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Preface 

The study of the solidification of metals has assumed considerable 
proportions in recent years. This is incontrast to theneglect this subject 
suflered in earlier years. This neglect was particularly unfortunate 
since essentially all metals undergo the liquid-to-solid transformation 
at some stage. Only those few metals which are produced and used in 
powder form can be excepted. In many cases peculiarities of grainstruc- 
ture, composition and phase distribution result from solidification 
and these seriously influence subsequent treatments and properties. 

It is essential for the metallurgist and the engineer to understand 
the underlying mechanisms involved in solidification if they are to be 
able to exercise some control over thc structure and composition of 
the solidified metal. It must bc adlniltcd that in Inany cases complete 
details of meclianisms arc not yct known. Nevertheless sufficient 
information is avnilahlc to ;~llow (hc making of predictions with a 
degree of conficlcncc. 

The objcctivc of this monograph is to present a coherent and con- 
tinuous development of this information. 

Initially the structure of liquid ~nctals will be considered and then 
the development will progress through 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 processes at an atomic or microlevel. 
Attention will then be given to the study of solidification processes at 
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 is these macroscopic considerations that are probably of greatest 
importance to both students of metallurgy and engineering and to 
practising technologists. I t  would be unreasonable, however, to 
consider these technological aspects without 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 nietallurgists and engineers who wish t o  
establish anew, or  to refresh, their knowledge of solidification and 
casting. 

In  preparing the monograph a compromise has been attempted 
between the conflicting tlemantlh of comprehensiveness and concise- 
ness. T o  enable ease of' rc;ding ; ~ n d  to condense the subject matter, 
explanatory detail has hccn kcpr to the nlinilnum compatible with 
adequate coveragc of thc tlill'crcnl topics. T o  compensate for this 
each chapter is f ~ ~ l l y  rcl'crcncctl so lIi;i( rc;ulcrs know whcre further 
detailed infor~nalion can hc li,untl slioultl il  hc rciluirctl. In iuldirion, 
a bibliography is givcn in itn ;~ppcntlix. 'I'liis is inlcntlctl ;is ;L guitlc to  
finding source material o n  both rhc I'untl;~tiirnl;~l :111tl ~cchnolo~!ic;~l 
aspects of solidification and casting. 

I a m  indebted to members of this dcpnrlmcnl lmor llicir hclp tlltring 
the preparation of the manuscript, and in p;irlicul;~r lo I)r .lohn 
Garland for his constructive commentsand to  Miss Ilorccn R;~wlinson 
for preparing the typescript. I must also thank those persons who 
have allowed the use of figures. Most particular acknowledgement 
must be made of the assistance provided by M r  G. C. May of the 
Institute of British Foundrymen during the compilation of Chapters 
8 and 9. 

Departii7en1 of Metallurgy ar~d Materials Science G. J .  DAVIES 
Unir1ersity of' Canibridge 
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CHAPTER I 

Liquid Metals 

The solidification sequence during any casting process begins with 
the metal or alloy in a liquid form. To some extent the initial nuclea- 
tion processes are influenced by the structure and properties of the 
liquid and therefore it is instructive to 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. Developments in the eight- 
eenth and nineteenth centuries led to a relatively clear forn~ulation 
for the gaseous state. The ideal gas was considered to be comprised of 
component atoms or molecules which behaved essentially as elastic 
spheres. At low and moderate pressures thc coniponents travel 
distances that arc, on avcrage, large whcn compared with the sizes 
or the intlivitlunl components. lntcractions hctwccn thc individual 
nlom\ :tlitl molcculcs could bc largely ignorctl and the overall 
proprrlir\ ol'llic g:~s could bc determined by summing the behaviour 
( ) I '  :I ~.clprc\c~it;tlivc intlividual component over the total number of 
c - c ~ ~ l ~ l ~ u i c ~ i ~ s .  ' I ' l i i q  was the cssence of the classical kinetic theory of 
\l;~.;c\. A t  high pressures, difficulties were encountered because 
i~ilcractions hctwcen the atoms could no longer be ignored; nor 
coulcl 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, 

p V =  RT 

was modified to 

In both these equations, p  is the pressure, V  is the gram molecular 
I volume, R is the universal gas constant and Tis the absolute tempera- 

ture. In the second equation, b is a constant which is related to the 
1 
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volume of the component atoms or molecules and a / V 2  is a term 
which allows 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 difficulties until 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-j- the interactions 
of an atom with its neighbours could be estimated. The overall 
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. 

The study of liquids encountered difficulty because it was essentially 
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 environnlent of any 
individual atom was more unlike than like that of another. The 
principal approaches to the study of liquids came from 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. 

~ e f o r e  turning our attention to an examination of these different 
theories it is useful to consider the experimental facts which these 
theories must account for as far as possible. 

1.1 EXPERIMENTAL CONSIDERATIONS 

1.1.1 The change in volume on melting 
Table I .  I lists a number of common metals together with their crystal 

I structure, 11ielting point and change in volume on melting. It can be 
seen that in n~ost cases there is an expansion of from 3 to 5 % except 
for a small number of n~ctals with rather open structures in which 
there is a srnall contraction on melting. 

t The ammic position can hc simply considcrcd as the mean position of the 
atomic centrc. In practice this is only Iruc on avcrage since the aton, is normally 
undergoing thermal vibra~ions. For :I rigorous treatment i t  may be necessary to 
'stop' the atoms by assuming the solitl is 0 K.  

LIQUID METALS 3 

TABLE l .l 

THE CHANGE IN VOLUME ON MELTING OF SOME COMMON METALS' 

------p- 

-- --p-- 

Change in 
Melting point voll,me on 

Metal Crystal srr~~ct~rre ("C> melting ( %) 

Aluminium 
Gold 
Zinc 
Copper 
Magnesium 
Cadmium 
Iron 
Tin  
Antimony 
Gallium 
I3ismuth 
C;crnianiuni 

-. 

f.c.c. 
f.c.c. 
h.c.p. 
f.c.c. 
h.c.p. 
h.c.p. 

b.c.c.1f.c.c. 
tetr. 

rhombohedral 
f.c. orthorhombic 

rhombohedral 
dia. cubic 

a I>:ltn from Schneider and Heymer. 1 

TABLE 1.2 

I A I I N I III:A'I S 0 1 .  MELTING AND VAPORISATION OF SOME 

COMMON METALS~ 

h l i  hcntb Boiling Latent heat Lb 
t ~l~,l!~/(ll  

/ : , / : I /  poitrr of' point of vaporisa- - 
, V I ~ I I ~ ~ I I I V ( ~  ) I C tjon ( L ~ )  Lm 

(L,)  
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1.1.2 The latent heat of melting 
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 alun~inium 
is 12. 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 is small. The situation 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 melting 
Table 1.3 gives a comparative list of the entropy change between room 
temperature and the melting point, and of the entropy of melting, for 
some of the metals considered above. These figures show that there 
is a relatively large increase in entropy on melting, particularly when 
the small change in co-ordination is taken into account. This indicates 
that there is a considerable loss of order  on melting without a large 

TABLE 1.3 

Metal Change irz erztropyb Entropyof - Asm 
298°K to melting poirzt AS meltir~g AS,,, AS 

Cadmium 4.53 2.46 0.54 
Zinc 5.45 2.55 0.47 
Aluminium 7.51 2.75 0.37 
Magnesium 7.54 2.32 0.31 
Copper 9.79 2.30 0.24 
Gold 9.78 2.21 0.23 
Iron 15.50 2.00 0-13 
--- -- ----------p 

" Data from Hultgren et al. 3 
Entropies in cal mole-1 "K-'. 
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I change in the separation of individual atoms or of the numbers of 
neighbour atoms. 

I 1.1.4 Diffraction studies of liquid structure 
Iliffraction studies have been carried out on liquids using both x-rays 
and neutrons ( s ee ,  for example, the survey by Gingrich4). The results 

we A 

F .  l l X-ray diflactiorz intensity for liquid gold at llOO°C. Curve (a) is the 
.scl~ror.r o j  the atomic structure factor. Lines in the powder pattern from crystalline 

gold are shown at the bottom of the figure (Vineyards after Hendus6). 

1 

are in 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 as a function of sin 811 by densito- 
metry. More usually it is determined directly using a crystal diffracto- 
meter (Fig. 1 .l). This figure 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 the same material in solid form. It is possible, using defined analyti- 
cal procedures7 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 a radial distance r from a reference atcm. 

Fig. 1.2 Radial density jii~lction for liquid gold. W is the ratio of the radial 
distributioiz function density, p@), to the bulk density, po. The radial detisity for 
crystallinegold is indicated by the vertical lines at the bottom of the figure ( Vineymd5 

after Henduss). 

3 '  

Figure 1.2 gives the radial distribution function derived from Fig. 
1.1. This figure also shows correspondence between the princi3aI 
peaks and the radial density for the solid crystal. Because of repuls~ve 
interactions between atoms, p(r)  has zero magnitude out to a radlus 
nearly equal to the atomic radius. At large radii, p(r)  is equal to )he 
bulk density of the liquid. The mean co-ordination number for The 
liquid can be determined from this curve by in tegra t i~n .~  Table 1.4 
gives some comparisons of data obtained from diffractio~i studies 
on liquids with the corresponding data for the crystalline solids. In  
general it is found that 

G o l d  

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

(b) the co-ordination number in the liquid is less than in the solid 
and is usually in the range 8-1 1. 

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

LIQUID METALS 

TABLE 1.4 

COMPARISON OF STRUCTURAL DATA FOR I.IQUID AND SOLID METALS 

OBTAINED BY DIFFRACTION' 

- 

Liquid S o  lid 
 metal atomic CO-ordinati~tz atomic CO-ordirlation 

separation tzumber separation number 

Aluminiun~ 2.96 10-11 2.86 12 
Zinc 2.94 l l 2.65 6 

2.94 6 .. 
Cadmium 3.06 8 2.97 6 

3.30 6 
Gold 2.86 l l 2.88 12 

"Data abstracted from Vineyard.5 

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

1.1.5 Transport properties 
For completeness we should consider transport phenomena in liquid 
metals and particularly that important property, their lack of resis- 
tance to shearing stresses. Certainly, any satisfactory theory should 
deal with these properties. It is fair to say that in so far as solidification 
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 initiz.1 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 .#hole. Both of these factors 
will be examined in more detail in late- chapters. Meanwhile, the 
reader is referred to the monographs by Prydel' and March1' 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 
i n 1 0  (hose which consider the liquid as a dense gas (condensation 
Ihcorics), those which consider the liquic as disordered solid (lattice 
tllcorics) 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 close proximity of the components 
in a dense gas. Born and Green,12 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. 

1.2.2 Lattice theories 
There theories all use as a starting point a crystal lattice into which 
defects are introduced in a variety of ways. Several possibilities have 

Fig. 1.3 A random close-packed heap of spheres (BernalzO). 

LIQUID METALS 9 

been explored, the most relevant of which are 

(a) the cell theory14.'' in which melting is considered as a type of 
order-disorder reaction in which atoms 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 t h e ~ r y ' ~ . ' ~  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 
involves partition between crystal-like and gas-like components. 

A number of effective results follow from these different ap- 
proaches, but the theories suffer because their basis on 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 a liquid as a 'heap' of atoms or 
molecules. Bernal " 9  and Bernal and Kingz1 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 irregular assemblage of atoms 
or molecules containing no crystalline regions nor holes large enough 
to accommodate another atom. The approach was partially success- 
ful since it yielded a radial distribution function in agreement with 
that measured experimentally for a simple monatomic liquid (Fig. 
1.4). Similar measurements were also carried out by S ~ o t t ~ ~  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 some work in this direction has been attempted.23 

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 all it is clear that there is still a long way to go before the 
experimental observations given in Section 1 .l 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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- Calculated for loqu~d argon from nrutron d8ffracteon 

v Calculated from Scott's randan model 

0.7 
o Calculated from Bernals randan madcl 

01 3 1 . .  . . . L 

0.6 0.8 10 1.2 14 1.6 1.8 21) 2.2 2.4 2.6 2.8 3.0 

r (distance f r o m  centre in units of sphere diam) 

Fig. 1.4 The radial clistributiot~ of rot~(/otn c10.v~ puckit~g of cyital .v[~Ir~rrs. Nu,: 
is the ucerage number- of spheres it1 it1tervo1.r of 0.2 qf n .sp/rrr.r rlirrtnrter- (Botlol20). 
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CHAPTER 2 

Nucleation 

Nucleation may be defined as the formation of a new phase in a 
separated from the surroundings by a discrete 

solidification, solid nuclei form in the liquid and 1 
subsequently grow until the whole of the volunle is solid. We are 

11 concerned with a change from one position of stable or metastable 
equilibrium to another in response to a driving force. The existence 
of a driving force, 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 place is determined by kinetic factors. First, we 
l 

i 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 involvinz 
more than one phase. The free energy, G ,  of a component phase is 
defined by 

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

Thus the free energy decreases with increasing temperature. 

The variation of the free energies of the different 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 = A H  - TAS 
At equilibrium between two phases, 

AG = 0 
and this defines the equilibrium melting point, T,, and boiling point, 
T,. At other temperatures, the equilibrium phase is that which has 

Temperature 

IYR. 2.1 The rriirirr/io~r it! fire erzergy of metallic phases w i ~ h  temperature 
(schematic). 

the minimum free energy; AG, the difference between the free energies, 
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 curves for 
the component phases move relatively as the temperature changes. 
F:or 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 

f 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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1 of the component phases before and, after transformation is the 
driving force. 

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

Compos i f~on Composi t ion 

( c l  ( d )  

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

! For the transformation from liquid to solid the volume free energy 
chance AG, is 

AG, = G, - CS 

where G, and CS are the free energies of the liquid and solid respec- 
tively. From eqn. (2.1) 

AG, = ( H L  - H,) - T(SL - Ss) 

If we assume that the temperature dependence of the changes of 
enthalpy and entropy are small, then 
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'~11c1.c L,,, is the latent heat of melting. At the equilibrium melting 
i7o i11 l .  sincc AG is zero, the entropy of melting is given by 

L,, . AT 

T", 

111 this ccluation AT is the temperature interval between the equili- 
b u r n  ~iielting point and the temperature of transformation and is 
kno\vn as the supercooling. 

2.2 HOMOGENEOUS NUCLEATION 

2.2.1 Energetics of nucleation 
The classical theory of nucleation was developed by Volmer and 
he be^-,^ and Becker and Doring4 for the condensation of a pure 
vapour to form a liquid. The subsequent theory5j6 for the liquid- 
solid transformation was based on this earlier work. The theory 
considered hornogcneous nuclcation, i.e. the formation of one phase 
by the aggrcgation of componcnls of another phase without change 
of co~nposition and without bcing influenced by impurities or external 
shrfaces. 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 the free 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 
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 
tpansition region between liquid and solid. These atoms will be in a 
high energy state and are the origin of the surface free energy of the 
embryo. 

'r One of the inherent difficulties of nucleation theory is associated with the use of 
"'acroscopic thermodynamic properties, e.g.  volume free energy and surface 
yriergy, 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 b '  This is the critical nucleus size. Substituting from Eqn. (2.2) gives 
energy, AG, is given by ! 

AG = 4xr2yL, + (;)m3 . AG, (2.3) 1 r* = 2~ LC ' Tm L,, . AT (2.4) 
where y,, is the surface free energy (erg cm- 2 ) .  As above, AG, is the 

' 

volume free energy change (erg cm-3). Above the melting point. The localised energy change, AG*, can then be determined by intro- 
ducing r* into eqn. (2.3): 

I 
Sur face  f r e e  
;j eqergy t e r m  

E 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). 

A, 
Voiume f ree  , 
energy t e r m  

\ 

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 

1 different free energy terms below Tm 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 T,,,, provided the 
embryo reaches a critical size with radius r*, at which (d(AG)/o?r) = 0, 
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 

1 eqn. (2.3) and allowing for the sign of AG, we find 

Fig. 2.4 The effect of decreasing temperature otz the critical radius for nucleatiotr 
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. Becker7 originally proposed that the nucleation rate, I, 
in  condensed systems, such as are involved in the liquid-solid 
I ransformation, was determined by an expression of the type 

I = K exp (-(AG* + AG,)/kT) 



18 SOLIDIFICATION AND CASTING 

where AG': is the work 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. 

Fig. 2.5 Tlie depetlrlet~ce of the rate of nucleatio~z or1 the rmdercoolir~~. 

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

where N is the total number of atoms, k is Planck's constant and the 
other symbols are as defined earlier. In this expression the result 
contained in eqn. (2.5) has been introduced for AG*. The form of 
eqn. (2.6) means that the rate of nucleation will be extremely sensitite 
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1 0  rllc undercooling, AT. It also follows that the rate of nucleation 
will be dependent on the size of the system under examination. 

I t  is found that there is a temperature at which the rate of nuclea- 
I ion increases rapidly, as shown in Fig. 2.5. Substitution of acceptable 
\/;dues for the terms in the equation for nucleation rate indicates that 
undercoolings of -0.2 T,,, are to be expected for the homogeneous 

TABLE 2.1 

SUMMARY OF DATA ON THE SUPERCOOLING OF SMALL DROPLETS 

OF METALSO 

Metal Melting point, Undercooling, 
Tm("K) AT("C)  Tl T", 

Mercury 234.3 5 8 0.287 
Gallium 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 
Alumini~~m 93 1.7 130 0.140 
Germanium 1 231.7 227 0.184 
Silver 1 233.7 227 0.1 84 
Gold 1 336 230 0.172 
Copper 1 356 23 6 0.174 
Manganese 1 493 308 0.206 
Nickel 1 725 319 0.185 
Cobalt 1 763 330 0.187 
l ron 1 803 295 0.164 
Palladium 1 828 332 0.182 
Platinum 2 043 3 70 0.181 
---- - 

" Data from Turnbull.8 

riucleation of solids from liquids. This has been verified experimen- 
tally for many metals. In  the experiments of  urnb bull*.^ the solidifi- 
cation of dispersions of fine droplets of liquid metals was observed 
tlilatometrically. The experimental undercoolings were of the order 
o f  0.2 T,,,, as shown in Table 2.1. 

At this undercooling, the critical radius is - 10-' cm and the 
nlrclcus would contain approximately 200 atoms. 

I lolnogcneous nucleation in alloys is a more complex process since . , , 111c ~ I I ; ~ s c  diagram requires equilibrium between a solid nucleus and 
l i i l t ~ i t l  ol'tliflcrent compositions. In this situation diffusional processes 
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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 106 
"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, solne amorphous solids 
have been produced using rapid quenching techniques. l ' - 

The occurrence of amorphous phases results froni the combined 

/ 
influence of two exponential factors, one related to the transfer of 

Fig. 2.6 (tr) 

t There is some evidence that in special cases the earliest stages of nucleaion 
and growth take place without solute redistribution.35 

Fig. 2.6 The electron microstructure of splat-cooled telluri~im-l5 at. 90germanium 
b~ (a)  the amorphous state and (b) af,er heating. The growth of dendrites can be 

seen clearly in the latter micrograph (Willens1 3). 

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. 

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 
C h a l r n e r ~ ' ~  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 throdgh AG*, since this term 
contains the volume free energy change BC,. If clustering occurs in 
the liquid this will aid nucleation. Oriani and Sundquist16 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,, 
the diffusion term, and on the liquid-crystal interfacial energy, y,,. 
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Fig. 2.7 Possible structure for 111~critical nlrclelrs of a cubic metal (Cltalnzers14j. 

2.3 HETEROGENEOUS NUCLEATION 

2.3.1 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 T,,, (-200°C for 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 presence of 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. 

The theory has been developed by Turnbull,' ' 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 = J,7r1z2(3r - h) = +7rr3(2 - 3 COS 8 + cos3 9) 
surface area = 2.rrrh = 2nr2(1 - cos 0) 
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I lnclcr stable conditions the contact angle.8 is a function of the 
st11.li~ce energies of the liquid-crystal interface y,,, the crystal- 
suhstrate interface yCs and the liquid-substrate interface yLS, namely 

cos 8 = YLS - Ycs 
YLC 

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

Liquid 

V 
S u b s t r o t e  

Fig. 2.8 Spherical cap of solid formed on a planar substrate. 

!I Following a procedure similar to that of the theory of homogeneous 
nucleation leads to an equation analogous to eqn. (2.3): 

1, The latter term arises because of the change in energy resulting from 

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

as before, and the work of nucleation 
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This differs from the value obtained in considering homogeneous 
nucleation by the factor 

$(2 - 3 cos 8 + cos3 8) 

For 0 = 180" the energy fluctuation required is the same as for 
homogeneous nucleation, but for all other cases in which 0 I 0 < 180" 
heterogeneous nucleation is a more energetically favourable process. 

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

The theory can also be modified to allow for different nucleus 
geometries, e.g. disc-shaped caps, without substantially affecting the 
overall result. If the substrate is allowed 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 is desirable to have the crystal-substrate 
interface significantly less energetic than the liquid-substrate ~nter- 

/ 
face. A number of criteria have been postulated for this to be so. 
One of the most promising approaches was that of Turnbull and 
Vonnegut19 which related the undercooling necessary for hetero- 
geneous nucleation to thelbdisregistry between the lattices of the 
crystal nucleus and the substrate at the interface. More recently, 

I Sundquist and M o n d ~ l f o ~ ~ , ~ ~  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 

I for homogeneous nucleation, and proceeding as before it is possible 

I 
to obtainz2 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 undercoolings and 
a much less sharp transition from low rates to high rates of nucleation. 
In  addition, since the heterogeneous nucleation process depends on I 

the presence of suitable sites, it is concluded that the rate of nucleation 
I( 1 will pass through a maximum and show a cut-off at  higher under- 

coolings. This results from lateral spread of nuclei across the 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 
alloy systems, and in particular in eutectic alloys.23 Although the 
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l ,*t-r~cral features of the nucleation process in this case are similar to ' ~llorc for pure metals, one important difference concerns the strong 
tlt.l)cndence of the structure on the nucleation conditips. 

In some cases, e.g. growth from dilute solutions,&here the supply 
0 1 '  atoms may exert a limiting effect it is common for surface imper- 
Il.ctions such as emergent screw dislocations, grain boundaries or 

4 
/ 

Homogeneous ,/ 

ar 
2.9 The relative rates of nucleation at decreasing temperatures for hetero- 

geneous and homogeneous nucleation processes. 

:leps to act as preferred sites for heterogeneous nucleation. The 
:ubsequent growth structure usually reflects' the influence of these 
Inodes of nucleation. 

l 
!.3.2 Nucleating agents 
;o far we have discussed both homogeneous and heterogeneous 
'~ucleation as processes occurring without being specifically influenced 
' iy cxternal perturbations. In  practice, one of the most important 
l:-cl~nical aspects of casting is the control of nucleation. As discussed 
'11 tlctail in later chapters, it is found that the grain size and grain 
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shape together with segregation effects occurring during casLlng 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 C h a d ~ i c k . ~ ~  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 A L U M IN I U M  FROM ITS  MELT^ 

Compoutld Crystal s~rrrctrrre 
S ,for close-packed 

planes Nucleatit~g effect 

VC Cubic 
Tic Cubic 
TiB2 Hexagonal 
AIB2 Hexagonal 
ZrC Cubic 
NbC Cubic 
w2c Hexagonal 
Cr 3C 2 Complex 
Mn 3C Complex 
Fe 3C Complex 
-----p--p- 

" Data from Chadwick.24 

Strong 
Strong 
Strong 
Strong 
Strong 
Strong 
Strong 
Weak or nil 
Weak or nil 
Weak or nil 

easy nucleation, low contact angles are required and e ~ i d e n c e ' ~ . ~ ~  
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 

where a is lattice parameter of the crystal being nucleated and Aa is 
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.19 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 C i b ~ l a , ~ '  Reynolds and T ~ t t l e ~ ~  and 
Hall and J a c k ~ o n ~ ~  (see Fig. 2.10) are good examples of the practical 
development of effective inoculation procedures. 

, ., , i , . -  .>-, ', .. , .. 3,. . '  , . . . . . <,, ! ' ; :. ' .. . " .  
: < , $ ~ ,  * , . - - < . *. '& . . *. " 

''li, 

I,.. . 't.',,. : 1 . . , , . 
D .. , 

r .- I >,; .'%. ',.' 
: l 

Fikr. 2.10 (a) Normal coarse-grained structure in 18 % chromium-1 2 % nickel 
S I F O I .  (h) Same steel as (a) refined by inoculation (Hall and Jackson27). 
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2.4 DYNAMIC NUCLEATION 

So far we have considered nucleation in an essentially static situation. 
Only temperature and the potency of nucleating substrates have been 
considered as having any effect. I 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 thc result of fragmentation of existing 
solid. It is a n  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," S t ~ h r ~ ~  and Frawley and Childs3' have all 
shown how mechanical vibrations can cause nucleation to  occur at  
lower supercoolings than normally required. It was proposed by 
Chalmers3' that cavitation followed by internal evaporation was 
responsible. This was disproved, however, by H i ~ k l i n g . ~ '  The most 
feasible hypothesis is that of V o n n e g ~ t , ~ ~  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 o n  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 c a l c ~ l a t i o n ~ ~  and 
e ~ p e r i m e n t . ~ ~  
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CHAPTER j 

Growth 

After nucleation a first 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 imperfections within the solid. It also has an effect on 
thermal and constitutional changes in the adjacent liquid, and the 
interaction between these effects can in turn lead to growth niodifica- 
tions. The nature and extent of these modifications ;an be studied by 
an examination of the behaviour of single-phase materials during 
solidification. This is 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, l following a suggestion of Burton 
et carried out an examination of the equilibrium structure of a 
solid interface in contact with a liquid. I t  was shown that starting 
with an atomically smooth surface and adding atoms at random the 
relative change in surface free energy, AFs,7 was given by 

where N is the number of possible sites on the interface, k is Boltz- 
mann's constant, T,,, is the equilibrium melting temperature, x is the 

It should be noted that the symbol F is used for free energy instead of G, as 
previously, to conform with Jackson's original treatment. 
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I : ;lction of sites occupied and 

111 eqn. (3.2) L, is the latent heat of solidification and 5 is a crystallo- 
,~.aphic factor. It is a measure of the fraction of the total binding 

1.1iergy which binds an atom in a layer parallel to the plane face to 
~lther atoms in the layer. 5 is always less than unity and is largest for 

I l I l I l 1 I I 

- 
OCCUPIED FRACTION OF S U R F A C E  SITES 

l .  3.1 Relative change in surface free energy as a function of the fraction of 
jiirface sires which are occupied. cc depends on the crystal face, the type of crystal 

and the phase from which the crystal is growing (Jacksonl). 

