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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 studiedin situ
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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I. INTRODUCTION

Quasicrystals are solids that exhibit long-range atomic
der but no periodicity. A striking property of quasicrystals
the possibility to observe ‘‘noncrystallographic’’ rotation
symmetries, e.g., fivefold symmetry axes. Despite the g
theoretical and experimental efforts since the discovery
quasicrystals in the mid 1980’s,1 the determination of the
structure of real quasicrystals has not been completed y2,3

The highly complex structures of quasicrystals result
peculiar physical properties that differ from those of meta
even though quasicrystals are in general constituted in
jority of atoms that form metals in their elementary state.
order to elucidate further the dependence of the phys
properties on the structure, it is necessary to obtain qu
crystals with a structure as perfect as possible, since de
are believed to have a great impact on the physical pro
ties. In recent years quasicrystals were grown with a h
quality showing rocking curve widths comparable to those
the best metallic crystals.4 Nevertheless porosity is system
atically observed in the submicrostructural5 and
microstructural6 levels in the volume of Al-Pd-Mn quasicrys
tals.

Unlike pores observed in crystals~e.g., pure Al, Al al-
loys!, pores in icosahedral Al-Pd-Mn quasicrystals occup
rather high volume fraction, and their size can also be
proximately 1000 times bigger in the quasicrystal than in
simple metal.7 The formation mechanisms of pores know
from crystals do not seem to explain satisfactorily porosity
quasicrystals and hence the origin of these pores remains
unclear.

Two hypotheses have been proposed to explain the oc
rence of porosity. The first hypothesis suggests that pores
0163-1829/2004/69~14!/144204~9!/$22.50 69 1442
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generated from the condensation and migration of ther
vacancies.8 In the second one pores are interpreted as
intrinsic characteristic of the quasicrystalline structur9

These two hypotheses correspond to different approac
but at the current stage, there is no experimental evide
that proves unquestionably the overall validity of one or t
other.

The previous annealing experiments have shown chan
in the shape and size of the pores.6,8,10 The mechanism of
these changes, however, is not elucidated even thoug
could give valuable information of the formation of porosi
in quasicrystals. The aim of this work is to present the p
rosity evolution during a high-temperature annealing carr
out on an icosahedral Al-Pd-Mn quasicrystalline single gr
and studiedin situ using synchrotron x-ray phase contra
radiography.

II. EXPERIMENTAL PROCEDURE AND SAMPLES

The experiments were carried out at the ID19 beam l
of the European Synchrotron Radiation Facility~ESRF! in
Grenoble, France. This beam line, dedicated to x-ray im
ing and high-resolution diffraction, is characterized by a ve
long source-to-sample distance~145 m! and a small angular
source size seen from a point of the sample (0.1–1mrad).
The beam was monochromated by two perfect Si crys
diffracting in the vertical plane in the (1,2) nondispersive
setting. The spectral width wasDl/l'1024. The small
source size ('100 mm) combined to the long source-to
sample distance provides a large transverse coherence le
('40 mm for the used wavelength of 0.516 Å!, a feature
fundamental to phase contrast imaging.11,12

The experimental layout is given in Fig. 1. Different im
©2004 The American Physical Society04-1



-
o-

S. AGLIOZZO et al. PHYSICAL REVIEW B 69, 144204 ~2004!
FIG. 1. Experimental layout for phase con
trast radiography. Changing the sample-t
detector distanceD, different imaging regimes
can be probed.
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aging regimes can be accessed by simply changing
sample-to-detector distance.11 Experimental pore image
were recorded at a fixed distance of 30 cm, which give
good compromise for contrast from small and big por
given a wavelengthl equal to 0.516 Å. This wavelengt
~just before a palladium absorption edge! was chosen to get a
good transmission of the x-ray beam and to obtain a g
contrast for small and big pores. The phase contrast ra
graphs were recorded by a~charge-coupled device! CCD-
based online detector that consists of a scintillator to con
x-rays into visible light, coupled to a CCD camera with
microscope objective. The camera is a 14-bits CCD wit
102431024 ~or 204832048) pixel array, developed at th
ESRF and called FRELON~Fast REadout LOw Noise!.13

The optics associated to the detector provides a spatial r
lution of the order of 1 – 2mm. Pore images sizes were me
sured precisely by a computer-aided detection of pore ima
from radiographs. Due to the experimental imaging proc
the pore image sizes are not identical to the sizes of the p
themselves. The true pore sizes have therefore been obta
using a calibration curve, which reports the corresponde
between the measured pore sizes and the real ones.
curve was obtained by measuring, with the same detec
software, the size of simulated pore images calculated in
same experimental conditions. The correspondence betw
experimental and simulated pore images was very go7

Note that the size of a pore is defined as the diameter of
sphere, which circumscribes its dodecahedral shape.
studied sample was grown by Czochralski method with
withdraw rate of 5.4 mm/h and in an argon atmosphere.
homogenization treatment was carried out after the growt
was a plate shaped single crystal with a composition
Al68.8Pd24.0Mn7.2 and a thickness of about 380mm.

