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INTRODUCTION

Research in the metallurgy of cast irons bas been widespread over the past
fifty years, indicating their general application in engineering. In recent
years, cast iron solidification has been closely investigated, both in attempts
to understand basic solidification mechanisms and to enable closer structural
control. An important aspect of this work has been the introduction of con-
trolled solidification techniques, which have enabled isolation of some aspects
of growth in cast iroms. Commercial methods ef structural control are centred
on casting conditions and alloy composition, using chills, pouring and super-

heating temperatures, inoculants and alloying additions.

An important feature of cast iron is the possibility of tramnsition between
stable and metastable eutectics, either within a given casting or between
castings differing in composition or cooling system. The macro- and micro-
structural response of a given alloy to a range of cooling conditions is of
interest from both practical and theoretical points of view. Considerable
amounts of work have been carried out using chill/sand or wedge castings which
impose variable but reproducible cooling conditions in the solidifying alloy.
The position and the nature of the transitions between stable and metastable
structures under such conditions and the extent of mottle under such conditions

may give information on many aspects of stable and metastable eutectic nucleation

and growth.

The present research is concerned with the influence of alloy composition
and thermal variables on structural transitions which occur in typical castings.
An attempt has been made to view the casting process as an integral whole, con~
sisting of both solidification and post-solidification processes. Heated and
unheated ceramic moulds with a water cooled copper chill at the base produced

castings for comparison with chill/sand castings. Rapid solidification of
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thin section castings followed by isothermal treatments in heated metal moulds
enabled study of high temperature transformation processes in white and mottled
structures without cooling and reheating. The use of a polished chill mould
produced castings with plane surfaces, enabling direct examination of nucleation
and growth under chill conditions. Structural effects of a small range of pure
element additions were investigated in heated ceramic mould castings of ome of

the alloys.
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2, REVIEW OF PREVIOUS WORK

As the literature on cast irons is too extensive for overall detailed
treatment, the following review will be confined to the major problems con~
cerning the solidification of cast irons with white or flake graphite micro-
structures. Attention will be concentrated on microstructural differences

and their dependence on physical and chemical variables.

2.1 STABLE AND METASTABLE EQUILIBRIA

Phase equilibria of the pure iron-carbon and iron-carbon-silicon systems
may be used as an approximate guide to the solidification of commercial cast
irons, provided that the influences of chemical and physical variables on the

less pure alloy are borne in mind,

The binary iron-carbon equilibrium diagram due to Hillert(l)(Fig. 1),
combines experimental results (thin lines) with data from thermodynamic
analysis (thick lines). The diagram indicates a stable austenite-graphite
eutectic, narrowly - separated from a metastable austenite-cementite eutectic

system which lies at a lower temperature.

The free-energy/composition relationships resulting from Hillert's
binary diagram have been derived at various temperatures by Brigham et al(z)
(Fig. 2). The liquid solubility lines intersect at a stable eutectic under-
cooling of approximately 11°C. At this temperature, the carbide phase becomes
more stable than graphite with respect to the liguid. This may result in
carbide nucleation and overgrowth of graphite in the solidifying melt to give
a transition in structure. Following sections will enlarge on the importance

of this feature in the production of the wide structural variety of iron-

carbon alloys.

Commercial cast irons contain silicon, and their behaviour may be

followed by using the ternmary iron-carbon-silicon system. Sclidification
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sequences can be understood from quasi-binary sections through the ternary
diagram. Levi and Stamenov(B) produced a diagram representing a section
through the ternary system at 2% silicon (Fig. 3), which exhibits several
changes from the binary system. The invariant eutectic crystallisation
temperature is replaced by a freezing range which is raised by increasing
carbon content in the case of the stable system (dotted lines), and lowered
in the case of the metastable system (thick lines). The eutectoid trans-
formation is also replaced by a temperature range which expands and rises to

higher temperatures as the carbon content increases.

Sections at constant carbon content were produced by Oldfield(k), who
correlated cooling curves with microstructure and extrapolated to zero cooling
rates to obtain equilibrium stable and metastable freezing temperatures. The
results using a range of silicon additions to a given iron-carbon alloy are
shown in Fig. 4, indicating that silicon reduces the metastable eutectic
equilibrium freezing temperature and increases the region in which stable

eutectic crystallisation is favoured.

Variations in microstructure produced by elements such as silicon and
phosphorus, which are common in commercial cast iroms, may be expressed by the
concept of a carbon equivalent concentration:

Carbon Equivalent = % Carbon + 5(silicon + Phosphorus)%

This is utilised in the iron~-carbon equivalent diagram of Oldfield(s)

@ig. 5), which forms a useful basis for the discussion of commercial alloy

solidification,

Isothermal solidification diagrams for iron-carbon-silicon alloys at varying
silicon contents, have been constructed by Snagovski et a1(6). These show
that the sequences of separation of the primary and eutectic phases under
isothermal conditions depends on the previous treatment, composition, and

the degree of undercooling of the melt. In Fig. 6, the lines for separation
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(%)
It is therefore important to examine the evidence available in this field.

Conventional x-ray and electron diffraction techniques have been found
too limited for extensive study of liquid iron carbon alloy structure. Theories
of carbon distribution in the liquid originated from studies of other fluids and

(9.10)

examination of structure-sensitive properties of cast iron.
7

In the experiments of Vertman and Samarin(ll), centrifuging of liquid cast
iron at temperatures 30—5000 above the melting point produced non-uniform carbon
distributions on solidification. Their calculations revealed the presence of
carbon microgroups of the order of 10-6cm in diameter: a particle size charac-
teristic of colloidal disperse systems which have a high stability (in particular,
their particles do not settle under the influence of gravity). This suggests
that molten cast iron is a microheterogeneous system, consisting of microgroups

of carbon suspended in carbon saturated iron.

The concept of liquid cast iron as a colloidal disperse system helps to
explain variations in viscosity, density, surface tension, electrical resis-
tivity and magnetic susceptibility which occur with changes in carbon content
and temperature. Viscosity measurements by Nakagawa et alc2) indicate differ-
ences between the liquids formed from white and grey cast irons of the same
chemical composition. This has been attributed to a greater concentration of
carbon microgroups in the grey melt than are present in the white. The pheno-
menon of heredity, whereby castings of the same composition, subject to the
same casting variables, give different structures, is well known. Williamsas)
showed that white melting stock gave castings with consistently greater chill
depths than similar castings produced from grey stock of the same composition.
Boyes and Fuller(lk) reported that the differences between the melting stocks
lay in nucleation from the liquid. This view was shared by Patterson(15).
Heredity effects appear to be due to differences in solid structure which

affect the nature of the melt and the mocde of nucleation during solidification.
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Foundry experience with conmercial alloys(QO) has shown that undercoolings are
maximm near the eutectic composition. This implies that the presence of one
or other primary phase in hypo- or hypereutectic melts aids eutectic nucleation.

(19)

The conflict of these results with those from pure alloy melts , suggests
that the presence of Si, Mn, S, P and other impurities affects the suitability

of proeutectic phases as sites for eutectic nucleation,

Proeutectic phases apart, suggestions for stable eutectic nuclei have

included retained or colloidal graphite;(16'21) dissolved gases;(gl‘gz)

(23.2%) (25) (24.26.27)

silicon segregates; silicate slimes; salt-like carbides;
oxides(28) and sulphides.(29'30) Morrogh(Bl) concluded that specific nucle-
ation mechanisms are unknown, and that graphite or metal lattice residues or
atomic irregularities in the austenite-liquid interface could equally form a

basis for graphite eutectic nucleation.

As shown in the previous section, physical treatments, especially super-
heating, affect liquid structures and subsequent solidification, presumably
through nucleation. Patterson and Ammann(32) found that the relationship
between superheat and undercooling in cast irons was discontinuous (Fig. 9).
They postulated the presence of various types of nuclei in the melt which were

selectively deactivated by increasing superheat. The nuclei involved were not

identified.

Gittus(33), and later Patterson and Brand(sé), examined variations in
stable eutectic solidification in vibrated and unvibrated castings. They con-
cluded that the overall effect of vibration was to increase stable eutectic
cell numbers via enhanced nucleation. Recent work(35) on the effects of
pressure on solidification and solid state graphitisation has indicated pro-

motion of spheroidal graphite forms and reduction in first stage graphitisation

times,

Apart from physical treatments, certain alloying additions may suppress

the stable eutectic by destroying nuclei. Mascre(36) citeq magnesium as an
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Nantinucleant" of the stable eutectic; taking effect by destroying the more

effective graphite nuclei (possibly FeS).

Calculations by Hillert(l), assuming  hemogeneous nucleation, showed that
graphite is the favoured phase for nucleation at all undercoolings. This is at
variance with results for superheated and degassed melts, where cementite has

(19.37),

been found to nucleate preferentially 3 probably because of the destruc-

tion or neutralisation of the stable eutectic heterogeneous nuclei.

Cementite may be nucleated on or near proeutectic austenite after under-
cooling below the metastable eutecticequilibrium temperature(37)' Once
nucleated, it develops as plates which grow rapidly, spreading to other parts
of the melt independently of the primary austenite. Plate multiplication into

characterigtic fan-shaped clusters (Fig. 10) suggests brittleness at growth
temperatures, causing fragmentation and self nucleation under thermal stresses

and turbulence. Hillert and Steinhauser(38), showed that each primary cemen-

tite plate may form the basis of a eutectic colony.

2.4 GROWTH IN CAST IRONS

Before considering specific growth relationships and morphologies in
later sections, it is possible to examine certain growth theories common to

both stable and metastable eutectics.

Changes in eutectic morphology are governed by many factors including
structural bonding of phases; form and distribution of the nuclei; melt under-
cooling; heat extraction rates; temperature and concentration gradients at the
solid-liquid interface; diffusion of solid and impurities in the melt and solid;
adsorption of impurities on growing phases; interfacial energies and the
relative undercoolings of the phases at the growth front. Although structural
bonding (in the absence of impurities) is ideally invariant, all other factors

result from, or are affected by the degree of non-equilibrium under which
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solidification occurs. The growth process is therefore governed by a series of

interdependent variables which alter with the state of non-equilibrium.

Rapid cooling reduces the time available for solidification and increases
the activation energy for diffusion of atoms to growing heterogeneous nuclei.
The melt undercools, solidification occurring via increased nucleation at lower
temperatures, where the energy required to form new surfaces is less. The
effects of increasing cooling rates are also seen in increased temperature and
concentration gradients, higher growth rates and slower diffusion in liquid and

solid states.

