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Abstract

Hot embossing process is considered as one of the most promising micro replication processes for the elaboration of micro or nano components with polymeric materials in various application fields. The thesis consists to characterize the physical properties of widely used amorphous thermoplastic polymers (PS, PMMA and PC) over a large temperature range, along with the physical modelling, numerical simulation and experimental verification of the hot embossing process. The DSC tests of PS, PMMA and PC granular have been effectuated to study their thermal properties and characterize their T g . The tensile tests with the polymer specimens (gauge length of 30 mm with the section of 3.5 mm×6 mm) elaborated by injection moulding process have been carried out from ambient temperature to below T g . The physical behaviours of the amorphous polymers in function of temperature have been analysed according to the true stress-strain curves. The elastic modulus of the polymers at ambient temperature has been identified and the values are in the reasonable range provided by the supplies. The shear viscosity of the polymers has been measured at the temperature range higher above T g . It shows that the shear viscosity of selected polymers follows Newtonian law at low shear rate range (0.01 s -1 ~1 s -1 ). The uniaxial compression tests with the cylindrical polymer specimens (diameter of 10 mm and length of 18 mm) elaborated by injection moulding process have been carried out at the temperature range lightly above T g . The strongly temperature dependent, strain rate sensitive responses of PMMA have been observed according to the true stressstrain curves. The polymers' viscoelastic properties have been characterized with the dynamical compression tests. The storage modulus, loss modulus and damping factor of PMMA polymer from ambient temperature to lightly above T g have been obtained. The viscoelastic behaviour of polymer has been described by a proposed Generalized Maxwell model and a good agreement has been observed. The numerical simulation of filling stage of hot embossing process has been achieved by taking into account of polymer's viscoelastic properties. The effect of compression temperature and pressure on the replication accuracy in hot embossing process has been investigated in the simulation.

The static compression tests: creep tests and stress relaxation tests have been carried out in order to investigate the selected polymers' viscoelastic and viscoplastic properties. The Generalized Maxwell model has been proposed to describe the relaxation modulus of polymer PS, PMMA and PC in compression creep tests at Tg + 20°C, Tg + 30°C and Tg + 40°C. An elastic-viscoplastic law has been proposed to describe the viscoplastic behaviour of PS, PMMA and PC in stress relaxation tests at Tg + 20°C. The parameters in the constitutive law have been identified according to the experimental data. 3D model with the microfluidic patterns has been created to achieve the numerical simulation of micro indentation by hot embossing process.

A new complete micro compression mould tools, including heating system, cooling system and vacuum system have been developed in our research group. The microfluidic devices with the cavity dimension eq. to about 200 µm, 100 µm and 50 µm in PS, PMMA and PC plate (thickness eq. to 2 mm) have been elaborated by the hot embossing process. The effects of the processing parameters, such as the compressive gap imposed, compression temperature, embossed material and die cavity dimensions, on the replication accuracy of hot embossing process have been investigated.

Résumé

Le procédé d'estampage à chaud est considéré comme l'un des procédés les plus prometteurs de micro-réplication pour l'élaboration des micro-composants ou nano-composants avec des matériaux polymériques dans différents domaines d'application . La mémoire consiste à caractériser les propriétés physiques des polymères thermoplastiques amorphes (PS, PMMA et PC) sur une large plage de température, ainsi que la modélisation physique, la simulation numérique et vérification expérimentale du procédé d'estampage à chaud. Les tests de DSC avec des échantillons de PS, PMMA et PC ont été réalisés pour étudier leurs propriétés thermiques et caractériser leur T g . Les essais de traction avec des éprouvettes (longueur utile de 30 mm avec la section de 3,5 mm × 6 mm) élaborées par le procédé de moulage par injection ont été effectués à partir de la température ambiante jusqu' à audessous de T g . Les comportements physiques des polymères retenus en fonction de la température ont été analysés selon les courbes de contrainte-déformation vraie. Le module d'élasticité des polymères à température ambiante a été identifié et les valeurs sont dans la gamme raisonnable prévue par les fournisseurs. La viscosité de cisaillement des échantillons des polymères a été mesurée à température haute (au-dessus de T g ). Il montre que la viscosité de cisaillement de polymères retenus suit à la loi Newtonien à basse plage de taux de cisaillement (0,01 s -1 ~ 1 s -1 ). Les essais de compression uniaxiale avec des échantillons cylindriques (diamètre de 10 mm et longueur de 18 mm) élaborés par le procédé de moulage par injection ont été effectués à la température légèrement au-dessus de T g . Les réponses fortement dépendent de taux de déformation et de température ont été observées selon les courbes de contrainte-déformation vraie de PMMA. Les propriétés viscoélastiques des polymères retenus ont été caractérisées avec les essais de compression dynamiques. Le module de conservation, le module de perte et le facteur d'amortissement de polymère PMMA à partir de la température ambiante jusqu'à légèrement au-dessus de T g ont été obtenues. Le comportement viscoélastique des polymères a été décrit par un modèle de Maxwell Généralisé et un bon accord a été observé. La simulation numérique des étapes du remplissage de procédé d'estampage à chaud a été réalisée en prenant compte des propriétés viscoélastiques de polymère. Les effets de la température et de la pression de compression sur l'exactitude de réplication dans le procédé d'estampage à chaud ont été étudiés.

Les essais de compression statiques: les essais de fluage et les essais de relaxation de contrainte ont été réalisées afin d'étudier les propriétés viscoélastiques et viscoplastiques des polymères retenus. Le modèle de Maxwell Généralisé a été proposée pour décrire le comportement des polymères dans les essais de fluage à T g + 20 °C, T g + 30 °C et T g + 40 °C. Une loi de comportement élastique-viscoplastique a été proposée pour décrire le comportement des polymères dans les essais de relaxation de contrainte à T g + 20 °C. Les paramètres de la loi de comportement ont été identifiés pour rapport des données expérimentales. Un Modèle en 3D avec les motifs micro fluidiques a été créé pour réaliser la simulation numérique de micro indentation par le procédé d'estampage à chaud.

Un nouveau moule de compression complet, y compris le système de chauffage, le système de refroidissement et le système de vide a été développé dans notre groupe de recherche. Les dispositifs micro fluidiques avec la dimension de la cavité : environ 200 µm, 100 µm et 50 µm en PS, PMMA et PC plaque (épaisseur de 2 mm) ont été élaborés par le procédé d'estampage à chaud. Les effets des paramètres du procédé, tels que l'entrefer imposé, la température de compression, la matière compressée et la dimension de micro cavité, sur l'exactitude de réplication du procédé d'estampage à chaud ont été étudiés. Mots-clés: polymères amorphes, procédé d'estampage à chaud, viscoélastique, viscoplastique, modélisation physique, simulation numérique, dispositif micro fluidique process, modelling of material behaviour and numerical simulation of process are extremely valuable for improving the quality of my thesis. Their insightful comments and suggestions assist me to making progress in the dissertation and also capturing my future career I would like to thank Prof. Bernard Cretin (Director of ENSMM), for his permission for me working in the project Fui ConProMi, which affords my research work during the period of thesis. I want to thank Jie Zhang and Khaled Hussein Metwally, who are Ph.D. students in the same project in our research group, and thank all the members in this project for the constructive exchanges and discussions in every six months. I would like to express my great respect to my family for their warmly encouragement and continuous support. I want to specially thank my girlfriend Yu Jiang for her love companionship throughout the entire duration of my thesis. The thesis consists to the study of hot embossing process with the amorphous thermoplastic polymers, including the characterization of polymer thermo-mechanical properties, the identification of polymer's viscoelastic and viscoplastic behaviours, numerical simulation of filling stage of hot embossing process and experimental investigations of the microfluidic devices elaboration by hot embossing process. The work is motivated by the goal of improving the understanding of polymer's strongly temperature and rate dependent properties and their effects on the replication accuracy of the microstructures by hot embossing process.
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The findings provide guideline on the polymer selection in the manufacture of microstructures in hot embossing process and show the possibility of the complex geometry replications by hot embossing process.

I.1. Research motivation

Hot embossing process is considered to be a very promising replication process in various 

I.2. Contributions of this thesis

This thesis presents several contributions on the physical modelling, numerical simulation and experimental investigation of hot embossing process with the amorphous thermoplastic polymers.

A number of test methods have been carried on, including tensile tests, shear viscosity measurement, dynamic and static compression tests, in order to characterize the amorphous thermoplastic polymers' thermo-mechanical behaviours over a large range of temperature.

The dynamic and static compression tests have been effectuated successfully in the temperature range of compression stage of hot embossing process, which is from T g + 20 °C to T g + 40 °C. 

I.3. Thesis outline

Chapter I (this chapter) presents a general introduction of this thesis, including the research motivation, the contributions of the thesis and the outline of contents.

Chapter II shows a brief overview of the widely used replication processes for the elaboration of micro or nano components with polymeric materials. The characteristic of different micro replication processes has been compared to provide a guideline for the selection of replication processes for specific microstructured design. The state art of the hot embossing process in micro and nano range has been introduced, including the physical modelling of embossing polymer behaviours and the numerical simulation of filling and demoulding steps.

Chapter In this chapter, an overview of several widely used micro replication processes will be firstly presented. A concise description of the replication processes will be introduced and the principal advantages and disadvantages are also related. Then the replication processes will be compared by taking into account their characteristic properties, such as processing time, material, moulding window and so on. The different type of hot embossing process: plate to plate, roll to plate and roll to roll, will be introduced in details, associated with the manufacturing of mould die cavity insert in hot embossing process. Finally the current developments in modelling of embossed polymers and numerical simulation of the filling and demoulding steps in hot embossing process will be demonstrated.

II.2. A brief development history of hot embossing process

The embossing process was firstly used for the replication of coins, as shown in Figure

II-1(a).

The features on the coins were relatively small, but they did not touch the micron size.

Then the replication process was used in the letterpress to transfer the metal letters, as shown in testing laboratories, could fulfil the requirements for micro hot embossing process: a high stiffness of equipment, an accurate motion, a control system for force and velocity combined with a measurement system, and finally an interface to the user. An integration of a moulding tool with a heating and cooling system completed the required components for hot embossing. 

II.3. Overview of the micro and nano replication processes

The replication processes for macroscopic moulded components, such as injection moulding, injection compression moulding, compression moulding, thermoforming, blow moulding, and Only the thermoset polymers could be replicated in this process, because the chemical reaction occurs when the liquid polymer components are injected in the mould. The advantage of this technology is lower pressure required, lower viscosity of polymer and higher flexibility.

The disadvantage is the high grade shrinkage of the moulded part during the process. Several If the size of the die cavities decreases in a range of several microns, the conventional injection moulding process is limited. Several modifications in the injection moulding process have to be made to adapt the requirements to fill these micro cavities. The screw is involved in many features and performs several different functions through its features. The main difference between micro injection moulding equipment and the conventional injection system is the separation of the plasticization phase and melt injection. A small screw can be 

Figure II-5 Micro injection moulding equipment with two screws, along with the injection screw features, courtesy of ARBURG [FAN 12]

The polymer flow in the micro mould die cavity is influenced by many factors that ultimately determine the replication accuracy of the injection moulding process. The mould die cavities could be heated up to the range of the softening temperature of the polymer in order to increase the viscosity of the polymer flow [SHA 07]. This will help to guarantee a complete filling in a short injection time, especially for the micro cavities with high aspect ratio. The air remaining in the cavity will be heated and compressed by the polymer flow. This will destroy the polymer at the flow front. Therefore an evacuation of the micro cavities is required to improve the quality of the moulded part.

Pre-plasticising screw (diameter 15 or 18 mm) Valve Injection screw (diameter 8 mm) Otherwise, the microscopic structured mould die cavities are elaborated by completed different manufacturing processes. The integration between the mould tool and the mould die cavity insert has to be investigated clearly in order to improve the replication accuracy in micro injection moulding process [ WOR 09]. An efficient cooling system can reduce the cycle the injection moulding process, and improve the surface condition of the replicated micro components. A new approach based on morphological surfaces to optimise the cooling system has been proposed by A Agassi et al.

[ AGA 13]. The behaviour of polymer flow during cooling and ejection phases have been describe by 3D heat transfer model. The design of the cooling channels is optimised by taking into account of the temperature distribution of polymer flow in the die cavities.

The injection moulding process is used to elaborate the nanostructures in recent years thanks to its relative lower cost for mass producing compared with other micro replication process. A gap between the mould plates is generated before the polymer flow is injected into the mould. When the polymer flow is injected into the mould plates, a compression force is applied on the polymer flow in order to filling the micro cavities in the mould. Finally the whole system is cooled down and the micro component could be ejected.

The gap between the mould plates in micro injection compression moulding process results in a reduction of shear velocity and shear stress of the polymer flow, compared with the micro injection moulding process. The efficient control of the applied compression force can improve the filling quality of the micro cavities in the mould die insert. The polymer flows with a relatively short distance to fill the micro cavities during the compression step. This could reduce the production cycle time and make the pressure distribution more homogeneous on the moulded components [SUZ 12]. Nevertheless, the gap between the mould plates has to be characterised carefully, associated with the concerning control systems. This will increase the complexibility of the mould tool design and the cost of the micro injection compression process. The comparison of the characteristics of micro injection moulding process and micro injection compression moulding process is summarized in Table II-1.

Table II-1 Characteristic comparison between the micro injection moulding process and the micro injection compression moulding process

The micro injection compression moulding process combines the advantages of the injection moulding and the compression moulding processes. The polymer substrate is always heated up to the temperature range lightly above the softening temperature. Then the polymer substrate is compressed with a certain pressure or with a certain displacement. The whole system is cooled down after maintaining the compression pressure for a while. Finally the mould plates are opened and the structured component could be demoulded from the mould die insert.

The compression temperature and pressure are two dominant parameters during the hot embossing process. The embossing temperature is always above the glass transition temperature (T g ) of thermoplastic polymer and it remains constant during the compression 

Figure II-10 Typical process parameters related moulding load and temperature during hot embossing cycle [WOR 09]

The hot embossing process requires less moulding tools than the replication processes 

Figure II-12 SEM images of PMMA replica with different magnifications showing (a) macro structures, (b) micro structures and (c) nano structures [PAR 08]

The advantage of hot embossing process is the high flexibility of moulding tool and cost effective for the replication of mass production of micro and nano structures. The mould die inserts made in various materials, such as metallic material, silicon and polymer, could be 

Figure II-14 (a) Top view and (b) cross-section of the grating made in PVPK, replicated from the PFPE mould using thermal imprint lithography process [CON 12]

Besides the advantage of the capability in the replication of structures in nano range, the nanoimprint lithography requires moderate moulding force and could be realized with a lower stiffness of moulding equipment. The heating and cooling unit is not necessary for several nanoimprint lithography processes, such as nanoimprint of UV-curable materials. However, the elaboration of the mask in these nanoimprint processes may increase the complexity of the replication and increase the production cost.

II.3.6. Comparison of different micro replication processes

This section compares the characteristics of the micro replication processes described above.

The comparison could be helpful for the choice of suited replication process for a selected microstructured design. The characteristic properties of the relevant micro replication processes are summarised in Table II-2.

Table II-2 Characteristic properties of micro replication processes [WOR 09]

The reaction injection moulding is the only process available for the micro replication with thermosets polymers, but the development of the process is limited by its complexity and cost effective. The injection moulding takes more responsibility for the large series, cost effective productions. Therefore, high complexity of moulding process and high residual stress of the final moulded part limit its application. The hot embossing process shows low grade of complexity, easy Computer-aided design (CAD) of moulding tools and simple integration of mould die cavity insert. It is suitable for the production of small and medium series. 

II.4. Different type of hot embossing process

In this section, three principal types of hot embossing process: plate to plate, roll to plate and roll to roll will be introduced, along with their development in the replication of micro or nano structures.

II.4.1. Plate to plate embossing process

Plate to plate embossing process is the most common used type of hot embossing process.

The polymer substrate is positioned between two flat areas with a microstructured mould die insert could be integrated in one or both areas, shown in microchannel obtained by roll to roll embossing process. The microchannel width is 100 µm and the average depth is about 20 µm. Some pile up can be seen especially at the edges of the microchannel, as well as the warpage of the substrate itself. Roll to roll embossing process combined with nanoimprint lithography has been developed

and is becoming the most potential manufacturing method for industrialization of nanoimprinting process, due to its prominent advantage of continuous process, simple system construction, high-throughput, low cost and low energy consuming [LAN 10(b)].

II.5. Manufacturing of mould die cavity insert for hot embossing process

The mould die cavity insert manufacturing is the critical issue for the replication using hot embossing process. In conventional macro hot embossing process, the mould die insert is always elaborated using ablation techniques of material, such as milling, turning and electrical discharge machining (EDM). The minimisation of components replicated using hot embossing process requires other specific methods for the mould die cavity insert realization. Various materials could be used as the mould die insert in hot embossing process, such as metallic matereial, glass, silicon and polymer, depending on the replicated materials and the manufacturing method employed. The performance and efficacy of the epoxy mould, polymer (COC) mould and silicon mould for the replication of microchannels using hot embossing process has been compared by Jena et al. [JEN 12]. Silicon mould is the best in terms of mould die cavity filling followed by COC mould and epoxy mould. However, epoxy mould has lower surface roughness, lower surface energy and lower friction coefficient after several replications, which leads to a longer lifetime than the other two moulds.

The surface phenomena of the mould die insert becomes more significant when the dimension of the patterns goes down to micro or nano scale. A kind of solid lubricant SAM has been coated on the surface of silicon micro mould die insert in order to improve its performance

[ SAH 11]. The mould die insert coated with SAMs shows low surface friction coefficient, low surface energy, good thermal stability and high rupture strength due to a strong chemical bonding between the layer and the silicon mould.

Table II-3 Comparison among the different processes usable for moulding insert manufacturing [GIB 07]

The choice of the manufacturing process depends mainly on the moulding material, surface quality, aspect ratio of the patterns and economic constrains. Hot embossing process is considered as a fast and economic replication process, especially available for the mass production of micro or nano components. Therefore the lifetime of the mould die insert is necessary to be taking into account. In this case the metal mould insert, along with the 

industrially

Figure II-20 (a) The micro milling area and the laser ablation area of the metallic mould insert, (b) microchannels elaborated by combined micro milling process and laser ablation process [SCH 11]

II.6. Modelling of material behaviours in hot embossing process

Polymer offers a variety of advantages, compared with the other materials such as silicon, glass or quartz, in hot embossing process [BEC 00]. The major advantages include a wide range of material characteristics, ease to manufacture and low cost [NAR 04]. Thermoplastic polymer is well suited in hot embossing process, because its physical behaviour depends strongly on the temperature. In hot embossing process, the thermoplastic polymer substrate is heated lightly above to its T g in the compression step and cooled down blow T g in the demoulding step. The thermoplastic polymers physical behaviour in the whole hot embossing temperature range has to be investigated carefully in order to optimise the processing parameters and improve the replication accuracy of micro structures.

