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ABSTRACT

There has been significant progress in theoretical stereology during past decade or so. The
practical applications of stereology (at least in materials science) have not kept pace with the
rapid theoretical advance: stereological measurements other than volume fraction and grain size
are rarely used in materials science, although microstructure - properties - processing studies are
of central importance! It is the purpose of this presentation to discuss some applications of
stereology for the study of materials processes, where quantification of microstructure and its
evolution has lead to useful information.
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INTRODUCTION

There have been very significant advances in theoretical stereology during the past decade. The
basic attributes of the microstructural features, namely, total volume, surface area, length,
ntunber, and connectivity can be now estimated efficiently. Volume fraction is accessible via
point counting (see Underwood, 1970), or ribbon probe (McMillan, 1992), surface area can be
estimated from the vertical sections (Baddeley, Gundersen, and Cruz-Orive, 1986), length density
can be estimated efficiently from the vertical slices (Gokhale, 1990, 1992, 1993), absolute feature
length can be estimated from vertical projections (Cruz-Orive and Howard, 1991), and number
and connectivity can be measured from the dissector and related 3D probes (Sterio, 1984, Cruz-
Orive, 1987, DeHoff, 1987, Gundersen, 1988). These developments have helped to transform
stereology into a practical, versatile, and useful tool for the characterization of microstructures.
The progress in second order stereology enables characterization of the spatial distribution of the
microstructural features (Stoyan, 1985, Cruz-Orive, 1989, Jensen, Kieu and Gundersen, 1990).
Application of stereology for characterization of fracture surfaces has yielded general,
assumption-free techniques for estimation of fracture surface roughness from the vertical section
fracture profiles (Gokhale and Underwood, 1990, Gokhale and Drury, 1990, 1993); the attributes
such as fractal dimension can be also estimated from 2D sections (Mandelbrot, 1983, Drury and
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Gokhale, 1993). The advances in mathematical morphology (Serra, 1988, Meyer, 1992) have
provided rigorous techniques for automatic and interactive image analysis. The practical
applications of stereology and image analysis (at least in materials science) have not kept the pace
with the rapid theoretical advance: the stereological measurements other than grain size and
volume fraction are not used very frequently for the characterization ofmaterials microstructures.
However, when stereology is correctly applied to study the materials processes, it has often lead
to new insights and quantitative information regarding the materials processes. The applications
of stereology and image analysis in materials science can be grouped into the following broad
categories.

(1) Quantitative characterization of microstructural evolution during the processes such
as phase transformations, sintering, deformation, damage evolution in composites, etc. to obtain
the basic information regarding the processes that lead to the changes in the microstructure.

(2) Application of stereology for the characterization of nonplanar and geometrically
complex fracture surfaces, i.e., quantitative fractography.

(3) Development of quantitative microstmcture-properties correlations.
It is the purpose of this paper to present applications of stereology to illustrate how

stereology and image analysis can be utilized to obtain useful information regarding the behavior
of materials. The next section of the paper deals with the applications in the areas of damage
evolution in composites during thermal cycling, and of estimation of the growth rates of "necks"
during sintering of iron powder. Applications to the study of fracture (fractography) are
presented in the subsequent section.

MICROSTRUCTURAL EVOLUTION

Materials processes such as phase transformations, sintering, deformation, creep, fatigue, thermal
cycling, etc. lead to changes in the microstructure. The microstructural evolution is basically
due to the motion of microstructural interfaces, lines, and points (i.e., growth or shrinkage),
and/or changes in the number of microstructural features due to formation (nucleation) of new
features or annihilation of existing features, as a function of the extent of the process. In such
cases, the kinetic informations of fundamental importance are growth rates of microstructural
features (or more precisely, distribution of interface and/or edge velocities, etc.), and rates of
nucleation or annihilation of the microstructural features of interest. These "rates" are not
necessarily time derivatives; the rates may be with respect to strain (for example, microvoid
growth during deformation), or number of cycles (as in fatigue or thermal cycling), or any other
independent variable that induces changes in the microstructure. The evolution processes can be
studied by estimating the metric and/or topological properties of interest at different times (or at
different number of cycles, etc.) during the process. The microstructural properties data can be
utilized to extract the nucleation and growth information (see Gokhale and DeHoff, 1985,
Del-Ioff, 1986, Gokhale, 1992, Vandermeer, 1992). The procedure is illustrated via the following
two examples, where the evolution processes are relatively simple.

