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___________________________________________________________________________



CHAP I – GENERAL BACKGROUND



Le concept de dureté, bien que familier pour beaucoup, demeure relativement ambigu puisque étroitement lié à une méthode de mesure. La dureté déterminée par indentation peut ainsi être évaluée par la mesure des dimensions de l'empreinte laissée par la pénétration d'un objet (cône, pyramide, bille) dans un matériau sous une force parfaitement déterminée. Dans ce cas, un élastomère apparaîtra plus dur que la plupart des aciers. Ce classement est inversé si l'on considère, comme les minéralogistes, que le matériau le plus dur est celui qui raye l'autre. La confusion apparente réside dans le fait qu'aucune distinction n'est généralement faite dans la mesure de dureté entre la part de déformation élastique (temporaire) et plastique (permanente). Celles-ci dépendent de la microstructure et de la nature du matériau à forme donnée. De plus, les modes de déformation diffèrent et l'on peut s'attendre à une déformation élastique plus importante dans le cas de matériaux polymères. Les phénomènes de diffusion des rayons X aux petits et grands angles (SAXS/WAXS) peuvent être utilisés pour évaluer les effets induits par la déformation sur l'arrangement des macromolécules dans le cas de polymères semi-cristallins par exemple. Ces techniques permettent alors d'obtenir des informations jusqu'à une échelle mésoscopique et de considérer plusieurs niveaux dans la hiérarchie structurale des polymères. Dans le cas d'une fibre, l'ensemble des cristallites possède généralement un axe cristallographique commun orienté le long de l'axe principal (souvent appelé l'axe c), les deux autres étant uniformément distribués autour. Cette symétrie axiale simplifie par conséquent l'analyse des clichés de diffraction de monofilaments (ou monofibres) de polymères. Les techniques développées sur la ligne de microfocus (ID13) du synchrotron européen (ESRF) conduisent en outre à une information topologique autour de la zone indentée grâce à l'utilisation de microfaisceaux de rayons X très intenses.
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___________________________________________________________________________ A general overview of the techniques used in our studies is given in this first chapter. The first part is devoted to a general description of hardness testing. It is important to bare in mind that our aim was not to measure hardness but rather use this technique to probe the structural deformation induced by a microhardness device (microindenter). Although this method can be used for virtually any material, we chose to focus on polymers and more specifically fibres, which are therefore described from a structural point of view in a second part. Important features relating to microhardness applied to polymers are then emphasized in a third section. Finally, the X-ray scattering methods that we used in this work are presented in the last part of this chapter.



I.1.



M AT E R I AL S H AR D N E S S T E S T I N G



This section is devoted to a presentation of the techniques used in hardness testing, which is a common mechanical test. A general definition of hardness is first given followed by a description of different existing methods. Particular emphasis is then put on testing at low loads : microindentation which we used throughout this work and nanoindentation which could also be of interest.



I.1.1.



I M P O R T AN C E O F M E C H AN I C AL T E S T S



Mechanical properties of materials often characterize their ability to resist deformation and are defined by relating applied stresses to measured strains. They are therefore key parameters to scientists and engineers in developing new applications or improving existing ones. Two different modes of deformation are usually defined for any material submitted to external stresses. At low strains, the sample first deforms elastically and recovers its original shape and properties upon load removal. The material's resistance to elastic deformation depends on both its nature and shape and is characterized by its stiffness, the ratio of load over deflection. The intrinsic properties of the materials themselves are expressed in the form
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___________________________________________________________________________ of an elastic or Young's modulus E which is the ratio of stress over strain or as a compliance



γ = 1/E which is the reciprocal of the modulus. At higher strains the material is altered in an irreversible way after load removal which is consequently called plastic deformation. This implies that the microstructure is deformed permanently only in the plastic regime. The stress at which the transition from elastic to plastic deformation occurs is defined as the yield stress The strength of the material is further defined as the stress at which the material fails by fracture and toughness as the work required to achieve this. The evolution as a function of time of the deformation under constant or released stress can also be of interest and is usually defined as viscoelastic or viscoplastic. It is commonly known as creep in the first case and relaxation in the second. All those characteristics are usually measured by standard mechanical tests such as uniaxial stretching, three point bending (etc...) which are therefore of fundamental importance in materials science. However, they involve deformation of the whole sample. In order to further characterize materials based on their ability to resist deformation induced by highly concentrated stresses (on a small portion of the sample only), hardness tests were developed. In this respect they have proved to be of considerable interest as a means to classify materials and in some cases to extract intrinsic materials parameters [1-4]. This technique has also been shown to depend upon the different specific deformation modes of the considered materials.



I.1.2.



