








6.1    INTRODUCTION

• 6.1.1    Structures of Cast Materials

• The crystal structure determines most of the 
material properties of the metal and it is 
therefore of greatest importance to study 
metal structures in detail and try to identify 
the relationship between structure and 
material properties. The formation process 
determines the structure of a metal.



• If metallic materials with certain specific 
properties need to be produced, it is necessary 
to understand the relationship between the 
method of formation and different process 
parameters in order to find an efficient way of 
controlling the structure and the properties.

• Metal and alloy components are often produced 
by casting. The material properties of ingots and 
other castings are to a great extent determined 
by the method of solidification and by the choice 
of parameters, i.e. casting method, casting 
temperature and rate of solidification or the 
cooling process.



• The cooling rate determines the coarseness of 
the metal structure. By combining thermal 
conduction equations with relationships that 
describe coarseness of structure, it is possible 
to analyse the formation of the structure 
mathematically for different casting processes. 
The analysis results in predictions of the 
material properties of, for example, an ingot or 
of a continuously east product. Conversely the 
analysis can be used to control the casting 
process and for reducing the casting defects to 
a minimum.



STRUCTURE FORMATION IN CAST 
MATERIALS

• All solidification starts by formation of so-called 
nuclei at various positions in the melt and the 
crystals grow from these nuclei. There is a 
distinction between homogeneous and 
heterogeneous nucleation. Heterogeneous
nucleation implies that foreign particles in the 
melt or at the surface act as nuclei for 
subsequent growth of the solid phase. The 
process occurs spontaneously but may, if special 
measures are taken, be controlled and contribute 
to the required structure of the solidified 
material.



• Nucleation

• Homogeneous Nucleation

• Heterogeneous Nucleation

• Growth

• Dendritic Growth (Solidification)

• Eutectic Growth  (Solidification)

• Dendritic+Eutectic Growth (Solidification) 



• The particles, so-called embryos that consist of 
several atoms ordered in a crystalline way arise 
spontaneously and at random. Between the 
embryos and the melt there is a continuous 
exchange of atoms. In many cases the embryos 
are dissolved and disappear

• If the kinetic motion is not too violent - the 
temperature is lower than the melting point -
the attraction between the atoms may
sometimes be so strong that some embryos
survive in the melt. An embryo that achieves a
certian critical minimum size continues to grow 
as a crystal.











• By use of Boltzmann's statistical mechanics in 
combination with laws that describe the 
capacity of the nuclei to grow and not shrink 
and become embryos again, it is possible to 
derive:

•  the number of nuclei per unit volume;

•   the number of nuclei formed per unit volume 
and unit time;

•  the average activation energy, required to form 
a nucleus of the critical size.

The average activation energy for forming a
nucleus at this temperature is calculated as:





Heterogeneous Nucleation in Metal 
Melts in the Presence of Small 
Amounts of Foreign Elements

• Nucleation occurs on foreign particles or crystals, so-
called heterogeneities, which are precipitated in the 
melt.

• Often these small foreign particles nucleate 
homogeneously. The metal melt, including the foreign 
element, which i.s difficult to dissolve, constitute a two-
phase system with a phase diagram such as the one in 
Figure 6.3.

• At the nucleation temperature T' small crystals 
precipitate with a composition .Xs that is approximately 
equal to 100 % of element B. These small crystals grow 
somewhat during continued cooling.











Peritectic reaction 



DENDRITE STRUCTURE AND 
DENDRITE GROWTH

• The needle-shaped crystals that were detected in 
the Eighteenth century are called dendrites. Most 
technically interesting alloys solidify by a primary 
precipitation of dendrites.

• Its growth in certain specific crystal directions is 
favoured. From a crystal nucleus a dendrite tip 
grows, which forms the main branch or primary 
arm. Immediately behind this tip. lateral arms or 
secondary dendrite arms are formed. 





• For metals with cubic structures they are 
normally situated in two mutually 
perpendicular planes. The lateral arms are 
perpendicular to each other and the main 
branch. The lateral arms are successively 
formed behind the growing tip and reach 
different lengths for this reason. The oldest 
ones are longest.



