CHAPTER 1

OVERVIEW
1.1

I NTRODUCTION

Solidification processes are familiar to all of us, whether they concern the
formation of frost on windows or ice in trays, the freezing of solders in
electronic circuits, or the casting of aluminum and steel in industrial practice. Solidification has long represented a major force in human development, and some of the “Ages” of man have even been classified by the
alloys that the inhabitants were able to melt and cast. During the Bronze
Age, ca. 4000 BC - 1200 BC, copper-based weapons and other artifacts of
daily life were common throughout Europe and Asia. Examples are shown
in Fig. 1.1(a). However, once it became possible to melt and alloy iron,
ca. 1200 BC, this metal quickly replaced bronze for weapons and other applications because of its superior properties. Figure 1.1(b) shows an Iron
Age axe. Several variants of steel, the most famous of which is the legendary Damascus steel, were produced in antiquity by mechanical means.
The invention of the Bessemer process in 1858 led to the mass production of steel in liquid form, which was then cast into shapes and ingots
for wrought processing. This was one of the key inventions of the industrial revolution, and provided the foundation for transportation by rail,
and later by automobile. Similarly, the Hall-Héroult process for producing
aluminum, invented in 1886, enabled the mass production of aluminum
cast products, which in turn gave rise the aircraft industry in the following century.
The ability to produce these metals in liquid form made it possible
to easily manufacture alloys of controlled composition, which could then
be cast into either final products or into ingots that, in turn, would be
deformed in the solid state into plates, sheets, billets, and other wrought
products. The solidification process marked the stage of production where
the composition and structure were set for all future processing. Through
the first half of the 20th century, metallurgists developed an understanding
of how the properties of cast products were related to the conditions extant
during the solidification process.
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Fig. 1.1 (a) Bronze age weapons (Reproduced with permission from images.
encarta.msn.com); (b) Iron age axe (Photograph taken by Glenn McKechnie, April
2005).

One could argue that the art and practice of solidification entered the
realms of engineering and science with the publication of Chalmers’ landmark text Principles of Solidification in 1964 [7], which presented some of
the basic models for solute partitioning during the freezing of alloys, and
helped to explain how microstructural patterns such as dendrites evolve
during planar or spherical growth. Ten years later, Flemings’ Solidification Processing [8] extended this modeling approach to develop models
for the evolution of measurable microstructural features, such as dendrite
arm spacing and segregation patterns. These models began to quantify the
effect of processing parameters such as the cooling rate and the temperature gradient, as well as the interaction of those parameters with alloy
properties such as the freezing range and the underlying phase diagram
on the final structure. Over the next decade, many important advances
were made in the understanding of pattern formation in solidification microstructures, in particular regarding length scales in dendritic growth.
Largely as a result of these advances, Kurz and Fisher published Fundamentals of Solidification, which focused in greater detail on the evolution
of microstructure [10].
The present book is intended to be the next entry in this line. The
time since the publication of Kurz and Fisher’s text has seen the advent
of large scale computation as a tool for studying solidification. This has
allowed significant advances to be made in both theory and application.
The development of phase-field methods has permitted a further understanding of the evolution of complex microstructures, and the availability
of inexpensive large-scale computers and commercial software packages
now allows process engineers to perform simulations of macroscopic heat
transfer, solute transport and fluid flow in realistic geometries. The development of volume averaging methods and the statistical representation
of microstructures provide a bridge between the microscopic and macroscopic scales. Our objective in this book is to place the models described
in these earlier texts, as well as more recently developed ones, in a context that begins with fundamental concepts and culminates in analytical
and/or numerical implementations for practical applications.
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The unifying theme for our approach is the classification of various
phenomena over a range of length and time scales, as illustrated in Fig. 1.2.
At the macroscopic length scale, geometry and processing conditions determine the progress of solidification at various locations. The figure shows as
an example a six-cylinder engine block, roughly one meter in length, that
freezes over a time period as long as 30 minutes. We also show the temperature distribution at a particular time, computed with a finite element
simulation of the heat transfer process.
By focusing on smaller length scales, roughly between 1 µm and 1 mm,
we are able to observe the microstructure. Figure 1.2 shows an array of
dendrites, having grown from an initially planar interface into the liquid
phase. The dendrites are visible because of a chemical segregation that
occurs on the microscopic scale. When solidification takes place in the
presence of fluid flow, solute can be advected to distances much larger than
the local microscopic scale, thereby causing macrosegregation.
Certain processes occurring at the atomic to nanometer length scale
are also important for solidification. The properties of the solid-liquid interface, and the manner in which atoms attach to it, can affect the growth
patterns. For example, the anisotropy of the surface energy determines
to a large extent the morphology of the dendrite patterns observed at the
microscopic scale.

