






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































APPENDIX I - SYNCHROTRON RADIATION
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AP P E N D I X I - S Y N C H R O T R O N R AD I AT I O N



This appendix is a short introduction to synchrotron radiation. For more detailed reading on this matter and further applications, see [1]. Synchrotron radiation are electromagnetic waves radiated by accelerated relativistic charged particles (electrons or positrons) and was originally found to be an undesirable byproduct from high-energy accelerators. Such electromagnetic radiation is highly collimated and the range of accessible wavelengths depends on both the energy and the deviation geometry of the travelling particle. 3rd generation X-ray synchrotrons operate close to 6 GeV for the European Synchrotron Radiation Facility (ESRF [2]) in Grenoble, France, 7 GeV for the Advanced Photon Source (APS [3]) in Argonne, USA and 8GeV for the Super Photon ring (Spring 8 [4]) in Harima Science Garden City, Japan. At the ESRF, photons are produced within a wavelength range of λ = 10-7 - 5.10-10 m which corresponds to light emitted from the U.V. to the hard X-ray regime. This light is then collected and used to study matter on different scales from a few millimetres to the atomic level for applications in medicine, imaging, materials and earth science, physics, biology etc... The ESRF is shown in fig.A.I.1 and consists of : •



a linear accelerator (LINAC, (1) in fig.A.I.1), which accelerates electrons emitted from a gun to energies ranging of a few hundreds MeV or more.



•



a circular booster synchrotron ((2) in fig.A.I.1) which accelerates electrons close to 6 GeV (7 GeV at APS and 8 GeV at Spring 8) and reduces the size of the electron bunch. In some cases, electrons are converted to positron using a tungsten converter.



•



a storage ring ((3) in fig.A.I.1) where relativistic electrons or positrons are periodically injected and forced to circulate in ultra-high vacuum and from which is exploited the emitted radiation



•



up to 32 experimental hutches
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(3) (2) (1)



Fig.A.I.1 : European Synchrotron Radiation Facility (ESRF) [2] Relativistic particles such as electrons or positrons are considered to have an energy E = γmc2 where γ >> 1, m is the rest mass and c = 3.108 m.s-1, the speed of light. The main interest in using such high energy particles is that they radiate only along a sharp cone centred along the velocity direction with an opening angle ψ ≈ 1 / γ as opposed to isotropic radiation in the non-relativistic case. This accounts for highly collimated emitted radiation (fig.A.I.2). e-, p+ m, v a



Ψ ≈ 1/γ



Synchrotron radiation Fig.A.I.2 - principle of emission of synchrotron radiation (light) from a particle accelerated normal to its trajectory The storage ring is in reality a polygon consisting of straight sections joined by strong bending magnets used to circulate the electron or positron beam as described in fig.A.I.3. The magnetic field B imposed on the trajectory of the charged particle of speed V gives rise to a Lorenz force F = eV∧ ∧B directed towards the centre of the ring. In the case of relativistic electrons or positrons, the radius of gyration is ρ (m) = 3.32E (GeV) / B (T).



Appendix I – Synchrotron radiation 179 ___________________________________________________________________________ It can be seen from this that the higher the gyration radius ρ, for a given particle energy E, the lower is the magnetic field B required. Also, it can be shown that the critical wavelength minimum of synchrotron radiation is λc = 4πρ / 3γ3 which is 0,5 Å at 6 GeV, for



ρ ≈ 20 m and B = 0.8 T. Also of importance are the radio-frequency cavity systems placed along the straight sections, which allow to compensate for the energy loss of the particles. The number of elements already mentioned along with other insertion devices explains why synchrotron rings need to be relatively large (844 m in circumference for the ESRF).



Fig.A.I.3 – schematic description of the different elements placed along the storage ring [2] From the foregoing, it is now clear that synchrotron radiation occurs in the bending magnets sections as shown in fig.A.I.4 due to changes in direction.



