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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
somé ferrous alloys, in the expectation that it would be useful to the
technology of modern steel casting, heat treating and steel refining
processes.

The project was aimed in particular at the follcwing 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-
le.ms 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



In the preseht research, several theoretical treatments
which bear on the understanding of the solidification 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 - O 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 proéess 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 solidifica-
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 - O - C systems.
Selected data from the literature are summarized in Table' 2.1, 1,

The given values of Dy and E refer to the pre-exponential and activ-
3



4

ation energy terms for the following empirical representation of the

data:
D = Dy exp (-E/RT) (2.1.1)

where R is the universal gas constémt and T, the absolute tempera-
ture.

In cases where published data were in tabular form, the Dg
and‘E values were obtained by the least-squares technique. The
recent work of REYNIK (1969) sqggests that the variation of diffu-
sivity is linear with absolute temperature in liquid systems, i.e.:

D = aj + agT - (2.1.2)
where a; and ag are constants.

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



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-



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, = yFe peritectic
and the &Fe = yFe + L, metatectic reactions. Between approxi-
mately 24000C and 1620°C, the melting point of BMnS, the iso-
therms consist of a L; + Ly 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
Lo + BMnS 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; + BMnS region is centered on the maximum
point (point J in Figure 2.'2.3) and separates two 3-phase fields,
L, + Ly + BMnS and L, + Ly + BMnS. Therefore the yFe + L,
‘phase field shown in Figure 2.2.4-d contacts the L, + B MnS field
rather than the L, + L, or Ly + Ly + B MnS fields and gives rise
to the isotherm shown in Figure 2.2.4-e. The shrinking L1 + Lo

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 + L 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 detaileq 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, = yFe + BMnS + yFeS
is assumed to occur at approximately 980°C.

A quantitative survey of the 1300°C isotherm from 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 fhe 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 8 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



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-

equilibrium 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



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 + BMnS + Li
region of Figure 2.2.4-e, equilibrium solidification produces primary
y Fe and the remaining liquid L'l precipitates yFe and S8MnS. 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 + BMnS + L, region, the solidification
products are primary yFe and a liquid Lz which precipitates yFe
and a BMnS 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,
y FeS and [BMns. 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.

If the average composition of the alloy lies within the limits

of miscibility gap L, + Lo, Figure 2.2.4-d, the metal-rich phase L
i | 2 1
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precipitates a sulphur-rich liquid Ly. If it lies between the limits
of the miscibility gap and the eutectic trough, cooling causes the
precipitation of prirhary BMnS 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 - O 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 5pproach is to view multi-
component solidification in terms of modifications of térnary constitu-
tion diagrams such as Fe - S - O (HILTY and CRAFTS, 1952, 1954)
or Fe - Mn - S, illustrated in Section 2.2. For cAonvenience, 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 research 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 microsegregation 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 structurg 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, kg, is defined as the
ratio of solute content in the solid at the interface, C*, to the
solute content in the liquid at the interface, C;, and is given by
the relevant phase diagram. The effective partition coefficient, ke’
is defined as the ratio of C; to the solute content of the bulk liquid,
Cp- As usual, the discussion shall be limited to the case where
kg 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 is denoted CO’ the minimum concentration in a segregation

cell, C and the maximum concentration, Cy;.

m’

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 liqﬁid 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 koCyp.

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 kgCp and Cp. 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 kyCy and remarkably constant. Several other invéstiga-
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 C

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

the constancy of C,, 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 performed on Fe - As
and Fe - As - Cr alloys where the partition coefficient of arsenic in
iron (kg «2 0.3) is greater than that of copper in aluminium
‘[k0z0.17 by the phase diagram from the compilation of LYMAN
(1948) and kg =z 0.10 by the thermodynamic calculations of KOHN

and PHILIBERT (1960) /; their experiments were therefore con-
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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.

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
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 Cn - Ni
phase aiagram 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 8°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 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 growfh conditions. These
are:

i) microsegregation is more severe in the equiaxed than in

the columnar grains, that is, the segregation index
Ig = CM/ C,, is invariably higher in the equiaxed grains
of a casting.

ii) The minimum concentration in the dendrite axis, C,,, 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 / FINNISTON 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), KOHN and PHILIBERT (1960) /. The work of CLAYTON et



17

al.(1961) also showed that there wes a relationship between micro-
segregation and macrostructure, at least in _sxhall (100 1b) 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 C,, was less than Cg in the equiaxed dendrites but
was greater than kgCp 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 Ig = Cp;/ C,, 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 C,,. BRODY and FLEMINGS (1966)
showed thaf diffusion of solute in the solid during solidification can

be neglected if the parameter a_ = DStf / xz is much less than

S

unity, where DS is the diffusion coefficient of solute in the solid;
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tg, 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, C,» and the growth parameters and

conditions:
_ _ ko Co
keCo = Cm 1+ (1- kO)BeXP (BTexpi (ﬁ) (2.3.2)
where: B= th/ 2D, | (2.3.2)
oo
and: expi (-8) = ﬁE"_‘RtLi) dt (2.3.3)

