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CHAPTER 1 

INTRODUCTION 

The research project described in this thesis was undertaken 

to contribute to the understanding of the solidification behaviour of 

some ferrous alloys, in the expectation that it would be useful to the 

technology of modern steel casting, heat treating and steel refining 
i 

processes. 

The project was aimed in particular at the following aspects 

of the solidification of multi-component iron alloys: 

i) the solidification morphology, i.e., the qualitative solute dis

tribution and crystallography of a solidified system as a 

function of alloy composition and growth conditions; 

ii) the periodicity in the spacing of dendritic arms as influenced 

by alloy composition and growth conditions; 

iii) the quantitative distribution of solutes in a given cell; and 

iv) the distribution, morphology and composition of inclusions 

formed during solidification. 

Earlier work on solidification was directed at solving prob

lems of immediate concern and did not produce a clear understanding 

of solidification and related phenomena. In recent years, however, 

researchers have taken a more fundamental outlook and have sought 

to use high purity materials and exercise closer experimental control. 
1 



2 

In the present research, several theoretical treatments 

which bear on the understanding of the solidific.ation of multi

component alloys were undertaken with the object of establishing a 

strong basis for the discussion of experimental observations. The 

experiments covered the solidification of iron-manganese alloys 

containing lesser amounts of sulphur and/or carbon, systems of 

obvious technological interest. The alloys were solidified under 

controlled conditions in a travelling furnace especially constructed 

for this investigation. Qualitative and quantitative metallography 

and electron-probe microanalysis were used to determine the 

solidification structure, dendrite arm spacings, solute concentration 

profiles and inclusion compositions. 



CHAPTER 2 

REVIEW OF LITERATURE 

This chapter begins with a review of the essential equilib

rium and kinetic data in the Fe - Mn - S - C - 0 systems required 

in the application of the theory outlined in Chapter 4, and in the 

interpretation of the experimental results. The literature on the 

general solidification process in ferrous systems is then discussed 

as well as the portion of the information on low melting-point metals 

and transparent materials which has direct bearing on the solidif ica

tion of high-temperature materials. Special topics such as the 

influence of inclusions on solid-state transformations, constitutional 

supercooling, transitions in segregation structure, dendrite arm 

spacing, the influence of carbon on microsegregation and a review 

of directional solidification experiments are then presented. 

2.1 - REVIEW OF DIFFUSION DATA 

Diffusion data for manganese, sulphur, oxygen and carbon in 

liquid, delta and gamma iron, and in sulphides are required for the 

study of solidification kinetics in the Fe - Mn - S - 0 - C systems. 

Selected data from the literature are summarized in Table 2. 1. 1. 

The given values of Do and E refer to the pre-exponential and activ

3 
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ation energy terms for the fallowing empirical representation of the 

data: 
D = 11> exp ( -E/RT) (2. 1. 1) 

where R is the universal gas ·constant and T, the absolute tempera

ture. 

In cases where published dat~ were in tabular form, the Do 

and E values were obtained by the least-squares technique. The 

recent work of REYNIK (1969) suggests that the variation of diffu, 

sivity is linear with absolute temperature in liquid systems, i.e.: 

(2. 1. 2) 

where a1 and are constants.a2 

However, no attempt was made in the present study to con

vert liquid diffusion data to this form. 

For convenience in predicting and interpreting the results of 

this study the data of Table 2. 1. 1 have been plotted in Figures 

2. 1. 1 and 2. 1. 2. 

2.2 - REVIEW OF· CONSTITUTION DATA 

The constitution of the Fe - Mn - MnS - FeS system - the 

portion of the Fe - Mn - S system pertaining to the solidification of 

Fe - Mn base alloys - will be reviewed in this section. 

Figure 2. 2. 1 shows a wire diagram of the Fe - Mn - MnS -

FeS system. The binary Fe - Mn, Mn - MnS and Fe - FeS systems 

were constructed from the data collated by HANSEN (1958) and 
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ELLIOT (1965), and the FeS - MnS pseudo-binary from the 

data of CHAO et al. (1964). The various binary reactions 

involving liquids and the temperature of occurrence are listed .below 

the figure. 

German research in the mid 1930 's roughly established the 

shape of the liquidus surfaces shown in Figure 2. 2. 2. A liquid

liquid miscibility gap is delimited by the horizontal loop originating 

at the Mn - MnS monotectic, and by the vertical loop which is the 

locus of the critical points. One eutectic trough originates near the 

Mn - MnS eutectic, runs close to the Fe - Mn binary plane, up to a 

temperature maximum in the Fe corner and joins the two other 

troughs at a ternary eutectic point in the FeS corner. 

In Figure 2. 2. 3, the intersections of liquidus surfaces appear 

as projections on the composition plane. The arrows on the projec

tions indicate the direction of decreasing temperature. MEYER and 

SCHULTE (1934) found that the liquid-liquid miscibility gap limit 

has a temperature maximum of approximately 1600°C at point J in 

the iron corner and another maximum at point H near the MnS cor

ner of the diagram. The work of VOGEL and HOTOP (1937) suggests 

that the temperature maximum of eutectic trough EDC, D, occurs 

around 1510°C and that the minimum point I on the miscibility gap 

contour occurs around 1370°C. 

The ternary equilibria of the Fe - Mn _-MnS - FeS system 

from 980 to 1620°C are qualitatively described by a series of iso
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therms given in Figure 2. 2. 4. These isotherms are based on the 

work of CLARK (1964), NAKAO (1967) and SMITH (1970) but have 

been simplified somewhat for clarity by assuming that the Fe - Mn 

binary has a continuous series of liquid and solid solutions; in other 

words, it is assumed that iron-base alloys solidify directly to 

metastable yFe rather than to the stable 8Fe phase; these simpli

fications eliminate, in particular, the 8Fe + L 1 = yFe peritectic 

and the 8Fe = y Fe + L 2 metatectic reactions. Between approxi

mately 24000C and 1620°C, the melting point of ~MnS, the iso

therms consist of a L 1 + L 2 miscibility gap. An isotherm typical 

of the situation slightly below 1620°C is shown in Figure 2. 2. 4-a, 

where in addition to the miscibility gap there exists a small 

L2 + {$MnS field. 

Many new phase fields appear between 1600°C, the tempera

ture of the maxima in the boundary of the miscibility gap, and 

1580°C, the Mn - MnS monotectic temperature as shown in Figure 

2.2.4-b. The L 1 + ~MnS region is centered on the maximum 

point (point J in Figure 2. 2. 3) and separates two 3-phase fields, 

L 1 + L 2 + ~MnS and L 1 + L2 + ~MnS. Therefore the yFe + L 1 

·phase field shown in Figure 2. 2. 4-d contacts the L 1 + ~MnS field 

rather than the L or 'L 1 + L 2 + ~MnS fields and gives rise1 + L 2 

to the isotherm shown in Figure 2. 2. 4-e. The shrinking L 1 + L 2 

region heralds the appearance of the type of isotherm studied in 
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detail by CLARK (1964), NAKAO (1967) and SMITH ·(1970), presented 

in Figure 2. 2. 4-f. In Figure 2. 2. 4-g, the yFe + Li field has dis

appeared. Figure 2. 2. 4-h is one of the last stages of freezing 

before the remaining liquid reaches the ternary eutectic composition. 

The last stages of freezing are detailed in Figures 2. 2. 4-i to -1 

where the relevant portions of the isotherm have been magnified for 

the sake of clarity. The ternary eutectic L 2 = yFe + ~MnS + yFeS 

is assumed to occur at approximately 980°C. 

A quantitative . survey of the 1300°C isotherm f rbm the work 

of SMITH (1970) is shown in Figure 2. 2. 5. 

MEYER and SCHULTE (1934) have determined the influence of 

other elements such as C, Cu, Ni, P and Si on equilibria in the 

Fe - Mn - S system. These elements shift the miscibility gap to

wards the Fe corner and enhance the desulphurization of a melt. 

These elements would be expected to produce a similar effect on the 

eutectic trough EDC , Figure 2. 2. 3, since they raise the activity 

of sulphur in the solution. DAHL et al. (1966 ), LICHY et al. (1965) 

and YEO (1967) have explained in this manner the enhanced primary 

separation of ($ MnS in the presence of additions to the basic Fe 

Mn - S melt. 

2. 3 - REVIEW OF THE SOLIDIFICATION PROCESS 

Solidification, very briefly, is a process by which a solid 

grows at the expense of a liquid. Alloy solidification occurs in one 
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of three modes, according to the rate at which the transformation 

occurs. Equilibrium solidification occurs at extremely low trans

formation rates and · is a limiting case of non-equilibrium solidifica

tion; the participating phases are homogeneous and the compositions 

are given by tie points on the relevant constitution diagram. Non

eguilibrium solidification occurs at higher transformation rates; the 

phases are not homogeneous; equilibrium may or may not obtain at 

the solid-liquid interface. Diffusionless solidification takes place at 

still higher transformation rates and is in fact a limiting case of 

non-equilibrium solidification; equilibrium does not obtain at the 

interface during the transformation and the participating phases are 

homogeneous. An example of diffusionless solidification of an alloy 

has been given by COLE (1969). 

Only equilibrium and non-equilibrium solidification need be 

examined in detail for the purposes of this . investigation. This is 

done in the two following sections. 

2. 3. 1 - EQUILIBRIUM SOLIDIFICATION 

Equilibrium solidification occurs at a rate such that the 

participating phases have a quasi-uniform composition. One inter

esting feature of this solidification mode is that the products at a 

given temperature can be predicted from the average composition 

of the alloy, provided, of course, that the constitution diagram is 

known. In this section, equilibrium solidification is illustrated in 
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terms of the Fe - Mn - S system. 

It is clear from Figure 2. 2. 4 that only small variations in 

the average composition of iron-base Fe - Mn - S alloys are re

quired to yield very different solidification products. For example, 

' if the average composition of an alloy falls in the yFe + /3MnS + L 1 
I 

region of Figure 2. 2. 4-e, equilibrium solidification produces primary 

y Fe and the remaining liquid L~ precipitates yFe and {3MnS. The 

latter becomes impoverished in iron as solidification. proceeds. If 

the average composition of an alloy containing slightly less mangan

ese falls within the yFe + {3MnS + L 2 region, the solidification 

products are primary yFe and a liquid L 2 which precipitates yFe 

and a /3MnS phase which, in contradistinction to the previous case, 

becomes enriched in iron as the amount of remaining liquid de

creases. If the average composition falls within the eutectic triangle 

shown in Figure 2. 2. 5-1, the final solidification products are yFe, 

yFeS and PMnS. The presence of eutectic mixture in cell 

boundaries is believed to be a factor in the occurrence of "hot 

shortness" which refers to the inability of a steel to withstand a 

hot-working treatment without breaking up (KIESSLING, 1968). Upon 

melting, at 980°c, the eutectic causes a partial decohesion of the 

structure. 

H the average composition of the alloy lies within the limits 

of miscibility gap L 1 + L 2, Figure 2. 2. 4-d, the metal-rich phase L 1 
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precipitates a sulphur-rich liquid L 2. If it lies between the l;mits 

of the miscibility gap and the eutectic trough, cooling causes the 

precipitation of primary {3MnS of cubic ·. structure and medium 

grey colour. Discussion of the solidification process in quaternary 

and higher-order Fe - Mn base alloys such as Fe - Mn - S - 0 and 

Fe - Mn - S - C is hampered by the lack of equilibrium data and 

the conceptual difficulties involved in treating four-and five-dimen
, 

sional phase space. A possible approach is to view multi

component solidification in terms of modifications of ternary constitu

tion diagrams such as Fe - S - 0 (HILTY and CRAFTS, 1952, 1954) 

or Fe - Mn - S, illustrated in Section 2. 2. For convenience, how

ever, the discussion will be continued in Section 2. 3. 3 in connection 

with the formation of inclusions. 

2. 3. 2 - NON-EQUILIBRIUM SOLIDIFICATION 

Alloys are most often solidified under non-equilibrium rather 

than equilibrium conditions, i. e. , there are concentration gradients 

on either one or both sides of the solid-liquid interface. This lack 

of uniformity leads to segregation. The present researcl! is con

cerned mainly with the type of segregation taking place in volumes 

of material smaller than the volume of an ingot by several orders 

of magnitude, namely, microsegregation. In the present section, 

the controversial area of mic rosegregation attending the casting of 

ingots will be reviewed and discussed in terms of theoretical micro
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segregation models. 

In the case of steel castings, which are the ultimate concern 

of the present investigation, the prevailing structure is dendritic 

or cellular-dendritic in nature. It is apparent from previous investi

gations that there are two stages in . the process of dendritic solidifi

cation: 

i) an initial stage, during which a dendritic skeleton is 

formed, and 

ii) a final stage during which the liquid pools between the 

arms of the dendritic skeleton solidify. 

Growth theories for each stage have been proposed by various 

investigators. An attempt is made in the following to present the 

theories and indicate the conditions under which each is valid. 

It is convenient at this point to define parameters and terms 

which occur frequently in this study. 

The equilibrium partition coefficient, ko, is defined as the 

ratio of solute content in the solid at the interfa·ce, Cs,* to the 

solute content in the liquid at the interface, CL,* and is given by 

the relevant phase diagram. The effective partition coefficient, ke, 

is defined as the ratio of Cs* to the solute content of the bulk liquid, 

Cb. As usual, the discussion shall be limited to the case where 

ko and ke are equal or less than unity. These definitions are illus

trated in Figures 4. 2. 6. The average concentration of solute in an 
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alloy iR denoted C 0, the minimum concentration in a segregation 

cell, Cm, and the maximum concentration, CM. 

A dendrite arm -is that portion of a crystal which extends 

into the liquid phase in the course of solidification. A dendrite is 

composed of dendrite arms which are crystallographically inter

related; in cubic systems these arms are mutually perpendicular 

or parallel to each other. A dendritic grain comprises a single 

dendrite and the material entrapped between the arms. As illus

trated in Figure 2. 3.1-a, the first arm to extend into the liquid is 

termed primary arm; an arm which grows perpendicularly from the 

primary arm is termed secondary arm; an arm which grows per

pendicularly from the secondary arm is termed tertiary arm; and · 

so on and so forth. As will be seen in this work, a dendritic sys

tem can be, at least in part, plate-like. This type of structure 

occurs when various dendrite arms coalesce at ·early stages of 

solidification. As shown in Figure 2. 3~ 1-b, plates parallel to 

primary and secondary arms are termed primary plates; plates 

parallel to secondary and tertiary arms, secondary plates; plates parallel 

to tertiary and quaternary arms, tertiary plates, and so on .... 

The term "segregation cell" or "cell" is used sometimes in 

this investigation to denote the region of a specimen in which the 

solute concentration rises from a minimum to a maximum. 
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INITIAL SOLIDIFICATION STAGE 


For the initial solidification stage, FLEMINGS (1964), BRODY 

and FLEMINGS (1966), BOWER et al. (1966), FLEMINGS (1967) con

sidered that the composition of the bulk liquid in front of the den

drite tips remained close to the average· initial liquid composition 

during solidification. 

BOWER et al. studied the solidification of an Al - 4. 5 wt% Cu 

alloy and found that for dendrite tip velocities of 0. 005 to 0. 05 

cm/sec and gradients of 3 to 50°C/cm, the ·temperature measured 

at the dendrite tips was equal to the liquidus temperature within 

experimental accuracy. 

The work of SUBRAMANIAN et al (1968-b) on Fe - 10 wt% As 

alloys, cooled at 180C/min before the start of solidification and 

presumably under very low temperature gradients, showed that 

initial dendrite growth occurred with little supercooling and with 

the solid composition close to kQCo. 

On the other hand, several investigators concluded that a 

substantial solute build-up existed ahead of the .growing dendrites 

during the initial formation of the dendritic array, so that the den

drite compositions were intermediate between kQCo and Co. KOHN 

and PHILIBERT (1960) furnace-cooled Al-2 wt% Cu alloys at 

6°C/min and interrupted the solidification process by immersing 

the crucible in water. Electron-probe microanalysis revealed that 
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the solute composition along the axis of a given dendrite arm was 

close to ko Co and remarkably constant. Several other investiga

tors, ZAITSEVA (1955), de BEAULIEU and PHILIBERT (1958), 

PHILIBERT and de BEAULIEU (1959), ZHURENKOV and GOLIKOV 

(1964) and PHILIBERT et al. (1965) observed the constancy of Cm 

in the dendrite arms of as-cast steels. In order to account for 

the constancy of Cm, KOHN and PHILIBERT suggested a freezing 

mechanism whereby a solute-enriched layer surrounds the growing 

dendrite and allows a steady-state solidification process to occur at 

a constant temperature. They analysed the variation of copper con

centration through a solid-liquid interface and indeed found evidence 

for the existence of an enriched layer of solute on the liquid side of 

the interface. SUBRAMANIAN et al. (1968-a) stated, on the basis of 

their work, that the solute enrichment detected by KOHN and PHILI

BERT was a "classical illustration" of a quenching "artefact". How

ever, as pointed out later by KOHN (1967), the extent of the layer 

was rather large for an "artefact". It should also be pointed out 

that the work of SUBRAMANIAN et al. was perfarmed on Fe - As 

and Fe - As - Cr alloys where the partition coefficient of arsenic in 

iron (ko ~ 0. 3) is greater than that of copper in aluminium 

lko~0.17 by the phase diagram from the compilation of LYMAN 

(1948} and ko ~ 0. 10 by the thermodynamic calculations of KOHN 

and PHILIBERT (1960) J; their experiments were therefore con

http:lko~0.17
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siderably less sensitive in detecting the .difference between a 

quenching "artefact" and a true solute enrichment during growth. 

DOHERTY and· MELFORD (1966) also found evidence of 

solute enrichment in the liquid at the solid-liquid interface in 

their work on Fe - 1 wt%C - 1. 5 wt% Cr alloys. They were un

able to prove that the solute distribution found after the quench

ing operation was identical to that present during the unperturbed 

solidification period. However, they detected a depletion of solute 

in the dendrite arm and an accumulation in the region of the inter

face, while the solute content of the liquid remote from the inter

face remained unchanged, and concluded that the interfacial solute 

enrichment was a genuine effect. 
If 

BACKERUD and CHALMERS (1969) measured the growth 

temperature of dendrite tips in the binary alloy system Al - Cu as 

a function of the rate of formation of the solid phase. In Al - 4wt% 

Cu alloys, the dendrite tip temperature, as measured by the arrest 

temperature in cooling curves, was depressed about 3°C at a rate 

of heat extraction of approximately 100°c/min. The effect is quite 
rt 

small; moreover, BACKERUD and CHALMERS pointed out that a 

significant part of the under cooling was possibly due to the curva

ture of the dendrite tips. 

DOHERTY and FEEST (1967) investigated the distribution of 

solute during the initial stages of dendritic solidification in Cu - Ni · 
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alloys. They first redetermined the relevant portion of the C11 - Ni 

phase diagram by microanalysis of specimens quenched after equili

bration in the solid-liquid region. ·The temperature of initial den

dritic growth was then measured by thermal analysis and found to 

lie approximately a0 c below the redetermined liquidus' a result 

which pointed to a significant solute enrichment ·of the liquid ahead 

of the growing dendrites. 

There are observations on 
f 

a variety of systems which suggest 

that both dendrite growth mechanisms may be valid and that a given 

mechanism operates under a given set of growth conditions. These 

are: 

i) microsegregation is more severe in the equiaxed than in 

the columnar grains, that is, the segregation index 

Is :::: CM/Cm is invariably higher in the equiaxed grains 

of a casting. 

ii) The minimum concentration in the dendrite axis, Cm, is 

lower in the equiaxed grains than in the columnar grains. 

This first appeared as a result of the earlier quantitative studies 

of microsegration in low-alloy steels LFINNISTON and FEARNE

HOUGH (1951), CATTIER et al.(1953), KOHN (1954), WARD (1958), 

de· BEAULIEU and PHILIBERT (1958), CRUSSARD et al. (1959), 

PHILIBERT and BIZOUARD (1959), PHILIBERT and de BEAULIEU 

(1959), KO:fIN and PHILIBERT (1960}_]. The work of CLAYTON et 
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al. (1961) also showed that there w?s a relationship between micro

segregation and macrostructure, at least in small ·(100 lb) ingots of 

0. 3 wt% C steels containing significant amounts of chromium, man

ganese, nickel, molybdenum and silicon. DOHERTY and MELFORD 

(1966) studied the mechanism of solidification in commercial killed

steel ingots using 1 wt% C - 1. 5 wt% Cr steel as a model material. 

They found that Cm was less than Co in the equiaxed dendrites but 

was greater than kQCo and concluded that the greater segregation in 

equiaxed grains was due to their slower growth rate. Further 

studies by MELFORD and GRANGER (1967) on the same steel con

firmed the previous results. DOHERTY and FEEST (1967) studied 

the solute distribution in small castings of Ni - 60 wt% Cu alloys 

and found that the copper content in the axis of equiaxed dendrites 

was lower than in the axis of columnar dendrites. Also the segre

gation index Is = CM/ Gm was always greater in equiaxed than in 

columnar regions. 

Caution should be exercised in drawing conclusions about the 

mode of solidification based on measured values of Cm, since dif

fusion of solute in the solid during and after solidification may 

significantly alter the value of Cm. BRODY and FLEMINGS (1966) 

showed that diffusion of solute in the solid during solidification can 

be neglected if the parameter as =Dstr / ).2 is much less than 

unity, where n8 is the diffusion coefficient of solute in the solid; 
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1f, the local solidification time; and a, one half the dendrite arm 

spacing. Back-diffusion was encountered by FLEMINGS (1964) in 

his work on an Al - 4. 5 wt% Cu alloy: the minimum solid composi

tion increased from about 0. 7 wt% Cu to 1. 3 wt% Cu during the 

course of solidification. Another example is due to SUBRAMANIAN 

et al. (1968-b). They studied the distribution of arsenic in an 

Fe - 10 wt% as alloy during solidification and established that the 

process of back diffusion of solute into the dendrite arms was suf

ficiently fast for most of the solidification process to occur close 

to equilibrium. 

A theoretical analysis of the solute distribution around a 

growing dendrite has been given by BOLLING and TILLER (1961). 

They treated the dendrite tip as an ellipsoid of revolution growing 

into a melt in which the heat and solute transport occurred by dif

fusion from the solid into the liquid. One result of practical value 

is the relation they derived between the minimum solute concentra

tion in the dendrite axis, ~m' and the growth parameters and 

conditions: 

(2. 3. 1)
1 + (1- ko)13exp (f3) expi (f3) 

where: (2. 3. 2) 

and: expi <-P > = rooexp C-t) dt (2. 3. 3)Jp t 

In these equations, V is the dendrite tip velocity; 
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DL is the solute diffusivity in the liquid; pt is the dendrite tip 

radius. It is seen that Cm approaches kQCo for small values of 

~ , and Co for large values of P. The theory thus indicates that 

both types of dendritic growth, i.e., with and without solute enrich

ment of the liquid, are possible, and as a result, the experimental 

evidence presented above is not necessarily in conflict. 

DOHERTY and MELFORD (1966) showed that the effects of 
, 

structure, composition and cooling rate on microsegregation can be 

interpreted in terms of Equation 2. 3. 1. They attributed the greater 

segregation in equiaxed regions to slower growth rate, a reduction 

of V independent of pt or DL. They observed that carbon increases 

the segregation of chromium in steel by reducing the value of Cm 

and accounted for this by considering the effect of carbon on the 

equilibrium partition coefficient of chromium and the dendrite tip 

radius. They found the value of Cm insensitive to variations in the 

cooling rate and explained this effect by considering that the finer 

dendrite spacing found at higher values of V tends to maintain the 

product VPt constant. 

FINAL SOLIDIFICATION STAGE 

As in the case of the initial stage of solidification, there are 

several theories concerning the final stage of solidification during 

which the liquid pools between the arms of the dendritic skeleton 

solidify. 
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One theory considers that the ratio of solute concentration in 

the solid at the interface, Cs,* to that at any point in the liquid, CL, 

is given by the equilibrium partition coefficient, ko. This approach 

was taken by many investigators including GULLIVER (1922), 

SCHEUER (1931), HAYES and CHIPMAN (1939), SCHEIL (1942), 

McFEE (1947), PFANN (1952) and FLEMINGS et al. (1960) and shall 

be · discussed in more detail in Section 4. 2. 1. Assuming that: 

i) the partition coefficient ko is independent of alloy composi

tion; 

· ii) there is no back-diffusion of solute from the interface 

into the second phase; 

iii) the composition of the liquid phase is uniform; 

iv) the solidification is unidirectional, 

then c; is given by: 

* k -1
Cs = ko co <1-g) o (2. 3. 4) 

where g is the fraction solidified. 

BOWER et al. (1966) argued that the magnitude of the concen:

tration differences in the liquid pools between the dendrite arms, 

and hence the validity of the third assumption, depended on the para

meter a L =Dr, tr I >..
2

, where DL is the diffusion coefficient of 

solute in the liquid; tr, the local solidification time, and X, one-

half the dendrite arm spacing. When aL is much greater than 
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unity, the concentration differences in the interdendritic liquid are 

small. 

In order to account for the effects of back diffusion of 

solute, they derived approximate expressions similar to Equation 

2. 3. 4. For a constant rate of thickening of dendrite plates, the 

relevant expression is: 

1--gJko-1cs * = koCo [ (2.3.5)
1 + CZsko 

and for a parabolic rate of thickening, 

ko - 1 

(2. 3. 6) 

2where a =D8tr I }I. as before. Using these uniform liquid 
8 

models, as well as . a more accurate finite-difference solution, they 

calculated several characteristics of a cast Al - Cu alloy, such as 

the weight fraction nonequilibrium second phase in the structure, 

and found good agreement with the values measured expeiimentally, 

provided a conversion factor of 0. 32 was applied to the measured 

dendrite arm spacing. However, KIRKWOOD and EVANS (1967) 

pointed out that the need for a correction factor could be obviated 

by choosing a ·diffusion coefficient about an order of magnitude 

larger. In effect, the recent work of MURPHY (1961) indicates that, 

at the temperature of interest, the diffusion coefficient of copper in 
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aluminium may be about an order of magnitude larger than thP. co

efficient reported by BEERWALD (1943) and used in the work of 

BOWER et al. (1966). 

TILLER et al. (1953) and SMITH et al. (1955) have quantita

tively examined the segregation of solute in the presence of concen

tration gradients in the liquid assuming no convection in the liquid, 

negligible diffusion in the solid, a constant value of the partition 

coefficient k0 arid a constant gro~wth velocity. 

Considering the solidification of a long but finite specimen 

of average solute content Co, the initial layer of solid to form has 

a solute concentration of koC o and the concentration of solute in the

liquid adjacent to the interface rises as solute is rejected. The 

increase in concentration continues until the solute concentration in 

the solid adjacent to the interface reaches a value equal to the aver

age concentration of the liquid, Co. This point marks the end of 

the transient region and the beginning of the steady-state region in 

which the distribution of solute in the liquid ahead of the interface 

remains constant. The relation between solute concentration in the 

solid phase and distance in the initial transient region is: 

Co + erf.J(v/2D1)z1 + (2k0 - l) exp [-k0(1-kcY(R/1\)z1]2 
(2k0-1) (V/~)z1J}erfc . (2. 3. 7)[ 2 
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A simpler but approximate relation is: 

(2. 3. 8) 

In these equations, V is the interface velocity, DL the solute dif

fusion coefficient in the liquid and z 1, the distance measured from 

the beginning of the specimen. The advantage of using the latter 

relation is that it has a simple characteristic distance 

(2.3.9) 

which is approximately the length of the initial transient region. 

In the steady-state region, the concentration of solute in 

the solid is, of course, 

Cs= Co (2. 3. 10) 

The solute distribution in the liquid ahead of the interface is given 

by: 

1-ko ( v )] ' . (2. 3. 11)CL = Co [ 1 + ko exp - ~ Z2 

where z2 is the distance into the liquid from the interface. The 

characteristic distance of this distribution is 

(2. 3. 12) 

When the interface is less than a distance approximately 

~/V from the end of the specimen, the solute in the liquid phase 

reflects on the final boundary, builds up and causes both solid and 

liquid interface concentrations to increase. The concentration in 
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the solu.te rises from the value Co to a much higher value in the 

manner given by: 

1 - ko v ) (1 - ka) (2 - ko) 

Cs = Co { 1 + 3 1 + ko exp (-2 (~ z3) + 5(l+ka(2+k~ 


V ) · ( 1 - ko) <2 - ka) · · · (n - ko) 
exp ( - 6 (Dr. z3 ) + . . . (2n + 1) (1 + ko) (2 +ko) . . . (n + ko) 

exp ( -n(n + 1) (riL) z3 ) .... ] (2. 3. 13) 

where z3 is the distance measured from the end of the specimen. 

These calculations assume that Cs goes to Co before the 

solute distribution in the liquid impinges upon the limit of the segre

gation cell under consideration, or equivalently, before it begins 

interacting with the solute distribution of an adjacent cell. It is 

possible, in practice, that the steady-state regime during which 

Equation 2. 3. 10 holds may not be attained. However, TILLER 

(1959) showed that the true concentration in the solid would be be

tween the upper limits C~ax(z3) calculated by Equation 2. 3. 13 and 

a lower limit c~in (z3) calculated by treating the initial transient 

distribution in the liquid as a steady-state distribution with an inter

face concentration of aC0/k0 and a bulk concentration of ac0 . 

Presumably the factor "a" could be determined by equating the value 

of Cs to aC0 when the solute distribution in the liquid for the initial 

transient impinges upon the cell boundary. An approximate expres
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sion for this distribution was derived by TILLER et al. (1953): 

where z 1 is the distance of the interface from the beginning of the 

crystal and z2 is the distance of a point in the liquid as measured 

from the interface~ 

COATES et al. (1968) extended the analysis of TILLER et al. 
t 

(1953) for steady-state distributions of solute in the liquid phase to 

ternary systems: 

(2.3.15) 

(2.3.16) 

where CL and CL are the solute concentrations in the liquid at a
1 2 

distance z2 from the interface moving at constant velocity V, and 

(2. 3. 17) 

(2.3.18) 

all= [n12Co2(1~~!) + !(Dll-n22 +D*) c01(~f)J/n*(2.3.19) 
1

(2. 3. 20)al2 = Co1 ( ~~ - all 
1 

321 = [ D21 Co1 c-:I)- t ( Dn - D22 - n*> Co2 ( l~~)J/n* (2. 3. 21) 
.. kl 2 

http:c01(~f)J/n*(2.3.19
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. c-k2) (2. 3. 22)a22 = Co2 kT - a21 

2 


Ul = ~(Dll + D22 + n*) (2.3.23) 

U2 = t(D11 + D22 - n*> (2.3.24) 

2n* = [ (Dn - D22)2 + 4 D12 D21 r (2.3.25) 

wh_ere Co1 and Co2 are the solute concentrations in the bulk liquid; 

T T
ki and k2, the equilibrium partition coefficients; n11 and n22 , the 

on-diagonal diffusion coefficients; and n12 and n21 , the off-diagonal 

diffusion coefficients. Each of these expressions reduces to Equa

tion 2. 3. 11 if diffusional interaction is ignored, i.e., = =if n12 n21 

0. 

Ternary expressions for the initial and final transient solute 

distributions have not been developed. 

There is experimental evidence for the existence of concentra

tion gradients in the liquid during interdendritic solidification, espe

cially in rapidly cooled specimens. KOHN and PHILIBERT (1960) 

determined the phosphorus distribution in a Fe - 1. 1 wt% P alloy 

solidified by aspiration into a cold refractory tube, using an electron-

probe microanalyser. The phosphorus distributions clearly had the 

shape of braces suggesting the existence of the three characteristic 

periods of solidification described by Equations 2. 3. 7, 2. 3. 10 and 

2. 3. 13. SHARP (1967) solidified an Al - 2 'Yi% Cu alloy in a capillary 



27 

tube of 1 mm bore and quenched in the solute distribution in the 

liquid ahead of the solid-liquid interface. The electron-probe 

results clearly show a transient peak superposed on an approxi

mately exponential solute profile which would be expected for 

diffusion-controlled solidification. 

The work of WEINBERG (1963) and COLE and WINEGARD 

(1964-65) suggests that convective mixing in liquids is quite effici

ent in volumes of characteristic dimensions larger than 1000 microns. 

As a result, the solute accumulation in large volumes of liquid can 

be reduced by convection, in which case the solute profile exhibits 

a steep solute gradient next to the interface and a uniform solute 

concentration in the liquid remote from the interface. A theoreti

cal analysis of this case by BURTON et al. (1953) showed that the 

effective partition coefficient ke was related to the equilibrium 

partition coefficient ko by: 

ko 
(2. 3. 26)

ke = ko + (1-ko) exp ( - V 8 /DL) 

where 8 is the thickness of the diffusion-limited layer. As pointed 

out by HELLAWELL (1967), the value of ke calculated from Equa

tion 2. 3. 26 rises from ko to 1 in the range . 

0.1 (VS/~< 10, 

for 8/D ~ 102 - 103 sec/cm, that is, in the range of solidification 

velocities 
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0. 3 cm/hr <V <300 cm/hr , 

which includes most cases encountered in practice. 

2. 3. 3-INCLUSION FORMATION 

Over the years, steelmakers have made correlations between 

the habit, structure, type, parameter and composition of solidifica

tion products, i.e., endogenous inclusions, and the alloy content of 

various melts. However, as a r,eview of pertinent literature will 

demonstrate, the understanding of inclusion formation is far from 

adequate and many discrepancies remain in spite of a massive 

research effort. 

The only inclusions of concern in this study are oxy-sulphides, 

although it should be noted that other types, namely phosphides, 

selenides, nitrides and carbides, are known to precipitate from com

plex melts (SIMS, 1963). As a result of extensive investigations 

SIMS and DAHLE (1938) classified oxy-sulphides in cast steels into 

three types according to their morphology: 

Type I: Large, globular inclusions. 

Type II: Small, thin or bead-like inclusions in a formation. 

Type III: Massive, irregular and angular inclusions. 

T4e three types have been sketched in Figure 2. 3. 2 after the work 

of KIESSLING et al. (1963). 

While researchers agree that there are three distinct inclu
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sion types, there is considerable controversy over the location of 

the inclusions relative to the segregation. cell boundaries or to the 

primary grain boundaries. The present study suggests several 

reasons for this uncertainty: 

i) the 8 +y and y ~a transformations in iron-base alloys 

erase the primary cell boundaries, 

ii) attempts to reveal segregation by chemical methods are 

frustrated by the low solute content of industrially important alloys 

and 

iii) experiments to reveal segregation by heat treating alloys 

containing carbon are often inconclusive because the inclusions 

influence the y ~ a transformation. 

Various theories have been advanced to explain the formation 

mechanism and location of the inclusion types. According to Sll\.fS 

and DAHLE (1938) all three inclusion types were located on primary 

cell or grain boundaries. Type I sulphides precipitated in medium

carbon, low-alloy, silicon-deoxidised steels, where the oxygen con

centration was relatively high ( ) 0. 008 - 0. 01 wt%) and there was 

almost no metallic aluminium residue. The inclusions were large 

since they precipitated early in the solidification process and their 

spherical form indicated that they precipitated as liquids in ·a liquid 

metal. They were liquids because of the presence of iron sulphide, 

· and manganese, iron and silicon oxide. Type II inclusions were 
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formed when the oxygen content was below 0. 008 - 0. 01 wt%, as a 

result of using strong deoxidisers such as aluminium, titanium or 

zirconium. SIMS and DAHLE were of the opinion that lowering the 

oxygen level : 

i) increased the solubility of the sulphide phase in the steel 

so that the last liquid to freeze was sulphur-rich and solidified as 

a eutectic, and 

ii) lowered the interfacial tension of the sulphur rich den

dritic concentrate so that it spread as a continuous film among the 

primary crystals of iron. 

Type III inclusions were formed when excess amounts of aluminium 

or zirconium were added to a steel (SIMS, 1959). They were 

crystalline and therefore precipitated as solids or at least solidified 

before the iron matrix. They had an intercrystalline location but 

did. not appear to be part of a eutectic. SIMS suggested that the 

sulphide-rich liquid from which the inclusions precipitated broke up 

into pools as a result of high interfacial tension. 

MARICH and PLAYER (1969) studied the formation of both 

iron and manganese sulphide inclusions in melts containing less 

than 0. 02 wt% impurities. They produced Type I, II and HI inclu

sions simply by varying the oxygen content in the range 0. 0010 

0. 010 wt%. Both iron and manganese inclusions were found to 

undergo essentially the same shape changes. In melts containing 
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0. 001 wt% 0, the inclusions were faceted (Type ill); in melts con

taining 0. 003 wt% 0, the inclusions were whole or pinched-off- films 

around the iron grains (Type II); in melts containing 0. 01 wt% 0, 

the inclusions were globular in shape (Type I). MARICH and 

PLAYER agree with SThiS and DAHLE '(1938) on the mode of form

ation of Type I and Type II inclusions. However, they discussed 

the transition from Type ill to Type II inclusions in terms of the 

effect of oxygen on JACKSON's ( factor (JACKSON, 1959). At 

low oxygen levels, they proposed that { is large so that the solid 

inclusion grows with a faceted interface (Type III). At higher levels, 

( is small and the inclusion grows with a rough interface (Type Il). 

DAHL. · et al. (1966) studied the conditions for the occurrence 

of the various types of sulphide inclusions in melts containing about 

0. 2 wt% S. Type I inclusions formed at oxygen contents of 0. 02 

wt% and over. While the inclusions appeared to be randomly dis

tributed, they were in fact located exclusively in zones of positive 

segregation as revealed by OBERHOFFER's etch. Both Type I and 

Type II inclusions were present for oxygen contents in the range 

0. 02 - 0. 01 wt%. ·For oxygen contents below 0. 01 wt% DAHL. et 

al. observed only Type Il inclusions. They also demonstrated, as 

did MARICH and PLAYER (1969), that the formation of Type III 

inclusions did not require the presence of aluminium in the melt. 

Type m inclusions formed with the addition of over 8 .wt% silicon 
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or 3 wt% carbon. If the two elements were present, only approxi

mately 2 wt% carbon and 2 wt% silicon were needed. Increasing 

the aluminium concentration of a low carbon steel in the absence of · 

silicon did not lead to the formation of Type III inclusions but 

rather mixed aluminium - manganese sulphides. It appeared that 

aluminium led to the formation of Type III inclusions only in the 

presence of significant amounts of carbon and silicon. In this re

spect, the optimal aluminium concentration was 0. 05 - 0. 3 wt% when 

the carbon and silicon contents were of the order of 0. 1 - 0. 4 wt%. 

Unlike Sll\1S and DAHLE (1938) and MARICH and PLAYER 

(1969) who attributed the change in the types of inclusions to surface 

tension effects, DAHL et al. (1966) interpreted their results in terms 

of constitution diagrams. They discussed the formation of Type I 

inclusions in terms of an isopleth of ·the Fe - MnS - MnO diagram 

shown in Figure 2. 3. 3-a. For a melt of composition c0 , primary 

iron precipitates, followed by the liquid L 2. Upon further cooling, 

the liquid L 1 rich in iron precipitates more iron. The sulphur

rich liquid then precipitates solid MnS, solid MnO and MnO and Fe. 

This ternary eutectic is normally not visible because of the low 

oxygen levels associated with Type I inclusions. In order to explain 

the formation of Type II inclusions DAHL. et al. employed the quasi

binary Fe - MnS system shown in Figure 2. 3. 3-b. For alloy com

positions such as Cb, primary iron precipitates and the liquid be
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comes enriched in manganese and sulphur. When the liquid com

position reaches the eutectic composition, MnS sulphides precipi

tate at cell boundaries. ·The angular nature and uniform distribution 

of Type ill inclusions led DAHL et al. to explain their formation 

in terms of the quasi-binary Fe - MnS system shown in Figure 

2. 3. 3-c. The addition of carbon and silicon to a melt increases 

the activity of the sulphur which is thermodynamically equivalent 

to reducing the solubility of the sulphide in the melt. The melting 

point of iron decreases and the miscibility gap shifts towards the 

iron corner. For low alloy melts, the composition C is located0 

to the left of the eutectic point, and such melts produce Type Il 

inclusions as seen previously. Type ill inclusions are formed at 

higher carbon and silicon concentrations because Co is located to 

the right of the eutectic so that primary MnS precipitates and 

grows. Aluminium decreases the solubility of sulphur and lowers 

the melting point of iron but not sufficiently, according to DAHL 

et al., to explain the formation of Type Ill sulphides in the pres

ence of carbon and silicon. They argued that aluminium has a 

.specific role which consists of fixing the oxygen which may be 

present in the MnS phase, thereby promoting the primary precipita

tion of solid MnS. 

YEO (1967) looked into the effect of oxygen on the machin

ability of resulphurized steels containing nominally 0. 1 wt% c, 
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1. 0 wt% Mn and 0. 25 wt% S. He i.ound that deoxidation suppressed 

the formation of large random sulphide inclusions (Type I) and 

caused the steel to solidify with a eutectic structure in which the 

inclusions were comparatively small (Type II). He proposed 

(independently, it seems) an explanation very similar to that of 

DAHL et al. (1966) for the formation of Type I and Type II inclu

sions. However, in contradistinction to STh1S (1959) and DAHL et 

al. (1966), YEO states that Type I inclusions are randomly dis

tributed. 

If the explanation of DAHL et al. (1966) for the formation 

of Type I inclusions is accepted, it is clear that the position of 

the miscibility gap in the Fe - Mn - S - 0 system just above the 

liquidus temperature of a steel melt is most important in determin

ing whether or not Type I inclusions are formed, and if so, in what 

quantity. BOOTH and CHARLES (1969) investigated the two-phase 

region of liquid immiscibility in the Fe - Mn - S - 0 system by 

analysis of levitation melted and splat-cooled specimens. The 

distribution of the metal phase compositions is reproduced in Figure 

2. 3. 4. The alloys were equilibrated at temperatures which varied 

about the 1520°C mark. The oxygen concentrations of the metal 

phase was approximately 0. 1 wt%. These results are given here 

because of the potential usefuln ess to the present investigation on 

the formation of inclusions. 
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The effect of solidification rate on the formation of sulphide 

inclusions in Fe -. Mn - S alloys containing different amounts of car

bon, silicon and aluminium studied by MOOHLA and BEECH (1969) 

using metallographic and microradiographic techniques. An increase 

in solidification rate generally caused ·a transition from Type I or 

Type III to Type II inclusions. MOOHLA and BEECH qualitatively 

explained their results using the constitution diagram approach of 

DAHL et al. (1966) and th~ fact that higher solidification rates 

favour a greater proportion of non-equilibrium eutectic . They 

found by microradiography that both Type II and Type III inclusions 

were located in the interdendritic spaces. They speculated that 

Type III inclusions were formed in the liquid, pushed ahead of the 

solid-liquid interface and trapped in the dendrite arms. No details 

were given on the location of Type I inclusions. 

LICHY et al. (1965) also reported that the form of the sul

phide in as-cast steel was strongly affected by solidification rate. 

High rates invariably produced small globular sulphides whereas 

low rates yielded a variety of inclusion forms depending on the 

type of addition employed. Although LICHY and co-workers did 

not quote the precise· location and type of the small globular sul

phides, it is presumed that they were eutectic Type II inclusions, 

in agreement with the results of MOOHLA and BEECH (1969). 
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2.4 	- INFLUENCE OF INCLUSIONS ON SOLID-STATE TRANS

FORMATIONS 

In the course of this investigation, a number of interactions 

between inclusions and solid-state reactions were encountered. This 

section is a review of observations reported in this area. 

It was pointed out in Section 2. 3. 1 that inclusions of (Fe, 

Mn) S,which precipitate during the solidification of Fe - Mn -S 

alloys, reject iron and become enriched in manganese during sub

sequent cooling. A number of investigators have discussed this 

phenomenon (WHITELEY, 1937; KIRKALDY et al. (1963); KIESSLING 

and LANGE (1963); SALMON COX and CHARLES (1965); KIESSLING 

and WESTMAN (1966). The calculations of KIRKALDY et al. demon

strated the tendency for manganese to diffuse to the sulphide phase: 

using thermodynamic data on the free enthalpy of formation of FeS 

and MnS and assuming ideality of the Fe - Mn and FeS - MnS solu

tions, they calculated the equilibrium content of an FeS - MnS 

inclusion and found that in a low-·carbon steel containing 0. 8 wt% Mn 

an inclusion would contain 50 - 88 wt% MnS at 1500°C, 89-98 wt% 

at 1227°C and 99 - 100 wt% at 927°C, the temperatures being typical 

of solidification, soaking and finish of rolling respectively. As a 

result of the manganese transfer, the matrix surrounding the inclu

sion is depleted in manganese, unless, of course, the system is 

allowed to attain equilibrium. The existence of a manganese-depleted 
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region, predicted by WHITELEY (1937), has been determined by 

DELORME et al. (1961), KIRKALDY et al. (1963), SALMON COX 

and CHARLES (1965), LEGER and DETREZ (1965), PHILIBERT et 

al. (1965), KIESSLING and WESTMAN (1966), and others using 

electron probe microanalysis. It is interesting to note in passing 

that DELORME et al., LEGER and DETREZ and PHILIBERT et al. 

attributed the depletion to a dendritic solidification mechanism 

rather than a solid-state redistribution of manganese during cooling. 

SALMON . COX and CHARLES studied manganese depletion adjacent 

to iron-manganese sulphides in relation to the macrostructure of a 

3! ton ingot containing 0. 2 wt% C, 0. 8 wt% Mn, 0. 2 wt% S. They 

observed that the depletion varied in extent and in regard to the 

minimum manganese concentration. In the columnar zone, the 

manganese depletions were low ( AJ 0. 2 wt%) and extended for dis

tances up to 20 microns. Depletions were not detected around 

many inclusions. In the branched columnar, inverted V segregate, 

and equiaxed zones the depletions were more pronounced ( rJ 0. 4 wt%) 

and extended for 30 microns. The concentration around a· two-phase 

iron/manganese sulphide inclusion in the equiaxed zone was almost 

zero for a distance of a few microns. 

Regardless of the mechanism, the matrix in the immediate 

vicinity of the inclusion is depleted in manganese and hence its 

physical properties may differ significantly from those of the bulk 
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matrix. In particular, during the austenite-ferrite transformation, 

ferrite would be expected to nucleate first in the deplete~ regions, 

since manganese favours the formation of YFe, causing the rejec

tion of carbon to the surroundings and formation of pearlite further 

away in the bulk matrix. 

DELORME et al. (1961) in their study of band_ing in forged 

steels, found that sulphides in steels containing 1. 42 wt% Mn and 

0. 008 wt% S (high manganese, low sulphur) were in the pearlitic 

bands indicating that nucleation of ferrite occurred in the manganese

depleted dendrite cores. The sulphides in alloys containing 1. 11 wt% 

Mn and 0. 050 wt% S (high manganese, high sulphur) were located in 

the ferritic bands. DELORME and co-workers argued that ferrite 

tended to nucleate in the interdendritic regions depleted in manganese 

by the enhanced precipitation of manganese sulphides. The sulphides 

in alloys containing 0. 7 wt% Mn and 0. 008 wt% S (moderately high 

manganese, low sulphur) were located in both the pearlitic and 

ferritic bands. 