1.1.1

Organization of the text

We begin our book with the present overview chapter, which concludes
with a section describing various solidification processes. These are presented in sufficient detail for the reader to understand the important aspects of each process, and in order to motivate the remainder of the book.
A deeper treatment is left to others.
Casting
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Fig. 1.2 A schematic illustration of the various phenomena associated with solidification at various length and time scales.
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The rest of the book is divided into three parts: Fundamentals, Microstructure and Defects. Fundamentals, as its name implies, provides the
basic principles needed to study solidification. We begin with Chap. 2,
Thermodynamics, in which the concepts of equilibria for condensed phases,
including models for the free energy and chemical potential, are developed.
We also introduce departures from equilibrium, including the effect of curvature, and kinetics. These concepts are then used in Chap. 3, Phase Diagrams, to motivate and study equilibrium phase diagrams in binary and
ternary systems as the result of chemical equilibria between phases.
Equilibrium implies that the processes take place over sufficient time
for there to be no spatial variations in temperature, composition, pressure,
etc. Thus, there exists no effective time or length scale in equilibrium. The
finite time associated with real processes, however, leads to spatial variations over length scales that affect the properties of the solidified part. The
microstructures shown in the previous section are prime examples. The
governing equations for transport of mass, momentum, energy and species
are developed in Chap. 4 for this purpose. In particular, we derive governing equations for single phases, and for the interface between phases. We
also develop volume-averaged forms appropriate for control volumes that
contain a mixture of solid and liquid phases. This latter formulation is
extremely useful in subsequent chapters for developing mesoscale models
that bridge the microscopic and macroscopic length scales.
The focus of this book is on solidification processes, especially as they
relate to the formation of microstructure and defects. Solidification is characterized by a moving boundary between the solid and liquid phases. This
represents a modeling challenge, as one must apply boundary conditions
on a phase boundary whose position is a priori unknown. Chapter 5 is
devoted to the study of the class of such problems that have an analytical solution. These problems are very useful in identifying the important
physical phenomena that control solidification processes. In order to go
beyond these model problems, which are mostly one-dimensional and also
require constant material properties and simple boundary conditions, numerical methods are required. These are developed in Chap. 6.
With these fundamentals in hand, we proceed to Part II, the study of
microstructure. Continuing the theme of organizing by length scale, we
begin with Chap. 7, Nucleation, in which we explore how the first solid
forms from the melt as it cools. Thermodynamics play a crucial role, and
we see that the sub-microscopic length scale for nucleation is set by the
balance between surface energy associated with the solid-liquid interface
and free energy associated with the bulk phases. As such nuclei grow to
microscopic size, they begin to express their underlying crystallography.
The most common morphology is that of the dendrite, studied in detail in
Chap. 8. The length scale associated with dendrites is very important for
the use of cast products since it strongly influences their properties, as
well as the formation of defects. We therefore expend some effort to investigate how the length scales are affected by processing. The analyses
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are presented in some detail so that the interested reader can appreciate the underlying theory, but we also emphasize the key results that are
needed in subsequent chapters. Chap. 9 discusses eutectic and peritectic
alloy systems, in which the solidification involves the melt and two distinct
solid phases. We focus in particular on the evolution of length scales in the
microstructure of these alloys as it is affected by processing conditions.
These chapters identify processes that lead to chemical segregation
in the final product. The amount and extent of this segregation affects
the material properties, and is important to understand for subsequent
heat treatment (e.g., homogenization and precipitation). Models for this
phenomenon are presented in Chap. 10, and constitute direct applications
of the principles developed in Chaps. 5 and 6 at the microscopic scale.
This part of the book concludes with Chap. 11, Macro-micro modeling,
which shows how to integrate the models for microstructure developed in
Chaps. 7-10 with the macroscale modeling methods developed in particular in Chap. 6. This provides a powerful tool for the analysis of real casting
processes.
Finally, in Part III we present a detailed analysis of some of the most
common defects found in solidified parts. Chapter 12, Porosity, describes
how solidification shrinkage and the evolution of dissolved gases lead to
porosity in the final product. Almost all materials increase their density
upon freezing, with water and semiconductors such as silicon and germanium being well-known exceptions. As solidification proceeds, liquid flow
is needed to compensate for the volume change upon freezing. This flow is
opposed by viscous forces exerted by the microstructure, and if the impediment is large enough, pores can develop. If, in addition to the viscous effects, there are superimposed strains, e.g., from thermal contraction of the
solid, then hot tears can form; a phenomenon explored in Chap. 13. Finally,
in Chap. 14, Macrosegregation, we demonstrate how relative movement of
the solid and liquid can lead to segregation on the macroscopic scale.

