely to be greatly cooled by 

the high velocity stream of hydrogen impinging on it. Thus it appears 

that βMnS is a more stable phase than liquid FeS at temperatures veil 

below the solidification point of iron. This argument is further sup­

ported by the appearance of iron precipitates in the film end the fingers 

of iron extending into the sulphide layer (Fig. 24).

The band of phase mixture comprising aFeS and βMnS situated between 

the more extensive aFeS and βMnS regions in all of the iron pots (Figs. 29 

and 30) is an undesirable artefact for equilibrium studies but it does 

contain some kinetic information. The band is believed to result from a 

shift of equilibrium during quenching. Evidence for this is the earlier 

argument that equilibrium did prevail and that oxides which are more 

soluble in the liquid FeS have outlined an apparent liquid FeS-βMnS 
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interface at l300°C. Thus the existence of the band of phase mixture 

is interpreted as on attempt by the liquid FeS to penetrate the βMnS 

in search of manganese as the equilibrium shifted in favour of the βMnS 

formation at lower temperatures.

The diffusion couple experiments demonstrate that liquid FeS at 
l300°C takes manganese from the Fe - 3.16% Mn container, rejects iron in 

the form of intrusions or dendrites and eventually forms a βMnS phase 

(Fig. 35). The observed amount of βMnS relative to aFeS depends on the 

amount of FeS originally present, on the sulphide diffusion time and on 
the rate of manganese diffusion in the sulphides and in the γFe at l300°C.

Our observations on diffusion couples at temperature for various 

times up to 80 minutes suggest that two diffusion stages occur. In the 

initial stage during the first few minutes, iron dendrites penetrate the 

liquid FeS in response to the interfacial instability caused by manganese 

diffusion from the Fe-Mn phase (Fig. 35a). This interfacial instability 

and iron rejection from the sulphide is in agreement with the Harrison and 
Wagner argument(28) discussed earlier for the attack of binary alloys by 

(23) a liquid metal. Further, following Kirkaldy et al for diffusion in 

ternary systems, the path involving iron intrusions can be represented on 

a ternary isotherm (Fig. 4o) by a solid line leaving the liquid FeS and 

crossing tie lines in the two phase liquid FeS-yFe region, and then by a 

dotted line parallel to a tie line Joining with the yFe phase. It should 

be noted that the resulting S shape of the path is necessary for consistency 

with the mass balance. This follows from the requirement that the overall 

composition of any selected portion of the couple lie on a line joining 
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the termini. When the manganese from the alloy container has reachcd the 

far outside surface of the liquid FeS, a second stage of transformation 

can then begin. The excess manganese entering the liquid FeS is then 

able to initiate the formation of βMnS. That is to may, when manganese 

begins to pile up at the sulphide interface, the diffusion path must swing 

clockvise toward the three-phase region, thus instituting precipitation 

of βMnS, This can be seen in Fig. 35b. where the two sulphides aFeS and 

βMnS coexist with iron. At very long tines, a finite system such as this 

will tend to attain some equilibrium distribution of βMnS and yFe.

It should be noted also that there is a tendency towards instability 

on the iron side of the original interface as well, due presumably, to dif- 

fusion of sulphur in this phase. This instability results in a layer of 

fine spherical sulphide precipitates (Fig. 35) which has characteristics 

of internal oxidation. This can be understood on the basis of ternary dif- 

fusion theory introduced in Chapter III, Section 3. However, since it 

appears here as an artefact, we will forego a detailed discussion.

In summary, the observed kinetic information tells us that manganese 

diffuses to the liquid FeS and βMnS phases as the temperature falls. How­

ever, no firm evidence has yet been found to indicate which initial sul- 

phide phase is sufficient or necessary during cooling to instigate the 

observed sharp depletion of manganese in ferrite bands of commercial steel 

as indicatcd in the Introduction. The initial suggestion by Kirkaldy et 
al(l) that the manganese enrichment of βMnS depletes the surrounding yFe 

of manganese as the temperature falls has not been discounted. However, 

the strong tendency for manganese to diffuse to liquid FeS pointe the way 

to a model in which the above mechanism plays a secondary role. Clearly, 
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a knowledge of the non-equilibrium segregation paths on cooling liquid 

iron containing various Mn/S ratios appears necessary to pursue the pro- 

blem further. Among other things, this will require the precise determi- 

nation of one or more ternary isotherms between iron solidification and 

the ternary eutectic.