II.6.1. Viscoelastic models

II.6.1.1. Physical based viscoelastic models

The physically based viscoelastic models contain basically two components: the spring represents the elastic response and the dashpot represents the viscous response (or time- 

Table II-4 Schematic representations of Maxwell and Kelvin-Voigt viscoelastic models, associated with their constitutive equations [JO 05]

Maxwell model is always used for predicting stress relaxation of materials under a constant 

Figure II-21 Schematic representations of Generalized Maxwell model [JEN 11(a)]

The shear modulus ) (t G derived from the Generalized Maxwell model is given by:

) exp( 1 ) ( j M j j t t G G G τ - + = ∑ = ∞ (II.3) ) ( lim t t G G ∞ → ∞ = (II.4)
where M is the number of Maxwell elements, j G and j τ correspond to the relaxation shear modulus and relaxation time, respectively, in each Maxwell element. ∞ G represents the relaxation shear modulus when time t becomes infinite.

∞ G 2 G 1 G 1 τ 2 τ j G j τ
The dynamic shear modulus of the polymer (COC) has been measured by a rotational rheometer [JEN 11(a)]. The parameters in viscoelastic model have been identified according to the experimental investigation in hot embossing process temperature range (T g + 20 °C to T g + 60 °C).

II.6.1.2. Viscoelastic measurement techniques

In the case of a homogeneous and isotropic material, only two elastic constants (along with the density) are needed to completely achieve the characterization of the material. Any other elastic modulus can then be computed from these two constants using well-known relationships [ GUI 11]. The four most commonly used constants are: the bulk modulus, the shear modulus, Young's modulus and Poisson's ratio. However, the viscoelasticity of polymers is characterised not only by the response of elastic properties but also the response of viscous properties. The notion of complex dynamic modulus composed by the storage modulus and the loss modulus has been introduced to describe the viscoelastic behaviour of materials, which is expressed as follows [ALC 98]: 

E i E E ′ ′ + ′ = * (II.
[ ] g F E in el to - + = + = σ σ ε ε ε (II.11)
where to ε is the total true strain rate, el ε is the elastic true strain rate, in ε is the inelastic true strain rate, σ is the true stress rate, E is the elastic modulus, [ ]

F is an increasing function,
g is the equilibrium stress.

In the VBO models, the stress has to overcome the equilibrium stress before the inelastic deformation is possible. The difference between stress and the equilibrium stress is the To the best of my knowledge, the VBO model has not been used to describe the nonlinear, strong temperature dependant properties of the amorphous polymers, especially in the temperature range of hot embossing process, which is lightly above T g . Some efforts concerning the characterization of amorphous polymers elastic-viscoplastic behaviours in hot embossing temperature range have been done in this thesis.

II.6.3.2. Viscoplastic model based on thermo-mechanical coupled large deformation theory

A thermo-mechanically coupled large-deformation theory for amorphous polymers in a temperature range from ambient temperature to above T g has been developed by V. Srivastava ]. However, the numerical simulation of the whole hot embossing process is quite complex due to the physical modelling of the polymers' behaviours in a large temperature range, difficulties in integration of the processing steps including heating, compression, maintain, cooling and demoulding.

Even though it is not easy to achieve the simulation of whole hot embossing process, one can concentrate to the simulation of one single step. One of the most important objectives in the numerical simulation is to predict the deformation of embossed material and avoid the default during the hot embossing process. In hot embossing process, the compression and demoulding steps are the most critical steps, due to the large deformation of embossed material in compression step and structural damage in demoulding step. In this section, the recently research in the simulation of these two steps of hot embossing process will be presented. 

2h ) (t h R F F (a) (b) r z Ft R h t 16 3 4 ) ( η π = (II.13)
where R is the radius of the cylindrical polymer substrate, F presents the pressure applied on the disc, η is the viscosity of polymer and t is time. Equation (II. 13) shows us the basic relationship among the viscosity of the polymer flow, the dimension of the polymer substrate, the applied force and the thickness of the residual layer respect to time. It provides the fundamental relationships of the moulding parameters during the hot embossing process. But the filling of the micro die cavity on the mould in the hot embossing process are not related in this model.

II.7.2. Simulation of die cavity filling in hot embossing process

The compression step depends normally on the physical properties of polymer substrate and the geometric shape of micro cavities on the mould die insert. The simulation of filling step attracts more attentions than other steps, because large deformation of the polymer flow occurs during the filling step. The filling ratio in the compression steps has enormous effects on the replication accuracy of the hot embossing process. The filling characteristics for a micro rectangular cavity during hot embossing process have been simulated by J.M. Park et al.

[ PAR 11]. A nonlinear viscoelastic model has been employed to describe the polymer deformation during the hot embossing filling step. The simulation results show that the polymer experiences less dissipation when the embossing speed increases, which lead to a larger elastic deformation remaining in the embossed component. The cavity aspect ratio has a significant influence on the filling ratio of the micro pattern on the mould die insert.

When the dimension of the die cavity decreases into the nano range, more factors have to been investigated in order to achieve the numerical simulation of the hot embossing process. 

Figure II-28 The numerical simulation results concerning the calculated deformed geometry at first contact of polymer with the top surface of the mould for (a) no adhesion or atomistic friction, (b) adhesion but no atomistic friction, and (c) adhesion and atomistic friction [REE 13]

The addition of adhesion caused the polymer to jump into contact once it is within range of the adhesive force and helps pull the polymer into the corner. This yields a 30% lower calculated value of C fill , in process is always superior thanks to its excellent mechanical properties and long life time, especially for the large volume production using hot embossing process.

Although the manufacturing with hot embossing process is well development in recent years, the lack of simulation software limits its application. Modelling of the polymers behaviour during hot embossing process is the key factor for achieving the numerical simulation of hot embossing process. Physical-based viscoelastic models, viscoplastic models, hyperplasic models, elastic-viscoplastic models have been introduced, with the simulation results of hot embossing process. The numerical simulation of the filling step and demoulding step in hot embossing process has been presented to show the latest development in this field. It demonstrates that the polymer exhibits different behaviours during hot embossing process.

For example, amorphous thermoplastic polymer is heated to lightly above their T g in filling step, while it is cooled down to below T g during demoulding step. Different material models have to be applied in the simulation of these two steps.

Several constitutive models have been proposed in the numerical simulation of the filling step of hot embossing process, such as viscoelastic model, viscoplastic model and elasticviscoplastic model. But the amorphous thermoplastic polymers' strongly rate dependent, time dependent and temperature dependent behaviour are not very well investigated, including the corresponding identification method. Some contributions will be introduced in this thesis work. The physical modelling and numerical simulation will help us to improve the replication accuracy and reduce the defects during hot embossing process.

Chapter III. Physical behaviours of amorphous thermoplastic polymers from ambient temperature to highly above T g

III.1. Introduction to the chapter

In contrast to the other engineering materials like metal or ceramic, polymer offers a variety of advantage, such as low density, ease to manufacture and low cost effective [MOH 07].

Polymer is considered to be a suitable material in the manufacturing of microstructures by hot embossing process. The amorphous polymer and semi-crystalline polymer are two main categories of thermoplastic polymer. Amorphous polymer is more available in hot embossing process, because it can be moulded in a relative larger temperature range [ WOR 11]. In this thesis, three representative amorphous polymers: PS, PMMA and PC, have been selected to investigate their physical behaviours in hot embossing process.

In this chapter, the experimental characterization of the selected amorphous polymers PS, PMMA and PC thermomechanical properties over a wide range of temperature will be identified. Differential Scanning Calorimetry (DSC) tests have been effectuated in order to measure T g of the selected amorphous polymers. The tensile tests have been carried out to characterize the mechanical behaviours of polymers in different thermal conditions. The shear viscosities of the polymers have been measured highly above their T g . The uniaxial compression tests have been effectuated at the temperature range lightly above T g . The results

give us global investigation on the physical properties of the selected amorphous thermoplastic polymers from ambient temperature to highly above T g .

III.2. Amorphous thermoplastic polymers

According to the degree of crystallinity, the thermoplastic polymers could be divided into two main categories: semi-crystalline polymers and amorphous polymers. Amorphous 

III.3. DSC tests

Hot embossing process is performed normally above the T g of amorphous thermoplastic polymer. T g is a critical temperature for amorphous polymers and the dramatically changes of There is a significant change of the heat flow in each curve, which reflects the transition of the polymer state from glass state to rubber state, see the transition zone of each selected polymer. The change of heat flow could be considered as a progressive transformation, observed from the curves of heat flow vs. temperature. The rate of heat flow has a sudden change before and after the transition zone of the polymers, which reflects the transformation of the polymers' thermodynamic properties. The value of T g for each polymer is summarized A computer was used to manipulate the tensile test equipment and define the testing parameters: such as the moving speed of the traverse and the load rate. The displacement of the traverse and the force applied on the specimen were recorded by the acquisition system.

in Table III-2.

Table III-2 Glass transition temperature T g of selected amorphous polymers obtained by DSC tests

III.4. Tensile tests

The polymer specimen had been placed in the thermal oven for a certain while, which leaded to a homogeneous temperature distribution in the specimen.

III.4.3. Tensile stress-strain curves of polymers below T g

The true stress and true stain has been calculated based on the displacement measurement of the traverse and the force applied. The hypothesis of the volume conservation has been taking into account in the calculation. The deformation of the gauge length of 30 mm with the section of 3.5 mm×6 mm of the polymer specimen has been considered. The true strain and true stress of the specimen is shown as follows: The specimen breaks at small deformation (5%). However, the PMMA specimen exhibits ductile properties with the increase of temperature. The stress-strain curve at 50 °C shows an elastic limit or yield strength. The specimen breaks at relative larger deformation (7%). At 80 °C, the PMMA specimen become ductile and breaks at large deformation (34%). The slope of the stress-strain curve at small strain range (<2.5%) decrease with the increase of temperature.

      ∆ + = 30 30 ln l t ε (III.1) ( ) 30 5 . 3 6 30 × × ∆ + × = l F t t σ (III.
The breaking strength decreases with the increase of temperature. 

Figure III-11 Stress-strain curves of polymer PS at different temperatures in the tensile tests until the rupture of the specimen

Table III-3 Characteristics of yield behaviour of PS, PMMA and PC specimens obtained in the tensile tests at different temperature

The tensile tests with the selected amorphous polymers were carried on at higher temperature, which is closed or above their T g . But the mechanical behaviours of amorphous behaviour in this temperature were much more viscous. The deformation of the polymer specimen during the heating step was so important that it could not be negligible in the measurement. The original dimensions of the gauge section were changed before the tensile tests. The experimental data were no more reliable in this case.

III.4.4. Tensile elastic modulus identification at ambient temperature

The yield behaviour of the selected amorphous polymer, from the elastic region to fracture region, has been investigated in the previous section. In this section, the elastic modulus of the 

Figure III-15 View of (a) the reflective tape markings pasted on the polymer specimen and (b) the laser extensometer used in tensile tests

In this test, a top-to-bottom scan line along the axis of the specimen was generated by the laser extensometer. The scan line intercepted a pair of reflective tape markings which had been applied to the specimen prior to the test. The initial gauge length was defined by the bottom edge of each reflective tape marking. The location of the reflective tape markings was detected and recorded to calculate the elongation of the gauge length. According to the measurement range predefined in the laser extensometer, the accuracy of the measurement could attain 0.2~1 µm. were observed. The elastic modulus of the selected polymer specimens were calculated according to the international standard ISO527. The tensile elastic modulus t E was obtained by the slope of the fitted stress-strain curve in the true strain range from 0.0005 to 0.0025.

Figure III-16

The tensile elastic modulus of PS, PMMA and PC specimens at ambient temperature is shown in Table III-4. The values of t E of three polymers specimens are compared with the supplier database. The experimental results are considered to be within a reasonable range.

Table III-4 Elastic modulus of PS, PMMA and PC specimens in the tensile tests at ambient temperature

III.5. Shear viscosity measurement

The shear viscosity of PS, PMMA and PC samples has been measured in this section. The objective is to investigate the rheological behaviour of the three polymers at relatively higher temperature, which is highly above their T g . The shear viscosity in function of temperature of polymer samples has been obtained in this measurement.

III.5.1. Measurement equipment

The measurement of the polymers' viscosity was performed on a HAAKE Mars III (ThermoScientific) rheometer, which was always used in the measurement of material's rheological properties [WEV 13 (a), WEV 13(b), INO 13]. Cone/plate geometry with the diameter eq. to 35mm and the angle eq. to 1° was equipped in the rheometer, shown in Figure

III-17.

The heating and cooling system was used to provide different thermal conditions of the polymer sample. The ceramic shaft was used as thermal insulation barrier. 

Polymer

Table III-5 Technical specifications of HAAKE Mars III rheometer

III.5.2. Shear viscosity of polymers

The polymer samples were placed on the plate surface and heated for 30 min before the test in order to achieve homogeneous temperature distribution in polymer flow. The shear rate was varied between 0.01 s -1 and 100 s -1 . The shear viscosity of PS, PMMA and PC samples was measured at temperature above T g . The objective was to see if the shear viscosity of the selected polymer could be characterized at hot embossing temperature range using this PMMA and PC samples decrease with the increase of testing temperature. At lower shear rate, from 0.01 s -1 to 1 s -1 , the shear viscosity could be considered as a constant. Newtonian law could be used to describe the polymer's rheological behaviour in this shear range. At higher shear rate, form 1 s -1 to 100 s -1 , the shear viscosity decreases with the increase of shear rate.

HAAKE Mars III rheometer

Figure III-18

shows us the evolution of the shear viscosity respects to shear rate of the PS samples at different temperature. The experimental data at lower temperature and higher shear rate are not obtained in the test, for example, at 180 °C for shear rate higher than 3 s -1 . This is mainly due to the limitation of the rheometer equipment. The desired normal force attains its limit 50 N. The equipment reaches its limitation of the shear viscosity measurement. The Lower viscosity requires lower normal force in the viscosity measurement, so it could be confirmed that the viscosity of three polymers can be measured at higher temperature than that in these measurements.

With the increase of temperature, the viscosity in a larger shear rate range could be obtained. ), compared with other polymer moulding processes. Even though the viscosity at lower shear rate (less than 1 s -1 ) could be successfully obtained in the measurements at higher temperature (T g + 90 °C -T g + 110 °C for PS, T g + 90 °C -T g + 110 °C for PMMA, T g + 50 °C -T g + 70 °C for PC), it is difficult to get the viscosity of these three polymers in the same shear rate at hot embossing temperature range (lower than T g + 50 °C). Because the viscosity of polymers become larger in the temperature range lower than T g + 50 °C, the normal force reaches its limit at the shear rates in compression moulding (1-10 s -1 ).

As is shown in

Figure III-21 Shear rate ranges in common polymer processing and in different measurements [DE 98]

III.6. Uniaxial compression tests

The objective in the section is to find the corresponding methods to identify the amorphous thermoplastic polymers in hot embossing temperature range (lower than T g + 50 °C). The cylindrical specimens with the diameter eq. 10 mm and the length eq. 18 mm have been used

in the compression tests. The compression tests have been effectuated in the temperature range from T g + 20 °C to T g + 40 °C at different strain rates.

III.6.1. Elaboration of cylindrical polymer specimen

The cylindrical polymer specimens were elaborated by the injection moulding process with the injection moulding press BOY 22M, shown in suitable temperature, lower than the polymers' T g , in order to achieve the successful injection moulding. The platinum probe was used to measure the real temperature of the mould cavity.

Figure III-22 (a) Injection moulding press BOY 22M, along with (b) its technical specifications and (c) the mould tool for the elaboration of cylindrical polymer sample

The amorphous thermoplastic polymers PS, PMMA and PC granulars were used to elaborate the polymer specimens by injection moulding process. The injection temperature for each kind of polymers during the injection moulding process was presented in 

III.6.2. Uniaxial compression testing equipment

The cylindrical polymer specimens with the diameter eq. 10 mm and the length eq. 18 mm 

III.6.3. Determination of true stress and true strain in compression test

Compression experiments on the polymer specimen have been preformed to obtain the stress and strain in a various load rate or strain rate in temperature range above T g . The compression tests could be illustrated as in Figure III-25. In this analysis, the volume of the polymer specimen is supposed to be constant. The calculation of the true stress and true strain is based on the assumption that the polymer specimen's shape remains cylindrical after compression. 

Figure III-25 Illustration of the compression test with the polymer cylindrical specimen

The compression true strain c ε of the polymer specimen can be calculated by the classical expression of the logarithmic strain [DRE 09]:

      = H H c 0 ln ε (III.3)
The terms in parentheses have been inverted so as to obtain a positive value of the compression true strain (note that in a compression test H H > 0 while in a tensile test F is the compression force recorded by the load sensor, 0 S and S are the initial and current polymer specimen cross section areas.

H H < 0 ).

The compression true stress

The compression true strain rate c ε is obtained by differentiating the true strain with respect to time,

vt H v dt d c c - = = 0 ε ε (III.5)
where t presents the testing time and v presents the displacement rate of the polymer specimen, which corresponds to the rate of descent of the upper platen. vt presents the total displacement of the polymer specimen, which corresponds to the total displacement of descent of the upper platen.

III.6.4. Uniaxial compression test with PMMA polymer

The PMMA cylindrical specimen was used in the uniaxial compression tests. The compression tests were effectuated at different temperatures with the same true strain rate.

The polymer specimen was compressed with a constant strain rate and than unloaded with the same strain rate.

The true stress vs. true strain with constant strain rate 03 . 0 = c ε (s -1 ) at T g + 20 °C, T g + 30 °C and T g + 40 °C of PMMA specimen has been presented in Figure III-26. The stiffness of the PMMA polymer is dropped dramatically with the increase of temperature. The stress levels at the strain 0.11 are about 1.4 MPa at T g + 20 °C, and no more than 0.3 MPa at T g + 40 °C. The amount of permanent-set decreases dramatically as the temperature increases from T g + 20 °C to T g + 40 °C. The stress-strain curves shows than the plastic strain exists even though the temperature has risen to above T g of polymer. However, with the increase of temperature above T g , the plastic strain become smaller.

