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Structure is at the heart of the materials science paradigm connecting processing with properties.
In the hierarchy of structures that exist in materials microstructure offers the richest variety of
structural arrangements. This variety is often conveniently accessible, e.g., simply by heat treatment
or mechanical deformation. Exploration of the relation between properties and microstructure serves
to establish a target range of microstructural states that will perform. In order to attain a target
microstructure it is necessary to understand what microstructures are, and how they evolve in
processing. This presentation focuses upon the set of tools that must be combined to achieve this
control:

1. Geometry
2 Thermodynamics
3. Kinematics
4. Kinetics.
The content of these tools is reviewed briefly and their uses illustrated in developing an

understanding of how microstructures evolve. In this development an attempt is made to carry the
description of each microstructural process as far as possible without making simplifying assump-
tions. The study of microstructures with this rigorous point of view was termed by F.N. Rhines,
“microstructology”.
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1. Introduction

Geometry. The spatial distribution of things. The heart
of the materials science paradigm, Fig. 1. Processing deter-
mines structure; structure determines properties. Structure
is the spatial distribution of things seen and unseen.

The scientific content of materials science is based upon
a hierarchy of structures:

Nuclear structure determines nuclear properties.
Atomic structure consists of a spatial distribution of

subatomic particles.

Molecular structure extends this spatial distribution to
groups of atoms and dominates the chemical behavior of
the molecules.

Crystal structure for metals, alloys, ceramics and poly-
mers is the spatial distribution of atoms on three dimen-
sional lattices.

Electronic structure is visualized as the spatial distribu-
tion of the probability density of an electron cloud, is
conceived for atoms, molecules and crystals.

Defect structure in crystals includes point, line and
surface defects.

Microstructure influences virtually all aspects of the
behavior of materials.

Macrostructure is the spatial distribution of material in
the useful object that is the goal of the endeavor.

Materials science first adapted from physics or devised
the conceptual content of these structures, then discovered
ways to obtain information about that content, and is now
learning to use that information to predict the response of
materials to processing, and the properties that the proc-
essed material exhibits.
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Figure 1. The matrials science paradigm shows that structure connects
processing with properties.



For a given piece of material microstructure is the most
richly variable, and thus the most susceptible to control, of
the elements in the materials structural hierarchy. Further,
access to this richness is frequently conveniently available
through very simple processes. For example a complete
revision of the microstructure of a material may be
achieved by simply changing its temperature. It is this rich
variability, the attendant potential to produce a particular
microstructural state with desired properties, and the ease
with which this control can frequently be achieved, that
puts microstructure at the focal point of materials science.

This paper deals with half of the materials science
paradigm: the selection of the material and processing
combination with the objective of engineering a target
microstructural state. The other half of the paradigm, the
connection of microstructure to properties and perform-
ance so that the nature of the target microstructural state
may be identified, is a subject of equal importance, sophis-
tication and complexity. However, this important subject
is outside the scope of this presentation.

A breadth of experience with particular materials and
the accumulating information and understanding about the
operation of the components in the hierarchy of structures
has brought the field to the point where microstructures can
be produced by design. Once the realm of the target micro-
structure has been identified, the key to the design of
microstructures is an understanding of microstructural evo-
lution. This requires an understanding of the processes that
are involved in bringing about a change in the spatial
distribution of the geometric elements that make up a
microstructure. This paper explores the tools that are re-
quired to understand how microstructures evolve. Rhines
has termed the development of these tools and their knowl-
edgeable application to understand how microstructures
arrive at a given state microstructology1. He believed that
those who study microstructures should strive to be quan-
titative in this endeavor and to take the application of these
tools as far as is possible before introducing simplifying
assumptions. These tools are:

1. Geometric concepts that describe the microstructural
state, quantified by the application of stereology;

2. Thermodynamics and its implementation in phase
diagrams which provide the context within which proc-
esses occur;

3. Kinematics of evolving microstructures that relate
local boundary motions to global geometric change; and

4. Kinetics of the processes that operate in the kinemat-
ics.

The role of each of these tools in the design process will
be examined. Of course the tool that finds the most use in
microstructural design is the microscope, whether it be
TEM, SEM, the light microscope, or other versions of
instruments that produce images of microstructures.

The first decision that will be made in the design process
is a specification of the chemistry of the material. This
primal decision has the widest range of variables of all of
the choices that are made in microstructural design. How
many elements, which elements, and how much of each has
a profound effect on all subsequent possibilities. All of the
components in the materials structural hierarchy are cir-
cumscribed first by this list of elements, and their relative
amounts, from which the material is made. Ultimately,
these elements are gleaned from the earth’s crust. The very
sophisticated and heroic processes that convert ores into
materials are beyond the scope of this presentation. Our
interest is focused upon structural evolution in solidifica-
tion and in the solid state that follows.

The “microstructure” begins with the first nuclei of the
solid phase that forms in the liquid melt. The subsequent
path of microstructural evolution for the material is highly
variable depending on the sequence of thermal, mechani-
cal, chemical and physical environments in which the ma-
terial is placed. The microstructural state at each point
along the path is the precursor to each subsequent state. And
so the system evolves.

This development begins with a discussion of the con-
cept of the microstructural state of a given material. A given
microstructural state is a point that lies along a path of
microstructural evolution. Possible paths evolving from a
state are circumscribed by the thermodynamics of the alloy
system reflected mostly in its phase diagram. The specific
microstructural path from some initial state is then deter-
mined by the processing applied to the system. The geo-
metric change that describes this path is described by a
combination of topological events1 and the motion of inter-
faces that delineate the constituents in the microstructure.
The kinematics of microstructural change relates rates of
change of the geometric properties in the microstructural
state to the distribution of interface velocities. Finally, the
rates of topological processes and the distribution of inter-
face velocities are determined by the kinetics of the con-
trolling processes. These four fields of scientific endeavor,
- geometry, thermodynamics, kinematics and kinetics, -
must be combined in order to achieve a sophisticated level
of understanding of the connection of processing to struc-
ture in materials science.