It is speculated that although the miscibility gap lies close to 

the iron corner of the diagram, the overall compositions of iron contain- 

ing commercial amounts of manganese and sulphur may not lie in this region 

Instead, it is thought that just below the solidification point of pure 

iron the overall composition enters a region of solid iron plus a liquid 

slightly enriched in sulphur. Further non-equilibrium cooling concen- 

trates the manganese along the iron dendrites and pushes the sulphide to 

the intersection of some yFe grains. Thus the effective Mn/S ratio in 

the vicinity of liquid sulphide would be lower then the overall Mn/S 

ratio. In the presence of a nucleation center, say oxide, some of the 

sulphides could readily solidify depending on their composition, but 

other pockets of iron-rich sulphides may not be able to solidify until 

the ternary eutectic near the Fe-FeS system is reached. Also, the faster 

the cooling rate, the less time the iron-rich sulphide will have to adjust 

its composition. Thus the liquid sulphide requires more manganese to 

approach equilibrium but manganese can now only be obtained by diffusion 

through the adjacent solid iron. Hence the iron surrounding these sul- 

phides would be sharply depleted of manganese as observed in the non­

periodic ferrite bands of steel.



CHAPTER VIII

Summary of Results
1. Our knowledge of Fe-Mn-S isotherms at 1535°C and l300°C has been 

extended. The present conception is given in Figs. 39 and 40.

2. As the Mn/S ratio in iron is changed the co-existing phases FeS 

or βMnS or both can be produced at equilibrium in the temperature 
range l535°C to l300°C.

3. Compositions lying in the three phase region at l535°C will pass 

into the two phase region yFe-βMnS as the equilibrium temperature 

is lowered.

4. The concentration of manganese in yFe in equilibrium with liquid 
FeS and. βMnS at l300°C is at the limit of detectability with the 

electron probe.

5. Our observations suggest that the supposed FeS-MnS pseudo-binary 

does not exist at high temperatures. Indeed, we find that the 

three phase region liquid FeS-βMnS-yFe intrudes past the line join- 

ing stoichiometric FeS and MnS.

6. Liquid FeS has a high affinity for manganese when in contact with 
nn Fe-Mn alloy at l300°C and incites interfacial Instability which 

assists its conversion to βMnS. Since similar iron intrusions 

appear in βMnS inclusions in commercial steels, there is a suggestion 

that these sulphides at some time during cooling may have been 

almost pure FeS.
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CHAPTER IX

Recommendations

The following recommendations are proposed for the future pursuit 

of this study in the Fe-Mn-S ternary system:

1. Use iron pots with manganese and ferrous sulphide additions 

to study the ternary isotherms just below the solidification point of 
iron, say, l520°C and just above the ternary eutectic, for example, 

lOOO°C. The pot specimens have proven to be the most useful for obtain- 

ing quantitative equilibrium data at l300°C with the electron probes and 

no difficulty is envisaged in extending the experiment to higher and 

lower temperatures.

2. Make diffusion pots only from ultra high purity iron, at least 

comparable to that supplied by Battelle and used in the final experiments 

of this study. The low impurity content is necessary to reduce the amount 

of oxygen in the system to a few p.p.m. or less.

3. Do not use commercial purity ferrous sulphide additions in the 

pots because of the relatively high oxygen content. Instead, prepare 

ferrous sulphide by the levitation technique mentioned in this thesis if non 

stoichiometric compositions are acceptable. Otherwise, melt ultra high 

purity iron and sulphur in a carbon crucible and force hydrogen sulphide 

through the melt to approach the ferrous sulphide composition.
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4. Use only high purity manganese additions which have been melted 

in carbon crucibles in a hydrogen atmosphere to remove oxygen.

5. Hake the pots and the iron plugs sufficiently long that the 

tops can be sealed by argon arc welding without affecting the reaction zone 

This will eliminate loss of sulphide during heating, at least at the lower 

temperatures and will minimize changes in the initial Mn/S ratios of the 

additions.

6. Try small additions of iron oxide to pots with welded tops to 

assess more accurately the effect of oxygen on the phase diagram.

7. Increase the severity of the quench for the iron pots. This 

could be done by suspending the pots in the heating coil by a wire and 

then releasing the specimen, allowing it to fall into a mercury quench.