In these equations, V is the dendrite tip velocity;
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Dy, is the solute diffusivity in the liquid; p;1is the dendrite tip
radius. It is seen that C,, approaches kgCp for small values of
B, and Cj for large values of 8. 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 coolin;g rate on microsegregation can be
interpreted in terms of Equation 2.3.1. They attributéd the greater
segregation in equiaxed regions to slower growfh rate, a reduction
of V independent of pi Or Dy . They observed that carbon increases
the segregation of chromium in steel by reducing the value of Con
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 th 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, C;, to that at any point in the liquid, CL,
is given by the equilibrium partition coefficient, kg. 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 kj 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
Cg = kgCp (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 = DLtf/ )‘2’ where Dj is the diffusion coefficient of
solute in the liquid; t;, the local solidification time, and A, one-

half the dendrite arm spacing. When a 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:

* g kO"l
CS = koCO 1 -—1+—cs—k.T (2.3.5)

and for a parabolic rate of thickening,

l1-2a

kg - 1
sko

Cs = kG [ 1-(1-2agko) g] (2.3.6)

where ag = DStf / xz as before. Using these uniform liquid
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 experimentally,
provided a conversion factor of 0.32 was applied to the measured
dendrite arm spacing. However, KIRKWOOD and EVANS (1967)
i)ointed out that the need for a correctiqn 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 magﬂitude larger than the 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 ky and a constant growth velocity.

Considering the solidification of a long but finité specimen
of average solute content Cj, the initial layer.of solid to form has
a solute concentration of kgCq 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, ;. 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:

Cg = %)_ { 1+ erif,/(V/ZDL)zl + (Zk0 - 1) exp [-ko(l-kO)(R/DL)zl]
e [(Zko-l) Z(V/DL)Z1:| } -
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A simpler but approximate relation is:

Cg = Co {(1-k0) [1 . exp(-kO(V/DL)zl)] + ko} | (2.3.8)

In these equations, V is the interface velocity, DL the solute dif-
fusion coefficient in the liquid and Zy, the distance measured from
the beginning of the specimen. The advantage of using the latter

relation is that it has a simple characteristic distance

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 = Cp (2.3.10)

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

by:

1-ko v '
CL = CO [1 + ko exp (- qu)] (2.3.11)

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

characteristic distance of this distribution is

ZC = DL/V (2.3. 12)

When the interface is less than a distance approximately
D;,/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 solate rises from the value Cp to a much higher value in the

manner given by:

1 - K (1 - kg) (2 - k)
Cg = CO{1+31—;R exp (-z(DKL) 23) + 5 rEg @iy

(1-kp) (2-kp) ... (n- Ky
. (@n+1) (1 +ky) @ +Ky). .. (n+kp)

'exp(-ﬁ(l%_') zg) +..

exp ( -n(n+1)(DXL) Zp) } (2.3.13)

where zg is the distance measured from the end of the speéimen.
These calculations assume that Cg goes to Cp 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 Cslax(z3) calculated by Equation 2.3.13 and
a lower limit Crsnin (z3) calculated by treating the initial transient
distribution in the liquid as a steady-state distribution with an inter-
.face concentration of aCO/ kO and a bulk concentration of aCd.
Presumably the factor "a" could be determined by equating the value

of CS to aCy 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):

Cr, = Cg 1_1'{::2 [1 - exp (- ko%zzl)] exp (--ngz) +1} (2.3.14)

where zy is the distance of the interface from the beginning of the
crystal and Zg 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.
(1953) for steady-state distributic;ns of solute in the liquid phase to

ternary systems:

- -V
CL1 = a;9 + 277 €xp ( %.% zz) + 279 €Xp ( TI—Z zz) (2.3.15)

_ -V -V
CL2 = a9y + ag) exp (ﬁ—lzz) + 299 €Xp ( TJEZZ) (2.3.16)

where CL1 and Cj, o are the solute concentrations in the liquid at a

distance zy from the interface moving at constant velocity V, and
am = CO]. (2.3.17)

agp = Co2 (2.3.18)

T
_ 1-kKB\ | . * 1-k *
ay; = [DIZCOZ( kT) + $(Dyy-Dyy + DY C01(—— 1)] /D*(2.3.19)

2 kq
1-k
ay, = 001(_%{) -2y, (2.3.20)
| k]
1T " 1-K5
8y, = [D21C01(1 kl)- 4{Dyq ~Dpg ~ D) Coz(—T—z)] /D* (2.3.21)
Ky ky

1
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1-ky

a_zz = COZ (‘——T‘—'> i a,21 (2.3.22)
k
2

U, = %(D11 + Dyy + D*) - (2.3.23)

*
U, = 3(Dyy + Dygy - D) (2.3.24)
* 2 ¥
D = [ (Dll - Dzz) + 4 D12D21:| s (2.3.25)

where Cpy and Cg2 are the solute concentrations in the bulk liquid;
k’1r and kg, the equilibrium partition coefficients; D11 and Dzz, the
on-diagonal diffusion coefficients; and D12 and D21, the off-diagonal
diffusion coefficients. Each of these expressions reduces to Equa-
tion 2.3.11 if diffusional interaction is ignored, i.e., if Dyy =Dy, =
0.

