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Abstract

This paper deals with the use of automatic image analysis to provide access to the morphological parameters of the microstructure during
the sintering of ceria. Some specific techniques of image processing have been required and performed to automatically measure the change
in the specific surface area, the integral of mean curvature per unit volume, the contiguity and the grain size distribution. The diffusional
paths, the kinetics of densification and the mobility of the grain boundaries were determined. A value of about 2 was obtained for the grain
size exponent. The densification at 13@0and probably at 120@ is governed by the volume diffusion of the slowest species. Moreover,
the use of a Ti@ dopant makes it possible to control the migration of the £gin boundaries and thus to limit grain growth.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction conditions (temperature, time, atmosphere) during the
thermal treatment.
Controlling densification and grain growth, which both oc- There has been a considerable work performed on measur-

cur during sintering, is a critical issue for the processing and ing grain size and size distribution but rather less on the use of
the application of advanced ceramics. Dense, fine and homo-stereological parametefs? such as specific surface area per
geneous microstructures are generally desirable for structuralunit volume or mean curvature of pores and grains. Today,
parts. Then, the understanding of mass-transport mechanismghese parameters can be estimated easily if automatic meth-
during sintering is necessary to control the reliability and the ods of image processing and mathematical morphology are
properties of the final parts. utilized 1911 The mathematical morphology makes it possi-

Many sintering models of densification and of grain ble to characterize the phases and grains of a microstructure.
growth in polycrystalline materials have been develob&d,  Furthermore, the treatment speed makes it possible to an-
generally based on diffusional transport of matter due to alyze many images. So the conditions for a good statistical
differential surface curvature of grain surfaces. Using these analysis are always verified and the degree of microstructural
models to determine the mechanism of transport, which de-homogeneity can also be evaluated. Moreover, the evolution
pends on the diffusional paths, requires a correct quantitativeof such morphological parameters leads to a knowledge of
description of the evolution of the pertinent parameters of the the sintering mechanism, which can be compared to the in-
microstructure (morphological parameters) under controlled formation given by dilatometry investigatiofg1-12

Ce doped with TiQ, with relatively homogeneous
* Corresponding author. Tel.: +33 5 5545 2222 fax: +33 5 5579 099, Microstructure and moderate grain growth, has been cho-
E-mail addresst.chartier@ensci.fr (T. Chartier). sen as an interesting model system to study the sintering
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both by classical methodsand by image analysi$. CeQ evaporation of the solvent, the dry powder was granulated by
based ceramics are of interest as materials for catalyst supusing a 315um sieve.
ports, as ionic conductors for solid electrolyte and as gas  Cylinders (20 mm in diameter, 5 mm thick) were obtained
sensors>-17Other applications of Cefare as host material by dry pressing the granulated powder under 150 MPa. Then
for radioactive actinidé$ or as nanocrystalline thin fims for ~ the organic additives were removed by pyrolysis at D0
optoelectronic$? for 3h in air. The resulting samples were sintered with a

The present paper is devoted to the study of the sinteringrapid heating rate of 20C min~* up to the sintering temper-
of CeQ® doped with Ti@, using morphological parameters ~ature (1100, 1200, 1300, 1400 or 14%f). After the dwell
determined by image analysis. It is based on the thesis of(6, 18, 36, 60, 120, 300, 600 or 1200 min), specimens were
Arnould 14 fast cooled at 50C min—1. The density was measured by the

Archimedes technique in distilled water.
The samples were polished with progressing finer grades

2. Experimental of diamond paste until the 0.26n grade. Grain boundaries
were revealed by thermal etching for 5 min at a temperature
2.1. Sample preparation 50°C lower than the sintering temperature.