TURKDOGAN and GRANGE (1968) investigated microsegregation 

in steels containing 1. 5 wt% Mn, 0. 05 wt% S and 0. 25 wt% C and found, 

as DELOR.l\1E et al., that the sulphide precipitates were surrounded 

by the ferrite phase. They noted and discussed the effect of cooling 

rate over the temperature range of the gamma-alpha transformation 

range on the extent of ferrite precipitation around the sulphide inclu
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sions relative to the amount formed within the dendrite cores. At 

sufficiently low transformation rates, carbon appeared to have suf

ficient time to diffuse in the dendritic cell and suppress the forma

tion of ferrite in the low-manganese dendrite cores. As a result, 

massive ferrite regions appeared around the inclusions. At higher 

transformation rates, they argued, carbon rejected from the ferrite 

layer could not diffuse away fast enough, retarding the growth of 

ferrite but leaving unhindered the nucleation and growth of ferrite 

in the low-manganese dendrite cores. Henc·e the locations of the 

ferrite and pearlite regions were inverted with respect to the pre

vious case. It is interesting to note that TURKDOGAN and GRANGE 

concluded that in both as-cast and annealed steels the sulphide · 

inclusions act as nuclei for the precipitation of the ferrite phase 

during decomposition of austenite, without alluding to the existence 

of a manganese-depleted region around the inclusions. 

2. 5 - TRANSITIONS IN SEGREGATION STRUCTURE 

It is clear from the preceding sections that periodic micro

segregation occurs as a result of non-planar solidification. It fal

lows that this review would be incomplete without consideration of 

the work on criteria for transitions in segregation structure. 

As solidification proceeds in an alloy system where the 

partition coefficient ko is less than 1, solute material is rejected 
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from the solid and builds up at the solidification front as indicated 

in . Figure 2. 5. 1. Since every point in the liquid has a definite con

centration of solute, it also has a definite liquidus temperature. As 

shown in Figure 2. 5. 2, the liquidus temperature rises from that at 

the interface, where it equals to a good approximation the actual 

temperature, to the value associated with the average liquid concen

tration. If the actual temperature gradient is lower than the liquidus 

temperature gradient, the actual temperature at every point in the 

shaded region is below its equilibrium temperature and the liquid in 

this region is said to be constitutionally supercooled. 

The constitutional supercooling principle was devised by 

RUTTER arid CHALMERS (19-53) to explain the formation of a cellular 

solidification front. The principle was put on a quantitative basis by 

TILLER et al. (1953) for binary systems and extended to ternary 

systems by COATES et al. (1968). Their analyses yielded a para

meter useful in the design and interpretation of solidification experi

ments, namely, the ratio of temperature gradient to solidification 

rate, G/V, for which a planar/cellular transition occurs in the struc

ture for a given average solute concentration. 

The constitutional supercooling principle states that if the · 

temperature gradient G at a solid-liquid interface is less than the 

interfacial liquidus gradient GL, then a planar interface is unstable 

and breaks down. In other words, the system is incipiently unstable 
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if: 

(2. 5. 1) 

The value of GL is obtained by considering the two solute distribu

tions ahead of a moving planar interface and referring to the appro

priate phase diagram. The general instability criterion in ternary 

systems is explicitly given by: 

(2. 5. 2) 

where mf and mi are the partial slopes (including sign) of the 

ternary liquidus surface at the point defining the liquid composition 

at the interface; k'f and ki, the ternary partition coefficients; c01 
~ l'V 

and c , the average solute concentrations; n11 and n22 , variable02 
l'V ,...., 

on-diagonal solute diffusivities and n12 and n21 , variable off-

diagonal diffusivities. The latter can be calculated with the follow

ing first order approximations for dilute ternary solutions (KIRK

ALDY and PURDY, 1962) : 

(2. 5. 3) 

(2. 5. 4) 

where E 12 is the cross-interaction parameter and CLl and CL2 
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·are tht: concentrations in the liquid phase expressed in mole fractions. 

If diffusional interaction is ignored and the ternary partial 

slopes and partition coefficients are taken as constant and equal to 

their binary counterparts, Equation 2. 5. 2 reduces to: 

k2- 1) (2. 5. 5)
( k2 . 

which is the simple addition of binary effects suggested by 

CHALMERS (1964). Generalizing to multicomponent solutions, 

ki - 1). ~ <i (2. 5. 6)( k·1 

As discussed in Section 4. 1. 8, · COLE and WINEGARD (1963

64) were unsuccessful in interpreting their work on dilute ternary 

alloys in terms of Equation 2. 5. 6. It is possible, however, that 

solidification occurred under convective conditions thereby rendering 

difficult the interpretation of data in terms of straightforward con

stitutional supercooling principles. 

Statistical and numerical analyses performed by DA VIES (1967) 

on existing data pertaining to the planar/cellular transition in binary 

·alloys confirmed that the transition was justifiably described by a 

criterion of the form: 

G/V oc Co (2. 5. 7) 

The problem of the cellular/cellular-dendritic transition is 
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considerably more complex and has not to date been treated with 

the same measure of success as has been the planar/cellular 

transition. WEINBERG and CHALMERS (1952) and WINEGARD and 

CHALMERS (1954) first suggested that the dendritic structu:re was 

a development of the cellular structure and was induced by im

posing a greater constitutional supercooling. MORRIS et al. (1955) 

undertook quantitative experiments on Pb - Sn alloys to determine 

the conditions of solidification under which the transition from one 

structure to the other takes place. Their results indicated that 

the transition occurred at a definite G/V ratio for each composition. 

The work of TILLER and RUTTER (1956-a) on binary lead-base 

alloys containing tin, silver and gold indicated that conditions cor

responding to the onset of dendritic solidification were dependent 

as well upon the crystallographic orientation of the solid with respect 

to the macroscopic growth direction. For a given temperature 

gradient and solidification rate, higher solute concentrations were 

required to cause dendritic freezing in crystals growing in an orient

ation close to the macroscopic growth direction than for crystals 

.growing in an orientation very different from the dendrite direction. 

For alloys of tin as a solute in lead, the limits of the orientation 

range were linear when the average solute concentration was plotted 
1 

as a function of the ratio G/V2: 
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1 

Co=~ G/V2 (2. 5. 8) 

(2.5.9) 

where Bil· and BL are proportionality constants and ~ ) Bi!_. If 
1 

c0 ) ~ G/V2, cells of high misorientation with respect to the 

macroscopic growth direction broke down into dendrites; if 

Co· ) BL G/V2
1 

, cells of low misorientation broke down into den

drites. TILLER (1956) later proposed a more explicit and general 

criterion for the transition: 

1 

G/V2 = A' d9 Cb/ko (2.5.10) 

where A' is a proportionality constant; d9 , the width of the cells 

at breakdown for a particular orientation 8 ; and ko, the partition 

coefficient. HOLMES et al. (1957) conducted experiments on alloys 

of lead containing silver and found that the transitions for their 

system and the lead-tin system studied by TILLER and RUTTER 

{1956-a) were roughly coincident when the results were expressed 

as Co/ko versus G/V2
1 

. However, the experiments of PLASKETT 

and WINEGARD {1960) on tin-base alloys containing antimony, bis

muth and lead did not show the orientation dependence of the trans

ition and plots of G/V2 
1 

versus Co lko were not linear. The 

experiments of COULTHARD and ELLIOT (1967- a) on alloys of the 

lead-tin, lead-indium ·and tin-lead systems failed to confirm the 

dependence of cell size on the solidification parameters used by 
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PLASKETT and WINEGARD (1960). As a result, COULTHARD 

and ELLIOT concluded that there was reason to doubt the validity 

of Equation 2. 5. 10. COULTHARD and ELLIOT (1967- b) reviewed 

the observations on the dependence of the cellular/cellular/dendritic 

transition on the solute concentration Co and the growth conditions 

G and V in the lead-tin and tin-lead systems; they also made 

measurements over a more extensive range of solidification condi

tions in these systems and found that a transition criterion of the 

form 

G/V 0: Ae 	Co ' (2. 5. 11) 
ko 

where A9 is a proportionality constant, gave a better fit to the 

data. However, DAVIES (19.67) concluded, as a result of statistical 

and numerical analyses conducted into the data on the cellular/cellular

dendritic transition, that there was a 11lamentable" lack of significance 

in the measurements and that there was no simple criterion for this 

transit ion. 

In summary, while the experimental work reviewed in the 

preceding paragraph has failed to yield a quantitative criterion, con

siderable insight has been gained into the cellular/cellular-dendritic 

transition: the formation of dendrites is favoured by increasing the 

constitutional supercooling, that is, by increasing Co and decreasing 

the G/V ratio and ko; it is also favoured if the size and misorienta
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tion of the cells which break down into dendrites are large. 

The work of SUBRAMANIAN et al. (1968- a) on the growth 

morphology of iron alloys revealed that both the planar/cellular 

and cellular/celltilar dendritic transitions occur in the same ingot. 

The solidification of their alloys proceeded initially by the forma

tion of branching dendrites, followed by thickening of dendrite arms 

by cellular growth and finally by planar growth into enclosed vol
' 

umes of liquid. These authors concluded that constitutional super

cooling steadily decreased throughout the process, protably as a 

result of the reduction in growth rate and levelling of solute gradi

ents in the small remaining volumes of liquid. 

While the planar/cellular and cellular/cellular-dendritic trans

itions are the most important and clear-cut transitions, the evolution 

of the substructure as a · function of the degree of constitutional super

cooling actually comprises, according to BILONI (1967), a consider

able number of identifiable steps: 

i) planar interface 

ii) ordered nodes 

iii) two-dimensional or elongated cells 

iv) regular or hexagonal cells 

v) distorted cells, or hexagonal cells with branches 

vi) dendrites or cellular dendrites 
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2. 6 - DENDRITE ARM: SPACING 


Once breakdown of the virtual planar or cellular interface 

has occurred, the question of paramount importance in theoretical 

and in practical work is the spacing of dendrite arms. ALEXANDER 

and RHINES (1950) studied the spacing of dendrite arms in a number 

of aluminium, antimony, cadmium, copper, lead, magnesium, silver, 

tin and zinc alloys and found that: 

i) dendrite arm spacing always increased with increasing 

solute concentration; 

ii} dendrites were generally coarser when the crystal 

structure of the solvent was less densely packed; 

iii) dendrite arm spacing was inversely proportional to the 

growth rate; and 

iv) dendrite arm spacing in a given alloy system varied in 

the same manner as the ratio of latent heat of fusion to thermal 

diffusivity. 

MICHAEL and BEVER (1954) observed an increase in den

drite arm spacing in aluminium-copper alloys containing up to 

5 wt% Cu with decreasing rates of solidification but did not detect 

an appreciable change in dendrite arm spacing with increasing 

copper concentration over the composition range investigated. 

HORWATH and MONDOLFO (1962) studied the spacing of 

dendrite arms in aluminium-copper alloys and found that spacing 
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was inversely proportional to cooling rate, but the spacing decreas

ed with .increasing solute concentration up to the eutectic composition 

and then increased again. They proposed a relation of the form 

(2. 6. 1) 

where d is the dendrite arm spacing; V , ' the cooling rate; c0, the 

average mole fraction of solute; and a1, a2 and are constants.a3 

BELL and WINEGARD (1963-64) measured the dendrite arm 

spacing in tin-lead alloys solidified vertically under steady-state con

ditions, as a function of the temperature gradient in the liquid, G, 

the growth velocity V and the solute concentration c0. They found 

that dendrite arm spacing decreased as G and V increased, and 

increased with C 0, and gave the functional dependence as 

d = (a1 - a21nG) v-n (2. 6. 2) 

where a1, a2 and n increased with solute concentration and n was 

less than unity. No justification was given for this particular form 

of relationship. 

SPEAR and GARDNER (1963) studied the effect of solidifica

tion rate and alloy composition upon cell size in aluminium casting ) 

alloys and found that the cell size decreased with increasing solute 

concentration and solidification rate. The relationship between cell 

size d, in inches, and the cooling rate V , ' in °F/sec, was approxi

mately: 
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d = 0. 0021'YV' 	 (2. 6. 3) 

The dendrite cell size 	was measured in this work by counting the 

number of cell intercepts per inch along a straight line and thus 

yielded an average dendrite arm spacing. 

BOWER et al. (1966) measured secondary arm spacing in 

Al - 4. 5 wt% Cu alloys 	as a function of local solidification time. 

Combining results of other exper~menters and their own, they 

arrived at the following relation between arm spacing d, in microns, 

and local solidification 	time, ~' in sec 

0 39d = 7. 5tr · 	 (2. 6. 4) 

ROHATGI and ADAMS 	 (1967) investigated dendrite arm spac

ing and structure as a function of solute concentration and solidi

fication rate in aluminium-copper alloys. They concluded that 

dendrite arm spacing was directly proportional to the inverse square 
I 

root of solidification rate, both in hypo- and hypereutectic alloys 

and that it increased linearly with increasing solute concentration 

and proposed a relation of the form: 

1 

d = (a1 + a c0) I (dg/ dt) 2 	 (2. 6. 5)
2

where al and are constants and dg/ dt is the change in fractiona2 

solid g, with change in time t. 

ALBERNY et al. (1969) conducted a series of experiments in 

an iron alloy containing 0. 035 wt%C, 0. 009 wt% P and 0. 3 wt%Si. 
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They solidified bars at controlled rates which varied from 2. 5 to 

97 cm/hr under a controlled temperature gradient in the liquid of 

approximately 20°c /cm. The relationship between dendrite arm 

spacing d in microns and growth velocity V in cm/hr can be 

represented by: 

d = 646 v-0 · 217 (2. 6. 6) 

ROHATGI et al. (1969) measured dendrite arm spacing as 

a function of freezing rate, solute concentration and solute diffusiv

ity in dilute solutions of potassium chloride, sodium chloride, 

lithium chloride and hydrogen chloride in water. They observed 

that dendrite arm spacings increased linearly with solute concen

tration, solute diffusivity and decreased linearly with the inverse 

square root of the freezing rate according to the relation 

1 

d = a 1/ (dg/ dt) 2 + a2c0 + a3~ + a4 (2. 6. 7) 

where a 1, a2, a3 and a4 are constants and DL is the solute dif

fusivity in the liquid. 
II 

BACKERUD and CHALMERS (1969) studied dendritic growth 

in binary alloys of aluminium-copper system containing up to 4 wt% 

Cu and found that secondary dendrite arms developed closer to each 

other with increasing rate of heat extraction and solute concentration. 

In summary, the literature indicates that dendrite arm spacing 

varies: 
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i) directly as the average concentration, c0 (although the 

e.vidence is somewhat conflicting in this case), the solute diffus

ivity in the liquid, DL, and: 

ii) inversely as the growth velocity, V, and the temperature 

gradient, G. 

RtrrTER and CHALMERS (1953) discussed the nature of the 

variation of cell size spacing in terms of a thermal and composi

tional lffield of influencetf concept. Presumably, dendrite cell size 

would be affected in the same manner. If the solute content of the 

alloy is increased, the length of the cell projection increases be

cause the width of the constitutionally supercooled liquid ahead of 

the interface increases. These larger projections exert an influ

ence over a larger area on the interface and consequently the den

drite cell size increases. If the growth velocity is high, there is 

little time for diffusion of solute parallel to the interface. The 

compositional field of influence of a projection is therefore reduced 

as the growth velocity is focreased and the cell size or spacing 

must decrease accordingly. If the temperature gradients in the 

·liquid and solid are steepened, a higher proportion of the latent 

heat liberated at each projection is channelled into the solid in a 

direction parallel rather than normal to the growth direction. The 

thermal field of influence of each projection is reduced and hence 

a reduction in cell size occurs. RUTTER and CHALMERS also 
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mentioned that the size of ·cells would be controlled by parameters 

related to the properties of the alloy such as solute diffusivity in 

the liquid phase and thermal diffusivities of the liquid and solid 

phases. However, they made no attempt to estimate the precise 

influence of such parameters on the cell size. 

TILLER (1959) stated that while the variation of the cell 

size with equilibrium partition coefficient ko was not known experi
g 

mentally, it was probable that cell size varied inversely as ko· 
Presumably the variation of k0 affects dendrite arm spacing in a 

similar manner. 

It was assumed in the aforementioned studies that all dendrite 

arms formed during solidification are stable throughout the process. 

Other studies have shown, however, that coarsening, i.e., the 

growth of large dendrite arms at the expense of small dendrite 

arms, occurs at a non-negligible rate. Experiments which directly 

illustrate this coarsening have been conducted on a number of organic 

materials and metallic alloys and have indeed shom that coarsening 

is of overriding importance in determining the final dendrite arm 

spacing. Isothermal coarsening of dendrites in organic materials 

was investigated by PAPAPETROU (1935), CHERNOV (1956), KLIA 

(1956) and JACKSON et al. (1966). The experiments of JACKSON et 

al . . on the growth of dendrites in cyclohexanol with fluorescein pro

vided unequivocal evidence for dendrite coarsening. KATTAMIS, 
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COUGJil.,IN and FLEMINGS (1967) ~tudied the phenomenon in 

aluminium-copper alloys and KATTAMIS, HOLMBERG and FLEM

INGS (1967) in magnesium-zinc alloys. AHEARN and FLEMINGS 

. (1967) studied the dendrite structure . of a unidirectionally solidi

fied Sn - 12 wt% Bi specimen and SUBRAMANIAN et al. (1968- a), 

the growth morphology of some iron alloys. They observed that 

interstices between dendrite arms tended to fill in preferentially 

to form plates parallel or perpendicular to the heat flow direction. 

The experiments and conclusions of the study by KATTAMIS, . 

COUGHLIN and FLEMINGS (1967) have considerable bearing on the 

present work and hence shall be summarized in the following. 

Specimens of an Al - 4. 5 wt% Cu alloy were heated to a temperature 

between the liquidus and solidus and maintained isothermally for 

various lengths of time and then water-quenched. Metallographic 

examination revealed that smaller dendrite arms disappeared with 

increasing holding time while larger arms grew in diameter. Some 

figures are presented here in order to convey the magnitude of the 

effect: for a columnar specimen with an initial solidification time 

of 9. 3 x 103 sec, the dendrite arm spacing increased from an initial 

value of 300 microns to the value 400 microns in 10. 8 x 103 sec. 

The dendrite arm spacing of equiaxed specimens with an initial 

solidification time of 400 x 103 sec and an initial spacing of 190 

microns more than doubled in 9 x 103 sec. The dendrite arm 
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spacing of fine equiaxed specimens having an initial solidification 

time of 1. 7 sec and an initial spacing of 5 microns grew to 10. 5 

microns in 1 sec. Several experiments were also conducted to 

determine if coarsening occurred during solidification as well as 

during isothermal holding. Specimens of the same alloy were 

melted, cooled at a constant rate of 18°C/hour and quenched at 

different time intervals during solidification. Plots of dendrite 

arm spacing versus coarsening time (defined as the sum of the 

solidification and isothermal holding times) for both isothermal 

and solidification experiments, and dendrite arm spacing versus 

local solidification time were found to be overlapping. As a result 

of these experiments and observations, KATTAMIS et al. concluded 

that in specimens of Al - 4. 5 wt% Cu with dendrite arm spacings 

in the range 5 - 1000 m ic rans, 

i) the dendrites coarsen rapidly when held isothermally 

between the solidus and liquidus of the alloy; 

ii) solidification coarsening occurs at the same rate as 

isothermal coarsening; 

iii) final dendrite arm spacing in castings is related to 

coarsening time in roughly the same manner as is final dendrite 

arm spacing in isothermal interrupted solidification experiments; 

iv) the rate of coarsening decreases somewhat with increas

ing fraction solid. 
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The investigators also considered two idealized models for iso

thermal coarsening and showed that 

i) the driving force for the observed coarsening was reduc

tion of the solid-liquid interfacial area; 

ii) the alloy characteristics influenced the rate of coarsening; 

iii) the observed rapid coarsening could be anticipated in a 

wide variety of alloys. 

In the first model, the radius of one dendrite arm is con

sidered smaller than the radius of other dendrite arms. Isothermal 

holding of the system at the melting point of the larger arms 

causes transport of solute from the smaller to the larger arms. 

The dend:rite arm spacing increases as a result of the dissolution 

of the smaller arm. 

In the second model, due to CHERNOV (1956), a dendrite 

arm of radius Pa with a root radius of Pr' where Pr ( Pa' is 

considered. For the same reason as above, transport of solute 

occurs from the region of radius Pr to that of radius Pa· Hence 

the arm melts off at the root and increases the dendrite arm spac

ing. The work of JACKSON et al. (1966) indicates that both mech

aJ!isms (dendrite dissolution and dendrite separation) operate 

simultaneously. 
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2. 7 - INFLUENCE OF CARBON ON SEGREGATION OF ALLOYING 


ELEMENTS 

A fin al area touched upon by this investigation concerns the 

effect of carbon addition on microsegregation. 

De BEAULIEU and KOHN (1957) studied the influence of 

carbon on the segregation of arsenic, chromium, cobalt, copper, 

manganese, molybdenum and tungsten by autoradiography and did 

not detect segregation of these elements in the absence of carbon. 

In melts containing about 0. 4 wt% C, they observed a weak segrega

tion of chromium, cobalt and molybdenum, a marked segregation of 

copper, manganese and tungsten and an intense segregation of 

arsenic. Carbon, they reasoned, increases the solidification inter

val of an alloy, that is, the temperature difference between the 

liquidus and solidus and hence gives rise to segregation of the 

second solute. However, it should be pointed out that an increase 

in the solidification interval does not necessarily lead to an increas

ed segregation of the second solute: there must be a solute inter

action between carbon and the second solute for this to occur. 

PHILIBERT et al. (1965) demonstrated by electron-probe 

microanalysis that the addition of carbon to iron-base binary alloys 

had a marked influence on the segregation of alloying elements in 

laboratory melts solidified at rates similar to those of industrial 

ingots. Carbon influenced the segregation of Ni, Mn, Si, Cr, Mo, 



57 


As, Sn, P, Nb, S, its influence becoming greater in the order 

listed. The solute partition coefficients, it should be noted, were 

roughly in the same order, decreasing from approximately 0. 8 for 

nickel to 0. 05 for sulphur. The authors also showed that the 

absolute value rather than the sign of the interaction parameter 

seemed to be of importance in determining the effect of carbon 

on various solutes. 

In the work of DOHERTY and MELFORD (1966) on Fe - X 

wt% C - 1. 5 wt% Cr alloys the segregation index, 18 , of chromium 

rose to a · maximum around 1. 5 wt% C and decreased again as X 

varied from 0 to 2. 2. One possible explanation, they suggested, 

was that carbon affected k0, the equilibrium partition coefficient 

of chromium in the iron. They conducted experiments on melts 

of Fe - X wt% C - 1. 5 wt% Cr to determine the variation of k0 with 

wt% C. This involved equilibrating a melt in the solid-liquid region 

with 3 - 10 wt% liquid, quenching into brine and measuring the com

position of the two phases by electron-probe microanalysis. The 

measurements showed that increasing the carbon concentration to 

·i. 5 wt% decreased the partition coefficient of chromium by approxi

mately 25% and enhanced its segregation; increasing the carbon 

concentration beyond that value raised the partition coefficient almost 

to the value for the Fe - Cr binary and attenuated the segregation of 
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chromium. The experiments thus appeared to explain, at least in 

part, the variation of Is with the concentration of carbon. 

WEINBERG and BUHR (1967) studied the effect of composition 

on the general casting structure using radioactive tracer techniques. 

They compared the structure of AISI 4340 castings (0. 41 wt% C 

0. 95 wt% Cr -0. 66 wt% Mn - 0. 28 wt% Mo - 1. 88 wt% Ni- 0. 010 

wt% P - 0. 12 wt% S - 0. 35 wt% Si} with similar castings of , 

electrolytic Fe - 0. 012 wt% P, Fe - 2. 08 wt% Ni - 0. 18 wt% P, . and 

low-carbon AISI 4300 type steel. The results suggested that the 

casting structure was controlled by the carbon concentration in the 

melt. The authors propcs ed that the growth frants were planar 

in low-carbon systems and dendritic in systems containing greater 

amounts of carbon. Constitutional supercooling calculations effec

tively indicated that carbon was the overriding contributor to the 

casting structure. 

The work of SUBRAMANIAN et al. (1968-a) on the solidifi

cation of iron alloys containing arsenic chromium, nickel and 

carbon showed that solute elements of low partition coefficient had 

an important effect on the degree of branching of the dendrites. 

In iron-chromium alloys, primary, secondary and tertiary arms, 

and primary and secondary plates were found. The addition of 

arsenic produced quaternary arms and tertiary plates, and the 

addition of carbon, arms and plates of even higher order. 
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TURKDOGAN and GRANGE (1968) evaluated in an approxi

mate manner the isothermal variation of the manganese partition 

coefficient kMn as a function of the car:bon content at 1490°C in 

the y Fe+ liquid region of the Fe - Mn - C system. Their results 

showed that kMn decreased by a factor of two as the ca~bon con

centration increased and thus gave some support for the experi

mental evidence that carbon enhances the segregation of manganese. 

They did not extend their calculations to other systems : 

2. 8 	 - CONTROLLED SOLIDIFICATION TECHNIQUES 

It 1s perhaps useful at this_juncture to review the literature 

on techniques employed to solidify iron alloys in a controlled manner. 

In the context of the present investigation, controlled solidi

fication also implies directional solidification, and it is therefore 

instructive to review, at first, some examples of directional solidi

fication. The most familiar example of directional solidification is 

found in ingots cast by conventional methods. Such ingots generally 

comprise three zones: a chill zone next to the mould wall," consist

ing of very fine grains; an equiaxed zone in the central part of the 

·ingot, 	 consisting of randomly oriented grains; and a columnar zone 

lo"cated between the chill and equiaxed zones, consisting of direction

ally solidified columnar grains. The preferred direction of columnar 

growth in cubic metals is the heat flow direction [100] . WALTON 
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and CHALMERS (1959) have shown that if the angle between the 

[100] directions of two adjacent columnar grains is divergent, 

the more favourably oriented grain grows at the expense of the 

others. 

The principle of directional solidification has been applied 

to steel castings by many workers with different objectives in 

mind. HEUVERS (1929), CHWORINOW (1940), BRIGGS (1946), 

CAINE (1948), ADAMS and TAYLOR (1953), WLODAWER (1966) 

and others, whose interests laid in producing sound steel castings, 

made systematic studies of the feeding of castings by dfrectional 

solidification. The attentions of FLEMINGS et al. (1961), AHEARN 

and QUIGLEY (1964), POLICH and FLEMINGS (1965) and NEREO 

et al. (1965) were focussed on the mechanical properties of direc

tionally solidified steels. These workers produced fully columnar 

ingots by extracting heat from a single face of the mould. They 

maintained a steep temperature gradient throughout solidification by 

using a chill in combination with refractory moulds, preheated 

moulds, exothermic mould materials, and other means of maintain

ing elevated temperatures in certain parts of the mould. This type 

of directional solidification is a transient state process: indeed, to 

a first approximation, the rate of advancement of the solidification 

front varies inversely with the square root of time (RUDDLE, 1957; 

CHALMERS, 1964). The spacing of the dendrites which make up 
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the grains and the width of the grains vary with distance from the 

chill (FLEMINGS et al., 1961), which complicates, to a certain 

extent, the interpretation of results. 

Controlled directional solidification, or simply controlled 

solidification, on the other hand, allows the solidification to pro

ceed at a constant rate and temperature gradient. Numerous 

workers have employed controlled solidification in studies of segre

gation and solute rejection in low melting-point alloys (CHALMERS, 

1964). However, little such work has been carried out on iron

base alloys. 

DIEHL et al. (1965) studied dendritic segregation and arm 

spacing in iron-carbon-chromium alloy bars solidified in a controlled 

manner by progressive withdrawal from a resistance furnace. A 

globar-heated furnace capable of melting specimens at temperatures 

up to 1650°C was constructed with a heating chamber consisting of 

a vertical tube 20 in.(""-' 50 cm) in length. The furnace body was 

mounted in a vertical framework and connected to a variable-speed 

drive unit capable of raising or lowering the furnace at a pre-set 

. rate. The specimen consisted of an alloy bar 30 in. (tv75 cm) in 

length and 1 1/8 in. (rv 2. 9 cm) in diameter, with the upper 13 in. 

("' 33 cm) machined to 1 in. ( "'-" 2. 5 cm) diameter. The upper 

portion of the specimen was fitted into a 1 in. ( rv 2. 5 cm) mullite 

tube, 16 in. ( ~ 40 cm) in length, and open at both ends. The 
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mullite tube served as a crucible to contain the molten alloy, 

while the unmelted portion of the specimen provided a means of 

supporting the crucible within the furnace and of extracting heat 

during solidification. The specimens were thus solidified vertically 

and free from stirring and vibration. DIEHL et al. mentioned 

neither temperature control of the furnace nor measurement of 

temperature gradients in the specimen. 
I 

l 

SMITH and BEELEY (1968) directed their research towards 

the determination of structure and segregation .in steel bars pro

duced by controlled solidification under turbulent conditions promot

ing complete mixing in the liquid phase. These conditions were 

achieved by progressive withdrawal of an alloy specimen from a 

copper induction coil. The mould assembly consisted of a mullite 

tube supported in a zircon-base ramming compound for mechanical 

reinforcement and insulation. The outer container was a laminated 

asbestos paper tube. The assembly rested on a water-cooled copper 

base driven by an electric motor. The specimens were 14 in. 

{rv35 cm) in length and 1.25 in. (rv3.25 cm) in diameter. Precise 

temperature control could not be maintained in the system because 

of the impossibility of continuous immersion pyrometry. No meas

urements of temperature gradient in the specimen were made. 

As reported in Section 2. 6, AL BERNY et al. (1969) solidified 
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iron alloys under independent conditions of temperature gradient 

and growth velocity. Although no details of the technique were 

given, it is presumed that they employed controlled solidification 

in their experiments. 



CHAPTER 3 

OBJECT OF PRESENT INVESTIGATION 

The main object of this investigation was to obtain inform

ation on the solidification of industrially important alloys of the 

type Fe - low Mn - S and Fe - low Mn - S - C. However, a con

siderable amount of work was also done on Fe - high Mn - S alloys; 

the purpose was to obtain the clearest possible information on 

problems such as the relation between microsegregation patterns 

and inclusions, between dendrite arm spacing and solidification 

velocity, and phenomena such as homogenization of the solid phase 

in the vicinity of the solid-liquid interface. The information ob

tained on the high manganese alloys was found to be useful in the 

interpretation of the less transparent results of experiments on 

the low manganese alloys. 

The solidification of the alloys was carried out under con

trolled conditions using a technique based on the controlled solidi

fication techniques reviewed in Section 2. 8. The object of using 

this approach was again to facilitate the interpretation of results. 

The technique consisted of cycling each infinitesimal slice of a 

specimen through the same temperature profile and quenching the 
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specimen at some point during the solidification process, the reby 

yielding a complete spectrum · of solidification phenomena. In order 

to avoid complications arising from vibration and convection effects, 

it was decided to solidify the melts in vertical small-bore crucibles 

using a movable resistance furnace. The solidification apparatus 

designed especially for the solidification of high temperature alloys 

under closely controlled conditions - is described in Sections 5. 1 

to 5. 5. 

Upon reviewing the literature, it became apparent that many 

areas of the science and technology of solidification needed further 

attention. The topics which appeared to require immediate attention 

were treated in this investigation. They are outlined in the follow

ing paragraphs. 

As seen in Section 2. 7 of the literature review, carbon has 

a pronounced effect on the microsegregation behaviour of most 

solutes. In multicomponent solutions, microsegregation is presum

ably affected by constitutional interaction of solutes which modifies 

the interface equilibria and hence the partition coefficients and the 

amount of microsegregation. A theoretical treatment of constitutional 

interaction of solutes in ternary systems, the simplest of multi

component systems, was the refore carried out. This treatment is 

presented in Section 4. 1 along with several illustrative examples. 



66 

The microsegregation models· reviewed in Section 2. 3 are 

applicable to unidirectional s.olidif ication, that is, to the advance 

of a planar macroscopic or microscopic solid-liquid interface. In 

dendritic specimens, however, the thickening of dendrites occurs 

most often by cylindrical (tw a-dimensional) or spherical (three

dimensional) growth. In this investigation, the planar maximum 

segregation equation was modified to account for this effect. The 

modified equation and implications thereof are discussed in Section 

4. 2. 1. 

It was seen in Section 2. 3. 2 of the literature review that 

the solute concentration of dendrite axes sometimes exceeds the 

value koCo and as a result the amount of solute redistribution de

creases. An undercooling model based on the maximum segregation 

model was developed in this study. The model is presented in 

Section 4. 2. 2. 

The microsegregation models reviewed in Section 2. 3 treat 

very special cases of solidification. An attempt was made to arrive 

at a more general model taking into account diffusion of two solutes 

during solidification of a finite system. The model and results of 

calculations are presented in Section 4. 2. 3. 

The literature review showed that the· field of inclusion form

ation and transport is in a rather confused state. In this study, 

some basic principles were grouped together in the hope of shedding 
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light on the formation mechanism and transport of inclusions during 

solidification. 

It was seen in Section 2. 6 that most of the information on 

dendrite arm spacing is couched in engineering correlations em

ploying empirical units, for example, cooling rate in degrees per 

unit time as opposed to solidification rate in units of distance per 

unit time. During the course of the present investigation it became 

apparent that it was now desirable to attack the problem in more 

fundamental terms, i.e., in terms of controllable variables such as 

temperature gradient, solidification rate, composition, and variables 

which measure the constitutional and thermal properties of the alloy 

such as solute diffusivity, partition coefficient, latent head of fusion 

and thermal conductivity. The "field of influence" concept of RUTTER 

and CHALMERS (1953) was therefore extended to account for the 

variation of dendrite arm spacing with variables other than Co, V 

and G. Dimensional analysis was also used to obtain a general, 

dimensionally correct and .physically coherent relation between the 

dendrite arm spacing, alloy parameters and solidification conditions. 

These treatments are given in Section 4. 4. 



CHAPTER 4 

THEORETICAL CONSIDERATIONS 

4. 1 - CONSTITUTIONAL INTERACTION OF SOLUTES IN 

TERNARY SYSTEMS 

The purpose of this section is to give an analytical descrip

tion of terminal two-phase equilibria in tertiary systems and dis

cuss constitutional interaction of solutes in terms of this analytical 

description. (See HONE et al., 1970). 

4. 1. 1 - TANGENT PLANE EQUATIONS 

GIBBS (1961) has shown that boundaries of two-phase regions 

of ternary isotherms may be generated by rolling a doubly tangent 

plane about two isothermal free enthalpy surfaces corresponding to 

the participating phases, · each set of tangency points defining a tie

line. For clarity, a ternary free enthalpy versus composition dia

gram is sketched in Figure 4. 1. 1. The geometrical consequences 

of this construction have been discussed by MEIJERING (1966) and 

in. the following, the analytical consequences are pursued. 

For the case where an increase in both solute concentrations 

depresses the a+P transformation temperature, pure solvent (0) in 
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the a state and pure solutes (1 and 2) in the {$ state are chosen 

as reference states. 

The reactions and free enthalpy changes describing the 

formation of one mole of f3 solution are: 

xe + x~ + x~ = 1 mole {$ solution, fl g~ (4. 1. 1) 

(4.1.2) 

which upon summation give: 

x~ + x~ + xf = 1 mole P solution, 6 g~ (4. 1. 3) 

Similarly, for the formation of one mole of a solution: 

(4. 1. 4) 

(4. 1. 5) 

(4. 1. 6) 

which upon summation give: 

xg + x~ + xr = 1 mole a solution, (4. 1. 7) 

In these equations, 

xt is the mole fraction of component i in the 4i phase, 

A ~.f is the free enthalpy of formation of one mole of 

pure component i from the a to f3 state, and 

6 gt and 6 g!_ are free enthalpies of mixing. 

The free enthalpies of mixing in Equations 4. 1. 1 and 4. 1. 4 may 

be expressed as: 
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(4. 1. 8) 

where J.Lf is the molar free enthalpy of solution cp 
Ocp. h 1 f aland p, i is t e mo ar ree enth py of pure component i. 

Substituting into Equation 4. 1. 8 the general thermodynamic relation 

µ.t = xt µ.t + xf P.~ + xt P.~ (4. 1. 9) 

where is the partial molar free enthalpy of component i inµ-f 
phase cp, and collecting terms gives: 

6 gt = xi (p.t - P.oot/>) + xf (µ.~ - iJ14') + xf ( µ.~ - p.~ef>) 
(4. 1. 10) 

Substituting the defining relation for the activity of component i in 

the 4' phase, at , 

RT ln at/! = (4.1.11)
1 

into Equation 4. 1. lff gives: 

6gir_ = RT ( xtln at + x1 ln a! + x2 ln af) (4. 1. 12) 

The complete expressions for the free enthalpy surfaces are thus: 

6g~ = x: 6g~p +RT [ x~lnat+ x~ ln a~ + x~ln a~] 
(4. 1. 13) 

Lig~ = -x~ Li g'f_/3 - x~ Li g~P + RT [ x~ ln ag + x~ ln a{1 + x~ ln a~J 
(4. 1. 14) 

Thus, as shown in Figure 4. 1. 1, fl g~ = 0 at x0 = 1, and 
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8 g~ = 0 at x 1 = 1 and x 2 = 1. As usual, the solute mole frac

tions are chosen as independent variables. 

At equilibrium, the chemical potential of each component is 

uniform throughout the two phase system: 

= (4. 1. 15a)/Lg /l-e 


= (4. 1. 15b)JLY µ-~ 


µ.~ = µ.~ (4. 1. 15c) 

Equivalently, 

a 
P-o - µ.ga = µ.~ Oa · 

P-0 (4. 1. 16a) 

µ.~ - P-0~ = µf - JJ-~p (4. 1. 16b)1 

_ f' oS _ (4. 1. 16c)µ-~ 2 - - "'gs"'~ 

where µ.ga is the chemical potential of pure solvent in the a phase 

and I"~~ and JI. ~p are the chemical potentials of pure solutes in 

the ~ phase. The terms µ.~ - µ.ga , I"~ - µ-~S and µ.~ - µ.~S 

are the intercepts on the free energy axes at x0 = 1, = 1 andx 1 

. x2 = 1, respectively, of the plane tangent to the ~ g~ surface 

de~cribed by Equation 4. 1. 14 . Similarly, the terms on the right 

hand side of Equations 4. 1. 16a , 4. l. 16b and 4. 1. 16c describe the 

intercepts on the free enthalpy axes of the plane tangent to the 
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~ g$ surface. Equations 4. 1. 16a 4. 1. 16b and 4. 1. 17c state that 
m 

the intercepts of the two tangent planes are equal at equilibrium, 

i.e., the planes are congruent as shown in Figure 4. 1. 1. It follows 

that the equilibrium conditions may be rewritten in terms of one 

equality of intercepts on the 6. gm axis at x0 = 1 and two equalities 

of partial slopes: 

x~ - [ ~~g~] 
(4. 1. 17).-[ ~~g~ ] x~ - [ ~~g~ J x~ 

b fl gG b A gf!im = 
bx1 (4. 1. 18)bx1 

~ /;l. ga bll gBm = m (4. 1. 19) 
~x2 bx2 

Substitution of Equations 4. 1. 3 and 4. 1. 4 into the partial 

slopes yields terms of the form 

"'' _ ln a 
0 

+ xf/J bln af + ln "af 
1 bx.

l 

4' 'b ln af J· + x2 \I: (4. 1. 20)ux. 
l 
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In view of the Gibbs - Duhem relation: 

+xi dµ.i = 0 (4. 1. 21) 
1 

the sum of the three terms containing differentials are zero. 

Indeed, the chemical potential 1-'i is a function of the independent 

composition variables x1 and x2 : 

(4. 1. 22) 

of which the total differential is: 

(4. 1. 23) 

Expressing the chemical potential as 

(4. 1. 24) 

the partial derivatives in Equation 4. 1. 23 are 

= RT (4. 1. 25) 

(4. 1. 26) 

.Substituting Equations 4. 1. 26 and 4. 1. 25 into 4. 1. 23 and the latter 

into 4. 1. 21 and rearranging gives: 
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b ln· a 1~ bln ao 	 b ln a2 J+x + X2 	 clx1 xo bx1 1 ~xl 	 'b X2 

. [ ~ ln ao 'b ln a 2+ . xo 	 . + X} + X2 b ln a 2 J cix2 = 0 (4. 1. 27) 
bx 'bx2 'bx22 

As dx1 and ctx2 are independent and · can possess any value, the 

bracketed terms must be equal to zero. Then terms of the form 

given by Equation 4. 1. 20 become , 

b 6 g<P a~ -	 J ___m_ = - /:1. g. + RT Lln al.· - .ln· ao (4. 1. 28)
'bxi i 

Substituting Equations 4. 1. 13 and 4. 1. 14 into 4. 1. 17, 4. 1. 18 

and 4. 1. 19, performing the differentiations, applying the Gibbs-Duhem 

relation and rearranging yields three relations among the composi

tion variables: 

ln k~ + ln r 0 	 (4. 1. 29) 

(4. 1. 30) 


1 6. gap = (4.1.31)
RT 2 
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x~ a'f>yf

1 1where: k~'== r. - and yf 

1 17 yP x'f' 
1 1 1 

Upon specification of the temperature and one composition 

variable, say x~, the previous equations may be solved for the 

three remaining compositions, x~, x~ and x~, yielding one tie

lirie. Repetition of this procedure, for a given temperature and 

different values of x~ , generates a set of ternary partition co

efficients and the phase boundaries of the isotherm. 

Expressions for the activity coefficients are required in 

Equations 4. 1. 29, 4. 1. 30 and 4. 1. 31. For dilute solutions a low 

order Taylor series expansion may be used (WAGNER, 1952): 

cp 
4'2 Ecp q, cp ~222 Xcp22ln Yo"' = - E"'211 x 1 - 12 x1 x2 - (4. 1. 32) 

4' o<Pln y 1 = ln y 1 + (4. 1. 33) 

(4. 1. 34) 

In these expressions, the y~4' are Henry's law coefficients 

Et 1 

and the are interaction parameters. 

Richer solutions may be described by a higher order Taylor 

series expansion or by a quadratic formalism due to DARKEN (1967): 
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(4.1.36) 

. (4. 1. 3 7) 

It should be noted that DARKEN's activity coefficient relations 

may be obtained formally by adding ln rt to ln y~ 
equations since the relations between the epsilon and alpha para

meters are: 

(4. 1. 38)Ell = - 2 a 01"' cl> 

~4' - - 2 a4' (4. 1. 39).. 22 - 02 

(4. 1. 40).. 12 ·"' 

In the special cases where the solutions are dilute or where 

the interaction parameters tend to zero, Equations 4. 1. 29, 4. 1. 30 

and 4.1.31 reduce to: 

(4. 1. 41) 
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y~p
kT

1 [AR~p]= expyOa (4. 1. 42)1 

y~J3 [Ag~P]
kT exp (4. 1. 43)= 2 yOa RT 


2 


The ternary partition coefficients are thus constant and 

equal to the partition coefficients of the limiting binary systems. 

In ideal solutions, the Henry's . law coefficients, y?4', are 
1 

equal to unity and Equations 4. 1. 42 and 4. 1. 43 reduce to the ideal 

binary solution relations derived by THURMOND (1953). 

If the dependent composition variables xf, x~ and x~ are 

expressed in terms of the partition coefficients and the independent 

composition variable, xa , as1 

xa ~ 1Xl = (4. 1. 44)
~ 
kl 


T
1-k
x~ = (4. 1. 45)0 1 [ki -k~] xa 

2 kT _ kT kT kT - kT 1 
2 0 1 2 0 

= t-kT] kT [kT-kT] 
xlx2 

CE k 0 - 2 1 0 a (4. 1. 46)
2 T T kT- ko kl- kTk2 1 0 

it is seen that the phase boundaries of an isotherm become linear 
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· as the partition coefficients become constant, i. e. , as the solute 

concentrations or interaction parameters tend to zero. 

This result implies that limiting dilute ternary two-phase 

equilibria may be generated via a "binary approximation"; i.e., 

by constructing linear phase boundaries joining limiting binary 

equilibrium points and tie-lines consistent with the (constant) binary 

solute partition coefficients. The concentration range for which 

this approximation is valid will vary from system to system, and 

it would seem appropriate whenever possible, to test its applic

ability through substitution of available data in Equations 4. 1. 29, 

4.1.30 and 4.1.31. 

The insensitivity of very dilute systems to solute interaction 

suggests that successful determinations of true dilute parameters 

from the curvature of isothermal phase boundaries, or from the iso

thermal variation of solute partition coefficients, will require the 

use of extremely precise experimental methods. 

In summary, if reliable thermodynamic data are available . 


and the binary phase diagrams are well established, then the 


methods described here may be employed to compute precise con


stitutional data, valid in the range where the expressions 4. 1. 32 


to 4. 1. 34 or 4.1. 35 to 4. 1. 37 adequately describe the variation 


of activity coefficients with composition. 


There appears to be no metallic terminal ternary systems 
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for which complete experimental constitutional and solution data 

exist. As further information becomes available, the test of 

internal consistency will be an important application of computa

tions of this kind. 

At low solute concentrations (even for fairly strong solute 

.	interactions) or at higher solute concentrations in systems exhibit

ing weak interactions, terminal isotherms are characterized by 

approximately linear phase boundaries and constant solute partition 

coefficients. The range of validity of this "binary approximation" 

may be established for any system using the methods discussed in 

this section. 

4.1.2 - ROOTS OF TANGENT PLANE EQUATIONS 

The roots of Equations 4. 1. 2 9, 4. 1. 30 and 4. 1. 31 may be 

found by application of the Newton-Raphson algorithm (LAPIDUS, 

1962}. The composition variables are first expressed as functions 

of the partition coefficients, as in Equations 4. 1. 44, 4. 1. 45 and 

4. 1. 46. The terms in the LHS of the tangent-plane equations are 

then transferred to the RHS and the resulting functions designated 

r0, r1 and f2 . Expanding the functions 

i = 0, 1, 2 (4. 1. 47) 

in Taylor series in terms of estimates "k0, k1 and k2 of the roots 

k6, k[ and k~, and truncating second and higher order terms, the 
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following simultaneous linear equations result: 

i = 0' 1,. 2 (4. 1. 48) 

where: 

These equations are then solved for the ~ kT corresponding 
r 

to the kr and superior estimates of kT equal to k + ~kTare used 
r r r 

to restart the procedure. 

Using the partition coefficients calculated from the binary 

equilibria as the initial k
0

, k and k2' the iterative process nor
1 

mally converges to acceptable values of the roots within ten to 

fifteen steps. 

The derivatives of the functions in Equations 4. 1. 48 may be 

evaluated by the relation 

bf. 
1 f i (kr + q) - f i (kr 

2q 

- q) 
(4. 1. 49) 

where q is a small arbitrary constant. 

4.1. 3 - TERNARY ISOTHEIDvi PROGRAM 

A program for calculating ternary isotherms using the 

Newton- Raphson algorithm was written in Fortran IV machine 

language for the McMaster CDC 6400 computer. It is listed in 

Appendix A .1. 



81 

i 

4. 1. 4 - FREE ENTHALPY FUNCTIONS 

The free enthalpy functions fl gf~ used in Equations 4. 1. 13 

and 4. 1. 14 are discussed in the present section. 