8. Consider the exclusive use of an electron probe with the 

smallest diameter electron beam spot, the clearest light optics and the 

highest peak to background ratio for counting. X-ray scanning facilities 

are highly desirable for any probe analysis in this system. One such 

probe suited to the study of this system is the JXA-3A. It has 0.5μ dia­

meter focussed electron beam, polarizing light optics to facilitate dis- 

tinction of aFeS and βMnS and a peak to background ratio of 2500 to 1 for 

accurate analyses. Large d-space crystals for analysing light elements 

such us oxygen also should be considered.

9. Try probe analysis of inclusions in levitated specimens with 

a 0.5μ diameter or smaller beam size.

10. Construct a model to determine the location of the eutectic 

troughs in the ternary system. Such a model, together with a knowledge 
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of the principles of solidification in ternary systems should facilitate 

the design of experiments to ascertain how sulphur-rich liquids will 

segregate with various cooling rates in systems having designated Mn/S 

ratios.

11. Construct a coil wound furnace suitable for heating the iron 

containers in hydrogen near the melting point of iron and incorporate 

facilities for controlling the cooling rate over a wide range of values 

and for interrupting the cooling at any time by quenching in mercury.
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APPENDIX I

Determination of Optimum Counting Instrument Settings 

At the start of the procedure to determine optimum settings 

on the counting instruments for FeKa radiation, the following adjust- 

ments were made:
Spectrometer angle (2β). .... 33.9° (third order reflection) 

Accelerating voltage ...... 25 KV. (approximately) 

Slit width (No. 2)....... 0.030 inches 

Discriminator setting...........30 volts on threshold

Attenuation setting ........... position 1

Then as shown in Fig.l9a the relationship between intensity and counter 

voltage setting was plotted. Selecting a counter voltage setting of 

7.00 lying in the middle of the proportional region the intensity vs. 

threshold voltage was plotted (Fig.l9b). The plateau in the curve at 

Q has an intensity of 3,700 counts per six seconds and the point P 

defined as Q/2 has an intensity of 1850 counts per six seconds. Accord 

ing to the instrument designers, the highest line to background ratio 

is obtained when P lies between 20 and 40 volts. By changing the at- 

tenuation setting to 2 and the counter voltage setting to 6.9O, the 

whole curve was shifted to the left placing P at 30 volts (Fig.l9b). 

After changing the discriminator settings to channel the relationship 

between intensity and channel height was determined for channel widths



of 2 and 4 volts (Fig.l9c). The peak in the curve occurs at approxi- 

mately 29.5 volts, but for best results this curve must be determined 

each time the instruments are used, to correct for electronic drift. 

The channel width giving an intensity of 90 to 95 per cent of the Q 

value gives the best peak to background ratio. The following sum- 

marizes the optimum settings for iron, manganese and sulphur Ka 

radiations using an accelerating voltage of approximately 25 K.V. and

slit No. 2: Fe Mn S

Spectrometer angle (2Θ)(degrees) 33.9 35.9 31.6

Counter voltage setting 6.90 6.93 7.31

Attenuation setting 2 2 2

Discriminator setting channel channel channel

Channel height (volts) 29.5 30.0 29.0

Channel width (volts) 28 32 24



APPENDIX II
Birks(31) Calculation of Intensities for Ternary Components

The following definitions according to Birks apply to terms 

in the ensuing calculations:

- weight fraction of element Λ.

- mass absorption coefficient of element A for characteristic 

radiation from element B.

- total mass absorption coefficient for characteristic 

radiation from element A in the alloy.

μ'100A - self absorption coefficient of an element for its own 

characteristic radiation.
0 - take-off angle (55°) for measuring X-rays.

FA - intensity function for element A in the alloy.

FlOOA - intensity function for pure element A.

- X-ray intensity from element A in the alloy.

I100A - X-ray intensity for pure element A.

KF - total enhancement coefficient.

k - constant (=0.6).

EAB_ - excitation efficiency for element A excited by

characteristic radiation from element B.

V - electron energy in K.E.V. (= 25).

VOA - minimum excitation potential for element A in K.E.V.

PA - atonic number correction factor for element A.



The intensity vs. weight per cent relationship will be expressed 

in the form of equation (20):

I. F.~~ ‘ WA F^“ (1 + V * 
100A 100A

It remains to calculate the intensity functions and the total enhancement 

coefficients for each component in the ternary system.