2. Geometry and the Microstructural State

Microstructures are three-dimensional space-filling,
not-regular, not-random distributions of phases and their
boundaries. The geometric state of a microstructure may be
reported at three levels2:

1. The qualitative microstructural state;

2. The quantitative microstructural state; and 

3. The topographic microstructural state.
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2.1. The qualitative microstructural state

A microstructure is a three dimensional entity; features
in the microstructure may have 3, 2, 1, or zero dimensions.
That is, features may be volumes (grains, particles), sur-
faces (grain boundaries, interfaces), lines (triple lines,
edges) or points (quadruple points, vertices on polyhedral
particles). The qualitative microstructural state for a micro-
structure is comprised of a list of all of the phases that it
contains (with their compositions and crystal structures)
together with a list of all of the classes of 3, 2, 1 and 0
dimensional features that are found in the structure. For
example, Fig. 2 sketches a microstructure with particles of
a β phase distributed in the grain boundary network of the
α grains. This structure has α and β-type volumes (the three
dimensional phases); αα and αβ interfaces, ααα, ααβ
triple lines and αααα, αααβ quadruple points2. The nickel
based superalloy structure sketched in Fig. 3 has γ and γ’
phase in the volumes of the grains and oxides, carbides and
borides along the grain boundary. A complete feature list
for this system containing all of the classes of interfaces
and triple lines has over 30 entries.

The specification of the qualitative microstructural state
may be further embellished with descriptive words that call
to mind familiar shapes like platelet, acicular, spheroidal,
dendritic, lamellar, etc., or suggest other aspects of the
structure like sparse or space filling.

2.2. The quantitative microstructural state

Each of the features in the qualitative microstructural
state has associated with it one or more geometric proper-
ties. These properties may be defined for individual fea-
tures in a collection. They also have global counterparts
that describe a complete collection of features. For exam-
ple, in a collection of particles of a β phase distributed in a
structure, each particle has a value of its volume. The
complete set of β particles also has a value for its volume.
Specification of the quantitative microstructural state is
initiated when one of its geometric properties is measured.

Volume is a familiar example of a geometric property
that has unambiguous meaning for real three dimensional

features regardless of their shape, size or size distribution.
There exists a collection of geometric properties that may
be thought of as fundamental because they have this attrib-
ute. Indeed, it is no accident that the geometric properties
that are accessible to measurement through the methods of
stereology are precisely those that have general and unam-
biguous meaning for real three dimensional microstruc-
tures. These fundamental properties fall into the following
categories:

1. Topological properties;
2. Metric properties;
  a. Measures of extent;
  b. Curvature measures.
Properties are usually reported in a normalized format.

For example, the volume of particles of a set of features is
usually reported as the volume of those features per unit
volume of structure. Thus, the measure of extent of three
dimensional features is reported as the volume fraction,
written VV, occupied by the feature set. These normalized
geometric properties are listed in Table 1, along with the
notation used to describe each property value.

If a property of a feature (be it 0, 1, 2 or 3-dimensional)
is unchanged if the feature is stretched or distorted in a
completely arbitrary way, so long as it is not severed or
joined to itself in the deformation, then that property is a
topological property. The most familiar topological prop-
erty is the number, N, of disconnected parts of a feature. It
is easy to visualize the number of (three dimensional)
grains in a polycrystal (Not so easy to measure it!), or the
number of (two dimensional) grain faces, or the number of
grain edge segments. Connectivity, C, reports the number
of cuts that can be made through the feature without sepa-
rating it into two parts3. The pore phase in a lightly sintered

Vol. 2, No. 3, 1999 Engineering of Microstructures 113

Figure 2. Microstructure with β phase particles distributed on the grain

boundary network in the α phase, displaying αα and αβ interfaces, and

ααα and ααβ triple lines.
Figure 3. A microstructure for a γ/γ’ superalloy with oxides, borides and
carbides at the grain boundaries has a very long feature list.



powder stack has a very high value of connectivity4, de-
pending on the particle size and the complexity of the
powder particles. Its connectivity decreases with densifica-
tion. The grain edge network in a polycrystal has a high
connectivity. Topological properties provide rudimentary
information about the skeleton of the phases in a micro-
structure.

Metric properties have values that depend explicitly
upon the shape and size of the features being described.
There are two subcategories: measures of extent and cur-
vature measures.

The metric measures of extent are the most familiar of
all fundamental geometric properties. They report a quan-
titative measure of how much of the feature exists in the
structure. Volume, V, reports this for three dimensional
features, surface area, S, reports it for two dimensional
features and length, L, reports it for one dimensional fea-
tures. These are the geometric properties of microstructures
that are most often quantified. Because these concepts are
familiar, measured results are most easily interpreted.

Metric curvature measures have a more sophisticated
meaning, but are indeed fundamental in the sense that they
have values that provide unambiguous meaning for fea-
tures of arbitrary geometry. Curvature is a local property
that is defined at a point on a surface, or on a space curve.
The curvature measures that are accessible are global prop-
erties obtained by summing (integrating) the local values
of curvature over the feature5. Total curvatures may thus
be defined for surfaces5-9 (by integrating the local mean
curvatures over the area of the surface to produce the
integral mean curvature, M) and lines10 (by integrating the
local line curvature along the line, K). The sophisticated
content of these concepts makes difficult the visualization
of the meaning of the resulting numbers except in limiting
cases. For example, the integral mean curvature, M, of a
collection of platelets or flakes reports the total length of
the edges of those objects8,9. The fact that these global
properties are fundamental in the sense described in this

section, and that they may be measured using simple
stereological methods makes their study important.

Averages of these properties may be defined by com-
bining them as shown in Table 2. For example, take any
global measure of extent and divide by the number of
features to produce the number weighted average of that
property. The average volume of particles in an array is just
V/N; the average surface area is S/N. Other average meas-
ures may be defined. 

The mean lineal intercept of features <λ>11,12 (the
average surface-to-surface distance through features in the
structure, Fig. 4, is widely used to characterize the scale of
those features in a microstructure. This property is funda-
mental and is given by

<λ> = 
4V
S

This measure of scale must be used knowledgeably. For
example, for platelets <λ> is twice their average thickness,
but provides no information about the scale of the structure
in the plane of the plates8. For rods, <λ> is twice the average
diameter, but contains no information about the average rod
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Table 1.  Feature list table: three dimensional structures.

Dim. Description One phase Two phases Three phases

3 Volume α α,β α,β,γ

2 Surface αα αα,αβ,ββ αα,αβ,αγ,ββ,βγ,γγ

1 Lines ααα ααα,ααβ,αββ
βββ

ααα,ααβ,ααγ,αββ,
αβγ,βββ,ββγ,βγγ

γγγ

0 Points αααα αααα,αααβ
ααββ,αβββ,

ββββ

αααα,αααβ,αααγ,
ααββ,ααβγ,ααγγ,
αβββ,αββγ,αβγγ,
αγγγ,ββββ,βββγ
ββγγ,βγγγ,γγγγ

Table 2. Geometric properties of feature sets.

Features Geometric Property Symbol/Units

Topological
Properties

α,β... Number density NV (m-3)

α,β... Connectivity
density

CV (m-3)

Metric properties

α,β... Volume fraction VV (m3/m3)

αα,αβ... Surface area density SV (m2/m3)

αα,αβ... Integral mean
curvature

MV (m/m3)

ααα,ααp... Length density LV (m/m3)



length8. The mean lineal intercept is the most popular
measure of grain size in polycrystals.