D E F I N I T I O N O F H AR D N E S S



Although the concept of hardness of materials is familiar to many people, it is nonetheless difficult to define it concisely so as to include the various characteristics generally referred to as hardness. In his introductory essay, Mott (1956) [1] states that : 'in the home, we often think of hardness of materials in terms of the readiness with which they can be cut by a kitchen knife. In the workshop, the fitter judges hardness by the ease with which a given material can be sawn, filed or drilled. The engineer often grades his materials on the basis of the depth of penetration of a hard indenter when forced into the surface under controlled conditions. We generally accept that the harder of two materials will scratch the other, will resist wear better or suffer less damage if struck by a body which is harder than
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___________________________________________________________________________ either material. On reflection, we realize how varied are the properties loosely referred to as hardness, many of them unconnected and bearing little relation to each other'. Tabor (1951) [2] also pointed out this complexity : 'if we accept the practical conclusion that a hard body is unyielding to the touch, it is at once evident that steel is harder than rubber. If however we think of hardness as the ability of a material to resist permanent deformation, a substance such as rubber would appear to be harder than most metals'. The apparent confusion lies in the fact that a given method of hardness measurement is dependant on both the elastic and plastic deformation modes which in turn depend on the material's microstructure. In the case of a rubbery material, the range of the elastic deformation is much higher than that of metals or ceramics. The deformation in the later is thus predominantly plastic while in the case of polymers, elastic properties play a more important part. Since most hardness tests were developed in first place to characterize essentially metals [5-9] and other crystalline materials, it is usually the permanent (plastic) deformation which is measured and except in the case of dynamic tests, elastic deformation is not usually taken into account for those materials. For polymers the case is more complicated as the measure of hardness is sometimes taken as the depth of penetration of an indenter before removal of the applied load. In such a case, the measure is dependant on elastic, plastic and even viscoelastic properties. However, eventhough it appears clearly that hardness has no unambiguous and simple definition and can only be determined under standard conditions (Baltà-Calleja, 2000 [3]), we will adopt the commonly accepted definition as the measure of the resistance of a material to permanent deformation. In the late 50's hardness measurements were very widely carried out in industry and in research as a means of classifying materials mainly because of the eased with which it is accomplished. As a non-destructive test, it was often used to determine the suitability of a material for a given purpose, the success of a given method of fabrication or heat treatment and the uniformity of the product. Hardness microtesting was developed by engineers for such purposes [1]. Furthermore, a number of studies had been conducted relating the values of some hardness tests to other materials' mechanical properties. As an example, the yield stress of work-hardened metals Yo (ideal plastic materials) determined by frictionless uniaxial stretching experiments was found empirically to be linked to the Vickers hardness Hv through Tabor's relation : Hv ∼ 3Yo [2]. For polymers, deviations are often observed due additional
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___________________________________________________________________________ elastic strain in the indented material. In particular, when the yield stress in compression is used Hv ∼ 2Yo which is explained using elaborate models of elastoplastic deformation [71]. From similar stretching experiments, it was also found that Hv ∼ E/10. Ultimately, Finite Element Modelling methods have proved to be powerful tools to study the stress distribution [10]. Those scientific developments have thus provided a strong background for the development of the use of such techniques as microindentation to study more in depth the intrinsic mechanisms of plastic and to a certain extent elastic deformation mechanisms. It should at this point be emphasized that macroscopic measurements of hardness involve a deformation zone of the order of a few millimetres at maximum across the surface and in depth as compared to bulk deformation tests such as stretching or bending for example where the whole sample is submitted to stress. This deformation zone can be further reduced by well known micro and even now nanohardness techniques which will respectively be described in section I.1.3 and I.1.4.



I.1.3.



M E T H O D S O F H AR D N E S S T E S T I N G



As pointed out by O'Neill (1934) [4] 'like the storminess of the seas, (hardness) is easily appreciated but not readily measured'... Hardness tests usually fall into three main categories : scratch tests, static indentation and dynamic methods.



I . 1 . 3 . 1 . S C R AT C H M E AS U R E M E N T



In an attempt to identify and classify minerals using a simple scratch test, Mohs developed in 1812 [11] a semi-quantitative hardness scale ranging from 1 (talc) to 10 (diamond) i.e. from the softer mineral known to the hardest (table I.1). The Mohs scale is not linear but somewhat arbitrary as the ten reference minerals were selected as being common or readily available. In order to evaluate the hardness of a material, a sample is scratched against some of the ten reference minerals, the material scraping the other one being harder.
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___________________________________________________________________________ Other typical values of hardness referred to the Mohs [12] scale are : fingernail : 2,5 ; Gold, Silver : 2,5-3 ; Platinum : 4-4,5 ; Iron 4-5 ; Glass : 6-7 ; Hardened steel file : 7+ [11].



Hardness



Mineral



Association and uses



1



Talc



Talcum powder



2



Gypsum



Plaster; forms upon evaporation of seawater



3



Calcite



Limestone and most shells contain calcite



4



Fluorite



Fluorine in fluorite prevents tooth decay



5



Apatite



Contained in seashells



6



Orthoclase



Orthoclase is a feldspar (essential constituent of many rocks)



