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Abstract

The in situ observation of the first stage of sintering of geridioxide microspheres was
performed using an environmental scanning electnicroscope at high temperature (HT-
ESEM). The associated morphological modificationsrev described quantitatively for
systems constituted by two single crystal graimsthe one hand, and by two polycrystalline
particles, on the other hand. Particularly, itheitu HT-ESEM observations, and subsequent
image analysis with homemade image process softleaté¢o assess the evolution of several
parameters of interest during isothermal heat rireats, such as neck size, particles radii,
dihedral angles between the spheres and distarteesdie the grains centers. It was then
possible to evaluate the activation energies aatagtio the neck formation for both systems
studied, then to identify the different mechanigmslved. The diffusion process operating
during the first stage of sintering was also paint&it. Furthermore, the comparison of the
results obtained from polycrystalline particles anmtjle crystals, and their confrontation with
data coming from numerical computation, led to ssdbe influence of polycristallinity on
the sintering kinetics. For all the conditions éelstsintering degree was found to be enhanced
for polycrystalline particles, mainly because ofe tltontribution of the mechanical
rearrangement of crystallites during the neck’@fation and of the existence of diffusion
paths within the particles. On this basis, polyeafimity should be considered during

numerical computations in order to provide prestetinodels for the first step of sintering.
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Introduction

Sintering can be defined as the transformation qgdowdered compact into a cohesive
material under heating at high temperattre It appears as a key-step in the preparation of
numerous technical ceramic materials as it driveel density and microstructure of the final
objects, which could influence significantly theyplto-chemical properties during their life-
cycle. Sintering is usually described through thre@nsecutive steps leading to the
densification of ceramic materials. The initialgganvolves the elaboration of necks between
the grains and leads to the mechanical consolidaticthe materidl The intermediate stage is
then dedicated to the elimination of open porolséfween the grains while the final one aims

to the elimination of closed porosity through grgimowth mechanisms.

The last two stages of sintering are mostly studiegerimentally. Particularly, dilatometry
and SEM observations are frequently used to manitprantify and understand the
modifications undergone by the samples during tHefrsification®°. Conversely, only few
experimental work§”’ were until now devoted to the kinetics of neckelation because of
the difficulties linked to the direct observatioha sample on a microscopic scale during a
heat treatment. This stage is then generally maiekcribed through numerical simulations
using simplified systems constituted by two splariingle crystals in conta€f*® Among
the various methods used to report the modificatioh the sample during this stage of
sintering, one can cite molecular dynamirghe Monte Carlo methdfl or the Discrete
Elements Method (DEMJ. All of them involved some approximations on theaig
morphology (supposed to be spherical) as well athein crystalline state (single crystal) for
the description of sintering. The geometrical agstizns can be avoided using a Monte Carlo
method*®. However, the Monte Carlo time step which is ugedhese simulations is not
related to physical time. Moreover, this methodnat able to represent the competition
between the different diffusion paths (surfacejmgt@undary and gas transport). Thus, the
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results obtained can hardly provide a robust amdliptive description for the evolution of
ceramic materials during the first stage of simigrin these conditions, an experimental study
of neck formation including direct observation ahgle modifications should allow to point
out the differences between modelling and experialerasults, which could be linked to the

hypothesis made in models, particularly concertivegpolycristallinity of the samples.

In the present study, we report the first experitalenbservations of the initial stage of
sintering for Ce®@ microspheres by using Environmental Scanning EdlacMicroscopy at
high temperature (HT-ESEM). The use of HT-ESEMw#d thein situ observation of the
samples during long term heat treatments up to [22a%der various atmosphefat !’
Moreover, among other ceramic materials of intei@=stium oxide was targeted because of its
wide range of applications, starting from its useneterogeneous catalysfs but also as an
additive for glasses, a stabilizer for Zr@ glass polishef, or a surrogate material for PpO

based nuclear fuels in the nuclear industry

More specifically, the study of cerium dioxide snhg was performed using both
polycrystalline and single crystal particles, iml@rto compare the behavior of systems close
to those used in models with real materiéissitu HT-ESEM studies were thus performed
between 1000°C and 1225°C under air atmospherece8smg the micrographs series
allowed the quantification of several parametersintérest (grains and neck diameters,
distance between the grains ...). Their variationswgrtemperature was then used to
determine the mechanisms controlling the sinteohdpoth systems and the corresponding
activation energies. Finally, experimental dataaot#d for both kinds of particles studied
were compared to results coming from mechanisticmarical simulations (using the
SALAMMBO code), which led to evaluate the influenaepolycristallinity on the sintering

of CeQ microspheres.



Experimental

1.1. Synthesis of polycrystalline and single crystal CefOmicrospheres

The preparation of cerium oxide powders with sptamyrains was performed through a wet-
chemistry route derived from the protocol reporiedhe literature by Minamidatet al. >,
During the synthesis, a 1.03 M cerium (lIl) solatiobtained by dissolution of Ce(N)@.6
H,O salt (supplied by Sigma-Aldrich) in deionized ®ratvas used as a starting reagent. 0.4
mole of cerium was then mixed with 0.025 mole ogaudissolved in water, used as a

complexing reagent, leading to a final volume afattb0 mL.

The as obtained mixture was first pre-aged at reemperature for 72 hours, then transferred
into a Teflon-lined container and finally heated9@fC for about 4.5 hours on a sand bath.
The white precipitate obtained was collected bytrifeigation at 4500 rpm, washed twice
with deionized water and ethanol, and dried ovéhiig an oven at 60°C. As already reported
in our previous work, XRD pattern of the preparedvder advocated for the formation of
cerium oxocarbonate @&(C0Os), . nH,O ?2. Moreover, SEM observations revealed that the
precipitate was made up of microspheres, with diam@anging from 300 to 800 nriigure

la). Polycrystalline Ce@spheres could then easily be obtained from theersion of these

precursors above 400°Eigure 1b).