The average mean surface curvature7, <H>, is given by

< H > = 
M
S

This property becomes important in structures in which
capillarity effects play a key role, since the local mean
curvature is the geometric property at the focus of the
thermodynamic behavior of curved surfaces13. The dihe-
dral angle at edges in a structure also plays a key role in
capillarity driven behavior in microstructures. The average
dihedral angle, <χ> is a fundamental property that may be
defined and measured10.

The distribution of geometric property values within a
feature set may be visualized in terms of fundamental
variables, since these properties can be defined for each

feature in the set. Quantitative measurement of the distri-
bution of geometric properties over a set of features in a
microstructure presents a significant challenge. Methods
available for estimating size distributions are limited to
very simple structures in which all of the features share the
same quantitative shape.

2.3. The topographic microstructural state

Concepts in the quantitative microstructural state en-
compass properties of individual features and the global
properties of feature sets. They provide no information
about the spatial distribution of features in the microstruc-
ture; this class of information is specified in the topographi-
cal microstructural state. There are three primary categories
of concepts in this level of description:

1. Gradients, which report systematic variations of
geometric properties with position in the structure;

2. Anisotropies, which report systematic variations with
orientation;

3. Associations, which report information about the
position of features in the structure with respect to each
other.

Gradients in microstructural properties typically arise
when processing imposes a gradient in the influences like
temperature, state of stress, atmosphere, and the like that
operate to change the microstructure, Fig. 5a. Perhaps the
most common example is provided in the surface treatment
of materials; e.g., carburization or nitriding produce obvi-
ous microstructural gradients from the surface inward. If
the global properties of the structure are of interest, then the
presence of a gradient is a stereological sampling problem
that must be properly averaged. Alternatively, the gradient
may be quantified by taking measurements systematically
at points along it.

Figure 4. Illustration of the meaning of various measures of <λ>, the

mean lineal intercept in a two phase microstructure structure: (a) λβ is the

mean lineal intercept of the β phase; (b) λα is the mean intercept of the α
phase (the mean free path between β particles); (c) λgrains is the mean
intercept of a grains.

Figure 5. Microstructures illustrating the concepts of (a) gradients, (b)
anisotropies, and (c) associations.

Table 2.Features you see on a section through the microstructure.

Feature in 3-D Designation Feature in 2-D

Volume
Grain
Particle

α
β

Area
Grain (section)

Particle (section)

Surface
Grain Boundary
Interface

αα,ββ
αβ

Line
Grain boundary (trace)
Phase boundary (trace)

Line (space curve)
Grain edge (triple
line)
Triple lines 

ααα
ααβ,αββ

Point
Triple point
Triple point

Point
Quadruple point
Quadruple points

αααα
αααβ
ααββ
αβββ
ββββ

Not observed
 " "
 " "
 " "
 " "
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Anisotropies in the distribution of microstructural prop-
erties also arise from nonuniformities of the influences
applied during processing, Fig. 5b. The most obvious ex-
ample is the anisotropy of surface area in grain structures
that arises during directional mechanical processing. An-
isotropies also are common in solidification processing. As
in the case of gradients, if the global properties of the
structure are of interest, (e.g., the total surface area of grains
in a deformed polycrystal) then the anisotropy presents
itself as a sampling problem that must be appropriately
averaged14,15. On the other hand, the nature of the anisot-
ropy may be characterized quantitatively by taking meas-
urements in different directions16.

The concept of geometric associations may be applied
to features from the same feature set, or alternatively, to
features from different sets in the structure, Fig. 5c. A
collection of particles of the β phase may exhibit departure
from a random spatial distribution by showing a tendency
to cluster together (forming clumps in the limiting case) or
to order (forming a regular lattice of particles like the γ’
ordered phase common in many in nickel based superal-
loys). These tendencies may in principle be quantified by
measuring the distribution of nearest neighbor distances.
Such measurements have been applied on two dimensional
sections17,18. Undertaking such measurements in three di-
mensions requires a reconstruction of the three dimensional
structure from serial sections, confocal microscopy, acous-
tical microscopy or tomography17. Such approaches are not
practical for opaque solid materials, where the only feasible
approach, serial sectioning, requires an inordinate invest-
ment of effort4.

Features in one feature set may tend to associate with
those of another in a microstructure, or to avoid them. An
obvious example is shown in Fig. 5d where the oxide
particles decorate the grain boundaries. Particles may tend
to cluster on, or avoid, the grain edges in the structure.
Measures of these tendencies are contained in contiguity
measures19-21. These take the form of fractions of the value
of the measure of extent of one feature set that is due to the
association of another feature set. Consider for example a
three phase structure, αβγ. One measure of the tendency
for the γ phase to be associated with the α phase is the ratio
of αγ surface area to the total boundary area of α particles,
(αβ + αγ). The fraction of the length of grain edges in the
α matrix occupied by β particles is a measure of the
tendency for β particles to associate with grain edges. Other
measures incorporate triple line lengths. 

All of the concepts discussed in this section are funda-
mental in the sense that they have unambiguous meaning
for features in arbitrary real three dimensional microstruc-
tures. All may be experimentally measured by applying the
methods of stereology3,11,12. With a set of properly de-
signed samples from probe populations each of the funda-

mental geometric properties listed in Table 1 may be esti-
mated with statistical precision. For each geometric prop-
erty, separate measurements may be made for all of the
feature sets in the qualitative microstructural state that have
that property. For example, for the structure shown in Fig.
6, all of the properties: Vv

α , Vv
β, Sv

αα, Sv
αβ, Sv

ββ, Lv
ααα,

Lv
ααβ, Lv

αββ and Lv
βββ , may be stereologically estimated.

3. Thermodynamics in Microstructural
Design

Classical phenomenological thermodynamics provides
the basis for organizing information about the behavior of
matter. The laws of thermodynamics lead to a general
criterion for equilibrium expressed as an extremum princi-
ple: “the entropy of an isolated system is a maximum at
equilibrium”13. This extremum principle is the basis for a
general strategy for finding conditions for equilibrium in
the most complex kind of system. These conditions for
equilibrium are sets of equations that must be obeyed in
order for a system to be in its equilibrium state. Variables
in these equations are specific properties of the system:
temperatures, pressures, chemical potentials. Definitions
for these properties, and the associated means for their
measurement, arise in the development of the apparatus for
describing the complex kinds of systems that are common-
place in materials science.

