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Preface

The study of the solidification of metals has assumed considerable
proportionsin recentyears. Thisisincontrast to theneglect thissubject
suflered in earlier years. This neglect was particularly unfortunate
since essentially all metals undergo the liquid-to-solid transformation
at some stage. Only thosefew metalswhich are produced and used in
powder form can beexcepted. | n many casespeculiaritiesof grain struc-
ture, composition and phase distribution result from solidification
and these serioudly influence subsequent treatments and properties.

It is essential for the metallurgist and the engineer to understand
the underlying mechanisms involved in solidificationif they are to be
able to exercise some control over the structure and composition of
the solidified metal. Tt must bc admitted that in many cases complete
details of meclianisms arc not yet known. Nevertheless sufficient
information is available to allow the making of predictions with a
degree of confidence.

The objective of this monograph isto present a coherent and con-
tinuous development of this information.

Initially the structure of liquid metals will be considered and then
the development will progressthrough nucleation and growth to an
understanding of the important parameters affecting solidification
and the distribution of solute during solidification. Up to this stage
the emphasis will mainly be on processesat an atomic or microlevel.
Attention will then be given to the study of solidification processesat
the macrolevel. This will involve the examination of multiphase
solidification, segregation and the factors which determine the
structure of castings. Particular emphasis will be placed on ways in
which the structure can be controlled.

It isthese macroscopic considerations that are probably of greatest
importance to both students of metallurgy and engineering and to
practising technologists. It would be unreasonable, however, to
consider these technological aspectswithout the preceding considera-
tion of the fundamentals of solidification.
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Subsequently, current casting processes and procedures will be
described and the nature of defects in castings and their cause and
avoidance discussed.

The monograph is primarily intended for students of metallurgy,
materials science and engineering in universities and technological
colleges and institutes. However, it is also hoped that it will form a
useful basis for practising metallurgists and engineers who wish to
establish anew, or to refresh, their knowledge of solidification and
casting.

In preparing the monograph a compromise has been attempted
between the conflicting demands of comprehensiveness and concise-
ness. To enable ease of rcading and to condense the subject matter,
explanatory detail has hcen kept to the minimum compatible with
adequate coverage of the diflerent topics. To compensate for this
each chapter is fully referenced so that readers know where further
detailed information can be found should it be required. | n addition,
a bibliography is given in an appendix. ‘This isintended as a guide to
finding source material on both the fundamental and technological
aspects of solidification and casting.

I am indebted to members of this department for their help during
the preparation of the manuscript, and in particular to Dr John
Garland for hisconstructive commentsand to Miss Doreen Rawlinson
for preparing the typescript. | must also thank those persons who
have allowed the use of figures. Most particular acknowledgement
must be made of the assistance provided by Mr G. C. May of the
Institute of British Foundrymen during the compilation of Chapters
8 and 9.

Department & Metallurgy and Materials Science G. J. DAvies
University of Cambridge
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CHAPTER 1

Liquid Metals

The solidification sequence during any casting process begins with
the metal or aloy in aliquid form. T o some extent theinitial nuclea
tion processes are influenced by the structure and properties of the
liguid and thereforeit isinstructiveto begin our study of solidification
and casting by examining liquid metals.

Scientific understanding of the liquid state lagged far behind that
of the gaseous and solid states of matter. Developmentsin the eight-
eenth and nineteenth centuries led to a relatively clear formulation
for the gaseous state. Theideal gaswas considered to becomprised of
component atoms or molecules which behaved essentially as elastic
spheres. At low and moderate pressures the components travel
distances that arc, on average, large when compared with the sizes
of the individual components. Intcractions hetween the individual
atoms and molecules could be largely ignored and the overal
properties of the gas could bc determined by summing the behaviour
of a representative individual component over the total number of
components. This was the essence of the classical kinetic theory of
pases. At high pressures, difficulties were encountered because
interactions hctwcen the atoms could no longer be ignored; nor
could the volume occupied by the components themselves. Several
approaches to the problem were made and perhaps the best known
is the van der Waals’ formulation. In this, the classical equation of
State,

pV =RT
was modified to

_”_‘) (V — b) = RT

a7z

In both these equations, p is the pressure, V is the gram molecular
volume, R isthe universal gasconstant and Tistheabsolute tempera-
ture. In the second equation, b is a constant which is related to the

1



2 SOLIDIFICATION AND CASTING

volume of the component atoms or molecules and a/¥2 is a term
which alows for interactions between these components. In this
case the basic many-body problem of an aggregate of components
was also overcome by considering it as a single-body problem with
summation over a number of apparently identical components.

The understanding of the solid state, on the other hand, was beset
with difficultiesuntil early in the twentieth century, when diffraction
procedures clearly established the structure of crystalline solids as
one in which atoms or groups of atoms are arranged in regular
geometrical patterns in space. Here it was clear that interactions,
between individual atoms had necessarily to be taken into account,
but since the relative atomic positions were definedt the interactions
of an atom with its neighbours could be estimated. The overal
properties of the assembly could then he determined by summation
over the total of atoms. Here again the many-body problem was
overcome by considering it as a sum of single-body problems.

Thestudy of liquidsencountered difficulty becauseit wasessentially
a true many-body problem. Interactions between neighbouring
components needed to be taken into account, but the relative atomic
positions were not well defined. In general the environment of any
individual atom was more unlike than like that of another. The
principal approachesto thestudy of liquidscame fromtwo directions.
Liquids were considered as either dense gases or rather disordered
solids. More recently a geometrical concept in which the liquid is
considered as a 'heap' of atoms or molecules has been the subject of
study.

Before turning our attention to an examination of these different
theories it is useful to consider the experimental facts which these
theories must account for asfar as possible.

11 EXPERIMENTAL CONSIDERATIONS

111 Thechange in volume on melting
Table .| listsa number of common metal s together with their crystal
structure, melting point and change in volume on melting. It can be
seen that in most cases there isan expansion of from 3 to'5 %, except
for a small number of metals with rather open structures in which
there is a small contraction on melting.

T The atomic position can be simply considered as the mean position of the
atomic centre. In practice this isonly truc on average since the atom is normally
undergoing thermal vibrations. For a rigorous treatment it may be necessary to
'stop' the atoms by assuming the solid is a1 0 K.

LIQUID METALS 3

TABLE .1
THE CHANGE IN VOLUME ON MELTING OF SOME COMMON METALS
- Melting point Change in
eltin
o volume on
Metal Crystal structure C) mating (%0
Aluminium f.c.c. 660 60
Gold f.c.c. 1 063 | 5-1
Zinc h.c.p. 420 4:2s
Copper f.c.c. 1 083 +4:15
Magnesium h.c.p. 630 : 4 1]
Cadmium h.c.p. 321 | -:i[}
Iron b.c.c./f.c.c 1 53‘7 )9
Tin tetr. 232 ! _._9‘;
Antimony rhombohedral 631 - 9:,'
Gallium f.c. orthorhombic 30 3 =
Bismuth rhombohedral 271 -3 2
Sermanium dia. cubic 937 -5
" Pata from Schneider and Heymer. !
TABLE 1.2

I ATINI HEATS OF MELTING AND VAPORISATION OF SOME
COMMON METALS*®

Meliing
Vet trystal ¢ ) ’/"
MHeta S poin
sructur °C)
Aluminium f.Ce 660
Ciold fic.c 1 063
Copper f.c.c. 1 083
lron fc.c/bec. 1536
Zinc h.c.p. 420
Cadmium h.c.p. 3;_’]
Magnesium h.c.p. 650
¢ Datn from Smithells. ?
" Latent heats in keal mol

Latent ,
heat®  Boiling Latent heat |
of point  of vaporisa-
melting C tion (Ly,) om
(L)
2.5 2 480 69-6 27-8
306 2 950 81-8 267
311 2 575 72-8 23-4
363 3070 813 224
1-72 907 27-5 16:0
1-53 765 23-8 156
2:08 1103 32:0 15-4
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1.1.2 Thelatent heat of mdting

Table 1.2 gives data on the melting and boiling points of some
common metals with corresponding values of the latent heats of
melting and of vaporisation. From these, the ratio of the latent heat
of vaporisation to the latent heat of melting has been calculated. In
all cases this ratio is large. Consider, for instance, the face-centred
cubic metal aluminium. Here it requires nearly 28 times as much
energy to completely separate the atoms in the liquid to form the
gaseous phase as it does to transform the solid to a liquid.

In the solid phase the atomic co-ordination number of aluminium
is12. In the gaseous phase it is zero. The latent heats involved in the
change from solid to gas are responsible for destroying 12 nearest
neighbour bonds. Of these, only approximately one-half of a nearest
neighbour bond disappears on melting. It follows that the change in
co-ordination on melting issmall. Thesituation is undoubtedly more
complicated for the semi-metals or non-metals with open structures,
and for complex solids. Nevertheless, the conclusion is a reasonable

one.

1.1.3 The entropy of mdting

Table 1.3 givesacomparative list of theentropy change between room
temperature and the melting point, and of theentropy of melting, for
some of the metals considered above. These figures show that there
isa relatively large increase in entropy on melting, particularly when
thesmall changein co-ordinationistaken into account. Thisindicates
that there is a considerable loss of order on melting without a large

TABLE 1.3

ENTROPY CHANGES DURING THE HEATING OF SOME COMMON METALS?

Metal Change in entropy® Entropy of ASn
298°K ro melting point AS  melting AS,,, AS

Cadmium 453 2.46 0-54
Zinc 5-45 2-55 0.47
Aluminium 7.51 2.75 0.37
Magnesium 7.54 232 0.31
Copper 9.79 2.30 0.24
Gold 9.78 221 0.23
[ron 1550 2:00 0-13

“ Datafrom Hultgren et al.3
* Entropies IN cal mole-1°K ~1,

LIQUID METALS 5

change in the separation of individual atoms or of the numbers of
neighbour atoms.

1.1.4 Diffraction gudiesof liquid gructure
Diffraction studies have been carried out on liquids using both x-rays
and neutrons (see, for example, the survey by Gingrich?®). The results

12,500 |
‘, Gold
10,000 = 'l #
7500
t
J a)
5000 ‘|'
2500 K\a
\ \
0 2 ]I ] g ﬂ
0.2 0.4 0.6 0.8

SiA B
Fig. 1.1 X-ray diffraction intensity for liquid gold at 1100°C. Curve (a) is the

square of the atomic structure factor. Lines in the powder pattern from crystalline
gold are shown at the bottom of the figure (Vineyards after Hendus®).

arein agreement and we will confine our attention to results obtained
by x-ray diffraction.

X-ray photographs from liquids, using monochromatic radiation,
consist of a series of rather diffuse haloes. The intensity of the
diffracted beam can be determined asafunction of sin 6/ by densito-
metry. Moreusually itisdetermined directly using a crystal diffracto-
meter (Fig. 1.1). Thisfigure shows two reasonably well-defined peaks.
It should be noted that these show a degree of correspondence with
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the positions of the diffraction lines obtained in a powder photograph
of thesame material in solidform. It is possible, using defined analyti-
cal procedures’ and making the necessary corrections for incoherent
scattering," to determine the radial distribution function, p(r), for
the liquid metal. The radial distribution function gives the number
of atoms per unit volume at aradial distance r from a reference atcm.

3

Gold

= —

\,/\‘/FT o4
gkt

o} I{IHI

20
10
(o] 2 4 6 8 10
rin Angstroms —»

Fig. 12 Radial density function for liquid gold. W is the ratio of the radia/

distribution function density, p(r), to the bulk density, po. The radial densiry for

crystallinegoldisindicated by the vertical linesat the bottom of the figure (Vineyards
after Hendus®6).

Figure 1.2 gives the radial distribution function derived from Fig.
1.1. This figure also shows correspondence between the principal
peaks and the radial density for thesolid crystal. Because of repulsive
interactions between atoms, p(r) has zero magnitude out to a radius
nearly equal to the atomic radius. At large radii, p(r) isequal to ihe
bulk density of the liquid. The mean co-ordination number for ihe
liquid can be determined from this curve by integration.® Table 1.4
gives some comparisons of data obtained from diffraction studies
on liquids with the corresponding data for the crystalline solids. In
general it isfound that

(&) the average interatomic separation in the iiquid is slightly
greater than in the solid, and

(b) the co-ordination number in the liquid isless than in the solid
and is usualy in the range 8-11.

These data are direct experimental measurements relating to the
liquid structure. It is instructive to note the good correlation with

LIQUID METALS 7

TABLE 14

COMPARISON OF STRUCTURAL DATA FOR LIQUID AND SOLID METALS
OBTAINED BY DIFFRACTION'

Liquid Solid

Metal atomic  co-ordinaticn ~ atomic  co-ordination
separation number separation number

Aluminium 2.96 10-11 2.86 12
zZinc 294 11 2.65 6
294 6

Cadmium 3.06 8 297 6
3.30 6

2

Gold 2.86 I 2.88 1

"Data abstracted from Vineyard.$

the conclusions drawn from the thermochemical data given in the
preceding sections.

1.1.5 Transport properties

For completeness we should consider transport phenomenain liquid
metals and particularly that important property, their lack of resis-
tance to shearing stresses. Certainly, any satisfactory theory should
deal with these properties. Itisfair to say that insofar assolidification
processes are concerned, the main consideration should be given to
diffusivity and fluidity. However, these are inherent properties of
the liquid which, while influencing events during solidification, do
not have as marked an effect in the initizl stages as do those factors
dependent on the structural information considered above. The
diffusivity has a considerable effect on solute redistribution during
the growth phase. Fluidity is of greater importance when considered
with reference to the casting process as a whole. Both of these factors
will be examined in more detail in late- chapters. Meanwhile, the
reader is referred to the monographs by Pryde!® and March™ for a
full treatment of the transport properties of liquid metals.

1.2 THEORIES OF LIQUID STRUCTURE

As mentioned previously, theories of liquid structure can be divided
into those which consider the liquid as a dense gas (condensation
theories), those which consider the liquic as disordered solid (lattice
theories) and the geometrical theories.
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1.2.1 Condensation theories

These theories proceeded from the kinetic theory of gases through
modified equations of state, such as the van der Waals' equation, in
an attempt to correct for the effects of the interatomic or intermole-
cular forces resulting from the clgse proximity of the components
in a dense gas. Born and Green,'” following an approach initiated
by Kirkwood,'* developed a set of molecular distribution functions
adequate for the formulation of a kinetic theory of liquids. The
formulation is mathematically complex, however, and*has not
yielded much in the way of practical results.

122 Latticetheories
There theories all use as a starting point a crystal lattice into which
defects are introduced in a variety of ways. Severa possibilitieshave

Fig. 1.3 A random close-packed heap d spheres (Bernal?9).

LIQUID METALS 9
been explored, the most relevant of which are

(& thecell theory!*:1% in which melting is considered as a type of
order—disorder reaction in whichatoms continue to be confined
to the vicinity of a lattice site, but are allowed to oscillate
randomly and independently,

(b) the hole or free volume theory!%'7 which treated the liquid
as a pseudo-lattice with a large number of vacant sites, and

(c) the significant structures theory®™™ in which the liquid state
involvespartition between crystal-likeand gas-likecomponents.

A number of effective results follow from these different ap-
proaches, but the theories suffer becausetheir basison a lattice builds
in a degree of long-range order which is absent in the liquid. For
instance, lattice theories underestimate the entropy change resulting
from melting. This is a consequence of the retention of long-range
order.

1.2.3 Geometrical theories

The basic concept in this case is of aliquid as a 'heap' of atoms or
molecules. Bernal'?*  and Bernal and King“ used models to
construct random close-packed heaps of spheres (see Fig. 1.3). The
method followed from the general hypothesis that the liquid was a
homogeneous, coherent and essentially irregul ar assemblage of atoms
or molecules containing no crystalline regions nor holeslarge enough
to accommodate another atom. The approach was partially success-
ful since it yielded a radia distribution function in agreement with
that measured experimentally for a simple monatomic liquid (Fig.
1.4). Similar measurements were also carried out by Scott?? with
the same result. The data from both Bernal and Scott are given in
Fig. 1.4. The model has not, however, been developed in mathemati-
cal form, although somework inthisdirection has been attempted.?*

One interesting observation made in these model studies was the
existence of regions of high density called 'pseudo-nuclei’. When the
nucleation processes involved in the change from liquid to solid are
considered (Chapter 2) the occurrence of ordered crystal-like regions
(embryos) in the liquid is postulated. These pseudo-nuclei or the
crystal-like components of the significant structures theory could
satisfy this postulate.

In al it is clear that there is till a long way to go before the
experimental observations given in Section 1.1 are accounted for by
the different theoretical approaches. Some success has been achieved
and more should follow as the approaches are co-ordinated.
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N osl ~ Calculated for liquid argon from neutron diffraction
LS @ Calculated from Scott's random model
4T v o Calculated from Bernals random model

Fig.

O.7F c

20 22 24 26 28 30

(¢] T —
06 08 10 12 14 16 18
r (distance from centre in units of sphere diam.}

14 The radial distribution of random close packing of equal spheres. N,

is the average number- of pheresin intervals of 0.2 of a sphere diameter (Bernal9).
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CHAPTER 2

Nucleation

Nucleation may be defined as the formation of a new phase in a

ngthwL separated from the surroundings by a discrete
boundarw_During solidification, solid nuclel form in the liquid and

subsequently grow until the whole of the volume is solid. We are
concerned with a change from one position of stable or metastable
equilibrium to another in response to a driving force. The existence
of adrivingforce, namely a decrease in the freeenergy of the system,
indicates that the transformation is favourable. This driving force
is a necessary but not sufficient requirement. Whether or not the
transformation takes placeis determined by kinetic factors. First, we
must ask can the transformation begin? Thisisa problem of nuclea-
tion and is dealt with in this chapter. Second, we must ascertain that
after nucleation the transformation can continue. This involves the
study of growth and is considered in Chapter 3. Before we can exa
mine the different processes of nucleation we must examine the
nature of the driving force.

21 THERMODYNAMIC ASPECTS

When considering the development of microstructure we are con-
cerned with heterogeneous equilibrium, i.e. equilibrium involving
more than one phase. The free energy, G, of a component phase is
defined by

G=H-TS : (2.1
where H is the enthalpy, T the absolute temperature and S the
entropy. For most metallurgical systems, pressure can be considered
to be constant, so that

(C'(i _ _S

T )
/ p=constant
Thus the free energy decreases with increasing temperature.

14
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Thevariation of thefree energiesof thedifferent pure metal phases
is shown schematically in Fig. 2.1. The change in free energy on
transformation at constant temperature from one phase to another
is given by

AG = AH - TAS
At equilibrium between two phases,
AG=0
and this definesthe equilibrium melting point, 7,,, and boiling point,
T,. At other temperatures, the equilibrium phase is that which has

Vapour
/
>
e
= |
=
@ |
o I
b
L I
1 : 2
Liquid
! 1
I I
| !
| 'Trn | ‘Tb
Temperature
FLig. 21 The variation in free energy of metallic phases with temperature

(schematic).

the minimum freeenergy; AG, thedifferencebetween thefree energies,
provides the driving force for transformation.

With simple binary alloys the free energy can vary with composi-
tion in severa ways, as shown in Fig. 2.2. The free energy curvesfor
the component phases move relatively as the temperature changes.
For a particular composition the equilibrium phase or phases at a
given temperature are those which give the minimum overall free
energy at that temperature.? The difference between the free energies

T A full description of the free-energy composition diagram and its relation to
the equilibrium phase diagram can be found in the books by Cottrell? and
Darken and Gurry.2
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of the component phases before and, after transformation is the

driving force.
In many cases the fina equilibrium state is not reached and the
systemrests in a state of metastable equilibrium.

Solid

s 1]

Free energy

i
I
| Miscibility ! .
1 o
| 1

; gop 4,8,
A B A B
Composition Composition
(c) (d)

Fig. 2.2 Free-energy composition diagrams for different binary alloys: (a) liquid;
(6) solid; (c) solid wth a miscibility gap; and (d)an intermetallic compound.

For the transformation from liquid to solid the volume free energy

chance AG, is

AG, = Gy — G
where G and G are the free energies of the liquid and solid respec-
tively. From egn. (2.1)

AG, = (H. — Hs) — T(Sy, — Sy)

If we assume that the temperature dependence of the changes of
enthalpy and entropy are small, then

H —Hs=1L,
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where L, is the latent heat of melting. At the equilibrium melting
boint. since AG is zero, the entropy of melting is given by

. ' Lo
Sp — Ss = f_m
Thus
7\
=L . ]— —
A(!\ m (‘ }r.m 4
L, .AT .
= 2 2.2
T (2.2)

m

In this cquation AT is the temperature interval between the equili-
brium melting point and the temperature of transformation and is
known as the supercooling.

22 HOMOGENEOUS NUCLEATION

22,1 Energeticsof nudeation

The classical theory of nucleation was developed by Volmer and
Weber,® and Becker and Doring” for the condensation of a pure
vapour to form a liquid. The subsequent theory® ¢ for the liquid-
solid transformation was based on this earlier work. The theory
considered homogeneous nucleation, i.c. the formation of one phase
by the aggregation of components of another phase without change
of composition and without being influenced by impurities or external
Surfaces. Impurity particles and external surfaces are taken into
account in heterogeneous nucleation theory (Section 2.3). Modifi-
cations to the classical theory are necessary to allow for the effects
of compositional changes.

Consider thefree energy changes which occur if a spherical embryo
of solid is formed within a uniform liquid. First, there will be a
change in free energy associated with the difference in volume free
€nergy of the atoms in the solid and the liquid.? Second, there will
be a term introduced because a number of the atoms occur in the
transition region between liquid and solid. These atoms will bein a
high energy state and are the origin of the surface free energy of the
€mbryo.

T One of theinherent difficulties of nucleation theory is associated with the use of
Macroscopic thermodynamic properties, e.g. volume free energy and surface
Chergy, in microscopic situations. This is unavoidable but does not normally
Introduce serious humerical error.
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For a spherical embryo of radius r, the overal change in free
energy, AG, isgiven by

AG = 4nr?y . T (Hnrd . AG, (2.3)

where y, . is the surface free energy (erg cm-*). Asabove, AG, isthe

volume free energy change (erg cm™*). Above the melting point.

|
Surface free

/
/.4/ evergy term

~

DG

Voiume free y
energy term

Fig. 2.3 The changein free energy resulting from the formation of a spherical
embryo of solid in the liquid.

AG, is positive and below it AG, is negative. The variation of the
different free energy terms below 7, and the overall change in free
energy are shown in Fig. 2.3. Any embryos which form above T,
will rapidly disperse. On the other hand, below 7,,, provided the
embryo reaches a critical sizewith radiusr*, at which (6(AG)/ér) = 0O,
it is equally probable that it will disperse or that it will grow as a
stable nucleus. To form this critical nucleus a random fluctuation
producing a localised energy change AG* is required. Differentiating
egn. (2.3) and allowing for the sign of AG, we find

Yni

= LC

AG,

J\ —

I —BLTL e
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This is the critical nucleus size. Substituting from Egn. (2.2) gives

- ey

The localised energy change, AG*, can then be determined by intro-
ducing r* into egn. (2.3):

Mﬂ; (2.5)
-"(!—m AV J"

AG* is often referred to as 'the work of nucleation'. Since AG,
increases approximately linearly as the temperature falls, the critica
radius decreases rapidly as does the work of nucleation (Fig. 2.4).

AG* =

AG

Fig. 2.4 The effect of decreasing temperature on the critical radius for nucleation
and on the work of nucleation.

2.2.2 Rateof nucleation

‘The theory for the rate of nucleation also follows from that derived
for vapours. Becker’ originally proposed that the nucleation rate, 1,
in condensed systems, such as are involved in the liquid-solid
transformation, was determined by an expression of the type

I = Kexp(—(AG* + AG,)/kT)
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where AG* isthework of nucleation(i.e. the maximum fluctuation in
free energy necessary for nucleus formation) and AG, is the energy
of activation for diffusion across the boundary separating the
phases: k is Boltzmann's constant. Thus, the rate was a combination
of the probability of having the required energy fluctuation with the
probability of having an atom add itself to the embryonic nucleus.

re
”
/

[

~0-2 T

|

Effective
nucieation
temperature

M

AT

Fig. 25 The dependence of the rate of nucleation on the undercooling.

A formal derivation for the constant K was made by Turnbull and
Fisher,” using the theory of absolute reaction rates. This treatmeat
gave a rate of nucleation
NkT
e h

3 2
I h"t-.'.l,(_' [m

3L, AAT)’kT

"f\]

exp ' = }f(}\) exp

where N isthe total number of atoms, / is Planck's constant and the
other symbols are as defined earlier. In this expression the result
contained in egn. (2.5) has been introduced for AG*. The form of
egn. (2.6) meansthat the rate of nucleation will be extremely sensitive
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1o the undercooling, AT. It aso follows that the rate of nucleation
will be dependent on the size of the system under examination.

It isfound that there is a temperature at which the rate of nuclea-
ti on increasesrapidly, asshown in Fig. 2.5. Substitution of acceptable
values for the termsin the equation for nucleation rate indicates that
undercoolings of —0.27,, are to be expected for the homogeneous

TABLE 21
SUMMARY OF DATA ON THE SUPERCOOLING OF SMALL DROPLETS
OF METALS?

Metal Melting noint Undercooling, T,
TW(°K) AT (°C) m

Mercury 234.3 58 0-287
Galium 303 76 0.250
Tin 505.7 105 0.208
Bismuth 544 90 0.166
Lead 600.7 80 0.133
Antimony 903 135 0-150
Aluminium 9317 130 0.140
Germanium 12317 227 0.184
Silver 12337 227 0-184
Gold 1336 230 0.172
Copper 1356 236 0.174
Manganese 1493 308 0.206
Nickd 1725 319 0.185
Cobalt 1763 330 0.187
lron 1803 295 0.164
Palladium 1828 332 0.182

Patinum 2043 370 0-181

« Dda from Turnbull. 8

nucleation of solids from liquids. This has been verified experimen-
tally for many metals. | n the experiments of Turnbull®-° the solidifi-
cation of dispersions of fine droplets of liquid metals was observed
tlilatometrically. The experimental undercoolings were of the order
of0-2 T,,. asshown in Table 2.1.

At this undercooling, the critical radius is ~10~7 cm and the
nucleus would contain approximately 200 atoms.

| Tomogeneous nucleation in aloysisa more complex process since
the phase diagram requires equilibrium between a solid nucleus and
liqquid of different compositions. In thissituation diffusional processes
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in the liquid will play an important part.t There is at present no
theoretical treatment for this problem. However, experimental
observations' “ on copper-nickel alloys showed that the undercooling
required for homogeneous nucleation was —0.2 of the liquidus
temperature.

Theform of the nucleation rate equation is such that at very large
undercoolings there should be a decrease in the rate of nucleation
resulting from a decreased mobility of atoms. We might thus expect
the curve of Fig. 2.5 to tend towards a maximum as indicated. For
most metallic systems, however, it isnot possibleto cool through the
range of temperature at which copious nucleation occurs at a rate
fast enough to suppress nucleation. Quench rates of the order of 10°
°C sec-' have been used unsuccessfully with melts of pure liquid
metals. In binary aloy systems where redistribution of solute must
occur as part of the nucleation process, some amorphous solids
have been produced using rapid quenching techniques.'' ™ '*

The occurrence of amorphous phases results from the combined
influence of two exponential factors, one related to the transfer of

Fig. 2.6 (@)

T There is some evidence that in special cases the earliest stages of nucleation
and growth take place without solute redistribution. 35
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Fig.2.6 The electron microstructure d splat-cooled tellurium-15 at. 90 germanium
in (a) the amorphous state and (b) after heating. The growth of dendrites can be
seen clearly in the latter micrograph ( Willens13).

atoms from theliquid to the solid and the other associated with bulk
diffusionin theliquid. On reheating, transformation to thecrystalline
state occurs quite rapidly, as shown in Fig. 2.6.

It should be noted that the treatment given assumed a spherical
nucleus. Simple modifications result from considering nuclei of other
shapes. One of the more redlistic shapes may be that described by
Chalmers'* in which it was proposed that the nucleus was bounded
by planes of high atomic density (Fig. 2.7).

Before considering heterogeneous nucleation it is interesting to
guestion how the liquid structure affects homogeneous nucleation.
This has been considered by Walton.!* The structure of the liquid
influences the nucleation rate firstly throdgh AG*, since this term
contains the volume free energy change AG,. If clustering occurs in
the liquid this will aid nucleation. Oriani and Sundquist'® have
estimated that for most metals supercoolings of more than 10°C
will be sufficientto promote embryo formation astheliquid structure
orders. The structure of the liquid also has a direct effect on AG,
the diffusion term, and on the liquid-crystal interfacial energy, y; .
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Fig.2.7 Possible structurefor the critical nucleus & a cubic metal (Chalmers14).

2.3 HETEROGENEOUSNUCLEATION

231 Theory
In practice, the majority of nucleation phenomena in liquids take
place at undercoolings significantly less than those predicted by
theories of homogeneous nucleation. For example, whereas under-
coolings of the order of 0.2 7, (—200°Cfor most metals) would be
expected in solidifying pure metals, it is found experimentally that
most metal melts nucleate at temperatures only tens of degrees below
the melting point. This discrepancy is attributed to the presenceof a
suitable surface in contact with the liquid. The nucleation is con-
sidered to be heterogeneous and to take place on the surface of the
container or on particles present in the system. Heterogeneous
nucleation can occur provided some preferential sites exist.

Thetheory hasbeen developed by Turnbull,' 7 following Volmer,**
for the simple case in which a spherical cap of solid forms on a
planar substrate (Fig. 2.8). A critical factor is the contact angle, 8.
For a spherical cap as shown, the volume and surface areas are
given by:

volume = 17#%(3r — h) = 1nr3(2 — 3cos8 t cos® h)
surface area = 277 = 2nr3(1 — cos 0)
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lnder stable conditions the contact angle .6 is a function of the
surface energies of the liquid-crystal interface y.¢, the crystal-
suhstrate interface ycs and the liquid-substrate interface s, namely

cos§ = s = Jes 2.7

YLc

"This can be proved rigorously using a virtual displacement method.
The proof is given in Appendix 1.

Liquid

Substrote

Fig. 2.8 Spherical cap d solidformed on aplanar substrate.