From Birks* tables the mass absorption coefficients can be 

listed as follows:

For Mn Radiation κα
μl00Mn = 93

μFeMn = 97

μSMn = 200

For FeKa Radiation For a RadiationHa

μMnFe = 74 μ..  = 1,000 MnS
μlOOFe = 76 uFeS = 1,150

μSFe = 170 μl00S = 2^5

The intensity function for pure element A, F1OOA, calculated by 

determining μ100A cso 0 and reading the corresponding value from Birks’ 

tables. Thus

μlOOMn cso $ s 53 (1.22) · 113.5, hence ■ 95.4

μl00FeCSo x 76 (1.22) = 92.7, hence ?100Fe · 96.2

μ100S cso 0 = 245 (1.22) = 299.0, hence F__„ = 83.4 .  IJJo

The intensity function for element A in the alloy, FA, is found by 

calculating the total absorption coefficient determining μ'A csc 0=Ρ& 

and reading the corresponding value from Birks' tables. Thus for a 

ternary alloy of the following composition:



Μη — 40%

Fe — 30%

S — 30%

Λία ' “μΛοοΜ.’ + 'W’Wi? * VW =
μ» csc 0 P„ = (12ο.3)(1.22)(1.0) = 154, hence F„ = 93.7 an iin i-n

v*Fe “ ^in^MnFe^ + ^e^lOOFe^ + ^^SFe^ = 105Λ

μ» csc 0 P_ » (103.4)(1.22)(1.0) = 125, hence F„ = 94.9 © X’ Θ HQ

^’s " WMn(^MnS^ + ^e^FeS^ + ^(^lOOS^ = 519

μ· csc 0 Pc = (819X1.22)(1.07) = 1070, hence F„ » 66.0 00 o

The total enhancement coefficient KF is given by an equation

of the form I \ I \ ?

. .kB is Y~M“^'b/ V’^/
where K_ is the contribution from B„. radiation to the A., radiation.T Ka Mn

For MnT, radiation excited by Fe„ , K- » 0 because Ξ.. = 0 .Ka · J Ka T mFe
For Mn.r radiation excited by S„ , K_ * 0 because = 0 .Ka Ka T m3
For Fe„ radiation excited by Mn„ , K_ ■ 0 because ZL, „ =0 . Ka luX J* HQiUk

For FeKa radiation excited by S^ , Kp = 0 bocauso ih.o3 · 0 .

For STr Ka radiation excited by Mn^

IL·, = (0.6)(0.026) WΙΙηΙμΜη
2 2.11 Tt“ j = 0.00667 

Mn /



For S Ka radiation excited by Fe

(0.6)(0.022) W_ ire = 0.00412

The total enhancement coefficient for S excited by Mnka and Feka Ka
radiations is given by

n = Ο.ΟΟ67 + 0.00412 = 0.0108
F(s)

The intensities for each of the ternary components can now be 

expressed according to equation (20):

“ θΛ §4 (1) “ °·593 
lOOIIn V? !

A2—= °·3 (1> = °*296
hOQFe \ I

— = 0-5 I^tI a ♦ 0.0103) . 0.226 boos \8u-w



Fig. 1 The ternary system proposed by Wentrup (9)

Fe
—

M
n



Fig. la The iron-rich corner of the Fe-Mn-S system 
(9) proposed by Wentrup .
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A nemative temperature gradient in pure liquid metal 

during unidirectional solidification.
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Fig. 5 The freezing of a simple binary alloy of composition C 

where the distribution coefficient, K , is less tain one
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Fig. 7 The distribution of equilibrium Freezing temperature

determined bv the liquidus line of the phase diagram
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Fig. 8 A zone of supercooled liquid in front of the solid- 

liquid interface.

Fir. 9 The three zones of grain structure in the cross-section

of an alloy ingot.
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Fig. 10 Caring in a simple binary alloy of composition





X-
R

A
Y INTE

N
SI

TY

WAVELENGTH

Fig. 12 Schematic X-ray spectrum of an element excited at a 

typical accelcrating voltage in an electron probe.

SAMPLE

ELECTRON GUN

Fig. 15 Schematic representation of an X-ray path between a

sample, a diffracting crystal and a detector in an 

electron probe.



Mn AND FeS

0.009" Fe WIRE

PURE IRON DISC

PURE IRON SHELL

Schematic cross-section of a sample ready

for levitation.