180 min
T=1100°C

Figure 1 : SEM observations of the Ce@microspheres dispersed on a Pt-Aul0 thin foil (aDetails of the
polycrystalline particles obtained after 3 min of sothermal heat treatment at 1100 °C (b) and of sirg
crystal microspheres prepared after 180 min of isdtermal heat treatment at 1100 °C (c).



Moreover, heating of cerium oxide microspheres igh htemperatures (typically above
1000°C), led the number of crystallites constitgtthe microspheres to decrease gradually
2223 As the initial morphology was systematically ieéal Figure 1c), it was then possible

to prepare spherical Ce@ingle-crystals thanks to a heat treatment at A @uring 3 hours.

1.2. Sample preparation

Prior to their observation during situ HT-ESEM experiments, all the samples were prepared
according to the following procedure. First, 5 mf agrium oxide microspheres were
dispersed in 1 mL of acetone; a drop of this mixtwas then deposited at the surface of a 2
mn?* Pt-Aul0 thin foil. This substrate was specificablected in order to remain chemically
inert on the whole range of temperature investgjdie. 1000°C-1225°C) in order not to
influence significantly the microstructural evoluti of the sample during the sintering

experiments.

The SEM observations of the surface of the Pt-Athili® foil where the Ce@microspheres
have been deposited show a good dispersion of iliasgforming spontaneously systems
constituted by two or more grains in contaEtg(ire 1a). The systems composed of two
grains were used for the experimental investigatainfirst stage of sintering with

polycrystalline and single crystal grains.

1.3. HT-ESEM experiments

The in situ high temperature experiments were performed withEhA Quanta 200 field-
emission ESEM (Environmental Scanning Electron bBcopy) equipped with a 1500 °C hot
stagé®?* For the sintering of CeOmicrospheres, the HT-ESEM experiments were redlize

under air atmosphere at an operating pressurenguigitween 200 Pa and 250 Pa. After the
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sample preparation, the Pt-Aul0 thin foil was tfarred into the furnace directly attached in
the microscope chamber. The sample was then hestegbout 40°C.min* up to a
temperature ranging between 1000°C and 1225°C, rtte@ntained on an isotherm all along
the experiment. In the case of the sintering of/@uistalline grains, a 15 min. holding time
was carried out at 700°C in order to convert thecprsors into oxide. When the targeted
temperature was reached, secondary electron maagesrwere recorded continuously with a
frequency of 2 to 60 images per minute during B heat treatment using a gaseous

secondary electron detector (GSED)

1.4. Image processing

The SEM images recordea situ were then processed for the determination of cheriatic
data. Image processing was performed following @-$tep process. First, the extraction of
the grain contours was processed using the Fijvso&®?’ and the specific Trainable Weka
Segmentation plugiff. Then, these images were used for the direct mi@tation of several
parameters generally computed in the two grains efsodescribing the morphological
modifications occurring during the first stage aoftering. To achieve this goal, homemade
software ImageJu was develop@dand allowed the determination of such parameters f
the segmented images. With this method, neck aad gadii, distance between the centers of

the grains, neck radius of curvature and dihedrgles were directly determineBigure 2).

The associated error attached to these valuesouas to depend on the heating time. Indeed,
at the start of the isothermal plateau, the imggeeared to be unstable because of external
perturbations due to temperature stabilizationthé$ step, the images were then recorded
with a scanning rate of 1s and the relative errothe data obtained through images analysis

was evaluated between 15% and 20%. This error durtlecreased gradually during the



experiment with the stabilization of the image, aedched about 5 % for scanning rates

comprised between 5 and 10 ps.

: neck radius

b

grains radii
: distance between grains center

: radius of neck curvature

€ 2 U =

: dihedral angle

Figure 2 : Characteristic parameters retained to decribe the first stage of sintering of a two-grain
system.

2.5 Numerical calculations

The SALAMMBO code used for numerical calculations this study is a model in
development on a sub-granular scale (i.e. crygiadlzhic grains of materials are meshed) for
the simulation of solid state sintering of ceraniftdt aims at describing grain and pore size

evolution during a free (or under gas pressurdgsirg.

Free surfaces and grain boundary local changesimcijpal curvature radii induce an extra
stress upon the outer boundaries of the grainsn&eaie considered as single crystals with an
elastic constitutive law. Navier-Lamé equations sokved in the bulk of each grain with, as
von Neumann boundary conditions, the sum of the gassure and of the extra stress
mentioned before. It gives the 3D-displacementdfishd hence the density of the elastic

mechanical energy.



Resulting changes in Gibbs free energy along tlangnterfaces (free surfaces and grain
boundaries) induce surface and grain boundary tmassport according to Fick’s first law.

Since matter is almost incompressible, locally anglated matter on grain surfaces makes
the surface move (second Fick’s law). This resultn irreversible shape evolution of grains

during the sintering fabrication stage.

2. Results and discussion

2.1. Microstructural evolution

The in situ HT-ESEM study of the first stage of Ce@icrospheres sintering allowed the
direct observation of the morphological modificasooccurring on a pair of grains during an
isothermal heat treatment. Such modifications dearly evidenced on the ESEM images
series gathered ifkigure 3 as an example for polycrystalline and single alygiarticles

(T =1050°C). Videos are also supplied as suppléangmmaterial for another couple of

systems studied at T = 1150°C.

