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In situ study of the annealing behavior of porosity in icosahedral Al-Pd-Mn quasicrystals using
third generation x-ray synchrotron radiation imaging
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The evolution of porosity in an icosahedral Al-Pd-Mn quasicrystal single grain has been studidd
during an annealing at 800 °C. A drastic shrinkage of pores was observed and interpreted in the frame of a
vacancy-mediated diffusion model.
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[. INTRODUCTION generated from the condensation and migration of thermal
vacancie$. In the second one pores are interpreted as an
Quasicrystals are solids that exhibit long-range atomic orintrinsic characteristic of the quasicrystalline structlre.
der but no periodicity. A striking property of quasicrystals is These two hypotheses correspond to different approaches,
the possibility to observe “noncrystallographic” rotational but at the current stage, there is no experimental evidence
symmetries, e.g., fivefold symmetry axes. Despite the gredhat proves unquestionably the overall validity of one or the
theoretical and experimental efforts since the discovery opther.
quasicrystals in the mid 1980'sthe determination of the =~ The previous annealing experiments have shown changes
structure of real quasicrystals has not been complete@tyet. in the shape and size of the pofés.® The mechanism of
The highly complex structures of quasicrystals result inthese changes, however, is not elucidated even though it
peculiar physical properties that differ from those of metalscould give valuable information of the formation of porosity
even though quasicrystals are in general constituted in man quasicrystals. The aim of this work is to present the po-
jority of atoms that form metals in their elementary state. Inrosity evolution during a high-temperature annealing carried
order to elucidate further the dependence of the physicatut on an icosahedral Al-Pd-Mn quasicrystalline single grain
properties on the structure, it is necessary to obtain quasgnd studiedin situ using synchrotron x-ray phase contrast
crystals with a structure as perfect as possible, since defectadiography.
are believed to have a great impact on the physical proper-
ties. In recent years quasicrystals were grown with a high
quality showing rocking curve widths comparable to those of
the best metallic crystafsNevertheless porosity is system- ~ The experiments were carried out at the D19 beam line
atically observed in the submicrostructdraland of the European Synchrotron Radiation FaciliySRB in
microstructurd levels in the volume of Al-Pd-Mn quasicrys- Grenoble, France. This beam line, dedicated to x-ray imag-
tals. ing and high-resolution diffraction, is characterized by a very
Unlike pores observed in crystalg.g., pure Al, Al al- long source-to-sample distant®45 m) and a small angular
loys), pores in icosahedral Al-Pd-Mn quasicrystals occupy asource size seen from a point of the sample (0.Lsad).
rather high volume fraction, and their size can also be apThe beam was monochromated by two perfect Si crystals
proximately 1000 times bigger in the quasicrystal than in thediffracting in the vertical plane in the#,—) nondispersive
simple metal. The formation mechanisms of pores known setting. The spectral width wad\/A~10"%. The small
from crystals do not seem to explain satisfactorily porosity insource size £100 um) combined to the long source-to-
quasicrystals and hence the origin of these pores remains stibmple distance provides a large transverse coherence length
unclear. (=40 um for the used wavelength of 0.516),Aa feature
Two hypotheses have been proposed to explain the occufundamental to phase contrast imagthg?
rence of porosity. The first hypothesis suggests that pores are The experimental layout is given in Fig. 1. Different im-