Solidification length scale







Macrostructure of a cast Ti-6Al-4V alloy specimen. 
Etchant: Keller's reagent



Elongated grains and preferred orientation produced by directional solidification



Correlation between the thermal gradient at the interface 
and the interface morphology





The change of the morphology of the solid/liquid interface as a function of growth velocity (V) in
a transparent organic system (pivalic acid, 0.076% ethanol) directionally solidified under a thermal

gradient of 2.98 K/mm. (a) Planar interface, V = 0.2 μm/s. (b) Cellular interface, V = 1.0 μm/s. (c)
Cellular interface, V = 3.0 μm/s. (d) Dendritic interface, V = 7.0 μm/s.



Macrostructure of UNS G10170 steel, as strand cast. Compare with Fig. 4. 10% HNO3 in H2O.
4.75×



Sulfur print of UNS G10170 steel, as strand cast, Compare with Fig. 3. As-polished. 1.25×.



Influence of cooling rate on the secondary dendrite arm spacing of commercial steels containing
0.1 to 0.9%.



Coarse, equiaxed grains produced by 
dendritic growth



Change in interface morphology of a succinonitrile-4% acetone solution when increasing the
solidification velocity from 0 to 3.4 μm/s at a temperature gradient of 6.7 K/mm. (a) 50 s. (b) 55 s. (c) 65 s.

(d) 80 s. (e) 135 s. (f) 740 s. Magnification: 30×.



Coarsening of secondary arms
ripening
coalescence



Transition to different interface morphologies as a function of the temperaturegradient/
solidification-velocity ratio (GT/V) and solute concentration (C0)



Sn-0.05Pb alloy; liquid decanted to reveal structures of solid/liquid interfaces. (a) Oblique
illumination reveals nodes at the solid/liquid interface. (b) Elongated cells at the solid/liquid interface

under bright-field illumination. (c) Fully developed hexagonal cells at the solid/liquid interface (brightfield
illumination). Unpolished, unetched. Magnification: 150×.



Secondary electron micrograph of Cu-10Co (at.%) alloy casting. Etchant not reported.
Magnification: 150×



Ni-25Cu (at.%) alloy. Etchant: 70 mL HNO3 and 30 mL H2O. 
Magnification: 10×



Transverse microstructures of Pb-2.2Sb (wt%) alloy single-crystal samples grown along [100] at
GT = 164 K/cm. Etchant: 60 mL acetic acid and 40 mL hydrogen peroxide (30%). (a) Deep cells grown at
2.5 μm/s. Arrow indicates tip splitting. (b) Completely dendritic structure. Dendrites grown at 10 μm/s



Correlation between solidification velocity and dendrite tip radius



Relationship between Dendrite Arm 
Distance and Growth Rate

• It has been found that the distance between 
the secondary dendrite arms is not constant 
but increases with the distance from the 
cooled surface at directed solidification and at 
growth towards the centre in an ingot. It has 
been shown both experimentally and 
theoretically that the following relationship 
between the distance lamdaden for secondary 
or primary dendrite arms and the growth rate 
vgrowth is valid:









Relationship between Growth Rate 
and Undercooling



Crystal Multiplication

• In Section 6.2.2 we treated inoculation as a method of 
facilitating ihe formation of crystals. 

• A second method is so-called crystal multiplication. This 
means that parts of the dendrite skeleton are carried into 
the melt and serve as nuclei for new crystals. Different 
mechanisms for spontaneous crystal multiplication have 
been suggested, one of which is that fragments are torn off 
purely mechanically from the growing dendrite tips, for 
example, by influence of the natural convection in the melt. 
Examples of such a process are the broom structure of 
cementite in white cast iron (page 151). the corresponding 
phenomenon for silicon in silumin (pages 147-148), and 
feather crystal growth in aluminium.



• This mechanical mechanism of crystal 
multiplication can be used deliberately in many 
ways. It has been found that many materials can 
be forced to fine-grain solidification by ultrasonic 
treatment. In order to get the full effect, it is 
necessary to combine the ultrasonic treatment 
with violent convection to make sure that the 
torn fragments are carried out into the melt 
effectively. This method has been successful for 
both aluminium allovs and stainless steel.



• A rotating magnetic field has also proved to be an 
effective way to produce a line-grain structure in 
magnetic metal melts. The electromagnetic field is 
applied in a circle around the ingot. By choosing a 
convenient frequency for the alternating current in the 
magnetic coils it is possible to force the melt to rotate 
with the magnetic field. To increase the fine-grain 
structure the direction of the magnetic field is changed 
regularly. With the forced rotation of the melt, shear 
forces arise on the dendrite arms that are great 
enough to break them and then carry (hem into the 
melt. This method has been used successfully for both 
static and continuous casting.