The high-temperature treatment was carried out in an
strained sample heated in an ultrahigh-vacuum chamber
signed at the CRMC2~Marseille, France!. It is equipped with
~a! two mirrorlike aluminum windows, obtained by the sam
techniques used to polish silicon wafer14 ~finishing treatment
with an alumina solution down to 0.2mm), which prevent
14420
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spurious contrast in radiographs,~b! a pumping unit com-
posed of a dry primary pump, a turbo pump, two ion
pumps, and a titanium sublimator, ensuring a vacuum
102821029 mbar at 800 °C,~c! a high-temperature furnac
~maximum temperature 1000 °C) where the sample
mounted in a medium frame and heated by radiation coils
order to minimize the effect of thermal stress. The tempe
ture was controlled by a thermocouple sensor placed clos
the heating coil. The sample temperature was calculated
ing a calibration curve obtained prior to the experiment
heating the furnace with a second thermocouple sensor
cated at the sample position.

The sample was annealed at 800 ° C in two annea
cycles whose thermal profile is shown in Fig. 2. A first sh
annealing cycle of;5 h was carried out in order to stud
whether changes at high temperature in the radiographic
trast recover to the initial state once the temperature is
idly lowered back to room temperature. A second;27 h
long cycle was performed to observe the evolution
changes during a long stay at high temperature. The sam
was heated and cooled with a rate of 20 °C/min. Note t
the first annealing cycle is characterized by two stays
600 °C and 770 °C. These stays allowed us to recover g
vacuum conditions inside the high-vacuum chamber,
they were not necessary for further annealing cycles.

The sample was mechanically polished on both surfa
before experiments. This polishing was performed with d
mond paste down to 1mm in order to have high quality
surfaces which do not introduce artifacts in phase cont
radiographs. The chemical composition of every sample w
measured by energy dispersive spectroscopy~EDS! in a
scanning electron microscopy~SEM! and no second phase
were detected.

III. RESULTS

Figure 3 reports two phase contrast radiographs of a la
region of the sample recorded before and after the two
nealing cycles. In its as-grown state, the sample has in
o
FIG. 2. Annealing layout composed of tw
cycles. A shorter one of;5 h and a long one of
;27 h.
4-2
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FIG. 3. Phase contrast radiographs~a! before and~b! after the long annealing.
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bulk micrometric pores of dodecahedral shape. These p
are viewed along a twofold axis of the dodecahedron. T
projection onto the image plane results in its hexago
shape. The bright contrast lines inside the pore image s
from the projection of the edges of the dodecahedron@Fig.
3~a!#. After the annealing, the size of most pores decrea
Only the size of a few pores did not change. Moreover
state of the surface changes drastically from smooth
rough, resulting in an orange skinlike contrast in the imag

Pores whose size did not change after the annealing w
located on the surface of the sample surface as shown
SEM micrographs in Fig. 4. This figure is composed o
phase contrast radiograph@Fig. 4~a!# and two SEM micro-
graphs of both surfaces of the sample@Figs. 4~b! and 4~c!#.
The pores that did not shrink during the annealing, cor
spond to the surface pores visible in SEM~marked by a
circle in both images!.

Figure 5 shows the porosity evolution in a small region
the sample during both annealing cycles. The size of po
14420
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decreases very rapidly during the first annealing cycle@Figs.
5~b! and 5~c!#. Moreover the shape of pore images chang
from faceted@Fig. 5~c!# to round and the white line contras
inside the pore images due to the edges of the dodecah
shape of the pores disappear. During the second anne
cycle@from Figs. 5~e! to 5~k!#, the sizes of the pores decrea
further, even though less rapidly than in the first anneal
cycle. The shapes of the pore images become more and m
round with the annealing time. After cooling the sample
the end of the second annealing cycle, the pore images in
radiograph recorded at room temperature@Fig. 5~l!# do not
show any visible change in the size and shape with respe
the pore images in the radiograph before the cooling of
sample@Fig. 5~k!#.