Il. EXPERIMENTAL PROCEDURE AND SAMPLES
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aging regimes can be accessed by simply changing thgpurious contrast in radiographd) a pumping unit com-
sample-to-detector distantk.Experimental pore images posed of a dry primary pump, a turbo pump, two ionic
were recorded at a fixed distance of 30 cm, which gives @umps, and a titanium sublimator, ensuring a vacuum of
good compromise for contrast from small and big pores10 8—10 ° mbar at 800 °C{c) a high-temperature furnace
given a wavelengthh equal to 0.516 A. This wavelength (maximum temperature 1000°C) where the sample is
(just before a palladium absorption edlgeas chosen to geta mounted in a medium frame and heated by radiation coils in
good transmission of the x-ray beam and to obtain a goodrder to minimize the effect of thermal stress. The tempera-
contrast for small and big pores. The phase contrast radidure was controlled by a thermocouple sensor placed close to
graphs were recorded by (@harge-coupled devigeCCD-  the heating coil. The sample temperature was calculated us-
based online detector that consists of a scintillator to conveling a calibration curve obtained prior to the experiment by
x-rays into visible light, coupled to a CCD camera with a heating the furnace with a second thermocouple sensor lo-
microscope objective. The camera is a 14-bits CCD with acated at the sample position.
1024x 1024 (or 2048<2048) pixel array, developed at the  The sample was annealed at 800° C in two annealing
ESRF and called FRELONFast REadout LOw Noigé®  cycles whose thermal profile is shown in Fig. 2. A first short
The optics associated to the detector provides a spatial resannealing cycle of~5 h was carried out in order to study
lution of the order of 1—2um. Pore images sizes were mea- whether changes at high temperature in the radiographic con-
sured precisely by a computer-aided detection of pore imagesast recover to the initial state once the temperature is rap-
from radiographs. Due to the experimental imaging procesglly lowered back to room temperature. A secor®7 h
the pore image sizes are not identical to the sizes of the pordsng cycle was performed to observe the evolution of
themselves. The true pore sizes have therefore been obtainedanges during a long stay at high temperature. The sample
using a calibration curve, which reports the correspondence/as heated and cooled with a rate of 20 °C/min. Note that
between the measured pore sizes and the real ones. Thise first annealing cycle is characterized by two stays at
curve was obtained by measuring, with the same detectioB00 °C and 770 °C. These stays allowed us to recover good
software, the size of simulated pore images calculated in theacuum conditions inside the high-vacuum chamber, but
same experimental conditions. The correspondence betweghey were not necessary for further annealing cycles.
experimental and simulated pore images was very dood. The sample was mechanically polished on both surfaces
Note that the size of a pore is defined as the diameter of thbefore experiments. This polishing was performed with dia-
sphere, which circumscribes its dodecahedral shape. Th@ond paste down to Lm in order to have high quality
studied sample was grown by Czochralski method with asurfaces which do not introduce artifacts in phase contrast
withdraw rate of 5.4 mm/h and in an argon atmosphere. Neadiographs. The chemical composition of every sample was
homogenization treatment was carried out after the growth. lineasured by energy dispersive spectrosc@BRS in a
was a plate shaped single crystal with a composition o&canning electron microscog$EM) and no second phases
Algg P s Mn- 5 and a thickness of about 3gom. were detected.

The high-temperature treatment was carried out in an un-
strained sample heated in an ultrahigh-vacuum chamber de- Il RESULTS
signed at the CRMC®2Marseille, Franck It is equipped with '
(@ two mirrorlike aluminum windows, obtained by the same  Figure 3 reports two phase contrast radiographs of a large
techniques used to polish silicon wafetfinishing treatment  region of the sample recorded before and after the two an-
with an alumina solution down to 0.2m), which prevent nealing cycles. In its as-grown state, the sample has in the

temp 4
2h
70l |
600 | FIG. 2. Annealing layout composed of two

cycles. A shorter one of-5 h and a long one of
~27 h.

|
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(a) before (b) after 32 hours

FIG. 3. Phase contrast radiografias before andb) after the long annealing.

bulk micrometric pores of dodecahedral shape. These porafecreases very rapidly during the first annealing c}Elgs.
are viewed along a twofold axis of the dodecahedron. Thé(b) and Jc)]. Moreover the shape of pore images changes
projection onto the image plane results in its hexagonafrom faceted Fig. 5(c)] to round and the white line contrasts
shape. The bright contrast lines inside the pore image stemside the pore images due to the edges of the dodecahedral
from the projection of the edges of the dodecahedféig.  shape of the pores disappear. During the second annealing
3(a)]. After the annealing, the size of most pores decreasesycle[from Figs. e) to 5(k)], the sizes of the pores decrease
Only the size of a few pores did not change. Moreover thdurther, even though less rapidly than in the first annealing
state of the surface changes drastically from smooth taycle. The shapes of the pore images become more and more
rough, resulting in an orange skinlike contrast in the imagestound with the annealing time. After cooling the sample at
Pores whose size did not change after the annealing wetbe end of the second annealing cycle, the pore images in the
located on the surface of the sample surface as shown wadiograph recorded at room temperat{ffég. 51)] do not
SEM micrographs in Fig. 4. This figure is composed of ashow any visible change in the size and shape with respect to
phase contrast radiograpkig. 4@] and two SEM micro- the pore images in the radiograph before the cooling of the
graphs of both surfaces of the sampiggs. 4b) and 4c)]. sample[Fig. 5(Kk)].
The pores that did not shrink during the annealing, corre- Figure 6 shows scanning electron micrographs of two
spond to the surface pores visible in SH¥harked by a typical pores recorded before and after the annealing. Before
circle in both images annealing, the pore has a dodecahedral shape with sharp
Figure 5 shows the porosity evolution in a small region ofedges. After annealing, additional facets have appeared on
the sample during both annealing cycles. The size of porethe edges and corner as observed by Beetil® These ad-

FIG. 4. Comparison betwedn) a phase con-
/(b) trast radiograph antb), (c) SEM micrographs of
both sample surfaces, for the same region of the
sample. Note the correspondence among pores
surrounded by circles on both types of images.