Followinga proceduresimilar to that of the theory of homogeneous
nucleation leads to an equation analogous to egn. (2.3):

AG = y.¢- 2nr¥(1 — cos 0) + Iar?(2 — 3 cos 0 + cos? 0)AG,
+ (Yes — Ys)r’(l — cos? 0)
The latter term arises because of the change in energy resulting from

the substrate being in contact with crystal rather than liquid. Differen-
tiating, putting [C(AG)/dr] = 0 and substituting in eqn. (2.7) gives

Dy
px = ZFLC
AG,
as before, and the work of nucleation
AGH = 4y 32 — 3 cn‘)sj.‘i + cos® 0)
3.-&(_:..“
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This differs from the value obtained in considering homogeneous
nucleation by the factor

$(2 — 3cos8t cos* 8)

For 6 = 180" the energy fluctuation required is the same as for
homogeneous nucleation, but for all other casesin which0 < 0 < 180°
heterogeneous nucleation is a more energetically favourable process.

For systems in which the contact angle issmall, it is clear that the
barrier to nucleation isalso small, and this can satisfactorily account
for the low undercoolings observed in practice.

The theory can also be modified to alow for different nucleus
geometries, e.g. disc-shaped caps, without substantially affecting the
overall result. If the substrate is alowed to have curvature, or if the
formation of nuclei in cavities on the surface is considered, it is
found that the barrier to nucleation is reduced even further.'

For low contact angles it isdesirable to have the crystal -substrate
interface significantly less energetic than the liquid-substrate inter-
face. A number of criteria have been postulated for this to be so.
One of the most promising approaches was that of Turnbull and
Vonnegut'® which related the undercooling necessary for hetero-
geneous nucleation to the®disregistry between the lattices of the
crystal nucleus and the substrate at the interface. More recently,
Sundquist and Mondolfo?® 2! have questioned this approach and
the evidence they put forward strongly suggests that the nucleation
process is much more complex (see Section 2.3.2).

Nonetheless, it is well established that the energy fluctuation
required for heterogeneous nucleation, AC*, is much less than that
for homogeneous nucleation, and proceeding as before it is possible
to obtain“2 an expression for the rate of nucleation that is similar
in form to that for homogeneous nucleation. The smaller value of
AG* leads to higher rates of nucleation at smaller undercoolingsand
amuch lesssharp transitionfrom low ratesto high ratesof nucleation.
I'n addition, since the heterogeneous nucleation process depends on
the presence of suitablesites, it isconcluded that the rate of nucleation
will pass through a maximum and show a cut-off at higher under-
coolings. Thisresultsfromlateral spread of nuclei acrossthe substrate
and the consequent reduction in the surface area available for new
nuclei. As with homogeneous nucleation, it is not common for
diffusion in the liquid to act as a limiting factor which reduces the
nucleation rate at larger undercoolings. Figure 2.9 summarises
schematically the relative difference between the two forms of
nucleation.

Recently, attention has been paid to heterogeneous nucleation in
aloy systems, and in particular in eutectic alloys.*® Although the
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peneral features of the nucleation processin this case are similar to
those for pure metals, one important difference concerns the strong
dependence of the structure on the nucleation conditions.

In some cases, e.g. growth from dilute solutions,c®here the supply
of atoms may exert a limiting effect it is common for surface imper-
fections such as emergent screw dislocations, grain boundaries or

L4
Ve

Homogeneous ,’

[

~0-27,

~0-027,
e

: :He1-ercgeneous J

AT
Fig. 29 The relative rates of nucleation at decreasing temperatures for hetero-
geneous and homogeneousnucleation processes.

lteps to act as preferred sites for heterogeneous nucleation. The
subsequent growth structure usually reflects the influence of these
modes of nucleation.

1.3.2 Nucleatingagents

o far we have discussed both homogeneous and heterogeneous
‘wicleation as processes occurring without being specificallyinfluenced
hy cxternal perturbations. In practice, one of the most important
Echnical aspects of casting isthe control of nucleation. As discussed
m detail in later chapters, it is found that the grain size and grain
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shape together with segregation effects occurring during casung can
have a significant influence on the physical, mechanical and chemical
properties of the cast product. Most commonly, control is exerted
by the use of nucleating agents (inoculants). The nature of hetero-
geneous nucleation and its relation to inoculant effectiveness has
been reviewed by Chadwick.?* As described above, the nucleation
potency is strongly dependent on the contact angle (Fig. 2.8). For

TABLE 2.2

COMPOUNDS USED TO STUDY THE HETEROGENEOUS NUCLEATION
OF ALUMINIUM FROM ITS MELT*

S for close-packed

Compound  Crystal structure Nucleating effect

planes
VC Cubic 0-014 Strong
TiC Cubic 0-060 Strong
TiB, Hexagonal 0-048 Strong
AlB, Hexagonal 0038 Strong
ZrC Cubic 0145 Strong
NbC Cubic 0-086 Strong
W,C Hexagonal 0-035 Strong
Cr3C» Complex —~ Week or nil
Mn;C Complex Wesk or nil
FesC Complex Wegk or nil

« Data from Chadwick.24

easy nucleation, low contact angles are required and evidence!®:?°
supports the view that when the chemical parameters (bond type
and bond strength) of the crystal and the substrate are similar the
lattice mismatch between crystal and substrate is important. The
lattice mismatch is defined as

Aa

0= —
a
where a is lattice parameter of the crystal being nucleated and Aa is
the difference in the lattice parameters of crysta and substrate.
Table 2.2 gives data for the heterogeneous nucleation of aluminium
from its melt. It is apparent from this table that the chemical para-
meters have a greater effect than originally anticipated.'® Neverthe-
less, despite the fundamental difficulties, efficient inoculants have
been determined for most metals, for the most part by processes of
trial and error. The results of Cibula,”” Reynolds and Tottle?® and
Hall and Jackson?” (see Fig. 2.10) are good examples of the practical
development of effective inoculation procedures.

NUCLEATION 27

(a)

(b)

Fig. 210 (@) Normal coarse-grained structure in 189, chromium-12% nickel
steel. (h) Same steel as (@) refined by inoculation (Hall and Jackson27).
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24 DYNAMIC NUCLEATION

Sofar wehave considered nucleationin anessentially static situation.
Only temperatureand the potency of nucleating substrates have been
considered as having any effect. It is possible to induce nucleation by
subjecting the liquid metal to dynamic stimuli. Two distinct forms
can be identified:

(i) an initial nucleation phenomenon induced mechanically, and

(ii) a grain-refining action which is a consequence of crystal
multiplication, and is not a nucleation event in the normal
sense.

The latter form is usually the result of fragmentation of existing
solid. It is an important means of exerting control over the grain
structure and we will examine this in some detail in Chapter 6.

There are few reliable data concerning true dynamic nucleation
[(i) above]. Walker,"™ Stuhr?? and Frawley and Childs*° have all
shown how mechanical vibrations can cause nucleation to occur at
lower supercoolings than normally required. It was proposed by
Chalmers*! that cavitation followed by internal evaporation was
responsible. This was disproved, however, by Hickling.®? The most
feasible hypothesis is that of Vonnegut,®® who argued that the
positive pressure wave generated by the collapse of an internal
cavity in the liquid could be large enough to raise the melting point
for metals which contract on freezing by an amount sufficient to
increase the effective supercooling of the melt and thus to produce
nucleation. Nucleation in systems which expand on freezing would
be affected similarly by the rarefaction following the initial pressure
pulse. The hypothesis has some support from both calculation®*° and
experiment.>*
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CHAPTER 3

Growth

After nucleation afirst step is to consider the growing nucleus. This
reauires an examination of the nature of the interface between the
growing solid and the liquid.

The structure and form of this interface influences both the micro-
structural morphology of the resultant solid and also the number and
distribution of imperfectionswithin the solid. It also has an effect on
thermal and constitutional changes in the adjacent liquid, and the
interaction between these effectscan in turn lead to growth modifica-
tions. The nature and extent of these modifications can be studied by
an examination of the behaviour of single-phase materials during
solidification. Thisis done in Chapter 4.

3.1 THE STRUCTURE OF THE INTERFACE

The interface can broadly be defined as the boundary between the
liquid and the solid. It is normally described as ‘smooth’ when the
boundary is discrete and 'rough’ when the transition extends over a
number of atomic layers. Jackson, ' following a suggestion of Burton
et al.,” carried out an examination of the equilibrium structure of a
solid interface in contact with a liquid. It was shown that starting
with an atomically smooth surface and adding atoms at random the
relative change in surface free energy, AF,,T was given by

%. =g x(l —=x)+xlnx+(l —x)In(l —x) (3.1)

where N is the number of possible sites on the interface, k is Boltz-
mann's constant, 7., is the equilibrium melting temperature, X isthe

1t should be noted that the symbol Fis used for free energy instead of G, as
previously, to conform with Jackson's original treatment.

0
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raction of sites occupied and
L.¢
A’}rﬂl
inegn. (3.2) L, isthelatent heat of solidification and ¢ isacrystallo-
raphic factor. It is a measure of thefraction of the total binding
nergy which binds an atom in a layer paralel to the plane face to
other atomsin the layer. ¢ isalways less than unity and islargest for

(3.2)

a: —
| J==] | |

s | | 1
Q2 o2 0.4 0.6 0.8 1.0

OCCUPIED FRACTION OF SURFACE SITES

Iig. 3.1 Relative change in surface free energy as a function of the fraction of
surface sires which are occupied. e depends on t#e crystal face, the type of crystal
and the phase from which the erystal is growing (Jackson?).

Ihe most closely packed planes of thecrystal; for theseit isinvariably
rreater than or equal to 0.5. « depends on the material and the phase
Irom which the crystal is growing. Figure 3.1 shows the expression of
cqn. (3.1) plotted against x for various values of a. Two distinct
tvpes of interface can be deduced from thisfigure. First, for « < 2
the interface has a minimum energy when approximately half the
iles are occupied. On the other hand, for a = 5 the relative free
cnergy is at @ minimum when there are only a few occupied sites
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or afew unoccupied sites. Thefirst type of interface was classifiedas
'rough’ and the second type of interface as 'smooth’ or ‘faceted'.

Further analysis showed that most metals had a < 2, in which case
they were expected to grow with a rough interface whose position
was approximately determined by the isotherm fractionally below
T.,- Inorganic and organic liquids normally have a = 5, in which
case the growing nucleus rapidly becomes bounded by crystallo-
graphic faces. A small group of materials exist, e.g. silicon, bismuth,
which occupy the middle ground in that a = 2-5 for different faces.
I n these materials the behaviour is more complex and often a mixed
growth form results.** It must be emphasised that the analysis of
Jackson considers the relative free energy changewith the fraction of
sites occupied on the surface, and thus in essence it does not predict
the true minimum energy form of a stationary equilibrated interface.
This latter point has been examined by Miller and Chadwick.?>

Nevertheless. the treatment has been of considerable value in
increasing the understanding of the factors influencing the interface
form during solidification. The studies of Jackson and Hunt® and
Jackson et a/.*—in which transparent organic crystals, chosen with
a range of a-factors and thus analogous to a range of materials both
metallic and non-metallic, were observed during solidification—were
largely in agreement with Jackson's original predictions.' Figure 3.2
shows examples of the different types of interface.

Thereareinadequacies in the theory of Jackson, particularly those
associated with kinetic influencesand related to details of the crystal
structure, e.g. the anisotropy of growth.

One approach to the problem of the relation between the interface
structureand the growth of the interface was that of Cahn’ (seealso
Cahn et a/.%) who considered in detail the 'diffuseness of the inter-
face, i.e. the number of atomic layerscomprising the transition from
solid to liquid. Cahn concluded that the degree of diffuseness was
dependent on both the material and the driving force for transforma-
tion. The driving force is determined by the undercooling at the
interface. As a result it was predicted that at low driving forces
the interface would be discrete and propagation would take place
by the transverse motion of interface steps, while at large driving
forces the growth would be normal with the interface diffuse. This
theory was examined in detail by Jackson et a/.,* who compared the
predictions with experimental data for a considerable range of
materials. The examination showed that the evidence did not support
the predictions.

Jackson® followed up his earlier work with a more general theory
of crystal growth which related both structure and growth rate. This
led to reasonable predictions for growth rate anisotropy. The theory
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predicted interface structures which correlated well with the previous
predictions’ based on the a-factor (egqn. 3.2). This theory was
extended by the development of a fundamental rate equation for
crysta growth®™® and this is examined further in the next section.
It was, however, unable to explain the anisotropy of crystal growth
for processes such as dendritic growth (see Section 4.6).

3.2 GROWTH OF THE INTERFACE

The growth rate of a crystal depends on the difference between the
rate at which atoms add theniselves to the interface and the rate at
which they leave the interface. In the previous section two principal
forms of interface were characterised, one atomically rough and
non-crystallographic in character and the other smooth and crystallo-
graphically faceted. Different mechanisms of interface advance can
be attributed to these different interface forms. The normal procedure
is to define a mechanism and calculate the mean rate of interface
motion as a function of the undercooling AT. Three mechanisms will
be considered:

(i) the normal growth mechanism;
(ii) growth by repeated surface nucleation; and
(iii) growth on imperfections.

The latter two mechanisms require the existence of growth steps on
the interface.

3.21 Normal growth

In normal growth® all sites on the interface are considered to be
equivalent and the interface advances. by the continuous random
addition of atoms. The theory was based on earlier work by Wilson*?
and Frenkel!® and it predicts that the mean growth rate, R, is
proportional to the undercooling, i.e

R=y,-AT 3.3)

where i, isa constant.

For normal growth the growth rates can be quite high and the
requirement of site equivalence impliesthe need for arough interface.
Thisis the growth mechanism considered applicable to most metals.
The constant p, can be calculated to be ~1 cm sec-* K™ '. Thus
high growth rates are expected for relatively small undercoolings.
On the other hand, it follows that at the growth rates encountered in
practice (~10"2 cm sec-', see Table 4.1) the undercoolings are
immeasurably small. This makes experimental verification of the
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rmal growth theory difficult. The rate controlling mechanism is

ually the rate of removal of latent heat. Since the materials with

ugh -interfaces also tend to have low latent heats of melting, the
ripid growth rates are comparatively easily sustained.

2.2 Growth by surface nucleation
| his theory'* (see also Hollomon and Turnbull! %) assumes that the
stal interface is smooth (faceted) and that growth proceeds by the
homogeneous nucleation of new layers in the form of disc nuclel
hich grow /aterally until a complete layer is formed. This is shown

Surface nuclei

(b)

Schematic view of the formation of disc-shaped nuclei on a crystal
(@) view paraile] to the surface; and (b) view normal to the surface.

[}

1w
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schematically in Fig. 3.3. The mode of growth leadsto a rate equation
of theform |

R=jy-expf—2
Ha* eXp ( 5 (3.4)
where:, and b are constants. The theory predicts growth rates which
are negligibly slow at low undercoolings. The evidencein support of
this mechanism is very limited.*

3.2.3 Growth on imperfections

Here the assumption is that some form of continuous growth step
existsat which atoms can be added. The simplest form of step isthat
formed when a screw dislocation emerges at a crystallographically
smooth interface (Fig. 3.4). The theory of growth on screw disloca-
tions has been treated by Frank'® and Hillig and Turnbull.'” This
method of growth has a rate law

R=,.AT? (3.5)
In this case the predicted growth rates are also very low and this is

FHg 34 Schematic view of a crystal containing a screw dislocation running
normal to the upper surface. This surfaceisa spiral ramp and cannot be eliminated
by adding atoms as shown (Read?8).
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iely a consequence of the restriction on the number of available
iwth sites. Nevertheless, the faceted growth of non-metals has
1 observed!® to involve this mechanism. Spiral growth on screw
locations is common during the growth of crystals from solution
» lyom the vapour (Fig. 3.5).

f1ie. 35 A growth spiral on o crystal of SiC grown from the vapour (Verma?29).

3.2.4 The generalised rate equation

As mentioned earlier, Jackson'® developed a general formulation
for the prediction of growth rate from a knowledge of the interface
structure. This rigorous theory was shown to incorporate as limiting
cases the previous growth rate theories described above.

3.3 GROWTH DEFECTS

Atomic scale defects, e.g. vacancies, dislocations, can be produced
Juring crystal growth. Because of their contribution to increased
entropy the different forms of point defect are thermodynamically
stable.*® The equilibrium concentration of vacancies in solids at
femperatures near the melting temperature is of the order of 10~ °.



38 SOLIDIFICATION AND CASTING

Asshown by Chalmers,*° they are readily produced during solidifi-
cation, although it is not expected that a supersaturation should exist
after solidification. The equilibrium concentration in the solid
decreases exponentially as the temperature decreases and rapid
cooling of the solid can lead to supersaturation. The presence of
vacancy sinks, e.g. grain boundaries, will reduce the degree of super-
saturation.

Under normal conditions of crystal growth the supersaturation
should be small, and no clustering is expected.”” In melt-grown
crystalsthe influence of point defects will be limited.

The presence of dislocations can have marked effects. A number of
factorscan lead to the production of dislocations during growthfrom
the melt. In the presence of impurities when cellular or dendritic
interfaces are formed (see Section 4.5), a well-developed dislocation
substructure is produced.??-23 On a large scale the trapping of
foreign particles can produce dislocations both to accommodate
mismatch at the particle-solid interface and as a result of misfit
stresses.”**“* The presence of impurity particles also leads to the
development of the dislocation array of sub-boundaries produced
during solidification, known as the lineage structure."

The grown-in dislocation density can be multiplied by mechanical
and thermal stresses. The usual densities are of the order of 107 cm
cm™* although with care very low densities can be produced in
metals”’ (102 cm cm~ %), and in non-metals, such as silicon, disloca-
tions can be eliminated altogether.?#
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CHAPTER 4

Solidification of Single-phase
Metals and Alloys

In this chapter we will be concerned with the effect of the different
solidification variables (e.g. growth rate and temperature gradient
in theliquid) on the structure and composition of the growing solid.
In particular, when we consider single-phase aloys, the way in
whichthesoluteisredistributed during solidification will bcexarnined,
as will the effectsof this redistribution on the micro- and macro-
structure of the solidifying alloy. Before examining the solidification
processes it is essential to define clearly a terminology.

4.1 TERMINOLOGY

(@ The growth rate, R, isa measure of the rate of advance of the
interface between theliquid and the solid. Sometimes the growth rate
will refer to the rate averaged over several points on the interface
and sometimes it will refer to a specific region of the interface.
Growth rates are normally expressed incm sec-' or cm hr ™', Some
typical growth rates for a range of solidification processes are given
inTable 4.1.

TABLE 4.1

TYPICAL GROWTH RATES FOR DIFFERENT SOLIDIFICATION PROCESSES

Process Growth rate, cm sec™ !
Growth o metd singlecrystals 10~
Directional growth studiesin research 10-2
Ingot solidification 10-2
Initial dendritic growth (AT ~ 0.02 Ty) >
Initial dendritic growth (AT ~ 0.2 T) 5000
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(b) The temperature gradient, G, is usualy taken to refer to the
gradient in the liquid away from the interface in the direction of
growth. If the temperature increases as we go into the liquid, the
temperature gradient is considered to be positive and vice versa
Commonly, temperature gradients vary from a few degrees Centi-
grade per centimetre during the growth of single crystals, to tens of

emperature

Solid

Solid

Composition

a) {b)
Fig. 41 (a) Portion of a phase diagram in which the distribution coefficient
ko <t 1.(b) Portion of a phase diagram in which 7/ distribution coefficient ko -, 1,

degrees Centigrade per centimetre in castings and ingots, and to
hundreds of degrees Centigrade per centimetre during weld-pool
solidification.

(c) The diffusivity, D, determines the rate at which atoms can
move in the liquid. For virtually al metalic liquids D is of the order
of 5x 10”° cm? sec-'. Diffusion rates in the solid are much
smaller, e.g. ~107 % cm? sec™ ' for common metals just below their
melting points. Thus solute redistribution in the solid is usualy
ignored in comparison to solute redistribution in the liquid.

(d) The equilibrium distribution ceefficient, k,, is defined by the
phase diagram, assuming the liquidus and soliduslinesto bestraight.
Figure 4.1 shows the two different forms of liquidus and solidus
arrangement at the pure substance,end of a phase diagram. The
equilibrium distribution coefficient is given by theratio

_ solute concentration in the solid at temperature T
solute concentration in the liquid at the same temperature

: (‘5

(‘I,

0
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Solidification direction
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If the effect of the solute is to lower the liquidus temperature, then
ko, < land vice versa

It is sometimes convenient to define an 'effective’ distribution,
kg, as

instantaneous composition of solid formed
average composition of the liquid at that time

E =

This definition is of importance in Section 4.3 when we consider
solute redistribution effects during solidification.

(6) The slope of the liquidus line is given the symbol m. In their
classical paper on solute redistribution, Tiller et @/.* defined the
liquidus slope shown in Fig. 1(a) as positive m and that shown in
Fig. 1(b) as negative m. It should be noted that although this is
contrary to normal mathematical practice, this convention has been
adhered to throughout the literature on solidification and will be
followed in this chapter.

(f) The earliest solidification studies of Chalmers and his co-
workers involved the unidirectional solidification of metals and alloys
under controlled conditions in casting 'boats of graphite or a
similar material. The solidification processin the boat was essentialy
treated asif it wereasection from alarger ingot or casting undergoing
solidification, as shown in Fig. 4.2. This approach yielded valuable
fundamental data on solidification processes and has been widdy
adopted since. We will have frequent occasion to refer to this type
of unidirectional solidification procedure throughout this chapter.

42 PURE METALS

4.2.1 Interfaceforms

Thegrowth of pure metals in aregion of positivetemperature gradient
is controlled by the flow of heat away from the interface through the
solid. The interface is normally rough and isothermal, being at a
temperature below the equilibrium temperature just necessary to
provide sufficient kinetic driving force. This kinetic undercooling
has been estimated as —0.01"K. Non-metallic materials of high
purity are expected to behave in a similar way within the con-
straints conferred upon them by the need to fulfil the interface
requirements outlined in the previous chapter. The growing interface
for both groups of materials should progress in a stable form. Any
localised instability formed on the interface would project into a
region at a temperature higher than the melting temperature and
would remelt to restore the isothermal interface. The sequence of
events isillustrated schematically in Fig. 4.3.
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Fig. 43 (a) Area o solid and liquid adjacent to the interface showing positive
temperature gradients in the liguid and solid (schematic). Gyopia is steeper than
Giguia because o the higher. thermal conductivity o the solid. (by Schematic

sequence showing the formation of an unstable protuberance which melts because
the local fip temperature exceeds the melting temperature.
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However, if a stateof metastability or instability iscreated near the
growing interface by the occurrence of an inverted gradient of free
energy (this is normally achieved by inverting the temperature
gradient), the growing interface will break down and grow as shown
in Fig. 4.4. Usualy these interface instabilities also break down
laterally and develop side branches. The interface thus degenerates

SOLID LIQUID
G negative
G 5 positive
Temperature
Distance
Interfoce
o~ T
(a)
Tiocar<Tm
[ Luio i
SOLID LIQUID >
soLipDlLIQuID , SOLID LIQUID
Initial Interface Subsequent forms
form of with shape after shape instabitity
interface instability has grown
(b)

Fig. 4.4 (a) Area o solid and liquid adjacent to the interface showing a negative

temperature gradient in the liquid and a positive temperature gradient in the solid

(schematic). (b) Schematic sequence showing the formation and stabilisation & a

protuberance on the interface when it projects into a region where the local tip
temperature is below r/ie melting temperature.

and grows dendritically.? In practice, these conditions will only exist
in bulk pure materialsduring the period betweentheinitial nucleation
and the attainment of the transformation temperature at which the
dendrite arms thicken. Thus, if we consider atypical form of cooling
curve it can be divided into sections as shown in Fig. 4.5. Dendritic
structures are considered in greater detail in Section 4.6.
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Fig. 45 Typical form of cooling curve for pure metals showing the regions in
which the different growth phenomena occur.

422 Structural effects

From a structural point of view the important factors are those of
grain size and shape. These are macrostructural variablesand will be
considered in Chapter 6. Of minor importance are the extent and
nature of crystal defects, ¢.g. vacancies and dislocations. 1t is not
expected that the concentrations of vacancies cither singly or in
clusters will be large under normal solidification conditions,* nor
that properties will be significantly afTected. Dislocations, however,
can have a significant influence. The grown-in dislocation density is
determined by interactions during growth and by subsequent multi-
plication processes. With care, the overall densities can be kept low
for metals* and reduced to zero for non-metallic materials. Lineage
structures, i.e. arrays of dislocationsub-boundaries,** also frequently
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occur, but the available evidence indicates that they result from
entrapped impurity particles.’

43 SOLUTE REDISTRIBUTION EFFECTSIN ALLOYS

The growth of impure metals is much more complex because of the
redistribution of solute that occurs during solidification. This can

ko <l

LIQUID

Trmoerature

B

SOLID

Composition

Fig. 4.6 Portion of a phase diagram for an alloy of composition Cy, with ko < 1,
showing initial compositional changes.

produce changes in the growth morphology and lead to solute
segregation on both a microscale and a macroscale. If we consider
the initial sequence of events during the solidification of an aloy of
composition, C,, with distribution coefficient, k, < 1 (Fig. 4.6), it
is clear from the phase diagram that the first solid to form will have
composition Cok,. Since k, < 1 thereis a small localised increase
in the solute content of the liquid. Two extreme cases should be
considered. First, the solute increase may disperse in the liquid by
diffusion only. Alternatively, conditions of complete mixing may
exist in the liquid which rapidly spread the excess solute throughout
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the bulk of the liquid. We will examine both of these and the inter-
mediate case of redistribution by diffusion and partial mixing. In all
cases it will be assumed that no concentration changes occur in the
solid after solidification. For reasons outlined in Section 4.1(c),
this assumption is reasonable.

4.3.1 Solute redistribution by diffusion

Reconsidering the aloy with k, < 1, it is clear that after the first
solid of composition Cyk, has been formed, because of the local
solute enrichment of the liquid the next element of solid deposited

|
| LIQUID

SOLID
|
’——_-—
| X Ko |
C
o
&
o
E.
(e}
U Distance

Fig.4.7 The solute profileahead of the interface during steady-state solidification
with solute redistribution by diffusion only (ko < 1).

will have a composition (C, + 6Cy)k,, where 6C, represents the
local enrichment, and so on. At the same time a layer of solute will
build up at the interface and solute diffusion will take place down the
concentration gradient. There will thus be an initial transient in
concentration in the solid but, in duecourse, a steady-state will occur
where the rate of regjection of solute at the interface just equals the
rate of solute diffusion away from the interface.

It wasshown by Tiller et a/.' that thesolute distribution intheliquid
at the steady-state was given by the solution to the differential
equation

pLC o pac

- . 0
alt e dx

This equation has the general solution

C= A+t Bexp —H

(4.1)

e

.
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wivmm (' is the solute concentration in the liquid at a distance x
wly il of the interface, R and D have their usual meaningsand A and
N are constants determined by the boundary conditions. Simple
deluction shows that the nature of the solute 'pile-up' ahead of the
mierfnce at the steady-state must be as shown in Fig. 4.7 since
mu femental movement of this profile puts out solid of composition
n ,/hoky = C, and takes in liquid of composition C,. The com-
pwimition of the liquid in the regions remote from the interface will

LIQUID
“%,__\

ol s Foens (- BxY
C uaE+ k,_,e‘p "D 1|

Composition

Distance

Fig. 4.8 The corresponding profileto that of Fg. 4.7 for ko > 1.

only differ significantly from C, at the later stages of solidification.
I'his in itsturn givesrise to a terminal transient.

l'or the steady-state the solute profile then has the boundary.
ronditions,

X=L0L C'= Cylkog; X = oo,

Substitution in egn. (4.1) gives the result

| — ko Rx\

& (-5)

Treatment of the case of an aloy with k, > 1 leads to the same
form of equation as in egn. (4.2). The solute profile is, however,
inverted (Fig. 4.8).

l'igure 4.9 illustrates, schematically, the way the solute concentra-
tlion profile changes in front of the interface with changes in the
varinbles R, D and ky(< 1), respectively.

It is seen that a short, steep pile-up is produced at high growth
rates and for low solute diffusivities. Of particular importance are the
v remie solute accumulations that can occur near the interface for

vimems in which k& is very small.

€ = C,

(4.2)

r=co[1+
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I or solute concentrations higher than about 0-5% the solute
pile-up effects arevery marked and the physical nature of theinterface
ilers to a non-planar configuration (this is considered in detail in
ihe next section). Under these conditions, egn. (4.2) is no longer

vuhid, athough it can be used to give some approximate indication
Tnitial Terminal
transient transient T
E — —
-~ = =
A J ko<l
Distance {a)
s
‘6’
=4
E A Lnitial Terminal
o transient transient
L]
B \
ko >1 -\
Distance (b)

tig. 410 Concentration-distance profiles for. a bar solidified under condition.
where solute transport in the liquid is by diffusion only: (a) ko < 1; (b) ko > 1.

of the solute distribution near the interface. Calculation shows that
the sol ute pile-up would seldom exceed a thickness of 0-1 mm without
a significant change in the interface form.

For a case in which egn. (4.2) holds, if a boat full of liquid of
initial composition C, is solidified to a bar under the conditions
considered above, the final solute distribution is as shown in Fig.
4.10, making alowance for the initial and terminal transients. At
points A and B on these two curves the compositions of the solid
formed instantaneously are Cyk, and C,, respectively. The average
composition (ignoring the small overall average increase resulting
from the localised interface pile-up) in both cases is C,. Thus the
ellective distribution coefficients are k, and 1 for the two cases. The
distribution coefficient is therefore seen to vary from the equilibrium
value £, to the value 1 as the steady-state is approached.
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432 Completemixing in the liquid

If conditions of complete mixing by convection or stirring exist
within theliquid, then with k£, < 1 thesolutergjected at theinterface
isdistributed evenly throughout theliquid. Thusin theinitial stages,
wherethevolume of liquid islarge, the overall changein composition

Composition

Fraction solidified

Fig. 411 Concentration-distance profilesfor a bar solidified under conditions of
complete solute mixing in the liquid.

is small. As solidification proceeds, however, the compositional
changes in the liquid become more marked. The form of the fina
solute distribution in the solid has been analysed by Pfann.® The
solute profile is given by

C. = Coko(l — x)fo ! 4.3)
where C; is the solute concentration in the bar at a point where a
fraction x of the bar has solidified. The detailed analysis is given in
Appendix 2. The form of the solute distribution is shown in Fig.

