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___________________________________________________________________________



CHAP IV – RESULTS AND DISCUSSION



Deux effets importants ont été observés sur les clichés de diffraction et corrélés avec le processus d'indentation dans le cas des fibres de polymères utilisées : d'une part une orientation des cristallites autour de la pointe de l'indenteur, et d'autre part une transition de phase dans certains échantillons. Les études réalisées in-situ sur un polyéthylène à très haut poids moléculaire (UHMW-PE) montrent en effet que les réflexions observées dans les premiers instants de la déformation on tendance à dévier, puis se dédoubler en deux domaines à peu près symétriques dans la direction azimutale. Les profils (azimutaux) réalisés par intégration radiale démontrent néanmoins une relaxation quasi-totale lors de la rétraction de l'indenteur. Cela est valable dans des parties de la fibre suffisamment éloignées de la pointe (8 µm) et à faible force d'indentation (5 mN). En effet, les études ex-situ indiquent que cette orientation est partiellement irréversible dans la zone proche de l'indentation. Des phénomènes similaires sont observés pour les autres échantillons, avec une différence notable entre les fibres dites à hautes performances, telles que le UHMW-PE ou le Vectra (copolyester liquide cristallin) et d'autres polymères tels que le polypropylène (PP) ou le polyamide 6,6 (PA66). Cela s'explique par la différente nature des zones amorphes qui absorbent une partie de la déformation dans la seconde catégorie, réduisant d'autant l'extension spatiale de la déformation. Par ailleurs, l'indentation induit une orientation préférentielle (texture) mise en évidence par les changements observés sur les clichés de diffraction pris à différents angles de rotation autour de l'axe de la fibre. Enfin, les transitions de phases sont déduites de l'apparition de nouvelles réflexions dans les cas de UHMW-PE et Vectra. Leur proportions semblent dépendre directement de la force d'indentation et une forte texture est observée.
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___________________________________________________________________________ In this chapter, a selected number of results obtained in our studies are described and compared in sub-sequent sections. Particular emphasis is put on the observed effects of elastic and plastic deformation with respect to crystalline orientation and phase transitions in polymer single fibres. For all details concerning experimental conditions and description, the reader is referred to the corresponding sections in chapter III. A brief description of typical WAXS patterns of the most important samples will first be given and will be referred to in the following sections. In-situ experiments where the deformation is probed in real time will then be shown to allow the observation of variations in the orientation of crystalline domains which disappear immediately upon relaxation when the stress is removed. Those are therefore thought to be specific to elastic deformation (in contrast to slower viscoelastic phenomena) and to our knowledge have never been observed before in the case of microindentation using X-ray techniques. Analysis a posteriori (after the stress is removed in ex-situ experiments) of plastically deformed samples also reveal that the crystalline parts retain some degree of orientation which is imparted to the stress field of the indenter as will be shown in section three. Phase transitions are also observed and will be described in section four. All those results will then be discussed in the final part of this chapter after presentation of miscellaneous results.



IV.1.



PRELIMINARY RESULTS



Prior to analysis of the results from the different experiments, typical WAXS patterns of undeformed samples are first described in this section along with selected features of interest. In this text, UPE 1, PP 1, PA 1, and VEC 1 respectively refer to ex-situ experiments using ultra-high molecular weight polyethylene (UHMW-PE), polypropylene (PP), polyamide 6,6 (PA66) and Vectra described in section III.2. The fibres differ in diameter (12, 28, 19 and 23 µm respectively) and the beam is 5 µm in diameter except for VEC 1 (2 µm). In these experiments, the samples are indented and scanned with the beam in a direction normal to indentation (see also fig.III.6, p.91) within a short time interval. An additional scan in parallel direction is done in VEC 1.
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___________________________________________________________________________ Fig.IV.1 shows a typical raw WAXS pattern and corresponding features of interest recorded during experiment UPE 1. In the case of online ex-situ and in-situ experiments (described in section III.1), which require the use of the indentation setup, a number of relevant features will systematically be observed in addition to the usual beamstop and scattering by the air. Those are the shadows due to total absorption by the objective above the sample and by the brass pin of the diamond sample support (also described in fig.II.15-16 p.78). Although essentially transparent to X-rays at the given wavelength, the sample support will nonetheless absorb sufficiently to induce a small contrast variation on the pattern (fig.IV.1-b). shadow of objective
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(a)



Scattering by air beamstop shadow of diamond



meridian



shadow of brass pin



(110)0 (200)o



Fig.IV.1 : a – raw WAXS pattern of UHMW-PE from online ex-situ experiment UPE 1 and b – corresponding experimental features This pattern subtracted from background is shown in fig.IV.2 and constitute the basis for all following analysis on UHMW-PE. Accurate background subtraction removes the experimental artefacts described above. The strongest reflections correspond to the orthorhombic PE phase although a weaker fraction of monoclinic phase is shown to be present [1-3] as observed in previous single fibre microdiffraction experiments [4]. The main equatorial reflections are indexed as the 110o, 200o and 001m where indexes o and m refer respectively to orthorhombic and monoclinic phases.
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___________________________________________________________________________
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Fig.IV.2 : a – background subtracted UHMW-PE WAXS pattern and b – assigned peaks Similarly a WAXS pattern of isotactic polypropylene (i-PP) recorded during experiment PP 1 and subtracted from background is shown in fig.IV.3. The main equatorial peak indexes are based on the monoclinic α-modification [5-6].



110 040 130
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Fig.IV.3 : Lower part of an iPP WAXS pattern (ex-situ PP 1), after background and air scattering corrections ; indices of the three most intense equatorial peaks are shown [5] A typical PA66 raw WAXS pattern recorded in experiment PA 1 is shown in fig.IV.4-a. The background due to air scattering is more important due to the necessity to use longer exposure times in this case. This reveals yet another feature not discussed in the above which is the partial shadowing of the indenter which is sitting on the side during online exsitu experiments as seen in fig.II.16 (p.78).



Chapter IV – Results and discussion



107



___________________________________________________________________________ The corner of the indenter is shown schematically in fig.IV.4-b and the corresponding pattern corrected from background in fig.IV.4-c. Indexes given in fig.IV.4-c are based on the triclinic α-phase [7].
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Fig.IV.4 : a – raw WAXS pattern of PA 6,6 from online ex-situ experiment PA 1, and c – corresponding pattern corrected from b – background; note the partial shadowing from the indenter barely seen in fig.IV.1 Fig.IV.5 shows a Vectra WAXS pattern corrected from background recorded during experiment VEC 2 with a number of equatorial reflections. equator



meridian



Fig.IV.5 : Vectra WAXS pattern corrected from background from ex-situ experiment VEC 1 showing several equatorial reflections.
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___________________________________________________________________________ Due to the liquid crystalline nature of the material (see section I.2) the pattern reveals a high degree of axial orientation and the presence of strong diffuse scattering indicates disordered packing in transverse directions [8]. However the observation of sharp Bragg peaks reveals some 3D ordering. The maxima along the meridian were found to be aperiodic and were modelled by a random copolymer sequence [9-11]. Solution NMR methods could not be applied because of the insolubility of the copolymer, but solid state C13 NMR confirmed such a random distribution with certain very low tendency to form block copolymer [12]. A detailed model of the microstructure was derived from electron microscopy studies and is presented in section I.2 [13].



IV.2.



PROBING ELASTIC DEFORMATION



This section provides detailed results of in-situ experiments in which the WAXS patterns were recorded in real time, i.e. during indentation, as described in section III.1.2. In this way, structural changes during deformation (in-situ) can be monitored and viscoelastic relaxation phenomena can be neglected. In the following, UPE 2 and PP 2 respectively refer to in-situ experiments using UHMW-PE and PP samples (section III.2). In this case, the beam is always 5 µm in diameter, and is at a fixed position (8 µm to the top of the fibre before deformation ; see also fig.III.7 p.92).



IV.2.1.



ULTRA-HIGH MOLECULAR WEIGHT POLYETHYLENE



The result of UPE 2 experiment is shown in fig.IV.6 as a plot of the 110o reflection as a function of time (centre). The correspondence with the load parameters during the experiment is shown on the left and selected azimuthal profiles are shown on the right respectively from top to bottom : before, during and after completion of the loading cycle.
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___________________________________________________________________________ It can be seen that the 110o peak broadens and splits in two separate domains upon loading (1 mN.s-1) and returns close to its original shape when the stress is released upon the



Load (mN) 5



0



110o 2.0 4.1



Intensity (a.u.)



fibre [14]. This provides strong evidence for elastic recovery at the observation point.
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time (s)