Relating these parameters as in Jackson and Chalmers' equation for normal

eutectic growth(39):

A = const /D.CupP Te
Ce.R

vhere D = diffusion coefficient in the liquid
OxP = interfacial energy betweenw /’}5 lamellae
Te = eutectic equilibrium temperature
Ce = eutectic concentration
R = eutectic growth rate
A = interlamellar spacing

From this equation it follows that:

Aox RTH

1
and sincg AT = | A

AT = R™

It can be seen that if growth rate increases while diffusion in the liquid
decreases, the net result of increasing non-equilibrium is to refine the inter-
lamellar spacing. In the less ideal grey eutectic, this effect is reflected

by the change from A to D graphite with increased undercooling.
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Oldfield(s) considered the heat balance of eutectic cell growth and

obtained the equation:

da = LA
where N = number of liquid-solid interfaces per
unit length
dr/dt = radial growth rate
dq/dt = rate of heat extraction per unit volume
L = latent heat of fusion per unit volume

R = growth rate

In practice, the rate of heat evolution (R.H.S.) is balanced by heat extraction
at a given undercooling. If the heat extraction rate is increased, the melt
undercools until balance is reached at a lower temperature with higher nucleation.
Boyes and Fuller(lh) have summarised the effects of nucleation and growth rate
variation on graphite morphology, chilling tendency, and mottle formation

(Fig. 11).

2,5 THE IRON-GRAPHITE STABLE EUTECTIC SYSTEM

2.5.1 CRYSTAL STRUCTURE AND MORPHOLOGY OF GRAPHITE

Graphite in iron-carbon alloys forms with a hexagonal layer lattice similar
to that of natural graphite (Fig. 12)(40). The spacing of the carbon atoms
within the layers is much closer than the interlayer spacing, reflecting the
relative strength of the covalent bonding within the layers and the weak homo-
polar bonding between the layers. The strength of the covalent bonds within the
graphite layers is thought to be responsible for the persistance of carbon

microgroupings in molten cast iron.

Graphite crystal growth on an atomic scale has been envisaged(41)as occurring
by layer addition at re-entrant twin planes (Fig. 13). This mechanism produces

graphite flakes by a-direction propagation, which in normal grey cast iroms is



Summary of effects of variations in degree of nucleation

and eell growth rate on graphite structure, chilling
tendency and mottling characteristies

High degree of — > Low undercooling. > Many cells grow. ___ Fine mottle.
nucleation.

Lower tendency for Slow growth rate. — 5 Infrequently
white iron formation. branched coarse
graphite.

High growth rate.—- Low undercooling. —> Few cells grow.—> Coarse mottle.

Frequently branched \ Low tendency for
fine graphite. white iron formation.

Low degree of — . High undercooling. . Few cells grow. 5 Coarse mottle,
mucleation.

Higher tendency fol\ High growth rate, —> Frequently
white iron formation. branched

fine graphite.

Low growth rate.->High undercooling. — » Many cells grow. —» Fine mottle.

Infrequently branched \mgh tendency for white
coarse graphite. iron formation.

F16. 11. Boyes & Fuller. (1%)
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considerably faster than c-direction growth, produced by the addition of atoms

to screw dislocations (Fig. 1%).

These growth mechanisms have been used(kz) to explain interactions of
solute elements with graphite crystals. Three main classes of interaction have
been proposed:

(aQ adsorption on growing surface steps, which 'poisons' the
growth mechanism and leads to alternative morphologies (Mg, rare earths),
(b) elements may segregate to form boundary layers which cause

instability (B),

(¢) elements may affect the edge energy of (0001) planes, producing

co~operative growth along the c-axis under certain conditions (e.g. Se).

The colloidal disperse theory implies graphite growth by microgroup
addition to growing flakes., This viewpoint does not appear to be fully recon-

ciled with the atomic-scale growth theories just outlined.

As the direction of slowest growth in normal grey cast iromns is the c-axis,
flakes are ideally bounded by large (0001) surfaces. Branching takes place by
the formation of irregularities in the (1010) direction. In hypoeutectic grey
cast irons, the flakes are commonly curved and deformed. High mobility during

growth results from the weak nature of the homopolar bonds between the hexagonal

planes.

2.5.2 STABLE EUTECTIC FOBMATION
18.37)

Controlled solidification experiments( with pure iron-carbon alloys

have produced lamellar austenite-graphite eutectic forms at slow growth rates.
Under these conditions the constant n, in the equation A = HR", n= 0.49(18),
suggesting that the eutectic is normal (for normal eutectics, n = 0.34 to 0.5).

In commercial cast irons, impurity adsorption and segregation tends to disturb

planar growth interfaces and parallel flake growth is hampered, even at very

low growth rates,



Crystal structure of graphite. a,2.46 A. b, 4.28 4.

671 4.
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Under normal solidification conditions, eutectic growth is less

(17)

co-operative(lg) and branching and flake deformation occur. THughes con~
sidered graphite branching to be due to the difficulty of forming preferred low
energy interfaces between austenite and the graphite basal planes. Koves and
Mondolfo(lg) described the branched eutectic as degenerate, but Iakeland and

Hogan(lil*) believed it to be normal since a degree of co-—operation between the

two phases is maintained in all flake growth forms.

All types of the graphite eutectic which form directly from the melt during
the solidification of normal castings, grow radially with graphite in contact
with the liquid. The eutectic is divided into colonies, each of which is
believed to result from a single nucleation event. Repeated sectioning and

polishing(zAES - 146) (47)

(48.49),

, deep etching and more recently, scanning electron micro-

scopy have suggested that the graphite within each colony is inter-

connected (Fig. 15)

Graphite eutectic morphologies are commonly classified using the A.S.T.M.
system(50) (Fig. 16), which depends on variations in the state of graphite
division, branching and deformation. The drawback with the A.S.T.M. classgifi-
cation is that it only accounts for changes within the eutectic cell, and
neglects allied variations in nucleation. A more complete classification
system has been suggested by G‘unnarson(mz in which the cell numbers are related

to the graphite types within the cells.

Changes in eutectic morphology result from variations in eutectic nucleation
and growth rate. These parameters are in themselves affected by complex rela-

tionships between undercooling, composition, segregation and cooling variables,

. k . .
H:Lllert( 3), studying pure iron-carbon alloys, demonstrated that increases
in growth rate reduced directionality and tended to stabilise the undercooled

eutectic. Fig. 17 shows the effect of a sudden increase in growth rate on the
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structure of a unidirectionally solidified melt. The presence of austenite
dendrites at high growth rates was explained using the hypothesis that graphite
is the leading phase at small undercoolings, while austenite formation is
increasingly favoured as the temperature falls (Fig. 18). The undercooled or
'D'~type graphite structure was believed to form with a greater degree of

co-operation between the two phases than the A-type eutectic.

Djidjev(52) considered the effects of cooling rate on the stable eutectic
and concluded that the main factor determning graphite morphology is the rela-
tionship of the mean radial growth rates of austenite and graphite. The mean
radial rate of eutectic growth increases with undercooling, thus favouring
austenite as the leading phase, since the growth rate of austenite increases
more rapidly than that of graphite with undercooling. When the rate of graphite
growth is greater than that of austenite, types A and B eutectic are obtained,

while for D and E eutectics, austenite is the leading phase.

In commercial cast iromns, solute rejection and adsorption at the growing
interface can exert great influence on graphite nucleation, growth rate and
form. The degree of segregation of a given element is governed the composition
of the alloy, distribution and diffusion coefficients, degree of nucleation,

and growth rate (as determined by section size and cooling conditions).

(53)

Charbonnier and Margerie report that in castings of up to 10 cm. dia.,
chemical heterogeneities on a microscopic scale are much greater than macro-

segregation. Segregation is most commonly found as concentration gradients

across primary austenite dendrites, or from the centre to edge of eutectic

cells.

A4

4

Merchan.t(5 ) suggested that the segregation of elements with low distri-
bution and diffusion coefficients should be high. Using this criterion, sulphur
should have the most significant segregation influence in eutectic cell boun-—

daries; phosphorus and manganese would segregate only moderately, while silicon
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and carbon would be depleted at cell edges. These tendencies were confirmed

by experiment.

It is reported that elements which decrease the activity of carbom in
liquid cast iron have segregation coefficients less than 1 and vice versa(55).
Flements which segregate to colony boundaries are often eutectic carbide stabi-
lisers (Cr, V, Mn, Mo), while graphitisers tend to segregate to colony centres
(si, A1, Ni, Cu). This may also account for the formation of carbides or pear-
lite at cell boundaries. The addition of elements such as Ag, Bi, Cd or Pb to

cast iron results in their almost complete segregation to eutectic cell boun-

daries, because they are virtually insoluble in ligquid cast iron.

Segregation may hinder carbon deposition from the melt, retarding growth
and causing changes in eutectic morphology. Djidjev(52) explained the variation
in graphite distribution across B-type eutectic colonies by referring to silicon
segregation at the colony centres. The increased silicon concentration reduced
carbon diffusivity and led to fine graphite; coarser graphite. forming at the
cell boundaries where the silicon content was less. Lakeland(ls) explained the
same phenomenon by suggesting increased sulphur adsorption on growing graphite
flakes during eutectic solidification. The coarsening of the graphite from the
colony centre to the periphery was said to be due to retardation of austenite

growth by sulphur segregation in the liquid(56).

Any factors which inhibit the transport of carbon atoms to the graphite-
liquid interface will tend to retard eutectic growth rates and may enable
sufficient undercooling for metastable solidification. Heisterkamp and
Lohberg(57) showed that the diffusion of carbon atoms above the eutectic temper-
ature is retarded by sulphur. This mechanism was tentatively extended to the

case of tellurium by Nieswaag and Zuithoff(ss)-

Lakeland and Hbgan(sg) proposed a cyclic growth mechanism for pure Fe-C-S
alloys which could easily apply to commercial cast irons (Fig. 19). Seolidifi-

cation of eutectic colonies leads to sulphur segregation and "constitutional™
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undercooling in the intercolony areas. Austenite may nucleate in these areas
forming dendrites. Carbon segregation at the dendrite peripheries causes local

supersaturation of the melt and leads to graphite nucleation and eutectic cell

growth.

2,6 THE METASTABLE EUTECTIC SYSTEM

2,6.1 CEMENTITE CRYSTAL STRUCTURE

Lipson and Petch(60) studied the structure of cementite using X-ray
diffraction. In their model (Fig. 20) each carbon atom is located near the
centre of a prism formed by six iron atoms. Within the unit cell, the mean
Fe-C distance is 2.033. There are, however, two more iron atoms within 2.318
of each carbon, and it may be that these also have some influence on carbon

(58)

enviromment., Bonding between iron atoms is metallic and Petch suggested
that the carbon is linked to the iron by resonating covalent bonds. In commer-
cial cast irons, cementite composition may not adhere strictly to the formula
FeBC. Petch(61) discussed the bonding in the Lipson and Petch(60) cementite
model and recognised the possibility of bond variation due to alloying. This
idea was followed by Brown and Hawkes(62), who considered the effects of atoms
substituted in the iron lattice and held by intermetallic bonds or present as
interstitials in the crystal structure (Fig. 21). Carbide stabilisation was
discussed in terms of weakening of the Fe~C resonance bond by atoms which dis-
tend the lattice (nickel, cobalt), or strengthening by lattice contraction
(chromium, manganese). Interstitials not held by metallic bonding (sulphur,
boron) would presumably reinforce the resonance bond and stabilise the structure.
This model does not hold for all elements: aluminium and silicon are predicted

as carbide stabilisers, when they are in fact graphitisers.

