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INTRODUCTION

According to Webster Dictionary [Web, 1963], the definition of microtechnology is technology on a small or microscopic scale. The products that have been part of microtechnology are those who are very small, as they are indistinguishable without the use of microscope. Microtechnology has been part of everyday life even though many people use the products without acknowledging the technology that exist behind the function. Product such as smart home equipment, wearable devices (smart watch or smart fitness device) are covered within the study conducted by Acquity Group [Acc, 2014]. This study mentioned the increasing adoption of diverse new technologies by consumer from 2015 up to more than 5 years later, as illustrated in Figure 1.1. Ericsson's mobility report to UN world population projections, [Richter, 2015] concluded that by the year 2020 the number of mobile subscription will surpass the number of world population, shown in Figure 1.2. Figure 1.2: Mobile subscription estimation vs world population growth [Richter, 2015].

With growing market for mobile phone, the producer can no longer offer standard feature, as it was with the first commercially available cellular phone, the Motorola DynaTAC 8000X. It was bigger than a brick, with dimensions of 3300 x 898 x 445 mm 3 and weight of 784 grams with only a single feature of making a phone call. Compare it to the latest Samsung Galaxy S9 Plus with dimensions of 158.1 x 73.8 x 8.5 mm 3 and weight of 189 grams.

Nowadays, different brands are on such a fierce competition day by day to win the market by proposing diverse features, e.g. front and rear camera that promise not only clear shoots with optical image stabilizer but also continuous auto focus with face detection video recording, choice of connectivity (wifi, bluetooth), different type of sensors (biometric), etc. All these features are enabled by the different components that build the cellular phone. In order to have decreasing volume from 1,318,713,000 mm 3 to 99176.13 mm 3 but with more features, there's is no other choice but downsizing the components. The increasing demand in electronic industry to produce mobile phone should be compensated with further research in the domain of microtechnologies. It has become essential that as the components get smaller, the function stay the same.

When speaking of European microtechnology industry [START_REF] Iva | Europe's microtechnology industry signals growth[END_REF] mentioned that since 2013 there are rise of optimism in this industry with increasing turnover and number of employees with more than 80% of the companies expect sales increasing in the period from 2017 to 2019. In addition to this, [IVA, 2017a] mentioned the growth forecast for the same period are distinctively positive with USA being still the most important overseas market and while China during the next three years may outranks USA as the fastest growing export market. Both phenomena are shown in Figure 1. The continuously increasing demand of micro components with their most common industrial application i.e. electronic, aeronautic, medical/biomedical, offshore, automotive, telecommunication and mechanic (e.g. watch making). The core competences to produce micro component are basically the same as for conventional macro product i.e. functional designing, material and process choosing. If a micro product is to be introduced to the industrial scale, the challenge is more than just scaling down the material and the conventional processes. Creating micro product relates closely to the whole process of conception, design and manufacture of the product.

Relating to technological trend that electronic products are inseparable not only to our everyday life, but also to the above mentioned industries outside of electronic industry. Therefore it is without doubt that we can say the development of micro technologies is driven by the demand of electronic industry. One of the most commonly used component within electronic products is electrical connector; micro connector to be precise. The connector industry uses different processes as a part of their manufacturing procedure to achieve desired final product. To ensure the quality of the final product, the choice of material, design and processes must be validated. This validation can be done with different type of testing procedures or with numerical simulations. For manufacturers, it is of great importance to have a thorough knowledge of material's mechanical properties during loading because the performance of a product is determined by the amount of deformation allowed.

This research is carried out as part of the FUI MicroConnect project, in the purpose of addressing the ever growing challenge of miniaturization and electrical system performance, namely to develop a new type of connector that combines between high performance and production cost control and to establish the corresponding industrialization processes.

As shown in Figure 1.6, Axon-Cables as a company specialized in high performance connectors, brought together 2 research laboratories and 4 companies according to their specialization:

• FEMTO-ST (Besanc ¸on) for material characterization,

• GRESPI (Reims) for process modeling,

• AUREA 25 ( Étalans) for high precision automated machine design,

• Laser Cheval (Pirey) for laser welding,

• GII (Labours) for thermoplastics and thermosettings resin and • Roland Bailly (Besanc ¸on) for component dispenser. The result of research performed in Department of Applied Mechanics (FEMTO-ST) is intended to provide the constitutive equation for the processes simulation carried out by GRESPI in Universit é de Reims. This research is dedicated to the characterization and identification of constitutive equation of very thin Copper Alloy metal sheet using micro incremental forming; which is to be implemented on the last generation of micro connectors.

The presentation of this research will be divided into four parts. First part is about the project's background and state of the art. Within this part, the (micro) incremental sheet forming will be placed among other micro manufacturing processes in general and microforming processes in particular; different damage models and the one chosen will also be explained. Second part will analyse some tests that were performed to validate micro incremental forming as a characterisation method Figure 1.7. Third part will give examples of application to industry with regards to FUI project. Last part is conclusions of the research and perspective works. 

STATE OF THE ART ON MICRO-MANUFACTURING PROCESSES

As mentioned in the previous chapter, due to increasing demands for compact, integrated and smaller products to use in our daily lives and for industrial applications have contributed to advancement of research in microtechnologies. Products used every day are not only continuously getting smaller, but also loaded with more integrated functions. Therefore components for such devices and systems get downsized to micro scale and there are various way to achieve the desired product within the range of micro manufacturing. [Qin, 2015] stated that micro-manufacturing concerns manufacturing methods, technologies, equipment, organizational strategies and systems for the manufacture of products and/or features that have at least two dimensions that are within submillimeter ranges. Sometimes micro-manufacturing processes are divided into 2 large groups: MEMS (micro electronics mechanical systems) manufacturing and non-MEMS manufacturing.