In studies of phase transformations it is generally assumed 

that the enthalpy and entropy of transformation of pure component . 

from the a to the p phase are constant in the temperature range 

of interest (SWALIN, 1962). This leads to expressions for the free 

enthalpy of transformation fl gf /3 of the form 

fl g'!P = flh~/3[1-
T· 
Ta/3 J (4. 1. 50)

1 i 
1 

where T is the isotherm temperature, Tf!.P is the transformation 
1 

temperature of pure component i and 6 hf/3 is the enthalpy of 

transformation. The transformation enthalpy and temperature of 

pure solvents and solutes stable at the temperature of interest are 

generally available. However, when these data are unknown, the 

temperature variation of the free enthalpy must be tailored so that 

the calculated ternary isotherms are consistent with the limiting 

binary phase diagrams. In order to obtain a proper fit it is neces

sary, in some cases, to use an expression slightly more general 

than Equation 4. 1. 50. Assuming the entropy 6 s ?-/3 and the 
1 

enthalpy ll h?/3 of transformation are both linear functions of 

temperature, 
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ll h'!-/J 	 (4. 1. 51)
1 = ti + biT 

A st;t/J c· + '7·T 	 (4. 1. 52)= 1 1 1 

Then 6. gfl/$ = t · 	+ b·T - c.T - '1iT 
2 

(4. 1. 53)
1 1 1 1 

since · 	 (4. 1. 54) 

Isolating the constants ci 	and bi, Equation 4. 1. 53 becomes: 

t i - '1 i T
2 

- fl gr,8
Ci - bi = 	 (4. 1. 55)

T 

At the transformation temperature T = Tf~ , ll g?'3 = O. There

fore = 	 Ci ~ '7i{ Tf-8) 2 
C • - b1· (4. 1. 56)1

T?f3 
1 

Substituting Equation 4. 1. 56 into 4. 1. 55 and rearranging gives: 

A g'!-P = t . ( 1 -~ ) 	+ "I· T ( T~,8 - T) (4. 1. 57)
1 1 T~P 1 1 


1 


in which the constants t i and "Ii may be manipulated to match 

the calculated binary diagrams to the experimental ones. 

U 71 i = 0, Equation 4. 1. 57 reduces to the linear functional 

"form generally employed to represent Li g~.B (T), and in this case, 

ti is the enthalpy of transformation f:. hffJ • 
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4.1. 5 - SOLUTION PARAMETERS AND STANDARD STATES 

In the application of tangent plane equations to the calcula

tion of a given phase field care should be taken to ensure that 

the solution data refer to the standard states adopted in the deriva

tion of the equations. It will be shown in this section that the 

Henry's law coefficients change in value with a change in standard 

state and that the interaction parameters are independent. 

As the chemical potentials of elements in solution remain 

unchanged as the standard states are changed from A to B, 

(4. 1. 58) 


and 

(4. 1. 59) 

(4. 1. 60)or: 
RT 

Since the concentration does not change with a change in standard 

state, 

(4. 1. 61) 

and (4. 1. 62) 

Then 
(4. 1. 63)= 
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and = {4. 1. 64) 

However, these partial derivatives are the definitions of the self 


and cross interaction parameters of the Wagner activity coeffici

ent formalism, Equations 4. 1. 33 and 4. 1. 34. 


Therefore: 

{4. 1. 65) 

(4. 1. 66) 

and from Equation 4. 1. 62 

(4. 1. 67) 

quod erat demonstrandum. 

4. 1. 6 - 8 Fe + LIQUID EQUILIBRIA IN THE Fe - Mn - S SYSTEM 

The foregoing analytical method was used to calculate tie

lines of the 1500°C isotherm for 8 Fe + Liquid equilibria in the 

Fe - Mn - S constitution diagram, using the Fe - S and Fe - Mn phase 

diagrams of Figures 4. 1. 2 and 4. 1. 3, and the data of Table 4. 1. 1. 

In this particular case, the parameters 11 Mn' "1 s' t Mn, t s, 

T:P, E ~nMn and E ~S were manipulated until the calculated binary 

equilibria matched the experimental equilibria shown in Figures 

4. 1. 2 and 4. 1. 3. This procedure, while clearly less satisfying 

than direct experimental determination of thermodynamic parameters, 
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provided reasonable estimates for the purpose of checking for vari

ation of partition coefficients. 
I 

The activity coefficients were related to concentrations by 

Equations 4. 1. 35, 4. 1. 36 and 4. 1. 37, and the epsilon formalism 

parameters of Table 4. 1. 1 were converted to alpha formalism 

using Equations 4. 1. 38, 4. 1. 39 and 4. 1. 40. 

The results of these iterative calculations are listed in 

Table 4. 1. 2 for two cases; in the first, self-and cross-interactions 

between solutes are taken into account, while in the second, cross-

interactions are neglected. The results are given to five digits in 

order to demonstrate the variation of the partition coefficients. They 

must on no account be regarded as physically significant to the same 

precision, in view of the limitations of the experimental data. How

ever, the calculation serves to illustrate the effect of thermodynamic 

interaction on phase boundary curvature and partition coefficients, 

and, perhaps more important, supports the 11binary approximation u 

up to these levels of solute concentration and interaction. The 

results for the full interaction case have been plotted in Figure 4. 1. 4. 

For this particular system, inclusion of negative cross-inter

action in the calculations alters the curvature of the liquidus, from 

slightly concave to slightly convex. This effect is most readily 

appreciated by examining the variation of kie· The variations in 

k ~n and ~ are al~o appreciably larger if cross-interaction is taken 
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into account. However, the curvature of . the phase boundaries and 

variation of the partition coefficients for this relatively rich solu

tion system typifying fairly strong solute interaction are within 

limits of typical experimental error. 

4. 1~ 7 - y Fe + LIQUID EQUILIBRIA IN THE Fe - Mn - C SYSTEM 

In their study of microsegregation in Fe - Mn - C alloys, 
, 

TURKDOGAN and GRANGE (1968) calculated the 1490°C ternary iso

therm for metastable YFe + Liquid equilibriu~. As shown in Figure 

4. 1. 5, they plotted the experimental isoactivity curves of carbon in 

the y Fe and liquid phases on the composition triangle and generated 

the tie-lines and partition coefficients of the two-phase field by join

ing the limiting binary liquidus and solidus points with straight lines. 

Their results are shown in Figure 4. 1. 6. The partition coefficients 

exhibit a surprising variation from one end of the two-phase field to 

the other. In particular, the manganese partition coefficient varies 

from 0. 75 of the Fe - Mn binary limit to 0. 35 of the Fe - C binary. 

It was thus decided to examine their results in the light of calcula

tions on the same isotherm using the tangent plane equations. 

The first step in the calculations was to evaluate the solution 

parameters for carbon in the austenite and liquid phases, Y2Y, 

•tC' E tMn' y ~L, E &c and ~C~n from the activity data 

used by TURKDOGAN and GRANGE (1968). A regression analysis 
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of ln ,-; on xc and xM yielded the intercept on the ordinate
. C n 

ln y 2 and the partial slopes E CC and . E CMn of the relation pro

posed by WAGNER (1952): 

(4. 1. 68) 


These values are listed in Table 4. 1. 3. 

The Henry's law coefficients were modified using Equation 

4. 1. 67 to take into account the change in standard state from pure 

solid graphite, used by TURKDOGAN and GRANGE to pure liquid 

graphite required by the tangent plane equations. Then 

( OY) _ ( OY) A gJr]exp [ - (4. 1. 69)Ye Lgr - Ye Sgr RT 

Ag~r](Y~)Lgr = ( y~L~Sgr exp [ - RT 
(4. 1. 70) 

The free enthalpy of fusion of graphite, D. gJr , was calculated 

from the relation 

(4. 1. 71) .1 _ T 
[ Tir J 

where Tir is the fusion temperature of graphite and A sir , the 

entropy of fusion. 

The free enthalpy of the y to liquid transformation in pure 

iron as a function of the absolute temperature was calculated from 

the regression equation: 
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~ g:~ = 2. 51830 x 103 - 6. 47724 x 10-l (T + 3) 

- 4. 13711 x 10-4 (T + 3) 2 (4. 1. 72) 

fitted to the data compiled by DARKEN and GURRY (1953) by the 

method of least squares. The transformation (T + 3) was used in 

Equation 4. 1. 72 to account for the difference between the fusion 

temperature adopted for this work, 1802. 16°K (1529°C) and that 

used by DARKEN and GURRY, 1805. 16°K (1532°C). 

The free enthalpies of fusion of ymanganese and " y carbon" 

were calculated from Equation 4.1. 57. The parameters ~Mn' 

"I Mn' t .G , TJ c and T~L were varied until the tangent plane 

equations generated the limiting binary equilibria shown in Figures 

4. 1. 7 and 4. 1. 8. The final values of the parameters are listed in 

Table 4. 1. 3. As the peritectic reaction on the manganese side of 

the binary Fe - Mn constitution diagram occurs at 1232°C (HELLA

WELL and HUME-ROTHERY, 1957) and the melting point of 8Mn 

is 1244°C (BASINSKI and CHRISTIAN, 1954), it was assumed that 

T~~ = 1240°c. 

The E' formalism interaction parameters of Table 3. 1. 3 

.were converted to the more consistent a formalism parameters 

by means of Equations 4. 1. 38, 4. 1. 39 and 4. 1. 40. 

The results obtained by the tangent plane method are given 

in Tables 4. 1. 4 and 4. 1. 5 in terms of atomic and weight percents. 

The tie - lines of Table 4. 1. 5 are plotted in Figure 4. 1. 9. In con
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trast to the results of TURKDOGAN and GRANGE, the partition 

coefficients remain relatively constant throughout the range of com

positions, and the liquidus and solidus show substantial curvature. 

The convexity of the phase boundaries is an effect of the negative 

L .· y
cross interaction parameters, e MnC and E MnC , as in the case 

of the 8Fe + Liquid equilibria in the Fe - Mn - S system. 

The fact that the partition coefficients are relatively constant 

leads to significant mathematical economy since the maximum segre

gation equations of Section 4. 4. 1 can be integrated exa~tly rather · 

than numerically as in the investigation of TURKDOGAN and GRANGE 

(1968). 

It is possible that the large partition coefficient variation 

found by TURKDOGAN and GRANGE is due to the inherent loss of 

accuracy in graphical measurements in the low solute regions of 

F . 4 1 5 F pl kT y / L uld b diff1.cultigure . . . or exam e, Mn = xMn xMn wo e 

to measure accurately at low manganese concentrations. In effect, 

T
it is at low concentrations that kMn varies most rapidly as shown 

Tin Figure 4. 1. 6~ Similar considerations hold for kc. 

4. 1. 8 - FURTHER APPLICATIONS OF THE TERNARY TANGENT 

PLANE THEORY 

In addition to enabling the calculation or reasonable estimates 

of ternary equilibria, the tangent plane theory has several conse
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quences which are of value in the interpretation and use of experi

mental results. Several examples shall be considered in this section. 

As was seen in Section 2. 5, the onset of constitutional super

cooling in binary alloys is a function of the temperature gradient in 

the liquid, G, the rate of solidification, V, and the initial composi

tion, c0. For dilute binary alloys, a planar solid-liquid interface 

breaks down during solidification to a non-planar or cellular interface 

if 
(4. 1. 73) 

where: 

A= (4. 1. 74) 

and m is the slope of the binary liquidus line, D is the diffusion co

efficient of the solute in the solvent, and ko is the equilibrium dis

tribution coefficient. Since for dilute alloys, m, D and k are0 

constant, a linear relationship exists between G/V and c0. 

COLE and WINEGARD (1963-64) studied the planar to cellular 

interface transitions in the tin-base alloys, Sn - Sb, Sn - Pb and 

Sn - Sb - Pb. They reported their binary results as: 

4 
= 2. 5 x 10 co (4. 1. 75) 

in Sn 


5
and: = 5. 6 x 10 . co (4. l. 76) 
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They stated, quite rightly, that if there were no interaction 

between the solutes Sb and Pb, then the G/V ratio of the plane to 

cell transition for the ternary alloy Sn - Sb - Pb should be given by 

the sum of the binary relations, viz. : 

(4. 1. 77) 
( ~)Sb + Pb in Sn = (i\b in Sn + (~)Pb in Sn 

They found, however, that the calculated G/V ratio for a Sn - 0. 02 

2at % Sb - 0. 002 at %Pb, rv 1600 °C-sec/cm , was in poor agree

2ment with the experimental G/V ratio, "'-' 2400 °c-sec/cm , and 

concluded ·that some form of interaction existed between the two 

solutes in the ternary system, equivalent to decreasing the equili

brium partition coefficient of the lead, kib' in the ternary alloy. 

It is easily shown that kp~ cannot vary at such low concen

tration levels. Indeed, the WAGNER activity coefficient relations 

reduce to 

(4. 1. 78) 

ln yS = ln yOS (4. 1. 79)
Pb Pb 

so that Equation 4. 1. 42 holds, viz.: 

YOL 
Pb (4. 1. 80)

yOS
Pb 
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TSince the terms in the R.H. S. are constants, kPb must be a 

constant. 

COLE and WINEGARD also claim that the relationship be

tween G/V and c0 (Sb) is linear at constant Co (Pb) indicating that 

Sb does not interact with Pb. This appears to be true; however, 

the slopes of the G/V versus Co (Sb) lines vary as a function of 

c0 (Pb) indicating that Pb interacts with Sb at constant Sb concen

tration. These results violate, of course, the WAGNER (1952) 

relation: 

(4. 1. 81) 

Therefore the data and/or the interpretation, that is, the positioning 

of the lines through the points, should be questioned. 

Morecver, the work of HUNT et al. (1967) showed that, con

trary to the suggestion of COLE and WINEGARD, the effect of 

increasing the Sb content of a tin-base Sn - Sb - Pb alloy was to 

increase the partition coefficient of lead, kJb. However, HUNT et 

al., while disproving the conclusions of COLE and WINEGARD, left 

their work open to criticism when they stated that their own findings 

could be expected from consideration of the tin-rich isotherm of the 

Sn· - Sb - Pb system. Since the isotherm had apparently not been pub

lished, they constructed the isotherm by deducing the common planes 

of the solidus and liquidus of the Sn - Sb and Sn - Pb binary phase 
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diagrams. They stated, in accordance with the theory developed 

in the present work, that the construction would closely resemble 

the true isotherm for very dilute alloys. They inserted in the 

approximate dilute isotherm their experimental partition coefficient 

~' determined for rich solutions and generated the partition co

efficient kp~ which progressively increased as the Sb content of 

the alloy increased. This is contrary, of course, to one of the 

principle consequences of the present theory, viz. , the variation 

of the partition coefficient decreases with decreasing solute concen

tration and interaction, from which it follows that the application of 

solute partition coefficients determined for rich solutions in studies 

of very dilute alloy systems is incorrect. 

Finally, in ternary alloy systems where the liquidus and soli

dus have been determined by thermal analysis, the tangent-plane 

theory shows that tie-1 ines close to the binary limits may be gener

ated to a fair approximation by employing the relevant binary parti

tion coefficients. 

4. 2 - MICROSEGREGATION MODELS 

The object of this section is to review in detail and extend 

some existing microsegregation models and develop new models to 

assist in the interpretation of the experimental results. 
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4. 2.1 - MA.Xll\1UM SEGREGATION MODELS 

In calculating m icrosegregation in alloys, the s irriplest 

approach is to relate the concentration of solute at the interface 

in the solid, Cs,* to the _solidified fraction of the system, g, through 

the relation 
* k - 1 cs = koco (1 - g) o (4.2.1) 

where ko is the equilibrium partition coefficient, and c0 , the aver
1 

age solute concentration of the binary alloy. ·This equation has been 

derived by many workers including GULLIVER (1922), SCHEUER 

(1931), HAYES and CHIPMAN (1939), SCHEIL (1942), McFEE (1947) 

and PFANN (1952). It is based on the following assumptions: 

i} back-diffusion in the solid is negligible; 

ii) the solute concentration of the liquid is uniform; and 

iii) the equilibrium partition coefficient is constant. 

The derivation of Equation 4. 2. 1 consists of applying a 

simple mass balance about the liquid phase of the system shown 

in Figure 4. 2. 1: 

(4.2.2) 

·where vL is the volume of liquid. Since the system has unit 

cross-section, 

~ - z (4. 2. 3) 

and hence 



95 

( A z ) d CL* = *- (CL - Cs)* dz (4. 2. 4) 

Eliminating z and CL* through the relations 

g = z/A (4. 2. 5) 

and 
(4. 2. 6) 

rearranging and integrating Equation 4.2.4 

c* 
dC8 

* dg: (1 - ko) Jog 
1 - g 

{4. 2. 7) 
C*slo~o 

yields Equation 4. 2. 1. More detailed derivations have been given 

by PFANN(l952) and others. 

The extension of Equation 4. 2. 1 to two or three dimensional 

systems is straightforward. Of particular interest in this work is 

the maximum segregation equation for a spherical volume of liquid 

enclosed by a dendritic skeleton, Figure 4. 2. 2. Solidification causes 

the radius of the liquid volume to decrease from its initial value of 

r 0 to ro - z. Writing, as before, the mass balance: 

(4.2.8) 


and substituting Equation 4. 2. 5 and the obvious relations: 

(4.2.9) 


and g = z/r0 (4. 2. 10) 
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gives: 

dC; = 3 (1 - k ) ~ (4. 2. 11) er o 1-g
s 

Integrating as before yields: 

(4. 2. 12) 

This result generalizes to: 

c~ = koCo ( l - g)n (ko-1) (4.2.13) 

where n = 1 for a one-dimensional system 

n = 2 for a two-dimensional system 

n = 3 for a three-dimensional system 

It should be noted that g equals the volume fraction solidified in 

the one-dimensional system only. 

If the partition coefficients are assumed constant, as many 

equations as there are solutes can be written: 

(4. 2. 14) 

Several aspects of Equations 4. 2. 13 and 4. 2. 14 are note

worthy: 

i) it is valid for systems which solidify slowly enough that 

the diffusion process levels the solute distribution in the liquid phase 

but not so slowly that diffusion in the solid becomes important; 

ii) it is independent of time; 

iii) it defines a maximum limit of segregation in the system. 
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HELLAWELL (1967) presented essentially the same relation 

as Equation 4. 2. 13 and discussed some consequences of this relation. 

However, his treatment is at variance with the one given in the 

present study in that the exponent n is a fraction. instead of an integer. 

· The influence of the solidification geometry of the system 

can be appreciated in Figure 4. 2. 3 ·in which Equation 4. 2. 13 has 

been plotted for an iron alloy containing 15 wt% Mn and 0. 25 wt% 

S. Assuming the dendrite structure is shaped as in Figure · 4. 2. 2, 

then Equation 4. 2. 13 predicts the severest microsegregation will 
( 

occur in the centre of the enclosed volume (n = 3). 

The geometry of the system has a profound effect on the 

location at which nucleation of a second phase should occur as shown 

in Figure 4. 2. 4. The solubility product wt% Mn x wt% S of the 

liquid at the interface have been plotted versus the solidified dis

tance for Fe - 15 wt% Mn - 0. 25 wt%S systems with n = 1, 2 and 3. 

The equilibrium solubility product calculated from the data of TURK

DOGAN et al. (1955) has been superimposed on the diagram. The 

intersection of this curve with the interface solubility product curves 

-marks the start of precipitation of MnS. This occurs at (n = 1, 

g = 9. 0); (n = 2, g = 6. 8) and (n = 3, g = 5. 4) . 

4. 2. 2 - UNDERCOOLING MODEL 

In some cases of solidification, the initial solid does not have 
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the concentration k0C0 but a higher concentration Cu. This 

phenomenon, known as undercooling, occurs if the melt of average 

composition c0 cools below its equilibrium freezing temperature, 

Te, to a temperature Tu before nucleation of the solid phase, as 

shown in the phase diagram of Figure 4. 2. 5. An obvious relation 

between the liquidus slope m, the unde rcooling ~ T = Te - TU' 

(4.2.15) 

The simplest method of treating solute redistribution in 

supercooled liquids is to assume no diffusion in the solid and com

plete mixing in the liquid except for the layer of rejected solute 

adjacent to the interface. As shown in Figure 4. 2. 6 this layer 

accounts for interface equilibrium, ·but its extent is normally quite 

limited (a few microns) in rapidly cooled specimens. Since the 

quantity of solute in the layer is negligible, the effective partition 

coefficient ke must be used in place of the equilibrium coefficient k0: 

ke = = 
(4. 2. 16) 

in- evaluating the mass balance: 

(1 - g} dCi* = (CL* - Cs)* dg . (4. 2. 17) 
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Substituting Equation 4. 2. 16 and rearranging: 

dC*s = (1 - ke) ~ (4.2.18)
C* 1 - g

s 

Integrating from C~ = Cu at g = 0 to C~ = Cs 

at g = g yields 

(4. 2. 19) 

* k -1or: Cs = keCo (1 - g) e (4. 2. 20) 

which is effectively the relation derived by PFANN (1958). 

Substituting Equation 4. 2. 15, 

C * = ko. [ - --T J [ 1 - gJ(ko-l-ko6T \ ) (4. 2. 21)s c0 m mc0 

When fl. T = 0, this relation reduces to Equation 4. 2. 1 for maxi

mum segregation; when 6 T = 6 Tmax = mCo [ 1 - ~·] , it 

reduces to 
(4.2.22) 

in which case no segregation of solute occurs during solidification. 

For a n-dimensional solute redistribution Equation 4. 2. 21 generalizes 

as shown in Section 4. 2. 1 to: 

(4.2.23) 

This relation will be used in the interpretation of solute distributions 
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in Section 7. 1. 

4. 2. 3 - TERNARY SOLIDIFICATION MODEL 

The mathematical models reviewed in the previous sections 

have been extremely useful to the understanding of microsegrega

tion. However, these models have limited applicability and attempts 

to generalize and refine them have involved approximations which 

leave the validity of the models open to question. One particularly 

serious weakness is that no allowance is made for diffusive and con

stitutional interaction of solutes in multicomponent solutions, while 

in reality interface concentrations are coupled through equilibrium 

relations and the diffusive fields in both phases must tie in with the 

interface velocity. 

A general, rigorous treatment of diffusional solute redistribu

tion resulting from the solidification of a ternary system does not 

appear to have been published. However, some work in this direction 

has been done by KIRKALDY (1970). In the present investigation an 

approximate analysis predicated on the fallowing assumptions and 

constraints was made: 

i) the solidifying system is unidimensional and finite; 

ii) the solid-liquid interface is planar; 

iii) local equilibrium obtains at the interface; 

iv) the on-diagonal coefficients of the diffusion matrix are 
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finite and constant for both phases; 

v) the off-diagonal coefficients are neglected; 

vi) the interface temperature is !mown as a function of time; 

vii) the tie-lines of the phase diagram are known. 

The system is shown in Figure · 4. 2. 7. As the interface ad

vances in the Z direction, solute diffuses down the concentration 

gradients in both phases and is reflected at the impermeable bound

aries Z = 0 and Z = A . The interface progresses by 6. z0 in a 

time interval T and the solid phase incorporates the diffusion 

sources contained in region BCDE. There remains to dissipate the 

solute contained in the region ABEF. This amount of solute is 

approximately the amount contained in region ABEH: 

6 z0 [ c~ (t) - c~ (t)J (4. 2. 24) 

where CL (t) and Cs (t) are solute concentrations at the interface on 

the liquid and solid sides, respectively, of the interface, and t is 

real time. It is now taken that this excess of solute is rejected into 

the liquid by maintaining the liquid side of the interface at C~ (t + T) 

and the solid side at CL (t + T ) during the time interval T , thereby 

allowing an amount of solute ML to enter the liquid phase and an 

amount Ms to enter the solid phase. The interfacial mass balance 

demands that 

(4.2.25) 
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For a ternary system, two mass balances must hold simultaneously: 

fl Zo (Cf 1 - Cs1) = MLl + Ms1 (4. 2. 26) 

fl Zo (Ci,2 - C~2) = ML2 + Ms2 (4. 2. 27) 

The concentration variables are related by a tie-line of the 

solid + liquid phase field at the appropriate interface temperature. 

From Phase Rule considerations, the interfacial compositions c;2 , 

C:(:1, cr2 are fixed if Cs1, the temperature and the pressure are 

specified. 

The problem, therefore, is to find simultaneously the correct 

tie-line representing the interface equilibrium and the time T re

quired for a given ~ Zo. 

During the small interval of time T , the total amount of solute, 

M"' , entering a phase is found by integrating the instantaneous inter

face flux Jt: 

(4. 2. 28) 


The interface flux at a given time t is 

'be (4.2.29)Jt = -D \...z g Z=O 

where z is the distance from the interface in a given phase. 

A physical example of the solidification system under study is 

given Figure 4. 2. 8. Two dendrites of solid S, assumed to be sheets 
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of infinite extent in the direction normal to the plane of the figure, 

grow as indicated into the liquid phase L. The boundaries at 

Z = 0 and Z = X are effectively impermeable as the diffusion 

fluxes are locally of equal magnitude and opposite sign. The inter

face is permeable and lets solute in and out. 

For mathematical convenience each phase is held to comprise 

two subsystems. The distance coordinate in each system extends 

from z = 0 to z = a. In Subsystem I, one boundary is impermeable, 

the other is kept at zero concentration and there is an initial dis

tribution of solute c' (z). Subsystem II, one boundary is impermeable, 

the other is maintained at concentration Ca and the initial concentra

tion is zero. 

Solutions of the diffusion equation 

(4. 2. 30) 


respecting the initial and boundary conditions of Subsystems I and II 

have been given by CARSLAW and JAEGER (1947): 

SUBSYSTEM I 

t = 0 , c1 = C ' (z) 

t ) 0 , z = 0, b c1/bz = 0 

z = a, 
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·1 ooc = 
1 a c' (z') I (-l)n 

I 2VuDT n = -oo 


{exp [ - (z - z' - 2na)/ 4DTJ 


+ exp [ - (z + z' - 2na) / 4DT J} dz' (4.2.31) 

SUBSYSTEM II 

t = 0, z = 0, Crr = 0 

t ) o, z = o, bcn/bz = o· 

z = a, 


( -l)n erfc [ -(2n + 1) a - z Jell= ca 
2\[f)T L~o 

00 
(-l)n erfc [ (2n + 1) a+ z (4. 2. 32) J}+ I 

2V DT
n=O 

As Equation 4. 2. 30 is a linear differential equation, the sum 

of Equations 4. 2. 31 and 4. 2. 32 is the solution of Equation 4. 2. 30. 

Thus the concentration C in a given phase at position z and time T 

is: 
(4. 2. 33) 
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The computation algorithm is as follows: 

i) 	 choose fl. Zo; it remains fixed subsequently; 

ii} advance interface by fl Zo; 

iii) compute initial solute distributions; 

iv) choose T and Cs1 

v) compute Cs2" and CL2* 	 ct1 * at time t; 
' 

vi} compute solute rejected in time T : MLl' Ms1ML2' 

and Ms2; 

vii) compute closure functions: 

If 	the choice of T and CSl is correct, 

and proceed to step ii). If not, go to step iii). A computer pro

gram was written to perform the calculations. It is listed in 

Appendix A. 2. 

For the preliminary computations it was assumed that the 

initial distribution was uniform rather than arbitrary: the total 

amount of solute having entered the system during the time interval 

T , MT , was then calculated from the relation given by CARSLAW 

and JAEGER (1947): 
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2DT -2 '° n . na
.!. [ 1 (4. 2. 34)MT= 2Moo {:r) Tr + 2 ~ (-1) ierfc( -) l. 

a n= 1 (DT) 2 

where Moo is the total amount of solute in the system after 

infinite time and is given by: 

Moo (4.2.35) 

Equation 4. 2. 34 can be rewritten: 

.!. [ 1 a>MT = 2Ca (DT ) 2 w-2 + 2 l: ( -l)n ierfc( na .!.\ J . (4. 2. 36) 
n=l {DT) 27 

The integral of the error function complement, ierfc {y}, can be 

evaluated from: 

2ierfc (y) = Tr -

1 

exp ( -y2) - y erfc {y) (4. 2. 37) 

The following data were used in the computations for the 

solidification of a pseudo-ternary system, i.e., where both solute 

had identical properties: 

= 0.8ko 

DL = 10- 5 cm2/sec 

Ds = 10-8 cm2/sec 

Co = 0. 15 wt. fraction . 

a = 100 microns 

The interface temperature was lowered at a rate of 10 °c/sec. The 

results are shown in Figure 4. 2. 9; the solute distributions in both 
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phases are plotted at a point in time at which one-fifth of the 

specimen was solid; the loci of the interface concentrations in 

both phases from the beginning of the solidification event are also 

plotted. The initial interface velocity, V, was approximately 

2. 4 microns/sec; the velocity increased as solidification proceeded 

and levelled off at 32 microns/sec. The ~ /V ratio was approxi

mately: 
io- 5/ 0. 0032 = 3 x ' 10-3cm = 30 microns 

and matched roughly the characteristic distance of the liquid solute 

distribution. 

The amount of solute entering a given phase at each step 

was computed from Equation 4. 2. 34 rather than Equation 4. 2. 28. 

This was necessary to reduce the computation time. As a result, 

however, the mass balance was unsatisfactory. 

It appears that the present approach to the solution of the 

general microsegregation problem has reached an impasse: the 

accuracy of the results can only be increased at the cost of marked

ly increasing the already inordinately long computing time. Indeed, 

the computations described above required 10 minutes on a fast 

computer (CDC 6400); to complete the solution would have required 

almost 1 hour of computing time and would have been pointless 

since the mass balance constraint would only have been approxi

mately fulfilled. 
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However, one observation of considerable import is empha

sized by these calculations: the interface concentration rises con

tinuously throughout the solidification process. This means that 

the criteria proposed by BRODY and FLEMINGS '(1966) and reported 

in Section 2. 3. 2 of the literature surV'ey, 

Dstf 
aS = A )) 1 ; coml\>lete diffusion in solid2 

~tr 
a L = )) l ; complete diffusion in liquidA2 

are only rough approximations. Indeed, the criteria are equivalent 

to .the familiar expression for the average distance z, travelled by 

an atom of diffusivity D, in time t: 

Z=~ 

which is also the characteristic value of Equation 6. 1. 2, a diffusion 

equation applicable to a problem where the boundary conditions at 

the interface are fixed, e.g., in a semi-infinite diffusion couple. 

Therefore the use of BR.ODY and FLEMINGS' criteria in systems 

where the boundary conditions vary may be misleading. 

4. 3 - FORMATION MECHANISM OF SULPHIDE INCLUSIONS 

The nature of the solidification products arising from the 

equilibrium solidification of iron-base Fe - Mn - S alloys was 

reviewed in Section 2. 3. The present section is concerned with 
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the formation mechanism of sulphide inclusions. A qualitative 

discussion of the two major steps in the inclusion formation pro

cess, i. e. , the nucleation step and the growth step, . is given in 

the following subsections. 

4. 3. 1 - INCLUSION NUCLEATION 

For clarity the discussion is based on a particular section 

of the Fe - Mn - MnS - FeS constitution diagram, given in Figure 

4. 3 .1, which runs from the Fe - 15 wt% Mn binary to the MnS cor

ner. It is assumed here that the solidification path lies entirely in 

this section. There are two distinct cases of inclusion formation: 

i) if the average composition of the melt is less than the 

eutectic value E in Figure 4. 3. 1, "secondary" sulphide inclusions 

form during solidification when the manganese and sulphur concen

trations of the liquid phase exceed the eutectic value; 

ii) if the average composition lies to the right of point E, 

"primary" manganese sulphides precipitate in the liquid. 

In the first case, nucleation of /3 MnS inclusions probably 

occurs heterogeneously at the solid.:- liquid interface where the 

liquid is generally richest in solute and the . energetic conditions 

most favourable. In the second case, nucleation presumably occurs 

at the surface of adventitious nucleants circulating in the liquid 

phase. Hence in both cases the principles of heterogeneous nuclea



110 


tion apply. 

The stability of an embryo forming on the solid surface of 

the interface depends on the radius of curvature re and the stability 

of the line of contact AB illustrated in Figure 4. 3. 2. According 

to nucleation theory (CHALMERS, 1964) the radius of curvature 

must be equal or greater than the critical radius for a given degree 

of supersaturation. As the supei;-saturation approaches zero, the 

critical radius tends to infinity and hence there must exist a finite 

degree of supersaturation. The probability of nucleating an inclusion 

in the form of a spherical cap on the interface is greater than that 

of nucleating a sphere in the bulk liquid since fewer atoms are re

quired to form a spherical cap of critical radius. The condition of 

stability of the line of contact is satisfied if the horizontal compon

ents of the surface tension balance. From Figure 4. 3. 2 it is easily 

seen that a horizontal force balance yields the· equilibrium condition: 

tr SL - tr SI 
= cos8 (4. 3. 1) 

O"LI 

where tr SL, a SI ·and tr LI are the surface free enthalpies of the 

interface between solid and liquid, solid and inclusion, and liquid 

and inclusion, and 8 is the contact angle. Thus the inclusion is 

stable if the balance of surface tension components is such that 

0180° ) 8 ) o . If the contact angle is less than zero, the in

clusion is unstable since the surface free enthalpy decreases con
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tinuously as the inclusion spreads over the interface; if the contact 

angle is greater than 180°, any contact between the inclusion and 

solid increases the surface free enthalpy. 

4.3.2 - INCLUSION GROWTH AND TRANSPORT 

Once nucleation has taken place, primary inclusions grow 

from the liquid phase by a simple diffusion process described by 

Fick's laws. In the case of secondary inclusions, the growth pro

cess is complicated by the presence of a moving solid-liquid inter

face which is rejecting solute. Presumably the inclusions grow by 

diffusion parallel to the interface if there are steep solute gradients 

at the interface and by diffusion of solute from the bulk liquid if the 

solute gradients are small. Depending on the magnitude and direc

tion of the buoyancy force exerted on the inclusion as a result of 

the density difference between the inclusion and the melt, the con

tact angle and the rate of growth of the inclusion relative to that of 

the interface, one of three things happens: 

i) the inclusion grows and is pushed by, moves along or 

floats away from the interface. This occurrence is favoured by 

a low inclusion growth rate, a low interface velocity and a high 

contact angle; 

ii) the inclusion grows as a stringer in the same direction 

as the interface. This mode of growth, not unlike that of an ordin
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ary eutectic, . occurs if the contact angle is around 90° and if the 

inclusion grows at the same rate as the interface; 

iii} the inclusion is trapped and overgrown by the interface. 

This event is favoured by a high inclusion growth rate, a high 

interface velocity and a low contact angle. 

UHLMANN and CHALMERS (1964) conducted a theoretical 

and experimental investigation into the interaction between particles
' 

and an advancing solid-liquid interface which has considerable bear

ing on the present problem. The matrix materials used were: salol, 

thymol, orthoterphenyl and water; the foreign particles included the 

following solid materials: graphite, magnesium oxide, silt, silicon, 

tin, diamond, nickel, zinc, iron oxide and silver oxide. For a given 

particle type, they observed a critical velocity below which the parti

cles were repulsed by the interface and above which they were over

grown by the advancing interface. The critical velocity for particles 

smaller than about 15 microns in diameter was found to be independ

ent of the size of the particles. However, for particles several 

hundred microns in diameter, the critical velocity was found to be 

smaller for larger particles. Moreover, the critical velocity was 

fo~nd to be shape dependent, being smaller for particles presenting 

a flatter face to the solid-liquid interface. 

From these observations, UHLMANN and CHALMERS sug

ges ted that: 
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i) repulsion of the particle occurs if the particle-solid 

interfacial free enthalpy, er SP' is greater than the sum of the 

particle-liquid and liquid-solid interfacial free enthalpies, er LP 

and er SL: 

REPULSION: CTSP > erLP + crsL (4.3.2) 

ii) entrapment occurs unless the liquid can diffuse at a suf

ficiently rapid rate to the growing solid behind the particle. 

They also considered the relation between the repulsion 

problem and nucleation. Comparing the equilibrium condition for 

nucleation, Equation 4. 3. 1, and the repulsion condition, Equation 

4. 3. 2, it appears that the conditions are mutually exclusive, i.e., 

the particles which nucleate cannot be repulsed, since for nucleation 

the contact angle 8 must be less than zero and hence cos 8 must 

be less than unity. They resolved this apparent paradox by pointing 

out that the nucleating particle and the solid-liquid interface should 

be in a low t:r SP configuration, whereas contact between a station

ary particle and an advancing interface should be in a random and 

presumably higher tr SP configuration. 

Little research appears to have been conducted on inclusion 

pushing by an interface in high temperature metal systems. The 

experiments of the present investigation were carried in part to fill 

the need for information in this area. As will be seen in Chapter 6, 

transport of sulphide inclusions by flotation and interface pushing were 
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observed. Some experiments were also especially designed to 

reveal the interaction between a solid-liquid interface and particles 

of inert material such as ZrOz (Section 6. 4. 1). 

4. 4 - SOME ASPECTS OF DENDRITE ARM SPACING 

It is possible to extend the field of influence concept of 

RUTTER and CHALMERS (1953) to account for the variation of den

drite arm spacing with variables other than the average solute con

centration Co, the growth velocity V, and the temperature gradient 

in the liquid G, such as the partition coefficient k0 , the solute dif

fusivity in the liquid phase ~' the latent heat of fusion h and the 

thermal conductivity K. As seen from Equation 2. 3. 11 the solute 

build-up CL - c0 at a distance z in front of a solid-liquid interface 

in a steady-state system is: 

1 (4. 4. 1)CL - c 0 = Co [ ~ko Jexp [ - ~ zJ 
Hence the smaller k0 and the larger ~' the greater the solute build

up at a given point, the larger the constitutional field of influence 

and the larger the dendrite arm spacing. Clearly, the thermal con

'ductivity acts in the same direction as the temperature gradient. 

The higher K, the greater the amount of heat removed from the 

region of the projection. This reduces its thermal field of influence 

and hence the dendrite arm spacing. The magnitude of the latent 
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heat of fusion also affects the thermal field of influence: a high 

h favours large dendrite arm spacings. 

It is possible to advance one step farther and apply dimen

sional analysis in the hope of obtaining a general, dimensionally 

correct and physically coherent relation between the dendrite arm 

spacing and the various intrinsic variables characteristic of an alloy 

system (solute diffusivity, heat conductivity, heat of fusion, partition
I 

coefficient, and liquidus slope) and the extrinsic variables of a con

trolled solidification experiment (solute concentration, temperature _ 

gradient and growth velocity). 

The relation between dendrite spacing, d, and the various 

parameters mentioned above can be expressed as 

d = d (C0 , D, G, h, K, m, V) (4. 4. 2) 

3where: Co = average solute concentration [g/cm ] 

D = solute diffusivity [cm2/sec] 

G = temperature gradient [deg/cm] 

h = heat of fusion [cal/cm3] 

K = thermal conductivity [cal/cm-deg-secJ 
m = liquidus slope [aeg-cm3/g] 
v = growth velocity [cm/sec] 

Equation 4. 4. 2 may be written 

d = tfJ cg DS Gy hS K' m' y"l (4. 4. 3) 
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where cp is a dimensionless coefficient. The exponents a, ~, 

y , 8, e, C, "I are not to be confused with parameters used 

elsewhere in the text. Equation 4. 4. 3 must be dimensionally homo

geneous. Then 

MOLltOTOHO ={Ma L-3a)(L2~t-~)(TYL-Y)(H8 L-38) 

(H« L -E T-c t- E ){Tt L 3t M-C }(L'1 t-17) 

(4. 4. 4) 

where: 	 M = mass [ g] 

L = length [cm] 

t =time [sec] 

T = temperature [cteg] 

H = heat [cai] 

Equating exponents of like units and rearranging yields: 

~ = 1 - a (4. 4. 5) 

8 = -a - y (4. 4. 6) 

e = a + y (4. 4. 7) 

t = a (4. 4. 8) 

If/= -1 -y 	 (4.4.9) 

Substituting Equations 4. 4. 5 to 4. 4. 9 into 4. 4. 3 gives: 

d = <P cg n1-czGy 	h-(«+Y)Ka+yma v-(l+y) (4.4.10) 

The constant cp can be determined solely by experiment. However, 

the exponents a and y can be bracketed by considering the "field 
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of influence" concept which agrees, of course, with experimental 

findings to date. Indications are that the arm spacing varies 

directly as c0, D, h, m and inversely as G, K and V. Therefore: 

1 > a > o (4. 4. 11) 

0 > y >. -1 (4. 4. 12) 

and: 

(4. 4. 13) 

are the constraints of Equation 4. 4. 10. For example, if the relation 

between arm spacing and growth velocity appears parabolic, 

y = -1/2 (4. 4. 14) 

Assuming 

a = +1/3 (4. 4. 15) 

Equation 4. 4. 10 becomes 

1/3 2/3 -1/2 +1/6 -1/6 1/3 -1/2 
(4. 4. 16) d = "' Co D G h K m v 

or regrouping terms 
1 

d = 4' [ o4m2-Jr]6 (4. 4. 17) 

'~2/3d = cl> _o_ (4. 4. 18) 
GV 

If the relation between arm spacing and growth velocity appears 

cubic 
y = - 2/3 (4. 4. 19) 
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Assuming, as before, 

a = + 1/3 (4. 4. 20) 

3Co (4.4.21)[ D~m ]~ [ ]
1 

d = "' G2V 

or: 

(4. 4. 22) 

For multicomponent solutions, spacing relations such as Equation 

4. 4. 21 could be generalized, in a first approximation, to 

d = (4. 4. 23) 

It is clear from this discuss ion and the review of literature 

in Section 2. 6 that experiments to determine the influence of various 

parameters on dendrite arm spacing have little value unless all the 

parameters are taken into consideration simultane~msly. The contro

versy over the effect of solute concentration on dendrite arm spacing 

can be explained by assuming that the experimenters unknowingly 

varied parameters other than c0, which had a greater but contrary 

influence on the dendrite arm spacing. 

The controlled directional solidification apparatus designed 

for this work is well suited for experiments on dendrite arm spacing 

since the two most important parameters G and V can be measured 
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with accuracy and varied independently to a certain extent. In 

Chapter 6 of the present investigation, experiments on the variation 

of dendrite arm spacing with a most important solidification variable, 

namely solidification rate, are described. A special effort was 

made to maintain other variables such as temperature gradient and 

concentration at a constant value. 



CHAPTER 5 

EXPER.IM:ENTAL TECHNIQUES 

5. 1 - SOLIDIFICATION APPARATUS 

The construction of an apparatus designed especially for con

trolled directional solidification of iron-base alloys is described in 

this section. 

Th~ apparatus is similar in principle to that of DIEHL et al. 

(1965) who solidified steel rods in a controlled and directional man

ner by progressive withdrawal from a vertical resistance furnace. 

This work was reviewed in Section 2. 8. 

The work of NAVIAS (1957) on hydrogen-protected molybdenum

wound furnaces was taken into account in the design of the furnace 

which is shown in cross-section in Figure 5. 1. 1. The furnace drum 

of stainless steel encased alumina powder insulation (Norton 46 grit). 

The alumina furnace tube (McDanel AP35) was held in place at the 

.top 	and bottom by 0-ring seals. The bellows at the top allowed for 

extension of the tube during the heating-up period. Three coils of 

0. 050 in. diameter molybdenum wire were cemented to the tube with 

a slurry of Alundum powder and water, and star-connected to brass 

120 
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feedthroughs in the bottom and plate of the drum. The tempera

ture in the vicinity of the windings was monitored by a movable 

Pt/Pt - 13% Rh thermocouple in an alumina sheath. A flowing 

nitrogen - 20% hydrogen gas mixture pr.otected the molybdenum 

windings from oxidation. Hydrogen hydroxide was supplied to the 

top and bottom plates of the drum to ·cool the 0-ring seals and the 

nylon insulating bushings of the electrical feedthroughs. During an 

experiment, the furnace travelled up the fixed alumina tube contain

ing the specimen, thereby forcing the solid-liquid interface of the 

specimen to move upwards. The maximum operating temperature 

inside the working tube was 1700°c. 

Figure 5. 1. 2 offers an overall view of the solidification 

apparatus. The furnace was hung from a cable supported by pulleys 

(visible at the top of the photograph) and attached to the cylindrical 

counterweight on the left. The furnace was driven by a Zeromax 

variable-speed motor and lead-screw assembly coupled to the counter

weight. .The voltage impressed on the motor was stabilized by a 

Sola constant voltage transformer. The range of furnace velocities 

was 0 - 1000 mm/hr. The working tube was connected to the gas 

cy.linders on the left and to the vacuum pump in the foreground of 

Figure 5. 1. 2 through the chamber on the platform over the furnace. 

A titanium getter located inside the chamber was used to absorb 
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traces of oxygen and nitrogen in the atmosphere of the working 

tube after it had been evacuated and backfilled with inert gas. The 

power cables, water cooling tubing to the feedthroughs, and the 

working tube appear in detail in Figure 5. 1. 3. The flow of water 

was stabilized with a Watts C-5 pressure regulator. 

5. 2 - FURNACE POWER SUPPLY 

The furnace was powered by a 7500 watt supply. As shown 

in Figure 5. 2. 1, it comprised three star-connected autotransformers 

operating off the 3-phase, 208 volt (line to line), 60 hertz main line. 

E·ach autotransformer slider was protected by a fuse and connected 

to a furnace winding through an ammeter. This circuitry ensured 

an independent regulation of power to each winding. 

Due to the good line-voltage stability, the furnace temperature 

normally fluctuated less than 2°c during the time required for typical 

solidification experiments. 

5. 3 - SPECI1\1EN, CRUCIBLE AND THERMOCOUPLE ASSEMBLY 

A sectional view of the specimen, crucible and thermocouple 

assembly used in preliminary attempts to measure temperature gradi

ents during solidification is given in Figure 5. 3. 1. · The crucible was 

a Degussit AL 23 alumina tube, 8 mm 0. D., 5 mm I. D. and 400 mm 

long. The thermocouple protection sheath was a Degussit AL 23 single

bore tube, 1. 5 mm 0. D. and 1. 0 mm I. D. The Pt - 20% Rh leg of 
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the thermocouple ran up along the outside of the crucible and down 

through the axial sheath to the junction. The Pt - 5%Rh leg extended 

down to the thermocouple feedthrough in the cap of the working tube. 

The pieces of the specimen were supported by an alumina tube rest

ing on a copper pedestal. 

The results of the temperature measurements were unsatis

factory at first. At the outset of Experiment 2, for example, the 

thermocouple indicated a temperature 100°C in excess of the alloy 

melting point. After the solidification run, it was found that the 

thermocouple junction was 1 cm below the initial solid-liquid inter

face. The temperature gradient was also inordinately shallow and 

fairly constant at about 2°c/cm. Thermal conductivity effects were 

suspected at first but it was found difficult to rationalize the results 

in these terms. 

The possibility of a breakdown in the electrical insulating 

properties of the alumina thermocouple sheath was investigated by 

measuring the resistance between two platinum wires 4 mm apart 

and in contact with an alumina sheath as shown in Figure 5. 3. 2. 

·The resistance decreased from practically infinity at room tempera

ture to 20 ohms in the working range 1500 - 1600°C. It was then 

reasoned that the alumina sheath in the high temperature region 

between the initial solid-liquid interface and the melt surface acted 
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as an mtermediate conductor in the thermocouple circuit, thereby 

smearing the point junction over a distance of several centimeters 

and giving rise to unexpectedly high ten:iperature readings and shal

low gradients. 

In later solidification experiments the thermocouples were 

inserted in a transverse sheath as shown in Figures 5. 3. 3 and 

6. 3. 2 The holes in the alumina crucible accommodating the alumina 

thermocouple sheath were pierced with a Raytheon tntrasonic Impact 

Grinder. The grinding slurry, consisting of boron carbide powder 

and ·hydrogen hydroxide, was applied to the crucible with a mild steel 

shaft. The grinding operation produced clean holes and took only a 

few seconds to complete. 