26.5 28.6 30.6 32.7



azimuthal angle (0) Fig.IV.6 : in-situ experiment (UPE 2) showing evolution of 110o peak as a function of time during indentation process [14] The azimuthal profiles were fitted using Gaussian functions and a first order background polynomial. The corresponding results are shown in fig.IV.7. It can be seen that the position of the peak after removal of the applied load is very close to original, which shows that the overall fibre orientation is conserved. The variation of the azimuthal peak position allows to define more precisely the zone where the 110o peak splits into 2 separate domains (dashed lines at frame 4 in fig.IV.7-a). The main peak is seen to first shift to this position before splitting at equal distances.
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___________________________________________________________________________ It is important to note for further discussions that the splitting is not symmetrical about the initial peak position. Furthermore, the sudden increase of the fwhm at this point (dashed line at frame 4 in fig.IV.7-b) could indicate that this single peak results from the overlapping of two separate domains. Conclusions on this matter would require further studies about this transition from single to double domain. azimuthal FWHM (o)
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Fig.IV.7 : variation of a – azimuthal position, b – width and c – intensity of the 110o during indentation process of in-situ exp. UPE 2 ; triangles represent individual domains and solid circles average fwhm of domains in b – and sum of intensities in c – [14] The two-domain zone extends for nearly 15 s, which corresponds to the full time of load application upon the fibre (10 s hold time at maximum load plus 5 s to reach it). This implies that the splitting occurs quasi-instantaneously upon applied stress. The overall increase in azimuthal full width at half maximum (fwhm) during the indentation process (fig.IV.7-b) is however an indication for some remnant plastic deformation. Nevertheless, the increase can be estimated to 1.5o which is smaller than the extent of the splitting during deformation estimated to ~ 9o (total fwhm at maximum domain splitting). This is to be correlated to the observed increase in integrated intensity after retraction of the indenter tip. Due to the high angle between opposite faces of square-based diamond pyramid of the Vickers indenter tip (136o), the indentation process results in a lateral expansion which implies an increase in scattering volume, and therefore of scattered intensity as observed in frame (c) (see also images of indentations in chap. III.2). The decrease in intensity in the twodomain zone (fig.IV.7-c) could be explained by the presence of the indenter in the beam, which partially absorbs radiation [14].
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___________________________________________________________________________ As already stated, it should however be emphasized that the latter two competing effects are weak as compared to the splitting of the 1100 peak and thus the deformation is essentially elastic.



IV.2.2.



POLYPROPYLENE



The result of PP 2 experiment is shown in fig.IV.8 much in the same way as the previous. The 110 reflection is plotted as a function of time and indentation parameters (right). Selected azimuthal profiles are shown on the left respectively from top to bottom : before, during and after completion of the loading cycle [5]. 110
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Fig.IV.8 : Evolution of 110 peak during indentation process of in-situ exp. PP 2 and selected azimuthal profiles before, during and after (top to bottom) deformation [5]
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___________________________________________________________________________ The azimuthal profiles were fitted as described above with an additional Gaussian function to account for the amorphous halo [5]. Prior to and following indentation, one Gaussian is sufficient for peak fitting whereas the broadening of the peak in the indented zone is better described using a second Gaussian. As in the case of UPE 2, the 110 reflection broadens upon applied load and returns close to its original shape when the stress is removed which provides strong evidence for elastic relaxation eventhough a small amount of plastic deformation is observed [5]. In this case however, one additional peak is sufficient to account for deformation and its extent (~ 4o) is considerably less than observed in the case of UPE 2 (~ 9o). Fig.IV.9 shows a similar display of the evolution of the 110 i-PP peak at different positions along the fibre axis with respect to the centre of indentation (0 µm) as described in fig.III.15 (p.97) -7
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Fig.IV.9 : Evolution of 110 peak during indentation process of in-situ exp. PP 2 at different positions along the fibre axis (0 indicates indentation centre) [15] The maximum broadening clearly occurs in the immediate vicinity of the indentation and the effect of this 30 mN indentation observed at 8 µm from the top of the fibre (i.e. across
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___________________________________________________________________________ the fibre as seen also in fig.III.15 p.97) fades away 9.5 µm or less (observed at 7 µm + 2.5 µm from beam convolution) from the centre of indentation along the fibre axis. This experiment shows that elaborate mapping of the indented zone can be undertaken in order to better define the extent of the elastic deformation under given indentation parameters and type of fibre .



IV.3.



TEXTURE INDUCED BY PLASTIC DEFORMATION



As seen in the previous section, elastic deformation can only be probed in real time, thereby avoiding relaxation which occurs upon releasing the indentation stresses on the sample. On the other hand, plastic deformation can be analyzed after completion of the indentation cycle (ex-situ) as described in section III.1. UPE 1, PP 1, PA 1, and VEC 1 will respectively refer to ex-situ experiments using fibres of ultra-high molecular weight polyethylene (UHMW-PE), polypropylene (PP), polyamide 6,6 (PA66) and Vectra described in section III.2 and above. In UPE 3 and VEC 3, WAXS pattern are taken at different rotation angles about the fibre axis with a beam always larger than the fibre.



IV.3.1.



CRYSTALLINE ORIENTATION



Fig.IV.10 shows a composite image of the WAXS equatorial reflections of Vectra (see also fig.IV.5, p.107) at each scan position of experiment VEC 1 (50 mN) about the indented zone. Details of the scan (fig.IV.10-b-c) indicate a tilting of the equatorial reflections in a number of patterns, which reveals a change in the local fibre orientation with respect to the macroscopic fibre axis. This can be quantified by a vector L (fig.IV.10-c) which length is taken to be proportional to the azimuthal fwhm of the strongest equatorial peak and direction is defined by the relative azimuthal angle of tilt of the local meridian with respect to the fibre axis outside the deformed zone. The length is therefore approximately correlated with the orientation distribution of crystalline domains about the local fibre axis (meridian).
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Fig.IV.10 : a – Composite image of equatorial reflections of Vectra WAXS pattern from exsitu experiment VEC 1 (2µm beam) showing details of equatorial reflections at each scan point ; b – and c –the reflections are tilted in the indented zone A vector plot at each scan position of VEC 1 experiment is shown in both parallel (fig.IV.11-a) and normal (fig.IV.11-b) directions with respect to this of indentation (above schemes in fig.IV.11). The fwhm of the main equatorial peak (vector length) were scaled line by line to unity with the first of each line (undeformed) in order to assess only the changes due to indentation. Also, for visualization purposes, the tilt in azimuthal angle (vector direction), which is seen at maximum to be in the order of 5o is enhanced by a coefficient factor for visualization. This allows to account for the convolution of beam size with the shape of the fibre. The indentation position is also shown at a slight offset with respect to the fibre axis. It can be seen from those plots that the crystalline domains in this liquid crystalline polymer (LCP, described in section I.3) tend to orient under the stress field developed under the indenter. Due to the rigid rod nature of this particular LCP, this implies that the molecules tend to align along the faces of the indenter. Also, the vector length is found to increase in the indentation zone which corresponds to an azimuthal broadening and thus a wider distribution in molecular orientation, although of minor importance (less than 1.5o in azimuth at maximum in this case).
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Fig.IV.11 : Vector diagrams (c –, d –) as defined in fig.IV.10 at each WAXS scan point of Vectra ex-situ experiment VEC 1 both a – along and b – normal to indentation. One practical conclusion is that an analysis of the changes in orientation observed in the WAXS patterns was sufficient to determine the relative position of the indentation on the fibre (which is confirmed in our experiment by visual examination). Also, this experiment shows that one can determine the extent of the plastic deformation within the material (± 40 µm in this case) within the precision given by the beam size providing no overlapping occurs (in which case the spatial resolution can be increased by deconvolution operations).



IV.3.2.



DOMAIN FORMATION



IV.3.2.1. AZIMUTHAL SPLITTING IN UHMW-PE



A composite image of the main WAXS equatorial peaks of UHMW-PE (described in fig.IV.1-2, p.105,106) at each scan point of experiment UPE 1 (10 mN) (fig.IV.12) reveals similar effects than those observed in Vectra in the vicinity of the indented zone. However, in this case, the azimuthal broadening is considerably more important than the tilt of the whole pattern as clearly seen from the 110o reflection.
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Fig.IV.12 : Composite images of main equatorial reflections at each point of scan of experiment UPE 1 showing azimuthal splitting into distinct domains in bottom rows [14]. The radial profile of the 110o and 200o peaks taken across the fibre in the indented zone (arrow 1 in fig.IV.12) are shown in fig.IV.13. In this case, 0 µm indicates the upper part of the fibre as seen in the geometry of the experiment (fig.III.5 p.88) eventhough this is an approximation due convolution of beam size and fibre diameter. This also explains why the fibre appears larger (15 µm) from the diffracted intensities than really is (12 µm) as shown in fig.IV.12. The mean 110o peak position was found at q = 15.53 nm-1 (d = 4.05 Å) and 200o at q = 17.21 nm-1 (d = 3.65 Å) indicating a lattice with a = 7.3 Å and b = 4.87 Å. The analysis of the radial profiles did not allow to conclude on possible crystal strain along the a and b-axis within the deformed zone. In this experiments, the setup didn't allow the observation of meridional 00l reflections, but general hkl reflections, although of weak intensity, also suggested no change in c-axis.
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___________________________________________________________________________ However, the beam is in this case 5 µm and it is possible that only a small part of the crystallites within the probed volume are strained. This could lead to minor changes in the diffraction pattern, which are difficult to evidence. Analysis using smaller beams should therefore be undertaken to address this matter in depth.
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Fig.IV.13 : b – Radial profiles of main equatorial reflections obtained by a – cake integration over about 30o in azimuth at each scan point across fibre (arrow1 in fig.IV.12) From fig.IV.12, it is evident that azimuthal broadening occurs in the indented zone. Fig.IV.14-b shows the azimuthal profile of the 110o peak obtained by cake integration over a few pixels in radial direction (fig.IV.14-a). This profile is calculated at each scan point across the fibre (arrow 1 in fig.IV.12). A single Gaussian function is used to fit the 110o peak and an additional one (two when needed) for the domain. A 0th-order polynomial is used for the background. The residual scattering shown in fig.IV.14-b shows the very good matching of simulated and observed profiles. In order to enhance the visibility of the domains, the central 110o peak was subtracted from the simulated profiles. Fig.IV.14-c shows the evolution of the domains across the scanned zone.
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Fig.IV.14 : b – azimuthal profile of 110o reflections obtained by a – cake integration over a few pixels in radial direction ; from the azimuthal fit one can extract c – domain profile after subtraction from main peak at each point of scan of experiment UPE 1 across fibre (arrow 1 in fig.IV.12) One observes that the profile can be described at the 5 µm position by a single domain while the lower positions indicate a splitting into two domains. As already observed in the case of in-situ experiment UPE 2, the single domain could in fact result from two individual overlapping domains. The current data are not sufficiently precise to distinguish between a gradual domains splitting with progressive peak separation and a transition from a single to double-domain zone with peaks appearing at preferred orientations about the original reflection. The presence of a single domain in the upper part of the fibre can seem contradictory at first knowing that the maximum stress applied on the fibre is in the immediate vicinity of the indenter tip. This should lead to a greater splitting in the upper part of the fibre, which should decrease when moving away from indentation across the fibre. However, when scanning across the fibre direction, the first zone consists of the part of the polymer on the side of the print left by the indenter, i.e. which has not been submitted to the higher stresses. It is therefore most likely that the azimuthal profile of the first observed reflection at 5 µm results from probing at least a fraction of this material in the beam.
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___________________________________________________________________________ A summary plot showing the evolution of the distance between domains (d1 in fig.IV.14) as a function of relative beam position with respect to fibre is shown in fig.IV.15.
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Fig.IV.15 : evolution of the relative distance between two domains (d1 in fig.IV.14) as a function of position across fibre (arrow 1 in fig.IV.12) ; solid line indicates position of apparent splitting in two domains and dashed line real position taking into account beam convolution