B V F



Fig.A.I.4 – emission of X-rays in bending magnet section [2]



Appendix I – Synchrotron radiation 180 ___________________________________________________________________________ In addition to the bending magnets two other devices can be found, namely wigglers and undulators (fig.A.I.5), which consist of a series of individual magnets oriented in such a way so as to induce a lateral sinusoidal trajectory of the electrons or positrons. The difference between the two devices lies in the fact that the opening angle α / 2 > 1 / γ in the first case and α / 2 < 1 / γ in the second (fig.A.I.6).



g



Fig.A.I.5 – emission of X-rays from wigglers and undulators; g = gap width of device [2] Consequently to the continuous change in directions undergone by the particles, the synchrotron radiation emitted by wigglers is the sum of the radiation emitted by each individual magnet. Their optical properties are therefore determined essentially by the length of the device (number of magnetic dipoles n) and the transverse width g of the gap between opposite poles of the magnets (magnetic dipole intensity). In the case of an undulator, the sinusoidal angular deviation is less than the synchrotron opening angle α which gives rise to interference effect. Therefore, as opposed to a wiggler which gives rise to a broad continuum wavelength range, an undulator will show a quasi monochromatic narrow bandwidth radiation at well defined energies. Also, the amplitude of the radiated wave increases with n2 when it only increases with n in the case of a wiggler (fig.A.I.7). Another important feature is that the energy and corresponding wavelength of the radiation can be tuned by changing the width of the gap between opposite poles of the magnets (i.e. by increasing B). It should also be noted that electrons are fed in the storage ring by bunches within determined time intervals. For this reason, the intensity of the radiated light is not continuous but rather consists of a series of pulses of duration τ = 10 – 1000 ns. In addition, due to the relativistic nature of the electrons, the radiation is highly polarized in the direction parallel to the plane of the orbit.
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Fig.A.I.6 – differences between emission from a bending magnet, a wiggler and an undulator as seen normal to plane of displacement Finally, the main parameters generally used to describe the radiated light are the following : o



beam flux F (photons.s-1.mrad-1.(∆λ/λ)-1 = 10-3) : number of photons per second in a



spectral bandwidth ∆λ/λ = 10-3 falling into a 1 mrad orbital fan : F = 2,457.1013.I(A).E(GeV).G1(λc/λ) where E and I are respectively the relativistic particle energy and current and G1 is a known dimensionless function of λc/λ [65].
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brightness Br (photons.s-1.mrad-2.(∆λ/λ)-1 = 10-3 ) : photon flux impinging a sample



per unit solid angle : Br = 1,237.1013. I(A).E2(GeV).H2(λc/λ) where H2 is a known dimensionless function of λc/λ [65]. o



brilliance Bl (photons.s-1.mrad-2.(∆λ/λ)-1 = 10-3.cm-2) : brightness relative to the



transverse size of the emitting particle bunch : Bl = Br / ΣxΣz where Σx and Σz are the transverse width of the electron bunch respectively in the horizontal and vertical direction.



Fig.A.I.7 – typical profile of synchrotron radiation emitted by different insertion devices [2] Such sources as the ESRF therefore provide more than 12 order of magnitude higher brilliance than conventional laboratory X-ray rotating anode sources as shown in fig.A.I.8, and therefore require considerably smaller exposure times, which is a prerequisite to real-time studies as in the case of our experiments.
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Fig.A.I.8 – developments of average X-ray source brilliance [2]
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AP P E N D I X I I – C O L L I M AT I N G AN D F O C U S I N G D E V I C E S



This appendix is a short introduction to X-ray optics applications. For more detailed reading on this matter and further applications, see [1]. Lenses which are generally used to focus electromagnetic light in the visible range are designed according to their refractive properties (ability to deviate a ray of light) defined by a index r generally expressed as : r = n – iβ = 1 – δ – iβ where δ (and therefore n) is related to the phase velocity of the travelling wave in the medium and β to its absorption coefficient. It is important to note that both parameters are dependant on both the nature of the medium composing the lens and on the wavelength of the radiation. In the case of transparent materials where β is negligible, r only depends on δ. For most materials, δ ≈ 10-5 in the case of X-rays and r < 1 which must be compared to r = 1,5-1,9 in the case of glass at a wavelength of 589,3 nm in the visible range (yellow sodium light). This explains the remark made by C.W. Röntgen himself following his discovery of X-rays that such radiation was only weakly refracted by materials. Due to the impossibility to use lenses in order to focus the X-ray beam, the development of appropriate optics is therefore based on total reflection, refraction or diffraction and aims at reducing beam size or divergence. Due to non-ideal optics, this is usually associated with a loss in intensity. Microbeams of different geometries can be generated by a variety of optical systems. Those that are used at the ESRF microfocus beamline will be discussed in more detail [2]. Collimators of 5, 10 and 30 µm exit aperture are generally used for single crystal diffraction including protein crystallography or SAXS where low divergence is needed [2]. They are generally made of Platinum/Rhodium alloys and simply cut the beam. Several apertures in combination with a condensing mirror are usually required in order to optimise flux and reduce background scattering.
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___________________________________________________________________________ Glass capillaries (fig.A.II.1-b) allow to obtain beams down to 2 µm full width at base (FWB) [4-5]. The photons are reflected on the curved glass walls and spiral down the tapered capillaries (fig.A.II.1-a). At every bounce, the divergence increases and if a critical angle of typically 2.3 mrad at λ = 0.095 nm is reached, the photon escapes the glass wall which gives rise to background in data collection and corresponding decrease in beam intensity. The reduction of this background requires an additional aperture.
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Fig.A.II.1 : a – Simulation of the path of an X-ray photon in a glass capillary by raytracing and b – sample environment at the exit of a tapered capillary [2]