The microstructural modifications occurring on tesembly during sintering can be directly
observed with a time resolution of 1 to 30 secorkds. both systems, a neck between the
microspheres was first formed and then grew contisly. Same modifications occurred for
the other sintering temperatures studied, i.ehe1100°C-1225°C range, but with different
kinetics. Also, the neck growth was systematicaflgre pronounced for the polycrystalline
grains compared to single crystal systems in theessintering conditions. For example, after
120 min. of heating at 1050°C, the neck betweegqogétalline grains of about 450 nm was

about 250 nm in diameter while it only reached ak@®0 nm for single crystals of similar

size Figure 3).



Figure 3 : In situ HT-ESEM observation of CeG microspheres sintering on a Pt-Aul0 substrate at
1050°C: (a) polycrystalline material and (b) singlecrystal particles.

Moreover, for the polycrystalline microspheres, kegrowth was simultaneously
accompanied by the gradual decrease of crystaliitesoer within the grains. Indeed, after 30
min. of heat treatment at 1050°C, the mean sizerystallites was about 25 nm whereas it
could reach up to 100 nm after 120 min. A similah&vior was already observed previously
for the crystallites growth within isolated Ce@icrosphere$?. For this system, a gradual
decrease of the crystallites number was evidenardus heating time, the mean size of
crystallites shifting from about 50 nm after 30 nah 1050°C to 100 nm after 120 min.
Additionally, the observations performed in ourdstdor a couple of particles revealed that
when applying heat temperatures above 1150°C rifstatlite number decreased rapidly until

two single crystal grains in contact were obtained.
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2.2. Evolution of parameters of interest

All the ESEM images recorded for these systems itiérent temperatures were then
processed to highlight the variation of the paramsetf interest used for description of the

first step of sintering.

As previously detailed, both Fiji and the homemédeageJu software were used for image
processing in order to determine for each imagevttiees of several parameters of interest
such as the neck size, grain radius, efegure 2). As instance, the evolution of these

parameters recorded during a heat treatment at’Cli8Ghown irFigure 4.

The evolution of neck radius during sintering ipaged inFigure 4afor polycrystalline (=

250 nm) and single crystal particles~(”200 nm). In such conditions, it is useful to pseci
that the differences induced by the variation aftipies diameter between the two systems
studied remained negligible regarding to the umiety attached to the image analysis. For
single crystals, the neck grows very fast during finst 10 min. of heating then reaches a
constant value of about 90 nm. Conversely, at #mestemperature, the neck that develops
between polycrystalline grains grows continuouslydgach 200 nm after 60 min. of heating.
The trend initially sketched from the HT-ESEM migraphs is thus confirmed and argues for

a faster and more complete sintering of polycriisgakystems.

Simultaneously to neck growth, an increase of tgleaformed by the tangents of the two
grains in the neck region was also observed. Foglesicrystal-based systems used in
numerical models, this angle is generally refetceds the dihedral angle, and its value driven
by the equilibrium of forces at the triple pointhlween two crystals in contact and air. Hence,
this value does not reflect a strict physical tgdir polycrystalline systems since it exists as
many dihedral angles as crystal/crystal/air junddian the system. However, such dihedral

angle like remains a very interesting value to aerswhen studying the sintering of two
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spherical particles with a geometrical approachstased for the neck’s diameter, the increase
in the angle values is also faster for polycrystallgrains than for single crystal microspheres

(Figure 4b).
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Figure 4 : Evolution of various parameters of inteest during sintering of polycrystalline (®) and single
crystal (m) CeO, microspheres at 1100°C: (a) neck radius, (b) dihedl angles, (c) relative grains radii and

(d) relative distance between the grain centers. Otlnese curves, only one point out of ten is reporteto
provide a better readability of the results.

Conversely, the variation of the grains radjignd ) and of the distance between the grains
centers (D) is similar for both types of systemglsd; these parameters are weakly, if not,

dependent of the grains crystallinity. Indeed, dieerease in the relative grains radiigjris
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comparable for both systems and reaches about 1@% 180 min of sintering at 1100°C
(Figure 40). As detailed in a previous wofk such decrease in the grains size is mainly due
to the inter-granular rearrangement as well asgpanel defects elimination during heating for
polycrystalline systems. In this case, pore anceasfelimination is enhanced by grain

boundary diffusion in the bulk of spheres.

In addition, the variation of the grains radii iIcampanied by the slight decrease of distance
between grains centerfigure 4d) which accounts for the densification of the twaigs
system™®!, It is to be noted that such a phenomenon is géiperssociated with the second
stage of sintering (characterized by the elimimatb the open porosity), and responsible for
the macroscopic shrinkage of the compacts. NeVedbhethe observations performedsitu
during this study clearly evidence that the begigrf the densification is concomitant with
the neck formationi.e. that there is not a clear boundary between tisé dind second stages
of sintering. As a matter of fact, a similar trewds also observed by Landeduring the
sintering of zirconium oxide compact with polycigiihe grains and single crystal grains

assemblies.

2.3.  Neck growth mechanisms and associated activation ergies

During the first stage of sintering, the progress@f the neck’s elaboration is generally
represented by a dimensionless parameter which snékepossible to compare the
morphological changes occurring in systems corstitloy grains with different sizes. The
so-called sintering degree (y) is then definechasratio of neck and grains radii (y = x/y°

In this study, the neck radius (x) and the meamgnadius (r = (+r,)/2) were determined by

image analysis and the evolution of the sinteriegrde was plotted for both single crystal

and polycrystalline microspheres systeffgre 5).
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As expected, the evolution of the sintering de@ppeared to be driven by the variation of
neck size for both systems: whatever the experiaherdnditions explored, the sintering
degree was thus systematically higher for the pgstalline grains than for the single
crystals. Such an observation appeared to be ¢ensiwith the early results reported by
Slamovitch and Lange for ZgOspherical particle$®. For polycrystalline particles, their
microstructural observations showed that becauserystallites composing the microspheres
exhibited growth, the crystallites embedded in tieek region were unable to maintain an
equilibrium configuration. Hence, the polycrystadli system never reached a steady-state
whereas single crystals rapidly formed a neck vatimstant size in the same sintering
conditions. The crystallinity of the powders themns out to be a very important parameter
which influences the sintering behavior at the wscopic and macroscopic scafés? and

should be considered carefully.

x/r

N [ R U [ VO S IEE T PR (R RS SR SR [ e o) e |
0 10 20 30 40 50 60 70 80 90 100110120
Time (min.)