The fairly uniform temperature across the alumina sheath and 

thermocouple junction nullified the intermediate conductor effect of 

the alumina and the temperature measurements turned out to be much 

more plausible: the gradients in the solid and liquid adjacent to the 

interface of a Fe - 0. 5 wt% Mn - 0. 03 wt% S - 0. 4 wt% C alloy solidi

fying at a rate of 50 mm/hr are shown in Figure 5. 3. 4. It should 

be noted that in order to avoid electrical interference effects, the 

furnace power was cut during the two seconds it took to measure the 

thermocouple output. 
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5. 4 - THERMOCOUPLE CIRCUITRY 

The circuit shown in Figure 5. 4. 1 was designed for stability, 

precision and convenience in the measurement of a thermocouple 

electromotive force. Two such circuits were used in the experi

mental set-up: one for the winding thermocouple and one for the 

specimen thermocouple. Both cold junctions of the Pt - 5% Rh/Pt 

20% Rh thermocouple were maintained at o0 c by immersion in the 

well of a Joseph Kaye Model 2110 Ice-Point Reference Standard. 

The negative copper transmission line went to the millivolt recorder, 

and the positive one to the bucking circuit. A double-throw on-off-on 

switch gave - a choice of bucked signal (B), open circuit (0) or normal 

signal (N). The bucking potential was set by putting the switch in posi

tion 0 and manipulating variable resistor R1 until it balanced the 

preset potential of an external precision potentiometer connected at 

points X and Y. 

5. 5 - SOLIDIFICATION TECHNIQUE 

The furnace was raised to its topmost position, the axial 

temperature was set and the system was flushed with Matheson 

Prepurified Grade (99. 998%) Argon. The specimen assembly was 

inserted in the working tube, the gas flow arrested, the tube sealed 

and the specimen thermocouple wires connected. The system was 

pumped down to 0. 01 mm Hg and backfilled with argon several times. 
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The gas pressure of the system was balanced with the atmospheric 

pressure and the titanium getter was heated to collect impurities 

of . oxygen and nitrogen in the gas. The furnace was lowered to its 

bottommost position which caused melting of the upper 10-15 cm of 

the specimen, and the furnace was allowed to come to thermal equi

librium. The furnace drive motor was activated, raising the furnace 

at a preset rate. The furnace h,aving travelled the required distance, 

normally 5-10 cm, the thermocouple wires were disconnected, the 

bottom cap was loosened and the whole assembly was dropped directly 

into a metal tube filled with water. 

For the sake of clarity, a photograph of a typical specimen 

(without thermocouple wires) is given in Figure 5. 5. 1. 

5. 6 - PREPARATION OF SOLIDIFICATION SPECIMENS 

The materials used in the preparation of the Fe - Mn - S - C 

alloys were U.S. Steel Ferrovac - E iron, Union Carbide AUC 

graphite, iron sulphide and master alloys of Fe - 30 wt% Mn. Typical 

analyses of the materials are given in Table 5. 6. 1. The iron- · 

manganese master alloys were prepared from U.S. Steel Ferrovac - E 

iron and A. D. McKay manganese, and cast into 40 g buttons using 

an Edwards Argon-Arc Melting Unit. The iron-sulphide was obtained 

by exposing thermocouple-grade iron wire, 0. 015 inch in diameter, 

to an atmosphere of hydrogen sulphide at 900°C for 24 hours. 
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When several specimens of the same composition were de

sired, the facilities of an Arthur D. Little Crystal Growing Furnace 

were used. The materials for a 120 g melt were placed in an 

alumina crucible and induction melted under an argon atmosphere 

of 30 . p. s. i. An exploded view of the casting assembly designed 

to fit in the chamber of the furnace is given · in Figure 5. 6. 1. The 

melt was bottom-poured by raising the alumina stopper rod and 

chilled in a split copper mold. 

When at most two specimens were desired, the Edwards 

Argon Arc Melting Unit was used. About 40 g of alloy materials 

were melted and cast in a trough in the water-cooled copper hearth 

of the unit. 

The resulting ingots were swaged into 0. 175 in. dia. rod. 

5. 7 - METALLOGRAPHIC PREPARATION OF SPECI1\1ENS 

The experimental techniques for observing microsegregation 

commonly encountered in the literature review were autoradiography 

and metallography. The autoradiographic technique consists of add

ing a radioactive tracer to the melt or neutron-pile irradiating the 

cast specimen to induce isotope activity. This is followed by metal

lographic preparation and exposure of the active s pee imen on photo

graphic plates to produce autoradiographs where variations in black

ening reflect the variations in the solute concentration. Tre concen
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trations can then be determined quantitatively by microdensitometry. 

·In the metallographic technique, specimens are metallographically 

prepared and tinted with reagents sensitive to concentration varia

tions or etched with reagents sensitive to structure variations 

caused by the inhomogeneous distribution of solute. The solute con

centrations can then be determined quantitatively by electron-probe 

m ic roanalys is. 

The metallographic approach was taken in this investigation 

because of the various complications inherent to the autoradiographic 

technique; The heat treatments and reagents used to reveal the 

microsegregation patterns are described in the following paragraphs. 

Some of the heat treatments and reagents were already available in 

the literature; others had to be especially devised. 

The specimens were sectioned with a jeweller's saw and mounted 

in lucite. After rough-grinding on a No. 80 emery belt, the speci

mens were hand-ground on Nos. 220, 320, 400 and 600 metallo

graphic emery papers lubricated with water and on a wax lap charged 

with 30 micron y-alumina. ·Polishing was carried out on 6, 1 and 

· 1/4 micron diamond-impregnated cloths lubricated with kerosene. 

The specimens were cleansed by swabbing with petroleum ether, 

washing in a detergent solution and rinsing in distilled water. 

The segregation patterns in the iron-high manganese-sulphur 
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alloys (13 wt% Mn, 0. 25 wt% S) were revealed by immersing the 

freshly polished specimens for approximately 10 seconds in a solu

tion of distilled water saturated with hydrogen sulphide. As shown 

in Figures 5.7.3 and 6.3.23 various regions of the specimen were 

sulphidized to a degree commensurate with their composition. As 

the thiclmess of the sulphide film increased in a given area, its 

appearance alternated between light and dark. Under white light, 

manganese sulphide inclusions appeared silvery and the manganese 

segregation was outlined in brown and white. In many instances, 

the colouring and contrast were markedly increased by exposing the 

specimen to the atmosphere for several hours. The contrast be

tween the high and low manganese regions was found to lessen with 

decreasing average manganese concentration. In spite of consider

able experimentation, no contrast was obtained in alloys containing 

less than 7 ·wt% Mn. Metallographic etching and tinting solutions 

commonly found in the literature (KEHL, 1949; HABRAKEN and de 

BROUWER, 1966) were tried without success on alloys containing 

less than 7 wt% Mn. 

Recourse was made to heat treatment in the case of alloys 

containing both manganese and carbon. An austenitiz ing treatment 

(20 min at 900°C) foil owed by continuous cooling at a rate of 

5°C/min proved effective in revealing the microsegregation of 
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alloys containing 0. 4 wt% C and 3 wt% Mn. As shown in Figure 

6. 3. 3, ferrite, pearlite and martensite appeared in the dendrite 

cores (in dark) and austenite containing some martensite was 

retained in the enriched regions (in light). An austenite etching 

solution proposed by SCHU1V1ANN (1962) was employed to confirm 

the presence of austenite in the enriched regions of the specimen. 

The composition of the solution is: 

2 parts 15 vol% saturated (NH~2 S208 solution in water 

2 parts 50 vol % H Cl in ethanol 

1 part saturated orthonitrophenol solution. 

Continuous cooling treatments did not reveal the microsegre

gation patterns of alloys containing 0. 5 wt% Mn and 0. 4 wt% C. 

However, the treatments produced ferrite bands at the austenite 

grain boundaries, Figure 5. 7. 1 and extensive ferrite regions around 

inclus ions, Figure 5. 7. 2. 

An isothermal-transformation treatment similar to the one 

used by KATTAMIS and FLEMINGS (1965) in their work on low

alloy steels was applied to the low-manganese (0. 5 wt%) - carbon 

·ai1oys. The treatment consisted of austenitizing the specimen for 

20 minutes in a chloride-carbonate salt (Park Chemical, K-2) at 

840°C, quenching to 600°C in the same salt, holding isothermally 

for 3 seconds and quenching to room temperature. The relevant 
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isothermal transformation diagrams have been given by Mc GANNON 

(1964). As a result of the delay in the transformation of austenite 

to fer rite and pearlite brought about by the presence of manganese, 

the manganese-rich regions of the specimen contained more marten

site than the manganese-poor regions. The differences in structure 

were revealed by suitable etchants such as picral or nital and out

lined the dendritic structure as shown in Figure 6. 3. 1. LEGER 

and DETREZ (1965) employed BEAUJARD's reagent to reveal the 

microsegregation patterns in their alloy steels. The reagent 

(BEAUJARD, 1952; BEAUJARD, 1955) consists of: 

15 g NaN03 

40 g NaOH 

80 cm3 H20 

and is heated to 100°c for use. The structure of the specimen 

must be homogeneous if the reagent is to give satisfactory results 

and an austenitizing treatment at a temperature of Ac3 + 50°C for 

several minutes followed by a water quench is recommended to 

produce a uniform martensitic structure. Experiments with this 

reagent met with no success; however, the reagent is mentioned 

here for it could prove useful in future work on slightly different 

alloys. 
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5. 8 - ELECTRON-PROBE MICROANALYSIS 

Electron-probe microanalysis was employed in this study 

to establish concentration profiles of manganese and sulphur in 

the specimens, to determine the nature and measure the concen

tration of elements present in inclusions and to measure the average 

solute concentrations of the matrix. 

In principle, the technique cons ists of focussing a beam of 

accelerated electrons to a diameter of approximately 1 micron on 

the specimen. Characteristic x-ray spectra of the elements are 

generated . in the bombarded volume of matter and the emerging 

x-rays are analysed according to wave length and intensity. Details 

of the technique can be found in reviews by CASTAING (1960) and 

POOLE and MARTIN (1969). Much of the existing information on 

the subject of inclnsion analysis which was previously scattered 

throughout the literature was collated by YAKOWITZ and HEINRICH 

(1968). The analytical procedures used in the present investigation 

were based on their review. 

For convenience in the analysis, a standard pellet cons isting 

-of 	 pieces of pure iron, manganese, iron sulphide, manganese sulphide, 

zirconium oxide and an electron cage mounted in Lucite was fabricated. 

The zirconium oxide served as a fluorescent screen to adjust the beam 

size and the electron cage to measure the electron beam current. The 
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standard and specimen pellets were prepared for analysis by 

metallographic polishing and coating with carbon in an evaporator 

to ensure proper electron drainage from the poorly conducting 

manganese sulphides and zirconium oxide. 

The majority of analyses were performed on an Acton

Cameca Microanalyser with an x-ray emergence -angle of 18° at 

McMaster University and the remainder on a Cambridge Geoscan 

Microanalyser with an x-ray emergence angle of 75° at Dominion 

Foundries and Steel Company Ltd. 

The lowest operating voltage and beam current compatible 

with reasonable x-ray output were found to be 15 KV and 150 na 

respectively. The microsegregated regions of the specimen were 

analysed by point counting for 20 seconds at intervals of 2 - 30 

microns depending on the sharpness of the concentration gradients. 

The intensities of x-rays were recorded where possible along the 

normal to the fall line of the concentration gradients. A counting 

time of 20 seconds was also used in analysing the inclusions. In 

analysing the average solute concentrations a scan length of 100 

·microns and a travel rate of 625 microns/min were used. 

A correction algorithm proposed by HAWORTH (1968) and 

FRISKNEY and HAWORTH (1968) for the calculation of the true con

centration of an element from the measured intensity ratio was 
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employed in this investigation. A computer program, listed in 

Appendix A. 3, was written in Fortran IV machine language, util

izing where possible HAWORTH's nomenclature. It applies atomic 

number, absorption and fluorescence corrections and computes the 

expected intensity ratios over a given range of concentrations. 

Calibration curves for alloys comprising up to five elements can 

be constructed with the program., 



CHAPTER 6 

EXPERIMENTS AND RESULTS 

The experiments carried out for the present investigation 

are described in this chapter. For convenience, the results and 

preliminary discussion thereof are synthetically grouped under the 

headings of convection, macrosegregation, microsegregation and 

inclusions. 

6. 1 - CONVECTION 

In order to validate the assumption that no convection existed 

in the liquid phase during the solidification of specimens in the 

apparatus, a diffusion couple experiment was conducted and the results 

compared with the predictions of diffusion theory. 

A liquid iron/liquid iron - 8 wt% nickel alloy couple was held 

for two hours at 1550°C in a 5 mm bore alumina tube. The problem 

of gravity segregation was circumvented by seating the iron half of 

the couple on top of the iron-nickel half. 

Following an air quench, the couple was prepared metallo

graphically and the concentration profile of nickel determined by 

electron-probe microanalysis. The results are shown in Figure 6. 1. 1. 

135 
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The concentration profile was calculated from diffusion 

theory which is summarized below. After CRANK (1957), the solu

tion to the diffusion equation 

be (6. 1. 1)
bl 

for the boundary conditions of the experiment 

C = 0 for z < 0, at t = 0 

C = c0 for z > o, at t = o 

is: 

(6.1.2) 

In these equations, C is concentration of solute; z, the distance 

coordinate; t, time; and D, solute diffusivity. 

In this particular problem, 

Co = 8 wt% Ni 

D = 3 x 10- 5 cm2/sec 

t = 2 x 3600 sec 

The function C(z, t) for these data is plotted in Figure 6. 1. 1 

as a continuous curve superimposed on the experimental points. 

The agreement between the experimental and theoretical 

concentration profiles is remarkable despite the fallowing sources 

of variation: 
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i) the system was not entirely isothermal and the solute 

concentration was fairly high, which is not in keeping with the 

assumptions of the error function solution, namely, the diffusion 

coefficient is not influenced by temperature and composition. 

· ii) possibly some stirring took place during melting since 

the diffusion couple in the pre-melted state did not fill the crucible 

completely. 

It is interesting to note that the value of D which yields the 

best concordance between theory and experiment, D = 3 x 10- 5 cm2/sec, 

is roughl~ that found by SUBRAMANIAN and PURDY (1969) in their capil

lary diffusion experiments on iron-nickel alloys. It is also the value 

favoured by WAGNER (1954) for the diffusion of alloying elements in 

liquid steel. 

It should be pointed out that the greater part of the scatter 

observed in the experimental profile is not of a statistical nature 

but rather is a . manifestation of nickel microsegregation. 

In conclusion, the diffusion experiment substantiates the 

assumption that convection in the liquid phase was negligible during 

.the solidification of specimens in the present apparatus. 

6. 2 - MACROSEGREGATION 

The longitudinal distribution of solute in nine unidirectionally 

solidified specimens of various compositions was determined using 
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an electron-probe microanalyser as explained in Section 5. 8. The 

object was to obtain information on possible longitudinal macro

segregation resulting from solute rejection, inclusion transport 

and evaporation through the top surface of the specimen exposed 

to the inert gas phase, and to measure the average solute concen

trations in the matrix of the unmelted portion of the solidified 

specimen. 

An attempt was made to determine the average _concentration 

profiles of both manganese and sulphur in the matrix. However, 

preliminary work demonstrated the futility of analysing the iron 

matrix for sulphur. This element is difficult to detect because of 

its low solubility in iron alloys, the high mass absorption coefficients 

of manganese and iron for sulphur (177 and 217) and the long x-ray 

path ( rv 8 microns) through the matrix (due to the 18° x-ray emer

gence angle of the Acton-Cameca Microanalyser used for this work). 

The manganese concentration was easily measured, however, at an 

operating voltage of 15 KV and a specimen current of 150 na. The 

average matrix concentration was obtained by using a line scan of 

100 microns travelling at a rate of 625 microns/min and avoiding 

the inclusions where possible. 

Six 	alloy systems we re examined: 


Fe - 4 wt% Mn 
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Fe - 3 wt% Mn - 0. 005 wt% S 

Fe - 3 wt% Mn - 0.005 wt%S - 0.4 wt% C 

Fe - 0.5 wt% Mn - 0.030 wt%S 

Fe - 0.5 wt% Mn - 0.030 wt%S - 0.4 wt%C 

Fe - 15 wt% Mn - 0.25 wt% S 

The compositions of the specimens and conditions under which 

they were solidified are given in Table 6. 2. 1, and the results are 

plotted in Figures 6. 2. 1 to 6. 2. 9. For convenience in the inter

pretation of results, the manganese distributions were plotted 

alongside full-size sketches of the solidified specimens. 

The top portion of specimen 6, an Fe - 3 wt% Mn - 0. 005 

wt% S - 0. 4 wt% C alloy, solidified at . 50 mm/hr, exhibited a sharp 

drop in manganese concentration, as shown in Figure 6. 2. 4. Speci

men 2, an Fe - 0. 5 wt% Mn - 0. 03 wt% S - 0. 4 wt% C alloy, solidified 

under the same conditions, showed no manganese depletion in the 

top portion. The variation in average composition was pronounced 

along all but the lower 15 mm of the specimen. The demarcation 

point between the regions of variable and uniform compositions cor

responds to the position of the solid-liquid interface at the start of 

the solidification run. 

The matrices of specimens 1, 5, 7 and 10 were also consid

erably depleted in manganese towards the top as shown in Figures 
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6·.2.1, 6.2.3, 6.2.5 and 6.2.7. Specimens 1 and 7 were of the 

same composition, Fe - 3 wt% Mn - 0.005 wt% S but were solid

ified at velocities of 5 and 50 mm/hr respectively. Specimen 5 

was an Fe - 4 wt% Mn alloy and specimen 10, an Fe - 0. 5 wt% Mn 

0. 03 wt% S alloy; both were solidified at 50 mm/hr. 

Specimens 13 and 14 which nominally contained 13 wt% Mn 

and 0. 25 wt% S were solidified at relatively high rates (280 and 600 

mm/hr respectively) and showed little manganese loss as seen in 

Figures 6. 2. 8 and 6. 2. 9. Some loss occurred in the case of speci

men 9 which had the same nominal composition as 13 and 14 but 

was solidified at 50 mm/hr. As seen in Figure 6. 2. 6, the man

ganese concentration dropped from 14 wt% to 10 wt% near the 

initial position of the interface but was fairly constant from there 

on upwards. 

The depletion of manganese in specimens 1, 5, 6, 7, 9 and 

10 appeared to be related to the high evaporation rate of mangan

ese at elevated temperatures (SMITH, 1965). A rough estimate 

of the amount of manganese lost by evaporation in specimen 1 was 

obtained by assuming that diffusion in the melt was rate limiting 

and considering the system to be of fixed length during the time of 

holding and solidification. For the case of a finite region 

0 ~ z ~ a in which the surface at z = 0 is impermeable and the 
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surface z = a is kept at Ca, the initial concentration being c0 , 

the solution to the diffusion equation 

(6.2.1) 


given by CRANK (1957) is: 

00C - ·c0 = ! (-l)n { erfc [ (2n + 1) a - z Jc - c 
I 2\!Dta 0 n=O 

[ (2n + 1) a+ z (6.2.2)+ erfc vrn . 
2 Dt J} 

In the particular case of specimen 1, 

= 2. 1 wt% Mnc0 

Ca= 0 

a = 7. 5 cm 

D = 1x10-4 cm2/sec 

t = 14 hours ~ 50000 sec 

The calculated manganese concentration distribution plotted 

as a continuous line in Figure 6. 2. 1 bears a certain resemblance 

to the experimental distribution. The discrepancy between the two 

· distributions is attributable in part to the approximations made in 

the evaporation calculations but also to the inclusion distribution. 

The inclusions were finely distributed throughout the unmelted 

region of the specimen which was in the cast and swaged condition. 
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The inclusions in the directionally solidified region of the specimen, 

however, were precipitated from slowly advancing interfaces and 

were much larger. . The manganese of the inclusions was less likely, 

therefore, to be lumped with the manganese of the matrix during the 

electron-probe microanalysis. Apart from this local type of redis

tribution of inclusions common to all specimens, a long-range type 

prevailed in specimen 1. Many large inclusions (10 - 60 microns 

in diameter) containing approximately 60 wt% Mn were found in the 

topmost 20 mm of the specimen. No inclusions of suitable size for 

microana1ysis were found, however, in the lower part of the solidi

fied region. As will be seen in the discussion of results, calcula

tions based on Stokes' law point to inclusion flotation as one probable 

cause of the long-range redistribution of manganese. 

The sharpness of the cut-off in the manganese distribution 

observed in specimen 6, Figure 6. 2. 4, suggests that the specimen 

was solid below this point and liquid above it for a considerable 

period of time. Presumably the specimen was inserted too far in 

the furnace before melt-down, causing the upper 20 mm to melt and 

. allowing manganese to evaporate as the furnace was being readied 

for the solidification run. 

Specimen 9, Figure 6. 2. 6, was held longer in the melted 

state prior to solidification and also solidified at a slower rate 
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than specimens 13 and 14 with the result that a greater proportion 

of manganese evaporated from the melt. The shape of the mangan

ese distribution suggests that evaporation was the · rate limiting step 

in the transfer process. Indeed, the concentration is fairly constant 

along the length of the originally liquid region of the melt. The 

lower evaporation rate was likely related to the presence of a slag 

layer over the melt in the three ,high-manganese specimens. The 

slag layer appears to have had its origin in the reaction of mangan

ese with the alumina of the crucible. 

In future experiments, short melt-down periods and capped 

crucibles are recommended to reduce solute losses, especially where 

manganese is present. As shall be seen below, the depletion of 

manganese in the low-manganese alloys had drastic effects on the 

composition of inclusions. This suggested a useful technique for 

rapid determination of inclusion-matrix equilibria in the Fe - Mn -S 

system. It is described in Section 7. 2 and Chapter 8. 

6. 3 MICROSEGREGATION 

Three important facets of the microsegregation which occur

red during controlled directional solidification of various iron-base 

all'oys are presented in this section. They are solidification morph

ology, dendrite arm spacing and distribution of solute. 
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6.3.1 - SOLIDIFICATION MORPHOLOGY 

The solidification structure was particularly clear in eight 

specimens: 

Specimen Nominal Composition 

21 Fe - 0. 5 wt% Mn - 0. 03 wt% S - 0. 4 wt% C 

6 Fe ·-3.0wt%Mn - 0.005wt%S-0.4wt%C 

9-13-14- 24 Fe - 13 wt% Mn - 0.25 wt% S 

25 Fe - 13 wt% Mn - 0. 25 wt% Zr02 

23 Fe - 0. 03 wt% S -· 0. 4 wt% C 

The alloys were solidified at velocities ranging from 50 to 600 mm/ 

hr under gradients of the order of 25°C/cm. The compositions and 

growth conditions of the specimens are summarized in Table 6. 3. 1. 

In the following paragraphs, observations on these eight specimens 

are presented in the order given above. 

Figures 6. 3. 1 and 6. 3. 2 show sections of specimen 21 nor

mal and parallel, respectively, to the macroscopic growth direction. 

The alloy contained 0. 5 wt% Mn, 0. 03 wt% S and 0. 4 wt% C and was 

solidified at 50 mm/hr under a gradient of 23°C/cm in the liquid. 

After solidification, the specimen was austenitized for 20 min at 

925°C, quenched to 840°C, held for 3 sec, quenched in water, pol

ished and etched in Picral. In Figure 6. 3. 1 the dark cruciform 

regions containing ferrite and pearlite are the manganese- and 

sulphur-poor dendrite cores. The light regions are martensitic in 
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nature and are relatively richer in manganese and sulphur. 'l'he 

primary dendrite arms are normal to the plane of the micrograph 

and located in the centre of the crosses. The secondary dendrite 

arms form the arms of the crosses. In the parallel section, Fig

ure 6. 3. 2, there is only faint evidence of secondary dendrite arms. 

The large object embedded in the matrix is a section of the alumina 

sheath used to protect the thermocouple. 

The solidification structure of specimen 6 is shown in Figures 

6.3.3 and 6.3.4. The alloy contained 3 wt% Mn, 0.005 wt%S and 

0. 4 wt% C and was solidified at 50 mm/hr under a gradient of 

approximately 25°C/cm in the liquid. The solidified specimen was 

austenitized at 900°C for 20 min, cooled at a rate of 5°C/min, 

polished and etched in Picral. The structure of the cruciform 

dendrite cores consists of a mixture of ferrite, pearlite and marten

site. The interdendritic region, on .the other hand, contains mar

tensite and austenite. The structure is clearer in this case and 

it appears that stunted tertiary arms have grown from the end of 

the secondary arms into the inte rdendritic liquid. Again the struc

ture is less well defined in the parallel section; the secondary arms 

are nevertheless more prominent than in the case of specimen 21, 

Figure 6. 3. 2. 

The effect of growth velocity on structure is shown in Fig

ures 6. 3. 5 to 6. 3. 10 which are normal and parallel sections of 
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specimens 9, 13 and 14. The alloys nominally contained 13 wt% 

Mn and 0. 25 wt% S and were solidified at rates of 50, 280 and 600 

mm/hr, respectively, under an estimated temperature gradient of 

30°C/cm. The specimens were polished and tinted with a solution 

of water saturated with hydrogen sulphide. In Figures 6. 3. 5 and 

6. 3. 6, the interdendritic regions rich in manganese and sulphur 

are outlined in dark. The majority of inclusions (manganese sul

phides, light in colour) are located in these dark regions. In Fig

ures 6. 3. 7 to 6. 3. 10, however, the interdendritic regions are light 

and the dendrite cores are dark. The spacing of both primary and 

secondary arms decreases with increasing velocity. The secondary 

arms of specimen 9, Figure 6. 3. 6, appear very faintly: this suggests 

that the structure is almost plate-like in the direction parallel to the 

macroscopic growth direction. The secondary arms are much more 

clearly defined in the more rapidly solidified specimens 13 and 14 

as seen in Figures 6. 3. 8 and 6. 3. 10. 

Figures 6.3.2, 6.3~4, 6.3.6, 6.3.8 and 6.3.10 show that 

the growth direction of primary dendrite arms was rarely aligned 

.to perfection with the macroscopic growth direction. The deviations 

ranged from almost o0 in Figure 6. 3. 4 to approximately 30° in Fig. 

ure 6. 3. 8. It appears that the competitive growth mechanism pro

posed by CHALMERS (1964) to explain the growth of columnar den
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drites in the direction of heat flow in ingots did not operate in 

the present experiments for lack of competing crystals. 

During the solidification of specimen 24, of same nominal 

composition as 9, 13 and 14, the growth rate was doubled at 

regular intervals of distance. Cross-sections of four regions 

solidified at rates of 50, 100, .200 and 400 mm/hr are shown in 

Figures 6. 3. 11 to 6. 3. 14. The rnicrographs are not as clear as 

the micrographs of specimens 9, 13 and 14; however, · a certain 

amount of dendrite refinement is evident in the· structure at higher 

growth rates. (The reason for the lack of clarity was the low 

manganese content of the specimen ( rv 10 wt%), as electron-probe 

microanalysis later revealed.) A large number of sulphide inclu

sions are located in the dark regions which are rich in manganese 

and sulphur; on the other hand, some inclusions are located in the 

light regions. 

The growth rate of specimen 25 containing 13 wt% Mn and 

0. 25 wt% Zr02 was increased from 50 to 100 mm/hr during solidi

fication. The object of the experiment was to obtain information 

on pushing of inclusions by an advancing solid-liquid interface. The 

so~idification structure emerged much more clearly than that of 

specimen 24, as seen in Figures 6. 3. 15 to 6. 3. 18, and revealed 

an interesting phenomenon: the primary dendrite arms tend to be



148 


come interlocking at higher growth rates, i.e., there is a trans

ition from the open structure of Figures 6. 3. 15 and 6. 3. 16 (growth 

rate of 50 mm/hr) repres~nted by an array of crosses, 

+++ 
+++ 
+++ 

to the more closely packed structure of Figures 6. 3. 1 7 and 6. 3. 18 

{growth rate of 100 mm/hr) represented by 

as the growth rate increases. Figure 6. 3. 19 is a parallel section 

of the portion of the specimen solidified at 100 mm/hr. The second

ary arms are barely visible and hence the structure appears to be 

plate-like or cellular-dendritic. Figure 6. 3. 20 is a cross-section 

of the region in which the primary dendrite arm tips were growing 

just prior to quenching, and Figure 6. 3. 21 shows the fine dendrites 

in the quenched liquid. The results on pushing of Zr02 particles 

will be given in Section 6. 4. 1. 

The structure of specimen 9 was examined in detail in the 

region where the solid-liquid interface was located before quenching, 

on a section of the specimen parallel to the macroscopic growth 

direction as shown in Figure 6. 3. 22. The rapidly cooled region 

is at the top of the composite photograph and the region solidified 
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under controlled conditions, at the bottom. As would be expected, 

the structure is finer at the top than at the bottom. Details of 

regions at various levels of the composite photograph are shown 

in Figures 6. 3. 23 to 6. 3. 30. 

Details of the region below the letter G are shown in Fig

ures 6. 3. 23 and 6. 3. 24. Two large grains, or sets of dendrites 

with a common orientation are visible in both normal and parallel 

directions. The regions rich in manganese and sulphur appear 

dark and contain silver-coloured manganese sulphide inclusions. 

Figures 6. 3. 25 and 6. 3. 26 show the region in which the 

primary arm tips we re growing at the time of the quench. This 

region is denoted by the letter C. The concentration gradients are 

much steeper in this case as indicated by the more developed colour 

gradation; the lightest regions are enriched in manganese and sul

phur but are not different phases. The tertiary arms perpendicular 

to secondary arms in Figure 6. 3. 25 are well developed. 

Figures 6. 3. 27 and 6. 3. 28 are representative of a region 

which was completely liquid at the time of quenching. The fine den

drites are outlined in black by the last material to solidify. The 

heat flow in this region is radial: several large grains have grown 

from the periphery to the centre of the specimen. In the right

hand corner of the micrograph, two long primary arms have grown 
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inwards; perpendicular secondary arms have competed for space 

in the liquid, as evidenced by the stunted arms and mutual block

ing of the arms; tertiary and even quaternary arms are also visible. 

The structure of a region which was completely liquid at 

the time of the quench but even more remote from the primary 

dendrite arm tips is shown in Figures 6.3.29 and 6.3.30. The 

dendrites are finer, and the grains are greater in number and 

randomly orientated. 

Specimen 23 containing 0. 03 wt% S and 0. 4 wt% C was solid

ified at a ·velocity of 50 mm/hr and quenched in water. The object 

of the experiment was to produce FeS inclusions to check the ferrite 

nucleation efficiency of iron sulphide. This aspect of the experi

ment will be discussed in Section 6. 4. 3. Of special interest here 

in connection with microsegregation phenomena is the structure of 

the quenched liquid approximately 2 cm in front of the primary den

drite arm tips just prior to quenching. This structure appeared 

clearly even at the rough-polishing stages, Figure 6. 3. 31. A nital 

etch revealed martensite in the dendrite cores and a mixture of 

·austenite, martensite and iron sulphides in the interdendritic regions. 

Three aspects of Figure 6. 3. 31 are noteworthy: 

i) it indicates that primary dendrite arms advanced rapidly 

quite a distance (over · 2 cm) into the liquid at the time of the quench 
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without significantly altering their spacing. Although the structure 

of the region of the alloy solidified under controlled conditions was 

not revealed successfully, the dendrites probably had roughly the 

same spacing as observed in Figure 6. 3. 31. Hence it appears that 

the system was not allowed sufficient time to renucleate smaller 

dendrite arm spacings. This observation has considerable bearing 

on the interpretation of other phenomena which is discussed further 

on; 

ii) the dendrites are in a close-packe.d formation. probably as 

a result of the extreme growth velocity. This observation sub

stantiates the observations made on specimen 25; 

iii) the variations in the amount of martensite indicate a vari

ation in the carbon concentration. It appears that carbon did not 

have time to back-diffuse into the dendrite cores during and after 

solidification, due to the high growth velocity, large dendrite arm 

spacing and rapid cooling. According to BRICK and PHILIPS (1949) 

the temperature at which martensite starts to form, TMS' is 

markedly depressed by the addition of carbon. The temperature 

can be expressed by the relation 

TMS = 550 - 361 x wt% C (OC) 

Therefore martensite began forming around 

TMs = 550 - 361 x koCo 
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= 550 - 361 x 0.25 x 0.4 

= 514°C 

in the dendrite cores. In the interdendritic region, the high 

carbon content probably depressed TMS below room temperature 

with the result that the austenite did not transform. Figure 

6. 3. 31 perhaps constitutes the first experimental observation of 

carbon microsegregation during solidification. 
i 

6. 3. 2 - DENDRITE ARM SPACING 

Dendrite arm spacing is of practical importance in homo

genization treatments of castings since the time t required for 

solute to diffuse a given distance is proportional to the square of 

the distance z: 

2t a: z /D (6.3.1) 

where D is the diffusivity. Thus if the dendrite arm spacing, i.e., 

the diffusion distance is halved, only one quarter of the original 

homogenization time is required. 

In the present investigation, the clear structure of some 

specimens offered the opportunity of acquiring pertinent information 

on the relation between dendrite arm spacing and growth conditions. 

Micrographs of selected regions of specimens 6, 9, 13, 14, 

21 and 25 are shown in Figures 6. 3. 1 to 6. 3. 10 and 6. 3. 15 to 

6. 3. 19. The composition, growth rate V, temperature gradients 
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in the solid and liquid G' and G, and the primary and secondary 

arm spacings d1 and d2 are listed in Table 6. 3. 2. The arm 

spacings were measured only along well-defineq rows. 

The primary dendrite arm spacings were larger than the 

secondary arm spacings by a factor of at least two. In the Fe 

13 wt% Mn - 0. 25 wt% S specimens the ratio of primary to secondary 

arm spacings increased from approximately 2:1 at the lower growth, 

rates to 3:1 at the higher rates. The variation of arm spacing with 

growth rate in specimens 9, 13, 14 and 25 was graphed as log d 

versus log V as shown in Figure 6. 3. 32. The least square regres

sion equations for the Fe - 13 wt% Mn - 0. 25 wt% S specimens were: 

log d1 = 2.84 - 0.314 log V or d
1 

= 704V-0.3l4 (6.3.2) 

0 453
log d2 = 2.63 - 0.453 log V or d2 = 425v- · (6.3.3) 

and for the Fe - 10 wt% Mn - 0. 25 wt% Zr02 specimen: 

249log d1 = 2.73 - 0.249 log V or d1 = 537v-0 · (6. 3. 4) 

The results of ALBERNY et al. (1969) are plotted in Figure 

6. 3. 32 for the purpose of comparison. Steel bars containing 0. 3 5 

wt% C - 0. 3 wt% Si - 0. 003 wt% P were unidirectionally solidified 

at controlled rates and in a controlled temperature gradient in the 

liquid phase of approximately 20°c/cm. The relation between the 

primary arm spacing and the growth velocity can be represented by 

-0.218log d1 = 2.81 - 0.218 log V or d1 = 646V (6.3.5) 
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The results of these experiments are discussed in Section 

7. 1. 

6. 3. 3 - SOL UTE DISTRIBUTION 

The microsegregation . of manganese was studied quantita

tively by electron-probe microanalysis in specimens where the 

solidification structure emerged with sufficient clarity. These 

were specimen 6, an Fe - 3 wt% Mn - 0. 005 wt% S alloy; speci

mens 9, 13, 14 and 24, Fe - 13 wt% Mn - 0. 25 wt% S alloys. The 

conditions under which the alloys were solidified are given in 

Table 6. 3. 1. 

The object of the study was to determine: 

i) the segregation ratio of manganese from the maximum 

and minimum concentrations in the dendrite arms, 

ii) the shape of the manganese distribution curves and there

from the mechanism of solute redistribution, and 

iii) the effect of solidification rate on the distribution of solute. 

The operating voltage of the microanalyser was set at 15 KV 

and the specimen current at 150 na. The x-ray intensities were 

measured by point-counting for 20 sec. The distance between points 

varied from 10 - 30 microns according to the concentration gradient 

in a given region. The analyses were carried out on sections per

pendicular to the primary arm growth direction, in specimens 6, 9, 
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13 and 14, along _ [ x J paths such as A -4- B and [+] paths 

such as C ~ D in Figure 6. 3. 34a. 

The results of microanalyses on cross-sections of speci

mens 6, 9, 13 and 14 solidified under controlled rates and tempera

ture gradients are shown in Figures 6'. 3. 33 to 6. 3. 36. The mangan

ese concentrations are plotted as weight percent versus distance 

between points indicated in the accompanying micrographs. The 

minimum and maximum of the manganese distributions _Cm and CM 

are listed in Table 6.3.3. The distributions of _FigureE 6.3.34 to 

6. 3. 36 were not as well defined as could be expected. However, 

Figure 6. 3. 33 clearly shows a continuously increasing manganese 

concentration along both paths of analysis. Two other aspects of 

the manganese distributions are clear: 

i) the concentration minima were located in the axes of the 

primary dendrite arms perpendicular to the plane of the micro

graphs and in the centre of the cruciform components of the structure; 

ii) the solute redistribution is more intense along [x] paths, 

where fs varied in the range 1. 4 to 1. 8, than along [ +Jpaths where 

1; varied from 1. 3 to 1. 4. The segregation ratios of specimens 9, 

13 and 14, of same nominal composition but solidified at rates of 

50, 280 and 600 mm/hr, respectively, decreased from 1. 54 to 1. 35 

along [x] paths and from 1. 40 to 1. 29 along [ +] paths as the 

solidification rate increased. The concentration minima in the den



156 


drite cores also increased with increasing solidification rate. 

In order t.o confirm the effect of velocity on the segregation 

ratio, successive lengths of specimen 24 were solidified at rates of 

50, 100, 200 and 400 mm/hr. The nominal composition of this alloy 

was Fe - 13 wt% Mn - 0. 25 wt% S; however, the alloy effectively 

contained less manganese, namely, 10 wt%. Micrographs of cross

sections of the specimen at each , growth rate are shown in Figures 

6. 3. 11 to 6. 3. 14. Each cross-section was microanalysed for man

ganese by traversing along the diameter. The· segregation ratios 

at various growth rates are listed in Table 6. 3. 3. The segregation 

ratio at 50 mm/hr, Is = 1. 18, was significantly lower than the 

segregation ratios at higher growth rates which were fairly constant 

at 1. 32. 

The segregation of manganese in various regions of specimen 

9 was studied in detail by electron-probe microanalysis. 

The first region studied was the region into which the prim

ary dendrite arm tips were growing at the time of the quench. The 

electron-probe trace A ~ B normal to the planar solidification 

fronts is indicated in Figure 6. 3. 3 7 which is an enlargement of 

th~ second micrograph from the top in the composite photograph 

of Figure 6. 3. 22. The manganese concentrations are plotted versus 

distance in Figure 6. 3. 38. The manganese distribution shows well
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defined peaks corresponding to the final interdendritic liquid out

lined in white in Figure 6. 3. 37 and valleys marking the cores of 

the arms. The average minimum and maximum manganese concen

trations were 10 and 14. 3 wt%, respectively. Hence, the average 

concentration difference, fl C, between peaks and valleys was 

roughly 4 wt%, and segregation ratio was approximately 1. 4. 

The study revealed other interesting segregation features 

of specimen 9: 

i) the manganese concentration of the long primary arm 

C - E in J'.igure 6. 3. 22 was uniform at about 10 wt%, which is 

about the value koCo (0. 77 x 13), and 

ii) the blurring of the microsegregation structure towards 

the bottom of Figure 6. 3. 22 is due to the smaller concentration 

differences between various parts of the specimen: between the 

light grey regions of the primary arms and the dark grey regions 

such as region F, !:::. C ~ 1 wt% Mn; between the light grey 

regions of the primary arms and the white regions such as region 

G, ~ C ~ 4 wt% Mn. Effectively, then, the micrograph is a 

. fairly accurate map of the degree of microsegregation. 

The results of these experiments are discussed in more 

detail in Section 7. 1. 
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6. 4 - INCLUSIONS 

Observations on the distribution, morphology and composi

tion of inclusions found in the alloys solidified in this investigation 

are presented in this section. 

6. 4. 1 - INCLUSION DISTRIBUTION 

It appears that the solidification rate had a considerable 

influence on the longitudinal distribution of inclusions in specimens 

1 and 7. Both specimens were Fe - 3 wt% Mn - 0. 005 wt% S alloys; 

however, specimen 1 was solidified at 5 mm/hr and specimen 7 at 

50 mm/hr. As indicated in Figures 6. 2. 1 and 6. 2. 5, only a few 

inclusions were found at the top of specimen 1 while a fairly uni

form distribution . existed in specimen 7. 

Myriads of inclusions smaller than 2 microns were present 

in specimen 12 , an Fe - 0. 04 wt% S alloy solidified at 50 mm/hr. 

These were located mainly in the boundaries of segregation cells 

as shown in Figure 6. 4. 1. 

Specimen 10, an Fe - 0. 5 wt% Mn - 0. 03 wt% S alloy solidi

fied at a rate of 50 mm/hr also contained numerous inclusions, as 

shown in Figures 6. 4. 2 and 6. 4. 3. The long inclusion in Figure 

6. 4. 3 was in fact about 2000 microns in length; several such inclu

sions were visible in the longitudinal plane of cutting of the 

specimen. 



159 


The experiments on specimen 25, an Fe - 13 wt% Mn 

0. 25 wt% Zr02 alloy solidified at 50 and 100 mm/hr were con

ducted to obtain information on the pushing of inclusions by a 

solid-liquid interface. The zirconia added to . the melt was in 

the .form of spheres about 20 microns in diameter; this oxide 

was used because of its known low solubility in liquid iron 

(ELLIOT et al. , 1963). The re~ults are shown in Figures 6. 3. l 5 

to 6. 3. 19. The number of inclusions is considerably greater in 

the light-coloured interdendritic regions than in the dark-coloured 

dendrite axes. This is especially evident in Figure 6. 3. 19. Since 

the zirconia particles were not dissolved by the melt and hence 

not precipitated, the mechanism by which they were concentrated 

in the interdendritic liquid must have been pushing by the solid

liquid interfaces. Some consequences of these observations are 

discussed in Section 7. 2. 

6. 4. 2 	 - INCLUSION MORPHOLOGY 

The morphology of inclusions found in various directionally

solidified specimens is described in this section. 

Figure 6. 4. 4 shows inclusions typical of the few found at 

the top of specimen 1, an Fe - 3 wt% Mn - 0. 005 wt% S alloy 

solidified at 5 mm/hr. AB shown in Table 6. 4. 1, the inclusions 

in this specimen were generally round, rather large and medium
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grey in colour. 

Inclusions of specimen 2, an Fe - 0. 5 wt% Mn - 0. 03 wt% S 

- 0. 4 wt% C alloy solidified at 50 mm/hr are shown in Figures 

6.4.5, 6.4.6 and 6.4.7. The inclusions of Figure 6.4.5 are in 

bead-like formations and delineate microsegregation cells. The 

"sinusoidal" inclusions shown in Figures 6. 4. 6 and 6. 4 7 were quite 

common. "Sinusoidal" inclusions of the type shown in Figure 6. 4. 6 
i 

were usually small, medium grey in colour, and located in cell 

boundaries throughout the specimen. The "sinusoidal" inclusions 

of the type shown in Figure 6. 4. 7 were also medium grey but much 

larger and found only in the immediate vicinity of the initial loca

tion of the solid-liquid interface. The latter inclusions appeared 

to have a common orientation. 

Specimen 5, an Fe - 4 wt%. Mn alloy solidified at 50 mm/hr 

contained few inclusions. Some were angular and translucent, as 

shown in Figure 6. 4. 8, and others were rounded and translucent 

or opaque, as shown in Figure 6. 4. 9. 

The inclusions of specimen 6, an Fe - 3 wt% Mn - 0. 005 wt% S 

- 0. 4 wt% C alloy were also few in number, angular, medium grey 

in colour and isolated as shown in Figure 6. 4. 10. These inclusions 

were similar in appearance to the Type III inclusions of Figure 2. 3. 2. 

Their angular shape was probably due to the relatively low levels of 
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oxygen ( ""'"' 100 ppm) in the system due to the presence of carbon 

and a fairly high concentration of manganese ( "-' 3 wt%). Indeed, 

the work of MARICH and PLAYER (1969), reviewed in Section 

2. 3. 3 of the literature survey, showed that sulphides tended to be 

angular in low-oxygen systems. 

As shown in Figure 6. 4. 11, the inclusions of specimen 7, 

an Fe - 3 wt% Mn - 0. 005 wt% S alloy solidified at 50 mm/hr appear

ed to be comprised of two phases, one medium-grey and the other, 

tan in colour, when examined at high magnification. However, the 

dominant colour was medium grey. 

The inclusions of specimens 9, 13 and 14, Fe - 13 wt% Mn 

0. 25 wt% S alloys solidified at 50, 280 and 600 mm/hr respectively 

were generally large, round and medium grey in colour. However, 

close to the initial position of the solid-liquid interface, the matrix 

contained only large faceted or "sinusoidal 11 inclusions, Figures 

6. 4. 12 and 6. 4. 13. These inclusions appeared to have a common 

orientation, as had the inclusions of specimen 2, Figure 6. 4. 7. On 

the other hand, the unmelted portion of the specimen was character

ized by inclusion stringers and clouds of smaller inclusions as 

shown in Figure 6. 4. 14. In order to relate the location of the 

large faceted inclusions to the initial position of the interface, the 

specimen was given a sulphide tint which revealed the segregation 

pattern of manganese and sulphur, Figure 6. 4. 15. The inclusions 
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appear as small white spots in the micrograph and the large 

white regions at the top indicate a more intense segregation of 

solute due to solidification. It appears here that · the interlace 

ran horizontally across the middle of the micrograph, and that 

the faceted inclusions were located in ·the so-called "mushy" 

zone of the specimen. 

Table 6. 4. 1 shows at a glance that the average size of 

inclusions was smaller in specimens 13 and 14 ( rv 10 microns) 

than in specimen 9 ( rv 20 microns). The former specimens were 

solidified, it will be recalled, at much higher rates than the latter. 

Specimen 10, an Fe - 0. 5 wt% Mn - 0. 03 wt% S alloy solidi

fied at 50 mm/hr, contained extraordinarily long inclusions. Part 

of an inclusion 2000 microns in length is shown in Figure 6. 4. 3. 

Specimen 12, an Fe - 0. 04 wt% S alloy contained on the 

whole extremely small, medium-grey inclusions, less than 2 microns 

in diameter, shown in Figure 6. 4. 1, and a few larger, round, 

brownish, glassy inclusions, shown in Figure 6. 4. 16. 

It was also observed that inclusions in specimens or regions 

of specimens where the matrix contained less than approximately 

0. 5 wt% Mn were two-phase or duplex in nature. Typical duplex 

inclusions found in specimens 1, 2, 7 and 10 are shown at high 

magnification in Figures 6. 4. 17, 6. 4. 18, 6. 4. 19 and 6. 4. 20. The 
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dark phase was medium grey and the light phase -was tan-coloured 

and optically active in polarized light. Since the inclusions gener

ally contained at least 20 wt% 0, the dark phase was probably 

Mn {S, _O) and the light phase, Fe (S, 0). 

6. 4. 3 - INCLUSION COMPOSITION 

The inclusions in the solidified specimens were analysed 

for iron, manganese and sulphur ' using an Acton-Cameca Micro

analyser. The low x-ray emergence angle (18°) of this particular 

instrument did not permit the analysis of inclusions of apparent 

diameter less than 8 microns. The oxygen concentrations were 

calculated by difference. The results are reported in Table 6. 4.1 

along with information on the size, shape and colour of the inclu

sions. The inclusions were given numbers to indicate their 

location in Figures 6. 2. 1 to 6. 2. 9. 