FeS

PURE IRON PLUG

Fe - 3.16 % Mn 
CONTAINER

Fig. 1-b Schematic cross-section of a finite diffusion 

couple ready for high frequency heating.



>

Fig. 15 Photograph of the levitation apparatus.



Fig. 16 Schematic cross-section through the levitation apparatus.



Fig. 17 Photograph of the high frequency heating apparatus.



ALUMINA CRUCIBLE-
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PURE IRON DISC —
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Fig. 18 Schematic cross-section through the high frequency 

heating apparatus.
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Fig. 20 Calibration curve for Mn in Fe-Mn-S ternary alloy using the 3rd order MnKa line.
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Fig. 21 Calibration curve for Fe in Fe-Mn-S ternary alloy using the 3rd order FeKa line.



Fig. 22 Photo showing typical βMnS inclusions near the surface of a 
levitated specimen. Note the precipitates and fingers of 
iron in the sulphides. 800x

Fig. 23 photo of a cross-section through the bottom half of a levitatod 
specimen encased in a sulphide film. l4x



Fig. 24 Typical βΜηS film on the surface of a levitated specimen.
Note the iron precipitates and the non-planar sulphide­
iron interface. 800x

Fig. 25 Photomicrograph of aFeS-βMnS inclusions in a levitated specimen 
quenched from about 1535eC. 2250x



Fig. 26 A reproduction of strip chart from the Fisher probe showing X-ray
filmintensity of FeKa(1) and MnKa(1) across a typical sulphide

iron interface of a levitated specimen.



Fig. 27 Scanning images on a 90μ square cross-section at the sulphide film - 
iron interface of a levitated specimen, (a) absorbed electron image and absorbed 
electron path, (b) electron backscatter image showing the surface topography, 
(c) X-ray image of Fe, (d) X-ray image of S.

Fig. 32 Scanning images on a 90μ square cross-section through the center of 
a Battelle iron pot (No. 8) equilibrated with FeS and BMnS, (a) absorbed electron 
image, (b) X-ray image of Fe, (c) X-ray image of Mn, (d) X-ray image of S.

Fig. 33 Scanning images on a 90μ square cross-section through the center of a 
Battelle iron pot (No. 10) equilibrated with FeS and βMnS, (a) absorbed electron 
image, (b) X-ray image of Fe, (c) X-ray image of Mn, (d) X-ray image of S.



(a) Blue Filter (b) Polarized Light
Fig. 28 Photos showing the light grey FeS and the darker grey βMnS 

equilibrated with a pure Iron pot. Under polarized light 
the boundaries between the two sulphides are not clearly 
defined. Note the very dark grey eutectic oxide. 750x

(a) Blue Filter (b) Polarized Light
Fig. 29 Photos showing the greater extent of the FeS and βMnS phases 

formed in the Battelle iron containers. Note the intermediate 
grey colour of the phase mixture between the two sulphide phases 
and also the very dark grey eutectic oxide. 750x



Fig. 3O Photos showing the phase mixture between the two sulphide phases. 
2250x



Fig. 31 A reproduction of strip chart from the Fisher probe showing X-ray intensities of and ^ηκα(])
between βΜηS and aFeS phases at a distance of approximately 10μ from an iron phase.



Fig. 34 A cross-section of a diffusion couple showing 
the sulphide retained in a Fe - 3.16% Mn con- 
tainer by a short pure Iron plug. 14x



(a)

(b)
Fig. 35 Photomicrographs showing iron intrusions in (a) FeS after 

10 minutes at 1300°C, (b) FeS equilibrated with βMnS after 
8o minutes at 1300°C. Note the fine precipitates at the 
front of the sulphide - iron interface. 600x

I



Fig. 36 Photomicrograph of the large areas of iron between the aFeS- 
βMnS phases equilibrated at 13OO°C for 30 minutes. Note the 
fine precipitates at the front of the sulphide-iron interface. 

8OOx, Polarized Light

Fig. 37 Photomicrograph of the fine precipitates at the front of the 
sulphide-iron interface. Note that some precipitates have a 
very dark phase at the surface while others have iron in the 
core. 2250x, Polarised Light
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Fig. 38 A semi-schematic reproduction of a strip chart from 
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Fig. 39 Semi-schematic ternary isotherm in the system Fe-Mn-S just 
below the solidification point of iron (1535°C).