In its application to materials science the goal of ther-
modynamics is the calculation of equilibrium states. If one
takes system I in state A and places it in environment E it

Figure 6. Two phase microstructure exhibiting all of the features  in the

two phase feature list: α, β, αα, αβ, ββ, ααα, ααβ, αββ, βββ.
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will change toward a final, equilibrium condition predicted
to be system II with state B. In phenomenological thermo-
dynamics this goal has been realized for very general
classes of systems: multicomponent, multiphase, open, re-
acting systems in which capillarity effects, crystal defects,
elastic effects and external fields may play a role13. In the
following sections discussion is limited to the two major
application of thermodynamics in the engineering of mi-
crostructures:

1. Thermodynamics of phase diagrams; and
2. Thermodynamics of capillarity effects.
Phase diagrams provide the context within which proc-

esses occur and microstructures develop. Capillarity effects
explain how the thermodynamics of the phase diagram
operates through the geometry of the microstructure. 

3.1. Thermodynamics of phase diagrams

The collection of equilibrium states for any system is
represented as a map of the domains of stability of the
various phase forms that a system may exhibit in a space
that represents ranges of interest of the fundamental over-
arching variables, temperature, pressure and composition.
Phase diagrams, once determined by direct observation of
the phases displayed in a survey of combinations of com-
positions and temperatures for a system, are now derived
from an integrated iteration of thermodynamic information
and direct observation22. Further, first principle calcula-
tions of phase diagrams from phase stability and solution
formation behavior derived from interactions modeled on
the atomic scale23 are becoming increasingly successful.

As mentioned before, phase diagrams play a central role
in the engineering of microstructures because they provide
the context within which processes occur. In any attempt
to understand what happened, or to predict what will hap-
pen, when microstructure I was subjected to treatment E
and became microstructure II the first step should be to look
at the phase diagram. However, phase diagrams present
patterns of equilibrium states in temperature-pressure-
composition space. They provide information only about
the ultimate state toward which a system tends. A phase
diagram does not provide the path that the system will
follow in its pursuit of equilibrium, although in simple
cases the path may be strongly indicated. The rate at which
the path is traversed by the system is also beyond the
application of phase diagrams. The path, the competing
kinetic processes that determine it, and its associated rate
require another level of detail and sophistication in terms
of the information required. Kinematic and kinetic consid-
erations in microstructural design are treated in more detail
in later sections.

The modern trend for constructing phase diagrams by
combining direct structural observations with thermody-
namic data and first principle modeling is resulting in a tool
for engineering of microstructures with perhaps unforseen

power. An early objective in these developments was to
provide a means for using all of the data available for a
given system in order to construct an optimal, reliable and
consistent phase diagram for that system22. A second ob-
jective was the use of models to predict behavior in ternary
and higher order systems by extending successful models
for the binary systems involved. The investment required
to produce experimental phase diagram information for
quaternary and higher order systems makes such an en-
deavor impractical. Yet many materials of crucial techno-
logical importance are truly “multicomponent”. It seems
likely that systematic studies of such higher order systems
must rely heavily upon theoretically calculated phase dia-
grams.

Perhaps the greatest potential that will be derived from
this marriage of theory and experiment will be the applica-
tion of the thermodynamic information underlying a suc-
cessfully constructed phase diagram. The free energy /
composition / temperature / pressure relationships that de-
scribe the energetics that determine the pattern of winners
in the competition to determine domains of phase stability
constitute information that is invaluable to an under-
standing of the kinetic processes that compete. In the first
instance this information also determines the competition
for the metastable phases that may exist, and provide quan-
titative information about how metastable these phases
may be. The variation of free energy difference between
competing phases with composition and temperature pro-
vides the pattern of “driving forces” that play a key role in
most kinetic processes. This kind of quantitative energetic
information is only now beginning to become available for
systems beyond the binary. This is a case in which the
information being developed has the potential to exceed
our abilities to make use of it until we learn how to apply
it in multicomponent systems.

The strategies and procedures developed for computing
phase diagrams from interactions at the atomic level pro-
vides access to kinds of information not experimentally
available. For example by incorporating elastic stresses and
strains into the thermodynamic models it is possible to
develop “coherent phase diagrams”23. In processes that
involve ordering or spinodal decomposition the early
stages produce particles that are coherent with the sur-
rounding crystal lattice, i.e., the phase that forms and the
parent phase share the same crystal lattice. In this case
significant elastic energy is developed in accommodating
the phases and the predicted domains of stability may be
significantly different from those observed in bulk systems.
These elastic effects must be incorporated into the evalu-
ation of the driving forces for the kinetic processes that
occur.
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3.2. Thermodynamics of capillarity effects

A microstructure is a spatial distribution of geometric
entities: interfaces, triple lines, quadruple points. The sub-
set of the thermodynamic apparatus that incorporates these
geometric entities is called capillarity. The conditions for
equilibrium involving geometric aspects of microstructure
fall into two main scenarios:

1. Equilibrium at a curved interface where the pressure
difference across the interface is proportional to the surface
free energy and the local mean curvature, Fig. 7; and

2. Equilibrium at triple lines where a balance of the
energies of the three meeting surfaces determines the local
configuration, Fig. 8.

Both of these effects play important roles in determin-
ing microstructural evolution and thus in engineering mi-
crostructures.

The mechanical effect described in the first case can be
shown to translate into shifts in phase boundaries on phase

diagrams. These translations then operate to influence
processes involving those phases. The thermodynamic ef-
fects appear as an increase in vapor pressure for curved
liquid/vapor interfaces, a decrease in the melting point for
curved solid/liquid interfaces, shifts in vacancy concentra-
tions for crystal/vapor interfaces, or shifts in composition
for solid/solid interfaces involving two or more compo-
nents. These "capillarity shifts" may act as the driving force
for processes, as in coarsening, grain growth or sintering,
may modify the driving force as in diffusion controlled
growth, or may act as a barrier to be overcome, as in
nucleation. These microstructural processes cannot be de-
scribed without invoking the thermodynamics of capillar-
ity.

Equilibrium at triple lines tends to have an obvious
effect on microstructural geometry. The dihedral angles
that develop in balancing the surface energies of the meet-
ing interfaces determine “wetting tendencies”. These as-
pects of the thermodynamics of interfaces appear in
soldering and joining (where wetting is desirable) and in
liquid phase penetration (where it is to be avoided). They
play a crucial role in nucleation processes, favoring hetero-
geneous nucleation at grain boundaries, triple lines or quad-
ruple points, or on dispersed inoculants or container walls.

Capillarity thermodynamics and the energetics of phase
diagrams are key components in the quest to engineer
microstructures. We are only now beginning to understand
the operation of these parts of the thermodynamic appara-
tus in multicomponent systems.

