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Structural characterization of grain pattern
diversity in parametric space
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Grain patterns are characterized by size and shape diversity as reflected by variations in the
values of structural parameters ascribed to them. Analysis of the population of grains calls
for a global analysis of all the pertinent structural parameters taken together. In this study,
algorithms were developed for advanced grain image analysis, unbiased grain size-side
measurement and full grain pattern recognition. The correlations of these normalized
structural parameters were studied for each topological class and geometrical group, for
the grain patterns formed under different nucleation-growth conditions. Relationships
between the structural parameters and the grain spatial coordinates are given. This
provides a useful approach to investigate the structural inhomogeneity in grain patterns.
The results show strong interdependence between the topology, geometry and physical
dynamics of the spherulitic grain size-shape arrangement in semi-crystalline polymeric
films. © 1999 Kluwer Academic Publishers

1. Introduction the spherulitic grains are subjected to a comprehensive
Polymer systems display a variety of high-order struc-analysis, using the characterization methodology
tural features. The most common microstructure ofcommonly employed in studies of random cellular
semi-crystallines polymer is the spherulitic grain pat-patterns. A distinguishing feature of polymer grain
tern. These high-order structures are closely related tpatterns is the presence of topological defects. These
their physical properties, such as optical, electrical andopological defects are the mixed configurations of
mechanical properties. In terms of the optical propervertices containing 3, 4, 5, and 6 connectives, and
ties, for example, the grain sizes, shapes, textures, elligz fraction of trivalent vertices smaller than 1. It is
soid orientation and the inhomogeneity or diversity infound that (i) the two-cell correlation functiomd,(n)
those parameters have a great impact on transparend$he average number df-sided grains adjoining an
haze and clarity of the polymer thin films. In food pack- n-sided one) are clearly highly non-linear withy
aging application, the microstructural parameters alsdii) that the common practice of plottingm(n) vs.
strongly influence the strength, toughness and permeat can conceal the non-linearity of the experimental
ability of the plastics products. In general, small grainsdata, wherem(n) is the average sum of the number of
and uniformity inthe structural parameters are desirablsides of the grains immediately adjacent torasided
for good mechanical properties of plastic products.  grain; (iii) that the plot of the relation of average area
The microstructural characterization of the of grains to the number of sides is non-linear and
spherulitic grain patterns involves the full description S-shaped, due to the polydisperse grain packing. These
of the physical dynamics of polymer pattern formation,topological characteristics indicate that the polymer
the topological organization, and the geometricalgrain boundary network (GBN) does not follow either
arrangement. Polymer spherulitic grains are aggrethe mathematical Voronoi diagram or the common
gates of a large number of grains of various sizegandom cellular structures displayed by many physical
and of different shapes. This is reflected by distri-systems. Thermal activation experiments show that
bution functions of the topological and geometricalthe polymer grain pattern is a topological unstable
parameters, such as the area of graif§A), the  structure with very slow dynamics. These experimental
perimeter, f (P), and number of sidesf,(n) [1, 2]. In  observations have been explained in relation to specific
previous works [1, 3], we reported on the experimentalpolymeric features [1].
characterization of the topological organization of The major efforts on studies of grain microstructures
highly disordered polygrains in planar films of a com- have emphasized the experimental measurement of the
mon model polymer, isotactic polypropylene, formedstatistical distribution of geometrical parameters indi-
during free solidification. The topological aspects ofvidually and the relation between the grain size, grain
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texture and mechanical properties. In terms of materia= 4 x A/P?2, is grain shape factoE = tan@), is
physics, the main difference between most of the matethe major axis slope of the grain interior ellipsoitis
rial grain pattern systems and topological models lies imumber of grain sides, and,(y) is the gravity center

the explicit consideration of grain area, grain perime-of the grain. The experimental results and discussions
ter, and the number of sides of the grains. These thregre presented in Section 4.