A 99.95% pure commercial Ce@owder (Opaline grade,  2.2. Image processing and image analysis
Rhdne-Poulenc, France) with a mean particle size of®n7
and a specific surface area of 2.7g7! was used. The Before making measurements on the microstructure, it is
CeQ powder was first deagglomerated by attrition milling necessary to perform a treatment of images to correctly dis-
for 30 min in 2-propanol with zirconia balls. An amount of  tinguish grain boundaries and porosity. For all materials, the
titanium butoxide (Ti[O(CH)3CHzs]4, Aldrich, France), cor- images of pores are obtained by using an automatic threshold.
responding to 0.1 wt.% of Ti@with respect to Ce@ was A morphological treatment was designed for materials
added in the attrition bowl. A subsequent milling of 15min with a relative density higher than 63% as described in
was performed. Then, the titanium butoxide was hydrolyzed Arnould and coworkerg:20.21
by the addition of 15 mol of water for 1 mol of titanium butox- Two methods, depending on the porosity, were developed.
ide with an additional milling of 15 min. Polyethylene glycol = For materials with a relative density larger than 85%, the im-
1500 (3 wt.% on the basis of dry powder), was added in or- ages of pores were first obtained. Then, the images of grain
der to confer the cohesion of the pressed green parts. Afterboundaries were extracted by a top-hat transformation fol-
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Fig. 2. (a) Initial image (Ce®sintered at 1300C, during 36 min); (b) final binary image.
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lowed by a thinning® The obtained images still need an ox10
additional treatment to eliminate the artifacts due to over- sx10 | [~ Center of sample
and/or under-segmentatidfig. lillustrates the correspond- 7x10:‘ 4~ Edge of sample
ing image sequence. 610 .
For materials with a relative density ranging from 63 to S s, R A
85%, images are of less good quality and require a more 4oy 4
complex morphological treatment. This treatment involves a 3x10 7
linear filtering to decrease noise. Grain boundaries are then 2107
enhanced by a morphological gradient filter followed by a P
threshold!%*! Finally, segmentation by watershed on the O 200 400 600 800 1000 1200
gradient image was performed from the markers of grains h (um)
selected accoerg. to an area criteriéri: Fig. 2illustrates Fig. 3. Variogram of the connectivity number of Ce@rains, for a material
the corresponding image sequence. sintered at 1300C during 5 h.

This image treatment makes it possible to determine the
nature of porosity (intra- or inter-granular) and the two
specific types of surface, namely the solid/pore interface,
Sv(S/P), and the solid/solid interface comprising the grain
boundariesSy (S/S). The stereological methods are detailed

3.2. Evolution of morphological parameters during
sintering

3.2.1. Evolution according to volume fraction of ceria

in Appendix A The strategy of sampling being chosen, some morpho-
logical parameters were selected to follow the evolution of
the microstructure. From a practical point of view, this mi-

3. Morphological study of sintering crostructure cannot be revealed, nor segmented, before a cer-
tain degree of densification, i.e. 63% of theoretical density,

3.1. Study of the homogeneity has been reached. So, the parameters, which can be followed

during all the stages of densification, must be distinguished
One of the merits of image analysis in material sciences is from those accessible only on segmented images.

its statistical character. To obtain significant measurements, Stereological parameters always accessible are the con-
it is necessary to make sure that sampling corresponds to &ent of the phase CeQi.e. the volume fraction of the solid
sufficiently homogeneous zone. In order to investigate the phase\, (S), the specific surface area between the ceria and
homogeneity of a microstructure on some samples, a geo-the poresS,(S/P), and the integral of mean curvature by
statistic tool is utilized, namely, the regularized variogfam unity of volume,My (S/P). We know tha¥y(S) is the indi-
(see also Chapter IX in Seffd. If f(x) is an average measure  cator of the densification and constitutes the variable which
on a field of analysis set ix andf(x+h) the same measure  makes it possible to follow the other parameters. The change
in x+h, the regularized variogram is defined as the mathe- in S, (S/P) as a function dfy,(S) is roughly monotonous in
matical expectation of the quadratic distance between theseits decrease and does not require any comnfegt £). Ac-

measures: cording to the definition dfly (S/P) My (S/P) shows negative
values because pores behave as holes in the mateigab|
y(h) = 1 E[(f(x)— f(x+ h))2] (1) (see Chapter V in Sert9. These values increase to reach

the zero value of the dense material. However, decreases ob-
served between 30 and 37% of porosity correspond to the