100pum

(a)
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(a) room temp. (b) (c) (d) room temp.

800°C, tans = 3h25 800°C, tans = 4h55

(h) 800°C, tanir =

15h55

(i) (§) 800°C, tanir = (k) 800°C, tanrr = (1) room temp.

800°C, tanrr = 22h 24h30 27h10

FIG. 5. Phase contrast radiographs of a small region of the sample recorded during both annealing cycles. The radiographs of the first
annealing cycle are reported frofa) to (d), whereas those of the second annealing cycle start f@m\=0.516 A, sample to detector
distanceD =30 cm. FRELON camera.

ditional facets result in the disappearance of the white consecond annealing, whereas that of the preceding data is re-
trast lines in the pore images. lated to the last measure at 800° of the first annealing cycle.
Shrinkage curves of the radii of individual pores are re- No changes on the shrinkage rates were revealed among
ported in Fig. 7. Note that there are no data undexm  pores of different size in the small range of pore sizes stud-
since this is the minimum radius that could be correctly de-ed.
termined by the pore detection software in combination with The global structural perfection of the sample after the
the present experimental setup. Two different parts can bannealing was studied by measuring the full width at half
observed in the shrinkage curves independently on the pomaaximum (FWHM) of the rocking curve for the reflection
size. A first one, composed of few data points, with a larger3(0/2 0/0 0/0). Using a beam size of 28@50 um?, the
shrinkage rate, hereafter part I, and a second one with BWHM before and after the annealing were 0.028° and
smaller shrinkage rate, hereafter part Il. Moreover some&.0031°, respectively, showing that the structural perfection
shrinkage curves are characterized by kinks appearing at theas globally improved.
same annealing time. This corresponds to an increase of the The chemical composition and the angular positions of
pore sizes occurring between the end of the first annealinBragg reflections were checked, respectively, by SEM EDS
and the beginning of the second one. Actually the abscissa @halysis and high-resolution diffractometry in the sample af-
peak of a kink correspond to the first measure at 800° of théer annealing. No changes were detected.
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equilibrium at their surfaces. The model predicts an atomic
flux proportional to the differencAC between the concen-
trations of vacancies at the pore surface and the sample sur-
faces. The radial shrinkage rate is given by

2Qvy 1
XA kT
whereDy is the self-diffusion coefficient, is the pore radius,
Q) is the atomic volumey is the surface energy, ardis a
(a) before (b) after 2"? cycle geometric factor usually taken equal to 1. The self-diffusion
FIG. 6. Scanning electron micrographs of a typical pae  CoefficientDs, as determined from the data, was given by

before andb) after the annealing. A further faceting at the edges ofthe following Arrhenius equation:
the annealed pore is clearly visible.

dr  Ds

at & : (]

20 microns

B -Q\ 75 —131l e 5 1
IV. DISCUSSION Ds=Doexp | =1.76x10 "exp —— 7| m" s

The diffusion process in icosahedral Al-Pd-Mn has been @
studied as a function of the temperature by radiotracer techwhereD, is the preexponential factor ar@@lis the activation
nigues. Most of the diffusion experiments in icosahedral Al-energy.

Pd-Mn (Refs. 15—18have shown that at temperatures above The current data were analyzed on the basis of this model
450 °C the self-diffusion of:%Pd, > Mn (no affordable ra- using Q=14.92<x10%*m?3, according to the structural
diotracer exists for aluminuymand the diffusion of foreign model of icosahedral Al-Pd-Mn quasicrystal developed by
elements such a¥zn, 4n, 19°Au is very similar to that of Boudardet al.® and y=0.886 J/m for the surface energy.
the same elements in crystalline Al, in which a vacancy-This last value is the mean between the lower (0.6°))/and
mediated diffusion mechanism is generally accepted. Thisipper bounds (1.172 Jfn calculated by Fourneet al?°
opens the possibility to analyze the shrinkage cuf¥s. 7) Using these values and considering the micrometric radii of
in the frame of a diffusion annealing model developed bypores, the argument of the exponential is small and the fol-
\Volin and Balluffi!® They observed the isothermal shrinkage lowing approximation can be made:

of nanometric pores in thin foils of pure aluminum by TEM.

