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CAST iron is the most important casting alloy in general use. It can have a very wide range of
properties ; for instance, the tensile strength can vary between about 10 tons per square inch and 60
tons per square inch, depending upon composition, alloying element content and heat-treatment. It
is a highly complex alloy, normally containing the elements carbon, silicon, manganese, sulphur
and phosphorus, and usually also containing significant proportions of trace elements such as
titanium, arsenic, antimony, aluminium, etc., which influence the properties and behaviour of the
material in a significant manner.
The material may, according to composition and cooling rate, solidify with all the carbon in the
combined form as cementite. Such materials are known as white cast irons. Alternatively, by
appropriate adjustment of composition and cooling rate, most of the carbon exists in the free form
as graphite. Most cast iron used in engineering applications has the carbon in this form and such
cast irons are known as grey cast irons. A typical microstructure of a grey cast iron is illustrated in
Fig. 1, in which flakes of free carbon or graphite can be seen in an apparently random pattern.
‘These flakes interrupt the continuity of the metallic matrix and by this means confer the
characteristic properties of the material.
Most grey cast irons of commerce are the so-called hypo-eutectic cast irons which usually have
a carbon content less than that given by the expression :

This Paper is devoted exclusively to the consideration of these hypo-eutectic cast irons, since
industrially these are the most important,
The graphite structure in grey cast irons can vary between wide limits and the mechanical
properties vary in a corresponding manner. For instance, as is shown in Fig. 2, the graphite structure
may be very coarse, or as is shown in Fig. 3, the graphite structure may be very fine. Innumerable
combinations of coarse and fine graphite structure are possible and in addition, by appropriate
treatment, the so-called nodular cast irons can be produced, in which the graphite exists as nodules
or spheroids, as illustrated in Fig. 4. In these materials the graphite does not interrupt the continuity
of the metallic matrix and much higher levels of mechanical properties can be achieved than are
possible with the flake graphite cast irons.
The properties of cast irons are largely determined, therefore, by the form and pattern of the
graphite, and by the amount of that constituent. This in turn is determined by the changes that can
take place during the solidification process. It is the object of this Paper to illustrate how the factors
influencing the solidification process and the resulting structures of the material can be interpreted
on a rational basis.
Solidification of Grey Cast Iron in Simple Terms
The solidification process occurring in ordinary hypo-eutectic flake graphite grey cast irons can
be described very simply and is illustrated schematically in Fig. 5, which illustrates successive
stages in the solidification process. At the beginning of solidification there is a separation of
austenite in the form of primary dendrites, This continues over a range of temperature with
progressive enrichment in carbon of the remaining liquid. This process continues until a4
temperature of about 1,120°-1,160" C. the carbon content of the liquid is equal to the eutectic value
given by the formula :

4.3 - 1/3(Si +P)
At this point, from a number of centres or nuclei, there is a simultaneous separation of graphite and
austenite in the form of the so-called eutectic, Solidification of this eutectic takes place often on a
more or less spherical crystallization front and continues until all of the liquid is consumed so that
immediately after solidification the primary dendrites of he austenite of the eutectic are continuous
and there is a dispersion of graphite flakes originating from the eutectic transformation distributed
through a matrix of austenite. The top picture of Fig. 5 depicts the separate austenite dendrites; the
middle picture shows the graphite of the eutectic cells; and the bottom picture illustrates the
structure immediately after solidification.
Each unit of eutectic growth originating from one nucleus is known as a eutectic cell.
Strictly, the pattern of solidification illustrated in Fig. 5 applies only to low phosphorus
materials. Many cast irons contain significant quantities of phosphorus which segregates to the
boundaries of eutectic cells and ultimately solidifies at a much lower temperature in the form of the
well-known phosphide eutectic or steadite.
A typical cooling curve obtained of a hypo-eutectic grey cast iron is illustrated in Fig. 6. At
point A the separation of austenite dendrites begins, continuing until point B is reached. The portion
of the curve indicated by B and C represents the eutectic arrest, during which there is a
simultaneous separation of austenite and graphite. The material being completely solid at point C.
By quenching during the eutectic arrest from a point such as D, the solidification process can
be halted and the pattern of growth studied. For instance, Fig. 7 shows such a quenched sample.
Well-formed primary austenite dendrites now transformed partially to martensite can be seen and
near the centre of the section there is an incompletely grown eutectic cell which contains a fine
dispersion of graphite. Due to the rapid cooling involved in quenching, the remainder of the melt
has solidified in the form of white iron eutectic in which the carbon is present largely as iron
carbide or cementite. Similar patterns are obtained when coarse graphite irons are quenched.