Figure 5 : Evolution of the sintering degree (y = ) during sintering of two polycrystalline (@) and single
crystal (m) CeO, microspheres at T = 1100°C. Fitting of the data waperformed using a simple
exponential law for the polycrystalline grains andusing the general kinetic law of neck growth for sigle
crystal grains.
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In order to determine the sintering kinetics contsathe evolution of the sintering degree
determined for each isothermal treatment (1050°1225°C) was then fitted using different
analytical sintering models. For single crystaltigdes, the general law of neck growth

developed during the 1950's to model the first stafisintering was uséd*®:

= ey

Where y = x/r denotes the sintering degieés a kinetic constant, t is the duration of heat
treatment, andh andm are exponents characteristic of the diffusion gsscinvolved (i.e.

mainly surface, volume or grain boundary diffusion)

It is to be noted that such a model could also seduo describe the linear shrinkage of a
pellet during sintering. Its application was masbivused in the field of ceramic materials,
since it allowed the identification of diffusion olenisms and of kinetics parameters through
macroscopic measurements (the Dorn’s method, basellatometry, being probably one of
the most common approach). In this study, the géhaw described above was used for the
first time at the microscopic level and led to detme effective kinetics constants at different

temperaturesliable 1).

The k values obtained were further plotted intoAarhnenius diagram in order to determine
the activation energies corresponding to the fatsige of sintering in the two systems
considered. For the one based on single crystécles; the activation energy was found to
516 + 27 kJ.mét (Figure 6a). This value is consistent with those previouslgarted in the
literature for the sintering of bulk cerium dioxiddowever, it is clearly located in the upper
limit of the wide range of values reported by vascauthors and obtained under different
experimental condition®>> As a matter of example, Florai al. determined a value of 325

Il 36

kJ.mol**® whereas Cheat al®’ obtained a value about 580 kJ.rhol
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Table 1 : Kinetics constant obtained during the sirgring of polycrystalline grainswith exponential law (y =
ay.exp(kt) + y,) and single crystal grains with the law of neck gwth (y™ = % ).

Temperature Single crystal grains Polycrystalline grains
(°C) K = (k/m)Hn K In(k) 2 K In(k)
1050 0.17 2.26x10 10.03 -62.87 0.016 -4.14
1100 0.22 1.75x10 12.07 -28.01 0.035 -3.33
1150 0.29 6.24x0  13.34 n.d. n.d. n.d.
1200 0.36 2.98xf0  14.90 -14.19 0.070 -2.65
1225 n.d. n.d. n.d. -6.67 0.15 -1.89

n.d. : not determined
(@ 15, ()
15
* 2.0 %
14 . o
13- LN - % h
£ & 307
c 124 c S
114
.. 4.0-
10- L %
45

6.7 6I.8 6r9 7I.O 7f1 7I.2 7I.3 7f4 7I.5 7r6
/T (107*xK)

UT (10™*xK)

. T T T T T T T T T 1
66 6.7 68 69 70 71 72 73 74 75 76

Figure 6 : Arrhenius diagram and activation energies determined during sintering at different
temperature (between 1050°C — 1225°C) for (a) sirgkrystal grains @) and (b) polycrystalline grains (@).

For the polycrystalline grains-based system, thpesmental data was modeled with an

exponential function Kigure 5). Indeed, the general law previously used was ldped

based on the hypothesis of single crystals andataapply to polycrystals for which there is

actually no model available in the literature. Hena simple first-order law was considered

and allowed the determination of sintering kinetics
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y = ag.exp(kt) + y, (2)

Where y = x/r denotes the sintering degreethe sintering degree a t = R,the kinetic

constant, t the duration of heat treatment g @nstant.

On this basis, thactivation energy determined by using the Arrherdieggram from the
values gathered in Table 1 was about 186 + 31 KJ.nleigure 6b). Such a value is
significantly lower than that determined for thegle crystal grains system, indicating that
the mechanisms involved in the neck’s formationd anore generally in the global

morphology’s evolution, are different between tve systems considered.

For polycrystalline particles, activation energignificantly lower than the values generally
reported in the literature for the sintering of bb@eQ, which are commonly associated to
pure matter diffusion between the graifi’. Conversely, the value obtained in this work is
more likely representative of two mechanisms odogriconcomitantly (at least partially)
during the heat treatment. At the beginning of ingatseveral crystallites with nanoscale size
are present in the region of contact between tlwegrains. The formation of the neck is then
probably driven by the reorganization of crystaliplanes in the same orientation, which
promotes the formation of a continuous lattice leetw the grains. This crystalline plane
reorganization then leads to the formation of thekrbetween the grains constituted by many
crystallites. Such a mechanical rearrangement wasqusly described by some authors and
known as Oriented Attachment (OA) For CeQ the activation energy associated with this

mechanism ranged between 52 + 4 kJ-hidand 95 + 15 kJ.mdl*

After its initial formation, the neck between thelyrrystalline grains was still formed by
several nanoscale crystallites. Indeed, the OrnieAteachment (OA) mechanism only led to a
moderate growth of crystallites that retain a naates size, and to a decrease of grains

porosity. The crystallite mobility is thus less ¢a&ble and the growth of the neck is no longer