Figure III-26 Stress-strain curves in uniaxial compression tests for the PMMA polymer with the same strain rate 0.03 (s -1 ) at T g + 20 °C, T g + 30 °C and T g + 40 °C

The uniaxial compression tests have been effectuated at the same temperature with different strain rate levels. 

III.7. Conclusions

Polymeric materials show great promising development in manufacturing of micro or nano structures in a variety of fields. Hot embossing process takes on more and more responsibility to the rapid and cost effective elaboration of the polymeric components. Amorphous thermoplastic polymer present more wildly moulding temperature range compared to semicrystalline polymer, which provides many advantages in the replication process. temperature curves show the transition zone of each polymer sample, which allows identifying the T g of polymer samples. The tensile specimens in PS, PMMA and PC have been elaborated by injection moulding process with optimised parameters. The tensile tests blew T g show the mechanical behaviour of the selected amorphous polymer. PS exhibits brittle behaviour blew T g , however, PC exhibits ductile behaviour blew T g . PMMA exhibits brittle behaviour far blew T g , while it becomes ductile with the increase of temperature. The laser extensometer has been used in the tensile tests in order to improve the deformation measurement accuracy. The tensile elastic modulus of PS, PMMA and PC at ambient temperature has been measured. The values obtained are in the reasonably range compared with the ones provides by the supplier. The shear viscosity of the PS, PMMA and PC samples has been measured at low shear rate (0.01 s -1 ~100 s -1 ) at temperature range highly above T g .

The shear viscosity of selected polymers follows Newtonian law at low shear rate range (0.01 s -1 ~1 s -1 ).

Even though the thermo-mechanical behaviours of PS, PMMA and PC have been investigated over a wide temperature range: from ambient temperature to highly above T g , their thermomechanical behaviour lightly above T g are difficult to characterized by the basic methods (tensile tests and shear viscosity measurement). Because the deformation of the polymer specimen during the heating step in tensile tests could not be negligible at this temperature range. The polymer flow at this temperature range is not viscous enough to be measured in the rotational rheometer.

The uniaxial compression tests have been carried on in order to identifying the amorphous thermoplastic polymer's properties in the temperature range lightly above T g . The PMMA cylindrical specimens have been used in the compression tests at T g + 20 °C, T g + 30 °C and T g + 40 °C. The strongly temperature dependent, strain rate sensitive responses of amorphous thermoplastic polymer have been observed through the stress-strain curves. These investigations make us more confident using the unixial compression tests to characterize the amorphous polymers' thermo-mechanical behaviours in hot embossing process temperature range.

Chapter IV. Modelling of viscoelastic behaviours of amorphous polymers and numerical simulation in hot embossing process

IV.1. Introduction to the chapter

In this chapter, the viscoelastic behaviours of the amorphous polymers PS, PMMA and PC have been investigated experimentally and numerically. The objective is to characterize the viscoelastic behaviours of amorphous polymer in the temperature range lightly above T g and achieve the numerical simulation of hot embossing process. 

IV.2. Characterization of amorphous polymer viscoelastic behaviour in DMA tests

DMA test is one of the most widely used subresonant methods to measure the viscoelastic property of materials. This method consists to use a servocontrolled electromagnetic driver to apply a sinusoidal load on the specimen and the resultant stress and strain could be measured as functions of both oscillatory frequency and temperature [JON 99]. In this analyse, the cylindrical polymer specimens have been used in the DMA tests from ambient temperature to lightly above T g .

IV.2.1. Description of the DMA test device

The DMA test device used in this study is composed mainly by five parts: mechanical excitation equipment, control and measuring equipment, temperature regulator, power amplifier system and power supply system, as shown in where 0 ε is the amplitude of the oscillating strain, ω stands for the oscillating angular frequency expressed through the following equation:

f π ω 2 = (IV.2)
where f is the oscillating frequency.

The stress response is also sinusoidal with the same frequency, which is presented by a phase lag caused by the hysteresis property in the viscoelastic system:

) sin( 0 δ ω σ σ + = t (IV.3)
where δ is the phase angle between the stress and strain.

The stress response could be expressed in the following form by introducing the storage modulus E′ and the loss modulus E ′ ′ :

t E t E ω ε ω ε σ cos sin 0 0 ′ ′ + ′ = (IV.4) where δ ε σ δ ε σ sin , cos 0 0 0 0 = ′ ′ = ′ E E (IV.5)
In the DMA tests, the oscillating frequency corresponds to the imposed frequency. The amplitude of the oscillating displacement remains constant for every imposed frequency. The force applied on the polymer specimen is captured by the force sensor. The phase angle between strain and stress is measured for each imposed frequency. The storage modulus could be obtained by the following expression:

δ cos 0 ⋅ ⋅         ⋅ = ′ f e s F S H K E (IV.6)
where s K is the stiffness of the cylindrical specimen, 0 H is the height of the specimen, δ is the phase angle between the stress and strain, e S and f F are the excited surface area and the specimen shape factor, respectively, which can be obtained by the following expressions: 

Figure IV-3 Description of the excited surface area and lateral surface area of the cylindrical specimen

The loss modulus could be obtained by the following equation:

δ tan ⋅ ′ = ′ ′ E E (IV.10)
where δ tan is the loss tangent or damping factor.

In this analysis, the cylindrical specimen is with the diameter eq. to 10 mm and the height eq. to 18 mm. The storage modulus, loss modulus and damping factor are obtained for every oscillating frequency. The cylindrical specimen in PS, PMMA and PC with the diameter eq. to 10 mm and the length eq. to 18 mm were used in the DMA tests with the temperature range from room temperature (20 °C) to lightly above their T g . The seven oscillating frequencies were applied to the specimen for each testing temperature with the interval of 5 °C or 10 °C. The amplitude of the oscillating displacement was fixed at 2.5 m and remains constant for every oscillation frequency.

Figure IV-4 Storage modulus vs. temperature with different imposed frequencies for PMMA specimen in DMA test

The storage modulus vs. temperature with different imposed frequency for the polymer PMMA is shown in Temperature (°C) Storage modulus (MPa) PMMA the temperature was above their T g , the displacement sensor was so difficult to capture the polymer specimens' deformation. The oscillating displacement 2.5 m could not be applied correctly to the polymer specimens. Therefore the storage modulus above T g could not be captured for the polymer PS and PC. The reason is mainly due to the large deformation of polymer PS and PC specimens above their T g . The shape of the polymer specimens changes severely with the increase of the temperature in this temperature range. In DMA tests, the compliance of the specimen has been measured and the dynamical modulus could be calculated by taking into account de geometry shape of the specimen. If the polymer specimen's shape is changed during the test, the determined modulus does not correspond to the real modulus of the polymer specimen.

Figure IV-5 Storage modulus vs. temperature with different imposed frequencies for PS specimen in DMA test

Figure IV-6 Storage modulus vs. temperature with different imposed frequencies for PC specimen in DMA test

The PMMA specimen has been successfully utilised in the test, because the change of geometry shape of specimen is less evident than PS and PC specimen. According to the experimental results obtained in the DMA tests, one can conclude that the storage modulus decreases and the loss modulus increases around T g , which is characterised by the increase of the damping factor. The mechanical behaviour of the PMMA polymer specimen transfers from elastic properties to viscous properties in the temperature range lightly above T g .

IV.3. Rheological characterization

The 

IV.3.1. Temperature dependence

The storage modulus and loss modulus of polymer PMMA have been obtained in DMA tests.

The complex modulus is used to study the temperature dependence of the polymer PMMA viscoelastic behaviour. The value of the complex modulus may be obtained by the following equation:

2 2 E E E ′ ′ + ′ = * (IV.11)
The complex modulus vs. imposed frequency at different temperatures is shown in Figure IV-10. The values of complex modulus are almost constant at lower temperatures. The significant decrease of the complex modulus can be observed when the temperature arrives T g .

The value of the complex modulus at the same temperature (higher than T g ) increases with the rise of the imposed frequency.

Figure IV-10 Complex modulus of viscoelastic polymer (PMMA) vs. frequency at different temperatures in DMA test

The imposed frequency in DMA test was limited to seven levels from 7.8 Hz to 500 Hz follow the same form with the master curve. The values of complex modulus at higher temperature are relatively smaller compared with the ones at reference temperature. Therefore, the master curve is translated to right direction (the frequency increases) in order to obtain the complex modulus at higher temperatures.

IV.3.2. Identification with viscoelastic model

The complex modulus of the polymer PMMA at high temperature, from T g to T g + 40 °C, are obtained after the translation of the master curve at the reference temperature. The compression in the hot embossing process is always effected at the temperature higher than T g .

In the following rheological characterisation, the curves of complex modulus at the temperature from T g +20 °C to T g +40 °C are used to be fitted by the Generalized Maxwell 

∑ = ∞         - + = M j j r j r r t t E E E 1 ) ( exp τ (IV.13) r t t r E E ) ( lim ∞ → ∞ = (IV.14)
where, M represents the number of branches in the model, t represents time, r j E represents the relaxation elastic modulus, j τ represents the relaxation time in the j-branch and r E ∞ corresponds to the relaxation elastic modulus when t becomes infinite.

The fitting parameters in the model were obtained by first selecting a set of relaxation times and then fitting with the experimental data in the DMA tests. Eight relaxation time constants were selected according to the distribution of the complex modulus data at T g +20 °C, T g +30 °C and T g +40 °C. The relaxation modulus at each relaxation time was obtained by the application of the method of least squares.

The optimized fitting parameters are listed in Table IV-3.

Table IV-3 Optimized fitting parameters of the Generalized Maxwell model for polymer PMMA at T g + 20 °C, T g + 30 °C and T g + 40 °C (with T g =116 °C)

A good agreement has been obtained by using the corresponding fitted Generalized Maxwell 

Figure IV-13 The master curve of complex modulus of viscoelastic polymer (PMMA) vs. frequency at T g + 20 °C, T g + 30 °C and T g + 40 °C in DMA test along with the fitting parameters for the Generalized Maxwell model (with T g =116 °C)

IV.4. Numerical simulation of the filling stage in hot embossing process

The simulation of the filling stage in hot embossing process has been effectuated in order to investigate the sensibility of the viscoelastic model. The temperature dependence, the pressure applied and the viscoelasticity of polymer have been taking into account in the simulation.

The filling of a cylindrical micro die cavity during the hot embossing process have been investigated using the finite element method.

IV.4.1. Presentation of modelling approach of hot embossing process

Within the present work, the purpose of simulation is not to obtain a perfect numerical replica of the experimental situation, but to give insights into the effects of processing parameters, such as temperature and pressure, on the filling of micro die cavities. The micro cavity is in the shape of circle and the polymer substrate is placed under the mould die insert, shown in Frequency (Hz) Complex modulus (MPa) µm and the length of 200 µm. The distance between the cavities is 200 µm. The thickness of the polymer plate is considered to be 1 mm. A 2D axisymmetric model has been created in the COMSOL ® simulation software by taking into account of the geometric symmetry of the micro die cavities. The friction condition between the mould die insert and the polymer plate is not considered in the simulation. The polymer plate is considered as viscoelastic solid. The mould die insert is supposed to be rigid in the simulation, which means that it is not deformable during the embossing process.

Figure IV-14 Cross section of the mould die cavity and polymer plate, associated with the definition of the size of micro die cavities

IV.4.2. Definition of polymer's viscoelastic behaviour in the simulation

The numerical simulation of the filling stage of hot embossing process has been effectuated with the finite element method by the COMSOL ® simulation software. The polymer's viscoelastic properties have been taken into account to investigating the deformation of polymer plate during the filling stage. The related constitutive equations have been implemented in the software. The stress tensor of viscoelastic material is separated mathematically in two parts: the volumetric stress and the deviatoric one, as shown in the following equation:

v b K ε σ = I d σ + (IV.15)
where b K is the bulk modulus, v ε is the volumetric strain, I is the identity matrix, d σ is the deviatoric stress.

The strain tensor of viscoelastic material is written as: ε is the deviatoric strain, with the volumetric strain given by: ( )

ij v trace ε ε = (IV.17)
The general dependence of the deviatoric stress on the strain history could be expressed in the form:

( ) ' ' 2 0 ' dt t G t d t t d ∫ ∂ ∂ = - ε σ (IV.18)
where ( ) t G is the shear modulus, which could be obtained by the well known relationship among the elastic modulus for homogeneous isotropic materials:

( ) ( ) υ + = 1 2 ) ( r t t E G (IV.19)
where υ is Poisson's ratio, 

IV.4.3. Definition of boundary conditions

The polymer plate is always heated to the moulding temperature, which is higher than T g in the filling stage during the hot embossing process. In this analysis, the filling stage is effectuated in the temperature range of T g + 20 °C, T g + 30 °C and T g + 40 °C. The mould die insert moves under constant pressure, as well as the polymer flow begins to filling the micro cavities of the mould die insert. 

Table IV-5 Mesh conditions of the model parts in finite element simulation

The 

Chapter V. Viscoelastic and viscoplastic behaviours of amorphous polymers lightly above T g in compression tests

V.1. Introduction to the chapter

The viscoelastic of the amorphous thermoplastic polymer in hot embossing temperature range from T g + 20 °C to T g + 40 °C, characterized with the dynamic mechanical analysed method, has been investigated in the previous chapter. However, according to the experimental investigation of PMMA polymer in III.6.4, the plastic strain also exists in this temperature range, even though the plastic strain becomes much smaller with the rise of temperature. The 

V.2. Compression creep tests

In this section, the experimental results in the short-term compression creep tests of PS, PMMA and PC have been presented. The polymer specimens are cylindrical with the diameter eq. 10 mm and the length eq. 18 mm, which have been elaborated by the injection moulding process. The compression tests have been performed by means of the Bose ® ElectroForce ® test instrument. The compression tests have been carried out in the temperature range from T g + 20 °C to T g + 40 °C for each amorphous polymer. The evolution of the relaxation modulus has been demonstrated by the true stress and true strain measurement in the compression creep tests. The Generalized Maxwell model has been proposed to describe the evolution of the relaxation modulus in the creep tests. The relaxation modulus and the relaxation time in the model have been identified.

V.2.1. Stress-strain curves in compression creep tests

In the compression creep tests, the polymer specimens were compressed with a constant rate of force. Then the force applied on the polymer specimen was maintained at a constant value and the displacements of the specimen were recorded. The compression creep tests were performed in three temperatures: T g + 20 °C, T g + 30 °C and T g +40 °C for each amorphous polymer PS, PMMA and PC. The true stress and true strain were calculated based on the recording displacements of the specimen and forces applied.

The true stress and true strain of polymer PS in compression creep tests are presented in 

Figure V-1 Stress-strain curves of polymer PS in the compression creep tests at (a) T g + 20 °C, (b) T g + 30 °C and (c) T g + 40 °C with T g = 88 °C

At T g + 20 °C, the compression load of 4 N has been applied on the polymer PS specimen with constant strain rate, while at T g + 30 °C and T g + 40 °C, the compression load of 2 N has been applied. The load is maintained for about 120 s. The applied load and the displacement of the specimen have been recorded and the resulting true stress and true strain have been obtained. The true stress of polymer PS could be considered as constant during the creep tests, MPa), but the true strain of the PMMA specimen is different. At T g + 20 °C, the true strain increases from 0.016 to 0.04 during the creep tests for about 120 s, while at T g + 30 °C, the true strain increases from 0.02 to 0.078 and at T g + 40 °C, the true strain increase from 0.03 to 0.16. It shows that with the increase of testing temperature, the true strain of the polymer PMMA specimen increases gradually.

Figure V-2 Stress-strain curves of polymer PMMA in the compression creep tests at (a) T g + 20 °C, (b) T g + 30 °C and (c) T g + 40 °C with T g = 115 °C

The true stress and true strain of polymer PC in compression creep tests are presented in Figure V-3. At T g + 20 °C, the compression load of 2 N has been applied on the polymer PC specimen, while at T g + 30 °C and T g + 40 °C, the compression load of 0.5 N has been applied.

The true stress of polymer PC specimen could be considered as constant during the creep tests, while the true strain increases with time. At T g + 20 °C, the true strain increases from 0.02 to 0.18 during the creep tests for about 120 s, while at T g + 30 °C, with a small load applied (0.5 N), the true strain increases from 0.03 to 0.42 during the test. At T g + 40 °C, the true strain (c) T g + 40 °C reach 0.42, which corresponds to the maximum measuring displacement of the testing device, for only 35 s. The large deformation of the polymer specimen at higher testing temperature implies the polymer PC becomes more viscous with the increase of temperature.

Figure V-3 Stress-strain curves of polymer PC in the compression creep tests at (a) T g + 20 °C, (b) T g + 30 °C and (c) T g + 40 °C with T g = 150 °C

V.2.2. Relaxation modulus of polymers in compression creep tests

The true stress vs. time and true strain vs. time curves of the three amorphous polymers: PS, PMMA and PC have been obtained in the compression creep tests at hot embossing temperature range from T g + 20 °C to T g +40 °C. The relaxation modulus, which expressed the ratio of true stress and true strain of the polymer specimens during the creep tests, could be obtained. The relaxation modulus of the polymer PS, PMMA and PC are presented in 

) exp( ) exp( 2 2 1 1 cr cr cr cr cr cr t E t E E E τ τ - + - + = ∞ (V.1)
where cr E ∞ is the relaxation modulus when time becomes infinite, t represents time, cr E 1 and cr 1

τ are the relaxation modulus and relaxation time at 1-branch, cr 

V.3. Numerical simulation of micro indentation in hot embossing process

The viscoelastic properties of the amorphous polymers have been investigated in the compression creep tests. In this section, the Generalized Maxwell model with the identified parameters has been used to describe the polymer behaviour in micro indentation in hot embossing process. 3D model with the microfluidic patterns has been created in the simulation software and the effects of the compression temperature, pressure, location of mould die cavity and compression time on the replication accuracy have been analyzed using the finite element method.

V.3.1. Presentation of modelling approach of micro indentation

The polymer substrate with the thickness of 2mm and the mould die cavity with the microfluidic patterns have been used in the simulation. The shape of the polymer substrate and mould, associated with the dimensions of the micro patterns has been demonstrated in 

Figure V-5 (a) Presentation of the mould die cavity and polymer substrate, (b) dimensions of the micro patterns on the mould die cavity

The micro patterns with the thickness of 0.2mm were compressed on the flat surface of the polymer substrate in the simulation. The mould die cavity was considered as a rigid body and the polymer substrate exhibited the viscoelastic behaviours. The related constitutive equations for describing the viscoelastic behaviour in the numerical simulation were presented in IV.4.2.