Unlike other specimens in which the composition of inclusions 

was studied in detail, specimens 2 and 6 had carbon concentrations 

of industrial interest. Specifically, specimen 2 was an Fe - 0. 5 wt% 

Mn 0. 03 wt% S - 0. 4 wt% C alloy and specimen 6, an Fe - 3 wt% 

Mn - 0. 005 wt% S - 0. 4 wt% C alloy. The main feature of inclu

siens in these two specimens was that they contained very little 

oxygen with the exception of inclusions 26, 27, 30 and 33 in speci

men 2 (Table 6. 4. 1). These inclusions were located close to the 
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crucible wall which suggests that they were produced by a slagging 

reaction of iron oxide with the alumina of the crucible. On the 

whole, their quantity was small so that they are considered to 

have had a negligible effect on the results of the present investiga

tion. However, for investigations on alloy materials of higher 

purity, it would be advisable to use less reactive refractories, 

e. g. , boron nitride. 

The sulphur concentration of most inclusions in specimens 

2 and 6 was in the range 36 - 38 wt% S (stochiometric FeS and 

MnS contain 36. 5 and 36. 9 wt% S respectively). The iron and 

manganese concentrations of inclusions in specimen 2 varied in 

all proportions from almost pure FeS (inclusion 29) to pure MnS 

(inclus ion 3 6). The majority of iron concentrations, however, 

were in the range 5 - 10 wt% Fe. The iron concentrations of inclu

sions in specimen 6 were lower and restricted to a narrower range, 

0. 5 - 2 wt% Fe. Finally, the number of elongated inclusions was 

greater in specimen 2 than in specimen 6. 

The greater number of elongated inclusions in specimen 2 

relative to specimen 6 can be explained in terms of the wettability 

of the inclusions. Indeed the wettability of an iron-manganese 

sulphide is proportional to its iron content (JOSEFSSON et al., 

1959). 
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Specimens 1, 5, 7, 10 and 12 were alloys of iron, man

ganese and sulphur. The manganese content of these alloys was 

at .most 4 wt%. 

The inclusions of specimen 5, an Fe - 4 wt% Mn alloy, 

contained approximately 45 wt% Mn, some iron and sulphur and 

a seemingly disproportionate amount of oxygen, 50 wt%. No 

sulphur was detected in the smal~ inclusions of specimen 12, 

which was surprising since the alloy nominally contained 0. 04 wt% S. 

The few inclusions large enough for analysis contained, as in the 

case of specimen 5, large amounts of oxygen. Inclusion 2, 6 and 

8 were particularly high in sulphur and elongated. The inclusions 

shown in Figure 6. 4. 16 contained an apparent 30 wt% Fe and no 

manganese, nor sulphur nor any other element detectable by electron 

probe microanalysis. 

Since the oxygen concentration was obtained by difference, 

it was suspected at first that other elements were included under 

the heading of oxygen in the case of specimens 5 and 12. However, 

no common elements were detected by scanning the radiation emit

ted by the bombarded inclusions with the spectrometer of the 

el~ctron-probe microanalyser. In future work on inclusions in this 

type of material, it would be advisable to include FeO, MnO and 

other oxide standards in the standard pellet of the electron-probe 
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microanalyser. 

The inclusions of specimens 1, 7 and 10 also contained 

considerable amounts of oxygen but little sulphur. Especially 

interesting, however, is the fact that the inclusions were iron

rich at the top of the specimen and manganese-rich at the bottom 

while the non-metallic (sulphur plus oxygen) levels remained 

·approximately constant. The inclusions of specimen 7, in partic

ular, showed an abrupt change in composition in the lower part 

of the specimen where the manganese concentration of the matrix 

more than doubled. The iron level of the inclusions decreased 

to approximately 1 wt%, the manganese to 30 wt% while the apparent 

oxygen level increased to 68 wt%. As would be expected from the 

lower manganese content of specimen 10, the non-metallics concen

tration in the inclusions was higher (25 - 35 wt%) than in the inclu

sions of specimens 1 and 7 (15 - 25 wt%). 

Specimens 9, 13 and 14 had the same nominal solute content, 

13 wt% Mn and 0. 25 wt% S, and were solidified at rates of 50, 280 

and 600 mm/hr respectively. The inclusion compositions were 

remarkably constant in a given specimen and from one specimen 

to the next as shown in Table 6. 4. 1, in spite of the large differ

ences in solidification rates and variations in the manganese con

centration of the matrix. Although no carbon was present, the 
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inclusions contained little, if any, oxygen, and only an average of 

1. 5 wt% Fe. 

Small amounts of iron - generally in the range 1 - 2 wt% 

were found in the inclusions of specimens 5, 6, 9, 13 and 14. The 

validity of these results was questionned, however, because of the 

presence of an iron-rich matrix around the inclusions and the 

penetrating white radiation generated by the electron beam of the 

microanalyser. Indeed, there is the possibility that the weak iron 

radiation apparently emitted by the inclusions was in fact iron radia

tion from .the matrix excited by the white radiation. A few attempts 

to extract the inclusions from the matrix for microanalysis in the 

isolated condition were made but were unsuccessful. However, the 

work of KIESSLING et al. (1963) showed that it is possible to extract 

the inclusions using suitable techniques. A sketch of the inclusions 

isolated in their work is given in Figure 2. 3. 2. 

In the review of the literature on the influence of inclusions 

on the nucleation of fer rite (Section 2. 4), it was seen that MnS 

inclusions were very effective in nucleating ferrite in the surround

.ing matrix. An illustration of this phenomenon is given in two 

micrographs of specimen 2, Figures 5. 7. 2 and 6. 4. 21: large white 

areas of ferrite surround each MnS inclusion, medium-grey in 

colour. Specimen 2 was an Fe - 0. 5 wt% Mn - 0. 03 wt% S - 0. 4 
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wt% C alloy solidified at 50 mm/hr. Most workers, it was seen, 

believed that the nucleation of ferrite was enhanced by the lower 

manganese content of the matrix around the inclusion. Others, 

however, implied that nucleation was favoured by the presence of 

a phase boundary. Electron-probe microanalyses were carried 

out in the vicinity of the inclusions but did not conclusively reveal 

the existence of manganese concentration gradients. It was then 
' 

decided to examine the effectiveness of FeS inclusions .in bringing 

about the nucleation of ferrite. To this effect,. specimen 23 was 

produced by solidifying, under conditions similar to those which 

prevailed during the solidification of specimen 2, an alloy contain

ing the same amount of carbon and sulphur but no manganese. 

The specimen was then heat treated in the same manner, i.e., 

austenitized and slowly cooled. Figure 6. 4. 22 shows a typical 

tan-coloured inclusion and regions of ferrite and pearlite. In 

contradistinction to Figure 6. 4. 21, there appears to be no marked 

correlation between the location of the pearlite and ferrite regions 

and the inclusion. 



CHAPTER 7 

DISCUSSION OF RESULTS 

As a result of carrying out the experiments under controlled 

and non-convective conditions, it was possible to make a number 

of significant observations which were reported and given a pre

liminary discussion in the previous chapter. The most important 

observations are discussed in more detail in the present chapter. 

For the sake of clarity, the observations are grouped and discussed 

under two general headings: microsegregation and inclusions. 

7. 1 - MICROSEGREGATION 

SOLIDIFICATION STRUCTURE 

From a study of Figures 6.3.1 to 6.3.31, it was concluded 

that the solidification structure was cellular-dendritic. The struc

ture of specimens containing carbon, for example specimen 21, 

Figure 6. 3. 1, is similar to the structure reported by KATTAMIS 

and FLEMINGS (1965). The structures shown in Figures 6. 3. 2, 

6.3.6, 6.3.19 and 6.3.24 are essentially plate-like, while the 

structures of Figures 6.3.4, 6.3.8, 6.3.10 and 6.3.26 -- in 

which the secondary arms are distinguishable ;__ are more aptly 

169 
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termed rod-like. It appears that the two types of structures 

derive basically from essentially the same dendritic skeleton. A 

wax model of such a skeleton is shown in Figure 7. 1. 1-a. The 

primary and secondary arm spacings, d1 and d2, are indicated in 

the corresponding isometric sketch of Figure 7. 1. 1-b. In plate

like structures, the interstices between secondary arms fill in at 

an early stage of solidification, while in rod-like structures, the 

interstices fill in at a late stage of solidification. As a result, a 

considerable solute build-up takes place between secondary arms 

in rod-like structures. It seems that rod-like structures are 

characteristic of more severe growth conditions. 

TRANSITIONS IN STRUCTURE 

The transition from the open type of structure shown in 

Figures 6. 3. 15 and 6. 3. 16 to the close-packed type of structure 

shown in Figures 6. 3. 17 to 6. 3. 18 appears to be a real effect. 

This transition does not seem to have been explicitly reported in 

the literature although it is evident in the results of some investi

gations. For example, in the experiments of ALBERNY et al. 

(1969) on the solidification of steel bars (see Section 2. 6), the 

transition from an open to a close-packed structure seems to have 

taken place over the range of growth rates of 94 to 188 mm/hr~ 

Hence, in the presence of more severe growth conditions, 
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the solidifying system can choose between at least two alternate 

modes of creating new solid-liquid area for increased solute 

rejection: one mode is to decrease primary and secondary arm 

spacings and the other is to rearrange the configuration of primary 

dendrite arms. 

Some simple models of segregation in the open type of 

structure shown in Figure 7.1. 2-a were derived in Section 4. 2. 

It appears that no modification of these models is necessary for 

describing the seg;regation patterns of close-packed structures. 

Indeed, as shown in Figure 7. 1. 2-b, the area of a two-dimensional 

segregation cell in a close-packed structure is ideally one-quarter 

the area of a cell in an open type of structure but the basic shape 

of the cell remains unaltered. 

INFLUENCE OF CARBON ON MICROSTRUCTURE 

It was seen in Section 2. 7 of the literature survey that 

carbon had considerable influence on the solidification behaviour 

of iron-base melts. The effects of carbon encountered in this 

investigation are discussed in the following paragraphs. 

It is of interest to note that specimens in which the solidi

fication structure was successfully revealed contained either carbon 

or a considerable amount of manganese, as seen in Table 6.3.1. 

No trace of segregation was observed in .low manganese specimens 
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lacking carbon, such as 1, 5, 7 and 10, even after having submitted 

the specimens to a variety of metallographic treatments. Two 

possible explanations are: 

i) the sulphide tinting technique was not sufficiently sensi

tive to the concentration differences produced by segregation. After 

some experimentation, it was found that the sulphide tinting tech

nique did not outline the structure of an Fe - Mn alloy unless it 

contained at least 7 wt% Mn. The nominal manganese concentra

tions of the four specimens mentioned above were all less than 

7 wt% Mn. Moreover, Figures 6. 2. 1, 6. 2. 3, 6. 2. 5 and 6. 2. 7 

show that the effective concentrations were considerably less than 

nominal as a result of evaporation during the solidification experi

ments: 

Wt% Manganese 
Specimen Nominal Effective 

l 3 2 ~ 0 

5 4 1. 5 

7 3 0.75 

10 0.5 0. 2 +. 0 

ii) there was little or no microsegregation of manganese. 

The work of de BEAULIEU and KOHN (1957) cited in Section 2. 7 

of the literature review lends considerable support to this second 

explanation. Indeed, autoradiographs of an as-cast Fe - 0. 5 wt% Mn 
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alloy were of uniform density while autoradiographs of an 

Fe - 0. 5 wt% Mn - 0. 4 wt% C alloy clearly showed segregation 

patterns. 

In the present investigation, electron-probe microanalysis 

of specimens 1, · 5 and 7 showed no significant concentration differ

ences of manganese and henc~ confirmed the observations of de 

BEAULIEU and KOHN. 

Two plausible explanations are proposed for the effect of 

carbon on the intensity of microsegregation: 

i) the addition of carbon to an iron alloy increases the 

stability of the y Fe phase. This effect is quite evident in the 

Fe - C phase diagram where the temperature range in which austen

ite is stable expands with increasing carbon content. It is also 

well known that solute diffusivities are generally lower in YFe 

(FCC) than in · 8 Fe (BCC) by an order of magnitude or two. In

deed, as seen in Figure 2. 1. 1, the diffusion coefficient of mangan

ese is roughly one and one half orders of magnitude larger in 8 Fe 

than in y Fe· Hence the amount of solute back-diffusion in the 

·solid phase during the solidification process will be greater, and 

the intensity of microsegregation, lower, if the system crystallizes 

to 8 Fe rather than y Fe in the presence of carbon; 

ii) the cross-interaction between carbon and a second solute 
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is large enough to influence the partition coefficient of the second 

solute and hence modify the intensity of mi crosegregation. . _The 

results of calculations on the Fe - Mn - C system . at 1490°C, 

based on the theory of Section 4. 1, are shown in Figure 7. 1. 3: 

the equilibrium partition coefficients of carbon and manganese are 

plotted as a function of the carbon content of the liquid phase. 

In reality, the cross-interactions in both phases are weak, and1 

L S 
•MnC and •MnC are small, namely -1. 3 and -0. 4,- so that in 

the case of the Fe - Mn - C system, carbon has little effect on the 

partition coefficient of manganese. However, it is interesting to 

• L .s 
note that had the interaction been larger, with ... MnC and ""'MnC 

around ± 10, the partition coefficients would have varied signif i

cantly as seen in the diagram. In the case of positive interaction 

parameters, kMn would have increased from 0. 75 at 0 wt% C to 

0. 9 at 0. 6 wt% C, and hence microsegregation would have been 

attenuated. For negative interaction parameters of the same magni

tude, kMn would have decreased correspondingly from 0. 75 to 0. 6, 

and microsegregation would have been enhanced. It should be noted 

that interaction parameters of ± 10 are commonly encountered in 

st~elmaking systems so that the effect of carbon on the partition 

coefficient of a solute must be reckoned with in microsegregation 

studies of such systems. 
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By applying a number of approximations to the rigourous 

tangent plane equations derived in Section 4. 1, PURDY (1970) 

arrived at an explicit relation between the cross-interaction para-

L L 
meter in the liquid phase • 12 , the mole fraction of solute 1, x1 , 

T
and the partition coefficient of solute 2, k2 : 

(7. 1. 1) 

where k is the partition coefficient measured in the binary solvent2 

solute 2 phase diagram. It is quite obvious from this relation that 

Lthe partition coefficient ki decreases with a negative E 12 and 

increases with a positive •f2 , as shown in Figure 7. 1. 3. 

For the present case, it appears that the austenite stabiliz

ing properties of carbon best explain the large difference between 

manganese segregation in carbon-containing alloys and that in 

carbon-free alloys. 

One interesting aspect of Figure 7. 1. 3 and Equation 7. 1. 1 

is that it points to the possibility of attenuating the degree of 

segregation in castings'. Indeed the value of kl may even be made 

equal to unity by a judicious choice of species 1 and mole fraction 

thereof. This species should not only interact strongly and posi

tively with species 2 but also be a fast diffuser in the solid state 

in order that it not be, in itself, a source of microsegregation. 
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DENDRITE ARM SPACING 


In the present inyestigation the dendrite arm spacing 

measurements were obtained in specimens solidified under non

convective conditions (as demonstrated by the experiments 

described in Section 6. 1) and at constant temperature gradient 

and growth velocity (as demanded by the theory presented in 

Section 4. 4). The measurements of dendrite arm spacing were 

made only in well-defined areas. Hence they could serve eventu

ally to check the predictions of a theoretical dendrite arm spacing 

model, which of necessity would comprise a rer:,-ular solidification 

structure. 

The primary dendrite arms were more clearly resolved 

than secondary arms in all the specimens listed in Table 6. 3. 2. 

Indeed, in specimens 21 and 25, the secondary arms were not 

revealed with sufficient clarity for spacing measurements. However, 

no difficulty was encountered in measuring primary arm spacings. 

This is because the variation in concentration between the second

ary arms of a given primary arm was smaller than the variation 

between primary arms. This supports the proposal put forth by' 

WEINBERG and BUHR (1967) to the effect that properties of a cast

ing should be related to primary rather than secondary arm spacing. 

In previous investigations, reviewed in Section 2. 6 of the 
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literature survey, it was reported that dendrite arm spacing 

varied with the ·inve·rse of the growth rate with an exponent in the 

range 1/2 to 1/3. The results of the present investigation suggest 

that the lower end of this range should be extended to 1/4, as 

seen jn Equations 6.3.2 to 6.3.5. 

The present results also indicate that primary arm spacing 

is less sensitive than secondary arm spacing to variations in the 

growth rate, at least for the Fe - 13 wt% Mn - 0. 25 wt%S speci

mens. Indeed, as shown in Equations 6. 3. 2 and 6. 3. 3, the 

exponents of the growth rate are close to -1/3 for the primary arm 

spacings and to -1/2 for the secondary arm spacings. It is of 

interest to compare these results with those of WEINBERG and 

BUHR (1967) whose work was briefly reviewed in Section 2. 7. 

Indeed, they observed that primary dendrite arm spacing changed 

more rapidly than the secondary arm spacing with distance from 

the chill surface of a mould and concluded that primary arm spacing 

was more sensitive to growth conditions. In the work of WEINBERG 

and BUHR, however, two growth parameters, namely growth rate 

and temperature gradient, varied continuously throughout the period 

of solidification: in effect, both parameters decreased as the solid

liquid front moved away from the chill surface. While both para

meters affect the dendrite arm spacing in the same manner, as 

seen in Section 2. 6, the results of the present experiments, in 
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which the temperature gradient across the growing solid-liquid 

region was not changed, show indirectly that the temperature 

gradient has a more pronounced influence on the primary arm 

spacing than on secondary arm spacing. More direct experiments 

which would involve varying the temperature gradient at constant 

composition and velocity are required to confirm this point. 
II 

Since BACKERUD and CHALMERS (1969) showed that solute 

concentration has considerably less influence on dendrite arm spac

ing than growth rate, it follows from the discussion above that 

caution must be exercised to avoid variations in temperature 

gradient in experiments designed to determine the effect of concen

tration on dendrite arm spacing. This is possibly the reason for 

conflicting evidence in the literature on the influence of solute con

centration on dendrite arm spacing. 

The decrease in secondary arm spacing in relation to primary 

arm spacing in the Fe - 13 Wt% Mn - 0. 25 wt% S specimens as 

growth rate increased is possibly related to dendrite arm coarsen

ing {growth of large dendrite arms at the expense of small ones). 

The work of KATTAMIS, COUGHLIN and FLEMINGS (1967), JACK

SON et al. (1966) and others discussed in Section 2. 6 of the litera

ture review showed that coarsening occurs rapidly when dendrite 

arms are in contact with the interdendritic liquid. In the present 
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experiments, the secondary arms were in contact with the liquid 

phase a shorter period of time at the higher growth rate; hence 

less time was available for coarsening ·and the secondary arm 

spacings remained smaller. Coarsening did not affect primary 

arm spacing to the same extent because of the much larger diffu

sion distances between primary arms. 

MICROSEGREGATION IN IRON-HIGH MANGANESE-SULPHUR ALLOYS 

The results of experiments on specimen 9 were particularly 

clear and merit a detailed discussion. 

There has been a tendency in the literature to confuse 

inter-dendrite arm regions with primary grain boundaries and 

associate the location of sulphide inclusions and solute enrichment 

with austenite grain boundaries in as-cast steel structures. TURK

DOGAN and GRANGE (1968) pointed out the difference in Fe - 1. 5 

wt% Mn - 0. 05 wt% S - 0. 25 wt% C alloys that were heat-treated and 

chemically etched. Autoradiographs in the work of WEINBERG and 

BUHR (1967) on AISI 4340 castings (0. 41 wt% C, 0. 66 wt% Mn, 

0. 35 wt% Si, 0.12 wt% S, 0. 01 wt% P, 1. 88 wt% Ni, 0. 95 wt% Cr 

and 0. 28 wt% Mo) also indicated that many of the dendrites were 

coupled together in regular arrays and hence were part of the same 

grain. The distinction is particularly clear in Figure 6. 3. 24 of the 

present investigation, which shows the steady-state growth region 
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of specimen 9, an Fe - 13 wt% Mn 0. 25 wt% S alloy. Two 

large grains are visible and each one contains segregation cells 

or dendrite arms of common orientation delineated by manganese 

sulphide inclus-ions and dark interdendritic regions enriched in 

manganese and sulphur. There is no enhancement of solute 

segregation or inclusion density in the boundary region between 

the two grains . 

There are other important points about the structure of 

specimen 9. In Figure 6. 3. 22, the solidification structure is 

essentially invariant in the bottom micrograph of the composite; 

the micrograph at the top contains horizontal dendrites which grew 

from the alumina crucible wall, an indication that this region was 

liquid at the time of the quench. At first glance, it seems that 

the only statement possible as to the location of the tips of 

primary dendrite arms just prior to quenching is that they were 

in the region covered by the three middle micrographs. Upon 

closer inspection, however, it is seen that the secondary arm 

spacing changes very rapidly in the region indicated by the letter 

D. It is also evident from the necking down of the primary arm 

at point D that a change in growth conditions has taken place. 

There are two types of spacing changes: the first is due to the 

acceleration of dendritic growth on quenching and the second is 
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due to the fact that the secondary arms do not have time to 

coarsen. It is important · to know the location of the primary 

arm tips at the moment of quenching because it then becomes 

possible to observe the succession of solidification-related events 

in time. 

A notable phenomenon evident in Figure 6; 3. 22 is the vari

ation in segregation degree between secondary arms. Indeed, in 

the bottom micrograph near point G there is only faint evidence 

of composition differences, while in the micrographs above, white 

areas with a fl CMn ~ 4 wt% are quite numerous. The distance 

between points C and G is approximately 1 cm; the corresponding 

time differential is about 12 min and the temperature differential 

about 30°c. 

As was seen in Section 2. 3. 2, one mode of homogenization 

is back-diffusion of solute during solidification. In order to verify 

the possibility of this mechanism, it is instructive to apply FLEM

INGS' criterion for back-diffusion: 

2 as = Dstr IX as >> 1 for back-diffusion 

Assuming the solid phase is y Fe' the diffusivity of Mn is around 

10- 8 cm2/sec, as shown in F igure 2. 1. 1. Substituting tr = 12 min 

and ~ = 50 microns, 
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10-8 x 60 x 12 
~ 0.3"s = 

(50 x io- 4)2 

This value indicates that back-diffusion in the solid phase during 

solidification is not a large effect. Even if it is assumed that 

the system crystallizes to 8Fe (unlikely), in which case the 

diffusivity of Mn is around io- 7 cm2/sec (Figure 2.1.1) and 

as ~ 3, the amount of manganese diffusion does not appear to be 

large enough to explain the effectively uniform-solute distribution 

bet ween secondary arms. 

It appears that the homogenization phenomenon can be 

better explained in terms of continuous variations in the solidifi

cation structure, as shown in Figure 7. 1. 4-a. The top portion 

of this figure corresponds to the top portion of Figure 6. 3. 22, 

which is an arrested growth picture revealing roughly what the 

structure was like during the initial stages of solidification. The 

secondary arms around the primary arm tips have a spacing 

dictated by the local growth conditions. As the secondary arms 

grow away from the primary arm, they reject solute laterally, 

i.e. , in a direction parallel to the primary arms in Figure 7. 1. 4-a. 

The depth of the grooves between the secondary arms attached to 

a given primary arm varies in proportion to the severity of growth 

conditions; at higher growth rates, the grooves are deeper, and 
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the secondary arms are more rod-like in appearance. The spac

ing of the secondary arms at some distance from the primary· 

arm tips is different and is likely controlled by local growth 

conditions quite different from those prevailing at the primary 

arm tips. In particular, the temperature gradient in the direction 

normal to the primary arms is undoubtedly very shallow. As 

growth continues, solute flows outwards from the roots of the 
I 

secondary arms of a given primary arm into the interprimary 

arm liquid, as shown in Figure 7. 1. 4-a, and from regions where 

the solute fields of secondary arms of different primary arms 

impinge, as shown in Figure 7. 1. 4-b. Capillarity effects also 

raise the liquid interfacial concentration and hence assist in the 

process of driving solute out. Hence the solute is driven to the 

interprimary arm liquid from all directions, as is apparent in 

the bottom portion of Figure 6. 3. 22. 

This explanation appears reasonable because it involves 

solute transport by diffusion in the liquid phase, which is a 

relatively fast process. The fact that it was manganese that was 

rapidly redistributed during solidification of specimen 9 gives 

added support to this mechanism. 

As reported in Section 6. 3. 3, the large light-grey areas 

of the structure of Figure 6. 3. 22 had a uniform composition close 
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to k0Co and were delineated by small areas comprising sharp 

concentration gradients (in white). This is an indication that 

the primary dendrite arm tips were rather blunt during growth 

and rejected a considerable amount of solute into small inter

dendritic volumes. 

This mode of solidification brings to mind the "duplex" 

solidification model used by DOHERTY and MELFORD (1966),, 

whose work was reviewed in Section 2. 3. 2. They interpreted 

their results on micro?egregation experiments by combining the 

steady-state model of BOLLING and TILLER (1961) for primary 

dendritic growth and the maximum segregation model represented 

by Equation 4. 2. 13 for solidification of the final interdendritic 

liquid. It should be noted here that in view · of the work done on 

the variation of k with concentration (Section 4. 1), and the large
0 

solute accumulation in the final interdendritic liquid and the cellular 

structure in the last stage of solidification, it is doubtful that the 

multicomponent maximum segregation model , Equation 4. 2. 14, 

would hold in this alloy. 

As reported in Section 6. 3. 3, . some manganese distributions 

were measured in the area where the primary dendrite tips were 

located just prior to quenching. These distributions are shown in 

Figure 6. 3. 38. It is interesting to note that they have the shape 
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of horizontal braces, not .unlike those reported in a paper by 

KOHN and PHILIBERT (1960) for a Fe - 1. 1 wt% P alloy. solidified 

by aspirating the melt into a cold refractory tube. The fact that 

the distributions have the shape of horizontal braces is good evi

dence that the solidification mechanism involved a decaying solute 

profile ahead of the solid-liquid interface. It is possible, however, 

that the distributions in this area were in fact transient state dis

tributions produced by rapid growth on quenching. Indeed, as seen 

in Figures 6.3.22 and 6.3.37, the microanalysed area was possibly 

slightly ahead of the primary dendrite arm tips at the time of the 

quenching ope ration. 

EFFECT OF SOLIDIFICATION GEOMETRY ON MICROSEGREGATION 

In the fallowing, some interesting effects of solidification 

geometry encountered in Figures 6. 3. 33 to 6. 3. 36 are discussed 

in terms of the theory outlined in Section 4. 2. 1. The electron 

probe traces across primary dendrite arms in specimens 6, 9, 13 

and 14 revealed that the degree of mic rosegregation along [ x J 
paths was· greater than along [+] paths. This effect appears to 

be accounted for in terms of the generalized maximum segregation 

model which led to Equation 4. 2. 13. The index n in this equation 

would be around 1 for the [+J path, approximately 2 for the [x] 

path in the quasi-cellular structure of specimens 6 and 9 shown 
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in Figures 6. 3. 33 and 6. 3. 34, and· possibly 3 for the [ x J path 

in specimens 13 and 14 as shown in Figures 6. 3. 35 and 6. 3. 36. 

In this respect, the results are qualitatively similar to those of 

KATTAMIS and FLEMINGS (1965) who studied the segregation of 

Ni and Mn in AISI 4340 steels. However, these workers did not 

propose an explanation for the difference in the degree of micro-

segregation between [x] and [+] paths. 

The segregation ratios of specimens 6, 9, 13 and 14 were 

determined from the electron-probe traces. However, before 

discussing these results, a few words of caution a propos the 

segregation ratio are in order. 

While the segregation ratio has been extensively used in 

the literature to characterize microsegregation, it is important 

to keep in mind that it is a rather incomplete measure of micro-

segregation. Indeed, it takes into consideration only two points 

on the solute distribution curve. It is thus conceivable for two 

entirely different segregation patterns to yield the same segrega

tion ratio. In theory, maximum segregation occurs at low cooling 

rates (provided there is no back-diffusion of solute into the solid), 

w~en the effective partition coefficient ke equals the equilibrium 

partition coefficient ko· At relatively higher cooling rates, solute 

build-up in front of the interface increases the value of k and 
e 
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reduces the amount of segregation. The two cases are shown in 

Figure 7. 1. 5. Clearly the segregation ratios are similar while 

the severities of segregation are very different. The values of 

CM are also subject to considerable error as the peaks of the 

solute distributions are generally quite sharp and difficult to deter

mine accurately; also, values of Cm may be so low as to be im

measurable: in such cases, the segregation ratio is meaningless. 

The manganese segregation ratios of specimens 9, 13 and 

14 (alloys of Fe - 13 wt% Mn - 0. 25 wt% S) wer.e found to decrease 

slightly with increasing solidification rate. However, these results 

were questioned on the basis that the manganese distributions of 

Figures 6. 3. 34 to 6. 3. 36 would be expected to change somewhat 

with the location of the cross-sections normal to the macroscopic 

growth direction of the specimens. Indeed, the experiments con

ducted on specimen 24 (an iron alloy which effectively contained 

10 wt% Mn and 0. 25 wt% S) solidified at growth rates of 100 to 

400 mm/hr did not confirm the former results: no variation of 

segregation ratio with growth ·rate was observed. The latter results 

are in accord with the views of BRODY and FLEMINGS (1966) and the 

experiments of KATTAMIS and FLEMINGS (1965) who found no marked 

effect of cooling rate on microsegregation. More confidence should 

be placed on the results obtained on specimen 24 since 
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i) the solute distributions between a greater number of 

dendrite arms were examined; 

ii) the average composition was the same at all levels of 

specimen 24 and hence at all growth rates; 

iii) the temperature gradient was the same at all levels of 

the specimen. 

The segregation ratio at 50 mm/hr is slightly but signifi

cantly lower: it is probable that the solidification structure was 

somewhat different in this region, e.g., tending more towards a 

cellular ·rather than a cellular-dendritic morphology. It is inter

esting to note that the lower segregation ratio in the regio.n of 

specimen 24 solidified at 50 mm/hr is reflected in the appearance 

of Figure 6. 3. 11 where the contrast is definitely not as sharp as 

in Figures 6. 3. 12 to 6. 3. 14 which are typical of regions solidified 

at higher rates. 

The reason for the constancy in the degree of microsegrega

tion is that the dendrite arm spacing - growth rate relationship 

admits of a rough dimensional similarity. FLEMINGS (1964) touched 

on this effect of dimensional similarity in his analysis of diffusion 

in the solid phase during solidification. He stated that the impor

tant parameter determining the extent of diffusion was: 

(7. 1. 2) 
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Recognizing that the dendrite arm spacing, d, and hence one-half 

the dendrite arm spacing, X , was proportional to the local 

solidification time, tf, to the power n, and the diffusivity in the 

solid n8, 

(7.1.3) 

and substituting this relation into the previous equation, FLEM

INGS obtained: 

(7. 1. 4) 

He then pointed out that when n ~ t, (this is often true as seen 

in Sections 2. 6, 4. 4 and 6. 3. 2) then: 

(7.1.5) 

and hence a S was independent of the solidification time. 

FLEMINGS' analysis can be extended to the case of diffusion 

in the liquid phase. This yields 

(7. 1. 6) 

and for n = 2 
1 

(7. 1. 7) 

Therefore the homogenization parameter aL is also independent 

of solidification time or velocity. 

In view of Equations 7. 1. 4 and 7. 1. 6, it is clear that the 

microsegregation should be at most a weak function of growth rate 
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or solidification time. 

In cases where n ~ t, Equation 7. 1. 4 shows that a S is 

proportional to tf and hence homogenization of the solid phase can 

be expected to occur and reduce the degree of microsegregation. 

However, this means that the degree of homogenization in the liquid 

phase is also greater, as seen from Equation 7. 1. 6, and hence, by 

virtue of the theory given in Section 4. 2, the degree of micro-

segregation tends to be more severe. Therefore, the net effect 

is that the degree of microsegregation tends to remain at a constant 

. < 1value, even when n · ' 2. As was seen in the results of the pres

ent investigation (Section 6. 3. 2), the value of n is in some cases 

as low as approximately 1/4. 

7. 2 - INCLUSIONS 

OXIDE INCLUSIONS 

Some unusual and interesting ·results on inclus ions obtained 

in this experimental investigation are discussed at the beginning 

of this section. 

While it had been planned originally to study solidification 

Fe - low Mn - S alloys, oxygen had to be taken into account since 

the oxygen reached as high as 400 ppm during the solidification 

process. As a result, the inclusions of specimens 1, 5, 7, 10 
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and 12 precipitated as Fe - Mn - S - 0 inclusions containing small 

amounts of sulphur (typically 5 wt%) and large amounts of oxygen 

(typically 20 wt%) as shown in Table 6. 4. 1. In the case of speci

mens 1, 7 and 10, the evaporation of manganese through the free 

surface at the top of the specimens became an added complication, 

setting .up concentration gradients as shown in Figures 6. 2. 1, 6. 2. 5 

and 6. 2. 7. This in turn caused a variation in the Fe/Mn ratio of 

the inclusion as seen in Table 6. 4. 1 and reported in Section 6. 4. 3: 

as the manganese concentration inc~eased from almost 0 wt% at 

the top of the specimen to its constant value in the unmelted matrix, 

the inclusions became progressively richer in manganese and cor

respondingly poorer in iron. 

The relevance of this phenomenon is that it suggests an 

interesting technique for the rapid determination of isotherms in 

the Fe - Mn - S system and higher under systems of industrial inter

est, e.g., Fe - Mn - S - X - Y. Indeed, specimens such as 1, 7 

and 10 could be homogenized for a short period of time at a given 

temperature to allow the inclusions to attain local equilibrium with 

the surrounding matrix. After quenching the specimen, the inclusion 

and matrix compositions could be measured by electron-probe micro

analysis. A large portion of the isotherm could thus be determined 

using one specimen. Details of the technique are given in the sum
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mary under suggestions for future work. 

INCLUSION FLOTATION 

Another interesting phenomenon was · inclusion flotation 

which, it appears, was responsible in part for the differences 

between the inclusion distributions of specimens 1 and 7. As 

reported in Section 6. 4. 1, inclusions were found only in a region 

2 cm long at the top of specimen 1, while inclusions were evenly 

distributed in specimen 7. 

The terminal velocity of an inclusion of a given diameter 

rising in a melt can be estimated from Stokes' law: 

VI = 
2 

w cZ> ( '/t M - '/! 1) 
18 JI 

(7.2.1) 

where: VI == terminal flotation velocity of inclusion [cm/sec] 

w = gravity constant (cm/sec2] 

~ = diameter of inclusion [cm] 

"1 1 = density of . inclus ion [g/cm
3J 

"1M = density of metal (g/cm
3J 

If = viscosity .[poise] 

Hence, the diameter c%> of inclusions which avoid entrap

ment by the solid-liquid front advancing at a rate v1 can be 

calculated by rearranging the previous relation: 
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(7. 2. 2) 


Substituting into this relation the data of Table 7. 2. 1 and the 

so1idification ve1ocity of specimen 1, V = 1. 4 x 10 -4 cmI sec,1 

gives: 
4cZl = [18x l.4x 10- x0.07 ]t ~ 2 x 10-4cm 

981 (7.3-4) 

or: cZ> ~ 2 microns 

The calculation indicates that, in the case of specimen 1, 

inclusions · of diameter equal or greater than 2 microns should 

escape to the surface of the melt. Repeating the calculation for 

specimen 7, solidified at a velocity greater by an order of magni

tude (V1 = 1. 4 x 10-3 cm/sec), it is found that only inclus ions of 

somewhat larger diameter ( _,, 7 microns) should be capable of 

floating away from the interface. Hence the macrosegregation of 

inclusion material should be more intense in specimen 1. 

The analysis assumes, of course, that the inclus ions have 

an open channel to the surface. The structure of specimen 1 was 

probably less tortuous than that of specimen 7 since the growth 

conditions were less severe, and hence less likely to retain inclu

sions. However, this is somewhat speculative since efforts to 

reveal the solidification structure of specimens 1 and 7 were unsuc

http:10-x0.07
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cessful. 

INCLUSION-INTERDENDRITIC LIQUID CORRELATIONS 

A strong correlation between the position of inclusions and 

last-solidified regions was observed in _all specimens where the 

microsegregation was revealed with sufficient clarity. Good ex

amples of this correlation are found in Figures 6. 3. 5, 6. 3. 6, 

6. 3. 23, and 6. 3. 24 which are mtcrographs of specimen 9, an 

Fe - 13 wt% Mn - 0. 25 wt%S alloy solidified at 50 mm/hr. This 

correlation is also evident, upon closer inspection in other micro

graphs. Even in regions of specimens quenched from the liquid 

state,such as those shown for example in Figures 6.3.27 to 6.3.30, 

the sulphides were generally in the last-solidified region. In the 

light of the results on specimen 25 in which zirconia particles 

were pushed into the interdendritic regions by the solid-liquid 

interfaces, it can be concluded that even if sulphides are nucleated 

near the core of dendrites they will eventually wind up in the inter

dendritic regions. There is some uncertainty here as to whether 

or not the sulphide inclusions behave as zirconia particles. How

ever, in the light of the work of UHLMANN and CHALMERS (1964) 

reviewed in Section 4. 3. 2, it is probable that the aforementioned 

conclusions are valid. These observations have some bearing on 

the validity of experiments, reported in Section 2. 3. 3 of the litera
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ture, which attempted to establish correlations between the position 

and type of inclusion, e.g., type II inclusions in cell boundaries 

and type III inclus ions in dendrite cores. 

The mechanism of inclusion-pushing probably contributed 

to the long-range inclusion transport observed in specimen 1: it is 

possible that inclusions too small to float upwards were pushed by 

the advancing solid-liquid interface. 

There is an interesting correlation between the inclusion 

patterns of Figures 6. 4. 2 and 6. 4. 3 and the columnar dendrite 

model of .Figure 7. 1. 1. With respect to this model, the long inclu

sion of Figure 6. 4. 3 would be located in the interdendritic space in 

the centre of the four dendrite units; the inclusions of Figure 6. 4. 2 

disposed in circles would appear to have precipitated around the 

secondary arms of the dendritic skeleton. It is possible that the 

inclusion material, which was most likely liquid because of the high 

oxygen content of the melt ( -.., 400 ppm), was pushed to the centre 

of the dendrite units by the advancing solid fronts and coalesced 

to form the lengthy stringers. 

INCLUSIONS IN HIGH MANGANESE ALLOYS 

The experiments on specimens 9, 13 and 14 yielded a con

siderable amount of information on inclusions which merits further 

discussion. These specimens, it will be recalled, were Fe - 13 wt% 



196 


Mn - 0. 25 wt% S alloys solidified at growth rates of 50, 280 and 

600 mm/hr respectively. 

The formation of these inclusions can be interpreted in 

terms of the divorced eutectic concept - see CHALMERS (1964). 

It appears from Figure 2. 3. 4 that with 0. 25 wt% S, the · composition 

of the specimens was close to the eutectic trough which runs parallel 

to the Fe - Mn binary of the Fe - Mn - S system. Also, it is clear 

from this diagram that sulphur is the controlling species in the 

precipitation of MnS sulphides. Thus sulphur was rejected with 

the result that the concentration at the solid-liquid interface eventually 

exceeded the eutectic composition and entered the Fe + PMnS region, 

as shown in Figure 2. 3. 3 -b. At a given supersaturation degree 

the manganese sulphides nucleated. Since the amount of second 

phase was small, the growth was non-cooperative, with the result 

that the MnS inclusions grew as isolated entities. 

The large faceted MnS inclusions found in the vicinity of the 

original interface and shown in Figures 6. 4. 12 and 6. 4. 13 · are strong 

evidence that inclusions undergo a ripening process in solid-liquid 

·systems. Indeed, comparisons of Figures 6. 4. 12 and 6. 4. 14 which 

are micrographs of adjacent regions in the specimen strongly suggest 

that the larger inclusions grew at the expense of the smaller ones 

which dissolved into the matrix. · This phenomenon is generally refer
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red to as "-OSTWALD ripening" and occurs because the surfac~ 

free enthalpy per unit volume is greater for the smaller inclusions 

than it is for the larger ones. The ripening process in the solid 

system at the same temperature, Figure 6. 4. 14, is clearly much 

slower. 

The reason why these large inclusions were found only in 

the vicinity of the initial location of the solid-liquid interface is 

that the specimens were usually held in the fixed temperature 

gradient for apµroximately an hour before the ~tart of solidification 

to allow the solidification apparatus to attain thermal equilibrium. 

The inclusions which precipitated from the melt during solidification 

did not remain in solid-liquid regions long enough for ripening to 

occur to the same extent. As mentioned, however, in Section 

6. 4. 2, the inclusions of specimen 9 were significantly larger than 

the inclusions of specimens 13 and 14, the reason being, of course, 

that more time was available for inclusion growth in specimen 9. 

INCLUSIONS IN Fe - Mn - S - C ALLOYS 

There remains to be discussed the observations on specimens 

2 and 6 which are iron-base alloys with mapganese, sulphur and 

carbon concentrations approaching those of commercial steels. 

While specimens 2 and 6 were Fe - Mn - S - C alloys, their 

solidification behaviour can be interpreted in terms of the more 



198 

tractable Fe - Mn - S system, which was reviewed in Section 2. 2. 

Indeed, it was seen that carbon distorts the Fe - Mn - S phase 

space but does not qualitatively alter it~ at least in the iron-rich 

portion of the diagram: the principal effect of carbon is to pull 

the eutectic trough into the iron corner. It was also seen in 

Section 2. 3. 2 of the literature survey and indeed in this investiga

tion that alloys seldom solidify under true equilibrium· conditions. 

The composition changes accompanying solidification may be fol

lowed in relation to the phase diagram: as manganese and sulphur 

are rejected· to the liquid, the maximum instantaneous solute con

centration at the solid-liquid interface must increase to a level 

given by some point on the liquidus isotherm ·at the interface 

temperature. As the local temperature drops, the interface com

position trajectory {equivalent to the composition of the liquid phase 

if it is uniform) approaches the eutectic trough EDC shown in Fig- · 

ure 2. 2. 3. In general, a finite undercooling is necessary for the 

nucleation of a new phase, in this case, sulphide, which depends 

on the ease with which nucleation of the new solid can take place. 

This undercooling is expected to be important in the present case 

where the equilibrium volume fraction of the sulphide phase is very 

small, and the cooperative eutectic reaction is easily suppressed. 

This leads to the ternary analogue of the divorced eutectic reaction 
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discussed by CHALMERS (1964). It is then necessary to consider 

the metastable regions of the solid-liquid iron and FeS - MnS 

equilibria. These are shown schematically in Figure 7. 2. l. For 

high manganese alloys, e.g., specimen 6 which contained 3 wt% 

Mn, the segregation trajectory given by a calculation similar to 

that of Figure 4. 2. 3 will cause a supersaturation with respect to 

MnS only, as shown by path AB on Figure 7. 2. 1. This case is 

similar to that of inclusion formation in the high manganese alloys 

of specimens 9, 13 and 14 which was discussed before in less 

detail. On the other hand, for low manganese alloy, e.g., speci

men 2 which contained 0. 5 wt% Mn, the segregation trajectory CD 

may cause a supersaturation with respect to ~ MnS or both /3 MnS 

and L 2 (liquid FeS) depending on the precise location of the phase 

fields. This gives a plausible explanation for the presence of duplex 

FeS - MnS inclusions in specimen 2, Figure 6. 4. 18, and the variation 

in the Fe/Mn ratio of the inclus ions (Table 6. 4. 1). Indeed, as can 

be appreciated in Figure 4. 2. 4, variations in the solidification 

geometry in a given specimen can alter the solidification trajectory 

.of an alloy and cause a variation in the type and Fe/Mn ratios of 

the products. KIESSLING and LANGE (1963) also reported quite a 

variation in the Fe/Mn ratio of inclusions in a given carbon steel 

sample, but did not propose an explanation for this effect. 
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Some interesting features of inclusions in specimen 2 also 

warrant further discussion. Indeed, these inclusions often had a 

sinusoidal interface, as shown in Figure · 6. 4 .. 6. These inclusions 

were identical to the . bead-like inclusions of Figure 6. 4. 5 but were 

positioned differently with respect to · the plane of metallographic 

polishing. Generally, the beads were sections normal to the arms 

of "sinusoidal" inclusions. From the discussion of Section 2.3.3, 
I 

these inclusions could be classified as Type II inclusions. Indeed, 

they bear some resemblance to the Type II inclusions in the ·work 

of KIESSLING et al. (1963), shown in Figure 2. 3.10. The inclu

sions would be more correctly desc.ribed as film-like inclusions. 

The presence of a sinusoidal interface is good evidence that 

these inclusions undergo transformations after precipitation from 

the melt. Moreover, a trend to increasing manganese concentra

tion with time and temperature can be seen in Table 6. 4. 1 and 

may further reflect these transformations. 

The transformations can be discussed in terms of Figure 

7. 2. 2, a schematic version of the Fe - Mn - S isotherm at 1300°c 

presented in Figure 2. 2. 5 of the literature survey. A liquid FeS 

inclusion surrounded by solidYFe effectively constitutes a diffusion 

couple which for conceptual purposes can be thought of as semi-

infinite. It is then possible to follow the evolution of the diffusion 
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process ·by superposing various diffusion paths leading from point A, 

liquid FeS, to point D, solid y Fe containing manganese. Diffusion 

paths in this system have been studied by NAKAO (1967) and SMITH 

(1970). One possible path is ABCD, in which case the sulphur con-

centration in the liquid FeS dee reases gradually up to the diffusion 

couple interface (AB) then drops sharply (BC) and decreases again 

as sulphur diffuses into the y Fe phase (CD). However, if a seg
t 

ment of the diffusion path such as AB ' cuts into the two-phase 

region y Fe + liquid FeS, the sulphide becomes supersaturated in 

iron, the interface becomes unstable and y Fe grows into the liquid 

FeS, giving rise to the shape of inclusion shown in Figure 6. 4. 6. 

The diffusion path does not remain stationary in time but 

shifts across the diagram until it reaches the MnS side, path 

ABEFGHD. This effect is perhaps responsible for the duplex inclu

sions of Figure 6. 4. 18. Indeed, it is possible that the MnS phase 

was sweeping across the FeS at the time of the quench, as would 

be expected from the diffusion path ABEFGHD. 

FERRITE NUCLEATION 

Finally, a word about the ferrite nucleation experiments on 

specimens 2 and 23 described in Section 6. 4. 3. These experiments 

indicate that ferrite nucleates preferentially around MnS inclusions 

and that there is no marked correlation between the location of 
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ferrite and FeS inclusions. On the sole basis of these experi

ments, it is difficult to decide which of the two fallowing ferrite 

nucleation mechanisms is operating: nucleation in a manganese

poor region or nucleation at a phase boundary. Indeed, the two 

sulphides may have different nucleating efficiencies. However, 

the present experiments do lend support to the mechanism of 

ferrite nucleation in a manganese-poor region. 



CHAPTER 8 

SUMMARY 

This chapter contains the sum and substance of the w·ork 

carried out and the results obtained in the course of this investi

gation on high-temperature solidification phenomena in some 

Fe - Mn base alloys. 