17



driven by the Oriented Attachment (OA) but by dsifte processes between the two grains.
As stated above, the activation energy reportedhe literature for this second kind of
mechanism is generally between 300 kJM8* and 600 kJ.mdi **3" As the global
activation energy determined herein for the singgiof two polycrystalline particles (186 +
31 kJ.mof") is ranging between the values reported for Oeigérttachment and diffusion,
both mechanisms probably occur simultaneously amdiruously in our system. A similar
combination of processes was also pointed out guha study of nano-ripening within CeO
microsphere€, which drives the growth of crystallites duringahetreatments at high
temperature. However, during this study, a commnatf two exponentials had to be used to
fit accurately the crystallites’ growth kineticshigh accounted for the consecutive character
of the different mechanisms operating. Conversttlg,use of such two-exponentials model
did not provide satisfying results when fitting teentering degree evolution depicted in
Figure 5. Hence, oriented attachment and diffusion are prigb@ore intricate in this case :
in some locations of the sample, oriented attachroeuld still occur while grain boundary
diffusion is already operating elsewhere, which ldobe viewed as differences in the
advancement state of the sintering process. Amdmgr @auses, this is likely to result from

the decrease of liberty degree of crystallites agdliby the neck formation.

For the single crystal particles, a significantligher value of the activation energy was
evidenced (516 + 27 kJ.mYl In this case, the Oriented Attachment (OA) canoecur
notably because of the particles size (several teghlds of nanometers). So, the only way to
process the neck growth is solid state diffusidnthus corresponds to the well-known
theoretical model where two spherical grains areointact, and the formation and growth of
the neck is ensured by mass transport from thegtai the neck area region. It was already
noticed that our value is ranging in the upper tliofithe data reported in the literature for

CeQ sintering (typically from 300 to 600 kJ.mof>>. As such a wide range of values
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cannot be explained only by considering a varigkleof operating conditions (particularly in
terms of heat temperature and atmosphere), itus dery likely that the polycristallinity of
the powdered samples used during these experinadatsy with the potential inner porosity

of the microspheres, impacts strongly the activeéinergy of sintering.

3.4  Material transport path

Five different diffusion processes are usually figgl to drive sintering: surface diffusion,
volume diffusion, grain boundary diffusion, evap@a-condensation and viscous fIGt”.
Among these mass transport mechanisms, only teaktb the densification of the sample
(i.e. for two grains systems, the decrease of nitgtdetween the centers of the grains): grain
boundary diffusion, volume diffusion and viscouewl for the liquid phase sintering. The
identification of the diffusion process during cem oxide sintering can be obtained by using
the general kinetics law of neck growth and subsetjgetermination of the value (3).
Indeed, the n value is specific for a given diftusmechanism witha = 2 for viscous flown

= 3 for evaporation-condensatiam= 4 for volume diffusionn = 7 for surface diffusion and

n = 6 for grain boundary diffusioff*> In our case, the value can be determined according

to equation3).

y (%)l/n =0 3

In this latter, the? parameter is supposed to remain almost unchamgephod agreement
with the weak variation stated from image analysiall our operating conditions, which led
k' = k/r'"™ to be constant. In the case of the system coteditioy single crystalline grains, the

values of then exponent determined at different sintering temijpees T able 2) appeared to
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be systematically close to 6. As a matter of fdog sintering of two single crystal CeO

microspheres is then driven by a grain boundarfysiin mechanismHigure 4).

Table 2 : Values ofn exponent determined during sintering of single cry&l grains by using the general kinetic law of
neck growth (y™ = % ).

Temperature (°C) N

1050 5.3+0.9
1100 5.8+0.7
1150 6.5+0.8
1200 5.5+0.6

The general kinetic law of neck growth previousBed for the identification of diffusion
mechanism during sintering of single crystal gragstems cannot be applied in the case of
sintering of polycrystalline particles. Thus, farchk systems, the Herring's scaling law was
used for the identification of the main mass tramsmechanism operating during sintering.
Indeed, this law4) considers the particles size influence on the mstcuatural modifications

of the sample during sintering. For the powders tf@ grains) with similar shapes and
different sizes under the same sintering experiaderanditions, the Herring's scaling law
predicts the relative time required to reach thmesaintering degre®€. During sintering of
two systems constituted by two spherical grainsontact with different radii, the ratio
between the times required to reach the same defjsietering can be expressed'a&

2= @

%) )
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Where § and p are the grains radii; &nd § the sintering times, armd an exponent specific to
the diffusion mechanism operating during sintermwgh m = 1 for viscous flowm = 2 for
evaporation-condensatiom = 3 for volume diffusion anth = 4 for surface diffusion or grain

boundary diffusion.

" r
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Figure 7 : Evolution of sintering degree (x/r) durihg heating (T = 1200°C) of two polycrystalline Ce®
microspheres with different sizes: @) r; =395+ 10 nm and ¢) r, = 225 + 10 nm.

Therefore, the Herring scaling law was applied @ tpolycrystalline grains systems
constituted by grains with different size €r395 + 10 nm and,~= 225 + 10 nm) and sintered
at 1200°C Figure 7). For different given sintering degrees (i.e. ¢cansy = x/r value), the
value of them exponent was calculated and a value close to 4systematically obtained
(Table 3. As for single crystals, the prevailing sinterimgchanism is thus grain boundary
diffusion for polycrystalline grains. In these caiwhs, the polycristallinity of the particles
appeared to only influence the main type of proeesgperating during neck elaboration.
Indeed, sintering nanocrystalline aggregates we#luit in a strong contribution of oriented
attachment that tends to lower the global activagoergy. However, it is not expected to

modify the preferential diffusion path used to @es mass transport.
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Table 3 : Values ofm exponent determined during the sintering of polycrgtalline grains by using the Herring scaling
t1 _ (r\™
law 2 = (2)").

