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Advanced materials contain particles, grains and pores, interfaces, grain boundaries and
other microstructural elements. Depending on the details of the technological route they
differ in the amount and the distribution of these elements. Such differences can be now
analysed in a quantitative way using the methods of image analysis and stereology. In
particular, these methods provide estimates of the number of microstructural elements
of a given size (e.g. number of particles per unit volume), their shape (if applicable), and
their spatial distribution. The paper describes methodology of these measurements, and
how the results can be applied to optimise microstructure of advanced materials.
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1. Introduction

1.1. Microstructure of materials

Materials science is a field of scientific pursuit that concentrates attention on
the relationships between microstructure and properties of materials. The term
microstructure in this context is used to describe a set of characteristic elements
that can be identified in the arrangement of atoms and/or molecules forming a
given material. Depending on the type of the material studied these elements may
consist of single atoms, groups of atoms and large aggregates of atoms or molecules.
Examples of microstructural elements of modern materials include in particular:

e dislocations in crystals and fibers in composites,

e interfaces such as grain- and inter-phase-boundaries,

e particles in composites and grains in polycrystals.

Images of the above listed microstructural elements are shown in Fig. 1.

1.2. Classification of the microstructural elements

There are a number of different classifications of microstructural elements used
in different texts. However, the most general and most suitable for the present text
seems to be the one based on the analysis of their dimensions. Microstructural
elements can be broadly divided into four categories:
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Ficure 1. Electron microscope images of the microstructure of engineering materials:
(a) dislocations in corrosion resistant iron-chromium alloy (TEM),

(b) grain boundaries in Al;O3 ceramic (SEM),

(c) strengthening particles in Al-Li alloy,

(d) particles of metal in ceramic-matrix-composite.

TasLE 1. Elements of microstructure for selected types of materials.

Type of 0-dimensional 1-dimensional 2-dimensional 3-dimensional
material elements elements elements elements
polycrystals | vacancies, dislocations stacking faults, domains,
impurities, grain  bound- | grains,
alloying atoms aries, aggregates,
free surfaces, second-phase
interfaces, particles,
cracks pores
composites | small voids, fibers interfaces, particulates,
particles lamellar parti- | voids

cles
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point — 0 dimensional,
linear — 1 dimensional,
surface — 2 dimensional,
volume - 3 dimensional.
Examples typical of each category are given in Table 1, which lists the most
commonly distinguished elements of the microstructure of modern materials.
Characterization of the microstructure of materials involves identification of the
main microstructural elements present and a quantitative description of their sizes,
shapes, numbers and positions within the specimen of the studied material. In other
words this is a process that answers the following questions:
1. What are the elements in the internal structure of a given material that dis-

tinguish it from other materials of that kind (of say similar chemical compo-
sition)?

e o o o

2. Where are these elements located and in what quantity?
3. What is their size and shape?

Answers to all these questions provide a comprehensive description of the ma-
terial microstructure that can be used to explain its properties and to gain better
control over its technological usage. However, the first of these questions is a domain
of material physics. In fact, microstructural elements such as dislocations and grain
boundaries by themselves have become subjects of extensive theoretical studies. In
the present text the focus is placed on the two last questions.

1.3. Microstructure vs. properties

One of the foundations of modern materials science is the recognition of the fact
that the properties of materials are related to their microstructure. This general
statement can be illustrated, for example, by the correlations between microstruc-
ture and properties of two-phase materials which are widely used in technological
applications. This is due to the fact that it is increasingly possible to “design” mi-
crostructures which deliver the combination of properties desired. Perhaps the best
examples of this come from the field of composite materials where some of the sim-
pler properties (such as stiffness/elastic modulus, density) are determined by linear
combinations of the parameters describing properties of the respective phases and
their volumetric content:

Xap = (W)aXa+ (VW)sXB. (1.1)

In this equation X 4p stands for a given property of the two-phase material, (Vy)
for volume fraction of a given component and X4, Xp define properties of the
components (e.g. elastic modulus, density, hardness).

Another example of the microstructure-property relationships concerns resis-
tance to plastic deformation of polycrystals. Polycrystals are aggregates of large
numbers of crystals (grains). They constitute a significant fraction of the materi-
als used for a variety of applications. This group includes metals, ceramics, inter-
metallics as well as some types of polymer. The grains and the grain boundaries
are one of the elements of the microstructure of polycrystals. The dimensions of the
grains (and the grain boundaries) may vary from millimeters down to nanometers.
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Ficure 2. Correlation between the surface area of the grain boundaries in unit volume and the
hardness of an iron-chromium alloy.

One of the simple measures of the resistance of polycrystals to plastic deforma-
tion is the hardness test. Some hardness tests, such as Vickers and Brinell, yield a
number that defines the resistance to plastic deformation in MPa. Figure 2 presents
the results of Vickers tests carried out on a series of specimens of a single-phase FCC
alloy with different grain sizes. The hardness is plotted against the square root of
the grain boundary area in unit volume, (Sy)'/2. The data support the following
formula:

H=H,+ Kg(Sy)'/2. (1.2)

This formula, known as the Hall-Petch relationship, is one of the most useful in
the field of physical metallurgy. It can be used to predict the properties of a wide
range of materials including metals, ceramic, intermetallics and polymers.

1.4. Stochastic character of the geometry of microstructural elements

One of the important properties of the microstructures of materials - the stochas-
tic character of their geometry (the term stochastic is used here to underline the
fact that the geometry of the microstructural elements shows a degree of random-
ness, stochastic = random). Particles and grains differ in their size and shape and
form populations characterized by distributions of parameters defining them. An
example of diversity in size and shape of microstructural elements is given in Fig. 3
which shows images of the Al,Og sinters produced employing different technologies.

The stochastic character of the geometry of microstructural elements means
that their description requires the application of statistical methods, which brings in
with it the concepts of distribution functions, estimators and intervals of confidence.
Looking at some consequences of such a situation, it should be noted that as a result
of their stochastic character the elements cannot be characterized by single numbers
of an unconditional character. In order to describe the microstructure we are forced
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FIGURE 3. Scanning electron microscope image of the Al;O3 sinters produced via standard
method (a) and (b) using activators of sintering (boron compounds).

Ficure 4. SEM image of thin film, TiN, on the surface of metallic substrate. Ei_;ch spherical
element can be characterized by diameter d, as explained in (a). The experimental
frequency of d, f(d), is given in (b).

to use figures derived from a set of data, for example the mean, median, standard
deviation etc., see Fig. 4.

It should be also noted that, in most cases the populations of the microstructural
elements are too big to be studied at the 100% level. Instead we conduct our studies
on samples, i.e. finite subsets of populations. This means that we usually have
to deal with restricted information about the objects studied and are forced to
design thoughtfully the procedures for sampling elements to be selected for the
measurements from the whole population.