Ternary expressions for the initial and final transient solute
dist ributions 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 wt% 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 sdlute 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 kg was related to the equilibrium
partition coefficient kj by:

Ko
ke = kg + (1-kgp) exp (- V8/Dy)

(2.3.26)

where 8 is the thickness of the diffusion-limited layer. As pointed
out by HELLAWELL (1967), the value of k, calculated from Equa-

tion 2.3.26 rises from ky to 1 in the range
0.1 < V8/Dpp, < 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 review 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.

The 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 cAonsiderable 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 & >~y and y > @ 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 SIMS
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 ihclusions wei‘e 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 III inclu-
sions simply by varying the oxygen content in the range 0.0010 -
0.010 wt%. Both iron and manganese inciusions 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 II); 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% O,
the inclusions were globular in shape (Type I). MARICH and
PLAYER agree with SIMS and DAHLE (1938) on the mode of form-
atioh of Type I apd Type II inclusions. However, they discussed
the transition from Type III 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 II). At higher levels,
€ is small and the inclusion grows with a rough.interface (Type 1I).
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 II 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 III 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 apprbxi—
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 inclusioqs only in the
présence 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 SIMS 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 Cy, primary
iron I;recipitates, followed by the liquid L2' Upon further cooling,
the liquid L, 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 (), 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 ﬁniform distribution
of Type III 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 C0 is located
to the left of the eutectic point, and such melts produce Type II
inclusions as seen previously. Type III inclusions are formed at
higher carbon and silicon concentrations because C 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 III 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 1ound 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. (196.6) for the formation of Type I and Type II inclu-
sions. However, in contradistinction to SIMS (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, vit is clear that the position of
the miscibility gap in the Fe - Mn - S - O 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 - O 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 the fact that higher solidification rates
favour a greater proportion of nbn-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 gix}en 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 - TNFLUENCE 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 (1337), 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 manganése concentration. In the columnar zone, the
manganese depletions were low (~ 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 ( ~ 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 nianganese 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 depleted 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 banding in forged
stéels, 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 DELORME 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-
tioh 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 rejecfed 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. Hence 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 sollidification. It fol-
- 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 kg 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 Itemperature 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 and CHALMERS (1953) 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
tefnperature gradient G at a solid-liquid interface is less than the
interfacial liquidus gradient Gy, then a planar interface is unstable

and breaks down. In other words, the system is incipiently unstable
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G = Gy, (2.5.1)
The value of Gy, is obtained by considering the two solute distribu-
tions ahead of a moving planar'inferface and referring to the appro-
priate phase diagram. The general instability criterion in ternary

systems is explicitly given by:

T T ~ T T
G <(m1 Dgg - my Dyy) Cpy (k3 - 1) /kj
V ~ ~s _ ~ ~

DyyD22 - DDy

T ~ ” T T
(my Dy - m]Dyy) Coz (kg - V/k;

where m'lr and m'zr are the partial slopes (including sign) of the

ternary liquidus surface at the point defining the liquid composition
at the interface; k'lr and kT, the ternary partition coefficients; COl
and COZ , the average solute concentrations; 511 and 522, variable
on-diagonal solute diffusivities and 512 and 521, 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) :
D)y X €33 Dy Cpy | (2.5.3)

Dy, = €y5Dy5 Cp9 (2.5.4)

where €, is the cross-interaction parameter and Cy,7 and CLZ
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are the 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:

S ¢™ Coa (k1'1)+ myCo2 (k2'1) (2.5.5)
A" Dll kl Dzz kz

which is the simple addition of binary effects suggested by
CHALMERS (1964). Generalizing to multicomponent solutions,

L& | Py f5-1
Vi op; \EB (2.5. 6)

As discuséed 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 DAVIES (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 o< Co (2.5.17)

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 structure was

a development of the cellular structure and was induced by im-
posing a greater constitutional supercooling. ' MORRIS et al. (1955)
unde rtook 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 thaf 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/VZ2:
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1

Co = By G/V? (2.5.8)
s |

Co = By, G/V? (2.5.9)

where BH and BL are proportionality constahts and By > BH If
Co > By G/ V%, cells of high misorientation with respect to the
macroscopic growth direction broke down into dendrites; if