T2

Sintering degree (x/r) ty(min) t, (Min) m
0.35 1.6 204 4.3+0.7
0.37 2 21.3 4+0.5
0.39 3 26.5 3.8+0.5

2.4. Modelling of CeQ; sintering

As already exposed, the main differences in theastouctural modifications occurring in the
polycrystalline and single crystal particles systamreflected by the significant variation of
sintering degree between both systems for a giiae. tFor all the operating conditions
tested, the evolution of neck size almost reackesatly-state for single crystals while the neck
formed between polycrystalline particles kept gmyvall along the heat treatment. Such a
difference leads to a sintering degree that wasrmgdly twice higher for polycrystalline
systems compared to the reference single crystatsthis basis, a comparison with the
evolution of sintering degree calculated by nunarimodeling was also performed during
this work in order to evaluate the accuracy of ssiofulations in the prediction of the kinetics
linked with the first stage of sintering. In thisma a predictive model using the SALAMMBO

4950 \as used. This latter was implemented with the dathered in th&able 4 °.

code
Along with the experimental conditions used (terapéte) and the topological parameters
evaluated through image analysis to represent riiteali geometry of grains in contact,
physical quantities coming from the literature wesed. HereindDy, stands for the product of

the grain boundary diffusion coefficient with thegp boundary thickness, and was calculated

from the value of grain boundary grooving kinetieported by Chen for CeGt 1270°C*2.
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Similarly, dDs corresponds to surface diffusion and was estimdtech the relation

established by Jiat al. in the 1200-1390°C rang@:

E
Ds = (35 + 1.6)e“ﬁ (inm?.s™1) (5)

with Ea = 458 + 14 kJ.mél. The molecular volume of the diffusion speci€s,and the
surface tensiorys, were taken from the same work. In this latterecasys varies from 1.12

to 2.43 J.nf with the crystalline orientation, an upper valugsveonsidered.

Table 4 : Input data used for modelling of single grstal grains sintering.

% Temperature (°C) Grain radii (nm) Initial neck size (nm)

£

)

>3 1100 200 47

i

o | 8D, (Mm’sh)>?  &Ds(m’.s?) >3 Q (m*) > Vs (J.m?) >
-}

<

L 24 24 29

3 10 10 10 2.43

The comparison between modelling and experimeesllts for the single crystal particles
evidenced a very good correlation between the tets sf data Kigure 8). Indeed, the
evolution of sintering degree followed a similaertd despite slight differences in the absolute
values ofy. Such small discrepancies could mainly be assigoetthe morphology of the
particles used in the experimental study which werielently not perfectly spherical. Apart
from this negligible bias, the code used for thiewations thus appeared to fit very nicely the
experimental results. On this basis, it could bedu® forecast the behavior of Ce€ingle
crystal microspheres in other operating conditiomsinly in terms of heating time and

temperature. Also, its application could probabdy éxtended to other materials; including
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isostructural actinides-based oxides (such as, OO, and Pu®) which are of great interest

in the nuclear fuel cycle although they remainidifit to handle experimentally.
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Figure 8 : Comparison between experimental resultand modelling during sintering of two CeQ
microspheres at T = 1100°C: ¢) polycristalline grains, (m) single crystal grains and @) modelling of
single crystal grains sintering.

Conversely, and as expected from the results puslyiaeported above, the simulated curve
exhibited a significant deviation from the polydajne particles, i.e. from what is probably
closest to a real material, even if the trends atedifor both data sets remain similar. This
difference once again confirms the influence of gudycrystallinity of the grains on the

sintering evolution, due to the contribution of maugical reorganization of the crystallites in
the neck region and to grain boundaries internaptwerical particles which act as diffusion
short-circuits. On this basis, the model developedld for now only provide qualitative

guidelines, but will not result in a reliable andagtitative prediction of the sintering degree

evolution and morphology’s variation.
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Both rearrangement and simulation of a great nurabparticles would be necessary for such
a simulation. Such a work has already been undamtak Martin with a simplified crystallite
descriptionEmeur! Sianet non défini. Apather model has been designed and developeRlirmy

12° in order to simulate the evolution of crystalliiascontact taking into account

Munoz et a
diffusions mechanisms based on the level-set methodlready handles correctly a big
number of crystallites (typically up to 100) buttlout a full coupling between grain
boundary, surface and bulk diffusion. It recenff has taken into account chemical

interdiffusion but, in the same way as SALAMMBO.,isthmodel does not account for

crystallites initial re-arrangement (oriented dttaent).
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3. Conclusion

The use ofin situ HT-ESEM as a tool for the investigation of thestfistage of sintering of
CeQ microspheres allowed the first direct observabbthe morphological modifications of
the samples during isothermal heat treatment. [@uhasean situ observations a difference of
evolution between the polycrystalline grains antgka crystal grains was clearly observed.
Moreover, advanced image processing allowed therm@ation of original and fundamental
kinetics data that are typical of the processesiwitry during the initial stage of densification
in both cases: 186 + 31 kJ.rifdlor polycrystalline grains and 516 + 27 kJ.fhdor single

crystal grains.

The interpretation of the activation energies vallezl to the identification of the sintering
mechanism: the Orientated Attachment (OA) and iffasibn for polycrystalline grains and
pure diffusion for the single crystal grains. Thatto say that the presence of several
crystallites in the grains will induce a rapid evaodn of the sintering degree due to the fast

formation of contacts between crystallites in tikekaregion.