FURNACE AND SPECIAL TECHNIQUES 

1) An apparatus was designed, constructed and utilized in the 

controlled solidification of iron-base alloys. A vertical furnace 

design was chosen so as to minimize natural convective stirring 

of the melt and was successful in this regard as demonstrated by 

a diffusion couple experiment involving liquid iron on one side and 

a liquid iron - 8 wt% nickel alloy on the other side. The penetra

tion curve of nickel in iron was closely approximated by an error 

function solution of the diffusion equation, and hence mixing was 

considered to have taken place by diffusion only. The diffusivity 

of nickel in iron at 1550°C was found to be 3 x 10-5 cm2/sec. 

2) The practical operating limits of the apparatus are 0. 5 

100 cm/hr for solidification velocity and 0 ~ 50°C/cm for tempera

203 
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ture gradients. The furnace temperature at any given point 

normally fluctuate.s less than 2°c during the solidification runs. 

3) A technique for measuring temperature gradients in the speci

mens .during solidification runs was developed and improved until 

accurate results were obtained. In the final solution, a 0. 010" 

dia. Pt/Pt - 13% Rh thermocouple protected by a small (1. 5 mm 

dia.) alumina sheath was run horizontally through the vertical melt. 

4) The segregation patterns in iron-high manganese-sulphur alloys 

can be revealed using the sulphide tinting technique developed in 

this investigation. The technique consists essentially of immers

ing a freshly-polished surface containing at least 7 wt% Mn in a 

solution of H2S-saturated water. 

CONSTITUTIONAL INTERACTION OF SOLUTES 

1) A mathematical analysis of terminal two-phase equilibria in 

ternary systems was carried out in the course of this investigation. 

The isotherms determined, using the results of this analysis, are 

possibly more accurate and certainly more economically obtained 

. than isotherms determined by experimental methods, provided that 

the limiting binary phase diagrams and the ·relevant thermodynamic 

parameters are accurately known. 

2) The analysis also gives a justification for straight-line con

struction of phase boundaries and generation of tie-lines by constant 
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partition coefficients used for approximating dilute ternary iso

therms. 

3) . Moreover, the analysis predicts the effect of interaction 

between solutes on the value of the equilibrium partition coefficients 

in ternary systems. In the Fe - Mn - C system where the inter

action between manganese and carbon in the solid and liquid phases 

is weak, both solute partition coyfficients decrease slightly with . 

increasing carbon concentration. However, had the interaction 

Lbeen large and negative, e.g., ~ 12 E f2 = · -10, the partition= 

coefficient of carbon would have increased and that of manganese 

would have decreased, both in significant amounts; conversely had 

the interaction been large and positive, e.g., 

the partition coefficient of carbon would have decreased and that of 

manganese would have increased. Since carbon interacts in a strong 

and negative manner with most solutes in steel melts, it is proposed 

that this constitutional-type of interaction is one mechanism whereby 

carbon enhances the segregation of other elements, especially in 

the final stage of solidification when the interdendritic liquid is 

highly enriched. 

4). Finally, the analysis shows that it is possible, at least in 

theory, to reduce microsegregation in castings by a judicious choice 

of solute elements, e.g., by using a fast-solid-state diffusing ele
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ment to increase to unity the partition coefficient of another slowly 

diffusing element. 

DENDRITE ARM SPACING 

1) The review of literature and the theoretical considerations 

on the relationship between dendrite arm spacing and important 

solidification parameters and growth conditions showed that spacing 

measurements had to be carried out under well-defined experimental 

conditions in order to be meaningful. A number of measurements 

of primary and secondary arm spacings as a function of growth 

velocity at iixed concentration and thermal gradient were carried 

out using the controlled-solidification apparatus constructed for this 

investigation. 

2) Dendrite arm spacing varies with the inverse of the growth 

rate with an exponent in the range 1/2 to 1/4. 

3) Primary arm spacing is less sensitive than secondary arm 

spacing to variations in the growth rate. 

4) The secondary arm spacing decreases in relation to primary 

arm spacing as growth rate increases. This effect is possibly 

related to the phenomenon of dendrite arm coarsening. Indeed, 

the secondary arms remain in contact with the liquid phase a 

shorter period of time at higher growth rates, and hence less time 

is available for coarsening. 
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MICROSEG REGATION 


1) There is no enhancement of solute segregation or inclusion 

density in boundary regions between primary grains on dendrites 

of different orientation. 

2) The solidification structure in the steady-state regions of 

specimens was cellular-dendritic and generally more plate-like 

than rod-like. In the quenched regions of the specimens, the 

structure was truly dendritic. The concentration variation across 

the primary arms was much weaker in cellular-dendritic structures 

than in purely dendritic structures. This is considered to be due 

to the large volume fraction occupied on initial growth by the 

rather blunt cellular dendrites. 

3) Secondary arms develop at an early stage of solidification 

with a spacing dictated by growth conditions (especially solidific_ation 

rate and temperature gradient). Coarsening takes place continually. 

The geometry of the solid-liquid closure requires that solute dif

·fusion take place parallel to the solid-liquid interfaces resulting 


in intense segregation channels parallel to primary dendrite arms. 


· 4) A transition from an open type of cellular-dendritic structure 

to a close-packed type of structure as growth rate increased was 

observed in the present study. It appears that this transition takes 

place because the system can no longer create enough new solid
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liquid area for solute rejection by a simple change in dendrite 

arm spacing. 

5) It was found that, for a given solidification strudure, there 

was a considerable variation in the degree of microsegregation 

along different paths in the structure. This effect .is attributable 

to differences in the geometry of various solidifying portions of 

the structure and is predicted by the generalized maximum segre

gation model developed in this study. 

6) Solute distributions between secondary arms in the quenched 

liquid immediately ahead of the primary dendrite arms were found 

to have the shape of horizontal braces. This was taken as evi

dence for solute inhomogeneity in the liquid phase. 

7) Stepped velocity experiments s.howed that the degree of micro

segregation was independent of solidification rate provided only that 

the solidification structure remained similar. This is to be ex

pected since the dendrite arm spacing-growth rate and the charac

teristic diffusion distance-growth rate relationships are roughly 

similar. Indeed, both dendrite spacing and characteristic distance 

are approximately proportional to the inverse square root of the 

growth rate. 

8) As a result of calculations on a ternary coupled-diffusion 

model developed in this study, it appears that the application of 
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diffusion criteria to solidification problems, as proposed by BRODY 

and FLEMINGS (1966), can be misleading. These c'riteria are 

unquestionably valid when applied to systems in which boundary 

conditions are fixed, e.g., in semi-infinite diffusion couples. How

ever, the boundary conditions at a solid-liquid interface vary 

continuously as solidification proceeds. 

- ~·'' ' 

(1_INCLUSIONS . 
~-. 

1) Ferrite nucleation experiments on iron-manganese-sulphur

carbon alloys indicated that ferrite nucleates preferentially around 

MnS inclusions and that there is no marked correlation between 

the location of ferrite and FeS inclusions. 

2) Inclusions are chiefly found in interdendritic regions regardless 

of their origin. This is to be expected on two counts: firstly, in 

the case of sulphide inclusions a microsegregation mechanism must 

operate to increase the sulphur concentration to a point where it 

exceeds the solubility limit; secondly, the physical pushing of inclu

sions by a solid-liquid interface is fairly well established. In the 

present investigation the phenomenon of inclus ion pushing was ve rifled 

by solidifying iron-manganese alloys containing zirconia powder. 

After solidification, the zirconia was found in the interdendritic 

channels. 

3) The development of inclusions in steels (iron-manganese
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sulphur-carbon alloys) was fallowed in this investigation. In 

alloys containing 3 wt% Mn, there are indications that solid 

p MnS inclusions form directly from the melt. ·on the other 

hand, in alloys containing 0. 5 wt% Mn, the results suggest that 

the initial sulphide formed is liquid FeS which subsequently trans

forms to MnS with an attendant rejection of iron. 

4) The formation of sulphide il)clusions was interpreted in terms 

of multicomponent divorced eutectic solidification. As the melt 

cools, the interfacial liquid concentration rises and eventually 

becomes supersaturated. The initial manganese and sulphur con

centrations then determine whether the microsegregation trajectory 

first enters the metastable FeS + Liquid or MnS + Liquid regions 

of the constitution diagram. 

SUGGESTIONS FOR FUTURE RESEARCH 

1) It is suggested that the feasibility of the following technique 

for the determination of isotherms in the Fe - Mn - S system and 

higher order systems of industrial interest be explored: 

i) allow the melt to remain stationary for several hours to 

establish a manganese concentration gradient; 

ii) solidify the specimen at a rate of roughly 50 mm/hr to 

produce inclusions sufficiently large for electron-probe micro

analysis; .. 
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iii) quench the specimen; 

iv) homogenize the specimen at the isotherm temperature 

of interest (local equilibrium between the inclusions and the 

matrix should obtain after a short homogenization period); 

v) quench the specimen; 

vi) use electron-probe micro.analysis to determine the com

position of inclusions and adjacent matrix at various locations in 

the specimen. 

Clearly, the specimen could be rehomogenized at different tempera

tures and other isotherms determined in this manner. 

2) It would be interesting to carry out a critical experiment to 

ascertain by which mechanism ferrite nucleates around manganese

rich inclusions. It is proposed that a specimen containing 

(Fe, Mn) S inclusions be prepared, then given a first heat treat

ment to promote rejection of manganese rather than iron , and a 

second treatment to cause nucleation of ferrite. The presence 

of pearlite rather than ferrite next to the inclusions would support 

.	the mechanism of ferrite nucleation in a manganese-poor region 

rather than the mechanism of nucleation at a phase boundary. 
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APPENDICES 


A. 1 - TERNARY ISOTHERM 


LIST OF SYMBOLS 


AI - STORAGE VARIABLES FOR FI. 
ASIJ ALPHA FORMALISM INTEPACTION PARAMETER A INVOLVING 

COMPONENTS I ANO J IN SOLUTION S. 
----------~ 	 '---"'---=---'--'=--------'------~Bl - STORAGE VAR1ABLE5 FOR FI. 

OGEL~ - oOUaLE PRECISION SUgROUTINE FOR SOLUTION OF SYSTEM 
OF LINEAR EQUATIONS BY GAUSSIAN ELIMIN4lJONe 

. OJLG S I - DER I VAT I VE O wl TH RE SPEC T T0 c 0 MP 0 NE NT J 0F THE 
LOGARITHM L OF THE ACTIVITY COEFFICIENT GAMMA QF 
COMPONENT I JN snLuTION s . 

-----0- T----.. 	 - - MPER A°fUfH: BE- SUCCESSIVE- - TE - --oTfFERENcE TWEEM 
ISOTHERMS• 

ox.s1 - INCREMENT IN xs1. 
FI - - ERRO~ IN TANGENT-PLANE EQUATION t. 
H - SMALL ARBITRARY CONSTANT USED IN THE NUMERICAL 

EVALUATION OF FUNCTION DERIVATIVES. 
______H_H____ _ C_ONSTANT RELATED TO H. 

INDEX - INDEX OF TIE-LIN~. 
__________JN DF 0 R - F 0 RM AL I S ~ IN OIC Ar 0 R • If t NO F 0 R = 1 t ALPHA 

FORM4LISM Is EMPtOyEo. IF INOFOR = 1, EPSILON 
FORMALISM IS EMPLOYED. 

INoSOL - INol_CATOR 	 ~[PORTTNG OUTcOME Of THE SOLUTION OE 
THE Lt"IEAR EOUATTONS gY DGELG. 

KI • PARTITION C0EFFiclENTS. 
KS ( I ) - ST 0 RAGE VE CT0 R F0 R K I • -·------ . _ 

--------- -l B I N .. 	 I ND I CAT0 R• I F LR. I N = 1 t COMPUTE AI NA RY TI E- LI NE 
FOR COMPONENT 1. IF LBIN = lt COMPUTE TERNARY 

---------~IE-LIN~. E-------------------------~ 
LGSI LOGARITHM L OF THE ACTIVITY COEFFICIENT GAMMA OF 

COMPONtNT I IN SOLUTION S. 
LGQSI . LOGA~ITHM L OF THE ACTIVITY COEFFICIENT G4MM4 

---------- -· - -· - - --· OF COMPONENT I Pl SOLUTIONS AT INFINITE DILUTION, 
P<l> - SOLUTION VECTOR RETURNED RY DGELG, 
Q ( I > - ST Q~ GE V~_f_T_QB_f nR~RT I AJ__ SLOPES 0 F Fu NC I _I 0 NS F I , 
TC - ISOTHERM TEMPERATURE IN DEGREES CELCIUSe 
TFI - FUSION TEMPERATURE OF COMPONENT y. 
TK • ISOTHERM TEMPERATURE IN DEGREES KELVIN. 

---··------Ui - ------ - -;;;--- I.NT ER ACT I ON FUNCTIONS• - -·
VI - FREE ENTHALPy FUNCTIONS, 
XBSI - BINARY PHAS~_l.Ar,RAM ATO~L.fB..AcTJQN Xe OF cOMPO~ENT 

I IN SOLUTION S. 
XKI • SINGLE PRECISION FORM OF Kie 

----------~$! ________':__ATOM FRAcTION x OF co~PONfNT . I IN SOLUTION s. ___ __ _ 
xxSI - ~TOMIC ~ERCENT OF ~~~PONENT I · IN .SOLUTION .s. 
ZCI> • STORAGE 

BY H. 
VECTOR FOR 

223 

K5(l) INCREMENTED OR DECREMENTED 

http:ATO~L.fB


- -

224
PROGRAM 

TIE-LINES OF LIQUID + DELTA FIELn IN FE-MN-5 

COMMON/Cl/XLOtXLltXL2tXSOtXSltXS2 

COMMON/C2/G0LltG0L2tGOSltG052 

COMMON/C3;EL11,EL12,EL21,EL22,ESlltES12,Es21,Es22 

COMMON/C4/UQtU}tU2tKOt~ltK2 
C0MMON/C5/VOtVltV2 
COMMON1C61FO,Fl,F2 

--------·------'----·~-~------------··coM~10N/C7 /Z (3) --· 
C0MMON/Cl0/LGL0tLGLltLGL2tLGS0tLGSltLGS2 
COMMON;Cll;LGOLltLGOL2,LGns1,LGOS2 

~~~~ ~__:_:_~~~~~~~~~~~~~~~~~~~ 

C 0 MM 0 NI C 1 2 I AL O1--;·Al O2 t AL 1 2 ' AS O l t AS O 2 t AS l 2 

DIMENSION KS(3) tP(3) tQ(9) 


100 fORMAT(8Fl0.2> 

lOl fORMAT(AF10•5> 

102 FORMAT<8El0e3) 

103 fORt-.1AT(ll)


~...--'..-~--c~=-~~-=--=-~~~-=--:---:--:-:::-:=--~~~~-=--~~:--~~~=-=-~~ 

2 0 0 ro Rt-1 A T ( I I 4 5 x ' 5 HT c = •1p 1 E 1 5 • 4 / 4 3 x • 7 HD G F 0 = t 1p l E 15 • 4 I 4 3 x ' 7 HD Gf 1 = 

*lP1£lS.4/43Xt7HOGF2 = tlP1El5.4) 


201 FORMAT(//3x,5HlNDEx,sx,3HXL0,9X,3HXLl,9X,3HXL2,9X,3HXSo,9x,3HXSl,9 
--- o X t 3 H XS? t l O X t 2 HK Ot l o X t 2 HK l t 1 O X ' 2 HK 2 I ) 
202 fORMAT(2X,I4t4Xt9El2.5) 
203 fORMAT(/43x,7HOHFo = ,1PlElS.4/43x,7HOHFl = ,1P1E1S,4;43X,7HDHF2 = 

o tlP1El5•4> . 
204 FORMAT(/43Xt7HEL11 = ,}Pl[l5.4/43Xt7HEL12 = tlPlE15,4/43X,7HEL21 = 

o 9 1P1El5.4/43x,7HEL22 = tlP1ElS.4;43X 9 7HESll = 11P1El5,4/43X 1 7HES1 
0 2 = 91P1E15,4/43X,7HES21 :: ·'101E15,4/43Xt7HES22 = '1P1E1S.4) 

205 FORMAT(/43Xt7HG0Ll = ,1Pl£15.4/43Xt7HGOL2 : tlPlE15,4/43X,7HGOSl = 
0 t 5 4'-'--------------------1PJF1 s~-~~x,_ 7HG_Q s2 ___E__t__l~-"°~

206 fORMAT(/44X•bHTFo = •1P1E1s.4/44X16HTF1 = •1P1E1S.4/44Xt6HTF2 = 'l 
*P1Fl5,4) 

_2 O 7 F 0 R ~A T ( / 4 5 X t 5 HD T : , l P 1 E l 5 • 4 / 4 4 X t 6 H Tl 0 ___:. ··-· 1 1 P 1 E: 15 • 4 / 4 4 X t 6 H T H I _ =-_, l P _ 
*1El5.4) 

208 FORMAT(/4SXtSHOZ = tlPlEl5.4/44Xt6HZLO = tlP1ElS,4/44Xt6HZHI = tlP 
o IE 15, _4__:__,_)____ 

209 FORMAT(/50Xtl7HEPS!LON FORMALISM//) 

210 FORMATC/5QXtl7HPIVOT ELEMENT = Q//) 

2 1 1 f 0RM AT < I 5 0 Xt 2 9 HP 0 SS I 8 LE L 0 SS 0 f S I G N I F I CANCE I I ) _ ___ ____ 

i12 FORMAT(//3x,5HINDEx,Bx,2HFo,1nx.~HFltlOXt2HF21> 

215 fORMATC/43Xt7HX8lt = tlP1ElSe4/43Xt7HXRS1 = tlP1ElS,4/43Xt7HXBL2 = 


* tlP1El5e4/43Xt7HXAS2 = tlPl~_.4/43Xt7HOXSl = tlPl~E~5 · ~__ _l ~~4 ) ___ _ 
216 FORMAT(/4Sx,5HWO = ,1PlE15.4/45Xt5Hwl = ,1PlE15.4/45X,SHW2 = tlPlE 

- 0 15.4) 
-~-! ?_ f ORMA T </5 0Xt 1SHALPHA _f_9~M_AL ~-S-~~lJ 

REAL KO,t(l,K2 

REAL KBltKR2tKS 
REAL LGLOtLGL1tLGL2•LGSOtLGS1,LGS2 

~--~EAL LG0LltLGOL2tLG0SltLGOS2 
DATA DEL,H9NIT,R11.0E-l0tl,OE.10t20tl,98725/ 
HH=2.0*H 
REAOCSfllfJ)!NoFOR 
READC5t10~)0HFQ,DHFltDHf2 



---
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READ<S•l02>wo.w1.w2 
--- REAo" (5.101) EL 11tEL12. EL2 l , -EL22 ~- E:sfi ,-f:sI 2~ E:-s2Y~[s22 

REA0(5 9 10l)G0Ll,GOL2,GOS1,GOS2 
READ<s•1oo>TFo•Tf1,TF2 
READ(5tl00>DTtTL01THI 
lFcINOFOR.EQ.l)GO TO 403 
WRITE(6•2o9> 

- - H----·- G 0 . T 0 4 0 4 

403 	WRITE(6 9 217) 
404 	WRlTE<6•2Q~)OHFotDHF1tDHFz 


WRJTE(61216)W01Wl,w2 

wRITE(b,204)Elll,EL12,EL21,EL22,ESll,ES12,ES21,Es22 

WRITE<6•2os>GoL1•GoL2.GoS1•Gos2 


---· \rJ RITE <6 t 2 0 6 > TF0 , T Fl t TF2 - --· --------- ----
wRITE ( 6t207) 0T t TL O, TH I 

C- COMPUTE ALPHA PARAMETERS 
-~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

ALOl=-ELll/2.0 

AL02=-EL22/2.0 

AL12:EL12+AL01+AL02 


* ------ 

AL21=EL2l+AL01+AL02 
AS01=-f.Sll/2e0 
AS02=-ES22/2.o 

---A-s1 2 =E5T2-+A-Sb 1 + As·o2 
AS2l=ES2l+AS0I+AS02 

C- COMPurE LOGARITHMS OF HENRYS LAw co~r_F_ICIENT ------ ---------
LGOLl=ALOG CGOLl) 
LGOL2=AL0G<G0L2) 
LGOSl:ALOGcGOSl> 

---LG,o S2=AlOG(-Gos2> ·~~~~~~~~~~~~~~~~~~~~~~~~ 

C• COMPUTE SOME CONSTANTS 
TFQ:TF0+273.l6 
TFl=TF1+273·16 
TF2:TF2+273.16 

C- COMPUTE HIGHEST ISOTHERM TEMPERATURE 
-~~~--~~~--~~~~~~~~~~~~~~~~-

Tt< =TH I+ 273. l 6 
C- INPUT LIMITING tiINARy COMPOSITION VALUES AND xSl INCREMENT 

400 READ<S•l02)XBLl•XBSltXBL2tXBS2tDXS1 
- - WRITE(6t215>XBLl•X8SltX8L2tXBS2tDXSl 

XSl:O.O 
C- COMPUTE BINARY PARTITION COEFFICIENTS 
___ ___ ___ 	 Z ( 1 ) =(l • 0 - X RS 2 ) I ( 1 • O - X R L 2 > ______ _ 

Z<2>=XRS1/XRL1 
ZC3):XAS2/XBL2 

.c- COMPUTE FREE ENTHALPIES OF FUSION 
~~~~~~~~~=-~~~~~~~~~~~~~~ 

DGFO=oHF0°<l·O-fK/TF0)+W0°TK°CTF0-TK) 
0GFl=oHF1°cl.O-TK/TFl)+Wl 0 TK~CTFl-TK) 
0Gf2:DHF2o(l.o-TK/TF2)+W2oTKocTF2-TK) _ 

c---cOMPUTE FREE ENERGY FUNCTIONS 
Vo=oGFO/R/TK 
Vl=CDGFl-DGF__~~~l T _:__~~~~~~~~~~~~~~~~~~~~O > l R _~_K

----	 V2= ( OGF2-DGF 0) /R/TK 

http:TF2:TF2+273.16
http:TFQ:TF0+273.l6
http:READ<S�l02>wo.w1.w2
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---- - · -·-
Tc= TK - 213. 1_6 __ _ 

___ -·-· ____ WR I T E C 6 t 2 0 0 > TC t D G f 0 t D G F 1 t DG F 2 
INOEX:O 
LBIN=o 

___ CALL . ~--------------------~FMINCINDFORtLRIN~>
C- COMPurE TERNA RY TIE-Cfi\!E.s AND PARTITION COE FF IC IENTS 
c~ NEWTON-RAPHSON TECHNIQUE 

4 0 8 D0 3 0 1 L =1 ' N I T 	 _ ____ . --·- _ .. ___ _ _ __. _ 
~~ STORE FUNCTIONS FOR SOLUTION OF LINEAR EQUATIONS 

P(l):-FO 
P<2>=-F1 
PC3>=-F2 

C- STORE ARGUMENTS FOR SOLUTION OF LINEAR EQUATIONS 
.__ _ ___ KS C 1 ) =K O 

.. -·---· . ·-··--·-------------------------·-------------
t<SC2)=Kl 

KS(3):K2 


C- COMPUTE NUM~RICALLY PARTIAL SLOPES OF FUNCTIONS 
DO 300 !=1,3 
J=3*y-2 

______ _ 	 Z { I ) =KS ( I ) + H 

CALL FMINCINOFORtLBIN> 

AO=FO 

Al:f 

A2=F2 

Z<I>=KSCI>-H 

CALL FMINCINDf0RtLHIN) 

BO:FO 

Bl=Fl 


----"B2=f-'-----------------------~---------~ c- STORE PARTIAL SLOPES OF FUNCTIONS IN Q 
Q(J):{A0-80)/HH 

- ---·-----Q ( J+ l) = (A 1-81) /HH ___ _ 
Q(J+2>=CA2-B2>1HH 

C- RESET ELEMENT ZCl> OF ARGUMENT z 
300 ZCI>=KSCl> 

C• SOLVE SET OF LINEAR EQUATIONS 
--- -·- . 	 CALL GEL G<P t Q t 3 t 1 • DEL t I ND S 0 L ) 

lFCINOSOL.EQ•O>GO TO 405 

lFcINOSOL.EQ.(-l))GO TO 406 


407 WRITEC6t211> 

GO TO 1000 


406 wR I TE ( 6 t 210) _______ ____ --·---· 
----------------r-------
GO TO 	 1000 

C- SOLUTION VECTOR IS CONTAINED IN P 

c- COMPUTf NEW A~R~G_U_M~E~N_T_S________________________~ 


~-U-5 DO 302---r-::1' 

302 Z(l):7cI>+P(l) 

c- COMPUTE NEW f UNCTIONS CORRESPOND I N~__!O_~EW_ -· A~~UMEN!? --------·----
--- 301 	 CALL FMINCINDFORtLBIN> 

WRITE(6t201) 
WR I TE C6 t 2 0 2 > I ND EX , XL 0 , XL 1 , XL 2 , XS 0 , XS 1 , XS 2 , K 0 ~ -~J , K......:2:::..___ ______ _ 
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WRITEC6t212> 
WRJTE(61202)1NOEX1F0tFltF2 

C- COMPUTE NEXT TIE-LINE . 
........ --·- ··-·

lNDEX=INDEX•1 
XSl=XSl+OXSl 
lFCLBINeEO.l>GO T0-.:. 0~ _________~-----------~4~ q'...__

1Fcxs1.LT.x8Sl)GO TO 408 

xs2=0.o 

XL2=0.0 


------~ 

LBIN=l 

GO TO 408 


409 TK=TK-OT 

IFCCTK-273.15).GE.TLO>GO TO 400 


1000 STOP 

END 


---·--·---- -- . -SUB R0 UT I NE FM I N ( I ND F0 R, l 8 I N> 

COMMON/Cl/XLOtXLl•XL2•XSOtXSltXS2 
COMMON;C2/GOL1,GoL2,Gos1,Gos2.~------------------~ 

---C- 0- MMON/C3/Ell 1tELi29-EL2i-ffC221ES11tES121ES21 •ES22 
COMMON/C4;uo,u1,u2,KO,Kl1K2 
CO~MON1CS;vo,v1,v2 

- ~ --· ---- -~-·· -·- .:. -----~----_._,________..:__·------ ·- ------ ----- --·---
COMMON/C6/FQtFltF2 

COMMONiC7 /Z C3) 


--~C=-=--'-_ Q_/j. ~ 	 _~ G~0MM ON/_~_ _ ~i_b_G_l-__l__t l Gl 2. ~Q$_____D__t_l GS..L-1J_'~L..:::=. S~2______________ 
COMMON/Cl1/LGoL1•LGoL2tLGoS11LGoS2 
COMMON/Cl2/ALOltAL02tAL121ASOltAS02tAS12 

_______ __ 	 REAL KO, Kl t K2 ·- --·--·- __ ------·----·--.- ----------------
REAL LGL01LGL11LGL21LGSOtLGS1.LGS2 
REAL LG0LltLGOL2•LG0SltLGOS2 
KO=Z<l> 

_____K}=~ Z C2 > ------- . --
K2=ZC3) 

1F(l8IN.EQ.O)G0 TO 400 


___ 	XL:.....&.1_ o) IC K o-K 1 )-= =_<K~~ 
XLO=l,0-XLl 

XSl:Kl*XLl 

xs 0=1 • o-xs l - --------

----GO TO 401 
400 Xll:XSl/Kl 

XL2=<Ko*<1·0-XL1>•xs1-1•o>l<Ko-K2) 
XLO:l,O-Xll-XL2 

· XS2:K2*XL2 
xso=1.o-xs1-xs2 

- 4-0f IF(lNDFOR.EQ•l>GO TO 402 
CALL EPSIL 
GO TO 403~-----~~--~--------~--~--------~ 

402 CALL ALPHA 
403 Fo=ALOG(K~)+Uo-vo 

. 	 Fl=ALOG<Kl/KO)+Ul-vl 
-----·f-2:ALOG (K2;KO) +U2-V2 

RETURN 
ENO 
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SU9RCUTINE ALPHA 
c- COMPUTE ALPHA FORMALISM ACTIVITY COEFFICIENT RELATIONS 

CO~MON/Cl/XLOtXLl•XL2tXSOtXSltXS2 
------- C0 MM 0 NI C21G0 L l ' G0L2 ~ G0S 1 t G0S 2 . -----·-

COMMON 1C31EL l l, EL 129El21, EL 22, ES l l, ES l 2, ES 21, ES 22 
COMMON/C4/Uo•U tU2•KQ•~}tK2 
COM~ON/Cl0/LGL0tLGLltLGL2tLGS0tLGSltLGS2
COMMON1Clt1LG0L1,LG0L2,LG0S1,LG0S2 

_______ .C0 MM 0 NI C12 /AL 0 l ' AL 02 t AL 12 t AS 0 1 t AS O2 t AS 1-2-----·· 
REAL LG0LltLG0L2•LG0SltLGOS2 
REAL LGLO,LGLltLGL2,LGSQ,LGS1,LGS2 

c- cOMPUTE L0GAR I TH_~_ _9_f__ft_C_!l_~_l TY C0FFF lc_l_E___N_T-=S________ _ 
LGLO=ALOl*Xll*XLl-Ell2*Xll*XL2+AL02*XL2*XL2 
LGLl=LG0Ll-2.0*AL0l*XLl+ELl2*xL2+AL0l*XLl*XLl+AL02*XL2*X L 2~ 

__________ o- 1-o XL2 _ . ___________ . ________ -------· 
LGL2=LG0L2-2•o*AL02*XL2•EL21*XL1•AL02*XL2*XL2+AL01*XL1*X L1

-o}-0XL2 
____L ..c._So_: AS Q l *xSL• X~~~l_Ztl_S~_A_S_o_2~~_x_S2.__G_ _ _ _ 

LGS1=LGoS1-2•o*AS01*XS1•Es12*XS2•AS01~XS1'°XS1•AS02*XS2*X S z
*l*XS2 

---- -- . LG s2 =LG 0s2- 2 • 0*As 02*xs2+Es21*xs1+ As02*xs2*xs2+A_S0 1*xsl * xs1 
*l*XS2 . 

H 

c- COMPUTE I~TERACTION FUNCTIONS. 
UO=LGSO-LGLO 


U1=LGS1-LGLl-LGSO+LGLo 

--------- lJ 2 =LG S2-LGL 2- LG S 0 +LG L0 

RETURN 
END 
SUHROUTINE EPSIL 

C- COMPUTE EPSILON FORMALISM ACTIVITY COEFFICIENT RELATIONS 
COMMON/Cl/XLOtXL1•XL2•xso,xs1.xs2 

-------- COHMON/C3/EL1 l •EL12tEL21 tEL22,ESl l tES12tES21 ; ·[S22 
COMMON1C41uo,u1,u2,KO,Kl,K2 

~~~-COMMON/C1~G~~~GL__1_!_1.GL2•LGSo•LG~~l-~_ s~2_________• L G~
COMMON/Cll/LG0Ll•LG0L2•LG0SltLG0S2 
REAL LG0L1,LG0L2,LG0S1,LG0S2 

___ _______ REAL LGLOtLGLl tLGL2tLGSOtLGS1 tLGS2 
c- COMPUTE LOGARITHM OF ACTtVITY COEFFICIENTS 

LGLo:-Elll/2.0*XLl*XL}-Ell2*XLl*XL2-EL2212.o•xL2•xL2 
LGLl=LGOLl+Elll*Xll+EL12*XL2 . 
LGL2=LG0L2+EL2l*Xll+ELZZ*XL2----~~~~~~~~~-

. LGSo:-ESll/2.0*xS1oxS1-ES12•xS1•xS2-ES2212.ooxS2•xS2 
LGS1=LG0S1+ES11*XS1+ES12*XS2 

·--·---- -LG s2 =L c; 0 s2 + Es 2 l * xs l + Es 22 .. xs2 . 
C- COMPurE INTERACTION Fu~CyIONs 

Uo=LGSo-LGLo 
Ul=LGSl•LGLl-LGS0+LGL0 
U2:LGS2-LGL2-LGSO+LGLO 

____,_ --·--RETURN 
END 
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1 
3360.0 1720•0 13000.0 
-1.220E-04 o.OOOE+OO-le340E-02 
-o.6 o.o o.o -3.1 _________"'.'_Q..eo _____ 9,o_______o,0 _______ ~67• 
-1.38 o.1a 1.41 o.o9s 
1536.o 900.0 119.o 
10.0 1510·0 1510.0 

~~----=-==-=-:___:------------------------~ 5e300E-02 3.900E-02 l•JOOE-02 6e30oE•04 s.oooE-o3 

71300E-02 S.400E-02 l.800E-02 8.700E-04 l.OOOE•02 

9,~oof-02 6,9ooE-o? 2.300E-02 l.060E-03 i.oooE-02 

l•l40E-01 B.400F--02 2.BooE-02 le25oE-03 1.oooE-02 

1.200E-02 8.oooE-o3 J.oooE-o3 i.sooE-04 2.oooE-03 

3.200E-02 2.400f-02 a.oooE-03 4e000E-04 3.000E-03 


A. 2 

~- -~t.foTE ·-- --· 

A (I) 
-- --AS (I) 

Al 
A2 

------~-

Bl 
82 
CAl 
CA2 
CCOLl 
CC0L2 ___C_C_O_S_l_ _ 

CC0S2 
______ CL 1 CI)_ 

CL2cl> 
CS1CI) 

.________s~_1 >2 c ___ 
cOLl<I> 
COL2Cl) 

____ CO Sl ( I > 
cOS2(1) 
CNL}(I) 

TERNARY MICROSEGREGATION MODEL 

LIST OF SYMBOLS 

::-- BAs-z<:--i.TN(fs ARE CM' SEC' MOLES' CELC 1us DEGREES 
~ NOMENCLATURE OF VARIABLES IN SUBPROGRAMS CAN BE TRACED 

THROUGH COMMON STATEµENTS OR SUBPROGRAM ARGUMENTS .
A_L_L_ VAR I ABLE ss'(GINNJ_N_G- WJ-'(HW- 0RV___AR-EWORK-I-NG~ --vA__R_I_A_B_L_E_S__ 
DEFINED IN THE PPOGRAM 


- STORAGE FOR ARGU ~-1 ENTS IN NEWTON•RAPHSON ALGOtHTH~ _____ _ 

- ARGUMENTS USf D IN THE N£WTON•RAPHSON ALGORITHM 

• VARIABLE CONTAINI NG FUNCTION Fl 

- VARIABLE CONTAINJ NG FUNCTTON F2 


- --------------~ 

- VARlABLt CONTAINING FUNCTION Fl 
• VARIABLE CONTAINI NG FUNCTION F2 

- AVERAGE CONCENTRATION OF SOLUTE 1 

• AVERAGE CONCENTRATION OF sOLUTE 2 

- STORAGE VARIABLE FOR COll<l> 

- STORAGE VARIABLE FOR cOL2Cl) 
__ S_T_O_R_AG-EvARTAH{E- FOR COsl(I:_>_____________ 

- STORAGE VARIABLE FOR CoS2cI> 

- C0 NC ENT RA T I 0 N 0 F S0 LUTE 1 I N LI QU I D 

• CONCENTRATION OF SOLUTE 2 IN LIQUID 
• CONCENTRATlON OF SOLUTE 1 IN SOLID 

- c_Q_Nc£NTRJl!l_QN OF_ SOLUTE ~ IN so1.. 1n_ 

- tNTE~FACE cONcENTRATtON OF SOLUTE 1 IN LIQUID PHASE 

• INTERFACE CONCENTRATION OF SOLUTE 2 IN LIQUID PHASE 

- I NT ER FA Cr:: C0 NC ENT RAT I 0 N 0 F 50LUTE 1 I N S0 LI D PHASE 

- INTERFACE cONcENTPATJON Of SOLUTE 2 IN SOLID PHASE 

- CONCENTRATION OF 50LurE 1 IN THE VIRTUAL LIQuID ON THE 


NEGATIVE SIDE OF THE JNTERFACE 
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CNLzCl) - CONCENTRATION OF SOLUTE 2 IN THE VIRTUAL LIQUID ON THE 
NEGATIVE SIDE OF THE INTERFACE 

_. _ __CNSl(l) - CONCENTRATION OF sOLuTE 1 IN 1HE PHysICAL . sOLID ON_ THE 
NEGATIVE SIDE OF THE INTERFACE 

CNS2Cl) CONCENTRATION OF SOLUTE 2 IN THE PHYSICAL SOLID ON THE 
_______.:._N.;o.o,E__,,,GAil-YLSJnE___OF_T_HE INTEREA""'-t...-----~--------

CPL 1 <I> CONCENTRA T1ON Of SOLUTE 1 IN THE PHYS I CA.l l I QUID ON THE 
eosITIVE SIDE OF THE INTERFACE 

____ceL2_< I >_.__::_._ CONCENTRATION OF SOLUTE 2 IN THE . PHYS I CAL LI QUI 0 ON THL.·---·-
POS IT I VE SIDE OF THE INTERFACE 

CPSlCI> - CONCENTRATION OF SOLUTE l IN THE VIRTUAL SOLID ON THE 
_______c__, V.f__SJ DE_ 0E___Il:iE_l.filEREA......._______________P 0 S_l_IJ_

CPSz(l) •CONCENTRATION OF SOLUTE 2 IN THE VIRTUAL SOLID ON THE 
POSITIVE SIOE Of THE INTERFACE 

- ·0 Ll ._ ·-····· ____ ~ - D I FF US l 0 N C0 EFF I c I E NT 0 F S 0 LUTE 1. IN _LI0UIO ----.· __ 
OL2 - DIFFUSION COEFFICIENT OF SOLUTE 2 IN LIQUID. 

DSl - DlFFuslON COEFFICIENT QF SOLUTE 1 IN SOLID 
os2 ... DlfFlJSION COEFFICIENT OF SOLUTE 2 _IN SOLID 

---·or - -------;;·- INCREMENT OF TIME 
OZO • INCREMENT OF INTERFACE POSITION 
FLAM - FRACTIONAL LENGTH OF SYSTEM 
GT - . TEM-P"":ERATORE-:-GRA-DTEN~f1'lrR-ES°PECT TO TIME 
H - INCREMENT IN ARGUMENT VALUES IN NEWTON-RAPHSON ALGORyTHM 
HZ - TAaUL4TlON INCREMENT IN SOLUTE 0ISTRI9UTJON FUNcTIONS 

--isl-·-----· - ~- INoEX OF VECTOR ELEMENT AT QR NEXT To · LIQUID sOUNoARY 
IBS - INDEX OF VECTOR ELEMENT AT OR NExT TO SOLID BOUNDARY 
INOSOL - INDICATOR WHICH REPORTS ON THE OUTCOME OF SOLUTION. 

IF I NO_S_bL = 0' S0LUT I ON IS SAT I SF ACT°C)RY 
IS ~ INDEX FOR THE !~TH STEP 
lNXP - INTEGRAL FOR NEG~TIVf X PQIMES 

--IP XP -· - l NT E GR AL F 0 R P 0 S I T 1 VE X PR I MES 
JLOl - APPROXIMATE FLUX OF SOLUTE l ENTERING LIQUID AT T:o 
JL02 - APPROXIMATE FLUX OF SOLUT~ 2 ENTERING LIQUID A_T~T_=_O~--
JSO I - APPROx-TRATE FTUX-0 soccrt-E-i-E-NtTRI NG SOLID AT T=O 
JS02 - APPROXIMATE FLUX OF SOLUTE 2 ENTERING SOLID AT T=n 
Jll - FLUX Of SOLUTE 1 ENTERING LIQUID AT TEPS OR MULTIPLE 

~--~L2 · · ----~ FLUX OF SOLUTE · 2 ENTERING LIQUID AT TEPS OR MULTIPLE 
JSl - FLUX OF SOLUTE l ENTERING SOLID AT TEPS OR MULTIPLE 
JS2 - FLUX OF SOLUTE 2 ENTERING SOLID AT TEPS OR MULTIPLE 

·- -K-1_:;.: - PARTliTO""f:J COEF_F_I c I Et~:fT-0-F_S_OLUTE 1 
K2 - - PARTITION COEFFICIENT OF SOLUTE 2 
tAM - LENGTH OF SYSTEM UNDER CONSIDERATION . 

-----Lr -·--·-··--;.-· LIQUlOUS SLOPE O~J SOLVENT-SOLUTE 1 CONSTITUTION DIAGRAM 
L2 - LIQUious SLOPE ON SOLVENT-SOLUTE 2 CONSTITUlJON DIAGRAM 
Mll - AMOUNT OF SOLUTE 1 REJECTED INTO LIQUID RY SoURcE 
ML2 A-~rouKJr-o~-cLurt-~EJEc-rr-o-1N"r_o_Cfau10-sYs·ouR-cE 

MS} - AMOUNT OF SOLUTE 1 REJECTED INTO SOLID BY SOURCE 
MS2 • AMOUNT OF SOLUTE 2 REJECTED INTO SOLID BY SOURCE 
NDR - NUMBER OF DOUALE PEFLECTIONS 
NSR • NUMBER OF SINGLE REFLECTIONS 
NIT - NUMBER OF ITERATIONS IN NEW19N•RAPHSON ALGORITHM 
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NTP - NUMBER OF TABULATED POI NT_S___fN A SOLUTE OISTRI9uTION .FUNcTION 

OI • INDICATOR USED IN OUTPUT OF RESULTS . 

PCI) - VECTOR CONTAININr; FUNcTIO~t S Fl AND F2 _ ----· ··- _ ·- ____ 


----- Q ( I ) • VE CT 0 R C 0 NT AI NI NG PART I AL SL 0 PE S -0 F FUN CT I 0 N !; F 1 AND F 2 
S1 - SOL!oUS SLOPE ON SOLVENT-SOLUTE 1 CONSTITUTION DIAGRAM
Sz ~ SOLIDUS SLOPE ON SOLVENT-SOLUTE 2 CONSTITUTIQN DIAGRAM 

--r -=----_- s_o_L 1o!FTc lt-r-roNr-·rME 
TAU - D~FFUSION TIME AT EACH STEP 
TEPS - FRACTION OF TAU . _ ···- _ 
TO - LIOUIOUS TEMPERATURE FOR AVERAGE SOLUTE CONCENTRATIONS 
Tf" - TEMPERA.TURE OF FusION FOR PURE SOLVENT 

- · - · · 	 - · · - · - - - ·· - . .. . _ .... - 6' - -1-: ~ - ~ ... --· · 

Tl • INTERFACE TEMPERATURE 

XBL - DISTANCE FROM INTERFACE Tn LIQUID BOUNDARY 

X9S - oISTANCE FROM INTERF~cE To SOLID AOUNDARY 

XOEL ~ RUN OF SOLUTE GRADIE NT AT INTERFACE 

ZO - INTERFACE DISTANCE FROM SOLID BOUNDARY 


_ _ z L_~- _ D-..-	 O-~fiSE .____U Nr') ___ __ c 1 ,---ISTAN-CE-rN--THEL-(OUJ P --FROMSOLI D · A O --,--_A R y ___ _ 

ZSCI> - DISTANCE IN THE SOLID PHASE FROM SOLID BOUNDARY 

PROGRAM 

.~ MAIN PROGRAM ··-· ----- --··-- -----
COMMON/KO l/COLl ( so1>.COL2( SOl)•COSlC 50l>•COS2( 501) 
COM~ON/K02/EltE2tFl,F21MTLltMTL2tMTSltMTS2 
COMM0N/K04/WOLl,w OL2, wOSl,wOS2 

- ---=c_o_M_M-=-o·N/K 05/ w1L1 ;-w-iT 2' w1s1 • w1 S_2_ _________ _ _ _ _ ____ _ 

COMMON/K06/W2LltW2L?.t ~ 2SltW2S2 


COMM0N/~07/W3Ll,w3L2t W 3Sl,w3S2 

·------··-·c0 MM 0 NIK 0 8 I K 1 t K2 t l l t l 2 t S 1 t S 2 

COMMON/K09/GT1T1TOtTF1Tl . 
COMMON/KlO;IS _ ____ _ _ _____~----c----------------, 

-~-C-0-MMON/Kll/TAU 

COMMON/Kl2/X~LtXBS 
COMM0N/Kl4/CCL1( 501) 1 CCL2( SOl)tCCSl( 50l)tCCS2( 501) . 

~----·(: 0 MM 0 NIK 16 IC L 1 ( 5 0 1 ) • CL 2 ( 5 0 1 ) t CS 1 ( 5 0 1 ) • C S 2 ( 5 0 l ) 
COMMON/Kl7/SQRIPI 
COMMON/KlQ;A ( a_t~(~)_t_.e.J._2:....L-K_Q-------.;4~--------------------. 
COMMON/K21/UL11DL21DS1tDS2 

. 	 COMMON/K22/JTERtOZ0 

DIMENSION RI ( 501) ,zLc 501) ,z<;c 50}) 


------- 0H 1 ENS I 0 ~ XL ( 5 o 1 ) t X S <SO1 > ' XL S ( S o 1 > t X SS C5 Ol > 

loo FORMAT(8Fl0.5) 
101 f ORMA T ( 8~ l___Q_~_}.__,___ ____________ _____________ _ _ __ 
200 FORMATC!OXtlllOt3F20•14) 
201 fORMAT(lX1t5t5E25.13) 
205 t: ORMA T ( ;4 OX, 2 2HSOLUT IO~ _ Q__I ~.[I Cl)L !.y_ : _1 _I 2 ) ___ _ 

http:fORMAT(lX1t5t5E25.13
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~o9 FoRMATC/SSX•SHKl = ~E1o;j1ssx.~HK2 = •E10.3> 

210 FORMAT(/54Xt6HQZO = •El0.3/54Xt6HTAU = tE10e3) 

211 FORMATc1Ssx,SHGT = ,E10 3 ~ ~~T '.__~=_z_·~ l~
ss~ ·~S H ~F E~ 0~·~3~>'-'-~~~~-------
212 FoRMATC/55~15HL1 = •E1o•J/55x,5HL2 = •E10•3/55XtSHS1 = tE10•3/55x. 

*5HS2 = •El0.3> 
213 FORMAT ( /~4x,6HDL1 = t E10,3/54 X, 6HDL2 _.=-~ t .E l O • 3/54 X, 6HQ~ l__ : __ t .El 0 .3/S 

---- *4Xt6HDS2 = 1E10•3> 
214 FORMAT(/54Xt6HCA1 : tfl0.3/54x,6HtA2 = tEl0.3) 
215 FORMATc/53x,7HFLA~ = ,El0.3/54x,6HLAM = ,E10.3> 
216 FORMAT(/55X•SHT0 = •El0•3> 

REAL JLOltJL02tJLltJL21JSOltJS02tJSltJS2 
____ _______ RE AL K 1 , K 2 , LAM , l 1 , L 2 

REAL MTLltMTL2tMTS1tMTS2 
C- lNPlH DATA 
____0-'--'--'- DEL, ~i, NIT 11. OE-10, 1. OE-1o,12 /ATA 


DATA NTP/2Ql/ 

DATA OIIO.O/ 


-~- _____DATA PI/ 3 • 1415926536/ _ 
READCStlOl)TAUtDCoSl 
READ(5tlOi>GT,TF 

REAO<s.101>L1,L2,s1,S2 


----. RE Ao·C 5 t 1 0 1 > 0 L 1 t D L 2 t D S 1 , D S 2 
READ(5 1 100)CA11CA2 
READC5tl0Q)fLAMtLAM 

-c-~~coMP~Ult--CONSTA~---------------------------~

SQR IP I :SQRT ( l. O/Pt) 
HH=2.o*H 

- -	 --·-- ozo=LAM/f LOA T ( NTP-1) . 

EDzO:Dz012.o 
Kl=Ll/Sl 
K2=L2/S2 

WOL1=2.0*SQRT(Pt*Dll) 

WOL2:2,0*SQRTcPI*nL2) 


----- ------ W O S 1 =2 • O *SQ R T C P I *D S 1 ) 
WOS2=2.0*SQRTCPI*oS2) 

Wlll:4.0*Dll:~---~--~--~----------------~ 
WlL2=4.0*DL.2 

w1s1=4,0*os1 

W1S2:4,0*DS2


---·--·-·- -~ 	

W2L1=2•o*SQRTCDL1> 

W2L2=2.0*SQRT<oL2> 

W251:2,0*SGRTcD.~S~l~>~---~~~~~~------------~-------w-2-S_2_=_2 • 0 lrs·QR T c D s 2 ) 
W3Ll=2,0*SnRT(DLl/py) 
W3L2:2.0*SQRT(Dl2/PI)

- - ---~~--- -· ~ 

W3S1=2•o*SQRTCDS1/PJ) 
W3S2=2.0*SQRT<oS2/PI) 

c .. CHECK INPUT DATA AND SOHE CONSTANTS 
-~-~---~-~~---------~-~~~--WRIT f ( 6t210) 0 Z O t TAU 


WRITF.C6t2ll>GT•TF 

WRITE(6t212>Lltl2,Slt52 
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--·-- ·--- WR I TE C 6 • ZO 9 ) K 1 • K2 
WRITEC6t213>DLltDL2tDSltOS2 
WRITE(6t214)CA1,CA2~-~~~~~~~~---~~~-~~-~~-
WRJTE <6•21S>FLAM•L~M 

c~PERFORM COMPUTATIONS FOR INITIAL STEP 
ZO:O.O 

~-,--- - -···-·--

T=o. o 
IS=l 

c- COMPUTE INTERFACE TEMPERATURE AT T=O cORR£SPONDING TO AVERAGE SOLUTE 
C- CONCENTRATIONS CAl ANO CA2 

TI=TF+Ll*CAl+L20CA2 

TO=TI 

WRITEC6t216>To 


C- COMPUTE EQUILIBRIUM INTERFACE CONCENTRATIONS FOR TO 

COLI (l):CAl 
·---------· CoL2<1) =CA2 ·---------·-- ·--·--

COSl<l>=Kl*CAl 
COS2(l):K2*CA2 

C- COMPUTE IMITIAL SOLUTE DISTRIBUTtONS IN LIQUID 
I=O 


430 1=1+1 

_______ XLS CI) :LAM-DZO*FLOAT ( ( I-1) o ( 1-1)) ------·-·--·----- --

lF CXLS< I> e LT• o • o >XLS ( J) =o • O 
CLl<I>=cOLl<l> 
CL2(l):COL2<~ >1~---------~----------------~ 

----IF- ( XLS C fl--;-GT • O • O >GO To 430 
ILL=l 

~-...-· ~~MPUTE IN I !I AL 0 I S!RI BUT IONS IN SOL ID ________________ _ ____________ _ 
xss<1>=0•0 
cs l c I> =cos 1 c l > 

____cs2 ( 1) :COS2 ( 1) 
ILS=1 

c- PERFORM cOMPUTATIONS FO~ THE ITH STEP 
_ C~ _ STORE EQUJLlgR!UM VALUES 

400 CCOLl=COLl (!5) 
CCOL2:COL2cl5> 
ccos1=cosl.JJS~>=--~-~~~~~~--~~~~--~~~~~-~~-~~ 
ccOS2=C052(lS>

C- COMPUTE EXCESS SOLUTE 
-----··---- E 1 =DZ O ~ < CC O L l - CC 0 S 1 > _. __ ·- ____ _ __ 

E2=oZO*(CC0L2-ccOS2) 
C- COMPUTE MEW STEP INDEX, INTERFACE POSITION IN Z SPACE AND BOUNDARY 
c- LIMITS IN X SPACE 

IS=IS+l 
ZO=ZO+oZO 

________ _ XBl= l AM-z 0 .. . . -----·------- -
XBS= Zo 

c- STORE INITIAL SOLUTE 01STRI9UTIONS IN LIQUID PHASE 
lLL=ILL•l 
DO 300 1=1,lLL 
XL(I>=XLS(!+l) 
CCLl<I>=Cll(I+l>. 
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300 CCL2(1):CL2CI+l>

C- STORE INITIAL SOLUTE DISTRIBUTIONS IN SOLID PHASE 


XS ( l> =Xli5 

ccs1 cu=cs1 <l> 

CC52Cl):CS2<1> 

------· ILS=ILS+ 1 
·oo 301 1=2. ILS 

XS(J)=XSS(J-1) 


. - -- - - -- -- -· - -- -- --- - ·- ---- -- - - .... - -- - ----~ -. -
CCSl <I>=CSl CI-1> 


301 CCS2<T>=CS2<I-1> 

c·~ ~-· COMPUTE INITIAL flJNCT I ONS -- F l -·AND-··r: ·2-~- -----~---------

C- INITIAL CHOICE OF DT EQUALS FINAL CHOICE FOR PREvIOus STEP 

c- INITIAL CHOICE OF cos1 EQUALS FINAL CHOICE FOR PREVIOUS STEP PLUS 

C- SMALL lNCRtMENT 


A<l>=TAU 
---- ·- A< 2) =CCO? 1+DCOS l _______________ _ 

ITER=l 

CALL FM I N ( I LL , ·1LS > 


C- NEWTON-RAPHSON Mf THOO 

----'~~~~~~~~~~~~~~~--~~~~~~~~ 

DO 310 L:1,NIT
c- STORE fUNcTIONS FOR SOLUTION Of LINEAR EQUATIONS 


P ( l) =-F 1 

-------~·-

P <2>=-F2 

C- STORE ARGUMENTS FOR SOLUTIONS OF LINEAR EQUATIONS 


AS(}>:A(l) 
~~~~--' ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

