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Résumé . 2014 Dans cette étude, nous proposons un ensemble de méthodes pour l’analyse morpholo-
gique de milieux pulvérulents. Ces méthodes sont évaluées à partir d’applications à des poudres
d’UO2. Elles sont basées sur le modèle des feuilles mortes, qui simule un processus de masquage,
et ne nécessitent pas de segmentation d’images. Nous avons constaté qu’il est préférable d’éliminer
l’approche de type segmentation pour les structures complexes, et d’opérer directement sur les images
à niveaux de gris. Ces nouveaux algorithmes sont comparés aux méthodes traditionnelles pour mesu-
rer une granulométrie par ouvertures.

Abstract . 2014 In the present work, we propose a set of methods for a morphological analysis of powder
media. To evaluate our methods, we apply them to UO2 powder. These methods are based on a
Dead Leaves Model which simulates a masking process. Generally speaking, our methods require
no image segmentation. We found, that it is preferable to eliminate the segmentation approach for
complex structures and to work directly on the grey level images. We compare these new algorithms
with the traditional method of establishing the size distribution by openings, to show their relative
performance.
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1. Introduction

Powder materials are used in many manufacturing processes, metal and ceramic powders for ex-
ample. Whatever the powder, evaluation of the quality in relation to the utilisation is necessary.
Here, the morphological characteristics play a fundamental role to understanding the proper-
ties in practice. These characteristics are in particular the shape and the size distribution of the
powders. In this work we perform a morphological analysis of a U02 powder, shown in Figure 1,
supplied by the Péchiney Company. The traditional methods of analysing the powdered materials
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have certains limitations; a) the optical measurement or physical (sedimentation) methods give a
single measure of the size distribution based on the spherical hypothesis. B) For cross-sectional
image analysis, we again need to make the spherical grains hypothesis or at least the convexity
hypothesis to solve the stereological problems (3D reconstruction from 2D information).

Fig. 1. - Images of the U02.

In this work, we focus attention on one model, the Dead Leaves Function Model, which simu-
lates a masking process phenomenon. We discuss different algorithms obtained from this model
and their robustness. We compare our algorithms with the traditional size distribution obtained
by openings.

From a historical point of view, the Dead Leaves Model D.L.M. was developed, for binary im-
ages, by Matheron to simulate a masking phenomenon process [1-4]. Recently, the generalization
to the grey level case was developed by Jeulin [5, 6]. Here, the model provides a more realistic
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simulation of images, where individual features in the background are partially masked by features
located in the foreground, as in perspective views.

After a presentation of the problem and of the traditional method, the size distribution by
openings, we develop several methods based on the D.L.M.

2. Data and Problem

The powders analyzed are industrial samples of U02 obtained by precipitation in a gaseous phase
at high temperature. This procedure was used to produce two industrial products A and B, but
working at two differents labelled conditions of operation. All this work is based on these powders.
From a morphological point of view, these powders have the following characteristics:
- The product "B" is a powder that contains more or less separated grains.
- The product "A’ contains separated grains, similar to powder "B" and grains that have a strong
tendency to coalesce into clusters. The différence between the microstructure reflects a larger
size distribution for the product ’A’ than the product B.
Since the products "A’ and "B" are considered to be obtained from two extreme production

operation points, we can use these powders as references to compare another intermediate prod-
uct "C". More precisely, we wish to estimate the proximity of an intermediate product "C" to the
two references "A’ and "B".

Four binary mixtures were prepared by mixing the samples ’’1B’ and "B" (Cl, C2, C3, C4). We
will supply the estimation of the component compositions.

The samples were prepared as follows: for every specimen, 1 g of powder is dispersed in 60 cm3
of isopropanol solution; mechanical agitation was applied with a magnetic device during 5 min,
followed by ultrasonic agitation (using a US probe) during 5 min. A sample of the solution (5 ml)
obtained by depression is spread on a millipore filter (with a pore size of 0.05 03BCm). A conductive
layer of Au/Pd is deposited under vacuum at a working distance of 50 mm with a 10 mA current
for 2 min.