1.2

S OLIDIFICATION

PROCESSES

Movies from experiments and simulations of macroscale solidification can
be found at: http://solidification.org/Movies/macroscale.html

1.2.1

Shape casting

Casting is the most cost-effective means for manufacturing parts of complex shape. Applications range from mass-produced automotive parts
(blocks, cylinder heads, suspension and brake components, etc.), to individual products such as jewelry and statuary. All of these processes have
in common a mold with a cavity corresponding to a “negative” of the final
product, which is initially filled by liquid, after which solidification takes
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Table 1.1 Process characteristics for shape casting.

Process

Mold material

Cavity

Core materials

Foundry
casting

Bonded sand

Wood, metal
pattern

Baked sand

Investment
casting

Fired ceramic

Wax, polymer

Leachable
ceramic

Permanent mold
and die casting

Tool steel,
Copper, Graphite

Machined cavity

Metal

place by heat extraction through the mold. The processes differ mainly in
the mold material and how the cavity is formed, as listed in Table 1.1. Each
of these processes is described in more detail in the following sections.
Foundry casting
Key Concept 1.1: Foundry casting
Foundry casting, sometimes called sand casting, is one of the most
common processes for mass production of parts with complex shapes.
A re-usable pattern is made from wood, metal, or other suitable materials. The pattern has the shape of the intended part, augmented
in several ways to accommodate the solidification process. For example, the part dimensions are increased by a “shrink factor” that compensates for the volume change (typically a few percent) associated
with thermal contraction due to solidification and subsequent cooling
to room temperature. The pattern may also have to differ from the
desired final product in order to allow it to be removed easily from the
mold before casting, as well as the addition of risers to compensate
for solidification shrinkage and gating to conduct the liquid metal into
the mold.
The mold, illustrated in Fig. 1.3, is formed in a flask, which generally
consists of two parts: the lower drag and the upper cope. In a typical handmolding operation, the drag part of the pattern is placed on a flat surface,
and the drag case is inverted over it. A sand mixture is then poured over
the pattern and compacted until it has sufficient strength so as to hold
together after the pattern is removed. A typical composition (by weight)
for the molding sand is 96 parts silica sand, 4 parts bentonite (clay) and
4 parts water. The particle size is controlled by sieving the mixture. After
formation of the drag, it is inverted and the cope is fitted to it. The cope
part of the pattern is then connected to the drag part. A parting compound,
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(a)

(b)

Fig. 1.3 (a) A sand mold for the manufacturing of simple cast parts. Cores have
been placed in the drag to create internal cavities in the cast product. Notice the
hole in the center of the cope corresponding to the down-sprue, and the runners
from the central sprue to the individual castings. (b) Bronze and Al castings obtained with this mold. (Source: en.wikipedia.org/wiki/Sand casting [4].)

e.g., ground bone, is sprinkled onto the surface and the cope is filled with
sand and compacted. The two mold halves are subsequently separated
and the pattern is removed, thus forming the mold cavity. The cope may
be formed separately after which the two halves are assembled. This is
the more typical approach in automated processes. After the pattern has
been removed, cores can be placed in the mold cavity to produce passages
inside the final cast product. One can usually discern the parting line,
corresponding to the location of the joint between the cope and drag on the
surface of the casting.
In addition to the part pattern, the mold must also have the “plumbing” to allow metal to fill the mold cavity. As illustrated in Fig. 1.3, this
consists of a basin to absorb the impact of pouring, a down-sprue to conduct metal to the level of the mold cavity, and a set of runners and in-gates
to feed the metal into the cavity. The main objectives of this feeding system is to introduce the liquid into the cavity with as little turbulence as