2.6.2 METASTABLE EUTECTIC STRUCTURE AND GROWTH

Wilkinson and Hellawe11(40), and latei‘ Brigham(63), produced lamellar forms

of the metastable eutectic in which A = AR 0'3’*. This factor, together with the

discovery of an orientation relationship between cementite and austenite(&*)



(15)

suggests that ledeburite is a 'mormal' eutectic under controlled growth condi-

tions.

The metastable eutectic has two main growth forms (Fig. 22). Co-operative
growth at low undercoolings between nearly-parallel austenite rods, with cementite
as the matrix phase gives the 'mormal' eutectic. Each cell of this eutectic has
been shown to comsist of continuous austenite and cementite forming two inter-
twining crystals(Ba). At greater undercoolings, an acicular or platelike eutectic
forms, in which the cementite occurs as plates, similar to the proeutectic type.
Fuller and Hughes(65) showed that the nucleation and growth of the two eutectic
forms differs. Normal ledeburite forms in a columnar manner, while the acicular

eutectic appears to nucleate and grow simultaneously at a great number of points.

Hillert and Subba Rao(43) suggest that if the eutectic reaction is diffusion
controlled, and if surface energy requirements are met, the normal growth form
with rod~like austenite should predominate. As cooling rates increase, the

cementite has a tendency to form plates similar to proeutectic Fe_C. The

3
superiority of the edgewise growth form as non-equilibrium increases indicates
departure from diffusional and surface energy control. Hillert and

(38)

Steinhauser explained the block structure of ledeburite colonies in terms

of the relative growth velocities perpendicular and parallel to the nucleating
cementite platelet (Fig. 23). Edgewise progress is favoured, overtaking the
sideways growth to give a.stepped structure (Fig. 24). Bunin(66) demonstrated
the superiority of edgewise growth at high cooling rates by showing that the
step angle decreased with increasing cooling rate until sideways growth was

totally eliminated.

The formation of acicular ledeburite is much less frequent than that of
the normal or stepped structures. With increasing degrees of non-equilibrium,
mixtures of normal eutectic with non-co-operative edgewise growth forms give

rise to 'degenerate' structures.
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Thermal non-equilibrium may not be the only factor in the formation of the
degenerate structure. It may be encouraged by close spacing of the primary
cementite plates, which limits sideways co-operative growth giving a coarse
eutectic(38). Compositional effects are of obvious importance, as surface
energy and diffusion appear to govern the occurrence of edgewise growth. Phos-
phorus(67), sulphur, oxygen and manganese(68) have been shown to produce massive

degenerate carbide forms.

The acicular eutectic is characterised by the absence of sideways growth.
The platelike structure was found to solidify after a greater degree of under-
cooling than that required for the normal or degenerate eutectics(68'7o). Rapid
cooling, which causes greater undercooling, favours platelike growth. Scheil

and Poh1(69) managed to eliminate sideways growth and produce an acicular struc-
-1

ture by reducing the silicon content of the alloy under study.

(55)’ .

Work on segregation in white cast irons was reviewed by Merchant who
concluded that carbide stabilising elements segregate to cementite, while
graphite promoters are found in the austenite. Redistribution of the elements
on solidification is dependant on the diffusion rates of the partitioning
elements in the solidifying melt. Partitioning has been shown to decrease as
cooling rate increases, except in the case of elements such as silicon and
aluminium (and presumahly gases), which have comparatively high diffusion rates
in the liquid phase. Levi and Stamenov(7l) considered silicon segregation in
white cast irons from the point of view of phase equilibria. They produced a
model of silicon segregation (Fig. 25), which predicts substantial silicon
enrichment in the peripheral austenite~ledeburite interface zones during eutectic
crystallisation. This wassaid to lead to localised fluctuations in carbon con-
centration, forming graphite micro-muclei at the austenite cementite interfaces.

The overall picture of silicon segregation in ledeburite was confirmed by

. 2 . .
Malinochka et z—;.l(7 ), using microprobe analysis and special etching techniques.
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2,7 MOTTLED STRUCTURES

Hillert(l) studied the nucleation and growth kinetics of the stable and
metastable eutectics, concluding that while graphite nucleated preferentially,
cementite had a considerable growth advantage over the stable eutectic. These
factors, coupled with the closeness of the two eutectic equilibrium temperatures,
may lead to the presence of the stable and metastable eutectics in the same region,
forming a mottled structure. The conditions for mottle production vary according

to alloy composition and the cooling system.

In sand castings, mottle is usually the result of a critical cooling rate
(Fig. 8), such that when the casting undercools into the metastable region
graphite growth and recalescence is insufficient to prevent cementite nucleation
in the undercooled liquid. Once cementite nucleates, its growth advantage is
such that it rapidly overtakes and engulfs the stable colonies to produce a

mottled structure.

Another cause of mottle in foundry situations is the chill wave effect
described by Hnghes(73) for chill/sand test castings. Thermal sequences in
chill/sand test castings are complex, depending on pouring temperature and the
thermal characteristics of the chill or mould. A two-dimensional representa-
tion of the time-temperature distribution in a metal mould (Fig. 26) shows that
the chilling effect of the mould walls moves into the casting with time. This
may be shown in terms of a chill effect line x~y. In a compesite chill/sand
mould, the chill wave interacts with the normal process of sand mould solidi-
fication. The chill wave travels axially up the casting, causing undercooling
and enabling cementite growth to follow the chill wave. Graphite colonies are
overgrown by the fast moving white eutectic to give mottled structures similar
to those of sand castings. Superimposition of the chill effect line on the
eutectic solidification area (Fig. 27) enables a graphical interpretation.
Chill/sand test results may be qualitatively extended to cover the effects of

chills (whether external, internal, surface or thin sections) in normal castings.
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In all these cases, there is the possibility of chill wave propagation and

hence mottling,

The extent of mottle, whether produced by a critical cooling rate within
the casting, or induced by chilling, is obviously dependant on metal composition.
The effects of variation in stable eutectic nucleation potential and growth
rate on mottling have been sunmarised by Boyes and Fuller(14)(Fig. 11). Another
factor in determining the degree of mottle in a given casting is the degree of
separation of the two eutectics: this has been shown to be very sensivive to
composition (4.74). In general, the introduction of elements which widen the
separation of the eutectic equilibrium temperatures will enlarge the region of

preferred graphite growth and decrease the likelihood of mottling.

The influence of segregation on mottling has already been mentioned in
connection with the concentration of carbide-stabilising elements at stable

(55)

cell boundaries , which may lead to metastable crystallisation in these
regions. A similar mechanism was postulated by Kamensky and Piskor(75) to
explain the occurrence of aligned graphite streamers between columnar ledeburite
colonies in chilled iron rolls (Fig. 28). Microprobe analysis of the streamer
regions revealed nickel and silicon segregation into the graphitic areas and
concentrations of the carbide stabilising elements chromium and vanadium in the
surrounding ledeburite. These segregates were said to balance the relative
nucleation and growth stabilities of the two eutectic forms, enabling parallel

columnar growth under the conditions of high temperature gradient inherent in

the permanant mould process.

The streamer graphite formations noted by Kamensky and Piskor(75) are
included in the range of structures covered by the term 'indefinite chill'.
Loper and Heine(76) defined three main types of graphite formed by low tempera-
ture mucleation and growth, all of which may occur with the metastable eutectic

to give indefinite chill. These structures form a continuous series from those
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solidifying directly from the melt to those formed by the solid state decompo-
sition of cementite. Their structures and modes of formation will be discussed

in detail in the section on indirect graphite formation.

2,8 INDIRECT GRAPHITE FORMATION

Mottled or completely graphitic structures may be formed by the solid
state decomposition of metastable eutectic at high temperatures to give austenite
and graphite. At lower temperatures, deposition of carbon from supersaturated

austenite may lead to further graphitisation.

The decomposition of cementite involves destruction of the orthorhombic
lattice by carbon diffusion to a suitable nucleation substrate and the reforma-
tion of the iron atoms into F,C.C. austenite, saturated with carbon at the tem~
perature in question. The kinetics and product morphologies of the decomposi~
tion process are highly temperature dependent for a given alloy. Small composi-
tional differences caused by basic constitution or segregation can lead to wide
variations in decomposition behaviour. As mentioned in a previous section,
variations in cementite stability with alloy composition have beenrn accounted
for by citing interatomic bond strengths in the crystal lattice(62), or
micronuclei(7l). In spite of these theories, and wide knowledge of the effects
of alloying additions, the actual mechanisms by which alloying may affect

cementite stability remain largely unknown.

The work of Brown and Hawkes(62) showed that the decomposition process was
one of nucleation and growth. The process was depicted on an atomic scale as in
Fig, 29. This shows that graphite nucleation takes place at an austenite-
cementite interface, while subsequent growth occurs by diffusion of carbon atoms

through the surrounding austenite.

The nucleation of temper carbon at austenite-cementite interfaces was noted

by Walker and Kondic(77) and ascribed to the preferred energy state of these



AUSTENITE AUSTENITE GEMENTITE7

\

00900 000 o000 °
. . Q
o000 © 00 o000
©co00 0 000 0000
0000 L 0o 00
000 0 o000 cooo
0000 © 00 o000
. Q .
0000 000 00O0O
©coo0o LN 0000
o000 000 cococeo

(;EIENTI'I’Ej GRAPHITE AUSTENITE h


mtt.It/

(20)

sites. Russian workers(78'79) have confirmed these findings; considering inter-
faces, grain boundaries and free surfaces as sites where the dissipation of the
strain energy induced by graphite deposition is easiest. The strain dissipation
theory would account for the increase in solid state graphite nucleation after
mechanical deformation or quenching which increases the number of flaws in the

lattice.

Burke and Swindells(so) defined the rate determining processes during
solid-state graphite growth:

1. solution of cementite in austenite

2. carbon diffusion through austenite

3. precipitation of carbon on to a suitable nucleus

k., removal of iron and solute atoms from the moving interface
(strain energy term)

The relative importance of these steps in a given situation will depend on

temperature and alloy composition(81).

Hultgren and Ostberg(82) showed that the morphology of graphite formed by
decomposition is not dependant on nucleation so much as on the subsequent growth
conditions, which in turn depend on the temperature composition and the annealing
atmosphere. High temperatures promote flake or flake aggregate forms in which
graphite nucleates with the basal plane of the hexagonal lattice aligned with the
mucleating surface. At lower temperatures, and in the presence of surface active
(83)

elements such as sulphur y the tendency is towards more compact aggregates.