If homogeneity is reached, a plateau of the variogram is . ) !
g y P ¢ formation of isolated pores associated to the closure of chan-

observed. In our cadéx) is either the connectivity number
(number of grains) by unity of surface arédy (G), or the

volume fraction of the porous phaséy(P). The variogram 5.0x16] —®— Center of sample
corresponding to the connectivity number quickly reaches —a— Edge of sample A

a constant value (up to the statistical fluctuatiorsy(3). 4.0x107

Thisresultis always verified whatever the set of fields of mea- 4 4
surements: on the edge or in the bulk of the sample. Then, the E 30x107

material microstructure can be considered as homogeneous. 2.0x10°

It is not the case if measurements concern the fraction of b

the porous phase on the edge of the samptes @). Only 1.0x107)

the bulk is homogeneous. According to these results, only the o0d
bulk part of samples will be analyzed for the following inves- 0 100 200 300 400 500 600 700 800 900
tigation. Finally, to verify the isotropy of the microstructure, h (m)

the measureme,m of the nu.mber- of grains per unit length, Fig. 4. Variogram of the porosity for CeGsintered at 1300C during
NL (G ), according to the orientatial, was undertaken. 36 min.
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Fig. 5. Evolution ofSy (S/P), as a function of the volume fraction of GO Fjg g Evolution of the parameter of contiguie(S/S), as a function of the

W(S)- sintering timet.
0.0
—=—1100°C ) )
| e—1200°C those sintered at and above 13@0 Finally, the reconstruc-
- 50x107 | a4 1300°C tion of the grains boundaries makes it possible to reach the
' E . 2D granulometry of the ceria and particularly its mean grain
~ -1.0x107 size.
s
g 0] 3.2.2. Evolution according to time and temperature
200104 When segmentation is possible (density higher than
N 63wt.%), it gives access to the total specific area
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 S/(S/S + S/P) and to the total mean curvatMig(S/S + S/P).
We) So the change of these parameters as a function of time and

temperature was studied. Assuming that we are only in the
presence of a scale effect, DeHdfhas shown that stereo-
logical parameters follow a law of the type:

Fig. 6. Evolution oMy (S/P), as a function of the volume fraction of GeO
Wy (S).

nels. This makes it possible to know exactly at what stage of y myd

sintering isolated pores begin to appear. W (X) — W' (X) = ki 3)
Thanks to the image segmentation techniques and the fac'ﬁ/vherem is the kinetics exponent and the low exponétie

that all grain boundaries are revealed, it is possible to follow scaling of the stereological parametfd=—1 for Sy and

the evolution of other pertinent stereological parameters suchd: —2 for My). For these two parameters, expression (3)

as the total specific surface ar&a(S/S + S/P),Fig. 7), and a gives: '

derived parameter, the contiguity of the polycrystalline phase,

C(S/S), Fig. 8), defined as: Sy (X) — Sgg"(x) =kt and
_ 25v(S/9) M (X) — My A(X) = k 4
C(S/S) = 550 (S/5) 1 5o (/P (2) v (X)) =My (X)) = ki 4)

Th luti fh w ¢ h dif The best agreement between the experimental results and
f tebE\;lo . |orf1 Oth ese wo paramf er(sj St %gaa (\j/?ry '™ those theoretical laws is obtained for a valuenoéqual to
erentbehaviorforine specimens sintered a nator 2 for all samples. From these results, the activation energy

of the evolution of total specific area and of the total mean

b000 e ° 1200°C curvature can be calculated from the following expression:
5000+ —A—1300°C E m
T v 1400°C _ A
E 4000 X 1450°C W(X) — Wo(X) = ko [exp (_RT)] " (5)
g 30001 * The activation energy determined frd®y and fromMy,
@ 2000 ranges between 390 and 415 kJ molNo values for com-
2 parison have been found in the literature.
@ 1000+
a 3.3. Kinetics of densification

0 T T T T T T
086 088 090 092 094 096 098 1.00

Vis) As the transport of species during sintering can be
governed by various mechanisms, which depend on dif-

Fig. 7. Evolution of the total specific surface ar8a(S/S + S/P), as a func- " i .
fusion path and particularly on the character of the grain

tion of the volume fraction of cerid/y (S).
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0.0 . Table 1
A e 1200°C slope - 2.65 Values of the parametersandk for the kinetics laws of grain growth (Eq.
-0.5 AA 1300°C slope - 2.88 (3)) of CeQ, for various temperatures of sintering
-1.0 Temperature®C) n k
2 15 1200 22 0.73
% 1300 19 381
2 20 1400 20 2005
= 5 1450 21 4591
-3.0
02 00 02 04 06 08 10 Assuming that the densification takes place by diffusion
log(D) in the volume both at 1200 and 1300, the coefficients
B of diffusion obtained at 1200 and 1300 are, respectively,
Fig. 9. Rate of densificatioe/8t, as a function o at 1200 and 130€C. 1.6x 10713 and 7.9x 10713cnm? s~L. These calculated val-