• The second mechanism for crystal multiplication is 
based on the principle of melting off dendrite arms. 
Papapetrou introduced this method in the 1930s. He 
found that certain dendrite arms are melted off under 
the influence of surface tension. The reason for this is 
that surface tension causes an excess pressure of the 
melt inside the interface that is inversely proportional 
to the radius of curvature. This overpressure causes a 
melting point decrease that is proportional to the 
pressure. The excess pressure, caused by the surface 
tension of a small droplet, is larger than the pressure 
caused by a big droplet (Figure 6.6).





• In practice, the melting off method can be 
realized in a very direct way by increasing the 
temperature during the solidification. This can 
be done by the convection in the melt, which 
may direct a flow of hot material to a growing
crystal. The simplest way to cause a desired 
temperature increase is to add a small amount 
of hot melt during solidification process.



EUTECTIC STRUCTURE AND EUTECTIC 
GROWTH

• Twentieth century, eutectic alloys were getting 
used as composite materials. Two of the most 
frequently used cast alloys, silumin and cast 
iron, are eutectic. It is therefore important to 
understand the eutectic solidification process 
and its influence on the structure of this type 
of alloy too, so that it is possible to give them 
good material properties.















• For a degenerated eutectic reaction one of the 
two phases grows more rapidly than the other 
phase. For a normal eutectic reaction both 
phases grow in close cooperation with each 
other and with the same growth rate. This is 
the definition of normal eutectic structure. We 
will restrict further discussion to this case.



Lamellar Eutectic Structure

• A lamellar structure is formed when both precipitated 
phases grow side by side as in Figure 6.12 (a). During the 
growth of an alpha-lamella, the B atoms will continuously 
concentrate in the melt in front of the solidification front of 
the beta-lamella. In the same way the A atoms concentrate 
in front of the solidification front of the beta- lamella. This 
leads to diffusion of A and B atoms as shown in Figure 6.12 
(b).

• It can be shown that that the three-phase equilibrium along 
the lines where the alpha-phase, beta-phase and melt meet 
results in curved surfaces instead of planes. The formation 
of a lamellar eutectic structure is associated with the 
surface tension conditions of the alpha- and beta-phases.





Classification of eutectic morphologies



Types of cooperative eutectics



Eutectic microstructures. (a) Regular nonfaceted/nonfaceted eutectic (Al-Al2Cu). (b) Irregular
faceted/nonfaceted eutectic (Mg-Mg2Sn). The dark phase is the faceted Mg2Sn. Ref 22. (c) Rod

faceted/nonfaceted eutectic (Ni-NbC). Ref 23. (d) Divorced eutectic (Fe-spheroidal graphite)







Comparison of the λ - V correlation for eutectics and eutectoids.



Relationship between Lamella 
Distance and Growth Rate





Eutectic Structures of Silumin

• Aluminium-silicon alloys are widely used for 
producing various  commercial   products   in   
foundries,   for example, engine blocks. In 
particular the eulectic Al-Si alloy silumin is of
great technical importance.





• Figure 6.14 a shows typical microstructure of a 
euteclic Al-Si alloy that has been formed at a 
relatively low cooling rate. The structure 
consists of relatively coarse plates of Si 
imbedded in a matrix of Al phase.





• It can be seen in Figure 6.14 (a) that these 
plates often have a broom-like shape. The 
reason for this is that the disc- and flake-
shaped Si crystals easily break at the 
solidification front, which results in crystal 
multiplication. The broken crystal fragments 
often turn somewhat before they grow. The 
result is that the silicon plates have diverging 
directions and a fan-shaped structure is 
formed.



• The American metallurgist Pacz discovered in 1920 
that addition of small amounts of sodium (a couple 
of hundredths of a percent) to a silumin melt 
before solidilicalion changed the flaky, plate-like 
and branched microstruclure of normal silumin
into a much liner, more regular and fibrous micro-
structure (Figure 6.14 (b)). The product is called 
sodium-modified silimin. If the solidification is rapid 
(quench modification) the structure of the alloy will 
be even finer, i.e. the lamella distances become 
smaller than those without inoculation. Modified 
silumin has better mechanical properties, ductility 
and hardness than does plain silumin.















Eutectic Structures of Cast Iron

















Solidification Control of Cast Iron 

• Composition

• Cooling Rate

• Inoculation
























































































































