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ABSTRACT

Statistical and geometrical distributions of the normalized
area of plane grain c¢ross-section for model microstructures
with homogeneous grain size, built of truncated octahedra,
Williams B-tetrakaidecahedra and rhombic dodecahedra have been
presented in this work. These distributions can be taken as a
basis to some new grain size homogeneity criteria and
inhomogeneity measures. Accuracy of the mentioned measures was
verified by the analysis of the stereological parameters of 2-D
and 3-D computer-simulated microstructures with various
inhomogeneity. It was stated-out in experimental studies on the
OH16 steel grade normal grain growth that the geometrical
measure of the mean grain size is more sensitive to the heat
treatment parameters than the statistical one. These studies
and the model analysis indicate that the characteristic
features of the polycrystalline microstructure can be described
more accurately by geometrical distributions than by the
statistical ones.
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INTRODUCTION

In our previous works (Maliriski,h1985; Cwajna et al.,
1986; Cwajna et al., 1987a; Cwajna et al., 1987b; Malinski et
al., 1988) some new stereological criteria and inhomogeneity
measures were presented. They were based on the results of 2-D
and 3-D sgsimulation experiments with equilibrium model
Structures built of truncated octahedra (TO), Williams’
B-tetrakaidecahedra (WT) and rhombic dodecahedra (RD) of the
same size. For these microstructures distributions of the
following stereological parameters of grain size and shape in
2-D space were evaluated:

- normalized plane section area (Maliriski, 1985; Cwajna et
al., 1986; Malinski et al., 1988),

- normalized plane section perimeter (Malindski, 1985),

- normalized intercept length chord of plane section (Cwajna et
al.1987a; Cwajna et al. 1987b),

- shape factor of plane section (Malinski, 1985),

- number of sides of plane section (Malinski, 1985),
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To verify the practical applicability of the grain size
homogeneity criteria and inhomogeneity measures, a set of tests
of grain growth was performed with OH16 ferritic steel grade
heat-treated in different temperature and time conditions.

In these investigations the grain size was being characterized

by standard distributions: frequency = f(normalized plane sec-
tion area); as well as the distributions (relationships) of the
type of area fraction = f(normalized plane section area). That

was because it was revealed in our previous works (Cwajna et
al., 1989 and Malinski et al., 1989) concerning the quantita-
tive evaluation of dispersive phase particle size, that the
distributions of AA = f(A/Amax) type are more suitable to the

description of the inhomogeneous microstructures. Above all,
they make it possible to asses properly whether the presence of
large grains in the microstructure is incidental or it is the
microstructural feature.

In the AA = f(A/Am“) distributions fractions of the grain

area in successive size classes are equivalent to the probabil-
ity (frequency) calculated with the use of geometrical defini-
tion (measure) of probability. It is suggested to call these
distributions the "geometrical" ones, in contrast to the
"statistical" distributions of the frequency = f(A/Amx) type.
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geometrical distributions shows that these are not the
predominant cross-sections (fig 1b.).

Moreover, the geometrical distributions more distinctively
demonstrate an effect of annealing temperature and time on the
grain growth. However, for these distributions neither mean
grain size nor its inhomogeneity measures have been hitherto
proposed yet, that means a considerable limitation in their
applicability in the investigations of the grain growth
kinetiecs. That was the reason why, taking as a basis the
computer simulation studies, the attempt was made to work out
the mentioned measures and to verify objectively the homo-
geneity criteria and inhomogeneity measures of grain size,

STATISTICAL AND GEOMETRICAL GRAIN SIZE HOMOGENEITY CRITERIA AND
INHOMOGENEITY MEASURES

With an application of computer simulation technique
described in detail in (Malinski, 1985), for the model
microstructures (TO, WT and RD) the statistical and geometrical
distributions with the random sections number of 1000000 were
determined (fig.2 and 3). The geometrical distributions
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Class Class Distribution function [x1
nunber interval T0 T RD
1 8.688 + 8,85 7.82 8,77 9.91
2 8.85 *+ 8,18 11,76 13.82 14,19
3 8,18 *+ 8,15 15.20 16.76 17.66
4 8,15 + 8.28 18.48 28.45 28.98
5 8.28 + 8,25 21,97 24.26 23,93
6 8.25 * 8,39 25.35 28.27 26.85
7 8,38 *+ 8,35 28,77 32,40 29.74
] 8,35 *+ 8,499 32.19 37,01 32,75
9 8,49 *+ B.45 35.84 42.18 36.15
18 8.45 + 8,50 39.76 47,91 39.89
i1 8,58 ¢+ 8,55 43,96 54,83 43,92
8.55 * 8,68 48.44 61,35 48.23
i3 8,68 * 8,65 53,44 78,91 52.88
14 8,65 *+ 8,78 59,16 81,39 57.62
15 8,79 * B.75 65,73 68,58 62,81
16 8.75 + 8,69 74.38 92.65 6917
17 89.688 *+ 8,685 98,95 95,35 81,75
18 8,65 + 8,99 97.86 97,29 92.34
19 8,98 *+ 8,95 99,73 99,28 99.72
z8 8,95 + 1,689 188,88 169 .88 188,

