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The use of image analysis for sintering investigations:
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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
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aths, the kinetics of densification and the mobility of the grain boundaries were determined. A value of about 2 was obtained fo
ize exponent. The densification at 1300◦C and probably at 1200◦C is governed by the volume diffusion of the slowest species. More
he use of a TiO2 dopant makes it possible to control the migration of the CeO2 grain boundaries and thus to limit grain growth.
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. Introduction

Controlling densification and grain growth, which both oc-
ur during sintering, is a critical issue for the processing and
he application of advanced ceramics. Dense, fine and homo-
eneous microstructures are generally desirable for structural
arts. Then, the understanding of mass-transport mechanisms
uring sintering is necessary to control the reliability and the
roperties of the final parts.

Many sintering models of densification and of grain
rowth in polycrystalline materials have been developed,1–6

enerally based on diffusional transport of matter due to
ifferential surface curvature of grain surfaces. Using these
odels to determine the mechanism of transport, which de-
ends on the diffusional paths, requires a correct quantitative
escription of the evolution of the pertinent parameters of the
icrostructure (morphological parameters) under controlled

∗ Corresponding author. Tel.: +33 5 5545 2222; fax: +33 5 5579 0998.
E-mail address:t.chartier@ensci.fr (T. Chartier).

conditions (temperature, time, atmosphere,. . .) during the
thermal treatment.

There has been a considerable work performed on me
ing grain size and size distribution but rather less on the u
stereological parameters,7–9 such as specific surface area
unit volume or mean curvature of pores and grains. To
these parameters can be estimated easily if automatic
ods of image processing and mathematical morpholog
utilized.10,11 The mathematical morphology makes it po
ble to characterize the phases and grains of a microstru
Furthermore, the treatment speed makes it possible t
alyze many images. So the conditions for a good statis
analysis are always verified and the degree of microstruc
homogeneity can also be evaluated. Moreover, the evol
of such morphological parameters leads to a knowledg
the sintering mechanism, which can be compared to th
formation given by dilatometry investigations.9,11,12

CeO2 doped with TiO2, with relatively homogeneou
microstructure and moderate grain growth, has been
sen as an interesting model system to study the sint
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.09.003
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both by classical methods13 and by image analysis.14 CeO2
based ceramics are of interest as materials for catalyst sup-
ports, as ionic conductors for solid electrolyte and as gas
sensors.15–17Other applications of CeO2 are as host material
for radioactive actinides18 or as nanocrystalline thin films for
optoelectronics.19

The present paper is devoted to the study of the sintering
of CeO2 doped with TiO2, using morphological parameters
determined by image analysis. It is based on the thesis of
Arnould.14

2. Experimental

2.1. Sample preparation

A 99.95% pure commercial CeO2 powder (Opaline grade,
Rhône-Poulenc, France) with a mean particle size of 0.7�m
and a specific surface area of 2.7 m2 g−1 was used. The
CeO2 powder was first deagglomerated by attrition milling
for 30 min in 2-propanol with zirconia balls. An amount of
titanium butoxide (Ti[O(CH2)3CH3]4, Aldrich, France), cor-
responding to 0.1 wt.% of TiO2 with respect to CeO2, was
added in the attrition bowl. A subsequent milling of 15 min
was performed. Then, the titanium butoxide was hydrolyzed
by the addition of 15 mol of water for 1 mol of titanium butox-
i ol
1 or-
d After

at 130

evaporation of the solvent, the dry powder was granulated by
using a 315�m sieve.

Cylinders (20 mm in diameter, 5 mm thick) were obtained
by dry pressing the granulated powder under 150 MPa. Then
the organic additives were removed by pyrolysis at 500◦C
for 3 h in air. The resulting samples were sintered with a
rapid heating rate of 20◦C min−1 up to the sintering temper-
ature (1100, 1200, 1300, 1400 or 1450◦C). After the dwell
(6, 18, 36, 60, 120, 300, 600 or 1200 min), specimens were
fast cooled at 50◦C min−1. The density was measured by the
Archimedes technique in distilled water.

The samples were polished with progressing finer grades
of diamond paste until the 0.25�m grade. Grain boundaries
were revealed by thermal etching for 5 min at a temperature
50◦C lower than the sintering temperature.

2.2. Image processing and image analysis

Before making measurements on the microstructure, it is
necessary to perform a treatment of images to correctly dis-
tinguish grain boundaries and porosity. For all materials, the
images of pores are obtained by using an automatic threshold.

