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Comparing to what is known for crystals, such a dislocation density is a limit below
which it is difficult to detect these defects by TEM. Besides it has been determined that it

A i’ g SO R Y

(up to a long range of about a few tens of micrometers) of individual defects the appearance
of which is tightly related to the dynamical interaction of X-rays inside the grain lattice and
are thereby highly indicative of the degree of lattice perfection. Using the X-ray beam
delivered by the third generation synchrotron improves on one hand the spatial resolution of
the X-ray topographs owing to the smallness of the source of these synchrotrons and on the
other hand introduces additional useful phase contrasts generated by the high transverse

Previously we have demonstrated that this technique is suitable for quasicrystals [9]
and studied the degree of perfection of about ten icosahedral quasicrystal grains of various
alloys (Al-Pd-Mn, Al-Cu-Fe, Zn-Mg-Y). Therefore we disclosed that some of them are much
such a grain of the Al-Pd-Mn alloy. Similarly, we have performed an extensive Synchrotron
X-ray Topographic investigation of defects in this grain, combined with Phase Contrast
Radiography and High Resolution X-ray Diffraction examinations. Very few two-lobes
topographs, this time, but straight line segments and band contrasts have been identified and
attributed to events occurring after the growth process.

2. Experiments:

The most perfect grain of a polygrained Al-Pd-Mn quasicrystalline sample, having a
size of about 2x2x0.3mm3, was selected according to the narrow (less than 10 arc second)
Full Width at Half Maximum (FWHM) of the rocking Curves (RC) recorded from some of
its areas, (50x50) umz large, by synchrotron X-ray High Resolution Diffraction (HRD). This
grain was investigated further, by this technique, varying the X-ray energy in order to detect
anomalous X-ray transmission. In addition, Phase Contrast Radiographs and X-ray
Topographs were exposed simultaneously, so as to image defects and their surrounding strain
field which are accountable of both the enlargement of RCs and the disturbance of the
anomalous X-ray transmission. The thin sample (0.3 mm thick)was prepared by the AMES

ID19 station of the European Synchrotron Radiation Facility (ESRF) in Grenoble (France),

This beamline, dedicated to X-ray imaging and HRD, is characterized by a very loné R

source-to-sample distance (150 m) and a small angular source size seen from a point of the
sample (0.1 — 1 prad) which ensure a high geometrical resolution on X-ray topographs (0.1

OV oYY EEY . DY YT Y == 2 PR Y Ry AR Y

conditions.
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provides on the other hand the large transverse coherence length (= 40um for A=0.516A)
necessary for the observation of phase contrasts on the radiographs. The beam was
monochromatized by two perfect Si crystals diffracting in the (+,-) non-dispersive setting.
The spectral width was AMA = 10*. The X-ray topographs were recorded either on films

ESRF and named FReLoN (Fast Read Out Low Noise) [13]. "

******************************************************* RN

‘[Insert figure 1 about here]’ v

3. Results:

\\\

defects inside the whole volume of the selected grain, Black, grey and white regions can be *

seen_in the image. They correspond to different parts of the grain which are continuously .

misoriented as proved by the necessity to rock the grain along the Bragg peak by an amount
of 0.05 for their complete imaging. Thereby, lattice curvatures with a radius of about 2 m for
the entire grain and of about 0.5 m for a region of (50x50) pm” were evidenced. Besides,

two-lobes, linear and band contrasts, respectively marked TL, L; and B; in Figure 1, can be -

distinguished in these regions. The few {wo-lobes contrasts_present are associated to the,

pores visible in phase contrast radiographs, as previously shown [12], As for linear and band -

contrasts, they are certainly related to defects located in the volume of the grain as indicated \‘\\\
by the section topographs in Figure 2b which are true optical cuts of the sample at the level
of the arrows in figure 2a.