The shear modulus ( ) t G was obtained by the compression relaxation modulus cr E identified in the compression creep tests, expressed as follows: 

( ) ( ) υ + = 1 2 cr t E G (V.2)

Table V-2 Mesh conditions of the model parts and the solution time for the finite element simulation of hot embossing process

Mesh conditions Mesh type

Free tetrahedral Mesh number 138284 Number of degree of freedom 6168221-6181040 Solution time(with 8 processors, speed 2.5GHz, total memory 37GB) 60-140min 

V.3.3.1. Effects of embossing temperature

The polymer PMMA substrate has been compressed by the mould die insert at three temperatures: T g + 20 °C, T g + 30 °C and T g + 40 °C, in the simulation of hot embossing process. Two kinds of load have been applied on the mould die insert: fixed compression displacement with a constant compression speed and constant pressure. The displacement of the top surface in the reservoir zone of the polymer substrate has been obtained and compared in order to analyse the compression temperature effects on the replication accuracy in hot embossing process.

The polymer substrate was firstly compressed with the fixed compression displacement 0.1mm with constant compression speed. The compression tests lasted for 30 seconds at each compression temperature. The displacement of the polymer substrate was obtained in the simulation and the displacement of a cutting line in the reservoir zone on the top surface was selected to be studied. zone is about 0.1 mm, which is eq. to the applied compression displacement. There is not significant difference in the displacement of the polymer substrate among different compression temperature. However, the displacement of polymer substrate at T g + 40 °C is a little more significant than that at T g + 20 °C, shown in Figure V-7(c). It demonstrates that with the same applied compression displacement, the polymer substrate exhibits larger displacement at higher compression temperature.

Figure V-7 (a) Displacement of the polymer PMMA substrate in the hot embossing simulation with fixed compression displacement 0.1mm at T g + 20 °C, (b) location of the cutting line on the top surface of the polymer substrate and (c) displacement profile of the cutting line at the end of the testing time at different compression temperature

Then the polymer substrate was compressed with the constant pressure 1 MPa for 30 seconds at each compression temperature. The displacement of the polymer substrate was obtained in the simulation and the displacement of a cutting line in the reservoir zone on the top surface was selected to be studied. When the applied pressure on the mould die insert is fixed at 1 MPa, the displacement of the polymer substrate is about 0.8 mm at T g + 20 °C, and the displacement increases to about 1.6 mm at T g + 40 °C, shown in Figure V-8(c). It demonstrates that with the same applied pressure, the polymer substrate exhibits larger displacement at higher compression temperature.

Figure V-8 (a) Displacement of the polymer PMMA substrate in the hot embossing simulation with constant pressure 1 MPa at T g + 20 °C, (b) location of the cutting line on the top surface of the polymer substrate and (c) displacement profile of the cutting line at the end of the testing time at different compression temperature

V.3.3.2. Effects of pressure

The polymer PMMA substrate has been compressed by the mould die insert with different pressure 0.1 MPa, 0.5 MPa and 1 MPa at constant temperature in the simulation of hot embossing process. The pressure has been applied on the mould die insert. The displacement of the top surface in the reservoir zone of the polymer substrate has been obtained and The polymer substrate was compressed with the different pressure for 30 seconds at T g + 40 °C. The displacement of the polymer substrate was obtained in the simulation and the displacement of a cutting line in the reservoir zone on the top surface was selected to be studied. relatively larger that that in the inner edge of the polymer substrate. This diversity of displacement of the polymer substrate is mainly due to the interaction force of the polymer substrate between the adjacent reservoirs.

V.3.3.4. Effects of compression time

The polymer PMMA substrate is considered as viscoelastic solid in the simulation of hot embossing process. The physical behaviour of the polymer substrate is not only temperature dependent, but also time dependent. The compression time plays an important role on the replication accuracy of micro components elaborated by hot embossing process. The polymer PMMA substrate has been compressed by the mould die insert with constant pressure 1 MPa for 30 seconds at T g + 40 °C. The displacement of the polymer substrate at the end of testing time 10 s, 20 s and 30 s has been obtained. 

Figure V-12 Schematic description of the elastic-viscoplastic model and the related parameters listed in brackets

The total strain rate to ε is expressed as follows:

vp pl el to ε ε ε ε + + = (V.2)
where el ε represents the elastic strain rate and pl ε represents the plastic strain rate. The relation between the elastic strain and stress is provide by Hooke's law, and the plastic strain is expressed by a power law,

E el σ ε = (V.3) to ε ) , ( K m vp ε ) , ( n A pl ε ) (E el ε n pl Aσ ε = (V.4)
where σ is the stress and E is the elastic modulus, A and n are the material constants.

Therefore, the elastic strain rate el ε and the plastic strain rate pl ε could be written as follows with the viscoplastic strain rate vp ε expressed by the overstress:

E el σ ε = (V.5)    ≤ > = - 0 0 0 1 σ σ σ σ ε if if An n pl (V.6)        ≤ >       - = g if g if K g m vp σ σ σ ε 0 / 1 (V.7)
where σ is the stress rate, g is the equilibrium stress and K and m are material constants.

The equilibrium stress g could be found in the quasistatic elastoplastic relation [AL 01]: 

V.4.2. Compression elastic modulus identification

The topic is to investigate the compression stress and strain in the polymers' elastic deformation region. The testing temperatures in the compression tests are T g + 20 °C, T g + 30 °C and T g +40 °C. The compression tests have been carried on by applying a constant load rate to the polymer specimen. The true strain range was from 0.0005 to 0.0025, where only the elastic deformation occurred. The stress-strain curves for the selected polymers in the 

V.4.3.1. Relaxation stress in compression relaxation test

In the stress relaxation test, the strain remains constant while the stress decreases. Therefore the plastic strain rate is zero, because the stress rate is negative in the stress relaxation tests.

The strain remains constant, so the total strain rate is zero. The viscoplastic strain rate in the stress relaxation tests could be expressed as follows:

el in vp ε ε ε - = = (V.9) vp m E K g ε σ σ = - =       - / 1 (V.10)
The stress rate σ could be obtained by differentiating the stress-time curve with respect to time. Then the material constant K and m could be identified by the relation between the viscoplastic strain rate vp ε and the stress σ . The equilibrium stress g can be obtained by applying the nonlinear regression methods. The stress relaxation tests can be repeated for different strain levels and the equilibrium stress can be calculated for each test. The material constants A and n can be identified by the equilibrium stress and strain curve.

The stress relaxation tests were repeated for six different strain levels at T g + 20 °C. The polymer specimen was imposed with a constant true strain rate ( 

Table V-4 Fitting parameters in the exponential equation associated with the coefficient of determination

The identification of the constants in the exponential equation has been carried out using the method of least squares. The identified parameters associated with the coefficient of determination are presented in Due to the quasitatic elastoplastic relation between stress and strain, the total strain is composed by the elastic strain and plastic strain. The elastic strain could be obtained by equilibrium stress and the elastic modulus and then the plastic strain could be written as follows:

( ) ( ) ( ) A g n E g to pl ln ln ln ln + =       - = ε ε (V.12)
where a linear relationship between the logarithm of the plastic strain and the logarithm of the equilibrium stress is observed. The material constant A and n could be identified by fitting the logarithm of the plastic strain vs. the logarithm of the equilibrium stress curves at different strain levels, which is showed in The polymer PMMA becomes more viscous with the increase of temperature in this temperature range. Even though the stress relaxation tests of the amorphous polymers at T g + 30 °C and T g + 40 °C have not been effectuated in this analysis, one can conclude that the plastic deformation at T g + 30 °C and T g + 40 °C will be much smaller than that at T g + 20 °C.

V.5. Conclusions

The In this study, three representative amorphous thermoplastic polymers PS, PMMA and PC have been used to elaborate the microfluidic devices by hot embossing process. The polymer substrate is with the thickness of 2 mm, which has been obtained by the injection moulding process. The hot embossing process is carried out using horizontal injection/compression moulding equipment, especially developed for this study in our laboratory. A complete compression mould tool, equipped the heating system, the cooling system, the ejection system and the vacuum system, has been designed and elaborated in our research group. The mould die insert with the micro cavities could be embedded in the mould tool and could be separated from the mould tool. Three mould die inserts with different cavity dimensions have been used

to elaborate the microfluidic devices. The microfluidic devices have been replicated with different processing parameters, such as compression temperature and compression gap imposed. The main objective is to investigate the effects of the processing parameters on the filling ratio of the mould die cavity. The surface roughness of the microfluidic devices has been measured with 3D optical profilometer. The results concerning the micro cavities filling provide information on the reliability about the facilities to replicate complexes surface topographies.

VI.2. Mould die cavity insert design and manufacturing

The mould die insert with three different cavity dimensions have been developed in this study in order to get the microfluidic devices for mixing or separating the fluid flows. The mould die insert is made of steel and its size is 80 mm×80 mm×12.9 mm. The micro cavities in the The values of these parameters will be used to compare with that of the microfluidic devices. 

VI.3. Polymer substrate elaboration

The polymer substrate has been elaborated using the injection moulding equipment BOY 22M. 

VI.4.2. Micro hot embossing process

In the related analysis, the compression module in the control and operating system of injection moulding equipment has been used to effectuate the hot embossing process. The mould plates are closed and heated by the cartridge heater to the compression temperature, which is higher than the polymer's T g . Then the polymer substrate has been inserted into the die cavity of the mould die insert and heated by the mould plate for a certain time. A suitable distance between the moving mould plate and the fixed mould plate, so-called the gap, is kept to maintain the contact between the polymer substrate and the mould plates. When the temperature of the polymer substrate reaches to the compression temperature, the moving mould plate moves forwards to compress the polymer substrate. The gap is kept with pressure at the compression temperature for a fixed time. Finally, the mould plates and the polymer 

Figure VI-11 Illustration of the successive steps of hot embossing process to elaborate microfluidic devices: (a) Closing the mould and preheating (b) Insert of polymer substrate (c) Heating polymer substrate (d) Compression (e) Maintain (f) Cooling (g) Demoulding

Some experiments with different sets of parameters have been carried out in order to investigate their relative influences on the micro replication accuracy in micro hot embossing process, such as gap imposed, die cavity dimension and compression temperature. 

(c) (d) (e) (f) (g)
polymer substrate is only heated, it can not be compressed by the mould plate. Three gaps imposed have been selected in the compression step: 1.1 mm, 0.9 mm and 0.7 mm, which means that the moving mould plate moves forward for 0.1 mm, 0.3 mm and 0.5 mm, respectively. The polymer substrate has been compressed with a step eq. 0.1 mm, 0.3 mm and 0.5 mm.

Mould B and C have been used to elaborate the microfluidic devices with relatively smaller dimensions. The objective is to investigate the replication fidelity of micro hot embossing process.

Figure VI-12 Variation of the temperature and gap during the hot embossing process ((a) ~ (g) corresponding to the successive steps in Figure VI-11)

The compression temperature is also an important factor influencing the replication accuracy in hot embossing process. According to the DMA tests results, the dynamic modulus of the polymer substrate become quite low below its T g . Three different temperatures above its T g have been selected in this analysis, T g + 20 °C, T g + 30 °C and T g + 40 °C. The value of T g for each polymer substrate has been obtained previously in DSC tests (PS: 88 °C, PMMA: 116 °C and PC: 150 °C).

VI.5. Results and discussions

VI.5.1. Effect of gap imposed

Mould A has been used to elaborate the microfluidic devices using the hot embossing process mentioned above. The small protrusions at the outer edge of the reservoir, especially on PS and PMMA microfluidic devices, are properly due to the laser beam's trace on the micro mould die insert C. There are some defects on the outer edge of the reservoir of PC microfluidic devices, which are mainly due to the large variation of temperature during the hot embossing process.

PC substrate exhibits a much larger T g than the other polymer substrate, so a large variation of temperature change appears during the process. It may cause the thermal shrinkage or distortion of the polymer substrate. 

VI.6. Conclusions

Microfluidic devices have been elaborated by the hot embossing process with three representative thermoplastic amorphous polymers PS, PMMA and PC. The process has been carried out by an injection/compression press equipped with a new developed control system. The devoted pilot system allows us to carry on the compression process in an injection moulding press. Three steel based mould die cavity inserts have been design and micromanufactured with the die cavity dimension eq. to about 200 µm (mould A), 100 µm (mould B) and 50 µm (mould C). The microfluidic devices based on the selected polymer substrate with the thickness eq. to 2 mm have been successfully elaborated using hot embossing process with the optimised parameters. The small dots on the base surface of the micro mould die insert C (50 µm) are mainly due to the laser beam's trace during the laser ablation process.

It shows the limit of micro cavity dimension using the current laser ablation equipment (about 20-30 µm). Other micro manufacturing processes based on the metallic mould have to be used in order to achieve the replication of microfluidic devices with even smaller size. For example, the Micro Electrical Discharge machining (µEDM) process could be applied for the elaboration of micro mould die insert based on steel with the tolerance of 1µm.

The effect of the compressive gap imposed has been investigated by the replication of the microfluidic devices with mould A. The amorphous polymer based microfluidic devices have been elaborated by the hot embossing process with gap imposed 1.1 mm, 0.9 mm and 0.7 mm.

According to the comparison of the filling ratio of micro cavities on the microfluidic devices, the best filling ratio of micro cavities has been obtained with gap imposed 0.7 mm.

The effect of the compression temperature has been investigated by the replication of the 

Chapter VII. Conclusions and perspectives

The research work is focus on the characterisation of amorphous thermoplastic polymers mechanical and rheological behaviour over a large range of temperature and the physical modelling of polymers' viscoelastic and viscoplastic behaviour in temperature range lightly above T g . The numerical simulation of the filling stage in hot embossing process has been achieved in order to optimise the processing parameters during the process. The polymer based microfluidic devices have been successfully replicated by hot embossing process with the compression system developed in our group. The main improvements, associated with the suggested future works will be summarized below.

VII.1. Conclusions

VII.1.1. Improvement in the characterization of amorphous polymer properties Three kinds of method have been used in order to characterize of amorphous thermoplastic polymers' physical behaviour over a large range of temperature:

• The tensile tests have been carried on to investigate the amorphous polymers' mechanical properties at lower temperature (below T g ). The tensile polymer specimens with the gauge length of 30 mm and the section of 3.5 mm×6 mm have been elaborated by the injection moulding process. Polymer PS exhibits brittle behaviour blew T g , while PC exhibits ductile behaviour blew Tg. PMMA exhibits brittle behaviour far blew T g , while it becomes ductile with the increase of temperature.

The tensile elastic modulus of PS, PMMA and PC at ambient temperature obtained in the tensile tests are in the reasonably range compared with the ones provides by the supplier.

• The viscosity of the polymer PS, PMMA and PC at higher temperature range (highly above T g ) have been investigated with the rotational rheometer. The shear viscosity of the polymer samples has been measured at low shear rate (0.01 s -1 ~100 s -1 ). The rheological behaviour of the polymer flow exhibit the Newtonian law at low shear rate range (0.01 s -1 ~1 s -1 ). The polymer flow at relatively lower temperature range (lightly above T g ) is not viscous enough to be measured with this characterization method.

• The uniaxial compression tests have been carried on in order to identifying the amorphous thermoplastic polymer's properties in the temperature range lightly above T g . The PMMA cylindrical specimens with diameter eq. to 10 mm and length eq. to 18 mm, elaborated by the injection moulding process, have been used in the compression tests at T g + 20 °C, T g + 30 °C and T g + 40 °C. The strongly temperature dependent, strain rate sensitive responses of amorphous thermoplastic polymer have been observed through the stress-strain curves.

VII.1.2. Improvement in the modelling and simulation of hot embossing process

The amorphous polymers' viscoelastic and viscoplastic behaviour lightly above their T g have been modelling by the constitutive models. These models have been implanted in the simulation software in order to achieve the numerical simulation of hot embossing process with finite element method.

• • Three steel based mould die cavity inserts have been design and micro-manufactured with the die cavity dimension eq. to about 200 µm (mould A), 100 µm (mould B) and 50 µm (mould C) by the laser ablation process. These mould die inserts could be integrated in the moving mould plate. The small dots have been observed on the base surface of the micro mould die insert C (50 µm) and it shows the limit of micro cavity dimension using the current laser ablation equipment (about 20-30 µm).

• The effect of the compressive gap imposed has been investigated by the replication of the microfluidic devices with mould A. The amorphous polymer based microfluidic devices have been elaborated by the hot embossing process with gap imposed 1.1 mm, 0.9 mm and 0.7 mm. According to the comparison of the filling ratio of micro cavities on the microfluidic devices, the best filling ratio of micro cavities has been obtained

with gap imposed 0.7 mm.

• 

VII.2. Perspectives

The amorphous thermoplastic polymers' physical behaviours have been investigated The polymers studied in this thesis are limited to the amorphous thermoplastic, other polymers loaded with various materials, such as carbon nanotube are also used for the specific application. The related modelling of the loaded polymers physical properties and the numerical simulation of hot embossing process are needed to be investigated in the future.

The mould die insert used for the replication of microfluidic devices in this thesis are elaborated by laser ablation process with the limit of micro cavity dimension about 20-30 µm.

Other micro manufacturing processes based on the metallic mould could be used to reduce the cavity size and improve the manufacturing accuracy, such as the µEDM process with the tolerance of 1 µm. The developed hot embossing experimental system shows a low cost and short production cycle for the elaboration of the microfluidic devices based on polymers. It is proved to be available for the elaboration of microfluidic devices or even nanofluidic devices and also demonstrate the promising possibility for mass production.
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  fields: such as micro-mechanical, micro-optical, chemical, medical and biological [MEK 02]. The hot embossing process is widely used in the manufacturing of macro and micro structures, especially with high aspect ratio. With the fast development of the lithography and etching technologies, the size of the patterns on the mould die insert can reach to the nano range. These mould die inserts are used in the hot embossing process, which makes it possible to replicate the nano structures [SCH 02, YAN 10]. Although many contributions have been made in the experimental investigation of hot embossing process, the numerical simulation of the process has not been well studied [WOR 04]. This is a cost-effective way to optimise the hot embossing process design. The filling stage is the most important step during the hot embossing process. It determines the replication accuracy of the final components. The polymer deformation during the filling stage can be predicted in the simulation and it can help us to reduce the defects of the replicated components. Amorphous thermoplastic polymers, considered as the important engineering materials, are widely used in a variety of applications [SRI 10]. The amorphous polymers are more suitable compared with semi-crystalline polymers in hot embossing process, because the amorphous polymers soften smoothly above T g , which leads to a larger moulding temperature range [WOR 11]. The thermo-mechanical behaviours of the amorphous polymers have to been investigated to predict the deformation during hot embossing process. Considerably effects have been devoted to develop the constitutive models of the large deformation elastic-

  Figure II-1(b), into a thin sheet of paper. These examples were all elaborated by the simple embossing technique without heating. The heating step was integrated in the embossing process until the property of the moulding material could be reversed by temperature, such as thermoplastic polymers. At the beginning of the twentieth century, the hot embossing process in micro size was commercially used for the replication of the groove of record. Replication of long-playing records of 30cm in diameter and with microfeatures of less than 100 µm in size was achieved in the middle of the twentieth century [DAV 04]. It clearly revealed immense potential of hot embossing process for the replication of large-area microstructures.