A very similar analysis can be done along (instead of across as above) the fibre axis. The azimuthal profiles were determined in the same way from a series of patterns taken in the direction of arrow 2 in fig.IV.12 and the distance between centres of domains (d1 in fig.IV.14) is shown in fig.IV.16. As expected, the splitting is found to increase gradually towards indentation centre and decrease after. Thus a symmetrical curve is used to describe the evolution of this parameter and is based on a further assumption that no inflection point should be observed since none are found in the calculated stress field using finite element modelling [16-17] despite the sharp tip and edges of the indenter. In this case, the doubledomain zone is seen to extend by ~ ± 13 µm about the centre of indentation. The singledomain zone is found to extend further to ~ ± 20 µm taking beam convolution into account.
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___________________________________________________________________________



Fig.IV.16 : distance between centres of domains (d1 in fig.IV.14) as a function of relative position along the fibre (arrow 2 in fig.IV.12). The intensity of the 110o and domain peaks for the same scan as above are shown in fig.IV.17. The total intensity is found constant which suggests that there is no loss of crystallinity and, the decrease of the 110o peak intensity is seen to be well correlated with the increase in total domain intensity.
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Fig.IV.17 : relative integrated intensity of the sum of domains and 110o main peak as a function of relative position along the fibre (arrow 2 in fig.IV.12) ; dashed line indicates the global integrated intensity
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___________________________________________________________________________ IV.3.2.2. AZIMUTHAL BROADENING IN POLYPROPYLENE



The results obtained in PP 1 (40 mN) experiment are shown in fig.IV.18 in the form of a composite image of the 110, 040 and 130 equatorial reflections of the WAXS pattern (described in fig.IV.3, p.106) at each scan position. The indenter tip is shown at approximate position as revealed from light microscopy. As in the previous experiments, the first row of frames shows in the middle a reduction of intensity due to the impression left by the indenter. Furthermore, the intensity distribution is also slightly asymmetric at the edges, which suggest that the fibre has slightly tilted after indentation [15]. The azimuthal profiles of the 110 peak of patterns taken in the indented (fig.IV.18-b) and unindented (fig.IV.18-c) zone were obtained by cake integration as described previously.
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Fig.IV.18 : a – composite image of 110, 040 and 130 peaks at each scan point of experiment PP 1 and azimuthal intensity profile of the 100 reflection b – in and c – out of the indented zone showing domain formation [15]
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___________________________________________________________________________ Two Gaussian functions were sufficient to fit the pattern in the unindented zone and account for the 110 peak and amorphous halo. Additional functions were however required in the indented zone to account for peak broadening [15]. In both fits, a first order polynomial was used for background. This confirms that the crystallites tend to orient in the stress field induced by the indenter tip as observed in the analysis of UPE 1 experiment. The evolution of the azimuthal fwhm of the 110 reflection along the fibre axis (dashed arrows in fig.IV.18) is shown as a function of relative beam position with respect to the upper part of the fibre (i.e. with respect to indentation) in fig.IV.19. In this case, Z = 0 is not represented due to weak intensity (only minor part of the beam impinges on the upper part of the fibre) and the real position of the upper part of the fibre can be taken as Z ~ 2.5 µm (beam is 5 µm in diameter).
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Fig.IV.19 : Variation of the azimuthal width (fwhm) of the 110 reflection about the indented zone and in direction parallel to the fibre axis (X) at different positions across fibre (Z ; given values refer to dashed arrows in fig.IV.18 ) [15] Close to indentation (Z = 5-10 µm), the fwhm is seen to increase when moving from unindented to indented zone along the fibre axis. This effect dies off very quickly across the fibre and is insignificant for Z > 12.5 µm (15 µm minus beam radius). In this case, the maximum fwhm is ~ 9.7o which is much less than this observed in UHMW-PE (~ 26o, from
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___________________________________________________________________________ fig.IV.14-c) and the domains, although evidenced by analysis, are less separated. The fitting of a Gaussian function to the variation of azimuthal width provides an indication concerning the extent of the plastic deformation along the fibre axis. In this way, the local perturbation of the fibre orientation of the crystallites along the fibre axis is found to be approximately ± 15 µm about the indented point at Z = 5 µm and ± 10 µm at Z = 10 µm [15].



IV.3.2.3. AZIMUTHAL VARIATIONS IN POLYAMIDE 66



A similar experiment was conducted on a polyamide 6,6 fibre. The lower part of a typical WAXS pattern obtained from experiment PA 1 (100 mN) is shown in fig.IV.20 with details of the main equatorial peaks.



100 010/110 equator Fig.IV.20 : Lower part of the WAXS pattern of PA66 recorded in from ex-situ experiment PA 1 and details of main equatorial reflections [14] A composite image of the 100 and 010 peaks is shown in fig.IV.21 with approximate position of indenter tip and details of the evolution of the peaks in the indented zone. The first row of frames shows in the middle a reduction of intensity due to the impression left by the indenter (fig.IV.22) as seen also in other samples. The intensity distribution is also slightly asymmetric at the edges, which suggest that the fibre has slightly tilted after indentation. The second line shows no further trace of an intensity reduction but rather an increase towards the centre. As in previous experiments, this is due a slight deformation of the fibre under the indenter so that the thickness increases normal to the applied force.
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___________________________________________________________________________ 10µm 5µm 19µm



1



100 010/110 Fig.IV.21 : Composite images of main equatorial reflections of PA66 WAXS pattern from ex-situ experiment PA 1 showing details of equatorial reflections at each scan point [14]



Fig.IV.22 : SEM picture of a 19 µm PA 66 fibre showing a lateral increase of ~ 40 % after an indentation of 200 mN for 10 s at 20 mN.s-1; the fibre was sputtered with gold to avoid degradation by the electron beam



The azimuthal profiles of both reflections (fig.IV.23) were determined by cake integration over a few pixels in radial direction. The main peaks and amorphous halo were fitted using Gaussian functions and the background using a first order polynomial [14]. The fwhm of the 110 reflection along the fibre axis (in direction of arrow 1 in fig.IV.21) was found to increase up to ~ 14.1o at the point of indentation (fig.IV.24-a), but did not allow to identify separate domains as in the case of UPE 1 and PP 1. The extent of the broadening is therefore more important for PA 1 than that observed in PP 1 (~ 9.7o). However, this could be
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___________________________________________________________________________ due to a more important force applied (respectively 100 mN and 40 mN) on a smaller fibre (respectively 19 µm and 28 µm). This extent is in both cases much less than in UPE 1 (~ 26o). The fit of a Gaussian function to the variation of azimuthal width indicates that this static perturbation extends horizontally by about ± 20 µm (4 σ). The crystallinity (χc) was determined from the sum of the Bragg intensities of the two equatorial peaks (ΣIb) and the corresponding amorphous fraction (Ia) using the following relation : χc = ΣIb/Σ(Ib+Ia). The variation of χc along the fibre axis is shown in fig.IV.24-b with no significant changes across the scanned zone, which suggests that the orientation perturbation is not associated with a change in crystallinity. (a)
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Fig.IV.23 : Details of azimuthal profile of main equatorial reflections of PA66 WAXS pattern from ex-situ experiment PA 1 obtained by cake integration over a few pixels in radial direction (fig.IV.20) [14] (a)
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Fig.IV.24 : a – Variation of the azimuthal width (fwhm) of the 100 reflection about indented zone and in direction parallel to the fibre axis (arrow 1 in fig.IV.18); b – Corresponding variation in crystallinity [14]