I I le  most closely packed planes of the crystal; for these it is invariably 
tll-eater than or equal to 0.5. cc depends on the material and the phase 
I rorn which the crystal is growing. Figure 3.1 shows the expression of 
Ixln. (3.1) plotted against x for various values of a. Two distinct 
I vpes of interface can be deduced from this figure. First, for U ,< 2 
~lic interface has a minimum energy when approximately half the 
..~lcs are occupied. On the other hand, for a 2 5 the relative free 
I.licrgy is at a minimum when there are only a few occupied sites 
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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'. 

I 
Further analysis showed that most metals had a 5 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 2 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. 
In these materials the behaviour is more complex and often a mixed 
growth form  result^.^.^ 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 C h a d ~ i c k . ~  

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 Hunt6 and 
Jackson et al.4-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 Cahn7 (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 al.,4 who compared the 
predictions with experimental data for a considerable range of 
materials. The examination showed that the evidence did not support , 
the predictions. 

Jackson9 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 

l 
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predicted interface structures which correlated well with the previous 
predictions1 based on the a-factor (eqn. 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. 
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 a t  
which they leave the interface. In the previous section two principal 
forms of interface were characterised, one atomically rough and 
non-crystallographjc in character and the other smooth and crystallo- 
graphically faceted. Different mechanisms of interface advance can 
be attributed to these diKerent intqrface 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. 

3.2.1 Normal growth 
In normal growth1' 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 Wilson12 
and Frenkel13 and it predicts that the mean growth rate, 17, is 
proportional to the undercooling, i.e. 

R = p l .  A T  (3.3) 

where /ll is a constant. 
For normal growth the growth rates can be quite high and the 

requirement of site equivalence implies the need for a rough interface. 
This is 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-' cm sec-', see Table 4.1) the undercoolings are 
immeasurably small. This makes experimental verification of the 
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~ltlr-mal growth theory difficult. The rate controlling mechanism is 
1 1  ?ually the rate of removal of latent heat. Since the materials with 
l.\[%h -interfaces also tend to have low latent heats of melting, the 
I , l  aid growth rates are comparatively easily sustained. 

'. 2.2 Growth surface nucleation 
I l~is theory14 (see also Hollomon and T u r n b ~ l l ' ~ )  assumes that the 

c I vstal interface is amooth (faceted) and that growth proceeds by the 
I~~~~nogeneous  nucleation of new layers in the form of disc nuclei 
\ \  l~ich grow laterally until a complete layer is formed. This is shown 

, * 

S u r f a c e  nuclei  

' ' .S('"('tnafic t'kw of the formation of disc-shaped nuclei on a crystal . 1 ,, , '  
(0)  {';( ')V ParQllel to the surface; and (b) view normal to the surface. 
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schematically in Fig. 3.3. The mode ofgrowth leads to a rate equation 
of the form 

where p ,  and b are constants. The theory predicts growth rates which 
are negligibly slow at low undercoolings. The evidence in support of 
this mechanism is very limited.4 

3.2.3 Growth on imperfections 
- - 
Here the assumption is that some form of continuous growth step 
exists at which atoms can be added. The simplest form of step is that 
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 Frank16 and Hillig and Turnbull. l 7  This 
method of growth has a rate law 

/7 = / l 3  . A T 2  
(3.5) 

In this case the predicted growth rates are also very low and this is 

Fig. 3.4 Schematic view of a crystal contaitring a screw dislocation running 
normal to the upper surface. This surface is a spiral ramp atzd cannot be eliminated 

bv adding atoms as shown (Read28). 
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.,.I\ ;I consequence of the restriction on the number of available 
n t \ ~ I ~  utes. Nevertheless, the faceted growth of non-metals has 

o II ol~scrved'~ to involve this mechanism. Spiral growth on screw 
It1~3;~tions is common during the growth of crystals from solution 

0 I I oln the vapour (Fig. 3.5). 

I ,K. 3.5 A growth ~piralo12 c1 crystal of Sic ~rokvtr jiom tlze c.opolrr (Vcrma29). 

3.2.4 The generalised rate equation 
As mentioned earlier, Jackson" developed a general formulation 
I'or the prediction of growth rate from a knowledge of the interface 
structure. This rigorous theory was shown to incorporate as limiting 
cxes the previous growth rate theories described above. 

3.3 GROWTH DEFECTS 

Atomic scale defects, e.g. vacancies, dislocations, can be produced 
(luring crystal growth. Because of their contribution to increased 
clitropy the different forms of point defect are thermodynamically 
\ t ; ~ b l e . ~ ~  The equilibrium concentration of vacancies in solids at 
Ic~nperatures near the melting temperature is of the order of 10-'. 
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As shown by C h a l m e r ~ , ~ ~  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 
crystals the influence of point defects will be limited. 

The presence of dislocations can have marked effects. A number of 
factors can lead to the production of dislocations during growth from 
the melt. In the presence of impurities when cellular or dendritic 
interfaces are formed (see Section 4.5), a well-developed dislocation 
substructure is p r o d ~ c e d . ' ' ~ ~ ~  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. 24.  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 
metalsz7 (10' cm cm-3), and in non-metals, such as silicon, disloca- 
tions can be eliminated a l t ~ g e t h e r . ~ ~  
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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 the liquid) on the structure and composition of the growing solid. 
In particular, when we consider single-phase alloys, the way in 
which the solute is redistributed during solidifi cation will bccxarnined, 
as will the effects of 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 

(a) The gro~vth rate, R, is a measure of the rate of advance of the 
interface between the liquid 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 in cm sec- ' or cm hr- '. Some 
typical growth rates for a range of solidification processes are given 
in Table 4.1 . 

TABLE 4.1 

TYPICAL GROWTH RATES FOR DIFFERENT SOLIDIFICATION I'K0CI:SSFS 
p-- p . -- - 

Process Growl11  rut^, cm scJc. -  I 
~ __-__-p--.----- 

Growth of metal single crystals 10- 3 

Directional growth studies in research 10- 2 

Ingot solidification 10- 2 

Initial dendritic growth ( A T  - 0.02 T,,) 5 
Initial dendritic growth ( A T  - 0.2 T,,) 5 000 

__-____I____- 

(b) The temperature gradient, G, is usually 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 

Sol id 

k O E  l 

Solid 

ko  > l 

Composition 

( b )  

F~R.  4.1 (a) Portiort of a phase diagram in vvhiclz the distribution coefficient 
k 0 < 1 .  (b)  Portion of a phase diagram in which //re distribution coeficient k 0 1.  

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

(c) The diflussiuity, D, determines the rate a t  which atoms can 
move in the liquid. For virtually all metallic liquids D is of the order 
of 5 X 10- cm2 sec- l .  Diffusion rates in the solid are much 
smaller, e.g. - 10-8 cmZ sec- for common metals just below their 
melting points. Thus solute redistribution in the solid is usually 
ignored in comparison to solute redistribution in the liquid. 

(d) The equilibrium distribution coefficient, k,, is defined by the 
phase diagram, assuming the liquidus and solidus lines to be straight. 
Figure 4.1 shows the two different forms of liquidus and solidus 
arrangement a t  the pure substance, end of a phase diagram. The 
equilibrium distribution coefficient is given by the ratio 

solute concentration in the solid a t  temperature T k ,  = 
solute concentration in the liquid a t  the same temperature 
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S o l i d l f ~ c a t ~ o n  d i rec t ion  
C- 

S O L I D  L I Q U I D  - 
/ / / / / / / / / / / / / / f l / / / A  J 

t Plan Vlew 

Boat - I 
I n t e r f a c e  

S O L I D  

Fig. 4.2 (a) A casting boaf used for controlled directio,ral .solicli/icrrtion (schematic). 
The metal is shown as partially solidified. (h) Schematic view the cross section of 
a partially solidified ingot showing how the castitg boaf con he considered as a 

section of the bgot.  

I If the effect of the solute is to lower the liquidus temperature, then 
k ,  < 1 and vice versa. 

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

instantaneous composition of solid formed 
k ,  = 

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 Iine is given the symbol m. In their 
classical paper on solute redistribution, Tiller et al.' defined the 
liquidus slope shown in Fig. l(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 ul~idirectional solid@cation of metals and alloys 
under controlled conditions in casting 'boats' of graphite or a 
similar material. The solidification process in the boat was essentially 
treated as if it were a section 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. 

4.2 PURE METALS 

4.2.1 Interface forms 
The growth of pure metals in a region of positive temperature 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 is illustrated schematically in Fig. 4.3. 
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However, if a state of metastability or instability is created 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. Usually these interface instabilities also break down 
laterally and develop side branches. The interface thus degenerates 

Interfoce 
Distance 

SOLID 

SOLID LIQUID 

Initial Interface Subsequent torms 
form of with shape ofter shape instubility 
interface instability has grown 

I n i t i a l  I n t e r f a c e  Final  form 
fo rm of interface with shape instability of interface 

Fig. 4.3 (a) Area of soli(] rrrr(/ lie{r,icl crc/joc.r111 to /h(, intc~r.ficr . T / i o \ ~ i f ~  po.~it i l : i~ 
temprrnturr gracfietlts i ~ r  fire liclr(icl cr t rc l  .soli(/ (.~chetna/ic). G,voli,r is strc7~~c,r t hart 
GIiqlrid beco~rse of rrke higher. thermer1 corrt l /rcfir~i!~~ of lhc, soli(/. ( h )  Scirc~rtrcrlic 
seqrrence showirlg the .formatiof~ of cr r r  rr~rstohlc, pr~olrtbc~r.(rfrc.c. ivhiclr rnc,l/s /~c~colr.Se 

the local lip /~mperotrtr.c~ c~scc~ct1.s tlrr mc,l/irrg rc~rtrpc~rtr~rrrc~. 

Fig. 4.4 (a) Area of solicl o r d  liclrricl adjocent to the interface showing a ~zegati~.e 
temperature gradient in rhc~ lirlrticl U I I ~  a positive temperature gradiertt in the solid 
(schematic). (b) Schematic seqrience .sho~ving the formatiorz and stabilisation of a 
protuberance on the interface t1~1rc.11 i t  projects into a region where the local t ip 

temperat~rre is below the melting temperature. 

and grows dendriti~ally.~ In practice, these conditions will only exist 
in bulk pure materials during the period between the initial nucleation 
and the attainment of the transformation temperature at which the 
dendrite arms thicken. Thus, if we consider a typical 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. 4.5 Typicol form of cooling curve for piire metals slrou~ing the regions in 
w / ~ i c / ~  the different growth phenomena occur. 

4.2.2 Strudural effects 
From a structural point of view the important factors are those of 
grain size and shape. These are macrostructural variables and will be 
considered in Chapter 6. Of rninor importance are the extent and 
nature of crystal defects, e.g.  vacancies and dislocations. I t  is not 
expected that the concentratio~~s of vac;lncics cither singly or in 
clusters will be large undcr normal solitli[ication  condition^,^ nor 
that properties will be significantly alrectcd. Dislocations, however, 
can have a significant influence. Thc 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 metals4 and reduced to zero for non-metallic materials. Lineage 
structures, i.e. arrays of dislocation sub-boundarie~,~. also frequently 

occur, but the available evidence indicates that they result from 
entrapped impurity particles. ' 

4.3 SOLUTE REDISTRIBUTION EFFECTS IN ALLOYS 

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

k g  <I 

L IQUID  

0, 

5 - 
0 
L 
a, 
a 
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k- 

SOLI D 

L 
Composit ion 

Fig. 4.6 Portiorr o j a  plrase diagram for an alloy of composition CO, with k o  < 1. 
slroufing initial compositional chang~s. 

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 alloy 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 Coke. Since k, < 1 there is 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.l(c), 
this assumption is reasonable. 

4.3.1 Solute redistribution by diffusion 
Reconsidering the alloy with k ,  < 1, it is clear that after the first 
solid of composition Cok,, has been formed, because of the local 
solute enrichment of the liquid the next element of solid deposited 

I 
SOLID I L I Q U I D  

I 
7 
I X k0 < I  

.- 

a ':L 5 
U Distance 

Fig. 4.7 The solute profile ahead of the interface during steady-state solinification 
~c,i!h solute redistribu/io~z by diffusion only (ko < l ) .  

will have a composition ( C ,  + SCo)ko, where 6C0 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 due course, a steady-state will occur 
where the rate of rejection of solute at  the interface just equals the 
rate of solute diffusion away from the interface. 

I t  was shown by Tillere! al. that the solutedistributio~~ in the liquid 
at  the steady-state was given by the solution to the direrentid 
equation 

This equation has the general solution 

C =  A + Bexp -- F) 

' 1 4  1 1 .  ( '  is tllc solute concentration in the liquid at  a distance X 
g 1 1 1  rll'tlic inlcrface, R and D have their usual meanings and A and 
. I I I -  co~ist;~nts determined by the boundary conditions. Simple 

B I I I I . I  io~i S ~ O W S  that the nature of the solute 'pile-up' ahead of the 
I I I I I . I I ; ICC ;II the steady-state must be as shown in Fig. 4.7 since 
1 1 1 1  I I . I I ~ C I ) I ; L I  movement of this profile puts out solid of composition 
1 1  ,,i/, ,,)l\,, = CO and takes in liquid of composition C,. The com- 
I I, I . . I I  ion o f  the liquid in the regions remote from the interface will 

S O L I D  

Fig. 4.8 The corresponding profile to that of Fig. 4.7 for ko > 1. 

1111ly dilrer significantly from C ,  at  the later stages of solidification. 
I l~is in  its turn gives rise to a terminal transient. 

I'or the steady-state the solute profile then has the boundary. 
I ~j~i(litions, 

Substitution in eqn. (4.1) gives the result 

'I'rcatment of the case of an alloy with k ,  > 1 leads to the same 
li)r~n of equation as in eqn. (4.2). The solute profile is, however, 
il~vcrtctl (Fig. 4.8). 

I 'it!urc 4.9 illustrates, schematically, the way the solute concentra- 
~ i r ~ l i  ~~rol i lc  changes in front of the interface with changes in the 
v~lri~~lrlrs R,  1) and k,(< l), respectively. 

1 1  i s  sccn that a short, steep pile-up is produced at high growth 
I . I I I - .  1111tl I'or low solute diffusivities. Of particular importance are the 
1 \ I I I . I I I I -  so1111c accumulations that can occur near the interface for 

\ . . I I ' I I I I I  i l l  wliich liO is very small. 



I 111. solute concentrations higher than about 0.5% the solute 
1 ~ I I I . - I I  1' cll'ccts are very marked and the physical nature of the interface 
I 111.1.4 to :L non-planar configuration (this is considered in detail in 

1 1 1 , .  1 lcut  section). Under these conditions, eqn. (4.2). is no longer 
\ , l l i t l ,  although it can be used to give some approximate indication 

Fig. 4.9 Changes ill the s o ! t ~  c o ~ ~ c e ~ i t r ~ i t i o ~ ~  allecld of a gron.ing interface for 
'ers: ((1) qowth  rate; (h) cliffusic~i~y; ( c )  clistribution changes in the growth paramc coeficie~it. 

Tn~ t io l  
1;nsient TermlnO1 transient 9 

- - -  

A ko<l 

Distance ( a )  

.- 
V) 

0 
P 

Termina l  
transient 

B 

ko > l  

Distance ( b) 

I .  4.10 Co~~centration-distance profiles for. a bar solidifiad under condition. 
~l.lrc,re sol~rte trarisport in the liquid is by diffusiorz only: (a) ko < 1; (b) ko > 1 .  

o f  the solute distribution near the interface. Calculation shows that 
the solute pile-up would seldom exceed a thickness of 0.1 mm without 
:I significant change in the interface form. 

For a case in which eqn. (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 
li)r~ncd instantaneously are C,k, and C,, respectively. The average 
~.ornpo~ition (ignoring the small overall  average increase resulting 
I'I-OIII  tllc localised interface pile-up) in both cases is C,. Thus the 
r.l)rgc,/ir~, t l i .~ /r ibut ion coef ic ients  are k, and 1 for the two cases. The 
t l ~ \ l l . i l ~ ~ ~ ~ i o n  coefficient is therefore seen to vary from the equilibrium 
\ . : I I I I ( *  l i , ,  to the value 1 as the steady-state is approached. 
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4.3.2 Complete mixing in the liquid 
If conditions of complete mixing by convection or stirring exist 
within the liquid, then with k o  < 1 the solute rejected at the interface 
is distributed evenly throughout the liquid. Thus in the initial stages, 
where the volume of liquid is large, the overall change in composition 

Frac t ion  sol idi f ied 

Fig. 4.1 1 Concenfratiorl-dista~rce profiles for a bar solidijed under coriditiorrs 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 final 
solute distribution in the solid has been analysed by Pfann.' The 
solute profile is given by 

CS = Coko(l - xIhu- ' (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 

4.3.3 Partial mixing in the liquid 
I 'hc intermediate case in which partial mixing in the liquid is 
produced by the combined effect of diffusion and convection or 
vtirring has been examined by Burton et They treated the 
problem as one in which the solute layer at the interface was gradually 
Ilroken 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 

S O L I D  L l Q U l  D 

I 
I 

S O L I D  1 L I Q U I D  

I 
I 
1 

C,, L- - - - - -  - - - -  - - - - - - - 
1 

1 r l v  . I .  I ?. 'IYrc. c:/ji.ct of the mixing conditions on the nature of the solute layer at 
r l r ~  I I I I I . I ~ / I I ~ ~ ~ J :  ( ( 1 )  rro mixing, difusion 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, = Cok,(l - X)""- ' (4.4) 

in which the effccii~.e distribution coefficient is given by 

l<, = 
ko 

k ,  + (1 - /c,) exp [-(R6/D)] 

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

Froct~on solidified 

Fig. 4.13 Solrrte riist~~iburions in a solid bar .frozen fiom liclriid of initial concen- 
tration C O ,  .for: (a)  eqrtilihrium,fieezit~g; (h) sol~rte mixing in the liqrrid by diflusion 
only; (c )  complete solirte tr~ixit~g in the iiqrrid; ( d )  partial solrrfe mixing in the 

liqrrid. 

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

4.3.4 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 solute incorporated into the diffusion boundary layer 
increases as the growth rate decreases and vice versa. Thus if a 

rluctuation in the growth rate occurs during solidification of an 
.~lloy with k, < I ,  the amount of solute in the interface pile-up will 
r~ced to increase if the growth rate slows down or to decrease if the 
~:rowth rate speeds up. These changes will lead to a localised deviation 
I rorn the steady-state while the solute pile-up changes. The need for 
. I R  increase in the amount of solute in the pile-up with a decreased 
ilrowth rate means a local decrease in the amount of solute deposited 
111 the solid as the growth rate changes. Thus a region depleted in 
\olute will appear in the solid. The reverse is true if the growth rate 
I\ increased. The result in the two cases is shown in Fig. 4.14. Only 

1 .  4.14 Tile effect of chatzges in the growth rate on the localised solute distribu- 
tion in the solid: (a)  gro~vth rate decreasecl; (b) growth rate increased. 

~vith complete mixing in the liquid is no solute banding to be expected 
:is the growth rate fluctuates. 

4.3.5 Practical consequences 
I'he effects of solute redistribution in alloys are of great practical 
~liiportance. On the one hand, there are the many difficulties generally 
considered under the heading 'segregation'; these are examined in.  
tlctail in Chapter 7. On the other hand, there is the technique of 
,otre refining in which the solute redistribution is used to advantage 

1 0  produce materials of very high purity. The specialised field of 
/(,lie refining has been the subject of excellent monographs by Pfann O 

;111rl Schildknechtl ' and will not be considered further here. 

4.4 CONSTITUTIONAL SUPERCOOLING IN ALLOYS 

( )~,igir~ally, constitutional supercooling was analysed by Tiller et al.' 
I I~ t* i r  treatment was as follows. From the parts of the phase diagrams 
, s l~ow~i  in Fig. 4.1 and the definition of nt (the slope of the liquidus 
I I I I I * ) ,  (Iic equilibrium liquidus temperature, TL, is given by 

TL = T, - mC 

I I ~ I I .  l',,, is the melting temperature of the pure metal and C is the 



rC m- 
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of the liquid. For the steady-state solidification of an I . \vlicre the temperature gradient is just tangential to the liquidus 
alloy of initial composition, C,, the interface temperature, Ti, is a 1 1 1  \ c  at the interface. For steeper temperature gradients no con- 

mC I I l I I  l ional supercooling will occur. Thus for no constitutional 
T . = T  -2 (4.5) 1 1  l '~.rcooling we require that 

ko  

For a solute distribution given by eqn. (4.2), the equilibrium G > (2) 
liquidus temperature corresponding to different points ahead of the 

x = o  

interface will then be 

I - k ,  
TL = T,,, - tllC, 1 + - r k,  

exp (-g)] 
Using eqn. (4.5) this can bc rewrittcn as 

TL = Ti + f l l C ( ) ( I - L ~ ) ) [ I _ e x p ( - ~ ) ]  0 (4.6) 
m 

The actual temperature in. Ihc  liquid is given by 
C 

. -  - 
0 
0 

T = Ti + GX U 
L 

Q, 

where G is the tempzrature gradient in the liquid ahead of the inter- v 
C 

3 face. As G varies, a situation can arise where the liquid ahead of the 

I m p o s e d  
temperature 

I 
f C ~ n s i i t ~ t i ~ n o ~ ~ y  

supercooled zone 
4 4 

1,. ,l. 16 The magt~itude of the unriercooling ahead of at1 ititerface when con- 
stitutional supercooling exists. 

. * I I ~ , E  cqn. (4.6) it is easily shown that this condition is 

E G m c ,  ( 1  - ko) 
a 
k 

- >  
I I R D k, (4.7) 

1 Iw Icrms in eqn. (4.7) are grouped with growth parameters on the 
Distance ahead 1 a . I  I -1i;111cI side and material and system parameters on the right-hand 
of the interface 

1 1 1 . .  'I'llc nature of this equation allows us to define conditions which 
F ; ~ .  4.15 ~ ~ ~ ~ t i ~ ~ t j ~ , ~ ~ ~  sr~percoolirw rrlreud of urr itrtr,rfirli,c.c sho~c'itrg t ~ s o  applied 1 1 1  lrrr~orrl. constitutional supercooling. These are: 

tempcrolrrre ~~roriirtrls. 
( i) low temperature gradients in the liquid; 

interface is a t  a temperature below its equilibrium liquidus tempera- 
ture, in which case a region of supercooling exists ahead of the 
interface. This is shown in Fig. 4.15, and the temperature distributions 
are essentially the same for both k ,  < l and /co > 1. This pheno- 
menon is known as ronstitutional szipercooling. The limiting condition 

I 1 1 )  I':~sl growth rates; 
I I I I  l ~ I C C I J  liquidus lines; 
I I! 1 I ~ i y l ~  alloy contents;? 

' 1 1 1 1 1 ~  Ivl)ii.:~l values of the different parameters it can be shown that con- 
* I ~ ~ I I  1 0  ' I I ~ I I  ~,~~l~c.l-cooling normally exists for CO 2 0.2%. 
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(v) low diffusivity in the liquid; 
(vi) very low k ,  for ko < 1 or very high k ,  for k ,  > I .  