A morphological treatment was designed for materials
with a relative density higher than 63% as described in
Arnould and coworkers14,20,21

Two methods, depending on the porosity, were developed.
F im-
a grain
b fol-
de with an additional milling of 15 min. Polyethylene glyc
500 (3 wt.% on the basis of dry powder), was added in
er to confer the cohesion of the pressed green parts.

Fig. 1. (a) Initial image (CeO2 sintered
Fig. 2. (a) Initial image (CeO2 sintered at 1300◦C
0◦C, during 20 h); (b) final binary image.

or materials with a relative density larger than 85%, the
ges of pores were first obtained. Then, the images of
oundaries were extracted by a top-hat transformation
, during 36 min); (b) final binary image.
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lowed by a thinning.10 The obtained images still need an
additional treatment to eliminate the artifacts due to over-
and/or under-segmentation.Fig. 1illustrates the correspond-
ing image sequence.

For materials with a relative density ranging from 63 to
85%, images are of less good quality and require a more
complex morphological treatment. This treatment involves a
linear filtering to decrease noise. Grain boundaries are then
enhanced by a morphological gradient filter followed by a
threshold.10,11 Finally, segmentation by watershed on the
gradient image was performed from the markers of grains
selected according to an area criterion.10,11Fig. 2 illustrates
the corresponding image sequence.

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
boundaries,SV(S/S). The stereological methods are detailed
in Appendix A.

3. Morphological study of sintering

3.1. Study of the homogeneity
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Fig. 3. Variogram of the connectivity number of CeO2 grains, for a material
sintered at 1300◦C during 5 h.

3.2. Evolution of morphological parameters during
sintering

3.2.1. Evolution according to volume fraction of ceria
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-
crostructure cannot be revealed, nor segmented, before a cer-
tain degree of densification, i.e. 63% of theoretical density,
has been reached. So, the parameters, which can be followed
during all the stages of densification, must be distinguished
from those accessible only on segmented images.

Stereological parameters always accessible are the con-
tent of the phase CeO2, i.e. the volume fraction of the solid
phase,VV(S), the specific surface area between the ceria and
the pores,SV(S/P), and the integral of mean curvature by
unity of volume,MV(S/P). We know thatVV(S) is the indi-
cator of the densification and constitutes the variable which
makes it possible to follow the other parameters. The change
in SV(S/P) as a function ofVV(S) is roughly monotonous in
its decrease and does not require any comment (Fig. 5). Ac-
cording to the definition ofMV(S/P),MV(S/P) shows negative
values because pores behave as holes in the material (Fig. 6)
(see Chapter V in Serra10). 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
f han-

F
3

One of the merits of image analysis in material scienc
ts statistical character. To obtain significant measurem
t is necessary to make sure that sampling correspond
ufficiently homogeneous zone. In order to investigate
omogeneity of a microstructure on some samples, a
tatistic tool is utilized, namely, the regularized variogra22

see also Chapter IX in Serra10). If f(x) is an average measu
n a field of analysis set inx, andf(x+h) the same measu

n x+h, the regularized variogram is defined as the ma
atical expectation of the quadratic distance between
easures:

(h) = 1
2E[(f (x) − f (x + h))2] (1)

If homogeneity is reached, a plateau of the variogra
bserved. In our casef(x) is either the connectivity numb
number of grains) by unity of surface area,NA(G), or the
olume fraction of the porous phase,VV(P). The variogram
orresponding to the connectivity number quickly reac
constant value (up to the statistical fluctuations) (Fig. 3).
his result is always verified whatever the set of fields of m
urements: on the edge or in the bulk of the sample. The
aterial microstructure can be considered as homogen

t is not the case if measurements concern the fractio
he porous phase on the edge of the samples (Fig. 4). Only
he bulk is homogeneous. According to these results, on
ulk part of samples will be analyzed for the following inv
igation. Finally, to verify the isotropy of the microstructu
he measurement of the number of grains per unit len
L(G,α), according to the orientationα, was undertaken.
.

ormation of isolated pores associated to the closure of c

ig. 4. Variogram of the porosity for CeO2 sintered at 1300◦C during
6 min.
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Fig. 5. Evolution ofSV(S/P), as a function of the volume fraction of CeO2,
VV(S).

Fig. 6. Evolution ofMV(S/P), as a function of the volume fraction of CeO2,
VV(S).

nels. This makes it possible to know exactly at what stage of
sintering isolated pores begin to appear.