Figure II- 1

 1 Figure II-1 (a) 600 year old Chinese coin made of copper and silver;(b) Exchangeable metal letters from letterpress

  for the elaboration of mould die inserts is one of the dominant elements in the development of hot embossing process. In recent years, the development of nanoimprint lithography with thermal and UV-curable materials opens this technology of hot embossing a way to the nanostructuring methods. Today structures in the range below 5 nm can be elaborated and can be finally used as mould inserts for replication [AUS 04]. Figure II-2 shows the polymer substrate with 5nm resolution obtained by the process of photocurable nanoimprint lithography. The improvement of the manufacturing methods for micro or nano structures in mould die cavity insert makes contributions to the mass production of new application of hot embossing process.

Figure II- 2

 2 Figure II-2 Demonstration of 5 nm resolution photocurable nanoimprint lithography (a) SEM images of silicon oxide mould (b) SEM images of the imprinted polymer substrate after UV curing and mould separation [AUS 04]

  Figure II-3(a). In the reaction injection process, the liquid components are individually metered and pumped to the mixing chamber [HEP 92]. The mixed components are injected into the mould die cavities under moderate pressure, which is relative lower than the injection moulding process (in the range of 1 MPa [WOR 09]). When the microcavities have been filled completely inside the mould, the mixed components undergo the chemical reaction to the final polymer.

Figure II-3( a )

 a Figure II-3(a) Schematic illustration of the reaction injection moulding process, courtesy of RIM Manufaturing, (b) Micro structure made of PMMA obtained by UV-laser assisted reaction injection moulding [PFL 02]

  as dosage, mixing and injection processes also provide the difficulties for the temperature control in this technique. The reaction injection moulding is combined with the photocuring technology in order to elaborate the components in micro or nano range. The reactive polymer resin is used in the process and the liquid mixture are solidified using photocuring technology instead of the heating/cooling based phase change in injection moulding [VAR 06]. UV laser ablation has been used with the photocurable resins to achieve a rapid elaboration of microcomponents [PFL 02].

  Figure II-3(b) shows the PMMA structure with the width of walls about 10 µm, replicated from polysulfone (PSU) mould insert. II.3.2. Micro injection moulding Micro injection moulding is the most established and automated process of the micro replications processes. High grade automation in the macroscopic injection moulding technology has been already achieved in manufacturing industry [FU 11]. The development of micro injection moulding benefits from the multitude of commercially available equipments and the experience of a large number of supplies of this technology. The schematic view of the standard injection moulding process is presented in Figure II-4(a). The polymer in granulate form is heated in the cylinder to a temperature range above the melting range of polymer. The viscous polymer flow is compressed by the screw and injected via a nozzle into the mould die cavity. When the die cavity is completely filled by the polymer flow, the polymer flow is maintained under pressure in the range of several megapascals. The screw is rotated back and the polymer granular is dosed and compressed for the following injection cycle. The mould plates are opened and the moulded parts could be demoulded by the ejector pins. The cycle time of whole injection moulding process is presented in Figure II-4(b).

Figure II- 4

 4 Figure II-4 (a) Schematic view of standard injection moulding process with the basic components of the injection equipment, (b) Cycle time of injection moulding process

  used for injection to control metering accuracy [BEL 13]. The micro injection moulding equipment with two screws have been proposed by ARBURG, shown in Figure II-5. A short pre-plasticising screw with the standard diameter size allows dosing the polymer granular and compressing it into the injection chamber. A fine injection screw equipped with a valve is used to inject the polymer flow into the mould die cavity. The opening and closing phases of the valve are due to the injection screw position [FAN 12]. The design consists to control the crossing volume of the flow through the valve, which is a critical factor concerning the replication accuracy in micro injection moulding process.

  Arrays of holes of 50 nm diameter and 35 nm depth made of cyclic olefin copolymer (COC) have been elaborated by injection moulding [MAT 10]. The application of a fluorocarbon based antistiction coating on the mould surface improves the replication fidelity of shape and depth substantially. The nanostructure obtained can be integrated in a polymer microfluidic system without substantial deformations.

Figure II- 6

 6 Figure II-6 (a) 400 nm square cavity with depth of 100 nm, 50 nm and 200 nm from left to right obtained by Focused ion beam (FIB) milling process, (b) Sub-micron array of BMG pillars, (c) 200 nm square cavity array, (d) 100 nm array of holes, (e~h) replications of the features on the BMG with High-density polyethylene (HDPE) using injection moulding process [ZHA 12]

Figure II- 7

 7 Figure II-7 Schematic view of micro injection compression moulding process, courtesy of Sumitomo (SHI) Demag

Figure II- 8 .

 8 Figure II-8. It is considered as a reliable replication process for the mass production of durable superhydrophobic surfaces.

Figure II- 8 Figure II- 9

 89 Figure II-8 (a) Micro mould die insert in steel obtained by combined laser ablation and UV/O 3 treatment (increase the hydrophilicity of the surface), (b) SEM images of the replicated PP surfaced by micro injection compression moulding process [GUA 13] 

  step. The pressure is applied on the polymer substrate when it reaches the embossing temperature. The pressure maintained while the cooling step starts. When the temperature descends below T g of the polymer, the mould tools are opened to obtain the moulded component. The variation of temperature and pressure during the hot embossing process for the replication with thermoplastic polymers is related in Figure II-10 [WOR 09].

  mentioned previously. The replicated structure scale is limited by the size of the patterns on the mould die insert. The micro fabrication processes for the elaboration of micro or nano patterns in mould die insert become the critical issue in the development of micro hot embossing process. The maskless UV lithographic technique has been employed for the production of the micro structured silicon stamp [MAT 09].

  Figure II-11(a) shows the microfluidic channels on a PMMA substrate replicated from the silicon stamp by hot Time The metallic mould die insert is always used in hot embossing process because of its excellent mechanical properties. The PMMA microchannel replicated from a nickel mould die insert is shown in Figure II-11(b).

Figure II- 11

 11 Figure II-11 (a) Microfluidic channels with square pillar of 100 µm width on a PMMA substrate replicated from a silicon stamp by hot embossing process [MAT 09], (b) SEM images of PMMA microchannel of 200 µm width replicated from a nickel mould insert (obtained by deep X-ray lithography process) using hot embossing process [LEE 10]

  hot embossing equipment system depending on the specific requirement. The gas assisted and vibration assisted pressure applied system, which have been successful used in injection moulding process [KON 09], are also developed in the hot embossing process, especially for the elaboration of micro or nano components. A new ultrasonic vibrating device has been equipped in the hot embossing apparatus for the mass production of optical components in glass [HUN 13]. The experiments show the forming force drop rapidly when the ultrasonic vibration is applied, which confirm that the ultrasonic vibration improve formability in glass hot embossing. These modifications in moulding tools overcome the limitation of conventional hot embossing process and pave the way for the elaboration of components in nano scale.The hot embossing process shows other advantages, such as short flow paths during the compression step, which leads to less residual stress existed in the final moulded part. It requires relative lower replication temperature compared with the injection moulding process, as the polymer substrate could be compressed with a lower viscosity. The hot embossing process also shows high flexibility in moulding material and short manufacturing cycle time, which presents large potential for the development of prototypes [NAR 04]. The disadvantage of hot embossing process is that the moulded part has to elaborate based on a semi finished polymer plate, which is always planar. It is not available for the elaboration of 3D replication products. II.3.5. Nanoimprint lithography process Nanoimprint lithography is first proposed by Chou et al. [CHO 95, CHO 96, CHO 97]. The aim of this structuring method is to replicate the patterns in the nano range. The basic steps in nanoimprint lithography are shown in Figure II-13 [SAN 06].
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 13 Figure II-13 Schematic view of nanoimprint lithography process [SAN 06]

  Figure II-15(a). This type of hotembossing process is well suitable for the replication of micro or nano structures with high aspect ratio.

  Figure II-15(b) shows the fine structures less than 2 µm in PMMA elaborated using hot embossing process [SUG 12]. The compression force in plate to plate embossing process could be much higher than the other two types, which allows a wide range of embossing materials. The risk of damaging the structures during the demoulding step is lower than the other two types. It is well suited for the replication of less plastic material, such as glass or BMGs, which requires longer processing time [KAS 13, PAN 08]. Therefore the plate to plate embossing process becomes the most established micro replication process.

Figure II- 15

 15 Figure II-15(a) Schematic view of plate to plate hot embossing process[PEN 14],(b) thin structure less than 2 µm with high aspect ratio made in PMMA, replicated using hot embossing process[SUG 12] 

Figure II-17( a )

 a shows the developed roll to plate texturing system which is comprised of a roller mould, a pneumatic pressing cylinder and a halogen-lamp heater [JEO 13]. The structures with height of 100 µm have been manufactured on the roller mould (45 mm of diameter and 60 mm of length), shown in Figure II-17(b). The microfluidic device has been obtained in PC with its cross-sectional image shown in Figure II-17(c). The liquid flow has been induced in the microchannel and no leakage has been observed in Figure II-17(c).

Figure II- 17

 17 Figure II-17 (a) Schematic view of a developed roll to plate texturing system, (b) roller mould with the microfluidic patterns (45 mm of diameter and 60 mm of length) and (c) microfluidic device obtained by roll to plate texturing system with the cross-sectional image of microchannel and demonstration of fluid mixing in the microchannel [JEO 13] 

Figure

  Figure II-18 (a)Schematic view of roll to roll embossing process [YEO 09] and (b) Schematic view of UV assisted roll to roll embossing process with soft substrate [MOR 11] 

Figure II- 19

 19 Figure II-19 (a) Three-dimensional surface profile of an embossed microchannels (100 µm of width and 20 µm of depth) obtained by roll to roll embossing process, (b) microfluidic device filled with fluorescence dye [NG 09]

  Figure II-19(a) show three-dimensional surface profile of an embossed

  Figure II-19(b) shows the embedded microchannels filled with fluorescence dye.

  Large number of techniques have been developed and used in the replication process: LIGA based technologies, micro machining process, laser ablation and etching [ROT 02]. A comparison among the different mould die cavity insert manufacturing techniques has been proposed in Table II-3 [GIB 07].

  Figure II-20(a). A final microchannel obtained using the combination of micro milling and laser ablation process is shown in Figure II-20(b). The experiment work shows the possibility of the combination of micro milling process and laser ablation process to elaborate the metallic micro structures with high geometrical accuracy and less processing time.

  response). The behaviour laws described by the spring and the dashpot are expressed as: t is time, σ and ε represent the stress and the strain, E and η are elastic modulus and viscosity. The elasticity in the model reflects its ability to conserve energy after deformation and the viscosity reflects it ability to dissipate energy.The viscoelastic models with different combinations of the two basic components could be generated in order to describe the viscoelasticity of the materials with their respective advantage. Maxwell model and Kelvin-Voigt model are the most widely used viscoelastic models. Maxwell model represents the spring and the dashpot connected in series, while Kelvin-Voigt model represents the spring and the dashpot connected in parallel, shown in

  strain. However, Kelvin-Voigt model is usually used for predicting creep of materials with low load. The constitutive equations for some viscoelastic models are related by Jo et al [JO It has been demonstrated that nonlinear tensile stress-strain behaviours of PMMA foams are well described by the viscoelastic models. The relaxation time τ couples two most important parameters of the viscoelastic models: elastic modulus and viscosity. It indicates that the viscoelasticity is the result of viscosity and elasticity existed together in matter. It is depended on their relative values instead of their absolute values. It is an internal time scale characterized relaxation phenomena in polymer [HE 04]. Maxwell model and Kelvin-Voigt model are the most basic combination of spring and dashpot. There exist other kinds of combinations more complex, such as Zener model, Burgers model and Generalized Maxwell model [JO 05]. R K Jena et al. [JEN 11(a)] have characterized the viscoelastic properties of amorphous cyclic olefin copolymers (COC) polymer in order to have a better understanding of polymer rheological behaviour in hot embossing process. The Generalized Maxwell model viscoelastic constitutive model, which consisting of a spring and M Maxwell elements connected in parallel, shown in Figure II-21, has been used to describe the physical properties of polymer flow.

  5) where * E is the complex modulus, E′ is the storage (or elastic) modulus, E ′ ′ is the loss (or viscous) modulus and i is the imaginary unit. The storage modulus represents the real or elastic component of viscoelastic behaviour, which expresses the mechanical energy conservation ability of the material. The loss modulus represents the imaginary or viscous component of viscoelastic behaviour, which expresses the mechanical energy dissipation ability of the material. The storage and loss modulus are all associated through the friction between the molecular chains of the material. The damping factor or loss tangent has been defined in order to reflect the energy dissipated by the friction of the molecular chains, sometimes called internal friction [RAD 69]. The damping factor or loss tangent δ tan is the ratio of the imaginary part to the real part of the complex modulus, expressed as follows: where δ is the loss angle, which corresponds the phase angle between stress and strain during sinusoidal deformation in time [LAK 04]. The methods for measuring the viscoelastic properties of materials can be generally divided in two domains: time domain measurement and frequency domain measurement [LAK 04]. The time domain measurement mainly consists the creep the stress relaxation tests [HER 02, TSC 11]. The frequency domain measurement includes principal the resonant and subresonant tests [GUI 03]. Wave methods are appropriate at frequencies (typically 1 MHz to 10 MHz) above those used in resonant and subresonant methods [LAK 04, MOU 04]. The principle of the resonance measurement is represented schematically in Figure II-22(a). A sample is adhered to a piezoelectric shaker at one end and is free at the other end. The shaker is driven with a frequency-swept continuous signal, then the amplitude and phase of the velocity ratio between the free end and the driven end of the sample are measured as a function of frequency.

Figure

  Figure II-22 (a) Schematic of the resonance method measurement principle [GUI 11], (b) Schematic description of the contact device to measure the viscoelastic properties of polymers [GAC 04]

  Figure II-23 shows us how to utilize the time-temperature superposition principle to get a smooth master curve beyond the limited frequency [ROU 13]. The principle has been successfully applied to obtain the dynamic modulus of polymer over a broader temperature range [MOT 02].

Figureτσ

  Figure II-23 Time-temperature superposition principal, (a) Isotherm of complex modulus ( E ) on a limited frequency ( f ) range with T T T < < , (b) Horizontal shifting of the isotherms of complex modulus with 0 T the reference temperature ( T a is the horizontal shift coefficient), (c) Vertical shifting of the isotherms of complex modulus with 0T the reference temperature ( T b is the vertical shift coefficient) [ROU 13] 

Figure II- 24

 24 Figure II-24 Numerical simulation results of hot embossing process with a micro protrusion of 70 µm wide and 40 µm high: (a) plastic deformation of polymer at the end of compression step, (b) deformation recovery of polymer at the end of pressure maintain step, (c) stress concentration of polymer at the end of compression step and (d) stress relaxation of polymer at the end of pressure maintain step [LIU 10]

  overstress [KRE 03]. A growth law for the equilibrium stress is driven by the total strain rate, but the dynamic recovery term is proportional to the norm of the viscoplastic strain rate [CHA 08]. Some contributions have been made to extend the application of the VBO model, such as to capture the complex cyclic hardening behaviour under proportional and non-proportional loading with fixed and variable strain amplitude [COL 04], to capture the thermodynamic behaviours with the dissipationless contributions of the polymers at the elevated temperature regime [HAL 05]. The finite deformation viscoplasticity theory based on overstress has been developed and the constitutive model has been implemented in a finite element analyse software [GOM 04]. More recently, the VBO model has been modified to simulate the nonmonotonic behaviour, which is observed in two unfiled thermoplastics creep tests with different loading history [KHA 05, KHA 11].

F

  et al. [SRI 10]. This theory is based on the thermo-mechanical coupled large-deformation developed by L. Anand et al. [ANA 09] and N.M. Ames et al. [AME 09], which is used to describe the isothermal deformation of polymers below T g . This new theory extends to a temperature range about 50 °C above T g , which corresponds the temperature range in hot embossing process. The elastic-viscoplastic constitutive theory for amorphous polymers proposed by V. Srivastava et al. is based on a multi-mechanism decomposition of the deformation gradient [SRI 10]. The deformation gradient ij F is composed by the elastic and plastic parts, which is expressed as follows: is the elastic part of the deformation gradient, p kj F is the plastic part of the deformation gradient, α denotes a local micromechanism of deformation. Three different micromechanisms are used to describe the elastic-viscoplastic behaviour of amorphous polymers from ambient temperature to lightly above T g . The schematic spring-dashpot representation of the constitutive model is shown in Figure II-25.

Figure:

  Figure II-25 A schematic spring-dashpot representation of the constitutive model [SRI 10]

Figure II- 26

 26 Figure II-26 Comparisons of SEM micrographs from micro hot embossing experiments on PMMA substrate against corresponding simulations at 130 °C, under the following embossing pressure: (a) and (b) 0.48 MPa, (c) and (d) 1.12 MPa, (e) and (f) 1.6 MPa [SRI 10]

  Figure II-27.

Figure

  Figure II-27 (a) Schematic view of the axisymmetric squeeze flow model with the circular discs and the cylindrical polymer substrate, (b) Cross section of the squeeze flow model, along with coordinate system and basic dimensions [ENG 05]

  0

  The adhesion and atomistic friction between the polymer surface and mould die insert have been taking into account in nano embossing simulations [REE 13]. A novel adhesion/atomistic friction surface interaction model has been developed and implemented within an explicit dynamics finite element code. The simulation of polymer filling in nano scale die cavity indicates that even low levels of adhesion and atomistic friction can have significant effects on hot embossing process.