In the presence of constitutional supercooIing the undercooling is, 

Thus 

This is as shown in Fig. 4.1 6. The maximum undercooling can be 
determined from eqn. (4.8) and i s ,  

This maximum undercooling occurs at a point given by 

D I I IC~( I  - ko)Rl 
X = - log, [ G D ~ O  J R 

The above treatment assumes that solute mixing in the l~quid is 
the result of diffusion only. It can be modified to allow for partial or 
complete mixing in the liquid (see Chalmers' '). In these circun~stances 
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, 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 eqn. 
(4.7).l39I4 As the degree of supercooling increases the cell caps be- 
comes extended and eventually branch to form cellular dendrites 

r 
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(b)  
1 1 l 7 The ceflular interface structure: (a) normal view of a decatzted interrace; 

~ r r r ~ l  1 1 ) )  r.ic,~l: of growing interface in impure carbon tetrabromide (Jackson and 

Hunt15). 
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( h )  

Fig. 4.18 The cellular-dendritic interface: (a)  top surface of an impure lead alloy 
showing the development of branches on elongated cells (Tillor and ~ ~ t t ~ ~ l 3 ) ;  

and (b) dendritic growth in cyclohexanol (Jackson and ffunt 15). 
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/,;,g. 4.19 The transition in growth substructures in a tin-0.005 atom percent lead 
n l b , ~  n.ir/z constitutional supercooling. In the sequence (a) to (e) G/R decreases 
/ I . ~ I I I I  2000°C cm-2 sec-l to 350°C cm-2 sec 1 .  Photograph (f) is a tin-0.2 atom 
I I P I . C V I I ~  lcad alloy. (a) Planar interface; (b) box structure; (c) elongated cells; ( d )  

/ ) I  01, vtr cells; (e) hexagonal cells; (f) cellular dendrites (Nutting and Bakerjo). 
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. I .  I H ) .  There is no clear criterion for the transition from cells 

IIIII:II. tlcndrites. l 4  The overall transition sequence is as shown 
, l t .  4.10. In. the case of both cells and cellular dendrites, micro- 
11:11ion occurs. The intercellular regions are rich in solute for 

I ; I I I ~  depleted of solute for k, > 1. Under these conditions, 
I : I I I ~ C  segregation effects similar to those shown in Fig. 4.13 

1140 I>ound to occur. 
I I I  r l  macroscopic scale this mean that a dendrite will show a 

o II ion in composition from inside to out, i.e. the phenomenon of 
.!l:. 'l'his is illustrated in Fig. 4.20; in this figure the dendritic 

4. I I I I X  is clearly evident. Although it cannot be resolved, the den- 
:rrtns would undoubtedly show microscopic cellular segrega- 

' 8  Iloth forms of segregation can be eliminated by a homogenising 
1 I I ru;itment although, of course, macrosegregation effects involve 
l . +  rlill'usion distances and thus long heat-treatment times. The 

8 I of homogenisation is shown in Fig. 4.21. 
\ clui~c different approach to the problem of interface breakdown 

1 I I ; I [  of Mullins and Sekerka,16 who considered the stability of the 
,~a.~. l ' :~cc in the presence of shape fluctuations. This treatment has 
. I I I ( *  l~dvantages, particularly since it predicts some of the para- 

Ivrs, c l . g .  cell size, which were not treated in the original analysis 
cwnstitutional supercooling. The treatment is mathematically 

~ ~ ~ t l ~ l c u  and details can be obtained from the original paper. 

(b) 

Fig. 4.20 Coring in chill-cast cuprotlickel (ko < 1): ( a )  as-cast strlrcture; and 
(b) electron-beam microanalyser trace across the boitndary between two dendrite 
arms. The aualitatioe nature of the segregation is apparent as a maximunz and a 

minimum in the copper and nickel respectiuely. 

l, / ./ 

--- 

Fig. 4.21 (a )  
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(h)  
Fig. 4.21 Tile stritcture oJFig. 4.20 after liomoge~li~i~lg: (a)  grai~l ~tr~iciure.  The 
small dark particles are i~~termetallic impurities. (b) Electro~z-beam microanalyser 
trace across a grain boundary. The boundary is [he dark line in the electro~z image. 

The traces correspond to the white line in the electron image. 

At this stage it would seem appropriate to point out that all the 
early studies of the interface of metals and alloys 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  metal^,'^." and in thin films 
solidifying in the electron micros~ope , '~  have thus given valuable 
confirmation of the different theoretical mechanisms. 

4.6 DENDRITIC STRUCTURES 

Dendritic growth is strongly crystallographic. The primary arms and 
side branches have their arms parallel to specific crystallographic 
directions. For example, in face-centred cubic metals and alloys these 
are the <001>  direction^.^^'^ 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 

TABLE 4.2 

CRYSTALLOGRAPHY OF DENDRITES" 
-- 

Normal dendrite 
.\'/t.~~c.ttive Metal direction 

S 1.11ttc.1l cubic Lead <001> 
1 1 I 1.111 1.~11 c11 bic /3-brass <001> 
. , I I ~ I I I I ; I I  close-packed Zinc <10i0> 

) I ~ I I I I ; I ~  Tin '<110> 

! I I I ) ~ I  Wcinberg and Chalmersz and Hellawell and Herbert.lg 

licluicl interface in a metallic melt (see Section 3.1) with the 
, * , . I  inicntal observations on the direction of dendritic growth. 

I 11,- prowth forms are very varied. Normally each large branched 
I 41tl1.itc grows from a single nucleus and has a single orientation. 

. . I .  I I I misorientations can be produced during growth by mechanical 
1 I 111.1 ions brought about by turbulence. 

\\. llcn dendritic growth occurs continuously over a large volume 
; 111:11crial the resultant structure is strongly anisotropic. This 
 ropy can have quite deleterious effects on properties. For this 
1..011 steps are normally taken to promote profuse nucleation and 

, t  111.c maximum isotropy. This important feature is considered - - 

I 11c.r in Chapter 6. 
\ 11 l~ough numerous measurements have been made of the depen- 

I I I ~ T  of the dendrite arm spacing on growth  condition^,^^-^' the 
I I ~ - s  controlling side branching have not been identified. Morris 

~ ~ 1 ~ 1  winegardz3 have, however, given a striking illustration of the 
1. \~.lopmcnt of a dendrite tip instability in a metal analogue system 

1 111,~-inonitrile). The sequence is given in Fig. 4.22. This clearly 
I~ t~ws  that the dendrite tip does not grow with a constant shape 

1 , 1 1 1  Ilt~~tuittes periodically as it propagates into the melt. It is 
I 1, ~.,\il>lc [hat the interface stability theory of Mullins and Sekerka l 
a I I . IV ,  ~ i l l i  ~nodif icat ions,~~ be used to  account for these observations. 

, \ I ,  cxlcnsive series of studies by Fleming and his co-workersz5- 2 7  

1 1  1 , .  \liown that cellular dendrites form a characteristic plate-like 
# I  I , t v  (I:ig. 4.23) with an arm spacing determined by the local solidi- 

, IS  . I  I 1011 l inic. The effect of solute content, however, is far from clear 
1 1 1 8  I. rupcrirnental results exist which show that increasing solute 
. ~ I I I I ~ I I I  ~ I I C . I . C ; L S ~ S , ' ~ . ~ ~  d e ~ r e a s e s ' ~ . ~ ~  and has no influence uponz5 

1 1 1 .  ~ * l l ~ l l ; ~ r .  dcndrite arm spacing. The dendrite arm spacing is not 
, q ~ ~ ~  g I \  ~Irlcrmined by the initial growth behaviour, but is complicated 
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F' c-.-- rr 1 - - 
4- - -='----l 

i 

Fig. 4.22 (b) 

(d  
1 I 1 2 2  77p oJa growing dendrite showing progressive steps in tip morphology. 
/ / 1 1 *  lirrrc, itrt(,rr~~l bet wee11 (a)  and (b) was 1.2 sec; between (6) and (c) 1.2 sec ; and 

hct ~c.c,rt~ (c) and ( d )  2.1 sec (Morris and Winegard2 3). 
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'-Q Longitudinal 
T 

Fig. 4.23 Sections transuerse and longi~tdinal with respect to the heat f lo~ ,  
direction in ~tnidirectionally solidified ahtminium-4.5 % copper uNoy: (a) orthogonuf 
photomicrograph: (b) schematic drawing showing primary dendrite plates (Bower 

et a1.25). 
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CHAPTER 5 

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 
alloys are treated 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. 

5.1 EUTECTICS 

5.1.1 Binary eutectics 
I A typical binary eutectic phase diagram, that for the system lead-tin, 

is given in Fig. 5.1. Considering the alloy of eutectic composition, 

I the two component phases solidify simultaneously to give a structure 
consisting of an intimate mixture of these phases. Several different 
classifications for eutectic structures have been proposed,'-4 
but there is not general agreement. The classification due to Hunt 
and Jackson4 has distinct advantages and is based on the a-factor 
(see eqn. 3.2) characteristics of the component phases. Thus, the 
different structures are divided into three groups, (i) rough-rough, 
(ii) 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. Most rnetallic 
eutectics fall into group (i) and during growl11 there is coupling 
between the phases. In coupled growth the two phases grow imme- 
diately adjacent to each other with solute nlovement 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 results6 (Fig. 5.4). In lamellar 
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Fig. 5.1 The etrtectic sys:em lead-till. 

eutectics the interlamellar spacing, 2, is related to the growth rate, 
R, by 

a relation predicted the~retically'.~ and confirmed experimen- 
tally.9.10 This provides one means of 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 structures are less regular. 
As can be seen in Fig. 5.2(b) the faceted phase is surrounded by the 
other phase except at the tips of the growing spikes. The important 
~netallurgical systems of aluminium-silicon and iron-graphite are of 
this type, as has been shown by Day and H e l l a ~ e l l . " ~ ' ~  Figure 5.6 
\bows the aluminium-silicon system. These two systems are both 
able to be structurally modified by the addition of small quantities 
( -0.01 0/,) of sodium and cerium or magnesium respectively. 
liutectic modification is considered further in Section 5.1.3. 
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Fig. 5.2 (a) 

(c )  
Fig. 5.2 (a)  A lamellar eutectic structure in the carbon tetrabromide-hexachlor- 
ethane system. Both phases normally have rough interfaces (a  < 2). (b) An irregular 
~~r t ec t i c  structure in the succinonitrile (rough, a < 2)-borne01 (faceted, cc > 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. 

fig.  5.2 ( 0 )  Fig. 5.3 (a)  
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Fig. 5.3 (b)(i) 

(h)(ii) Fig. 5.3 (a) Lameliareutectic in the lead-tit? .~y~tr,m. (h) Rod-like eutectic in the 
aluminium-A13Ni .ystem: (i) transverse section, (ii) longitudinal section. 
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Fig. 5.4 (a) Schematic representation of the growth front of a lamellar eutectic 
growing with a curved cellular interface. Rods form at the cell boundaries (Hunt 
and Chiltons). (b) Cross section through an impure lead-cadmium alloy showing 

the eutectic colony structure (Chadwicks). 
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- - -- 
Fig. 5.5 H.v/ ) (~ei t /e~t i~  alloj~ ill / / I ( ,  coppc~r-.\ilcc,r .s.ps/on . S / ~ ~ , ~ , ; I I ~ J  c o ~ ~ / ~ r r - r i c l ~  

del~drites iiz a matt.ix of elrtectic colo17ies. 

5.6 The normal eurectic strarctarre in the ali~mi~riurn-~ilicorz system (Day and 

Hellawell l  l) .  
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Wlicre both eutectic components are faceted the growth is no 
I I I I I ~ L ' ~  coupled and the resulting structure is a random mixture of 
1111. I W O  phases (see Fig. 5.2~). This type of structure is uncommon 
I I I  lllctallic systems, but is expected for non-metallic systems where 
I I I ~ .  Y-factors of components should be large. This is not always the 
t . I \ C ,  however, since as shown by Hellawell and CO-workers13 
 organic eutectics, e.g. LiF-NaF, can grow with group (i) structures. 

A number of approximate and less appropriate theories of lamellar 
I I I  owth have been proposed (see, for instance, Tiller7 and Hunt and 
l ;~ckson~)  and these have been reviewed by Hunt.14'Satisfactory 
111.cdictions have been made of the interface shape. 

Another aspect of binary eutectic solidification which is of impor- 
I,~llce is the lamellar-rod transition, particularly in view of the 
t,onsideration given to the use of eutectics for high-strength compo- 
-b~tes.15p16 For alloys of eutectic composition the tendency is to 
I'orm rods when one phase has a low volume fraction relative to 
l 11c other, and lamellae when the phase proportions are more nearly 
1-clual. It is generally accepted that this is controlled by interphase 
cnergy considerations,' although under some conditions the normal 
wlidification variables (growth rate, temperature gradient at the 
wlid-liquid interface) can influence morphology. The preference 
I'or a given habit as determined by simple geometric considerations 
is shown in Fig. 5.7. 

The surface area associated with a fibrous system (S,)  is very 
\cnsitive to the volume proportions, rising from zero to a maximum 
~ a l u e  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 
o f  volume fraction since it is independent of lamellar thickness. If 
ihe interphase energies were the same for lamellae and rods we 
would only expect the lamellar arrangement at volume fractions 
sreater than about 0.3. However, the lamellar habit is observed to 
persist to lower volume fractions and this has been attributed to the 
cxistence of preferred interphase habit planes with lower surface 
energies. l 

Clearly, the anisotropy of surface energy in crystals limits the 
cxtent to which the simple geometric model can be used. Nevertheless, 
111 the absence of more detailed information it provides a useful 
111dication of preferred behaviour. Thus, we can see that the rod-like 
.~rrangement is not expected at volume fractions greater than about 
0.3. 

In an attempt to overcome this restriction, Mollard and 
I l c m i n g ~ , ' ~ . ~ ~  following observations by Hunt and J a ~ k s o n , ~  
\ol~dified alloys of non-eutectic composition in a controlled way so 
, I \  to retain the coupled eutectic-type growth. They were able to 
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Fig. 5.7 The relaticle s~irface areas for lamellar e~rtecric arrangements, Sir, 
compared with those offibres, So, or [:ice cersa, asjir~lctio~ls of the colrtme propor- 
tions: (a) is the vo1ume.F-action of the minor cotr.stitrte~~t ; (h) is 111e volirme fiactior~ 
of the major constit~re~zt. Eutectic allw~s huvi17~ tlrc, lamc~llar lrohit are marked X 

and those with a fibrous habit arc marked 0 (Hrll(r,~.c~NI 5 ) .  

produce eutectic structures with different volume proportions of the 
component phases, but observed that norn~ally 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 

1 i ~ .  5.8 (a) A triple lamellar ternary elttectic in the system cadmium (a)-tin 
( 11)-lead (y) .  The lamellar arrangement is aybyxy (Kerr et al. 20) .  (b) The complex 
/c>rnary eutectic Cz the aluminium-copper-magnesium system. The lamellar phases 
1r1.e al~rminium and CuA12 andthefibrolrsphase is Mg-rich (Cooksey and Hellawe112 1). 
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essential19 provid6d, of course, the transition can be effected without 
extensive colony prmation. Theories of the lamellar-rod transition 
and of the extent of the eutectic range have also been discussed by 
Hunt. l 

5.1.2 Ternary eute~tics 
Ternary eutectic stiuctures have not attracted a great deal ofattention, 
although some da$a are available. ' p 2  l Microstructures have been 
reported which hake complex lamellar or combined lamellar-rod-like 
morphologies. ~ ~ ~ m p l e s  of these are shown in Fig. 5.8. 

5.1.3 Modificatio~l of eutectics 
As described aboue, structural modification is produced in the 
systems aluminiun~-~ilic~n and iron-carbon by the addition of 
sodium and or cerium, respectively. After modification 
the structure of Fis. 5.6 appears as shown in Fig. 5.9. Two points 
should be noted: (i' the modified structure has significantly improved 

J . 
mechanical propertle~, especially toughness, and (ii) the growth 
process is affected in such a way that primary dendritic growth 
occurs in what is an alloy of eutectic composition. These 

F ; ~ .  5.9 sodium-modified aluminium-silicon eutectic alloy. 

SOLIDlFICATION OF MULTIPHASE METALS AND ALLOYS 8 1 

/,?g. 5.10 Scanning electron micrographs of aluminium-silicon alloys after heavy 
v/ching of the aluminium matrix: (a) coarse silicon structure of unmodified slow- 
t.ooled alloy (cf .  Fig. 5.6); (b) filamentary silicon in a quenched alloy (growth-rate 
~~rodified); (c) filamentary silicon in sodium-modified alloy (cf. Fig. 5.9) (Day and 
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.)re both examples of important structural modifications in the 
L levelopment of microstructure. 

The recent work of Day2' has confirmed that this modified 
,lructure is the result of a change in the mode of growth and not the 
~esult of a change in nucleation behaviour as was earlier pro- 
i > ~ ~ e d . 2 3 . 2 4  The coarse silicon structure of slow-cooled alloys is 
Jtered if rapid growth rates are used. A similar effect is produced by 
~ d d i n g  a modifier (sodium) to the slow-cooled alloy. These are 
~llustrated in Fig. 5.10. The silicon morphology is basically the same 
~n 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. 5.1 1. 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. 

S The bulk of the evidencez5 indicates that the spherulites separate 
directly from the melt without the simultaneous formation of any 
other solid. Solidification appears to pioceed by the growth of the 
spherulite surrounded by an envelope of austenite, although this 

i hypothesis has been q u e ~ t i o n e d . ~ ~  The reasons for the change in 
nraphite morphology on the addition of magnesium are far from 
clear, although it has been e ~ t a b l i s h e d ~ ~  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- 
ticsz9 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 Chadwick30 
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 % 
platinum. Furthermore, the peritectic reaction should seldom proceed 
to completion. When the primary phase has cooled to the peritectic 

' 4 s o p  - 
. . 

Fig. 5.1 1 (a) Normal as-cast grey cast iron showing flake graphite. (6)  Mor l i f id  
spheroidal graphite cast iron. 
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I temperature (1 185°C in Fig. 5.13) it should react with the liquid to 
form the second component phase. In practice it becomes quickly 

I 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.ll 

Wt. % Ft 

Fig. 5.12 The peritectic system silcer-platinum. 
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), considerable deviations from 
equilibrium result. For instance, if an alloy of nominal composition 
80 wt % tin was solidified under equilibrium conditions, the resulting 
structure would consist of approximately equal proportions of the 
primary v-Cu,Sn, phase and eutectic. When cast normally, however, 
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Fig. 5.14 As-cast copper-80 1v1 % tin. Tlie i~~termetallic pllases are c-C~r3Sn 
(dark) ill l~-Cl16Sll~ (white) i11 a lin-ricll e~ctectic mairix (hluck). 

it consists of the E-Cu,Sn phase enclosed in v-Cu6Sn, in a matrix 
of eutectic. This is shown in Fig. 5.14. 

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

5.3 MONOTECTICS 

Monotectic reactions in which a liquid phase decomposes to form a 
solid and another liquid phase (Fig. 5.1 5 )  have also received little 
attention. The experimental work of Delves32 and the theoretical 
treatment of C h a d ~ i c k ~ ~  showed that either regular rod-like 
structures o r  macroscopic phase separation should occur, depending 
o n  the various interphase surface energies. Subsequently Livingston 
and Cline,34 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. 
I t  would be valuable if these studies could be extended t o  other 
suitable systems. 

Fig. 5.15 

Fig. 5.16 
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Fig. 5.1 6 (a) Composition-ve/ocy plot sl~o~vit?g regions ooer w11ich differer7t 
microstructure types were ol~s~rved. (6) Trn~uuerse sectio~z of transition regions - 
showing composite a f ~ l  dendritic srrrtctures: copper-/&h/ phase, lend-clark 
phase. The characteristic nlig~?ment of t l ~ e  dendritic structure resrilting fiom the 

cry.rtallography of cIc17dritic gro w b  is clear (Lifii~~gston and Clilfe 3 4). 

5.4 PARTICLES AND INCLUSIONS IN MELTS 

Foreign particles which do not dissolvc 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 e ~ i t l o ~ q c ~ ~ e o u s  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 colnprehensively by Uhlmann et a/.35 
Using transparent materials, direct observations or 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 

l 
the rate of diffusion of 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 
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Fig. 5.17 Pile-ip of parricles ur a so1;d-liquid i n f e ~ u c e  at low growtl r a s  in the 
system tl~ymol-zil~c (Ulllrna~~n et al. 35). 

rates were all low ( ~ 1 0 - ~  cm s e c ' ) .  It is thus expected that 
entrapment will occur in most practical cases. Towards the end of a 
solidification process, however, as the growth rates slow down, it is 
nossible for particles to be swept together to produce quite deleterious r - - - -  

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 recognised that they 
have an important role in ingot s01idification.~~- 38  To a large extent 
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 
bccause 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. 

5.5 GASES IN MELTS 

Apart from the possibility of gases being trapped inadvertently during 
casting, considerable difficulties can result from the marked differ- 
ences in the solubility of gases in liquid and solid metals. An example 
of this is shown in Fig. 5.18. Examination of this figure indicates that 

the distribution coefficient is effectively -0-05. As shown in Section 
4.3, the corresponding build-up in concentration at the interface 
(ccllk,) could lead to supersaturations of -20 tirncs 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. 

It is r e c o g n i ~ e d ~ ~ ~ ~ ~  that the nucleation of gas bubbles should be 
difficult, but as pointed out by C a n ~ p b e l l ~ ~  shrinkage may make an 
important contribution to pore nucleation, as may the presence of 
certain inclusions. In all cases, because of the local supersaturation 

Ternperoture, OC 

Fig. 5.18 Solubility of hyrlrogrri ill aluniir~inm (datafiom Rrnislry rrrrid Nercfeld"). 

the advancing solid-liquid interface should be the preferred site. 
After nucleation the bubble can behave in a number of different 
ways:40 

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

(ii) 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. 

(c) 

Fig. 5.19 Efect of growth rate on the interaction between a bubble and the solid- 
liquid interface: (a) slow growth rates-type (ii) behaviot~r, pushing; (6) iritermediate 

1 ~ r o w t h  rates-type (iii) behaviour, formation of elongated blowholes; (c )  fast 
growth rales-type (iv) behaviour, entrapment (Chalmersdo). 

l 
The occurrence of the latter three types of behaviour is determined 

by the growth rate and they are illustrated schen~atically in Fig. 
5.19. Woodruff42 has shown a good example of the formation of an 

l 
elongated blowhole in an analogue system (Fig. 5.20). 
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(6) Fig. 5.20 Growfjz of a gas bubble at /he i~rtorfuce i ~ r  .vo/i~/ii/rhfi(p ,~ulol: (a) ncdoiion 
and incorporation into the interface; (b) Jormutbu 01 //re eiongafed blolchoh 

(Woodniff42). 
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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. M ~ N a i r ~ ~  and  Jordan et for instance, give some data 
on the effects of gas content, ingot size and solidification conditions 
on porosity. I t  is t o  be hoped that more fundamental work of this 
type will be carried out. In the meantime i t  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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(6) f ig 5.20 Growth of agas bubble at f11e i~~terface ill .o / i / ih i~~g saIo/: (a) n.qc/cotior 
and inorgorafion into the interface; (6) formurion OJ NIP rbtlgotnd b/odo/e 

( Woodr1tfl4 2 ) .  
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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. M ~ N a i r ~ ~  and Jordan et for instance, give some data 
o n  the effects of gas content, ingot size and solidification conditions 
o n  porosity. I t  is t o  be hoped that more fundamental work of this 
type will be carried out. In  the meantime i t  should be noted that  
effective empirical methods have been developed for the control of 
porosity in ingots and caslings (see Section 9.1). 
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CHAPTER 6 

The Structure of Castings 

The structure of a casting is of great importance since many materials 
properties, especially mechanical properties, depend o n  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 t o  the metallurgist o r  materials scientist 
concerned with the development of microstructure with the specific 
intention of irnpro\~jng properties. This is important if the material is 
t o  be used in the as-cast form or if it is to  be worked to  a final shape. In  
Chapter 7 we will consider segregation. 

6.1 MACROSTRUCTURE 

I n  most as-cast polycrystalline solids three distinct zones with differ- 
ent grain structures can be identified (Fig. 6. l), namely: 

(i) the chill zone-a boundary layer, adjacent t o  the mould wall, 
of small equiaxed crystals with random orientations; 

(ii) the columnar zone-a band of elongated crystals aligned 
parallel t o  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 size is small. The grain size in the equiaxed 
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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 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 
col,lmnar growth and the formation of the equiaxed zone. Under- 
staIiding of the factors responsible for the formation of the equiaxed 

F ; ~ .  j.l Transcerse seclion of an as-cast sfrucllrre shoit.inig /he cliill zone, co/~,,?~llr,r 
z o ~ ~  and eqriia.xer1 ZOIIP (Walker6). 

zo,i has significantly increased in recent years. On the other hand, if 
anis)tropic properties are required, the columnar zone will need to 
precominate. The relative proportions of the different zones can be 
confolled by altering the casting variables, e.g.  the alloy composition, 
the muring temperature, the rate of cooling, etc., and an ingot can 
varq from being fully columnar to being fully equiaxed (Fig. 6.2). 
 hi^ is considered in detail in subsequent sections. 

Tie grain boundaries form by the impingen~ent of the grouing 
grails and the effects of the boundaries derive both from crystallo- 

sources and particularly becausc of the accuniulation of 
solu~le and insoluble impurities that can occur. Thus the en'ects of 
thes; grain boundaries depend both on the change in orientation at 
the poundary and on the special properties of the boundaries them- 
selvts. SO far as fracture is concerned they can form easy paths for 
crac~ ~ropagation, especially in the presence of solute segregation.'V2 
~f t~ equiaxed zone is absent, accumulation of soluble and insoluble 
imp+rities in the regions where the columnar structures impinge 
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1 0 1  l bl ( C )  

Fig. 6.2 Possible casting structures: (a)  wholly col~rmnar except for chill zcne; 
(b) partially col~rmnar, partially equiaxed; (c )  ~t~/zolt.v eqltiaxed (Heitre et a1.3). 

i;qw . poss~bly cracKlng Section throuqh A-A1 

luuu!du Section through B-B1 

Columnar structure in various casting forms; 
note advantage of rounded corners 

Fig. 6.3 Plar~es of wealoiess caused by urlfat'ourable shape effects (Heine et al. 3). 
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can have disastrous results; for example, this is commonly the case in 
fusion welds. 

In castings, the consequences of grain impingement are particularly 
bad at sharp corners, in rectangular sections and at  perpendicular 
surface junctions, as shown 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 beneficial results particularly as far as the 
attainment of homogeneity is concerned. For instance, Antes et al.4 
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 initially 
eiplained5-7 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 substrate for heterogeneous nucleation and by the existence 
of effective nucleants in the chilled liauid layer. The existence of 
localised constitutional supercooling can also play a p'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 particles in the liquid. In extreme cases it would be 
possible for chill crystals formed initially to subsequently remelt. 