1.5. Relation between 3D structure and 2D image — stereology

The elements of a microstructure extend into 3-dimensions and are distributed
over the volume of the specimen. This means that characterization of the microstruc-
tural elements should be based on some 3-dimensional model for the material stud-
ied. On the other hand, in an experimental approach they are commonly studied
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Ficure 5. Dimensionality reduction during imaging of the microstructural elements: reduction
of the 3D particles into 2D elements, transformation of 2D interfaces into lines, reduction of
1D lines into points.

on 2-dimensional cross-sections or via examination of thin slices. This leads to re-
duction in the dimensionality of the microstructural elements as shown in Fig. 5.

In modern materials science observations are made frequently on a cross-section
by reflecting the light illuminating the specimen; scanning electron microscopy in-
volves analysis of the signals coming from the surface activated by an electron beam,;
while transmission electron microscopy provides information on the microstructure
of slices with a thickness of a fraction of a micrometer. On the other hand a large
number of properties are related to microstructural elements which are distributed
over the volume of the material. In this situation, the required 3-dimensional de-
scription of the microstructure is inferred from the 2-dimensional images by means
of the methods of quantitative stereology.

According to a dictionary stereology is “...a branch of science concerned with
the development and testing of inferences about the three dimensional proper-
ties...from a two-dimensional point-of-view...”. In this context the term quan-
titative is used to indicate that the inferences mentioned in the definition are to be
of a quantitative nature.

The term stereology has been introduced in the early sixties, however, the foun-
dations of the discipline existed before. In fact the first accounts of a systematic
stereological approach go back to the end of the first part of XIX-th century when
Delesse solved the problem of volume fraction measurements through measurements
of aerial density of the profiles of features. In the 1920s, Wicksell developed a formula
for estimating the number of particles in the volume of a material from measure-
ments of their section densities and in the 1940s, Saltykov derived a relationship
that could be used to determine the specific surface area of particles in a given vol-
ume. These theoretical results in the field were not disseminated across the various
branches of the science and characteristically the methods were discovered and re-
discovered independently. The year 1961 is noted by the foundation of International
Society for Stereology. In subsequent years the Society has organized a large num-
ber of conferences, congresses and seminars that have helped to accelerate progress
in the theoretical foundations of stereology and to spread their knowledge among
scientists working in different fields of biology, medicine, geography, geology and
materials science.
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A quantitative description of the properties of two-dimensional images of mi-
crostructures are a prerequisite for the quantitative inference of the properties of
the 3-dimensional microstructure. In the past, a number of methods have been de-
veloped that allow an appropriate quantitative characterization of two-dimensional
images by means of simple counting methods. In recent years significant progress
has been made in developing automatic computer-aided procedures.

2. Principles of stereology — polycrystals

2.1. Characterization of the grains and particles

Basic stereological methods are based on the measurements carried out on im-
ages of the microstructures. Their extensive description can be found, for example,
in [1 and 2]. The following text is focused on characterization of the grains and
particles in the engineering materials.

Grains forming a 3D polycrystal are volumetric elements. They can be described
primarily in terms of their volume, V;, and surface, S;. As a result of the space filling
requirement, the surfaces of the grains are divided into faces, S;;, and each face is
shared by two neighboring grains with indices i and j. The term “grain boundary” in
most cases is used to refer to any of the faces of a grain. Faces of grains meet along
common edges, (grain edges), E;, at which at least three grains (3, k, !) are joined.
The edges Ejx are connected at points, Cpers, termed vertices (grain corners). If
observed on sections, 3D polycrystals give images which have characteristics of a
2D polycrystalline appearance.

a) b)

c) d)
Ficure 6. The relationship between the 3D geometry of the grains in polycrystals and images of
their sections: (a) typical shape of grains,
(b) relatively simple 3D polyhedra used for their modelling,
(c) images of sections of grains,
(d) images of polyhedra used for modelling grain geometry.
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2D polycrystals contain planar grains which are characterized by grain area, A;
(or equivalent circle diameter, ds, such that 44 = nd2), and grain perimeter, p;.
Grain perimeter is divided into grain boundary segments, l;;, which are joined at
triple points, T;jx. A 1D polycrystal is described by the length of its grains, L. All
these parameters are further explained in Fig. 6.

Due to the 3D character of grains, direct studies of their geometry in non-
transparent materials would require separation of polycrystal into individual grains.
This has been achieved for some metal systems by reducing the strength of grain
boundaries. An alternative to grain separation is the method of serial sectioning
coupled with procedures which make it possible to re-construct 3D geometry from
2D sections - see Fig. 7.

Ficure 7. An example of 3D reconstruction of the geometry of grains in polycrystalline
materials.

In materials science size of grains in polycrystalline aggregates can be describe
using one, or a combination, of the following parameters:
e grain volume, V;
e grain section area, A;
e grain boundary area in unit volume, Sy;
e intercept length, I.
The choice of the parameter is usually determined by the needs of a theoretical
model of the material and its properties. For example:
e grain volume is measured if the focus is on the properties which depend on
the volume of the individual grains, e.g. electron and X-ray diffraction;
e intercepts are measured, if the size of grains is analyzed in the context of
dislocation pile-ups;
e grain surface is quantified, if one is interested in the total amount of grain
boundaries per unit volume of the material.
Nowadays the measurements of the grain size are carried out with the aid of
computerized image analyzers. Various parameters describing the grain size are
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interdependent and one can be linked to the others using principles of stereology (see
for example [1,2]). Stereological methods and image analysis can be also employed
to quantify the shape of grains.

2.2. Grain boundary area

For most applications in materials science the grain size is sufficiently well de-
fined by the value of the mean grain size. Depending on the parameter in question
it can be mean volume, E(V), mean section area, E(A) or mean intercept, E(!).
It should be noted that the grain boundary area in unit volume, Sy, is a mean
parameter by definition. This is due to the fact that unlike the three others it is not
measured for individual entities (grains, grain sections and intercepts).

The mean intercept length is measured by counting the intersection points of
test lines with the grain boundary network revealed on sections of polycrystals.
Parallel lines on a random section can be used where the grain geometry is isotropic.
It should be stressed, however, that in the case of anisotropic grain structures it
is necessary to use a system of lines randomly oriented in 3-D. This criterion is
fulfilled by the method based on vertical section in which test lines are used in the
form of cycloids. An example of the mean intercept measurements for isotropic and
anisotropic grain structures are shown in Fig. 8.

(2) (b)

FiGUure 8. Explanation of the measurements of grain boundary area in unit volume:
(a) isotropic, (b) anisotropic polycrystals,

The mean intercept length, E(l), if used for 3-dimensional polycrystals poorly
describes the size of individual grains. It can be used as a scale parameter to quantify
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grain size only in self-similar grain structures which can be obtained from a “basic
pattern” by changing its magnification. However, its importance, apart from sim-
plicity, is related to the stereological equation that relates E(l) to surface-to-volume
ratio, Sy: 5

E)= 7 (2.1)

It should be also pointed out that Sy can be used to obtain estimation of
the volume occupied by so called grain-boundary-phase. (The volume of the grain-
boundary-phase in unit volume is given as Sy h, where h is the “thickness of the
grain boundaries”).