Nucleation and Growth
The explanation above appears very simple and it is pertinent to enquire how the diverse
structures and the wide range of mechanical properties are obtained in cast irons and to understand
this better it is permissible to simplify the solidification process still further. This is done in Fig. 8,
where the solidification of the eutectic only is depicted. It can be seen that solidification starts from
a number of points or nuclei and proceeds by the growth of the eutectic aggregate of austenite and
graphite from these nuclei. This growth process continues until solidification is complete.
Solidification is, then, a process of nucleation and growth. Factors which influence the solidification
process must do so either by influencing the nucleation, that is, the number of points at which
solidification starts, or the manner in which the growth process proceeds. Of course, some variables
may influence the nucleation and growth processes simultaneously.
It is convenient to imagine that in any molten cast iron there are a number of variously sized
particles which can potentially function as nuclei, that is, as points for the initiation of solidification.
At a certain temperature these nuclei can begin to grow, the larger nuclei first, and then on further
cooling the smaller nuclei. Where the cooling rate is slow, the latent heat involved by the growth of
the large nuclei is sufficient to arrest the fall in temperature of the mass of metal, no further
undercooling occurs, and no other nuclei begin to grow. However, if the cooling is more rapid the
growth of the larger nuclei will be inadequate to arrest the drop in temperature of the mass of metal,
more undercooling occurs and more nuclei grow. This permits us to make the first generalization
about the factors which determine the number of growing nuclei. The more rapidly a melt is cooled,
the more nuclei will grow, and further it must be understood that the rate of growth of each eutectic
cell increases with the amount of undercooling.
The Growth Process
In order to picture the manner in which each eutectic cell grows, it is necessary to consider the
pattern of graphite in three dimensions. The normal appearance of graphite in a two-dimensional
micrograph suggests, as is shown in Fig. 9, that the structure is made up of a number of plates of
graphite, each separated by metal from its neighbour, and, indeed, for many years it has been
believed that this was the manner in which graphite was dispersed through the metallic matrix and
various investigators produced three-dimensional models of graphite flakes based on this theory.
More recently, however, it has been suggested that within each eutectic cell there is a continuous
skeleton of graphite which is more or less frequently branched. Bunin, Malinochka and Federova1
represented the structure of the graphite in each eutectic cell in the manner shown in Fig. 10, taken

from their work. On the left is a model of a graphite skeleton in an iron having coarse flake
graphite, and on the right a graphite skeleton in a eutectic cell of an iron having fine graphite. At the
British Cast Iron Research Association attempts were made to check the Russian theory and the
claims have been substantiated, although most eutectic cell graphite skeletons examined have
shown somewhat more complicated patterns than that illustrated in the left-hand picture of Fig. 10.
A typical illustration of a eutectic cell graphite skeleton drawn from the original is shown in Fig. 11.
This is a slight simplification, since generally these eutectic cells, as can be imagined from Fig. 7,
have interpenetrating primary austenite dendrites, as shown in Fig. 12.