According to this model, atoms are transported to pores from 20y
o —<1,
sources at the external surfaces by the migration of vacan- rkT
cies. It is assumed that the local vacancy equilibrium is
maintained at all the interfaces, and that the kinetics is there- dr Dy 20y Ds(2Qy
fore diffusion controlled. The local vacancy equilibrium de- at T[ F{ﬁ) - }: - T(W)
pends on the curvature of the surface and therefore on the
radius of the pores which are taken to be spherical in thisind after integration
model. Small pores have a high vacancy concentration in
3 [, 6Dy
20 T T T T T r= \/r0+ KT (to_t)v (3)
18 | | wherer is the pore radius at the beginning of the annealing
16 8 andt is the initial annealing time. One can observe that the

i I | volume of the pore varies linearly with the time.
\—’\4\ The pore shrinkage curves were fitted in order to calculate

the diffusion coefficienD¢ of both parts | and Il. Part | was

fitted linearly because of the small number of data, whereas

part 1l was fitted according to Ed3). Figure 8 shows the
\x shrinkage curve of two pores with its fitting curve. The sec-
ond parts of the shrinkage curves are well described by the
8f % fitting curves. The diffusion coefficients calculated from each
L shrinkage curve for parts | and Il are shown in Fig. 9 as a

function of the initial pore radius, respectively. The diffusion
coefficients of part | are mainly concentrated around a mean
0 : . . . . value of D,=2.5x10 ®m? s, whereas those of part II
0 2 4 6 8 10 are spread out over a larger range with a mean valu®,of
Annealing length (10” s) o 13 .2 —1 . .
=2.6X10 " m= s™~. Although the error of the diffusion co-
FIG. 7. Shrinkage curves of the radii of individual pores. The efficient for part Il fitted to a single shrinkage curve is small,
vertical line corresponds to the end of the first annealing cycle ang¢ach curve gives a different value. This produces a large
the beginning of the second one. dispersion of the coefficients that is related to the fact that

o]
T

Pore radius (um)
>

ol — 2" annealing cycle i
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. o . . FIG. 9. Plot of the estimated diffusion coefficients of pata)
_ FIG. 8. S_hnnkage curves of two |nd|y|duals pores with the fit- and part II(b) as a function of the initial pore radius.
ting curves in the parts | and Il, respectively.

_ _ _ of deformation in the sample in its as-grown state could have
the part Il varies from nearly flat to descend€filg. 8), i.e.,  allowed vacancies to annihilate easily to the sample surfaces
pores do not shrink at the same time. The different shrinkagghrough the deformed lattice, leading to accelerated
of part Il might be due to a heterogeneous distribution ofdiffusion2'?2This hypothesis is consistent with the decrease

defects around pores, and to local variations of vacanciegf about an order of magnitude of the FWHM of the rocking
concentration because of an irregular oxidation of the extercurve which indicates a global lattice improvement.

nal surfaces that does not allow them to act as perfect vacan- A second possible origin of the fast shrinkage regime is an
cies sinks. Nevertheless, the shrinkage follows the Volinequilibration of the vacancy concentration in the bulk of the
Baluffi model when pores start to shrink in part Il. The self- quasicrystalQC). To illustrate this point let us consider the
diffusion coefficient for aluminumD,, estimated by Eq. thermal history of the sample prior to our annealing experi-
(2), is equal to 1.3 10" m® s *. It was calculated foT  ment. The sample is first solidified at high temperature where
=612°C, which corresponds to the same homologous tenit contains an equilibrium concentration of vacancies. In the
peratureT/T, as the annealing temperature feAl-Pd-Mn  course of the subsequent cooling the equilibrium concentra-
(Tm=860°C). Comparing the diffusion coefficienly and  tion of vacancies drops as the temperature decreases. Part of
D, of the first and second shrinkage regime with that estithe vacancies have enough time during this slow cooling to
mated for aluminum, the diffusion coefficielt, is larger  reach vacancy sink&.g., surfaces, grain boundaries, pores,
than that of aluminum, whereas the diffusion coefficibiyt  etc). In the present annealing experiment, the heating rate is
is similar to that of aluminum. The second regime can therehigher than the cooling rate subsequent to solidification.
fore be attributed to a vacancy diffusion mechanism. ThenVhen the sample reaches the annealing temperature of
first regime, characterized by a higher shrinkage rate, coul800 °C the vacancy concentration might therefore still be
still be attributed to vacancy diffusion. Actually the presencelower than the equilibrium value at this temperature. In this
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case vacancies would be created at vacancy sources, whigig. A successive rearrangement of pores on the surface was
are the same as the sinks mentioned before, i.e., pores amoobserved according to the annealing length. Similar mor-
others. Since the concentration gradient between the pogghology changes on cleaved fivefold surfaces of icosahedral
surface and the bulk of the QC would be much stronger thai\l-Pd-Mn quasicrystals were also observed in the same tem-
in the steady diffusion regime, so would be the shrinkageperature range by Ebeet al,?* Kluge et al,?® and Capello