‘[Insert figure 2 about here]’
This is suggested, in this figure, by the line contrast Li and band contrasts Bi which are
spreading in the middle of the section topograph image instead of limiting themselves to the

section topograph than in all other ones we recorded, either from other places in the grain or
using other diffraction vectors. The only fringe sets we disclosed in section topographs were
in restricted parts of the grain volume and were probably related to fault sequences like local
condensation of phasons (Figure 3).

‘[Insert figure 3 about here]’

‘[Insert figure 4 about here]’
Otherwise, anomalous X-ray transmission was detected, measured and imaged (Figure 4), in

0.0009° were measured (Figure 5). It was also noticed that displacing the incident X-ray
beam 50 pm side-away change the FWHM value up to 100%.

‘[Insert figure 5 about here]’

‘[Insert figure 6 about here]’
We tried to determine the directions and the displacement vectors of lines Li as well as those

X-ray topographs using twelve different diffraction vectors g; (Figure 6). In both cases we
faced with the same difficulty, i.e. it was impossible to recognize lines L; and bands B; in all

http://mc.manuscriptcentral.com/pm-pml
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allowing to reconstruct the inclination of the defects in the grain volume. This was possible
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only for lines L; because they appeared grouped in a family unlike the others (Figure 1) and __ - {peleted: §
thereby were gasier to find again. It was determined that the direction of these lines was along __ - { peleted: {
the [-1/-1 0/1 0/0] two-fold axis inclined at, about 75 degrees relatively to the normal of the  _ {Deleted: by
grain surface which is along one of the other two-fold axes ([0/0 0/0 0/1]) (Figure 6). As for

the determination of the displacement vectors dL; associated to these defects (Burgers’

vectors bL in case of dislocations) the application of the invisibility criterion g;.dL; = 0 was

somewhat unsuccessful as discussed later. Again we get only some information for lines L.

As they were visible in reflections g; oriented along [-1/0 0/-1 0/0], this, means that tﬁhﬁei/,/{Deleted: hat
displacement vector dL; is not in the direction of the line IL; [-1/-1 0/1 0/0]_ which is

perpendicular, i.e. L; are not of the pure screw type. As for the determination of the exact

direction of dL;, some ambiguity is remaining because lines L; are not visible in too many

reflections (at least6:...). - {Deleted:

4. Discussion:

Unlike the previous one we investigated [4][J], this new “highly perfect” Al-Pd-Mn - { Deleted: 2
quasicrystal grain allowed us to distinguish, clearly, individual defects in X-ray topographs. - { Deleted: 3
However, a complete characterization of all of them was not possible (determination of IL;,

dL; ...) despite their low density. This density was estimated to be of about 10° - 10° m/m’® - { Deleted: 10
from the various X-ray topographs we recorded from the same region as that of figure 2a. \i{; { Deleted: 10°
Although this value is indeed lower than the density of defects in the previously studied \\\{Deleted: .
“highly perfect” Al-Pd-Mn grain [4][5] and much lower than that reported by TEM oy
observations [4], it remains close to the upper limit of the possibilities of defect ~-. -
characterization by X-ray topography [9]. Therefore, as this technique is very sensitive to | Deleted: 2
low strains [9] and allows to image defects by their strain fields extending up to a few tens of . (petetea: 3
micrometres, one can guess that when the number of defects is as large as !@: !ipll ?’, R \\\{ Deleted: of defects
some overlapping strain fields can disturb the visibility of the corresponding contrasts_and \\\\ {Deleted: 7
leads to the failure of the invisibility criterion g;.dL; = 0. Moreover, it can also be supposed i\\\\\\i\\{Deleted: 7
that the observed lattice curvatures, although they have a large radius (0.5m — 2m), will \\\\\\\{D eleted: 10°
increase this effect. Nevertheless, as long as straight defects L; and bands B; (up to more than \\\\‘ [ Deleced. 10°
100 pm) are clearly distinguished in many X-ray topographs and even if it has been -
impossible to fully characterize them, they can be tentatively compared to dislocations and {Deleted' c
phason faults observed by TEM [14][15][160(17). (peleted: ¢