The grain section area, A, is perhaps one of the most frequently parameters
for grain structures. The value of grain section area, and in turn equivalent area
diameter, d2, can be directly measured from micrographs of the grain boundary
network by planimetric methods or by the procedure of counting the number of
grains in a unit area, N 4. It should be pointed, however, that neither the mean value
of A, the mean value of d,, nor the density of the grains, N4 are proper measures of
the grain size!). The major reason for that is that large grains are over-represented
on sections of polycrystals. This problem can be solved if the measurements of the
grain section area are analyzed along the rules of stereology (see for example [3])
and are used to determine the true 3D average diameter.

2.3. Disector

The true volume of grains, E(V), can be estimated with the help of the DISEC-
TOR method. This procedure requires, in general, serial sectioning of the material
as its principle is to count the grains below a cross-section instead of the grains cut
by the cross-section - see Fig. 9.

(A)

® . A

@
o &
©)

Ficure 9. Explanation of the DISECTOR method. Between the planes (B) and (C) we can
observe 6 particles. But only 3 (5, 6, 7) are cut by plane (B). These three we can include to the
volume between (B) and (C). The other contains the volume between (A) and (B) - 4 particles

(1, 2, 3, 4). Similarly, between (C) and (D) we can count the particles (8, 9, 10).

(C)

1) In fact the latter parameter, N4, describes the mean curvature of grains.
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The volume-weighted mean volume of grains, Ey (V'), in which large grains are
slightly over-represented, can be determined by the procedure proposed by Jensen
and Gundersen [4]. This procedure requires random point sampling of the grains
revealed on a cross-section and subsequent measurements of the length intercepts,
l;, drawn through the points, P; “thrown” on the image of the grain boundaries,
as shown schematically in Fig.10. On the basis of such measurements the mean
volume, Ey(V), can be estimated using the formula:

By(V) = 3B(). (2.2)

Ficure 10. Explanation of the point-sampled-intercept method.

3. Grain size uniformity

Grains in polycrystals differ in their volume and the same mean size can be
ascribed to geometrically different populations of grains. A simple measure of grain
size uniformity is the variance of the grain size distribution function VAR(V), or
standard deviation SD(V), and coefficient of variation CV(V):

2 _ VAR(V)
CV#(V) —[E(V)F ; (3.1)

Another parameter that can be used is the standard deviation of the logarithm
of the volume, SD(In V). The use of this function is rationalized by the fact that
the volume distribution function is frequently of a log-normal character.

The point sampling intercept procedure proposed by Jensen and Gundersen [4]
can be used to quantify the degree of grain volume uniformity. This is based on the
equation that relates volume variance, VARy (V), to the mean value of V:

VARy (V) = Ev(V?) - (Bv(V))%. (3:2)
Jensen and Sorensen [5] have shown that:

Ey(V?) = 4rk E(A4%). (3.3)
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In this relationship A is the area of the grains hit by the P; points and k is a constant
with a value in the range from 0.071 to 0.083. The value of k¥ can be determined
either experimentally or by appropriate modelling.

The above given analysis of the grain size diversity provides its an un-biased
estimates. For simple ranking of grain structures one can also use coefficient of
variation of grain section area, CV(A) or intercept length, CV(l).

4. Flow stress dependence on the distribution of grain size

The flow stress of polycrystals is known to be a function of the size of the grains,
the properties of the grain interiors, and the nature of grain boundaries. It has been
postulated almost 40 years ago that the flow stress is a linear function of (Sy)~/2:

o =00+ K(Sy)"%. (4.1)

A new consideration has been recently proposed taking into account the sta-
tistical nature of grain morphologies in polycrystals. This model consideration is
based on the assumption that a polycrystal, described by a grain volume distribu-
tion function, f(v), can be viewed as a composite of sub-polycrystals individually of
constant size grains (CSG) so forming the polycrystal aggregate. The total volume
of a sub-polycrystal vcs built up of the grains of the volume v is given as:

ves(v) = Npw f(v) dv (4.2)

where N7 is the total number of grains in the polycrystal.
It is further assumed that the flow stress of CSG sub-polycrystals depends only
on the size of grains through their volumes:

ocsG = 9(v) = 0o + Kosg v 8. (4.3)

where g(v) is given by Eq.(1.1) with d='/2 being replaced by v=!/6 (the mean
diameter or the mean intercept length is proportional to the cube root of v). Such
a dependence is rationalized by the existing models for the Hall-Petch relationship
as it has been pointed out that they consider properties of the polycrystals to be
characterized by a constant size of grains.

A polycrystal characterized by an overall diversity in the size of grains is viewed
now as an aggregate of separate CSG sub-polycrystals. The flow stress of the poly-
crystal can be approximated by the following equation:

1
o= —/chc ves dv (4.4)
vr

where vy stands for the total volume of the polycrystal specimen.
Integration for a log-normal distribution leads to the following modified version
of the basic equation:

o =00 + Kcse exp [-aSD?(Inv)] d-? (4.5)

where:
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SD(lnv) - the standard deviation (SD) of the volume logarithm,

Kesc - the stress intensity constant of the Hall-Petch relationship for
CSG polycrystals,

oo - the friction stress,

a - a numerical constant.

In order to verify the modified formula for the grain size effect polycrystalline
specimens were produced. The powder has been sieved in order to produce two
fractions, subsequently mixed in different proportions to produce a series of dif-
ferent types of polycrystals. These polycrystals differed in the value of the ratio
Va/Vp specifying the relative volume (weight) of particles from fractions A and B.
Binary images (after digitalization by automatic image analysis system) of the grain
boundaries in the specimens are shown in Fig.11.

200 ym 200pm |
(P1) (P2)

200 pm

(P3)

Ficure 11. Images of the specimens showing systematically different homogeneity of the grain
size.

Systematic measurements of the grain sizes were performed on the specimens
using a system for automatic image analysis. The measurements included grain area
A, and grain intercept length l. The mean values E[A] and E[l], and the coefficients
of variations CV[A] and CV[l] as well as the normalized grain area distribution
functions f(A/E[A]) for studied polycrystals P1, P2, P3 are depicted in Fig. 12.

Hardness measurements were used to characterize the mechanical properties of
the material. In this case the Brinell hardness was measured at room temperature
using a standard meter and metallographic microscope. For each specimen at least
15 indentations were made as this number was found to be sufficient for establish-
ing stability of the mean values. In all cases a symmetric distribution of hardness
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Figure 12. The distribution functions and the mean values of the grain section area for studied
series of specimens.

values were observed. That permitted use of a ¢t-Student distribution in finding 0.95
confidence intervals of the mean hardness values. The results of the measurements
are given in Fig. 13.