Co > By, G/ V%, cells of low misorientation broke down into den-
drites. TILLER (1956) llater proposed a more explicit and general

criterion for the transition:

(N0

G/Vz = A’ dg @ /ko (2.5.10)

where A' is a proportionality constant; d9 , the width of the cells
at breakdown for a particular orientation & ; and kg, 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

[NIC

as Cg/kg versus G/V2., 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/ V% versus Cy/kg 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 Cg 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 = Ag Co (2.5.11)
ko '

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

data. However, DAVIES (1967) concluded, as a result of statistical
and numerical analyses conducted into the data on the cellular/cellular-
dendritic transition, that there was a "lamentable" lack of significance
in the measurements and that there was no simple criterion for this
transition.

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 Cg and decreasing

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

The work of SUBRAMANIAN et al. (1968-a) on the growth
morphology of iron alloys revealed vthat both the planar/cellular
and cellular/cellular dendritic transitions occur in the same ingot.
The solidification of their alloys proceéded initially by the forma-
tion} of branching dendrites, followed by thickening of dendrite arms
by cellular growth and fiﬁally by{planar growth into enclosed vol-
umes of liquid. These authors concluded that constitutional super-
cooling steadily decreased throughout the précess, prokably 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 trarisitions, 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,
tiﬁ 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

d = ajexp ayln V' o+ agCy (2.6.1)

where d is the dendrite arm spacing; V', the cooling rate; Cg, the
average mole fraction of solute; and a;, ap and ag are constants.

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 CO' They found
that dendrite arm spacing decreased as G and V increased, and
increased with CO’ and gave the functional dependence as

d = (a; - aglnG) V" (2.6.2)

where a), a5 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 = o.ooz/\s/ V' (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) measuredl'lseconda‘ry arm spacing in
Al - 4.5 wt% Cu alloys as a function of local solidification time.
Combining results of other experimenters and their own, they
arrived at the following relation between arm spacing d, in microns,

and local solidification time, t;, in sec

0.39

d = T.5t (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
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:

d = (ay + a,Co) / (dg/ a) (2.6.5)

where a; and a, are constants and dg/dt is the change in fraction
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:

-0.217

d = 646V (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

d = al/(dg/dt)% + agCqy + agDy, + a4 (2.6.7)
where a,, g, 2ag and a4 are constants and DL is the solute dif-
fusivity in the liquid.

BXCKERUD 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, Co (although the
evidence 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.

RUTTER and CHALMERS (1953) discuésed the nature of the
variation of cell size spacing in terms of a thermal and composi-
tional "field of influence" 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 increased 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 paramcters
related to the properties of the alloy such as solute diffusivity in
the liquid phase and thermal diffusivities of the liquid and solid
phé.ses. 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 k; was not known experi-
mentally, it was probable that céll size varied inversely as k0
Presu.mably 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 shown 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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COUGHLIN and FLEMINGS (1967) studied 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
int.erstices 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 érms 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 microns,

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 inflﬁenced 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 dendrite 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 p, with a root radius of p, where Pr < Py 18
considered. For the same reason as above, transport of solute
occurs from the region of radius p,. 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-
anisms (dendrite dissolution and dendrite separation) operate

simultaneously.
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2.7 - INFLUENCE OF CARBON ON SEGREGATION OF ALLOYING
ELEMENTS

A final 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 differencc; 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,
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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%h C - 1.5 wt% Cr alloys the segregation index, Ig, of chromium
rose to a maximum around 1.5 wt% C and decréased again as X
varied from 0 to 2.2. One possible explanation, they suggested,
was that carbon affected kp, the equilibrium partition coefficient
of chromium in the iron. They conducted experiments on melts
of Fe - X wt% C - 1.5 wi% Cr to determine the variation of ky with
wt% C. This involved equilibrating a melt in the solid-liquid region
with 3 - 10 wt% liquid, quenching into brine and measuring fhe com-
position of the two phasesvby electron-probe microanalysis. The
measurements showed that increasing the carbon concentration to
1.5 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 experimeﬁts thus appeared to explain, at least in
part, the variation of Ig 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
wth 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 propcsed that the growth fronts 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 kyp, as a function of the carbon content at 1490°C in
the YFet liquid region of the Fe - Mn - C system. Their results
showed that kp;, decreased by a factor of two as the carbon con-
centration increased and thus gave some support for the experi-
mental evidence that carbon enhances the segregation ;)f manganese.

They did not extend their calculations to other systems:

2.8 - CONTROLLED SOLIDIFICATION TECHNIQUES

| It is 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 zon e in the central part of the
‘ingot, consisting of randomly oriented grains; and a columnar zone
located 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 directional
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-éet
.rate. The specimen consisted of an alloy bar 30 in.(~75 cm) in
length and 1 1/8 in. (~ 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. (~ 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 c-rucible to contain the molten alloy,

while the unmelted portion of the specimen provided a means of
supporting the crucible within the fﬁrnace and of extracting heat
during solidification. The specimens were thus solidified vertically
and free from stirfing and vibration. ‘.I)IEHL et al. mentioned
neither temperature control of the furnace nor measurement of
temperature gradients in the spe?imen.