Fig. 40 Semi-schematic ternary isotherm in the system Fe-Mn-S at 1300 C. 
The diffusion path for the liquid FeS-Fe-3.16% Mn diffusion 
couple is indicated on the isotherm.



Table I Tabulation of Data on the Electron Probe

Probe Take-off Angle Lines Analysed Accelerating Voltape Background Measurement

McMaster

U. of T. (Philips)

Fisher (JXA-3A)

55° 

15.5° 

20°

(Mn and Fe) Ka(3)

" Ka(5)

" Ka(l)

25 to 30 K.V.

25 K.V.

25 K.V.

Imn on Fe

I_ on Mn Fe
(all probes)

Table II Tabulation of Data on the Microanalysed Pots

Pot No. Initial Mn/S Container Type of FeS Addition Heat Treatment

1 1.54 Pure Iron Commercial 1300°C for 80 minutes

4 0.63 II 11 ft It It It II

5 0.30 If fl 11 tt Π I" It

8 0.43 Battelle iron II It II it ft

10 0.40 tl It Levitated n ti h «



Table IIa Pot No. 1 Point Counting Data from the McMaster Probe

Microanalysis was done across a βMnS-aFeS interface. I’ and I’ are A 100A
the raw intensities, I and I are intensities corrected for background,A  100A
All intensities recorded are the average of several counting times on the 
same spot.

Standards aFeS KinS aFe
τ’x 100Λ 
c.p.m

"''Background 
c.p.m.

Î A 
c.p.m.

IA 
T100A

% A I 'A 
c.p.m.

JA 
Z100A

% A T,A 
c.p.m.

TA 
X100A

A

Area 1 Mn
Fe
S

37,327
32,264

151
165

23,446
232

0.6266
0.0021

64.1
0.2

2,227
31,132

0.0538
0.9650

5.38
96.5

Area 2 Mn
Fe
S

38,031
31,598

156
142

23,500
232

0.6160
0.0028

63.4
0.3

36.3

2,250 0.0553 5.53

Area 3 Mn
Fe 
S

40,447
21,124

150 
l48

26,04l
248

0.6420
0.0048

66.0
.5

33.5

2,354
20,093

0.0549
0.9520

5.50
95.2



Table IIb Pot No. 4 Point Counting Data from the University of Toronto Probe

Microanalysis was done at the Junction of three phases, aFeS, βMnS and aFe, I'^ and Ι’^100A are the raw 
intensities, I and I100A are intensities corrected for background. All intensities recorded are the average 
of several counts on the same spot, The value for %Mn in aFe was determined by averaging the I’A values from 
areas 1 to 5 and relating the average to = 66,133. Only one spectrometer was available for counting.
Spurious counts were detected at the time areas 6 and 7 were examined and further probing at the time was
discontinued.

Standards aFeS BMnS aFe

I' 100A
c.p.

10 sec.

"'’Background 
c.p.

10 sec.

ÎA
c.p.

10 sec.

IA % A I'A 
c.p.

10 sec.

IA % A rA 
c.p.

10 sec.

IA % A
I100A I100A Il00A

Area 1 Mn 
Fe 
S

66,133
77,957

102
167

1,984
39,951

0.0300
0.5114

3.2
53.5
Π3.3

8,136 
27,069

0.1217
0.3458

12.6
36.2
51.2

153 0.0007 0.07

Area 2 Mn 
Fe 
S

as 
above

as 
above

3,308
37,295

0.0500
0.4773

5.3 
50.0
Uh. 7

8,O6O
30,102

0.1205
0.3848

12.5 
40.0 
47.5

159 0.0007 0.07

Area 3 Mn 
Fe 
S

as 
above

as 
above

2,494 
37,037

0.0378
O.UThO

4.1
49.5
46.4

6,726
27,599

0.1003
0.3526

10.5
36.7
52.8

153 0.0007 0.07

Area 4 Mn 
Fe 
S

as 
above

as 
above

1,873 
39,403

0.028h 
0.50hh

3.1
52.5 
44.4

8,239
29,291

0.1232
0.3744

13.0
39.0
48.0

143 0.0007 0.07



Table Ilb (Continued)

Standards aFeS PMnS aFe

I' 100A
c.p.

10 sec.

Background 
c.p.

10 sec,

IrA
c.p.

10 sec

TA 
I100A

% A
c.p.