Fresnel lenses (zone-plates) [6] are devices which consists of alternating opaque and transparent circular zones distributed in such a way as to produce constructive interference from the waves transmitted through opaque regions. As a result, the intensity at the focal point, which is wavelength dependant, will be considerably increased in a similar way, as a lens would do. As can be seen in fig.A.II.2, the arrangement and size of the alternating opaque and transparent regions is chosen so as to decrease with increasing radius. The focusing properties of the lens are determined by the width rn of the outermost zone, which is limited due to technical feasibility. The theoretical spatial resolution (focal spot size) ∆ for a zoneplate of n circular regions is expressed by the Rayleigh criterion as : ∆ = 1.22



rn m
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___________________________________________________________________________ where m is the diffraction order considered. As can be seen from this, the spatial resolution increases with increasing diffraction order. The efficiency e of such devices is however limited to e ≈ 10 % at first order for amplitude zone plates in which case the focussing originates mainly from absorption relative contrast of two neighbouring zones. On the other hand, phase zone plates where the radiation of two neighbouring zones interfere due to relative phase change can be as efficient as e ≈ 40 % [8]. Typical beam sizes obtained with such devices are in the sub-micron range in the hard X-ray regime and in the order of 50nm or below for softer X-rays.



Fig.A.II.2 : Electron micrograph of a Fresnel lens [7]



Waveguide optics are of great interest as they combine very small beam size (down to 100 nm and smaller) [9-10] and very strong coherence in the hard X-ray domain [11]. They consist of alternate layers of materials with different refractive indexes coated on a substrate (fig.A.II.3). A part of the beam is trapped inside the carbon layer due to internal reflection and give rise to resonance effects which induce standing wave phenomenon [8,12-14]. The exit angle αe increases with increasing mode and is about 1 mrad for the first mode. The efficiency of this device is however limited by the acceptance (pickup section, 130 µm in fig.A.II.3) and depends on the incident beam angle. Additional absorption of X-rays within the waveguide will also reduce the final intensity (about 10% of the incident flux) and so its use remains restricted to specific applications.
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Fig.A.II.3 : a – Schematic design of an X-ray wave-guide structure based on sputtered chromium and carbon layers; b – calculated intensity gain (relative to a slit producing similar beam size) as a function of incident angle for the first six modes [2]
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AP P E N D I X I I I : X - R AY C AL I B R AT I O N



Once corrected from instrumental distortions, diffractions patterns must be calibrated for accurate analysis. Two calibrants were used for our purposes, namely Al2O3 or AgBehenate [1] powder standards. This powder is generally put either directly on the sample or on sample holder and exposed to X-ray with similar experimental parameters as for the sample (same detector distance etc..). Additional patterns may be taken at different detector positions in order to gain precision. Those well-known samples allow corrections for detector tilt, sample-detector distance and beam centre. Such operations were done using the FIT2D software package [2] available at the ESRF. The following sections describe the detailed procedure chosen by the author to do so.