L; defects are looking like the straight dislocation segments reported by Caillard et al. jf\'\{f [ Deleted: 12
as well in as-grown grains [15] as in deformed ones at high temperature [17]. They are much . {Deleted: 13
longer (= 100_pm instead of = 0.1_um) but this is certainly due to the difference of thickness \\ \{ Deleted: 14
between our sample (300um) and those investigated by these authors who used TEM. \\:\ {Deleted: 15
Despite that they did not give any indication, it can be thought that the thickness of their \\{D eleted: 13
samples was at most a few 0.1_pm which results in an equivalent ratio: defect length/ { Deleted: 15
thickness of the sample. Besides, L; defects can be considered as likewise oriented as those
observed by Caillard et al., provided we suppose that the identification of L; defects to one of

| the same axis, we made in section III, can be extended to all of them. Carrying on this - {Dpeleted: such
hypothesis is the fact that two L; defects are sometimes linked, making an angle close to that
of two two-fold directions (LiL,, LiLs, in figure 1)5 Pursuing the comparison, for instance, - '[Deleted:
o { Deleted: by

¥ As it can be estimated directly, by comparing the topograph in figure 1 to the stereographic projection along the
incident X-ray beam (figure 6), neglecting the Bragg angle and bearing in mind that L, is oriented along the [-1/-
1 0/1 0/0] two fold axis
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with the discussion of the ability of these defects to climb, a property of quasicrystal - {peleted: commenting

dislocations revealed by Caillard et al. [14], is difficult because we have been unable to - { Deleted: for example

determine their displacement vectors. - { Deleted: 12
Nevertheless, one can guess that they are the result of climbing defects (dislocations?)

generated by stress centres existing in as-grown quasicrystal grains as it has been suggested

also, by Caillard, er al. [15]. Similarly we could suppose that L; defects arise from the - {Deleted: .precisely.

climbing of polygonal loops which intersect the sample external surfaces and leave - { Deleted: 13

dislocation segments inside the quasicrystal grain. Stress centres could be pores and

precipitates as we previously evidenced and discussed [12] [18]. Indeed, during the annealing - { Deleted: 10

of quasicrystal single grains, we observed defects with Joopsshaped contrasts enlarging while - - { Deleted: 16

precipitates were growing and pores shrinking, Despite these defects had not a segmented \\:\\\{Deleted: Wei

aspect on X-ray topographs [11] [I2], it can yet be supposed that their loop-shaped contrast, |- (peletea:

which were difficult to analyse [[L8], results, from the sum of the unresolved strain fields of |, .\

concentric polygonal dislocation loops like those observed by TEM by Caillard et al. [15]. “,‘i‘\‘\\\ ‘Q\\\{ Deleted:
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can be made likewise using values of AHg, b, i, ... given in the literature for AlIPdMn
quasicrystals (see Appendices 1 and 2). Similar results are thus obtained which sustain our
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hypothesis. The vacancy supersaturation St could be high enough during solidification (the
temperature gradient is of about 10 to 30K/cm at the level of the interface) as well as the
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loops like those we observe together with Caillard ef al.. Moreover, in electron microscopy
experiments of Caillard ef al.[13] both the gradient and fluctuations of temperature inside the
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synchrotron X-ray topography