4.11. Since no diffusion in the solid is assumed, the average liquid
composition after a fraction x has solidified must be

C = Cy(l — x)fe!
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4.3.3 Partial mixing in the liquid

I'he intermediate case in which partial mixing in the liquid is
produced by the combined effect of diffusion and convection or
stirring has been examined by Burton et «/.® They treated the
problem asonein which thesolute layer at theinterfacewasgradually
broken down by the stirring effects (Fig. 4.12). In their analysis the
thickness of the diffusion boundary layer, 6, decreased with increased
mixing varying from about 10~ 2 mm for vigorous stirring to about
I mm for natural convective stirring. They confirmed that the solute

SOLID LIQUID

()

\ 3
SOLID - N LIQUID

SOLID LIQUID

P

(c)

fw 12 The effect of the mixing conditions on the nature of the solute layer at
th interface: (a) no mixing, diffusion only; (b) partial mixing; (c) complete
mixing.
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distribution was given by an equation similar to eqn. (4.3), that is
C, = Cokg(l — x)F! (4.4)

in which the effective distribution coefficientis given by

" ko T (1 — ko) exp[—(RS/D))

The solute distribution of eqn. (4.4) lies intermediate between the
cases considered above. Figure 4.13 summarises the differences

ke

on

Composit

~

h q
Fraction solidified

Fig. 4.13 Solute distributions in a solid bar frozen from liquid of initial concen-
tration Co, for: () equilibrium freezing; (b) solute mixing in the liquid by diffusion

only; (c) complete solite mixing in z/;c ,/‘:;,qufd; (d) partial solute mixing in the
iquid.

between the solute profiles obtained for the different solidification
conditions. Included in this figure is the profile obtained for equili-
brium freezing.

4.34 The effect of growth rate changes

If we consider the solute profiles of Fig. 4.9(a), we can see that the
total amount of soluteincorporated into the diffusion boundary layer
increases as the growth rate decreases and vice versa. Thus if a
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luctuation in the growth rate occurs during solidification of an
alloy with ko < |, theamount of solute in the interface pile-up will
need to increase if the growth rate slows down or to decrease if the
srowth rate speedsup. These changes will lead to alocalised deviation
lrom the steady-state while the solute pile-up changes. The need for
an increase in the amount of solute in the pile-up with a decreased
zrowth rate meansalocal decrease in the amount of solute deposited
i the solid as the growth rate changes. Thus a region depleted in
solute will appear in the solid. The reverseis true if the growth rate
is increased. The result in the two casesis shown in Fig. 4.14. Only

™

lig. 414 The effect of changes in the growth rare on the localised solute distribu-
tion in the solid: (a) growth rate decreased; (b) growth rare increased.

with complete mixing in theliquid is no solute banding to be expected
1s the growth rate fluctuates.

4.3.5 Practical consequences

I'he effects of solute redistribution in alloys are of great practical

importance. On the one hand, thereare the many difficultiesgenerally
considered under the heading 'segregation’; these are examined in’
detail in Chapter 7. On the other hand, there is the technique of

one refining in which the solute redistribution is used to advantage
to produce materials of very high purity. The speciaised fied of

‘one refining has been the subject of excellent monographs by Pfann©

and Schildknecht'* and will not be considered further here.

4.4 CONSTITUTIONAL SUPERCOOLINGIN ALLOYS

Originally, constitutional supercooling was analysed by Tiller et al.'

| heir treatment was asfollows. From the parts of the phase diagrams
hown in Fig. 4.1 and the definition of m (the slope of the liquidus
line), the equilibrium liquidus temperature, Ty, is given by

T, =T, — mC
is the melting temperature of the pure metal and Cis the

@ here 1,
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of the liquid. For the steady-state solidification of an
alloy of initial composition, C,, the interface temperature, T;, is

_mC,

4.5
ro (4.5)

T.=T

For a solute distribution given by egn. (4.2), the equilibrium
liquidus temperature corresponding to different points ahead of the
interface will then be

- " Rx
_ - + 1=k ==
T, =T, = mC, {1 = exp D

Using eqn. (4.5) thiscan bc rewritten as

T, =T, + MCollg ko) [} _ exp (— &H
/\'“ \ I) E

(4.6)

The actual temperature in. the liquid is given by
T=1T *Gx

where G is the temperature gradient in the liquid ahead of the inter-
face. As G varies, a situation can arise where the liquid ahead of the

Imposed
temperature

Hient Equilibrium
gradients

liquidus
/ temperature

Constitutionally

/-/ supercooled
zone
<l

Temperoture

Distance ahead
of the interface

Fig. 415 Constitutional supercooling ahead of an interface showing two applied
temperature gradients.

interface is at a temperature below its equilibrium liquidus tempera-
ture, in which case a region of supercooling exists ahead of the
interface. Thisisshownin Fig. 4.15, and thetemperaturedistributions
are essentially the same for both &, < | and k, > 1. This pheno-
menon iS known asronstitutional supercooling. Thelimiting condition
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. where the temperature gradient is just tangential to the liquidus
~uive at the interface. For steeper temperature gradients no con-

litutional  supercooling will occur. Thus for no constitutional
upercooling we require that

dT;
G> (¢
~ (dx )x=0

o I
<
3 I
u
> |
o)
c |
3 Constitutionally
,/V_]'/ upercooled zone
—1 -
/ 116 The magnitude of the undercooling ahead of an interface when con-

stitutional supercooling exists.

Lising cgn. (4.6) it is easily shown that this condition is
G > mCoy (1 — ko)

R™ D & @7

The terms in egn. (4.7) are grouped with growth parameters on the
l+ti-hand side and material and system parameters on the right-hand
dde. The nature of thisequation allows us to define conditions which
will favour constitutional supercooling. These are:

(1} low temperature gradients in the liquid;
1) fast growth rates;
1) steep liquidus lines;

1w ) high aloy contents;?

"1 mm (ypical values of the differant parameters it can be shown that con-
mem n (] supercooling rUrndIy existstor Co > 0.2%.
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(v) low diffusivity in the liquid;
(vi) very low k, for ko < 1 or very high &k, for ko > |,
In the presence of constitutional supercooling the undercooling is,
AT=T,-T
Thus
W mCo(1 — ko) oo RXNT . :
AT = e {I — exp ( !—))’ Gx (4.8)

This is as shown in Fig. 4.16. The maximum undercooling can be
determined from egn. (4.8) and is,

(mCo(l = ko)R)

AT mCo(l — ky) GO _
G Dk,

AT oy = 4.9
max Jfl\ = ;{ { ]

‘ I + In

This maximum undercooling occurs at a point given by

‘= IB , ':IIIC“(‘I - /\'O)RJI

4.10
R G Dk, ( A

The above treatment assumes that solute mixing in the liquid is
the result of diffusion only. It can be modified to allow for partial or
complete mixingintheliquid (seeChalmers’?). In these circumstances
long-range segregation will still occur.

45 STRUCTURAL EFFECTSRESULTING FROM SOLUTE
REDISTRIBUTIONIN ALLOYS

In the absence of constitutional supercooling, the behaviour during
growth is essentially the same as that of pure materials with the
exception that long-range segregational effects occur which are
associated with the initial and final transients in the solidification
process (Fig. 4.13).

The existence of a zone of constitutional supercooling, and thusa
negative gradient of free energy, ahead of the interface will make an
initially planar interface unstable to perturbations in shape. At low
degrees of supercooling a cellular interface develops (Fig. 4.17) from
the planar interface after first becoming pock-marked and then
showing elongated cdlls. The breakdown from the planar to the cellu-
lar form can be shown experimentally to be governed by eqgn.
(4.7).13:1* As the degree of supercooling increases the cell caps be-
comes extended and eventually branch to form cellular dendrites

sttt ICATION OF SINGLE-PHASE METALS AND ALLOYS

KT

o

)
L. 1 7 The cellular interface structure: (a) normal view of a decanted interface ;
i 10y view of growing interface in impure carbon terrabromide (Jackson and

Hunt 1),

59
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Iig. 4.19 Thetransition in growth substructuresin a tin-0.005 atom percent lead
alloy with constitutional supercooling. In the sequence (a) to (e) G/R decreases
from 2000°C cm-2 sec =1 t0 350°C em~2 sec ~1, Photograph( fS isa tin-0-2 atom
percent fead aloy. (@) Planar interface; (b) bex structure; (c) elongated cells; (d)
hioken cells; (€) hexagonal cells; (f) cellular dendrites (Nutting and Baker390).

(b)

Fig.4.18 The cellular-dendriticinterface: (a)top surface of an ;mpure lead alloy
showing the development of branches on elongated cells (Tiller and Rutter13);
and (b) dendritic growrk in cyclohexanol (Jackson and Hunt15).
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I.IH). There is no clear criterion for the transition from cells
llular tiendrites. '* The overall transition sequence is as shown
. .19, In. the case of both cellsand cellular dendrites, micro-
pntion occurs. The intercellular regions are rich in solute for
| and depleted of solute for &, > 1. Under these conditions,
range segregation effects similar to those shown in Fig. 4.13
1lso bound to occur.
m 1 macroscopic scale this mean that a dendrite will show a
«1rion in composition from inside to out, i.e. the phenomenon of
me. This isillustrated in Fig. 4.20; in this figure the dendritic
« ture is clearly evident. Although it cannot be resolved, the den-
arms would undoubtedly show microscopic cellular segrega-
= Both forms of segregation can be eliminated by a homogenising
1 Ireatment athough, of course, macrosegregation effectsinvolve
w diffusion distances and thus long heat-treatment times. The
1 of homogenisation is shown in Fig. 4.21.
\ quite different approach to the problem of interface breakdown
that of Mullins and Sekerka,!® who considered the stability of the
lierface in the presence of shape fluctuations. This treatment has
mie advantages, particularly since it predicts some of the para-
- lers, e.g. cell size, which were not treated in the original analysis
constitutional supercooling. The treatment is mathematically
implex and details can be obtained from the original paper.

o U

(a)

NICKEL

COPPER

()
Fig. 4.20 Coring in chill-cast cupronickel (kg < 1): (a) as-cast Sstructure; and
(b) electron-beam microanalyser trace across the boundary between two dendrite

arms. The qualitative nature d the segregation is apparent as a maximum and a
minimum in the copper and nickel respectively.

Fig. 421 (a)

R
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M’W“"WM# Ly

COPPER

®)
Fig. 421  The structure of Fig. 4.20 after homogenising : () grain structure. The
small dark particles are intermetaflic impurities. (b) Electron-beam microanalyser
trace acrossa grain boundary. The boundary is r4e dark line in the electron image.
The traces correspond to the white line i the electron image.

At this stage it would seem appropriate to point out that all the
early studies of the interface of metals and aloys and the corre-
sponding microstructural observations were handicapped by a basic
experimental difficulty. This arose from the energetic constraints that
ensured that a layer of liquid was retained when a solid-liquid
interface was decanted. The recent direct observations of interface
behaviour in organic analogues of metals,'>-!7 and in thin films
solidifying in the electron microscope,'® have thus given valuable
confirmation of the different theoretical mechanisms.

4.6 DENDRITIC STRUCTURES

Dendritic growth isstrongly crystallographic. The primary arms and
side branches have their arms paralel to specific crystallographic
directions. For example, inface-centred cubic metalsand alloysthese
are the <001 > directions.?-!? Table 4.2 gives details of the crys-
tallography of dendrites of metals with different crystal structures.
No fully satisfactory theory has yet been advanced which recon-
~iles the proposed rough and non-crystallographic form of the
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TABLE 4.2
CRYSTALLOGRAPHY OF DENDRITES®

Normal dendrite

Structure Metal direction
<entred cubic Lead <001 >
1 rentred cubic B-brass <00! >
lzonal close-packed Zinc <1010>>
lonal Tin T<<110>

« Irom Wcinberg and Chalmers2 and Hellawell and Herbert.19

i liguid interface in a metallic melt (see Section 3.1) with the
perimental observations on the direction of dendritic growth.
I e growth forms are very varied. Normally each large branched
I ldvite grows from a single nucleus and has a single orientation.
.11l misorientations can be produced during growth by mechanical
1. 1artions brought about by turbulence.
When dendritic growth occurs continuously over a large volume
I inaterial the resultant structure is strongly anisotropic. This
jmotropy can have quite deleterious effects on properties. For this
mon steps are normally taken to promote profuse nucleation and
= ure maximum isotropy. This important feature is considered
w ther in Chapter 6.
\lthough numerous measurements have been made of the depen-
' nee of the dendrite arm spacing on growth conditions,?®”?* the
. tors controlling side branching have not been identified. Morris
md Winegard?? have, however, given a striking illustration of the
i yelopment of a dendrite tip instability in a metal analogue system
+ heeinonitrile). The sequence is given in Fig. 4.22. This clearly
liows that the dendrite tip does not grow with a constant shape
tat fluctuates periodically as it propagates into the melt. It i
jmisible that the interface stability theory of Mullins and Sekerka'
Ay, with modifications,** be used toaccount for th@eobservanons
An extensive series of studies by Fleming and his co-workers™-
shown that cellular dendrites form a characteristic plate-like
winy (Fig. 4.23) with an arm spacing determined by the local solidi-
mahion time. The effect of solute content, however, isfar from clear
mi o experimental results exist which show that increasing solute
mitent increases,’ 2% decreases®*** and has no influence upon®
e pllular dendrite arm spacing. The dendrite arm spacing is not
_m /Y dletermined by the|n|t|al growth behaviour, butiscomplicated

' hyuuu sening effects.?
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Fig. 4.22 (a)

Fig. 4.22 (b)

7V
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d]
11 122 Tip of a growing dendrite showing progressive steps in tip morphology.
The time interval between (2)and (b)was 1-2 sec; between (6) and (c) 1.2 sec; and
between (€)and (d)2.1 sec (Morris and Winegard?3).

/ -
2 1S
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Longitudinal

Transverse

Longi t udi nal

Fig. 423 Sections transverse and longitudina With respect to the heat sy
directionin unidirectionally olidified aluminium-4-5 %, COPPEr alloy : (8) orthogonal
photomicrograph: () schematic drawing skowing Primary dendrize plates (Bower

et al.25),
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CHAPTER g

Solidification of Multiphase
Metals and Alloys

In the previous chapter the solidification of single-phase metals and
alloys was considered with regard to both the constitutional and
structural effects which occurred. In this chapter more complex
alloysaretreated in which two or more phases are present. Eutectics,
peritectics and monotectics are considered first. Particles in melts
and gases in melts are dealt with subsequently.

51 EUTECTICS

5.1.1 Binary eutectics

A typical binary eutectic phase diagram, that for the system lead-tin,
is given in Fig. 5.1. Considering the aloy of eutectic composition,
the two component phases solidify simultaneously to giveastructure
consisting of an intimate mixturé of these phases. Severa different
classifications for eutectic structures have been proposed,! *
but there is not general agreement. The classification due to Hunt
and Jackson” has distinct advantages and is based on the a-factor
(see eqgn. 3.2) characteristics of the component phases. Thus, the
different structures are divided into three groups, (i) rough-rough,
(i) rough-faceted and (iii) faceted-faceted, where the descriptions
rough and faceted are as given in Section 3.1. Figure 5.2 shows
examples of each of these groups for organic eutectics. Mot metallic
eutectics fall into group (i) and during growth there is coupling
between the phases. In coupled growth the two phases grow imme-
diately adjacent to each other with solute movement between the
liquid regions in front of each phase. The growth mode shows some
mutual dependence. The normal morphologies are lamellar or rod-
like (Fig. 5.3). In the presence of impurities, cellular growth occurs
and a structure of eutectic colonies results® (Fig. 5.4). In lamellar
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Fig. 5.1 The eutectic system lead-tin.
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eutectics the interlamellar spacing, 2, is related to the growth rate,
R, by

: (5.1

A6 -

a relation predicted theoretically’-® and confirmed experimen-
tally.” ' © This provides one meansof control of the eutectic structure.

For non-eutectic compositions the eutectic reaction is preceded by
primary-phase dendritic growth. The resulting structure consists of
dendrites in a eutectic matrix (Fig. 5.5).

With group (ii) eutectics the growth process is still coupled with
the faceted phase dominant. The resultant structuresarelessregular.
As can beseen in Fig. 5.2(b) the faceted phase is surrounded by the
other phase except at the tips of the growing spikes. The important
metallurgical systems of aluminium-silicon and iron-graphite are of
this type, as has been shown by Day and Hellawell.' ' * Figure 5.6
shows the aluminium-silicon system. These two systems are both
able to be structurally modified by the addition of small quantities
(=0.01%) of sodium and cerium or magnesium respectively.
Futectic modificationis considered further in Section 5.1.3.
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Fig. 5.2 (a) A lamellar eutectic structure in the carbon retrabromide-hexachior-
ethane system. Both phases normally have rough interfaces(a < 2).(b) Anirregular
eutectic structure in the succinonitrile (rough, a << 2)-borne0l (faceted, « > 2)
system. (c) Complex eutectic structure in the azobenzene-benzil system. Both
phases normally haae faceted interfaces (Hunt and Jackson4). No coupled growth
takes place.
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Fig. 54 (a) Schematic representation of the growth front of a lamellar eutectic
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growing with a curved cdlular interface. Rods form at the cell boundaries (Hunt
and Chilton5). (b) Cross section through an impure lead-cadmium alloy showing
the eutectic colony structure (Chadwick ).

|
1

Fig. 53 (a) Lamellar eutectic in the %21(1—)1‘1'/1 system. (h) Rod-like eutectic in the
aluminium-Al3Ni ystem:(i) transverse section, (if) longitudinal section.
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- T, -} (" LS - - i .
Fig. 3.5 Hypoeutectic alloy il m(, copper—silver system showing coppm—‘ich

dendrites in @ matrix of eutectic colonies.
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Yig. 5.6 The normal eutectic structure in the aluminium-—silicon System (Day and
Hellawell 1),
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Where both eutectic components are faceted the growth is no
[onper coupled and the resulting structure is a random mixture of
(e two phases (see Fig. 5.2¢). This type of structure is uncommon
m metallic systems, but is expected for non-metallic systems where
Ihe o-factors of components should be large. This is not always the
cuse, however, since as shown by Hellawell and co-workers'?
morganic eutectics, e.g. LiF-NaF, can grow with group (i) structures.

A number of approximate and lessappropriate theories of lamellar
rrowth have been proposed (see, for instance, Tiller” and Hunt and
lnckson®) and these have been reviewed by Hunt.!*"Satisfactory
predictions have been made of the interface shape.

Another aspect of binary eutectic solidification which is of impor-
ance is the lamellar-rod transition, particularly in view of the
consideration given to the use of eutecticsfor high-strength compo-
iles. 1316 For alloys of eutectic composition the tendency is to
form rods when one phase has a low volume fraction relative to
the other, and lamellae when the phase proportions are more nearly
cqual. It is generally accepted that this is controlled by interphase
cnergy considerations,' ¥ although under some conditionsthe normal
wolidification variables (growth rate, temperature gradient at the
solid-liquid interface) can influence morphology.!® The preference
I'or a given habit as determined by simple geometric considerations
isshown in Fig. 5.7.

The surface area associated with a fibrous system (S,) is very
sensitive to the volume proportions, rising from zero to a maximum
value of —0.8, when the rods would tend to make contact. On the
other hand, the surface area of a lamellar array (S,,)is independent
of volume fraction since it is independent of lamellar thickness. If
the interphase energies were the same for lamellae and rods we
would only expect the lamellar arrangement at volume fractions
greater than about 0.3. However, the lamellar habit is observed to
persist to lower volume fractions and this has been attributed to the
existence of preferred interphase habit planes with lower surface
cnergies. '

Clearly, the anisotropy of surface energy in crystals limits the
extent to which the ssmplegeometric model can be used. Nevertheless,
i the absence of more detailed information it provides a useful
indication of preferred behaviour. Thus, we can see that the rod-like
arrangement is not expected at volume fractions greater than about
03,

In an attempt to overcome this restriction, Mollard and
I lemings,'”-'® following observations by Hunt and Jackson,*
solidified aloys of non-eutectic composition in a controlled way so
as to retain the coupled eutectic-type growth. They were able to
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08 06 0+ 02
T

a
V a+b

Fig. 5.7 The relative surface areas for lamellar cutecric arrangements, Sy,

compared with those of fibres, S0, or vice versa, as functions Of the volume propor-

tions: (@)isthe volume fraction of the Mnor constituent ; (N)IS the volume fraction

of the major constituent. Eutectic alloys having the lamellar habit are mar X
and those with a fibrous habit arc marked O (Hellawell!'s).

produce eutectic structures with different volume proportions of the
component phases, but observed that normally lamellar structures
remained lamellar until the volume fraction was very markedly
reduced. Thus, as yet it has not proven possible to obtain aligned
rod-like eutectics with high volume fractions. However, a more
detailed examination of the influence of trace impurities would seem

o
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(b)

lig. 5.8 (@) A triple lamellar ternary eutectic in the system cadmium (x)-tin
(M)~lead (y). The lamellar arrangement is ayByay (Kerr et al.29). (b) The complex
rernary eutectic in the aluminium-copper —magnesium system. The lamellar phases
are aluminium and CuAlp and the fibrous phase isMg-rich (Cookseyand Hellawell21).
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essential '® provided, of course, the transition can be effected without
extensive Colony formation. Theories of the lamellar-rod transition
and of the extent Of the eutectic range have also been discussed by

Hunt.'*

51.2 Ternary eutectics -
Ternary cutectic stiuctures have not attracted agreat deal of attention,

although some dasa are available.”®-*' Microstructures have been
reported which have complex lamellar or combined lamellar-rod-like
morpho]ogies_ Examples Of the$ are ShOWI’] in Flg 58

5.1.3 Modificationt of eutectics

As described above, structural modification is produced in the
systems aluminiunm-silicon and iron-carbon by the addition of
sodium and magneSium or cerium, respectively. After modification
the structure of Fig- 5.6 appears as shown in Fig. 5.9. Two points
should be noted: (i) the modified structure has significantly improved
mechanical propertics, especialy toughness, and (ii) the growth
process is affected in such a way that primary dendritic growth
occurs in what is nominally an alloy of eutectic composition. These

a3 N L :
EEY L Sy i
gl

A .‘..' { '.
i Ko o
uminium-silicon eutectic alloy.

Fig. 59 Sodium-modified al

}O
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lig. 510 Scanning electron micrographs of aluminium-silicon alloys after heavy

etching of the aluminium matrix: (&) coarse silicon structure of unmodified slow-

cooled alloy (cf.Fig. 5.6); (b) filamentary silicon in a quenched alloy (growth-rate

modified); (c) filamentary silicon in sodiummodified alloy (cf. Fig. 5.9) (Day and
Hellawell11),
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Fg 511 (a) Normal as-cast grey cast iron showing flake graphite. (b) Modified
spheroidal graphite cast iron.
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are both examples of important structural modifications in the
levelopment of microstructure.

The recent work of Day?? has confirmed that this modified
structure is the result of a change in the mode of growth and not the
result of a change in nucleation behaviour as was earlier pro-
posed.??** The coarse silicon structure of slow-cooled alloys is
altered if rapid growth rates are used. A similar effect is produced by
adding a modifier (sodium) to the slow-cooled aloy. These are
illustrated in Fig. 5.10. The silicon morphology is basicaly the same
in both the growth rate-modified and the additive-modified alloys.

The modification that occurs in the iron-carbon system is even
more striking, as shown in Fig. 5.11. Here the normal structure of
grey cast iron, graphite flakes in a pearlitic matrix, is atered to
graphite spheroids in a pearlitic matrix. In this case also thereis a
dramatic increase in mechanical properties, particularly toughness.
The bulk of the evidence® indicates that the spherulites separate
directly from the melt without the simultaneous formation of any
other solid. Solidification appears to proceed by the growth of the
spherulite surrounded by an envelope of austenite, although this
hypothesis has been questioned.?® The reasons for the change in
nraphite morphology on the addition of magnesium are far from
clear, although it has been established?” that the additive influences
the growth of the graphite rather than affecting the nucleation
behaviour.

5.1.4 Othe eutecticsysgtems

There are a number of other aspects of eutectic solidification,
particularly the divorced eutectics, ““ and the pseudo-binary eutec-
tics®® which occur in multicomponent systems. These are both very
specialised topics and will not be dealt with further here.

5.2 PERITECTICS

Figure 5.12 gives the phase diagram for the almost ideal peritectic
system, silver—platinum. As discussed by Uhlmann and Chadwick?*°
in the first detailed study of peritectic reactions, for virtualy all
compositions except those near the limits of the system, the micro-
structure after casting will consist of cored dendrites of one phase
surrounded by the second phase. Thus with reference to Fig. 5.12
we would expect this structure for compositions from 30to 90 wt %,
platinum. Furthermore, the peritectic reaction should seldom proceed
to completion. When the primary phase has cooled to the peritectic
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Fig. 5.12 The peritectic system silver—platinum.
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temperature (1185°C in Fig. 5.13) it should react with the liquid to
form the second component phase. In practice it becomes quickly
encapsulated by the second phase and the reaction is stifled by the
need for diffusion through this solid layer. This behaviour has been
confirmed by Sartell and Mack.?!
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Fig. 5.13 The copper-tin phase diagram.

In those cases where successive peritectic reactions occur, e.g.
tin-rich copper-tin alloys(see Fig. 5.13), considerabledeviationsfrom
equilibrium result. For instance, if an aloy of nominal composition
80wt 9, tin was solidified under equilibrium conditions, the resulting
structure would consist of approximately equal proportions of the
primary n-Cu¢Sn 5 phase and eutectic. When cast normally, however,
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Fig. 514 Ascad

=80 wr 9 tin. The intermetallic phases are :CuzSn
(dar k) in 5-CugSns (White) in a zin-rich eutectic matrix (black).

it consists of the e~Cu,Sn phase enclosed in 7-CuySns in a matrix
of eutectic. Thisisshownin Fig. 5.14.

On the whole, data for metallic systems are limited and there are
essentially no data available for non-metallic systems.

53 MONOTECTICS

Monotectic reactions in which a liquid phase decomposes to form a
solid and another liquid phase (Fig. 515) have also received little
attention. The experimental work of Delves®? and the theoretical
treatment of Chadwick®® showed that either regular rod-like
structures or macroscopic phase separation should occur, depending
on the various interphase surface energies. Subsequently Livingston
and Cline,** working with copper-lead alloys, established that the
growth conditions also had a marked influence on the nature of the
transformation structure. Their results are summarised in Fig. 5.16.
It would be valuable if these studies could be extended to other
suitable systems.
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Fig. 516 (@) Compesition-velocity plot showing regions ever whick different
microstructure types were observed. (b) Transverse section Of transition regions

showing composite and dendritic structures. copper—light phase, lend—dark
phase. The characteristic alignment Of the dendritic structure resulting from the
crystallography of dendritic growth is clear (Livingston and Cline34).

54 PARTICLESAND INCLUSIONSIN MELTS

Foreign particles which do not dissolve in either the liquid or the
solid are often present during solidification. These insoluble particles
are usualy classified as exogeneous if they come from externa
sources (e.g. mould and ladle materials, dross) or endogencous if
they arisefrom reactions within the solidifying metal. The interaction
between solid particles suspended in the liquid and the solid-liquid
interface has been studied comprehensively by Uhlmann et a/.”’
Using transparent materias, direct observations of particle-interface
behaviour were made. For each system it was found that there wasa
critical growth rate below which the particles were '‘pushed’ by the
interface and above which they were trapped in the solid. Figure5.17
shows the pile-up of zinc particles at a solid-liquid thymol interface
at low growth rate. The rate-controlling step was determined to be

o

i
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therate of diffusionof liquid to the growing solid behind the particle.
A sufficient flux of liquid is needed to continuously replenish the
solidifying material immediately behind the particle and thus keep
the particle ahead of the interface. In the main, the critical growth

|
~
Fig. 5.17  Pile-up of particles at a solid-liquid interface at low growtl rate in the
system thymol-zinc (Uhlmann & al.33).

rates were all low (~10"° cm sec'). It is thus expected that
entrapment will occur in most practical cases. Towards the end of a
solidification process, however, asthe growth rates slow down, it is
possiblefor particlesto be swept together to producequite del eterious
accumulations of inclusions.

It isalso possible for the solid inclusions to act as sites for hetero-
geneous nucleation (see Section 2.3) and it is recognlsed that they
have an important role in ingot solidification. ® To alarge extent
the segregation patterns observed in ingots (see Section 7.3) are
influenced by the presence of inclusions.

| n some cases the particles appear to have become grown-in
hecause they have been trapped in isolated regions of liquid by the
growth of dendrite branches. The constraints imposed on particle
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movement by the existence of a solid network in the liquid make
predictions of particle distributions very difficult.

55 GASESIN MELTS

Apart from the possibility of gases beingtrapped inadvertently during
casting, considerable difficulties can result from the marked differ-
encesin the solubility of gasesin liquid and solid metals. An example
of thisisshown in Fig. 5.18. Examination of thisfigureindicates that

per 100g

cm?3

Solubility,

300 400 500

Temperature, °C

Fig.5.18 Solubility of Avdrogen in aluminium (data from Ransley and Neufeld39),

thedistribution coefficient is effectively ~0-05. As shown in Section
4.3, the corresponding build-up in concentration at the interface
(oc1/k,) could lead to supersaturations of — 20 times the saturated
value. Under these conditions it is expected that the gas will come
out of solution and appear as bubbles of one form or another.
Itisrecognised*?-*! that the nucleation of gas bubbles should be
difficult, but as pointed out by Campbell*! shrinkage may make an
important contribution to pore nucleation, as may the presence of
certain inclusions. In al cases, because of the local supersaturation
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the advancing solid-liquid interface should be the preferred site.
After nucleation the bubble can behave in a number of different

ways:*°

(i) it can float away, collecting gas in the process, and escape
from the liquid at a free surface,

(i) it can move with the interface, growing at the same time to
become entrapped in due course,

(iii) it can become incorporated into the interface to grow as an
elongated blowhole,

(iv) it can be rapidly overgrown by the interface and become
entrapped.