7



Quartz



8



Topaz



Emerald and aquamarine ( beryl) with a hardness of 8



9



Corundum



Sapphire and ruby, twice as hard as topaz



10



Diamond



Jewellery, cutting tools, four times as hard as corundum



Table I.1 : Mohs Hardness scale [11] Despite being useful to a certain extent, it falls quickly to the eye that most metals will lie in only a reduced part of the higher range of the scale which makes it impractical to discriminate between materials of similar hardness. Furthermore, the actual values may vary in an unpredictable way due to differences in experimental procedure (inclination angle and orientation of the scratching edge...). Another type of scratch test or sclerometer which is a logical extension of the previous, consists in drawing a diamond stylus of defined shape under a specific load across the surface of the sample to be examined. The hardness is then measured as the width or depth of the resulting scratch; the harder the material the smaller the scratch [13-15]. However the scratching process is a complicated function of a number of properties amongst which hardness and shows wide variations in the classification of materials achieved with such tests [1]. Attempts were therefore made to further develop reliable and repeatable test methods to assess the hardness of materials on a finer scale.
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___________________________________________________________________________ I . 1 . 3 . 2 . S T AT I C I N D E N T AT I O N M E T H O D S



Those are the most widely used types of hardness testing. They usually involve measuring the size of the impression left in a sample by an indenter of well defined geometry pressed in a direction normal to the surface of the specimen under a controlled load. BRINELL HARDNESS



:



In this test, which was the first of the kind to be



developed [5], a 10 mm hard steel ball is pressed on the surface under a force of 29,42 kN for 30 s. The diameter of the impression produced is measured after removal of the indenter. The Brinell hardness number is then expressed as the ratio of the force divided to the projected contact area of the indentation following eq.1 below HB =



2F



( D)



πD 1 − 1 − d 2



2



(eq.1)



where F is the force applied in Newtons, D and d respectively the indenter and impression diameters in millimetres. Due to various reasons, the diameter of the impression might not always be exactly circular so that d is in fact the mean value of two diameters measured at right angles. Also, for soft materials, lower loads might be used in conjunction to smaller ball diameter, but the ratio of the load applied to the square of the diameter of the ball should be kept constant in order to preserve geometric similarities between impressions [1]. One of the major drawbacks of Brinell testing lies in the fact that as the hardness of the test piece increases, there is greater elastic deformation of the ball indenter and the chances of yielding can become quite serious. A tungsten carbide indenter is therefore preferred in some cases to overcome this difficulty. VICKERS HARDNESS : A square based diamond pyramid indenter is used in this test. The angle between opposite faces should be 136o±30' according to ASTM (1978) specifications (fig.I.2-b). This corresponds to the angle between tangents at contact point in a Brinell test where the diameter of the impression is 0.375 times this of the ball which is assumed to be the ideal case (fig.I.1).
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___________________________________________________________________________



D=0.375d



Brinell indenter 136o



Vickers indenter



d



Fig.I.1 : relation between Vickers indenter angle and ideal Brinell indentation geometry The material is indented at a constant rate or indentation gradient until it reaches a specific force and held under this force for a determined length of time (dwell time). The Vickers Hardness number is then given by the ratio of the force F applied on the indenter to the projected contact surface A on the sample :



HV =



2 sin(α 2)F d2



(eq.2)



where F is in Newtons, d the mean diagonal of the impression in millimetres and α = o



136 (fig.I.2-b). This test allows relatively high accuracy in terms of repeatability mainly because of the use of diamond as the material for the indenter which therefore undergoes very little deformation even when pressed on hard samples. Experiments show that Brinell and Vickers hardness give similar values up to HV ~ HB ~ 500. Above this value, the deformation of the Brinell indenter becomes too important to relate both scales in a simple way. Furthermore, the main advantage of the Vickers test over Brinell, is that F/A remains constant during the test and hence, H does not vary with the applied load. KNOOP HARDNESS : The Knoop hardness test is very similar to the Vickers one. The indenter is an elongated pyramid (rhombic-based) with angles between the long and short edge of 174o and 130o respectively (fig.I.2-a). The shape of a perfect impression is that of a parallelogram for which one diagonal is about seven times that of the other. The Knoop hardness is given by : HK = C F



d2



(eq.3)



where F is the force applied in Newtons, d the principle diagonal length of the impression in millimetres and C is equal to 14,23 (ASTM 1978). Due to its twofold
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___________________________________________________________________________ symmetry, this test is very sensitive to anisotropy. One important fact is that the shorter diagonal recovers more than the longer upon removal of the load.



a



b



Fig.I.2 : geometry of a- Knoop and b-Vickers indenter tips



OTHER STATIC TESTS : Other static indentation tests have been developed to overcome various difficulties. A diamond triangular pyramid (Berkovitch indenter) has been proposed [16] due to the difficulty to cleave the diamond along particular directions. This leaves a triangular impression in the sample. In another test using a cone-shaped indenter, the measure is taken as proportional to the difference in depth penetration upon load release while stile pressed on the sample. This is known as the Rockwell test. In all static tests described above, a complete description of the experimental conditions involves mention of the indentation gradient and dwell time which is defined as the time for which the indenter tip is being held at constant load on the material. Also, in the case of hardness measured on fibres, appreciable geometrical corrections are to be made [3].