10



Chapter IV – Results and discussion



126



___________________________________________________________________________ IV.3.3.



ORIENTATIONAL ANISOTROPY



The analysis discussed in the foregoing sections describes experiments where only the direction normal to indentation (90o) is probed due to the geometry imposed by the indenter setup. However, in lab. ex-situ type experiments (see section III.1) it is also possible to analyze samples at different angles with respect to the direction of indentation. Fig.IV.25 shows the upper halves of UHMW-PE WAXS patterns recorded during experiment UPE 3. Fig.IV.25-a,-c,-e therefore correspond to similar patterns as those recorded in UPE 1 (i.e. in direction normal to indenter direction, 90o) and described in the previous section. Fig.IV.25-b,-d,-f, on the other hand, show patterns taken in the direction of indentation (0o). The first two frames (fig.IV.25-a,-b) were taken in an unindented part of the sample (0 mN). The equatorial peaks are broader in indented regions as described previously and the extent of the azimuthal fwhm is seen to be larger at higher indentation forces. Moreover, the patterns appear to differ when considered parallel or normal to the indentation direction at given forces of indentation. This tends to suggest that the usual axial symmetry which implies an invariant WAXS pattern on rotation about the fibre axis is broken by the deformation. (a)
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Fig.IV.25 : Upper halves of UHMW-PE WAXS pattern from lab. ex-situ experiment UPE 3 (fig.III.8) with beam parallel (a– c– e–) and normal (b– d– f–) to direction of indentation at 0mN (a– b–), 10mN (c– d–) and 20mN (e– f–).
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___________________________________________________________________________ Composite images which show only the equatorial peaks are shown below in 10o steps from parallel to normal direction to this of indentation. In indented samples (fig.IV.26-b,-c), significant variations are seen as a function of rotation In both cases, the monoclinic reflections appears to be stronger at 0o (parallel to indentation direction) and nearly vanishes at 90o (normal to indentation). Also the breadth of the azimuthal 110o and 200o reflection seems to be diminish upon increasing rotation. (b) 10mN
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Fig.IV.26 : Equatorial reflections variation from lab. ex-situ experiment UPE 3 as a function of angle between beam position and direction of indentation at indicated forces. In order to quantify those changes, the radial profile (fig.IV.27-b) of the main equatorial reflections was obtained by cake integration over 70o in azimuth (fig.IV.27-a) at each angle of rotation for the different indentations. The result is shown in the form of a 3D plot in fig.IV.28 showing the evolution of the radial profile as a function of rotation. 110o
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Fig.IV.27 : b – Radial profile and fit of main equatorial reflections from lab ex-situ experiment UPE 3 obtained by a – cake integration over 70o in azimuth
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Fig.IV.28 : Radial profile of main equatorial reflections from lab. ex-situ experiment UPE 3 as a function of angle between beam position and indentation direction at a – 0mN (unindented), b – 10mN and c – 20mN; 0oindicates parallel direction
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___________________________________________________________________________ Surprisingly a variation in intensity of both the 110o and 200o reflections is observed in the unindented sample (0 mN). This implies that the axial symmetry is not perfect and that some preferred orientation is probably induced during processing. An SEM image of an indented UHMW-PE fibre (fig.IV.29-a) revealed that the cross-section of the fibre is not circular as thought initially but rather bilobal (fig.IV.29-b). Consequently, it is possible that the crystallites are not uniformly distributed about the fibre axis which reflects in the WAXS patterns. (a) (b)



Fig.IV.29 : a – SEM picture of a 12 µm UHMW-PE fibre after an indentation of 20 mN for 10 s at 2 mN.s-1 showing b – bilobal cross section ; the fibre was sputtered with gold to avoid degradation by the electron beam This behaviour was also observed in a UHMW-PE produced by a different company. This effect appears to be considerably stronger in indented samples in which the 200o reflection becomes stronger at 900 (normal to indentation direction) and weaker at 0o (parallel). The opposite holds for the 110o reflection which behaviour seems to become chaotic at larger indentations (fig.IV.28-c). Again, this could be due to a complex fibre crosssection after indentation. The 001m reflections is seen to vary in the same way than the 110o reflection and is seen stronger at large indentation forces. A fit of the average radial profile through the rotation at each force showed that the total cumulated intensity of those reflections decrease as a function of indentation force (fig.IV.30). This tends to indicate that the total crystallinity will decrease throughout the indentation process, although this is difficult to quantify in this case, owing to the difficulty to fit a amorphous background curve.
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Fig.IV.30 : Integrated intensity of main equatorial peaks from average radial profile of experiment UPE 3 through rotation as a function of indentation force In the same way, the 110o azimuthal profile was obtained by cake integration over a few pixels radially (fig.IV.31-a). (b)
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Fig.IV.31 : b – Radial profile and fit of 110o reflections and domain from lab ex-situ experiment UPE 3 obtained by a – cake integration over a few pixels in radial direction Fitting was achieved using two gaussian functions to account for the broadening of the reflection and allow to separate between the fraction of the material which has retained the original fibre orientation (undeformed) and the local perturbation around the indentation observed previously. The evolution of the fwhm and intensity of the 110o reflection and domain is shown in fig.IV.32 as a function of indentation force, in both parallel and normal directions. The maximum azimuthal broadening of the 110o peak (< 1.5o) is in both orientations considerably less than this of the domain which is in addition seen to be force-
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___________________________________________________________________________ dependent. Also, at forces below 10 mN, the extent of the domain is very close in the parallel and normal direction (< 1.5o). This allows to conclude that the texture induced by the indenter is a function of the applied force. domain
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Fig.IV.32 : FWHM of 110o peak and domain in a – parallel and b – normal direction to the indentation direction as a function of force in experiment UPE 3 Likewise, a similar analysis reveals that the axial symmetry is also broken in indented Vectra samples. This is illustrated in fig.IV.33 as a 3D plot of the evolution of the radial profile obtained by cake integration over a few degrees in azimuth (fig.IV.33-a,-b) at each angle of experiment VEC 3 (50 mN) as a function of rotation (fig.IV.33-c). It can be seen that the main equatorial reflections tend to decrease in intensity or disappear at normal angle to indentation direction (90o). 0o
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Fig.IV.33 : Radial profile of main equatorial reflections (right) obtained by cake integration (left) from lab. ex-situ experiment VEC 3 as a function of angle between beam position and direction of indentation; 0o indicates parallel direction
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IV.4.



PHASE TRANSFORMATION



In addition to crystalline orientation and texture induced by the indenter and described above, phase transitions were also observed in a number of samples such as Vectra. In this section, the results obtained in ex-situ experiments VEC 1-3 are discussed. In experiment VEC 2 the fibre is rotated in the beam (similar to VEC 3) but the beam (5 µm) is smaller than the fibre (23 µm) as opposed to VEC 3 where it is larger (see section III.2.2). Fig.IV.34 shows details of the main equatorial reflections of the Vectra WAXS patterns recorded in experiment VEC 2 (50mN indentation load) in the centre of the indented zone (fig.IV.34-b) and at 60 µm distance in an undeformed region (fig.IV.34-c). Below the indenter tip, new peaks appear at lower q-values and others fade. Those are not observed in unindented zones, which clearly indicates a phase transition. One particularly intense and distinct peak is circled in red and will be referred to as N in the following text.
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N Fig.IV.34 : Equatorial reflections of Vectra WAXS pattern from experiment VEC 2 showing phase change in indented zone (bottom left).
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___________________________________________________________________________ Furthermore, the reflections have been shown to appear stronger at specific angles due to 3-D texture of the crystallites in the indented zone as shown in fig.IV.33. In this respect, N is seen to be stronger in parallel direction to indentation (0o) and quasi extinct in normal direction (90o) due to preferred orientation. The distance between the two patterns shown in fig.IV.34 is 60 µm (approximately the size of the indentation along the fibre axis) and the absence of the new peaks at 60 µm from the centre of the indentation implies that the phase transition occurs only in the vicinity of the diamond tip. The spatial extent of this phase transition is described in more detail in fig.IV.35. Radial profiles of the main equatorial reflections are displayed at 15 µm steps from the centre of indentation along the fibre in both parallel (fig.IV.35-a,-b) and normal (fig.IV.35-c,-d) directions. The radial intensity profiles were obtained by cake integration over a few degrees in azimuth as shown in fig.IV.35-a. The radial profiles at 60 µm (first from bottom in fig.IV.35-b,-c) remain unchanged through the rotation as opposed to those taken in the centre of the indentation (top in fig.IV.35-b,-c).