Fig.2. Statistical distributions of the normalized plane sec-
tion area of the model polyhedra.
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Class Class Distribution function [x1
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1 8.88 + 8.85 8.26 8.32 8.31
2 8.85 + 8,18 08.68 8.99 8.89
3 8.18 * 8,15 1.68 1.93 1.68
4 8.15 + 8.28 2.66 3.37 2.71
5 8.20 + 8.25 4.12 5.21 3.96
6 8.25 + 8.38 5.65 7.56 5.44
? 8.38 + 8.35 791 18.49 717
8 8.35 *+ 8.40 108.29 14,13 9.24
9 8,48 + 8.45 13.17 18.83 11.98
18 8.45 + 8.58 16.62 24.64 15.17
11 8.58 *+ 8,55 28.72 31.51 19.87
12 8.55 * 0.68 25,58 48.53 23.62
13 0.68 + 8.65 31,31 53.38 208,97
14 B.65 *+ B.78 38.48 68.37 34.86
15 8.78 + 8.7 47,42 79,48 41,78
16 8.75 + 8.68 59.68 86.209 58,86
17 8.08 + 8.85 85,18 98,95 78.01
18 8.65 + 8.98 96,34 94.57 87.082
19 8.98 + 8.95 99.63 98,52 33.58
28 9.95 + 1,88 169,680 ie8.e8 iea,

Fig.3. Geometrical distributions of the normalized plane sec-
tion area of the model polyhedra.

developed for model, homogeneous microstructures makes it
possible to apply the homogeneity criteria and inhomogeneity
measures, given in Table 1, to the grain size studies. Another
tables, dealing with the inference about the grain size
inhomogeneity from statistical distributions, were presented in
(Malinski, 1985; Cwajna et al., 1986; Cwajna et al., 1987a).

It is significant that the statistical distributions for
model microstructures with homogeneous grain size indicate
relatively large number of grains in the first few classes of
size (fig.2), that is also true for real materials (fig.la).
The geometrical distributions show, however, that it is not a
predominant feature of the microstructure (fig.lb and 3).

VERIFICATION OF THE WORKED-OUT GRAIN SIZE HOMOGENEITY CRITERIA
AND INHOMOGENEITY MEASURES

The verification of both statistical and geometrical grain
size homogeneity criteria and inhomogeneity measures was car-
ried out by studying of a few computer simulated microstruc-
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Table 1. Criteria and measures of grain size inhomogeneity.

KOLMOGOROV'’S test of goodness of fit

Statistical Criterion Geometrical Criterion
cu
- _ i - _ cu
A= sys Fs(xi) —__E__' n A syp FG(xi) (AA)i n
Fs(xi) - hypothetical value of distribution function
for ith class (fig.2)
FG(xi) - hypothetical value of distribution function
.th .
for i class (fig.3)
cu ; ; .
N n, - cumulative size to i class
o (AA)Eu - cumulative area fraction to ith class
t n - number of analysed grains
e xa - critical value of KOLMOGOROV'S distribution
8 a - significance level (a = 0.,05; Xa = 1.358)
I NFERENTCE
a) A < ka — grain size homogeneity
b) A 2 Aa — grain size inhomogeneity
Statistical (geometrical) Measure MS c = A - la

INFERENCE

Grain size inhomogeneity grows whith the MS G growth

tures. A characteristics of the microstructure B, that consists
exclusively of truncated octahedra and is the best approxima-
tion of the homogeneous microstructure, as well as the most
inhomogeneous microstructure A ( with the highest coefficients
of the grain volume variability), are shown in Table 2.