Fig.5.19 Effect of growth rate on the interaction between a bubble and the solid-
liquidinterface: (a)slow growth rates— type(ii)behaviour, pushing; (b) intermediate

growth rates—t),/lpe (iii) behaviour, formation of elong;ated blowhola (c) fast
growth rates—type (iv) behaviour, enfrapment (Chalmers49

The occurrence of the latter three types of behaviour is determined
by the growth rate and they are illustrated schematically in Fig.
5.19. Woodruff** has shown a good example of theformation of an
elongated blowhole in an analogue system (Fig. 5.20).
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Hg 520 Growrh of agas bubble at the interfuce in solidifying salol : (a)nucleari(oei)

and incorporation into the inrerface,; (b) formation of the elongated blowhole
(Woodrafr42),
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There are few reports of investigations dealing with the factors
influencing the number, form and distribution of pores in solidified
metals. McNair*? and Jordan et al.,** for instance, give some data
on theeffects of gas content, ingot size and solidification conditions
on porosity. It isto be hoped that more fundamental work of this
type will be carried out. In the meantime it should be noted that
effective empirical methods have been developed for the control of
porosity in ingots and castings (see Section 9.1).
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Fig.5.20  Growth of a gas bubble ar the interface in solidifying salol : (a) nucleali(oél)

and incorporation into the interface; (b) formation of the elongated blowhole
(Woodruff+2).
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CHAPTER 6

The Structure of Castings

Thestructureof a casting is of great importance sincemany materials
properties, especially mechanical properties, depend on grain shape
and grain size. I n addition, segregation resulting from the various
modes of redistribution of solute can have marked effects. In this
chapter we will examine the nature of the macroscopic cast structure
and discuss the underlying reasons for the development of the
different types of structure. This leads to the consideration of the
control of the cast structure, since this is one of the most useful
techniques available to the metallurgist or materials scientist
concerned with the development of microstructure with the specific
intention of improving properties. Thisisimportant if the material is
tobeusedintheas-cast form or if it isto beworked toafinal shape. In
Chapter 7 we will consider segregation.

6.1 MACROSTRUCTURE

In most as-cast polycrystalline solids three distinct zoneswith differ-
ent grain structures can be identified (Fig. 6.1), namely:

(i) thechill zone—a boundary layer, adjacent to the mould wall,
of small equiaxed crystals with random orientations;

(ii) the columnar zone—a band of elongated crystals aligned
parallel to the directions of heat flow;

(iii) the equiaxed zone—a central region of uniform crystals. The
properties of this central region are comparatively isotropic
provided the grain sizeissmall. The grain sizein theequiaxed
zone is, however, normally larger than that of the chill zone.

Probably the most important factor in determining subsequent
properties is the relative proportions of the columnar and equiaxed
zones. The chill zone is normally only a small number of grains
thick and has a very limited influence.

95
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I’ the object of the control of grain structure is to obtain isotropy,
a fine-grained equiaxed structure is required. This is brought about
by encouraging those conditions which lead to the breakdown of
columnar growth and the formation of the equiaxed zone. Under-
starding of the factors responsible for the formation of the equiaxed

Columnar
Crystals

L

Equi-Axed
Zone

L

2l

F

Fie || Transverse sect ion of an as-cast structure showing the chill Zone, columnar
& zone and equiaxed zone (Walker®).

zon¢ has significantly increased in recent years. On the other hand, if
anigdtropic properties are required, the columnar zone will need to
precominate. The relative proportions of the different zones can be
confrolled by altering thecasting variables, e.g.thealloy composition,
the Youring temperature, the rate of cooling, etc., and an ingot can
vary from being fully columnar to being fully equiaxed (Fig. 6.2).
Thic is considered in detail in subsequent sections.

T1e grain boundaries form by the impingement of the growing
graits and the effects of the boundaries derive both from crystallo-
orarhic sources and particularly because of the accumulation of
solwle and insoluble impurities that can occur. Thus the eflects of
thes: grain boundaries depend both on the change in orientation at
the poundary and on the special properties of the boundaries them-
selves. So far as fracture is concerned they can form easy pathsfor
crac< propagation, especially in the presence of solute segregation. !-2
If th: €quiaxed zone is absent, accumulation of soluble and insoluble
imptrities in the regions where the columnar structures impinge
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can have disastrous results; for example, thisiscommonly the casein
fusion welds.

I n castings, the consequences of grain impingement are particularly
bad at sharp corners, in rectangular sections and at perpendicular
surfacejunctions, asshown in Fig. 6.3. These can usually be corrected
by suitable design procedures. We are going to be concerned with
control by manipulation of the casting procedures. Before doing so,
it should be noted that if the ingot structure is going to be subjected
to extensive working in the solid state, the final grain structure will
be dictated by solid state changes. Nevertheless, careful control in
the initial stage can have beneficia results particularly as far as the
attainment of homogeneity is concerned. For instance, Antes et a/.*
have shown that a controlled fine-grained cast structure facilitates
homogenisation. This is an important ancillary function attainable
by the control of grain size and shape.

6.2 THE CHILL ZONE

The chill crystals nucleate on or near the mould wall. Observations
of undercoolings make it clear that they are the result of hetero-
geneous nucleation. The formation of the chill zone was initialy
explained®~ 7 in terms of the copious nucleation considered to occur
in the thermally undercooling region adjacent to the mould wall.
The extent of nucleation was largely determined by the thermal
conditions at the mould wall, but also by the efficiency of the mould
wall as a substratefor heterogeneous nucleation and by the existence
of effective nucleants in the chilled liauid laver. The existence of
localised constitutional supercoolingcanalso play ap'art.” Overall, the
numbers of crystals in the chill zone depend on the superheat of
the liquid, the temperature of the mould, the thermal properties of
the metal and the mould, as well as on the nucleation potency of the
mould wall or of particlesin the liquid. In extreme cases it would be
possible for chill crystals formed initially to subsequently remelt.

This nucleation theory has been modified® to alow for crystal
multiplication by the fragmentation of the initia nuclei. Crystal
multiplication by the remelting of dendritc arms resulting from
growth fluctuations (produced, for instance, by convection) was
observed by Jackson et @/.” Thisis shown in Fig. 6.4 and was used
as a basis for a theory of equiaxed zone development (see Section
6.5). Biloni'® has established that both mechanisms are operable in
the generation of the chill zone, with their relative importance
depending on the casting conditions. The crystals in the chill zone
are normally equiaxed and of random orientation.
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6.3 THE COLUMNAR ZONE

The columnar crystals develop predominantly from the chill zone
and show a strong preferred crystallographic orientation which
corresponds with the preferred crystallographic directions of dendri-
tic growth.!'-'* Some few grains appear in the columnar zone which

- do not originate in the chill zone.'®-!  Thesubstructureinthe colum-

nar zone can show all stages of development through planar to
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cellular and to cellular dendritic.'® The axes of the columnar
crystals are normally parallel to the heat flow direction. There is
competitive growth between the crystals growing from the chill zone
such that those with the steepest thermal gradient parallel to the
preferred growth direction (the dendrite arm axis direction) crow

120 T T T T
p——x X — .
80 | 4
-4
&0
v
w
i
x
o
& a0l ]
@
20 i
o - = i 4
! 2 E Ed

DISTANCE FROM MOLD WALL ((CMS)

Fig. 6.9 Change in preferred orientation with distance from the mould wall for
pure aluminium: @ isthe spread in orientation (Waliton and Chalmers11).

more rapidly than their less favourably oriented neighbours. They
expand and overwhelm their neighbours to dominate the growth
process. Thisisclearly illustrated by the observation that the spread
in orientation decreases as the columnar zone extends (Fig. 6.5),
while at the same time the average grain size increases (Fig. 6.6).

For a given alloy the extent of the columnar region increases as
the pouring temperature increases (Fig. 6.7). For given pouring
conditions the extent of the columnar region decreases as the aloy
content increases (Fig. 6.8). With pure metals the as-cast structure is
normally fully columnar and there is little development of preferred
orientation (Fig. 6.9). For pure metals it appears that the growth
front is essentialy planar and dendritic growth does not occur to a
significant degree. This would account for the absence of preferred
orientation. Furthermore, the persistence of the columnar crystals
would seem to be a consequence of an inability to produce equiaxed
crystals. I n the presence of profuse nucleation in the chill zone, or if
crystals are produced at the free surface,'* some equiaxed crystals
should be present.

Explanations of the extent and nature of the columnar zone begin,
as described above, with the development from the chill crystals.
The main controlling factor is the appearance of the equiaxed zone.
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The evidence is that the columnar crystals will persist provided
conditions are not favourable for the formation of equiaxed crystals.
Because of this, control over the columnar growth is normally
exerted by inducing the formation of equiaxed crystals. It is this
control which is foremost in the control of the overall cast structure.

6.4 THE EQUIAXED ZONE
The crystals in the equiaxed zone usualy have a grain size larger

than that of the chill zone and their orientation is effectively random.
As shown in Figs. 6.7 and 6.8, theformation of an extensiveequiaxed
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zone isfavoured by pouring with low superheat and by higher alloy
contents. As the pouring temperature increases the tendency to form
equiaxed grains decreases, but on the other hand the equiaxed grains
that occur do so with increasing grain size (Fig. 6.10). | t isimportant
to recognise that there is a significant size effect influencing the
development of the equiaxed zone.>* For instance, the relationships
between the columnar zone length and the degree of superheat and
the cquiaxed grain size and the degree of superheat are only valid for
small ingots.
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Studies of metal analogue systems®- ! show quite clearly that the
'nuclel’ of the equiaxed crystals arise from a number of sources:

() by apparently isolated nucleation events,
(b) from the growing columnar zone; and
(c) from events occurring at the free surface.

For instance, Fig. 6.11 shows a sequence from the solidification of
a NH,Cl-water ingot which contains evidence of these different
processes. The relative importance of the different processes has been
the subject of considerable controversy and is discussed in the next
section.

(a) (h)

(c)

Fig. 611 Successive stages in the solidification of an NHzCl-water ingot,
saturated at 50°C, poured at 75°C: (@) 1 minute after pouring; (h) 2 minutes after
pouring; (C)2% minutes after pouring (Jackson €t al.9).

f\/‘

1
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6.5 THEORIES OF THE DEVELOPMENT OF THE
EQUIAXED ZONE

I'our magjor theories have been proposed, three of which aregenerally
agreed to be of importance.

(i) Winegard and Chalmers © proposed that the equiaxed zone
formed after some initial columnar growth when constitutional
supercooling ahead of the growing crystals became sufficient to
induce heterogeneous nucleation. The subsequent growth of these
crystals blocked off the columnar zone and the remaining liquid was
then considered to solidify in the equiaxed form. Thistheory has now
been discarded for several reasons. Experiment showed that the
proposed conditions were at variance with experimental evidence of
the thermal history of solidifying melts.'*'’ Furthermore, it was
difficult to explain how the development of the required under-
cooling could be delayed until extensive columnar growth had
occurred. '* Finally, observations'®'? of equiaxed zone formation
in melts freefrom heterogeneous nucleants were not compatiblewith
the requirement of nucleation ahead of the growing columnar front.
All subsequent theories do not rely upon the need for nucleation
ahead of the growth front, but propose different methods for
independently producing the nuclel of the equiaxed grains.

(i) Chalmers,' * recognising the inadequaciesof thisearlier theory,
proposed what became known as the 'big bang' mechanism. This
required that the nuclei for both the columnar and the equiaxed
crystals were formed during the initial chill near the mould wall.
These nuclel then either grew as columnar crystals or drifted into
the central zone to become equiaxed crystals. It is interesting to note
that a similar proposal had been made many years carlier.?® The
columnar-to-equiaxed transition resulted from the obstruction of
columnar growth by the network barrier of equiaxed dendrites.

Thereis considerable evidence?! ~ ** in support of this mechanism,
particularly for melts cast from near the liquidus temperature. The
cxperiments of Walker'® ' makeit clear, however, that some other
mechanisms must also be occurring.

(iii) Another mechanism of significance is that in which crystal
multiplication occurs® by the melting off of the arms of growing
columnar dendrites (see Fig. 6.4). During dendritic growth a solute-
rich layer builds up around the growing dendrite tip. Any side
branches must grow through thislayer and thisleads to theformation
of u neck of lower melting point material® and this, in addition to
Ihe local curvature,*® will favour remelting of the neck in the presence
ol thermal fluctuations, These thermal fluctuations are attributed to



106 SOLIDIFICATION AND CASTING

natural convection. Certainly it iswell established that large tempera-
ture fluctuations can occur during growth?¢27 and that conditions
that favour convection also favour the development of the equiaxed
zone.?!-2® What is more, it has been shown?!-23 that suppression
of convection leads to suppression of equiaxed growth. More
recently the direct observations??-*° of dendrite remelting in metals
provide further confirmatory evidence of the part played by dendrite
remelting in forming an equiaxed zone.

(iv) Southin'? (following Rosenhain3?*) proposed that the nuclei
for the equiaxed crystals formed at the free surface of the ingot and
showered down into the liquid ahead of the columnar zone, growing
asthey descended. The nuclei may simply beconsidered asfreesurface
dendrites which detach arid sink under their own weight or, alter-
natively, dendrite remelting (seeiii above) may play a contributory
part. In either case subsequent work has confirmed?2-3 that the
surface does generate crystals in the equiaxed region.

In thelight of the above it can only be concluded that all three of
the mechanisms described in (ii), (iii) arid (iv) are operative during the
solidification of ingots and castings. The relative contributions will
depend on the actual conditions existing during solidification.
Nevertheless, recognising the importance of the three mechanisms
enables the development of methods for controlling the grain struc-
ture. Before considering the different methods it is only fair to point
out that many of these wereworked out empirically before there was
any agreed understanding of the mechanisms of formation of the
equiaxed zone.

6.6 CONTROL OF GRAIN STRUCTURE IN CAST METALS

For all but afew very specialised applications, e.g. magnet alloys,**
singlecrystal turbine blades,”* ** fine-grained equiaxed structures are
required in castings and ingots. These structures are isotropic and
their properties are markedly superior. To develop these structures
requires the suppression of columnar growth and this can beachieved
by encouraging conditionsfavourable to theformation of theequiaxed
nuclei. A necessary prerequisite is the establishment of a crystal
network to act as an effective barrier to further columnar growth.
Two main approaches have been adopted, namely,

(8 the control of nucleation by control of the casting conditions
or by the use of inoculants (see Section 2.3.2), and

(b) the use of physical methods, e.g. stirring, ultrasonic vibration,
to induce dynamic grain refinement.

THE STRUCTURE OF CASTINGS 107

6.6.1 Control of nucleation behaviour

The simplest approach for a given dloy is to cast from near the

liquidus temperature so as to promote copious heterogeneous
nucleation in theinitially chilled liquid (see Figs. 8.7 and 6.10). This
has disadvantages with complex castings, where there will be a wide
range of thermal conditions and where fluidity requirements often
make it necessary to cast with a comparatively high degree of
superheat. It is also a rather haphazard process since without the
deliberate introduction of nucleating agents the nucleation process
depends on the chance existence of suitable heterogeneous nucleants.
For this reason it is usual to make additions of inoculants prior to
casting. As discussed in Section 2.3.2, both structural and chemical
factors play an important part in determining the nucleating effective-
ness of an inoculant. In the fina analysis empirical methods are
needed and these have led to a wide range of inoculants becoming
available. Empirical methods have also been used to develop 'growth
restrictors which reduce the rate of growth of the first nuclei to
form and thus promote the formation of larger numbers of nuclei.*°
Detailed information concerning specificmaterials can be obtained
from the many papers on the use of inoculants, e.g. aluminium
alloys,*°~*® magnesium alloys,?®-*7-3% steels,*® or from recent
reviews,*1-*? A summary is given in Table 6.1. The effectiveness of
inoculants can be quite striking, as shown in Figs. 6.12 and 6.13.

TABLE 6.1

SOME GRAIN REFINING NUCLEANTS®

Metal or alloy Grain refiner Comments

Magnesum and Mg-Zr Zirconiumaddedas ~ Zr or Zr-enriched Mg

dloys dloy or sdlts peritectic nuclei

Magnesium-aluminium Carbon, for example as Al4C3 Or AINALLC3
hexachlorethane nuclei

In presenced C,
Al4C 5 and/or Al-Mn
nuclel

Fe-Al-Mn or Al;C3s

Magnesium-aluminium Superheating

Magnesium-auminium-FeCl

manganese nuclei _

Mg Zn FeCl; or Zn-Fe Fe compound nuclei

Mg Zn NH3 Nucleated by H (?)

Al alloys Ti asreducible hdide  TiC nucleusor peri-
sats or as Al-Ti tectic TiAl;
hardener .

Al alloys Ti 4+ Basreducible TiB, nuclei, more
halide sdtsor as resistant to melt
Al-Ti-B hardener history
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TABLE 6.1—continued
Metal or dloy Grain refiner Comments
Aldloys Boron as reducible AIB; nucle
halide salts or Al-B
Al aloys Niobium
Cu dloys Fe metd or alloy Fﬁéiqh peritectic
nucle
Bronzes Trangition nitridesand
borides or FeB
Qu-AL,Cu eutectic Titanium Nuclegtes primary Al
Cu-7%Al Mo, Nb, W, V
Cu-9%Al Bi
Low aloy sted Titanium
Low dloy sted Trangition elements and
carbides
Silicon sted TiB, Dissolves and precipi-
tates TiN or TiC
Low dloy sted Fe powder Introduction of micro-
chilling particles
Austenitic sted CaCNy, nitrided Cr and In presence of
other metallic powders increased nitrogen
Tin alloys Germanium or indium
Lead dloys >
Lead dloys se, Te
Type metal As, Te
Mond Lithium
Al-S hypereutectic Phosphorus as Cu-P,  Refines primary S
PNCI, or proprietary
jnoculant
Fe-C  (graphite) Carbon Refines eutectic,

Fe-C-S (graphite)
Grey cast iron

Grey cast iron

probably through
nucleating graphite

si dloyscontaining Refines eutectic, may

duminium, alkaline  nucleate through
arths and/or rare precipitation of
arths carbides or graphlte

a Detafrom Hughes. 42

The addition of an jroculant will only bc cflfective provided it
remains uniformly distributed through the melt and does not become
contaminated or melt. The growth of the nucleus also requires that
some supercooling existsin the liquid. This will usually be constitu-
tional supercooling, although at the beginning of the solidification
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®)
tig. 6.12  (a) Normdl ooer&g abled cadt strucrure in 182 chromium-12%; nickel

ged; (b) samested as (@) refined by inocularion (Hall and Jacksont0).

processsome thermal undercooling may occur. As shown in Section
4.4, constitutional supercooling is favoured by low temperature
pradients in the liquid, high rates of growth and, for k, < 1, low
distribution coefficients. To ensure efficient use of inoculants the
slidification process should becontrolled to achieve theseconditions.

One other approach to the introduction of heterogeneous
lucleants is the use of mould In this procedure the
nuiuld walls are treated with a wash containing the nucleating agent;
1his ensures that al parts of the casting have access to the nucleant.
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(b)

Fig. 6.13 (@) A magnesium-zinc dendritic alloy specimen; dendrite arm spacing
40 p. (h) Magnesium-zinc wirh Zirconium grain refinement. Non-dendritic alloy
specimen; grain size 15 p (Flemings23).

6.6.2 Dynamic grain refinement

Various methods have been used to produce dynamic fragmentation
of the growing dendrites, and thus to promote equiaxed growth. All
involve some degree of physical disturbance and differ only in the
way this disturbance is produced. Mechanical stirring (vibration,
oscillation and rotation,*®” > enhanced natural convection,*”-3°
magnetic and electromagnetic stirring,>*~*" sonic and ultrasonic

vibrations®?” %% (see also Chalmers®?) and agitation with gas
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bubbles®? have all been used effectively to produce dynamic grain
refinement. In all cases the principa mechanism for gproducing the
nuclel for the equiaxed grains is dendrite remelting® (see Section
6.5), although dendrite mechanical deformation or fracture can occur
to some degree. The effect of the physical disturbance is to produce

(a)

(b)

Fig. 6.14 Macrostructures of aluminium4 wt 9 copper solidified: (a) without
stirring; and (b) after stirring (Wojciechowski and Chalmers51).

localised thermal fluctuations as the liquid metal flows backwards
and forwardsaround the growing dendrites. It isthese forced thermal
fluctuations that produce the conditions conducive to dendrite
remelting. ,

A major advantage of dynamic grain refinement is that it can (in
one or other of its various forms) be applied to quite complex
castings provided, of course, disruption of themould is not produced.

Figures 6.14 and 6.15 show examples of grain refinement by
mechanical stirring and ultrasonic vibration, respectively. The
refining action that is achieved in each case is plainly evident.
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Fig. 6.15 Macrostructure Of siainless steel ingots, left—cast withour ultrasonic
vibration, right—cast with ultrasonic vibration (Lane € al.60).

6.7 MACROSTRUCTUREOF FUSION WELDS

The mechanisms involved in the solidification of fusion welds are
basically the same as those of normal castings. The main differences
are,

(i) that the solidification rates are high, and

(ii) thetemperature gradientsintheliquid are steep. The tempera-
turesin thecentre of theweld pool are significantly higher than
the melting temperature.

There is no equivalent of the chill zone in a fusion weld macro-
structure because the partially melted grains at the molten zone
boundary act asthe siteswhich initiate columnar growth. Thisoccurs
as soon as the heat source moves away, and does not require a
nucleation event. The grains grow in a columnar form and usually
extend to the centre line (Fig. 6.16). The normal range of growth
structures ranging from cellular through cellular-dendritic is
observed,®*°* as is some free dendritic growth. Although there is
a great deal of turbulence in the weld pool,®® and thus conditions
favourable for dynamic grain refinement, an egquiaxed zone is not
normally observed. Asdiscussedinaprevioussection, for an equiaxed
zone to form, dendrite fragments (formed by remelting or fracture)

N
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Sy

Fig.616 Columnar solidification patternof a Srrtbmerged-arcweld bead (Garland?3).

must survive without melting, in the liquid away from the interface.
The very high temperatures at the weld pool centre make survival
difficult.

The methods available for the control of cast structures (see
Section 6.6) can be applied to fusion welds, but there are practical
difficulties. Magnetic stirring,®’-¢® ultrasonic vibration®®:7® and

C\<‘
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nucleant inoculation”'7? have all been used with some success.
Stimulation of surface nucleation with gas jets, and arc vibration,
have also been used effectively”” to produce equiaxed structures.
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CHAPTER 7
Segregation

Segregation results from the various ways in which the solute

elements can become redistributed within the solidified structure.

The different types of segregation are usually classified as micro-
TABLE 71

TYPES OF SEGREGATION

Microsegregation Macrosegregation
(short range) (long range)

Celular (8) Occurring prior to solidification
Dendritic gravity
Grain-boundary Ludwig-Soret
(b) Occurring during solidification

normal

inverse

freckle

banding

segregation or macrosegregation. Microsegregation is a short-range
phenomenon and extends over distances of the order of the grain
size or less. In the case of cellular or dendritic segregation, the
compositional differences may be confined to distances of a few
microns. When the compositional differences show long-range
variation, for instance between the outside and inside of an ingot,
this is considered as macrosegregation. It is normally considered to
occur over distances of greater than a few grain diameters. The
different types of segregation are classified in Table 7.1. We will
first consider microsegregation and then macrosegregation.

Some aspects of the different segregation phenomena were con-
sidered in Chapter 4. For completeness, some repetition is necessary.
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To alarge extent the compositional variations that occur adjacent to
the solid-liquid interface during solidification determine the nature
and extent of segregation. For macrosegregation the longer range
flow of unsolidified liquid is of great importance. Both these aspects
will be examined.

Finally, some considerationwill begiven to thesegregation patterns
of a very characteristic type that appear in cast ingots.

7.1 MICROSEGREGATION

7.1.1 Cdlular segregation
As discussed in Section 4.5, a cellular substructure (see Fig. 4.17)
develops in single-phase alloys during the initial stages of growth

Solute
gccumulations

View normal to Section through
interface a cell cap

Fig. 71 Schematic representation of solute distribution during cellular solidification.

with low degrees of constitutional supercooling. As the interface
advances, the liquid adjacent to the interface is richer in solute for
values of k, (the distribution coefficient) less than 1 and is depleted
insolutefor k, > |. Thiswasillustrated in Figs. 4.7 and 4.8. Once
the rounded cell projection is stabilised, solute will be rejected
(ko < 1) from the sides of the projection as well as from the top.
Sincethe projection rejectssol ute laterally, an accumulation of solute
will occur in the cell boundaries. The most severe segregation will be
expected at the junction points (hodes) in the hexagonal array. The
situation is then asshownin Fig. 7.1. For &, > 1, the cell boundary
regions are depleted of solute. The variation in solute concentration
from the cell centre to the cell boundaries is known as 'cellular
segregation’. It extends over distances of the order of the cell size,
i.e approximately 5 x 1072 cm.
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Cedllular segregation has been studied qualitatively by a number of
workers' ~ ¢ and the segregation behaviour described above has been
confirmed. Quantitative studies* ~ utilising combined metallography
and microprobe analysis showed that the solute concentrations at
cell boundary nodes could be up to two orders of magnitude greater
than the bulk average concentration. Nevertheless, because of the
short range ot the compositional variations, homogenisation can be
carried out without difficulty. T o some extent diffusion during cooling
of the solid will reduce the degree of cellular segregation. For a cell
sizeof ~5 x 107° cm, and assuming the solid state diffusion co-
efficient to be ~ 10-S cm? sec-', annealing times of 'the order of an
hour should be sufficient to eliminate cellular segregation.

There is no acceptable theory for quantifying cellular segregation
and it has been pointed out? that considerable difficulties must be
overcome before such a theory can be proposed. Recently, a model
has been proposed’ for the solute distribution during solidification
with a two-dimensional elongated cell structure (see Fig. 4.19¢),
which was found to bein good agreement with experimental data.

7.1.2 Dendritic segregation

The microsegregation that results from solute redistribution during
dendritic solidification leads to coring, i.e. a variation in the solute
concentration between the centre and the outside of a dendrite arm
(see Fig. 4.20). I n extreme cases the accumulation of solute between
thegrowing dendritearms can lead to theformation of second phases
in theinterdendritic regionin amounts significantly greater than those
predicted from the equilibrium diagram.

Figure 7.2 shows the solute distributions expected in a solid bar
frozen from the liquid under different conditions of solute mixingin
the liquid. Thethickening of a dendrite arm can be considered, in the
simplest sense, as the progressive unidirectional solidification of an
assembly of miniature bars. The solute variation from centre to
outside of the dendrite arm should then follow one of the profiles
shown in Fig. 7.2, depending on the mixing conditions in the liquid.
Evidence has been given that diffusion-limited solute mixing is
observed in some cases® while more complete mixing occurs in
others.?” ! It is most probable that conditions vary widely and
that these two cases are limits which can be operable at different
stages of the solidification process.

Figure 7.3 shows the complex nature of the concentration profiles
in a columnar dendrite as determined by electron probe microanaly-
sis. These clearly reflect the anisotropic morphology of the dendrite
growth. The profiles agree with earlier results obtained using
autoradiography!?13 and with subsequent studies'*!'5 using a
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combination of techniques. Microsegregation is more severe across
and between primary dendrite arms than secondary dendrite arms.
The relative severity of segregation (the ratio of maximum to mini-
mum solute content) is greatest at low alloy contents, even though
thereisnofundamental differencein the mode of solidification. Both
columnar and equiaxed dendrites exhibit essentialy the same
microsegregation features.”

Ao=<I

Composition

Fraction solidified
Fig.7.2 Solutedistributionsin asolid bar frozen from liquid of initial concentration,
Cy, for (a) equilibrium freezing ; (b) solute mixing in the liquid by diffusion only;
(c) complete solute mixing in the liquid: (d) partial sefute mixing in the liquid.
(ko < 1).

The dendrite arm spacing defines the range of dendritic micro-
segregation. Measurements of the dendrite arm spacing as a function
of the solidification conditions ®~'* have been rationalised' ' to
show that it is the'local solidification time' which has the important
influence. The loca solidification time is defined'' as the time at a
givenlocation in a casting or ingot between initiation and completion
(or near completion) of solidification. It is inversdy proportional
to the average cooling rate at that location. Furthermore, the
dendrite arm spacing is not ssmply determined by the initial growth
behaviour, but subsequent coarsening effects, wherein small dendrite
armsdisappear and largedendrite arms grow larger, areimportant.*®
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This leads to the dendrite arm spacing varying inversely with the
cooling rate to a power of between one-third and one-half.

The greater the dendrite arm spacing the more difficult is homo-
genisation by subsequent heat treatment. For a given alloy heat
treated at a fixed temperature, the homogenisation time is propor-
tional to thesquare of the dendrite arm spacing. For coarse dendrite

I i

Fig. 7.3 1soconcentration surfaces in a columnar dendrite grown in a low-alloy
steel melt (Kartamis and Flemings9).

arm spacings (— 10~ % ¢cm) in steels, heat treatment of —300 hours at
1200°Cisneeded (in theabsence of simultaneous working) to produce
any appreciable reduction in dendritic microsegregation. Simul-
taneous working improves the position only marginally. Refining
thedendrite arm spacing by increasing the cooling rate can therefore
have extremely beneficial effects.

Complete elimination of dendritic microsegregation leads to
enhanced mechanical properties.?®~ 22 This is particularly difficult
if second-phase particles are formed.?? For instance, Turkdogan and
Grange”3 observed second-phase sulphide inclusions to form in the
solute-rich interdendritic regions in steel towards the last stage of
freezing. These inclusions were extremely stable, inhibited grain
refinement and together with the solute microsegregation were
considered to be responsible for subsequent banding of the wrought
steel. The importance of dendritic microsegregation on the occur-
rence of banding or fibering had been previously discussed by
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Flemings.>* The control of homogenisation behaviour through the
control of dendrite arm spacing is undoubtedly going to become
increasingly important.