(a) 0µm



15µm



30µm



45µm



60µm



(b)



(c) 0 µm



0 µm



15 µm



15 µm



30 µm



30 µm



45 µm



45 µm



60 µm



60 µm



(d)



Fig.IV.35 : Evolution of equatorial peaks of Vectra as a function of distance to centre of indentation (0 µm) along fibre axis (ex-situ experiment VEC 2) with beam direction a – parallel and d – normal to indentation and corresponding radial profiles b –, c – obtained by cake integration over a few azimuthal degrees as shown in a –
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___________________________________________________________________________ The two main peaks of the initial phase indicated by the continuous lines seem to be present also in the indented zone although of considerably weaker intensity. On the other hand, several new peaks indicated by the dashed lines are seen to appear at 45 µm or less from the centre of the indentation. This suggests a coexistence of other phases in the indented region (within ± 45 µm about the centre of the indentation). In order to define more accurately the spatial extent of the phase transition, the fibre was scanned with a 2 µm beam (VEC 1) as described in the above schemes of fig.IV.35. The sample was oriented with the indentation parallel and normal to the probing beam, so that only two projections were obtained. A plot of the intensity of N at each scan position is shown in fig.IV.36. In principle a 3-D reconstruction of the extent of phase transformation should be feasible from similar scans taken at different angles than the parallel and normal directions to indentation.
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Fig.IV.36 : Intensity maps of most intense equatorial peak from new phase (N, circled in red in fig.IV.33) in a – parallel and b – normal to indentation direction of Vectra ex-situ experiment VEC 1.
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___________________________________________________________________________ In contrast to the equatorial pattern, no changes in the diffraction pattern are observed in the meridional direction. As seen in fig.IV.37-a, three aperiodic maxima are seen on the meridian of Vectra WAXS patterns are typical of high content of hydroxybenzoic acid (HBA) in HBA/HNA (where HNA stands for hydroxynaphtoic acid) type copolyesters [8-11,18-23] (described in section I.2.3.2). They have been described by a random sequence of monomers along the molecular axis [9-11]. The radial profiles of those meridional reflections were therefore obtained by cake integration of the central part of the peaks as described in fig.IV.37-a. Average profiles over the rotation are shown in fig.IV.37-b at 15 µm intervals from the centre of indentation as above. No significant variation in peak positions was observed with the distance to the indentation centre which tends to indicate that there is little remnant strain only in the deformation zone. q-values indicated in fig.IV.37-b correspond to d = 2.03, 3.02, 6.64 Å which is in good agreement with published values [8,19-23].
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Fig.IV.37 : Radial profile (right) of Vectra meridional reflections obtained by cake integration over a few degrees in azimuth (left) (ex-situ experiment VEC 2)
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___________________________________________________________________________ Phase transitions in Vectra occurring upon heating have been reported in the literature with specific attention concerning the attribution of the equatorial peaks. A detailed summary which serves as reference for the following text can be found in appendix IV based on references [18-24]. All authors index the data obtained from compression molded or asextruded samples at room temperature according to a pseudo-hexagonal (PH) lattice (orthorhombic with a = 3½ b) where the 110o and 200o peaks strongly overlap. Upon annealing, the authors describe the splitting of the two peaks associated with a transition to orthorhombic lattices. The lattice constants a and b are generally deduced from the indexation of those two reflections [20-23]. The radial profile of a WAXS pattern taken in an undeformed part of our sample is shown in fig.IV.38. The asymmetry of the main peak clearly indicates overlapping suggesting pseudo-hexagonal symmetry. A fit was achieved using Lorentzian functions and a second order background polynomial. Values found for the 2 main peaks (d = 4.48, 4.29 Å) were in good agreement with those found by other authors (see table A.IV.1 of appendix IV, p.197) and were indexed as 110PH and 200PH. The shoulder around q = 19 nm-1 is thought to be an extension of the 211PH reflection which was found at d = 3.34 Å.
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Fig.IV.38 : Radial profile obtained by cake integration over a few azimuthal degrees (as seen above)
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___________________________________________________________________________ However, it should be noted that in the case of a perfect PH phase, d110 = d200. The difference observed in our case could be explained considering either (or both) a distorted lattice, or the presence of another phase inducing biases in the fitting procedure. Both should be considered but the presence of other very weak off-equatorial peaks is always observed in the undeformed samples and favor the second hypothesis. Due to the sharpness of the 110PH peak the lattice parameters were derived from a = 2d110 and considering a perfect PH lattice where b = a/3½ (a = 8.96 Å, b = 5.17 Å), which is in very good agreement with [22]. The radial profiles obtained in indented regions were more difficult to attribute due to insufficient resolution typical for fibre diffraction data (despite the high resolution of our data). Some peaks are found to overlap as seen in fig.IV.35 (p.133) and cannot be easily separated on the sole basis of peak fitting. Fig.IV.39-c shows a difference pattern obtained by subtraction of a pattern (fig.IV.39-a) taken in an unindented region from this of an indented one (fig.IV.39-b). Both correspond to an orientation parallel to indentation direction and indicate that at least three peaks (in bright, white and purple) can be assigned to a new phase (or several). The independent peak on the equator (d = 5.62 Å) can be identified as originating from an orthorhombic modification (OII, 020OII) [20-23], which is also observed in the HBA homopolymer [24] (appendix IV). The other independent off-equatorial peak, so far referred to as N (d = 5.54 Å) was also attributed to this phase (111OII). However, the weak offequatorial peak at (d = 4.28 Å) suggests yet another phase, also orthorhombic (O, 111O) [23]. The indexation proposed in fig.IV.39 is therefore based on the peak positions found in our experiments compared to those found by other authors (appendix IV). (a)
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Fig.IV.39 : Details of Vectra equatorial reflections in unindented (left) and indented (centre) fibre in ex-situ experiment VEC 3 and peak assignment ; difference pattern on the right allow to distinguish peaks (in white and purple) corresponding to orthorhombic phase
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___________________________________________________________________________



In such a case, the only peaks which can be separated belong to the new phases OII and O but none for the original PH phase. Even neglecting O due to weakness of the peaks observed for this phase, the 110 and 200 reflections of PH and OII are still difficult to separate based on intensity considerations. In such a case, precise quantification of the amount of new phases induced by deformation or of the original phase destroyed is difficult unless precise positions of all present peaks are available. This would require simulation of the diffraction pattern for each phase and subsequent fitting. In order to evaluate the dependence of the extent of phase transformation on the applied force VEC 2 was repeated at different indentation forces as seen in fig.IV.40. One can notice that the 111O peaks appear at 10 and 30 mN forces but disappears at 50 mN. On the other hand, those belonging to the phase OII are seen at all forces of indentation. Furthermore the anisotropy of crystalline orientation, reflected from the differences between patterns taken normal (90o ; above pictures in fig.IV.40) and parallel (0o ; bottom pictures in fig.IV.40), seems to be an increasing function of the force. This is better seen on the evolution of the radial profiles shown in fig.IV.41.
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Fig.IV.40 : Details of Vectra equatorial reflections as a function of indentation force with beam parallel (0o) and normal (90o) to indentation direction in ex-situ experiment VEC 3
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Fig.IV.41 : Radial profiles of main equatorial peaks as a function of indentation force with beam a – parallel and b – normal to indentation direction in ex-situ experiment VEC 3 It is important to note at this stage that experiment VEC 2 is conducted using a 5 µm beam on a 28 µm fibre. This implies that when calculating the average diffraction pattern necessary to quantify the phase transformation due to orientational anisotropy, the centre of the fibre (sphere of 5 µm diameter) will be overestimated proportionally to the number of patterns recorded through the rotation. This volume also corresponds to the centre of the indentations and all effects occurring upon indentation will appear stronger in the result. The analysis of the VEC 2 experiment, although useful on a qualitative basis would therefore require complicated data analysis to scale the data if possible. The experiment was therefore repeated in VEC 3 with a beam larger than the fibre. Fig.IV.42 shows the average profile of those taken at different rotation angle at different forces of indentation. As expected, the general profiles are similar than in VEC 2 but the relative intensities of the peaks corresponding the new phases and indicated with the dashed lines are lower. Although precise conclusions are difficult, one can nonetheless observe that the decrease of the intensity of the 020OII reflection is much smaller than this of the other overlapping peaks.
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___________________________________________________________________________ This tends to indicate that the relative fraction of OII phase produced in the indentation process is an increasing function of the force eventhough the overall crystallinity is found to decrease. 020OII 50mN



30mN



10mN



Fig.IV.42 : Radial profiles of main equatorial peaks as a function of indentation force averaged over all directions of rotation in ex-situ experiment VEC 3 In addition to the phase transformation observed in Vectra, a similar behavior is observed UHMW-PE. The reflections observed on the WAXS pattern of unindented samples were shown to belong to the stable orthorhombic structure although a small fraction of metastable monoclinic form was always present (fig.IV.2, p.106) [3]. Although no evidence of phase transformation was observed during in-situ experiments, the fraction of monoclinic phase was found to increase in the indented zone of plastically deformed samples. This is best seen in fig.IV.28 (p.128) where the intensity of the 001m reflection is very low at 0 mN (unindented sample) and gradually increases with the indentation force. Also, this phase is clearly seen to be oriented with respect to the indentation direction.
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___________________________________________________________________________ The intensity of the 001m peak is at maximum when the beam is parallel to the indentation direction, and is quasi-extinct when normal. Furthermore, this behavior was also seen to follow this of the 110o reflection. Fig.IV.43-b shows the azimuthal profile of the 001m reflection at maximum intensity which was obtained by cake integration over a few pixels along the radial direction (fig.IV.43-b). Fitting was achieved using two Gaussian functions (fig.IV.43-b) to account for both the fraction of monoclinic phase present in the undeformed part (F1) and this induced by the deformation process (F2). In this case, the narrow peak (2.6o in fwhm) is this of the original undeformed material (F1) and the broad one (11.8o in fwhm), this of the induced phase (F2). The evolution of the integrated intensity of these peaks as a function of rotation is shown in fig.IV.44. Little variations only are observed for the fraction F1 as compared to the large anisotropy evidenced for F2 which intensity drops to ~ 12 % when the fibre is probed normal to indentation.
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Fig.IV.43 : b – fit of the radial profile of 001m reflection obtained by a – cake integration at maximum intensity (beam parallel to indentation direction) and c –integrated intensity evolution of the fitted peaks as a function of fibre rotation in ex-situ experiment UPE 3 [37]
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___________________________________________________________________________ The evolution of the integrated intensity of the 001m and the sum of 100o and 200o reflections (F1+F2) averaged through the rotation to account for the texture observed above is shown as a function of indentation force in fig.IV.44-a. This clearly indicates a decrease of the orthorhombic reflection intensities and an increase of the monoclinic one. From this, the fraction of monoclinic phase at 20 mN can be estimated to ~ 8 % while the overall decrease in crystallinity is estimated to ~ 13 %. The latter is calculated from the sum of the three peaks which have been shown to account for > 95 % of the total intensity of the Bragg peaks available in the WAXS pattern and assuming no change in amorphous background which is a reasonable assumption in this case due to highly crystalline extended chain sample. The evolution of the fwhm of the different peaks (F1+F2) as a function of the indentation force is shown in fig.IV.44-b. Little changes only are observed for the orthorhombic peaks while a strong increase is observed for the monoclinic one at forces between 5 and 10 mN. However, it is not clear in this case whether the increase is gradual or step-like. Studies at intermediate forces are therefore required to draw further conclusions on this point. (a)
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Fig.IV.44 : evolution of a – the integrated intensity of 001m and the sum of 110o and 200o reflections and b – the fwhm of the individual peaks as a function of indentation force ; those two parameters are obtained for the average of the peak profiles of obtained by rotation of the fibre in ex-situ experiment UPE 3 (5 o steps)
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IV.5.