The samples were examined with a Zeiss DSM 950 Digital Scanning Electron Microscope,
connected to a Kontron IBAS image analysis system. The operating conditions for the SEM are
the following: use of LaB6 filament; specimen at 10 mm working distance, examined under a
20 kV high tension with a 10 -11 A beam current (diaphragm 40 03BCm and resolution H10). The
magnification was 20,000.
We have 28 SEM images of each product (for the components and for the mixtures) with a

512 x 512 x 8 resolution (with a distance between the pixels 0.0103BCm). Figure 1 shows the general
appearance of the analyzed powders.
We propose the following approach:

- First, each component (references) ’A’ and "B" are characterized individually.
- Then, a similar procedure is performed to analyze the mixtures. Using additive morphologi-

cal characteristics, we characterize separately each powder and we use a linear decomposition
in measure between the morphological characteristics of the mixtures and their components.
Figure 2, illustrates this approach.

3. Size Distribution by Openings

Size distribution is the most widely used parameter to describe a granular structure. In a strict
sense, granulometric analysis consists in the measurement of the size distribution of well sepa-
rated particles. Mathematical morphological concepts [1] have enabled this type of analysis to be
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Fig. 2. - Approach used to solve the estimation problem.

extended to interconnected sets, using well-defined axioms of size distribution analysis (proposed
by Matheron).
We can say that a granulometry is a family ’II for t &#x3E; 0, such that ’II is anti extensive, increasing

for all "t", and for all s, t &#x3E; 0

The opening 1&#x3E;.B by a convex compact set B satisfies these axioms. We associate two functions
with the granulometry; the probability distribution function and its derivative, the probability
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density function:

where 03BC is the Lebesgue measure.
Generally, the size distribution by openings is used to compare different media [7]. However

the criteria to compare structures are not strictly correct. When we need to compare a random
medium with different references, we need to make strong assumptions: the property of additivity
of the probability distribution "F" and the density "G" granulometric functions, in the case of
structures with overlapping particles (in the trivial case, without overlap, the additivity is satisfied).

Different preparations were analyzed by the size distribution methods which have been devel-
oped on a morphopericolor system. The two references were characterized by the probability
distribution "F" and density "G" functions, by applying opening by hexagonal structuring ele-
ments "B" of differents sizes. Next, a similar process was applied to the mixtures to characterize
them. In Figure 3 we show the density function for the two references and of one mixture. We
can see that the function "G(À, Xm )" is inside the area defined by the two references.

To estimate the percentage of components in a mixture, we solve the linear system given by the
next equation;

and pl, p2 &#x3E; 0, and pi + p2 = 1. We can use a least-squares criterion to estimate the values of pi.

Fig. 3. - Granulometric density function. Opening by hexagonal structuring elements.
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4. The Boolean Model

The basic random model is the Boolean model introduced by Matheron [3, 4]. To build a random
realization of a Boolean model, we start with a Poisson point process in Rn with intensity 9 and the
random realizations of a primary grain X’. We place the random realizations of the primary grain
on the points of the Poisson process using a union law to build the random set X. The functional,
Q(B) below, characterizes the Boolean model. It gives the probability that a set B (structuring
element) is included in the complement of X. This relationship is given by:

where X’ ~  = U Xb denotes the dilation operation, 8 is the density of point process, ,u is the
6EB

Lebesgue measure (area in two dimension) and X’ is the random primary grain.
Using Equation (2), it is possible to define a new functional by normalization;

where "q" is the porosity of Boolean Model obtained from (2), using as a structuring element
B = {x} (a point). It is interesting to note that (3) no longer depends on B.
From cp(B) we obtain the morphological characteristics of primary grains by working directly

with the images. These morphological characteristics are used to characterize the production
process. Initially, Equation (3) is applied to two extreme powders; then a similar procedure is
employed to characterize the mixture (~M). For a mixture of n components, we have:

where

are the weights in measure with Spi = 1 and pi &#x3E; 0.