This nucleation theory has been modifieds to allow for crystal 
multiplication by the fragmentation of the initial nuclei. C,rystal 
multiplication by the remelting of dendritc arms resulting from 
growth fluctuations (produced, for instance, by convection) was 
observed by Jackson et al.9 This is shown in Fig. 6.4 and was used 
as a basis for a theory of equiaxed zone development (see Section 
6.5). BiloniL0 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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Fig. 6.4 Dendrite structure in carbon teirabrot?~ide nii/l sal01 ndhd ,  af?c,r a gran-th 
rate fluciuatiotz. The clerachmer~r by meltitrg of dendrite arms can be clear/,v seerz 

9 (Jackson et al. 9 ) .  

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. ' ' . l  Some few grains appear in the columnar zone which 

, r / do not originate in the chill zone. 1°.' The substructure in the colum- 
nar zone can show all stages of development through planar to 
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CompleteTy 

DISTANCE FROM MOLD WALL [CM51 

Fig. 6.5 Change in preJcrred orie~rtatio~~ with rli.sta~ice from the moltld wall for 
an ah~mini~im-2 % siloer alloy portred a/ tlre lic/rridu.s tempc,ratrrre: 0 is /Ire spread 

in orieittatio~~ ( Walton anc/ C11almcr:s l l ) .  

Fig. 6.7 Variatiorz of the lengtlz o f  the colrrmnar. z o ~ f e  ~vitll pourbzg temperabre 
(Clialmers7). 

0 I I I 

l 2 3 4 

DISTANCE FROM MOLO WALL ( C M )  

Fig. 6.6 Increase in grabr size witlr rlista~icc fiom tlfe nzorilrl ~vall for the alloy 
of Fig. 6.5 (Wa1to11 a~irl Clialmcrs' l ) .  

Alloy content 

Fig. 6.8 Variation of /lie length of the columnar zone with the alloy content for 
coristarft pouring temperature (Chalmers7). 
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cellular and to cellular dendritic.1° The axes of the columnar The evidence is that the columnar crystals will persist provided 

crystals are normally parallel to  the heat flow direction. There is conditions are not favourable for the formation of equiaxed crystals. 

competitive growth between the crystals growing from the chill zone Because of this, control over the columnar growth is normally 

such that those with the steepest thermal gradient parallel to the exerted by inducing the formation of equiaxed crystals. It is this 

preferred growth direction (the dendrite arm axis direction) grow control which is foremost in the control of the overall cast structure. 

0 I 
I 2 3 

DOTiNCE Fr(OU W L D  WALL IcXS) 

Fig. 6.9 Change in preferred orientatioil with distance from the moi11l wall for 
pure aluminium: 0 is the spread it1 orietitatiorz (Walton at~rl Clialmers1 l ) .  

more rapidly than their less favourably oriented neighbours. They 
expand and overwhelm their neighbours to dominate the growth 
process. This is clearly 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 alloy 
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 essentially 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  inuhili!,~ to  produce equiaxed 
crystals. In the presence of profuse nucleation in the ch~ll 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. 

6.4 THE EQUIAXED ZONE 

The crystals i n  the equiaxed zone usually 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, the formation of an extensive equiaxed ' 

U 

-+ Increasing equ~axed grain size 

Fig. 6.10 Correlation between columnar lengtlr, eqfriaxed grain size and polrri~i,? 
temperature (Chalmcrs 14). 

zone is favoured 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). I t  is important 
to recognise that there is a significant size effect influencing the 
development of the equiaxed zone.23 For instance, the relationships 
betwccn 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  system^^.'^ show quite clearly that the 
'nuclei' of the equiaxed crystals arise from a number of sources: 

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

For instance, Fig. 6.1 1 shows a sequence from the solidification of 
a NH,CI-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. 

Fig. 6.1 1 Successirje s l a p s  in the solidificatio~i of 0 1 2  NH4C/-water ingor, 
saturated at 50°C, poured at 75'C: (a) 1 rninlrte afier pouring; (h)  2 minutes after 

pouring; (c)  2) minrrres ajier porrri~ig (Jackson et al.9). 
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0.5 THEORIES OF THE DEVELOPMENT OF THE 
EQUIAXED ZONE 

I I:our major theories have been proposed, three of which are generally 
agreed to be of importance. 

(i) Winegard and Chalmersl proposed that the equiaxed zone 
I'ormed after some initial colun~nar growth when constitutional 
\upercooling 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. This theory 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 Furthermore, it was 
difficult to explain how the development of the required under- 
cooling could be delayed until extensive columnar growth had 
occurred. l 4  Finally, observations1 

' 7  ' ' of equiaxed zone formation 
in melts free from heterogeneous nucleants were not compatible with 
the requirement of nucleation ahead of the growing columnar front. 
All subsequent theories do not rely upon the need for nuclcution 
ahead of the growth front, but propose different methods for 
independently producing the nuclei of the equiaxed grains. 

(ii) Chalmers,' recognising the inadequacies of this earlier 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 nuclei 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 earlier.20 The 
columnar-to-equiaxed transition resulted from the obstruction of 
columnar growth by the network barrier of eqqiaxed dendrites. 

There is considerable evidence2 ' - 2 4  ~n ' support of this mechanism, 
~~articularly for melts cast from near the liquidus temperature. The 
experiments of make it clear, however, that some other 
lncchanisms must also be occurring. 

( i i i )  Another mechanism of significance is that in which crystal 
111111tiplication occurs9 by the melting off of the arms of growing 
colulllnar dendrites (see Fig. 6.4). During dendritic growth a solute- 
l.icl~ I;iycr builds up around the growing dendrite tip. Any side 
I ~ I . : I I I C ~ I L ' S  must grow through this layer and this leads to the formation 
0 1 '  :I I I ~ L . ~  of lower melting point material9 and this, in addition to 
I 11,. loc:~I curvature,25 will favour remelting of the neck in the presence 
0 1  I I I ( * I ' I I ~ ; L I  Il~~ctuations. These thermal fluctuations are attributed to 
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natural convection. Certainly it is well established that large tempera- 
ture fluctuations can occur during g r o ~ t h ' ~ , ~ ~  and that conditions 
that favour convection also favour the development of the equiaxed 
z ~ n e . ~ ' . ~ ~  What is more, it has been shownz that suppression 
of convection leads to suppression of equiaxed growth. More 
recently the direct  observation^^^^^^ of dendrite remelting in metals 
provide further confirmatory evidence of the part played by dendrite 
remelting in forming an equiaxed zone. 

(iv) S o ~ t h i n ' ~  (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 
as they descended. The nuclei liiay simply be considered as free surface 
dendrites which detach arid sink under their own weight or, alter- 
natively, dendrite remelting (see i i i  above) may play a contributory 
part. In either case subsequent work has confirmed ' s 3  that the 
surface does generate crystals in the equiaxed region. 

In the light 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 were worked out empirically before there was 
any agreed understanding of the mech.anisms of formation of the 
equiaxed zone. 

6.6 CONTROL OF GRAIN STRUCTURE IN CAST METALS 

For all but a few very specialised applications, e.g. magnet alloys,33 
single crystal turbine blades, 34. 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 be achieved 
by encouraging conditions favourable to the formation of the equiaxed 
nuclei. A necessary prerequisite is the eslahlishmcnt of a crystal 
network to act as an effective barrier to furlhcr coluninar growth. 
Two main approaches have been adopted, namcly, 

(a) the control of nucleation by control of thc 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. 
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6.6.1 Control of nucleation behaviour 
'The simplest approach for a given alloy is to cast from near the I 
liquidus temperature so as to promote copious heterogeneous 
~lucleation in the initially 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 
\uperheat. 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 heterogeneons nucleants. 
For this reason it is usual to make additions of inoculants prior t~ 
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 final 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.40 

Detailed information concerning specific materials can be obtained 
from the many papers on the use of inoculants, e.g. aluminium 
 alloy^,^^-^' magnesium  alloy^,^^.^^. 39 steels,40 or from recent 
 review^,^'^^^ 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 

Metal or alloy Grain refiner Comments 

Magnesium and Mg-Zr 
alloys 
Magnesium-aluminium 

Zirconium added as 
alloy or salts 
Carbon, for example as 
hexachlorethane 
Superheating 

Magnesium-aluminium- 
Inanganese 
Mg Zn 
Mg %n 
AI i ~ l l o y s  

FeC13 or Zn-Fe 
NH 3 
Ti as reducible halide 
salts or as AI-Ti 
hardener 
Ti + B as reducible 
halide salts or as 
AI-Ti-B hardener 

Zr or Zr-enriched Mg 
peritectic nuclei 
A14C 3 or AlNA1 4C 3 
nuclei 
In presence of C, 
AI4C3 and/or AI-Mn 
nuclei 
Fe-AI-Mn or 
nuclei 
Fe compound nuclei 
Nucleated by H2 (?) 
TiC nucleus or peri- 
tectic TiA13 

TiB2 nuclei, more 
resistant to melt 
history 
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TABLE 6.1-confin~ted 

Metal or alloy Grain refiler Commerz/s 

AI alloys 

AI alloys 
Cu alloys 

Bronzes 

Cu-A1 2Cu eutectic 
CU-7 %AI 
CU-9 %AI 
Low alloy steel 
Low alloy steel 

Boron as reducible AIB2 nuclei 
halide salts or AI-B 
Niobium 
Fe metal or alloy Fe-rich peritectic 

nuclei 
Transition nitrides and 
borides or FeB 
Titanii~ni Nucleates primary AI 
MO, Nb, W, V 
B i 
Titanium 
Transition clc~~icnts and 
carbides 

Silicon steel 

Low alloy steel 

Austenitic steel 

Tin alloys 
Lead alloys 
Lead alloys 
Type metal 
Monel 
AI-Si hypereutectic 

Fe-C (graphite) 
Fe-C-Si (graphite) 
Grey cast iron 

Grey cast iron 

-p--p- -. p 

" Data from Hughes.42 

TiB2 Dissolves and precipi- 
tates TiN or Tic  

Fe powder Introduction of micro- 
chilling particles 

ZaCN2, nitrided Cr and In  presence of 
ather metallic powders increased nitrogen 
Sermaniun~ or indium 
5 
je, Te 
.\S, Te 
~Cthium 
Phosphorus as Cu-P, Refines primary Si 
PNC12 or proprietary 
inoculant 
Carbon Refines eutectic, 

probably through 
nucleating graphite 

:i alloys containing Refines eutectic, may 
aluminium, alkaline nucleate through 
eirths and/or rare precipitation of 
~ r t h s  carbidcs or graphite 

-- -p-- ~ - - -  - . - ~. pp--p 

The addition of an i~oculant will only bc clrective provided it 
remains uniformly distributed through the melt and does not become 
contaminated or melt. 7he growth of the nucleus also requires that 
some supercooling existsin the liquid. This will usually be constitu- 
tional supercooling, aItEpugh at the beginning of the solidification 

. .-- I 
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(b) 

1,Ty. 6.12 (a) Normal coarse-grabled cast structuw in 18 % chromium-12 % nickel 
steel; (6) same steel as (a) refined by inoc~tlation (Hall and Jackson4o). 

process some thermal undercooling may occur. As shown in Section 
.1.4, constitutional supercooling is favoured by low temperature 
pr;~tlicnts in the liquid, high rates of growth and, for k, < 1, low 
tli\~rihution coefficients. To ensure efficient use of inoculants the 
..g ) l i t  li lication process should be controlled to achieve these conditions. 

0111: other approach to the introduction of heterogeneous 
I I I I ~ , I ~ : I I , [ S  is the use of mould In this procedure the 
I I  I ,  1 1 1 l t  l W ; L I I S  are treated with a wash containing the nucleating,agent.; 
I I I I . ,  I . I I \ I I ~ C S  that all parts of the casting have access to the nucleant. 
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Fig. 6.13 (a) A nlagrlesiirm-ziric dendritic alloj> specimai; derldrife arm spaciiig 
40 p .  (h) Magnesium-zinc wit11 zirconium  rain r.efirierne~rt. No~i-cl~~rr~lritic alloy 

specimetl; ~rai t l  size 75 ( F I ~ ~ m i ~ r ~ ~ s ~ ~ ) .  

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 r ~ t a t i o n , ~ ~ - ~ '  enhanced natural c o n v e ~ t i o n , ~ ~ , ~ ~  
magnetic and electromagnetic stirring,''- ' sonic and ultrasonic 

(see also C h a l m e r ~ ~ ~ )  and agitation with gas 

bubbles62 have all been used effectively to produce dynamic grain 
refinement. In all cases the principal mechanism for producing the 
nuclei for the equiaxed grains is dendrite remelting9 (see Section 
6.5), although dendrite mechanical deformation or fracture can occur 
to some degree. The effect of the physical disturbance is to produce 

1.7,y. 6.14 Macrostructures of aluminium4 wt % copper solidified: (a) without 
stirring; and (b) afrer stirring ( Wojciecho~vski and C/ialmerss 1). 

localised thermal fluctuations as the liquid metal flows backwards 
and forwards around the growing dendrites. It is these forced thermal 
Iluctuations that produce the conditions conducive to dendrite 
rcriielting. 

A major advantage of dynamic grain refinement is that it can (in 
onc or other of its various forms) be applied to quite complex 
c;~\li~igs provided, of course, disruption of the mould is not produced. 

I-igures 6.14 and 6.15 show examples of grain refinement by 
~iicctianical stirring and ultrasonic vibration, respectively. The 
l,i*lilling action that is achieved in each case is plainly evident. 
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Fie. 6.1 5 Macrostruc/rrre of s/ai~l/ess steel i ~ ~ g o l s ,  Iefr-cast +r.i/Ilo~lt ~rltrct~onic 
~.ibra/ion, rigl~t-cast 11,ith ul/ra.r017ic vibratiol~ (La~lr  et al."). 

6.7 MACROSTRUCTURE OF 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) the temperature gradients in the liquid are steep. The tempera- 

tures in the centre of the weld 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 as the sites which initiate columnar growth. This occurs 
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 
o b s e r ~ e d , ~ ~ ~ ~ ~  as is some free dendritic growth. Although there is 
a great deal of turbulence in the weld po01,~"nd thus conditions 
favourable for dynamic grain refinement, an equiaxed zone is not 
normally observed. As discussed in a previous section, for an equiaxed 
zone to form, dendrite fragments (formed by remelting or fracture) 
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Fig. 6.1 6 Col~tmnarsolidifica/ionpa//ernofa srrbmerged-arc weld bead(Garland73). 

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, 6 7 , 6  ultrasonic v i b r a t i ~ n ~ ~ ~ ~  and 
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nucleant i n o ~ u l a t i o n " ~ ~ ~  have all been used with some success. 
Stimulation of surface nucleation with gas jets, and arc vibration, 
have also been used effectively73 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 7.1 

TYPES OF SEGREGATION 

Microsegregatio~z 
(short range) 

Macrosegregation 
(lo~zg range) 

---P ----P 

Cellular (a) 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. I t  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. 

117 
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To a large 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 consideration will be given to the segregation patterns 
of a very characteristic type that appear in cast ingots. 

7.1.1 Cellular 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 
~ c c u r n u l u f ~ o n s  

V i e w  normal  to  Sect ion through 
~ n t e r f a c e  a ce l l  cap 

Fig. 7.1 Schematic representatiori ofsolute distributiot~ during cellrrlar 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 
in solute for k, > l .  This was illustrated in Figs. 4.7 and 4.8. Once 
the rounded cell projection is stabilised, solute will be rejected 
(k, < 1) from the sides of the projection as well as from the top. 
Since the projection rejects solute laterally, an accumulation of solute 
will occur in the cell boundaries. The most severe segregation will be 
expected at the junction points (nodes) in the hexagonal array. The 
situation is then as shown in Fig. 7.1. For k ,  > 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 10-3 cm. 
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Cellular segregation has been studied qualitatively by a number of 
workers - and the segregation behaviour described above has been 

' confirmed. Quantitative studies3* utilising combined metallography 
I 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 of the compositional variations, homogenisation can be 
carried out without difficulty. To some extent diffusion during cooling 
of the solid will reduce the degree of cellular segregation. For a cell 
size of - 5 X 10-3 cm, and assuming the solid state diffusion co- 
efficient to be - 10-s cmZ sec-', annealing times of'the order of an 

a 

hour should be sufficient to eliminate cellular segregation. 
There is no acceptable theory for quantifying cellular segregation 

and it has been pointed out2 that considerable difficulties must be 
overcome before such a theory can be proposed. Recently, a model 
has bten proposed7 for the solute distribution during solidification 
with a two-dimensional elongated cell structure (see Fig. 4.19c), 
which was found to be in good agreement with experimental data. 

7.1.2 Dendritic segregation 
The microsegregation that results from solute redistribution during 
dendritic solidification leads to cori~zg, i.e. a variation in the solute 
concentration between the centre and the outside of a dendrite arm 
(see Fig. 4.20). In extreme cases the accumulation of solute between 
the growing dendrite arms can lead to the formation of second phases 
in the interdendritic region in 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 mixing in 
the liquid. The thickening 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 casess while more complete mixing occurs in 
others.9-" 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 
au to rad i~g raphy '~ . ' ~  and with subsequent s t u d i e ~ ' ~ . ' ~  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 
there is no fundamental difference in the mode of solidification. Both I 

columnar and equiaxed dendrites exhibit essentially the same I 

microsegregation features. I 

Fract ion sol idi f ied 

Fig. 7.2 Solute distributions in asolid bar fiozen from liquid of initial concentration, 
CO, for (a) equilibrium fieczing; (h) solute mixitzg in the liquid by difusion only; 
(c) complete solute mixing in the liquid: ( d )  partial solute mixing it1 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' 6 -  l s  have been rationalised' l to 
show that it is the 'local solidification time' which has the important 
influence. The local solidification time is defined1 ' as the time at a 
given location in a casting or ingot between initiation and completion 
(or near completion) of solidification. It is inversely proportional 
to the average cooling rate at that location. Furthermore, the 
dendrite arm spacing is not simply determined by the initial growth 
behaviour, but subsequent coarsening effects, wherein small dendrite 
arms disappear and large dendrite arms grow larger, are important. l 

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 the square of the dendrite arm spacing. For coarse dendrite 

Fig. 7.3 Isocotrcentr.rrtio~~ .sitrfaces in a col~~mtzar dendrite grown in a low-alloy 
steel melt (Kartamis atid Flemings9). 

arm spacings (- 10-2 cm) in steels, heat treatment of -300 hours at 
1200°C is needed (in the absence of simultaneous working) to produce 
any appreciable reduction in dendritic microsegregation.- Simul- 
taneous working improves the position only marginally. Refining 
the dendrite arm spacing by increasing the cooling rate can therefore 
have extremely beneficial effects. 

Complete elimination of dendritic microsegregation leads to 
enhanced mechanical properties.20-22 This is particularly difficult 
if second-phase particles are formed. 2 2  For instance, Turkdogan and 
Grangez3 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. 2 4  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 parallel to the growth 
direction, surface energy requirements give rise to a grain-boundary 
groove (see Fig. 7.4 and also Fig. 3.2a), where the boundary meets 

Grain boundary 

Fig. 7.4 Schematic representatiot~ of a sectioti through a grain-bortndary groove. 

the interface. The groove is typically about lOP3 cm deep.25.26 In 
the presence of constitutional supercooling, conditions are energeti- 
cally favourable27 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 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 alloy there are solute pile-ups (k, < I )  which converge 
to produce a region of extremely high solute concentration. The 
impingement boundary receives, in effect, two terminal solute 
transients (see Fig. 7.2). This type of segregation should properly be 
considered as a form of macrosegregation. 

Growth  
d ~ r e c t l o n  

Groin 2 

Fig. 7.5 fi,r.mation of a grairl houndauy by impi)lgement (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 is the result of density differences which lead to differential 
movements withirl the liquid. In the simplest case, if liquid alloys 
are mndc up from atomic species of very different densities, e.g. 
copper (density 8.24 gm cm- 3)-lead (density 10.04 gm cm- 3, alloys, 
it is co~nmonly observed that the liquid becomes richer at the top 
in the lower density species, being correspondingly depleted at the 
bottom, and vice versa. A very goodexample of this type of behaviour 
was given by Dismukes and E k ~ t r o m , ' ~  who found that during the 
zone levelling of germanium-silicon alloys the germanium content 
was several percent greater at the bottom of a horizontal ingot than 
at the top (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 dendrites form, their density relative to that of the 
unsolidified liquid will primarily determine the way in which they 
movc. This can best be illustrated by considering the case of the 
tin-base bearing metals containing copper and antimony. During 
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the solidification of these alloys two primary intermetallic phases are 
formed, cuboids of SbSn (density less than the liquid) and needles of 
Cu,Sn, (density greater than the liquid). In isolation, the SbSn 
cuboids will float to the surface while, correspondingly, the Cu,Sn, 
needles will sink.29 Together they form an entangled network and 
remain unsegregated. This form of behaviour has been widely 
reported in bearing alloys. 3 1  

In a similar 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 a liquid of viscosity r ] ,  the sink velocity is given by 

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 
evidence3 that thermal convective stirring (see Cole and winegard3 2 ,  

can overcome significant density differences. Clearly, the existence 
of pronounced free or forced convective stirring will cause unpre- 
dictable distributions of freely floating phases. 

7.2.2 The Ludwig-Soret effect 
This is 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- 
t i ~ n . ~ ~  For example, with lead-tin, copper-tin and zinc-tin alloys 
held in a temperature gradient it was found3' 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 divergence from ideal behaviour. 

7.2.3 Normal segregation 
This type of segregation is usually associated with the movement of a 
planar or almost planar interface through the liquid and is considered 
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 < 1 are expected to conform broadly to one or other of the types 
shown in Fig. 7.2 and this has been confirmed experimentally.' 3.36 

Figure 7.6 shows normal segregation in tin-silver alloy bars 

solidified at various rates. I t  should be noted that this form 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 

1.1 - 
, Removed Furnacr I 

r I  I 

FRACTION 

Fig. 7.6 The relafioe solute concentra!ion of si /ue~ in tin plotred as a function of  
the finerion solidifierl for a rod pr-ogr-essively solidified fiom one end at fhe rates 

indicated (Weinbergl3). 

might be as shown in Fig. 7.7. The relationship between the pre- 
dicted solute distribution and the distributions of Fig. 7.2 is obvious. 

At  high solute concentrations a well-developed dendrite structure 
occurs (sec Section 4.5) and under these conditions fluid flow between 
thc ctcnclriles becomes dominant. Normal segregation is no longer 
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Centre  
line 

Concentrat ion 

Fig. 7.7 Normal se~rc,gatiotr it1 (I coliirtrur i t r~~or .volici(fic,cl ~vi th (111 rrltnosf plarltir 
itrtcrfi~cc (.vclrc.~nutic). 

7.2.4 Inverse segregation 
If we consid'er the solidification of an ingot of an alloy with /c0 l ,  
as outlined above, we would expect the last liquid to solidify to be 
solute rich. If, however, there is pronounced dendritic growth, solute 
concentrations build up between the dendrites and there is fluid 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. As a result, solute-rich liquid is fed 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 inzvrse segregation. 

The existence of a network of interdendritic channels has been 
clearly d e m ~ n s t r a t e d ~ ' - ~ ~  and thc way in which the last low melting 
point liquid to solidify (/co < 1) flows is evident by the ease with 
which tin sweat and phosphide sweut can occur. In thcse cxrreme 
cases of inverse segregation the interdendritic liquid actually bursts 
through the surface of thg-cast metal to form exudations (sec. Fig. 
7.8). It has been shown by Y o ~ d e l i s ~ ~  that this 1s niainly a result of 
loss of good thermal contact between the niould wall and the cast 
metal. 

Following the complete qualitative description of inverse segrega- 
tion by A d a r n ~ , ~ '  a number of  worker^^^-^" have presented theories 
that account quantitatively for the solute flow and show how the 

l .  7 .  Phosphide eutectic sweat appearing as rounded exudations on the surface 
of a grey-iron custitig. 
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0 Exparimcnl 

1.6 - - Theory 

(4 
Fig. 7.9 (a) Experime~lfal and theorerica1 co~~cc,trrratio~z rlistribrrtio~rs for i1z~7erse 
segregation in an aluminium-4.7 % copper allo~? (Kirkaldy and Yoridelis43). (b) 
Experimental and theoretical determi~ratio~rs of //re maximrmt irrvcrse segregatio~t 

in aluminium-zir~c irigors (Youdelis and Corto1z44). 

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 fiow of enriched 
residual liquid to the contracted regions are, 

(i) no inverse segregation occurs in alloys which expand on 
freezing, 41 and 

(ii) the amount of inverse segregation increases with tinie as 
solidification progresses, 4s and thus as the amount of contrac- 
tion-stimulated flow increases. 

7.2.5 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.46 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 thermal and 

solute transport e f f e ~ t s . ~ ~ , ~ '  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 s t r u ~ t u r e s . ~ ~ , ~ ~  This is discussed 
further in the next section. 

Fig. 7.10 A freckle line on the surface of a nickel-base superalloy castirig (Giamei 
and Kear46). 