Upon a closer examination of the experimental points it can be found that they
systematically deviate from the lineal relationship predicted. Since the studies poly-
crystals were prepared from the same batch of powder and using the same technique
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FiGuRE 13. The results of hardness measurements.

and the same heat treatment the specimens studied differ mainly in the distribu-
tions of the size of grains. In this situation it can be concluded that the materials
studied show a systematic deviation from Hall-Petch relationship in its classical
form. Moreover, it can be concluded that the experimental points deviate from the
linear relationship by the amount dependant on the variation in the normalized size
of grains.

5. Quantitative stereology of particles

5.1. The geometry of particles

Particles are important 3D microstructural elements of a large number of mate-
rials. They are characteristic features of a large group of steels and metallic alloys,
as well as of ceramics, composites and concretes which are formed either as a result
of careful microstructural design (as for example precipitates in aluminum alloys)
or due to shortcomings in manufacturing (as happens in the case of inclusions in
some grades of steels).

In most cases these particles are present in the material to improve proper-
ties. For this function usually it is required that the particles are harder than the
matrix in which they are embedded. Such particles contribute to a so called particle-
strengthening effect. However, hard particles might also be sites of crack generation
and a reason for a decrease in toughness of the material. As a result, particle-
strengthening mechanisms can be used extensively only if the role of the particles
is fully understood. This in turn requires precise information about their nature
(chemical composition and microstructure) and a description of their geometrical
features. The physical properties of particles in different materials are the remit
of physical metallurgy, phase transformations and chemistry. In the present text,
attention is focused on a description of their geometrical properties. This geomet-
rical approach means that the solutions and methods presented here are of general -
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character and do not depend on the nature of the particles studied. The results can
be applied to any system of particles; to nanometer size precipitates as well as to
millimeter size inclusions in cast iron.

Some examples of microstructures containing particles are shown in Fig. 14.

(a) (b)

Ficure 14. Images of particles in engineering materials:
(a) tungsten particles in heavy alloys (SEM),
(b) particles in ceramic-ceramic composite (SEM),
(c) particles of Si in Si-Al alloys (optical microscopy),
(d) carbides in Fe-Cr corrosion resistant alloy (TEM).

These examples illustrate important aspects of particles in materials: they differ
among themselves in the details of their geometry. In other words particles form
populations. A population in a given material consists of all particles V;,Va,..., or
in shorthand notation V;, with i ranging from 1 to N7, the total number of particles.

A description of the geometrical features of the particles, in general, consists in

characterizing their:
e content,
e shape,
e gize,
e spatial distribution,
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e location with respect to other defects,

e orientation.

Such a characterization can provide information on the whole system of particles
without recognizing individual properties of the particles. This approach leads to
such parameters as:

V, - the volume fraction,
N, - the mean density,
which are discussed in the subsequent part of the text.

5.2. Distribution functions

The individual parameters, X;, implies the use of distribution functions, f(Xj;).
These distribution functions provide information on the relative number of particles
distinguished from the rest of the population by certain specific values of X. In
materials science applications such a description might be simplified to include
information on mean properties of the particles. The mean value, E(X), is given
by:

E(X) = NLT{X1 +Xa 4o+ Xny). (5.1)

In this case the properties are averaged over all the particles in the material.
This approach leads to parameters such as:

E(V) - the mean volume,
E(S) - the mean surface area.

In some cases a more detailed description is required which includes higher order
parameters such as variation VAR(X):

VAR(X) = = [(X1 = Bx)? + .. + (Xy  ExY] (52)

where Ex = E(X). Alternatively the standard deviation:

SD(X) = \/VAR(X) (5.3)

or coefficient of variation:
SD(X)

E(X)

can also be used. These three parameters provide information on the variability in
the property X of the particles. They are all equal to zero for a uniform population
of particles in which all the elements show the same property (X = const.).
Measurements carried out on population of particles in a given material involve
their sampling. Different sampling procedures are used in practice, which gener-
ate different descriptions of the material. In the case of point sampling with a
3-dimensional set of points of uniform density, the particles are sampled with a
probability proportional to their volume, V;. As a result particles with a larger vol-
ume are sampled more frequently than the smaller ones, even if they appear in equal

CV(X) = (5.4)
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numbers per unit volume. This sampling with points generates volume-weighted es-
timates of microstructural parameters. These volume-weighted estimates of particle
volumes, Ey(V), are given as:

1L (VE+VE+. 4+ VR)
"N Vi+Ve+...+ W)

1
Ey(V)= 2 (V' + V' +...+ V) (5.5)
where the summation is carried out over K particles hit by a grid of points.

In the case of probing with lines, the probability of hitting a given particle is
proportional to its surface area, S;. If a system of lines is drawn through a population
of particles, a mean volume, Eg(V), can be calculated by averaging the volume of
particles hit by the lines:

1 (SiVi +S2Va+...+ SvVN)

_l h h hy — =
ES{V)_K(Vl +Vg+...+V,{)~.N Ty aa (5.6)

On the other hand, it can be shown that random sections of the material reveal
the particles with a probability proportional to their height h; in the direction
perpendicular to the section:

i(h,Vl +haVa+ ...+ hyVy)
N (hi+ha+...+hn)

En(V) = % (VE+ V4. + V) = (5.7)
Distributed in the volume of a material, particles are sampled with the same
probability regardless of their size and shape only in the case of volume sampling
by means of a dissector. This procedure assumes that a slice of the material is cut
which is bounded by two cross-sections and particles are accepted which do not
emerge on one of the sections.
The particles sampled with the dissector yield a number mean volume:

En(V) = 5 (i + Vs +...+ V). (5.8)

A system of particles can be characterized generally in terms of their total vol-
ume, V, surface area, S, curvature, M, and number, N. These parameters depend
on the geometry of the individual entities forming the population of the particles
studied. However, this is a “one way” functional dependence, in the sense that for
given values of V, S, M and N, there are different possible distribution functions
of particle volumes, surface area etc. In the approach adopted in materials science,
these quantities are usually referred to unit volume of the material. This is due
to the fact that microstructure of materials is usually sufficiently homogenous to
show volume-extensive properties. If referred to unit volume of a material these
parameters define:

e the volume fraction, Vy;

e the specific particle interface, Sy;

¢ the particle density, Ny .

The volume fraction, (Vi )4, of a particles is one of the fundamental quantities

used to characterize multi-phase materials. Its applications range from the theory
of composite materials to phase transformations. The volume fraction defines the
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fraction of the volume filled with particles. For a specimen of total volume, Vi, the
volume fraction is defined as:

N
(Wa =3 G, (5.9)
=1

where this summation is over all N particles in the volume of the specimen, V.

5.3. Cavalieri law

According to the basic stereological relationships, the volume fraction can be
estimated by probing the microstructure with either sections, lines or points using
the following set of equations (the Cavalieri law):

(VV)G = (AA}Q = (LL)n = (PP)O" (510)

In these equations, the symbols have the following meanings: (4 4)q is the area
fraction occupied by particle sections on randomly cut cross-sections; (L )q is the
length of the intercepts inside particles as a fraction of the total length of random
lines in 3 dimensions; (Pp), is the fraction of points hitting the particles from a
system of points randomly distributed in space.