, carried out by

electron microscope furnace might be greater than in ours, which is consistent with their t‘\\j{ Deleted: 19
observations of loops of smaller size [a AT of 30-35K is sufficient to activate a Bardeen- “\‘f\\[ Deleted: 20
Herring source of a few 0.1um length (Appendices land 2)]. Our observations are also “f»\[ Deleted: 21
corroborated, insofar as the better temperature control of our furnace is compatible with the \[ Deleted: .
growth of larger loops [the activity of Bardeen-Herring sources of about a few 10 um long “f[ Deleted: A
can be triggered by a AT in the 0.1-2K range (Appendices land 2)]. Therefore, it can be “{ Deleted: 21
supposged that the L; defects are the remnants of climbing concentric polygonal dislocation {Deleted: magn
loops, like those reported from TEM studies [15]. These loops appearing as loop shaped

defects in X-ray topographs owing to the poor spatial resolution inherent to this technique, {Deleted: 13
especially when defects are too numerous [9]. Nonetheless, if L; defects were partially - { Deleted: 7
resolved it is certainly due to the improvement of the perfection of the investigated

quasicrystal grain, during the after-growth annealing [5]. This is corroborated on one hand by - { Deleted: 3
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the unusual very narrow rocking curves we recorded from this grain (section III) and on the
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other hand by the very few number of pores observed in the corresponding X-ray topographs
(Figures 1 and 2) because pores are known to be numerous in the volume of as-grown grains

Page 6 of 13
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[12] and to shrink during annealing [24]. _ - {peleted: 10
As for contrasts B; , they are certainly not associated to the double contrasts of L; - { Deleted: 22
defects because they appeared so, in all X-ray topographs where they were visible,
independently of the diffraction vector g; we used. Moreover their contrast line are much
larger (Figures 1 and 2) than those of L; defects. Therefore B; contrasts are probably linked to
a different, type of defect. They could be thought to limit some planar defects (phason walls, - { peleted: nother
stacking fault [[14]) for example, because some fringe sets were disclosed in some section X- - { peleted: 12
ray topographs (Figure 4) despite the insufficient degree of perfection of the studied
quasicrystal grain (section III).
Accordingly, it appears that this AIPdMn icosahedral quasicrystal grain, though being
the most perfect one we have ever studied up to now (section III), contains still a lot of
strains and defects. Furthermore, the synchrotron X-ray topographic investigation of this
grain seems to indicate that they are the results of stresses, either external (thermal
stresses...) or internal (pores...) acting after the growth of grains. This phenomenon is well
known in the case of the growth of both semiconductor, [25] and metallic crystals for whichit - {Deleted: crystals
was demonstrated that the dislocation density (length) was increased by climbing, thanks to - { Deleted: 23
the activity of Bardeen-Herring or Amelinckx-Bontinck sources! during cooling [22] [26]. - [ Deleted: 20
We already put forward this proposal [5] [11] and Caillard er al. have recently emphasized -~ {peleted: 2
the feasibility of such a dislocation mechanism in quasicrystals [17]. Therefore one can ~-.
wonder whether strains and defects are mainly generated in quasicrystals after growth or "« \{Deleted: 3
during the growth process itself. For metallic crystals the situation is clear: no or very few \\{Deleted: 4
strains and defects are induced in these grains by the moving growth interfaces either during {Deleted: 15
recrystallization or solidification as it was proven by “in situ” synchrotron X-ray topography
studies [19] [27] [28] [29]. No such studies have been carried out, up to now, during the - {Deleted: 17
growth of quasicrystals but_ we have started one which is in progress. The challenge is not \i{; { Deleted: 25
only to determine when strains and defects are generated in quasicrystal grains but also to \\\{Deleted: %
assess if they are gonstituent elements of the quasicrystal lattice and hencg intrinsic 1o the 7 ) oy
icosahedral structure. This could, help to better understand as well the long range propagation . —
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The main results of this extensive Synchrotron X-ray Topographic investigation,
combined with Phase Contrast Radiography and High Resolution X-ray Diffraction
examinations, of defects in a newly selected perfect grain ,are: - {Deleted: .
- very few two-lobes contrasts associated to pores and no loop-shaped contrasts [12] were "~ { Deleted: combined with Phase
observed_in this case on X-ray topographs, but straight line segments and band contrasts *. Contrast Radiography and High

together with some fringe patterns, which are not Pendellosung fringes, have been identified.
These observations confirm that real quasicrystals are far from being “highly perfect” (no

their ability to transmit anomalously X-ray was evidenced.
- line segments which have been difficult to fully characterize and were supposed oriented
along two fold axes, could be considered as the result of the climbing of polygonal
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Appendix:
Al: vacancy supersaturation Sy which could run in an AIPdMn quasicrystal during
solidification or annealing:

Siry= Cr/Ceoyr

Cr = actual concentration of vacancies in the grain at a temperature T,
C¢yr = concentration of vacancies given by the thermal equilibrium at the same
temperature T,

S(T)= exXp [— AHf(l/ Tl— 1/ Tz)/ k] T1> Tz [t’ﬁ]

AH; = vacancy formation enthalpy, k = Boltzman constant, T, T,= temperatures.

- ‘[Deleted: ,

- { Deleted: ,

- { Deleted:

but that

- {Deleted: .

 J

- {Deleted:

30

By taking the value AH; = 1.22 x 10 Joule given for AIPdMn by Sato er al. [33], T, = - {Deleted: 3I

1133K and k = 1.38 x 10, we have calculated the vacancy supersaturation Sty prevailing in
an AIPdMn quasicrystal for 5 values of the temperature gradient AT = T; — T, which could
exist, either close to the interface during solidification or in the grain during annealing:

AT 0.1 2 10 20 35

Scr) 1.0021 1.0425 1.2315 1.5167 2.1200

A2: vacancy supersaturation Sir) necessary for the activation of Bardeen-Herring
sources in an AIPdMn quasicrystal:

In order that an edge dislocation segment in a vacancy environment, pined at its two
extremities, acts as a Bardeen-Herring source of loop dislocations, the osmotic force induced
by the vacancy supersaturation Sty must exceed the dislocation line-tension force. Thus:

By taking the atomic volume v,= b’ (b = Burgers’ vector module), the coefficient o = 4, an
average value of the shear modulus p = 60 GPa according to the Tanaka ef al. measurements
supersaturation necessary to activate Bardeen-Herring sources, in an AIPdMn quasicrystal, at
a temperature close to the melting temperature, 1133 K, during its growth by solidification,
for 3 lengths L of the edge dislocation segment.

L 0.1pum lum 30pm |
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FIGURE CAPTIONS:

Figure 1: Synchrotron monochromatic X-ray topograph recorded from the whole studied
grain by rocking it through the Bragg angle by an amount of 0.05°. TL Two-Lobes contrasts,

L;, B;linear and band contrasts. k=0.516A, g= 72(0/2 0/0 0/0).

Figure 2: Synchrotron monochromatic X-ray topographs recorded from the central region of

the studied grain. 2=0.516A, g = 13(0/2 0/0 0/0), rocking angle 0.025°. a) extended beam
topograph. b) section topographs, recorded at the level of the arrows using a beam width
limited to 20um in the vertical direction, which are thereby true optical cuts of the grain.

Figure 3 Synchrotron monochromatic X-ray section topograph displaying a set of fringes F.
Rocking angle 0.09°, A=0.516A, g = 13(0/0 0/2 0/0).

Figure 4 Synchrotron monochromatic X-ray topographs recorded from a region of 600x600
um2 perpendicularly to, a) the forward diffracted beam Iy, b) the diffracted beam Ij,. Rocking
angle 0.02°, A.=1.033A, g = 12(0/2 0/0 0/0).

Figure 5 a) Rocking curve (continuous line) recorded from the region of 50x50 umz marked
by a black square in the topograph of figure b and its Gaussian fit (dotted line). b)
Synchrotron monochromatic X-ray topograph recorded from a region of 1x1 mm’. Rocking

angle 0.025°, A=0.516A, g =12(0/2 0/0 0/0).
Figure 6 Stereographic projection of the studied grain showing the directions of respectively,

the incident beam (along [0/0 0/0 0/1]), the 12 diffraction vectors g; used (red circled) and the
lines of contrasts L
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