Figure 6 shows scanning electron micrographs of t
typical pores recorded before and after the annealing. Be
annealing, the pore has a dodecahedral shape with s
edges. After annealing, additional facets have appeared
the edges and corner as observed by Beeliet al.8 These ad-
the
res
.

FIG. 4. Comparison between~a! a phase con-
trast radiograph and~b!, ~c! SEM micrographs of
both sample surfaces, for the same region of
sample. Note the correspondence among po
surrounded by circles on both types of images
4-3
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FIG. 5. Phase contrast radiographs of a small region of the sample recorded during both annealing cycles. The radiographs
annealing cycle are reported from~a! to ~d!, whereas those of the second annealing cycle start from~e!. l50.516 Å, sample to detecto
distanceD530 cm. FRELON camera.
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ditional facets result in the disappearance of the white c
trast lines in the pore images.

Shrinkage curves of the radii of individual pores are
ported in Fig. 7. Note that there are no data under 4mm
since this is the minimum radius that could be correctly
termined by the pore detection software in combination w
the present experimental setup. Two different parts can
observed in the shrinkage curves independently on the
size. A first one, composed of few data points, with a la
shrinkage rate, hereafter part I, and a second one wi
smaller shrinkage rate, hereafter part II. Moreover so
shrinkage curves are characterized by kinks appearing a
same annealing time. This corresponds to an increase o
pore sizes occurring between the end of the first annea
and the beginning of the second one. Actually the absciss
peak of a kink correspond to the first measure at 800° of
14420
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second annealing, whereas that of the preceding data is
lated to the last measure at 800° of the first annealing cy

No changes on the shrinkage rates were revealed am
pores of different size in the small range of pore sizes st
ied.

The global structural perfection of the sample after t
annealing was studied by measuring the full width at h
maximum ~FWHM! of the rocking curve for the reflection
t3(0/2 0/0 0/0). Using a beam size of 2503250 mm2, the
FWHM before and after the annealing were 0.028 ° a
0.0031°, respectively, showing that the structural perfect
has globally improved.

The chemical composition and the angular positions
Bragg reflections were checked, respectively, by SEM E
analysis and high-resolution diffractometry in the sample
ter annealing. No changes were detected.
4-4
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IV. DISCUSSION

The diffusion process in icosahedral Al-Pd-Mn has be
studied as a function of the temperature by radiotracer te
niques. Most of the diffusion experiments in icosahedral
Pd-Mn ~Refs. 15–18! have shown that at temperatures abo
450 °C the self-diffusion of103Pd, 54 Mn ~no affordable ra-
diotracer exists for aluminum! and the diffusion of foreign
elements such as65Zn, 114In, 195Au is very similar to that of
the same elements in crystalline Al, in which a vacan
mediated diffusion mechanism is generally accepted. T
opens the possibility to analyze the shrinkage curves~Fig. 7!
in the frame of a diffusion annealing model developed
Volin and Balluffi.19 They observed the isothermal shrinka
of nanometric pores in thin foils of pure aluminum by TEM
According to this model, atoms are transported to pores fr
sources at the external surfaces by the migration of vac
cies. It is assumed that the local vacancy equilibrium
maintained at all the interfaces, and that the kinetics is th
fore diffusion controlled. The local vacancy equilibrium d
pends on the curvature of the surface and therefore on
radius of the pores which are taken to be spherical in
model. Small pores have a high vacancy concentration

FIG. 6. Scanning electron micrographs of a typical pore~a!
before and~b! after the annealing. A further faceting at the edges
the annealed pore is clearly visible.

FIG. 7. Shrinkage curves of the radii of individual pores. T
vertical line corresponds to the end of the first annealing cycle
the beginning of the second one.
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equilibrium at their surfaces. The model predicts an atom
flux proportional to the differenceDC between the concen
trations of vacancies at the pore surface and the sample
faces. The radial shrinkage rate is given by

dr

dt
52

Ds

jr FexpS 2Vg

rkT D21G , ~1!

whereDs is the self-diffusion coefficient,r is the pore radius,
V is the atomic volume,g is the surface energy, andj is a
geometric factor usually taken equal to 1. The self-diffusi
coefficientDs , as determined from the data, was given
the following Arrhenius equation:

Ds5D0expS 2Q

kT D51.7631025expS 21.31 eV

kT D m2 s21,

~2!

whereD0 is the preexponential factor andQ is the activation
energy.