Figure

  Figure II-28 shows the calculated deformed geometry at first contact of the polymer with the top surface of the mould die cavity in three different cases: (a) simple contact without

  Figure II-28(a) and Figure II-28(b). The further addition of atomistic friction results in an even greater effect on the polymer deformation, shown in

Figure

  Figure II-28(b) and Figure II-28(c). While adhesion pulls the polymer towards the mould, atomistic friction retards fill by preventing slip. The further addition of atomistic friction increases the calculated C fill from 1.1 to 3.8 MPa, an increase of 350%. Note that sidewall adhesion and friction also affect the maximum height of the polymer at the center of the mould prior to the polymer's first contact with the top surface of the mould. Relative to the case of no friction or atomistic friction, shown in Figure II-28(a), the polymer is pulled higher up the sidewall when there is adhesion but no atomistic friction, shown in Figure II-28(b). On the other hand, the polymer is not pulled as far up the sidewall when there is both adhesion and atomistic friction in Figure II-28(c). The illustrative results show clearlythat adhesion and atomistic friction can have a significant effect on the nano embossing process. The polymer deformation pattern is altered and a significantly higher load is required to push the last portion of polymer material into the corner of the mould die cavity. These results suggest that atomistic friction may make it increasingly difficult to push a rubbery polymer into the top corner of the nano die cavity [REE 13].

Figure

  Figure II-29 SEM images of embossed features with bulge defects: (a) 10 µm deep, 300 µm wide hexagon feature embossed in PMMA, (b) 10 µm tall, 50 µm wide raised feature embossing in PC at 160 °C and demoulded at 130 °C [DIR 10]

Figure II- 30

 30 Figure II-30shows the plastic strain in the embossed polymer component, which is demoulding at different temperatures. The simulation has been carried out using an isotropic rate-independent elastic-perfectly-plastic material model with a von Mises plastic flow rule.At 100 °C, slight plastic strain (about 5%) has been observed, where the stress is concentrated at the corner of the feature. As the demoulding temperature decreases, the loads from the thermal stress increase and local yielding near the feature becomes more evident. At 50 °C, a large bulge has been seen where the polymer has been compressed against the feature. At 25 °C, the bulge become much lager than that at 50 °C, shown in Figure II-30(d).

Figure II- 30

 30 Figure II-30 Contour plots of maximum principal component of plastic strain in the embossed polymer part against a rigid mould die insert demoulding at (a) 100 °C, (b) 75 °C, (c) 50 °C and (d) 25 °C [DIR 10]

  thermoplastic polymers have a randomly ordered molecular structure, unlike the highly ordered molecular structure of crystalline or semi-crystalline polymer, shown in FigureIII-1(a).The crystalline structure in semi-crystalline polymer makes it more resistant to chemical attack and environmental stress cracking. There is no well defined ordered polymer chain in amorphous polymer.

Figure III- 1 Figure III- 2

 12 Figure III-1 (a) Morphology of the amorphous region and crystalline region in the semicrystalline polymer, (b) specific volume respect to temperature of both the amorphous polymer and crystalline polymer [CWR 13] 

Figure III- 3

 3 Figure III-3 Amorphous polymer behaviour respect to temperature [WOR 11] 

Figure III- 4

 4 Figure III-4 Cylindrical samples of amorphous thermoplastic polymer granules used in this study: (a) PS, granular of 3.5~4 mm, (b) PMMA, granular of 2.8~3.2 mm, (c) PC, granular of 3~3.5 mm

  physical properties takes place in this temperature range [KIM 07]. T g is considered to be a dominant parameter for the success replication of polymer substrate in hot embossing process [DAT 07]. The value of T g for each selected polymer should be identified firstly. Polymer Density [g/cm 3 ] Melt flow index (MFI) [g/10min] PS 0.93 (200 °C, 5 Kg) 10.7 (200 °C, 5 Kg) PMMA 1.14 (230 °C, 3.8 Kg) 3.46 (230 °C, 3.8 Kg) PC 1.06 (300 °C, 1.2 Kg) 39.5 (300 °C, 1.2 Kg) 10 mm (a) PS (b) PMMA (c) PC III.3.1. DSC test equipment Setaram instrument DSC 92, shown in Figure III-5(a), was used to measure T g of the three polymers. A heating chamber was equipped to control the temperature of testing polymers. In the chamber, the polymer samples weighing 20-40 mg were placed in the sample pan and the air was considered as the reference material, shown in Figure III-5(b). The instrument was able to measure the amount of heat absorbed or released during the phase transitions by observing the difference in heat flow between sample and reference. The instrument was connected with a computer in order to monitor the temperature and regulate the heating flow.The tests were carried on with the heating rate of 10 °C/min from 25 to 250 °C.

Figure III- 5 Figure III- 6

 56 Figure III-5 (a) Setaram instrument DSC 92, along with (b) principal configuration of its heating chamber

FigureFigure III- 8 Figure

 8 Figure III-7 (a) Injection moulding equipment Billion ® SELECT 50 for elaboration of the polymer tensile specimens, associated with (b) the main technical data of the equipment

III- 11 .

 11 Figure III-12. It shows that the brittleness property of PMMA specimen at 20 °C. The

Figure III- 12 Figure III- 13 .

 1213 Figure III-12 Stress-strain curves of polymer PMMA at different temperatures in the tensile tests until the rupture of the specimen

Figure III- 13

 13 Figure III-13 Stress-strain curves of polymer PC at different temperatures in the tensile tests until the rupture of the specimen

Figure III- 14

 14 Figure III-14 Incipient cracks on the PC specimens at 110 °C in the tensile tests

  Figure III-16 Stress-strain curves of the PS, PMMA and PC specimens at ambient temperature in the tensile tests

Figure III- 17

 17 Figure III-17 Rheological measurement equipment: (a) Total views of HAAKE Mars III (ThermoScientific) rheometer, (b) Cone/plate geometry used to measure the viscosity of polymer samples

  relative higher testing temperature had been selected at first for every kind of polymer, and then the testing temperature decreased. The shear viscosity of the PS, PMMA and PC samples at different temperature is, respectively, shown in Figure III-18, Figure III-19 and Figure III-20. The shear viscosity vs. shear rate curves are presented at three temperatures range for each polymer.

Figure III- 18 Figure III- 20

 1820 Figure III-18 Shear viscosity vs. shear rate of the PS samples (with T g = 88°C) at 180 °C, 190 °C and 200 °C

Figure III- 20 .

 20 Figure III-20. According to the viscosity measured, shown in Figure III-18, Figure III-19 and Figure III-20, the viscosity of polymers PS, PMMA and PC decreases with the increase of temperature. Lower viscosity requires lower normal force in the viscosity measurement, so it

  Figure III-18, for PS polymer, the viscosity at shear rate from 0.01 to 3 s -°C, while the viscosity at shear rate from 0.01-20 s -1 are obtained at 190 °C and the viscosity at shear rate from 0.01-100 s -1 are obtained at 200 °C. Figure III-21 shows the typical shear rate of common polymer processing, associated with shear rate range in different measurements [DE 98]. The compression moulding requires lower shear rate (about 1-10 s -1

  Figure III-22(a). The main technical data Shear rate (s -1 ) Shear viscosity (Pa.s) was also related in Figure III-22(b). The cylindrical die cavity mould tool was wrapped and heated by the heat band, shown in Figure III-22(c). The mould die cavity was heated to a

  Figure III-23(a).

Figure

  Figure III-23 (a) Injection temperature and mould temperature during the injection moulding process, (b) the cylindrical polymer specimens obtained

  were used in the uniaxial compression experiments. The compression tests were performed by means of a Bose ® ElectroForce ® test instrument, shown in Figure III-24(a).

Figure III- 24

 24 Figure III-24 (a) Uniaxial compression testing equipment used in our experiments, (b) the assemble of the polymer specimen and plates, (c) main characteristics of equipment

0 H and 0 D

 0 present respectively the initial height and diameter of the polymer cylindrical specimen. H and D present the current height and diameter of the polymer cylindrical specimen. The difference between H and 0 H has been measured by the displacement sensor.

  c 

σ

  is obtained by owing to the volume conservation assumption: Initial height of the polymer specimen Current height of the polymer specimen Initial diameter of the polymer specimen Current diameter of the polymer specimen 0

Figure

  Figure III-27 Stress-strain curves in uniaxial compression tests for the PMMA polymer with different strain rate levels: (a) at T g + 20 °C, (b) at T g + 30 °C and (c) at T g + 40 °C

  Three representative amorphous thermoplastic polymers: PS, PMMA and PC have been treated in this chapter. Their thermo-mechanical behaviours over a wide range of temperature have been investigated in this study. The MFI index tests have been firstly effectuated to characterize the polymer flow properties: density and fluidity. The DSC tests have been carried on with the heating rate of 10 °C/min from 25 to 250 °C. The heat flow vs.

The

  DMA tests have been carried out to measure the viscoelastic response of the amorphous thermoplastic polymers. The imposed frequency range is from 7.8 Hz to 500 Hz. The timetemperature superposition principal [LI 00] has been used to extrapolate the viscoelastic properties of polymer over a wide range of frequency beyond the measurement in DMA tests. Several contributions have been done to modelling the amorphous polymers viscoelastic behaviour over a wide temperature range [BUC 95, DRO 99, ZHA 04, DUP 07]. But the modelling of amorphous polymers' viscoelastic behaviour at temperature range lightly above T g is rarely related before. In this chapter, the Generalized Maxwell model has been proposed to describe the polymers viscoelastic behaviours in this temperature range. The parameters include the infinite relaxation modulus, relaxation time, and relaxation modulus of the Generalized Maxwell model have been obtained according to the experimental results. A proper agreement between the experimental measurement and the identification of viscoelastic model has been observed. The constitutive equations of the Generalized Maxwell model have been implemented in finite element software. A 2D asymmetric model has been created in order to achieve the numerical simulation of the micro cavity filling stage of the hot embossing process. The temperature effect and pressure effect on the replication accuracy of hot embossing process have been discussed.

Figure IV- 1 .

 1 Mechanical excitation equipment is used to apply an oscillating displacement to the specimen. Control and measuring equipment is used to initiate the excitation with different frequencies, control the amplitude of the excitation displacement and measure the stiffness as well as phase angle of the sample. The lab-VIEW is equipped for data acquisition and instrument control, along with a computer for the post treatment of experimental data. The temperature regulator controls the thermal condition in the chamber. The power amplifier consists to increase the power of the signals by an external energy.

Figure IV- 1

 1 Figure IV-1 Description of the principal parts of the Dynamic Mechanical Analysis (DMA) test device

Figure IV- 2

 2 Figure IV-2 (a) Description of the mechanical excitation equipment, and (b) the assemble of polymer specimen in the insulated chamber

  is the diameter of the cylindrical specimen, l S is the free or lateral surface area, shown in Figure IV-3.

Figure IV- 4 .

 4 It shows us that the storage modulus of the polymer PMMA decreases as the temperature rises, and decreases more significantly when the temperature near and above T g . All the curves of storage modulus with different imposed frequencies have almost the same form, but the value of the storage modulus at the same temperature increases slightly with the rise of the imposed frequency. These curves imply that the state of the polymer transform from solid state to nearly liquid state, indicating that the transition from the elastic behaviour to viscous behaviour during this temperature range. The storage modulus of PMMA specimen was completely measured in the wide temperature range during the DMA tests, but the storage modulus of the other two polymer specimens were measured from room temperature to T g , shown in Figure IV-5 and Figure IV-6.

  Another reason is properly due to the measurement limit of the DMA instrument. As is shown in Figure IV-7, the displacement sensor is used to measure the oscillating displacement during the tests. The displacement of the polymer specimen is transferred to the disc and could be captured by the displacement sensor. But the distance between the sensor and the disc should be in a certain range. If the distance comes out of the measurement range of the displacement sensor, the oscillating displacement could not be measured correctly.

Figure IV- 7 Figure IV- 8

 78 Figure IV-7 Illustration of the distance between the displacement sensor and the disc

Figure IV- 9

 9 Figure IV-9 Damping factor vs. temperature with different imposed frequencies for PMMA specimen in DMA test

  viscoelastic responses of polymer PMMA have been obtained in the DMA tests. The topic is to propose one viscoelastic model to describe the polymer behaviour over a wide range of temperature. Time-temperature superposition principle implies that a change in temperature is equivalent to a shift of viscoelastic behaviour on the log frequency axis [CAP 08]. The viscoelastic behaviours over a large range of frequency have been obtained using this principle. The Generalised Maxwell model has been proposed to describe PMMA viscoelastic behaviour. The parameters in the model have been characterized according to the experimental results.

FrequencyFigure IV- 11

 11 Figure IV-11. The complex modulus of polymer PMMA increases with the rise of the imposed frequency.The complex modulus of polymer PMMA at other temperatures were obtained by shifting the master curve at reference temperature with a horizontal shift factor T a , listed in Table IV-2.The shift factors were determined in respect of the experimental measurements in DMA tests.The curves after the translation from the master curve had to overlap the curves gathered from the tests in the frequency scale from 7.8 Hz to 500 Hz. The value of shift factor reflected the distance of shift from the master curve at reference temperature to the other temperatures.

Figure IV- 12

 12 Figure IV-12The complex modulus of viscoelastic polymer (PMMA) vs. frequency at different temperature by shifting the master curve at T g =116 °C

  model.The polymer PMMA shows viscoelastic properties in the DMA tests. The complex modulus in function of frequency has been transferred to the elastic modulus r where t is time and f is frequency.The elastic modulus r t E ) ( of the polymer PMMA described by the Generalized Maxwell model could be expressed as follows:

  parameters and the measured complex modulus master curve of polymer PMMA, which is shown in Figure IV-13. The curves with fitting parameters describe well the evaluation of the experimental data in the lower frequency. But there is little deviation observed in higher frequency. The Generalised Maxwell model used to fitting the experimental data is a linear viscoelastic model. The modulus in the low frequency could be well fitted by the infinite relaxation modulus, which corresponds to the modulus when time becomes infinite. Therefore

Figure IV- 14 .

 14 Figure IV-14. The cross section of the micro die cavity is rectangular with the height of 50

  elastic modulus of polymer.The volumetric stress is related to the volumetric deformation of the polymer, which is characterized by the bulk modulus b K . The deviatoric stress is related to the viscoelastic deformation of the polymer, which is characterized by the shear modulus.According to the DMA tests, the relaxation elastic moduli of PMMA polymer have been characterized at different temperature. The Generalized Maxwell model, associated with the optimised fitting parameters for PMMA polymer at T g + 20 °C, T g + 30 °C and T g + 40 °C, has been used to describe polymer behaviour in the numerical simulation.The Poisson's ratio of PMMA is considered as a constant value 4 ,ARE 11]. The bulk modulus b K at this temperature range is shown in

A

  semi micro cavity was created in the simulation by taking into account the symmetric property of the geometry, shown in Figure IV-15. The mould die cavity insert was considered as a rigid body and the polymer plate was considered as a viscoelastic solid. A constant pressure was applied on the top surface of the mould die insert. The displacement of the bottom surface of the polymer plate was imposed to 0. The mould began to compress the polymer plate and pushed the polymer flow into the micro cavity.

Figure IV- 15

 15 Figure IV-15 Schematic diagram of boundary conditions for finite element simulation

Figure IV- 16

 16 Figure IV-16 Distribution of displacement of PMMA polymer plate and the height of polymer in the micro die cavity at T g + 20 °C with different imposed pressures during hot embossing simulation: (a) 2 MPa (b) 5 MPa (c) 8 MPa applied for 30 s

Figure IV- 17

 17 Figure IV-17 Distribution of displacement of PMMA polymer plate and the height of polymer in the micro die cavity at different imposed temperature during embossing simulation: (a) T g + 20 °C (b) T g + 30 °C (c) T g + 40 °C with a constant pressure 5 MPa applied for 30 s

  objective of this chapter is to characterize the elastic-viscoplastic behaviour of amorphous polymer in hot embossing temperature range from T g + 20 °C to T g + 40 °C with static method, such as compression creep tests and compression stress relaxation tests. The compression creep tests and stress relaxation tests have been effectuated with the cylindrical PS, PMMA and PC polymer specimens. The experimental testing has been carried on above their T g . The compression tests in the temperature range from T g + 20 °C to T g + 40 °C have been carried out with different stress and strain loading histories. The true stress and true strain curves respect to time have been obtained in the compression tests. The Generalized Maxwell model has been proposed to modelling the viscoelastic behaviour measured in the compression creep tests. An elastic-viscoplastic model based on overstress [AL 01, AL 04] has been proposed to describe the amorphous polymers' viscoplastic behaviour in the stress relaxation tests. A proper agreement between the experimental data and the fitting models parameters has been obtained. The constitutive models associated with experiment fitting data have been used for the numerical simulation of the hot embossing process.

Figure V- 1 .

 1 Figure V-1. The short-term creep tests have been effectuated owing to the short processing time in hot embossing process. The experimental data has been observed and recorded for about 120 s.

Figure V- 2 .

 2 Figure V-2. The compression load applied on the polymer PMMA specimen are the same 2 N at three testing temperature: T g + 20 °C, T g + 30 °C and T g + 40 °C. The true stress of polymer PMMA could be considered as constant during the creep tests, while the true strain increases with time. At the three testing temperature, the true stress is the same (about 0.025

Figure V- 4 .Figure V- 4

 44 Figure V-4. According to Figure V-4, the relaxation modulus of polymers decreases respect to time at different testing temperatures in short-term compression creep tests. With the increase of the testing temperature, the relaxation modulus decreases. The relaxation modulus exhibits a sudden decline at the beginning of the compression creep tests and then decreases smoothly with time.

E 2 and cr 2 τ

 2 are the relaxation modulus and relaxation time at 2-branch. The relaxation parameters have been identified by the experimental data in the compression creep tests of the amorphous polymers. The relaxation parameters for each polymer at different temperatures are shown in Table V-1. The fitting of the experimental curve has been effectuated with the nonlinear least squares method (Levenberg-Marquardt algorithm). A proper agreement between the fitting curve and the experimental investigation has been observed with the coefficient of determination of 0.99, shown in

Figure

  Figure V-5.

  where υ is Poisson's ratio, cr E is the compression relaxation elastic modulus of polymer.V.3.2. Definition of boundary conditionsA 3D model composed by the polymer substrate and the micro mould die cavity insert has been created in the simulation, shown in Figure V-6. The simulation of hot embossing process has been effectuated at T g + 20 °C, T g + 30 °C and T g +40 °C. The polymer substrate's viscoelastic behaviour has been described by the viscoelastic model with the identification parameters obtained in compression creep tests. Various load conditions have been applied on the mould die cavity insert, such as different compression displacement and different compression force, in order to analyse the polymer substrate's deformation in hot embossing process.

Figure V- 6

 6 Figure V-6 Schematic diagram of (a) boundary conditions and (b) mesh conditions in the finite element simulation of hot embossing process

  3. Processing parameter effects in hot embossing simulationIn this work, different loads have been applied on the mould die insert and the viscoelastic responses of the polymer PMMA substrate have been investigated in the simulation. The effects of hot embossing process parameters, such as compression temperature, pressure, location of mould die cavity and compression time, on the replication accuracy have been studied by investigating the deformation of the top surface of the polymer substrate.