10 sec,

TA 
I1οοα

% A ÎA
c.p.

10 sec.

TA 
I100A

% A

Area 5 Mn 
Fe 
S

60,773 
73,028 as 

above
2,003 
4O ,474

0.0312
0.5519

3.5
57.8
38.7

9,419
29,818

0.1533 
0.4060

16.0
42.5
41.5

137 0.0007 0.07

Area 6 Mn 
Fe 
S

76,740 
88,0h8

223
298

3,920 
41 ,700

0.O484 
0.4720

5.0 
51.1 
43.9

8.95O 
35,6oo

0.1141
O.4021

12.3 
43.3 
44.4

225 not 
detected

Area 7 Mn 
Fe 
S

as 
above

as 
above

3,580
41,976

0.0439
0.4751

4.7
51.4 
43.9

10,556
33,358

0.1350
0.3769

14.5 
40.8 
44.7

220 not 
detected



Table lie Pot Mo. 5 Point Counting Data from the McMaster Probe

Microanalysis was done across a βMnS-aFe interface. I'A and I100A are the 
raw intensities, IA and I100A are intensities corrected for background. All 
intensities recorded are the average of several counts on the same spot.

Standards aFeS BMnS aFe

T* 100A
c.p.m.

IBackground 
c.p.m,

I 
c.p.m.

ςλ % A ^A 
c.p.m.

TA % A IΑ 
c.p.m.

IA % A
Ι100Λ Σ100Α I100A

Area 1 Mn 
Fe 
S

77,284 
4l,630

245
210

35,703
8,121

0.4602
0.1910

47 .4 
19.4 
33.2

0.0052 0.52

Area 2 Mn 
Fe 
S

as 
above

as 
above

37,476
6,832

0.4833
0.1599

49.5 
16.3 
34.2

696 0.0059 0.59

Area 3 Mn 
Fe 
S

74,643 
38,488

245
210

35,011
7,151

0.4672
0.1813

47.5
18.5
34.0

676 0.0058 0.58

Area 4 Mn 
Fe 
S

as 
above

as 
above

35,680
6,717

0.4763
0.1700

49.0 
17.3
33.7

683 0.0059 0.59



Table IId Pot No. 5 Point Counting Data for Mn on the University of Toronto Probe

Microanalysis was done at the junction of three phases, areas 1, 2 and 3 and at two phase 
interfaces, areas 4 and 5· I'A and I'100A are the raw intensities, and are intensities 
corrected for background. All intensities recorded are the average of several counts on the 
same spot. Only one spectrometer was available for counting.

Standards aFeS BMnS aFe

I* 100A 
c.p.

10 sec.

IBackground 
c.p.

10 sec.

IΑ 
c.p.

10 sec.

TA 
I100A % A

rA 
c.p.

10 sec.

TA
I100A % A

T̂A 
c.p.

10 sec.

TA 
I100A A

Area 1 Mn 89,245 131 3,333 0.0359 3.8 11,665 0.1294 14.0 231 
(2,313/ 
100 sec.

0.00112 0.11

Area 2 Mn 87,388 131 3,465 0.0382 h.l 16,514 0.1878 20.4 238 
(2,377/ 
100 sec .

0.0012 0.12

Area 3 Mn 89,737 131 3,300 0.0354 3.2 14,556 0.1610 17.4 233 
(2,333/ 
100 sec)

0.0011 0.11

Area 4 Mn 89,281 131 33,080 0.3690 40.1 4l9 
(4,186/ 
100 sec.)

0.0032 0.32

Area 5 Mn 77,673 131 28,685 0.3682 40.0 216 0.0011 0.11



Table lIe Pot No. 8 Point Counting Data from the Fisher Probe

The area microanalysed was traversed by the line scan of Fig. 31 and is shown in the scanning 
images of Fig, 32. The values of Mn, Fe and S recorded in area 1 for BMnS actually correspond 
to a phase mixture of aFeS and BMnS. The values recorded at approximately 5u intervals parallel 
to the line scan are given in spots 1 to 5. I'A and I100A are the raw intensities, and
I100A are the intensities corrected for background. All intensities were recorded over a 20 
second interval,

Standards aFeS BMnS aFe

I’ 100Λ
c.p.

20 sec.

I„  Background
c.p.

20 sec.

IrA 
c.p.

20 sec.

TA 
ςιοοα % A

IA
c.p. 

20 sec.