rate of the pores. Once the sample reached the equilibriuret al?® These surface morphology changes were explained as
concentration of vacancies, a steady state diffusion regimactivated by bulk diffusion of vacancies toward the sample
can be established according to the model of Volin and Balsurfaces that produces a region depleted in vacancies adja-
[uffi. cent to the sample and pore surfaces.

A hypothesis of the diffusion model is that pores are The shrinkage of pores in the bulk observed in this current
spheres with a constant radius of curvature. According to thisvork can confirm such a hypothesis of vacancy bulk diffu-
hypothesis, the shrinkage rate of pores is predicted equal ision, since one can suppose that part of the vacancies that
each point of the spherical surface of pores. This does natnnihilate at the sample surfaces originate from shrinking
correspond to the pores in Al-Pd-Mn quasicrystals that arg@ores. Moreover, this also explains the observed surface
dodecahedra, where the radius of curvature is not constarthanges from smooth to rough.

In particular, at the flat facets the radius of curvature is In contrast to what was reported in Refs. 8 and 27, we
nearly infinite, whereas at the edges or corners the radius abserved that all pores in the volume of the quasicrystal de-
curvature would have to be considered very small. As a conereased in size during the annealing. Betlal® interpreted
sequence, the shrinkage rate of pores takes different valuesthe growth of the large pores at the expense of the smaller
the facets, edges, and corners of the dodecahedron. Tlo@es in terms of a classical Ostwald ripening. Such an inter-
higher shrinkage rate at the edges and corners would meametation can also be valid for our data, provided one take
that the pores are filled preferentially from the edges andnto account the small thickness of the sampte380 nm)
corners, leading to the appearance of new facets as observadd one considers the surfaces of the sample as “infinite”
(Fig. 6). This leads thus to an increase of the radius of curpores. According to diffusion dat4the diffusion distance at
vature at the edges and consequently to the smoothing @&00 °C of the relatively slow diffuse?*Mn in Al-Pd-Mn is
edges and the formation of new facets. more than 30Qum during 32 h annealing. This diffusion

A change in the size and shape of some pore images watistance is even larger for the faster diffuser Al. The surfaces
observed after the cooling of the sample at the end of the firatf the sample are therefore well in reach for any vacancy
annealing cycldFigs. 5¢) and §d)]. This change was also inside the sample.
observed in the shrinkage curves of some pores showing According to the above-mentioned discussion, the ob-
kinks at the time between the end of the first annealing anderved shrinkage of pores can be explained by a vacancy-
the beginning of the second ofEig. 7). It can be also in- mediated diffusion mechanism. This result can be used to
terpreted in the frame of Volin and Balluffi's model. Cooling discuss the current hypotheses on the origin of porosity.
the sample slowly to room temperature leads to a decrease 8ince the pores were not observed at their nucleation state,
the equilibrium vacancy concentration, but cooling it rapidly, but later during a further annealing, the current results do not
such as by quench, destroys this equilibrium. The surplus directly shed any light on the origin of pores. Nevertheless
vacancies in the bulk can, in the inverse process of the onsome comments on the origin of pores can be made from the
described above, annihilate at the pore surfaces, increasimpserved evolution of their size and shape. According to the
the pore size. Moreover the vacancy annihilation takes plackypothesis on the condensation of thermal vacancies, these
preferentially at the edges of pores as expected from Volivacancies result from a supersaturation after the cooling of
and Balluffi's model, reducing the extension of the new fac-the ingot from higher temperatur®3.he vacancy supersatu-
ets that formed during the annealing at the edges of poresation resulting from a slow solidification, which is used to
This would lead to an increase of the sizes of pore imagegrow quasicrystals, seems very small with respect to that
and to the appearance of white line contrasts, due to theecessary to nucleate clusters of vacancies with a large vol-
newly formed edges, as observed after the end of the firasime fraction, such as that observed in Al-Pd-Mn quasicrystal
annealing cycle. This effect was not observed after the cooltup to 0.7%.%8 This vacancy supersaturation can be esti-
ing of the sample at the end of the second annealing cyclanated from that of aluminum, which is the principal compo-
This can be due to the fact that the pore was too small tment of the Al-Pd-Mn system. Moreover, the diffusion at high
distinguish small size variations. Moreover, the nearly roundemperature in Al-Pd-Mn is vacancy mediated as in
shape of the pores at this stage does not favor the reappeatuminunt®!®*with vacancy formation and migration en-
ance of the edges. thalpies in Al-Pd-Mn similar to those in aluminufi.The