Application of these equations requires random sectioning of the specimens and
either area measurements or further sampling with points or lines. In this context the
term random can be replaced by systematic, assuming that all possible orientations
are taken with the same probability.

There are two special situations that should be distinguished:

1. particles are isotropic;

2. particles are anisotropic, either in their orientation or distribution.

If the particles are isotropic, in principle all measurements can be performed
on one representative cross-section of the material. However, it is strongly rec-
ommended to use more sections. Measurements on three mutually perpendicular

FIGurE 15. Estimation of the volume fraction of isotropic particles in ceramic matrix composite.
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sections provide better estimates as well as an opportunity to test the isotropy of
the particles (see Fig. 15).

The measurement of particle sections, A, can be made with the help of an
image analysis system. The same applies to measurements of intercept length (the
intercept lines may form a grid of lines parallel to a given direction). On the other
hand, simple counting can be carried out if a grid of points is used, although this
again can be effected using an image analysis system. It should be noted that the
precision of estimation by point counting is not worse than the other two methods.

If the particles are anisotropic, the sections should be random in 3-dimensions.
Random in this case means random in position and in the orientation of the vector
normal, n, to the cross-sections taken. This might be difficult to implement and as
an alternative vertical sections can be made, see Fig. 16.

Ficure 16. Random (a), parallel (b) and vertical (c) sections of a two-phase material.

5.4. Specific surface area estimation

Specific interface/surface area, or in other words, surface-to-volume ratio, Sy,
is another elementary parameter which describes some properties of a system of
particles. It can be used generally in any studies related to interfacial phenomena
such as:

e phase transformations;

e particle growth;

¢ interfacial cracking.

In its basic form, it defines the total area of the surface separating particles
from the matrix in which they are embedded. Based on the results of stereology,
this parameter can be estimated using a system of random lines in 3-dimensions.
If such lines are drawn throughout the volume, V,, and hit N; particles per unit
length, the total particle surface area can be estimated from the relationship:
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S =4N|V,. (5.11)
This equation can be transformed further into the following relation:
Sy =4Np = 2P, (5.12)

where P, is the density of intersection points of the 3D random test line array with
the interphase boundaries of the particles studied.

Implementation of this formula depends again on the isotropy/anisotropy of
particles. If they are isotropic, the lines can be drawn on any section and sets of
parallel lines can be used.

Ficure 17. Explanation of the method of vertical sectioning:
(a) the specimen,

(b) wvertical sections,

(c) images and measurements using test lines in form of cycloids.
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If the particles are anisotropic, or the isotropy cannot be taken for granted, the
test lines need to be randomly oriented in space and more sophisticated methods
have to be employed to draw such a system of lines. One of the solutions offers, in
this case, the method of vertical sectioning explained in Fig. 17.

The number of intersection points with cycloids, I}, is determined for each ver-
tical section cut, C;. Also the fraction of testing points, P;, falling into the reference
space is counted. An estimator of Sy, defined as the ratio S to the volume V of the
reference space is given as follows:

M Y
SV ~ QZP.‘ L (513)
where M is the final magnification of the microstructural images and L is the total
length of the cycloids used.

The intersection points from a grid of cycloids can be counted with respect to
the area of the material examined on a particular cross-section. In this case, the
reference space is the volume of material and in most practical cases P; = 1, which
means that all the testing points are within the image of the microstructure. The
reference space can also be the volume of the particles studied and then P; describes
the volume fraction occupied by the particles.

5.5. Density of particles

According to stereological notation the density of particles is designated by Ny.
This defines the number of particles in a given reference volume, V. In the case of
materials in which particles are distributed more or less uniformly, this parameter
defines the number of particles in a unit volume.

Despite its apparent simplicity, the methods of Ny estimation are not quite
obvious and for years were the object of intensive theoretical studies. This diffi-
culty was related to the lack of proper sampling procedures for particles distributed
in space. The most frequently used technique for particle observations is an ex-
amination of 2-dimensional sections. From the point-of-view of stereology this is
equivalent to sampling particles with a plane probe. In this case a plane is drawn
through the system studied and observations are made of the particles hit by this
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Ficure 18. Illustration of the size effect on the probability of revealing particles in images of the
materials microstructures.
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plane. However, this manner of particle selection introduces a systematic error due
to the fact that large particles are hit more frequently than the smaller ones as
illustrated schematically in Fig. 18. In fact the particles are sampled (hit by the
plane) with a probability proportional to their height, h;. With such a sampling
procedure, whatever measurements are made, there is a likelihood of introducing a
bias.

This problem of particle sampling was resolved in the past by making assump-
tions with regard to the particle shape. Actually, in order to obtain reliable results,
it was necessary to describe beforehand the shape of particles quite precisely. Simple
solutions have been obtained for features which have shapes such as spheres, rods,
disks and ellipsoids.

The classical procedure starts from the assumption that we deal with a system
(material) containing particles of a known shape, for example in the form of cubes.
It is also assumed that the particles have sizes, measured for example by volume or
edge length, in the present case designated as L, varying from 0 to some maximum
value Lnax. This range of sizes is divided into a finite number of classes, L;, where
i=1,2,3...N. The relative number of particles in each class is designated N;.

Knowing the shape of particles, it is possible for each size class to obtain the-
oretical distributions of particle sections. This can be done either experimentally,
by studying 3D model figures, or with the help of computer simulations. Usually
the analysis starts with the largest particles in the class Ly, i.e. the range of par-
ticle sections is obtained from 0 to some maximum section size, Amax. This range
of particle section sizes is divided into M classes, 4; (j = 1,2...M), with the
biggest sections in class Aps. In the next step the relative numbers of sections in
each class, n;n, are established for the particles in class Ly. By proceeding to the
classes of smaller particle size, a matrix is obtained, n;x, which defines potential
contributions of particles of size K to the sections of size j.

The next part of the procedure is to produce a model of the experimental process
of particle sampling or, in other words, a decision is made as to what are the chances
of revealing on the cross-section particles of a given size. In most cases, the chances
of cutting a particle are proportional to its height and in the case of cubes it is
proportional also to the length of the edge. This means that particles with an edge
length 10 times larger are 10 times more frequently cut by the section of observation.
In this way the expected relative number of sections in a given class can be expressed
in the following way:

nj = Nilinj + NaoLanja + ...+ NyLynjn. (5.14)

This is a linear equation that can be solved to find one solution if N = m.

A number of shapes has been analyzed in detail and a comprehensive summary
is given in [1]. The analysis due to Underwood [1] covers both regular spheres as
well as elongated particles. For the case of particles with fixed shape and size the
general formula can be simplified to:

N2
Ny = k=2 %
V=R (5.15)
with the value of x dependent on the projected area and height of the particles.
The values of & for selected particle shapes are given in Fig. 19.
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0.756

Ficure 19. Simple shapes of particles and respective values of k parameter.