I . 1 . 3 . 3 . D Y N AM I C T E S T S



Various forms of those type of tests have been developed, some of which employ a steel sphere or a diamond cone which is dropped from a given height and the depth of impression produced is measured. The shore rebound scleroscope [17] employs a small steel
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___________________________________________________________________________ hammer carrying a rounded diamond point at the lower end which falls inside a graduated glass tube from a precise height onto the specimen. The height of the first rebound is taken as the measure of the hardness. It may be shown [2] that dynamic harness can be expressed quantitatively in terms of the elastic and plastic properties of the sample. As seen in the previous tests descriptions, the precise definition of hardness depends entirely on the method of measurement and will determine the hardness scale. Therefore, two scales of hardness are not necessarily related unless certain conditions of similarity in the mode of testing are fulfilled. Furthermore it is important to realize that the hardness properties of a material may change appreciably as the test is applied due to work hardening [2]. Other parameters such as surface roughness or vibration effects can strongly influence the measure especially in the case of hardness testing at low loads which is described in the following section.



I.1.4.



I N D E N T AT I O N AT L O W L O AD S



Engineers quickly became aware of the interest of leaving as small impressions as possible on the tested sample, therefore going a step further in the direction of non-destructive techniques. Another important consequence of using small loads is the considerable reduction of work hardening during the deformation process. The term 'microhardness testing' which is often used to describe tests developed for such a purpose has in fact no real significance although it is generally accepted as implying the measurement of hardness at low loads. It should however be fairly straightforward for a material scientist that 'low loads' is a very poorly defined expression. Indeed, loads to create an impression of the same size in a silicon wafer and a Kapton® foil are different by at least one order of magnitude. Thus the range of loads used to create a microimpression depends largely on the type of material studied (~ 2000 – 5 mN for polymers in our studies). To obviate this difficulty, O'Neill [4] has suggested that the method should be referred to as 'hardness microtesting'. In the realm of static tests, microindentation is probably the best abbreviated way of describing what is generally understood by this particular test and it is this one we will adopt in all the following document.
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___________________________________________________________________________ I . 1 . 4 . 1 . M I C R O I N D E N T AT I O N T E S T I N G



The fact that small loads are used implies that the impressions produced are small both in relation to the surface area and the depth. This immediately identifies two types of test pieces : those which have a small surface area perpendicular to the axis of the indenter and those which have a limited depth parallel to the indenter axis. Small components such as single polymer fibres that cannot be tested at high loads and small areas such as in a multiphase alloy where the maximum dimensions may be in the order of a few microns usually fall in the first category. In the later are usually found thin sheets and surface coatings. The third important type of specimens which can be tested at low loads are brittle materials such as glasses or ceramics. In all cases, microindentation remains a local test affecting only a volume of ~ 105 – 106 µm3 at maximum, leaving the rest of the sample unaltered. In this respect, microindentation was found to be ideal for our purposes. Extensive literature can be found on combined stretching [18-19] or even to a certain extent bending [20] and scanning microdiffraction analysis. However, to our knowledge, combined studies of microindentation and scanning microdiffraction in real time are the first of the kind. The choice of microindentation as a means to deform samples on a very local scale was therefore quite obvious considering the space extension of the scanning possibilities available on the ID13 beamline as will be described in part II-2.



I . 1 . 4 . 2 . N AN O I N D E N T AT I O N T E S T I N G



Nanoindentation techniques include all static hardness measurements in which impression size is too small to be resolved by light microscopy and therefore require specific instrumentation. They are sometimes coupled with atomic force microscopy (AFM) devices operated in force mode in which a metal tip of nano-size sharpness at its end (usually a Berkovitch triangular pyramid, see sect. I.1.2.3 and [16]) is pressed on the surface. A controller is used to record the load-displacement curve as the indenter is driven and
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___________________________________________________________________________ withdrawn from the material in contrast to the single measure of the area of the print made in static macro- or microhardness tests (section I.1.1.2). Information concerning the elastic and plastic part of the deformation is analysed through data processing of the load-displacement curve as schematically described in fig.I.3. This measurement can be automated and specific interfaces have been developed for easier data treatment.



P (nN) Pmax



h (nm) h0



hf



hmax



Fig.I.3 : typical load (P) displacement (h) curve of nano-indentation measurement ; h0 is the contact point of the tip at material's surface, hmax is the maximal depth, hf is the final depth after elastic recovery



However, several assumptions must be made in order to separate the plastic from elastic effects, determine the true zero of the depth measurements and allow for pilling-up or sinking-in effects around the indenter tip [21] as shown in fig.I.4. It is important to note that the area of impression is not measured directly in this case but rather assumed under wellestablished hypothesis to yield relatively direct information that is of value in quality control [3,22]. If high precision hardness values are to be used, the alternative lies in the use of a scanning electron microscope (SEM) to measure the projected area of indentation.



a



b



Fig.I.4 : a – pilling up and b – sinking-in effects during indentation
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___________________________________________________________________________ Such techniques are generally used in the case of very thin films, or to study structural heterogeneities such as phase segregations, grain boundaries (etc.) in the nanometer range. It could also be of interest coupled to diffraction techniques to study surface features of deformation.



I.2.