Commercial malleable castings are cast completely white and annealed to
develop a grey structure in various matrices. They are usually cooled below the
AC3 transformation after casting before reheating to cause decomposition. The
reason for this procedure, apart from ease of handling, is that the cooling
process induces flaws in the cementite structure which aids graphite nucleézgéz?2
Another factor in improving the graphitisation of commercial malleable castings

is that pearlite formed during cooling does not entirely re-dissolve on heating:
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sufficient remains in the form of spheroids to greatly increase the nucleation-
active austenite-cementite interface area. The nucleation characteristics of
normal malleable irons are therefore different from those of white irons which

decompose during continuous cooling after casting, or which are annealed without

cooling below AC3'

Apart from the deliberate exploitation of the metastable nature of cementite
in malleableising, there exists another field involving the same mechanism: that
of graphitisation in normal castings after solidification without reheating.
Hughes(84), in reviewing the development of a theory of grey cast iromns, showed
that cementite decomposition after solidification was at one time widely held to
give rise to all the types of flake graphite encountered in cast irons. The
indirect formation theory was discarded in the case of A and B graphite at an

early stage. The mechanism of D-type graphite formation hasbeen the subject of

more recent controversy.

Eash(23), using inoculation and quenching, concluded that the undercooled
eutectic formed indirectly as a result of solid-state carbide decomposition.

(29)

This view was shared by Morrogh and Williams s Who used an interrupted quench
technique. Hultgren et a1(8) disagreed with the cooling curve interpretations
previously put forward and proposed direct formation from the liquid. Morrogh(SS)

later accepted the conclusions of Hultgren(s) and reinterpreted his results in

terms of the direct formation mechanism.

The work of Berman and Kondic(86) demonstrated that the time required for
cementite decomposition at temperatures close to the eutectic was of the same
order as that of graphite formation on cooling. Later, Harris and Kbndic(87)
suggested that the formation of graphite by decomposition near eutectic tempera-

tures could give rise to graphite similar in form to that of the undercooled

eutectic.

0ldfield's experiments on ledeburitic irons(ss), quenched after rapid
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which acts as a nucleation substrate. Nevertheless, the fact remains that in
the great majority of cast iromns, eutectic graphite flakes are enveloped by an

outer graphite layer formed in the solid state.

Djidjev(52) noted graphite concentrations at primary austenite-graphite
eutectic interfaces, suggesting graphite deposition from supersaturated austenite,
after complete solidification. This observation, together with the 'envelope'
theory outlined above is interesting in the light of recent scanning electron

microscope studies(41'42)

s Which explain graphite growth in terms of surface
structures. Clearly, more work is necessary to establish the relationships

between growth substrate structure, temperature and graphite morphology for

carbon deposition from both liquid and solid states.

2.9 CONCLUSIONS AND OUTLINE OF THE PRESENT WORK

The wide structural variations possible in cast irons have been shown to
result from the influence of a complex series of interdependent variables on
nucleation and growth in the liquid and solid states. It appears that in many
instances the full implications of possible physical and chemical interactions
have not been appreciated. Instances of incomplete lkmowledge appear in all

aspects of solidification of Fe-C-Si alloys from the liquid state, to solid-

state reactions.

Various methods have been devised for studying the relative importance of
interdependent variables in determining cast iron structure. Controlled solidi-
fication experiments which produce steady state growth conditions have been used
by many investigators. The disadvantage of these methods is that they are
restricted to growth studies, and cannot easily cover the complex range of

mucleation~growth interactions encountered in real castings.

In commercial castings, the common methods of structural control are
centred on variations in nucleation {alloy composition and liquid metal treat-

ments), cooling rate and post-solidification heat-treatment. This field may be
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fluidised bed of 30-80 grade aluminium silicate gave an initial stucco coating
which was allowed to dry in air for six hours before a second primary coat was
applied. The secondary layers, which followed the primary coats after twelve
hours, were applied by dipping the pattern into an acidified (pH 2-3) ethyl
silicate solution, followed by coating with 16-30 grade molochite using a
fluidised bed. Suspension of the pattern in an ammonia-filled container for
three minutes gelled and hardened the ethyl silicate binder. Coats were applied
at ten minute intervals to extend the useful life of the binding solution by
allowing ammonia evaporation from the pattern. Five coats of secondary stucco
gave a shell approximately 8 mm thick which was allowed to dry overnight before

dewaxing.

To counteract mould cracking on dewaxing, the moulds were placed in a
muffle furnace at 1000°C. The thermal shock gave a thin layer of molten wax
at the mould wall, which cushioned the brittle refractory during the subsequent
wax expansion. Mould firing at 1100°C for 1 hour strengthened the refractory

and removed any carbon left from the dewaxing process.

3.3 CERAMIC. MOULD EXPERIMENTS

The object of these experiments was to produce a widely varying range of
structures within one test bar. Cylindrical ceramic shell moulds 25 cm long
and 2.5 cm dia were produced (Fig. 30), having an enlarged cavity at the base
to accept a chill. A mould preheating furnace limited nucleation at the mould
walls while solidification took place under the influence of the water cooled
copper chill at the mould base. Melting and mould conditions were varied to

investigate the effects of casting variables such as pouring temperature and

mould temperature.

3.3.1 MELTING UNIT

1 kg cylindrical charges were melted in a 10 Ke/S E.M.A. induction heating

unit, supplied by a 50 Kw middle frequency generator operating at 420-440 V.
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3.5 METAL MOULD EXPERIMENTS

A feature of cast iron solidification is the possibility of structural
changes in the solid state during or immediately after the completion of
freezing. These processes were examined by casting thin section samples into
heated metal moulds. Rapid cooling of the molten metal resulted in metastable
solidification, while the elevated temperature of the moulds enabled study of

transformation processes at temperatures near the eutectic.

Initial experiments with copper and steel moulds indicated the feasibility
of the technique, but brought to light preperties required of the mould material:
heat, oxidation and melt reaction resistance, coupled with good conduction at
elevated temperatures. The first alloy chosen as a mould material was
Ni-20% Cr, used for the production of cylindrical mouxlds. Moulds for later
experiments with thin plate castings were made in A1S1 type 310 stainless

steel (55% Fe, 25% Cr, 20% Ni) for ease of machining and casting extraction.

3.5.1 CYLINDRICAL MOULDS

Ni-20% Cr alloy was prepared by direct alloying in an induction furnace
and cast into 1 cm bars in steel chill moulds. The billets were cut into
k cm lengths and drilled longitudinally to give a cylindrical mould cavity
which just penetrated the mould base to allow air escape on casting. Mould
tops were machined to produce a thin projecting tube of metal which located
the silica down runner of the melting crucible (Fig. 34). A length of heat
resistant nickel alloy strip, spot welded to the mould, served as a lifting
rod and thermocouple support. Moulds were produced with a range of internal

diameters (4 mm, 3 mm and 2 mm)), giving a variety of cooling conditions.

0.25 mm Pt/Pt-13% Rh thermocouples were introduced into the mould cavity
through 2 mm holes drilled in the side of the mould 1 cm from the base.
28 S.W.G. chromel-alumel thermocouples inserted into blind holes in the mould
wall monitored mould temperature. Compensating leads from the thermocouples

were welded to copper wires connected to a 'Rikadenki'’ 5-pen recorder. The
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After casting, moulds were withdrawn after measured intervals and quenched in
water (Fig. 36). As casting extraction was impossible, both mould and casting
were sectioned longitudinally using a liquid-cooled grinding wheel to exnose

the iron specimen. The resulting section was prepared for metallography in the

normal way.

3.5.2 CRUCIFORM PLATE CASTINGS

Cruciform plate castings 1.5 cm x 0.5 cm with arms 2 mm, 1.5 mm, 1.0 mm
and 0.5 mm thick were produced in '301' stainless steel divided moulds (Fig. 37).
The moulds themselves were cast by the ceramic investment process using a

duralumin die for wax injection.

Mould halves were bored with 2 mm registering holes and clamped together
using stainless steel locating pins. Thermocouple support and mould handling was
enabled by spot welding a length of nickel alloy strip to one half of the mould
(Fig. 38). Optimum filling was obtained by mounting the moulds vertically and

using the 1.5 mm plate as a sprue.

Metal was directed into the monld cavity by means of a ceramic pouring cup
produced by investing a wax pattern joined to an alumina insulating bead. These
were attached to the moulds using pyruma cement, which was hardened by baking at
200°C for 1 hour. The alumina bead tended to insulate the mould from the metal

solidifying in the pouring cup and therefore reduced mould heating.

Mould temperatures were monitored using 28 SWG chromel alumel thermocouples
inserted in blind holes drilled in between the arms of the mould cavity. Cooling
curves were obtained from 0.25 mm Pt/Pt-13% Rh thermocouples sited in the mould
cavities at the plate centres. All thermocouples were bound to the supporting

strip using thin chromel wire.

Study of the time dependence of high temperature transformation processes

demanded careful standardisation of casting and mould conditions. For this
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effects of graphite promoters and carbide stabilisers on the stable-metastable

transition and individual phase morphologies under the conditions of solidifi-

cation imposed in the heated moulds. Compositions of additions are given in Table 7

3.8 METALLOGRAPHY

facro examinations were carried out after etching surface-ground specimens
for 2 minutes in 20% nital. Macrostructures were darkened before photography with

30% hydrochloric acid.

All sections for micro examination were ground on water lubricated silicon
carbide paper down to 600 grade. This was followed by alternate etch-polishing
with 5% picral and a rotating 1 micron diamond lap, until all grinding marks
disappeared. Final etching and polishing on a 0.25 micron diamond lap was

repeated twice before further treatment.

A variety of etchants was employed in microstructural examinations. 2%
nital and 5% picral were used for normal white and grey microstructures. For
examination of cementite decomposition, it was necessary to use etches which
revealed the boundaries of decomposed ceméntite colonies. Hnltgren(93) reported
the use of alkaline sodium picrate for this purpose in steels and it has since
been shown to be effective for cast irons(ﬁs). The use of sodium picrate was
extended by using a double etching process, etching for 30 secs in boiling
alkaline sodium picrate, drying, and then re-etching in 2% nital for 15 secs.
The nital stripped off the surface film left by the first etch and gave good
graphite and matrix definition, while retaining the cementite colouration.
During the course of this work bromine was found to be a useful etch for showing
segregation and decomnosed cementite areas. A-%% solution of bromine in
methanol was applied to the polished specimen surface and washed off after

4-1 second with hot water, followed by acetone. This etch could also be used

with nital for greater matrix definition.

Zeiss Ultraphot and Universal microscopes were used for examination and

recording of representative microstructures in all specimens. Microstructural



Element Puor/ity Form
Al 99-993 Cast Bar
Mg 985 "

Bi 99-97

Ti 999 Wire
Sr 9999 Cast Bar
Ca 995 Borings
Te 995 Cast Bar

TABLE 7 . Composition of Alloying Additions .
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features in the ceramic mould specimens were related to overall structure by
measuring their position relative to the chill face. Distances were recorded

using the vernier attachment on the microscope stage.

3.9 SCANNING ELECTRCN MICROSCCPRY

Selected areas (maximum 1 cm Square) were cut from polished samples and
deep etched in 10% bydrochloric acid in alcohol for 12 hours. As the allofs
contained silicon, a few drops of hydrofluoric acid were added to the etchant
to improve its action. An alternative etch which was useful in exposing carbide
structure was a 5% solution of bromine in methyl alcohol, applied for up to
12 hours. After etching, specimens were cleaned in boiling acetone and dried

in a hot air strean.