Thermal Cycling of Metal Matrix Composite

Figure 1 shows micrograph of metal matrix composite (MMC) having continuous, aligned
alumina fibers in the matrix of Al-2.5% Li alloy (the sectioning plane is perpendicular to the
fibers). There is a large difference between the thermal expansion coefficient of the fibers and
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the matrix (more than a factor of five). Due to this thermal mismatch, the thermal cycling leads
to cyclic thermal stresses that result in the fomration and growth of microcracks in the composite.
Figure 2 shows micrograph of a specimen after 3000 thermal cycles in the temperature range of
room temperature to 325°C. The microcracks are observed between the fiber pairs. It is of
significant practical interest to study the formation and growth of such thermally induced
microcracks, and to correlate the temperature cycle parameters and the microstructure of the
MMC to the fonrration and growth rates of the microcracks.

A microcrack consists of two surfaces bound by an edge. Each microcrack has volume,
surface area, and Euler characteristics associated with it. The growth of the microcrack increases
its volume and surface area. Thus, estimation of the volume fraction Vv, total surface area per
unit volume Sv, and the number density of microcracks as function of the number of thermal
cycles n, should provide quantitative information on the nucleation and growth of the
microcracks.

Gokhale and Whited (1992) monitored the microcrack evolution by estimating the Vv and
Sv of the microcracks and the number of microcracks per unit area in the plane perpendicular to
the fiber axis, NA, in a series of specimens thermally cycled between 10 to 5000 cycles
(experimental details are given in Whited, 1992). The volume fraction was estimated by point
counting. The total microcrack surface area was estimated by using the concept of vertical
sections (Baddeley, et al., 1986). The direction perpendicular to the plane of the specimen plate
was chosen as vertical axis, and Sv was estimated from three vertical sections mutually at an
angle of 120° by using oriented cycloid test lines. It is shown that such a composite test probe
(called "trisector") yields efficient and precise estimate of Sv from just three vertical sections
irrespective of the nature of anisotropy (Drury and Gokhale, 1993). Figure 3 shows a plot of the
ratio of the number of microcracks per unit area NA to the number of fibers per unit area Nr in
the plane perpendicular to the fibers versus the number of thermal cycles, n, experienced by the
specimen. It is interesting to note that NA/N, does not vary significantly with the number of
thermal cycles. From simple geometric considerations, it can be SIIOWD that.

N,/N, = N, .1/N, _ (1)
where NV is the number of microcracks per unit volume, andL is the average microcrack length
in the direction parallel to the fibers. Since, the fiber density N, can not depend on thermal
cycles, and NA/N, is constant, it follows that: (i) the number of microcracks per unit volume, NV,
does not increase with the number of thermal cycles, and hence most of the microcracks are
formed at very early stages of the process, and (ii) the microcracks reach saturation length in the
direction parallel to the fibers, soon after they are formed, and this dimension does not increase
significantly with the subsequent thermal cycles. For such a microcrack growth geometry it can
be shown that the ratio of Sv/NA directly gives the average value of the microcrack dimension
that does increase due to the thermal cycling (Whited, I992, Gokhale and Whited, 1992). Figure
4 shows the plot of SV/NA versus the number of thermal cycles n. The slope of the plot gives
the microcrack growth rate; the data shows that the microcracks grow at an approximately
constant rate of 5 X lO'5 mm/sec for the thermal cycle studied. It is interesting to note that
unlike the fatigue cracks driven by the cyclic mechanical stresses, the thermally induced
microcracks do not grow faster as their size increases! The quantitative data on microcrack
growth are useful for developing and verifying analytical and computer models for damage
evolution, and for correlating the composite microstructure to the damage and its evolution. The
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Fig. 1. A micrograph of the as
received MMC.
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Fig. 2. A micrograph of the
MMC after 3000 cycles.
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Fig. 3. Plot of NA/N, versus Fig. 4. Plot of S,/NA versus
number of thermal cycles n number of thermal cycles n
