RECENT DEVELOPMENTS



IV.5.1.



IN-SITU SAXS EXPERIMENTS



No mention was made until now concerning possible extensions of the studies to small-angle X-ray scattering experiments (SAXS). This would be particularly interesting for polymeric samples, which have been shown in section I.2. to exhibit hierarchical structures on the mesoscopic scale (above the unit cell but smaller than a micron). Additional developments were therefore very recently undertaken to implement SAXS techniques using the indentation set-up. Due to a lack of time, only preliminary studies were conducted, which nonetheless demonstrated the first combined indentation / SAXS experiments performed. Those will be reported in this section. During a test period, a new refractive Beryllium-lens optics was commissioned as described in section I.4.4.1 (fig.I.36,38, p.54,56) and section III.2.3.3 (p.97), providing a 5 µm beam at 13 keV [32]. The performance of the SAXS set-up was not yet optimised in terms of beam stability. For this reason the current results can only serve at present as feasibility experiments. A dry rat's tail collagen calibration sample (1st order ~ 67 nm) allows to demonstrate the performance of the camera. Fig.IV.45 shows a collagen pattern after background subtraction. The 2nd order peak (d = 33.5 nm) can be clearly separated, which shows the limitation of the SAXS set-up as the first order can usually be resolved [33].
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Fig.IV.45 : SAXS pattern of a rat tail collagen fibre from online in-situ experiment HDPE 1 corrected from background showing clear separation of 3rd and 2nd order (d001 = 67 nm [34])
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___________________________________________________________________________ The remaining background was mainly due to the fact that the aperture couldn't be brought close enough to the sample due to the spatial extent of the indenter although this would now be possible using a modified aperture. A typical HD-PE SAXS pattern recorded in experiment HDPE 1 after subtraction of the background is shown in fig.IV.46-a. The pattern shows two low-angle peaks along the meridian at q = 0.56 nm-1 which gives a d-spacing of 11.2 nm. SAXS patterns were recorded in-situ during indentation, following the protocol already used for the WAXS experiments as described in section III.2.3.3. The evolution of one of the peaks as a function of time during indentation is given in fig.IV.46-b with a beam at 5 µm from the top of the fibre. The time interval between to consecutive frames is 2.75 s (i.e. 1 s exposure time and 1.75 s readout). It is important to note that the analysis of such a series of pattern requires appreciable corrections of the intensity fluctuations which are in this case due to fluctuations in the primary beam and thus independent of the experiment. An approximate correction was done by integrating the intensity within a zone of the pattern free from scattering effects by the fibre. 2.75s
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Fig.IV.46 : a – SAXS pattern of HD-PE from online in-situ experiment HDPE 1 corrected from background and b – composite image showing the evolution of the peak as a function of time at with a beam at 5 µm from the top of the fibre during the indentation process It was shown in previous sections that crystallites are found to orient in the vicinity of the indenter tip which should influence also the meridional pattern.



Chapter IV – Results and discussion



145



___________________________________________________________________________ Thus Fig.IV.47 shows schematically the evolution of the SAXS pattern when crystallites are tilted with respect to the meridian (also fibre axis). (a) x z y



(b)



meridian Ψ



x



x'



meridian Ψ



z y



equator



Fig.IV.47 : scheme of typical SAXS pattern expected from a HD-PE sample with crystallites a – oriented along the fibre axis (two point pattern) and b – tilted by an average angle Ψ (four point pattern); mean long period x = z + y = 2π / x' [25-26] A tilting of the domains should therefore result in a transformation into a 4-point pattern. The reverse 4-point to 2-point transformation has for example been shown during stretching induced domain reorientation of PET [36]. The intensity profile of the low angle peaks was obtained by integration in a box projected along the meridian (fig.IV.48-a). Instead of a 2 point pattern, the profile of the undeformed sample proved to be already a weak 4-point pattern as 2 Gaussian functions gave a better fit than one (fig.IV.48-b). (a)



(b)



∆ meridian



δ1



δ2



Fig.IV.48 : a – detail of a SAXS pattern from online in-situ experiment HDPE 1 and b – profile of peak obtained by integration of a box in direction parallel to the meridian; the profile can be fit using two Gaussian functions assuming 4 points pattern



x' equator



Chapter IV – Results and discussion



146



___________________________________________________________________________ The evolution of the fwhm of the profile is shown in fig.IV.49 and shows no major effect of the indentation at this beam position (5 µm below the top of the fibre). The decrease observed at ~ 130 s was correlated to an intensity fluctuation and couldn't be related to an effect of indentation. Attempts to calculate the invariant (section I.4.2.2) where therefore unsuccessful.



Fig.IV.49 : fwhm of 2 peaks (red and blue) used to fit the projected profile described in fig.IV.48 obtained in online in-situ SAXS experiment HDPE 1 at 5µm from the top of the fibre; above plot (in green) shows the full breadth of the peak using a single fitting function In conclusion it has been demonstrated that combined SAXS / indentation experiments are technically feasible. It has, however, not yet been possible to demonstrate an indentation induced morphological change.



IV.5.2.



AMYLOID FIBRE



An ex-situ experiment (AMY 1) was carried out on such fibres as described in section III.2.4 (p.98). The fibre was indented under a 40 mN load at 4 mN.s-1 and for 10 s and was scanned in a 5 µm beam. Fig.IV.50-a shows a WAXS patterns taken away from the indented zone. The shading observed in the patterns are due to one of the objectives (upper left corner) and the beam-stop holder. The details of the meridional reflections reveal the appearance of at least one extra ring at wide angles (red arrow) on a pattern taken in the indented zone (fig.IV.50-c), which is found to be present only in a very limited number of patterns.
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(c)



(b)



equator



(a)



meridian



Fig.IV.50 : a – WAXS patterns corrected from background taken away from indented zone of an amyloid fibre in online ex-situ experiment AMY 1 and b – details of the meridional reflections ; c – same pattern taken in indented zone showing new meridional peak The appearance of a new peak can be shown in more detail from the analysis of the radial intensity profile along two line scans across and along the indentation zone (fig.IV.51). the new peaks are found in a limited number of patterns in the indented zones.



(a)



F



(b)



probing beam



Fig.IV.51 : evolution of the radial profile a – across and b – along the fibre showing new peaks in the indented zone in online ex-situ experiment AMY 1 The patterns correspond to the well-known cross-β type structure [38], in which β strands (polypeptide sequence in extended trans conformation (fig.IV.52), are oriented normal to the fibre axis.
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β-strand



β-sheet



Fig.IV.52 : Schematical description of β -strands aligned parallel and antiparallel to form



β-sheets : the peptide chains are connected by hydrogen bonds (dashed lines) A more detailed comparison of a pattern outside of the indentation zone and of a pattern from within the indentation zone is made in fig.IV.53. For visualization purposes, the pattern was angularly regrouped by cake integration over the whole azimuthal range and within a sufficient q-range to observe the most intense meridional peaks (fig.IV.53-a). In this case, the azimuthal angle correspond to the ordinate in figIV.53-b,c while the abscissa correspond to the radial direction. The meridian and equator are showed in dashed lines. The equatorial peaks are very diffuse and weak. Both patterns show a strong meridional peak at q = 13.20 nm-1 (d = 4.76 Å), which indicates the presence of the β-sheet structure [39]. The pattern from the indentation zone shows, however, at least two further meridional peaks at q = 15.18 nm-1 (d = 4.14 Å) and q = 16.80 nm-1 (d = 3.74 Å) indicated by red arrows in
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Fig.IV.53 : a – angular cake of amyloid WAXS pattern taken in online ex-situ experiment AMY 1 and b – corresponding angularly regrouped frame away and c – in indentation zone
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___________________________________________________________________________ Fig.IV.54-b,c shows the fit achieved with Gaussian functions of the radial profile of meridional reflections obtained by cake integration over 120o along the azimuth (fig.IV.54-a). Both narrow and sharp peaks are observed which d-spacing are given at the top of the picture in angstroms. 4.76 4.66 4.49



(a)



4.14



meridian



(c)



Intensity (a.u.)



(b)



3.89 3.74 3.68



q (nm-1)



Fig.IV.54 : a – raw WAXS pattern taken in online ex-situ experiment AMY 1 showing details of radial cake integration and b –, c – corresponding radial profile with values of dspacing of indexed peaks (Å) The origin of the additional meridional peaks is not clear at present. A possible explanation can be based on the generic model of a β-sheet helix, which has been proposed for the amyloid structure (fig.IV.55) [39].