On the basis of many observations and following the Russian suggestion, it seems reasonable to
suppose that within each eutectic cell there is a continuous skeleton of graphite, and that this
graphite skeleton is more or less frequently branched, depending upon the radial rate of growth of
the eutectic cell ; the more rapid the rate of growth, the more frequent the branching. Also, it
follows that when one has a frequently branched graphite skeleton, this gives a relatively fine
graphite structure in the normal two-dimensional micro-section. It also follows that one of the
critical features about the graphite structure which determines the mechanical properties is some
function of the diameter of each eutectic cell, since across each eutectic cell there is a complicated,
more or less continuous plane of weakness in the form of the graphite skeleton.
By increasing the rate of cooling of a sample of grey cast iron, more undercooling takes place.
As the undercooling increases, the rate of radial growth of each eutectic cell increases and the
frequency of branching of the graphite skeleton also increases. This is in line with the everyday
experience of foundrymen that the more rapidly a casting is cooled, the finer the graphite becomes.
There does appear to be a limit to the permissible growth rate which can be achieved in a graphitecontaining eutectic cell, since as the amount of undercooling increases, a point is reached when
solidification of the white iron eutectic can be nucleated and this process then supersedes that
of the solidification of the graphite eutectic.

For a melt of a given composition the fineness of the graphite, that is, the frequency of the
branching of the eutectic cell graphite skeleton, depends on the amount of undercooling, and that in
turn depends upon the availability of nuclei and on the rate of cooling, However, when the
composition of the melt is changed this can also change the growth rate at a given degree of
undercooling.
Factors Influencing Number of Nuclei
Effect of Cooling Rate: By the appropriate etching of grey cast iron micro-sections, the eutectic
cell pattern can be revealed and examined at a low magnification, as shown in Fig. 13. It is possible
by simple counting techniques to determine the number of eutectic cells in a given area of microsection or on a given volume of metal, and this gives a direct index of the number of nuclei which
have grown.
As has been said previously, the more rapidly a casting is cooled, the greater is the amount of
undercooling and the greater the amount of undercooling, the larger is the number of nuclei which
can grow from a given melt. One simple way of varying the rate of cooling of a casting is to vary
the pouring temperature. The higher the pouring temperature, the more slowly the casting cools.
Thus, for a melt of a given composition and a given degree of nucleation, the higher the pouring
temperature, the fewer are the number of nuclei growing. This is illustrated in Fig. 14, which shows
a plot of eutectic cell number against pouring temperature7.
The cooling rate of a sample is more effectively determined by its section size. Ferry and
Margerie2 determined the effect of section size and pouring temperature simultaneously on the
number of nuclei growing as revealed by eutectic cell counts. Fig. 15 gives a summary of some of
their results. Plates 25, 15, 12, 8, 5 and 3 mm. thickness were cast at temperatures of 1,500°, 1,400°
and 1,300° C.
It can be seen from Fig, 15, which gives the eutectic cell number (vertical axis) at various
distances from the edge of the sample (horizontal axis) that as the section size of the test casting
diminishes, at a given distance from the edge of the casting the eutectic cell number increases. The
eutectic cell number also diminishes from the edge to the centre of the casting due to the slower
cooling rate and reduced undercooling of the centre sections, With decreasing pouring temperatures
the curves are displaced in the direction of higher eutectic cell numbers.
Effect of Metal Treatment: The number of nuclei available for growth at a given degree of
undercooling varies according to the treatment of the melt. Nuclei are not stable in the molten
material; they may be destroyed or reduced in size. The simplest way of reducing the number of
nuclei available for growth is by holding the molten metal for an appreciable period of time. Fig. 16
illustrates the effect of holding time on the number of eutectic cells in specimens poured at constant
temperature and all of the same section size. The number of cells growing is seen to diminish with
holding time.

Agitation of the molten metal also reduces the number of eutecticcells available for growth.
This agitation can be achieved by bubbling gases through the molten metal or by green poling the
metal. Some typical results are given in Table I.
This effect can also be obtained when inert gases such as argon are used for agitating the metal.