7.2.6 Banding 
'I'his form of segregation appears as a change in composition and 
rlructure in a band parallel to  the solid-liquid i n t e r f a ~ e . ~ ~ , ' ~  The 
I>:rntl is produced by growth fluctuations which are the result of 

i I hcrmal or mechanical disturbances. For instance, in the presence of 
11. solute layer adjacent to the interface, if there is a growth rate 
Il~~c.lu;~tion then changes in the solute boundary layer give rise to 
I ~~~npositional variations in the solid (see Section 4.3.4, especially 
I 111. 4.14). At the same time changes in the interface structure can 

I llr. S L L C ~  as a coarsening of the cellular-dendritic structure. 
I I I I I I ~ ~ I I J !  is very common in fusion welds because of the periodicity 

a 8 1  I 111. I~ci~c inputs2 and is apparent as both substructural bands and 
1 1  I 1 . I { - I*  rippling. Figure 7.1 1 shows structural banding in an alumi- 

1 1 1 1 1 1 1 1  111Ioy 1-usion weld. 
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A special form of banding segregation, known as 'microbanding' The regions of positive segregation have two characteristic forms. 
because of the scale, appears in centrifugal castings53 (see Section , The outer bands are referred to as A-segregates and are arranged as 
8.9) and has been attributed to  perturbations arising from both l rope-like stringers of segregation located on the surface of cones 
pouring variations and mechanical vibrations. 1 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. 

Fig. 7.11 S~r~rctural banding in qn alumini~rm-alloy fusion weld (Garland ancl 
Davies52). 

7.3 SEGREGATION PATTERNS IN 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. 

The region of high purity material a t  the bottom of the ingot has 
been attributed to the gravity segregation of primary dendrites 
formed by dendrite remelting in the columnar zone54 or by nuclea- 
tion on inclusions, 5 9  and also to constrained convective fluid 
flow.48 Model s t ~ d i e s ~ ~ . ~ '  lend considerable support to the gravity 
segregation mechanism. 

I , l < r .  7.12 Typical segregation pattern for sulphur in a killed-steel ingot. 

I I I I~CI .  hands of V-segregates also occur which consist of fairly uniform 
*.rQj,rcg;~tc distributions on the surfaces of cones with their points 
~ l ~ ~ w ~ ~ w i ~ r d s .  These occur at  the ingot centre in the equiaxed zone. 

I'llr A-scgregates seem to be the result of channelled flow in the 
I lllt*~.~lr~ltlr.il ic regions of the columnar whereas the 

.~*r~rc-l~;~los, which appear late in the solidification process, are 
1 1 - 1 1  I I I . I I I ~ ~  ;L consequence of the general settling of crystals in the 
m I ~ ~ ~ . ~ w ~ l  ~ o r ~ c . ~ " . ~ ~  In either event, it is clear that interdendritic 

I I . - . .  11l.1vu 11 ~nosl  important part in determining the overall macro- 
1 1 ,  n # . ~ (  1011 ~);lllcl-ns in solidifying 
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Casting Processes and Procedures 

1 1 1  l l~c  preceding chapters we have been mainly concerned with 
I~~lltl;~rnental aspects of the solidification process. In this and the 
tollowing chapter some consideration will be given to the practical 
\itlc of casting. Within the present framework it is not possible to 
rlivc exhaustive details of all casting technology. Instead, the basic 
\lcps involved in making castings will be discussed and the principal 
carting processes will be described. Finally, some comparisons will 
I>c made between the different processes and an assessment of the 
dat ive 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 
;~lloys, standard reference should be consulted. 

8.1 BASIC ASPECTS AND TERMINOLOGY 

The basis of all casting processes is the feeding of molten metal 
into a cavity of the required shape in a mould, followed by cooling to 
produce a solid object. The various processes differ principally in the 
way in which the mould is formed. In some cases, e.g.  sand moulding, 
;L mould is made up for each cast and subsequently broken up to 
I.cnlove the casting. In other cases, e.g. die casting, a permanent 
~nould is used repeatedly for a succession of casts and the casting is 
rcmoved after each cast without damage to the mould. In both cases 
pl.ovision must be made for the molten metal to flow inte all parts 
0 1 '  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, 
;L prrftern of the object to be cast is needed. This can be manufactured 
I'I.OIII wood or metal or other materials; the mould is made by packing 
s;l~id around the pattern, the whole being contained in a moulding 
I>ou (or flask). Usually the mould is in two parts, an upper part 
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After solidification is complete the rough casting is removed from 
the mould, any cores are knocked out and the feeders and risers are 
cut off. Loose sand, etc. is removed and the casting is then 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 malerial. 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 have already 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 producc moulds 
with a high resistance to penetration or erosion by the molten 
metal. 

The silica content is usually greater than 90';.$, with the remainder 
comprised-of clay binders (montniorillonite or bentonitc, kaolinite 
and illite) with about 27; moisture. In some cases additions are 
used to give the sand some special propcrty. 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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(h)  

Fig. 8.3 (a)  Natrrrally occurring silica sand ( X  16). (b) Sar~d obrnirzed horn 
crushed rock ( X 200) (fiom Ref: 2, p. 36). 

8.2.2 Core sands 
Core sands are basically the same as moulding sands except that oil 
and cereal are added to give a stronger bond. Typically, a core sand 
will contain - 1 % linseed oil and -2% 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°C to produce bonding. 

8.2.3 Moulding procedures 
The simplest and oldest method of forming the mould is ramming 
l ~ y  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 cope and 
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 

on stripping frorne Push-off pin' 

on stripping frome Push-off p i n 1  

(b) 

Fig. 8.4 The essential features of: (a) a jolt-tjpe motrldit~g machine. The jolting 
action is produced by lifting the anvil and allowing it to fall back against a stop; 
(b) a 2olt-sqrreeze moulding machine. After compactiorz by jolting, pressure is 

applied to the peen blocks (f iom Ref. 1, p. 164). 
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.141tI11ccs a less uniform and less dense mould than the latter. Jolt- 
al~~chc/c machines are necessary for making large moulds and when 

I I I ) ~ I \  ~ ; L L C S  of production are required. 

'L2.J Advantages and disadvantages 
I Ilc h;isic sand casting process has many advantages. It has great 
~lcxihility as a process, is simple, economical and can be used to 
~~rotluce castings of a wide range of sizes from a few ounces up to 
..rvcral tons. There is little wastage of material since the sand can be 
I c.conditioned for reuse. 

On the other hand, sand casting cannot be employed for thin 
\cc(ions or intricate shapes, and the dimensional accuracy and 
\l~rlilce finish is usually poor. In many cases, and particularly with 
very large castings, erosion of the mould face by the molten metal 
C-;LLISCS serious difficulties. To overcome these the majority of develop- 
Inclits in sand casting have been aimed at increasing mould and core 
rigidity. 

8.3 DEVELOPMENTS IN SAND CASTING 

8.3.1 Cement-sand moulding 
' In this process4 Portland cement (approximately 10 %) is mixed 
with sand with an increased moisture content (up to about 5%). 
'rhis mixture is used to form the surfaces in 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 
'Illis 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,) The 
Imnding process is not a simple chemical reaction involving the 
I'ormation of sodium carbonate and silica gel, but is a combination 
01' three processes : 

( i )  the precipitation of silica gel; 
(ii) an alteration of the N a 2 0  to Si02 ratio in the silicate, 

producing setting; and 
( i i i )  the drying 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 gassing time and the silicate 
composition. Care must be taken to avoid over reaction, which 
leads to a deterioration in strength. 

I ,. ~~ 

1 nuDoer rmg 
I l I 1  

I Squeeze head I 
-Hollow pattern 

-Mould~ng box 

I I i I 
I I I I l l 

( ' 
Hollow 

pattern plate 

Fig. 8.5 (a)  Carbon clioxide gassirg of a mo111rl i r ~ i r r ~ ~  rr .scrrlc~rl rnl~ffk board. (b)  
Carbon dioxide gassirlg of a rnolrkd l/lr.orrg/i (I /ro//o~t, p o l l f ~ . t r  plcrle (Sarkar'). 

Several techniques have been developed for gassing and although 
it is possible to gas simple moulds after stripping, most procedures 
are aimed at gassing in-sitti 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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I . : I I ~  I)c conveyed directly to the pouring station. Figures 8.5(a) and 
( 1 1 )  sliow two of the many methods for CO, gassing. The first simply 
1.\1>oses the back of the mould to the gas and depends for its effective- 
r~vss o n  the permeation of the gas through the compacted sand. The 
~.~.co~ici uses a hollow pattern and pattern plate and thus guarantees 
t.llkctive hardening of the mould face. 

R.3.3 Self-setting sand processes 
111 ~hese processes a reactive binder and some form of catalyst are 
mixed with the sand prior to moulding. The hardening reaction takes 
1)l;lce without further treatment, the mould developing strength over 
:I period of time. One consequence of this is that the mixing and 
~iioulding processes must be carried out within a limited period before 
:irly hardening occurs. This requirement has led to the developnlent 
01' continuous mixers which can feed directly to the moulding box. 
Scveral different combinations of binder and catalyst have been 
tlcveloped, for instance, 

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

(ii) the furan-resin p r o c e ~ s , ~  in which polyn~erisation 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 is added 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 
rcsin process known as 'shell moulding'. Because of its importance 
it is properly considered in the next section. 

8.4 SHELL MOULDING 

I n  shell moulding, the moulding sand is coated with a synthetic resin 
I)inder (phenolformaldehyde, urea formaldehyde, alkyd or polyester 
w in )  and brought into contact with a heated pattern plate; the resin 
fllcn thermosets to give a strong, rigid shell, which is stripped from 
[llc plate and forms the basis for the shell mould. Two shells are 
~iormally clamped together to make the mould. The shells may be 
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made rigid enough to be self supporting or they may be supported 
by some form of backing in a mould box. 

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

Louver 

Po'rern 

( 0 1  Pollern belng ra~sed 
ro dump box 

Shell 

Excess sand - 
LOuver' 1 

( C  ) Pollern and t] 
dump box inverled; excess 
sond falls; louver returns. 

( b l  Paltern clamped 10 dump b o ~ ;  
lower retracts; sand foil< 

Dump box 
Excess 

sond 

*- 
( d )  O r ~ g ~ n a l  pos~tion; louver retains 

excess Sand; pattern ond shell lowered. 

Fig. 8.6 Steps in the production of a sheN mould using a louvre-type dump box 
(fiom Ref. l ,  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. 
This is particularly important if the shells are 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 

(h )  

1 1 1 .  H.7 Sl~ell monlding: (a) shell being stripped from the patter12 plate or2 the 
~ I I I ~ I I I ~ I I ~ I , ~ ~  r~iocliirie; (b) shells clamped together wady for casting (Weaver.9). 
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the teridency is only to use it when acceptable results cannot be 
obtained by simpler processes such 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 

(01 * O X  S P ~ U B  polrern lbl Partern orsernbhi Ic I  Po~fern ossernbly d lpped~n cerarnlc slurry 
(WO" w t l e r n ~  o ~ t o c h e d ~ o m x  spruel 

Fig. 8.8 Heat-resistitfg steel links prbd~rccvl by ca.sting in o shell ~ ? m ~ l d  (Osborn 1 
et al. 10). 

l Mald cavity 

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

l paltern assembly sruccaed n fluldlred bcd 
pp(nq(c1 and slucccmqldl o - r  repeofed untll 
qlllred wall Ih~ckners o' moc i s  proouced 

(elcornple~ed mold ofrerwaxpatlern 
has been melted out 

(rnold shown cn w r l n q  p o s l ~ o n )  

8.5 PLASTER CASTING 

Plaster casting uses gypsum (calcium sulphate) slurries to form the 

fb Gole stub(1o 

mould. The mixture is cast onto the pattern plate in a mould flask /' be removed 1 

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 IOW heat capacity 
and therefore cooling rates are slow; this facilitates feeding but slows 
down production time. The overall lengthiness of the processing 
procedures makes plaster casting an expensive process, and thus 

Nold . 
W O ~ ~ ~ , ~ ~  

( l o t 4 1  

I f  i M O I ~  otwr  p;-ring ( Q )  r n ~ ~ d  snlid,tled nor hem carllngotrer u.oxen oway 
rernovol frornsprue 

(hi One of f w r  carrlngs after 

/,:AV. 8.9 Sreps in the production of a ceramic shell it~uestment castClg ( f iom ReJ 
l ,  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 metal is then cast into the resulting hollow mould. 

Fig. 8.10 A t~pical  ceranlir s / ~ e / /  it~r.estmetrt castilig molllrl. 

The pattern is made by pouring or injecting wax into a metal mould. 
In some cases a simple pattern may be produced in one step with an 
integral gating system, while in other cases complex patterns may be 
assembled from a number of separate components prepared indivi- 
dually. In the ceramic shell process, after the wax pattern is formed 
it is dip-coated with a primary slurry coat of very fine particles to 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 

l 
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- 

fig. 8.1 1 Some itmestment-cast compotloits in martetlsitic staitiless .steel 
(Hocking' I ) .  

1 . i ~ ~ .  X. 12 Silica-tube rnc,tlioci of coreing o IVU.Y pattern ji)r itioestment casting 
(Tedds l 2). 
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\-I 

Fig. 8.13 A turbine blude produced by iuvestment casting: (a) finished blade: 
(b) cooling passage layout at root end; (c) cooling passage layo~t  at t@ end. 
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. 111 t l  ;~luminosilicate. The stuccoing process is carried out by 'raining' 
0 1 .  I>y immersion in a fluidised bed. It is common practice to use a 
I 1)1111ination of these i.e. raining for the initial coat and fluidising for 
*.~~l>secluent coats. This is illustrated in Fig. 8.9, which also shows the 
~.~il~scquent steps in the process. d 

An alternative process, the 'block mould process', requires the 
1i;itccrn to be coated with the primary investment, to be placed in a 
~noulding flask and to have the secondary investment poured around 
I I to form a monolithic mould. 

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

I:igure 8.10 shows a ceramic shell ready for casting and typical 
products produced by investment casting are shown in Fig. 8.1 1. 

It is of interest to note that modern practice frequently involves the 
usc of soluble cores to produce complex, hollow, investment-cast 
ol?iects. This was originally achieved by having complex die assem- 
lilies for forming the wax pattern or by making the wax pattern in 
parts and joining them together. Now, preformed cores, e.g. 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 is left in to be incorporated 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 silica is dissolved out (in 
liycirofluoric acid), leaving hollow passages for blade cooling. The 
cnds of a modern blade with a complex array of cooling passages 

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. Silica tubes were used to shape the cooling 
passages and it is difficult to see how such a configuration could be 
~woduced without the use of the cored investment casting process. 

8.7 PERMANENT MOULD CASTING (GRAVITY DIE 
CASTING) 

1 1 1  permanent mould casting (frequently referred to as 'gravity die 
c-;~sc ing') the parts of the mould (the cope and the drag) are made from 
I I I C I ; ~ ~ .  Where holes or recesses are required, loose metal cores are 
I I S C C I .  although in some cases it is necessary to employ sand or soluble 
coros. This is avoided if possible because the core material can get 
Iiclwccn the faces of the metal mould and hinder efficient working. 
'I'lio molten metal is poured into the mould in a conventional 



Fig. 8.14 Lamp bases cast by slush casting. The 44% high floor lamp column 
at the right is about the maximum size commercially producable by the slush 

casting process (from ReJ l ,  p. 334). 
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111;1l1ncr and allowed to fill the cavity under the influence of gravity. 
I I I C  process is particularly suitable for the high-volume production 

01'  hnlall, simple castings without complex undercuts or intricate 
i.or.ir~g. Good surface finish and high definition of detail are achieved 
\v i  l h permanent moulds. 

8.7.1 Slush casting 
I'liis is a variation on the permanent mould process wherein hollow 
ol,jccts are produced without the use of cores. This is achieved by 
pouring the molten metal into the mould, allowing it to cool for a 
~wcdetermined time (during which a solid skin is formed) and then 
irl\~crting the mould to pour out the unsolidified liquid. The thickness 
ol' the skin is determined by the casting temperature and cooling 
lime. The exterior surface finish of such a casting is good, but the 
iriner surface is rough. Slush casting is not widely employed, although 
some cheap, simple objects, e.g.  lamp bases (Fig. 8.14), are still 
~voduced by this technique. 

8.8 PRESSURE DIE CASTING 

I'rcssure die casting differs from permanent mould casting in that a 
positive pressure is maintained on the metal in the mould during 
\olidification. Metal moulds are used and the liquid metal is usually 
I'or-ced into the mould under pressure. For high pressure work (using 
Iwcssures of up to thousands of pounds per square inch) two pro- 
cc\ses are commonly used. In hot-cllamber die casting a reservoir of 
lnolten metal is maintained in a holding furnace which forms part 

I I,(,. X. 15 A pisto~z-operatedl~ot-chamber die casting machilie (goose neck machine): 
( 1 1 )  I I I O I I I ~  O ~ C I I  prior to metal injection; (b) piston operated to inject metal into the 

mould (Sharp 1 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 

Position 1 Pouring 

Position 2 Die f ~ l l ~ n g  Position 3 
and dwell Ejecting 

Fig. 8.16 Operatit~g cycle of a horizontal cold-chamber die casting machitze (fionz 
RrJ 1 ,  p. 286). 

For higher melting point alloys, e.g. aluminium-based alloys 
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 machines are available. An  exam~le of the horizontal l 
cold-chamber process is shown in Fig. 8.16. 

Whereas hot-chamber machines use pressures of 300-4000 Ib/ 
in-2, considerably higher pressures in the range 40001 5 000 Ib in-2 
are employed with cold-chamber machines. 

Recently, a /OM>-pressure die casting process using pressures of only 
a few pounds per square inch has been developed, primarily for use 
with aluminium alloys. 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 is determined firstly by 
t l~c material being cast. Hot-chamber die casting is used for the zinc 
:~lloys, cold-chamber and low-pressure die casting being employed for 
;~luminium alloys and to some extent for magnesium and copper-base 
;~lloys. The larger and heavier the object to be cast the more the low- 
pressure process is favoured. Greater production requirements and 
more intricate sectional requirements tilt the balance in 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 
fro111 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 )  
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~.otated about their longitudinal axis. Molten metal is fed into the 
~nould through a spout and flows to cover the inner surface of the 
~nould. In  the widely-used De Levaud process the pouring spout is 
traversed parallel to the axis of rotation and the thickness of the 
casting is determined by the rate of feeding. The metal mould, usually 

' L '  
\-L - - - - - - - - - - - - - - - - - - -  ------<:L_ 

Centrifugal casting machine 

! _ _  --- 119, 
X-. . 1 I 

Machine during costing 

Machine during stripping 

Fig. 8.1 8 Cenfrijiugal castitig of an iron pipe (Jiom ReJ l ,  p. 267). 

water cooled, is coated with a refractory mould dressing both to 
prolong life and to enable easy removal of the casting from the 
mould. The process is illustrated in Fig. 8.18, which shows the casting 
of a pipe. The inner surface of the pipe is unconstrained and is 

Fig 8.17 (c)  1 usually rough. However, this is not necessarily a disadvantage, 
I~rticularly if some form of protective coating is to be applied later Fig. 8.17 Typical die castings: (a) hot-chamber zinc alloy casti12gs (from ~~f 

2, P. 177): (b) cold-chamber aluminium alloy die cas/i,rgs of all automobile part, to the inner surface. 
showfl with slug and runner attached (fr-om ReJ 2 ,p .  100); (c)  /ow-pressure alumin- 111 some applications a conventional mould is used, and during or 

iflm a f l o ~  casting of a cylinder /lead (fuom ReJ 2, p. 166). ~~f i e r  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 symmetrically 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. 

A *From hopper 
,Ball feeder -, 1 

54' 
-attern Portable v~brator  . 

hopper Represents polystyrene 
5 Represents dnbonded sand 

u (s~~ ,ca  zircon etc) 

Represents molten metal 

Represents unfettlea castlng 

Fig. 8.19 Schematic diagram of the moulding alzd castitig stages in the full-mould 
process ( B ~ ~ t l e r  14). 

PJ 
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I,%. 8.20 A complex-sl~apedfi~ll-mould castitrg ~vhich would haae been extremely 
cli[fic~tlt to mo~tld by conuentional 'empty' mould methods: (a)  polystyrene pattern; 

(6)  finished gre-v cast iron casting (Butler 1 4). 
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8.10 FULL-MOULD CASTING 

The full-mould, or cavityless, casting process is a recent development, 
the basic concept of which is very simple. The pattern is made from 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. 

8.11 CONTINUOUS CASTING 

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

Fig. 8.21 Coi~tinuous castii~g ~vii11 static~izaq~ mo~rld.~: (U )  ~ e i ~ / i c r ~ I ;  (h) 110ri7oi1tal 
(Mor /o t~  l 5 ) .  

making a continuous cast strand for subsequent working. The 
majority of wrought metal begins by being cast as an ingot in a 
permanent mould; the ingot is then 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 size to that of the ingot after the initial working stages. This 
was achieved by casting the liquid metal from a tundish into a mould 

without a base and drawing the cast strand out through the mould 
aperture. For the non-ferrous metals, both stationary and moving 
inoulds have been used with the casting moving vertically or horizon- 
tally. Figure 8.21 shows the basic configurations for vertical and 

I 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. 8.22 The Hazelett process for coiztii~uous castii~g of strip: ( 1 )  machii~e; 
(2)  cross sectioi~s. 

has the advantage of eliminating friction between the casting and 
the mould. For high melting temperature metals, such as steels, 
reciprocating moulds are employed. l 5  In all cases the control of both 
the cast structure and segregation is difficult. 

8.12 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 is to be adopted in a given situation. Unequivocal evaluatiofi 

1 is not possible because of the many variables involved. The most 
economic choice of any process for the production of a particular 

1 casting will depend on the alloy being cast, the size and complexity of 

1 the casting, the quantity required, the tolerances specified and the 

I surface finish required. Not all these factors will be of equal economic 

1 
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importance, and in any particular situation it is possible that one 1 
factor will have a decisi~e influence. I 

The most important material factor influencing the choice of a 
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 alloys. On the other hand, 
those that require a permanent metal mould or die must usually be 
used with the lower melting point alloys, e.g.  aluminium-, magne- 
sium-, zinc- and copper-based alloys. This limitation is necessary to 
ensure an acceptable die life. 

Casting processes are extremely flexible with regard to size and 
weight, and castings with weights from less than a gramme to thou- 
sands of kilogrammes are in normal production. The largest castings m W 

invariably use the simple sand-casting process or one of its variants, 3 
0 
M 

e . g .  the CO,/silicate process, full-mould casting. Smaller castings are J: z 
best produced by die casting or investment casting, depending on the M 
alloy being cast. r 

0 
The ability of casting processes to reproduce complex three- z 

dimensional shapes in a simple operation is of fundamental impor- 
tance. The most complex shapes require the use of expendable 

5 
U 

patterns such as those used in investment casting or full-mould 3 z 
& 7 

casting. The high costs involved in the manufacture of metal dies, w Z  
together with the requirement that the casting can be easily removed, I -1 m 2 r 
place restrictions on the complexity of objects which can be produced 
by permanent mould processes. Nevertheless, with modern die- ~ 2 g 

m 
making techniques very complex castings are regularly produced. W 

One of the important factors is the minimum section thickness a t: 
I =! 

process can produce. This is a function of both the mould surface m 

finish and the method of introducing the molten alloy, as well as being 2 
d 
U 

dependent on the limitations involved in forming the mould cavity. 
m m 

The processes most capable of producing thin sections are those W U 

where the molten metal is forced into the mould, e.g.  pressure die 0 
& 
a 

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 heads are 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. 

CASTING PROCESSES AND PROCEDURES 
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Table 8.1 sumnlarises the process capabilities for 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. T o  
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 8.2 

AN ASSESSMENT OF T H E  LEVEL OF COSTS OF T H E  MAIN CASTING 

TECHNIQUES" 

p-- - - - - . . .. - - -. - --p- - - 

Process Erptipment c.o.vt Luhoiir COSI Fit~isl7ing 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 Lo w Low 

" Data from Alexander and Brewer" and Reynolds. 1 8  

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

T o  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,18 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 
define the 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 remedies can be found in the special publications of the 
Institute of British Foundrymen,? and the American Foundrymen's 
Society.' Far too often the remedy lies in an improvement in casting 
practice. Nevertheless, a clear understanding of casting defects is 
necessary for those involved in the practical aspects of solidification. 

9.1 BLOWHOLES 

These are round or elongated cavities, usually with sniooth 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). 

(ii) 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 Castitlgs, published by  the Institute of British Foundrymen. Their 
co-operation is gladly acknowledged. 
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Fig. 9.1 A blow~hole in the srrrface of a small gunmetal pipe conrtection carr.sc,cl /U> 
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). In other cases fumes 
are generated when the molten metal comes into contact with 
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Fig. 9.3 C~.oss .vc,c.fiotr ctf'a cast g ~ ~ t i t ~ ~ r f a l  ~.itrg riro~viti~y s~rh-.s~o:fiicr po1.cJ.s pt-otl~rced 
by  reactiotr of the mollet1 melal ,r.illr n.et sand. 

Fig. 9.2 Srirface blowholes oti (a)  a g~rt~metalflar~ge C O I I I I P ~ ~ I O I I  ( I I I ( /  ( h )  ( I  ,yr('~-il.otr 
cal~le-body castbig. 117 each case the causr was cxce.s.sicc~ tnoi\.tro.c itr tlrc, t~7o~1lclitrg 

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) As the result of chemical reactions taking place in the molten 
metal during cooling and solidification. Among the best-known 1 ~ i g .  9.4 ~ o y c  h/oido/es pwr,uceci fit a g r e y - i m  p i ~ e y  iiieel cmtiti~r I,,. pas 

eoolaed from a core. 
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Fig. 9.5 Loca/ised arec1.v of cci~~ities ill (111 itrr~c,.stmc,~rt co.\/i~r,o. T/re.se resltlt fiotn 
iticonipIe/e rcrno~~il of iirax /~itte,rtr rc~.si~/~~c~.s u~rcl c,~~ti .( i~)pe~/ air. 