4. Kinematics and the Path of
Microstructural Change

In mechanics kinematics means the description of the
geometry of motion (as in the motion of a compound lever
system) without regard to the physical influences that cause
the motion. For example in kinematics it is shown that the
curve traced out by a point on a wheel as the wheel rolls
along a line is a cycloid. The time variation of the spatial
distribution of the components in a mechanical system may
be described in terms of velocities of specific components,
e.g., the displacement of a pin in the mechanism, or the
angular rotation velocity of a lever.

4.1. The kinematic equations

There also exists a kinematics of microstructural evo-
lution. In this case, the motions are visualized as the distri-
bution of velocities over a moving interphase interface, Fig.
9. These motions produce changes in the geometry of the
phases involved. A set of kinematic equations relate
changes in the geometric properties of the microstructure
to this velocity distribution.

Where V, S and M are the volume, surface area and
integral mean curvature of the phase bounded by the mov-

Figure 7. The condition for local equilibrium across a curved αβ interface

requires that the pressure in the β phase be different from the pressure in

the a phase by the factor 2γH where γ is the surface free energy and H is
the local mean curvature of the surface. The chemical potencial of any

component, µk, is the same on both sides of the interface.

Figure 8. The condition for equilibrium at a triple line where three
surfaces meet (a) determines the angle between the surfaces (b). These
angles are measures of the tendencies for the phases to wet each other and
may strongly influence the microstructure.
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ing interface. H is the local mean curvature and K the
Gaussian curvature of an element of boundary moving with
velocity v. These equations make no simplifying assump-
tions about the geometry of the structure3.

dV
dt

 = ∫ 
S
∫ v dS

dS
dt

 = 2 ∫∫ 
S

v H dS

dM
dt

 = ∫∫ v K dS

The path of microstructural evolution is visualized as
the sequence of geometric states that a system exhibits
during a microstructural process. The path may be made
quantitative by measuring the geometric properties of the
microstructure at a sequence of observations that sample
the process. An individual quantitative microstructural
state may be visualized as a point in a space that has a
number of dimensions equal to the number of geometric
parameters that have been quantified. The path is then a
space curve in that multidimensional space, connecting
subsequent states along the process. The path provides
rudimentary information about the process that is occurring
that is not available from observations of the time variation
of individual geometric properties.

If the boundary motions are smooth and continuous
some information about what determines the path may be
obtained from ratios of the kinematic equations:

dS
dV

 = 

2 ∫∫ 
S

v H dS

∫∫ 
S

vdS
 

dM
dV

 = 

∫∫ 
S

v K dS

∫∫ 
S

v dS

The sequence of geometric states, expressed in terms of
how the surface area and integral mean curvature vary with
the volume of the phase, is seen to be determined in a
complex way by ratios of integrals over the area of the
moving interface of weighted measures of the velocity
distribution on the moving interface.

4.2. Topological processes in microstructural evolution

Most microstructural paths result from two classes of
local processes:

1. The smooth migration of interfacial elements under
the control of local atomic accommodations. These pro-
duce changes in the metric properties of the structure and
are governed by the kinematic equations.

2. Discontinuous changes in the structure that alter the
topology of the microstructure. The time frame for these
changes is short compared with those associated with
smooth boundary migration.

Smooth boundary migrations produce changes that are
global because they act at every point on the moving
interface. Topological processes are by their nature local,
affecting only elements of the microstructure in their im-
mediate area. Both classes of processes contribute signifi-
cantly to determining the path of microstructural change.

The coupled operation of topological and metric proc-
esses is a common phenomenon in microstructural evolu-
tion. Typically the structure changes smoothly as interfaces
migrate; this migration sets up a local shape change that
reaches a critical condition and, on a short time scale, the
topological process occurs. Some familiar examples fol-
low.

Grain growth results from the disappearance of grains
in a space filling polycrystal, a topological process which
decreases the number of grains in the microstructure. (A
second topological process in which grains switch neigh-
bors is responsible for maintaining the distribution of grain
topologies in the system.) The geometric configuration
necessary for these topological events to occur is set up by
the smooth and continuous migration of grain boundaries
until locally some critical condition has been attained and
a topological change occurs.

Sintering is characterized by topological changes that
disconnect the pore network until pores become isolated; if

Figure 9. The distribution of velocities over the interface that bounds a
feature illustrated in this figure is related to the changes in the geometric
properties of the feature through the kinematic equations.

Vol. 2, No. 3, 1999 Engineering of Microstructures 119



the microstructural context is correct, these isolated pores
then disappear. These topological events are set up by the
smooth migration of pore-solid interface until some local
critical geometric condition is attained.

Coarsening involves smooth boundary migration, with
interfaces bounding large particles moving outward and
those bounding small particles moving inward. The latter
ultimately results in a topological process, the disappear-
ance of small particles. As a result, the number of particles
decreases and the average particle size increases.

Precipitation begins with a topological process, the
formation of new particles in nucleation. Further micros-
tructural development derives from growth, which is the
smooth and continuous migration of the surface bounding
precipitate particles.

The topological processes are by their nature instanta-
neous. Topological events are disruptions in the otherwise
smooth evolution of the geometry of the structure. A cluster
of atoms attains a critical size and a new particle is defined
to be nucleated. A small grain shrinks inward on itself until
it disappears in grain growth or coarsening. A channel in a
pore network reaches a critical configuration and at some
instant in time pinches closed, further disconnecting the
pore network. Rates of change of local values of the metric
properties may be large in the vicinity of a topological event
immediately before or after it occurs. However, global
metric properties change smoothly and continuously as
they average over contributions from these events.

Qualitatively, the path is characteristic for a given class
of process (e.g., grain growth, coarsening, etc.) The quan-
titative path is then determined by the choices of processing
variables applied to the system. For example, in precipita-
tion increasing the supersaturation may increase the nu-
cleation rate relative to the growth rate and alter the path to
produce a structure with a larger number of particles that
are on the average smaller in size. The precipitation process
thus exhibits an envelope of paths. This envelope of paths
displays the ensemble of microstructural states that are
accessible to the process. The choice of the processing
variables selects a specific path from this envelope of paths
and narrows the focus to microstructural states along that
path. Interruption of the process at the appropriate time
leaves the structure in a selected microstructural state.

5. The Kinetics of Microstructural Evolution
The kinematic equations describe the global geometric

changes of a microstructure in terms of the distribution of
interface velocities. The kinematic equations become kinetic
equations when the interface velocity function v is evaluated
from physical considerations including the thermodynamic
context and the atomic processes that make the interface
move. In general the local velocity of an element of moving
interface is governed physically by an interface accommoda-
tion equation24,25. A phase boundary exists because the two

phases that define it have different properties. In order for
the boundary to move, these differences must be accommo-
dated. This is generally achieved through local flows of
chemical components (to accommodate composition dif-
ferences) or heat (to accommodate enthalpy differences).