Another way of influencing the nucleation of the melt is by the application of what is generally
known in the foundry industry as inoculation, This usually involves treatment of the molten metal
shortly before casting with ferrosilicon, calcium silicide or graphite. This is a process whereby the
nucleation of the melt is increased. Fig. 17 illustrates the effect of increasing additions of ferrosilicon expressed as percentage silicon increment on the eutectic cell number. As the silicon content
increases there is a nearly uniform and marked increase in eutectic cells growing.4 Late additions of
inoculants such as ferrosilicon are used for the purpose of reducing the chilling tendency of the
material and also for improving the mechanical properties. This latter effect arises directly from the
influence of the nucleation treatment on the number and hence the size of the eutectic cells. As the
eutectic cell is increased the plane of weakness corresponding to the graphite skeleton in each
eutectic cell is reduced, and the strength of the material is increased, For irons inoculated with

ferrosilicon and graphite of normal type there is a correlation between the number of eutectic cells
and the tensile strength, as is shown in Fig. 18. Undoubtedly the mechanical properties of grey cast
iron are determined by more complex features than simply the size of the eutectic cells, but in irons
of basically the same flake graphite structure, such as are normally produced commercially, the
effect of cell size on tensile strength is clear.

Effect of Composition: The number of nuclei available for growth is influenced by composition.
Increasing the sulphur content markedly increases the nucleation of the melt, as is shown in Fig. 19,
and not surprisingly, since manganese tends to combine with sulphur it has the opposite effect,4 as
shown in Fig. 20. Normal grey cast irons contain significant amounts of manganese and sulphur.
When the iron is molten, the sulphur is dissolved in the liquid iron and is not in direct combination
with manganese. Sulphur reacts with manganese as follows :
FeS+-Mn=MnS+Fe

This reaction is reversible and tends to proceed to the right as the temperature falls. Thus, when a
casting is cooling manganese sulphide tends to form, and since it is insoluble in the melt it separates
from it. Clearly the reaction does not go to completion and at the temperature of solidification of the
graphite eutectic a small amount of sulphur remains in solution in the iron. The amount of this
sulphur remaining in solution depends upon the total sulphur content and the total manganese
content, being higher the higher the sulphur content, and lower the higher the manganese content. It
is reasonable to assume, therefore, that sulphur has a direct effect on the number of nuclei which
can grow. On the basis of nucleation theory it is not unreasonable to expect that this is in some way
related to the effect of sulphur on the interfacial surface energy between graphite and the melt. Fig.
21, taken from the work of Grutter3 shows that increasing sulphur has marked effect in reducing the
surface tension of the melt. If the nuciei in the melt are graphitic there is some reason to believe that
a reduction in the interfacial surface energy between those graphite particles of the melt will enable
those particles to grow more easily.

The effect of composition on the number of nuclei growing, all other things being the same, has not
yet been fully explored. Sulphur undoubtedly has a profound and easily observed effect.
Phosphorus behaves in a similar manner and Table II, taken from the work of Gilbert, illustrates the
effect of phosphorus for irons of various silicon contents on the number of eutectic cells observed in
standard test pieces.
Effect of Composition on Growth Rate
The effect of composition variables on the rate of growth of each eutectic cell at a given degree of
undercooling is difficult to determine and no direct measurements have yet been made. That
variations in composition can Jead to variations in growth rate can only be deduced from cooling
curve data,

