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TECHNIQUES FOR THE MEASUREMENT OF GRAIN SIZE DISTRIBUTIONS
DURING GRAIN GROWTH
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ABSTRACT

An overview is given of the techniques and analytical
procedures to be preferred for making size distribution
measurements. It is demonstrated that detecting the onset of
anomalous grain growth requires some sophistication in the
data collection and processing procedures.
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INTRODUCTION

The control of grain growth during thermomechanical
processing is of very considerable technological importance
(e.g. Cotterill and Mould, 1976; Ralph 1990). In most cases,
particularly for low temperature strength, the aim is to
reduce the rate of grain growth and maintain a fine grain
size. However, where the material is to be exposed to the
conjoint effects of stress and high temperature (creep
conditions) a large grain size is to be preferred.

The process of grain growth also attracts considerable
attention from computer modellers (e.g. Anderson, 1986;
Doherty et a7., 1989) and from theoreticians (e.g. Feltham,
1957; Hillert, 1965; Gladman, 1966; Haroun, 1980). One way of
looking at grain growth is that it reflects, albeit in a
rather complex way except in bicrystals, the processes
occurring during grain boundary migration (e.g. Grant et alq
1984). Further, it is found experimentally, and confirmed by
theoretical treatments, that the presence of solutes,
precipitates and other dispersoids has a major influence on
the grain growth process (e.g. Randle et a7., 1986). In
addition, there are considerable effects on grain growth from
the presence of textural components left over from the initial
recrystallisation (e.g. Abbruzzese and Lucke, 1976). Much
interest now centres on the relative importance of micro-
textural components and the more local orientation space in
which a particular grain finds itself (e.g. Randle and Ralph,
1988).
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Figure 1. Derived kinetic grain growth data from samples of a
powder—formed nickel—base superalloy (APK6) (from Huda and
Ralph, 1990).

(a) gives the plots from which the growth exponent has
been determined to be ~0.16; (b) gives the Arrenhius plot
from which an activation energy of ~ 375 kJ mole'1 has been
determined.
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Grain growth as a process may be investigated
experimentally in a number of ways. For instance the process
can be monitored by following the topographical changes which
occur (e.g. Rhines and Craig, 1974). In other cases, usually
to acquire kinetic data, it is often sufficient to follow the
evolution of the mean or maximum grain size. This approach
may be used to evaluate the growth exponent and the apparent
activation energy of the process (see figure 1 and e.g. Huda
and Ralph, 1990).

However, much interest centres on the factors which
affect the breakdown from normal grain growth (where the
distribution of grain sizes is maintained in shape but shifts
to larger sizes (see figure 2a)) to anomalous/abnormal grain
growth (also often termed secondary recrystallisation). In
the anomalous/abnormal case an initially unimodal distribution
becomes bimodal during the process; that is some grains grow
abnormally large and can co—exist or consume the fine grain
structure in which they are embedded (see figure 2b).

Whilst an abnormal process can be identified relatively
easily by qualitative microscopy, clearly the quantification
of this process requires more than the simple measurement of
average grain size by mean linear intercept methods. Rather,
it is necessary to determine the distribution of grain sizes
and how this evolves during the grain growth process. what
follows in this short overview is an attempt to present a
systematic method of producing the required data. The treat-
ment given leans heavily on the work of Tweed and co—workers
(Tweed et a7., 1983, 1985).

GRAIN SIZE MEASUREMENT TECHNIQUES

Conventionally, grain size is measured by some
averaging technique which compares against standard graticules
(e.g. ASTM system) or makes measurements of some mean sizing
parameter such as linear intercept (e.g. DeHoff and Rhines,
1968). In these cases, it is usual either to avoid stereo-
logical processing or to use the simplest of transformations.

Where it is deemed necessary to measure the grain size
distribution, as in the case around which this presentation is
based — that is detecting the onset of anomalous grain growth,
very considerable care is needed in all the steps in the data-
gathering process. In general these days, to collect statis-
tically significant amounts of data, recourse will be made to
automatic image analysis and it is within this framework that
the following points are made. The advantages of automatic
techniques arise from the ease and accuracy with which large
samples of grains may be measured. Further, many parameters
may be measured simultaneously, stored within large data bases
and then processed in a variety of ways so that different
representations of the data may be made (e.g. Tweed et alq
1985).
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Figure 2. Schematic representation of the change in grain
size distribution as function of annealing time resulting
from (a) normal and anomalous grain growth (after Detert
(1972) and Tweed (198 h)r\ \./O-m\/ya
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Figure 3. Two—dimensional grain size distribution (plotted as
a function of frequency versus equivalent circle diameter) for
a sample of aluminium containing alumina. In each case, and
in figures 4 and 5, the grain size distribution before grain
growth is represented by the light region of the histogram and
that after grain growth by the dark region. The shaded region
represents the region of overlap between the two conditions.
These two geometrically scaled plots are of the same data
using (a) a scaling modulus of /?' for diameter and (b) a
scaling modulus of e°-2 (from Tweed et a7., 1985).
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Initially there is a need to choose suitable sample
preparation techniques both to ensure an unbiased represen-
tation of the parent population (e.g. Exner, 1972) and to
produce reliable and systematic contrast. In the case
considered by Tweed and co—workers, anodized specimens were
viewed in crossed polars by light microscopy to establish
grain—to—grain contrast but even then two rotated views were
necessary to ensure that each grain was separated. At the end
of the day, insufficiently reliable algorithms were available
in the image processor used to "detect" all the grain
boundaries and a system of tracing the boundaries on to
acetate sheets coupled with viewing them on a macroviewer was
used (Tweed at a7., 1983, 1985). However, improvements in
specimen preparation technique combined with ever more refined
image processing techniques (using intelligent kernals) may
eventually make automatic grain sizing a more reliable
possibility.