7.1.3 Grain-boundary segregation

Grain-boundary segregation during solidification arises from two
sources. First, if the grain boundary lies parale to the growth
direction, surface energy requirements give riseto a grain-boundary
groove (see Fig. 7.4 and also Fig. 3.2a), where the boundary meets

Grain | e
Grain boundary o
: . ccumulation
Grain 2
'-—-—- Growth
y direction

Fig. 7.4 Schematic representation Of a section through a grain-boundary Qgroove.

the interface. The groove is typically about 1073 cm deep.2°-2¢ In
the presence of constitutional supercooling, conditions are energeti-
caly favourable?” for significant segregation to the grain-boundary
groove. Certainly the experimental evidence shows that solute
segregation to this type of boundary is marked for growth with a
cellular interface.®~ ¥ When dendritic growth occurs, the situation is
more complex and movements of liquid in the interdendritic spaces
have a predominant effect. This is discussed in Section 7.2.

The second type of grain-boundary segregation results from the
impingement of two interfaces moving with a growth component
normal to each other (Fig. 7.5). For growth of macroscopically
planar boundaries (cells may exist without affecting the situation) in
a solidifying aloy there are solute pile-ups (&, < |) which converge
to produce a region of extremely high solute concentration. The
impingement boundary receives, in effect, two termina solute
transients (see Fig. 7.2). Thistype of segregation should properly be
considered as a form of macrosegregation.
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Growth
direction

Fg. 7.5 formation of a grain boundary by impingement (schematic).

7.2 MACROSEGREGATION

Long-range segregation can result either from changes that occur in
the liquid before the solidification front has proceeded very far or as
the result of fluid motion in the mushy zone behind the solidification
front.

7.2.1 Gravity segregation

Gravity segregation normally occurs during the early stages of
solidification, before, or just after, the initial growth nuclei have
formed. It isthe result of density differenceswhich lead to differentia
movements within the liquid. In the simplest case, if liquid aloys
are made up from atomic species of very different densities, e.g.
copper (density 8.24 gm cm-*)-lead (density 10.04 gm cm-~) alloys,
it is commonly observed that the liquid becomes richer at the top
in the lower density species, being correspondingly depleted at the
bottom, and viceversa. A very goodexampl e of thistypeof behaviour
was given by Dismukes and Ekstrom,?® who found that during the
zone levelling of germanium-silicon alloys the germanium content
was severa percent greater at the bottom of a horizontal ingot than
at thetop (liquid germanium is significantly more dense than liquid
silicon). The position is particularly bad if the liquid phase shows a
miscibility gap (see, for instance, Fig. 5.15) when layering can be
produced by density differences.

Gravity segregation in polyphase systems is of even greater
importance. If free dendritesform, their density relative to that of the
unsolidified liquid will primarily determine the way in which they
move. This can best be illustrated by considering the case of the
tin-basc bearing metals containing copper and antimony. During
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the solidification of these alloystwo primary intermetallic phasesare
formed, cuboids of SbSn (density lessthan the liquid) and needles of
CugSn; (density greater than the liquid). In isolation, the ShSn
cuboids will float to the surface while, correspondingly, the CuSn
needles will sink.?? Together they form an entangled network and
remain unsegregated. This form of behaviour has been widely
reported in bearing alloys.*?-3!

Inasimilar way, since there is usually a contraction in volume on
solidification, free primary dendrites tend to sink and this can give
rise to segregation effects (see Section 7.3).

The sink rate is controlled (in the absence of convection) by a
form of Stokes equation which states that, for a spherical body of
radius r in aliquid of viscosity ;, the sink velocity is given by

2er3(p — a)
9n

where p and a are the densities of the solid and liquid respectively.
The sink velocities are not expected to be high and there is some
evidence®? that thermal convectivestirring (see Coleand Winegard 3?)
can overcome significant density differences. Clearly, the existence
of pronounced free or forced convective stirring will cause unpre-
dictable distributions of fredly floating phases.

V =

7.2.2 The Ludwig-Soret effect

Thisis a very minor, but nonetheless interesting, form of behaviour
wherein apparently homogeneous liquid of uniform composition
held in a temperature gradient becomes non-uniform in composi-
tion.** For example, with lead-tin, copper-tin and zinc-tin alloys
held in a temperature gradient it was found® that the tin always
migrated to the higher temperature end. Quite large concentration
differences could be produced in this way, e.g. for a 36% lead in
tin alloy the excess|lead content at the cooler end was 5-28 %;. Again
convection must cause a significant divergencefrom idea behaviour.

7.23 Normal segregation
This type of segregation is usually associated with the movement of a
planar or almost planar interface through theliquid and isconsidered
in terms of the solute distributions parallel to the growth direction.
Average concentrations are used to describe normal segregation and
microsegregation effects are ignored. The solute distributions for
ko < 1lareexpected to conform broadly to one or other of the types
shown in Fig. 7.2 and this has been confirmed experimentally.' 3-3¢
Figure 7.6 shows normal segregation in tin-slver aloy bars
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solidified at various rates. |t should be noted that thisform of solute
distribution is only expected if the interface has not degenerated to a
very complex dendritic form, thus only at low overall solute concen-
trations. Then an overall solute distribution in a columnar ingot

1.3
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Fig.7.6 The relative solute concentration of silver in tin plotted as a function of

racti lidified for a rod progressively solidified from one end at the rates
the fraction solidified for rod progre (SWeinberglldg. S

might be as shown in Fig. 7.7. The relationship between the pre-
dicted solutedistribution and the distributions of Fig. 7.2isobvious.

At high solute concentrations a well-developed dendrite structure
occurs(see Section 4.5) and under these conditionsfluid flow between
the dendrites becomes dominant. Normal segregation is no longer

n:.\'pcclcd.
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Fig. 7.7 Normal segregation in a cofumnar ingot solidificd with an almost planar
interface (schematic).

7.2.4 Inverse segregation

If we consider the solidification of an ingot of an aloy with 4, < |,
as outlined above, we would expect the last liquid to solidify to be
solute rich. If, however, thereis pronounced dendritic growth, solute
concentrations build up between the dendrites and thereisfluid flow
in the interdendritic spaces to compensate for the volume changes
accompanying solidification. For most metals there is a contraction
on solidification and thus the flow takes place in a direction opposite
to the growth direction. Asa result, solute-rich liquid isfed down the
channels between the dendrites to give abnormally high solute
concentrations at the outer regions of the ingot. The condition
where the solute distribution is opposite to that expected for normal
segregation is known as inverse segregation.

The existence of a network of interdendritic channels has been
clearly demonstrated®”~ *° and the way in which the last low melting
point liquid to solidify (£, < 1) flows is evident by the ease with
which tin sweat and phosphide swear can occur. In these extreme
cases of inverse segregation the interdendritic liquid actualy bursts
through the surface of the-cast metal to form exudations (se¢ Fig.
7.8). It has been shown by Youdelis*® that this 1s mainly a result of
loss of good thermal contact between the mould wall and the cast
metal.

Following the complete qualitative description of inverse segrega
tion by Adams,** a number of workers*? ™ ** have presented theories
that account quantitatively for the solute flow and show how the
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Phosphide eutectic sweat appearing as rounded exudations on the surface
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Fig. 7.9 (&) Experimental and theoretical concentration distributions for inverse

segregation in an aluminium-4.7 %; copper alloy (Kirkaldy and Youdelis43). (b)

Experimental aid theoretical determinations Of the maxinuem inverse segregation
in aluminium—zinc ingots (Youdelis and Cotton44).

unexpected solute distribution could be established. These theories
were able to predict both the maximum segregation and the con-
centration distribution, as shown in Fig. 7.9.

Two other observations which support the general acceptance
that the mechanism of inverse segregation is one of volume contrac-
tion on solidification followed by interdendritic flow of enriched
residual liquid to the contracted regions are,

() no inverse segregation occurs in aloys which expand on
freezing,*! and

(if) the amount of inverse segregation increases with time as
solidification progresses,*” and thus as the amount of contrac-
tion-stimulated flow increases.

725 Freckle

Freckles are chains of equiaxed grains which appear on the surface
of some cast metals (see Fig. 7.10) and are regions enriched in all
but the inversely segregated solute.*® It has been shown that these
are the result of fast flowing liquid jets in the partly solidified zone
which are driven by density inversions produced by therma and
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solute transport effects.*”-*® The importance of these thermosolutal
channelling effects has only recently been recognised and it seems
that they also play an important part in influencing the overall
segregation patterns in ingot structures.*®*° This is discussed
further in the next section.

Fig.7.10 A freckle line on the surface of a nickel-base superalloy casting (Giamei
and Kear+496),

7.2.6 Banding
This form of segregation appears as a change in composition and
structure in @ band paralel to the solid-liquid interface.”*>' The
band is produced by growth fluctuations which are the result of
thermal or mechanical disturbances. For instance, in the presence of
n solute layer adjacent to the interface, if there is a growth rate
fluctuation then changes in the solute boundary layer give rise to
«ompositional variations in the solid (see Section 4.3.4, especially
I ip. 4.14). At the same time changes in the interface structure can
rir, such as a coarsening of the cellular-dendritic structure.
Iinding is very common in fusion welds because of the periodicity
1 the heat inputS2 and is apparent as both substructural bands and
uituee rippling. Figure 7.11 shows structural banding in an alumi-
v ploy fusion weld.
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A specia form of banding segregation, known as 'microbanding'
because of the scale, appears in centrifugal castings®® (see Section
8.9) and has been attributed to perturbations arising from both
pouring variations and mechanical vibrations.

Fig. 7.11 Structural banding in an aluminium-alloy fuson weld (Garland and
Davies>2).

7.3 SEGREGATION PATTERNSIN INGOTS

Superimposed on the cast structures of ingots discussed in the
previous chapter are macroscopic segregation patterns which for
ingots show both horizontal and vertical variations. The most
characteristic of these is the segregation pattern of sulphur in cast
killed-steel ingots. This is shown in Fig. 7.12. In this illustration the
regions of positive (concentration greater than average) and negative
(concentration less than average) segregation are as indicated.

Theregion of high purity material at the bottom of the ingot has
been attributed to the gravity segregation of primary dendrites
formed by dendrite remelting in the columnar zone>* or by nuclea-
tion on inclusions,*>*“ and also to constrained convective fluid
flow.*® Model studies®* >’ lend considerable support to the gravity
segregation mechanism.

—
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The regions of positive segregation have two characteristic forms.
The outer bands are referred to as A-segregates and are arranged as
rope-like stringers of segregation located on the surface of cones
with their bases at the base of the ingot. They occur predominantly
in a zone near and almost parallel to the end of the columnar zone.
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Fig. 7.12 Typical segregation pattern for sulphur iz a killed-steel ingot.

Inner bands of V-segregatesal so occur which consist of fairly uniform
weprepate distributions on the surfaces of cones with their points
tdownwards. These occur at the ingot centre in the equiaxed zone.
I'he A-scgregates seem to be the result of channelled flow in the
iliterdendritic regions of the columnar zone,*f:*% whereas the
U geprepates, which appear late in the solidification process, are

mwn (tently a consequence of the genera settling of crystals in the
inxed zone.*?-38 In either event, it is clear that interdendritic
mEw plays a most important part in determining the overal macro-

vm o pon patterns in solidifying ingots, #8961
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VHHAPTER 8
Casting Processes and Procedures

In the preceding chapters we have been mainly concerned with
fundamental aspects of the solidification process. In this and the
following chapter some consideration will be given to the practical
side of casting. Within the present framework it is not possible to
pive exhaustive details of all casting technology. Instead, the basic
steps involved in making castings will be discussed and the principal
casting processes will be described. Finally, some comparisons will
hbe made between the different processes and an assessment of the
relative advantages and disadvantages will be given.

For full technological details of all aspects of casting, and in
particular for information on the casting of specific metals and
alloys, standard reference works? ~* should be consulted.

8.1 BASIC ASPECTSAND TERMINOLOGY

The basis of all casting processes is the feeding of molten metal
into acavity of therequired shape in a mould, followed by cooling to
produce a solid object. The various processesdiffer principally in the
way inwhichthemould isformed. I n some cases, e.g. sand moulding,
a mould is made up for each cast and subsequently broken up to
remove the casting. In other cases, e.g. die casting, a permanent
mould is used repeatedly for a succession of casts and the casting is
removed after each cast without damage to the mould. I n both cases
provision must be made for the molten metal to flow inte all parts
ol the system and to remain there until solidification is complete.
The basic steps and the terminology can best be illustrated by
considering the casting of a simple object in a sand mould. First,
a pattern of the object to be cast is needed. This can be manufactured
from wood or metal or other materials; themould ismade by packing
sand around the pattern, the whole being contained in a moulding
box (or flask). Usually the mould is in two parts, an upper part
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2. The bottom half of mould is now

is placed

on mMmould board n bottom holf of flask.

Bottom holf of pattern

prepored as shown above.

Pouring cup

Core set

Downgate

In-gate

the patterns

are removed. the core is set in place

5. The flask is separated.
and the flask closed.

3.The hottom holf of mould is now

6. When the flask is closed and

clamped together it is ready

for pouring of metal,

rolled over, the top haolf of pattern

and flosk 1s placed in position.
4. The top holf of mould is prepared

as before.

in the same manner

Fig. 8.1 Steps in making a simple mould by hand (from Ref. 2, p. 64).
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lrr 1 the cope and a lower part known as the drag. Durimg ths
ya' ing process the surface of the pattern is treated to faclitats
Il /emoval after 1 10ulding. If the casting is to be hdllow, separats
i wldings (know: as cores) are made and placed inside(the cavity
lot by the patter . The space between the mould-a vity and the
(i ro then becomes the casting.

POURING BASIN,

FEEDER HEAD
CAVITY

DOWNGATE, SPRUE

MOULD CAVITY

RUNNER INGATE
MOULD CAVITY
RUNNER HEAD RISER
FEEDER HEAD
DOWNGATE, SPRUE
CASTING
RUNNER INGATE
CASTING

Fig. 8.2  The terminology of gating systems (from Ref. 2, p. 70).

Provision is made for the feeding of the casting by forming a
pating system in the mould. At the same time an enlarged opening (a
pouring cup) is made to enable easy pouring, and channels are cut
to allow metal to flow out of the mould cavity after filling it, thus
maintaining a metallostatic head during solidification: these channels
are known as risers.

The metal is run from the pouring cup down a downgate (or sprue),
through runners (or crossgates) and into the mould cavity through
ingates. These steps are illustrated in Fig. 8.1, which shows a simple
oulding process. Figure 8.2 shows diagrammatically the termino-
opy of the gating system.
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After solidification is complete the rough casting is removed from
the mould, any cores are knocked out and the feedersand risersare
cut off. Loose sand, etc. is removed and thecasting isthen ready for
any machining operations. The preparation of the rough casting for
machining is known as fettling.

For the permanent mould processes, metal moulds are used;
these are formed complete with the requisite running and rising
system. The difficulties involved in the production of metal moulds
are largely responsible for the high costs of the permanent mould
processes.

During the solidification process, control of the direction of move-
ment of the solid-liquid growth front can be achieved by the control
of heat flow in the mould. Solidification can be initiated by the use
of chills;, these are metal inserts which conduct heat away more
rapidly than the mould material. On the other hand, by using insulat-
ing materials or exothermic compounds, heat flow conditions can
be controlled to delay freezing in a particular part of the mould.

8.2 SAND CASTING

The elements of the sand casting process havealready been described
(see Fig. 8.1).

8.2.1 Moulding sands

The major constituent of modern moulding sands is silica. This is
obtained from naturally occurring sand deposits which are usually
relatively uniform in size and rounded in shape (Fig. 8.3a), or by
crushing rock or sandstone which gives angular particles of dis-
proportionate sizes (Fig. 8.3b). The physical properties of the sands
are more important than their chemical properties. Uniform grain
distributions of rounded particles are preferred. Recent practice has
involved the use of finer sand grades since these produce moulds
with a high resistance to penetration or erosion by the molten
metal.

Thesilicacontent isusualy greater than 90 9/, with the remainder
comprised_of clay binders (montmorillonite or bentonite, kaolinite
and illite) with about 29, moisture. In some cases additions are
used to give the sand some special property. For instance, cellulose
materials are frequently added in amounts of up to 2% as a buffer
to improve collapsibility and thus to reduce the incidence of hot
tearing (see Section 9.3).

For special applications, e.g. in the production of heavy steel
castings, non-siliceous sands such as zircon or olivine are employed.
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(b)

Fig. 8.3 (a) Naturally occurring silica sand (x 16). (b) Sand obtained from
crushed rock (x 200){from Ref. 2, p. 36).

8.2.2 Coresands

Core sands are basically the same as moulding sands except that oil
and cereal are added to give astronger bond. Typically, a core sand
will contain =19 linseed oil and ~29% starch. The clay content
must be kept as low as possible since it interferes with the bonding.
reaction. After moulding, the cores are baked at temperatures of
the order of 200°Cto produce bonding.

8.2.3 Moulding procedures
The simplest and oldest method of forming the mould is ramming
by hand. This is still common practice with large moulds or when
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sample castings are being produced. For larger scale production,
automatic or semi-automatic procedures are adopted. In these, a
split pattern mounted on a pattern plate is used so that the copeand
the drag can be moulded independently. The moulding machines in
general use produce compaction by repeated jolting (Fig. 8.4a) or by
a combination of jolting and squeezing (Fig. 8.4b); the former

Air cylinder
on stripping frorne Push-off pin—/

(a)

piston

Air cylinder

)’f.
on stripping frame Push-off pin /

®)

Fig. 8.4 The essential features of: (@) a jolr-type moulding machine. The jolting

action is produced by lifting the anvil and allowing it to fall back against a stop;

(b) a ‘jolt—squeeze moulding machine. After compaction by jolting, pressure is
applied to the peen blocks (from Ref. 1, p. 164).
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iroduces a less uniform and less dense mould than the latter. Jolt-
queeze machines are necessary for making large moulds and when
high rates of production arerequired.

4.2.4 Advantages and disadvantages

I'he basic sand casting process has many advantages. It has great
ilexibility as a process, is simple, economical and can be used to
produce castings of a wide range of sizes from a few ounces up to
weveral tons, Thereis little wastage of material since thesand can be
reconditioned for reuse.

On the other hand, sand casting cannot be employed for thin
sections or intricate shapes, and the dimensional accuracy and
surface finish is usualy poor. In many cases, and particularly with
very large castings, erosion of the mould face by the molten metal
causes serious difficulties. T o overcome thesethe magjority of develop-
ments in sand casting have been aimed at increasing mould and core
rigidity.

8.3 DEVELOPMENTSIN SAND CASTING

8.3.1 Cement-sand moulding

“In this process* Portland cement (approximately 10%) is mixed

with sand with an increased moisture content (up to about 5%).
This mixtureis used to form the surfacesin contact with the pattern
or pattern plate and is backed by previously used sand. After
moulding, the boxes are left for one to two days to harden. This
produces a mould face with very good mechanical strength.

8.3.2 The CO,/sodium silicate process

This involves the mixing of clay-free siliceous sand with up to 5%
sodium silicate, and the use of the mixture to form moulds and
cores which are hardened by carbon dioxide (CO,) gas.”” " The
honding process is not a simple chemical reaction involving the
formation of sodium carbonate and silicagel, but is a combination
of three processes:

(i) the precipitation of silicagel;
(ii) an alteration of the Na,O to SiO, ratio in the silicate,
producing setting; and
(iii) thedrying of the unaltered silicate. The loss of water causes a
large change in viscosity and a consequent hardening.
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The complex interaction between these different processes makes
the hardening reaction dependent on the gassingtime and the silicate
composition. Care must be taken to avoid over reaction, which
leads to a deterioration in strength.

lf-—.._coz _~Muffle boord
l //-‘ .
—_ - - RuDDer rmg

Moulds
o Pattern

I Poltern  plate 1

Jolt toble

(a)

[\

Squeeze head

i e / s H_— —Hollow pattern
/ [l _—Moulding box

K
]

(@]
(o]

| .
| ST Hollow T = T
pattern plate

L

(h)

Fig. 8.5 (a) Carbon dioxide gassing of a mould using a sealed muffle board. (D)
Carbon dioxide gassing o a mould through a hollow pattern plate (Sarkar7).

Severa techniques have been developed for gassing and although
it is possible to gas simple moulds after stripping, most procedures
are aimed at gassing in-situ immediately after moulding and before
stripping. This strengthens the mould, thus reducing the probability
of damage during stripping. After stripping, the hardened mould
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cun be conveyed directly to the pouring station. Figures 8.5(a) and
(h) show two of the many methods for CO, gassing. Thefirst simply
exposes the back of the mould to the gasand dependsfor itseffective-
ness on the permeation of the gas through the compacted sand. The
ccond uses a hollow pattern and pattern plate and thus guarantees
cllective hardening of the mould face.

R.33 Sdf-setting sand processes

In these processes a reactive binder and some form of catalyst are
mixed with the sand prior to moulding. The hardening reaction takes
place without further treatment, the mould developing strength over
1 period of time. One conseguence of this is that the mixing and
moulding processes must be carried out within a limited period before
any hardening occurs. This requirement has led to the development
ol continuous mixers which can feed directly to the moulding box.
Several different combinations of binder and catalyst have been
developed, for instance,

(i) the self-setting silicate process,’ in which hardeners such as
ferro-silicon or dicalcium silicate are incorporated into the
sand-silicate mix,

(i) the furan-resin process,’ in which polymerisation of the resin
is catalysed with phosphoric or toluene sulphonic acid to give
a strongly bonded sand,

(iii) cold-setting oil systems, in which the binder is a modified
linseed oil with a metallic drying agent (cobalt naphthanate).
An isocyanate hardener isadded to this mixture; the hardener
controls the setting time and bench life.

Each of these processes has had wide application in mould and
core production as alternatives to the cement—sand and conventional
carbon dioxide processes. Another alternative is the thermosetting
resin process known as 'shell moulding'. Because of its importance
it is properly considered in the next section.

84 SHELL MOULDING

In shell moulding, the moulding sand is coated with a synthetic resin
binder (phenolformaldehyde, urea formaldehyde, alkyd or polyester
resin) and brought into contact with a heated pattern plate; theresin
then thermosets to give a strong, rigid shell, which is stripped from
the plate and forms the basis for the shell mould. Two shells are
normally clamped together to make the mould. The shells may be
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made rigid enough to be salf supporting or they may be supported
by someform of backingin a mould box.

Figure 8.6 shows the essential stepsin making a shell mould and
Fig. 8.7 provides a typical example of such a mould. After aninitial
thermosetting period while in contact with the pattern plate, the

Coated
sand

Louver

—Dump
H box
: Pattern—_
Po'rern —
]-] * T‘T—h_m Investment—_
1
{a) Pottern being raised (b) Pattern clamped 1o dump box;
ro dump Dox fouver retracts; sand folls

Shell

Shell
Excess sand - Louver ——Patiern
{¢) Panern and N
dump box inverled; excess {d) Original pesition; louver retains
sond falls; louver returns. excess sand; pattern ond shell lowered.

Fig. 8.6 Stepsin the production of a shell mould using a louvre-type dump box
(from Ref. |, p. 188).

excess sand is removed as shown. A further hot curing treatment is
often carried out before stripping; this ensures that the degree of
setting is the same throughout the shell, thus minimising warping.
Thisisparticularly important if the shellsare to be used unsupported
since joint-to-joint contact is only effective if the surfaces are flat.
Even then it is normal practice to glue the two halves of the shell
mould together.

The shell moulding process readily lends itself to automation and
produces castings with an extremely good surface finish and good
detail definition. The economics of shell moulding vary considerably
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b

(b)

H.7  Shell moulding: (a) shell being stripped from the pattern plate on the
moulding machine ; (b) shells clamped together wady for casting (Weaver®).
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Fig. 8.8 Heat-resisting steel {inks produced by casting in 0 shell mould (Osborn
et al.19).

with the type of casting being produced and findsits best application
in medium-size batch production. Figure 8.8 showsa pair of furnace
links cast in heat-resisting steel in a shell mould.

8.5 PLASTER CASTING

Plaster casting uses gypsum (calcium sulphate) slurries to form the
mould. The mixture is cast onto the pattern plate in a mould flask
or into a core box and allowed to set. It is then oven-heated to dry
the plaster and remove both free and chemically combined water.
This produces moulds and cores with very smooth surfaces and high
dimensional accuracy. These are reflected in the quality of the cast-
ings produced by the process. The moulds have low heat capacity
and therefore cooling rates are slow; thisfacilitates feeding but slows
down production time. The overall lengthiness of the processing
procedures makes plaster casting an expensive process, and thus
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the teridency is only to use it when acceptable results cannot be
obtained by simpler processessuch as conventional sand casting.
8.6 INVESTMENT CASTING
The investment casting, or 'lost wax', process is a very ancient one

which has become of increasing importance as the demand for
complex close-tolerance products has increased. The initial step

(b) Partern assembly (¢) Pattern assembly dipped in ceramic slurry

{a) Wox sprue pattern
(wax patterns attached 1o wax sprued

Mold cavity

[£) Pattern assembly stuccoed in fluidized bed
[ippinglc) and stucceng(d) o7e repeated unhl
required wall thickness of mo'c 15 produced

(e}Completed meld afrer wax pattern
has been melted oul
(mold shown 1n pouring position)

, Gate stub {to
/ beremoved )
orkp
tofta)

)

%

molSmori beercoroke rofiteay

ol W iece

(n) One of four castings after
removal from sprue

(1) Mold atter pouring

l'ig. 8.9 Steps in the production of a ceramic shell investment casting (from Ref.
1, p. 238).
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requires the production of an expendable pattern in wax or plastic;
this is then coated (invested) in a suitable refractory coating, dried
and then fired. During the firing process the refractory becomes
strongly bonded and the wax investment is melted out. Plastic
investments, usually polystyrene, are burned out without leaving a
residue. The meta isthen cast into the resulting hollow mould.

Fig. 8.10 A rypical ceramic shell investment casting mould.

The pattern ismade by pouring or injecting wax into ametal mould.
In some cases a simple pattern may be produced in one step with an
integral gating system, whilein other cases complex patterns may be
assembled from a number of separate components prepared indivi-
dually. I'n the ceramic shell process, after the wax pattern is formed
it isdip-coated with a primary slurry coat of very fine particlesto give
a smooth surface; it is then stuccoed with coarser refractory and
dried. These steps are repeated until the required mould thickness is
achieved. The primary and secondary dip-coats contain binders such
as ethyl silicate, and the refractories are principally zircon, sillimanite
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fig. 811
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(a)

(b)

' ()
Fig. 8.13 A turbine blade produced by investment casting: (a) finished blade ;

(b) cooling passage /ayour at root end; (c) cooling passage layout at tip end.

8
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and aluminosilicate. The stuccoing processis carried out by 'raining'

or by immersion in a fluidised bed. It is common practice to use a
combination of thesei.e raining for theinitial coat and fluidising for
subsequent coats. Thisisillustrated in Fig. 8.9, which also shows the
subsequent steps in the process.

An aternative process, the 'block mould process, requires the
pattern to be coated with the primary investment, to be placed in a
moulding flask and to have the secondary investment poured around
it to form a monolithic mould.

The ceramic shell process is widely employed for producing large
castings in steel, nickel and other high melting point materials. The,
hlock mould process is mainly used for light alloys and in the pro-
duction of small and medium-size castings.

IYigure 8.10 shows a ceramic shell ready for casting and typical
products produced by investment casting are shown in Fig. 8.11.

It isof interest to note that modern practicefrequently involvesthe
use of soluble cores to produce complex, hollow, investment-cast
objects. This was originally achieved by having complex die assem-
blies for forming the wax pattern or by making the wax pattern in
parts and joining them together. Now, preformed cores, eg. in
water-soluble polyethylene glycol, are fitted into coreprints in the
wax-injection die and surrounded by wax. When the wax is melted
out the core isleft in to beincorporated into the casting. Figure 8.12
shows an example of the production of a gas-turbine blade pattern
with silica tubes as cores. After casting the silicais dissolved out (in
hydrofluoric acid), leaving hollow passages for blade cooling. The
ends of a modern blade with a complex array of cooling passages
are shown in Fig. 8.13. The different layouts at either end are a
consequence of the requirement that the cooling passages follow the
twist in the blade profile. Silicatubes were used to shape the cooling
passages and it is difficult to see how such a configuration could be
produced without the use of the cored investment casting process.

8.7 PERMANENT MOULD CASTING (GRAVITY DIE
CASTING)

In permanent mould casting (frequently referred to as 'gravity die
casting’) the parts of themould (the cope and the drag) are madefrom
metal. Where holes or recesses are required, loose metal cores are
used, although in some cases it is necessary to employ sand or soluble
cores. This is avoided if possible because the core material can get
between the faces of the metal mould and hinder efficient working.
The molten metal is poured into the mould in a conventiona



Fig. 8.14 Lamp bases cast by dush casting. The 443-in high floor lamp column
at the right is about the maximum size commercially producable by the slush

casting process(from Ref. |, p. 334).

!

CASTING PROCESSES AND PROCEDURES 153

manner and alowed to fill the cavity under the influence of gravity.
| he processis particularly suitable for the high-volume production
of small, simple castings without complex undercuts or intricate
coring. Good surface finish and high definition of detail are achieved
with permanent moulds.

8.7.1 Sush casting

I'his is a variation on the permanent mould process wherein hollow
objects are produced without the use of cores. This is achieved by
pouring the molten metal into the mould, allowing it to cool for a
predetermined time (during which a solid skin is formed) and then
inverting themould to pour out the unsolidified liquid. Thethickness
of the skin is determined by the casting temperature and cooling
time. The exterior surface finish of such a casting is good, but the
inner surface isrough. Slush casting is not widely employed, although
some cheap, simple objects, e.g. lamp bases (Fig. 8.14), are till
produced by this technique.

8.8 PRESSURE DIE CASTING

Pressure die casting differs from permanent mould casting in that a
positive pressure is maintained on the metal in the mould during
solidification. Metal moulds are used and the liquid metal is usually
forced into the mould under pressure. For high pressure work (using
pressures of up to thousands of pounds per square inch) two pro-
cesses are commonly used. In hot-cllamber die casting a reservoir of
molten metal is maintained in a holding furnace which forms part

7
\\\,\

7
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lig. X 15 Apiston-operated hot-chamber diecastingmachine (Qooseneck machine):
(«) mould open prior to metal injection; (b) piston operated to inject metal into the
mould (Sharp! 3).
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of the machine. The pumping system is immersed in the molten
metal and the pump forces it into the mould cavity (Fig. 8.15). Use
of the hot-chamber process is restricted to the lower melting point
metals, principally zinc-based alloys injected at temperatures of
around 400°C.