The simplest deductions can be made if a change in composition results in no alteration in the
number of eutectic cells growing. If, under identical cooling conditions, there is a change in the
under- cooling of the metal during solidification and no change in number of cells growing, then
clearly, latent heat is being liberated at a different rate. In these circumstances this means that the
rate of growth of the cells must have been altered,
When hydrogen is dissolved in iron it has an effect of this simple type. Itis found that there is a
marked increase in undercooling when hydrogen is present, even though the number of growing
cells is unchanged. This is Illustrated by Fig. 22.
This argument can be extended. If there is an increase in the number of cells growing, together
with an increase in undercooling, it can again be argued that cell growth has been slowed. Sulphur
has an effect of this nature. The cooling curves for four different sized bars, cast with a very low
sulphur content (0-002 % sulphur) shown by full lines, and for further bars after the addition of
sulphur (0.072% sulphur), shown by dotted lines, illustrate this effect (Fig. 23). The cell counts
(cells/in) which were observed in these bars are detailed below :

Despite the marked increases in cell number, there were clearly defined increases in
undercooling. It follows that. sulphur had a definite effect in slowing the growth of the cells.

These observations clearly indicate how a composition variable can influence the rate of growth
of a eutectic cell and they are in line with the common. experience that sulphur increases the
coarseness of the graphite in grey cast irons. It would be expected that as the growth rate is reduced,
the frequency of branching of the graphite skeleton is reduced and thus the graphite appears coarser
on the two-dimensional micro-section. This is a generally observed effect of sulphur and hydrogen
in cast iron.

General Effects of Variations in Nucleation
As has been shown earlier, there is a correlation between the size of the eutectic cells and the
mechanical properties of the material which is easy to understand. The nucleation of the melt also
influences other properties, particularly those of special concern to the ironfounder. For instance, it
has been shown1,5,6 that as the nucleation of the melt increases, the proneness of castings to
unsoundness also increases.
As the nucleation of a melt increases, its chilling tendency is reduced and the mottled structure
immediately behind the chill progressively becomes finer. It has been shown7 that when a test piece
is cast against a chill in a sand mould, part of the casting cools slowly under the influence of the

cooling effect of the sand mould, and part of the casting cools rapidly under the influence of the
chiller. As the pouring temperature of such castings is increased, the rate of cooling achieved by that
portion of the test casting cooling under the influence of the sand mould is reduced and the number
of nuclei growing is also reduced, and as a result the mottle pattern becomes coarser. This is
illustrated in Fig. 24, which shows a number of chill test castings poured at various pouring
temperatures. The mottle becomes progressively coarser and the chill deeper with increasing
pouring temperature.

Summary
This Paper has-necessarily dealt in a brief manner with some of the factors which influence the
solidification process and hence the structure and properties of grey cast irons. It has been shown
that it is possible to describe the solidification of these materials at first in relatively simple terms,
and then to interpret the variations in solidification process in terms of nucleation and growth. The
graphite of hypo-eutectic grey cast irons forms during solidification of the eutectic in a cell pattern,
each eutectic cell growing from one nucleus. By counting the number of eutectic cells the number
of nuclei growing can be estimated.
Within each eutectic cell there is a continuous branched skeleton of graphite, the frequency of
branching being determined by the radial rate of growth of each eutectic cell.
The number of nuclei growing depends upon the rate of cooling, which, in turn, can be varied
by variations in pouring temperature or variations in casting thickness. For castings of a given
section size poured at a constant temperature, the number of nuclei growing can be determined by
agitation of the melt and by holding the melt; it can be increased by treatment of the melt with

inoculants. There is some correlation between the number of eutectic cells and the mechanical
properties of the material.
The number of nuclei able to grow is also influenced by the composition of the metal and
sulphur and phosphorus have been shown as typical examples to illustrate how composition
variables can increase the number of nuclei able to grow.
The rate of growth of each eutectic cell, and hence the frequency of branching of the graphite
skeleton and the fineness of the graphite flakes, is determined by the amount of undercooling and at
a given degree of undercooling by the composition of the melt. Sulphur has been shown to reduce
the rate of growth of each eutectic cell.
Consideration of nucleation are important both in respect of the properties of iron castings, and
also in connection with the founding properties of the material. The chilling characteristics are
determined by nucleation and the soundness of iron castings is adversely affected by increases in
nucleation.
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