ues are of the same order of magnitude as the values deter-
mined for yttrium oxide?®

boundaries;® it is absolutely necessary to use segmented

images to estimate the grain size. The densification rate cang.4. Kinetics of grain growth

be written as a function of the temperatufgthe mean grain

size, D, obtained from individual analysis on segmented  The evolution of the average diameter of grains as a func-
images, and a variabkewhich depends also on the average tion of time, for various temperatures, was determined with
coefficient of diffusion (in the case of several simultaneous precision by image analysis. Laws comparable to that of De-

mechanisms§? Hoff (Eq. (3)) were found?® The n exponent is close to 2

9 31— W(P)) A whatever the temperaturd@gble 1. At 1200°C, only four
»_ v = (6) points are available and correct coefficients of correlation
o o rpr were obtained for botm=3 (0.97) andn=2 (0.99). Then,

In this relationship, the exponentis characteristic of the ~ One cannot affirm that the mechanism of grain growth is iden-

limiting mechanism of transport, which governs the kinetics tical at 1200C and above 1300C. Some values of tha

of densification. Then, the exponent which depends on  €xponent, reported in the literatuf®;*°obtained for various

the path of diffusion, is equal to 3 in the case of diffusion types of doped Cefare given inTable 2 The results vary

in the volume and to 4 for diffusion at grain boundaries. The from one author to another, for the same system (pureLeO

estimation of the derivative is made by approximation of the The adaptation of experimental results, with power laws, is

curve (1— W (P)) =f(t) by a polynomial equation of order 2. always a problem because there is a lot of uncertainty in the
Considering the fast densification at high temperature, the €stimation ofn.

kinetics of densification was only investigated at 1200 and ~ BY referring to the data given by Brock the mechanism

1300°C (Fig. 9). For a temperature of 130C, a slope close ~ Whichlimits grain growth, would appear to be grain boundary

to —3 (—2.88) was obtained with a good correlation. This Pinning by the segregation of inclusions at grain boundaries.

suggests that the limiting mechanism is diffusion in the vol- ~ The inclusions control the migration of the grain bound-

ume. For 1200C, the agreement is less good2.65), but  aries. According to the literaturé;3?only one defined com-

only three experimental points are available and it is difficult Pound, i.e. CeHiOs, is known in the Ce@-TiO; system,

to give a final conclusion. in oxidizing conditions in air. Guka and Kolar reported that
From the complete relationships of the rate of densification the temperature of formation of CeUOg is about 1270C

given by Coble? one can extract the coefficient of diffusion and its non-congruent melting temperature is 1365 The

in volume of the slowest element: presence of inter- and intra-granular inclusions of GEgi
in CeG materials sintered at a temperature up to 13D0

dp _ 355Dyt (7y  Wwas verified by scanning electron microscopig 10.

ot RTD3

whereDy is the diffusion coefficient in the volume,is the Table 2
surface energy is the molar volume, anRis the gas con- Values of then exponent for the kinetics law of Ce@rain growth

stant. Reference Material Temperaturd) Exponenn
Calculation was made using the following numerical val- ches CeO pure 12701420 2
ues: Zhang”’ CeQ pure 1350-1500 3
CeQy+1% Mn 1350-1500 4
- t=1JnT2atypical value for the surface energy of oxides, Zzhang® CeQ, +0.5% Fe 1350-1500 4
(see for exampf®) Zhang® CeQ +0.25% Co 1350-1500 4

- 0 —20)9 —

- 0=23.69cn mol-1. Ji-Guang CeQ+(5-20)% Sm  1100-1400 2
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Table 3
/ Mobility of grain boundaries of Ce£) with addition of TiQ, for various
i temperatures of sintering
-~ TemperatureC)  Mobility of grain boundaries (166 m3/Ns)
- This work CheR®
CeTi, 04
Inter [Ti*]=0.2at% [TM]=0.1at% [TH]=1at.%
1200 3
1270 48 4.2
1300 18
Q . 1320 140 14
N 1370 365 37
1400 93
Fig. 10. SEM image of a sample Cg®laborated at 1300C during 20 h, 1420 1018 97
showing the presence of the Ce® inclusions in inter- and intra-granular 1450 212

position.