All specimens were mounted on alumihium carriers using 'Durofix' flue with
silver dag to provide a conducting path from specimen to stub. This prevented

charge build up on the specimen which may cause image fogging.

The scanning electron microscope used in this investigation was a Cambridge
Stereoscan Mk II, This instrument enabled surface examinations with a greatly

increased depth of focus. The best resolution obtainable is about 200 3, but

this is dependent on the morphology and atomic number of the materials concerned.
After selective deep etching treatments, the technique gives stereoscopic views
of the unattacked phases. The method is of obvious use in the study of graphite

in cast irons, and has been employed by several investigators.

The object of scanning electron microscopy in this series of experiments
was to examine the form and continuity of graphite and cementite in test
specimens. Results are accompanied by an angle, representing the angle between

the normal to the specimen surface and the electron beam.



3.10 MICROPROBE ANALYSIS

Microprobe investigations were carried out using a Cambridge Microscan
Mk IIA microanalyser. This equipment is suitable for semiquantitative and
qualitative analysis of inclusions and segregation, and is capable of detecting

elements above sodium in the periodic table.

Specimen surfaces were prepared by the technigques used in normal metallo-
graphy, polishing to 0.25 micron after mounting in conducting bakelite. Surfaces
were lightly etched in 1% picral to enable specimen orientation under the elec-
tron beam. Heavy etching was avoided as this can lead to topographical and

leaching effects which may influence results.

3.11 HARDNESS TESTS

Hardness testing was used as a guide to overall structural variation between
heated ceramic mould specimens with pure element additions. A standard Vickers
testing machine, with 10 Kg load and mounted with an adjustable vernier table,
gave hardness values at intervals of 0,5 mm along the central axis of each speci-

men using the chill as reference zero.









thermocouple positions
v v

v v v 025
05
075

9o
2
3
1000
®
-3
§
= 900
800
0 2 3 4 5 6 7 8 9 10 " 12
Distance From Chill {cms) —
) thermocouple positions .
14001 v v V v v ¢
025 time
13001 {mins)
05
075
10
T 12001
! 15
5 } eutactic solidification
‘-‘"m. range
° 50
2
210001
o
Q
§
= 9001
800
0 1 2 3 4 5 6 7 8 9 10 1 12

Distance From Chill {cms) —

time

{mins)



- 43 -

It may be seen from Fig. 44 that solidification near the chill took place
after the passage of the chill wave and was therefore subject to chill influence
at all stages of freezing. At distances more removed from the chill, solidifi~
cation due to heat loss through the mould walls was already in progress when
the chill wave arrived. Still further from the chill, solidification was com-

plete on arrival of the chill wave.

Preheating the mould to 1150°C retarded the start of eutectic solidifica-
tion at a given distance from the chill while increasing its duration. The
positions of the chill effect lines indicate an increase in chill penetration
on mould heating. These effects result from reduction in heat loss through
the mould walls and inhibition of eutectic nucleation and growth at positions

remote from the chill.

The increase in chill effect penetration with mould heating may be under-
stood by reference to Fig. 45 which give temperature distributions for heated
and room temperature moulds for a series of times from 0.25 mins. after casting.
The position the chill effect line reaches before solidification is indicated
by the distance X-Y. 1In both cases, this distance is governed by the balance
between the mould walls and chill as means of heat extraction. Where heat
losses through the mould walls are high, as in the room tempnerature mould, the
gradient of the chill effect line is high and the distance X-Y is small. Heat
conservation in the 1150°C mould results in close spacing of the isochrones,

reduces the chill effect line gradient, and increases the penetration of the

chill effect at any given time.

Close spacing of the temperature distribution lines in the heated mould
implies lower cooling rates than are experienced in the room temperature mould.
This is confirmed by cooling rate results (Fig. 46). The assumption that the
chill wave always produces cooling rates sufficiently rapid for metastable
solidification may not be correct if temperature distribution lines are too

close together. For this reason, the increase in chill wave penetration with


















- 47 -

1150°C decreases the depth of clear chill in the 2.04% Si alloy (Fig. 48).
Graphite colonies are found very close to the chill in the 1290° casting, while
graphite in the 1440° specimen appears further from the chill and coarsens less
rapidly. Chill and mottle in the 1440° casting penetrates further into the

specimen, although the amount of mottle is less than in the 1290° casting.

k,2.2 MICROSIRUCTURAL MEASUREMENTS

Structural comparisons may be made by means of microstructural measurements
shown in Figs. 49a and 49b. In these figures, the many structural factors which
make up chill and mottle are summarised by the following three measurements
made along the bar axis with the chill face as reference zero:

1. +the first appearance of graphite in the microstructure
2. the first 'B'-type graphite rosettes

3. the last eutectic cementite

The distance from the first graphite to the last cementite in the micro-
structure may be taken as a measure of the amount of mottle. The appearance
of rosette graphite is an indication of the relationship of the mottled region

to graphite morphology, which changes with distance from the chill.

Fig. 49a shows solidification patterns with changing Si content for room
temperature and heated ceramic moulds. Equivalent points in the different

alloy castings are joined to clarify structural relationships.

The trends in chill and mottle formation noted from the macrostructures
are maintained in the microstructural measurements. Changes in graphite
morphology from undercooled fine flakes to radial cells with coarser graphite
are noted for the 2.04% and 2.43% silicon alloys. Graphite colonies in the

1.00% silicon alloy were centered on radial flakes which coarsened gradually,

showing no sudden transition.

The effect of pouring temperature on chill depth of 2.04% silicon alloy

castings is shown in Fig. 49b. Reductions in vouring temperature in the heated
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dissociated and appeared discontinuous when viewed in plane section.

Graphite colonies were often pierced at the edges by cementite laths
aligned with surrounding ledeburite colonies. The amount of eutectic cementite
present in the ledeburite and lath areas decreased with increasing distance from
the chill. Etching in alkaline sodium picrate or bromine revealed 'ghost' net-
works which appear to show the position of pre-existing eutectic cementite.
These networks were accompanied by continuous graphite flakes similar to those
occurring in the colony border areas in association with ledeburite and cemen~
tite laths. Graphite colonies in the vicinity had coarsened borders formed by

compaction of fine flakes in the 2.04% and 2.43% silicon alloys.

4,3 CHILL/SAND CASTINGS

The object of these experiments was to examine the physical and structural
effects of solid chills in sand castings on the three alloys under study. It
was hoped that they might provide a link between structures produced under more

controlled conditions and those encountered in industrial situations.

4,3.1 THERMAL ANALYSIS RESULTS

Thermal analyses were largely unsuccessful due to thermocouple failure or
displacement by inflowing metal. Results were obtained for thermocouples
positioned on the casting axis at 0.5 cm and 4.0 cm from the chill surface.
Cooling rate data from these positions shown in table 8 is helpful in indicating
the influence of the solid steel chill during solidification and subsequent
cooling. The results quoted come from a casting in the 2.43% Si alloy, poured
at 1440°C. Both thermocouples were situated outside the chill zone in the

2.43% Si casting, but the one at 0.5 cm would have been within those of the

1.00% Si and 2.04% Si alloys.

The thermocounle at 0.5 cm indicates rapid initial cooling under chill
influence. The rate decreases in the solidification range, and subsequent

cooling at high temperatures in the solid state is slower than in the body of
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structural difference between the two silicon contents was in gravhite form,
which was undercooled throughout the mottled zone of the specimen with the

higher silicon content.

Network structures were widespread, representing both normal ledeburite
(Fig. 103) and cementite needle clusters similar to Fig. 90. Undercooled graphite
in these areas showed the border thickening and coherence found in other specimens.
Undercooled graphite encountered further from the chill (Fig. 104) was similar to

that in the centre of the first graphite colonies (Fig. 96).

4.,3.3.3 2,43% SILICON ALLOY

Undercooled craphite cells in this alloey (Fig. 105) were similar to those
in the 2,04% silicon casting (Fig. 96). Flakes in the colony coarsened at the
periphery, forming closed loops, massive flakes or flake aggregates. The plate-
like metastable eutectic lost coherence in the border areas, occuring as isolated
cementite particles. Fig. 106 at greater magnification emphasises the compaction

and surface irregularity of the peripheral graphite.

The initial region of continuous metastable eutectic with isolated stable
eutectic cells, pgave way to a more irregular structure characterised by the
presence of cementite needles. This region was in turn replaced by spherical
undercooled stable eutectic cells intermixed with fine elongated graphite
colonies, Fig. 107 shows the transition with the metastable eutectic on the left,
and the stable eutectic on the extreme right. The intermediate zone is shown in
greater detail in Fig. 108, where spherical stable eutectic cells are surrounded
by areas containing stable eutectic pierced by radiating cementite needles and
associated ledeburite. As noted by Hillert and Steinhauser(38), the cementite

needle cluster aligmment appears to be independent of the primary austenite-

dendrite lattice.

The mottle zones in this alloy showed extensive and progressive signs of

ledeburite and cementite lath decomposition with increasing distance from the
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. 0
entirely white, while snecimen B which was held in the furnace at 1015 C for
8 minutes showed signs of graphite formation in isolated areas (Fig. 123). The
graphite consisted of closely-packed clusters of curled and branched flakes

which touched and tended to engulf neighbouring cementite.

The infrequent nucleation or slow growth of graphite was also found in the
series of plate castings. Maintaining the casting at 1030°C for over 11 minutes
in experiment C produced only infrequent small graphite clusters (Figs. 124 &
125). The graphite consisted of randomly distributed aggregates with irregular
outlines and occasional flake offshoots. Eutectic cementite appeared to be
less coherent near the graphite and some contact occurred between flakes and

isolated cementite particles.

In experiment D, the casting held at 1060°C for % minutes had very small
amounts of graphite (Fig. 126). The isolated colonies occurred as flake
clusters outlining cementite at colony edges. Graphite was most common at the
specimen periphery, developing inwards in alignment with the metastable
eutectic. After 26 minutes the flakes were coarsened forming aggregated .

massive areas.

Similar trends were followed in experiment E, with the moulds at 109000.
Fine peripheral graphite with more massive flakes in the casting body had
developed after 14 minutes. These grew in size during furnace holding for
36 minutes (Fig. 127). The alignment and general appearance of the aggregated
flakes in Fig. 127 suggests graphite nucleation in porous areas. Fine single
crystal offshoots from the main irregular flakes were common (Fig. 128).
These extended into the surrounding ledeburite and occasionally contacted
cementite particles. Cementite in the vicinity of graphite showed general
wasting, only isolated particles remaining at nodes in the eutectic (Fig. 129).
Graphite flakes and the wasted cementite particles were frequently surrounded

by outlining areas of fine pearlite in an otherwise martensitic matrix.

Preheating moulds to 110°¢C in experiment F produced mottled structures on
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thermally saturated. Chill and mottle structures were consequently more limited

than in the ceramic mould castings.

Macrostructural examination showed a progressive decrease in chill and
mottle penetration with increasing silicon content. Preheating ceramic moulds
to 1150°C increased chill and mottle in the 1% Si alloy castings, but decreased

chill and mottle penetration in the higher silicon alloys.