Figure V-7( a )

 a Figure V-7(a) shows the displacement of the polymer PMMA substrate with fixed compression displacement 0.1mm with constant compression speed at T g + 20 °C in the hot embossing simulation. The colour in the figure presents the total displacement of the top surface of the polymer substrate. The reservoir and the channel exhibit almost the same displacement, because the displacement imposed on the mould die insert is the same everywhere. A cutting line in the reservoir zone on the top surface of the polymer substrate, which passes through the center of the reservoir, shown in Figure V-7(b), has been selected in order to investigate the displacement profile.Figure V-7(c) shows the displacement profile of

  Figure V-7(c) shows the displacement profile of the polymer PMMA substrate at the cutting line at different compression temperature. The initial height of the polymer substrate is about 2 mm and it is compressed by the mould die insert during the simulation test. The displacement of the polymer substrate in the reservoir

Figure V-8( a )

 a Figure V-8(a) shows the displacement of the polymer PMMA substrate with the constant pressure 1 MPa at T g + 20 °C in the hot embossing simulation. The colour in the figure presents the total displacement of the top surface of the polymer substrate. The reservoir exhibits larger displacement than the channel, because the reservoir has a larger force applied area than the channel. A cutting line in the reservoir zone on the top surface of the polymer substrate, which passes through the center of the reservoir, shown in Figure V-8(b), has been selected in order to investigate the displacement profile.Figure V-8(c) shows the

  Figure V-8(c)shows the displacement profile of the polymer PMMA substrate at the cutting line at different compression temperature. The initial height of the polymer substrate is about 2 mm and it is compressed by the mould die insert with the constant pressure during the simulation test. In this test, the difference of the displacement of the polymer substrate in the reservoir zone at different compression temperature is more significant than the previous simulation test. The displacement of the polymer substrate increases with the rise of compression temperature.

  compared in order to analyse the pressure effects on the replication accuracy in hot embossing process.

Figure V- 9

 9 Figure V-9 (a) Displacement of the polymer PMMA substrate in the hot embossing simulation with constant pressure 0.1 MPa at T g + 40 °C, (b) location of the cutting line on the top surface of the polymer substrate and (c) displacement profile of the cutting line at the end of the testing time with different applied pressure

Figure V- 9

 9 Figure V-9(a) shows the displacement of the polymer PMMA substrate with applied pressure 0.1 MPa at T g + 40 °C in the hot embossing simulation. The colour in the figure presents the total displacement of the top surface of the polymer substrate. A cutting line in the reservoir zone on the top surface of the polymer substrate, which passes through the center of the reservoir, shown in Figure V-9(b), has been selected in order to investigate the displacement profile.Figure V-9(c) shows the displacement profile of the polymer PMMA substrate at the

  Figure V-9(c)shows the displacement profile of the polymer PMMA substrate at the cutting line at different applied pressures. The initial height of the polymer substrate is about 2 mm and it is compressed by the mould die insert during the simulation test. The displacement of the polymer substrate increases with the rise of applied pressure on the mould die insert. When the compression temperature is fixed at T g + 40 °C, the displacement of the about 0.2 mm with the applied pressure 0.1 MPa, and the displacement increases to about 2.0 mm with the applied pressure 1 MPa, shown in FigureV-9(c). It demonstrates that with the same compression temperature, the polymer substrate exhibits larger displacement at higher applied pressure.V.3.3.3. Effects of location of mould die cavityWhen the polymer substrate is compressed with the constant pressure, the influence of the location of the mould die cavity on the replication accuracy has been observed in the simulation of hot embossing process. The displacement of the polymer substrate is varied in function of the location of mould die cavity. The displacement of the cutting line on the top surface of the polymer substrate, including eight reservoirs in parallel, has been obtained to analyse the effects of location of mould die cavity.

Figure V- 10

 10 Figure V-10 (a) Displacement of the polymer PMMA substrate in the hot embossing simulation with constant pressure 1 MPa at T g + 40 °C, (b) location of the cutting line on the top surface of the polymer substrate, including eight reservoirs in parallel and (c) displacement profile of the cutting line at the end of the testing time

Figure V-10( a )

 a Figure V-10(a) shows the displacement of the polymer PMMA substrate at the end of testing time with applied pressure 1 MPa at T g + 40 °C in the hot embossing simulation. The colour in the figure presents the total displacement of the top surface of the polymer substrate. The reservoirs in the outer edge exhibits larger displacement than that in the inner edge. A cutting line in the reservoir zone on the top surface of the polymer substrate, including eight reservoirs in parallel, which passes through the center of the reservoirs, shown in Figure V-10(b), has been selected in order to investigate the displacement profile.Figure V-10(c)

  Figure V-10(c)shows the displacement profile of the polymer PMMA substrate at the cutting line. The displacement at the outer edge is about 2.0 mm, while the displacement at the inner edge is about 1.7-1.8 mm, shown in FigureV-10(c). It demonstrates that with the same applied pressure, the displacements of the reservoir in the outer edge of the polymer substrate are

Figure V- 11

 11 Figure V-11(a) shows the displacement of the polymer PMMA substrate with constant applied pressure 1 MPa at T g + 40 °C at the end of testing time 10 s in the hot embossing simulation. The colour in the figure presents the total displacement of the top surface of the polymer substrate. A cutting line in the reservoir zone on the top surface of the polymer substrate, which passes through the center of the reservoir, shown in Figure V-11(b), has been selected in order to investigate the displacement profile.Figure V-11(c) shows the

Figure V- 11

 11 (c) shows the displacement profile of the polymer PMMA substrate at the cutting line at the end of testing time 10 s, 20 s and 30 s. The initial height of the polymer substrate is about 2 mm and it is compressed by the mould die insert during the simulation test. The displacement of the polymer substrate increases with time. At the end of the compression time 10 s, the displacement of the polymer substrate is about 1.4 mm, while at the end of the compression time 30 s, the displacement of the polymer substrate is about 2.0 mm, shown in FigureV-11(c).It demonstrates that with the same compression temperature and pressure, the polymer substrate exhibits larger displacement when the compression time increases.

Figure V- 11

 11 Figure V-11 (a) Displacement of the polymer PMMA substrate in the hot embossing simulation with constant pressure 1 MPa at T g + 40 °C at the end of testing time 10 s, (b) location of the cutting line on the top surface of the polymer substrate and (c) displacement profile of the cutting line at the end of the testing time 10 s, 20 s and 30 s

  are five material constants in the elastic-viscoplastic model: an elastic modulus E and four material constants A , n , K , m . These parameters could be found from the experimental data. The tensile tests have been carried on for the polymer composites and the parameters in the model have been identified by the stress relaxation data [AL 01]. The predictions of the models with the identified material constants show proper agreement with the experimental investigations in creep tests. In this study, the uniaxial compression tests have been carried on to identify the parameters in the elastic-viscoplastic model. The compression tests of the three polymers PS, PMMA and PC have been effectuated at T g + 20 °C, T g + 30 °C and T g +40 °C. The elastic modulus E and four material constants A , n , K , m of the polymers have been obtained according to the experimental data in the compression tests.

  three temperature range are related in Figure V-13.

Figure V- 13

 13 Figure V-13 Stress-strain curves of (a) PS, (b) PMMA and (c) PC specimens imposed by a constant load rate in elastic deformation region at temperatures: T g + 20 °C, T g + 30 °C and T g +40 °C

  strain level. And then, the true strain remained constant, the variation of the true stress respect to time was recorded. The relaxation stresses vs. time with different strain levels for the testing polymers are showed in Figure V-14.Different strain levels have been applied on the polymers specimen in order to investigate the stress response of the testing polymers. The relaxation stress have been recorded when the strain level remains constant. According to the values of the relaxation stress at 0 = t for each polymer, one can conclude that the true stress increase with the increase of the applied strain level. The true stress of the testing polymers decreases respect to time in the stress relaxation tests. The large decline of the true stress values of PS and PMMA polymers appears at the first period (from 0 s to 40 s). And then the true stress becomes nearly constant. The significant drop of the relaxation stress values could be observed in the curve of PC polymer.For example, at the strain level 40 . 0 6 = ε , the relaxation stress values decrease about 92% during the observation time. Howerver, at the same strain level, the relaxation stress decrease about 48% for PS polymer and about 59% for PMMA polymer. This indicates the important decline of the PC polymer's relaxation modulus in this temperature range.

Figure V- 14

 14 Figure V-14 Relaxation stress vs. time with different strain levels for testing polymers: (a) PS, (b) PMMA and (c) PC obtained in the relaxation tests at T g + 20 °C

Figure V- 15 Figure V- 16

 1516 Figure V-15 Logarithm of the relaxation stress vs. logarithm of the strain rate for different strain level of amorphous polymers: (a) PS, (b) PMMA and (c) PC. Stress is in Pa

Figure V- 17 .

 17 The material constants A and n are presented in Table V-5. A good agreement of fitting curve with the experimental data has been observed for polymer PS, PMMA and PC.

Figure V- 17

 17 Figure V-17The logarithm of the plastic stain vs. the logarithm of the equilibrium stress curves at different strain levels to identify the material constant A and n ) (g Ln

  uniaxial compression tests, including compression creep tests and compression stress relaxation tests with the cylindrical specimens of polymer PS, PMMA and PC have been carried on at the temperature range from T g + 20 °C to T g + 40 °C. The true stress vs. time curves and the true strain vs. time curves have been obtained in the compression creep tests. The relaxation modulus of polymer PS, PMMA and PC at T g + 20 °C, T g + 30 °C and T g + 40 °C have been obtained respect to time. The Generalised Maxwell model with two braches has been used to characterize the viscoelastic behaviour of the polymer in the compressing creep tests. A proper agreement has been observed by the comparison of experimental data with the fitting models. The compression stress relaxation tests of polymer PS, PMMA and PC have been effectuated only at T g + 20 °C. Six strain levels have been applied on the cylindrical polymer specimen in order to observe the viscoplastic response of the material. A proposed elastic-viscoplastic model based on overstress has been used to characterize the viscoplastic behaviour of the selected polymers in compression stress relaxation tests. The elastic compression modulus and the material constants in the elastic-viscoplastic model have been identified by the experimental data. The Generalized Maxwell model with the identified parameters has been used to describe the polymer behaviour in micro indentation in hot embossing process. 3D model with the been created in the simulation software and the effects of the compression temperature, pressure, location of mould die cavity and compression time on the replication accuracy have been analyzed. It shows that the increase of compression temperature in temperature range from T g + 20 °C to T g + 40 °C can improve the replication accuracy. The deformation of the polymer substrate becomes more important when the pressure increases. The reservoir at the outer edge on the polymer substrate exhibits larger displacement that that at the inner edge when the boundary load remains constant. The displacement of the polymer substrate increases with the rise of compression time due to the time dependent property of the selected polymer. The amorphous polymers' viscoelastic and viscoplastic behaviours lightly above their T g have been investigated by the static testing methods: compression creep tests and compression stress relaxation tests. The viscoelastic and viscoplastic behaviours have been described by the constitutive models with the related material parameters identified from the experimental data. The optimised viscoelastic model has been implanted in the simulation software to modelling the polymers behaviour during hot embossing process. The numerical simulation of micro indentation of hot embossing process has been effectuated with the finite element methods. Chapter VI. Replication of amorphous thermoplastic polymer based microfluidic devices by hot embossing process VI.1. Introduction to the chapter Microfluidic devices emerged in the beginning of the 1980s with the development of Micro Electro Mechanical Systems (MEMS) in relation with microelectronics, particularly in the field of pressure sensors and printer heads. In the past few years, applications of microfluidic devices have been extensively explored at the interface of biology, chemistry and engineering [WHI 06], such as protein and DNA analysis [LIU 11], point-of-care diagnostics [YEL 13, MAR 10] (shown in Figure VI-1) and detection of biomolecule [HU 13]. Microfluidic devices offer unique advantages over conventional macro scale devices, such as decreased consumption of reagents, reduced analysis time and more portable instrumentation [JEN 11(b)].

Figure VI- 1

 1 Figure VI-1 Microfluidic paper-based analytical devices used for point-of-care diagnosis of diseases [MAR 10]

  mould die insert have been obtained by laser ablation with laser micro manufacturing equipment, corresponding to lens of 160 mm focal length with a spot diameter of 25 µm. The laser ablation has been made by another partner (Cheval Laser) in the same FUI ConProMi project. VI.2.1. Dimensions of the die cavities in the mould die insert The cavity of the three micro mould die inserts is in the same shape, but the diameter of reservoir, the width of channel and the height of pattern are not the same. The dimensions of the mould die cavity are shown in Figure VI-2. The width of the channel remains constant in the same mould die insert. The diameter of reservoir and the width of channel decrease from mould die insert A to mould die insert C.

Figure VI- 2 Figure VI- 3

 23 Figure VI-2 (a) Diameter of reservoir, the width of channel and the height of the channel in three micro mould die cavity inserts, (b) dimensions of the micro patterns of microfluidic device (units in mm), along with (c) front view of the micro mould die insert A

Figure VI- 4 Figure VI- 5

 45 Figure VI-4 2D images of the channel in (a) micro mould die cavity insert A, (b) micro mould die cavity insert B and (c) micro mould die cavity insert C, associated with the profile of the cross section of channel

Figure VI- 6

 6 Figure VI-6 (a) Demonstration of the reservoir area in the micro mould die cavity insert, (b) surface roughness parameters of the selected area in mould A, B and C

Figure

  Figure VI-7 (a) Mould die cavity for elaborating the polymer substrate using injection moulding equipment BOY 22M, (b) dimensions of the polymer substrate

Figure VI- 8 Figure VI- 9

 89 Figure VI-8 (a) PS, PMMA and PC polymer substrate obtained by using injection moulding equipment BOY 22M, along with (b) optimised processing parameters in injection moulding process

Figure VI- 10

 10 Figure VI-10 Two mould plated equipped in the clamping unit of the injection moulding equipment (mould die cavity insert is embedded in the moving mould plate)

  substrate have been cooled down to the temperature below T g (about 50 °C) and the embossed force has been released. The mould plates are opened and the polymer substrate with microfluidic patterns is separated from the mould die insert. The successive steps of the hot embossing process are presented in Figure VI-11, associated with the variation of the temperature and the gap corresponding to every step shown in Figure VI-12.

  Mould A has been firstly used to find the suitable gap to achieve a complete filling of mould die cavities. The gap reflects the distance between the moving mould plate and the fixed mould plate, which is illustrated in Figure VI-11. The gap of 1.2 mm was kept to insure the contact of the polymer substrate and the mould die cavity. Because in the heating step,

Figure VI- 13 Figure VI- 13

 1313 Figure VI-13 PS microfluidic devices obtained with mould A by hot embossing process at T g + 20 °C (108 °C) with (a) gap imposed 1.1 mm, (b) gap imposed 0.9 mm and (c) gap imposed 0.7 mm

Figure VI- 14

 14 Figure VI-14 (a) The RTV silicone rubber preparation (b) Elaboration of the silicone replicas by the casting process

Figure VI- 15 Figure

 15 Figure VI-15 3D images of the reservoir and the junction of the RTV silicone replicas of PS microfluidic device obtained with mould A by the hot embossing process at constant compression temperature T g + 20 °C (108 °C) with (a) gap imposed 1.1 mm, (b) gap imposed 0.9 mm and (c) gap imposed 0.7 mm

Figure VI- 16

 16 Figure VI-16 2D contour of the reservoir and the junction of the RTV silicone replicas of PS microfluidic device obtained with mould A by the hot embossing process at constant compression temperature T g + 20 °C (108 °C) with (a) gap imposed 1.1 mm, (b) gap imposed 0.9 mm and (c) gap imposed 0.7 mm

Figure VI- 17 Figure

 17 Figure VI-17 Effect of the gap imposed on the reservoir depth of three polymer microfluidic devices embossed at Tg + 20 °C

Figure

  Figure VI-18 PS microfluidic devices obtained with mould A by hot embossing process at (a) T g + 20 °C (108 °C), (b) T g + 30 °C (118 °C) and (c) T g + 40 °C (128 °C) with constant gap imposed (0.7 mm) The depth of the reservoir in microfluidic devices has been measured to analyse the temperature influence on the replication accuracy of hot embossing process. The effective filling ratio in function with the compression temperature has been illustrated in Figure VI-19.

Figure

  Figure VI-20 PS, PMMA and PC microfluidic devices obtained by hot embossing process with mould B at Tg + 20 °C, Tg + 30 °C and Tg + 40 °C with constant gap imposed

Figure VI- 20

 20 Figure VI-20 shows us that the microfluidic devices based on PS, PMMA and PC substrates have been successfully obtained with the mould B, which is constructed with relatively smaller dimension cavities than mould A. It seems that the micro cavities in the mould die insert has been well filled with the polymer flow. There are not significant replication defects visibly on the microfluidic devices. RTV silicone rubber has been used to replicate the micro patterns on the microfluidic devices in order to complete the topographic measurements with optical profilometer. 3D images of the silicone replicas elaborated from these microfluidic devices have been obtained with optical profilometer, as shown in Figure VI-21. Four zones in the replica have been observed to investigate the shape transfer efficiency by the hot embossing process. A proper replication has been achieved by effectuating the comparison with the images obtained for the micro mould die cavity insert B.

Figure VI- 21

 21 Figure VI-21 3D images of the selected zones in PS microfluidic device obtained with the mould B at T g + 20 °C with constant gap imposed

Figure VI- 22

 22 Figure VI-22 Effect of the compression temperature on (a) the diameter of the reservoir and (b) the depth of the reservoir of PS, PMMA and PC microfluidic devices obtained with the mould B

Figure VI- 23 Figure VI- 24

 2324 Figure VI-23 Effect of the compression temperature on (a) the width of the channel and (b) the height of the channel of PS, PMMA and PC microfluidic devices obtained with the mould B

Figure

  Figure VI-25 PS, PMMA and PC microfluidic devices obtained by hot embossing process with the mould C at T g + 40 °C with constant gap imposed

  The surface roughness of reservoir on these microfluidic devices have been measured and shown in Figure VI-27. The values of surface roughness parameters in PMMA microfluidic devices are lower than the other two polymers. It means that surface conditions of PMMA microfluidic devices are better than the other polymers. In summary, one can say that the PMMA substrate is more suitable for elaboration of microfluidic device compared with PS and PC substrate with the current method.