In the case of grain-boundary pinning by second phase Table 4
particles, the mobilityM of the grain boundaries can be esti- Activation energy of grain boundary mobility for pure Ce&hd doped Ce®

mated from the kinetic law of growﬂ‘ﬁv?"‘ Reference Material Activation energy of grain
_ boundary mobility

oD My — (kI molt)
— =— —f(D) (8) .

ot D This work CeQ+0.2% T 350
wherey is the energy of the grain boundary, a value consid- Chert® Pure CeQ 581
ered constant and estimated as 0.3-3 and f (D) represents CeQy + 0.1%_T+f‘+ 438
the drag influence on the growth rate caused by boundary pin- CeQy+ 1% Tt 453
ning. With the reasonable assumption tiiatan approach  Zhang’ Pure CeQ 731
a maximum sizeDmax for a second phase inclusions, that is CeQy+1% Mn 593
in agreement witlirig. 11, the drag termy (D) in Eq.(8) be- Zhang® Pure CeQ 731
comes independent of the main grain sizend Eq.(8) can CeQ+0.5% Fe 590
be rewritten as: Zhang?® Pure CeQ 697

9D 1 1 CeQ +0.25% Co 572
- =My (5 - R}) 9) Ji-Guand® CeQ, +(5-20)% Sm 254
That leads to a parabolic law:

- =~ - = This mobility follows the Arrhenius law, making it possi-
M Do— D Dmax— D o ’ .
2)/ =2 I (—mx—o) (10) ble to calculate an activation energy of 350 kJ molwhich

Dmax Dmax Dmax -D

is compared to values from the literaturi@ble 4.

whereDy is the initial mean grain size. The knowledge of the mean grain size of cefég( 11)
Calculated values of mobility are compared to values re- and porosity makes it possible to draw the sintering trajecto-

ported by Chen et &0 in Table 3 Our results follow the  ies (i.e. mean grain size versus densifig( 12. The den-

same evolution with temperature and are of the same ordersification is the most important mechanism at the beginning

of magnitude. of sintering. Grain growth remains very low, for a density
16 16
14] ® 1200°C 14| ® 1100°C x
A 1300°C ® 1200°C
12+ v 1400°C 121 4 1300°C
_ X 104 v 1400°C
g 5 sll X 1450°C
[a] la 64
4 4
[ ]
2 2 N o
0 0 L] ® A w X
0 2 4 6 8 10 12 14 16 18 20 0.86 0.88 090 092 094 096 098 1.00
t(h) Vv(S)
Fig. 11. Evolution of mean grain size of ceri, as a function of timet, Fig. 12. Sintering trajectory: evolution of the mean grain si2gas a func-

for different temperatures. tion of the volume fraction of cerisly (S).
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225 — : : . . . . of this method is to reveal about the extent of homogeneity

2001 = 1100°C of the material from variograms (of the number of grains or
£ 1751 1 jaoee of the volume fraction of pores, for our investigation).
2 ¥% v 1a00c CeO ceramic was chosen for this work, for which spe-
T 1251 x 14s0°C cificimage treatments and segmentation techniques were de-
S '2‘2: A veloped, depending on the densification state. A very good

5:0_ v homogeneity was shown in the bulk material.

25] The accurate investigation of the sintering trajectory and

oolm epe of the change in the stereological parameters indicates that

086 0.88 0.90 0.92 094 096 0.98 1.00 grain growth in Ce@is more important at 120CC for a lower
Vv(S) densification state than at 1300. This is probably due to

the presence of the Cellg secondary phase, which forms at
Fig. 13. Variatign of intrg-granular porosit¥a (Pintra)/Na (P), as a function 1270°C. The obtained activation energy~g00 kJ mofl, a
of volume fraction of ceriaVy (S). value of the same order of magnitude as that gDY.2

The correct knowledge of the grain size distributions
of ceria is very important for sintering investigations, not
only to determine the densification and grain growth mech-
anisms, but also to model the ceria microstructdfe®.