The results of the statistical tests indicate that there is a
significant difference in the grain size inhomogeneity between
the investigated microstructures (fig.4 and 5).
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0.604 ! of the application
3 f of Kolmogorov test
0.45 ; to the comparison
s of the statistical
0.30 ; distributions of
* / the normalized vol-
t / ume of the poly-
0.19 / hedra of A and B

___#’#J,#”’F‘HH\N\M_in microstructure.
0.00

0,00 0,10 0,20 0,30 0,40 0,50 0.60 0,70 0.60 0,90 1,00
nornal ized polyhadra volusa



78 MALINISKI M ET AL: GRAIN SIZE DISTRIBUTION

KOLNOGOROU'S Test 1 A=21.,079 ())1,358) class rumbar
0.7 1,2 3,436,789 101112181415 18 !7 18,19 20

- nicroltructuru h (nmbcr of polyhadra 1000)
=== nierostructure B (numbar of polyhadra 651) Fig.5. The results
of the application
! of Kolmogorov test

Ty >

0,60

0.45 { to the comparison
) of the geometrical
0.90 i distributions of
the normalized vol-
] ume of the poly-
¢ OtH hedra of A and B

microstructure.

0.00

0,00 0,10 0,20 0,30 0400 50 0,80 0,70 0,60 '0,%0 1,00
nornalized polyhedra volume

Table 2. Selected parameters characterizing the computer
simulated microstructures.

Distribution
Statistical Geometrical
Faramstas Mean Coefficient Mean Coefficient
value of variation value of variation
Microstructure A
Normalized
polyhedra 0.6016 20.30 % 0.6263 19.54 %
volume
Shape
factor 0.9166 1.73 % 0.9194 1.76 %
3-D
Number
af Faces 15.46 14.70 % 15.77 14.33 %
- 2 3 _ -3
SV = 3.2422 [mm“/mm" ] Nv = 994.8 [mm ]
Microstructure B
Normalized
polyhedra 0.9595 1.52 % 0.9604 2.37 %
volume
Shape
factor 0.9538 0.06 % 0.9750 < 0.01 %
3-D
Number
of faces 14.00 0 % 14.00 0 %
- 2 3 _ =3
Sv = 1.7029 [mm“/mm" ] Nv = 839.8 [mm 7]

Both statistical and geometrical distributions of the grain
plane section area for the investigated model microstructures
are given in fig.6. The conclusions that can be drawn from the
application of the developed grain size homogeneity criteria
and inhomogeneity measures for the 2-D space (fig.6) are
entirely consistent with those taken from the direct comparison
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of the distributions describing the microstructure of the
generated microstructures in the 3-D space (fig.4 and 5).
Therefore, it can be assumed that the simulation studies
have confirmed both accuracy and practical applicability of the
proposed criteria and measures. The final results of the
quantitative evaluation of the grain size inhomogeneity depends
to great extent on the homogeneous microstructure model se-
lected to the comparison with the investigated microstructure.
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Fig.6. The results of the application of Kolmogorov test to the
comparison of the statistical (a) and geometrical (b) distribu-
tions of the normalized plane section area for computer gener-
ated microstructure A and model structure TO as an example,

EXAMPLES OF AN APPLICATION OF THE GRAIN SIZE HOMOGENEITY
CRITERIA AND INHOMOGENEITY MEASURES IN THE STUDIES OF OH1e6
STEEL GRADE GRAIN GROWTH

In the course of annealing of the specimens of O0H16 steel

grade in the temperature range of 750 OC to 1100 OC for 0.5 to
10 h the normal grain growth have been revealed. As a result of
this process the mean grain size has increased while the grain
size inhomogeneity dropped in the ranges given in Table 3.
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Table 3. Variability range of the grain size distribution
parameters and inhomogeneity measures in the specimens of O0H16
steel grade.

Distribution v(A/A ) Inhomogeneity Measure
type A/Amax [%Tax TO WT DR

2334.0 72.50 7.539 6.492 7.484

Statistical + -+ + + .
22816.5 160.10 27.938 27.367 27.036
5911.5 53.98 7.703 6.102 8.155

Geometrical % * + + +
62199.5 120.36 30.668 30.037 30.817

A significantly wider wvariability range of the grain size
geometrical measure testifies its higher sensitivity to the
annealing parameters variations than that of the statistical
measure. In fig.7 the grain s8ize characteristics of the
specimen with the most irregular grain is given and in fig.8
that of the specimen with the most homogeneous grain structure.
The analysis of
the statistical and
geometrical dis-
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The results of the
comparison of the
distributions of
grain size in the
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lar microstructure
depend on the
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distributions being
compared (fig.9 and
10). In the car-
ried out compara-
tive studies all
possible combina-
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cance and non-

he particular types of
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and geo-

metrical distributions contain significantly different informa-
tion concerning the investigated microstructure.
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Fig.9. The result
of the application
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to the comparison
of the statistical
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for the selected
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section with the geometrical distribution of this stereological
parameter, and that is the main conclusion drawn from the
performed studies.
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