POLYMERIC MATERIALS



Although microindentation methods can apply to virtually any material, we chose to focus on polymers which are therefore described in this section first from a general point of view and later considering important morphological characteristics. Particular attention is finally given to high performance and liquid-crystalline polymer fibres as important results were obtain using such materials. Polymers are used in a wide range of everyday applications, in clothing, automotive, aerospace industry etc... Amongst other advantages over other materials are their low processing costs, weight, chemical resistance, which, combined to other mechanical or optical properties offer unique combinations and solutions to highly technical problems. Plastics, resins and elastomers are thus processed into a wide range of fabricated forms such as fibres, films, membranes, filters and bulk pieces obtained by moulding, extrusion, spinning...



I.2.1.



DESCRIPTION



Polymers are large molecules (macromolecules) formed by the repetition of chemically bound small molecules called monomers. The degree of polymerization Dp is simply the number of monomers along the chain and should be greater than 50-100. Polymers containing a relatively low number of repeating units (< 50) are generally referred to as oligomers.
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___________________________________________________________________________ Polymerization processes can be classified according to whether or not they form byproducts during the reaction and whether polymerizing chains can bind to one another (step growth) or grow by binding only one monomer at a time (chain growth). Condensation polymerization gives rise to by-products whereas addition reaction doesn't [23-24]. Due to the impossibility to control the polymerization process on the level of the individual molecules, the chain lengths are not uniform (single valued) but are rather distributed according to a Gaussian law. Thus most properties of polymers are average values and are in a number of cases dependent on the mean degree of polymerization and consequently on the mean molecular mass. Polymer molecules can be classified according to the following parameters [24] : Origin : natural (silk, wool, cellulose, starch etc...) or synthetic (Nylons, polypropylene, polyethylene, Kevlar...) Chemical



composition



:



homopolymers



(single



repeating



monomer)



or



heteropolymers (several repeating monomers, two in the case of copolymers) Configuration : arrangement of atoms determined by the polymerization process that cannot be altered by rotation of groups or atoms around single bonds (enantiomers ; isomers ; isotactic, syndiotactic, atactic polymers) Conformation : arrangement in space of atoms or groups about single bonds due to possible rotation at energetically favourable positions as a function of intra and intermolecular forces. Macromolecular architecture : linear, branched or reticulated (3D network) (fig.I.5.)



a



b



c



Fig.I.5 : a – linear, b – branched and c – reticulated macromolecules ; all chains represented can be homo / heteropolymers ; if branches differ in chemical nature from the main chain, it is called graft polymer
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___________________________________________________________________________ This leads to three different classes of polymeric materials : Thermoplastics : commonly referred to as plastics, include linear or branched macromolecules, that can be remelted and cooled time after time without undergoing any appreciable chemical change. Thermosets : formed by crosslinking of macromolecular chains upon heating and therefore exhibiting three dimensional networks which imparts rigidity and intractability. They do not melt upon heating but rather degrade when submitted to high temperatures and cannot be dissolved. Rubbers and elastomers : reticulated polymers (network forming) with long flexible chains between crosslinks that cannot be melted. In all cases, polymers undergo a temperature transition known as the glass transition temperature Tg < Tm – Td (Tm melting, Td degradation temperatures), which refers to the softening of a glass below melting temperatures. This transition is therefore associated with an increase in chain mobility (viscosity) above Tg and is known to depend on the thermal history of the material. Also, it is important to note that polymers are out of thermodynamical equilibrium and in practice their properties are thus time dependent.



I.2.2.



POLYMER MORPHOLOGY



Materials science is applied to polymers in much the same way as it is to other materials such as metals and ceramics in order to define structure-properties relationships from the manufacturing to the final recycling or destruction process. Thus, the morphology of a polymeric material must be understood in order to relate its microstructural features to its mechanical properties. In polymer science the term morphology generally refers to form and organization within the material on a size scale above atomic arrangement but smaller than the size and shape of the whole sample [25]. The huge variety of different microstructures (morphologies) that can be encountered is mainly due to the tremendous number of possible conformations which stems out from the chemical diversity of the macromolecules [26].
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___________________________________________________________________________ Therefore, in order to fully describe the structure of solid polymers and reveal their hierarchical organization, several length scales must generally be considered : Macromolecule : 1 ~ 20 Å or more (typical intramolecular repeat distance) The basic structural unit of a polymer (primary structure) consists in a more less flexible macromolecular chain described in the previous section. This excludes rigid macromolecules which will be dealt with in section I.2.1.3. In order to minimise their free energy, macromolecules can be found to adopt a number of stable conformations depending on the intra- and inter-molecular forces i.e. on the chemical nature of the polymer chain and its environment. This is achieved through rotation about single bonds and mostly results in helical secondary structures [27] (fig.I.6). As can seen in fig.I.6-c, some conformations (as (T2G)4) exhibit large cross-sections and are therefore bulkier than others although the difference in free energy might be very small. In addition, some helical macromolecules are found to wind around others to form coiled-coil helices as the keratin triple helix for e.g. (fig.I.7). a 4