Thanks to the image segmentation techniques and the fact
that all grain boundaries are revealed, it is possible to follow
the evolution of other pertinent stereological parameters such
as the total specific surface area,SV(S/S + S/P), (Fig. 7), and a
derived parameter, the contiguity of the polycrystalline phase,
C(S/S), (Fig. 8), defined as:

C(S/S) = 2SV(S/S)

2SV(S/S)+ SV(S/P)
(2)

The evolution of these two parameters shows a very dif-
ferent behavior for the specimens sintered at 1200◦C and for

F c-
t

Fig. 8. Evolution of the parameter of contiguity,C(S/S), as a function of the
sintering time,t.

those sintered at and above 1300◦C. Finally, the reconstruc-
tion of the grains boundaries makes it possible to reach the
2D granulometry of the ceria and particularly its mean grain
size.

3.2.2. Evolution according to time and temperature
When segmentation is possible (density higher than

63 wt.%), it gives access to the total specific area
SV(S/S + S/P) and to the total mean curvatureMV(S/S + S/P).
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, DeHoff23 has shown that stereo-
logical parameters follow a law of the type:

Wm/d(X) − W
m/d
0 (X) = kt (3)

wherem is the kinetics exponent and the low exponentd the
scaling of the stereological parameterW(d=−1 for SV and
d=−2 for MV). For these two parameters, expression (3)
gives:

S−m
V (X) − S−m

V0
(X) = kt and

M
−m/2
V (X) − M

−m/2
V0

(X) = kt (4)

The best agreement between the experimental results and
those theoretical laws is obtained for a value ofm equal to
2 ergy
o ean
c on:

W

r -
p

3

be
g dif-
f rain
ig. 7. Evolution of the total specific surface area,SV(S/S + S/P), as a fun
ion of the volume fraction of ceria,VV(S).
for all samples. From these results, the activation en
f the evolution of total specific area and of the total m
urvature can be calculated from the following expressi

(X) − W0(X) = k0

[
exp

(
−EA

RT

)]m

tm (5)

The activation energy determined fromSV and fromMV
anges between 390 and 415 kJ mol−1. No values for com
arison have been found in the literature.

.3. Kinetics of densification

As the transport of species during sintering can
overned by various mechanisms, which depend on

usion path and particularly on the character of the g
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Fig. 9. Rate of densification,�ρ/�t, as a function of̄D at 1200 and 1300◦C.

boundaries,1–6 it is absolutely necessary to use segmented
images to estimate the grain size. The densification rate can
be written as a function of the temperature,T, the mean grain
size, D̄, obtained from individual analysis on segmented
images, and a variableAwhich depends also on the average
coefficient of diffusion (in the case of several simultaneous
mechanisms):24

∂ρ

∂t
= ∂(1 − VV(P))

∂t
= A

TD̄n
(6)

In this relationship, the exponentn is characteristic of the
limiting mechanism of transport, which governs the kinetics
of densification. Then, the exponentn, which depends on
the path of diffusion, is equal to 3 in the case of diffusion
in the volume and to 4 for diffusion at grain boundaries. The
estimation of the derivative is made by approximation of the
curve (1−VV(P)) =f(t) by a polynomial equation of order 2.

Considering the fast densification at high temperature, the
kinetics of densification was only investigated at 1200 and
1300◦C (Fig. 9). For a temperature of 1300◦C, a slope close
to −3 (−2.88) was obtained with a good correlation. This
suggests that the limiting mechanism is diffusion in the vol-
ume. For 1200◦C, the agreement is less good (−2.65), but
only three experimental points are available and it is difficult
to give a final conclusion.

tion
g on
i

w
s -
s
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u
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-

Table 1
Values of the parametersn andk for the kinetics laws of grain growth (Eq.
(3)) of CeO2, for various temperatures of sintering

Temperature (◦C) n k

1200 2.2 0.73
1300 1.9 3.81
1400 2.0 20.05
1450 2.1 45.91

Assuming that the densification takes place by diffusion
in the volume both at 1200 and 1300◦C, the coefficients
of diffusion obtained at 1200 and 1300◦C are, respectively,
1.6× 10−13 and 7.9× 10−13 cm2 s−1. These calculated val-
ues are of the same order of magnitude as the values deter-
mined for yttrium oxide.25

3.4. Kinetics of grain growth

The evolution of the average diameter of grains as a func-
tion of time, for various temperatures, was determined with
precision by image analysis. Laws comparable to that of De-
Hoff (Eq. (3)) were found.23 The n exponent is close to 2
whatever the temperature (Table 1). At 1200◦C, only four
points are available and correct coefficients of correlation
were obtained for bothm= 3 (0.97) andm= 2 (0.99). Then,
one cannot affirm that the mechanism of grain growth is iden-
tical at 1200◦C and above 1300◦C. Some values of then
exponent, reported in the literature,26–30obtained for various
types of doped CeO2 are given inTable 2. The results vary
from one author to another, for the same system (pure CeO2).
The adaptation of experimental results, with power laws, is
always a problem because there is a lot of uncertainty in the
estimation ofn.