To illustrate the kinetic evaluation of the local velocity v,
consider the case of a boundary between two binary phases,
α and β, that have two different compositions at the interface,
Cα and Cβ, Fig. 10. In order for the interface to move this
concentration difference must be accommodated by supply-
ing (or removing) atoms of the components. In this illustration
let it be assumed that the motion of the interface is controlled
by the supply of these atoms by diffusion in the adjacent
phases. If the process is controlled by this diffusion then local
equilibrium obtains at the interface and Cα and Cβ are molar
concentrations of the component (say component B) com-
puted from the equilibrium tie line for α and β at the tempera-
ture of the interface in the phase diagram for the system.
Define Jα and Jβ to be the diffusion fluxes of component B
(moles of B/cm2 -sec) at the interface in the α and β phases
respectively. Then it can be shown24,25 that conservation of
component B requires that

v = 
Jβ − Jα

Cβ − Cα

This is the compositional interface accommodation
equation.

5.1. Precipitation processes

An alloy with composition Co is first solution treated at
a high temperature where the phase diagram, Fig. 11, shows
a single phase to be the equilibrium structure. This alloy is

Figure 10. Illustration of the factors involved in the interface accommo-
dation equation that describes the velocity v of a phase of the boundary
between two phases.
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then quenched to an aging temperature that lies within a
two phase α + β field in the phase diagram. Particles of the
β phase nucleate and begin to grow. Typically the β parti-
cles form and grow at a composition that is near their
equilibrium composition, Cβ. With this condition, there is
no gradient in the β phase during growth: Jβ = 0, so that

v = − 
Jα

Cβ − Cα

The flux at the interface in the α phase can be expressed
in terms of the concentration gradient at the interface, ∇C,
and the diffusion coefficient in the α phase:

Jα = − D ∆ C

If the process is controlled by diffusion in the matrix
phase then a concentration field will evolve with time in
the matrix. This composition distribution is a solution to
Fick’s second law which governs diffusion determined by
the initial conditions and the boundary conditions at the αβ
interface. This concentration field will exhibit flux lines
that connect to the particle surfaces. A trace of the compo-
sition distribution along such a flux line is shown in Fig.
12. The gradient at the interface may be expressed in terms
of the composition difference (Co - Cα) and a local diffusion
length scale, λ, shown in Fig. 12.

∆ C = 
C0 − Cα

λ

The diffusion length scale for any element of interface
grows parabolically with the time since the particle nucle-
ated, until concentration interference occurs in the diffu-

sion fields between neighboring particles. Thereafter the
growth rate of the length scale slows down. The growth rate
approaches zero as the length scales approach infinity and
the system approaches equilibrium. The distribution of
diffusion length scales at any time in this process is tied to
the time dependence of the nucleation rate since the length
scale for each surface element starts from zero at its mo-
ment of nucleation.

The interface accommodation equation for diffusion
controlled growth can thus be written

v = 
D

Cβ − Cα 
C0 − Cα

λ
 = D [ 

C0 −Cα

Cβ − Cα ] 
1
λ

The factor in brackets, which is the ratio of the compo-
sition difference in the matrix phase to the composition
difference across the phase boundary, is called the super-
saturation ratio for the process, and can be determined
from the tie line on the phase diagram that describes this
two phase system. D is the diffusivity in the matrix phase
at the composition Cα, and λ is the local diffusion length
scale in the matrix at a surface element.

In a microstructure that is evolving by diffusion con-
trolled growth of a β phase into an α matrix the interface

velocity, v, is expected to vary with position over the αβ
interface. Inspection of Eq. (9) reveals that all of that
variation is embodied in the diffusion length scale, λ. Thus,
the distribution of diffusion length scales in the structure
plays a central role in determining the path and kinetics of
the evolution of the microstructure.

Rates of change of the global geometric properties can
be related to the local physics embodied in Eq. (9) by
inserting this expression for the interface velocity into the
kinematic equations. The rate of change of the volume
of the growing β phase is given by

Figure 12. (a) Two dimensional sketch of a diffusion generated concen-

tration field for β precipitating in α, showing the isoconcentration con-

tours and flux lines. (b) For any point P on the αβ interface the

concentration gradient in the α along the flux line can be described by a

composition difference (Ck
0 - Ck

α) and a diffusion lenght scale, λ.

Figure 11. Typical phase diagram in which a precipitaion process can be
made to occur.
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change of the global geometric properties can be related to
the local physics embodied in Eq. (9) by inserting this
expression for the interface velocity into the kinematic
equations. The rate of change of the volume of the
growing β phase is given by

dV
dt

 = ∫∫ 
S

v dS = ∫∫ 
S

D [ 
C0 − Cα

Cβ − Cα ] 
1
λ

 dS = 

D [ 
C0 − Cα

Cβ − Cα ] ∫∫ 
S

1
λ

 dS

dV
dt

 = D [ 
C0 − Cα

Cβ − Cα ] < 
1
λ

 > S S

where < 
1
λ

 > S is a surface area weighted harmonic mean

of the distribution of diffusion length scales. The kinetics
of growth of the β phase is clearly determined by the
temperature of the process through the diffusion
coefficient in the α phase, which is strongly temperature
sensitive, and the supersaturation ratio obtained from the
phase diagram, which may not be as sensitive to
temperature. The nucleation part of the precipitation
process is implicit in the distribution of diffusion length
scales. If nucleation is in the site saturation mode (all of
the available nucleation sites are activated at t = 0) then
the distribution of diffusion length scales will be very
narrow, at least until the late stages of the process where
concentration interference becomes dominant. As
nucleation becomes time dependent, this distribution
broadens.