χ



1



c



3 2



b



Fig.I.6 : a – definition of the torsion angle χ of a single-bonding carbon chain and b – usual notations as seen in the direction of rotation axis [28] (atom 2 and 3 are superimposed); G, S, T and C respectively correspond to χ = 60o, 120o, 180o and 360o (clockwise rotation >0); counterclockwise rotation ( 1 000 000 for Dyneema® and Spectra® PE). Melt-spinning : particularly adapted for thermotropic LCP (see section I.2.3.2 below). The polymer is first washed to remove impurities, heated above Tm and nematic phase is then spun through spinneret holes. As-spun fibres are then treated at high temperatures but < Tm for several hours (longer than conventional annealing). This method has the advantage that no solvent is involved in the process. Solution-spinning : viscous solutions are extruded under heat and pressure into a coagulation bath, followed by washing, drying, tensioning and heat setting. This process includes production of lyotropic liquid crystalline solutions of poly-phenylene terephthalamide (PPTA), poly-butylene benzobisoxazole (PBZO). The solid fibres can show 3D-order (PPTA) or liquid crystalline order (PBZO). Solid state extrusion : bulk polymer is forced through a die at elevated temperatures but < Tm at varying draw ratios.
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___________________________________________________________________________ All above-mentioned processes, involve drawing and thus high tensile and shear stresses within the material. For this reason, they can induce similar structures as the shish of row nucleated macromolecules described in fig.I.11-b and fig.I.12. In first approximation, fibres made from flexible polymer chains comprise chain-folded crystals interspersed with regions of varying degree of order. The macromolecules are oriented along the chain axis with crystallites connected by more-less taut-tie molecules. Fig.I.13-a below is a scheme showing the effect of drawing on the alignment of molecules in the fibre. The dashed lines in fig.I.13-c indicate so-called fibrils, which are regions of the fibre bearing little connections to each other. This picture shows the formation of chain folded morphologies but not chain extended morphologies, which is the case of high performance fibres (e.g. UHMW-PE or PPTA). This is possible either through gel spinning of flexible and semi flexible polymers (e.g. PE) etc...



a



b



c



Fig.I.13 : structure and orientation of macromolecules in a – the extruded fibre and b – after drawing. c – shows poorly connected regions referred to as micro or nanofibrils [51] It is therefore clear that the draw ratio is limited by the entanglements density and disentanglement mechanisms [50]. At high draw ratios, 12 µm gel-spun filaments of UHMWPE (Dyneema®) have been shown to be composed of macrofibrils with diameters in the range of 0,5 - 2 µm (fig.I.14) which structure can be described following two models. In a first model (lower picture on the right in fig.I.14), the macrofibrils are thought to consist of 20 nm microfibrils containing highly extended chain molecules forming crystallites which are separated by amorphous domains. In a second model (upper picture on the right in fig.I.14),



Chapter I – General background



31



___________________________________________________________________________ the macrofibrils are described as a more less continuous crystalline phase with dispersed and rare defects [33].



Fig.I.14 : Structural morphology of SK60 Dyneema from [33] Those two models essentially differ in the lateral coherence of crystalline regions and in the distribution of amorphous phase which is well localised between crystalline regions in the first model and dispersed in a crystalline phase in the form of defects in the second. Other models have been proposed but do not clearly allow to differentiate between the above two models. However, this example illustrates the necessity to consider several scales in the morphology of semi-crystalline polymers.



I.2.3.2.



LIQUID CRYSTALLINE POLYMERS



Macromolecular crystallites usually show three-dimensional long-range order, which can be directly assessed by means of X-ray using either single crystals (when possible) or fibres as will be seen in section I.4. However, in some cases, intermediate one- or two-dimensional order is observed in so-called mesomorphous structures or mesophases since they lie between
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___________________________________________________________________________ well-ordered and amorphous states. In either melt or solution, those polymers show liquid-like flow characteristics but are found to be anisotropic with respect to optical properties due to one-dimensional order and are consequently known as liquid crystals [34]. In first approximation, liquid crystalline polymers (LCP) are classified as thermotropic if the transition to isotropic state is induced by temperature change or lyotropic if increasing concentration of a solution to a critical point induces long-range order. In such mesophases, the principal factor governing the formation of long-range order is the chemical nature of the monomer molecules (mesogens) themselves. Those are usually



calamitic (rod-like) or



discotic (disk-like) molecules (fig.I.15) which therefore considerably reduces the number of possible conformations [35]. a



b



Fig.I.15 : molecular constitution of typical a – calamitic b – discotic molecules [36] The rigidity of calamitic LCP can be imparted to the rigid connexion of linear mesogens often (but not always) containing aromatic rings, which prevent internal rotation within the molecules. Such macromolecules are known to form different phases with varying degree of order as seen in fig.I.16. Nematic ordering refers to average unpolarized uniaxial alignment along the molecule backbone without any correlation between the centres of gravity [37]. Twisting the average direction of the long molecular axes results in a cholesteric mesophase [36]. Smectic mesophases on the other hand consist of mesogens distributed
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___________________________________________________________________________ within layers and can differ with respect to the orientation of the molecular axis with respect to the layer normal and the organization of the gravity centres within the layers [38].