Figure VI- 27 S

 27 Figure VI-27 Surface roughness parameters of the reservoir on PS, PMMA and PC microfluidic devices obtained at T g + 40 °C by hot embossing process with the mould C

Figure VI- 28

 28 Figure VI-28 2D images of the reservoir zone of the silicone replicas from the polymer based microfluidic devices obtained with (a) mould A, (b) mould B and (c) mould C

  microfluidic devices with mould A and mould B. The microfluidic devices in polymer PS, PMMA and PC have been replicated by hot embossing process at the compression temperature T g + 20 °C, T g + 30 °C and T g + 40 °C. The filling ratio of the micro cavities on the micro mould die inserts and the surface roughness of the reservoir have been compared with all the microfluidic devices obtained. The compression temperature T g + 40 °C (128 °C for PS, at 156 °C for PMMA and 190 °C for PC) is proved to be a suitable value to improve the replication accuracy during the hot embossing process.According to the experimental observations on the thermal shrinkage and surface roughness of the microfluidic devices obtained by hot embossing process with mould C, PMMA substrate presents its own advantage compared with the other two amorphous polymers. It shows better surface roughness conditions compared with PS and PC substrates and relatively smaller temperature variation during the process compared with PC substrate.The die cavity dimensions do not have a significant effect on the micro replication accuracy of the microfluidic devices elaborated by hot embossing process with mould A, mould B and mould C. The developed hot embossing system shows a low cost and short production cycle for the elaboration of the microfluidic devices based on amorphous thermoplastic polymers. It is proved to be available for the elaboration of microfluidic devices or even nanofluidic devices and also demonstrate the promising possibility for mass production.

  The cylindrical polymer specimens in PS, PMMA and PC have been used in the DMA tests with the temperature range from room temperature to lightly above T g . The DMA tests have been effectuated with a typical DMA test device, which is able to oscillate the polymer specimen by the frequency range from 7.8 Hz to 500 Hz. The timetemperature superposition principal has been used to get the dynamical mechanical parameters over a large range of frequency, which is beyond the measurement range in the DMA tests. The complex modulus of the PMMA polymer over a frequency range of 10 -5 Hz to 10 9 Hz has been obtained in temperature range form T g to T g + 40 °C. The Generalized Maxwell model with eight elements has been proposed to describe the PMMA polymer specimen's viscoelastic behaviour measured in the DMA tests. A proper agreement has been observed between the experimental data and the fitting model parameters. A 2D axisymmetric model with the micro cavity of 50 µm has been created in the COMSOL ® simulation software. The numerical simulation of the filling stage of hot embossing process has been carried on by taking into account of the viscoelastic behaviour of the PMMA polymer. The pressure influence and the temperature effect on the filling of micro die cavities have been examined by applying different loading conditions. The hot embossing simulation results show that the filling is gradually completed with the increase of imposed pressure. The increase of temperature is also helpful to fill the micro die cavity in the temperature range of T g + 20 °C to T g + 40 °C. • The uniaxial compression tests, including compression creep tests and compression stress relaxation tests with the cylindrical specimens of polymer PS, PMMA and PC have been carried on at the temperature range from T g + 20 °C to T g + 40 °C. The relaxation modulus of polymer PS, PMMA and PC at T g + 20 °C, T g + 30 °C and T g + 40 °C have been obtained respect to time. The Generalised Maxwell model with two braches has been used to characterize the viscoelastic behaviour of the polymer in the compressing creep tests. A proper agreement has been observed by the comparison of experimental data with the fitting models. The compression stress relaxation tests of polymer PS, PMMA and PC have been effectuated only at T g + 20 °C. Six strain levels have been applied on the cylindrical polymer specimen in order to observe the viscoplastic response of the material. A proposed elastic-viscoplastic model based on overstress has been used to characterize the viscoplastic behaviour of the selected polymers in compression stress relaxation tests. The elastic compression modulus and the material constants in the elastic-viscoplastic model have been identified by the experimental data. • The Generalized Maxwell model with the parameters identified in the compression creep tests has been used to describe the polymer behaviour in micro indentation in hot embossing process. 3D model with the microfluidic patterns has been created in the simulation software and the effects of the compression temperature, pressure, location of mould die cavity and compression time on the replication accuracy have been analyzed. It shows that the increase of compression temperature in temperature range from T g + 20 °C to T g + 40 °C can improve the replication accuracy. The deformation of the polymer substrate becomes more important when the pressure increases. The reservoir at the outer edge on the polymer substrate exhibits larger displacement that that at the inner edge when the boundary load remains constant. The displacement of the polymer substrate increases with the rise of compression time due to the time dependent property of the selected polymer.VII.1.3. Improvement in the experimental development of hot embossing processA new complete micro compression mould tools, including heating system, cooling system and vacuum system have been developed in our research group and installed in an injection moulding press, which is equipped an injection/compression modulus. The microfluidic devices with the thickness eq. to 2 mm in three representative thermoplastic amorphous polymers PS, PMMA and PC have been elaborated by the hot embossing process. The effects of the processing parameters during hot embossing have been investigated by comparing the replication accuracy of the microfluidic devices and the micro mould die cavity inserts.

•

  The effect of the compression temperature has been investigated by the replication of the microfluidic devices with mould A and mould B. The microfluidic devices in polymer PS, PMMA and PC have been replicated by hot embossing process at the compression temperature T g + 20 °C, T g + 30 °C and T g + 40 °C. The filling ratio of the micro cavities on the micro mould die inserts and the surface roughness of the reservoir have been compared with all the microfluidic devices obtained. The compression temperature T g + 40 °C (128 °C for PS, at 156 °C for PMMA and 190 °C for PC) is proved to be a suitable value to improve the replication accuracy during the hot embossing process.• According to the experimental observations on the thermal shrinkage and surface roughness of the microfluidic devices obtained by hot embossing process with mould C, PMMA substrate presents its own advantage compared with the other two amorphous polymers. It shows better surface roughness conditions compared with PS and PC substrates and relatively smaller temperature variation during the process compared with PC substrate. The die cavity dimensions do not have a significant effect on the micro replication accuracy of the microfluidic devices elaborated by hot embossing process with mould A, mould B and mould C. The developed hot embossing system shows a low cost and short production cycle for the elaboration of the microfluidic devices based on amorphous thermoplastic polymers.

  experimentally and numerically in this thesis. Most of the work is concentrated on the characterisation and the modelling the polymers' behaviour over temperature range lightly above their T g . Only the compression temperature and pressure during the hot embossing process have been taking into account in the numerical simulation. Other processing parameters, such as the surface friction between the mould plate and polymer substrate, descending speed of the moving mould plate, temperature distribution in the polymer substrate could be included in the simulation models in order to improve the simulation results in the future. The adhesion and atomistic friction between the polymer surface and mould die insert have been taking into account in nano embossing simulations [REE 13].
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	A			Material constant in elasto-viscoplastic model
	a			Constant in exponential equation for compression creep test
	T a	Horizontal shift coefficient
	b			Constant in exponential equation for compression creep test
	T b		Vertical shift coefficient
	D		Current diameter of the polymer cylindrical specimen
	D	0	Initial diameter of the polymer cylindrical specimen
	E			Elastic modulus
	E	*	Complex modulus
	E′	Storage modulus
	E ′ ′	Loss modulus
	E		t	Tensile elastic modulus
	E		cr	Compression relaxation modulus
	cr E 1	Relaxation modulus at 1-branch
	cr E 2	Relaxation modulus at 2-branch
	cr E ∞	Infinite relaxation modulus in compression creep test
	E		r j	Relaxation elastic modulus in j Maxwell element
	r E ∞	Infinite relaxation elastic modulus
	r t E ) (	Relaxation elastic modulus in function of time

F

Force applied on the disc

f Oscillating frequency c F Compression force t F

Tensile force applied in tensile test

Chapter II. State of art of hot embossing process II.1. Introduction to the chapter

  

	Chapter IV presents the polymers' viscoelastic behaviours characterization with the dynamic
	compression tests (DMA tests). The tests have been carried on with various frequency
	imposed in temperature range from ambient temperature to lightly above T g . The viscoelastic
	behaviours have been identified with the proposed Generalized Maxwell model. The Hot embossing process is one of the common replication technologies for the replication of
	numerical simulation of filling stage has been achieved to investigate the compression microstructures in polymers. The micro replication process is known as a process replicated
	temperature and pressure effects on the replication accuracy during hot embossing process. from a microstructured master, a so-called mould insert [WOR 09]. With the development of
	Chapter V consists to characterize the viscoelastic and viscoplastic behaviours of amorphous microsystem technology and further, of nanotechnology, the requirement of a cost-effective
	polymers at the temperature range lightly above T g with static compression tests: creep tests replication is underlined to achieve the polymeric components in the micro or even nano
	and stress relaxation tests. A viscoelastic model has been proposed to describe the polymers' range. As a parallel process like injection moulding process, hot embossing process are
	behaviours in the creep tests. An elastic-viscoplastic law has been proposed to describe the favourite for its simpler and lower-cost equipment and mould tools. Hot embossing process is
	polymers' behaviours in the stress relaxation tests. The parameters in the behaviour law have considered to be the most effective and suitable processes to elaborate the micro or nano
	been identified according to the experimental data. The viscoelastic model with the identified component, especially with delicate geometry and high aspect ratio [BEC 00]. Further, hot
	parameters has been used to describe the polymer's properties in the 3D numerical simulation embossing process presents its prominent application for the mass volume fabrication of
	of micro indentation by hot embossing process. micro or nano structures with high accuracy manufacturing and efficient control.
	Chapter VI concerns the experimental investigation of hot embossing process. The
	microfluidic devices with the dimension of cavity eq. to 200 µm, 100 µm and 50 µm have
	been elaborated with the polymer substrates with the thickness eq. to 2 mm. The effects of the
	compressive gap imposed, compression temperature, polymer substrate and die cavity
	dimensions on the replication accuracy of hot embossing process have been investigated.
	All the experimental and numerical results have been summarized in the last chapter of the
	thesis. The resulting perspectives are also proposed in this part.
	III presents the physical behaviour characterization of the amorphous thermoplastic
	polymers: PS, PMMA and PC. Several tests, such as MFI test, DSC test, tensile test, shear
	viscosity measurement and uniaxial compression test, have been effectuated in order to
	identify the polymers' physical properties over a wide temperature range.

Table II -

 II 2, thermoplastic polymers are available for all the micro replication process. It is obvious that thermoplastic polymers play a dominant role in micro replication processes.

	Criteria	Reaction injection moulding	Injection moulding	Hot embossing	Nanoimprint lithography
	Process times	Several minutes (laboratory)	Few seconds to 10 min	6-30 min	10-60 min
	Flow path	Length of runner system	Length of runner system	Height of microcavities	No flow
	Raw material	Liquid monomers	Granules, loaded polymers	Films	Films
	Material	Thermoset	Thermoplastic (PP, PS,PC, COC)	Thermoplastic (PMMA, PC, PP)	Thermoplastic, UV-curable materials (PTFE, PDMS)
	Residual stress High	High	Low	Low
	Flexibility	Low	Low	High	High
	Set-up time	Low	High	Low	High
	Moulding window	Monomer and initiator	Low viscosity	Moderate viscosity	High viscosity
	Automation	Only laboratory High grade	Laboratory and automated	Only laboratory
	Serial production	Small	Large series	Small and medium	Small
	Aspect ratio	Low	Low	High	High
	Feature size	Micro scale	Micro and nano scale	Micro and nano scale	Nano scale

The nanoimprint lithography is available for wide range of replicated materials. According to

Table II -4.

 II 

  It presents great development potential in hot embossing process, compared with the silicon, glass or quartz substrates [BEC 00]. Thermoplastic polymer, differ form thermoset polymer, which undergoes irreversible chemical changes when it is cured through heat. The thermoplastic polymers are widely used in micro replication process, because it becomes mouldable above a specific temperature and returns to solid stage upon cooling. Multiple cycles of heating and cooling can be repeated without severe damage, allowing reprocessing and recycling [BIR 07].

Table III -1

 III The density and MFI index of selected amorphous thermoplastic polymers used in this study

Table IV -1

 IV Principle characteristics of the DMA test devices used for the investigation of viscoelastic behaviour of amorphous polymersIV.2.2. Viscoelastic response in DMA testsDMA tests consist to apply a sinusoidal displacement on the polymer sample and the phase delay between the stress and strain may be determined [LAK 04]. When a sinusoidal displacement is applied to the sample, which results a sinusoidal strain in the form of:

Table IV -2 Shift

 IV 

factor used to obtain the complex modulus at other temperature when T g =116 °C is considered as the reference temperature

  in low frequency range has been well covered by the identification curve. Another reason is perhaps that the experimental data is obtained by the DMA test from 7.8 Hz to 500 Hz, which is relatively low. The data at higher frequency are obtained by translating the master curve with an approximate shift factor. So the modulus at higher frequency is less accurate than the one in lower frequency.

	the experimental data			
	T g + 20 °C	4.48	2.15E+01	1.00E+02
			2.78E+01	1.00E+01
			6.09E+01	1.00E+00
			2.09E+02	1.00E-01
			3.81E+02	1.00E-02
			6.67E+02	1.00E-03
			1.13E+03	1.00E-04
			1.15E+03	1.00E-05
	T g + 30 °C	13.5	2.36E+01	1.00E+00
			4.67E+01	1.00E-01
			1.20E+02	1.00E-02
			2.57E+02	1.00E-03
			6.27E+02	1.00E-04
			8.77E+02	1.00E-05
			1.05E+03	1.00E-06
			1.39E+03	1.00E-07
	T g + 40 °C	9.6	2.26E+01	1.00E-01
			3.74E+01	1.00E-02
			9.09E+01	1.00E-03
			2.24E+02	1.00E-04
			5.66E+02	1.00E-05
			7.47E+02	1.00E-06
			1.02E+03	1.00E-07
			1.29E+03	1.00E-08

Table IV

 IV 
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[MOT 08].

Table IV -4

 IV Bulk modulus for PMMA at different temperature [MOT 08]

Table V-1.

  

							cr 2 τ (s)	R	2
		T g + 20 °C	0,2037	0,3024	28,98	0,5517	2,83	0,9979
	PS	T g + 30 °C	0,1363	0,1975	34,78	0,2866	1,45	0,9932
		T g + 40 °C	0,07672	0,168	37,82	0,1698	2,47	0,9969
		T g + 20 °C	0,5425	0,7244	39,60	0,6593	2,56	0,9962
	PMMA	T g + 30 °C	0,266	0,5294	38,24	0,4585	3,05	0,9981
		T g + 40 °C	0,12	0,4007	32,95	0,4633	3,01	0,9976
		T g + 20 °C	0,1108	0,8174	2,53	0,7006	29,05	0,9978
	PC	T g + 30 °C	0,00909	0,09934	20,38	0,1832	2,57	0,9969
		T g + 40 °C	0,00716	0,04711	10,37	0,03465	2,03	0,9985

Table V-1 Fitting parameters of the Generalized Maxwell model for describing the relaxation modulus of polymers in short-term compression creep tests

Polymers Temperature

cr E ∞ (MPa) cr E 1 (MPa) cr 1 τ (s) cr E 2 (MPa)

Table V -3

 V Elastic modulus of the testing polymer specimens imposed by a constant load rate in elastic deformation region at different temperatures: T g + 20 °C, T g + 30 °C and T g +40 °CIn this section, the uniaxial compression stress relaxation tests have been carried on with the polymer specimens in order to identify the four material constant in elastic-viscoplastic model.

	Polymer	E (
	V.4.3. Material behaviour identification by compression stress
		relaxation test

MPa) at T g + 20 °C E (MPa) at T g + 30 °C E (MPa) at T g +40 °C PS

  

	True stress (MPa)	0 0,05 0,1 0,15	PS (Tg + 20°C) PS (Tg + 30°C) PS (Tg + 40°C)
		0		0,001	0,002	0,003
				True strain
				23.53	9.52	2.88
		PMMA	3.61	2.81	1.51
		PC		2.17	0.97	0.46

Table V - 4 .

 V4 According to the coefficients of determination 2 R in Table V-4, the exponential equation fits well the curves of the stress relaxation vs. time for the testing polymers.

	V.4.3.2.

Identification of material parameters in elastic-viscoplastic model

  The relaxation stress vs. time for the amorphous polymers PS, PMMA and PC has been obtained by the compression stress relaxation tests. The evolution of the relaxation stress has been modelling with an exponential equation. The viscoplastic strain rate could be calculated by derivation the relaxation stress, associated with the elastic modulus. The material constants K and m could be identified by modelling the stress vs. viscoplastic strain rate curve.The logarithm of the relaxation stress vs. the logarithm of the viscoplastic strain rate is presented in Figure V-15. The nonlinear relationships between the logarithm of the stress and the logarithm of the viscoplastic strain rate could be observed in the curves obtained in different strain levels.

	Polymers Strain levels	a	b	g (MPa)	R	2
		ε	=	0	.	06	0.02535	0.08242	0.02076	0.9294
		ε	=	0	.	12	0.03622	0.04313	0.03035	0.9705
	PS	ε ε	= =	. 0 . 0	18 25	0.04798 0.05833	0.0363 0.03203	0.0483 0.07002	0.9711 0.9763
		ε	=	. 0	33	0.07653	0.03081	0.09279	0.9821
		ε	=	0	.	40	0.08452	0.02817	0.1105	0.9845
		ε	=	0	.	06	0.0612	0.04308	0.03159	0.9815
		ε	=	0	.	12	0.1116	0.03638	0.06508	0.9883
	PMMA	ε ε	= =	. 0 . 0	18 25	0.1597 0.2149	0.03229 0.02984	0.1041 0.1498	0.9907 0.9925
		ε	=	. 0	33	0.2817	0.02797	0.204	0.9934
		ε	=	0	.	40	0.3832	0.02756	0.2771	0.9934
		ε	=	0	.	06	0.1503	0.05662	0.001184	0.9772
		ε	=	0	.	12	0.225	0.05076	0.02156	0.983
	PC	ε ε	= =	. 0 . 0	18 25	0.278 0.3904	0.05038 0.0358	0.02253 0.02571	0.9797 0.9903
		ε	=	. 0	33	0.4819	0.03575	0.02954	0.9899
		ε	=	0	.	40	0.5427	0.04307	0.05885	0.9944

Table V -5

 V Material constant of the testing polymers PS, PMMA and PC at temperature T g + 20 °CThe stress relaxation tests of polymer PS, PMMA and PC for six different strain levels at T g + 20 °C have been effectuated to investigate the viscoplastic behaviour of polymer in hot embossing process. According to the experimental investigation in III.6.4, the plastic deformation is most important at T g + 20 °C and become smaller at T g + 30 °C and T g + 40 °C.
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