variables cannot be trivially decoupled. Purely topolog-
ical models do notincorporate the competition between
topology, geometry, and growth dynamics, and seem2. Experimental sampling and image analysis
not to be suitable to fully characterize the material grainExperiments were carried out with isotatic polyporpy-
structures. lene (iPP, molecular weig,, = 250,000). A polymer
The grains are characterized by a diversity in theirthin film was formed between two glass slides, while
sizes and shapes as reflected by variations in the valugsessing the top slide to form a 10m thick polymer
of parameters ascribed to the grains [4]. A characterisfilm. A Leitz polarizing microscope, equipped with a
tic of this situation is that the parameters, a number of_eitz hot stage for polymer film solidification, was used
which describe the shape of grains, should not be ann the direct observation experiments. JAVA-Jandel Sci-
alyzed separately. Analysis of the population of grainsentific’s video image system was directly connected to
calls for a global analysis of all the pertinent geomet-the microscope via a CCD camera. The pre-treatments
rical parameters taken together. The cluster analysisf basic image processing were performed by using
method [8] helps to identify clusters (groups, or sub-Visilog (©Noesis Vision Inc., Quebec).
populations) in the sets representing the elements stud- Microstructure of materials is studied experimen-
ied in the space of the geometrical parameters and givesally using various methods of imaging to resolve spe-
an opportunity to evaluate the effectiveness of the divi<ific microstructural elements. In all cases, attention
sion into the clusters. is focused on images of the microstructure and these
In this paper, we present advanced grain imagere found to be of considerable complexity. More pre-
analysis, unbiased grain size-side measurement araisely, images from the material microstructure are dis-
fully grain pattern recognition in Section 2. In Sec- tinguished by: (a) geometrical complexity and compli-
tion 3, we focus on the cluster statistical analysis, graircated shapes, which differ in their spatial dimensions;
sub-population grouping and inhomogeneity, devel{b) diversity in size and shapes, which can only be prop-
oped here in multi-dimensional space of the followingerly described if a proper statistical methodology is
geometrical parameterstA, P, R,C, S E,n, x,y}, available; (c) the presence of specific errors caused by
where A is grain areaP is perimeter,R is Feret ra- imperfections in the imaging techniques. The charac-
dius (equivalent grain radiusy, is chord of the grain, terization of microstructure usually requires an analysis
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Figure 1 Typical examples of the density profiles of 2D grouping for an experimental grain pattern, and the insertimages show the number of obtained
groups for different geometrical parameters grouping space: (a) shows that there are 5 groups found for area vs. number ofinjidpade;

(b) shows that there are 7 groups for shape factor vs. @reax) space; (c) shows that there are 6 groups for major axis slope vs. perimetg (

space; (d) shows that there are 7 groups for major axis slope vs. cherg) (space.
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of a large number of complicated images with each ofof inter-grain center distances. Populations of grains
them containing the microstructural elements requiredcan be represented by a set of elements in a multi-
The grain sizing is intended to compute grain sizedimensional geometrical space of parameters. Geomet-
numbers and provide distributions of measurements forical parameters of grain populations show an inhomo-
individual grains. The initial images are pre-processedjeneous character reflected by a variation in the density
and enhanced in order to extract grain boundaries. Thef elements in the parameter space. In order to charac-
techniques used are based on Watershed, Geodesierize the geometry of grains, we apply the basic idea of
Reconstruction, Classification and Auto-labeling algo-cluster analysis and develop it to the characterization of
rithms [7]. Once a satisfactory grain boundary image igpolymer spherulitic grain pattern in multi-dimensional
obtained, it is possible to edit boundaries interactivelygeometrical space. Thus, we consider a population of
if necessary. The next step is to discard all grains thapolymer spherulitic grains with each of them being de-
intersect with the edge of the image frame. These grainscribed by the multi-dimensional space of the following
would provide inaccurate results if considered. The stageometrical parameter§A, P, R,C, S, E, n, X, y}.
tistical bias due to edge effects has been corrected by
using Miles-Lantuejoul approach, which was proposed
by Miles [5] and illustrated by Lantuejoul [6]. Finally, 3. Grouping in multiple dimensional
the geometrical measurements can be performed auto- structural parametric space
matically. Populations of grains can be represented by a set of
The grain siding is intended to compute grain sideslements in a multi-dimensional geometrical space of
from digitized images of grains and provide grain sidesparameters. Geometrical parameters of grain popula-
distribution, two-grain correlation and grain shell struc-tions show an inhomogeneous character reflected by
ture. The digitalimage analysis is basically the same aa variation in the density of elements in the param-
grain sizing. Skeletonization and Watershed detectiomter space. In order to characterize the geometry of
using an arrowing technique can be used in neighbougrains, we applied the basic idea of cluster analysis pro-
analysis [6]. posed by Kurzydlowsket al. [8] and extended it to the
Grain spatial variability is studied by using the characterization of polymer spherulitic grain pattern in
pair correlation function to characterize the frequencymulti-dimensional geometrical space.
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Figure 2 Typical results from grain grouping image analysis of 2D geometrical perimeters grouping for a simultaneous nucleation experiment in