By referring to the data given by Brook,31 the mechanism
w ary
p ries.
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From the complete relationships of the rate of densifica
iven by Coble,2 one can extract the coefficient of diffusi

n volume of the slowest element:

∂ρ

∂t
= 355DVτΩ

RTD̄3 (7)

hereDV is the diffusion coefficient in the volume,τ is the
urface energy,Ω is the molar volume, andR is the gas con
tant.

Calculation was made using the following numerical
es:

τ = 1 J m−2 a typical value for the surface energy of oxid
(see for example25)
Ω = 23.69 cm3 mol−1.
hich limits grain growth, would appear to be grain bound
inning by the segregation of inclusions at grain bounda

The inclusions control the migration of the grain bou
ries. According to the literature,13,32only one defined com
ound, i.e. CeTi2O6, is known in the CeO2–TiO2 system

n oxidizing conditions in air. Guka and Kolar reported t
he temperature of formation of CeTi2O6 is about 1270◦C
nd its non-congruent melting temperature is 1365◦C.32 The
resence of inter- and intra-granular inclusions of CeT2O6

n CeO2 materials sintered at a temperature up to 130◦C
as verified by scanning electron microscopy (Fig. 10).

able 2
alues of then exponent for the kinetics law of CeO2 grain growth

eference Material Temperature (◦C) Exponentn

hen26 CeO2 pure 1270–1420 2
hang27 CeO2 pure 1350–1500 3

CeO2 + 1% Mn 1350–1500 4
hang28 CeO2 + 0.5% Fe 1350–1500 4
hang29 CeO2 + 0.25% Co 1350–1500 4
i-Guang30 CeO2 + (5–20)% Sm 1100–1400 2
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Fig. 10. SEM image of a sample CeO2 elaborated at 1300◦C during 20 h,
showing the presence of the CeTi2O6 inclusions in inter- and intra-granular
position.

In the case of grain-boundary pinning by second phase
particles, the mobilityM of the grain boundaries can be esti-
mated from the kinetic law of growth:33,34

∂D̄

∂t
= Mγ

D̄
− f (D̄) (8)

whereγ is the energy of the grain boundary, a value consid-
ered constant and estimated as 0.3 J m−2 andf (D̄) represents
the drag influence on the growth rate caused by boundary pin-
ning. With the reasonable assumption thatD̄ can approach
a maximum sizēDmax for a second phase inclusions, that is
in agreement withFig. 11, the drag termf (D̄) in Eq.(8) be-
comes independent of the main grain sizeD̄ and Eq.(8) can
be rewritten as:

∂D̄

∂t
= Mγ

(
1

D̄
− 1

D̄max

)
(9)

That leads to a parabolic law:

Mγ

D̄2
max

t = D̄0 − D̄

D̄max
+ ln

(
D̄max − D̄0

D̄max − D̄

)
(10)

whereD̄0 is the initial mean grain size.
Calculated values of mobility are compared to values re-

ported by Chen et al.26 in Table 3. Our results follow the
same evolution with temperature and are of the same order
o

F
f

Table 3
Mobility of grain boundaries of CeO2, with addition of TiO2, for various
temperatures of sintering

Temperature (◦C) Mobility of grain boundaries (10−16 m3/Ns)

This work Chen26

[Ti4+] ∼= 0.2 at.% [Ti4+] = 0.1 at.% [Ti4+] = 1 at.%

1200 3
1270 48 4.2
1300 18
1320 140 14
1370 365 37
1400 93
1420 1018 97
1450 212

Table 4
Activation energy of grain boundary mobility for pure CeO2 and doped CeO2

Reference Material Activation energy of grain
boundary mobility
(kJ mol−1)

This work CeO2 + 0.2% Ti4+ 350

Chen26 Pure CeO2 581
CeO2 + 0.1% Ti4+ 438
CeO2 + 1% Ti4+ 453

Zhang27 Pure CeO2 731
CeO2 + 1% Mn 593

Zhang28 Pure CeO2 731
CeO2 + 0.5% Fe 590

Zhang29 Pure CeO2 697
CeO2 + 0.25% Co 572

Ji-Guang30 CeO2 + (5–20)% Sm 254

This mobility follows the Arrhenius law, making it possi-
ble to calculate an activation energy of 350 kJ mol−1, which
is compared to values from the literature (Table 4).