Ejector die holf
Cover die haif

SN
%
Position 2 Die filling Position 3
and dwell Ejecting

Fig. 8.16 Operating cycle of a horizontal cold-chamber die casting machine ( from
Ref. 1, p. 286).

For higher melting point aloys, e.g. duminium-based aloys
injected at temperatures above 500°C, cold-chamber die casting is
employed. Here a transfer chamber adjacent to the mould is charged
with molten metal, which is then forced into the die. Both vertical
and horizontal machinesare available. A n example of the horizontal
cold-chamber processis shown in Fig. 8.16.

Whereas hot-chamber machines use pressures of 300-4000 1b/
in~ %, considerably higher pressures in the range 4000-15 000 Ib in~ 2
are employed with cold-chamber machines.

Recently, a low-~pressure die casting process using pressuresof only
afew pounds per square inch has been developed, primarily for use
with aluminium aloys. This has an airtight furnace chamber with the
mould mounted above it. Gas is admitted to the chamber and used
to force the molten metal in a crucible up a feed tube into the mould
cavity. This has the advantage of very fine control. It is, however,
essentially a variant on gravity die casting.
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The balance between the different processes isdetermined firstly by
the material being cast. Hot-chamber die casting is used for the zinc

alloys, cold-chamber and low-pressuredie casting being employed for

aluminium alloys and to some extent for magnesium and copper-base
alloys. Thelarger and heavier the object to be cast the more the low-
pressure process is favoured. Greater production requirements and
moreintricatesectiona requirements tilt the balancein favour of the
cold-chamber process. This latter process has the important advan-
tage that the pressure can be maintained during solidification to
produce high-density castings of very high precision. Examples
from the wide range of products produced by die casting are shown
in Fig. 8.17.

8.9 CENTRIFUGAL CASTING

Centrifugal casting involves the solidification of metal in a rotating
mould. The majority of castings are produced in horizontal moulds

Fig 8.17 (a)
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Fig 8.17 (b)

Fig 8.17 (c)

Fig. 8.17  Typical die castings: (&) hot-chamber zinc ailoy die

2, p. 177); (b) cold-chamber aluminium alloy die castings of an automobile part,

shown with slug and runner attached (from Ref. 2, p. 100); (¢) low-pressure alumin-
ium alloy casting of a cylinder head (from Ref. 2, P. 166).

castings (firom Ref.
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rotated about their longitudinal axis. Molten metal is fed into the
mould through a spout and flows to cover the inner surface of the
mould. In the widely-used De Levaud process the pouring spout is
traversed parallel to the axis of rotation and the thickness of the
casting isdetermined by the rate of feeding. The metal mould, usually
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Fig. 818 Centrifugal casting of an iron pipe(from Ref. |, p. 267).

water cooled, is coated with a refractory mould dressing both to
prolong life and to enable easy remova of the casting from the
mould. The processisillustrated in Fig. 8.18, which shows the casting
of a pipe. The inner surface of the pipe is unconstrained and is
usually rough. However, this is not necessarily a disadvantage,
particularly if some form of protective coating is to be applied later
to the inner surface.

In some applications a conventional mould is used, and during or
after pouring the mould is rotated about a vertical axis to promote
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feeding. This is known as 'semi-centrifugal casting'. Centrifuged
castings are produced when an assembly of small irregularly shaped
castings is placed symmetricaly in a cluster around a central sprue
and the whole is rotated at relatively high speeds during casting. In
both these cases the final shape of the cast product is determined by
the shape of the mould cavity.
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Fig.8.19 Schematic diagram of the moulding and casting stages in the full-mould
process (Butler14).
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(h)

Fig. 820 A complex-shaped full-mould casting which would haae been extremely
difficult to mould by conventional 'empty’ mould methods: (a) polystyrene pattern;
(b) finished grey cast iron casting (Butler!4).
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8.10 FULL-MOULD CASTING

Thefull-mould, or cavityless, casting process isa recent devel opment,
the basic concept of whichisvery simple. The pattern ismadefrom a
suitable combustible or vaporisable material, usually expanded
polystyrene, and the mould is formed around it. The pattern is not
removed and the molten metal is poured into the full mould, pro-
gressively decomposing it as filling proceeds until the whole of the
mould is filled with metal. The sequence is shown in Fig. 8.19. It is
similar to the investment casting process in that the pattern is
destroyed as part of the process. However, master moulds can be
used to mass produce patterns (including cores, runners and risers)
by conventional polystyrene-forming procedures. The full-mould
process can be employed to produce very complex castings, such as
that shown in Fig. 8.20.

811 CONTINUOUS CASTING

Thisis not a process used to produce a range of objects in the same
way as the processes considered previously. Rather, it isa means of

Fig. 821 Continuous casting with stationary moulds: (a) vertical ; (bY horizontal
(Morton!s).

making a continuous cast strand for subsequent working. The
magjority of wrought metal begins by being cast as an ingot in a
permanent mould; the ingot isthen worked to the required shape. To
overcome the need for extensive working in the earlier stages,
continuous casting was devised as a means of producing a cast form
nearer in sizeto that of theingot after theinitial working stages. This
was achieved by casting the liquid metal from a tundish into a mould
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without a base and drawing the cast strand out through the mould
aperture. For the non-ferrous metals, both stationary and moving
moulds have been used with the casting moving vertically or horizon-
tally. Figure 8.21 shows the basic configurations for vertica and
horizontal casting with a stationary mould. The use of moving wall
moulds, e.g. as in the Hazelett machine for strip casting (Fig. 8.22),

Fig. 822 The Hazelett process for continuous casting of strip: (1) machine;
(2) cross sections.

has the advantage of eliminating friction between the casting and
the mould. For high melting temperature metals, such as steels,
reciprocating moulds are employed.’ ® In all casesthecontrol of both
the cast structure and segregation is difficult.

812 EVALUATION OF THE DIFFERENT CASTING
PROCEDURES

The comparison and evaluation of the different casting procedures
described in the previous sections is important if the most economic
method isto be adopted in a given situation. Unequivocal evaluation
is not possible because of the many variables involved. The most
economic choice of any process for the production of a particular
casting will depend on thealloy being cast, thesizeand complexity of
the casting, the quantity required, the tolerances specified and the
surfacefinish required. Not al thesefactorswill be of equal economic
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importance, and in any particular situation it is possible that one s
factor will have a decisive influence. g
The most important material factor influencing the choice of a 3

25:%

0:010 x to 0-02

|

|
casting procedure is the melting temperature. Processes using refrac- !
tory materials for moulds (e.g.sand casting, investment casting) can
be used for a virtually unlimited range of aloys. On the other hand,
those that require a permanent metal mould or die must usually be s
used with the lower melting point aloys, e.g. auminium-, magne- S
sium-, zinc- and copper-based alloys. This limitation is necessary to |
ensure an acceptable dielife. ’

Casting processes are extremely flexible with regard to size and
weight, and castings with weights from less than a gramme to thou-
sands of kilogrammesare in normal production. Thelargest castings
invariably use the simple sand-casting process or one of its variants,
e.g.the CO,/silicate process, full-mould casting. Smaller castings are
best produced by die casting or investment casting, depending on the
aloy being cast.

The ability of casting processes to reproduce complex three-
dimensional shapes in a simple operation is of fundamental impor-
tance. The most complex shapes require the use of expendable
patterns such as those used in investment casting or full-mould
casting. The high costs involved in the manufacture of metal dies,
together with the requirement that the casting can be easily removed, |
place restrictions on the complexity of objectswhich can be produced |
by permanent mould processes. Nevertheless, with modern die-
making techniques very complex castings are regularly produced.

One of the important factors is the minimum section thickness a |
process can produce. This is a function of both the mould surface
finish and the method of introducing the molten aloy, aswell as being
dependent on the limitations involved in forming the mould cavity.
The processes most capable of producing thin sections are those
where the molten metal is forced into the mould, e.g. pressure die
casting, or those where very thin intricate sections can be moulded,
e.g. investment casting. In the latter case, some form of pressure is
needed to ensure complete filling of the mould. Semi-centrifugal
methods or the use of high metallostatic headsare normally necessary.

Casting precision (dimensional accuracy, surface finish) varies |
greatly from process to process. Those using permanent metal
moulds tend to give the greatest dimensional accuracy and the best
surface finish. With refractory moulds these factors depend on the
rigidity of the mould and the size of the refractory used. Processes
using fine refractories and rigid moulds, e.g. investment casting, are
the more accurate; conventional sand moulding processes are much
less satisfactory.
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Table 8.1 summarises the process capabilitiesfor the main casting
techniques, giving information for different alloys.

The costing of the different casting processes can be broken down
into three sub-divisions, i.e. equipment, labour and materials. To
these should be added the finish machining costs since these are
largely determined by the precision with which the casting is pro-
duced. High precision processes have low finishing costs and vice
versa. Quantitative assessment is not practicable since detailed
costing practice varies from organisation to organisation. However,
the qualitative assessment given in Table 8.2 will enable some

TABLE 82
AN ASSESSMENT OF THE LEVEL OF COSTS OF THE MAIN CASTING
TECHNIQUES"
Process Equipment cost Labour cost Finishing cost
Sand moulding Low Low-medium High
Shell moulding Medium Medium Medium
Plaster casting Low Medium Low
Investment casting Medium High Low
Permanent mould
casting High Medium Low
Die casting High Low Low

“ Data from Alexander and Brewer!7 and Reynolds.! s

comparisons to be made. The equipment cost reflects the require-
mentsfor complex machinesand dies, and is particularly high in those
cases (die casting) wherethe die life is limited.

To make a detailed assessment for a specific situation requires
more data than can reasonably be presented here. Details of costing
procedures are available in the literature, e.g. Reynolds,'® and this
and the technological data available in summary texts and journals
should be referred to in given circumstances. A bibliography of
appropriate reference works is given in Appendix 3.
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CHAPTER 9

Defects in Casting

The production of sound castings is of great economic importance.
It is an essential step to be able to recognise the different kinds of
defects that can arise in casting processes, and when they occur to
definethe steps necessary to eliminate them from subsequent castings.
Design and practice are of importance in influencing the incidence of
casting defects. Often errors in design can be overcome by the
adoption of procedures involving careful control of the cast metal
and of the casting procedure. In many cases, in order to facilitate
production it is of greater practical and economic merit to modify
the design of an object to be cast.

In this chapter we will mainly be concerned with the major defects
that are observed. Comprehensive details of casting defects, of the
causes and of remediescan befound in the specia publications of the
Institute of British Foundrymen, and the American Foundrymen's
Society." Far too often the remedy liesin an improvement in casting
practice. Nevertheless, a clear understanding of casting defects is
necessary for those involved in the practical aspects of solidification.

91 BLOWHOLES

These are round or elongated cavities, usualy with smooth walls,
found on or under the surface of castings. They can arise from a
number of causes:

(i) Because of the entrapment of air during the pouring of metal
into the mouth (Fig. 9.1).

(i) By the generation of gas by reaction of the molten metal with
the mould or core materials. In some cases steam can be

T The illustrations in this chapter are largely drawn from Ref. 1, the Atlas of
Defects in Castings, published by the Institute of British Foundrymen. Their
co-operation is gladly acknowledged.
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Fig. 9.1 A blowhole in the surface of a small gunmetal pipe connection caused by
entrapped air. The object was cast in green sand.
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evolved from moisture in the moulding sand. This can give rise
to localised patches of cavities of considerable size on the
surface (Fig. 9.2) which are often coloured with oxidation
tints, or to sub-surface cavities (Fig. 9.3). I n other cases fumes
are generated when the molten metal comes into contact with

(a)

(b)

Fig. 9.2 Surface blowholes on () a gunmeral flange connection and (h)a grev-iron
valve-body casting. In each case the cause was excessive moisture in the moulding
sand.

the oil-binder of the core (Fig. 9.4). With investment castings,
incomplete removal of residuesfrom the wax pattern can cause
trouble (Fig. 9.5).

(i) Asthe result of chemical reactions taking place in the molten
metal during cooling and solidification. Among the best-known
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Fig. 9.3  Cross section of a cast gunmetal ring showing sub-surface pores produced
by reaction of the molten metal with wet sand.

Fig. 94  Large blowholes produced in a grey-iron pulley wheel casting by pas
evolved from a core.
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Fig. 95  Localised areas of cavities in an investment casting. These resudt from
incomplete removal of wax pattern residues and entrapped air.

examples are the blowholes produced in cast stedl ingots (Fig.
9.6) by the evolution of carbon monoxide according to the
reaction

FeO + C — Fe + CO

Interactions between slags and molten metals can aso cause
defects which are frequently observed on or near the surface
(Fig. 9.7).

(iv) By the evolution of gas during the solidification process. These
cavities can be small, when they are known as ‘pinholes’ (Fig.
9.8), or of quite large size (Fig. 9.9).

Most of the remediesfor eliminating blowholes of types (i) and (ii)
involve changes in the practice. Care during pouring or the provision
of extra venting will remove entrapped air, and careful drying of
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Fig.9.6 Cross section of a rimmed steel ingot showing carbon monoxide blowholes
(schematic).
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materials prior to casting eliminates moisture, thus avoiding the
evolution of steam. In the same way, careful preparation and baking
of cores will produce improved results.

Where the cause is chemical reaction, care is only sometimes
effective. It isusually necessary to introduce additions into the metal

Fig. 9.7 Blowholes produced by reaction berween the molten metal and entrapped
slag. These generally have discoloimddsisurfaces and are associated with slag

to removethereactants beforegasisevolved. For example, aluminium
is used to 'kill' steel by deoxidising the molten metal and preventing
the reaction which produces carbon monoxide.

The evolution of dissolved gases can only be prevented by taking
steps to eliminate the gas before the molten metal is introduced into
the mould. This can be done by degassing, i.e bubbling an inert gas
such as nitrogen or argon through the molten metal in the ladle, or
by adding chemicals which evolve a non-soluble gas which bubbles
through the melt, e.g. the use of hexachloroethane tablets to degas
aluminium. The effectiveness of these scavenging degassing pro-
cedures depends on the evolution of dissolved gas into the bubbles of
inert gas and the subseguent expulsion into the atmosphere.
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92 COLD SHUTS
A ‘cold shut' is produced when two streams of metal flowing from

different regions in the casting meet without union. The shuts appear
as apparent cracks or wrinkles in the surface, together with oxide

Fig. 9.11 Cold shuts in an alloy steel casting.

films (Figs. 9.10 and 9.11). This defect is usualy the result of in-
sufficient fluidity in the metal or the use of unsatisfactory methods of
running and gating. Interrupted pouring can also give rise to cold
shut formation.

The remedy is to increase fluidity either by raising the pouring
temperature or by preheating the mould. Relocation of runners and
ingates can often be equally effective.

9.3 CONTRACTION CRACKS

These are irregularly shaped cracks formed when the metal pulls
itself apart while cooling in the mould or after removal from the
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Fig.9.12 A hot rear in a steel casting.

Fig. 9.13 A contraction crack formed in at aluminium alloy die casting during
cooling in the mould after solidification was complete.
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mould. When the crack appearsduring the last stages of solidification
it isknown asa'hot tear' or a'pull’ (Fig. 9.12). In this case the crack
faces are usually heavily oxidised. Hot tearing is most common in
metals and alloys that have a wide freezing range, for then isolated
regions of liquid become subjected to thermal stresses during cooling
and fracture results.

ad SN
3 xﬁ;*.ﬁ-&'—wm “"-Q"":' ol T o 15

Fig. 9.14 A contraction crack in the fillet of a small gunmetal sand casting.

In other cases contraction cracks arise during the period when the
metal is solid but still at a temperature where the mechanical
strength is low (Fig. 9.13).

Contraction cracks and hot tears result from the hindered con-
traction of the casting; this gives rise to complex internal stresses.
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[ 1 ol spots or high thermal gradients contribute to these high
tresses, particularly i the mould or core is rigid enough to restrict
v lative movement of the dilferent parts of the casting.

meveral steps are necessary it this type of defect is to be avoided.
| irst. the cores and mould should be made more collapsible, for
matni e by fncorporation of elastically soft material, e.g. cellulose,
ito He Would material or by minimising the compaction during
momldme i pddition, alterations in design to avoid abrupt changes

m o, oo man Be pecessary. Hot spots can beeliminated, and thermal
oo g Bitrolled, by modification of the gating system or by the
m ool ]

Wil be noted that contraction cracks often have an external

mnuiince very similar to a shrinkage cavity (see Section 9.6).
By can be differentiated from the latter because there is no cavity
v pestans arca beneath the surface. Furthermore, contraction cracks
are [lormally located in positions clearly related to the geometry of
ihe casting and to the restriction of free contraction by parts of the
imould. A good example of thisisshown in Fig. 9.14, where cracking
has occurred in the fillet region between two parts of the casting.

Pee WS | weessive flash or fin dlong the parting line of a grey-iron casting.
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94 FLASH , [

The development of 'flash' (or fin) involves the formation of a run
of metal around the parting line of the mould caused by the flow
of liquid metal into the space between the halves of the mould. This

I 9.17 A crossjoint in a large grey-iron valve body casting produced hy mis-
match o the top and bottom parts of the mould.

Fig.9.16  Veining caused by the penetration of cast high-duty iron into cracks in an
oil-bonded core.

defect is known as'veining' when liquid metal penetrates into cracks
in the mould or core. Examples of these are shown in Fig. 9.15 and
9.16.

Rigid clamping of themould boxesand hardening of the mould and
corefaceswill usually overcomethis type of defect. I n some instances
alowering of the pouring temperature is necessary since the appear-
ance of finning or veining is accentuated by the high fluidity of
liquid metals cast with high degrees of superheat.

If the two parts of the mould are displaced relativeto each other,
this produces a different but associated defect known as a'crossjoint'
(Fig. 9.17). Here the remedy is obvious.

9.5 OXIDE AND DROSS INCLUSIONS

These result from the entrapment of surface oxide or other foreign Ju o w VR Inclusions i oan spheioidal giaphite iron casting. Part of the surface
matter during pouring. Often they are not immediately apparent and s been machined away 10 show the aature of the defect more clearly.
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can only be clearly seen after machining of the casting surface (Fig.
9.18). These defects invariably result from poor casting practice.
Insufficient skimming before pouring, the use of dirty ladles and
turbulence due to improper grating methods can al contribute.
Redesign of the feed system and attention to care and cleanliness are
needed to avoid these inclusions.

9.6 SHRINKAGE CAVITIES

As described in Chapter 1, the majority of metals show a significant
increase in volume on melting (seeTable1.1). Thischangein volume

Fig. 919 A large shrinkage cavity in the interior of an aluminium-bronze sand
casting.

manifests itself as shrinkage during the reverse transformation from
liquid to solid. If insufficient attention is given to ensuring that all
parts of the casting are supplied with liquid metal throughout the
whole of the solidification process, areas of liquid can become
isolated. The shrinkage then appears as a cavity of irregular shape.
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1ir. 0.20 Dispersed shrinkage cavities in a section of a sand-cast tin-bronze. A
surface hot fear can also be seen.

el
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Surface shrinkage in a grev-iron casting.,

Fig. 9.21
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i hese cavitiesare frequently widdy dispersed and located below the
lirface, and thus difficult to detect. Examples are shown in Figs.
a1 and 9.20. If the shrinkage occurs near the surface, the cavities
«an be ilctected because of the presence of small depressions in the
rface of the casting (Fig. 9.21). A similar case to this latter form is

N

Iy, 022 Cross section of a killed Fig. 923 Cross section of a killed

steel ingot showing pipe development  steel ingot cast into a mould with a

(schematic). The piped region must be  refractory hot top (schematic).Shrink-

cut off before working, thus giving a  ageis confined to the top of the ingot
low useful metal yield. and yield is increased.

the large conical depression observed in the top of some ingots, and
I nown as pipe (Fig. 9.22).

I he major cause is the failure to obtain directional solidification
lwurds desired heat centres such as risers or ingates. If the location
m these feed points is bad, then shrinkage is much more likely.
vhinon of feeding can help considerably. The use of higher pour-
poratures is also normally an advantage. Often proprictary
0 [nvolving exothermic heating in the mould cavity can be
vm purage directional solidification. When these are used
P= .m0 =l judicious location of relractory inserts and chills to

mmm 0 W0 [fansfer to the mould, shrinkage defects can largely be



184

SOLIDIFICATION AND CASTING

Fig. 9.24 A misrun in abrass gravity die casting.

M\
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= ome. With ingots, the use of refractory hot-tops will increase
Bl e, 9.23).
L7 MISRUNS

u pxageerated form of shut isthe'misrun’ (seeFigs. 9.24 and 9.25).

1hese are produced when the liquid metal fails to fill the mould
ither because of Tow fluidity or if the methods of running are

(1) (2)

{ir.0.25 A striking example of a misrun which resulted iz an incompletely filled
mould (a “short run’). Both a complete (1) and a misrun casting (2) are shown.

unsatisfactory. They are evident as smooth irregular-shaped holes,
wilh rounded edges, through the casting wall. Poor venting of moulds
and cores can have a contributory effect. Raising the pouring
lemperature and reconsidering the position, size and number of
ineates and vents will usualy eliminate this defect.

UK SUMMARY

(e kections preceding this summary describe the major defects that
s castings. These are summarised in Table 9.1. Details of



Defect

TABLEOS1

SUMMARY OF CASTING DEFECTSGIVING CAUSES AND REMEDIES

9R1

Blowholes

Cause Foundry remedy

Design remedy

Cold shuts

Contraction cracks

Flash

Oxide and dross inclusions

Shrinkage cavities

Misruns

Occlusion of gases (i) Increased venting

(i) Elimination of materials that
can react to produce gas

(iii) Degassing

(i) Raise pouring temperature

(ii) Preheat mould

(i) Use collapsible moulds

(ii) Control of thermal gradients
with chills

(i) Lower pouring temperature

(i) Increase mould box clamping
Entrapment of foreign matter (i) Increase care and cleanliness

during pouring
(i) Promote directional solidifica-
tion by control of heat flow
(il) Raise pouring temperature
Low metal fluidity (i) Raise pouring temperature

Non-union of metal streams

Tearing of the metal under
thermatl stress

Flow into the mould join

Lack of sufficient feed metal

Avoid feed systems
which have high flow
velocities

Relocate runners and
ingates

Avoid abrupt changes
in section

Relocate risers and
ingates

Reconsider position,
size and number of
ingates and vents

!
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APPENDIX 1

The Relationship Between the
Interfacial Energies and the Contact
Angle in Heterogeneous Nucleation

In Chapter 2 it was given that under stable conditions the contact
angle, ¢ (see Fig. Al.l), was related to the surface energies of the
liquid-crystal interface, 7, . the crystal-substrate interface, ycs, and
the liquid-substrate interface, y, , by
cos ) — /rs = Ycs

Yic

A superficial examination of Fig. A1.1 might suggest that this re-
lation is an obvious consequence of the force balance. This appendix

Liquid

Substrate
Fig. Al.l  Spherical cap of solid formed on aplanar substrate.
188
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nes a rigorous proof based on a method of virtual displacements.
Ihe prool depends on the assumption that the condition for stability
+. that the total surface energy should remain unchanged for a virtual
Jisplacement at constant volume.
¢ onsidering a spherical cap of radius r (Fig. Al.1), the area of
the cap in contact with the surface is

A, = 7r?sin? 0 (AL

I he arca of the cap in contact with the liquid is

A, = 2nr3(1 — cos0) (AL2)
| otal excess surface energy introduced into the system by the forma-
non of the spherical cap equals

Ai(yes = Ns) + Ao Ve
I or a small displacement the assumption above means that
dA,(yes — 7is) + 4427 =0

that is

dA

Tus = Yos _
TLC
Dilferentiating egns. (Al.l) and (A1.2) and substituting gives, after
fimplification,
Yes — r.sinf + 2(1 — cos 0)(dr/d0)

Yic r.sin0 cos0 * sin? 8(dr/d#)

I he volume of a spherical cap is
V = 1nr*@2 — 3cosf + cos® 6)

Yis —

(AL.3)

| or constant volume, dV = 0. Thus
dr _ r-siné(l + cos0)
40 (1 = cosO)2 + cos0)

Substituting this in egn. (A1.3) leadsto

s = Vs — cos 0

Tre
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kow
| — x

C =

I herefore

_dw _ kg dx

APPENDIX 2 Y
In(egrating these relations from the beginning of the process to the
The Solute Distribution in a Bar point wherea fraction x s ol

X

Solidified under Conditions of j_dﬂzgkl_o-_g
Complete Mixing in the Liquid o i

0
PIVES
; ko
w =¥ “[] — .X)

In Chapter 4 it was stated that the solute profile in a bar solidified
directionally with complete solute mixing in the liquid was given by
dw

C. = Coko(l — xfo~ C, = = S = woko(l - x)ko~1

I'rom this

where C, is the solute concentration in the bar at a point where a

fraction x of the bar has solidified, C, isthe initial solute concentra- and since unit volume was assumed

tion and k, is the equilibrium distribution coefficient. This equation Co = Wo
has been derived in various forms by a number of workers.! ™ * The
treatment given here is that of Pfann. Thus
Let x be the fraction of the original volume (assumed as unity) C, = Cokoll — x)ko™ 1

that has solidified, w the weight of solute remaining in the liquid and
w, the total amount of solute before solidification commenced. If C
is the solute concentration in the liquid after the fraction x has

solidified, by definition i REFERENCES
= Ck .
c* 0 (A2.1) I. Scheuer, E. (1931). Z. Metallke, 23, 237.
Now 2. Ilayes, A. and Chipman, J. (1939). Trans, AIME, 135, 85.
. w I Pfann, W. G. (1952). Trans. AIME, 194, 747.
Gi= ] (A2.2)
==
where the solute concentration is expressed in units of solute per unit
volume of liquid.
If at thisstagean additional fraction d.x solidifies, the concentration
in this frozen layer is
dw
C,=——
: dx i

where dw is the amount of solute entrapped. But from egns. (A2.1)
and (A2.2), i
190 |




APPENDIX 3
Selected Bibliography

The literature on solidification and casting is large and diverse. It
embraces a spectruni from the very fundamental physics of liquid
metals through to the detailed technology of foundry practice. At
the end of each chapter appropriate references have been given. In
this appendix, however, summary information is given of the more
general sources for obtaining data on both the fundamental and
technological aspects of solidification and casting. The hooks and
journals listed are recommended as providing a base for searching
for specific information.

GENERALREFERENCES

The Solidification of Metals, Iron and Steel Institute Publication 110
(1968).

This conference volume is a valuable contemporary assessment of
all aspects of solidification, primarily fundamental, but with a strong
technical flavour.

Metals Abstracts, published jointly by the American Society for
Metals and the Institute of Metals.

Sections 1.2, 3.1 and 5.1 contain the main fundamental and
technological references. There is an excellent subject index which is
a considerable aid to information retrieval.

MORE TECHNOLOGICAL SOURCES

Books
Metals Handbook: Vol. 5—Forging and Casting, American Society
for Metals, Cleveland (1970).
Castings (Ed. by J. D. Beadle), Macmillan, London (1971)
192
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Irinciples of Metal Casting, R. W. Heine, C. R. Lopcr, Jr. and
I'. ¢. Rosenthal, McGraw-Hill, New Y ork (1967).

I’rogress in Cast Metals, Institution of Metallurgists, London (1971).
Journals

I'he British Foundryman (Journal of the Institutt of British Foundry-

men).
l'ransactions of the American Foundrpen's Society.
Modern Castings.

British Cast Iron Research Association Journal.

MORE FUNDAMENTAL SOURCES

Books
Principles of Solidification, B. Chalmers, John Wiley, New York
(1964).

The Art and Science of Growing Crystals (Ed. by J. J. Gilman),
John Wiley, New York (1963).

Liquids: Structure, Properties, Solid Interactions (Ed. by T. J.
Hughel), Elsevier, Amsterdam (1965).

Crystal Growth (Ed. by H. S. Pieser), Pergamon, Oxford (1967).

Journals
Journal of Crystal Growth.

Transactionsof the Metallurgical Society of AIME (now Metallurgical
Transactions).

Journal of the Institute of Metals.

Journal of the Iron and Steel Institute.
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2 SOLIDIFICATION AND CASTING

volume of the component atoms or molecules and a/V'? is a term
which alows for interactions between these components. In this
case the basic many-body problem of an aggregate of components
was also overcome by considering it as a single-body problem with
summation over a number of apparently identical components.

The understanding of the solid state, on the other hand, was beset
with difficultiesuntil early in the twentieth century, when diffraction
procedures clearly established the structure of crystalline solids as
one in which atoms or groups of atoms are arranged in regular

geometrical patterns in space. Here it was clear that interactions .

between individual atoms had necessarily to be taken into account,
but since the relative atomic positions were defined? the interactions
of an atom with its neighbours could be estimated. The overal
properties of the assembly could then he determined by summation
over the total of atoms. Herc again the many-body problem was
overcome by considering it as a sum of single-body problems.

Thestudy of liquidsencountered difficulty becauseit wasessentially
a true many-body problem. Interactions bctwcen neighbouring
components needed to be taken into account, but the relative atomic
positions were not wel defined. In genera the environment of any
individual atom was more unlike than like that of another. The
principal approachesto thestudy of liquids camefrom two directions.
Liquids were considered as either dense gases or rather disordered
solids. More recently a geometrical concept in which the liquid is
considered as a 'heap' of atoms or molecules has been the subject of
study.

Before turning our attention to an examination of these different
theories it is useful to consider the experimental facts which these
theories must account for asfar as possible.

11 EXPERIMENTAL CONSIDERATIONS

1.1.1 The change in volume on melting
Table 1.1 listsa number of common metals togcther with their crystal
structure, melting point and change in volume on melting. It can be
seen that in most casesthere isan expansion of from 3 to 59/, except
for a small number of metals with rather open structures in which
there is a small contraction on melting.