In addition, the comparison of experimental datd amdelling shows a good correlation
between the experimental data and modeling for siihgle crystal grains. But also the
difference between sintering degree of polycrystallgrains and single crystal grains
obtained by modeling. So, the single crystal grajeserally used as sintering simplified
model is not representative of the evolution of plodycrystalline grains systems, generally
involved during sintering of ceramic materialsidittherefore important to take into account
the presence of several crystallites during maagléf the first stage of sintering, for a better

description of material aggregates behavior.

26



Acknowledgements.Authors would like to thank the Materials FederatRroject included
in the NEEDS program (Nucléaire, Energie, Environaset, Déchets, Société) of CNRS for

its continuous financial support.

Supporting Information Available. Videos obtained from the HT-ESEM observation of
single-crystal and polycrystalline microspheredesing at T = 1150°C. This information is

available free of charge via the Internehtip://pubs.acs.org

27



Table of Content Graphic

28



References

1. German, R.M.Sintering: from Empirical Observations to SciemwtifPrinciples Elsevier Butterworth-

Heinemann, Oxford, U.K., 2014.

2. Kuczynski, G.C. Physics and chemistry of sinterifady. Coll. Interface Sgil972 3, 275-330.

3. Kang, S.J.LSintering: Densification Grain Growth and Microstture, Elsevier Butterworth-Heinemann,

Oxford, U.K., 2005.

4. Kuczynski, G.C. The Mechanism of Densification DwgriSintering of Metallic ParticledActa Metall,

1956 4, 58-61.

5. Bernache-Assolant, BChimie-physique du frittagélermes, Paris, France, 1993.

6. Kuroiwa, D. A Study of Ice Sinteringellus 1961, 13, 252-259.

7. Thomas, G.: Fulrath, R.MElectron microscopy and structure of materials ogeedings University of

California Press, Berkeley, U.S.A., 1971.

8. Wakai, F.; Brakke, K.A. Mechanics of Sinteriray Coupled Grain Boundary and Surface Diffusiénta.

Mater., 2011, 59, 5379-5387.

9. Raut, J.S.; Bhagat, R.B.; Fichthorn, K.A. Siimgrof Alumina Nanoparticles: A Molecular Dynamics

Study,Nanostruct. Mater.1998 10, 837-851.

10. Zhang, W.; Schneibel, J.H. Sintering of Two R&es by Surface and Grain Boundary Diffusion - Wwal

Dimensional Numerical Studycta Metall. Mater, 1995 43, 4377-4386.

11. Wakai, F. Modeling and Simulation of Element&mpcess in Ideal Sinterind, Am. Ceram. Sac2006

89, 1471-1484.

12. Bordére, J.S.; Bernard, D. Full Resolution o tilonte Carlo lime Scale Demonstrated through the

Modelling of TwoAmorphousParticles Sinterir@pmput. Mater. Sci2008 43, 1074-1080.

13. Martin, S.; Parekh, R.; Guessasma, M.; LechdllgFortin, J.; Saleh, K. Study of Sintering Kinstof

Bimodal Powders : a Parametric DEM StuBlgwder Technal2015 270, 637-645.

14. Pan, H.; Ko, S.H. The Solid State Neck Growthchanisms in Low Energy Laser Sintering of Gold

Nanopatrticles: a Molecular Dynamics Simulation $tuld Heat Transf.2008 130, 1-7.

29



15.

16.

17.

18.

19.

20.

21

22,

23

24,

25,

26.

Podor, R.; Ravaux, J.; Brau, H.P. $tcanning Electron Microscopyiacheslav Kazmiruk Ed, InTech,

Rijeka, Croatia2012 3, 31-54.

Knowles, R.W.; Hardt, T.A. High Temperature Spean Stage and Detector for an Environmental

Scanning Electron MicroscopEl Pat.EP 1 003 200 B1, 1996.

Gregori, J.; Kleebe, H.J.; Siegelin, F.; Zieglér In Situ SEM Imaging at Temperatures as High4&)°C,

J. Elec. Microsg.2002 54, 347-352.

Jacobs, G.; Williams, L.; Graham, U.; Sparks, Davis, B.H. Low-Temperature Water-Gas Shift: ituS
DRIFTS-Reaction Study of a Pt/Ce@atalyst for Fuel Cell Reformer Application, Phys. Chem. ,B

2003 107, 10398-10404.

Hirano, M.; Kato, E. Hydrothermal Synthesis o&ndcrystalline Cerium(lV) Oxide Powderd, Am.

Ceram. So¢2011, 50, 7150-7161.

Kim, H.S.; Joung, C.Y.; Lee, B.H.; Oh, J.Y.; Ko%.H.; Heimgartner, P. Applicability of CeCas a

Surrogate for Pu@n a MOX Fuel Developmend, Nucl. Mater,.2008 378 98-104.

Minamidate, Y.; Yin, S.; Sato, T. Synthesis obmddispersed Rod-like and Spherical Gétarticles by

Mild Solution ProcesdViater. Sci. Eng.2009 1, 012003.

Nkou Bouala, G.l.; Clavier, N.; Léchelle, J.; $h@h, A.; Dacheux, N.; Podor, R. In Situ HT-ESEMd5t

of CeQ Nano-Ripening : Toward a Control of Nanostruct@eram. Intern.2015 41, 14703-14711.

Anumol, E.A.; Viswanath, B.; Ganesan, P.G.; $hi,Ramanath, G.; Ravishankar, N. Surface Diffosio
Driven Nanoshell Formation by Controlled Sinteriktpsoporous Nanoparticle Aggregaté&noscale

2012 2, 1423-1425.

Joly-Pottuz, L.; Bogner, A.; Lasalle, A.; Malebe A.; Thollet, G.; Deville, S. Improvements fanaging

Ceramics Sintering in situ in ESEM, Microsc, 2011, 244, 93-100.