For the case of a system characterized by a particle size distribution function the
above equation needs to be modified and additional parameters have to be measured.
For a system of spherical particles of different sizes this additional parameter is m
— the mean value of the reciprocal of the particles’ cross-section diameter d;:

E . Nl 5.16
(m)—ﬁ‘z:;d—i- (5.16)

The differences in the analysis between constant size and variable-size systems
of particles are demonstrated for the microstructures shown in Fig. 20.

Ficure 20. Image of particles in a two-phase material and estimation of the their density.

The mean volume of particles can be approached either with some specific as-
sumptions about their shape or without such assumptions at the expense of making
more sophisticated measurements. If the first method is chosen, one has to follow
the procedures already described, based on the division of the particles of a model
shape into size classes. The focus of the discussion which follows is therefore to be
placed on the assumption — free techniques. The discussion starts with the descrip-
tion of the method for the determination of the mean particle size and the coefficient
of its variation, and then moves to an estimation of the size distribution function.

5.6. Spatial distribution of the particles

Spatial distribution of the particles can be quantitatively described using the
method of covariance and tesselation.
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structures.
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The covariance function defines, for a given distance r, the probability, P = C(r),
that two points are at a distance r apart and both hit the features of interest:

C(r) = P|(z hits a particle) A ((z + r) hits a particle)]. (5.17)

For a homogeneous and isotropic system of features the covariance depends only
on the distance r and is independent of the position of the test points in space. For
a random distribution of particles C(r) does not depend on r.

The examples of the covariance function for different types of structures are
shown in Fig. 21.

In case of random structure (Fig.21a) the covariance function drops rapidly to
certain value, depending on the volume fraction of particles and remains close to it
with only stochastic fluctuations. In the case of the clustered structure (Fig.21b)
the situation is quite similar, except that the initial decrease is less rapid than in
the case of random structure. For the periodic structure (Fig. 21c) the covariance
function measured in proper direction reflects well the periodic nature of analyzed
sample.
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Figure 22. The zone of influence of a given particle for: (a) periodic, (b) clustered and
(¢) random structures with corresponding histograms of the zone size distribution.
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For a homogeneous and isotropic system of features, the covariance depends only
on the distance r and is independent of the position of the test points in space. For
a random distribution of particles C(r) does not depend on .

Tessellation method is based on the computer-aided technique of image process-
ing known as SKIZ (skeleton by influence zone). This method transforms a system
of points into granular structures, such as those shown in Fig. 22. Each of the grains
of the structure constitutes the zone of influence of a given particle, i.e. a set of
points whose distance from this particle is smaller than its distance from any other
particle.

The structure thus generated is subjected to a standard quantitative analysis,
in which we determine the distributions of grain sizes and shapes (influence zones),
among other quantities. For each distribution obtained, we can subsequently deter-
mine several statistical values, such as the average, standard deviation, variation
coefficient etc., which together form the characteristic of the particle distribution
in a given structure.

5.7. Particle shape characterization

Particle shape is a much more complicated property than size. This is especially
evident when attempts are made to quantify the shape by means of some number
of parameters. As a result, in many cases the shape of objects is described by a
sketch or illustrated in a series of images taken from different angles of observation
without any attempt to transform them into a formal mathematical description.
Thus, particles are merely classified into some broad categories represented by a
conventional geometrical object. The following categories of particle are frequently
distinguished:

e spheres;

e cubes;

o disks;

e needles;

e plates.

The first two from this list, i.e. spheres and cubes, have their shape uniquely
defined and do not need further specification. This is not true for the next three.
The shape of disks can be more precisely described by the ratio of their thickness ¢,
to the radius of the maximum section R:

-1% (disks).

The shape of needles on the other hand depends on the ratio of the needle
length I, to the maximum radius r in the direction normal to the elongation axis:

; (needles).

The shape of plates can be differentiated in terms of the ratio of the true surface
area S to the projected surface area in the direction approximately normal to the
plate S,:
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-‘% (plates).

This list is far from being complete and more geometrical objects can be studied
and described in terms of some simple dimensionless parameters.

Particle shape can also be described in terms of geometrical properties such as
number of faces F', number of edges E, etc. In this case a cube exemplifies a shape
which is coded as F = 6 and E = 12. On the other hand a spherical particle is
described by FF =1 and E =0.

From the point-of-view of materials science, important geometrical properties
are those which describe:

o the degree of elongation,

e the degree of surface complexity.

The importance of information on the possible elongation of particles is related to
the potential anisotropy of the material properties. The degree of surface complexity
is important in analyses of phenomena taking place at interphase boundaries, such
as segregation and phase transformations. These properties, elongation and surface
complexity, can be quantified by means of the following ratio:

Rs
Ry

where Rg and Ry are equivalent surface and equivalent volume radii respectively,
ie.:
S

Rs =1/ (5.18)

_ 3V
Ry = 1/%. (5.19)

One can also use the ratio of R to Rs, RS /Rs, where RS is the surface radius of
the minimum volume sphere that contains the volume of a given particle. The values
of the ratios defined in this way are given in Fig. 23 for some simple geometrical
forms.

and

Ficure 23. Examples of simple particle shapes and respective values of shape factors.
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Another approach to particle shape concentrates attention on the properties of
the system instead of looking at the geometry of individual elements. The degree of
particle convexity can be described using the concept of the so called star volume,
V*. This star volume is the volume of the portion of space inside a particle which is
directly seen from a point inside the particle, for example its center of gravity. For
convex particles the star volume V* is the same as the true volume:

V=V
On the other hand for concave particles:
Vel

The ratio of the mean values of the two parameters, V*/V, is therefore a measure
of particle convexity.

The method for estimation of the mean weighted particle volume based on point
sampled intercepts has been described in the preceding sections of this chapter. The
mean volume-weighted particle star volume, Ey (V*), can be estimated using the
same procedure, if only those intercepts are taken which end at the sampled point.
The costar coefficient can be used which is defined as follows:

Ey(V) - EV{V")'

costar =
Ey(V)

(5.20)

This coefficient is equal to 0 for convex particles and it increases with an increas-
ing degree of irregularity in the shape of particles. The upper limit of the costar is
equal to 1.

6. Examples of applications

6.1. Nano-intermetallic processed via severe plastic deformation

The benefits of using modern methods of description of microstructures are
demonstrated here for nano-intermetallic processed via severe plastic deformation,
SPD. A representative image of the microstructure of the material in question is
shown in Fig. 24. The results of grain size and shape measurements are given in
Table 2.