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.
(~35 cm) in length and 1.25 in. (~3.25 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, ALBERNY 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
Veloc_ity, 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
64
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specimen at some point du‘ring the solidification process, thereby
yielding a complete spectrum of solidification phenomena. In order
to avoid complications arising fr‘om. 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-
-co‘mponent systems, was therefore carried out. This treatment is

presented in Section 4.1 along with several illustrative examples.
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The microsegregation models reviewed in Section 2.3 are
applicable to unidirectional solidification, 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 (two-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 uhits 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 vafiables
which measure the constitutional and thermai 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 Cgp, 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 ternary 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 g@+f8 transformation temperature, pure solvent (0) in

68
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the a state and pure solutes (1 and 2) in the B state are chosen
as reference states.
The reactions and free enthalpy changes describing the

formation of one mole of B solution are:
xOB+ x§+ xg = 1 mole [ solution, Agﬁ (4.1.1)

xg = XOB , xg AggB (4.1.2)

which upon summation give:

xg + x€+ xg = 1 mole B solution, Agre (4.1.3)

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

xg + xg + xg = 1 mole a solution, Agl‘:\t,I (4.1.4)
x‘le = xg , -x‘lz A gg'e (4.1.5)

a a a
Xzﬁ = Xz 9 "Xz AgZB (4. 1.6)

which upon summation give:

xg e x18+ xzﬁ= 1 mole @ solution, A g?n (4.2.17)
In these equations,

x? is the mole fraction of component i in the ¢ phase,
Ag-B is the free enthalpy of formation of one mole of

pure component i from the a to B state, and

AgﬁI and Ag:ﬁ 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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0
Aglﬁ = #ﬁ - xgﬁgf' 3 al- of ul? (4.1.8)

where p,? is the molar free enthalpy of solution ¢

0¢

and K is the molar free enthalpy of pure component i.

Substituting into Equation 4.1.8 the general thermodynamic relation

y,i = xg’ p.% + x‘lﬁ ;.L? + x‘zﬁ y.‘g , (4.1.9)

where ,u.? is the partial molar free enthalpy of component i in
phase ¢, and collecting terms gives:
O
Y R 0% O RS (O AL QR A
(4.1.10)

Substituting the defining relation for the activity of component i in

¢
the ¢ phase, a¥ ,

RT 1n a? = ? - I"1¢ (4.1.11)
into Equation 4.1.10 gives:
Ag‘lf;I = RT(xg’lna‘g + xlln a? + lena?) (4.1.12)

The complete expressions for the free enthalpy surfaces are thus:

AgB =XOBAggB +RT[ BlnaB+xIBIn alﬁ + XZBIn a‘B]

m 0 2
(4.1.13)
Agx% = -x§ Ag‘{B—ngggB +RT[ 0lnag +x‘{1rla.l +xglna2]‘

(4.1.14)

Thus, as shown in Figure 4.1.1, Ag@ =0 at x; = 1, and
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Agg =0 at xy =1 and xz = 1. As usual, the solute mole irac-
tions are chosen as independent variables.
At equilibrium, the chemical potential of each component is

uniform throughout the two phase system:

#3 - f‘oB > (4.1.15a)

pd = B (4.1.15b)

p.% = ,u.‘g | : (4.1.15¢c)
Equivalently,

P?) ) F_ga _ F—g i /*8“ (4.1.16a)

rg - ,u.cl)‘8 ” ;LIB = /-L?B (4.1.16b)

p - w3 - W - P (4.1.16c)

where p.ga is the chemical potential of pure solvent in the @ phase

and p,gﬁ and pr are the chemical potentials of pure solutes in
the B phase. The terms uJ - F_ga , B3 - p?B and pg - p.gB
are the intercepts on the free energy axes at Xg =1, Xy = 1 and
X5 = 1, respectively, of the plane tangent to the Ag® surface
described by Equation 4.1.14 . Similarly, the terms on the right
hand side of Equations 4.1.16a,4.1.16b and 4.1.16c describe the

intercepts on the free enthalpy axes of the plane tangent to the
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Agﬁ surface. Equations 4.1.16a 4.1.16b and 4.1.17c state that
the intercepts of the two tangent planes are equal at equilibrium,
i.e., the planes are congruent‘as shown iﬁ Figure 4.1.1. It follows
that the equilibrium conditions may be rewritten in terms of one

equality of intercepts on the Agm axis at Xg = 1 and two equalities

of partial slopes:

! - _ -

AgB- bAgg xﬁ- bAgg xB—

m bx]_ 1 I bxz 2 =
BY-Y-. BY-Y: .