Fig.I.16 : common liquid crystalline ordering a – nematic, b – smectic, c – cholesteric [36] An additional distinction in classifying LCP is made between main-chain and sidechain liquid crystal polymers as described in fig.I.17. In the former, the mesogen units constitute the backbone of the macromolecule while in the later they are branched onto a flexible polymer which can in turn form elastomeric networks. a



c



b



d



Fig.I.17 : calamitic a – mesogen, b – main-chain, c – side-chain and d – elastomeric LCP [36] Despite exceptional mechanical properties, calamitic-type liquid crystals are difficult to process as they very often degrade without melting. To overcome such difficulties, several steps can be taken all leading to an increased entropy: insertion in the main chain of a flexible spacer (fig.I.18-a), inclusion of bent units or units of different sizes (fig.I.18-b), graft side chains onto the main one (fig.I.18-c). A typical example is the case of fig.I.18-b, a thermotropic co-polyester of



73/27 mole ratio of hydroxybenzoic acid (HBA) and



hydroxynaphtoic acid (HNA) [39] produced as fibres under the trade name Vectra (Hoechst Celanese). The HBA homopolymer is highly crystalline and cannot be processed under conventional techniques but the random copolymerisation with HNA introduces sufficient packing defects to disturb the three-dimensional order while maintaining extended chain conformation in a nematic structure [40].
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___________________________________________________________________________



a



b



c



Fig.I.18 : left – schemes and right – examples of main-chain liquid crystals with a – flexible spacers, b – bent or crankshaft-like co-monomers and c – side-chain LCP [36] From optical and electron microscopy analysis, a detailed model was derived [41] to describe fibres of such material (fig.I.19) akin to this of UHMW-PE (fig.I.14). The fibre is seen to consist of macrofibrils (∼ 5 µm in diameter) composed of fibrils (∼ 0.5 µm) which contain bundles of microfibrils. Some authors suggest that microfibrils are the most important elements to consider in the study of deformation [25]. In this case, Vectra microfibrils have been shown to exhibit some crystalline ordering which will be discussed in later parts.



Fig.I.19 : structural features of a general model derived for fibre LCP [41]
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___________________________________________________________________________ This further indicates the different hierarchy levels that should be considered in any deformation process. Finally, it is important to note that morphological complexity extends further in some natural polymers, which can be found to exhibit higher degrees of hierarchy.



I.3.



MICROINDENTATION APPLIED TO POLYMERS



In the light of the given definition of hardness as the resistance to local deformation, it appears that some polymers have values of hardness at least equivalent or even higher to those of some metals [3] as shown in fig.I.120 below.
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Fig.I.20 : Comparison between metals and polymers typical values of microhardness; adapted from [42] The complexity of the physical properties associated to their microstructures and the great variety of polymeric materials has brought considerable scientific attention over the past decades and as a consequence, the hardness properties of those materials have been extensively studied since the 1960s [3].
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___________________________________________________________________________ I.3.1.



DEFORMATION MODES



Microindentation techniques allow probing the different modes of deformation of the studied specimen. The force field developing under the indenter gives rise in a first step to elastic deformation in the vicinity of the tip. As the pressure builds up at the surface of the material, plastic deformation occurs when the yield stress is reached. Several effects can be distinguished during indentation of a polymer (fig.I.21) [3] :



a – an elastic deformation fully recoverable upon unloading. In semi-crystalline polymers this effect seems to be mainly related to the elastic yielding of the amorphous component and therefore can only probed in-situ, before relaxation. b – a permanent plastic deformation determined by the arrangement and structure of microcrystals and their connection by tie molecules and entanglements. This can be analysed ex-situ, after elastic relaxation. At low strains it involves phase transformations, twin formation, chain tilt and slip within the crystals and at larger strains crack formation and chain unfolding. c – a time dependent microhardness during loading (creep) d – a long delayed recovery after load removal (visco-elastic relaxation)



plastic deformation (EX SITU) elastic recovery (IN SITU) + viscoelastic deformation = f(t) Fig.I.21 : different deformation modes during indentation of polymers In the case of materials such as ionic and metallic crystals, plastic deformation occurs through primary slip systems which involve dislocation movements during the indentation process. Macromolecular crystals, on the other hand are highly anisotropic, exhibiting strong
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___________________________________________________________________________ covalent bonding in the direction perpendicular to the crystal surface (along the chains) and weaker Van der Waals or hydrogen bonding parallel to it. Therefore, crystal defects alone cannot account for the plastic flow occurring through the deformation process although they tend to facilitate it to a certain extent. Typical deformation modes preferentially include displacement of the chains by shearing and tilting (fig.I.22) and eventually twinning and phase transitions [43].



a



b



Fig.I.22 : a – chain tilt and slip in a crystal lamellae (dashed lines) leading b – to the formation of a crack bridged by the partially unfolding macromolecules [44-45]



I.3.2.