5. The Dead Leaves Random Functions (D.L.R.E)

The images in Figure 1 are classical situations found in perspective views where a masking process
is present. To simulate this phenomenon in order to study the masking process, we start with a
family of primary grains (in a similar way as for the Boolean model). The random realizations of
primary grain Z’ are parametrized by "t" (the time). We consider a sequence of primary random
function Z’(x, t) with characteristics depending on time. Between t and t+dt, independent real-
izations of Z’ are implanted at random points of an infinitesimal Poisson point process in Rn, with
intensity 0(t)dt. These grains appearing between t and t+dt hide the portions of former grains
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Fig. 4. - Realizations of the random DLRF.

that appeared at time u  t. In others words, we observe at (x, t) the more recent value of the
suite of primary functions. In Figure 4 we show one simulation of the D.L.R.F

This model was proposed in the binary case by Matheron. The generalization to grey-tone
images was proposed by Jeulin [5, 6]. In Figure 4 we show one simulation. Several probability
laws of the structure are accessible from a knowledge of the morphological characteristics of the
grain: Bivariate distribution, Moments of Erosions of D.L.R.F., intact grains law, ... Using the
moments of Erosions of D.L.R.F. we propose several algorithms for estimating the composition.

5.1 FIRST ALGORITHM. - By construction, the support (area covered by the random primary
grains) at time t  oo is a Boolean Model. We consider the case of one model with a support (of
the primary grain)X’ 0 independent of time (the grey-level can change with the depth), but there
is no grain segregation.

In this situation, we have

where
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where pl and p2 are the percentages in measure of the two components. Several observations

conceming this algorithm can be made:
- There is no shape assumptions underlying this algorithm.
- Because we work in the binary case (grain projection) the algorithm is very simple.
- The principal drawback of the method is the great sensibility to heterogeneities in the Poisson

distribution.

Many experiments were made using different structuring elements (lines, triangles, bi-points,
hexagons). In Figure 5, we show the curves obtained with similar triangles as structuring ele-
ments. In the case of mixtures, we found a correlation between the real percentage of contents
and the estimation given by this method. However, for other mixtures, where heterogeneities
were presented, bad results were obtained.

Fig. 5. - Boolean model. Erosions by triangular structuring elements.

5.2 EROSIONS OF DEAD LEAVES FUNCTIONS. - In certain cases, it is more interesting to work
inside the primary grains. This criterion is similar to the size distribution criteria and it is robust
when there are changes in the spatial distribution of the grains.
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For this algorithm we consider the following supplementary assumptions:
- Homogeneity: the morphological characteristics of the grain (the grey-level) and the intensity
of the Poisson process 0(t) are independent of time. This means that the dark grains of the
images will be eliminated.

- The cross-section of the grains are such that;

where aX is the contour of X. In Figure 6, we illustrate this situation. The value

inf{Z’(x, t ) = m } is independent of "t" and of the primary grain.
- The structuring element B is a connected set.

Fig. 6. 2013- a) Incorrect primary grain; b) correct primary grain.

With these assumptions we express the morphological characteristics of the primary grains by
the erosions of the Dead Leaves Functions.

where the erosion Z e B of a function Z by B transforms- Z into another function defined as:

and

The simplicity of this relationship enables us, by applying the erosion (to the grey-level image)
and binary dilation of the support of D.L.R.E to have access to the morphological characteristics
of the primary grain.
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Two methods are proposed. First, we can consider the projection of the grain (Xo) as the
normalization factor, as in the Boolean Model Algorithm, to estimate the percentage of each
component. Alternatively, it is possible to use the volume of the sub-graph as the normalization
factor. Whichever the method, we can achieve a linear decomposition in measure of the mixtures
and their components by using erosions of D.L.R.F

5.3 MEASUREMENT OF THE GRAIN PROJECTION.

- For the first method we have;

5.4 MEASUREMENT OF GRAIN VOLUME.

- For the second method we have;

For both methods, we can perform the following decomposition in measure

where the weights are given by:

respectively for the first and the second method, with Epi = 1 and pi &#x3E; 0.

Both methods were used to estimate the percentage of contents in a mixture. Before applying
these methods, it is necessary to process the image to be in agreement with the hypothesis [8].
Initially, the dark grains were eliminated from the images (to obtain a homogeneous medium),
next the complement of the grain was calculated (only in the region defined by the grains which
were not eliminated) to obtain one image containing grains as described in Figure 7.