The current data were analyzed on the basis of this mo
using V514.92310230 m3, according to the structura
model of icosahedral Al-Pd-Mn quasicrystal developed
Boudardet al.,3 and g50.886 J/m2 for the surface energy
This last value is the mean between the lower (0.6 J/m2) and
upper bounds (1.172 J/m2) calculated by Fourneeet al.20

Using these values and considering the micrometric radi
pores, the argument of the exponential is small and the
lowing approximation can be made:

2Vg

rkT
!1,

dr

dt
52

Ds

r FexpS 2Vg

rkT D21G.2
Ds

r S 2Vg

rkT D ,

and after integration

r 5A3 r o
31

6DsVg

kT
~ t02t !, ~3!

wherer 0 is the pore radius at the beginning of the anneal
andt0 is the initial annealing time. One can observe that
volume of the pore varies linearly with the time.

The pore shrinkage curves were fitted in order to calcu
the diffusion coefficientDs of both parts I and II. Part I was
fitted linearly because of the small number of data, wher
part II was fitted according to Eq.~3!. Figure 8 shows the
shrinkage curve of two pores with its fitting curve. The se
ond parts of the shrinkage curves are well described by
fitting curves. The diffusion coefficients calculated from ea
shrinkage curve for parts I and II are shown in Fig. 9 as
function of the initial pore radius, respectively. The diffusio
coefficients of part I are mainly concentrated around a m
value of D I52.5310210 m2 s21, whereas those of part I
are spread out over a larger range with a mean value ofD II
52.6310213 m2 s21. Although the error of the diffusion co
efficient for part II fitted to a single shrinkage curve is sma
each curve gives a different value. This produces a la
dispersion of the coefficients that is related to the fact t

f

d

4-5
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S. AGLIOZZO et al. PHYSICAL REVIEW B 69, 144204 ~2004!
the part II varies from nearly flat to descendent~Fig. 8!, i.e.,
pores do not shrink at the same time. The different shrink
of part II might be due to a heterogeneous distribution
defects around pores, and to local variations of vacan
concentration because of an irregular oxidation of the ex
nal surfaces that does not allow them to act as perfect va
cies sinks. Nevertheless, the shrinkage follows the Vo
Baluffi model when pores start to shrink in part II. The se
diffusion coefficient for aluminumDAl , estimated by Eq.
~2!, is equal to 1.3310213 m2 s21. It was calculated forT
5612 °C, which corresponds to the same homologous t
peratureT/Tm as the annealing temperature fori-Al-Pd-Mn
(Tm5860 °C). Comparing the diffusion coefficientsD I and
D II of the first and second shrinkage regime with that e
mated for aluminum, the diffusion coefficientD I is larger
than that of aluminum, whereas the diffusion coefficientD II
is similar to that of aluminum. The second regime can the
fore be attributed to a vacancy diffusion mechanism. T
first regime, characterized by a higher shrinkage rate, co
still be attributed to vacancy diffusion. Actually the presen

FIG. 8. Shrinkage curves of two individuals pores with the
ting curves in the parts I and II, respectively.
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of deformation in the sample in its as-grown state could h
allowed vacancies to annihilate easily to the sample surfa
through the deformed lattice, leading to accelera
diffusion.21,22This hypothesis is consistent with the decrea
of about an order of magnitude of the FWHM of the rockin
curve which indicates a global lattice improvement.

A second possible origin of the fast shrinkage regime is
equilibration of the vacancy concentration in the bulk of t
quasicrystal~QC!. To illustrate this point let us consider th
thermal history of the sample prior to our annealing expe
ment. The sample is first solidified at high temperature wh
it contains an equilibrium concentration of vacancies. In
course of the subsequent cooling the equilibrium concen
tion of vacancies drops as the temperature decreases. P
the vacancies have enough time during this slow cooling
reach vacancy sinks~e.g., surfaces, grain boundaries, por
etc.!. In the present annealing experiment, the heating rat
higher than the cooling rate subsequent to solidificati
When the sample reaches the annealing temperature
800 °C the vacancy concentration might therefore still
lower than the equilibrium value at this temperature. In t

FIG. 9. Plot of the estimated diffusion coefficients of part I~a!
and part II~b! as a function of the initial pore radius.
4-6
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IN SITU STUDY OF THE ANNEALING BEHAVIOR OF . . . PHYSICAL REVIEW B 69, 144204 ~2004!
case vacancies would be created at vacancy sources, w
are the same as the sinks mentioned before, i.e., pores am
others. Since the concentration gradient between the
surface and the bulk of the QC would be much stronger t
in the steady diffusion regime, so would be the shrinka
rate of the pores. Once the sample reached the equilibr
concentration of vacancies, a steady state diffusion reg
can be established according to the model of Volin and B
luffi.