For a given alloy, solidified in a ehill/ceramic or chill/sand mould,
structures generally coarsened under the progressively slower cooling rates
occurring at increasing distances from the chill. The initially acicular meta-
stable eutectic near the chill surface gave way to increasingly normal and less
finely divided ledeburite structures formed at lower cooling rates. Graphite
in the 1% Si alloy occurred as cosrse flakes which may form radial colonies with
finer streamer borders in mottle areas. Graphite flakes were subject to gradual
coarsening with increasing distance from the chill. On increasing the silicon
content to 2.04% and 2.43%, graphite in mottled regions and stable eutectic areas
subject to chill influence during solidification took the form of fine curled
undercooled flakes. These regions were bordered by aggregated flakes or more
continuous 'streamer' graphite. The gradual flake coarsening with decreasing
cooling rate during solidification noted in the 1% Si alloy was more abruptly
marked in the higher silicon alloys. Undercooled graphite became interspersed
with and finally gave way to coarser rosette forms as cooling rates fell. This
tendency to coarser graphite was not noted in the peripheral graphite of the
mottle zomes in 2.04% and 2.43% Si chill/sand castings, where coarse, aggregated

flakes gave way to streamers further from the chill.

Mottle structures in chill/sand or ceramic moulds followed a pattern common
to all alloys studied. Graphite occurred initially as isolated colonies which
multiplied and grew in size as distance from the chill increased. The graphite

colonies coalesced to become the major eutectic form, enclosing metastable
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(1) Mottle may result from metastable eutectic oucleation and growth
after undercooling during steble solidification; external physical conditions
being uniform(73).

(2) Stable solidification may be interrupted after sudden cooling from an

(73) (8),

external physical source, e.g. chill » Or quench
(3) Segregation may cause transition between the eutectics, e.g. metastable
eutectic at stable eutectic cell @pundaries(ﬁs), or possibly inverse chi11(96).
Alternatively white eutectic solidification may be replaced by grey solidifica-
tion after segregation, forming indefinite chill(75’89).
(4) Solidification of both eutectics at the same temperature has been
postulated, with possibly some degree of co-operation(lé).
(5) ‘'Indirect' mottle formation by solid-state graphitisation of eutectic
(49,89)

cementite has been suggested

For a given alloy composition, the difference between explanation 1 and 2
lies in the physical conditions under which solidification tekes place. Both
explanations imply essentially sequential solidification. Mottle results from
the overtaking and engulfment of growing stable eutectic coleonies by the faster
growing metastable eutectic(l). Structures formed in a given alloy by mechanisms
1 and 2 may be similar, provided the undercoolings and growth rates involved do
not result in radically different eutectic dispersions or morphologies. Imn the
following discussion, the first mechanism of mottle formation will be referred
to as the 'critical cooling rate' hypothesis. The second mechanism, which
depends on physical changes imposed from outside the system will be called the
'interruption' mechanism. It will be noted that a pre-requisite for mottle
formation by either mechanism is the presence of a sufficiently high cooling
rate to cause undercooling into the metastable eutectic region. The value of

this parameter depends on alloy comwosition.

The remaining three sources of mottle may be expected to produce structures

distinguishable from the 'ecritical cooling rate' and 'interruption' types by
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reason of distribution or phase morphology.

5.4 PHYSICAL FACTORS

5.4.1 INTRODUCTION

An initial requirement for the interpretation of cast structure is study
of the physical factors affecting solidification. Thermal analysis has shown
that physical processes in heated and unheated ceramic moulds and chill/sand

castings are widely different.

Thermal systems in any mould may be divided into three regions, which
govern final structure for a given alloy composition. These are illustrated in
Fig., 227 although it must be realised that such regions are not clearly divided
and considerable overlap occurs. This is true within a given microstructural
area as well as within a given casting, where all three processes may take place
simmltaneously. The major influence exerted by mould systems is that of heat
extraction in terms of its rate and temperature gradient at any given point.
The time spent in a given region of Fig. 227 may be critical in determining
solidification and post-solidification processes, which influence final structure.
The influence of cooling rate in the pre~solidification range was investigated
by Williams(96), who concluded that subsequent solidification was independent of
this parameter. Even if this is so, pre-solidification cooling may have wide
affects on structure by changing mould conditions and affecting cooling in regions
II and III. This was found to be especially so in the heated metal mould experi-

ments, as described below.

5.4.2 PHYSICAL INFLUENCES IN SOLIDIFICATION

Cooling conditions through the eutectic solidification range in heated
ceramic mould castings appeared to be controlled by the chill rather than by the
chill and mould. This would lead to transition between the two eutectic forms
and mottle production by the critical cooling rate mechanism. Structural transi-

tions under such conditions would reflect the response of an alloy to progressively



I . Pre-solidification

II . Solidification

IIT . Post-solidification

Time —— >



- 96 -

decreasing cooling rates more clearly than in castings where competition might

occur between mould and chill as means of heat extraction.

Room temperature ceramic mould castings solidified under the combined
influence of the chill and mould. The region close to the chill, which solidified
entirely under chill influence was subject to cooling rates which decreased with
increasing distance from the chill. Further from the chill, cooling through the

mould walls initiated solidification before arrival of the chill wave.

Solidification structures in these castings reflected a combination of

(73)

critical cooling rate and interrupted solidification as means of producing a
stable-metastable eutectic transition. The relative degree of effectiveness of
these mechanisms depends on alloy composition., Mottled zonmes in the room temper-
ature ceramic moulds were subject to relatively rapid cooling through the latter
part of the solidification region (Fig. 227). This is likely to produce different

structures to those formed in beated moulds where solidification region cooling

is slowver.

Transition between eutectic structures during solidification in chill/sand
moulds may occur as a result of chill wave interruption of stable system solidi-
fication or by the critical cooling rate mechanism. In these experiments, the
thermal mass of the chill was limited while cooling conditions in the casting
body were slow (Table 8). The structural transition along the casting axis above
the chill appeared to result from solidification at a critical cooling rate under
the influence of the chill wave. The interrupted solidification mechanism may
have applied in regions to the side of the chill surface (Fig. 33), where initial
stable system solidification took place under the influence of the sand mould.
The intensity of the chill effect in chill/sand castings was much less than in

either type of ceramic mould.

Heated metal mould castings were subject to continuous cooling at a range of

cooling rates prior to and during solidification. Mottle formed by solidification
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in such cases would form by the critical cooling rate mechanism. An important
physical factor in solidification in heated metal moulds was mould heating

during superheat loss and recalescence in the solidifying alloy. On a macroscale
this effect limited the upper mould temperature at which castings solidified in
the initial rapid cooling portion of the cooling curve (Fig. 120). Temperatures
above a certain level resulted in very slow cooling through the eutectic region
and always gave grey solidification in the alloys studied. Initial cooling rates
in the rapid cooling region were also affected by mould temperature (Figs. 121,
122). The mould temperature at which the initial cooling rate was reduced enough
to produce a completely grey solidification siructure was highly sensitive to
alloy composition (Tables 9 & 11). This effect gave an indication of the suscep-

tibility of alloys to metastable solidification.

On a microscopic scale, the thermal interaction of solidifying eutectie

cells may influence both solidification and solid-state processes. In the present
series of experiments many interesting structural effects were associated with

the borders of stable eutectic colonies in the mottle zone. The size of these
areas is such that accurate prediction or interpretation of structural processes
may not be possible from thermal arrest data. The problem of thermal analysis

in such systems becomes acute, when it is realised that apart from any problems

of accuracy or sensitivity the thermocouple itself may alter solidification or

transformation processes.

5.4.3 POST-SOLIDIFICATION PROCESSES

If post-solidification or 'secondary' mottle occurs, (mechanism 5) its form
and extent in a given alloy will depend on the physical conditions both during
and after solidification(87). The amount of time spent at elevated temperatures
is inversely proportional to the cooling rate through the temperature range in
question (Fig. 227). 1In these experiments, pest solidification ceoling at any

given point in the chill and mottle zones was most rapid in room temperature
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ceramic mould castings (Fig. 46). Corresponding positions coéled at much lower
rates in heated mould specimens. Thermal saturation of the solid steel chill
in chill/sand castings resulted in very slow cooling conditions throughout the
chill zone (Table 8). A cooling rate of 16°C/min. through 1000°C was recorded
at a distance of 0.5 cm from the chill. This point was within the limits of

network structures in all chill/sand castings (Fig. 87).

Heated metal mould results should be interpreted in the light of the
‘composite' nature of the cooling process after solidification. Isothermal
treatment in heated metal moulds was preceded by slow cooling after solidification
from the temperature attained by mould and casting to the furnace temperature
(Pig. 120). The rate of cooling before isothermal conditions were reached

decreased with increasing furnace temperatures (Figs. 121 & 122).

5.5 COMPOSITIONAL INFLUENCES ON SOLIDIFICATION

5.5.1 INTRODUCTION

Solidification in a given physical situation is governed by alloy composi-
tion and its prior history. Compositional effects in commercial cast iron soli-
dification are obviouslyextremely complex, involving many elements exerting both
individual and composite influences. Elemental effects may be divided into two
main classes. The first group is based on the thermodynamic effect of an element
on the relative stability of stable and metastable eutectic systems. The second
depends on direct influence on nucleation and growth processes. In the case of
thermodyanmic influence, structures obtained should not be exclusive to alloys
containing the particular alloying element, and should be no different from
structures produced by other means. In the case of direct influence on nucleation
and growth, structures may conform to the normal structural range of cast ironm,
but abnormal morphologies can form which are characteristic of the influence of
a particular element or group of elements. In each case, it must be remembered

that the influence of an element may be exerted indirectly by reason of its
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may result from changes in silicon content.

An approach to explanation of structural variations between alloys with
different silicon contents may be made using 0ldfield's work on the effect of
Si on stable and metastable equilibria(h). Solidification in ceramic or chill/
sand moulds is a sequential process, which in the alloys studied commences at
the chill with metastable eutectic nucleation and growth. The depth to which
this eutectic form predominates or continumes at all is determined by a competi-
tion process with the stable eutectic. This competition commences at any point
in the bar as soon as the stable eutectic nucleates and starts to grow, whether
under the influence of the chill, or by heat extraction through the mould walls.
A factor which affects chill depth and final microstructures is the time advantage
for nmacleation and growth which may be given to the stable euteetic by reason of
its higher equilibrium temperature. In alloys where the equilibria are narrowly
spaced, stable eutectic nucleation from a given number of nucleation sites may
be followed by undercooling into the metastable eutectic region at relatively
slow heat extraction rates. This may be the case in the 1.00% Si alloy of these
experiments. The occurrence of finer flakes at colony borders in this alloy may
indicate a certain amount of undercooling and more rapid branched growth before

(73),

metastable solidification The great disparity in growth rate between

graphite solidifying at only moderate undercooling and the metastable eutectic

will effectively halt further stable euntectic growth(l).