We have found evidence for a volume diffusion mecha-
nism of the slowest species, with dopant segregation at
the CeQ grain boundaries, the TigOdopant appears to
control the Ce@ grain boundary migration in limiting
grain growth. At 1300C, the presence of a liquid phase
based on Ce}0Dg can increase the matter transport by a
ydissolution—diffusion—reprecipitation mechanism.

From all these results, the simulation of these different
microstructures has been undertaken with success, with
good agreements having been obtained for measurements
on simulated and experimental microstructu¥®g® These
simulations are based on probabilistic tools and appear to
be promising methods to describe the 3D microstructures
of many types of materials including powders, ceramics,
concrete, and metaf§-3°

lower than 97% of the theoretical density, for temperatures
higher than 1300C. Then, for larger densities, grain growth
becomes predominant. At 1200, grain growth begins at

a lower density, so earlier in the densification process. At
low temperature, the Ti©dopant seems to be less efficient
as a grain growth inhibitor than at temperature higher than
1300°C. At 1200°C, CeTpOg is not formed and only Ti@
inclusions can act to reduce the grain boundary mobility. At
1300°C, CeTpOg is formed and CeBiOg inclusions seem to
have a higher influence on the decrease of the grain boundar
mobility. The lower volume fraction of Ti©(0.17% with re-
spect to Ce@) than of CeT;Og (calculated values of 0.25%,
considering that all TiQreacts with Ce@to form CeTpOg)
could explain its lower impact on grain growth.

At 1300°C, the melting point of Ce3iDg being close to
that of the sintering temperature, the densification rate could
be accelerated by the presence of a liquid phase, which
can form locally. This phenomenon was already observed in
the case of Ce@doped by TiQ,13 and for several ceramic
systems, as for example CaO#8s.3% At 1400 and 1450C,
the presence of a liquid phase at grain boundaries is eXpeCteqb\cknowledgments
to increase the matter transport by a mechanism of disso-
lution—diffusion—reprecipitation (liquid phase sintering).

The evolution of the grain size gradually governs the
change of the porosity in intra-granular positions. Indeed, the
evolution of porosity in intra-granular positions as a function
of the volume fractionKig. 13 seems to follow the same
evolution as the grain sizéig. 12. In spite of a relatively
low porosity content, the more grain growth occurs, the more
the ratio of pores inintragranular positiohg, (Pintra)/Na (P),
increases. This is due to the difference between the mobility
of the grain boundaries and the pores.

This work was performed at LERMAT (URA CNRS
1317, ISMRA, Caen, France) in the frame of the CRITIC
(Comitte Regional de I'Image et des Technologies de
I'Information et de la Communication) Pole, that we thank.
It has been financially supported by two contracts: “Gran-
ulométrie et moélisation de éramiques”, 1999 nb 99.12,
and “Mocklisation et logiciel de granulogtrie de matriaux
granulaires”, 2001 nb 01.285. The authors, and more spe-
cially X. Arnould, are grateful to ADCIS, Caen, France, for
its financial support and discussions.

4. Conclusion
Appendix A. Stereological method to measure

This paper demonstrated the importance of automatic im- Sy (S/Pntra ), Sv(S/Pnter) and Sy (S/S)
age analysis in making it possible to access the change in
morphological parameters during sintering, such as the spe-A.1. Manual stereological analysis method
cific surface areas, the integral of mean curvature per unit
volume, or the contiguity, as a function of the volume frac- On the microphotographyF{g. A), grains and pores are
tion of solid, the temperature or the time. Another advantage crossing by horizontal lines. One line corresponds to a line
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8.
9
10.
11,
12.
13.

Fig. A. lllustration of stereological method to measure $ggparameters.

. o . . 14.

of pixels on the digital image. The points which correspond

to the following transitions are marked on these lines: 15.

- grains boundary (S/S), 16.

- solid-pore (S/Rra),

- solid-pore (S/Rter)- 17

The number of these transitions by unit of length of 18
line allows to calculate the following parametel:(S/S), '
NL (S/Bntra) andNL (S/Rnter)-

The stereological relationshipSg(X/Y)=4N_(X/Y)) 19.
makes it possible to calculate the corresponding specific sur-
face area per unit volume.

20.
A.2. Automatic stereological analysis method

Three binary images from image processing are used:

21.

- the image of grains boundaries,
- the image of pores in position intra,
- the image of pores in position inter.

The number of transitions of 1-0 type allows to measure
the previous parameters.

23.
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