A hypothesis of the diffusion model is that pores a
spheres with a constant radius of curvature. According to
hypothesis, the shrinkage rate of pores is predicted equ
each point of the spherical surface of pores. This does
correspond to the pores in Al-Pd-Mn quasicrystals that
dodecahedra, where the radius of curvature is not cons
In particular, at the flat facets the radius of curvature
nearly infinite, whereas at the edges or corners the radiu
curvature would have to be considered very small. As a c
sequence, the shrinkage rate of pores takes different valu
the facets, edges, and corners of the dodecahedron.
higher shrinkage rate at the edges and corners would m
that the pores are filled preferentially from the edges a
corners, leading to the appearance of new facets as obse
~Fig. 6!. This leads thus to an increase of the radius of c
vature at the edges and consequently to the smoothin
edges and the formation of new facets.

A change in the size and shape of some pore images
observed after the cooling of the sample at the end of the
annealing cycle@Figs. 5~c! and 5~d!#. This change was also
observed in the shrinkage curves of some pores show
kinks at the time between the end of the first annealing
the beginning of the second one~Fig. 7!. It can be also in-
terpreted in the frame of Volin and Balluffi’s model. Coolin
the sample slowly to room temperature leads to a decreas
the equilibrium vacancy concentration, but cooling it rapid
such as by quench, destroys this equilibrium. The surplu
vacancies in the bulk can, in the inverse process of the
described above, annihilate at the pore surfaces, increa
the pore size. Moreover the vacancy annihilation takes p
preferentially at the edges of pores as expected from V
and Balluffi’s model, reducing the extension of the new fa
ets that formed during the annealing at the edges of po
This would lead to an increase of the sizes of pore ima
and to the appearance of white line contrasts, due to
newly formed edges, as observed after the end of the
annealing cycle. This effect was not observed after the c
ing of the sample at the end of the second annealing cy
This can be due to the fact that the pore was too sma
distinguish small size variations. Moreover, the nearly rou
shape of the pores at this stage does not favor the reap
ance of the edges.

The shrinkage of pores can be also considered as co
tent with changes in the morphology of fivefold Al-Pd-M
quasicrystalline surfaces observed after annealing at 60
by Schmithu¨senet al.23 The studied surfaces were mecha
cally polished and cleaned by ion sputtering in ultrahi
vacuum. Schmithu¨senet al.23 reported a roughening of th
surface and the formation of micrometric sized pores alo
some scratches on the surface due to the mechanical po
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ing. A successive rearrangement of pores on the surface
observed according to the annealing length. Similar m
phology changes on cleaved fivefold surfaces of icosahe
Al-Pd-Mn quasicrystals were also observed in the same t
perature range by Ebertet al.,24 Kluge et al.,25 and Capello
et al.26 These surface morphology changes were explaine
activated by bulk diffusion of vacancies toward the sam
surfaces that produces a region depleted in vacancies a
cent to the sample and pore surfaces.

The shrinkage of pores in the bulk observed in this curr
work can confirm such a hypothesis of vacancy bulk dif
sion, since one can suppose that part of the vacancies
annihilate at the sample surfaces originate from shrink
pores. Moreover, this also explains the observed surf
changes from smooth to rough.

In contrast to what was reported in Refs. 8 and 27,
observed that all pores in the volume of the quasicrystal
creased in size during the annealing. Beeliet al.8 interpreted
the growth of the large pores at the expense of the sma
ones in terms of a classical Ostwald ripening. Such an in
pretation can also be valid for our data, provided one ta
into account the small thickness of the sample (;380 mm)
and one considers the surfaces of the sample as ‘‘infin
pores. According to diffusion data,18 the diffusion distance a
800 °C of the relatively slow diffuser54Mn in Al-Pd-Mn is
more than 300mm during 32 h annealing. This diffusion
distance is even larger for the faster diffuser Al. The surfa
of the sample are therefore well in reach for any vacan
inside the sample.