A.III.1. CALIBRATING DATA USING AL 2 O 3



This is a standard operation in FIT2D. The diffraction pattern is first loaded in the powder diffraction sub-menu (fig.A.III.1-a) and may be corrected for background by simple subtraction of a corresponding diffraction pattern (using the MATHS sub-menu of IMAGE PROCESSING). Initial parameters on location and spatial extent are user-selected for a specific ring through the graphical interface (GUI). Other rings are then selected for inclusion in the refinement procedure (fig.A.III.1-b). It is generally found that the best fit is obtained when taking into account only well separated rings. A number of parameters are then input by the user including pixel size and limit of data rejection (fig.A.III.2-a). One can then choose to refine beam centre and (or) sampledetector distance and (or) detector tilt. Fitting is done by least square refinement method using the know Bragg diffraction peak positions for this calibrant which are compared to observed ones. In the case of detector tilt and beam centre, refinement is done by taking into account simple geometrical considerations. Various tests show that it is preferable to refine each parameter individually starting with beam centre. Several cycles can be needed in order to get
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___________________________________________________________________________ sufficient convergence. The result of the fit is displayed graphically (fig.A.III.2-b) and stored in memory for further data treatment.



Fig.A.III.1 : a – view of the Al203 powder diffraction pattern loaded in FIT2D software ; b – user is prompted to define the rings and search limits



Fig.A.III.2 : a – GUI of input parameter and b – result of a typical fit
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A.III.2. CALIBRATING DATA USING Ag-BEHANATE



This calibrant is widely used for calibration of SAXS experiments as it has been found to exhibit rather large lattice parameters (d001 = 58.37 Å [1]) but is also sufficiently accurate for WAXS data. However this is not yet a standard calibrant in the FIT2D software and the calibrating procedure is therefore not as straightforward as the previous. A diffraction pattern is loaded in FIT2D and the beam centre and tilt angles are determined sequentially using the keyboard interface. The user is then redirected to the GUI and has to go through the same procedure as above. Returning to the keyboard interface allows refining detector tilt. The result of those two operations is shown in fig.A.III.3 below. This procedure may be repeated a number of times in order to get stable results



Fig.A.III.3 : GUI result of beam centre and detector tilt fitting using keyboard interface A 1-D radial profile is then obtained by cake integration over 360o as shown in fig.A.III.4-a (azimuthal bins are collapsed into one which gives a corresponding radial profile).
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___________________________________________________________________________ This requires the user to input pixel size, wavelength, previously refined beam centre coordinates and detector tilt (fig.A.III.4-b). Other options include the choice of the cake where RADIAL has to be chosen. In such a case, the output is a 1-D profile where the x-axis indicates the peak position relative to the centre of the image either in millimetres or in pixels (fig.A.III.5).



Fig.A.III.4 : a – GUI cake definition, b – user input parameter and c – additional cake parameters



Fig.A.III.5 : 1-D radial profile of resulting cake integration
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___________________________________________________________________________ The peaks are then individually fitted assuming gaussian shape and linear of 2nd order polynomial for background by using the MFIT sub-menu and position is recorded (fig.A.III.6). In some cases, it might be useful to use a gaussian background in order to improve the fit.



pos. 1



pos. 3 ….



pos. 2



Fig.A.III.6 : peak fitting scheme of the radial 1-D profile From the peak positions, one can calculate the equivalent sample-detector distance (D) following geometrical considerations (fig.A.III.7). From Bragg's law : 2dhkl*sinθ = λ



(eq.Α.2.1)



θ = arcsin(λ/2dhkl)



(eq.Α.2.2)



D = x/tan2θ



(eq.Α.2.3)



it follows that : Knowing that



one can replace θ by equation (A.2.2) and obtain D = x/tan(2arcsin[λ/2dhkl])



(eq.Α.2.4)
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Fig.A.III.7 : geometrical considerations of a scattering experiment : A specific powder ring corresponds to a specific 2Θ-angle (Bragg angle). The centre of the detector is at a distance x from this ring. The distance of the sample to the centre of the detector is D. The calibration procedure(see above) allows to determine D from a set of well known 2Θ-values and the known x-distances.