The shrinkage of pores can be also considered as consigacancy supersaturation in aluminum is large only for large
tent with changes in the morphology of fivefold Al-Pd-Mn cooling rate (16 C/s) * and the volume fraction of pores in
quasicrystalline surfaces observed after annealing at 600 °@uminum, formed by vacancy condensation, is smaller with
by Schmithisenet al?® The studied surfaces were mechani- respect to those in Al-Pd-Mn. Moreover, the pores are
cally polished and cleaned by ion sputtering in ultrahighformed after the quench of the ingot and a successive
vacuum. Schmithsen et al?® reported a roughening of the annealing>*> These porosity formation conditions in alumi-
surface and the formation of micrometric sized pores alongium are thus different from the slow solidification conditions
some scratches on the surface due to the mechanical polishsed to grow Al-Pd-Mn quasicrystals. Under these condi-
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tions, only a very high concentration of thermal vacanciemealing and it was interpreted according to a vacancy
could allow to get large supersaturation values similar to thaliffusion model. Two shrinkage regimes were clearly identi-
large porosity volume fractions in Al-Pd-Mn. To the authors’ fied. One regime is consistent with the predicted diffusion
knowledge there is no estimation of the equilibrium concen-coefficient, whereas a faster one could be explained by an
tration of thermal vacancies in Al-Pd-Mn and still less esti-accelerated diffusion in the deformed structure or an equili-
mation of the vacancy supersaturation as a function of thération of the vacancy concentration in the bulk. The purpose
grain cooling rate. However, vacancies concentration measf the reported measure of the diffusion coefficients is only
surements showed a very high concentration of structurab provide an indication of the nature of the diffusion mecha-
vacancie$® By their nature, these vacancies should not parnism. Measures of the shrinkage of pores at different tem-
ticipate in the diffusion process provided that there are noperatures and for longer annealing lengths are being carried
structural changes. Nevertheless these changes could be gewnt in order to study the kinetics of pores and to get a deeper
erated at high temperature by the F2-F2M phase transitionnsight in their annealing behavior.
even though the chemical composition of the studied sample These results indicate an influence of the vacancy diffu-
does not fall into the range of compositions where theseion on the high-temperature evolution of porosity, which
phase transitions are observéd. could support the hypothesis of vacancy condensation. Nev-
According to the hypothesis of hierarchical porosity, ertheless both hypotheses on the porosity formation suppose
pores are an intrinsic feature of the quasicrystalline structuréhat the distribution of pores would be uniform in the volume
and they should be in equilibrium with the surrounding ma-of quasicrystals. This is not consistent with the variation of
trix. Moreover the size distribution of pores should obey pre-the size distribution of pores in the volume of sampfes.
cise hierarchical rules. This is opposite to the drastic shrinkThis variation could provide an indication of the influence of
age of pores observed in this work and to the variation of thehe solidification process on the porosity formatirin or-
size distributiorf® One could thus suggest that porosity is ader to check this hypothesis as well as to get an insight of the
type of defect resulting from the solidification process, suchporosity nucleation mechanismis,situ solidification experi-
as from the instability of the solid-liquid interface. However ments are currently in progress.
a systematic study of the size and density of pores as a func-
tion of the different solidification processes and parameters ACKNOWLEDGMENTS
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