Agl Ine x@ - Ernk (4.1.17)
A8 »AgB

®%;,  ®x) (4.1.18)
Dbl | 48 (4.1.19)

® X9 O X9

Substitution of Equations 4.1.3 and 4.1.4 into the partial

slopes yields terms of the form

¢ ¢
ﬁ_g_nl = - Ag?ﬁ+ RT [x% dlnag gy a§
bxi bxl
¢ .
+ x‘f b__..__lbn‘lev + In a?

(4.1.20)
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In view of the Gibbs - Duhem relation:
2 xjdp; =0 (4.1.21)
i

the sum of the three terms containing differentials are zero.
Indeed, the chemical potential f+; is a function of the independent

composition variables X, and Xg *
By= ki, xo) (4.1.22)
of which the total differential is:

> LY
dp, bTPll dxq + bx,;l dx, (4.1.23)

Expressing the chemical potential as
= 0+RTlna (4.1.24)
Pi = By i ol

the partial derivatives in Equation 4.1.23 are

bl“‘l bln a.

= RT 1 4.1.25
>, T——xl ( )
dpi _ RT dIn 3 4.1.26
dxy dxy N

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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In a In a In a
XO b__ﬂ + Xl—b——l— + X2 PWZ— dX1
RS Xy 5.
s xR0 L2 M3 oy BN g _ 0 (41.27)
| bxz bxz bxz |

As dxj and dxg 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,

¢ ,

»Beh, aB r | | ]

- . Agi + RTl_ln a; - Inag (4.1.28)
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:

T

1 aB _

=T A g, = Imky+1In Ly (4.1.29)
1 AR i Tinm (4.1.30)
RT 1 1 1

1 aB _ T
S Agz = Ink, + In I‘2 (4.1.31)
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a a ¢
T_ X - 7 ¢ - 23

where: k.- = . r = and yi =
! xiE ' YEi ! x?

Upon specification of the temperature and one composition
variable, say x@, the previous equations may be solved for the
three remaining compositions, xg, x'le and xg, yielding one tie-
line. Repetition of this procedure, for a given temperature and
different values of x‘lz , 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):

- 7«# '6?1 x4;2 ¢ ¢ ¢ ﬁ?z ng

0 = - 5 - 612 Xl x2 = 2 (4. 1.32)
In )’? = In 7’2¢+ efl Xf + 5?2 xg (4.1.33)
1n 'yg = 1n 7(2)¢+ egsl x‘f + 62’2 xg) (4.1.34)

In these expressions, the 7?4:' are Henry's law coefficients
and the 4% 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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1n70=a¢x¢2+a¢x¢2+(a¢ 4

01" @02 - afz)xfxg (4.1.35)

01 1 02 72
In 7‘{’: yg‘# -2 a‘é’lx‘f + (cz‘f’2 - ag’l - Gg’z) x‘g

+ In 7? (4.1.36)
In y?: In 7g¢ -2 atgzx‘§+ ( “?2 - a‘gl - a%z)x?

+ Iny® (4.1.37)

It should be noted that DARKEN's activity coefficient relations
may be obtained formally by adding In y‘g to In yf
equations since the relations between the epsilon and alpha para-

meters are:

e‘fl - 2 a‘f)’l (4.1.38)
f - -2a%, (4.1.39)
¢f2 = afz - agl - a.g’z (4.1. 40)

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:

A gaB
T 0
k. = exp

4.1.41
: - (4.1.42)



1

08 a
kI 71 exp A ng
R L RT | (4.1.42)
08 A gzaﬁ )
T e exp (4.1.43)
2 )fga RT )

The ternary partition coefficients are thus constant and
equal to the partition coefficients of the limviting binary systems.

In ideal solutions, the Henry's law coefficients, 7(i)¢’ are
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 xlﬁ g XZB and xz are

expressed in terms of the partition coefficients and the independent

composition variable, x?, as

a
B Ly
Xy = — 4.1.44)
1 S o7 (
k
1
T T T
B _ 1 k0 | k) -k a
X, = 5 = T ™ | X1 (4.1. 45)
kp -k R [k %
1 - kT T [ (T- kT
x3 = kg—T—OT - 2 —r— & . (4.1.46)
B, i
kT - k) kT | ky- k]

it is seen that the phase boundaries of an isotherm become linear
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‘as therpartition 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
quﬂibrium 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 4.1.29, 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

fO’ t‘1 and f2' Expanding the functions

T E %I = - .
;; &L, kT, k1) = 0 i-0,1,2 (4.1.47)
in Taylor series in terms of estimates kj, ky and ky of the roots

k%‘, kir and k'ZI‘, and truncating second and higher order terms, the
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following simultaneous linear equations result:

>,
oK,

2

AkT=0 i=0,1,2 (4.1.48)
r=0 *

. T _ .,T_x
where: Akr = kr kr

These equations are then solved for the Akf corresponding
to the Er and superior estimates of kz equal to Er + Ak;‘r are used
to restart the procedure. '

Using the partition coefficients calculate_d from the binary
equilibria as the initial EO’ El and Ez, the iterative process nor-
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

-39 & (kr+Q)-fi(kr—q)

dk, 7 2q

(4.1.49)

where q is a small arbitrary constant.