TasLE 2. Results of the stereological measurements carried out on the images of SPD processes
nano-polycrystals of NigAl

Parameter | Sy Ny E(V) Ey(V) | E(ds) | E(dmax/d2) | E(p/md2)
[1/nm)] [1/nm3] [nm3] [nm?3] [nm]
Values 004 |86-107% | 1.17-10% | 1.24-10% | 44.3 1.42 1.30

The results of the measurements carried out on the images of the nano-material
referred to in the present paper show can be compared with the values of the
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Figure 24. The structure of the nanointermetallic (NizAl) processed via severe plastic
deformation.

same parameters determined for micro-sized polycrystals. On that basis it can be
concluded that the studied nano-polycrystals exhibit significantly higher values of
the shape factors being used as a measure of the grain elongation (djnax/d2), and
as the measure of the waviness of the grain boundary (p/md>). This finding implies,
in turn, that the geometry of grain boundaries in such materials exhibit a non-
equilibrium geometry. As a result, any process of equilibration of grain boundaries in
this material should involve both equilibration of the microstructure and geometry
of the grain boundaries.

6.2. Distribution of carbon particles in SiC based ceramic composite

The application of the covariance method have been demonstrated in the study
of the carbon distribution in SiC based ceramic composite. The images of the carbon
particles (white) in SiC matrix are shown in Fig. 25.

The results of the studies of the carbon particles distribution in SiC based ce-
ramic composite are shown in Fig. 26. It has been found that the particles of carbon
exhibit a tendency to clustering only for low level of carbon. This tendency is indi-
cated by the position of the covariance function with respect to the reference curves:
C(r)rer = ViZ, which are expected for a system with randomly distributed particles.

6.3. The effect of the contiguity in tungsten heavy alloys

The effect of particle contiguity on toughness have been studied on typical tung-
sten heavy alloy (WHA). The alloys studied have been fabricated from powder
mixtures by a liquid phase sintering at about 1450+1500°C. After sintering the
composite consists of a contiguous network of nearly spherical tungsten particles
embedded in a Fe-Ni-W ductile matrix (Fig. 27).

The mechanical properties of heavy alloys are primarily linked to the strength
of W-matrix interface and the relative fraction of W-W interfaces, which are the
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Ficure 25. The images of the carbon particles (white) in SiC matrix with different carbon
content.
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FiGure 26. Plot of the estimated values of the covariance function, C(r), for the studied
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Ficure 27. Typical micrograph of WHA studied.

weakest microstructural element of the alloy. The contiguity parameter C, defined
as the fraction of W-W interfacial area in total area of interfaces in a volume of
an alloy, can be provided as structural parameter which may well correlate with
mechanical properties. Values of C parameter can also be correlated with other
microstructural characteristics. Such a correlation is useful for property control and
designing of WHA.

The images of the microstructure were digitised. Measurements of W-W inter-
faces were carried out using a“concept of vertical sectioning and system of cycloid
test lines. In order to calculate contiguity value, C, pairs of images were used: im-
age A showing all W-matrix interfaces and image B with on W-W interfaces (or all
interfaces).

The C values were counted using the following equation:

2N 28y,
C= PW-W = wW-w 6.1
pr.u + 2NN-W SVW.M + 2SVW-W ( )

where:

Npy.w — the number of W-W grain boundary interceptions with cycloid lines,
Npw.s — the number of W-matrix grain boundary interceptions with cycloid lines,
Svw.w — the surface area of W-W grain interfaces per unit volume,

SvVw.m — the surface area of W-matrix interfaces per unit value.

Data obtained from the image analyses, microhardness measurements and the
impact tests are summarised in Table 3.

A quantitative comparison of microstructures shows that particle size in all
groups of cold worked samples is similar. As expected, the total tungsten grains
surface area per unit volume is notably higher for samples with the small particle
size, also contiguity is correlated with particle size (Fig. 28).

There are four potential fracture paths, that can be defined for the WHA:
through the matrix, across tungsten particles, along tungsten-tungsten interfaces
and tungsten-matrix separation. The W-W boundaries are the easiest fracture path.

http://rcin.org.pl
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TasLE 3. Data obtained from the measurements of microstructural features, impact strength
and microhardness.

Specimens "E(dz) Sy C Impact strength | Microhardness HV0.05
[um] | [1/mm] [J/em?) grains matrix
As-sintered 27.1 81.6 0.23 184 404 295
Swaged 16.5 115.8 | 0.36 72.5 478 351
Rolled 18.3 109.0 | 0.34 10 557 360
Hydroextruded 18.6 110 0.33 34 574 373

Microstructural characteristic data was obtained from the longitudinal sections.
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Ficure 28. The plot of the contiguity vs. grain size for WHA studied.

The cracks at these boundaries were observed even in samples subjected to a small
amount of cold working (before impact tests). Tungsten cleavage is observed at suf-
ficiently high stresses, for which good W-M interfacial bonding is needed. The poor
intergranular strength can be associated with an interface segregation or precipi-
tation at the boundaries during sintering or during post sintering heat treatment.
This reduces the load which can be carried out and reduces ductility of the material
in a proportion depending on the contiguity.

Results obtained from the contiguity measurements give better insight to the
fracture resistance of WHA. The contiguity varies in a broad range and is correlated
with the tungsten particle size. For small particles (E(d) = 16.5-18.7um) C is
relatively high (C = 0.28-0.38). For samples of large size (E(d) = 23.0-29.4 um)
C is smaller (0.20-0.28).

6.4. The microstructure of Al-Si alloys and Si particles distribution

Properties of Al-Si alloys depend on chemical composition and their microstruc-
tures. In particular, size, shape and orientation of Si particles influence their re-
sistance to the plastic deformation and fatigue. The specimens used in the present
work, designated as AS12, AS12V, AS12TT and AS13, AS13 TT were obtained
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at Ecole de Mines in St.Etienne (France) using the following processing routes:
AS12V - one step casting in vacuum, AS12 and AS13 - an original solidification
process, AS12TT - obtained from of AS12 via an additional annealing at 565°C
for 12h (to equilibrate geometry of Si particles), AS13TT - obtained from AS13
via an additional annealing at 515°C for 8 hours (to change the shape of FeSiAl;
particles).

Microstructures of the specimens of the materials have been studied on randomly
selected sections oriented parallel to their axis. The sections of the specimens were
polished and images of Si particles were obtained using an X-ray microprobe map-
ping.

Ficure 29. Binary images of Si particle revealed on the sections of the studied alloys: (a) AS12;
(b) AS12TT; (c) AS12V; (d) AS13 (the initial images were obtained by X-ray microprobe
mapping).
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The micrographs have been digitized and transformed into to binary (black and
white) images by a proper filtering and threshold operation. Microstructures typical
of the studied alloys are shown in Fig.29. In these images the silicon particles are
unveiled as black isolated areas and Al-Si eutectic as a white matrix.

The following parameters were used to characterize geometrical features of a
system of Si particles: the volume fraction, Vy, and specific surface area of interface
between Si and the matrix per unit volume, Sy.