Alloys with higher silicon contents and a wider separation between the stable

(%)

and metastable eutectics are able to undercool more during stable eutectic

solidification before initiation of metastable growth. This may enable increased

(32)

nueleation and more rapid growth by highly branched undercooled flakes to

compensate more effectively for heat extraction(s ). Flake refinement during
undercooled growth may be due to an increased growth advantage of austenite

compared with graphite as temperature :i?alls(l13 »3 2) + From these considerations
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it will be seen that a higher cooling rate is necessary to cause metastable

eutectic nucleation and growth as silicon content is increased.

5.5.3 SOLIDIFICATION IN CERAMIC AND CHILL/SAND MOULDS

Clear chill depth decreases with increasing silicom in heated ceramic
mould castings (Fig. 49a). This follows the enhancement of stable eutectic
nucleation and growth potential brought about by the imcreased separation of
the eutectic mucleation and growth ranges. The same mechanism may be responsible
for the decrease in the extent of the mottle zone with increasing silicon. Final
eutectic ecementite in these castings reflects the minimum improved cooling rate
at which metastable solidification is possible under chill influence. Under
conditions of directional eutectic solidification with no eutectic mucleation
ahead of the chill wave, graphite at any part of the specimen will nucleate
during cooling under chill influence and grow at rates determined by the under-
cooling. Metastable eutectic nucleation in these circumstances is continuous,
resulting from propagation of fast-growing cementite plates at low undercoolings(lz
If the disparity between the case of stable and metastable nucleation is removed,
the formation of a mottled structure may be possible at lower heat extraction
rates, than under conditions where cementite nucleation is necessary. This
mechanism may account for results in 1% Si heated ceramic mould castings, where
mottled structures were produced at cooling rates lower than those resulting in
completely grey solidification in the body of unheated ceramic mould castings.
The occurrence of such an effect is subject to changes in graphite nucleation
and growth potential imposed by composition, In the higher Si alloys, the more

d
favourable nncleatioﬁ?érowth conditions prevented such an effect occurring.

The formation of rosette graphite with coarse flakes in the higher silicon
alloys may indicate sufficiently low heat extraction rates for appreciable
coarse flake growth before increased undercooling and flake refinement at colony

peripheries. The difference in position of such rosettes in 2.04% and 2.43% Si



alloys implies a difference in nucleation or growth potential. This could result
from the increase in the stable eutectic equilibrium temperature with increasing

silicon(k’gg) giving more favourable conditions for graphite mucleation followed

by slow growth during cooling under chill influence.

Changes in pouring temperature of 2.04% Si heated ceramic mould castings
gave results in agreement with previous work(lé). Variation in eccurrence of
rosette graphite may be interpreted in terms of graphite nucleation by super-
heating(16’32). This could lead to greater undercooling followed by nucleation
and growth of undercooled graphite in the specimen poured at the higher tempera-
ture. In the present series of experiments, melts were poured at the maximum
temperature reached during the melting cyele. In such a case it is not possible

to separate nucleation effects from the changes in cooling conditions caused by

varying pouring temperature.

Room temperature ceramic mould castings are subject to generally higher
cooling rates during solidification and during subsequent solid state cooling
than specimens cast in heated moulds (Fig. 46). Initial graphite colonies in
the 1% Si castings are rounded (Fig. 60), as opposed to the more elongated
colonies formed by the eritical cooling rate mechanism in heated mould specimens
(Fig. 50). Colonies also form closer to the chill under more severe chill con-
ditions than in heated mould castings. This would suggest the formation of
initial graphite colonies ahead of the chill wave, followed by interruption of
stable solidification to give a mottled structure. The interruption mechanism
would continue to operate until solidification according to the stable system in

the casting body was complete before arrival of the chill wave.

Initial graphite in the 2.04% and 2.43% Si alloy room temperature mould
castings probably formed by the eritical cooling rate mechanism under direct
chill influence (c# Figs. 44 & 49a). Solidification to form mottled structures

by the critical cooling rate mechanism in these alloys would have continued

until the point was reached where graphite growth occurred in the body of the
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cementite are overgrown by stable eutectic during sideways growth. The
occurrence of such structures may therefore depend on the relation between side-
ways growth of ledeburite and the radial growth rate of graphite colonies under
the thermal conditioms in question. The absence of such structures in 1.0% si
room temperature ceramic mould castings is to be expected, since coarse flake
graphite will not be able to compete with ledeburite developing under the rela-
tively rapid cooling conditions imposed by the chill wave. A degree of growth
competition may occur between ledeburite and the coarse graphite of the 1,0% Si
alloy under slow cooling conditions in the upper region of the chill zomnes of

heated ceramic mould or chill/sand castings (Figs. 59, 90).

In all castings of the higher silicon alloys, the greater undercooling
necessary for metastable eutectic growth favours competitive growth between
ledeburite and undercooled graphite. This may occur under more rapid cooling

conditions than in the low silicon alloy.

5.5.4 SOLIDIFICATION IN HEATED METAL MOULDS

Previous arguments regarding the relative case of stable and metastable
eutectic solidification in alloys with different silicon contents are supported
by heated metal mould results. Tables 9 & 11 show that increasing the silicon
content from 1.00% to 2.43% reduced the mould temperature levels at which mottled
solidification occurred. The range of mould temperatures between totally white
and totaelly grey solidification was increased from 20°C (1095° - 1115°) at
1.0% Si to 40°C (1040° - 1080°) at 2.43% Si. Interpreting metal mould temperature
as an indication of the rate of cooling through the eutectic solidification range,
it may be seen that increasing silicon enables totally grey solidification at much

greater cooling rates than are possible in the low silicon alloy.

Results from heated metal mould experiments support the mechanism of growth
competition between cementite and graphite for production of cementite needle

structures. This form of mottle was found in 2.43% Si alloy castings, cast into
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segregation patterns. These may affect subsequent transformations and lead to

a false picture of high temperature transformations in real castings. A feature
common to most reheating experiments has been the use of completely white iron
samples (with pearlitic or martensitic matrix) as starting material. This
practice may be questioned, in the case of indirect graphite formation studies,
since high temperature transformation processes appear to be most marked in regions

solidifying with mottled siructures.

From the present work it appears that if secondary mottle occurs, it forms
after solidification, during continuous cooling with all the physical and chemical
conditions that this implies. The final cast structure must be viewed as an inte-

gration of solidification and solid-state processes.

5.6.2 CEMENTITE DECOMPOSITION

Before considering secondary mottle formatioh, we must examine the formation
and occurrence of network structures in eutectic cementite. Eﬁlltgren(93 ) and more
recently Charbonnier and Margerie(5 3) used alkaline sodium picrate to reveal areas
of cementite decomposition in heat treated steel or cast iron. The latter
workers(5 3) related the etching effects to silicon depletion and manganese con-
centration in areas previously occupied by cementite. In the present work, chemical
heterogeneities have been exposed by etching with alkaline sodium picrate or
bromine, sometimes followed by mital. Network structures have been revealed at
all levels of mottle zones in all alloys, with both pearlitic and martensitic
matrices. The networks were shown by colour effects (Figs. 56,90,108,141,174)
or pearlitic distributions (Figs. 71, 77, 101,111, 112, 113, 119). They were

often, but not always, associated with residual cementite.

Heated metal mould experiments using high temperature isothermal treatments
have enabled production of network structures closely resembling as-cast eutectic
cementite distributions (Figs. 160,179,174,180-183). Such networks remained
after all trace of eutectic cementite had vanished., This supports the findings

of Charbonnier and Margerie(5 3) s who found that isothermal treatments resulted
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in only slow homogenisation of chemical heterogeneities in regions previously

occupied by cementite,

Segregation patterns revealed by etching may be slightly distorted on a
microscopic scale by small amounts of diffusion at high temperatures in the solid
state. This may be indicated in Fig. 175 where outlining graphite, which pre-
sumably bordered the eutectic cementite, is shown as being totally within the
network outline. To eliminaté possible errors, network structures should be

compared with similar areas of untransformed metastable eutectic wherever possible.

Eutectic cementite may remain at various sites in the ledeburitic structure

during decomposition:

(a) at points of greatest thickness in the original eutectic cementite,

(b) at points most removed from graphite nucleation sites,

(¢) in areas where carbide stabilising elements have concentrated or
graphitising elements have become depleted by segregation during
solidification.

In practice, a combination of all three conditions for cementite retention will
probably determine final distribution. In many areas, residual cementite
decreased in amount as adjacent graphite colonies were approached (Figs. 112 & 116),

suggesting a combination of (a) and (b) above.

5.6.3 COMPOSITIONAL EFFECTS

The silicon content of cementite and its effect on cementite decomposition
has been the subject of controversy. Some authors(loo) have reported that
cementite contains little or no silicon. Others maintain that not only does the
silicon content of cementite vary with composition, but it has the effect of

reducing cementite stability at high temperature(IOI).

Segregation of silicon
in the austenite of ledeburite has been shown to be high, especially at cementite/
austenite interfaces(3’53). This phenomenon has been used to predict a decrease

in cementite stability with increasing silicon content, using thermodynamic
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arguments(102). The effect of silicon is said to be exerted in austenite rather

than in the cementite by increasing the free energy of formation of cementite.
The effect of silicon during first stage malleablising has been attributed to an
increase in nucleation rate. Effects on growth rate are said to be slight(so).
This viewpoint has been challenged in view of the possible silicon content of
cementite(los). Results from malleablising studies may not be strictly appli-

cable to the alloys and conditions under consideration, in view of the composi-

tional and physical differences involved.

In the present series of experiments, increasing silicon content appeared
to reduce the stability of the metastable eutectic, under given physical condi-
tions. The effects found in a given casting depend on the balance between soli-
dification structures, carbide stability and physical conditions. The distribu-
tion of network structures in chill/sand castings illustrates this point.
Fig. 87 shows that eutectic cementite was retained at the extremity of the mottle
zone in the 1% Si alloy, although surrounded by network structures. Fig. 22%
sumnarises schematically the effect of silicom in chill/sand mould castings. The
gradients of the 0-100% decomposition lines indicate variation in cementites
stability with composifion. Deep chill and mottle penetration found in the
1.0% Si alloy results in slow cooling at high temperatures for large amounts of
the metastable eutectic, This factor is balanced by high cementite stability,
resulting in relatively incomplete decomposition at the extremity of the chill
mottle zone, Lower silicon alloys solidify with less chill and mottle, but have
apparently reduced cementite stability, producing large network areas in regions
close to the chill. A degree of balance between chill susceptibility and
cementite stability may be detected in the occurrence of maximum network structures
free from eutectic cementite in the 2.04% Si alloy. The increased chill depth in
this alloy may not be fully offset by a corresponding inerease in cementite
stability, giving rise to an increase in network structures formed by total

cementite decomposition at the limit of the mottle zone.
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Heated metal mould experiments confirmed the general finding that increasing
silicon content decreased metastable eutectic stability. In spite of the varia-
tions in metastable eutectic morphology and distribution between alloys, the mode

of decomposition to form network structures remained similar in all cases.