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

Interactions between slags and molten metals can also 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 remedies for 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 

Fig. 9.6 Cross section of a rimmed steel itigot showping carbo~i monoxide blowholes 
(schematic). 
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1 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. I t  is usually necessary to introduce additions into the metal 

Fig. 9.7 Blowl~oles prodricerl by recictiotr herwee~r //re molten metal and elltrapped 
slag. Thcse generally have rli.scolou,vrl itrclitsiotu. sii~:faccs utrd are associated ~ivith s l a ~  

to remove the reactants before gas is evolved. 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 subsequent expulsion into the atmosphere. 
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9.2 COLD SHUTS 
I 

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 k 

i 

Fig. 9.1 1 Cold sl~rrts ~ I I  an crlloy steel casti~tg. 

films (Figs. 9.10 and 9.1 1). 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 

DEFECTS IN CASTING 175 

Fig. 9.12 A hot fear in a steel casti~ig. 

These are irregularly shaped cracks formed when the metal pulls F;LJ. 9.13 A ~ o t ~ t ~ ~ ~ t i o ~ t  crack formprl ;II art aItm~i~ri~rrn alloy (/;c casti~rg clrrri~rg 
itself apart while cooling in the mould or after removal from the l coolirr~ in the morrld after solir/ifrcario~z ~ ~ a s  complete. 
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I . l 1  11111 \pals 01. l l i ~ ? , I ~  tIicr111;~I grildie~lts contribute to these high 
III . . : . I - . . .  ~ w ~ ~ , ~ i i * ~ ~ l : ~ r l y  i l '  t l~c moulcl or core is rigid enough to restrict 

1 1  I . I I I \ I +  I I I I ) \ ~ I ~ I I I ~ * I I I  of' ~ I I C  tlilltrcnt part.s of the casting. 
'&I. \  I . I : I I  \ 1 ~ 1 f i  :Ire niaccss;lry i f '  this type of defect is to be avoided. 

1 I I I ~ . I .  1 1 1 1 -  L . I I I I . \  I I I I ~ ~  1 1 1 0 1 1 I ~ I  s l io~~ld be made more collapsible, for 
I I I . . I . I I I ~  I *  l ) \  I I I I ~ I I I . I > I ~ I . : I I I ~ I ~  01' cl~tstic~~lly soft material, e.g. cellulose, 
1 1 1 1 1 1  1 1 1 9 .  I I I I ~ I I I I I  I I I : I I ( . ~ ~ : I ~  or by minimising the compaction during 
I I I ~ ~ I I ~ ~ ~ I I I I ~  1 1 1  . I I ~ ~ ~ I I I O I I .  ;~Itcr;~tions i n  design to avoid abrupt changes 
1 1 1  . m I 1 , 1 1 1  I I I . I \  111.  III.I.I.L(\:I~Y. Hot spots can be eliminated, and thermal 
t I 1 ~ 1 1 0  1 1 1  . ~ I I I I I I I I I I . I I .  Ijy modification of the gating system or by the 
I 1  1 1 1 1  1 1 1 1 1 1 .  

1 I 1 1 1  ~ 1 1 1 ~ 1  111. I I O I C Y I  I ~ ; L I  contraction cracks often have an external 
Q ~ l ~  V I . I . ~  airnilar to a shrinkage cavity (see Section 9.6). 

j l 1 1 1 ,  tlilli.rcntiated from the latter because there is no cavity 
B 1 1  I .. .. . .., . ,, . C;L I>cncath the surface. Furthermore, contraction cracks 

:I . I I I .  I I I I I . I I I ; I ~ ~ ~  I ~c i~ t ed  in positions clearly related to the geometry of 
1 1 1 1 .  ~ . ; l \~ ing  ;~nd  to the restriction of free contraction by parts of the 

, i IIIIIIII(I.  A good example of this is shown in Fig. 9.14, where cracking 
I I ; I \  occurred in the fillet region between two parts of the 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. 

Fig. 9.14 A co~r /~ .ac / io~l  crcrck it1 1 1 1 ~  .fillc,t (!l o .stn(ill ~ ~ r ~ ~ r r n r l ~ r l  .va~rcl ccrsti~~g. 

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. I . .  ' 1  1.1 I trrb\\i~-c, /ltr.~lr or  fi11 along the parting line of a gryl-iron casri~rg. 



I 
9.4 FLASH 

SOLIDIFICATION AND CASTING 

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 

T 

. . 

I .  ? 

I I l ) .  17 A crossjoint ill a large grey-iron valve body castirl~ prodtrcc~cl 1j.v tlriv- 

mnrch of the top and bottom parts of the mould. 

defect is known as 'veining' when liquid metal penetrates into cracks 
in the mould or core. Examples of these are shown in Fig. 9.1 5 and 
9.16. 

Rigid clamping of the mould boxes and hardening of the mould and 
core faces 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 

t ,, l ' ,  111, / , , > I O I I \  111  I ~ , I  . > ~ / I C I  O ; ~ I I /  ,4,1 ci;diit~, ;I.OII cu.sli~ig. Part flf //!L, 

I l , , r  I , , . , , I I  r , r , r c  ~ , ~ I I , , I /  c i , t . r i , ~  10 .\lio,r. rlre ircitlrre of the c1~J'ect more c l r~r ! ) '  
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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 all 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 I ,  the majority of metals show a significant 
increase in volume on melting (see Table 1 .l). This change in volun~e 

Fig. 9.19 A large sl7rbrkuge cavity itr / / I ( ,  it~tc~rior of'otr rrlr~mi~ri~rt~i-h1.01r;c sntld 
c f / s / i l l~ .  

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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1 6:. 0.20 Dispersed shrinkage cavities in a section of a sand-cast tin-bronze. A 
surface hot fear can also be seen. 
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r Ilr*\e cavities are frequently widely dispersed and located below the 
1111:1cc, and thus difficult to detect. Examples are shown in Figs. 

. I  I 1 j  ; L I I C I  9.20. If the shrinkage occurs near the surface, the cavities 
t , 1 1 1  Iw ilctected because of the presence of small depressions in the 
.~~ r l ' : ~cc  of  the casting (Fig. 9.21). A similar case to this latter form is 

1.';):. 0.22 Cross section of a killed Fig. 9.23 Cross section of a killed 
rtr.i~l irr~rot .slro~r~ittg pipe decelopment steel ingot cast into a moulrl with a 
(.~r~lrc~rrrtrtic.). The piped region must be refractory hot top (schematic). Slirink- 
r.rrt ,,/l' hc:/;,rc, n'orking, ~ I I U S  gicing a age is confiled to the top of the ingot 

low rr.sc~ir1 mc,tal yield. crnd yield is irrcreased. 

1111-  I:~rlro conic:~l tlepression observed in the top of some ingots, and 
l I I O \ V I ~  its pi/)(> (1;ig. 9.22). 

I Ilr. nlr~ior c;iusc is the failure to obtain directional solidification 
I ~ ~ ~ ~ . I I ~ ( I \  (Ii~si~.ccl I I L ' ; L ~  centres such as risers or ingates. If the location 
- * I  r l ~ r . * . i *  li.c.tl points is had, then shrinkage is much more likcly. 

1111111 01'I'ccdi1lg C;LII help considerably. Thc use of higher pour- 
I I I ~ I I ~ I . I I ~ ~ I ~ ( ~ S  is ; L I S O  ~ior~ii;illy ;in ;~dvant:~gc. Ortcn propricl;~ry 
, I  111\.11lvi1lj: cxo(Iicr~ni~ hc;~ting in tlic ~noultl cavils c;~n h6 

. .  . . ' U  1 1 1  1111r11)~11 ( l i r c~~ io~ i ;~ I  solidili~;~lio~i. W ~ C I I  L ~ C S C  ;ire L I S C ~  

I . 1 1 , .  I 1 1 1 1  j~~~licious loc;~lion or rcl'r;iclory inscrls chills 10 
. I  1 1 ,  1 1  I I . I I I ~ , ~ ~ ' ~  to tlic 1iioi1I(1. sI1rink;~gc dcI'CcIs C;LII I;irp,cIy 1 1 ~  
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-?-P3 . ,%.- W,; ;. 
., 4 * &- 

Fig. 9.24 A misr-l117 in a brass g rac i t~  rfic. casti17g. 

I)EFECTS I N  CASTING 

3 .  I I I I I ~ .  Will1 ingots, the use of refractory hot-tops will increase 
! , l  l l I j 1 ,  0.23). 

1 1  ~ * \ : ~ ~ ' ~ c r ; ~ r c d  form of shut is the 'misrun' (see Figs. 9.24 and 9.25). 
1 I I I . , , I .  : I IX produced when the liquid metal fails to fill the mould 
OI I I I . I .  I > C C ; L U S ~  of jOw fluidity or if the methods of running are 

i l .  0.25 A striking example of a misrun ~vhicl~ resulted in an incompletely filled 
r ~ r o r r l t /  ( (1  'sl7ort rrin'). Both a complete ( I )  and a misrwz castir7g (2) are shown. 

1111s:lr islhctory. They are evident as smooth irregular-shaped holes, 
wiI 11 ~.ounded edges, through the casting wall. Poor venting of moulds 
: ~ i i t l  cores can have a contributory effect. Raising the pouring 
Irlnpcr;~ture and reconsidering the position, size and number of 
I I I I * : I I C S  ; ~ n d  vents will usually eliminate this defect. 

1 1 1 0 .  . . I . I . I ~ ~ I I S  preceding this summary describe the major defects that 
l 3 1 1 1  111 c;lstings. These are summarised in Table 9.1. Details of 



TABLE 9.1 

SUMMARY OF CASTING DEFECTS GIVING CAUSES AND REMEDIES 

Defect Cause Foundry ren~edy Design remedy 
p-- 

Blowholes Occlusion of gases 

Cold shuts Non-union of metal streams 

Contraction cracks Tearing of the metal under 
thermal stress 

Flash Flow into the mould join 

Oxide and dross inclusions Entrapment of foreign matter 

Shrinkage cavities Lack of sufficient feed metal 

Misruns Low metal fluidity 

(i) Increased venting 
(ii) Elimination of mater~als that 

can react to produce gas 
(~i i)  Degassing 

(i) Raise pouring temperature 
(ii) Preheat mould 
(i) Use collapsible moulds 

(ii) Control of thermal gradients 
with chills 

(i) Lower pouring temperature 
(ii) Increase mould box clamping 
(i) Increase care and cleanliness 

during pouring 
(i) Promote directional solidifica- 

tion by control of heat flow 
(ii) Raise pouring temperature 
(i) Ratse pouring temperature 

- 
Avoid feed systems 
which have high flow 
velocities m 

P 
Relocate runners and 
ingates o > Avoid abrupt changes 2 
in section o z 

0 
P m 
cl 

Relocate risers and ei 
0 

ingates 

Reconsider position, 
size and number of  
ingates and vents 



APPENDIX I 

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. AI. I), was related to thc surf:lcc encrgies of. the 
liquid-crystal interface, ?L,, the crystal-substrate interfr-tee, y,.,, and 
the liquid-substrate interface, y,,, by 

cos 0 = ~ L S  - Yes 
Y LC 

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

L i q u i d  

S u b s t r a t e  

Fig. A l . l  Spherical cap of solid formed on aplanar substrare. 
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I \  I*,  ; I  rigorous proof based on a method of virtual displacenlents. 
I 111. 1>rooI'iiepends on the assumption that the condition for stability 
I . tIi:11 rhc total surface energy should remain unchanged for a virtual 

a l~~lrl;~ccrncnt at constant volumc. 
'c~r~sidcring a spherical cap of radius r (Fig. Al.l) ,  the area of 

I I I ( .  L . ; I O  in contact with the surface is 

A ,  = zr2 sin2 a (Al. 1) 

I I I C  area of the cap in contact with the liquid is 

A ,  = 2nr2(1 - cos 0) (AI .2) 

I c ~ f ; ~ l  excess surface energy introduced into the system by the forma- 
I I ~ I I I  ol' the spherical cap equals 

A,(Y, - YLs) + A2 ' YLC 

I 01.  ;L small displacement the assun~ption above means that 

dA,(ycs - YM) + dA2 . Y L C  = 0 

I )illtrcntiating eqns. (Al.l) and (A1.2) and substituting gives, after 
..~lnplilication, 

y, - ycS - - r . sin 0 + 2(1 - cos WdrId0) (A].)) 
Y L C  r . sin 0 cos 0 + sin2 B(drld0) 

I Ilc \~olunie of a spherical cap is 

V = +7rr3(2 - 3 COS B + cos3 8)  

I I I I .  constant volume, dV = 0. Thus 

dr - r . sin 8(1 + cos 0) - - 
do (1 - cos 0)(2 + COS 0) 

,tituling this in eqn. (A1.3) leadsto 



c* = Ck, 

7 

APPENDIX 2 

The Solute Distribution in a Bar 
Solidified under Conditions of 
Complete Mixing in the Liquid 

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

c, = Co/i-o(l - ' 
where C, is the solute concentration in the bar at a point where a 
fraction x of the bar has solidified, C, is the initial solute concentra- 
tion and ko is the equilibrium distribution coefficient. This equation 
has been derived in various forms by a number of workers. ' - The 
treatment given here is that of Pfann. 

t Let X be the fraction of the original volume (assumed as unity) 
l that has solidified, w the weight of solute remaining in the liquid and 1 

Now 
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kow 
C, = - 

I - X  

I l~t.rc!li)rc 

dlr, - k 0 . d x  - - --  
w I - X  

IlllcSrating these relations from the beginning of the Process to the 
I ) ~ ) i ~ i ~  where a fraction X is solid, 

X W 

dw k o . d x  
/ - ; = / T T  

g o 

I'IVCS 

M J  = - x ) ~ '  

I 'rom this 

c, = - dW = ~ , k , ( l  - X ) ~ O - '  
dx 

.lilt\ since unit volume was assumed 

CO = W O  

'I'llus 

C, = Coko(l - x ) ~ " -  ' 

where the solute concentration is expressed in units of solutc per unit 
volume of liquid. 

If at this stage an additional fraction d s  solidi~ies, the concentration 
in this frozen layer is I 

T. W, the total amount of solute before solidification commenced. If C 
I is the solute concentration in the liquid after the fraction X has 
I solidified, by definition i 

(A2.1) 

(A2.2) 

where dw is the amount of solute entrapped. But from eqns. (A2.1) 
and (A2.2), l ' I  

i I 
190 l 

l 

i 
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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, sunlmary 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 awcl Casting, American Society 
for Metals, Cleveland (1970). 

APPENDIX 3 1.03 

1'1~itrc~iplc.s of Metal Casting, R. W .  Heine, C. R.  Lopcr, J r .  ; ~ n t l  
l'. C ' .  Rosenthal, McGraw-Hill, New York (1967). 

1'r.ogr~ss it? Cast Metals, Institution of Metallurgists, London (107 1 ). 

.lorlrnals 
17r(, British Foundryrnatz (Journal of the Institutk of British Fountlry- 
111cn). 

I ?clnsacfions of the American Foundrpen's Societ)!. 

A lo~lerrz Castings. 

Ilritish Cast Iron Research Association Journal. 

MORE FUNDAMENTAL SOURCES 

Ilooks 
l'rinciples of Solidijicatiot~, B. Chalmers, John Wiley, New York 
(1964). 

The Art and Science of Groivir~g Cr j ! s f~~ l s  (Ed. by J .  J. Gilman), 
John Wiley, New York (1963). 

Liquicls: Structure, Properties, Solirl Inferactions (Ed. by T. J. 
Hughel), Elsevier, Amsterdam (1965). 

Crq~stal Growth (Ed. by H .  S. Pieser), Pergamon, Oxford (1967). 

Journals 
Journal o f  Crj~stcrl Grolz3tlr. 

Transactions oJ.tlie Metall~ir~ic~rrl Soc.ietj! o f  A I M E  (now Metallurgical 
Transactions). 

.lournal of the Institute of Metals. 

Journal of the Iron and Steel Institute. 

Castings (Ed. by J .  D. Beadle), Macmillan, London (1971) 
192 



Author Index 

I I'age numbers are given in bold type when they refer to a list of references. 

Adams, C. M., 120, 132 Bryant, M. D., 109, 115 
Adams, D. E., 126, 128, 133 Buhr, R. K., 106,115, 119, 132 
Ahearn, P. J., 121, 132 Burton, J. A., 53, 69 
Alexander, B. H., 65, 69 Burton, W. K., 30, 38 
Alexander, J. M., 163, 164, 165 Butler, R. D., 159, 165 
Alov, A. A., 114,116 
Anderson, P. D., 4, 10 
Antes, H. W., 98, 114, 121, 132 Cabrera, N., 30, 38 
Ashcom, H. V., 110, 115 Cahn, J. W., 32, 38 

Calvo. F. A., 1 12, 116 
Campbell, J., 90, 94 

Baker, R. G., 61, 69. 112, 116 Capchenko, M. N., 113,116 
Hallay, M,.  124. 133 C'asey, K .  W., 107, 115 
Ilates, H. E., 83, 94 Ccrnuschi, F., 9, 11 
Recker, R., 15, 17, 28 Chadwick, G. A., 26,29,32,38,38, * 

Hcll, J. A.E., 65,69, 70,93 39, 47, 69, 70, 71, 75, 80, 83, 
Ilentley, K. P., 1 12, 116 86, 93, 94 
I<ergeron, M,, 1 19, 132 Chalmers, B., 20-22, 28, 29, 34, 38, 
Hernal, J. D., 8-10, 11 38, 39, 43, 45, 46, 48, 55, 58, 
Ilcver, M. B., 65, 69, 120, 132 64,65,69,88-91,94,98-103, 
Hiloni, H., 20, 29, 98, 99, 102, 103, 105, 110, I l l ,  114, 115, 116, 

105, 106, 114, 119, 122, 132 1 19, 129, 132, 133 
Hlank, J. R., 89, 94 Charles, J. A., 89, 94, 120, 133 
Ijobrov, G. V., 114, 116 Childs, W. J., 28, 29, 110, 116 
I<olling, G. F., 103, 105-107, 110, Chilton, J. P., 75, 93 

114, 115, 116, 119, 122, 132 Chipman, J., 190, 191 
Horn, M., 8, 10 Cibula, A., 26, 29, 107, 115 
Ijowers, T. F., 65, 68, 69, 98, 114, Clifford, M. J., 109, 115 

119, 120, 132 Cline, H. E., 86, 88, 94 
Itrewer, R. C., 163, 164, 165 Cole, G. S., 103, 105-107, 110, 114, 
I31.ody,H.D.,65,68,69, 119, 120, 115, 116, 119, 122, 124, 

132 132,133 
Ij~.own, D. C., 113, 116 Collins, W. T. Jr., 83, 94 
Ijrown, P. A., 120, 132 Conacher, D. M,, 143, 165 

195 



196 AUTHOR INDEX AUTHOR INDEX 197 

Cooksey, D. J. S., 77, 79, 80, 93 
Copley, S. M,, 129, 133 
Cotton, D. R., 126, 128, 133 
Cottrell, A. H., 13, 28 
Coughlin, J. C., 65, 69, 105, 114, 

120, 132 
Crossley, F. A., 1 10. 1 13, 115, 116 
Crussard, C., 1 19, 132 
Cunningham, J. W., 1 10, 1 12, 116 

Damiano, V. V., 38.39 
Darken, L. S., 13, 28 
Dash, W. C., 38, 39 
Davies, G. J., 58, 63,69,77,93, 

129, 130, 133 
Day, M. G., 71, 76, 81, 83, 93 
de Beaulieu, C., 1 19, 132 
Dellamore, G. W., 105, 114 
Delves, R. T., 86, 94 
Denyer, G. D.. 93. 94 
~evbnshire,  A: F.; 9, 10, 11 
Dismukes, J. P., 123, 132 
Doherty, P. E., 46, 69 
Doherty, R. D., 119, 132 
Domian, H. A., 119, 122, 132 
Donaghey, L. F., 119, 132 
Donald, W., 143, 165 
Doring, W., 15, 28 
Duwez, P., 20, 29 

Ekstrorn, L., 123, 132 
Elliott, R., 71, 93 
Ellwood, E. C., 124, 133 
Ernley, E. F., 107, 115, 126, 133 
Erokhin, A. A., 113, 116 
Eyring, H., 9, 11 

Frank, F. C., 30, 36, 38, 39 
Frawley, J. J., 28, 29, 110, 116 
Freedman, A. H., 1 10, 116 
Frenkel, J., 34, 38 
Fricke, W. G., 128, 133 

Gajdusek, J., 141, 165 
Garland, J. G., 113, 114, 116, 129, 

130, 133 
Gender, R., 105,114 
Giamei, A. F., 128, 129, 133 
Gifkins, R. C., 96, 114 
Gingrich, N. S., 5, 6, 10 
Girardi, D. J., 121, 132 
Glasson, E. L., 107, 115 
Cilicksman, M. E., 64, 69, 106, 
Grange, R. A., 121, 132 
Green, H. S., 8, 10 
Gurry, R. W., 13, 28 

Hall, H.  T., 26, 27,29, 107, 109, 115 
Harding, J. V., 124, 133 
Hayes, A., 190, 191 
Heine, R. W., 83, 93, 97, 114, 135, 

164 
Hellawell, A., 64, 65, 69, 71, 76-81, 

93, 99, 114 
Hendus, H., 5, 6, 10 
Henzel. F. R.. 98. 114 
Herbert, P. M., 64, 65, 69, 99, 114 
Hevmer. G.. 3. 10 
~ickl ing ,  R.', 28, 29 
Hillig, W. B., 32, 36, 38, 39 
Hirai, N., 9, l l 
Hocking, L. N., 149, 165 
Hogan, L. M., 105, 114 
Holloman, J .  H., 15, 28, 35, 39 
Holniberg, U .  T.. 107, 115 
Honeycutt, C. R., 110, 115 
Hornbcckcr, M. F., 129, 133 

Fisher, J. C., 15, 18, 28 Horton, R. F., 146, 165 
Fisher, R. D., 110, 115 Horwath, S., 65, 69, 120, 132 
Flemjngs, M. C., 65, 68, 69, 77, 93, Howson, H. O., 130, 133 

98, 105-107, 110, 114, 115, Hrubec, R .  S., 112, 116 
119-122, 129-131, 132, 133, Hughes,I.C.H., 107, 108,115 
134 Hultgren, R., 4, 10 

I Ion!, S. D., 28, 29, 32, 33, 36, 38, Livingston, J. D., 86, 88, 94 
59, 60, 64, 69, 70, 71, 73, 75, Loper, C. R., Jr., 97, 114, 135, 164 
77, 80, 93, 98, 99, 104, 105, Lundin, C. D., 112, 116 
I l l ,  114, 129-131,133 

I l u n r ,  M. D., 38, 39 
I lunter, M. J., 83, 94 McDonald, R. J., 129, 131, 133 

McIntyre, J. B., 141, 165 

.I;~ckson, K. A., 28, 29, 30-34, 
36-38, 38, 39, 43, 4 6 4 8 ,  55, 
59, 60, 64, 69, 70, 71, 73, 77, 
88, 89, 93, 94, 98, 99, 104, 
105, 111, 114, 130, 133 

.lackson, W. J., 25, 27, 29, 107, 109, 
115 

JalTrey, D., 38, 39, 47, 69 
Satczak, C. F., 121, 132 
Johnson, S. M., 129, 133 
Sohnston, W. C., 110, 115 
.lolley, G., 83, 94 
Jordan, M. F., 93, 94 
.lost, W., 124, 133 

Kattamis, T. Z., 65, 69, 105, 107, 
114, 115, 119-121, 132 

Keane, M., 129 131, 133 
Kear, B. H., 106, 115, 128, 133 
Kclley, K. K., 4, 10 
Kerr, H. W., 79, 80, 93 
Kim, C. B., 83, 93 
Kir~lura, Y., 106, 115 
King, S. V., 9, l l  

Mack, D. J., 85, 94 
McLaren, E. H., 124, 133 
McLean, D., 96,114 
McNair, P. M., 93, 94 
Majka, S., 129, 133 
Makino, N., 106, 115 
Mander, M., 35, 39 
March, N. H., 7, 10 
Marsden, T. A., 146, 165 
Matveev, Y. M., 113, 116 
Mehrabian, R., 129-131, 133, 134 
Melford, D. A., 119, 132 
Metcalfe, A. G., 110, 115 
Michael, A. B., 65, 69, 120, 132 
Miller, W. A., 32, 38 
Milncr, D. R., 112, 116 
Mollard, F. R., 77, 93 
Mondolfo, L. F., 24, 29, 65, 69, 83, 

94, 120, 132 
Moorc, A., 71, 93, 109, 115 
Morando, R., 103, 105, 106,114 
Morris. L. R., 65, 67, 69 
Morrogli, H. G., 83, 94 
Morton, J. S., 160, 161, 165 
Movchan, B. A., 114, 116 
Mullins. W. W., 63, 65, 69 

~ i r k a l d ~ ,  J. S., 126, 133 Munson, D., 77,93 
Kirkwood, J. G., 8, 10 
Klenients. W., Jr., 20, 29 
Kohn, A.; 119, 131, 132,133 
Kondic, V., 70, 93, 110, 115 Nereo, G. E., 131, 134 