The microstructural parameters used here included also specific dimensions of
individual sections of Si particles. To this end the following parameters were used:
the circle equivalent diameter, dz, and the length maximum chord, dyax. These
two parameters, measured for each section by image analyzer, were subsequently
used to determine section shape factor, dmax/d2, which is a sensitive measure of
particle elongation. It is equal to 1 for circles and its value increases with increasing
elongation of the particles. The relative particle section elongation A = (dyax —
dy)/d2 was also calculated which is equal to zero for circles.

The parameters measured for Si sections were analyzed in terms of their mean
values, designated as F(), standard deviations, SD, and coefficients of variation,
CV, (CV =SD/E).

The quantitative description included also spatial orientation of Si particles. To
this end the angle w was determined between the orientation of the maximum chord
of each particle section and the specimen axis. For each value of w a shape factor
weighted number of particle sections, N, characterized by the orientation of dpax
within the interval of (w — 3°, w + 3°) was computed. The N, parameter is defined

either as: d d

N,_,:Z(_;_‘:i) or N;:Z(%-l) (6.2)
with the summation being carried out over the sections with dp,ax direction within
+3° from w in both cases. Such definitions of N, makes this parameter sensitive
to the orientation of elongated sections. It can be noted that N, is equal to 1 and
N7 = 0 for circles. These weighted numbers of particles were analyzed as function
of w using a rose type plots.

Results of the measurements are listed in Table 4.

It can be noted that the studied microstructure differ significantly in terms of
the size and shape of Si particles. The volume fraction of the particles, Vv, varies in
the range 18.8 + 21.0 while the surface area of the interfaces alters from 120 to 590
um? in the cubic micron (1 um?3). The mean values of d; vary from 2 to 13 microns.

The histogram of dyax are shown in Fig. 30. This parameter is of special interest
here because Si crystals act on a micro-scale as stress concentrators and fatigue
cracks in studied materials were observed at interfaces between Si particles and
the matrix. It can be noted that the AS12V alloy is characterized by the presence
of small size Si particles for which maximum chord, dy,ax, does not exceed 10 um.
The particles of such a size are also predominant in the microstructure of AS12.
However, in this alloy dmaxreaches values up to 100 gm. The microstructure of AS13
is much coarser, with mean values of dy,.x close to 30 and maximum values above
100 pm.

The quantification of the shape of Si particles in the studied materials re-
veals a considerable elongation of their sections. The mean value of the shape



TaBLE 4. Geometrical characteristics of sections of Si particles in terms of the mean values, coefficients of variation of maximum chord, equivalent
diameter and using representative ellipses.

Alloy “'[3‘5;’:]) CV(d2) E{[ﬁ;‘]"} E(dmsx) | A= Eldppsda) | v [l;‘S;.‘:m] E(43ax) | Representative ellipses
AS12V 2.0 0.5 2.7 1.34 0.35 180 | 589 1.34 O
AS12 4.5 0.6 7.0 1.41 0.56 21,0 292 1.37 O
ASI2TT | 127 0.4 18.3 1.37 0.44 17,0 56 1.41 O
AS13 9.9 0.4 234 2.22 1.36 15.8 153 2.01 ©
ASI3TT | 125 0.4 27.2 2.01 1.18 16,8 121 2.22 ©

** AYNLONY.LSOUDIW FHL 40 NOLLVZIMALOVHVHO FALLVLILNYN()
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factor, E(dmax/d2) reaches the lowest value for AS12V. In the case of this alloy
E(dmax/d2) = 1.34 and this is close to the mean values for grain sections in well
annealed polycrystals. The highest values of E(dmax/d2) were obtained for AS13
and AS13TT.

It can be also noted that the heat treatment applied to AS12 results in a measur-
able changes in the shape of particles which become less elongated. This change in
geometry is reflected by a decrease in mean value of diax/dz and Sy. In the case of
AS13 the effect of the additional annealing is much less pronounced. The histogram
in Fig. 30 indicates that this treatment lowers fraction of particles between 80 and
100 microns.

‘mAS12 |:|As1_2?| (EATREAR T |

35

30 | b SR —i
] 25
=20
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0

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100

dml dml’

Ficure 30. Histograms of the maximum chord, dmax, for the specimens of: (a) AS12 and
AS12T, (b) AS13 and AS13TT.

The results of the study of particle spatial orientation are presented in Fig. 31.
The results show that in AS12V orientation of particles is isotropic. On the other
hand in AS12 the majority of Si particles are oriented at an angle of 45° £ 15°
to the specimen axis. A considerable number of particles are also aligned parallel
to the direction of solidification. The additional heat treatment applied to AS12
leads to the re-orientation of Si particles predominantly along the directions close
to £45° and to 90°. In the case of AS13 the preferential orientations are —30° £ 15°
and 90°. However, other orientations, including parallel to the sample axis, are also
observed. The heat treatment leads to a change in the shape of small particles, but
it has almost no influence on the shape and on the orientation of the large elongated
ones.

6.5. Microstructure of Al,03;-Fe composites

Iron - alumina composites consist of ceramic matrix, particles of iron and
FeAl;O4 spinel at the particle/matrix interfaces. The Fe particles usually have
a spherical shape and are distributed uniformly throughout the matrix as shown
in Fig.32. The results of measurements of particle size and shape in one of such
composites are given in Table 5.

It has been also found that size of Fe particles is lower than in the substrate
powder. This can be due to the iron melting during the sintering. As a result the
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Ficure 31. Spatial orientation of the Si particle sections quantified in terms of the shape factor
weighted number of sections with the orientation of dmax direction within w + 3° (w is an angle

to the specimen axis) for the specimens of: (a) AS12V, (b) AS12, (c) AS12TT, (d) AS13,
(e) AS13TT.

TasLe 5. Results of quantitative analysis of size and shape of Fe particles: d is the mean value
of equivalent diameter, dy;i, and dmax are respectively the mean value of minimum and
maximum dimension for planar sections of the composites. The values of the fracture toughness,

Ke, are also given.

[ Sample [ d[um] dmin [pm] | dmax [um] | Ko IMNm"a}T]—l
Al203 + 10%Fe | 23.5+1.2 | 15.0£08 | 33.1 % 1.7 5.92 +2.12
Al203 +30%Fe | 253+ 1.3 | 17.2+0.9 | 332+ 1.6 5.54 £ 1.19
Al203 + 50%Fe | 225+ 1.1 | 181209 | 29.1£1.5 4.97  1.42
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Ficure 32. SEM images of the microstructure of sintered composite AlyO3-Fe.

size of Fe particles to some degree can be controlled by the size of the pores available
in the sintered material for penetration of the liquid iron.

The fracture toughness of the composites Al; O3-Fe is higher than fracture tough-
ness of Al,O3;. However, it decreases with increasing content of Fe. A possible ex-
planation of such an effect takes into account the presence of the spinel FeAl,O4.
The spinel phase was identified at the metal-ceramic interfaces. It forms during the
process of the sintering and weakens the strength of the metal-ceramic interface. As
a consequence the composites with more iron are more brittle.
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