λ is known from experimental conditions, d001 from literature [1] and x from previous peak fitting which therefore allows to compute the sample-detector distance using equation A.2.4. One has also to check whether the innermost peak is really the 001 or the 002 but this can be easily found out by calculating a distance and comparing it to the roughly known distance. This can be demonstrate by considering the following : dhkl can in our case be written as d00n = d001/n whereby eq.A.2.4 can then be written : D = xn/ tan(2arcsin[nλ/2d001])



(eq.Α.2.5)
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___________________________________________________________________________ When calculation is made for a different wrong order n = n + m, eq.A.2.5 becomes : D = xn/ tan(2arcsin[(n+m)λ/2d001]) (eq.Α.2.6) However, it is important to note that in eq.A.2.6, xn, is the correct observed peak position. By replacing xn by its correct value the previous equation can therefore be written : D = k.tan(2arcsin[nλ/2d001])/ tan(2arcsin[(n+m)λ/2d001])



(eq.Α.2.7)



This equation can be shown to converge for n = m, deacrease for n < m and increase for n > m. The following table shows an example of such computation where it can clearly be seen that the wrong assumptions for the first peak give rise to varying results. The final sample-detector distance is generally taken as the mean of this computed for the correct orders (in red).



calculated sample/detector distance using fited peak position peak 1



peak 1



peak 2



peak 3



peak 4



d001



248,6702413



186,475465



165,8564037



155,4545901



d002



124,2960428



124,2518208



124,3009496



124,2461039



d003



82,82059866



93,1204281



99,34675259



103,4186047



d004



62,06983166



74,42591678



82,69315666



88,52306199



Table.A.III.1 : example of computed data showing that the 1st peak is in fact 002
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APPENDIX IV : REPORTED PHASE TRANSITIONS IN VECTRA



Two crystal modifications were found to coexist at room temperature for polyhydroxybenzoic homopolymer (p-HBA) samples with different molecular weights [1]. Both are orthorhombic and will be termed O and OII in this text. Reported peak positions are given in table A.4.1. Upon heating, the O modification transforms into a pseudo-hexagonal phase where a = 3½ b (PH, table A.4.1) which only partially reverts upon cooling (O and PH coexist at room temperature after annealing). When the OII modification is heated, a transitional state exists where OII is partially transformed in O before transition to phase PH. In this case, the PH totally reverts to a mixture of O and OII phase at room temperature. All transitions are generally attributed to variations in the torsion angle (and thus preferred orientation of the aromatic groups) along the molecular chain and thermal expansion. Other authors [2] have reported similar conclusions. Analysis of the temperature phase evolution of Vectra-type samples (p-HBA/HNA, see section I.2.3.2) was achieved referring to the crystal structure of p-HBA [1-8]. A pseudohexagonal phase similar to PH described above was generally proposed at low temperatures (as-extruded fibres) which partially transforms to an orthorhombic phase similar to O upon annealing. The criterion used for indexing this phase as pseudo-hexagonal rather than orthorhombic is that there is no discernible splitting of the 110 and 200 peaks which are close and overlapping [7]. Some authors [5,7] also suggest the coexistence of a small amount of another orthorhombic modification similar to OII after annealing. This behavior is generally explained as an evolution of the frozen conformational disorder in as-extruded fibres, which pack in a pseudo-hexagonal lattice (PH), into energetically more stable conformations where the aromatic planes are better correlated [5,6,9]. Hence, molecular chains with an ordered conformation adopt a twofold symmetry in which the HNA units are built in as imperfections in an orthorhombic packing [9]. A comparison between peak values and indexations of the different authors is given in table A.IV.1. PH, O, OII are respectively referred to as III, I, II in [1,6] and to PH, O', II in [2].
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Table A.IV.1 : reported d-values in Å of observed peaks and corresponding hkl indices (top and bottom in each row)



Appendix IV – reported phase transitions in Vectra



201



___________________________________________________________________________



REFERENCES



[1]



Lieser, G., J. Polym. Sci., 21, 1611, 1983



[2]



Hanna, S., and Windle, A.H., Polymer, 29, 236, 1988



[3]



Gutierrez, J.B., Chivers, R.A., Blackwell, J. and Stamatoff, J.B., Yoon, H., Polymer, 24, 937, 1983



[4]



Stamatoff, J.B., Mol. Cryst. Liq. Cryst., 75, 110, 1984



[5]



Kaito, A., Kyotani, M., Nakayama, K., Macromolecules, 23, 1035, 1990



[6]



Sun, Z., Cheng, H.M., and Blackwell, J., Macromolecules, 24, 4162, 1991



[7]



Wilson, D. J., Vonk, C. G. and Windle, A.H., Polymer, 34, 225, 1993



[8]



Flores, A., Ania, F. and Balta-Calleja, F.J. and Ward, I.M., Polymer, 34, 2915, 1993



[9]