1 The aomic EX)S'tiOI’]_(HW be simply considered as the mean position of the
atomic centre. In practice thisis only true on average since the d0M is normally
undergoing thermd vibrations. For a rigorous treatment it may be necessary tO
'sop’ the aoms by assuming the solid is at 0°K.
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TABLE I.1

THE CHANGE IN VOLUME ON MELTING OF SOME COMMON METALS"

Melting point Change in
Metal Crystal structure “C) rﬁglltlllr’{g &

Aluminium fc.c. 660 +6.0
Gold f.c.c. 1063 +51
Zinc h.c.p. 420 +42
Copper fcc. 1083 + 415
Magnesum h.c.p. 650 41
Cadmium h.c.p. 1 4.0
Iron b.ec.c.jfec. 1537 +3.0
Tin tetr. 232 +23
Antimony rhombohedral 631 —0.95
Gallium f.c. orthorhombic 0 —-3.2
Bismuth rhombohedra 271 —3.35
Germanium dia. cubic 937 —50

2 Data from Schneider and Heymer. !

TABLE 1.2

LATIN | HEATS OF MELTING AND VAPORISATION OF SOME
COMMON METALS®

Latent
Melting  heat®  Boiling Latent heat”

Metal Crystal puinrA of pointg of vaporisa- Lo
structure 0) melting (" C) tion (L) =

U'—m]
Aluminium f.c.c. 660 2-5 2 480 69-6 27-8
Gold f.c.c. 1063  3:06 2950 81-8 26:7
Copper fc.c. 1083 311 2575 72:8 23:4
[ron f.c.c./b.cc. 1536  3.63 3070 81-3 22:4
Zinc h.c.p. 420 1-72 907 27-5 16:0
Cadmium h.c.p. 21 1-53 765 23-8 156
Magnesium h.c.p. 650 208 1103 32:0 154

« Data from Smithells. 2
» Laent hedsin kcd mol-1.



CHAPTER 2

Nucleation

Nucleation may be defined as the formation of a new phase in a
distinct region separated from the surroundings by a discrete
boundary. During solidification, solid nuclei form in the liquid and
subsequently grow until the whole of the volume is solid. We are
concerned with a change from one position of stable or metastable
equilibrium to another in response to a driving force. The existence
of adrivingforce, namely a decrease in the free energy of the system,
indicates that the transformation is favourable. This driving force
is a necessary but not sufficient requirement. Whether or not the
transformation takes placeisdetermined by kinetic factors. First, we
must ask can the transformation begin? This is a problem of nuclea-
tion and is dealt with in this chapter. Second, we must ascertain that
after nucleation the transformation can continue. This involves the
study of growth and is considered in Chapter 3. Before we can exa
mine the different processes of nucleation we must examine the
nature of the driving force.

2.1 THERMODYNAMIC ASPECTS

When considering the development of microstructure we are con-
cerned with heterogeneous equilibrium, i.e. equilibrium involving
more than one phase. The free energy, G, of a component phase is
defined by
G=H-TS (2.1)
where H is the enthalpy, T the absolute temperature and S the
entropy. For most metallurgical systems, pressurc can be considered
to be constant, so that
G .
— -5
(&7)

/ p=constant
Thus the free energy decreases with increasing temperature.
12
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Thevariation of thefree energiesof the different pure metal phases
is shown schematicaly in Fig. 2.1. The change in free energy on
transformation at constant temperature from one phase to another
is given by

AG = AH - TAS
At equilibrium between two phases,
AG=0
and this definesthe equilibrium melting point, 7,,,, and boiling point,
T,. At other temperatures, the equilibrium phase is that which has

Vapour
”~
=
o
@ I
@ |
@ I
w I
I
Liquid
I I
I I
I |
| T 1 7o
Temperature
Fg 21 The variation in free energy of metallic phases with temperature
(schematic).

the minimumfreeenergy; AG, thedifferencebetweenthefreeenergies,
provides the driving force for transformation.

With simple binary alloys the free energy can vary with composi-
tion in several ways, as shown in Fig. 2.2. The free energy curvesfor
thc component phases move relatively as the temperature changes.
For a particular composition the equilibrium phase or phases at a
given temperature are those which give the minimum overal free
enerpy at that temperature.? The difference between the free energies

[ A full description of the free-energy composition diagram and its relation to
the equilibrium phase diagram can be found in the books by Cottrelll and
Darken and Gurry.2
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of the component phases before and after transformation is the
driving force.

In many cases the final equilibrium state is not reached and the
system restsin a state of metastable equilibrium.

Lrquid

Free energy

Free energy

Composition

Composition

(c) (d)

Fig. 2.2 Free-energy composition diagrams for differentbinary alloys: (a) liquid;
(b) solid; (c) solid with a miscibility gap; and (d)an intermetallic compound.

For the transformation from liquid to solid the volume free energy

chance AG, is

AG) = GH - (’\
where G, and G, are the free energies of the liquid and solid respec-
tively. From egn. (2.1)

AGV = (HL - Hs) - T(Sl, - Ss)

If we assume that the temperature dependence of the changes of
enthalpy and entropy are small, then

HL - HS = LH

NUCLEATION 15

where |,,,,is the latent heat of melting. At the equilibrium melting
point, since AG is zero, the entropy of melting is given by
L

S = So= o

m

AG1 = L|13 -
I AT

= ‘m-"'_;- 22
7 (2.2)

m

I'hus

In this equation A T is the temperature interval between the equili-
brium melting point and the temperature of transformation and is
known as the supercooling.

22 HOMOGENEOUS NUCLEATION

221 Energeticsof nucleation

The classical theory of nucleation was developed by Volmer and
Weber,* and Becker and Doring®* for the condensation of a pure
vapour to form a liquid. The subsequent theory®:¢ for the liquid—
solid transformation was based on this earlier work. The theory
considered homogeneous nucleation, i.e the formation of one phase
by the aggregation of components of another phase without change
of composition and without beinginfluenced by impurities or external
surfaces. Impurity particles and external surfaces are taken into
account in heterogeneous nucleation theory (Section 2.3). Modifi-
cations to the classical theory are necessary to allow for the effects
of compositional changes.

Consider thefree energy changeswhich occur if a spherical embryo
of solid is formed within a uniform liquid. First, there will be a
change in free energy associated with the difference in volume free
energy of the atoms in the solid and the liquid.? Second, there will
be a term introduced because a number of the atoms occur in the
transition region between liquid and solid. These atoms will bein a
high energy state and are the origin of the surface free energy of the
embryo.

+ Oneof theinherent difficultiesof nucleation theory isassociated with the use of
macr oscopic thermodynamic properties, e.g. volume free energy and surface
energy, in microscopic Situations. This is unavoidable but does not normally
introduce serious numerical error.
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For a spherical embryo of radius r, the overall change in free
energy, AG, is given by
AG = 4nr*y e + ()nr® - AG,
where 7, ¢ is the surface free energy (erg cm ™ *). As above, AG, is the
volume free energy change (ergcm™*). Above the melting point,

/
Surface free

/
—_ energy term

Embryos

NG

Volume free
energy term

Fig. 2.3 The change in free energy resulting from the formation of a spherical
embryo of solid in the liquid.

AG, is positive and below it AG, is negative. The variation of the
different free energy terms below 7, and the overall change in free
energy are shown in Fig. 2.3. Any embryos which form above T,
will rapidly disperse. On the other hand, below 7, provided the
embryo reaches a critical size with radius r*, at which (A(AG)/cr) = 0,
it is équa]ly probable that it will disperse or that it will grow as a
stable nucleus. To form this critical nucleus a random Muctuation
producing a localised energy change AG* is required. Differentiating
eqn. (2.3) and allowing for the sign of AG, we find

=
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I'his is the critical nucleus size. Substituting from Eqn. (2.2) gives

E}ri,(' ’ Tm

L, AT

The localised energy change, AG*, can then be determined by intro-
ducing r* into egn. (2.3):

P = (2.4)

— 2
IGKII,{' Tm [2‘5)

AG* = m_
(L, - AT)?

AG* is often referred to as ‘the work of nucleation’, Since AG,
increases approximately linearly as the temperature falls, the critical
radius decreases rapidly as does the work of nucleation (Fig. 2.4).

AGY |

AG

Fig. 2.4 The effect of decreasing temperature on the critical radius for nucleation
and on the work of nucleation.

2.2.2 Rate of nucleation

The theory for the rate of nucleation also follows from that derived
for vapours. Becker” originally proposed that the nucleation rate, I,
In condensed systems, such as are involved in the liquid-solid
transformation, was determined by an expression of the type

I = Kexp (—(AG* + AGL)/kT)
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in the liquid will play an important part.? There is at present no
theoretical treatment for this problem. However, experimental
observations® on copper—nickel alloys showed that the undercooling
required for homogeneous nucleation was —0.2 of the liquidus

temperature. I
Theform of the nucleation rate equation is such that at very large
undercoolings there should be a decrease in the rate of nucleation
resulting from a decreased mobility of atoms. We might thus expect
/|

the curve of Fig. 2.5 to tend towards a maximum as indicated. For
most metallic systems, however, it is not possibleto cool through the
range of temperature at which copious nucleation occurs at a rate
fast enough to suppress nucleation. Quench rates of the order of 10°
°C sec-' have been used unsuccessfully with melts of pure liquid
metals. In binary alloy systems where redistribution of solute must
occur as part of the nucleation process, some aniorphous solids
have been produced using rapid quenching techniques.'' !*

The occurrence of amorphous phases results from the combined
influence of two exponential factors, one related to the transfer of

Fig. 2.6 The electron microstructure of splat-cooled tellurium—15 at. 90 germanium
in (&) the amorphous state arid (b) after heating. The growth of dendrites can be
seen clearly in the latter micrograph (Willens13).

atomsfrom the liquid to the solid and the other associated with bulk
diffusionin theliquid. On reheating, transformation to thecrystalline
state occurs quite rapidly, as shown in Fig. 2.6.

It should be noted that the treatment given assumed a spherical
nucleus. Simple modifications result from considering nuclei of other
shapes. One of the more realistic shapes may be that described by
Chalmers'* in which it was proposed that the nucleus was bounded
by planes of high atomic density (Fig. 2.7).

Before considering heterogeneous nucleation it is interesting to
question how the liquid structure affects homogeneous nucleation.
This has been considered by Walton.!* The structure of the liquid
influences the nucleation rate firstly through AG*, since this term
contains the volume free energy change AG,. If clustering occurs in
the liquid this will aid nucleation. Oriani and Sundquist'® have
estimated that for most metals supercoolings of more than 10°C
will be sufficient to promote embryo formation astheliquid structure
orders. The structure of the liquid also has a direct effect on AG,,

T There is some evidence that in special cases the carliest stages of nucleation ; ; S ; :
and growth take place without solute redistribution. 35 I'he diffusion term, and on the liquid-crystal interfacial energy, v.c.

Fig. 2.6 (a)
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shape together with segregation effects occurring during cascng can
have a significant influence on the physical, mechanical and chemical
properties of the cast product. Most commonly, control is exerted
by the use of nucleating agents (inoculants). The nature of hetero-
geneous nucleation and its relation to inoculant effectiveness has
been reviewed by Chadwick.?* As described above, the nucleation
potency is strongly dependent on the contact angle (Fig. 2.8). For

TABLE 2.2

COMPOUNDS USED TO STUDY THE HETEROGENEOUS NUCLEATION
OF ALUMINIUM FROM ITS MELT*

o for close-packed

Compound  Crystal structure Nucleating effect

planes
vC Cubic 0-014 Strong
TiC Cubic 0060 Strong
TiB, Hexagona 0-048 Strong
AlB; Hexagonal 0-038 Strong
ZrC Cubic 0-145 Strong
NbC Cubic 0-086 Strong
W,C Hexagonal 0:035 Strong
CriC» Complex Week or nil
Mn;C Complex Wesk or nil
FesC Complex Wesk or nil

< Data from Chadwick.24

easy nucleation, low contact angles are required and evidence'?-2°
supports the view that when the chemical parameters (bond type
and bond strength) of the crystal and the substrate are similar the
lattice mismatch between crystal and substrate is important. The
lattice mismatch is defined as

Aa

==

where a is lattice parameter of the crystal being nucleated and Aais
the difference in the lattice parameters of crystal and substrate.
Table 2.2 gives data for the heterogeneous nucleation of aluminium
from its melt. It is apparent from this table that the chemical para-
meters have a greater effect than originally anticipated. ' Neverthe-
less, despite the fundamental difficulties, efficient inoculants have
been determined for most metals, for the most part by processes of
trial and error. The results of Cibula,?>° Reynolds and Tottle?® and
Hall and Jackson”’ (see Fig. 2.10) are good examples of the practical
development of effective inoculation procedures.
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(a)

(b)

Fig. 210 (a) Normal coarse-grained structure in 18%; chrominm-120/ ik of
steel. (b) Same steel as (a) refined by inoculation (Hall and Jackson27).
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24 DYNAMIC NUCLEATION

So far we have considered nucleation in an essentially static situation.
Only temperatureand the potency of nucleating substrates have been
considered as having any effect. |t is possible to induce nucleation by
subjecting the liquid metal to dynamic stimuli. Two distinct forms
can be identified:

(i) an initial nucleation phenomenon induced mechanically, and

(ii) a grain-refining action which is a consequence of crystal
multiplication, and is not a nucleation event in the normal
sense.

The latter form is usually the result of fragmentation of existing
solid. It is an important means of exerting control over the grain
structure and we will examine this in some detail in Chapter 6.

There are few reliable data concerning true dynamic nucleation
[(i) above]. Walker,?® Stuhr?® and Frawley and Childs"* have all
shown how mechanical vibrations can cause nucleation to occur at
lower supercoolings than normally required. It was proposed by
Chalmers®' that cavitation followed by internal evaporation was
responsible. This was disproved, however, by Hickling.?? The most
feasible hypothesis is that of Vonnegut,>® who argued that the
positive pressure wave generated by the collapse of an internal
cavity in theliquid could be large enough to raise the melting point
for metals which contract on freezing by an amount sufficient to
increase the effective supercooling of the melt and thus to produce
nucleation. Nucleation in systems which expand on freezing would
be affected similarly by the rarefaction following the initial pressure
pulse. The hypothesis has some support from both calculation®*° and
experiment.”*
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GROWTH

or afew unoccupied sites. Thefirst type of interface was classified as
'rough’ and the second type of interface as 'smooth' or 'faceted'.
Further analysis showed that most metals had a < 2, in which case
they were expected to grow with a rough interface whose position
was approximately determined by the isotherm fractionally below
T... Inorganic and organic liquids normally have a = 5, in which
case the growing nucleus rapidly becomes bounded by crystallo-
graphic faces. A small group of materials exist, e.g. silicon, bismuth,
which occupy the middle ground in that « = 2-5for different faces.
I n these materials the behaviour is more complex and often a mixed
growth form results.®** It must be emphasised that the analysis of
Jackson considers the relative free energy change with thefraction of
sites occupied on the surface, and thus in essenceit does not predict
the true minimum energy form of a stationary equilibrated interface.
This latter point has been examined by Miller and Chadwick.?

Nevertheless, the treatment has been of considerable value in
increasing the understanding of the factors influencing the interface
form during solidification. The studies of Jackson and Hunt® and
Jackson et a/.*—in which transparent organic crystals, chosen with
a range of a-factors and thus analogous to a.range of materials both
metallic and non-metallic, were observed during solidification—were
largely in agreement with Jackson's origina predictions.' Figure 3.2
shows examples of the different types of interface.

Thereare inadequacies in the theory of Jackson, particularly those
associated with kinetic influences and related to details of the crystal

structure, e.g. the anisotropy of growth. i

icate the positions of

depressions on the interface ind

—- el et 5L

(x ~ 1), The small
ted interface in salol (x ~ 7) (Jackson and Hunt o),

£ ;
Oneapproach to the problem of the relation between the interface E ?
structure and the growth of the interface wasthat of Cahn’ (seealso 2 i
Cahn et a/.®) who considered in detail the 'diffuseness of the inter- [ e _:.-"i'i: =
N S

face, i.e. the number of atomic layers comprising the transition from
solid to liquid. Cahn concluded that the degree-of diffuseness was
dependent on both the material and the driving force for transforma-
tion. The driving force is determined by the undercooling at the
interface. As a result it was predicted that at low driving forces
the interface would be discrete and propagation would take place
by the transverse motion of interface steps, while at large driving
forces the growth would be normal with the interface diffuse. This
theory was examined in detail by Jackson er a/.,* who compared the
predictions with experimental data for a considerable range of
materials. The examination showed that the evidence did not support
the predictions.

Jackson® followed up his earlier work with a more general theory
of crystal growth which related both structure and growth rate. This
led to reasonable predictions for growth rate anisotropy. The theory

grain bounds

(@) Planar ‘rough’ interface in

Fig. 3.2
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predicted interface structures which correlated well with the previous
predictions based on the o-factor (egn. 3.2). This theory was
extended by the development of a fundamental rate equation for
crystal growth!® and this is examined further in the next section.
I't was, however, unable to explain the anisotropy of crystal growth
for processes such as dendritic growth (see Section 4.6).

3.2 GROWTH OF THE INTERFACE

The growth rate of a crystal depends on the difference between the
rate at which atoms add themselves to the interface and the rate at
which they leave the interface. In the previous section two principal
forms of interface were characterised, one atomically rough and
non-crystallographic in character and the other smooth and crystallo-
graphically faceted. Different mechanisms of interface advance can
be attributed to these different interface forms. The normal procedure
is to define a mechanism and calculate the mean rate of interface
motion asa function of the undercooling AT. Three mechanisms will
be considered:

(i) the normal growth mechanism;
(ii) growth by repeated surface nucleation; and
(iii) growth on imperfections.

The latter two mechanisms require the existence of growth steps on
the interface.

3.21 Normal growth

In normal growth®! all sites on the interface are considered to be
equivalent and the interface advances by the continuous random
addition of atoms. Thetheory was based on earlier work by Wilson*?
and Frenkel’® and it predicts that the mean growth rate, R, is
proportional to the undercooling, i.e

R =pu, AT (3.3)

where p, is a constant.

For normal growth the growth rates can be quite high and the
requirement of site equivalenceimpliesthe need for a rough interface.
Thisis the growth mechanism considered applicable to most metals.
The constant x, can be calculated to be ~1 cm sec-! K-'. Thus
high growth rates are expected for relatively small undercoolings.
On the other hand, it follows that at the growth rates encounteredin
practice (~1072 cm sec-', see Table 4.1) the undercoolings are
immeasurably small. This makes experimental verification of the
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il prowth theory difficult. The rate controlling mechanism is
Ally the rate of removal of latent heat. Since the materials with
luh interfaces also tend to have low latent heats of melting, the
mul prowth rates are comparatively easily sustained.

' ' 2 Growth by surface nucleation
. u. theory '* (see al'so Hollomon and Turnbull' °) assumes that the
ral interface issmooth (faceted) and that growth proceeds by the
mogencous nucleation of new layers in the form of disc nuclei
I prow laterally until a complete layer isformed. This is shown

\

Surface nuclei

/

[ e[ ]~

f
~ \
P20

(b)

'V Schematic view of the formation of disc-shaped nuclei on a crystal
(u) view parallel to the surface; and (b) view normal to the surface.
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Fig.4.2 (a)A casting boat used for controlled directional solidification (schematic).
The metal is shown as partially solidified. (b) Schematic view of the cross section of

a partially solidified ingot shovgn’eg%] how the casting boat can he considered as a
ion of the ingot.
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If the effect of the solute isto lower the liquidus temperature, then
kn < 1 and vice versa.

It is sometimes convenient to define an 'effective’ distribution,
kg, as
__ instantaneous composition of solid formed
" average composition of the liquid at that time

This definition is of importance in Section 4.3 when we consider
solute redistribution effects during solidification.

(e) The slope of the liquidus line is given the symbol »:. In their
classical paper on solute redistribution, Tiller et al.' defined the
liquidus slope shown in Fig. 1(a) as positive m and that shown in
Fig. I(b) as negative m. It should be noted that although this is
contrary to normal mathematical practice, this convention has been
adhered to throughout the literature on solidification and will be
followed in this chapter.

(f) The earliest solidification studies of Chalmers and his co-
workers involved the unidirectional solidification of metalsand alloys
under controlled conditions in casting 'boats' of graphite or a
similar material. The solidification processin the boat was essentially
treated asif it were asection from a larger ingot or casting undergoing
solidification, as shown in Fig. 4.2. This approach yielded valuable
fundamental data on solidification processes and has been widely
adopted since. We will have frequent occasion to refer to this type
of unidirectional solidification procedure throughout this chapter.

42 PURE METALS

4.2.1 Interfaceforms

Thegrowth of puremetalsin a region ofpositivetemperature gradient
iscontrolled by the flow of heat away from the interface through the
solid. The interface is normally rough and isothermal, being at a
temperature below the equilibrium temperature just necessary to
provide sufficient kinetic driving force. This kinetic undercooling
has been estimated as ~0-01°K. Non-metalic materials of high
purity are expected to behave in a similar way within the con-
straints conferred upon them by the need to fulfil the interface
requirements outlined in the previous chapter. The growing interface
for both groups of materials should progress in a stable form. Any
localised instability formed on the interface would project into a
region at a temperature higher than the melting temperature and
would rcmelt to restore the isothermal interface. The sequence of
events is illustrated schematically in Fig. 4.3.




50 SOLIDIFICATION AND CASTING
Co/ *q

cC

o

D)

a

§

S Co
(a)

C

o

%

o

Q

E ~

3 Co
(b)

c

o

8

Q

& Co

[
(c)

X

Fig. 49 Changes in the solute concentration ahead of a growing interface for

changes in the growth parameters. (a) growth rate; (b) diffusivity, (c)distribution
coefficient.

SOLIDIFICATION OF SINGLE-PHASE METALS AND ALLOYS 51

I'or solute concentrations higher than about 0-5%; the solute
mle-up effectsare very marked and the physical nature of theinterface
alters to a non-planar configuration (this is considered in detail in
the next section). Under these conditions, egn. (4.2).is no longer
valid, athough it can be used to give some approximate indication

I nitial Terminal
transient transient \‘
B
i == _—(;,__
A ho<i
Distance (a)
=
o
>
o
a
E A [nitial Terminal
= transient transient
&)
B C
ko >1 \
Distance (b)

Fig. 410 Concentration~distance profiles for a bar solidified under condition:
where solute transport in the liquid is by diffusion only: (a) ko < 1, () ko > 1.

o the solute distributiori near the interface. Calculation shows that
the solute pile-up would seldom exceed a thickness of 0-1 mm without
a significant change in the interface form.

For a case in which egn. (4.2) holds, if a boat full of liquid of
initial composition C, is solidified to a bar under the conditions
considered above, the final solute distribution is as shown in Fig.
4.10, making allowance for the initial and terminal transients. At
points A and B on these two curves the compositions of the solid
formed instantaneously are Cyk, and C,, respectively. The average
composition (ignoring the small overal/l average increase resulting
(rom the localised interface pile-up) in both cases is C,. Thus the
¢ffective distribution coefficients are k, and 1 for the two cases. The
distribution coefficientis therefore seen to vary from the equilibrium
value &, to the value 1 as the steady-state is approached.
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(V) low diffusivity in the liquid;
(vi) very low k, for ko, < 1 or very high k, for k, > 1.
In the presence of constitutional supercooling the undercooling is,
AT =T, - T
Thus

AT ﬁu [1 exp ( A Gx (4.8)

Nn '!,—)“ |

This is as shown in Fig. 4.10. The maximum undercooling can be
determined from eqn. (4.8} and is,

) ] D ol — kg)R)]
AT {hf_”(]. A ”_] {; | 4+ In {..’.”(_.. (.. ___i_}_) (4.9)
nuix ,‘I\ 5 .R (,!)'{\‘] :
This maximum undercooling occurs at a point given by
D mCq(l — kg)R]
x = —log, SN TYI (4.10)
X !, L0} L8 { (!Il’).fl'”

The above treatment assumes that solute mixing in the liquid is
the result of diffusion only. It can be modified to allow for partial or
completemixingintheliquid (seeChalmers' 2). In these circumstances
long-range segregation will still occur.

45 STRUCTURAL EFFECTSRESULTING FROM SOLUTE
REDISTRIBUTION IN ALLOYS

In the absence of constitutional supercooling, the behaviour during
growth is essentially the same as that of pure materials with the
exception that long-range segregational effects occur which are
associated with the initial and fina transients in the solidification
process (Fig. 4.13).

The existence of a zone of constitutional supercooling, and thus a
negative gradient of free encrgy, ahead of the interface will make an
initially planar interface unstable to perturbations in shape. At low
degrees of supercooling a cellular interface develops (Fig. 4.17) from
the planar interface after first becoming pock-marked and then
showing elongated cells. The breakdown from the planar to the cellu-
lar form can be shown experimentally to be governed by eqgn.
(4.7).13-1* As the degree of supercooling increases the cell caps be-
comes extended and eventually branch to form cellular dendrites

SOLIDIFICATION OF SINGLE-PHASE METALS AND ALLOYS 59

)]
Lir 417 Thecdlular interface structure: (a)normal view of a decanted interface;

wnd (hy view of growing interface in impure carbon tetrabromide (Jackson and

Hunt15).

—
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Fig. 5.11 (@) Normal as-cost grey cast iron showing flake graphite. (b)lMod/_'ﬁ'ed
spheroidal graphite cast iron.

SOLIDIFICATION OF MULTIPHASE METALS AND ALLOYS 83

are both examples of important structural modifications in the
development of microstructure.

The recent work of Day?? has confirmed that this modified
structureis the result of a change in the mode of growth and not the
result of a change in nucleation behaviour as was earlier pro-
posed.?*** The coarse silicon structure of slow-cooled alloys is
altered if rapid growth rates are used. A similar effect is produced by
adding a modifier (sodium) to the slow-cooled alloy. These are
illustrated in Fig. 5.10. The silicon morphology is basically the same
in both the growth rate-modified and the additive-modified alloys.

The modification that occurs in the iron—carbon system is even
more striking, as shown in Fig. 5.11. Here the normal structure of -
grey cast iron, graphite flakes in a pearlitic matrix, is altered to
graphite spheroids in a pearlitic matrix. In this case also there is a
dramatic increase in mechanical properties, particularly toughness.
The bulk of the evidence?* indicates that the spherulites separate
directly from the melt without the simultaneous formation of any
other solid. Solidification appears to proceed by the growth of the
spherulite surrounded by an envelope of austenite, although this
hypothesis has been questioned.?® The reasons for the change in
graphite morphology on the addition of magnesium are far from
clear, although it has been established*” that the additive influences
the growth of the graphite rather than affecting the nucleation
behaviour.

5.1.4 Other eutectic systems

There are a number of other aspects of eutectic solidification,
particularly the divorced eutectics,”® and the pseudo-binary eutec-
tics?? which occur in multicomponent systems. These are both very
speciaised topics and will not be dealt with further here.

52 PERITECTICS

Figure 5.12 gives the phase diagram for the almost ideal peritectic
system, silver—platinum. As discussed by Uhlmann and Chadwick>°
in the first detailed study of peritectic reactions, for virtually all
compositions except those near the limits of the system, the micro-
structure after casting will consist of cored dendrites of one phase
surrounded by the second phase. Thus with reference to Fig. 5.12
we would expect this structure for compositions from 30 to 90 wt 9
platinum. Furthermore, the peritectic reaction should seldom proceed
to completion. When the primary phase has cooled to the peritectic
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Fig. 516 (a) Composition-velocity plot showing regions over Which different
microstructure types were observed. (b) Transverse section Of transition Y€gions
showing composite and dendritic structures: copper—light phase, lead-—daerk
phase. The characteristic alignment o the dendritic structure resulting from the
crystallography of dendritic growth is clear (Livingsion and Cline34).

5.4 PARTICLESAND INCLUSIONSIN MELTS

Foreign particles which do not dissolve in either the liquid or the
solid are often present during solidification. These insoluble particles
are usudly classified as exogenecus if they come from external
sources (e.g. mould and ladle materials, dross) or endogencous if
they arise from reactions within the solidifying metal. The interaction
between solid particles suspended in the liquid and the solid-liquid
interface has been studied comprehensively by Uhlmann er a/.?3
Using transparent materias, direct observations of particle-interface
behaviour were made. For each system it was found that there wasa
critical growth rate below which the particles were 'pushed' by the
interface and above which they were trapped in the solid. Figure5.17
shows the pile-up of zinc particles at a solid-liquid thymol interface
at low growth rate. The rate-controlling step was determined to be

5

|
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therate of diffusionof liquid to the growingsolid behind the particle.
A sufficient flux of liquid is needed to continuously replenish the
solidifying material immediately behind the particle and thus keep
the particle ahead of the interface. In the main, the critical growth

- nd

5o, 517 Pile-up of ticles ar a solid-liquid interface at low growth rate in the
Fig- P S@gtrem rh)?molfgi;:c (3h[mann gt algg). 9

rates were all low (~107> cm sec-'). It is thus expected that
entrapment will occur in most practical cases. Towardstheend of a
solidification process, however, as the growth rates dow down, it is
nossible for particles to be swept together to produce quite del eterious
accumulations of inclusions.

1t is also possiblefor the solid inclusionsto act as sitesfor hetero-

I i 2 2\ and it ic r i
O P O e anidificarion. * “00P e That thoy
the segregation patterns observed in ingots (see Section 7.3) are
influenced by the presence of inclusions.
I n some cases the particles appear to have become grown-in

hecause they have been trapped in isolated regions of liquid by the
srowth of dendrite branches.. The constraints imposed on particle
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Fig. 5.20 Growthof agar bubble at the interface in solidifying salol : (a)lr-iluc/eali(frz

and incorporation into the interface, (h) formation of 1he elongated blowhole
(Woodrufra2).

SOLIDIFICATION OF MULTIPHASE METALS AND ALLOYS 93

There are few reports of investigations dealing with the factors
influencing the number, form and distribution of pores in solidified
metals. McNair*? and Jordan et al..** for instance, give some data
on the effects of gas content, ingot size and solidification conditions
on porosity. It is to be hoped that more fundamental work of this
type will be carried out. In the meantime it should be noted that
effective empirical methods have been developed for the control of
porosity in ingots and castings (see Section 9.1).
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Fig. 7.7 Normal segregation in a columnar ingot solidified with an almost planar
interface (schematic).