Another factor which has to be considered is the
resolution available within the microscope compared to the
smallest feature (grain) which needs to be measured. For
instance, in a recent study of grain growth in a powder formed
superalloy, it was found necessary to use scanning electron
microscopy for the starting populations and light microscopy
as the growth process proceeded (Huda and Ralph, 1990).

Initially the data is collected two dimensionally and
Exner (1972) provides guidance on the relation between the
number of size bins and the number of sizing measurements.
Typically in the study made by Tweed and co—workers (1983,
1985) of the order of 5000 grains were measured from each
sample. Because the data was collected automatically in these
experiments it was possible to compare two—dimensional
distributions (and their shifts due to grain growth) of chord
size, Ferret diameter and equivalent circle diameter (e.g.
Gahm, 1972). In general, the distributions which result are
very similar, although there is a preference for the one based
on equivalent circle diameter where the grain areas are
measured.

Scaling these two—dimensional data presents a number of
possibilities. However, in grain growth the major concern is
with changes at the extreme ends of the distribution and since
a two—dimensional grain size distribution is approximately
log—normal (Exner, 1966; Feltham 1957) using arithmetic
scaling usually results in loss of detail at one or other of
the ends of the distribution. Geometrical scaling is then to
be preferred and figure 3 shows a comparison of the scheme
recommended by Exner (1972), where a scaling modulus of 2 for
diameter was used, with the case of a scaling modulus of e°-2
(Tweed et a7., 1985). The latter scaling modulus (that is
e°-2) obviously gives a clearer visual representation of the
grain growth process in this particular case.
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STEREOLOGICAL PROCESSING

An impression of the way a grain—size distribution
alters during grain growth may be achieved by comparing the
two—dimensional distributions before and after growth (as in
figure 3b for instance). One advantage of doing this is that
the statistical confidence in the data is not degraded by the
stereological procedures necessary to generate three-
dimensional distributions.

However, much of theoretical development of the process
of grain growth is derived for the three—dimensional case.
Differences betwee the plane section (2—D) and true spatial
distribution (3—D) occur for two reasons (e.g. Exner, 1972):

a) due to the truncation effect - that is a plane
section through a grain will normally give a size smaller than
its true maximum section;

b) due to the sampling effect — that is the probability
of cutting through a particular grain increases as its size
increases.

In order to perform a stereological transformation, it
is necessary to know or assume a shape for the grains. The
interplay of grain size and shape is extremely complex (e.g.
Underwood, 1970) and in most cases it is advisable to make an
assumption that the grain shape is spherical. A conventional
process of using "look—up“ tables, essentially "stripping" the
distribution back from the largest size class, then gives
plots of the form shown in figure 4a. This has been derived
from the data in figure 3b, although here, as is quite normal,
the bottom two size bins have not been plotted in figure 4a
since the calculated frequencies turned out to be negative.

In making comparisons between specimens where from
observation it was apparent that in one case normal grain
growth had occurred and in the other anomalous growth, it
became clear that plots of frequency were inadequate. This is
simply because the number (frequency) of large/anomalous
grains is very small in a sample exhibiting anomalous grain
growth. Accordingly, a better means of data presentation was
sought, and found, whereby the volume fraction occupied by a
given grain size was plotted instead. Figures 4 and 5 allow
these two means of plotting the data to be compared.

CONCLUDING REMARKS

This overview has concentrated on the techniques
adopted to detect the onset and development of the anomalous
grain growth process The advantages of collecting the data
automatically and thus being able to process and present it in
a variety of ways have been demonstrated. In this particular
case, it appears that presenting the data in true spatial
terms showing the volume fraction of a particular size class
is to be preferred.



ACTA STEREOL 1991; 10/2 187

a b
0

ruquuicyhfil Ifflltficn0
5
E

TU_'_‘_T ! B _
d< nmflorl

Figure 4. Three—dimensional grain size distributions derived
from the data given in figure '3b. Figure 4a gives the
spectrum of frequencies of particular grain diameter classes
whilst figure 4b gives the same data in volume fraction terms.
In this case, normal grain growth is observed to have occurred
(from Tweed et a7., 1985).
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Figure 5. Three—dimensional grain size distributions from a
different aluminium/alumina sample where anomalous behaviour
was detected. Figure 5a gives the frequency plot of the data
where the anomalous behaviour is hard to discern. By contrast,
a volume fraction plot of the same data, figure 5b, makes the
bimodal nature of the behaviour obvious (from Tweed et a7.,
I 985 ) .
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