115.5 Å



Fig.IV.55 : Generic model of amyloid fibril structure : a number of β -sheets (4 in this case) run parallel to the axis of the fibril with their component β -strands (arrows on the figure) normal to the axis ; β -sheets twist around a common helical axis that coincides with this of the fibril ; the helical repeat is of 115.5 Å containing 24 b-strands [39]
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___________________________________________________________________________ According to this model the large-scale fibre repeat is 11.5 nm. A nearly double periodicity of 23.18 nm has, however, been proposed for amyloid fibrils formed by fragments of the Tau-protein which is associated to microtubules (versatile protein forming nanoscopic stiff tubes) [40]. The 4 sharp meridional peaks observed in the present study can be indexed also for a similar period of 23.25 nm (table.IV.1). This interpretation has, however, to be studied in more detail on different amyloid fibres. It is also interesting to note that similar additional meridional peaks are randomly found at other positions of the fibre. We cannot therefore at present be certain that the indentation is the sole cause of these additional peaks but the presents result provide at least an impetus for further research.



d-spacing obs. (nm)



∆ d (calc.-obs.) (nm)



index



0.476



0.001



49



0.466



0.001



50



0.414



0.001



56



0.374



0.001



62



Table IV.1 : indexation of meridional peaks according to fibre repeat of 23.25nm where the index is the order of the meridional (00l) reflection (index = d001 / dobs) Additional studies on other similar fibres should therefore be undertaken in order to conclude on whether or not the observed effects can be related to the indentation process and gain information on the deformation mechanisms of such materials. Also, valuable information could be gained regarding the structure of such fibres, which has not, at present, been fully elucidated. Nevertheless, those preliminary studies on amyloid-type fibres demonstrate the feasibility of combined studies of microindentation and WAXS techniques applied to biological fibres.
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IV.6.



DISCUSSION



So far, two main effects were clearly correlated with the indentation process in the synthetic semi-crystalline polymers chosen for this study. An orientation of the crystallites into two symmetrical domains about the indenter tip is first observed in the very early stages of deformation of UHMW-PE. This effect is reversible and is therefore a signature of elastic deformation. This orientation is later retained at higher loads (plastic deformation) and is seen to give rise to a strong texture with two preferred axis respectively parallel and normal to the indentation direction. Secondly, some materials (UHMW-PE, Vectra) have been shown to undergo phase transitions which can in some cases be relatively complex.



IV.6.1.



CONSIDERATIONS ON LOCAL CRYSTALLINE ORIENTATION



It is believed that in the case of elastic strains, independently of possible plastic deformation occurring closer to the indenter tip, tie molecules connecting crystalline domains are taut when the load is applied on the indenter (fig.I.23, p.38) [17]. To a certain extent, this should allow a local temporary orientation of the crystallites, which reflects the symmetry of the stress field induced by the indenter tip (square-based diamond pyramid, fig.I.2-b, p.17). Due to the four-fold symmetry of the indenter tip, this is not a trivial question to address in a quantitative way. In first approximation, the crystalline domains can be thought to orient along the faces of the indenter. As seen in fig.IV.56 below, the local fibre orientation can then be decomposed in two directions in a system of axis comprising the indentation direction (i), the fibre axis (f) and an axis normal to those (x) which is also the X-ray beam direction in the in-situ geometry used (see section III.1). The first orientation defined by an angle α is seen in the (i,f) plane and will correspond to a azimuthal tilt of the whole pattern if all the crystals in the probed volume are in the same orientation. If not, i.e. if some crystals retain their original fibre orientation, the observed effect will rather be an azimuthal broadening of the considered peak with possible domain splitting by an angle α.
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___________________________________________________________________________ (c)
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f x



x
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(d)



i



x Fig.IV.56 : a – scheme of indentation geometry and b,c,d – orientation parameters of crystallite ; indexes i, f and x stand respectively for indentation, fibre and X-ray directions The second orientation defined by an angle β is seen in the (f,x) plane. In this case, the effect on the diffraction pattern is more complex and can be described by the effect of a tilt of the fibre axis with respect to the X-ray beam direction (fig.IV.57). It can be seen that the intersection with the Ewald sphere leads to an asymmetry in the diffraction pattern with respect to the equator. The considered peak will tend to split about the meridian on one side and collapse on the other.
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Fig.IV.57 : Scheme showing the effect of a tilt of the fibre axis with respect to the X-ray beam direction on the corresponding WAXS pattern
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___________________________________________________________________________ Therefore, the angle β can be evaluated by analysis of the asymmetry observed in the diffraction pattern [27]. It should also be noted that in the usual geometry (indenter diagonals respectively in parallel and normal direction to fibre axis) α should be never be found higher than 32o (complementary to 148o, angle between opposite diagonals of a Vickers diamond pyramid as shown in fig.I.2-b, p.17). For similar reasons, β should always be at maximum 45o (angle between diagonals and sides of square base of diamond indenter). A model based on the above assumption should therefore allow to calculate α and β from the azimuthal splitting angle of the two domains and the overall symmetry about the equator of the considered reflection. This involves very accurate peak fitting, which is not a trivial task and might require further assumptions. An additional implicit assumption in the above is that the crystalline domains do not rotate or tilt about the fibre axis and therefore always respect the Bragg condition throughout the deformation. As seen in section IV.2.3, this is a very weak approximation as the reflections which are usually unchanged through rotation of the fibre about its long axis are found to vary in intensity after indentation. This precisely suggests a reorientation of crystallites and a breaking of the fibre symmetry as will be discussed later. More refined models should include 3D computation of the force field under the indenter by finite element methods. This should allow to calculate the possible fibre direction at each point as the tangent (derivative) to the stress surface at the given point. Given this orientation, one could then compute a detailed model diffraction pattern and compare against the experimental one. A summary of the maximum values of azimuthal broadening (~ α) found in previous sections at given forces of indentations is shown in table IV.2. The value given for Vectra corresponds to the tilt in azimuth and fwhm broadening described in section IV.3.1.



Vectra



UHMW-PE



PA66



PP



α (o)



6.5



26



14.1



9.7



F (mN)



50



10



100



40



Table IV.2 : summary of the results obtained in ex-situ experiments for the azimuthal broadening indicating local orientation distribution
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___________________________________________________________________________ IV.6.2.



STRUCTURAL RESPONSE TO INDENTATION STRAINS



Also important is the observation that the extent of the azimuthal broadening (appearance of domain) varies between different in-situ experiments described above. In PP 2, for e.g., the extent is much less than that observed in UPE 2. This could be due to either or both of the following factors : the experimental geometry and the nature of the material. The fibres used in PP 2 are 28 µm in diameter as opposed to 12 µm for UPE 2 and the beam is at 8µm from the top of the fibre in both cases which gives a relative position of respectively ~ 0.29 and 0.67 (8/28 and 8/12). However, this should result (for a given indentation load) in a broader extent in PP 2 where the beam is closer to the deformation zone than in UPE 3 which is the opposite of what is found. Moreover, the indentation force to fibre diameter ratio (Fi/Df) is higher in PP2 than UPE 2 (respectively ~ 1.07 and 0.42 mN.µm-1), which again is in contradiction with the observations. This tends to suggest that the most important parameter to consider lies in the nature of the polymers, i.e. in their microstructure. As most polymer fibres, both materials are known to form nanofibrils (~ 12-25 nm in diameter) that lie parallel to the strain direction induced by processing i.e. parallel to the fibre axis (section I.2.3.1 for UHMW-PE and [28] for PP). Furthermore, those can form higher ordered structures such as microfibrils or fibrils (fig.I.14, p.31) and it is evident that all hierarchical levels should be considered in a complete model of the deformation process induced by the indenter. On the level of details which can be resolved using SAXS/WAXS, the main difference between the two materials lies in the nature and ordering of the crystallites along the microfibrils. In PP cooled from the melt, the molecules essentially fold back into the crystals as shown in fig.I.8-a (p.25) and fig.I.10 (p.26) in stacks of almost parallel lamellae [29]. Amorphous regions are therefore well defined and composed of the crystal fold surfaces, tie molecules etc. In UHMW-PE, the molecules are nearly fully extended and very few entanglements are expected to be found (fig.I.14, p.31). On a macroscopic scale, this must be correlated with the difference in crystallinity of the two materials (in the range of ~ 0.4 - 0.6 for PP [30] and ~ 0.85 - 0.95 for UHMW-PE) and stiffness (much higher for UHMW-PE).
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___________________________________________________________________________ Two possible models of the nanostructure of the microfibrils in UHMW-PE have been shown in fig.I.14 (p.31) and each suggest a very low degree of freedom for the disordered molecules. Any change occurring inside the microfibril should therefore be associated with a crystalline modification and result in a change of the diffraction pattern as opposed to PP where small strains could in principle be absorbed by the amorphous regions particularly at temperatures Tg < T < Tm [31] which is the case in our experiments. Thus, it can be expected that the local crystalline orientation observed in the form of an azimuthal broadening and peak formation in UPE 2 (fig.IV.6, p.109) will be achieved essentially by elastic bending of microfibrils in the case of UHMW-PE. Furthermore, the clear separation in UPE 2 in two distinct peaks as opposed to PP 2 (fig.IV.8, p.111) implies that the elastic deformation extends to a larger part of the material (at least this within the 5 µm diameter probed by the beam). This can be understood considering that the amorphous region bridging the crystallites within the fibrils of PP absorb a large part of the elastic strains. In other words, the elastic strains induced by indentation are essentially transferred to the crystalline parts in UHMW-PE (the whole microfibril) and to the amorphous regions bridging the crystallites within PP microfibrils. This conclusion is based on the assumption that the PP and UHMW-PE fibres have similar microstructures at the mesoscopic scale (fibrils) and above which is a reasonable assumption from [28]. In the case of irreversible (plastic) deformation, this local domain orientation retained by the material at the point of indentation should be reduced by the corresponding elastic relaxation. Since the crystallinity is quasi-constant throughout indented zones at low loads (e.g. fig.IV.17, p.120), it is most likely that some tie molecules are disentangled or pulled out from one of the connected crystal in UHMW-PE. Similar conclusions have been drawn from microhardness studies of materials submitted to uniaxial deformation [17]. Two dominant modes of deformation are proposed : a sliding motion of fibrils and microfibrils normally to fibre axis (under shearing and compression; fig.IV.58-b) and a buckling of fibrils parallel to the fibre axis (fig.IV.58-c). Moreover, the extent of the deformation has been correlated with the number of tie-taut molecules in the fibre structure of oriented PE [32]. At higher loads the decrease of crystalline peak intensity (loss of crystallinity) suggests partial destruction of the crystals.
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Fig.IV.58 : Evolution of the fibrous structure of a polymer a – before, b – and c – during indentation [17] Chain slip mechanisms are thought to dominate the deformation in extended-chain polymers such as UHMW-PE whereas inter-lamellar shear including chain unfolding should be accounted for in folded-chain crystals of PP (at room temperatures) [17]. Models of deformation described in chapter I (section I.3.3, fig.I.23, p.38) also mention a progressive destruction of the crystalline blocks and cooperative destruction at larger strains. This should be evidenced in in-situ SAXS experiments similar to HDPE 1 which should be repeated in more favourable conditions (although the results were not those expected, its feasibility was nonetheless clearly demonstrated). These conclusions should be extended to the other polymer test-samples used in this study. The maximum extent of plastic deformation can be estimated, in first approximation, by the distance at which no change in the diffraction pattern is observed. This excludes possible plastic deformation of the amorphous fraction of the polymers which is not evidenced by SAXS/WAXS studies. A rough estimate of the plastically deformed volume (V) at the given indentation forces of the experiments (F) is calculated in table IV.3 from the extent of the deformation along the fibre axis (∆df) times the cross-section of the deformation normal to the fibre axis (π∆dc2/4). ∆dc is the extent of the deformation across the fibre and was in all case found to be the fibre diameter except for PP (15 µm across a 28 µm diameter fibre). ∆dc and ∆df can be found in the corresponding sections of this text. It can clearly be seen that the deformed crystalline volume is much higher in Vectra than any other sample. However, the indentation forces were very different depending on the sample (factor 10 between UHMW-PE and PA66, for example). Therefore, the ratio of deformed volume to the force of indentation (V/F) is also calculated.
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∆df (µm)