5.6.4 GRAPHITE NUCLEATION

A pre-requisite for the decomposition of cementite and growth of graphite
during solid-state transformation is the formation of a suitable graphite nuclea-

tion site. Favoured sites may exist at structural heterogeneities, such as phase

(78).

interfaces, grain boundaries and free surfaces Apart from free surfaces,

such as porosity(gh) the most favoured sites for graphite deposition appear to be

(77),

austenite/cementite interfaces

The 'spontaneous' nucleation of graphite at austenite/cementite interfaces

(104). Such nucleation if at all

®7) ,,

is difficult in continuously-cooled castings
possible, will be favoured during slow cooling through high temperatures
in the outer limits of mottle penetration. It is in these areas, however, that
maxioum amount of eutectic graphite is available for further carbon deposition
and solid-state growth. Nucleation of graphite during cooling through lower
temperature ranges is slow or confined to free surfaces and porosity,

(Experiments A-E, O. Figs. 123-129, 156, 157.) In real castings these conditions
may apply in the lower portions of the mottle zone near the chill. During con--
tinuous cooling of mottled structures, the availability of graphite formed during
solidification increases as the ease of 'spontaneous' graphite nucleation
increases. The presence of graphite formed by solidification may therefore remove

the problem of ‘'fresh' graphite nucleation, at least in the immediate area.

The decomposition process in mottle zones of ceramic and chill/sand castings
appears to be highly inhomogeneous. Undecomposed, decomposing and fully
decomposed eutectic cementite may be found in close proximity. (Figs. 55,69,110).

From the present work, it appears that network structures and the various stages
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of cementite wasting are generally associated with adjoining stable eutectic
colonies. As the structures involved are three-dimensional, areas of cementite
decomposition without apparent relatiom to graphite may adjoin graphite out of

the planar section.

5.6.5 GRAPHITE GROWTH

If secondary mottle structures are closely associated with primary mottle
formations, the division between the two forms may not be easily distinguishable.
Graphite may form over a continuous range of temperatures, from the start of
eutectic solidification, to below the eutectoid. Within a casting solidifying
with a mottled structure graphite will form over a range of temperatures from a
variable number of nuclei. Undercooling and growth rate will vary during the
golidification of an individual eutectic cell, in response to physical and chemical
factors resulting from both internal and external sources. Selidification
structures in the alloys studied have be;n classified as flake graphite varying
from fine undercooled to coarse A-type flakes. In a real casting containing a
mottled zone, the inherent variability of the growth process may continue into
solid state transformations. The nature of these reaetions in a given casting
will depend on the relative dispersion and morphology of the two eutectics, as

well as on the stability of eutectic cementite under the physical conditions

operating. All these factors are dependent on alloy composition.

Forms of graphite which are of interest from the secondary mottle point of
view are found at borders between stable eutectic colonies and ledeburite or
network structures. Cementite/graphite contact has been shown to exist at all
stages of mottling in the alloys studied. In each case, graphite appeared to
conform to eutectic cementite outlines, except where piercing by graphite flake
tips occurred. The degree of outlining varied with silicon content, being least
in 1.0% Si alloy castings. The more extensive honeycombe structures in higher
silicoﬁ alloys exhibited a variely of graphite dispersions suggesting different

conditions of initial formation or subsequent history. Graphite/cementite
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contact was encountered in heated metal mould castings at the highest tempera-
tures for mottle production (Figs. 131, 166-168, 184). This tends to confirm
their high temperature origin. Although graphite/cementite contact and out-
lining structures could generally be related to areas of cementite degeneration
and network structures, they do not necessarily form entirely in the solid state.
Graphite films resulting from solidification or co-precipitation from the liquid
could act as nuclei for subsequent graphite deposition and cementite decomposi-
tion to produce network structures. As the structures under consideration are
continnoﬁ; with both stable and metastable eutectics, several hypotheses may be
suggested for their formation. These are outlined below, together with observa-
tions as to their possibility under givem circumstances. The mechanisms involved

are shown schematically in Figs. 229-235.

The presence of considerable amounts of graphite/cementite contact in a
given area would appear to preclude straightforward growth competition between
the two eutectic forms. If competitive growth occurred, cementite and graphite
should be separated by austenite, except perhaps for limited contact between

graphite flake tips and eutectic cementite.

Austenite/graphite/cementite ternary structures could form by direct soli-
dification at a solid/liquid interface (Fig. 229). This hypothesis appears
unlikely in view of the problem of matching phase growth rates and segregation
patterns at the growth front while maintaining the normal ledeburite structure

over considerable areas.

An alternative possibility is that the liquid between austenite rods involved
in ledeburite solidification approaches the composition of cementite and then
precipitates cementite and graphite concurrently (Fig. 230). Under these circum-
stances, contimuing growth of the austenite, accompanied by complete divorcement

(10%)

of the graphite could account for the structures observed . This mechanism,

which is likely to be highly dependent on composition and segregation within the
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eutectic cementite stability and may lead to a greater amount of decomposition

in the mottle zone.

Graphite formed by deposition of carbon from austenite appears to mucleate
on or near graphite formed during solidification. Growth at high temperatures
either during or soon after solidification may give rise to a wide range of mottle
structures in which graphite/cementite contact may occur. Cementite in contact
with graphite appears to be stabilised during solid state transformatiomns.
Graphite encountered in the mottle zones of the castings studied may represent
the result of successive graphite depositions both during solidification and over
a range of temperatures in the solid state. The extent to which a particular
graphite form predominates at any point in the microstructure may depend on both
compositional and structural factors. Alley composition determines cementite
stability under the physical conditions in question, as well as affecting graphite
form and the relative morphology of the two eutectics. The interruption of trans-
formations in the heated mould experiments enabled study of the production of
network structures. The technique also provided information regarding variation
of graphite growth morphology and cementite gtability in limited high temperature
ranges. This avoided some of the structural complications produced by contimming
decomposition and graphite deposition on existing structures during continuous
cooling. The decrease found in eementite stability with increasing silicon con-

(101,102,87)_ Changes

in grephite morphology with increasing temperature follow tendencies observed in

previous work(losz while the general refinement of solid state graphite with

tent and temperature is in agreement with previous results

increasing silicon contradicts certain malleablising literature(so).

5.7 INFLUENCE OF SOLUTE ELEMENTS OTHER THAN SILICON

In view of the difficulties in comparing elemental additions set out in
Section 4.6.1, classification of elemental effects can only be made in general
terms, outlining possible interactions and influences on nucleation and growth.

The classification of elements as graphite promoters or carbide stabilisers has
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Tellurium is an extremely powerful carbide stabiliser. Nieswaag &
Zuithoff(58) confirmed its surface activity, reporting a strong decrease in iron
surface tension on alloying with tellurium. This was considered to result in
the adsorption of tellurium at the growing tips of graphite flakes, thus impeding
the addition of carbon atoms from the melt. The effect was said to be the same
as a decrease in the diffusion coefficient in Jackson & Chalmers' equation (p.9),
namely a refinement of the graphite eutectic. The retardation of graphite growth

rates enabled undercooling to produce metastable solidification.

The direct influence of tellurium on graphite growth was questioned by
Hbine(IOh), who attributed its marked carbide stabilising effect to depression
of the growth temperature of austenite during both proeutectic and eutectic
solidification. If austenite growth is retarded under given physical conditions,
the melt may only reach eutectic composition and begin to selidify after under-

cooling below the temperature at which metastable éutectic may be nucleated.

Film, lacy and Widmanstatten graphite in tellurium-treated castings were
said to result from solid-state graphitisation(76). This effect was especially
noticeable at silicon contents above 2%(104). Graphite morphologies found in
the tellurium~treated heated ceramic mould castings (Figs. 215-219) were similar
to those listed by Loper & Heine(76). The concentration of the various graphite
forms into limited areas of mottle containing interconnected graphite (Fig. 215)
may indicate a relationship between the various growth forms. Such mottled areas
may result from a single nucleation event and transition from fine curled flake
masses through curled outlining flakes to graphite films with decreasing tempera-
ture of formation. The process of forming these structures might be exactly
analogous to that operating in the mottle zone of the base alloy castings, with
graphite forming in both liquid and solid states. If the fine curled flake masses
form during eutectic solidification, the highest temperature decomposition product
would appear to be the curled flakes loosely outlining the ledeburite structure at

the flake mass borders (Fig, 216). This could result from high temperature
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surface. Non-faceted cementite growth was noted in several areas, giving rise

to bent primary crystals.

(110)

Structures similar to those of Zhukov et al were noted in the present

work (Figs. 199 & 200). An important difference hetween the results was the
distribution of areas containing primary cementite. These formed a continuous
layer at the casting surface in the eutectic alloy(llo), but were limited to
spherulite centres and radial arms in the hypoeutectic (C.E. 4.0) alloy of the
present work. This may indicate the need for greater undercooling to form
primary cementite at reduced carbon content. Zhukov et al cited Lakeland and
Hogan's theory of the coupled zone concept as applied to iron-carbon alloys(kh)
as being contrary to their experimental results. Lakeland & Hogan, however,
only considered the stable austenite-~graphite eutectic system in their work and
did not extend it to cover the metastable system. Zhukov's work and the present

result suggest that the coupled zone for metastable eutectic growth may be

positioned differently to that of the stable system.

The influence of pouring temperature on chill casting structure (Fig. 185)
agrees with the work of Hughes on chill effects(73). This has been outlined before
in relation to eutectic solidification, but is equally applicable to austenite

dendrite solidification under chill influences.

Specimens with added tellurium poured at 1400°C had surface (Fig. 205) and
internal (Fig. 203) structures which were found in base alloy castings poured
at higher temperatures. This supports the depression of proeutectic and eutectic
solidification temperatures by tellurium addition, since depression of the solidi-
fication temperature in a chill casting will have an effect equivalent to

raising superheat.
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CONCLUSIONS

1. A continuously decreasing cooling rate through the eutectic solidifica-
tion range can be obtained by using hot ceramic mouldswith a water cooled copper
chill, Chill and mottle depths within such castings provide a clearer guide to
solidification behaviour of cast irons than could be produced in castings where
competition between chill and mould cooling may result in discontinuous heat

flow situations.

2. Increasing silicon content at constant carbon equivalent changes graphite
morphology in the mottle zone from coarse to undercooled flakes, while decreasing
susceptibility to metastable solidification. Increased separation between stable
and metastable eutectic nucleation temperatures with increasing silicon may enable
refined graphite growth at greater undercooling without metastable eutectic

formation.

3. Eutectic cementite decomposition eccurring in the transition zone between
the stable and metastable eutectics may be revealed as network structures by etching

in alkaline sodium picrate or bromine.

4, The processes determining final cast structures in the mottle zones of
the alloys and cooling systems studied do not cease with solidification. Cast
structures of many cast irons must be viewed as the product of a continuous process
which commences with solidification and continues during cooling in the solid

state.

5. Cementite decomposition in the mottle zome during continuous cooling
after solidification appears to be often closely associated with graphite formed

during solidification.

6. Increasing silicon content at constant carbon equivalent reduces chill
and mottle depth in a given cooling situation. It also decreases eutectic cementite

stability and increases the probability of secondary mottle formation under given
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