Kotler, G. R., 110, 115 
Neufeld, H., 90, 94 

Kramer, J. J., 119, 132 Nicholas, K. E. L., 126,133,143,165 

Kushnirenko, B. N., 1 14, 116 Nutting, J., 61, 69 

I<ane, D. H., 110, 112, 116 O'Hara, S., 1 10, 115 
I ,angenberg, F. C., 110, 115 Ohno, A., 104,114, 130, 133 
1.cnnard-Jones, J. E., 9, 10, 11 Oriani, R. A., 21, 29 
I,cwis, J. E., 83, 93 Orr, R. L., 4, 10 
I.ipson, S., 98, 114, 121, 132 Osborn, J. H., 146, 165 



198 AUTHOR INDEX 

Pell-Wallpole, W. T., 124, 133 
Pestel, G., 110, 115 
Petrzela, L., 141, 165 
Pfann, W. G., 52, 55, 69, 190, 191 
Philibert, J., 119, 132 
Pickering, F. B., 89, 94 
Piearcey, B. J., 106, 115 
Pings, C. J., 6, 10 
Plumb, R. C., 83, 93 
Plumtree, A., 79, 80, 93 
Prirnm, R. C., 53, 69 
Prins, J. A., 6, 10 
Pryde, J. A., 7, 10 

Quigley, F. C., 121, 132 

Ransley, C. E., 90, 94 
Read, W. T., 36, 39 
Ree, T., 9, l 1 
Reynolds, J. A., 26, 29, 109, 115, 

163, 164, 165 
Rhines, F. N., 65, 69 
Richards, P. S., 110, 115 
Rosenhain, W., 106, 115 
Rosenthal, H., 98, 114, 121, 132 
Rosenthal, P. C., 97, 114, 135, 164 
Rostoker, W., 110, 115 
Roth, W., 110, 115 
Roveros, H. G., 37, 39 
Rowland, E. S., 121, 132 
Rudy, J. F., 113, 116 
Rumball, W. M,,  70, 93 
Rutter, J. W., 20, 29, 43,48, 55, 58, 

60, 65, 69, 105, 114, l 19, 132 

Salmon-Cox, P. H., 89,94, 130,133 
Sarkar, A. D., 141, 142, 165 
Sartell, J. A., 85, 94 
Savage, J. R., 38, 39, 46, 69 
Savage, W. F., 1 12, 116 
Schaeffer, R. J., 106, 115 
Scheil, E., 126, 133 
Scheuer, E., 190, 191 
Schildknecht, H., 55, 69 

Schippers, M., 110, 115 
Schneider, A., 3, 10 
Schwartzbert, H., 113, 116 
Scott, G. D., 9, 11 
Sears, G. W., 32, 38 
Sekherka, R. F., 63, 65, 69 
Seward, T. P., 111, 98, 99, 104, 105, 

110, I l l ,  114,116, 130, 133 
Sharp, H. J., 153,165 
Short, A., 163, 165 
Silin, L. L,, 113, 116 
Slichter, W. P., 53, 69 
Smashey, R..W., 106, 115 
Smith, C. S., 126, 133 
Smith, R. W., 38, 39, 105, 114 
Smithells, C. J., 3, 10 
Southin, R. T., 99, 102, 105, 106, 

110. I l l ,  114, 115, 116 
Spittlc, J. A., 38, 39, 105, 114 
Stewart, M .  T., 129, 133 
Stuhr, D., 28, 29 
Sundquist, B. E., 21, 24, 29 
Swalin, R. A., 37, 39 

Tarshis, L. A., 20, 29, 105, 114 
Taylor, D. A., 141, 165 
Tedds, D. F. B., 149, 165 
Teghtsoonian, E., 46, 69 
Thall, B. M., 129, 133 
Thomas, R., 129,133 
Thresh, H., 119, 132 
Tiller, W. A., 43, 48, 55, 58, 60, 65, 

69, 71, 77, 93, 110, 112, 115, 
116, 119, 122, 132 

Tint, D. S., 38, 39 
Tottle, C. R., 26, 29, 109, 115 
Turkdogan, E. T., 121, 132 
Turnbull, D., 9, 11, IS, 18, 19, 22, 

24, 26, 28, 29, 35, 36, 39 
Turner, A. N., 93,94 

Uhlmann, D. R., 32, 36, 38, 64, 69, 
83, 88, 89, 94, 98, 99, 104, 
105, 110, I l l ,  114, 116, 130, 
133 

AUTHOR INDEX 199 

VSI. Snyder, F. L., 106, 115 
Vcrnia, A. R., 37, 39 
Vineyard, G. H., 5, 6, 7, 10 
\/old, C. L., 64, 69 
Volnier, M., 15, 22, 28,29, 35, 39 
Vonnegut, B., 24, 26, 28,29 

Wagner, R. S., 32, 38 
Wald, Walker, F., J. 83, L., 94 20,28,29,96,98,105, 

114 
Wallace, J. F., 110, 116 
Walton, A. G., 21, 29 
Walton, D., 99, 100, 102, 114 
Watson, J. H., 124, 133 
Wauchope, K., 129, 133 
Weaver, T. H., 143, 145, 165 
Weber, A., 15, 28 

Weinberg, F., 45, 64, 65, 69, 106, 
115, 119, 124, 125, 132,133 

Weinstein, M., 83, 94 
Wilkinson, M. P., 77, 93 
Willens, R. H., 20, 21, 29 
Williams, W. M., 126, 133 
Wilson. H. A., 34, 38 
winegird, W.C., 65, 67,69,70,79, 

80, 93, 105, 106, 114, 115, 
124, 129,133 

Wojciechowski, S., 110, 11 1, 115 
Woodruff, D. P., 91, 92, 94 
Woods, R. A.. 112, 116 

Youdelis, W. V., 126, 128, 133 
Young, F. W., 38, 39, 46,69 

Zernicke, F., 6, 10 



Subject Index 

Amorphous structures, 20 Casting-contd. 
A-segregates, 131 processes-con td. 

moulding procedures, 139 
moulding sands, 138 

Banding, 129 permanent mould casting, 15 1 
Rearing metals, 124 plaster casting, 146 
Big-bang mechanism, 105 pressure dic casting, 153 
Blowholes, 91, 166 proccss capabilitics, 163 

causes, 166 sand casting, 138 
remedies, 170 sclf-sctting sand proccsscs, 143 

shcll moulding, 143 
slusli casting, 153 

Carbon dioxidc/sodiuni silic;~tc tcrniinology, 135 
process, 141 <'i~viI;rtion, 28 

Casting <'cl1 thcory. 9 
boat, 42 Ccllul;rr-dcndritic intcrfacc, 60 
defects; see Defccts <'clluli~r intcrfacc, 59 
processes, 135 et seq. ('cllular scgrcgation, 118 

carbon dioxide/sodium silicatc Ccmcnt-sand moulding, 141 
process, 141 ('cntrifugal casting, 155 

cement-sand moulding, 141 Ccraniic shcll proccss, 147 
centrifugal casting, 155 Chill zone, 95, 98 
continuous casting, 160 Chills, 138 
core sands, 139 Cold shuts, 174 
costs, 164 Columnar zone, 95, 99 
die casting, 151, 153 Coniposites, 77 
evaluation of different Condensation theory of liqi~ids, X 

processes, 161 Constitutional supercool in^. 5 5 ,  
full mould casting, 160 105 
gating system, 137 Contact angle, 22, 188 
gravity die casting, 151 Continuous casting, I60 
invcstnlcnt casting, 147 Contraction cracks, 174 
low-pressure die casting, 154 Control of grain structure, I00 
moulding machines, 140 Cooling curvc, 46 

20 1 



202 SUBJECT INDEX SUBJECT INDEX 203 

Coordination number 
liquids, 6, 7 
solids, 7 

Cope, 135 
Core sands, 139 
Cores, 135, 151 
Coring, 62, 63, 11 9 
Cost of casting processes, 164 
Critical nucleus, 16, 22 
Critical radius, 16, 23 
Crossjoint, 178 
Crystal growth; see Growth 
Crystallography of dendl-itcs, 65 

Defects in casting, 166 et srq. 
blowholes, 166 
cold shuts, 174 
contraction cracks, 174 
crossjoint, 178 
flash, 178 
hot tears, 174 
misruns, 185 
oxide and dross inclusions, 178 
shrinkage cavities, 180 
summary, 186 

Degassing, 17 1 
De Levaud process, 157 
Dendrite remelting, 98, 105 
Dendrites 

arm spacing, 65 
cellular, 58, 65 
crystallography of, 65 

Dendritic growth, 45 
Dendritic interface, 45 
Dendritic segregation, 1 19 
Die casting 

applications, 155 
cold chamber process, 154 
costs, 164 
gravity, 151 
hot chamber process, 153 
low-pressure, 154 
pressure, 153 
process capabilities, 163 

Diffusivity, 41 
Disc nuclei, 35 
Dislocation density, 38 

Dislocation-free crystals, 38 
Dislocations, 38, 46 
Distribution coefficient, 41, 43 
Divorced eutectics, 83 
Drag, 135 
Dynamic grain refinement, 1 10 
Dynamic nucleation, 28 

Effective distribution coefficient, 
43, 51, 54 

Embryos, 16 
Entropy of melting, 4, 15 
Equiaxed zone, 95, 103 

theories of the development of, 
105 

Eurcctic colonies, 75 
Eutcctic solidification 

binary, 70 
composites, 77 
divorced, 83 
lamellar-rod transition, 77 
pseudo-binary, 83 
ternary, 80 

Evaluation of casting processes, 
161 

Faceted interface, 30, 32 
Fettling, 138 
Flash, 178 
Freckle, 128 
Free energy, 12 

change, 13, 15 
surface, 15 
variation with composition, 14 
variation with temperature, 13 
volume, 14 

Full mould casting, I60 
Furan-resin process, 143 

Gascs in ~nclts, 90 
Gating system, 137 
Geometrical theory of liquids, 9 
Grain 

boundaries, 96 
boundary segregation, 96, 122 

Gravity 
die casting, 151 
segregation, 123 

Growth, 30 et seq. 
cellular, 58, 59 
defects, 37 
dendritic, 45, 60, 64 
imperfections, on, 36 
interface structure, 30 
normal, 34 
rate, 34, 36, 40 

different processes, for, 40 
effect of changes of, 54 

spiral, 37 
surface nucleation, by, 35 
undercooling for, 34 

Heterogeneous nucleation, 22, 188 
alloys, in, 24 
critical radius, 23 
nucleating agents, 25 
preferred sites for, 25 
rate of, 24 
theory, 22 
work of, 23 

Hole theory, 9 
Homogeneous nuclcation, 15 

alloys, in, 19 
critical radius, 17 
energetics, 15 
experimental data, 19 
rate of, 17 
work of, 17 

Homogenisation, 63, 1 19, 121 
Hot tears, 174 

elimination of. 177 

l nclusions 
melts, in, 88 
oxide and dross, 178 

Ingot segregation patterns, 130 
Inoculants, 26, 106, 107 
Interdendritic channels, 126 
l nterface 

cellular, 58, 59 
cellular-dcndritic, 58, 60 

Interface-contd. 
dendritic, 45, 60, 64 
energetics of, 30, 3 1 
faceted, 30, 32 
forms in pure metals, 43 
instabilities, 43, 44 
rough, 30, 32 
structure of, 30 

Inverse segregation, 126 
Investment casting, 147 

coring, 151 
costs, 164 
process capabilities, 163 

Kinetic theory of gases, 1 
Kinetic undercooling, 43 

Lamellar eutectics, 70 
Lamellar-rod transition, 77 
Latent hcat of 

niclling, 4, 14 
vaporisation, 4 

Latticc theory of liquids, 8 
I,incagc slruclure, 38, 46 
Liquid mctals, 1 et seq. 

coordination number, 6, 7 
dilrraction studies of, 5 
cxpcri~ilental considerations, 2 
~.adial distribution function, 6 
Illcorics of liquid structure, 7 
transport properties, 7 

Liquid solid interface; see 
l nrcrface 

I.iqi~id structure 
diffraction studies of, 5 
theories of, 7 

1-iq~~idus line, slope of, 43 
Local solidification time, 120 
Lost-wax process, 147 
Ludwig-Soret effect, 124 

Macrosegregation, 63, 1 17, 123 
Microsegregation, 63, 117, 1 18 
Misruns, 185 



204 SUBJECT INDEX 

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 
monotcctics, 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 
Pattern, 135 
Peritectic solidification, 83 

Permanent mould casting, 15 1 
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 
Pull< 174 

Radial distribution function, 6, 10 
Katc of 

growth, 34, 36. 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, 
3 7 

Segr-cgation, 1 17 1.1 .\cc/. 
coring, 119 
lioniogcriication OS, 1 19, 121 
ingots, in, 130 
macrosegregat ion 

banding, 129 
freckle, 128 
gravity, 123 
inverse, 126 

SUBJECT INDEX 

Segregation-contd. Surface 
macrosegregation-cot1 td. free energy, 15 

Ludwig-Soret, 124 nucleation, 35 
normal, 124 

microsegregat ion 
cellular, 1 18 
dendritic, 1 19 
grain-boundary, 122 

types of, 1 17 
welds, in, 129 

Self-setting sand processes, 143 
I 

Semi-centrifugal casting, 158 
I Shell moulding, 143 

l 
costs, 164 
process capabilities, 163 

I Shrinkage 
cavities, 180 I elimination of, 183 
cracks; see Hot tears 

Significant structures theory, 9 
Slush casting, 153 
Solid-liquid interface; sec. Intcrfacc 
Solute 

pile-up, 49, 50 
effect of growth paranictcrs, 

50 
redistribution in alloys, 47 (11  

seq. 
complete mixing, by, 52, 100 
diffusion, by, 48 
partial mixing, by, 53 
structural effects, 58 

Sprue, 137 
Stokes equation, 124 
Structure 

castings, of, 95 et seq. 
chill zone, 95, 98 
columnar zone, 95, 99 
control of structure, 106 
equiaxed zone, 95, 103, 105 

fusion welds, of, 1 12 

Temperaturc gr;~tlic-l~~. ,111 

Terniinology ol' c : I \ ~ I I I ~ ~ .  I 1 ' .  

Ternary eutcclic.;. X 0  
Theories of liquitl 411 111 1 1 1 1 0  

condensatiori t 111.111 1 1 . .  . .  I: 
geornetric;ll 111(.111 11-.. ' 1  

lattice thcoric\. X 
Therniosolutirl vII'1.i.I. .. 1 ' * I  

Tin sweat, I20 

Undcrcoolin~ 
constiIution:~l. 5 5  
kinctic. 4 2  

Wsltls 
banding in, I29 
structi~rc of, I I ? .  

Work of nuclcation, 17, 23 

Zone relining, 55 



Acknowledgements 

I would like to express my thanks to the following for granting 
permission for the use of figures and tables from copyrighted 
publications: 

American Institute of Physics 
American Society for Metals 
Butterworths Scientific Publications 
The Institute of British Foundrymen 
The Institute of Metals 
The Institution of Metallurgists 
The Iron and Steel Institute 
John Wiley and Sons Inc. 
McGraw-Hill Publishing Company 
The Macmillan Press Limited 
North Holland Publishing Company 
Pergamon Press 
The Royal Society 

I'articular sources are acknowledged in the captions to figures and 
tables. 



2 SOLIDIFICATION AND CASTING 

volume of the component atoms or molecules and a / V 2  is a term 
which allows 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 difficulties until 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 overall 
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. 

The study of liquids encountercd difficulty because it was essentially 
a true many-body problem. Interactions bctwccn 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 approaches to the study of liquids came from 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 as far as possible. 

1.1 EXPERIMENTAL CONSIDERATIONS 

LIQUID METALS 3 

TABLE l . l  

THE CHANGE IN VOLUME ON MELTING OF SOME COMMON METALS" 
-p---p 

-- 

Change in 
Metal Crystal structure Meltirzg point uolL,me Otz 

( "C)  melting ( %) 
P------ -- -----p- 

Aluminium f.c.c. 660 + 6.0 1 G O I ~  f.c.c. 1063 '+ 5.1 
Zinc h.c.p. 420 +4.2 L 

Copper f.c.c. 1 083 +4.15 
Magnesium h.c.p. 650 $4.1 
Cadmium h.c.p. 321 + 4.0 - Iron b.c.c.1f.c.c. 1 537 + 3.0 
Tin tetr. 232 + 2.3 
Antimony rhombohedral 63 1 - 0.95 
Gallium f.c. orthorhombic 30 - 3.2 
Bisn~uth rhombohedral 27 1 - 3.35 
Germanium dia. cubic 937 - 5.0 
---p-- 

a Data from Schneider and Heymer.1 

I.A'll N I  Ill:A'lS 0 1 :  MIi1,'I'INCi AND VAPORISATION OF SOME 

1.1.1 The change in volume on melting 
Table 1 . l  lists a number of comrnon mctals togcthcr with their crystal 
structure, melting point and change in volumc on mclting. It can be 
seen that in most cases thcre is : L I ~  expansion ol' from 3 to 5 7: except 
for a small number of metals with ralhcr open structures i n  which 
there is a small contraction on mclting. j I 

.t The atomic position can be simply considcrcd as ~ h c  mcan position of the I 
atomic centre. In practice this is only true on avcrage sincc thc atom is normally 
undergoing thermal vibrations. For a rigorous treatment i t  may be neccssary to ; !  
'stop' the atoms by assuming the solid is at 0°K. I 

Latent 
Meltitrg lieat Boilitzg Latent heat * Lb Crystctl Poitzt 

.strl,ctrirc 
of point of vaporisa- - 

( 'C) melting ( "C)  tion (Lb) Lm 

Aluminium f.c.c. 660 
Gold f.c.c. 1 063 
Copper f.c.c. 1 083 
Iron f.c.c.1b.c.c. 1 536 
Zinc h.c.p. 420 
Cadmiuni h.c.p. 321 
Magnesium h.c.p. 650 

a Data from Smithells.2 
h Latent heats in kcal mol-1. 



NUCLEATION 13 

CHAPTER 2 

Nucleation 

Nucleation may be defined as the forrnation 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 positiorl of stable or metastable 
equilibrium to another in response to a driving force. The existence 
of a driving force, 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 place is determined 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. 

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 - T S  (2.1) 

where H is the enthalpy, T the absolute tcmpcrature and S the 
entropy. For most metallurgical systems, pressurc can be considered 
to be constant, so that 

Thus the free energy decreases with increasing temperature. 
12 

The variation of the free energies of the different 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 - T A S  

At equilibrium between two phases, 
AG = 0 

and this defines the equilibrium melting point, Tn,, and boiling point, 
T,,. At other temperatures, the equilibrium phase is that which has 

Tempera tu re  
Fig. 2.1 The variation in free energy of metallic phases witlz temperature 

(schematic). 

the minimum free energy; AG, the difference between the free energies, 
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 curves for 
t hc component phases move relatively as the temperature changes. 
[:or a particular composition the equilibrium phase or phases at a 
givcn temperature are those which give the minimum overall free 
cncrgy at that temperature.? The difference between the free energies 

.t A r~r l l  tlcscription of the free-energy composition diagram and its relation to 
111c ccl~rilihriuni phase diagram can be found in the books by Cottrelll and 
1)ilrkcn i~ntl Ciurry.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 rests in a state of metastable equilibrium. 

Composition Composition 

( C )  ( d )  

Fig. 2.2 Free-energy composition diagrams for different binary alloys: (a) liquid; 
(b)  solid; (c)  solid with a miscibility gap; and ( d )  an inrermetallic compoutid. 

For the transformation from liquid to solid the volume free energy 
l chance AG, is 

AG, = G,, - G, 

where G, and G, are the free energies of the liquid and solid respec- 
tively. From eqn. (2.1) 

AG, = (HL - H,) - T(S,, - Ss) 

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

HL - Hs = L,, 

whcrc I,,,, i s  thc latent heat of melting. At the equilibrium melting 
~?oint, sincc A(; is zero, the entropy of melting is given by 

AG, = L,, 1 - - 3 
I n  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. 

2.2 HOMOGENEOUS NUCLEATION 

2.2.1 Energetics of nucleation 
The classical theory of nucleation was developed by Volmer and 
~ e b e r , ~  and Becker and Doring4 for the condensation of a pure 
vapour to form a liquid. The subsequent 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 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 the free 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 
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 be in a 
high energy state and are the origin of the surface free energy of the 
embryo. 

7 One of the inherent difficulties of nucleation theory is associated with the use of 
macroscopic thermodynamic properties, e.g. volume free energy and surface 
cncrgy, in n~icroscopic situations. This is unavoidable but does not normally 
in[l.otlucc serious numerical error. 
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in the liquid will play an important part.? There is a t  present no 
theoretical treatment for this problem. However, experimental 
 observation^'^ 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 106 
"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 ~~ucleation 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 ( c l )  

'r There is some evidence that in special cases the c,ar.lic,.tt stages of nucleation 
and growth take place without solute redistribution.3s 

NUCLEATION 

Fig. 2.6 The electron microstrliclto.e of splat-cooledtel/~rrium-15 at. 90germatii1tm 
it1 (a) the amorphous state arid (b) after heating. The growth o f  dendrites call be 

seen clearly in the latter micrograph ( Willens 1 3 ) .  

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. 

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 
Chalmers14 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. 

l 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 Sundquistl G 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,, 

l I he diffusion term, and on the liquid-crystal interfacial energy, y,,. 
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shape together with segregation effects occurring during caaang 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 C h a d ~ i c k . ' ~  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 A L U M IN I U M  FROM ITS  MELT^ 

VC 
Ti C 
TiB2 
AlB2 
ZrC 
NbC 
w2c 
c r  3c 2 
Mn 3C 
Fe 3C 

6 for close-packed 
Crystal strr~ctrire plar~es 
.p-- - - - 

Cubic 
Cubic 
Hexagonal 
Hexagonal 
Cubic 
Cubic 
Hexagonal 
Complex 
Complex 
Complex 

Nucleating effect 

Strong 
Strong 
Strong 
Strong 
Strong 
Strong 
Strong 
Weak or nil 
Weak or nil 
Weak or nil 

" Data from Chadwick.24 

easy nucleation, low contact angles are required and e ~ i d e n c e ' ~ . ' ~  
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 
i j = -  

a 

where a is lattice parameter of the crystal being nucleated and Aa is 
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 C i b ~ l a , ~ ~  Reynolds and T ~ t t l e * ~  and 
Hall and JacksonZ7 (see Fig. 2.10) are good examples of the practical 
development of effective inoculation procedures. 

NUCLEATION 2 7 

Fix. 2.10 (a) Normal coarse-grained sfructuw it2 18 "/;; chror?rhtm-l2 rriclcc~l 
sfeel. (h)  Sarne steel as (a) refined by irroculafion (Hall arrtl .Iucksorr27). 
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2.4 DYNAMIC NUCLEATION 

So far we have considered nucleation in a n  essentially static situation. 
Only temperature and the potency of nucleating substrates have been 
considered as having any effect. I 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. I t  is a n  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,28 StuhrZ9 and Frawley and Childs" have all 
shown how mechanical vibrations can cause nucleation to occur a t  
lower supercoolings than normally required. It was proposed by 
Chalmers3 that cavitation followed by internal evaporation was 
responsible. This was disproved, however, by H i ~ k l i n g . ~ '  The most 
feasible hypothesis is that of V ~ n n e g u t , ~ ~  who argued that the 
positive pressure wave generated by the collapse of a n  internal 
cavity in the liquid could be large enough to raise the melting point 
for metals which contract on freezing by a n  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 calculation30 and 
experiment. 
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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 a 5 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 2 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 cr = 2-5 for different faces. 

1 In these materials the behaviour is more complex and often a mixed 
growth form  result^.^,^ I t  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 C h a d w i ~ k . ~  

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 Hunt6 and 
Jackson et which transparent organic crystals, chosen with 
a range of cc-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 Cahn7 (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 a t  large driving 
forces the growth would be normal with the interface diffuse. This 
theory was examined in detail by Jackson er al.,4 who compared the 
predictions with experimental data for a considerable range of 
materials. The examination showed that the evidence did not support 
the predictions. 

Jackson9 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 

GROWTH 33 



34 SOLIDIFICATION AND CASTING 

predicted interface structures which correlated well with the previous 
predictions' based on the cc-factor (eqn. 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. 
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 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 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. 

3.2.1 Normal growth 
In normal growth1 

l 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 W i l ~ o n ~ ~  
and Frenkel13 and it predicts that the mean growth rate, R, is 
proportional to the undercooling, i.e. 

where p ,  is a constant. 
For normal growth the growth rates can be quite high and the 

requirement of site equivalence implies the need for a rough interface. 
This is 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 a t  the growth rates encountered in 
practice (-10-' cm sec-', see Table 4.1) the undercoolings are 
immeasurably small. This makes experimental verification of the 

GROWTH 3 5 

. I I . I I  ~ * r o w t l i  theory difficult. The rate controlling mechanism is 
8 ~ l l v  l l~c  lxtc of removal of latent heat. Since the materials with 
I I * I I  i~\lcrl'aces also tend to habe low latent heats of melting, the 

, . I ,  1 ~~rowlli  rates are comparatively easily sustained. 

I ' ? (;rowth by surface nucleation 
. * I  . ~llcory ' (see also Hollomon and Turnbull' 5,  assumes that tllc 

I : I I  i ~ ~ ~ c r f i ~ c e  is smooth (faceted) and that growth proceeds by the 
~ ~ ~ t ~ l * c ~ i c o u s  nucleation of new layers in the form of disc nuclci 

t 11 ,:row I~~lerally until a complete layer is formed. This is shown 
! 