4.1.3 - TERNARY ISOTHERM 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.l.
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4.1.4 - FREE ENTHAL_P.Y FUNCTIONS

The free enthalpy functions A g‘izB 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
i from the @ to the 8 phase are constant in the temperature range
of‘interest (SWALIN, 1962). This leads to expressions for the free
enthalpy of transformation Ag?B of the form

aB _ aBl,_ T
Ag,” = AOn; [1 T‘;‘B] (4.1.50)

where T is the isotherm temperature, TialB is the traﬁsformation
temperature of pure component i and AhiaB 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 A s?B and the
enthalpy Ah?ﬁ of transformation are both linear functions of

temperature,
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ArP - g awT (4.1.51)
AsIB - ¢ +mT (4.1.52)
Then A glaB = C i + blT - CIT - ﬂsz (4. 1. 53)
since Agf“B = Ah‘iz‘e - TA S?B (4.1.54)

Isolating the constants c¢; and bj, Equation 4.1.53 becomes:

Li - miT” - AglP
T

c; - by = (4.1.55)

At the transformation temperature T = T?B , A g?B = 0. There-

c: - b: = gi ' "1( T?B)z
1 1 TQB
1

fore
(4.1.56)

Substituting Equation 4.1.56 into 4.1.55 and rearranging gives:

DB - L (1 T_TaB )+ m, T(T2R - 1) (4.1.57)
i

in which the constants §; and #; may be manipulated to match
the calculated binary diagfams to the experimental ones.

If ;= 0, Equation 4.1.57 reduces to the linear functional
‘form generally emf)loyed to represent A ng(T), and in this case,

;i is the enthalpy of transformation Ahg’e :
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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
thé solution data refer to the standard states adopted in the deriva-
tion of the equations. It will be showﬁ 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,

(K)a = (Kyg (4.1.58)
and
F,‘?+RTln (a), = F?+RTln (ajp (4.1.59)
B A
. _ (BT - g
or: In ( ai)B = In (ai)A - i - i (4. 1. 60)

Since the concentration does not change with a change in standard

state,
x)A = &g (4.1.61)
(KB - pd)
| and In (¥)a = In (¥ - lRT ! (4.1.62)
Then 2In(y;)p _ dn(yi)a (4.1. 63)

D Xj D X
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®In (7;)B » In(yi)a
and bxj = bx]_

(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:

(e55)g = ( €i)p (4.1. 65)

(ei5)g = (€55)p (4.1.66)

and from Equation 4.1. 62

B
(rDp = (rD), exp [ Y. I'ﬁ"‘%)], (4.1.67)

quod erat demonstrandum.

4.1.6 - 8 + 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, + 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 #p1,, 7g, & Mn, s,
TgB , el?/InMn and Ggs 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.

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 takeninto 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 "binary approximation"
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 kge' The variations in

k i\r,[n and kér are aléo 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 typiéal experimental error.

4.1.7 - y pe + 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 y g, + Liquid equilibrium. As shown in Figure
4.1.5, they plotted the experimental isoactivity curves of carbon in
the ¥ pe and liquid phases on the composition triangle and generateci
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
pai'ameters for carbon in the austenite and liquid phases, 787,

‘gC’ ‘gMn’ y%L, eét and ‘C{\J/In from the activity data
used by TURKDOGAN and GRANGE (1968). A regression analysis
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of In % on X~ and XMn yielded the intercept on the ordinate
In 78 and the partial slopes €c and e€cpp, Of the relation pro-
posed by WAGNER (1952):

In y = In 70 + €97 X7 + €12X3 (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

PMNpgr = (¥ sgr exp | - | (4.1. 69)
3 Agf ]
Wgr = (YTIsgr exp | - —r— (4.1.70)

The free enthalpy of fusion of graphite, A ggfr , was calculated

from the relation

f _ f f .
Aggr = Tgr Asgr [1 ?f_:l (4.1. M)
gr
where Tgfr is the fusion temperature of graphite and A s gfr’ 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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Ag;eL _ 2.51830 x 103 - 6.47724 x 10” (T + 3)

- 4.13711 x 1074 (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 " ¥ carbon"

were calculated from Equation 4.1.57. The parameters Ly, ,

21,

M My 5S¢ 7c and Tg™ 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 SMn
is 1244°C (BASINSKI and CHRISTIAN, 1954), it was assumed that
il - 1240°C.