Podor, R.; Clavier, N.; Ravaux, J.; Claparéede,0acheux, N.; Bernache-Assollant, D. Dynamic Adpe
of Cerium Dioxide Sintering: HT-ESEM Study of Gra@rowth and Pore Eliminatiod, Eur. Ceram. Sog.

2012 32, 353-362.

ImageJ: Wayne Rasbaridtp://rsbweb.nih.gov/ij/ (accessed 12.16.20Fj)i: Johannes Schindelin and al.

http://fiji.sc/Fiji (accessed 12.16.2015).

30



27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

Abramoff, M.D.; Magalhdes, P.J.; Sunanda, Rdade Processing with ImageBiophotonics Intern.

2004 11, 36-42.

Pascau, J.; Mateos Pérez, JliMage Processing with ImagePackt publishing Ltd, Birmingham, U.K.,

2013.

Favrichon, J. / Imagejhttps://github.com/jfavrichon/imageju (accessedl62015).

Léchelle, J.; Martin, S.; Boyer, R.; Saikouk, KSAib-granular Scale Model for Solid-state Free Simje:

Results on the Evolution of Two Grairds,Chem. Technol. MetglR014 49, 263-274.
Swinkels, F.B.; Ashby, M.F. A Second Report am&ing DiagramsActa Metall, 1981, 29, 259-281.

Lange, F.F. Densification of Powder Compacts:Udinished Story,). Eur. Ceram. Soc2008 28, 1509-

1516.

Lee, W.K.; Eadie, R.L.; Weatherly, G.C.; AustTKA Study of the Sintering of Spherical Silverirter—

Il. The Initial StageActa Metall, 1978 26, 1837-1843.

Slamovich, E.B.; Lange, F.F. Densification Bebawf Single Crystal and Polycrystalline Spherical

Particles Zirconia). Am. Ceram. Socl99Q 73, 3368-3375.

Clavier, N.; Podor, R.; Deliere, L.; Ravaux,Dacheux, N. Combining in situ HT-ESEM Observatiansl
Dilatometry: An Original and Fast Way to the SiimgrMap of ThQ, Mater. Chem. Phys2013 137, 742-

749.

Zhang, T.; Hing, P.; Huang, H.; Kilner, J. Shitg and Grain Growth of CoO-doped CeOeramics,J.

Europ. Ceram. Soc2002 22, 27-34.

Chen, P.L.; Chen, I. Grain Growth in Ce@opant Effects, Defect Mechanism, and Solute Ddag\m.

Ceram. S0¢.1996 79, 1793-1800.

Zhang, J.; Huang, F.; Lin, Z. Progress of Napstatiline Growth Kinetics Based on Oriented Attaemty

Nanoscale2009 2, 18-34.

Scardi, P.; Leoni, M.; Muller, M.; Maggio, R.Dn situ Size-strain Analysis of Nanocrystalline @er

GrowthMater. Sci. Eng.201Q 528 77-82.

de Florio, D.Z.; Esposito, V.; Traversa, E.; Millo, R.; Fonseca, F.C. Master Sintering Curve G-

doped Ce®Solid Electrolytes). Therm. Anal. Calorim2009 97, 143-147.

31



41,

42,

43,

44,

45,

46.

47.

48

49,

50.

51

52,

53.

54

55.

56.

Zhang, T.; Hing, P.; Huang, H.; Kilner, J. Easkage Sintering Mechanisms of Fe-doped £d0OMater.

Sci, 2002 37, 997-1003.
Handwerker, C.APhD thesis Massachusetts Institute of Technology, U.S.A.3198

Gessinger, G.H. Volume Diffusion as DensificatiBate-controlling Step in Sinterin@cripta Metall,

197Q 4, 673-675.

Coble, R.L. Initial Sintering of Alumina and Hatite,J. Am. Ceram. Sgcl958 41, 55-61.
Ashby, M.F. A First Report on Sintering Diagrarsta Metall, 1974 22, 275-289.

Herring, C. Effect of Change of Scale on SimgriPhenomenad, Appl. Phys.195Q 21, 301-303.

Kothari, N.C. The Effect of Particle Size on t8ning Kinetics in Alumina Powded,. Nucl. Mater, 1965

17, 43-53.

Lequitte, M.; Autissier, D. Synthesis and Siimgrof Nanocrystalline Erbium Oxidé&Janostruct. Mater.

1995 6, 333-336.
Ajdour, M.PhD thesisEcole des Mines de St-Etienne, France, 2006.

Ajdour, M.; Léchelle, J.; Valdivieso, F.; Goeatii P.; Saikouk, K.; Boyer, R. Sintering Simulatiaha

Scale Lower than the Grain SiZg]v. Sci. Technqgl2006 45, 516-521.
Martin, S.PhD ThesisUniversité de Technologie de Compiegne, Fran@42

Chen, I.W. Grain Boundary Kinetics in Oxide Qeies with the Cubic Fluorite Crystal Structure &dtsd

Derivative,Interf. Sci, 200Q 8, 147-156.

Jin, M.; Shimada, E.; lkuma, Y. Atomic Force kiscopy Study of Surface Diffusion in Polycristadi

CeQ, via Grain Boundary Groovingd, Ceram. Soc. Jaj200Q 5, 456-461.

Feral-Martin, CPhD ThesisUniversité Bordeaux 1, France, 2010.

Pino-Munoz, D.; Bruchon, J.; Drapier, S.; Valdso, F. Sintering at Particle Scale: An Eulerian

Computing Framework to Deal with Strong Topologieedd Material DiscontinuitiesArch. Comput.

Method. E2014 21, 141-187.

Tossoukpe, H?hD ThesisEcole des Mines de St-Etienne, France, 2013.

32