isothermal crystallization af; = 140°C: (a) the automatic grain sides labeling; (b) the grouping result in grain area and grain sides space; (c) the
result in grain area and grain shape factor space; (d) the result in grain perimeter and the grain major axis slope space.
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Consider a population of polymer spherulitic grainsBecause the parameters in matf@; } have different
with each of them being described by the parameterghysical meaning, they have different units. In order
{A, P, R,C, S E,n}. The observed values of the pa- to avoid complication, the parameters can be normal-
rameters of the first grain are marked by the subscript lized with respect to the mean values of the parameters
the second grain by the subscript 2, and the values of thes make the matrix dimensionless. The description of
parameters of the grakare marked by the subscript the population of grains is given in multi-dimensional
k. The description of the population of grains is givengeometrical spacéw, 8, v, ¢, €, ¥, n} and the matrixis
in the form of a matriXGj }:

AL PP RR C E1 § m ar B o1 &1 e th o m
A, P R C E S m ax B2 yv2 L2 &2 P2 N
G =|" A TR B B¢
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Figure 3 Typical results from grain grouping image analysis of 2D geometrical perimeters grouping for a grain image of a sequential nucleation
experiment in isothermal crystallization &= 134°C: (a) the automatic grain sides labeling; (b) the grouping result in grain area and grain sides
space.
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Figure 4 Typical results from grain grouping image analysis of 3D geometrical perimeters grouping for a grain image of a sequential nucleation
experiment in isothermal crystallization &= 134°C: (a) the result in the grain aref the number of side grain and the grain shape fact&
(b) the result in the grain perimeté¥, the chordC and the grain major axis slofe
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By adopting a definition of the metric in the space ofand the distance matrix is
parameters, it is possible to group the elements into
sub-populations that contain elements of similar param-

_ ! 50 ) 0 D Din

eters. One possible approach is defining the distance Dy O - Do

between the elements to divide the grain populations D— (4)
into distinctive groups, or sub-populations according : : : :

to nearest neighbours criteria. Grains showing similar D D .0

values of their features can be found and characterized N1 =Nz

by some average values common to a given cluster.

In this way, the grains are categorized to be in differentfhe matrixD contains nonnegative elements and the
groups. Here, we chose Euclidean distance between tigain diagonab;; = 0 because notwoidentical element
elements in the multi-dimensional geometrical space ofan be found in stochastic grain population. The results
the grain populationfa, g, v, ¢, ¢, 9, n}. For any two  Of grouping based on the nearest neighbours criteria,

elementscx andxix in the space, the distan@; is that is for any two elements in the cluster, the distance
between thenD;; < R, whereR=max {min;{D;;}}.
The max and min refer to the maximum and minimum
Dij = /Z(xik — Xjk)? (3) nonzero elements, respectively, of the elements in rows
k

and columns of the distances matibx
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Figure 5 Grouping results for image in Fig. 2a in three-dimensional spacex @)X ~n); (b) (8 ~ ¢ ~¢).
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Practically, there is some uncertainty in determina-and the distance matrix is
tion of the grouping center coordinates, with the above

approach. We propose a new number density profile digr dige -+ digk -+ digp
method to correct this problem. The demonstration dogr Oogz -+ Oagk - Oagp

of the grouping is performed by firstly determining d — _ . (6)
the number density profile in the structural parame- : : : : : :

ter space. As an example in two dimensional parameter dngt Onge -+ Ongk -+ Owgp
space [, J), the number density is defined as the num- ’ ’ ’ ’

ber of data for parameteft, J}. From the number den- By finding out the minimum distance in the row for
Zlé)r/ g][oé'rlgdg;r;Ztiﬁgtﬂgﬂtg?rgﬂitgrz?ﬁig tge }numéach column, mig(dy gk}, we can determine to which
for each groupdk=1. 2. ..., gp) can be easil); cglkcu- groupgk the eIementg belongs. Fig. 1 show; typical
lated. Then, we calchléte t’he distanclkgk between examples of the Qen5|ty profiles of 2.D grouping for an
element(| ’J 1 and each groupin center coordinateseXpe”memal grain pattern, and the insert images show
e, Jud fkc;r éach elemen% Wg ogtain 2 new distancethe number of obtained groups for different geometrical
m%i;}ixg\ljvith dimension oN C parameters in grouping space. Fig. 1a shows that there
xgp: are 5 groups found for area vs. number of sides )

space. Fig. 1b shows that there are 7 groups for shape
O gk = \/(Ik — Igk)? = (I — Ig)? (5) factor vs. areaf ~ «) space. Fig. 1c shows that there
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Figure 6 Grouping results for image in Fig. 3a in three-dimensional spacex @)X ~ n); (b) (8 ~ ¢ ~¢).
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are 6 groups for major axis slope vs. perimeter(8)  sult in the grain area, the number of sides of grain

space. Fig. 1d shows that there are 7 groups for majan and the grain shape fact& (b) is the result in the

axis slope vs. chor&(~ ¢) space. grain perimeteP, the chordC and the grain major axis
slopeE.