S u r f a c e  nuclei 

( b )  
t I .\'i.lr~t,irrtic view of the formation of disc-shaped r~uclei on a cry3.vtcrl 
, ( ( 1 )  r>ic,~v parallel to the surface; and (b) view normal to the s~rrfucc,. 
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Fig. 4.2 (a) A casri~tg boat used for controlled dir-ecrio17al .soli~Iificurion (schematic). 
The metal is shown aspartially solidified. (6)  Schematic view of the cross section of 
a partially solidified ingot showing how the castbtg boat catr he considered as a 

section of the ingot. 
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If the effect of the solute is to lower the liquidus temperature, then 
k ,  < 1 and vice versa. " 

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

instantaneous composition of solid formed 
k, = 

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 nz. In their 
classical paper on solute redistribution, Tiller et al.' defined the 
liquidus slope shown in Fig. I(a) as positive m and that shown in 
Fig. l(b) as r~egative 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 solidijcatiorz of metals and alloys 
under controlled conditions in casting 'boats' of graphite or a 
similar material. The solidification process in the boat was essentially 
treated as if it were a section 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. 

4.2 PURE METALS 

4.2.1 Interface forms 
The growth of puremetals in a region ofpositive temperature 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 -0.0I0K. 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 rcmelt to restore the isothermal interface. The sequence of 
events is illustrated schematically in Fig. 4.3. 



/.?g. 4.1 0 Co~~eentration-distance profiles for a bar solidified under condifio~z: 
~v/~er.e sol~rfe transport in the liquid is by diffirsion only: (a) k o  < 1 ; (6) k o  > 1 .  
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Fig. 4.9 Changes in the sol~rte conce~~trcrrion ahead of rr growing interface for 
changes in the growth parameters: (a) arowth rate; (h) difi~sir?ity; (c )  distribution 

coefficient. 
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1'01-  solute concentrations higher than about 0.5% the solute 
1~1lc-up effects are very marked and the physical nature of the interface 
r~llcrs to a non-planar configuration (this is considered in detail in 
l l~c next section). Under these conditions, eqn. (4.2). is no longer 

of the solute distributiori near the interface. Calculation shows that 
the solute pile-up would seldom exceed a thickness of 0.1 mm without 
;L significant change in the interface form. 

For a case in which eqn. (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 
li)rmed instantaneously are C,k, and C,, respectively. The average 
c.omposition (ignoring the small overull average increase resulting 
I'rom the localised interface pile-up) in both cases is C,. Thus the 
c,//i~c.tioe distribution coeficierzts are k ,  and 1 for the two cases. The 
tlisrribution coefficient is therefore seen to vary from the equilibrium 
\j;~luc /c, to the value 1 as the steady-state is approached. 

. - 
& . - v;~lid, although it can be used to give some approximate indication 
V) 

a 

5 
U 

( a ) .  X 

C 
0 . - - . - 
V) 

0 e 
0 

A ' ko<l 

Distance ( 0 )  
f 
0 .- - .- 
'0 

0 
a 

Termina l  
t ronslent 

- - -  B 
0 

k,>I 

X (b) 
Distance ( b) 



I SOI.IDIFICATION OF SINGLE-PHASE METALS AND ALLOYS 59 
58 SOLIDIFICATION AND CASTING 

(v) low diffusivity in the liquid; 
(vi) very low /c, for /c, < 1 or very high /c, for k ,  > 1 .  

In the presence of constitutional supercooling the undercooling is, 

A T =  T L -  T 

Thus 

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

This maximum undcrcooling occurs at a point given by 

The above treatn~ent 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 Chalmersl *). 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 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 becornirlg 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).13.14 As the degree of supercooli~lg increases the cell caps be- 
comes extended and eventually branch to form cellular dendrites 

(b) 
I I ! ! .  4.17 The cellular interface structure: (a) normal view of a decanted interface; 
t r r r ( 1  ( h )  r!ie~v of growing interface in impure carbon tetrabromide (Jackson and 

Hunt 1 S ) .  
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Fig. 5.1 1 (a) N o m l  as-cost g r y  cart 6011 slion:it~gffake graphite. (6) Modified 

spheroidal maphite cast iron. 

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

The recent work of Day22 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.23.24 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. 5.1 1. 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. 

1 The bulk of the evidence25 indicates that the spherulites separate 
1 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 q u e ~ t i o n e d . ~ ~  The reasons for the change in 
graphite morphology on the addition of magnesium are far from 
clear, although it has been e ~ t a b l i s h e d ~ ~  that the additive influences 
the growth of the graphite rather than affecting the nucleation 
behaviour. 

l 
I 5.1.4 Other eutectic systems 
I !  There are a number of other aspects of eutectic solidification, 

; particularly the divorced eutectiq2'  and the pseudo-binary eutec- 
tics29 which occur in multicomponent systems. These are both very 

I 1 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 
I system, silver-platinum. As discussed by Uhlmann and Chadwick30 

I 

in the first detailed study of peritectic reactions, for virtually all 
coqpositions 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 % 
platinum. Furthermore, the peritectic reaction should seldom proceed 
to completion. When the primary phase has cooled to the peritectic 



Fig. 5.16 (a)  Composition-velocity plot sliolvittg regio~ls uorr which diferent 
microstructure types were obserued. (b) Trarisuerse section of tra~zsition regions 
.rhowing composite and denclritic structures: copper-light phase, l ead-4a~k  
phase. The characteristic rtlignme~zf of the dendritic structure resrcltitlg from the 

cr~atallography ofdendritic growth is clear (Lifiirrgston a12d Clitte34). 

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 exogeneotrs if they come from external 
sources (e.g. mould and ladle materials, dross) or e~i~ logn~eor /s  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 et al .35 
Using transparent materials, direct observations 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 
a t  low growth rate. The rate-controlling step was determined to be 

the rate of diffusion of 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 

I;iw. 5.17 Pile-up of particles at a solid-liqiricl itltevface at lolv growth rate in the 
system thymol-zinc (Uhlmar~n et al."). 

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, as the growth rates slow down, it is 
nnssible for  articles 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 recognised that they 
Iqvc an important role in ingot s01idification'~- To a large extent 
thc segregation patterns observed in ingots (see Section 7.3) are ~~~ 

in~luenced by the presence of inclusions. 
I n  some cases the particles appear to have become grown-in 

hccause they have been trapped in isolated regions of liquid by the 
~ ~ . o w t h  of dendrite branches.. The constraints imposed on particle 
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( S )  Fig. 5.20 Growth of agar bubbte at the i~~terface in soli(/i[vi~tg ~ a b l :  (a) nuclearion 
and imorporation into the intr/oce: (h) formation of /lie elottguted blo~hote 

( Woodrtif42). 

SOLIDIFICATION OF MULTIPHASE METALS AND ALLOYS 93 

There are few reports of investigations dealing with the factors 
influencing the number, form a n d  distribution of pores in solidified 
metals. M ~ N a i r ~ ~  and  Jordan et for instance, give some data 
on  the effects of  gas content, ingot size and solidification conditions 
o n  porosity. I t  is to be  hoped that more fundamental work of this 
type will be carried out. I n  the meantime i t  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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SOLIDIFICATION AND CASTING SEGREGATION 

C e n f r e  
l ine  

Concentration 

Fig. 7.7 Normal segrc,gatio~i i ~ i  a CO/III?IIINI. i ~ l ~ w t  .(.ofir/ifier/ bvit/~ (111 rrbnost p/uirar 
i~itcrfucc ( s c / I P ~ u ! ~ c ) .  

7.2.4 Inverse segregation 
If we consid'er the solidification of an ingot of an alloy with k, < 1, 
as outlined above, we would expect the last liquid to solidify to be 
solute rich. If, however, there is pronounced dendritic growth, solute 
concentrations build up between the dendrites and there is fluid 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. As a result, solute-rich liquid is fed 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 inrerse segregation. 

The existence of a network of interdendritic channels has been 
clearly demonstrated3 

7 -  39 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 pllospl~ide snvaf can occur. 111 these extreme 
cases of inverse segregation the interdendritic liquid actually bursts 
through the surface of t b  cast metal to form exudatio~is (see Fig. 
7.8). It has been shown by Y o u d e l i ~ ~ ~  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 ad am^,^' a number of  worker^^^-^^ have presented theories 
that account quantitatively for the solute flow and show how the 

1,747. 7.8 Phosphide eutectic sweat appearing as row~ded exudations on the surface 
of a grey-iron casting. 

1. C H I L L  F A C E  TOP 4 

DISTANCE FROM FACE (ins) 

Fig 7.9 (a) 
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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). In other cases fumes 
are generated when the molten metal comes into contact with 

Fig. 9.2 Surface blon~holes on (a)  a gut1rnc~tnlj7atf/n,lge cotrtlcctiorr (rtrtl ( h )  tr ,<~r.c,j,-ir.o~r 
valve-body casting. 111 eacl~ case ilre culrsr was e.uccJ.c..vice moi.~/crrc irr ~lri, t~rorrlrli~r~~ 

sat~d. 

the oil-binder of the core (Fig. 9.4). With investment castin.gs, 
incomplete removal of residues from the wax pattern can cause 
trouble (Fig. 9.5). 

(iii) As the 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 Cvo.s.s .sc~ctinr~ oj cl cast grrtrt?rctal ri11,y .slf/n,lon.irr~? srrb-~rrr:firc.c~ portTs p~.or/crced 
by  ~.eactiot~ of tire rnolten nletal 11.ir11 ,vet sarlc/. 

FiLjr. 9.4 Lor~c,  hlo~ulroles producecl in a grey-iron prr1le.v ~rlleel costir~g h!' gas 
ecolred from a core. 
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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. 9.1 1 Cold sh~rts itz a11 alloj. steel castitig. 

films (Figs. 9.10 and 9.11). This defect is usually the result of in- 
sufficient fluidity in the metal o r  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 thc pouring 
temperature o r  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 

f 

DEFECTS IN CASTING 
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Fig. 9.12 A hot tear in a steel casling. 

l 0. l , ..I c~otrtt~nction crack formed in an alrrmit7irtm ullov die castitig rlrr~.itrg 
c o o l i ~ s  itr the mould after solidific:atiotz was complere. 
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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. 

I.oc;tl hot spots or high thermal gradients contribute to these high 
slrcsscs, particularly if the mould or core is rigid enough to restrict 
rclativc movement of the different parts of the casting. 

Scvcral steps are necessary if this type of defect is to be avoided. 
I:irst, tlic cores and mould should be made more collapsible, for 
instilncc hy incorpor::tion of elastically soft material, e.g. cellulose, 
i n 1 0  11ic moultl matcrial or by minimising the compaction during 
nioultling. I n  ;rtldition, alterations in design to avoid abrupt changes 
il l  \,t~cl ioli 11i;ly hc ncccssary. Hot spots can be eliminated, and thermal 
) ~ I . : I I ~ I ~ I I I \  i~o~i~rollctl ,  by modification of the gatin.g system or by the 
I I ~ , ~  1 1 1  i.l~ill\. 

1 1  , . l~o~~l t l  Ix norcd Lhat contraction cracks often have an external 
; I ~ I ~ I V : I I . ; I I I C ~ '  vcry similar to a shrinkage cavity (see Section 9.6). 
I11(-y 1.;11i I>c tlillcrcntiated from the latter because there is no cavity 

4 1 1 .  luwou~;~rc:i  beneath the surface. Furthermore, contraction cracks 
: I IY ~iornially located in positions clearly related to the geometry of 
I llc c;~st ing and to the restriction of free contraction by parts of the 
~noultl. A good example of this is shown in Fig. 9.14, where cracking 
II:I.; occurrcd in the fillet region between two parts of the casting. 

Fig.  9.14 A contraclio~r crnck in tlrc $//(,I (!/' tr .s~t~crll ~ r r ~ r ~ ~ i c ~ l o l  .sa~rt/ ~ ~ s t i n g .  

1 

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. 

I 1  

f 1 J l 5 I..\ c~r..s.sir~cp //(I.s/I or f i l l  a/017~ the parting line of a gr-ey-ir-017 casting. 
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9.4 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 

Fi,<r. 9. 16 l 'c. i~ri~r~ CNII.Y(Y/ b ~ ,  t h ~  pc~netr.crtiotr of c~~.s/  lr igl~-ri~rty iro~r i~ r to  cruch-,S in an 
oil-honderl 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 boxes and hardening of the mould and 
core faces 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 

i .  9.1 7 A crossjoint in a large grey-iron oalce body casting produced by mis- 
match of the top and bottom parts oft l le mould. 

l I l I I I ( . / I I \ ~ ~ I I I \  ill c i t i  .~/~lroroic/r~l gr.irplrir~ iro~r cast i i r~.  Part of /lie surface 
I I I I ~  IJ{V*I I  ~ t r ( ~ ~ ~ I r i t r ~ ~ ~ /  ~ 1 ~ ~ 1 . 1 ~  10 .S/IOII> tlrc tlatltre of /lie defect more clearly. 



Fig. 9.22 Cro.c.r .vrc/ior~ l!/' (1  killc,tl Fig. 9.23 Cross sectio~z of a killed 
.rtc,cl irrgot . ~ / I ~ I I ' ~ I I ~ ~  pipc clt,c~~loprnc~~~t .steel ingot cast into a mould with a 
(scl~c~nrtrtic). 7 % ~  pipc,tl rr~riorr mrcst bt, rofiactory hot top (schematic). Shrink- 
I / / I ,  1 1 1 s  I a age is co~ifitird to the top of the ingot 

Ion, II.SC/;I /  nict(11 .~*ivl(/. und yield is increased. 

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

Thc major cause is the failure to obtain directional solidification 
1owa1-tls desired heat centres such as risers or ingates. If the location 
0 1 '  tlic~c feed points is bad, then shrinkage is much more likely. 
Itc.loc;r~ion of feeding can help considerably. The use of higher pour- 
I I I I '  fc.liipcratures is also normally an advantage. Often proprietary 

I I I I I - I I I O L I \  ~livolving exothermic heating in the mould cavity can be 
1 1 . 1 . 1 1  to 'ticourage directional solidification. When these are used 
I I I I I I ' I  I I ( ~ I '  W I I  l1 judicious location of refractory inserts and chills to 

I I 1 1 1 1  I 111 I~C:II transfer to the mould, shrinkage defects can largely be 
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'l'llcsc cavities are frequently widely dispersed and located below the 
\ ~ ~ r l i ~ c c ,  and thus difficult to detect. Examples are shown in Figs. 
0. I 0  ;~nd  9.20. If the shrinkage occurs near the surface, the cavities 
C ; L I I  hc detected because of the presence of small depressions in the 
surlilce of the casting (Fig. 9.21). A similar case to this latter form is 
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Fig. 9.24 A mi.~r,.un in a brass gracitj' die casti~ig 
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ttvcrcomc. With ingots, the use of refractory hot-tops will increase 
vic.ltl (1:i.g. 9.23). 

AI) uxaggerated form of shut is the 'misrun' (see Figs. 9.24 and 9.25). 
'I'llcsc are produced when the liquid metal fails to fill the mould 
c*illicr because of low fluidity or if the methods of running are 

I ?g. 9.25 A striking example of a misrurz which resulted in an incompletely filled 
111on1d (a 'short run'). Botlz a complete ( l )  and a misr~ol 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 

'Thc 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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APPENDlX I 

The Relationship Between the 
Interfacial Energies and the Contact 1 I 
Angle in Heterogeneous Nucleation 

In Chapter 2 it was given that under slable conditions the contact 
angle, 0 (see Fig. AI.I), was related to the surface energies of the 
liquid-crystal interface, y,,, the crystal-substrate interface, yCs. and 
the liquid-substrate interface, y,,, by 

cos Q = YLS - YCS 
YLC 

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

L i q u i d  

C rys ta l  

\ / 
\ / 
\ / ' / 

v 
S u b s t r a t e  

Fig. A l .  1 Spherical cap of solid formed on a planar substrafe. 
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j~r\c\  ;L rigorous proof based on a method of virtual displacernents. 
I IIC proof depends on the assumption that the condition for stability 
I \  ~ l l ; l r  the total surface energy should remain unchanged for a virtual 
( [~ \~~I ;~ccnlent  at constant volume. 

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

A I  = nr2 sin2 0 (A1 .l) 

'I'hc iu-ea of the cap in contact with the liquid is 

A ,  = 2nr2(1 - cos 0) (A1.2) 

'I'olitl excess surface energy introduced into the system by the forma- 
tion of the spherical cap equals 

I or a small displacement the assumption above means that 

I I I ; I ~  is 

YLS - YCS dA2 
YLC dA 1 

1)illhrentiating eqns. (Al. l )  and (A1.2) and substituting gives, after 
~.i~npIilication, 

yLs - yCs = r . sin 0 t 2(1 - cos O)(dr/dB) (A1.3) 
YLC r . sin 0 cos 8 + sin2 O(dr/dO) 

1'111: volume of a spherical cap is 

I 01. constant volume, dV = 0. Thus 

dr r . sin 0(1 + cos 0) 
- - 
dB (1 - cos 0)(2 + cos 0) 

' ; ~ l l j \ ~ i ~ ~ ~ ~ i n g  this in eqn. (A1.3) leads to 
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NUCLEATION 

in the liquid will play an important part.? There is at present no 
theoretical treatment for this problem. However, experinlental 
 observation^'^ 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 tnobility 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 106 
"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 tcchniques. l ' -  l "  

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

Fiy. 2.6 ( ( 1 )  

1- There is some evidence that in special cases the c~rrrlierr stages of nucleation 
and growth take place without solute redistribution.35 

Fig. 2.6 The electron microstructure of splat-coolecltelluri~rm-15 at. 90germanilrm 
ill (a) the amorphous state and (h) afier heating. The growth of dendrites can be 

seen clearly in the latter micrograph ( Willens 1 3). 

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. 

It should be noted that the treatment given assumed a spherical 1 .  nucleus. Simple modifications result from considering nuclei of other 
shapes. One of the more realistic shapes may be that described by 
chalmerst4 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.15 The structure of the liquid 
~nfluences the nucleation rate firstly through AG", since this term 
contains the volume free energy change AG,. If clustering occurs in 
 lie liquid this will aid nucleation. Oriani and Sundquist16 have 
c.\rimated that for most metals supercoolings of more than 10°C 
\v111 be sufficient to promote embryo formation as the liquid structure 
ortlers. The structure of the liquid also has a direct effect on AG,, 

l l l lc  d~ffusion term, and on the liquid-crystal interfacial energy, y,,. 
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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 E 5 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 E 2 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. 
In these materials the behaviour is more complex and often a mixed 
growth form r e s ~ l t s . ~ , ~  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 Hunt6 and 
Jackson et ~ l . ~ - i n  which transparent organic crystals, chosen with 
a range of E-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 
a2sociated 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 Cahn7 (see also 
Cahn et ~ 1 . ~ )  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 who compared the 
predictions with experimental data for a considerable range of 
materials. The examination showed that the evidence did not support 
the predictions. 

Jackson9 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 l<, for /c, < 1 or very high k o  for k o  > 1. 

In the presence of constitutional supercooling the undercooling is, 

A T =  TL- T 

Thus 

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

This niaximu~n undercooli~lg occurs at a point given by 

n 
s = - log, 

R 

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' 2 ) .  In these circumstances 
long-fange 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 wliich 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, ahead or the interface will make an 
initially planar interface unstable to perturbations in shape. At low 
degrees of supercooling a cellular interface devclops (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).I3*l4 As the degree of supercooling increases the cell caps be- 
comes extended and eventually branch to form cellular dendrites 
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(b) 
,. 1.17 The cellular interface structure: (a) normal view of a decanted interface; 

I ( 1 1 )  rbic~c) of growing interface in impure carbon tetrabromide (Jackson and 
Hunt 1 5 ) .  
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are both examples of important structural modifications in the 
development of microstructure. 

The recent work of Dayz2 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.23.24 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 evidencez5 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 que~tioned. '~  The reasons for the change in 
graphite morphology on the addition of magnesium are far from 
clear, although it has been established2' 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 eu tec t i~s , '~  and the pseudo-binary eutec- 
ticsz9 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 
1 system, silver-platinum. As discussed by Uhlmann and Chadwick3' 6 I ~n the first detailed study of peritectic reactions, for virtually all 

compositions except those near the limits of the system, the micro- 
' ---f 5C structure after casting will consist of cored dendrites of one phase 

a I 
surrounded by the second phase. Thus with reference to Fig. 5.12 

. we would expect this structure for compositions from 30 to 90 wt % 
Fig' 5.11 (01 as-carf KreY cart iron s h o n i , ~ g m ~  groghii,p. (6) ~ ~ d , ~ ~  platinum. Furthermore, the peritectic reaction should seldom proceed 

s~lleroidal grapl~rte cast iron, to  completion. When the primary phase has cooled to the peritectic 
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Fig. 5.16 (a) Composition-celocily plot sliowi~fg regions ocer ivhich difere~it 
microstructlrre types were observed. (b) Transoerse sectiot~ of transition regions 
showing composite and derzdritic str~ictlrres: copper-light phase, lead-dark 
phase. Tlle characteristic alignment of tlie dendritic structure rearlting from the 

crystallography of dendritic growth is clear (Litiingston a~ id  Cline31). 

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 exogeneozrs if they come from external 
sources (e.g. mould and ladle materials, dross) or en~logeneo~rr 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 hy Uhllnann et 
Using transparent materials, direct observations 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 
a t  low growth rate. The rate-controlling step was determined to be 

the rate of diffusion of 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 

Fi~y. 5.17 Pile-up ofparticles at a solid-liqltid interface at low gl.owth rate in tlie 
svstem thymol-zinc (Uhlmatln et al. 3 5 ) .  

rates were all low ( w I O - ~  cm sec-'). It is thus expected that 
entrapment will occur in most practical cases. Towards the end of a 
solidification process, however, as the growth rates slow down, it is 
possible for particles to he 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 recognised that they 
have an important role in ingot solidification."- " 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 have become grown-in 
because they have been trapped in isolated regions of liquid by the 
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 

l l 

! metals. M ~ N a i r ~ ~  and Jordan et for instance, give some data 
i on the effects of gas content, ingot size and solidification conditions 

on  porosity. I t  is-to be hoped that more fundamental work of this 
type will be carried out. In the meantime i t  should be noted that ( ellictive empirical n~ethods  have been developed for the control of 
porosity in ingots and castings (see Section 9.1). 
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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. 9.1 1 Cold ~11uts in a~z  alloy stec.1 casting. 

films (Figs. 9.10 and 9.1 1). 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 

DEFECTS IN CASTING 175 

, 
\ 

F ~ K .  9.12 A hot tear. ill  a steel casting. 

These are irregularly shaped cracks formed when the metal pulls 
itself apart while cooling in the mould or after removal from the 

Fig. 9.13 A contractiot~ crack former1 it1 art a l ~ o ~ ~ i t ~ i ~ t n z  alloy die casting cli~ritrg 
cooling in the mo~rld after solicii~catiotz was complete. 
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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. 

C,: 

. . .. . 
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Fig. 9.14 A cotr/ructiotr ct.uck itr rile fil/c,t c!/' n .c.tnctll ,~~lr t r~?~c/o /  sottd casting. 

Local hot spots or high thermal gradients contribute to these high 
stresses, particularly if the mould or core is rigid enough to restrict 

I relative movement of the different parts of the casting. 

1 
Several steps are necessary if this type of defect is to be avoided. 

First, the cores and nlould should be made more collapsible, for 

l Instance by incorporation of elastically soft material, e.g. cellulose, 
into the mould material or by minimising the compaction during 

i moulding. In addition, alterations in design to avoid abrupt changes 

In other cases contraction cracks arise during the period when the 
metal is solid but still a t  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. 

I 

l 0. l S I::\-c,c,.s.c.ir.c .flash or f i r  along tile p a r f i t i ~  line of a grey-iron casting. 

in scction may bc necessary. Hot spots can be eliminated, and thermal 
gr;~clicnts controlled, by modification of the gating system or by the 
LISC 01' chills. 

11 shoultl be noted that contraction cracks often have an external 
;rppcar:incc 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 
arc norn~ally 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. 
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APPENDIX I 

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. AI.[) ,  was related to the surface energies of the 
liquid-crystal interface, y,,, the crystal-substrate interface, yCs, and 
the liquid-substrate interface, y,,, by 

cos 0 = YLS - Ycs 
YLC 

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

Liquid 

C r y s t a l  = A-,+ 

Subst ro te  

Fig. AI .l Spherical cap of solid formed on a planar substrate. 

188 

gives a rigorous proof based on a method of virtual displacements. 
'l'hc proof depends on the assumption that the condition for stability 
is that the total surface energy should remain unchanged for a virtual 
tlisplacement at constant volume. 

Considering a spherical cap of radius r (Fig. A1.11, the area of 
ihc cap in contact with the surface is 

The area of the cap in contact with the liquid is 

A ,  = 2nr2(1 - COS 0) (A1.2) 

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

A , (~cs  - YLS) + A 2 .  YLC 

For a small displacement the assumption above means that 

that is 

Differentiating eqns. (AI. I) and (AI .2) and substituting gives, after 
sin~plification, 

yIas - yCs = r . s in  O + 2(1 - cos O)(dr/dO) (A1.3) 
YLC r . sin 0 cos 0 + sin2 O(drld0) 

The volume of a spherical cap is 

V = JTP 3(2 - 3 Cos o + cos3 0 )  

I'or constant volume, dV = 0. Thus 

dr - r e  sin 0(1 + COS 0) - 
do (1 - COS 0)(2 + COS 0) 

Substituting this in eqn. (AI .3) leads to 
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