The time dependence of surface area and integral mean
curvature can be determined by inserting the velocity Eq.
(9) into their kinematic Eqs. (3):

dS
dt

 = 2 D [ 
C0 − Cα

Cβ − Cα ] < 
1
λ

 > M M

and, for the change in M

dM
dt

 = D [ 
C0 − Cα

Cβ − Cα ] < 
1
λ

 > Ω Ω

Insight into the path of microstructural change for a
microstructure evolving by diffusion controlled growth of
the β phase can be obtained by taking ratios of these kinetic
equations. The projection of the path which plots the
surface area of the microstructure versus the volume of the
growing phase is given by the ratio

dS
dV

 = 

2 D [ 
C0 − Cα

Cβ − Cα ]  < 
1
λ

 > M M

D [ 
C0 − Cα

Cβ − Cα ]  < 
1
λ

 > S S
 = 2 

< 
1
λ

 > M M

 < 
1
λ

 > S S

The component of the path represented by the variation
of the integral mean curvature with the volume of the
growing particles is

dM
dV

 = 

 D [ 
C0 − Cα

Cβ − Cα ]  < 
1
λ

 > Ω Ω

D [ 
C0 − Cα

Cβ − Cα ]  < 
1
λ

 > S S
 =  

< 
1
λ

 > Ω Ω

 < 
1
λ

 > S S

In both of these equations the dependence upon the
diffusion coefficient in the matrix, D, and the phase dia-
gram concentrations contained in the supersaturation ratio
cancel. The path depends upon the ratio of differently
weighted averages of the diffusion length scale distribu-
tion, and current values of geometric properties, S, M and
Ω. The breadth of the diffusion length scale distribution is
determined by the time dependence of the nucleation be-
havior in the process, i.e., by the rate of topological change.
It is concluded that the variability of the path of microstruc-
tural evolution in diffusion controlled precipitation is
largely determined by the kinetics of its topological nuclea-
tion process: nucleation

All of these results reflect the microstructology view-
point: the description is carried as far as possible before
introducing simplifying geometric assumptions.

In order to apply the kinematic equations to specific
microstructural processes it is necessary to visualize the
distribution of concentration gradients in the matrix at the
moving interface. This evaluation is specific to each class
of process.

5.2. Diffusion controlled coarsening

Coarsening sets in when the chemical driving force for
growth of a precipitate phase has been exhausted so that the
much smaller differences in composition associated with
capillarity effects may begin to operate. In this case the
thermodynamics of capillarity effects predicts that the con-
centration in the α phase at a surface element is determined
by the local mean curvature of the element13. An element
of surface on a small particle has a relatively high concen-
tration in the adjacent α phase; surface elements on coarse
particles have a relatively small concentration in the adja-
cent α phase. Thus, there exists a distribution of concentra-
tions over the collection of boundaries of the α phase. If the
process is controlled by diffusion between β particles
through the matrix α phase, then a concentration field
evolves with time in this process. This evolution is gov-
erned by Fick’s second law and the distribution of concen-
trations at the αβ surfaces that bound the α phase.

The composition field will exhibit flux lines (normal to
the isocomposition contours) that connect any given sur-
face element with a communicating neighbor element. Fig.
13 sketches a composition profile along such a flux line.
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The gradient at the interface for the smaller particle can be
visualized in terms of the composition difference between
the surface elements (which is determined by the difference
in their mean curvatures) and the diffusion length scale, λ:

∆C = 
C(H) − C(H)n

λ
 = 

2 γ Vβ

R T
    

Hn − H
λ

In this result γ is the surface free energy of the interface,
Vβ is the molar volume of the β phase, R is the gas constant,
T the absolute temperature Hn the mean curvature of the
communicating neighbor element and H that of the refer-
ence element. Insert this evaluation into the interface ac-
commodation equation:

v = 
D

Cβ − Cα ∆C = 
D

Cβ − Cα    
2 γ Vβ

R T
    

Hn − H
λ

v = KD 
Hn − H

λ

Note that if H is larger than Hn (implying the reference
element is on a smaller particle) v is negative and the
particle shrinks. For the opposite case, the particle grows.
Thus, in diffusion controlled coarsening the local velocity
of an element is determined by its curvature, H, that of its
communicating neighbor, Hn, and a diffusion length scale,
λ which is of the order of the distance between particles.

Insertion of this result into the kinematic equations
gives the predictions for the time evolution of global geo-
metric properties for diffusion controlled coarsening. For
this process the total volume of the β phase does not change
so that dV/dt = 0. It can be shown that this condition yields

the result that the average curvature of the communicating
neighbor elements is simply the average mean surface
curvature in the system <H> defined in Eq. (2). Insertion
of this result into the remaining kinematic equations yields
predictions of the rate of change of surface area and total
curvature for diffusion controlled coarsening. In this case
the integrations involved lead to weighted averages of the
mean surface curvature distribution, as well as the distribu-
tion of diffusion length scales. These results contain no
simplifying geometric assumptions. For a complete pres-
entation of these results see reference26.

The path of microstructural change for coarsening proc-
esses is presumed to be highly constrained. Classical theo-
ries on the subject suggest that, after some adjustment to
the initial particle size distribution, all coarsening systems
(of any given volume fraction) approach a fixed size distri-
bution, and thus a fixed path of microstructural evolution.
Factors that might alter the path, such as the spatial distri-
bution of the particles (whether clustered or ordered) have
been left unexplored.

5.3. Grain growth

The local process that governs grain growth is grain
boundary migration. In contrast with the previously de-
scribed processes, grain boundary migration does not in-
volve concentration fields, Fick’s second law or diffusion
length scales. The driving force for grain growth is the
decrease in surface energy associated with the elimination
of grain boundary area. This is accomplished if each ele-
ment of boundary moves toward its local center of curva-
ture. The classic kinetic model, due to von Neuman27 and
Mullens28, describes grain growth in a two dimensional
grain structure. They assumed that the velocity of the
boundary element is proportional to its local curvature:

where α is a rate constant that depends upon tempera-
ture and composition and k is the local curvature of the
boundary. This assumption leads to the classical “6 – n”
rule: that rate of change of the area of any grain depends
only upon the number of sides that is has and the rate
constant α. No other geometric factors are involved4. The
corresponding hypothesis for grain growth in three dimen-
sional microstructures is that the velocity is proportional to
the local mean curvature H of the grain boundary.

v = − α k

The von Neumann result and its three dimensional
analog neglect the topological processes that are an integral
part of grain growth30,31. The mean grain volume, which is
determined by the number of grains in the structure and no
other geometric parameter, can only change as a result of
the topological event in which a small grain disappears, Fig.
14. As small grains are removed from the system new small

Figure 13. Illustration of the concentration profile along a flux line that
joins two "communicating neighbors" surface elements and the associated

diffusion lenght scale λ in diffusion controlled coarseing.
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grains are formed as a result of the topological switching
processes illustrated in Fig. 14. In the vicinity of the cata-
strophic topological events the surface curvatures are large
and the interface velocities correspondingly high. Thus, in
grain growth most interface elements are migrating slowly
toward their centers of curvature but, at any instant in time,
a small fraction of the surface elements that happen to be
near a topological event, are moving very rapidly. The
kinematic equations may be used in principle to predict
kinetics and the path of microstructural change. However,
it is necessary to incorporate the observation that much of
the change in surface area of the grain boundary network
that occurs in any time interval is more or less directly
associated with the topological events that occur in that
time interval. Indeed, in an analysis of grain growth in two
dimensions29 it has been estimated that over 90% of the
change in boundary area is a direct result of the topological
processes.