4. Experimental results and discussions

4.1. Visualized grain grouping results

In order to fully provide structural recognition of the 4.2. Grain structural correlation in 3D

grain patterns, we built in the relationship between the parameter space

structural parameters grouping and the grain spatial cd-ig. 5 shows the analysis of the groups for the image
ordinates by associating the grouping assignment badk Fig. 2a under simultaneous nucleation conditions in
to the grain gravity center. The examination in three-three-dimensional space ¢ ~n) and 8 ~¢ ~ ¢).
dimensional space or multiple dimensional space caepending on the size of the division there are five

be performed by using the same algorithms. As an exgroups identified in¢ ~ % ~n) 3D space. Depending
ample, Fig. 2 shows the results of the above proces®n the perimeter of the divisior8, there are six
ing for a grain image of a simultaneous nucleation ex-groups identified in § ~ ¢ ~¢) 3D space. The same
periment in isothermal crystallization @ =140°C.  analysis was done for the image in Fig. 3a under
Fig. 2a shows the result of the automatic grain sidesequential nucleation condition in three-dimensional
labeling. Fig. 2b shows the visualized grouping resultspace ¢ ~ ¢ ~n) and 8 ~ ¢ ~ ¢) as shown in Fig. 6.

in grain area and grain sides space. Fig. 2c is the resufiwo important structural features were found from the
in grain area and grain shape factor space. Fig. 2d iabove grouping analysis:

the result in grain perimeter and the grain major axis

slope space. In Fig. 2, the different symbols represent (a) the grouping results indicate that there are some
the different groups. Fig. 3 shows similar results of 2Dcertain patterns in distribution of their structural param-
geometrical perimeters grouping for a grain image ofeters;

a sequential nucleation experiment in isothermal crys- (b) the grouping results show that the population of
tallization atT, = 134°C. Fig. 4 shows similar results grains depends upon the nucleation-growth condition
of 3D geometrical perimeters grouping for a grain im- or the thermal history of the grain pattern formation
age of a sequential nucleation experiment in isotherprocesses. In order to clarify this issue, we discuss plots
mal crystallization all, = 134°C, where (a) is the re- of two parameters in the 3D grouping results in detail.
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Fig. 7a and b show the relation between normal-
ized shape factotr and its normalized grain area
of the above 3D d ~ ¢ ~n) grouping for grain pat-
terns formed under simultaneous and sequential nt
cleation conditions, respectively. For the simultane-
ous nucleation case, Fig. 7a shows that the group
detected for the smallax <1 give larger variations
in their shape facto#, while for the largekx > 1, they
give smaller variations in their shape factoHowever,
for the sequential nucleation case, Fig. 7b shows the
the groups detected for the smaltex 1 give smaller
variations in their shape factadr, while for the larger
a>1, they give larger variations in their shape
factor®.

Fig. 8a and b show the relation between normal-
ized major axis slope of the grain interior ellipsaid
and its normalized grain perimetgrof the above 3D
(B~ ¢ ~¢) grouping for grain patterns formed under
simultaneous and sequential nucleation conditions, reg
spectively. For the simultaneous nucleation case, Fig. 8-%
shows thate has larger variations depending on the =
perimeter of the divisior8; However, for the sequen-
tial nucleation case, Fig. 8b shows thahas smaller
variations frome = 1.

Fig. 9 shows the normalized grain areas a funct-
ion of the number of grain sides For both nucleation
cases, grain area increased with increasnnghis
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Figure 12 Visualized grain diversities of two experimental grain pattern formed at similar crystallization conditions: (a) is relatively homogeneous;
(b) there is a tendency for spatial clustering.

chord, 8 = ¢, was found for both nucleation cases as4.3. Grain size-shape correlation

shown in Fig. 10. For evaluating a simple geometrical description of the
The above results indicate that the grouping analgrain patterns, two types of grain size-shape correla-

ysis quantitatively distinguished the structural differ- tions must be known [4, 9]:

ences between two main kinds of grain structures which

were formed under simultaneous and sequential nucle-

ation conditions. The grouping analysis results show (a) the average ardann(n)) for grains of the given
number of sides, and