AS<2>=A<2> 

C- COMPUTE NUMERICALLY PARTIAL SL-OPES OF FUNCTIONS 


DO 301 I= 1•2 

----- ---------- J=2° I -1 

A(l):AS(l)+H 

CALL fMINCILLtlLS> 

A 1=F1 
A2:f 2 

__ , ___ • 
A<l>=AS(l)-H-

CALL FMIN<ILL•ILS> 
Bl:Fl 
B2=F2 

c- STOR~PA""l"ITIAL SLOPES OF FUNCTIONS IN Q 

Q(Jl=CAl-sl>IHH 

O(J+l):(A2-82)/HH 


..C-~ . RESET ELEMENT A< I) OF ARGU,.,.ENT VECTOR A-. 
307 A<I>=ASCl> 


C-. SOLVE SET OF LINEAR EQUATIONS 

-~~~~~~~~~~~~~~~~~~~~ 

CALL GELGCPtQ•2•l•DEL•INDSOL> 
lf (INDSOL.EQ.O)GO TO 405 
WRITE(6 9 205)INDSOL

·---... -- -
GO TO 999 

c~ SOLUTIO~ VECTOR IS CONTAINED IN P 
~~~--~~~~~~~~~~~~~~~~~~~-c- COMPUTE NEW AR~~~_N_T_S
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- -405 DO 3efA I=lt2 
308 A<t>=ACI)+PCI> 

C· NEGATIVE OR ZEHO TIME PROTECTION 
IFCA<1>.LE.o.o>A<1>=AS(l)/2•0 

C- COMPUTE NEW FUNCTIONS cORRESPONOTNG TO NEW 
CALL FMINCILL,ILS> 
I F ( ABS ( f 1 ) • LT el • OE -1 8 • AND • A8S CF2 > • LT • l.~ OE_~ 18 ) GO___ ~0 __ 40 (> _________ 

--Jf(f-CONT I NUE -

406 CONTINUE 
c- THE NEW TIME INTERVAL TAU AND TIE•LlNE HAVE BEEN FOUND 
c- ALL OW OIF FU-SfO-NHf-PR 0 CE ED OUR I NG t I ME TAU 
c- cOMPUTE cONcENTRATIONS OF SOLUTES 1 AND 2 IN LIQUID As A FUNcTION 
c- OF THE z coORoINATE - -·-----------------------·-·---------------- -c- · UPDATE TOTAL SOLIDIFICATION TIME 

T=T+TAU 
c- cOMPUTE INSTANTANEOUS INTERFACE VEL0cITY 

RI<IS>=oZO/TAU 
WRlTEC6t201)1StFl,F2tTltRI<IS>tTAU 
I TER=o ______ ________ 

c- -COMPUTE oISTRJ~UTION OF SOLUTE 1 IN LIOUio AT NEW REAL TIME T 
I=l 
CLl(J)=cOLl<IS> 
ZLCI>=70 ' 

402 X=XBL-DZo*FLOATCI*l) 
_______ l f _<X. LT• 0. 0 >X=0 • 0 

l:I+l 
XLS<I>=X 
ZL CI> =Z 0 + X_B_L_-x.:..____________________________ 

CLl(l):CXT(C0Ll,CCLltXLtWOLl,w1Ll,w2Ll,x.xRLtTAUtlS,lLL>
IF<X.GT.o.o>GO TO 402 

_ I LL=I ._ . ________ ____ ____ .. -·· _____ _ __ . _. _____ __ 
C- COMPUTE DISTRlbUTION OF SOLUTE 2 IN LIQUID AT NEw REAL TI~E T 

I=1 
____-""...C~L_2-'C..! L::.c.QL~.Ll~_ _<......... > __ 


410 X:xBL- DzO*FLOAT(l*l) 

IF<X.Ll·O·o>X=o·O 


__________ 	 I= I+ 1 __________ -------------------·-· ·- .. _________ ·------- - ----- 
CL 2 ( l):CXTc COL 2, CCL 2, xL, wOL2, wl L2, W2L 2, X, XBL, TAU, IS, ILL) 
IF(X.GT.o.o>GO TO 410 

c- COMPUTE 0JSTRJ0UTION OF SOLUTE 1 IN SOLID AT NEW REAL TIME T 
l:l 

CS 1 <I > =C 0 S l <IS> 


··- --------- DC 0S1=C0S1 CI S >-cc oS1.. 
XSS(l):.XbS
zscI>=Zo 

___!t_l3 	 X=XAS-DLO ~E T <~I-*~I~>--------------------~---~*~L~O-'>L-"'LA~~
IF (X.L T. O. O) X:O. O 
l:l+l 

_________xss < 1 > =x 
ZS<t>=X 
CslCI>=CXT(C0SltCCSltXStwOSltW1Sl,w2SltXtXBStTAUtlStILS> 

http:L::.c.QL~.Ll
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IF<X.GT.O.o>Go TO 413 
C.. COMPUTE DI ST R18UT I 0 N 0 F SOLUTE 2 IN S0 L ID AT NEW RE AL TIM E ! .. ______ _------ ---- l LS= I - .. ···-· --·-- -- --- .. -·-·------·-·-· ~--·--·-·-·. ----·-- ----~--·--·- --------~------

I:l 
CS2<I>=COS1CIS> 


416 X:XRS-DZ06FLOAT(l6I) 

IF<X.LT.o.o>X=o.o 

l:I+l 

---------cs2 c'I > ·=CXT ccos29ccs2.xs.wos2; t~is2;w2s2,»<"";xss;·1Au, Is~ ILsf -------
IF cx.Gr. o. o> Go TO 416 
WRITE(6t200> <ItZL(!) •ell CJ) •CL2(I> tI=lt!LL> 

~~~~--~~~~~~~

WRITE (6t200) (I ,zs (I) tCSl (I) ,cs2 (I)' I:l, ILS) 

401 CONTINUE 


IFC<Zo+DZo>.LT.LAM)GO TO 400 

..... -------- - -----·-999 STOP 

ENO 
SUBROUTINE EOUIL 

c- PHASE EOOl[T"R""RTDM~uEL" FOR PLANAR SOLIDUS ANO LIQ0Io0S 
CO~MON/KOl/COLl( 50l>tCOL2< Snt>•C051( 50l)tCOS2< 501) 
CO~MON/K08/KltK2tLltL2tSltS2 

--------- C 0 MM 0 N / K 0 9 /GT , T , T O , T F , T I _ 
COMMON/Klo/IS 
REAL KltK2tLltL2 

_c___ C_O_MPurE_ E_QuTL I t3k"fu_M_ l_N_T_ERF ACE CO~POS IT I ONs 
Coll (IS) =cos1 (IS) /K1 
cos2 (Is)= ( T 1-TF-S 1*cOSl (Is)) /52 ------------------·---~----··-----

------- ---- CO L 2 C I S ) =C0 S 2 ( I S > I K 2 
RETURN 
END 

-~~-fUNCil()N cxT<co.cc.xc,wo1W\tW2•X•XBtTtTStIL> 
C- COMPlJTE CONCENTRATION AS A FUNCTION OF DISTANCE AND TIME 

C 0 MM 0 NIK 2 2 I I TE R , Dz 0 .._________________________ -------------------
---- ---- DIMENSION cc <soi) tCO (501) ,xc (501) 

EXTERNAL FCT 
REAL N 

c~ COMPUTE SOME CONSTANTS 
V0:2.0*XB 
Vl=wO(tSQRT CT> 

--~~-----~--·

V3=W26 SQRT ( T) 
V4=Wl 6 T 

C- COMPUTE SOURCE TERMS 
NN:O 
JJ=o 

C- COMPUTE TERM FOR N:O -- ----·---· 
C2=2.o-ERFCCXB•X)/V3>·ERf((XB+X)/V3) 
sc2=c2~1.0E-10 

. 

c.. COMPUTE TERMS FOR N GT 0 
-.!-4 O O._ NN=NN • l ____________.::..___:,._____ 

N=NN · · 
V2=VO*N+XB 
CC2=<~1.0)**NN6(2.0-ERF((V2-X)/V3>-ERF((V2+X)/V3)) 
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c2=c2+cc2 
IF(AASCCC2)eGT.SC2>GO TO 403 
JJ:JJ+l 

---------IF ( J J • GT • 3 ) G0 T0 4 o-4-- --
GO TO 400 

403 JJ:O 

401 EPS:CoclS)*l.OE-40 
XPU=X 

---~}_l XPU=XPU+OZO _______ _ ---·------- - -
IFcxPu.GT.xB)GO TO 410 , 
IF<FcTCXPU,XtCCtXCtVQtV4tlL)eLTeEPS>GO TO 412 
Go TO 	 411 

·-------

GO TO 400 

404 C2=Co<IS>*C2 


c- COMPUTE INITIAL SOLUTE DISTRIBUTION TERM___ 
- --- -- - -- I F < I TE R• EQ • 0 ) G0 T0 4 0 1 

Ct=O•O 
GO TO 	 402 

410 XPU:XB 
412 XPL=X 
415 XPL=XPL-DZ 0 ___ _____ 

IFcxPL.LT.o.O)GO TO 413 
IF<FcTCXPLtXtCCtXCtVQtV4tIL>•LTeEPS>GO TO 414 
GO T 415 

413 XPL=o.o 

414 DXP=CXPU-XPL)/So•o 


---~------ F I NT S=O• 0 ________________ 
XPLL:XPL 
XPUU=XPLL+OXP 
oo 300 1=1,so 
CALL QG4<xPLL,xPuu.FCTtflNTtXtCCtXCtVOtV4tIL> 
FINTS=FINTS+FINT · 

________ XPLL=XPUU 
300 XPUU=XPUU+DXP 

Cl:FINTS/Vl 
402 CXT=C1•c~-----------------.-------------~

RETURN 

END 


_____.___ FuNCT ION fCT (xP' x' CCtXCtVO tV4' IL) --·---------------------
DIMENSION ARG<2>•VAL<2>•CC<so1>•Xc<so1> 
REAL N 

CALL ATSM<XPtXCtCCtlLtltARGtVALt2) 

CALL ALI<XPtARGtVALtCCCt2tl•OE-10tlER>
----JJ=O --·-- -------- -	 - -- --------
NN:O 

C- COMPUTE TERM FOR N=O 
VS=EX P (- ( .x;;xp~~27V41 +£ XP (- (X+ XP) 002/V4) 
SVS=VS .. 1.0E-20 

C- COMPuTE TERMS FOR N GT OR LT 0 
--~02 	IF<NN.GE•O)NN=NN•l 

NN=-NN 
N:NN 

-- -----------·-----------------------~ 
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V6=X-Vo*N 
vvs=<-l.O)**NN*CEXPC-(Vb-XP>*•2/V4)+EXP(•(V6+XP)**2/V4)) 
VS:VS+VV5 
I F ( ABS ( VVS ) ~ GT • SV5 ) G0 T0 4 O0 
JJ=JJ+l 
IF<JJ.GT•3>GO TO 401 
GO TO 402 

400 JJ=O 
GO TO 4 02 _____________ _ 

4o 1 Fcr-=ccc.a-v5 
RETURN 
EMO 
SUBROUTINE QG4(XL,XUtFCTtYtXXtCCtXCtV01V4tIL> 
DIMENSION cc<SOl),Xc<SOl) 
A:o.soooooooooooooooo•cxu+xL> 

~· --··~-----------

8 =XU-XL 
C:0.43056815579702629*8 
Y=0.17392742256B72693o(FCr<A+c,xx,cc,xc,vo,v4,IL>+FCT(A-C,xx,cc,x 

*tVOtV4'1 )) 
C:0.16999052179242813•8 

____ __ _ __ __ 

-----~ 

Y=B* < Y+ 0 ! 3 2 6 0 7 2 5 7 7 4 3 12 7 3 0 1 * (F CT ( A+C t XX, CC t X~ , VO, V4 , I L) +FCT -( A- C, XX 
*CCtXC•VO•V4tlL))) 

RETURN -
END 
SUAROUTI~E FMJN<ILL•lLS) 

COMMON/K0l/C0LlC 501),C0L2( 50l)tC0SlC 50l)tCOS2< 501) 


________ __ ._ C0 Mt-4 0 N / KO2 / E l , E2 , F l , f 2 , MT l 1 , MT L2 , MTS 1 , ~TS2 ___________ 
COMHON/K04/WOLl• WOL2• W05l•WOS2 
COMM0N/K05/wlLl,WlL2tW1Sl,wlS2 

-----------------~____C_O_M_M_O_N~1K06~?LJ~_W?L~~s1Lw 2~s~-
CO~MON/K07/W3LltW3L2tWJSltWJS? 
COMMON/K09/GTtTtTO,TFtTI 
COt-iMON/KlO/!S 
COMMON/Kll/TAU 
COMMON/Kl2/XBLtXBS 

CoMMON/Kl4/CCL1< 50l>,CCL2C SOl)tCCSl< 50l)tCCS2C 501) 
COMMON/Kl7/SQRIPI 

-------C0 MM 0 NIK l q I A ( 2 ) t A S ( 2 ) t P ( 2 ) ~ Q ( 4 ) 

COMMON/K211DLltDL2,os1,os2 
REAL MTLltMTL21~TS1tMTS2~_ __:___~---~---'----~----~~~~ 
REAL MILltMIL2tMISl•MIS2 

C- SET NEW TRIAL ARGUMENTS 
____ _! AU=A ( 1) ______ ----------

. C0SlCISl=A<2> 
SORTAU:SGRT (TAU) 

c- COMPUTE NEW INTERFACE TEMPERATURE 
-=--='---'-''----""--~-~-----~~----~~~--

TI= TO+ GT* CT+ TA U) 
c- COMPUTE OTHER INTERFACIAL CONCENTRATIONS 

CALL EQUI L . __ __ ___ __ ______ 
c·;_ --COMPUTE TOT AL AMOUNT Of REJECTED SOLUTE OUR I NG TI ME INTERVAL TAU 

MILl=cOLl (JS>-ccLl <ILL> 
MIL2=cOL2CIS>-ccL2CILL) 
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_______._____________ _______ _

MISl:COSlcJS)-CCSlcILS) 
MIS2=coS2<IS>-ccS2<lLS) 

_____ MI L 1=~1 I L l * O • 5 _____________ ...MIL2:MIL2.a.o.s 

MIS1=MISl*0•5 


---~M~I~S~ =.;__ 52_MIS2*0•_~~--------------------------~ 
MTLl:MILl.a.w2L}.a.SQRTAU.a.cSQRIPI+2.0oSIERFC(XAL/SQRTcDLloTAU))) 
MTL2=MIL2*W2L2*SQRTAU*CSQRJPI•2•o*SIERFc<XALISQRT(DL2*TAU))) 

--- ------ MT s 1=MI s l *w2s 1°s rm TAu* ( s QR I p I +2 • 0* s I ER F c ( x As Is QR T ( 0 s 1 *TAu ) ) ) 
~TS2:MIS2ow2S2*SQRTAUocSQRIPI+2.ooSIERFCcXBS;SQRTcDS20TAU))) 

c~ COMPUTE cLOSUPE FUNCTIONS 
Fl =E 1-M TL 1-MT S l=---- ----------------- ------
f 2=E 2-MTL2-MT_S_2 

RETURN 


______ END _ 
fUNcTION SJERFccOQ)
COMMONIK17/SQRIPI 
REAL N 

· v1=0.o 
NN=o 

__________ DO 3 o O I =l t 2 o __________ ____ 
NN=NN+l 

N:NN 


----XV--L,;IB :;N* . 
VV7=<-l.O>**NN*CSQRIPI*EXPC•V8**2)•V8*Cl.O~ERF(V8))) 

300 V7:V7+VV7 
_______ SIERFc=V7 ______________ 

RETURN 
END 

--r;-6~9E+oo s.oooE-o4 -- --- ---- - - ·- ---~--''------------------- -------=-~ 

-1.000E+o1 1.529E•03 
lt629E+OO B.OOOE-04 

~---~~--

•8.000E+o2- B.OOOE+o2-1.000E+03•1.000E+03 
l1629E+oo a.ooo E-o4 

leOOOE-os l.OOOE-05 leOOOE-08 1.oooE-08 


--l~629E+oo a.oooE-o4 - ··--· -- ---
o.1s o.is 
o.s 0.01 
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A-3 - MICROANALYSIS CORRECTIONS 


LIST OF SYMBOLS 


- - A-Tl1---.-·-AI 0 Ml C WE I GHT 0 F ELEMENT- I-----·-·-----------------------· 

AB - ABSOMPTION CORRECTION INDICATOR. 

IF AB = Ot NO CORRECTION 

IF AB = 1, CORFrEITfON 


ABSC • ABSORPTION CORRECTION FACTOR 
-~!:_______: __ ATOMIC NUt-ABER CORRECTION INDICATOR ___ - ----·---·-------------··---

IF AT = Ot NO CORRECTION 

IF AT = lt CORRECTION 


ATOC - ATOMIC NUMBER CORRECTION FACTOR 

AWA ATOMfc ~ ._____-_S ___________WEfGHTOFE[EMENT sEI NG F L UORE __CED_
AWB(J) - ATOMIC WEIGHT Of ELEMENT 8 FLUORESCING At IN THE I~TH 

. FLUORESCENCE CORRECTtON 
- ---C(I,-------~ - wE I GHT F PACT I ON OF ELEMENT I• ELEMENT l t S 8E I NG ANALYSED 

CA ~ WEIGHT FPACTION OF ELEMENT A REING FLUORESCEn 
CB(I) • ~EIGHT FRACTION OF ELEMENT B FLUOREScING A IN THE 

I ~TH coR.R[cT I ON 
CSCT - cosEc Of TAKE-OFF ANGLE FOR X-RAYS 

E • MEAN VALUE OF ELECTRON ENERGY, KEV 


-- E:c ·--·---------~ ·· ExcrTATION ENERGY FOR RADIATION USEo IN ANALYSIS• KEV 
Eo ~ ACCELERArION vOLrAGE, KEv 
ECACl) • ABSORPTION EDGE OF FLUORESCED ELEMENT A FOR RADIATION.;__:________ 

0 F THE IYP-E cC5 NS Io ERE o I N THE I t t HCcfR RE c TI 6N , KEV . 
ECBcI> - ABSORPTION EDGE OF FLUORESCING ELEMENT 8 FOR RADIATION 

OF THE TYPE CONSIDERED IN THE I~TH CORRECTION, KEV 
---f .( I ) --- -- .;. -- FLU 0 RES CE NC E C0 NT RI 8 UT I 0 N 0F THE I ;f TH C0 RR EC TI ON 

FL - FLUORESCENCE CORRECTION INDICATOR 
FLUC - SUM OF THE I FLUORESCE~CE CORRECTIONS 
FXA (1) - LAPLACE TRANSFOR'4 RAT-fCY OF ELEMENT 1 IN STANDARD 
f XAB • LAPLACE TRANSFOR~ OF ELEMENT l IN ALLOY 
HACI) 

-
-
. 

ATOMIC NUMBER PARAMETER FOR ELEMENT I 
HAS ~ ATOMIC NUMBER PARAMETER FOR ALLOY 
JC!) • MEAN IONIZATION POTENTIAL OF ELEMENT It KEV 
KAA ~ INTEN_~J TY RAT I 0 _c_Q_~_R_E_t;l_~Q__EQ_~ABSOR?T =-IO=--N_ _________ 
KAF - INTENSITY RATIO CORRECTED FOR FLUORESCENCE 
KAG - INTENSITY RATIO cORREcTED FOR ATOMIC NUMAER EFFECTS 
M • NUMt3ER OF ELEMENTS IN ALLOY _______ --·-----··--
MA (I) ~ - MASS ARSORPTtON cOEFFlClENT OF ELEMENT I ABSOR9ING 

ELEMENT 1 RADIATION 
MA AB • MASS~RS_Q_R_PJ_L~C0~~EJ..~J-~fil_Qf__A.llOy____________ 
MAA(l) - MASS ABSORPTION COEFFICIENT OF ELEMENT A FOR A RADIATION 

IN THE ItTH FLUORESCENCE cORRECTION 
~AB(l~ - MASS AASORPTJON COEFFICIENT OF ELEMENT A FOR 8 RADIATION 

IN THE l1TH FLUORESCENCE CORRECTION 

http:fil_Qf__A.ll
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MBB(l) 

--MBA(l) 

NCI)
NFC 
OMEG(l) 

.-·
RA (I)
RAB 
RMAC (I) 

SA(I) 
5AB 

-- -5 I G( I ) 

THETA 
THETR 
UA(l) 

WR CI) 

• 

-

-
-
-

-

-

-

-
-
-

-
-
-

-

-

XA (1) -
XAB -z (I> -

MASS ABSORPTION COEFFICIENT OF ELEMENT · B FOR B RADIATION 
IN THE ltTH FLUORfSCENCE CORRECTION 
MASS AASORPTJON COEFFICIENT Or ELEMENT 8 -FOR A RADIATION 
IN THE I~TH FLUOPESCENCE CORRECTION 
ATOMIC FRACTION nF l~TH ELEMENT 
NUMBER OF FLUORESCENCE CORRECt_t _O_N_S____________ 
wEIGHT OF LINE ASSOCIATED wITH LEVEL ANO ELEMENT FOR 

_THE I t TH FLU 0 PESCE NC E C0 RR EC T I 0 N 
FRACTION OF POTE~1 T I AL RETA I NED IN ST ANO ARO FOR ELEMENT 
FRACTION OF POTEMTIAL RETAINED IN ALLOy 
RATIO OF ~~~~--Asso_~PTI~~Ef_f_IcI~NTLfO~~-LF'MENTS__ _ _ _ 
UNoER CONSIDERATION IN THE ttTH FLUORESCENCE cORREcTJON 
ELECTRON STOPPINr, PO~ER OF STANDARD FOR 
ELECTRON STOPPIN~ PO~ER OF ALLOY 
EL EC TR 0N RE TAR 0 ATJ 0N PA RA ME TE R F0R I ~ TH 
CORRECTION ANO FOR ARSORPTION CORRECTION 

ELEMENT I 
_ 

FlU0PF: SC ENCE 

_ F_L _U_ORE SC.EN-CECOR-Rf cTIQN . 

ABSORPTION PARAMETER FOR ELEMENT l 

TAKE-OFF ANGLE l~J DEGREES-=-----------------
TAKE -oF-FANG-LE- 1"i-RA0 f AN s 
OV£RVOLTAGE PATIO FOR ELEMENT A IN 
FLUORESCENCE CORRECTION 
OVERVOLTAGE RATIO FOR ELEMENT 8 IN 
FLUORESC~NCE CORPECTION 
FLUORESCENCE YIELD OF ELE~ENT B IN 

THE l~TH 

THE I-TH 

THE I-TH 

IN STANDARD 

ABSORPTION PARAMETER FOR ALLOY _ ------ ------·-·-··-·-----
ATOMIC NUMBER Of ELE~ENT I 

PROGRAM 
FRACTION FE IN MN - 0.3686 S INCLUSION .C~0~0.63 WT 

DIMENSION A (5) ,AwR (5) ,c (5) ,CB (5) ,F:CA (5) ,ECB (5) ,F (5) ,FxA (5) ,HA (5) 
DIMENSION J(5) tMA(c;,) tMAA(5) tMt-..R(5) tMAA<5) tM88(5) tNC5) 

----DIMENSION 0~EGCS),RA(5ltRMACC5)tSA(5)t5IG(5)tUA(5)tUH(5) 
DIMENSION Wg(SltXA<SltZ<S> 

EQUIVALENCE tCA,C ( 1)), cAWA,A ( l)) ··-------------·----l-00-- -FORMAT (3 I 1) 
101 FORMAT<Bfl0.4) 
102 FORMArc2F10~4 
200 FORMAT<1X•11F1o•S) 

210 FORMAT(/52Xt8HTHETA = ,FS.1) 

2 1 l F 0 RM AT ( I 5 5 X , 5 HE 0 = ,F S • l t I 5 S X , 5 HE C_ : ___ t t:' 6 1 3 l ________ 

213 FORMATC/56Xt4HM = •I1> 

214 FORMAT(/54Xt6HNFC = tll) 

2 1 2 F Of..'~..,~ 5 X , 5 HAT : , I_i / 5 S X , 5 H AA : , I l /SS X, 5 HF L : , I l 

215 FORMAT<l9XtlhA•1ox,5<5Xtf7•2t~X)) 

216 FORMAT<l9XtlHZtl0Xt5(6XtFS•lt9X)) . 

217__ f0~_~9X, lHJ t 10 ~ t ?.JJ!..tfJ_._4 t 6X) ) _ ··- ---:---

I 
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----2ia-FoRMA-Yc1ax·,2·HRA; i ·o-x;-5·c1X-.F1.4.6X> > 

219 FORMAT(/8Xt2HMAtlOXt5(3XtF8•lt9X)) 
220 fORMATc;8x,2HCB,1ox,s(1x,Fs_._2~,8~X~>+>~~~~~~~~~~~~~~~~~ 
221 FORMAT(/7Xt3HECA•10Xt5(7X1F6•3t7X)) 

222 FORMAT(/7Xt3HECH•lOX•5<7XtF6e3t7X)) 

2 2 3 	 F 0 RM AT ( / 7 X , 3 HM AA , 1 O X , 5 ( 3 X , F 8 • 1 , 9 X ) ) _ _ ____ 
224 FORMAT(/7X,3HMRA•10Xt5C3X,F9. 1 ,9X)) 

225 FORMATC/7Xt3HM8B•lOXt5(3XtFB•lt9X)) 

226 FOR~AT(/7X,JHMA8 9 LO X ~.~<3 X~,_ 8~·~1~·~~
~~1~S =-:..:. F~ 9 X~>~>t--~~~-'-----:--~~~~~~~~~~~ 
227 FORMATC/6Xt4HRMAC•10X,5(6X•FS•1•9X)) 
228 FORMATC/7Xt3HAWBt}OXt5(5X,F7•2•8X>) 
.229 FORMATc11Sx,9HPARAMETER,11x,9HELEMENT 1,11x,9HELEMENT 2,11x,9HELEM 

*ENT 3•11Xt9HELEMENT 4•11Xt9HELEMENT 5> 
230 FORMAT(//5Xt9HPARAMETERtllXt9HFLUocOR ltllXt9HFLLiOcOR 2tllXt9HFLLiO 

oCOR 3,llX,9HfLUOCOR ~l X ~·9 H F~_~~ C O R-'---"5~>t--~~~~~~~~~~~~~~4~,~l ~~ _;__~L U O~~~
231 FORMATC//7Xt3HKAFt6Xt4HfLUC~7X,3HKAAt6Xt4HA85Ct7Xt3HKAGt6Xt4HATOC, 

*6Xt4HC<l>t6Xt4HC(2)t6Xt4HC(3),6Xt4HC(4)t6Xt4HcC5)//) 
232 FORMAT (/6x,4HOt..1EG, lOX,5 <5x,F7 .2,8x)) ------------------ - - - -·-----
233 fORMATC/8Xt2HW8tlQXt5(5XtF7•2t8X)) 
250 	 fORMAT(Il0t4fl0.6) 

INTEGER AT,A!i_,f ~~-~~~~~~~-~-~~~-~~-~-~--;~~_~l
REAL JtKAAtKAFtKAGtMAtMAAtMAARtMAAtMBAtMBBtNtNAtNUMtNZ 