Figure 8 shows the functional WSG (B) for a hexagonal structuring élément obtained for the two
components and 3 mixtures. We observe the barycentric characteristics of the mixtures curves with
regard to the components curves. The discriminative characteristics of this functional are more
interesting than for the granulometric case and the Boolean model algorithm.

6. Robustness of the Methods

We showed that our methods depend only on the primary grain. The density of the point process
is eliminated from the algorithms. This means that we require only a homogeneous spatial distri-
bution of grains. In practice, this homogeneity is nearly achieved in many production processus.
Our hypothesis is thus very realistic.
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Fig. 7. - a) Original image; b) support of grains; c) complementary set of a); d) selection of grains from
the support.

On the other hand, the change in the SEM operating condition is often a great problem. For the,
grey level methods, we can show that in almost all the algorithms (including the size distribution
by openings) are not sensitive to these variations. For instance, in the algorithm of erosions of
D.L.R.F and using linear anamorphosis; Y(x) is a new function given by:

where ( is a constant. It is possible to show that
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Fig. 8. - Numerical erosions by Hexagonal Structuring Elements.

In practice, we checked on SEM images the robustness of the method to changes in the grey level
scale.

Finally, the methods that use a size criterion (erosions of D.L.M., size distribution by openings)
are not very sensitive to the lack of homogeneity of the spatial distribution. Because we work inside
the grains, the size criterion is more important than the shape criterion.

7. Real Data and Simulation

7.1 REAL DATA. - The results in Table 1 show that the two methods obtained from the moments
of erosions of D.L.R.F. give good results when we compare the estimated percentages with the
real percentages. Only C3 gives an over estimate of the component "B" for almost all methods. It
seems, that the best algorithm is given by the functional 03A8(B). However, the algorithm wSG(B)
is more robust than the other ones, when there are changes in the grey-level working conditions.

Table I. - Estimation of components of mixtures.

Granulometry G(B)

Granulometry F(B)

Boolean Model (p(B)

D.L.R.F. BP SG (B)
D.L.R.F. BP(B)

Nominal percentages
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The methods, based on the moments of erosions, give no false measurements from the sample
A’ as is the case for the granulometric methods. Moreover, the curves 03A8SG(B) of the references
(Fig. 8) are sufficiently separated and we can use them to characterize the two extreme points
of operation of the oven. Using these methods we can observe the differences between the mi-
crostructure, which is very difficult for the human vision but is very easy by our methods.
On the other hand, our methods do not need many images to obtain a good estimation. For a

good statistical convergence, we need only 5 images for the components ’’1B.’, "B", and 15 images
for the mixtures.

7.2 SIMULATION. - Different experiments were performed in order to test our methods. The
primary grain support is a random disk (between 15 - 24 pixels of radius for the component "B"
and 40 - 49 pixels of radius for the component ’’1B.’) and the grey-level (of the primary grain) is
a distance function of the disks. Initially, we simulate two pure references and four mixtures of
these components (25 images per case). Two methods were tested in these preparations, a) the
erosions of D.L.R.F. and, b) the size distribution by openings. The estimation of contents for each
mixture for the first one is very good (Tab. II). However, for the size distribution by openings
(Tab. IV) the contents are not correct. It means, that the assumption of additivity of probability
distribution functions is not satisfied, as a result of overlaps. Next, we create impure references
with overlapping particle histograms and we create the mixtures using these references. In Table
III we show good results obtained by the eroded D.L.R.F.

Table II. - Simulation data. Estimation by the eroded D.L.R.F Pure references.

Theoretical Density in Number Theoretical Density in Measure Experimental Density in Measure

Table III. - Simulation data. Estimation by the eroded D.L.R.F. Impure references.

Theoretical Density in Number Theoretical Density in Measure Experimental Density in Measure
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Table IV - Simulation data. Estimation of contents by a size distribution by opening. Pure refer-
ences.

Theoretical Density in Number Theoretical Density in Measure Experimental Density in Measure

8. Conclusion

In this paper, we show the possibilities of application of the Dead Leaves Model to estimate the
contents of the components in a mixture of U02 powder. The algorithms presented in this paper
and the results show the good performance of the approach. In SEM images, even in bad con-
ditions of image acquisition, we need only to apply grey level morphological erosions and binary
dilations to perform the estimation.
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