The knowledge of the mean grain size of ceria (Fig. 11)
and porosity makes it possible to draw the sintering trajecto-
ries (i.e. mean grain size versus density) (Fig. 12). The den-
sification is the most important mechanism at the beginning
of sintering. Grain growth remains very low, for a density

Fig. 12. Sintering trajectory: evolution of the mean grain size,D̄, as a func-
tion of the volume fraction of ceriaVV(S).
f magnitude.

ig. 11. Evolution of mean grain size of ceria,D̄, as a function of time,t,
or different temperatures.
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Fig. 13. Variation of intra-granular porosity,NA(Pintra)/NA(P), as a function
of volume fraction of ceria,VV(S).

lower than 97% of the theoretical density, for temperatures
higher than 1300◦C. Then, for larger densities, grain growth
becomes predominant. At 1200◦C, grain growth begins at
a lower density, so earlier in the densification process. At
low temperature, the TiO2 dopant seems to be less efficient
as a grain growth inhibitor than at temperature higher than
1300◦C. At 1200◦C, CeTi2O6 is not formed and only TiO2
inclusions can act to reduce the grain boundary mobility. At
1300◦C, CeTi2O6 is formed and CeTi2O6 inclusions seem to
have a higher influence on the decrease of the grain boundary
mobility. The lower volume fraction of TiO2 (0.17% with re-
spect to CeO2) than of CeTi2O6 (calculated values of 0.25%,
considering that all TiO2 reacts with CeO2 to form CeTi2O6)
could explain its lower impact on grain growth.

At 1300◦C, the melting point of CeTi2O6 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 CeO2 doped by TiO2,13 and for several ceramic
systems, as for example CaO/Al2O3.35 At 1400 and 1450◦C,
the presence of a liquid phase at grain boundaries is expected
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
o e
e y
l ore
t
i bility
o

4

c im-
a ge in
m spe-
c unit
v ac-
t tage

of this method is to reveal about the extent of homogeneity
of the material from variograms (of the number of grains or
of the volume fraction of pores, for our investigation).

CeO2 ceramic was chosen for this work, for which spe-
cific image treatments and segmentation techniques were de-
veloped, depending on the densification state. A very good
homogeneity was shown in the bulk material.

The accurate investigation of the sintering trajectory and
of the change in the stereological parameters indicates that
grain growth in CeO2 is more important at 1200◦C for a lower
densification state than at 1300◦C. This is probably due to
the presence of the CeTi2O6 secondary phase, which forms at
1270◦C. The obtained activation energy is≈400 kJ mol−1, a
value of the same order of magnitude as that of Y2O3.25

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 microstructures.14,36

We have found evidence for a volume diffusion mecha-
nism of the slowest species, with dopant segregation at
the CeO2 grain boundaries, the TiO2 dopant appears to
control the CeO2 grain boundary migration in limiting
grain growth. At 1300◦C, the presence of a liquid phase
based on CeTi2O6 can increase the matter transport by a
dissolution–diffusion–reprecipitation mechanism.

From all these results, the simulation of these different
m with
g ments
o
s ar to
b ures
o ics,
c

A

S
1 TIC
( de
l nk.
I ran-
u 2,
a
g spe-
c for
i

A
S

A

re
c line
f the volume fraction (Fig. 13) seems to follow the sam
volution as the grain size (Fig. 12). In spite of a relativel

ow porosity content, the more grain growth occurs, the m
he ratio of pores in intragranular positions,NA(Pintra)/NA(P),
ncreases. This is due to the difference between the mo
f the grain boundaries and the pores.

. Conclusion

This paper demonstrated the importance of automati
ge analysis in making it possible to access the chan
orphological parameters during sintering, such as the

ific surface areas, the integral of mean curvature per
olume, or the contiguity, as a function of the volume fr
ion of solid, the temperature or the time. Another advan
icrostructures has been undertaken with success,
ood agreements having been obtained for measure
n simulated and experimental microstructures.14,36 These
imulations are based on probabilistic tools and appe
e promising methods to describe the 3D microstruct
f many types of materials including powders, ceram
oncrete, and metals.36–39
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ppendix A. Stereological method to measure
V(S/Pintra ), SV(S/Pinter ) andSV(S/S)

.1. Manual stereological analysis method

On the microphotography (Fig. A), grains and pores a
rossing by horizontal lines. One line corresponds to a
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Fig. A. Illustration of stereological method to measure theSV parameters.

of pixels on the digital image. The points which correspond
to the following transitions are marked on these lines:

- grains boundary (S/S),
- solid-pore (S/Pintra),
- solid-pore (S/Pinter).

The number of these transitions by unit of length of
line allows to calculate the following parameters:NL(S/S),
NL(S/Pintra) andNL(S/Pinter).

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

A.2. Automatic stereological analysis method

Three binary images from image processing are used:

- 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.
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