C- INITIALIZE SOME OUTPUT VAPlABLES 
__________ _KA G =0 • 0 _ .. ____ ____ ----------

KA A= O • O 

KAF=o.o 

ATOC=o.o 


-----ABSC·~o- .o 

FLUC=O.O 
C- INPUT OATA 

DATA THETA/lBeO/ 
READC5tl01)E0tEC 
READ(5 9 100)M 

--- REAO(StlOl> (AClftI=1•M) 
RE A 0 ( 5 t 1 0 1 > ( Z ( I > t I =1 .• M > 

C- READ TyPE Of C0RRECTI0~S ro BE APPLIED 
READ<5•1oo>ATtAB•fL 

C .. ECHO CHECK 
~~~WRITE(6,210>THETA 

WRITEC6t2ll>EOtEC 
WRtlE(6t213>M 
WRITEc6 9 212)AT,AB,FL 
WRITEC6t229) 

·wRtTEC6t215) (A(!) tl=ltM) 
____W_BITE ( 6 , ?l 6 ) <Z ( I > , I =l , M ) ___ ___________ 

lFCAT.EQ•o>GO TO 400 
c- INPUT ATOMIC NUMAER cORRfcTION DATA 

RE AD ( 5 t 10 1 > ( J C I ) t I= 1 t M > 

READcs,101, cRA(l) ,I:l,M) 

C- ECHO CHECK 

-------·---~Rt TE< 6 • 21 7 > _ < J <I> •I= 1 !_M_)______ _ 
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WR 1Tr<6., 21 a·><R"1\-c1> , i =1 , M> · 
400 lFcAB.EQ.o,GO TO 401 

c- INPUT ARSORPTION co_R_R~E~c~T~J~O_N__::O~A~T~Ai__~~~~~~~~~~~~~~~~_._ 
READ(StlOl> (MA<I) tl=ltM) 

C- ECHO CHECK 
___ _ WP I TE ( 6 ' 2 1 9 ) C M A C I ) • I =1 t M ) __ _ 

401 IF{FL.EO.O)GO TO 402 
c- INPUT FLUOREScENcE CORREcTION DATA 
-~~-R~E~A~D <StlOO)NFc~~ ~-~~~~-'--~~~~~~~~~~~~~~~~--~~

RF.:AO (St 101) CAwB CI) t I=l tNFC) 

READcS,101) cCBcl> ,I:1,NFc, 


·--------- - - READ <s• io2> <EcA (I) •EC8 (I)' 1=1 •NFC) . - --------------· 
READ (5 tl 02) (MAA (I> ,~H3A (I> tI =l tNFC) 
RE A 0 ( 5 , 1 O 2 ) ( M8 H ( I l , ~1A8 ( I > , I =1 , NFC ) 
READ<s•101> (OMEG _ I > • I =_~l__~< ~~-~_ , N F~C~>~~~~--~~~~~~~-~~--~-
REAO cs.101) (RMAC (I)' I=l tNfC) 


_ READcS.101) (WA(I) ,I:1,NFC) 

_C• _ECHO CHECK ________ ___________ ________________ 

WRITE<6•214)NFC 
WRITEC6t230> 
WRITEC6t228> (AwBCI> tl=ltNFC> 

_____~H~ITE <6•220) <CB (I> t I=1 tNFC> 
WRITE (6,221 >CECA CI) t I:l tNFC> 

WRITE (6 9 222) cECB (I), l:l ,NFC) 

WRITECbt223> (~AA(l)•l=ltNFC_>_~~~~~~~~~~~~~~~~~~ 

WR I TE C6 t 224 > (MBA< I> • I= 1 t NFC> 

WR I TE (6, 225 > ( M8H (I) , I= l, NFC) 

WRITE (6•?.26> (MAB (I) t l=l tNFC) 


- ----- WR I TE ( 6 t 2 3 2 ) ( 0 MEG CI) tJ = l t NFC ) 
WRITE (6 9 227) (RMAC ( 1) • I:l ,NFC) 
WRITE(6t~33) (W8( l) t l=}tNfC> 

402 CONTINUE 
C- PRELI~INARy co~PUTATIONS 

c
_ WRITE (6 • 2 31 > 
CONVERT THETA FROM DEGREES To 

_ _ _______ ----
RAoIANS 

---------------

THETR=THETA~6.28318/360.0 
c- COMPUTE cosEcCTHETR)

:___~'---~---·~-~~~-~---~~~~~~~~---~~

csc T =l ·~/~IN(THETR) 

c----~-------------~-~~----~--------------~---~---~--------~---~~-----~·406 	CONTINUE 
c- INPUT cONcENTRATIONS 

DO 350 tC=l•64 
C(l>=FLOATCIC-1>1100.0 
C(3):0.3686
C<2>=1.o-C<3>-C<l> 

c--------------~--------------~--~~~~-~~~~----~----~--~~---------------·c- cOMPUT[ ATOMJc fRAcTIONS ' 
DEN=O.O 

~~--D~ 3 01 =~~ M'----~~~~~~~~~~~~~~--~~--~~~~~-~~0.__~ _L_ l •~
301 	 OEN:DEN+C(l)/A(l) 

DO ~n n I= 1 'M 
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____ ·- · _ Nl.JM=C ct")tA <I> 
300 N(l):NUM/DEN

c• MAKE KAG AND KAA EQUAL TO c<1> IN CASE ATOMIC NUM9ER AND/OR 
~BSORPTION CORREcTIONS ARE BYPASSED 

KAG:C(l) 
KAA=C<l> 
IF<AT.EQeO)GO TO 403 

C- APPLy ATO~IC NUMBER CORRECTIONS 

c- COMPUTE MEAN ELECTRON ENERGY 


E=<FO+Ec>12.~o~~~~~~~~~~=-~~~~~~~~~~~~~~~
c- COMPUTE ELECTRON STOPPING POWER OF STANDARD 


DO 311 I= 1 t M 

___ 311 SA (I) =Z ( l) /A (I) 0 ALOG ( 1 e l66~E/ J <I)> - -- - -- -- · -- -·------- - - - -------
c- COMPUTE ELECTRON STOPPING POWER AND FRACTION OF POTENTIAL RETAINED 
C- IN ALLOY 

RAB=O~O 
SAB=o.o 

- -- DO 3iO- ·I=l tM 
RAB:RAR+C(l)ORA(l) 

310 SAB=SA8+CCI> 0 SA<I> 
C• COMPUTE GE NERAT~TN-rENSITY RATIO 

ATOC:RAB/RA(l)oSA(l)/SAB 
0

KAG=C ( 1) ATOC _ ··--·- -·---··· ·--
403 lFCAR.EQeO)GO TO 404 

C- APPly ABSORPTION CORRECTIONS 
c- COMPUTE MASS ABSORPTION cOEFFIClENT OF ALLOY 

MAAH=O.O 
DO 320 I=l tM 

320 MAAB:MAAti+C(l)oMAcI> 
t-;;.;·- coMPUTE A850 P.PT l ON PARAMETER FOR-· srA~JDARD 

XA(l)=MA(l)°CSCT 
c- COMPUTE AHSORPTION PARAMETER FOR ALLOY 

XAR:MAA8-c;CSCT 
C• COMPUTE ELECTRON RETAPOATION PARaMETER 

SIGC1>=2•3qEOSl<EO**l.S-EC**l.S> 
t~ -COMPUTE ATOMIC NU MgE~ PARAMETER - ~OR STANDARD 

. HAtl):l.2oA(l)/ZC1>**2
c- COMPU E ATOMIC NU~BER PARAMETER FOR ALLOY 

NA=o.o 
NZ=O.O 
DO 321 I= l, M 

··-----	 -·---- NA= t--1 A+ M< I > o A{ I ) 
321 	 NZ=NZ+ N (l)OZ(I) 


HAA:l.20NA1Nzoo2 

-c-_ c_O_M_P_LfTE LAPLAcE"IR"ifr5FORM RATIOS FOR ST ANnARD AND ALLOY 

fXA<1>=1-01<1.o+XA(l)/SIG<1>>1c1.o+HA(})/(1.o+HA(l)) 6 XA(l)/SIG(l)) 
FXAB=l.0/(1.0+XABISIGCl))/(l.o+HARl<l.O+HAB)*XABISIG<l>> 

-··- -· -· ABSC:FXAB/FXA(ll - - - . 

c cOMPlJTE I NTENSITY RATIO cORR£cTEo FOR ABS.ORPTJON 
c- COMPUTE ABSORPTION CORRECTION 
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KAA=KAG'°ABSC 
404 IF<FLeEQ•O)GO TO 405 

C• APPLY FLUORESCENCE ~ORR~CT_ ION~ ___________ _________ 
FLUc=o.o 
Do 330 I=ltNFC 

UA CI ) =E OIE A( > 

UBcl>:E01ECB<l> 

SJGCI>=2•39Eo5ICEO**l•S-ECA<I>**l•S> 


__________ __ f l =0 MEG ( l ) * W8 ( I > I 2 • 0 * <R MA C CI ) - 1 • 0 > IR MAC ( I )_*_( (U8 ( I )_- 1 • 0 ) / _(UA tl ) -1 • 0 
*))**<5.013.0)*AWA/AwB(l)*MAB(T)*CRCl> 
: F2=<ALOG<1.o+CMAA<l>*CA+M8A(l>*C~(!))/(MAB(l)*CA+MRB(l)*C8Cl))*CSC 

- -- .. -- -- - . . . . ~ 

*T))/(MAACI)*CA+MBA(l)oCB(J))/CSCT 
________ F3= CALOG ( l • o+SIG (I> I <MAB< I> *CA+MBB (I> *CB (I)))) /SIG< I) ________ _______________ 

F(l)=Fl*<F2+F3> 
330 fLUC:FLUC+F(l) 
4 05 KAF=K AA* LI_. O+ FLUC >____ _______________________ 

WRITEC6t200>KAFtfLUCtKAAtABSCtKAGtAT0CtCC{l)tJ~ltM) 
WRlTEc7,25Q)lC,KAF,KAA,KAG,C(}) 

__ , 350 CONT I NlJE -------- - --·-~·-· ---~---~·--· ________ _____________..: ________ ___...,....____________- -
999 STOP 

END 

15•0 1.111 
3 
55.85 54.94 32e066 

26.o 2s.o 16.o 
110 
~32 0.3lb O,lAO 
0.901 o.906 o.947 
71•4 63·5 167.4 



TABLE 2.1.1 Summary 	of Diffusion Data. 


D Do E T 

SourcePhase Species cm2/sec cm2/sec cal/mole oc 

L-Fe Mn 2.055xl03 60656 1530-1600 PASCHE and HAUTMANN(l935) 

s 1. 7xl0-4 1560 McCARRON and BELTON(l969)" 
s 	 4.9x10-4 4350 1500-1650 SAITO et al.(1961)" 
c 	 2.447xlo-3 13052 1350-1500 MORGAN and KITCHNER(l955)" 
0 2.3xlo-5 	 1560 McCARRON and BELTON(l969)" 

0.486 +yFe Mn 	 66000 950-1450 WELLS and MEHL (1941)0.011 x wt%Mn 

Mn 106.7 79318 1150-1350 NAKAO ( 1967)" 
" 	 s 0.018 38600 1150-1250 KONONYUK ( 1965) 


s 2.42 53400 >1200 SEIBEL · (1964)
" 
c 	 0.27 34500 1000-1400 WELLS et al. (1950)" 
0 lo-9 	 1100 BROWER et · al. (1934)" 

a,8Fe s 	 1.35 48400 907(T)l400 SEIBEL (1964) 

n Mn 0.264 59500 1446-1494 SMITH (1970) 


(Fe,Mn)S Fe 2xl0-7 1300 NAKAO (1967) 


" Mn 2x10-7 1300 NAKAO (1967) 


I:\) 
~ 
O') 
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TABLE 4.1.1 

Parameter 

· oL. 
YMn 
y§L 

Yo8 
Mn 

yg8 

tFe 

"1Fe 
T8L 

Fe 

tMn 

17Mn 
TBL 

Mn 

Thermodynamic Data Required for Calculation 
of SFe + Liquid Equilibria in the Fe-Mn-S 
System. 

Units Value Source 

-0.6 b) 

-3.7 a) 

-5.7 a) 

-0.8 c) 

-67 c) 

-5.7 Set equal to EMns 

1.38 	 b) 

0.18 	 b) 

1.41 	 c) 

0.095 	 c) 

cal/mole 3360 a) 

cal/mole/( 0 c) 2 -1. 2x10-4 c) 

OC 1536 a) 

cal/mole 1720 c) 

cal/mole/( 0 c) 2 0 c) 

oc 900 	 c) 

cal/mole 13000 c) 

cal/mole/( 0 c) 2 -l.3x10-2 c) 

oc 1190 c) 

a) ELLIOT et al. (1963) 
b) 	Calculated from data of ELLIOT et al. (1963) 
c) 	Calculated by fitting tangent-plane equations to 

binary constitutional data. 



TABLE 4.1.2 Tie-lines and Partition Coefficients of 1510°c Isotherm for 
8 + Liquid Equilibrium in the Fe-Mn-S System. 

Equilibrium Concentrations Partition Coefficients 
at % 

8 x8 L XL T T kTxMn s xMn s kFe kMn s 
0 0.0000 0.0642 0.0000 1. 2883 1. 01240 0.70938 0.04987 
1 0.5000 0.0547 0.6980 1.1097 1. 01276 0.71637 0.04934 
2 1.0000 0.0456 1. 3829 0.9324 1. 01299 0.72335 0.04885 

Full 3 1.5000 0.0366 2.0540 0.7567 1.01311 0.73032 0.04841 
4 2.0000 0.0280 2.7127 0.5827 1.01311 0.73728 0.04800 

Interaction 5 2.5000 0.0195 3.3593 0.4103 1. 01299 0.74420 0.04763 
6 3.0000 0.0113 3.9942 0.2998 1. 01277 0.75100 0.04730 
7 3.5000 0.0033 4.6177 0.0712 1. 01244 0.75795 0.04669 
8 3.7145 0.0000 4.8799 0.0000 1. 01227 0.76086 0.04687 

0 0.0000 0.0642 0.0000 1. 2883 1. 01240 0.76064 0.04987 
1 0.5000 0.0553 0.6574 1.1088 1. 01233 0.76063 0.04990 
2 1.0000 0.0465 1. 3147 0.9313 1. 01227 0.76063 0.04993 

No Cross 3 1.5000 0.0377 1. 9720 0.7556 1. 01223 0.76064 0.04996 
4 2.0000 0.0291 2.6293 0.5818 1.01221 0.76067 0. 04999 .· 

Interaction 5 2.5000 0.0205 3.2864 0.4098 1. 01221 0.76071 0.05002 
6 3.0000 0.0120 3.9134 0.2396 1. 01222 0.76076 0 .,. 05005 
7 3.5000 0.0036 4.6002 0.0712 1.01225 0.76083 0 .05008 
8 3.7145 0.0000 4 .. 8799 0.0000 1. 01227 0.76086 0.05009 

(\) 
~ 
<X> 
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TABLE 4.1.3 	 Thermodynamic D~ta Required for Calculation 

of Metastable YFe + Liquid Equilibria in 
the Fe-Mn-C System. 

Parameter 

yoL
Mn 
oL)

Ye Sgr 

oY
YMn 

oY. y C ) Sgr 

Units 

cal/mole 

cal/mole/( 0 c)2 
oc 

cal/mole 

cal/mole/( 0 c)2 
oc 

cal/mole 

cal/mole/( 0 c)2 

oc 

OC 

cal/mole/°K 

Value 


.;..o. 6 


6.0 


-1.3 


-0.64 

14: 


-4.2 


1.38 

0.66 

1.52 

1.82 

3360 

1529 

4100 

-1.1x10-3 

1240 

2500 

-lxlo-3 

500 

3700±100 

6.8 

Source 

ELLIOT et al.(1963) 

a) 

a) 

ROY and HULTGREN (1965) 

a) 

a) 

.b) 

a) 

ROY and HULTGREN (1965) 

a) 

ELLIOT et al. 	(1963) 

c) 

DARKEN and GURRY (1953) 

c) 


c) 


estimated 


c) 

c) 

c) 

LYMAN (1948) 

KUBASCHEWSKI and EVANS 
(1955) 

a) Calculated 	from data of TURKDOGAN and GRANGE (1968) 
b) Calculated 	from data of ELLIOT et al. (1963) 
c) 	Calculated by fitting tangent-plane equations to binary 

constitutional data. 
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TABLE 4.1.4 Tie-lines and P~r~ition Coefficients of 
149o0 c Isotherm for Metastable y + Liquid 
Equilibria in 	Fe-Mn-C System. Atomic % . 
Basis. 

· xy XL 	 kTXMn
y 

c xkn c i{e k!in · c 

0 o.ooo 0.737 o.ooo 2.879 1.0220 0.7503 0.2561 

1 1.000 0.652 1.332 2.509 1.0228 0.7506 0.2600 

2 ·2.000 0.561 2.664 2.126 1.0234 0.7507 0.2640 

3 3.000 0.462 3.996 1.726 1.0240 0.7507 0.2680 

4 4.000 0.356 5.329 1.309 1.0244 0.7506 0.2721 

5 5.000 0.241 6.664 0.871 1.0248 0.7503 0.2761 

6 6.000 0.115 8.002 0.412 1.0251 0.7500 0.2802 

7 6.852 0.000 9.146 0.000 1.0252 0.7492 0. 2837 

TABLE 4.1.5 	 Tie-lines and Partition Coefficients of 

149o0 c Isotherm for Metastable y + Liquid 

Equilibria in Fe-Mn-C System. Weight % 

Basis. ' 


T
kMn 

0 0.0000 0.159 0.0000 0.634 1.0048 0.7375 0.2517 

1 0.989 0.141 1.337 0.551 1.0077 0.7395 0.2562 

2 1.977 0.121 2.666 0.465 1.0107 0.7414 0.2607 

3 2.963 0.100 3.988 0.376 1. 0136 0.7431 0.2653 

4 3.948 0.077 5.301 0.285 1. 0165 0.7448 0.2700 

5 4.932 0.052 6.608 0.189 1.0194 0.7464 0.2747 

6 5.913 0.025 7.908 0.089 1.0224 0.7480 0.2795 

6.748 o.ooo 9.010 0.000 1.0249 0.7490 0.2829 7 
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TABLE 5.6.1 Typical Analyses of Materials Used in the 
Preparation of Alloys 

Ferrovac E (U.S. Steel) 

Impurities wt% 

c 0.003 
Mn 0.001 
p 0.003 
s 0.005 
Si 0.006 
Cu 0.001 
Ni 0.014 
Cr 0.01 
v 0.004 
Mo 0.001 
02 0.00046 
Co 0.01 
w 0.01 
H2 0.00005 
N2 0.0002 
Ti 
Al 

AUC Graphite (Union Carbide) 

Impurities wt% 

s 0.004 
Ca 0.0043 
Fe 0.005 
Si 0.0014 

Ash as Oxide 0.03 

Manganese (A.D. McKay) 

Impurities wt% 

Mainly Oxygen 0.1 
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TABLE J.2.1 Nominal Compositions of Fe-Mn Base Alloys and 
Growth Conditions of Specimens Examined for 
Macrosegregation. 

Solute Concentration 
wt % 

Velocity 
mm/hr 

Temp. Grad 
0 c/cm 

Specimen Mn s c 

1 3.0 0.005 5 25 

2 0.5 0.03 0.4 50 23 

5 4.0 50 25 

6 3.0 0.005 0.4 50 25 

7 3.0 0.005 50 25 

9 13.0 0.25 50 30 

10 0.5 0.03 50 20 

13 13.0 0.25 ·280 30 

14 13.0 0.25 600 30 
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TABLE ti.3.1 	 Nominal Compositions and Growth Conditions 
of Specimens in Which the Solidification 
Structure was Studied. 

Solute Concentration Growth Rate Temp. Gradient* 
wt % mm/hr 0 c/cm 

Specimen Mn s c 

6 3.0 0.005 0.4 50 	 25 

9 13.0 0.25 50 30 

13 13.0 0.25 280 30 

14 13.0 0.25 600 30 

21 0.5 0.03 0.4 50 	 23 

23 0.03 0.4 50 	 20 

24 13.0 0.25 50 _30 
100 
200 
400 

25**13.0 	 50 30 
100 

* 	 The temperature gradient of specimen 21 was measured; 
other gradients were estimated. 

** 	Specimen 25 also contained 0.25 wt% Zr02. 



TABLE 6.3.2 Composition, Growth Conditions and Dendrite Ann Spacings 
of Specimens Used in Arm Spacing Study 

Temperature 
Specimen Composition Velocity Gradient** 

wt % cm/hr 0 c/cm 

Mn s c v G G' 

5 · 9 13 0.25 - 30 40 


13 13 0.25 - 28 30 40 


14 13 0.25 - 60 30 40 


6 3 0.005 0.4 	 5 20 27 


21 0.5 0.03 0.4 5 23.3 31.4 

25* 	 13 - - 5 29 39 


10 29 39 


Specimen 25 also contained 0.25 wt % Zr02 .* 
** 	The temperature gradients of specimen 21 were 

Other gradients were estimated. 

Arm Spacing 

microns 


dl d2 d1/d2 

430 207 2.08 


239 91 2.63 


200 68 2.94 


825 370 2.23 


420 


360 


303 


measured. 

l\) 
CJ1 
~ 
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TABLE 6.3.3 Electron-probe Measurements of Manganese 
Microsegregation. 

Specimen Path 	 CM cm Is 
wt% wt% 

6 	 [x] 4.2 2.3 1.83 
(+] 2.9 2.2 1.32 

9 	 (x] 16.2 10.5 1.54 
[+] 12.7 '9 .1 1.40 

13 	 (x] 17.0 11.0 1.55 
[+] 13.4 9.7 1.38 

14 	 [x] 15.5 11.5 1.35 
[+] 15.7 12.2 1.29 

9 	 Across Group 10.0 14.3 1.43 
of Secondary 
Arms 

24 .Specimen Diameter 

50 mm/hr 	 19.5 11.2 1.18 

n100 	 9.6 12.7 1.32 

200 " 	 9.5 12.4 1.31 

400 n 	 9.4 12.4 1.32 
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TABLE 6.4.1 	 Results of Electron-Probe Microanalysis 
and Optical Examination of Inclusions in 
Specimens 1, 2, 5, 6, 7, 9, 10, 12, 13 and 
14. The Oxygen Contents Were Calculated by 
Difference. 

LEGEND 

Shape 	 Colour 

A Angular DG : ·nark Grey 

E Elongated MG Medium Grey 

I Irregular TA Tan 

R Round TR Translucent 

s Sinusoidal 
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SPECIMEN 1 


Concentration Size Shape Colour 
wt % microns 

No Fe Mn s 0 

1 62.3 12.2 4.6 20.9 8 R MG 
2 57.6 15.3 4.0 23.1 10 R MG 
3 42.1 36.3 .5 21.1 10 R MG 
4 40.1 39.4 .8 19.7 16x60 R MG 
5 36.7 41.2 .o 22.1 12 R MG 
6 36.5 41.1 o.o 22.4 16 R MG 
7 21.6 57.5 1.0 19.9 18 R MG 
8 19.9 60.3 o.o 19.8 20 .R MG 
9 21.3 58.2 .5 20.0 20 R MG 

10 19.6 61.3 0.0 19.1 16 R MG 
11 20.9 57.2 4.1 17. 8 32 R MG 
12 20.9 59.2 .o 19.9 16 R MG 
13 . 20 .1 58.9 6.7 14.3 12 R MG 
14 19.4 53.3 14.1 13.2 60 R MG 
15 20.0 59.8 1.6 18.6 10 R MG 
16 21.4 57.6 1.4 19.6 18 R MG 
17 21.4 58.0 1.3 19.3 16 R MG 
18 20.3 59.8 .2 19.7 20 R MG 
19 20.6 56.6 4.6 18.2 12 R MG 
20 21.1 55.9 4.8 18.2 22 R MG 
21 20.0 61. 7 . 1 18.2 22 R MG 
22 22.3 58.3 .8 18.6 28 R MG 

SPECIMEN 2 

Concentration Size Shape Colour 
wt % microns 

No Fe Mn s 0 

1 9.2 54.1 36.7 20 R MG 
2 6.9 56.8 36.4 18 R MG 
3 9.0 54.6 36.4 20 R MG 
4 11.4 52.3 36.3 18 R MG 
5 6.5 56.6 36.8 10 R MG 
6 5.7 57.9 36.4 10 R MG 
7 6.4 56.5 37.1 15 R MG 
8 7.3 56.3 36.5 15 R MG 
9 8.1 55.5 36.5 10 R MG 

10 9.6 53.2 37.2 15 R MG 
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11 7.7 55.7 36.7 . . 35 ·R MG 
12 b.6 56.5 36.8 20 R MG 
13 8.9 54.6 36.6 14 R MG 
14 23.5 40.1 36.5 15 R MG 
15 17.1 46.1 36.8 30 R MG 
16 l _l. 5 51. 7 36.8 12 R MG 
17 16.7 46. 9 36.4 10 R MG · 
18 4.3 59.2 36.5 10 R MG 
19 4.9 58.8 36.3 10 R MG 
20 5.5 58.1 36.3 15 R MG 
21 14.3 49.0 36.7 10 R MG 
22 19.4 43.1 37.5 10 R MG 
23 22.1 41.1 36.8 18 R MG 
24 14.8 49~3 36.0 26 R MG 
25 14.7 43.3 37.0 25 R MG 
26 68.4 0.1 1.5 30.0 20 R MG 
27 67.1 0.2 1.5 31.2 16 R MG 
28 7.8 55.4 36.8 20 R MG 
29 61.8 3.3 34.9 10x40 E TA 
30 
31 

67.9 
8.1 

0.1 
55.2 

0.3 
36.7 

31. 7 30 
12 

I 
s 

MG 
MG 

32 6.7 56.5 36.7 10 R MG 
33 74.9 0.2 1.2 23.7 14 I MG 
34 7.4 55.6 37.0 18 R MG 
35 2.4 60.8 36.7 14 A MG 
36 1.8 61. l 37.1 8x20 E MG 
37 35.6 26.7 37.7 20 R MG 
38 5.0 58.2 36.8 10 R MG 
39 7.0 56.1 36.9 10 R MG 
40 8.6 54.1 37.3 20 R MG 
41 2.7 60.5 36.8 10xl5 E MG 
42 9.0 51. 7 39.3 12 R MG 
43 10.4 50.7 38.9 12 R MG 
44 8.5 52.7 38.8 15 R MG 
45 5.8 55.9 38.2 6xl0 E MG 
46 6.1 55.2 38.7 20 A MG 
47 3.2 59.5 37.3 15 R MG 
48 7.4 54.2 38.4 10 R MG 
49 7.0 56.1 36.8 15 s MG 
50 
51 2S:S 

54.4 
43.2 

36.7 
36.8 

10 
20 

R 
I 

MG 
MG 

52 11. 7 51.3 37.1 15xl00 R MG 
53 7.6 55.6 36.7 15xl00 E MG 
54 7.8 56.5 35.7 20xl00 E MG 
55 9.8 53.0 37.1 20 I MG 
56 10.5 53.0 36.5 10x30 E MG 
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SPECIMEN 5 

Concentration Size Shape · Colour 
wt % microns 

No Fe Mn s 0 

1 0.8 49.9 3.3 46.0 10 R TR 
2 1.2 40.7 2.7 55.4 14 R TR 
3 0.5 39.6 3.5 56.4 16 R TR 
4 1.4 58.3 4.6 35.7 14 R TR 
5 1.0 49.9 3.9 45.2 20 R TR 
6 1.0 44.6 3.7 50.7 12 R TR 
7 1.3 44.9 0.8 53.0 12 R TR 

SPECIMEN 6 

Concentration 
wt % 

Size 
microns 

Shape Colour 

No Fe Mn s 0 

1 1.4 62.6 36.0 12 R MG 
2 1.8 60.6 37.6 18 R MG 
3 1.5 61.9 36.6 10 A MG 
4 1.0 62.9 36.0 8 A MG 
5 1.1 62.6 36.3 10 A MG 
6 1.2 62.3 36.4 14 A MG 
7 1.0 62.5 36.6 10 s MG 
8 .8 62.2 37.0 12 A MG 
9 1.1 61.8 37.0 10 A MG 

10 1.5 62.0 36.5 20 R MG 
11 .6 61.6 37.8 20 I MG 
12 1.3 60.8 37.9 . 20 s MG 
13 1.2 61.3 37.5 20 s MG 
14 1.0 61.5 37.5 10x20 I MG 
15 1.2 62.6 36.2 8x20 I MG 
16 1.1 62.4 36.5 16 A MG 
17 .9 62.0 37.1 22 A MG 

SPECIMEN 7 

Concentration Size Shape Colour 
wt % microns 

No Fe Mn s 0 

1 27.4 54.4 o.o 18.2 20 R MG 
2 24.8 51.9 4.2 19.1 10 R MG 
3 64.5 .1 o.o 35.4 

- · s A MG 
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4 66~4 .o o.o ·33.·6 · 8 A MG 
5 22.1 52.4 1.0 24.5 20 R MG 
6 28.5 50.0 .3 21.2 18 R MG 
7 22.3 55.0 .5 22.2 16 R MG 
8 19.6 59.2 1.2 20.0 16 R MG 
9 58.8 .1 o.o 41.1 40 I MG 

10 . . 19.1 64.1 .o 16.8 10 R MG 
11 18.9 64.5 .1 16.5 12 R MG 
12 19.6 61.1 .3 19.0 10 R MG 
13 17.3 66.6 .6 15.5 12 R MG 
14 16.4 66.2 2.1 15.3 16 R MG 
15 16.4 64.5 3.3 15.8 16 R MG 
16 15.3 67.1 3.2 14.4 20 R MG 
17 15.7 67.9 o.o 16.4 10 R MG 
18 20.8 61.1 ~ 1.5 16.6 8 R MG 
19 63.4 .4 o.o 36.2 10 I MG 
20 69.0 .2 o.o 30.8 20 I MG 
21 15.9 60.9 5.3 17.9 14 R MG 
22 13.1 65.1 .3 21.5 10 R MG 
23 12.5 67.9 1.8 17.8 10 R MG 
24 11.6 66.6 7.7 14 .1 10 R MG 
25 11.6 69.0 5.4 14,.0 10 R MG 
26 18.3 63.2 3.5 15.0 10 R MG 
27 10.7 72.5 1.3 15.5 14 R MG 
28 12.0 67.1 6.1 14.8 10 R MG 
29 9.9 70.7 2.2 17.2 14 R MG 
30 9.2 71.5 1.3 18.0 14 R MG 
31 3.7 50.3 .1 45.9 20 R MG 
32 2.7 53.3 1.0 43.0 22 R MG 
33 2.4 59.0 3.3 35.3 28 R MG 
34 2.2 49.4 3.8 44.6 10 R MG 
35 1.3 47.4 3.2 48.1 18 R MG 
36 1.1 39.7 .9 58.3 14 R MG 
37 1.1 30.6 o.o 68.3 64 A MG 

SPECIMEN 9 

Concentration 
wt % 

Size 
microns 

Shape Colour 

No Fe Mn s 0 

1 1.3 62.4 36.4 10 R MG 
2 2.1 62.0 35.8 10 I MG 
3. 2.0 69.0 29.0 20 R MG 
4 3.2 65.5 31.3 14 R MG 
5 1.1 62.5 36.4 20 R MG 
6 1.3 63.1 35.6 32 E MG 
7 1.2 62.8 36.0 30 R MG 
8 1.4 62.3 36.4 14 R MG 
9 1.4 .. 62.3 36.4 16 R MG 
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10 .9 63.2 35.9 18 R MG 
11 1.2 62.8 36.0 20 R MG 
12 1.2 62.5 36.2 28 R MG 
13 1.2 62.7 36.1 20 R MG 
14 1.9 62.5 35.5 10x20 R MG 
15 1.4 62.5 36.1 10 R MG 
16 1.0 62.6 36.3 34 R MG 
17 1.0 62.5 36.4 18 R MG 
18 .7 62.6 36.6 20 R MG 
19 1.2 63.0 35.7 20 R MG 
20 .9 63.5 35.6 18 R MG 
21 1.0 63.6 35.3 20 R MG 
22 .7 62.4 36.8 18 R MG 
23 1.1 61.6 37.3 20 I MG 
24 .6 62.4 37.0 20 R MG 
25 1.1 62.6 36.3 18 R MG 
26 .9 62.0 37.0 14 R MG 
27 1.4 61.4 37.1 16 I MG 
28 .7 62.2 37.0 16 I MG 
29 1.1 61.9 37.0 22 R MG 
30 ."8 62.5 36.6 12 A MG 
31 1.2 61.9 37.0 12· I MG 
32 1~4 64.0 34.6 15 R MG 
33 1.3 61. 7 37.0 16 A MG 
34 1.1 62.0 36.9 20 A MG 
35 .6 62.1 · 37.3 20 A MG 
36 .5 62.6 36.9 20x50 I MG 
37 .6 62.8 36.5 15x50 s MG 
38 1.5 61. 7 36.8 14 A MG 
39 1.4 61.9 36.8 10x50 s MG 
40 1.3 61. 7 37.0 10x50 s MG 
41 1.5 62.0 36.5 10 s MG 
42 1.1 62.1 36.8 10x40 s MG 

SPECIMEN 10 

Concentration Size Shape Colour 
wt % microns 

No Fe ~n s 0 

1 72.2 2.3 .1 25.4 30 R MG 
2 72.5 2.2 .9 24.4 28 R MG 
3 71. 7 1.8 4.5 22.0 20 R MG 
4 73.9 1.9 .7 23.5 20 R MG 
5 71.8 3.3 2.0 22.9 12 R MG 
6 71.8 3.0 .1 25.1 14 R MG 
7 70.5 2.4 .6 26.5 24 R MG 
8 68.0 o.o 23.3 8.7 4x25 E TA 
9 69.6 2.7 5.4 22.3 20 ·R MG 

10 69.8 2.8 .4 27.0 3C R MG 
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11 70.0 1.9 4.3 23.8 20 R MG 
12 70.2 2.5 .1 27.2 10 R MG 
13 59.9 3.0 .1 37.0 16 R MG 
14 71.2 3.7 .8 24.3 14 R MG 
15 71.5 4.0 1.1 23.4 12 R MG 
16 69.4 3.6 2.4 24.6 28 R MG 
17 ' 71.1 3.4 2.8 22.7 20 R MG 
18 67.3 8.0 .3 24.4 24 R. TA 
19 65.9 8.8 1.5 23.8 16 R MG 
20 68.6 4.7 .8 25.9 26 R MG 
21 66.1 10.4 .o 23.5 16 R MG 
22 67.0 8.0 .4 24.6 16 R MG 
23 66.9 7.9 1.5 23.7 22 R MG 
24 . 68.1 7.9 .o 24.0 14 R MG 
25 69.4 7.5 .1 23.0 20 R MG 
26 65.4 11.4 .1 23.1 20 R MG 
27 62.4 12.8 .2 24.6 16 R MG 
28 63.6 13.3 .3 22.8 18 R MG 
29 61.8 12.0 6.8 19.4 22 R MG 
30 62.0 13.9 .6 23.5 18 R MG 
31 65.8 11. 8 o.o 22.4 20 R MG 

. 32 55.5 16.7 0.2 27.6 12 R MG 
33 50.9 22.1 2.2 24.8 18 R MG 
34 53.0 21.1 .4 25.5 30 R MG 
35 51.8 24.2 . 1 23. 9 . . 24 R MG 
36 49.7 2·6. 2 .6 23.5 18 R MG 
37 46.0 25.7 .5 27.8 85 R MG 
38 45.2 26.7 .3 27.8 30 R MG 
39 44.4 29.6 2.5 23.5 30 R MG 
40 44.6 30.0 .5 24.9 26 R MG 
41 47.7 25.1 2.0 25.2 30 R MG 
42 49.0 29.5 .1 21.4 36 R MG 
43 45.8 30.7 .3 23.2 14 R MG 
44 45.1 29.4 1.6 23.9 20 R MG 
45 34.2 23.1 .4 42.3 20 R MG 
46 37.2 26.2 4.0 32.6 20 R MG 
47 43.6 29.5 5.0 21.9 36 R MG 
48 43.1 29.6 4.6 22.7 18 R MG 
49 41.3 26.5 .4 31.8 50xl00 E MG 
50 41.2 26.3 1.3 31.2 50xl00 E MG 
51 41.5 26.8 2.0 29.7 50xl00 E MG 
52 42.4 26.7 .1 30.8 50xl00 E MG 
53 41. 7 26.6 1.9 29.8 50xl00 E MG 
54 40.1 26.5 2.2 31.2 50xl00 E MG 
55 . 39.4 27.7 2 . . 7 30.2 50xl00 E MG 
56 39.7 27.7 2.1 30.5 50xlOO. E MG 
57 37.1 26.4 2.4 34.1 40 R MG 
58 37.9 37. 0 5.1 20.0 12 R MG 
59 28.9 35.9 2.8 3.2-.4 ·50x80 E MG 
60 28.4 35.9 2.6 33.1 50x80 E MG 
61 26.9 36.3 2.6 34.2 50x80 E MG 
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SPECIMEN 12 

Concentration Size Shape Colour 
wt % microns 

No Fe Mn s 0 

1 53.2 o.o 1.0 45.9 12 R TR 
2 64.4 o.o 26.0 9.6 12 E MG 
3 29.6 o.o .1 70.3 15 A MG 
4 ~4.3 o.o o.o 75.7 20 A MG 
5 25.4 o.o .o 74.6 20 A MG 
6 66.1 o.o 26.1 , 7.8 · 1ox100 E MG 
7 34.4 o.o .1 65.5 20 R MG 
8 64.2 o.o 30.5 5.3 10x300 E TA 

SPECIMEN 13 

Concentration 
wt % 

Size 
microns 

Sqape Colour 

No Fe Mn s 0 

1 1.5 63.9 34.6 10 R MG 
2 1.1 63.5 35.4 10 R MG 
3 1.4 63.6 35.0 10 R MG 
4 1.2 65.9 32.9 8 R .MG 
5 4.7 62.3 33.0 8 R MG 
6 2.1 65.9 32.0 8 R MG 
7 1.4 65.9 32.6 12 R MG 
8 3.0 62.8 34.2 8 R MG 
9 1. 7 62.5 35.8 8 A MG 

10 2.4 60.9 . 36.7 10 A MG 
11 1.2 61. 5 37.3 10 R MG 
12 1.8 61.5 36.7 10 R MG 
13 1.4 61.7 36.9 10 A MG 
14 1.2 61.9 36.9 16 A MG 
15 1.2 61. 7 37.0 10 A MG 
16 1.7 60.5 37.9 12 R MG 
17 1.2 61.7 37.1 10 s MG 
18 1.3 61.5 37.2 10 s MG 
19 1.6 63.4 35.1 12 A MG 
20 1.4 62.4 36.2 10 R MG 
21 1.5 62.2 36.3 10 R MG 
22 1.6 62.6 35.8 10 R MG 
23 1.4 62.1 36.5 10 s MG 
24 1.3 62.3 36.4 10 I MG 
25 1.3 62.0 36.7 10 A MG 
26 1.2 62.5 36.3 12 A MG 
27 1.0 62.3 36.6 20 A MG 
28 1.3 62.4 36.3 12 A MG 
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29 1.3 62.7 36.0 10 s MG 
30 1.3 62.5 36.2 12 s MG 
31 1.4 62.1 36.5 14 R MG 
32 1.2 62.4 36.4 18 R MG 
33 1.3 62.4 36.2 14 R MG 
34 1.4 62.0 36.6 12 R MG 
35 1.4 61.8 36.8 10x20 s MG 
36 1.7 62.1 36.3 6x90 s MG 

SPECIMEN 14 

Concentration Size Shape Colour . 
wt % microns 

No Fe Mn s 0 

1 3.8 65.4 30.8 8 R MG 
2 2.5 59.9 37.7 8 R MG 
3 11.5 55.4 33.2 8 R MG 
4 1.6 61.2 37.2 10 R MG 
5 1 .. 6 60.7 37.6 10 R MG 
6 1.3 61. 7 37.1 10 R MG 
7 1.9 61.0 37.1 10 R MG 
8 1.5 61. 6 36.9 8 R MG 
9 3.2 59.4 37.4 8 R MG 

10 1.4 62.0 36.5 10 R MG 
11 12.1 55.1 32.9 8 s MG 
12 7.1 58.0 34.9 10 s MG 
13 3.2 61.0 35.8 8 R MG 
14 1. 7 61.9 36.4 12 R MG 
15 3.1 59.3 37.6 10 s MG 
16 .8 60.5 38.7 30x20 s MG 
17 .5 60.6 38.9 12x20 s MG 
18 3.4 57.9 38.7 4x20 E MG 
19 1.7 60.2 38.1 6xl0 A MG 
20 4.2 59.8 36.0 8 R MG 
21 1.4 59.7 38.9 8 R MG 
22 1.5 60.0 38.5 8 A MG 
23 1. 7 60.0 38.3 8 A MG 
24 1.4 60.5 38.1 10 R MG 
25 
26 
27 

.8 

.7 
1.2 

60.6 
60.8 
59.5 

38.6 
38.5 
39.3 

20xl20 
100 
10x20 

s 
s 
s 

MG 
MG 
MG 

28 3.4 61.8 34.8 8 R MG 
29 
30 
31 
32 
33 

.6 
1.5 
1.2 
1.5 
1.5 

63.1 
62.5 
62.5 
62.3 
62.8 

36.3 
36.1 
36.3 
36.2 
35.7 

30 
10 
10 

8 
12 

s 
R 
I 
R 
R 

MG 
MG 
MG 
MG 
MG 

34 1.4 63.0 35.5 10 R MG 



265 

35 1.5 62.7 35.7 8 A MG 
36 1.3 62.5 36.2 8 R MG 
37 1.5 62.2 36.2 8 R MG 
38 1.6 62.7 35.7 8 A MG 
39 1.5 62.5 36.0 10 R MG 
40 1.4 61.8 36.8 10 R MG 
41 1.5 62.1 36.4 10 R MG 
42 1.4 61.5 37.1 10 E MG 
43 1.4 62.7 35.9 10 E MG 
44 1.0 62.0 37.0 10 R MG 
45 1.1 62.8 36.2 12 . R MG 
46 12.7 56.2 31.1 8 R MG 
47 1.5 61.9 36.7 8 · R MG 
48 1.1 62.0 36.9 10 R MG 
49 .5 71.2 28.3 20 A MG 
50 1.0 62.5 36.6 16 ·S MG 
51 1.6 61. 6 36.8 4x20 E MG 
52 1.6 61.5 37.0 4x30 E MG 
53 2.4 61.3 36.3 8x50 I MG 
54 1.7 61.4 36.9 6x5a E MG 

• 
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TABLE 7.4.1 Data for the Application of Stokes' Law 
to Inclusion Flotation. 

Parameter Symbol Value Units Source 

Gravity Constant 981 cm/sec2 WEAST (1964)"' 
Viscosity 0.07 poise ELLIOT et al.(1963)" 
Inclusion Density 4 g/cm3 FLEMINGS et al.(1961)"11 , 

Melt Density 7.3 g/cm3 ELLIOT et al. (1963)"1M 



0 
w 

Nt:! 
;! 
u 

>... 
10·8 


> 

Cl) 

:> 

IL 

u..
-Q 

1200 1100 

TEMPERATURE 0 c 
FIGURE 2.1.1 Temperature Dependence of the Diffusion 

Coefficients of Mn, S, C and 0 in yFe and 8Fe. 

WELLS 

cl~
•\ 

~ 
SM ITH ( 1970) 

l<ONONYUK ( 196S) 

NAKAO ( 1967) 

WELLS AND 

MEHL ( 1941) 

BROWER ET AL(l934) 

0 
YFe-0 

1600 1~00 1400 1300 



268 


-3 

10 

AND BELTON (1969) 

SAITO ET AL (1961) 

MORGAN AND KITCHNER (195e)>... 
>-

PAS.CHE AND HAUTTMANN ( 1938)Fe-0 

McCARRON AND BELTON (1969) 

McCARRON 

Fe-s 

0 

1600 ISOO 1400 1300 1200 1100 

0TEMPERATURE c 

FIGURE 2.1.2 	 Temperature Dependence of the Diffusion 
Coefficients of Mn, S, C and 0 in Liquid 
Iron. 
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I 
I 
I 

I 

Fe 

MnS 

FIGURE 2.2.1 	 Wire Diagram of the Fe-11n-MnS-FeS 
System. The Binary Reactions, Listed 
in Counter-Clockwise Order Starting 
from the Fe Corner, are : 

1472°C8Fe + Li = YFe Peri tectic 
,..., 124o0 c8Mn + L'i = Y~In Peri tectic 

123QOCLi: /3'1InS + 8jln Eutectic 
15So0 cL2 = fh.InS + L'1 Monotectic 

L2: YFeS + fljinS Eut~ctic 1180°C 

L2 = YFeS + YFe Eutectic 
8 	 L MetatecticFe= YFe + 2 
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FIGURE 2.2.2 
 Wire Diagram of the Fe-Mn-MnS-FeS System, 
Showing Liquidus Surfaces. A Liquid-Liquid 
Miscibility Gap Is Delimited by the Horizontal 
Loop Originating at the Mn-MnS Monotectic, 
and by the Vertical Loop which Is the Locus 
of the Critical Points. One Eutectic Trough 
Originates near the ~In-MnS Eutectic, Runs 
Close to the Fe-Mn Binary Plane, up to a 
Temperature Maximum in the Fe Corner and Joins 
the Two other Troughs at a Ternary Eutectic 
Point in the FeS Corner. 



FeS 	 MnS 
~ 

M 	 LFe 

FIGURE 2.2.3 	 Schematic Projection of Liquidus Surface Intersections of 

Figure 2.2.2 on the Composition Plane Showing the Miscibility 


.Gap Limits GHI,ra and the Principal Eutectic Troughs AC, BC and 
EDC. The Arrows on the Projection Indicate the Direction of 
Decreasing Temperature. Hence Points D, J and H Are Temperature ""' ...,Maxima and Points C, G, I and E are Temperature Minima. 

-.l 
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FIGURE 2.2.4 Typical Isotherms of the Fe-Mn-MnS~FeS 
System in the Temperature Rang~ 1620-98o0 c. 
The Temperatures and Phase Compositions Are 
Approximate. The Diagram Is Based on Atomic 
Fractions. 
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(a) 1620 - 1600 °c 

Fe Mn 

(b) 1600-1580 °c 

(c) 1580-1530 °c 

(d) 1530-1500 °c 
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1!500~ 135 0 a ( <•> 

(f) 

(G) 

(h) 1190-1180 . 
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(i) 1190 - 11eo •c 

Fe Mn 

. (J) 1180 -988 •c 

Fe Mn 

(k) see-seo•c 

Fe Mn 

(I) 980 •c 

Fe Mn 
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PRIMARY ARMS 

a) 

TERTIARY ARMS 

QUATERNARY ARM 

PRIMARY PLATES SECONDARY 

.....6---TERTIARY 

PLATE 

b) 

PLATE 

FIGURE 2. 3. 1 ·.· Schematic Diagrams Showing Dendritic Rod 
and Plate Forms. (After BOWER et al., 1966). 
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ISOLATED IN SITU 


TYPE l . • 

• 


TYPEmA 
• 

FIGURE 2.3.2 Sketch of the Three Inclusion Types after 
the Work of KIESSLING et al. (1963) 0 
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TYPE I 
L1+Fe 

L1 + ·L2+ Fe 
L2 + MnS 

L2 +MnS + MnO 
Lz+ F• +MnS -i:~~-------~ 

Fe +MnS+ MnO 

TYPE lI 

Fe+ MnS 

Co 


TYPE mL1 + MnSLa +Fe 

--Ft -MnS 
---Fe - MnS-C-Si 

FIGURE 2.3.3 	 Constitution Diagrams Relating to the 
Formation of Type I, Type II and Type III 
Inclusions. After DAHL et al. (1966). 
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Fe l·O 2·0 3-0 4·0 '5·0 6·0 

Mn CONCENTRATION WT% 

FIGURE 2.3.4 	 Metal-Rich Boundary of the Miscibilbty 
Gap in Fe-Mn-S-0 Alloys Around 1520 C, 
According to BOOTH and CHARLES (1969). 
The Metal Phase Contained Approximately 
O.1 wt% O. 
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FIGURE 2.5.1 	 Solute Distribution in the Liquid Ahead 
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FIGURE 5.1.2 Overall View of Solidification Apparatus. 
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FIGURE 5.1.3 View of Travelling Furnace and 
Working Tube. 
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FIGURE 5.6.1 Exploded View of Alloy Casting Assembly. 
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.*1 

FIGURE 5.7.1 	 Specimen 2, Austenitized and Slowly Cooled. 
Ferrite Has Nucleated on Austenite Boundaries. 
Section Parallel to Growth Direction. Picral 
Etch. X50. 

FIGURE 5.7.2 	 Specimen 2, Austenitized and Slowly Cooled. 
Ferrite Regions Surrounding MnS Inclusions. 
Section Parallel to Growth Direction. Picral 
Etch. X200. 
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FIGURE 5.7.3 Segregation Patterns in Fe-13 wt % Mn-0.25 wt% S 
Alloy Revealed by Sulphide Tinting. X50. 
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FIGURE 6.2.4 	 Solidified Specimen 6. Manganese Concentration 
of Matrix and Location of Inclusions Listed 
in Table 6.4.1. 
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in Table 6.4.1. 
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FIGURE 6.3.1 Specimen 21. Section Normal to Growth 
Direction. Picral Etch. X20. 

FIGURE 6.3.2 	 Specimen 21. Section Parallel to Growth 
Direction. Alumina Thermocouple Protection 
Sheath Is Embedded in Specimen. Picral Etch. 
X20. 
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Specimen 6. Fe-3 wt% Mn-0.005 wt% S-0.4 wt% C.FIGURE 6,3,3 
Section Normal to Growth Direction. Orthophenol 
and Picral Etch. X20. 

Same as Above. Section Parallel to GrowthFIGURE 6.3.4 
Direction. 
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FIGURE 6.3.5 Specimen 9. Section Normal to Growth 
Direction. Sulphide Tint. X50. 

FIGURE 6.3.6 Same as Above. Section Parallel to Growth 
Direction. 
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FIGURE 6.3.7 	 Specimen 13. Fe-15 wt % Mn-0.25 wt % S. Section 
Normal to Growth Direction of Primary Dendrite 
Arms. Sulphide Tint. X50. 

FIGURE 6.3.8 Same as Above. Section Parallel to .Macroscopic 
Growth Direction. 
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FIGURE 6.3.9 
 Specimen 14. Section Normal to Growth 
Direction. Sulphide Tint. X50 . 
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Same as Above. Section Parallel to Growth 
Direction. 

FIGURE 6.3.10 
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FIGURE 6.3.11 	 Specimen 24. Fe-10 wt % Mn-0.25 wt % S. 
Section Normal to Growth Direction. Growth 
Rate: 50 mm/hr. Sulphide Tint. X20. 

FIGURE 6,3,12 Same Specimen as Above. Growth Rate: 100 mm/hr. 



324 


FIGURE 6.3.13 Same Specimen as in Figure 6.3.11. Growth 
Rate: 200 mm/ hr. 

FIGURE 6.3.14 Same Specimen as in Figure 6.3.11. Growth 
Rate: 400 mm/ hr. 
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FIGURE 6.3.15 
 Specimen 25. Fe-13 wt% Mn-0.25 wt% Zro2 . 
Growth Rate: 50 mm/hr. Normal Section. 
Sulphide Tint. X20. 

FIGURE 6.3.16 
 Same Specimen and Growth Conditions as Above, 
but Different Cross-Section. 
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FIGURE 6,3.17 Specimen 25. Fe-13 wt% Mn-0.25 wt% Zr02. 
Growth Rate: 100 mm/hr. Normal Section. 
Sulphide Tint. X20. 

FIGURE 6,3,18 Same Specimen and Growth Conditions as Above, 
but Different Cross-Section. 
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FIGURE 6.3.19 	 Specimen 25. Fe-13 wt% Mn - 0.25 wt% 
Zr02. Growth Rate 100 mm/hr. Parallel 
Section. Sulphide Tint. X20. 
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Specimen 25. Fe-13 wt% Mn-0.25 wt% Zro2 . 
Normal Section of Transient State Region. 
Sulphide Tint. X20. 

FIGURE 6.3.20 


FIGURE 6.3.21 
 Specimen 25. Fe-13 wt% Mn-0.25 wt% Zro2 . 
Normal Section in Quenched Liquid Ahead 
of Solid-Liquid Interface. Sulphide Tint. 
X20. 



FIGURE 6.3.22 
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G 

Specimen 9. Fe-13 wt% Mn-0.25 wt% S. Growth 
Rate: 50 mm/hr. Section Parallel to Macroscopic 
Growth Direction near Final Position of Primary 
Arm Tips. The Quenched Liquid Is at the Top 
(Note Horizontal Dendrites at Top Left) and the 
Region Solidified under Controlled Conditions at 
the Bottom. Sulphide Tint. X15. 
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FIGURE 6.3.23 	 Specimen 9. Fe-13 wt% Mn-0.25 wt% S. Growth 
Rate: 50 mm/ hr. Normal Section of Region 
Below Point G in Figure 6.3.22. Sulphide 
Tint. X20. 

FIGURE 6,3.24 Same as Above. Parallel Section. 
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FIGURE 6.3.25 
 Specimen 9. Fe-13 wt% Mn-0.25 wt% S. Normal 
Section at the Level of Point C in Figure 
6.3.22. Sulphide Tint. X20. 

FIGURE 6.3.26 
 Same as Above. Parallel Section. 
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FIGURE 6.3.27 	 Specimen 9. Fe-13 wt% Mn-0.25 wt% S. Normal 
Section of Quenched Liquid Region. Sulphide 
Tint. X20. 

FIGURE 6.3.28 Same as Above. Parallel Section. 
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FIGURE 6.3.29 	 Specimen 9. Fe-13 wt% Mn-0.25 wt% S. Normal 
Section of Quenched Liquid Region. Sulphide 
Tint. X20. 

FIGURE 6.3.30 Same as Above. Parallel Section. 



334 


FIGURE 6.3.31 
 Specimen 23. Fe-0.03 wt% S-0.4 wt% C. 
Section Normal to Growth Direction. Quenched 
Liquid Re g ion Located 2 cm Ahead of the 
Final Solid-Liquid Interface. The Dendrite 
Cores Contain ~artensite and the Inter
dendritic Re g ion, Martensite, Retained 
Austenite and Iron Sulphide Films. Nital 
Etch. X20. 
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FIGURE 6.3.32 	 Relationships Between Primary and Secondary 
Dendrite Arm Spacings (d1 and d2 ) and Growth 
Rate for Various Iron-Base Alloys. 
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FIGURE 6.3.33-a Cross-Section of Specimen 6. X20. 
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FIGURE 6.3.33-b Distribution of Manganese along a 
[x] Path (A--. B) and a (+] Pa th (C -.n). 
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FIGURE 6.3,34-a Cross-Section of Specimen 9. X50. 
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FIGURE 6.3.34-b Distribution of Manganese along a 
(x) Pa th ( A-- D) and a [ +] Path (C-+D). 
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FIGURE 6.3.35-a Cross-Section of Specimen 13. X50. 
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FIGURE 6.3.35-b Distribution of Manganese 
(x] Path (A-+ B) and a [ +) 

Along 
Path 

a 
( C -.D). 
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FIGURE 6.3.36-a Cross-Section of Specimen 14. X50. 
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FIGURE 6.3.36-b Distribution of Manganese Along a 

(X] Path (A-.B) and a (+] Path (C-.D) 
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-FIGURE 6. 3. 37 	 Micrograph Shows Dendrite Arms in the 
Vicinity of Primary Arm Tips Just Prior 
to Quenching. The Electron Probe Trace 
A-B for Microanalysis of Mn Is Also 
Indicated. Section Parallel to Growth 
Direction. Sulphide Tint. X45. 
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FIGURE 6.4.1 	 Specimen 12. Inclusions in Ce l l Boundaries. 
No Sulphur Was Detected. Longitudinal 
Section. Unetched. X200. 
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FIGURE 6.4.2 	 Specimen 10. (Fe, Mn) (S, 0) Inclusions. 
Longitudinal Section. Unetched. X200. 
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FIGURE 6.4.3 	 Specimen 10. (Fe, Mn) (S, 0) Inclusions. 
Longitudinal Section. Unetched. X200. 
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FIGURE 6.4.4 	 Specimen 1. (Fe, Mn) (S, 0) Inclusions. 
Longitudinal Section. Unetched. X200. 
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FIGURE 6.4.5 Specimen 2. Formation of MnS Inclusions in 

Steady-State Region. Unetched. X200. 

·FIGURE 6. 4. 6. Specimen 2. "Sinusoidal" MnS Inclusions 
in Steady-State Region. Unetched. XSOO. 
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FIGURE 6.4.7 	 Specimen 2. "Sinusoidal" MnS Inclusions 
Near Initial Position of Solid-Liquid 
Interface. Unetched. X200. 

' 

FIGURE 6.4.8 Specimen 5. Translucent Angular Inclusions. 

Longitudinal Section. Unetched. XSOO. 



• 

• 

• • 

• 
• 

346 


• 
• 

FIGUR;E 6.4.9 	 Specimen 5. Translucent and Opaque Inclusions. 
Longitudinal Section. Unetched. X200 • 

., . 

FIGURE 6.4.10 Specimen 6. Typical Angular and Isolated 
MnS Inclusion. Unetched. X200. 
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FIGURE 6.4.11 


FIGURE 6.4.12 


Specimen 7. (Fe, Mn) (S, 0) Duplex Inclusions. 
Longitudinal Section. Unetched. X800 . 

_, 

'. 

Specimen 9. Faceted MnS Inclusions Near 
Initial Position of Solid-Liquid Interface. 
Unetched. X200. 
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FIGURE 6.4.13 

··• 

FIGURE 6.4.14 

• 


Specimen 9. Detail of MnS Inclusion Near 
Initial Position of Solid-Liquid Interface. 
Unetched. X800. 
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Specimen 9. MnS Inclusions in Region 
Immediately Below Initial Position of 
Solid-Liquid Interface. The Inclusions 
Are Relatively Numerous. and Small, and 
Elongated in the Direction of Mechanical 
Working. Unetched. X200. 
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FIGURE 6.4.15 


FIGURE 6.4.16 
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Specimen 13. MnS Inclusions and Segregation 
Pattern Near Original Position of Interface. 
Sulphide Tint. X50. 
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• 

Specimen 12. Translucent Inclusions 
Containing Iron and Oxygen, but no 
Manganese or Sulphur. Longitudinal 
Section. Unetched. X200. 
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FIGURE 6.4.17 Specimen 1. Fe-3 wt% Mn-0.005 wt% S Alloy. 
Duplex Inclusions. Unetched. XlOOO. 

/ ;/ 

FIGURE 6.4.18 Specimen 2. Fe-0.5 wt% Mn-0.03 wt% S-0.4 wt% C 
Alloy. Duplex Inclusions. Unetched. XlOOO. 
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FIGURE 6.4.19 Specimen 7. Fe-3 wt% Mn-0.005 wt% S Alloy. 
Duplex Inclusion. Unetched. XlOOO . 

.. 

FIGURE 6.4.20 Specimen 10. Fe-0.5 wt% Mn-0.03 wt% S Alloy. 
Duplex Inclusions. Unetched. XlOOO. 
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FIGURE 6.4.21 	 Specimen 2. Fe-0.5 wt% Mn-0.03 wt% S-0.4 wt% C 
Alloy. Mediwn Grey Inclusions Surrounded by 
Ferrite. Specimen Was Austenitized and Slowly 
Cooled. Nital Etch. X200. 

FIGURE 6.4.22 	 Specimen 23. Fe-0.03 wt% S-0.4 wt% C Alloy. 
Tan-Coloured FeS Inclusion; There Is no 
Marked Correlation Between the Ferrite Regions 
(White) and the Position of the Inclusion. 
X400. 
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-FIGURE 7. 1.1 Wax ~odel and Isometric Sketch of Dendritic 
Skeleton Showing Primary and Secondary Arm 
Spacings d 1 and ct 2 in Open Type of Structure. 
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.FIGURE 7.1.2 	 Two-Dimensional Solidification Structures. 
a) Open Structure b) Close-Packed Structure. 
The Area of a Segregation Cell in the latter 
Structure Is One-Quarter the Area of a Cell 
in the Former Structure. 
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C CONCENTRATION IN LIQUID PHASE 

FIGURE 7 .1. 3 	 Calculated Variation of Manganese and Carbon 
Equilibrium Partition Coefficients with Cross
Interaction Parameters and Carbon Concentration 
in the YFe + Liquid System at 149ooc. 
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SECONDARY a) 
ARM ·TIP 

b) 

FIGURE7.1.4 	 Sketch of Longitudinal Section a) and 
Transverse Section b) of Primary Dendrite 
Arms Growing into the Liquid Phase. This 
Sketch Corresponds Roughly to Figure 6.3.22. 
The Solute Flow Is Indicated by Arrows. 
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FIGURE 7.1.5 Solute Distributions in the Solid Phase. 
a) Relatively High Cooling Rate in which 
Case the Solute Builds up at the Solid-Liquid 
Interface during Solidification. 
b) Relatively Low Cooling Rate in which Case 
the Solute Concentration in the Liquid Phase 
Is Uniform during Solidification. 
The Degree of Segregation Is Greater in Case 
b) than in Case a). However the Segregation 
ratios, Is= CM/Cm, Are Similar in Both Cases. 
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FIGURE 7.2.1. 


Mn CONCENTRATION 

Segregation Trajectories of Two Alloys 
of Average Composition, Given by Points 
A and C, along Metastable Extensions of 
the Iron Liquidus Surface (Broken Lines). 
The Metastable Extensions of the Liquid 
FeS (L2), Liquid Iron (Li and Li) and 
Solid MnS </J~InS) Equilibria Taken from 
Figure 2.2.4-d Are also Shown. 
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FIGURE 7.2.2 Schematic Version of the Fe-Mn-S Isotherm at 1300°c 
Presented in Figure 2.2.5, Showing Several Diffusion 
Paths Relating to the Transformation of FeS Inclusions 
into MnS Inclusions. 
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