Paths of microstructural change in grain growth range
from “normal grain growth” in which the structure coarsens
without changing the relative width of the grain size distri-
bution, to “abnormal grain growth” or “secondary recrys-
tallization” where selected grains grow at a rate far
exceeding their neighbors. It seems evident that this range
of paths is governed by the spatial distribution of the
topological events. In normal grain growth the topological
events are uniformly distributed in space. In abnormal grain
growth these processes apparently tend to be clustered near
abnormal grains. Contributing factors include textural ef-
fects, nonuniformity in the distribution of second phase
particles or nonuniformity in the developing “normal”
grain size distribution. The material and process variables
that control the path of microstructural change in grain
growth remain a subject for experimental study.

5.4. Sintering

A geometrically general approach to modeling the sin-
tering process requires modification of the kinematic equa-
tions. In sintering the migration of the pore solid interface
is not the only contribution to the changes in the geometric
properties. The annihilation of vacancies at grain bounda-
ries plays a significant role in densification which also
contributes to changes in other geometric properties. Thus
integrals of the local velocity over the moving pore solid
interface do not adequately describe the geometric changes
that occur.

When a stack of particles is heated to a significant
fraction of their melting point, necks form at points of
contact. These necks are grain boundaries in the solid
phase. The pore phase is a connected network which inter-
penetrates the solid connected network. The necks grow
until they impinge, forming triple lines in the developing
grain boundary network. The formation of triple lines is
accompanied by the pinching off of channels in the pore
network. Eventually a fully connected grain boundary net-
work results as the pore network disconnects into isolated
pores.

The thermodynamics of defect structures combines
with capillarity theory to predict that vacancies are gener-
ated at the curved pore surface. These vacancies migrate to
nearby grain boundaries between particles. As the vacan-
cies annihilate at the grain boundaries, the grain centers
move toward each other and the porous aggregate densifies.

The process may be visualized in terms of a space filling
cell structure in which each cell contains one grain and its
associated porosity32. Each cell face is partly covered by
grain boundary, partly by porosity. Let f be the ratio of cell
face area to grain boundary area at any point in the process.
When the equivalent of one layer of vacancies is annihi-
lated in the grain boundary on a particular face the volume
of the cell is decreased by the removal of a layer one atom
thick from the whole cell face. In the early stages of
sintering, when the grain boundary occupies a small frac-

Figure 14. Topological processes that occur in two dimensional grain
growth: (a) the disappearance of small grains, and (b) the switching
process.

Figure 15. Illustraiting the progress in terms of the evolution of the pore
and grain  boundary structures associated with a single grain.
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tion of a cell face, annihilation of a layer of vacancies in the
grain boundary carries with it a large volume change, i.e.,
the vacancy annihilation process is efficient. In the late
stages of the process after porosity is isolated f approaches
1 and the volume change of the structure is roughly equal
to the volume of vacancies annihilated.

Sintering is an unusual microstructural process in that
it involves two networks with evolutions that are coupled32.
Assume for simplicity that the particles are single crystals.
At the outset the pore network is completely connected and
the grain boundary network, which is confined to the inter-
particle necks, is completely disconnected. As densifica-
tion proceeds and pore channels begin to pinch off as
growing necks impinge on each other, disconnected por-
tions of the grain boundary structure begin to connect to
form subnetworks . At a still later stage the grain boundary
subnetworks connect up to form a complete network. This
grain boundary network is capable of the metric and topo-
logical changes that characterize grain growth. In this stage
of sintering, which probably characterizes the range from
15 to 5% porosity, the grain boundary network may become
uncoupled from the pore network. The subsequent path of
microstructural change is strongly dependent upon the
balance between grain growth and pore evolution because
the elimination of porosity is most efficient for pores in the
grain boundary network. The attainment of a fully dense
body is favored if the pore structure and the grain boundary
network remain coupled. If the grain structure coarsens,
either normally or abnormally, pores left without contact to
the grain boundary network become stable and resist elimi-
nation.

Paths of microstructural evolution in sintering are cir-
cumscribed primarily by the geometry of the initial powder
stack embodied in the particle size, size distribution, shapes
and stacking4. Processing scenarios that involve precom-
paction or hot pressing versus loose stack sintering signifi-
cantly alter the path in the neck growth and channel closure
stages of the process but have less effect in the late stages
of the process where the pores are isolated. In that stage the
coupling between the grain growth process and pore evo-
lution determines the path.

6. Summary
Engineering of microstructures requires wise choices

based upon knowledge on the one hand of the relation
between processing and the microstructural states that may
be developed and, on the other hand, of the relation between
microstructural states that may be achieved and their prop-
erties. This presentation has focused on the tools that are
needed to choose a material and design a process to achieve
a target microstructural state.

Concepts of microstructural state and the path of mi-
crostructural change form the basis for the engineering of
microstructures. For a given material and initial micros-

tructural state each class of process yields an envelope of
microstructural paths. Fundamental geometric concepts
must be mastered in order to describe microstructural states
and paths qualitatively, then quantitatively.

A knowledge of the thermodynamics that underlie mul-
ticomponent, multiphase systems leads to an understanding
of phase diagrams for real, complex systems. These maps
of the domains of stability of possible equilibrium states for
a system form the context within which microstructural
processes occur. 

A set of kinematic equations relate the evolution of
microstructural geometry to the distribution of velocities
on boundaries in the structure. These geometrically general
relationships provide a basis for establishing paths of mi-
crostructural change and rates of traverse of those paths.

These kinematic equations may be converted to kinetic
equations by applying the principles of both reversible and
irreversible thermodynamics to endow local interface ve-
locities with a physical description. This connection with
the physics of the moving atoms is the basis for establishing
the effect that processing sequence and variables have upon
the path and kinetics of microstructural evolution.

Many common microstructural processes have a topo-
logical component. The typical topological event is a local
change in connectivity or number of some geometric entity
in the structure. It may be accompanied by relatively large
changes in local geometric properties. Rates of topological
processes relative to rates of metric property changes may
be responsible for introducing breadth into the spread of
possible microstructural paths that a system may choose.

Engineering of microstructure presumes that a target
microstructure has been circumscribed which exhibits a
combination of properties desired for a particular applica-
tion. The target microstructural state must be produced
from a selected material through processing. It is a particu-
lar state obtained by interrupting a microstructural evolu-
tion that carries the material along some microstructural
path. The spectrum of microstructural paths available from
a given starting state is determined by the processing se-
quence and processing variables. Understanding these con-
nections so that the right material may be selected and
subjected to the right process requires mastery of the ge-
ometry, thermodynamics, kinematics and kinetics of mi-
crostructural evolution.
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