According to the above-mentioned discussion, the
served shrinkage of pores can be explained by a vaca
mediated diffusion mechanism. This result can be used
discuss the current hypotheses on the origin of poros
Since the pores were not observed at their nucleation s
but later during a further annealing, the current results do
directly shed any light on the origin of pores. Neverthele
some comments on the origin of pores can be made from
observed evolution of their size and shape. According to
hypothesis on the condensation of thermal vacancies, th
vacancies result from a supersaturation after the cooling
the ingot from higher temperatures.8 The vacancy supersatu
ration resulting from a slow solidification, which is used
grow quasicrystals, seems very small with respect to t
necessary to nucleate clusters of vacancies with a large
ume fraction, such as that observed in Al-Pd-Mn quasicry
~up to 0.7%!.28 This vacancy supersaturation can be es
mated from that of aluminum, which is the principal comp
nent of the Al-Pd-Mn system. Moreover, the diffusion at hi
temperature in Al-Pd-Mn is vacancy mediated as
aluminum15,16,18 with vacancy formation and migration en
thalpies in Al-Pd-Mn similar to those in aluminum.29 The
vacancy supersaturation in aluminum is large only for la
cooling rate (106 C/s),30 and the volume fraction of pores i
aluminum, formed by vacancy condensation, is smaller w
respect to those in Al-Pd-Mn. Moreover, the pores a
formed after the quench of the ingot and a success
annealing.31,32These porosity formation conditions in alum
num are thus different from the slow solidification conditio
used to grow Al-Pd-Mn quasicrystals. Under these con
4-7



ie
th
rs
en
ti
th
e

ur
a
no
g

io
p

es

ty
tu
a
re
nk
th
a
c

er
un
te
ss

os
m
a

cy
ti-
on
an
ili-

ose
nly
a-
m-
ried
per

ffu-
ch
ev-
ose
e
of
.
of

the

it-
m

i-
P.
he
ical

S. AGLIOZZO et al. PHYSICAL REVIEW B 69, 144204 ~2004!
tions, only a very high concentration of thermal vacanc
could allow to get large supersaturation values similar to
large porosity volume fractions in Al-Pd-Mn. To the autho
knowledge there is no estimation of the equilibrium conc
tration of thermal vacancies in Al-Pd-Mn and still less es
mation of the vacancy supersaturation as a function of
grain cooling rate. However, vacancies concentration m
surements showed a very high concentration of struct
vacancies.29 By their nature, these vacancies should not p
ticipate in the diffusion process provided that there are
structural changes. Nevertheless these changes could be
erated at high temperature by the F2-F2M phase transit
even though the chemical composition of the studied sam
does not fall into the range of compositions where th
phase transitions are observed.33

According to the hypothesis of hierarchical porosi
pores are an intrinsic feature of the quasicrystalline struc
and they should be in equilibrium with the surrounding m
trix. Moreover the size distribution of pores should obey p
cise hierarchical rules. This is opposite to the drastic shri
age of pores observed in this work and to the variation of
size distribution.28 One could thus suggest that porosity is
type of defect resulting from the solidification process, su
as from the instability of the solid-liquid interface. Howev
a systematic study of the size and density of pores as a f
tion of the different solidification processes and parame
has to be carried out in order to deeply elucidate this po
bility.

V. CONCLUSIONS

The current work was dedicated to the evolution of por
ity in the icosahedral Al-Pd-Mn quasicrystalline at high te
perature. A shrinkage of pores was observed during the
e
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nealing and it was interpreted according to a vacan
diffusion model. Two shrinkage regimes were clearly iden
fied. One regime is consistent with the predicted diffusi
coefficient, whereas a faster one could be explained by
accelerated diffusion in the deformed structure or an equ
bration of the vacancy concentration in the bulk. The purp
of the reported measure of the diffusion coefficients is o
to provide an indication of the nature of the diffusion mech
nism. Measures of the shrinkage of pores at different te
peratures and for longer annealing lengths are being car
out in order to study the kinetics of pores and to get a dee
insight in their annealing behavior.

These results indicate an influence of the vacancy di
sion on the high-temperature evolution of porosity, whi
could support the hypothesis of vacancy condensation. N
ertheless both hypotheses on the porosity formation supp
that the distribution of pores would be uniform in the volum
of quasicrystals. This is not consistent with the variation
the size distribution of pores in the volume of samples28

This variation could provide an indication of the influence
the solidification process on the porosity formation.34 In or-
der to check this hypothesis as well as to get an insight of
porosity nucleation mechanisms,in situ solidification experi-
ments are currently in progress.
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