∆dc (µm)



V x 10-3 (µm3)



F (mN)



V/F (µm3.mN-1)



Vectra



80



23



33.2



50



664



UHMW-PE



40



12



4.5



10



450



PA66



40



19



11.3



100



113



PP



30



15



5.3



40



132.5



Table IV.3 : summary of the results obtained in ex-situ experiments concerning extent of plastic deformation ; ∆df , ∆dc correspond to the extent of the plastic deformation respectively along and across the fibre ; V is the deformed volume, approximated by a cylinder due to fibre geometry ( = ∆df × π ∆dc2 / 4) ; F is the indentation force



Although V is only an estimate of the volume fraction of material involved in the plastic deformation process, it is clearly seen that V/F is higher by a factor of 4-6 in the highperformance fibres (Vectra and UHMW-PE) than in PA66 or PP. Again this should be related to the differences in morphologies. The amorphous regions of PA66 and PP are expected to absorb a part of the elastic and plastic strain, which is not the case in UHMW-PE and Vectra. Similarly, it has been shown for PE, that above a critical crystallinity, the deformation modes are essentially crystalline (chain slip, twinning, phase transitions), whereas below, compression and shearing of the amorphous fraction are thought to predominate [17]. Furthermore, V/F is observed lower in the case of UHMW-PE than Vectra. This could be due to the rigid rod nature of the latter, which is stiffer. The differences in V/F between PA66 and PP are, on the other hand, not significant enough in view of the approximations made. Finally, it should be noted that our studies did not allow, at present, to conclude on the continuous or discontinuous nature of the crystalline domain reorientation observed in both in-situ and ex-situ experiments through tilt and peak broadening in the azimuthal direction (fig.IV.59). This matter should be studied in more details, by collecting a larger number of patterns during the transition from single to double-domains observed from in-situ indentation of UHMW-PE e.g. In practice, this would require to reduce either the indentation gradient, the exposure time to X-rays or acquisition time from the CCD-detector.
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___________________________________________________________________________ In the experiment UPE 2, the gradient is already at the lower limit of 1 mN.s-1, and the exposure time is 0.5 s, which is relatively low. Therefore, such an experiment would require a faster detector.



Fig.IV.59 : Possible transitions from single to double-domain along the azimuth of WAXS diffraction patterns, a – discontinuous (progressive orientation of crystalline domains), b – continuous (preferred orientations about the original central peak)



IV.6.3.



ORIGIN OF THE PHASE TRANSITION IN VECTRA



The phase transition observed in Vectra at room temperature was clearly induced by deformation. Interestingly, equivalent transformations were also found to occur upon heating without deformation of any kind by many authors [18-24]. Hence, the peaks of undeformed and indented samples could be indexed according to values found in the literature (see appendix IV for further details concerning reported phase transitions in Vectra) and were shown to belong to a complex mixture of pseudo-hexagonal (PH) and other orthorhombic phases (O and OII). This should be further confirmed by peak fitting procedures based upon a model corresponding to the simultaneous presence of the different phases. This is important to quantify the amount of each phase and to derive more precise information concerning the mechanisms underlying this transition. The PH-phase found at room temperature for our fibre is a typical signature of samples rapidly cooled from the melt and is generally associated with frozen-in



Chapter IV – Results and discussion



159



___________________________________________________________________________ conformational disorder [42]. Interestingly, the orthorhombic OII-phase which is the dominant form of the new phase in our studies, as observed by the intensity of the 020OII and 111OII reflections (fig.IV.39, p.137), was reported in the literature [20,22-23] to be only a minor component of the heat-treated material. Conversely, the orthorhombic O-phase is a minor one in our samples and a dominant on in heat-treated materials. However, recent uniaxial compression studies of Vectra [43] have yield important information for our purposes. The compression of as-extruded samples (PH structure) in a direction normal to the molecular axis apparently showed no evidence of phase transformation for compressive strains up to 50 %. The peaks were rather seen to broaden in the radial direction and the total crystallinity decreased by 50 %, indicating distortion and possible fragmentation of the crystallites. Also important, when annealing the deformed sample, the X-ray pattern indicated a quasi-total recovery of crystallinity. On the other hand, the same deformation process on an annealed sample (O structure) induced a phase transition with a new equatorial peak at d ∼ 5.5 Å, indexed as the 020 of the OII phase under the same assumptions described in section IV.4 (p.136-137). Furthermore, in this case, the crystallinity loss at 50 % total strain was only in the order of 17 %. Consequently, the authors suggest that a martensitic transition to OII is induced by stress from the O-phase. Our results show important similarities with the above. Upon indentation, a phase transformation to OII is clearly observed by the appearance of the 020OII reflection, although in our case, the starting material is PH and not O. This is seen to be force-dependant (fig.IV.42, p.140) and the total crystallinity is also found to decrease by ~ 50 %. Finally, in addition to PH and OII, indented samples also contain a small amount of O revealed by weak extra equatorial and off-equatorial reflections (1110 and 1200 in fig.IV.39, p.137). Since a martensitic transition should not be observed from the PH phase due to important conformational disorder, it could be postulated a two step transition, from PH to an intermediate O-phase and then to OII. Thus the presence of a weak observed O-phase in indented samples. It should also be noted, as already detailed in section IV and appendix IV, that the PH and O reflections can be close and overlapping. It could well be that the radial broadening observed in compression of PH samples, is in fact a partial transition to O-phase and that the applied pressure on the sample was not enough to induce a transformation to OII. If this is not the case, different mechanisms than those suggested in compression studies should be proposed for microindentation.
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___________________________________________________________________________ In-situ studies of microindentation on Vectra sample should therefore be undertaken to conclude on this matter, although it has already been demonstrated that the 020OII is best seen in the direction of indentation and is minimum perpendicular to this direction (fig.IV.35,p.133) which is this used for in-situ studies. The same authors have also reported the appearance of discrete SAXS maxima upon heating [23] which they attribute to a transition from PH to O. The absence of maxima in the as-extruded PH phase is explained by the similar density in crystalline and amorphous phase. This could also be evidenced using in-situ microindentation combined with SAXS studies. Finally, the plot in fig.IV.36 (134) showed that ex-situ experiments could allow to obtain projection maps of the spatial extent of the new phase. Therefore, reconstruction of such projections at different angles should provide a 3-D mapping of the extent of the phase transformation in a Vectra sample at different forces of indentation. More detailed studies on the critical stress for the onset of the phase transition could in turn allow direct reconstruction of the stress field due to the indentation in this sample, which would be a major breakthrough. This could in turn be compared with theoretical models constructed by finite elements methods and serve as a reference for further improvements of such models, for this and similar materials.
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