IA 
I100A % A

IA
c.p.

20 sec.

IA 
I100A % A

Area 1 Mn 
Fe 
S

104,960 
112,284

44 
91

2.074 
48,186

0.0194
0.4214

2.0 
45.0 
53

21,264
26,810

0.2020
0.2382

21.5 
24.9 
53.7

58 not 
detected

Spot 1 Mn 
Fe 
S

25,215
23,818

0.2399
0.2114

25.9
22.1
52.0

Spot 2 Mn 
Fe 
S

32,532
19,510

0.3097
0.1732

33.0
18.1 
48.o

Spot 3 Mn 
Fe 
S

41,659 
12,575

0.3967
0.1113

42.5 
11.6
45.9

Spot 4 Mn 
Fe 
S

45,997
9,722

0.4380
0.0858

46.8
8.8 
44.4

Spot 5 Mn
Fe
S ---- L.

9,432
O.446O 
0.0832

47.5
8.5
44.0



Table Ilf Pot No. 10 Point Counting Data from the Fisher Probe

The area microanalysed is shown in the scanning images of Fig. 33. The values of Mn, Fe and S 
recorded in area 1 for BMnS actually correspond to a phase mixture of aFeS and BMnS, Spot 1 was 
selected approximately in the center of the phase mixture and spot 2 was chosen in pure BMnS.
Spot 3 was recorded in aFeS adjacent to the phase mixture. I’ and I' 100A are the raw intensities, 
I and I100A are intensities corrected for background. All intensities were corrected over a 
20 second interval.

Standards aFeS BMnS aFe

I' 100A
c.p.

20 sec.

■I’Background 
c.p.

20 sec.

I,A 
c.p.

20 sec.

IA 
I100A % A

IΑ 
c.p.

20 sec.

IA 
I100A

% A IA 
c.p.

20 sec.

IA
I100A % A

Area 1 Mn 
Fe 
S

111,071
106,737

4l
89

124 
51,795

0.0007
O.4749

0.07
49.8

39,362
11,860

0.35^2
0.1081

38.0
11.2
50.8

73 0.0003 .03

Spot 1 Mn 
Fe 
S

as 
above

as 
above

45,076 
8,883

0.4083
0.0835

43.5
8.5

48.0
Spot 2 Mn 

Fe 
S

as above 
108,885 as 

above
46,211
10,525

0.4158
0.0959

44.3
9.8 
45.9

Spot 3 Mn 
Fe 
S

as above 
106,203 as 

above
133 

48,825
0.0008
O.458O

0.08
48.0
51.9



Table III Couple No. 6 Point Counting Data from the University of Toronto Probe

The areas microanalysed were all at the intersections of the three phases, aFeS, BMnS and aFe. However, 
because the size of the electron beam (about 2 μ) was not much smaller than the extent of the sulphide 
phases, positioning of the beam entirely on one phase was difficult. Also, iron precipitates or fingers 
in the sulphide may have contributed to the iron intensities. I’A and I*100A are the raw intensities, I. 
and Ι1ΟΟA are intensities corrected for background. All intensities are the average of several counting 
times on the same spot. Only one spectrometer was available.

Standards aFeS BMnS aFe

I* 100Λ 
c.p.

10 sec.

Background 
c.p.

10 sec.

I’α 
c.p.

10 sec.

TA
% A

ΓΑ 
c.p.

10 sec.

ZA
% A

I,A 
c.p.

10 sec.

IA
% A

I100A I100A I100A

Area 1 Mn 
Fe 
S

72,500
76,000

106
173

2,280
41,100

0.030
0.540

3.5
58.5
38.0

17,700
71,901·

0.243 
0.311*

26.4 
34 .0 
39.6

250 0.0020 0.20

Area 2 Mn 
Fe 
S

as 
above

as 
above

2,090
44 ,200

0.027
0.581

2.9
62.0
35.1

23,200
18,650

0.318
0.244

34.5
26.4
39.1

220 0.0016 0.16

Area 3 Mn 
Fe 
S

2,060 
44,700

0.027
0.588

2.9
62.5 
34.6

14,850
31,300

0.204
0.411

22.0 
44.5 
33.5

not 
counted

Area 4 Mn
Fe

2,340 
4l,000

0.0309
0.539

3.3
58.1
38.6

12,650
29,350

0.173
0.385

18.8
41.5
39.7

not 
counted