(b) the average number of sidgw, («)) for grains of
a given normalized grain arda,(n)).

that the most efficient descriptions of the grain struc-
ture are the following groupings in three-dimensional
space: area/shape factor/grain sides;- @ ~n), and
perimeter/chord/grain major axis slopg, € ¢ ~¢). It
also indicates that the grain area/perimeter is most im- Fig. 11 shows the plot of the statistical data from
portant grain geometrical characteristic. experimental results of the two-parameter distribution
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1.3 v 4.4. Inhomogeneity in grain structures

|v %O Because the structural parameters grouping can be vi-
A 12 vv%v oogo B, n O - sualized with the real grain geometrical/spatial coordi-
Q 11 b v@g}@ ‘g Qo = nates, it becomes possible to investigate the structural
@ v@ > A% OO ® o, 4 o ” inhomogeneity in grain patterns. Here, we present an
€ 10} ¢ @%@‘2‘{% N example which indicates this approach. Fig. 12 shows
S : AL SO A0 . . . . . .
S ﬁ%‘ 2o S 0” o H the visualized grain diversities of two experimental
g 09 2) 8“‘ % grain patterns formed at similar crystallization condi-
< I % M Aa0 Yo o ) o .
] - o S/<S> vs Al<A> plot tions. The main difference between them is that the
081 29 4 o : nuclei spatial distribution for (a) is relatively homoge-
NN of ASn 3D grouping . . .
0.7 Lo a4 ‘ ‘ neous, while for (b) there is a tendency for spatial clus-
"o 1 2 3 4 tering. Fig. 13 shows the results of the 3D~ ¢ ~n)
area, Al<A> grouping analysis. These results show that the group-
ing analysis can quantitatively distinguish the structural
135 5 differences and the diversities of grain structures.
O
A m} oo
1 5 - o 5. Conclusions
@ D . The grains are characterized by a diversity in their
£ ﬁu 2 sizes and shapes, as reflected by variations in the
ﬁ g0 o values of structural parameters ascribed to the grains.
§- o g Analysis of the population of grains calls for a global
& analysis of all the pertinent structural parameters
S/<S> vs A/<A> plot . .
i taken together. In this study, algorithms have been
of ASn 3D grouping L7 . .
. ‘ ‘ developed for advanced grain image analysis, unbiased
2 3 4 grain size-side measurement, and full grain pattern
area, A/l<A> recognition. The correlations of these normalized

_ o , structural parameters were studied for each topological
F|gure_13 The area/shape factor/g_ra|n15|des,~(ﬁ~n), 3D grouping class. and geometrical groups for the grain patterns
analysis for: (a) for grain pattern in Fig. 12a; (b) for grain pattern in ! . . L
Fig. 12b. formed under different nucleation-growth condition.

The relationship was evaluated between the structural
parameters grouping and the grain spatial coordinates.
The major findings are as follows:
function. The solid circles represent theg,(n)) vs.n,
the empty circles represefit,(n)) vs. (Ny(«)), and (1) The grouping analysis identified quantitatively
the empty squares represent the average value from thge grain structural characteristics and the structural
resultof 3D ¢ ~ ¥ ~ n) grouping. The grouping results inhomogeneity or diversities in grain patterns.
more or less tend to the results @f, (n)) vs. (n,(a)) (2) The evaluation shows that the most efficient
for both nucleation cases. This indicates that the grail’descriptions of the grain structure are the groupings
area parameter is the most important grain geometricah three-dimensional space: area/shape factor/grain
characteristic. sides, & ~ ¥ ~n), and perimeter/chord/grain major
Although this two-parametric distribution function axis slope, g ~ ¢ ~ ¢).
cannot be expressed ina Unique mathematical relation- (3) The grouping ana|ysis results indicate that the

ship, valid for the individual grains, statistical relation- grain area/parameter is the most important grain geo-
ships may be obtained. The best fitting equation for thenetrical characteristic.

simultaneous nucleation case is (4) The two-parameter grain size-sides distribution
function yields certain statistical relationships; how-
(an(n)) = a+ bn (7)  ever, itis different for different nucleation cases.
4 (5) The grouping analysis quantitatively distin-
(@a(n)) = c 4 d[(Ne(a))] (8)  guished the structural difference between two main

kinds of grain structures which were formed under
where o« =—0.6854, b=0.2719; and c=-0.52, simultaneous and sequential nucleation conditions.
d =0.00183; for the reported experimental data.
The best fitting equation for the sequential nucleation

case is
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