INFLUENCE OF THE MORPHOLOGY



In the case of chain-folded crystals, the deformation modes in the crystalline polymer are predominantly determined by the arrangement and structure of the crystalline domains and their inter-connection by tie molecules. The crystals restrict the mobility of the molecules in the amorphous layers, while the latter partly transmit the required forces for the break up of crystals and additionally provide for elastic recovery [3]. Fig.I.23 shows how crystals break up under stress but still remain tied by a fraction of taut molecules.
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___________________________________________________________________________ Plastic deformation in semi-crystalline polymers is known to involve the following mechanisms [46] : Phase transformation or twinning within the lamellar and elastic bending of crystals of crystals involving small strains (< 10 %) Deformation of the amorphous phase with partial unfolding of tie molecules due to lamellar sliding under shear and compressive stresses Progressive lamellar fracture of blocks connected by taut-tie molecules and total cooperative block destruction at higher strains (> 20 %)



a b



Fig.I.23 : a – structural model of semi-crystalline polymer and b – effect of deformation under shear stress ; adapted from [47] Of most importance in considering the deformation of polymer materials is the effect of temperature. The underlying mechanisms are not expected to be the same below and above the glass transition temperature (Tg) due to variation of the mobility of the amorphous component of semi-crystalline polymers about this temperature. In the former, the energy of deformation will be transmitted directly to the crystalline part of the material which will account for most of the deformation while in the later, part of the plastic flow will take place in the entangled amorphous region.
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___________________________________________________________________________ I.3.3



EXPERIMENTAL CONSIDERATIONS



Although much work has already been done in the analysis of the different steps of deformation, much has still to be understood or proved in a more systematic way. Our studies of combined microdiffraction and microdeformation in real time has allowed as will be seen in the following chapters to gain precious insight towards the evolution of the microstructure during deformation. Polymers were the first materials used in our studies due to general scientific interest and to the specificities of the microfocus beamline which is optimised for their studies. It is important at this point to note that the elastic deformation can only be accessed insitu, i.e. before removal of the indentation load. Experiments others than real time studies cannot yield any direct information in this respect. On the other hand, plastic deformation effects can be analysed independently but one must still make further assumptions in order to separate the plastic contribution to the viscoelastic relaxation. The latter can usually be neglected providing the analysis is done within a small time interval from the indentation process and the temperature be small enough (< Tg) Oriented materials such as fibre drawn polymers and composites offer a number of advantages over materials produced by other techniques in the study of the fundamental aspects of deformation during Vickers hardness microtesting. It has been shown that the values of microhardness measured as a function of the draw ratio and production temperature vary in a considerable way [43] due to changes in the morphology from microspherulitic to fibrous structure [48]. Due to the extended chain morphology, the microindentation pattern is known to be dependant on the orientation of the diagonals with respect to the fibre axis [49]. It is also expected that the deformation will depend on the fraction of tie molecules in the oriented fibre structure [3]. Fibres produced under different conditions will therefore exhibit a variety of microstructure and thus enable different mechanisms to be studied. This adds to the high symmetry of their specific diffraction patterns and further justifies their use as a choice material throughout our studies.
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___________________________________________________________________________



I.4.



X-RAY SCATTERING TECHNIQUES



In this section, it will be shown that X-ray techniques can provide powerful tools to investigate the effect of microindentation on the microstructure (morphology) of polymers. Their advantages over other methods are briefly discussed followed by a general introduction to the specificities of techniques we used in our study. Polymer fibre diffraction will be given specific attention as well as microdiffraction techniques implemented on the microfocus beamline (ID13) of the European Synchrotron Radiation Facility (ESRF, see appendix I for an introduction to synchrotron radiation, p.175)



I.4.1.



ADVANTAGES OF X-RAY TECHNIQUES



Structural studies of polymer materials involve the necessity to describe the spatial extent and arrangement of specific morphological elements described in section I.2. For this purpose, it was shown that several length scales must then be considered from the atomic to microscopic level. In practice, at present, no single technique allows to resolve details over this whole range. Instead, several complementary techniques (electron scattering, atomic force microscopy etc) are used to provide results, which must be combined to obtain a complete model of the microstructure. The differences in the techniques lie in the nature of the source used and its interaction with matter. In particular, they differ in the maximum depth of a sample which they can probe (penetration depth). Amongst most important bulk sensitive techniques are small and wide-angle X-ray scattering (SAXS/WAXS) and transmission electron microscopy / diffraction (TEM/ED). SAXS / WAXS methods applied to natural or synthetic polymers provide the advantage over TEM/ED that they allow large penetration depths at wavelengths around 1 Å [54]. Also, they do not require particular sample preparation as opposed to TEM/ED, which usually require sectioning techniques due to low penetration depth of electrons and staining to enhance contrast [25,52-53].
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___________________________________________________________________________ In addition, SAXS/WAXS techniques allow using special sample environments (e.g. pressure) and can be performed in liquid phase whereas TEM/ED experiments usually require ultra-high vacuum conditions. Furthermore, the use of intense synchrotron X-ray beams (see appendix I for description) and charge-coupled device detectors (CCD ; see below) are ideal to perform in-situ (time-resolved) SAXS/WAXS experiments which is the aim of this study.



I.4.2.



BASICS OF X-RAY SCATTERING THEORY



An elementary description only of the scattering theory is given in this text. Further information, can be found in more general textbooks (see for e.g. [52-54]). In this description, bold characters will indicate vectors. X-rays are electromagnetic waves (also described as photon particles) which can interact with matter as summarised schematically in fig.I.24 below.



Elastic scattering Eo(λ)



fluorescence E'(λ'>λ) 
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