The € formalism interaction parameters of Table 3.1.3
.were converted to the more consistent @ 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 relafively constant throughout the range of com-
positions, and the liquidus and solidus show substantial curvature.
Tﬁe convexity of the phase boundaries is an effect of the negative
cross interaction parameters, ‘II\J/InC and 61)\'/1nc , as in the case
of the 8pe + 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 exactly rather-
than numerically as in the investigation of TURKDOGAN and GRANGE
(1968).

It is possible that the large partition coefficient variation
found by TURIQDOGAN and GRANGE is due to the inherent loss of
accuracy in graphical measurements in the low solute regions of
Figure 4.1.5. For example, kl'\I‘/In = xl\zn/xl\I&n would be difficult
to measure accurately at low manganese concentrations. In effect,

sk g T : :
it is at low concentrations that kpp, varies most rapidly as shown

in Figure 4.1.6. Similar considerations hold for kg.

- 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 interpretatioh 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, Cy. For dilute binary alloys, a planar solid-liquid interface
bréaks down during solidification to a non-planar or cellular interface
if

% C AC, (4.1.73)

where:

A= _nDL[l];Oko] (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 kj is the equilibrium dis-
tribution coefficient. Since for dilute alloys, m, D and k0 are
constant, a linear relationship exists between G/V and CO'

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:

(i) = 2.5 x 10® B, (4.1.75)

V/sb in sn

and: (i) = 5.6 x 10° Co | (4.1.76)
\ Pb in Sn
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They stated, quite i‘ightly, 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.:

(E) - (.g_) " (%) (4.1.77)
V/sb + Pb in Sn Sb in Sn Pb in Sn

They found, however, that the calculated G/V ratio for a Sn - 0.02
at % Sb - 0.002 at % Pb, ~~1600 OC-sec/cmz, was in poor agree-

ment with the experimental G/V ratio, ~~ 2400 OC-sec/cmz

, 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, kPTb’ in the ternary alloy.
It is easily shown that kP'I{) cannot vary at such low concen-
tration levels. Indeed, the WAGNER activity coefficient relations

reduce to
L OL '
In bez In YPb (4.1.78)

InyS - ln y0S
n YPb n YPb (4.1.79)

so that Equation 4.1.42 holds, viz.:

0L 3 I, *
Y bb [ o g%b }
exp | ———

i (4.1.80)
0S
Y Pb RT

T
kpy, =
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Since the terms in the R.H.S. are constants, kl;rb must be a
constant. |

COLE and WINEGARD also claim that the relationship be-
tween G/V and Cy(Sb) is linear at constant Cq(Pb) indicating that
Sb does not interact with Pb. This abpears to be true; however,
the slopes of the G/V versus Cq(Sb) lines vary as a function of
Co (Pb) indicating that Pb interacts with Sb at constant Sb concen-
tration. These results violate, of course, the WAGNER (1952)
relation:

€pbSb = SbPb (4.1.81)
VTherefore 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, kgb' 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



93

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

ks'I{), determined for rich solutions and generated the partition co-

efficient kl;rl; which progressively increased as the Sb content of
thé 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-lines 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 - MAXIMUM SEGREGATION MODELS
In calculating microsegregation in alloys, the simplest
approach is to relate the concentration of solute at the interface
in the solid, C;, to the solidified fraction of the system, g, through
the relation
* ka- 1 :

Cg = kyCo (1 - )70 (4.2.1)
where ko is the equilibrium partition coefficient, and CO, the aver-
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:
* * *
vy, dC;, = (Cy, - CS) (—de) : (4.2.2)
‘where vy, is the volume of liquid. Since the system has unit
cross-section,

= N -2z (4.2.3)

and hence
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(X - z)dCy, = (Cf - C3) dz (4.2.9)

Eliminating z and Ci through the relations

g = z/\ (4.2.5)
and " "
Cp = CS/kO , . (4.2.6)
rearranging and integrating Equation 4.2.4
*
CS g
* L
8 = fi- ko) _dg (4.2.1)
c* 1-¢
kOC0 S 0

yields Equation 4.2.1. More detailed derivations have been given
by PFANN (1952) 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

To to rg - z. Writing, as before, the mass balance:

* % _
v, dCp, = (cf - cg)(-dvp) (4.2.8)
and substituting Equation 4.2.5 and the obvious relations:

v, = 2w (g - 2)° (4.2.9)

and g = z/r0 (4.2.10)
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gives:
*
dCs _ 3(1-k,)3d8 (4.2.11)
—% 0"y -
Cq g

Integrating as before yields:
C; = kyCy fij-= g)3(k0'1) | (4.2.12)

This result generalizes to:

CE = koCo (1 - g)™ Ko~ (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:

* n(k;-1)
Csi = kiCoi(1-g)"

(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