7.2.4 Inverse segregation

If we consider the solidification of an ingot of an alloy with k, < 1,
as outlined above, we would expect the last liquid to solidify to be { lig. 78 Phosphide eutectic sweat appearing as rounded exudations on the surface
soluterich. If, however, there is pronounced dendritic growth, solute ! d agrey-iron casting.

concentrations build up between the dendrites and thereisfluid flow
in the interdendritic spaces to compensate for the volume changes
accompanying solidification. For most metals there is a contraction ;
on solidification and thus the flow takes place in a direction opposite #
to the growth direction. Asaresult, solute-richliquid isfed down the
channels between the dendrites to give abnormally high solute
concentrations at the outer regions of the ingot. The condition
where the solute distribution is opposite to that expected for normal
segregation is known as inverse segregation.

The existence of a network of interdendritic channels has been
clearly demonstrated®” ~* and the way in which the last low melting
point liquid to solidify (k, < 1) flows is evident by the ease with
which tin sweat and phosphide sweat can occur. In these extreme
cases of inverse segregation the interdendritic liquid actually bursts
through the surface of the: cast metal to form exudations (see Fig.
7.8). It has been shown by Youdelis*® that this is mainly a result of
loss of good thermal contact between the mould wall and the cast
metal.

Following the complete qualitative description of inverse segrega-
tion by Adams,** a number of workers*?~ ** have presented theories
that account quantitatively for the solute flow and show how the
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168 SOLIDIFICATION AND CASTING DEFECTS IN CASTING 169

evolved from moisture in the moulding sand. Thiscan giverise
to localised patches of cavities of considerable size on the
surface (Fig. 9.2) which are often coloured with oxidation
tints, or to sub-surface cavities (Fig. 9.3). In other cases fumes
are generated when the molten metal comes into contact with

()

Fig. 9.3 Cross section of a cast gunmetal ring showing sub-surface pores produced
by reaction of the molien metal with wet sand.

h)

Fig. 9.2 Surface blowholes on (a)a gunmetal flange connection and (h) a grey-iron
valve-body casting. In each case the cause was excessive moisture in the moulding
sand.

the oil-binder of the core (Fig. 9.4). With investment castings,
incomplete removal of residues from the wax pattern can cause
trouble (Fig. 9.5). _ "
(iii) Asthe result of chemical reactions taking place in the molten Fiz. 94  Laree blowholes produced in a grey-ir lley wheel casting by gas
metal during cooling and solidification. Among the best-known N e plowiores ”";Lf‘j,i’;d“f’,,omg;"éo’r'e‘,’” pufley wheel casting 07 9
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174 SOLIDIFICATION AND CASTING
9.2 COLDSHUTS

A ‘cold shut' is produced when two streams of metal flowing from
different regionsin the casting meet without union. The shuts appear
as apparent cracks or wrinkles in the surface, together with oxide

Fig. 9.12 A hot tear in a steel casting.

Fig. 9.11 Cold shuts in an alloy steel casting.

films (Figs. 9.10 and 9.11). This defect is usualy the result of in-
sufficient fluidity in the metal or the use of unsatisfactory methods of
running and gating. Interrupted pouring can also give rise to cold
shut formation.

The remedy is to increase fluidity either by raising the pouring
temperature or by preheating the mould. Relocation of runners and
ingates can often be equally effective. !

9.3 CONTRACTION CRACKS

These are irregularly shaped cracks formed when the metal pulls Fig. 9.1, A contraction crack formed in an aluminium alloy die casting during
itself apart while cooling in the mould or after removal from the cooling in the mould after solidification was complete.
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mould. When the crack appearsduring the last stages of solidification
it isknown asa'hot tear' or a'pull' (Fig. 9.12). In this casethe crack
faces are usualy heavily oxidised. Hot tearing is most common in
metals and alloys that have a wide freezing range, for then isolated
regions of liquid become subjected to thermal stressesduring cooling
and fracture results.

2 ey
v 18 -"J’&M"-l i B e d e 41

Fig. 914 A contraction crack in the $//( of a small gunmetal sand ~~sting.

I n other cases contraction cracks arise during the period when the
metal is solid but still at a temperature where the mechanical
strength is low (Fig. 9.13).

Contraction cracks and hot tears result from the hindered con-
traction of the casting; this gives rise to complex internal stresses.

1
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l.ocal hot spots or high thermal gradients contribute to these high
stresses, particularly if the mould or core is rigid enough to restrict
relative movement of the different parts of the casting.

Scvcral steps are necessary if this type of defect isto be avoided.
Iirst, the cores and mould should be made more collapsible, for
instance by incorporation of elastically soft material, e.g. cellulose,
into the mould material or by minimising the compaction during
moulding. In addition, alterations in design to avoid abrupt changes
in section may be necessary. Hot spotscan beeliminated, and thermal
pradients controlled, by modification of the gating system or by the
use ol chills.

It should be noted that contraction cracks often have an external
pppearance very Similar to a shrinkage cavity (see Section 9.6).
Ihey can be differentiated from the latter because there is no cavity
or porous arca beneath the surface. Furthermore, contraction cracks
are normally located in positions clearly related to the geometry of
Ihe casting and to the restriction of free contraction by parts of the
moull. A good example of thisisshown in Fig. 9.14, where cracking
has occurred in the fillet region between two parts of the casting.

oo WAS  Encessive flash or fin along the parting line o a grey-iron casting.
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94 FLASH
The development of 'flash' (or 'fin) involves the formation of a run

of metal around the parting line of the mould caused by the flow
of liquid metal into the space between the halves of the mould. This

#
x
&%
T

Fig.9.16  Veining caused by the penetration of cast high-duty iron into cracks in an
oil-bonded core.

defect is known as 'veining' when liquid metal penetrates into cracks
in the mould or core. Examples of these are shown in Fig. 9.15 and
9.16.

Rigid clamping of the mould boxesand hardening of the mould and
corefaces will usually overcome this type of defect. In some instances
a lowering of the pouring temperature is necessary since the appear-
ance of finning or veining is accentuated by the high fluidity of
liquid metals cast with high degrees of superheat.

If the two parts of the mould are displaced relative to each other,
this produces a different but associated defect known as a ‘crossjoint’
(Fig. 9.17). Here the remedy is obvious.

9.5 OXIDE AND DROSS INCLUSIONS

These result from the entrapment of surface oxide or other foreign
matter during pouring. Often they are not immediately apparent and

>< _f Wz

i .9.17 A crossjoint in a large grey-iron valve body casting produced by mis-
match d the top and bottom parts of the mould.

: _ ks
Ly SR Inclusions in an spheroidal graphite iron casting. Part o the surface
has been machined away to show the nature o the defect more clearly.
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Surface shrinkage in a grey-iron casting.

Fig. 9.21

DEFECTS IN CASTING 183

‘These cavities are frequently widely dispersed and located below the
surface, and thus difficult to detect. Examples are shown in Figs.
9.19 and 9.20. If the shrinkage occurs near the surface, the cavities
can he detected because of the presence of small depressions in the
surlace of the casting (Fig. 9.21). A similar case to this latter form is

Y

v

Fig.9.22 Cross section of a killed  Fig.9.23 Cross section of a killed

steel ingot showing pipe development  steel ingot cast into a mould with a

(schematic). The piped region must be  refractory hot top (schematic).Shrink-

cur || I . thus giving @ age is confined to the top of the ingot
low useful metal yield. and yield is increased.

the large conical depression observed in the top of some ingots, and
known as pipe (Fig. 9.22).

The major cause is the failure to obtain directional solidification
towards desired heat centres such as risers or ingates. If the location
ol these feed points is bad, then shrinkage is much more likely.
Relocation of feeding can help considerably. The use of higher pour-
mmp temperatures is aso normally an advantage. Often proprietary
methods involving exothermic heating in the mould cavity can be
e to encourage directional solidification. When these are used
Lisether with judicious location of refractory inserts and chills to
vantjol heat transfer to the mould, shrinkage defects can largely be
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Fig. 924 A misrun in a brass gravity die casting.

NG
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overcome. With ingots, the use of refractory hot-tops will increase
vield (FFig. 9.23).

9.7 MISRUNS
An exaggerated form of shut isthe'misrun’ (see Figs. 9.24 and 9.25).

These are produced when the liquid metal fails to fill the mould
cither because of Tow fluidity or if the methods of running are

(1) (2)

lig. 9.25 A striking example of a misrun which resulted /» an incompletely filled
mould (@ “short run'). Both a complete (1) and a misrun casting (2) are shown.

unsatisfactory. They are evident as smooth irregular-shaped holes,
with rounded edges, through the casting wall. Poor venting of moulds
and cores can have a contributory effect. Raising the pouring
temperature and reconsidering the position, size and number of
ingates and vents will usually eliminate this defect.

0.8 SUMMARY

The sections preceding this summary describe the major defects that
occur in castings. These are summarised in Table 9.1. Details of
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The Relationship Between the
Interfacial Energies and the Contact
Angle in Heter ogeneous Nucleation

In Chapter 2 it was given that under stable conditions the contact
angle, 0 (see Fig. Al.1), wes related to the surface energies of the
liquid-crystal interface, y,  the crystal-substrate interface, y5, and
the liquid—substrate interface, y, s, by

cos 0 = VLS—_‘VCS

YLc
A superficial examination of Fig. Al.1 might suggest that this re-
lation is an obvious consequence of the force balance. This appendix

Liquid

Crystal

Substrate

Fig. Al.1 Spherical cap of solid formed on a planar substrate.
188
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pves a rigorous proof based on a method of virtual displacements.
I he proof depends on the assumption that the condition for stability
i (hat thetotal surface energy should remain unchanged for a virtual
displacement at constant volume.

Considering a spherical cap of radius r (Fig. Al.l), the area of
the cap in contact with the surface is

A, = nr2sin?0 (AL1)
‘I'he area of the cap in contact with theliquid is
A, = 2nr}(1 — cos 0) (A1.2)

‘Total excess surface energy introduced into the system by the forma-
tion of the spherical cap equals

Ay(yes — Ts) + A2 e
| or asmall displacement the assumption above means that
dAd,(ycs — Yus) + A4, Pc =0

that is

Yis — Yes _ dd,
Yic dA,
Difterentiating eqns. (Al.l)and (A1.2) and substituting gives, after

simplification,

Yis = Yes _ 1.SiN6 + 21 - cosO)dr/d0) (g3

Ve r.sin0cost T sin? 6(dr/d6)
Ihe volume of a spherical cap is

V = 1nr’2 — 3 cos 0 + cos” 0)
| or constant volume, d¥ = 0. Thus
dr r.sinQ(1 + cos0)

B (@ - cosO2 T cos0)
Bubstituting thisin egn. (A1.3) leads to

Yis — Ycs -
o L3 = cos O

Tie
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in the liquid will play an important part.} There is at present no
theoretical treatment for this problem. However, experimental
observations!? on copper—nickel alloys showed that the undercooling
required for homogeneous nucleation was ~0-2 of the liquidus
temperature.

The form of the nucleation rate equation is such that at very large
undercoolings there should be a decrease in the rate of nucleation
resulting from a decreased mobility of atoms. We might thus expect
the curve of Fig. 2.5 to tend towards a maximum as indicated. For
most metallic systems, however, it is not possible to cool through the
range of temperature at which copious nucleation occurs at a rate
fast enough to suppress nucleation. Quench rates of the order of 10°
°C sec™! have been used unsuccessfully with melts of pure liquid
metals. In binary alloy systems where redistribution of solute must
occur as part of the nucleation process, some amorphous solids
have been produced using rapid quenching techniques.''~'?

The occurrence of amorphous phases results from the combined
influence of two exponential factors, one related to the transfer of

Fig. 2.6 (@)

+ There is some evidence that in special cases the earfiest stages of nucleation
and growth take place without solute redistribution. 35

NUCLEATION 21

Fig.2.6 The electron microstructure of splat-cooled tellurium-\5 at. 90 germanium
in (a) the amorphous state and (b) after heating. The growth of dendrites can be
seen clearly in the latter micrograph (Willens13).

atoms from the liquid to the solid and the other associated with bulk
diffusion in the liquid. On reheating, transformation to the crystalline
state occurs quite rapidly, as shown in Fig. 2.6.

1t should be noted that the treatment given assumed a spherical
nucleus. Simple modifications result from considering nuclei of other
shapes. One of the more realistic shapes may be that described by
Chalmers'* in which it was proposed that the nucleus was bounded
by planes of high atomic density (Fig. 2.7).

Before considering heterogeneous nucleation it is interesting to
question how the liquid structure affects homogeneous nucleation.
This has been considered by Walton.'® The structure of the liquid
influences the nucleation rate firstly through AG*, since this term
contains the volume free energy change AG,. If clustering occurs in
the liquid this will aid nucleation. Oriani and Sundquist!® have
estimated that for most metals supercoolings of more than 10°C
will be sufficient to promote embryo formation as the liquid structure
orders. The structure of the liquid also has a direct effect on AG,,
(he diffusion term, and on the liquid—crystal interfacial energy, y;c.
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or a few unoccupied sites. The first type of interface was classified as

‘rough’ and the second type of interface as ‘smooth’ or ‘faceted’.

Further analysis showed that most metals had o« < 2, in which case
they were expected to grow with a rough interface whose position
was approximately determined by the isotherm fractionally below

T,,. Inorganic and organic liquids normally have « = 5, in which
case the growing nucleus rapidly becomes bounded by crystallo-
graphic faces. A small group of materials exist, e.g. silicon, bismuth,
which occupy the middle ground .in that « = 2-5 for different faces.
In these materials the behaviour is more complex and often a mixed
growth form results.®*# It must be emphasised that the analysis of
Jackson considers the relative free energy change with the fraction of
sites occupied on the surface, and thus in essence it does not predict
the true minimum energy form of a stationary equilibrated interface.
This latter point has been examined by Miller and Chadwick.®

Nevertheless, the treatment has been of considerable value in
increasing the understanding of the factors influencing the interface
form during solidification. The studies of Jackson and Hunt® and
Jackson ef al.*—in which transparent organic crystals, chosen with
a range of a-factors and thus analogous to a range of materials both
metallic and non-metallic, were observed during solidification—were
largely in agreement with Jackson’s original predictions.! Figure 3.2
shows examples of the different types of interface.

There are inadequacies in the theory of Jackson, particularly those
associated with kinetic influences and related to details of the crystal
structure, e.g. the anisotropy of growth.

One approach to the problem of the relation between the interface
structure and the growth of the interface was that of Cahn’ (see also
Cahn et al.®) who considered in detail the ‘diffuseness’ of the inter-
face, i.e. the number of atomic layers comprising the transition from
solid to liquid. Cahn concluded that the degree of diffuseness was
dependent on both the material and the driving force for transforma-
tion. The driving force is determined by the undercooling at the
interface. As a result it was predicted that at low driving forces
the interface would be discrete and propagation would take place
by the transverse motion of interface steps, while at large driving
forces the growth would be normal with the interface diffuse. This
theory was examined in detail by Jackson et af.,* who compared the

predictions with experimental data for a considerable range of
materials. The examination showed that the evidence did not support
the predictions.

Jackson® followed up his earlier work with a more general theory
of crystal growth which related both structure and growth rate. This
led to reasonable predictions for growth rate anisotropy. The theory
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(v) low diffusivity in the liquid;
(vi) very low k, for £, < 1 or very high k, for k, > 1.
In the presence of constitutional supercooling the undercooling is,
AT=T, - T
Thus
AT ’”(__“.{.;\__“ZJ"”'. l_r - exp (.— %‘)J — Gx  (4.8)

This is as shown in Fig. 4.16. The maximum undercooling can be
determined from egn. (4.8) and is,

. v ke GD I
AT,.. = mCy(l — ko) GDT o (nC (_! ko)R) (4.9)
K R GDk
This maximum undercooling occurs at a point given by
D mCy(l — k)R] .
x=—lo L A 4.10
R & GDk, ( }

The above treatment assumes that solute mixing in the liquid is
the result of diffusion only. It can be modified to allow for partial or
complete mixing in the liquid (see Chalmers’?). In these circumstances
long-range segregation will still occur.

4.5 STRUCTURAL EFFECTS RESULTING FROM SOLUTE
REDISTRIBUTION IN ALLOYS

In the absence of constitutional supercooling, the behaviour during
growth is essentially the same as that of pure materials with the
exception that long-range segregational effects occur which are
associated with the initial and final transients in the solidification
process (Fig. 4.13).

The existence of a zone of constitutional supercooling, and thus a
negative gradient of free energy, ahcad of the interface will make an
initially planar interface unstable to perturbations in shape. At low
degrees of supercooling a cellular interface develops (Fig. 4.17) from
the planar interface after first becoming pock-marked and then
showing elongated cells. The breakdown from the planar to the cellu-
lar form can be shown experimentally to be governed by eqn.
(4.7).13:1* As the degree of supercooling increases the cell caps be-
comes extended and eventually branch to form cellular dendrites

SOLIDIFICATION OF SINGLE-PHASE METALS AND ALLOYS 59

?

®)

» A AT The cellular interface structure: (a) normal view of a decanted interface;

1'thy view of growing interface in impure carbon tetrabromide (Jackson and
Hunt15),
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Fig. 5.11 (a) Normal as-cast ir 7
) St grey cast iron showing flake graphite. (b) Modi
spheroidal graphite cast iron, ©) Madified

SOLIDIFICATION OF MULTIPHASE METALS AND ALLOYS 83

are both examples of important structural modifications in the
development of microstructure.

The recent work of Day?? has confirmed that this modified
structure is the result of a change in the mode of growth and not the
result of a change in nucleation behaviour as was earlier pro-
posed.?3-2* The coarse silicon structure of slow-cooled alloys is
altered if rapid growth rates are used. A similar effect is produced by
adding a modifier (sodium) to the slow-cooled alloy. These are
illustrated in Fig. 5.10. The silicon morphology is basically the same
in both the growth rate-modified and the additive-modified alloys.

The modification that occurs in the iron—carbon system is even
more striking, as shown in Fig. 5.11. Here the normal structure of
grey cast iron, graphite flakes in a pearlitic matrix, is altered to
graphite spheroids in a pearlitic matrix. In this case also there is a
dramatic increase in mechanical properties, particularly toughness.
The bulk of the evidence?® indicates that the spherulites separate
directly from the melt without the simultaneous formation of any
other solid. Solidification appears to proceed by the growth of the
spherulite surrounded by an envelope of austenite, although this
hypothesis has been questioned.?® The reasons for the change in
graphite morphology on the addition of magnesium are far from
clear, although it has been established?” that the additive influences
the growth of the graphite rather than affecting the nucleation
behaviour.

5.1.4 Other eutectic systems

There are a number of other aspects of eutectic solidification,
particularly the divorced eutectics,?® and the pseudo-binary eutec-
tics2® which occur in multicomponent systems. These are both very
specialised topics and will not be dealt with further here.

5.2 PERITECTICS

Figure 5.12 gives the phase diagram for the almost ideal peritectic
system, silver—platinum. As discussed by Uhlmann and Chadwick?°
in the first detailed study of peritectic reactions, for virtually all
compositions except those near the limits of the system, the micro-
structure after casting will consist of cored dendrites of one phase
surrounded by the second phase. Thus with reference to Fig. 5.12
we would expect this structure for compositions from 30 to 90 wt 9;
platinum. Furthermore, the peritectic reaction should seldom proceed
to completion. When the primary phase has cooled to the peritectic
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Fig. 5.16 (a) Composition-velocity plot showing regions over which different
microstructure types were observed. (b) Transverse section of transition regions
showing composite and dendritic structures: copper—light phase, lead—dark
phase. The characteristic alignment of the dendritic structure resulting from the
crystallography of dendritic growth is clear (Livingston and Cline3%).

5.4 PARTICLES AND INCLUSIONS IN MELTS

Foreign particles which do not dissolve in either the liquid or the
solid are often present during solidification. These insoluble particles
are usually classified as exogeneous if they come from external
sources (e.g. mould and ladle materials, dross) or endogeneous if
they arise from reactions within the solidifying metal. The interaction
between solid particles suspended in the liquid and the solid-liquid
interface has been studied comprehensively by Uhlmann er al.®3
Using transparent materials, direct obscrvations of particle-interface
behaviour were made. For each system it was found that there was a
critical growth rate below which the particles were ‘pushed’ by the
interface and above which they were trapped in the solid. Figure 5.17
shows the pile-up of zinc particles at a solid—liquid thymol interface
at low growth rate. The rate-controlling step was determined to be
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the rate of diffusion of liquid to the growing solid behind the pgrtncle.
A sufficient flux of liquid is needed to continuqusly replenish the
solidifying material immediately behind the partlcle ar}q thus keep
the particle ahead of the interface. In the main, the critical growth

-

Fig. 5.17 Pile-up of particles at a solid-liquid interface at low growth rate in the
) system thymol-zinc (Uhlmann et al.35).

rates were all low (~1072% cm sec™'). It is thus expected that
entrapment will occur in most practical cases. Towards the end pf a
solidification process, however, as the growth rates slo.w down, _1t is
possible for particles to be swept together to produce quite deleterious
accumulations of inclusions. .

It is also possible for the solid inclusions to act as sites for hetero-
geneous nucleation (see Section 2.3) and it is Eicsognlsed that they
have an important role in ingot solidiﬁcz_ition.‘ *% To a large extent
the segregation patterns observed in ingots (see Section 7.3) are
influenced by the presence of inclusions. .

In some cases the particles appear to haye become grown-in
because they have been trapped in isolated regions of liquid by jche
growth of dendrite branches. The constraints imposed on particle
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There are few reports of investigations dealing with the factors
influencing the number, form and distribution of pores in solidified
metals. McNair*? and Jordan et al..** for instance, give some data
on the effects of gas content, ingot size and solidification conditions
on porosity. It is to be hoped that more fundamental work of this
type will be carried out. In the meantime it should be noted that
effective empirical methods have been developed for the control of
porosity in ingots and castings (see Section 9.1).
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174 SOLIDIFICATION AND CASTING DEFECTS IN CASTING 175
9.2 COLD SHUTS

A ‘cold shut’ is produced when two streams of metal flowing from
different regions in the casting meet without union. The shuts appear
as apparent cracks or wrinkles in the surface, together with oxide

Fig. 9.12 A hot tear in a steel casting.

Fig. 9.11 Cold shuts in an alloy steel casting.

films (Figs. 9.10 and 9.11). This defect is usually the result of in-
sufficient fluidity in the metal or the use of unsatisfactory methods of
running and gating. Interrupted pouring can also give rise to cold
shut formation.

The remedy is to increase fluidity either by raising the pouring
temperature or by preheating the mould. Relocation of runners and

ingates can often be equally effective. ’
9.3 CONTRACTION CRACKS t!
These are irregularly shaped cracks formed when the metal pulls Fig. 9.13 A contraction crack formed in an aluminium alloy die casting during

itself apart while cooling in the mould or after removal from the cooling in the mould after solidification was complete.
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176 SOLIDIFICATION AND CASTING

mould. When the crack appears during the last stages of solidification
it is known as a ‘hot tear’ or a ‘pull’ (Fig. 9.12). In this case the crack
faces are usually heavily oxidised. Hot tearing is most common in
metals and alloys that have a wide freezing range, for then isolated
regions of liquid become subjected to thermal stresses during cooling
and fracture results.

X

Fig. 914 A contraction crack in the fillet of a small gunmetal sand casting.

In other cases contraction cracks arise during the period when the
metal is solid but still at a temperature where the mechanical
strength is low (Fig. 9.13).

Contraction cracks and hot tears result from the hindered con-
traction of the casting; this gives rise to complex internal stresses.

DEFECTS iN CASTING 177

Local hot spots or high thermal gradients contribute to these high
stresses, particularly if the mould or core is rigid enough to restrict
relative movement of the different parts of the casting.

Several steps are necessary if this type of defect is to be avoided.
First, the cores and mould should be made more collapsible, for
instance by incorporation of elastically soft material, e.g. cellulose,
into the mould material or by minimising the compaction during
moulding. In addition, alterations in design to avoid abrupt changes
in scction may be necessary. Hot spots can be eliminated, and thermal
gradients controlled, by modification of the gating system or by the
usc of chills.

It should be noted that contraction cracks often have an external
appcarance very similar to a shrinkage cavity (see Section 9.6).
They can be differentiated from the latter because there is no cavity
or porous area beneath the surface. Furthermore, contraction cracks
are normally located in positions clearly related to the geometry of
the casting and to the restriction of free contraction by parts of the
mould. A good example of this is shown in Fig. 9.14, where cracking
has occurred in the fillet region between two parts of the casting.

Piv, .15 Excessive flash or fin along the parting line of a grey-iron casting.
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APPENDIX 1

The Relationship Between the
Interfacial Energies and the Contact
Angle in Heterogeneous Nucleation

In Chapter 2 it' was given that under stable conditions the contact
angle, 0 (see Fig. Al.1), was related 1o the surface energies of the

llqul.d—c‘rystal interface, y; ¢, the crystal-substrate interface Yes» and
the liquid-substrate interface, y, g, by e

cos () = 'Ls ~ Ycs
YLe

A sgperﬁcial .examination of Fig. Al.1 might suggest that this re-
lation is an obvious consequence of the force balance. This appendix

Liquid
LC
g Crystal A
e o
3 ! 7
7 \ Y;
LS 2
\ 3 /
\ ;,
\ "
\ /
\ 7
\ 7
Ny
A4
Substrate

Fig. A1.1  Spherical cap of solid formed on a planar substrate.
188
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gives a rigorous proof based on a method of virtual displacements.
'The proof depends on the assumption that the condition for stability
is that the total surface energy should remain unchanged for a virtual
displacement at constant volume.

Considering a spherical cap of radius r (Fig. Al.1), the area of
the cap in contact with the surface is

A, = nr¥sin?0 (Al.1)
The area of the cap in contact with the liquid is
A, = 2rar’(1 — cos 0) (Al1.2)

Total excess surface energy introduced into the system by the forma-
tion of the spherical cap equals

A(yes — Yis) + 42" Ve
For a small displacement the assumption above means that
dA (Vs — Pus) + dA2 Y c =0
that is
— Yes _ dA,

7Ls e

T dA,

w

Differentiating eqns. (Al.1) and (A1.2) and substituting gives, after
simplification,

Yis — Yes 1 -sin 0 + 2(1 — cos 0)(dr/d0)
= . — (A1.3)
r-sin (0 cos 0 + sin® 0(dr/d0)

YL
The volume of a spherical cap is
V = 1nr3Q2 — 3cos 0 + cos® 0)
I'or constant volume, dV = 0. Thus
dr _ r-sinf(1 + cosb)

d0 (1 — cos 6)2 + cos 0)
Substituting this in eqn. (A1.3) leads to

LS s — cos

TrLe
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Mixing
complete, 52, 190
diffusion only, by, 48
partial, 53
Modification of eutectics, 71, 80
Monotectic solidification, 86
Moulding
box, 135
machines, 140
procedures, 139
sands, 138
Multiphase solidification
eutectics, 70
gases in melts, 90
monotectics, 86
particles in melts, 88
peritectics, 83

Normal growth, 34
Normal segregation, 124
Nucleating agents, 25
Nucleation, 12 et seq.
cavities, in, 24
contact angle, 22
critical nucleus, 16, 22
critical radius, 16, 23
dynamic, 28
embryos, 16
gas bubbles, of, 90
heterogeneous, 22
homogeneous, 15
inoculants, 25, 26
nucleating agents, 25, 26
rate of, 17, 24
temperature, 18, 25
theory, 15, 22
thermodynamic aspects, 12
work of, 17, 23
Nucleus; see Critical nucleus

Oxide and dross inclusions, 178

Particles in melts, 88 bt

Pattern, 135
Peritectic solidification, 83

Permanent mould casting, 151

costs, 164

process capabilities, 163
Phosphide sweat, 126, 127
Pinhole cavities, 170, 172
Pipe, 183
Plaster casting, 146

costs, 164

process capabilities, 163
Porosity, 93
Pseudo-binary eutectics, 83
Pseudo-nuclei, 9
Pulls. 174

Radial distribution function, 6, 10
Ratc of
growth, 34, 30, 40
nucleation
heterogeneous, 24
homogeneous, 17
Resin binders, 143
Rimmed ingot, 170
Risers, 137
Rough interface, 30, 32
Runners, 137

Sand
casting, 138
advantages and disadvantages,
141
costs, 164
developments, 141
process capabilities, 163
coring, 139
moulding, 138
Screw dislocations, growth on, 36,
37
Segregation, 117 ¢t seq.
coring, 119
homogenisation of, 119, 121
ingots, in, 130
macrosegregation
banding, 129
freckle, 128
gravity, 123
inverse, 126
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Segregation  contd.
macroseprepatian  contd.
Ludwiyr Sovet, 124

normal, ||
microsegrepniian
cellular, IR
dendritic, 119
grain-hounduary, 122
types of, 117
welds, in, 129
Self-setting sind processes, 143
Semi-centrilupal casting, (58
Shell moulding, (-1}
costs, 164
process capabilitics, 161
Shrinkage
cavities, 180
elimination of, 183
cracks; see Hot tears
Significant structures theory, 9
Slush casting, 153
Solid-liquid interface; see Interfice
Solute
pile-up, 49, 50
effect of growth paramelers,
50
redistribution in alloys, 47 ¢f
seq.
complete mixing, by, 52, 190
diffusion, by, 48
partial mixing, by, 53
structural effects, 58
Sprue, 137
Stokes equation, 124
Structure
castings, of, 95 ¢! seq.
chill zone, 95, 98
columnar zone, 95, 99
control of structure, 106
equiaxed zone, 95, 103, 105
fusion welds, of, 112

Surface
free energy, 15
nucleation, 35

Temperature gradient, 40
Terminology of casting, 135
Ternary eutectics, 80
Theories of liquid structure

condensation theories, 8

geometrical theories, 9

lattice theories, 8
Thermosolutal effects, 129
Tin sweat, 126

Undercooling
constitutional, 55
kinetic, 43

Vacancies, 37, 46
van der Waals’ equation, 1
Vibrations

nuclcation by, 28

grain refinement by, 110
Volume

change on melting, 2

free energy, 14
V.segregates, 131

Welds
banding in, 129
structure of, 112

Work of nucleation, 17, 23

Zone refining, 55