Langelaan, H.C., Posthuma de Boer, A., Polymer, 37, 5667, 1996



Combined studies of microdeformation by indentation and X-ray microdiffraction applied to polymers Abstract : The control of material's properties is of fundamental importance in the design of high performance materials and the development of more efficient industrial processes. This has revealed the necessity of a deeper understanding of the correlations between macroscopic properties and microstructure and therefore occupies a central role in today's materials science. Deformation occurs at all steps of processing, throughout the lifetime of the material and in its final destruction or recycling. In this respect, much effort has been put in understanding the underlying physical mechanisms of deformation in materials submitted to external stresses and their dependence upon microstructure. In the case of polymers, a number of studies have been reported on tensile stretching or bending properties of fibres, by which the whole sample is strained. In general however, little is known concerning the behaviour of materials during local deformation, i.e. about the evolution of the microstructure in the vicinity of a highly localized stress. Microindentation is in this respect a well-established microhardness technique to assess the ability of a material to deform when submitted to highly localized stresses induced by a microscopic square-based diamond tip (Vickers test). The results presented in this thesis demonstrate, for the first time, the feasibility of combined studies of microindentation and both wide and small angle X-ray scattering (SAXS/WAXS) techniques in-situ (real-time). In this way, valuable structural information can be gained throughout the deformation process from the atomic to mesoscopic scale. For this purpose, a dedicated microindentation device was developed on the microfocus beamline of the ESRF (ID13). The first experiments were focused on polymer fibres eventhough the method can also be applied to other materials such as biopolymers or metals. The WAXS experiments showed that at least a part of the crystallites within the volume probed in the X-ray beam tend to orient in the stress field induced by the indenter giving rise to strong textures. Another important consequence of indentation was found in the form of phase transformations occurring in two high-performance fibres. Keywords : Synchrotron radiation Microdiffraction
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Résumé : Le contrôle des propriétés d'un matériau est d'une importance fondamentale dans la conception de produits de haute technicité et dans le développement de procédés industriels plus performants. Cela a révélé la nécessité d'une meilleure compréhension des corrélations entre propriétés macroscopiques et microstructure et constitue donc un thème central dans la recherche actuelle en physico-chimie des matériaux. Par ailleurs, chaque étape de la vie d'un matériau est inévitablement liée à des déformations, depuis la fabrication jusqu'à la destruction finale ou recyclage, en passant par son utilisation courante. Beaucoup d'efforts ont donc été déployés afin d'acquérir une meilleure compréhension des mécanismes de déformation dans le cas de matériaux soumis à des contraintes extérieures et de leur dépendance sur la microstructure. Dans le cas de polymères, nombre d'études structurales portant sur les propriétés de traction ou de flexion de fibres ont été réalisées au cours desquelles l'ensemble de l'échantillon est déformé. A contrario, le comportement des matériaux soumis à un effort local, c'est-à-dire l'évolution de la microstructure autour de contraintes très localisées demeure assez mal connu. Les techniques de microindentation sont pourtant très souvent utilisées lors des tests de microdureté et permettent d'évaluer les capacités d'un matériau à résister à la déformation induite par une micro-pointe de diamant pyramidale à base carrée (test Vickers). Les résultats présentés dans cette thèse ont donc permis de démontrer, pour la première fois, la possibilité de réaliser des études combinées de microindentation et de diffusion aux petits angles / diffraction (SAXS/WAXS) en temps réel (in-situ). D'importantes informations structurales peuvent ainsi être obtenues au cours de la déformation sur une échelle atomique à mésoscopique. Un appareil spécifique de microindentation a été développé dans ce but sur la ligne de "microfocus" de l'ESRF (ID13). Les premières expériences ont été réalisées sur des fibres de polymères synthétiques mais la méthode pourrait s'appliquer sur d'autres types de matériaux tels que les polymères naturels ou les métaux. Les expériences de diffraction (WAXS) ont ainsi permis de montrer qu'au moins une partie des domaines cristallins se trouvant dans le volume traversé par le faisceau de rayons X ont tendance à s'orienter dans le champ de contraintes induit par l'indenteur, donnant lieu à des textures très prononcées. Un autre effet important de l'indentation à été trouvé sous la forme de transitions de phases dans le cas de certaines fibres dites à hautes performances. Mots clés : Rayonnement synchrotron Études en temps réel Diffusion / Diffraction des rayons X
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