MEMS manufacturing generally consists of photolithography, chemical etching, plating, LIGA, laser ablation, etc. While non-MEMS consists of EDM, micro-mechanical cutting, laser cutting/patterning/drilling, micro-embossing, micro-injection molding, microextrusion, microstamping, etc. Examples of micro products according to its industry are as follows:

• Automotive and aerospace industry use pressure sensors, thermal sensors, temperature sensors, gas sensors, rate sensors, sound sensors, injection nozzles and the components include those for electrostatic, magnetic, pneumatic and thermal actuators, motors, valves and gears ([Gad-el Hak, 2003]). The products include also sensors for mass flow, micro-heat exchangers, microchemical reactor, etc.

• In the electronic industry we found the components for miniaturized electronics products, e.g. mobile phones, MP3 players, CD players, etc.

• In the medical sector, the use is often for implantable micro-fabricated parts such as sensors for cardiovascular, micro-machined ceramic packages, implantable devices, coatings on micro-polymers or metal parts, etc [START_REF] Receveur | Microsystem technologies for implantable applications[END_REF]).

• Besides the end products for every industry, the micro manufacturing processes are also for making of tools/molds for forming/replication process. Thus it is comprehensive to say that micro-products and components are almost everywhere in our lives.
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2.1/ MICRO MANUFACTURING AND PRODUCT DIMENSIONS

Issues encountered during the design processes of micro products are:

• Dimensions of the product with regards to the capability of machine, tools and handling device. Overall dimensions as well as specific features with or without complex geometry will most likely to be challenging to achieve. When talking about overall dimensions, most of the time the question asked is how small will it need to be. As for the specific features such as hole/pocket radii, wall thickness, width/depth of channels will depend on the tool or mold in the case of micro replication processes. When working in micro scale, the grain size is a determining factor as it will affect the rigidity of the structure, thus affecting the manipulation of the product.

• Another challenging issue regarding geometry is the shape. [Qin, 2015] noted rotational symmetry as a probable favorite for micro extrusion because asymmetry creates difficulty to control the quality of micro shapes.

When talking about the quality of the shape, we must also consider the tolerance and surface quality for the micro products. The handbook/standards specifying grades of tolerance and surface quality requirements have not been fully established yet. Designers are required to adapt to the manufacturing capability provided.

• Selection of material is also essential to every design. For example, in the macro scale we have not faced high friction problem during Nakazima test due to open/close lubricant pocket phenomenon. Therefore the result from Nakazima test in micro scale will less likely to be reliable to determine the Forming Limit Curve, in comparison to Nakazima's test for macro scale. This is one of the example that properties of material surface effects in micro scale play an important role not only to the material chosen but also to the lubricant required during processes.

[ [START_REF] Alting | Micro Engineering[END_REF]] and [Masuzawa, 2000] described four different processes according to their working principle and material interaction : substractive, mass containing, additive and joining , as shown in Table 2.1. The advantages as well as the disadvantages of some processes will be explained hereafter.

2.1.1/ PROCESSES BY MATERIAL REMOVAL

First group of processes are based on material removal: cutting, grinding and ultrasonic machining.

Micro cutting uses a tool to cause breakage inside the material according to the predetermined path that will lead to removal of the useless part of the workpiece. It enables the ultra precised fabrication of small component with complex three dimensional features for a broad range of materials, namely plastics, metallic materials and composite materials; in comparison to photolithography and ion beam etching which are time consuming and limited to a few silicon-based material with planar geometry (2.5D). However, this process requires a tool which is not only harder than the workpiece's material, but also the one that will not have thermally activated diffusion between the tool and Table 2.1: Micromanufacturing processes according to the working principle and material interaction, [START_REF] Alting | Micro Engineering[END_REF] the workpiece to avoid changes in material properties. Even with brittle material such as soda lime glass that is widely used in optics, chemical apparatus, camera lens, micro gas turbines, light bulbs etc. [START_REF] Amin | Achievement of Ductile Regime Machining in High Speed End Milling of Soda Lime Glass by Using Tungsten Carbide Tool Insert[END_REF], micro cutting can be used to achieve the geometry by using the principle of ductile-regime machining (DRM). When the chip thickness is sufficient, fracture damage will initiate at the effective cutting depth and will propagate to an average depth.

If the damage does not continue below the cut surface plane, ductile regime conditions are achieved. [START_REF] Huang | Predictive cutting force model for ductile-regime machining of brittle materials[END_REF] analyzed the effective chip thickness based on feed rate and depth of cut as shown in Figure 2.1.

Microgrinding is a material removal technique used both for machining pins and grooves with small dimensions and to obtain flat surfaces with very fine finishing. Since the depth of cut is very small, microgrinding is advantageous for brittle materials (mirror finished surface is possible). Among the limitations of grinding is the minimum obtainable tip radius of the tool which is strongly influenced by the grit size. When the surface of the grinding wheel deteriorates, it rubs on the work piece without performing sufficient cut. In this case, a dressing technique called electro-chemical discharge dressing. The normal grinding force and the surface roughness of the workpiece are reduced by half after dressing [START_REF] Wei | Electrochemical discharge dressing of metal bond micro-grinding tools[END_REF]. The general principle of microgrinding is presented in Figure 2.2.

MUSM or micro ultrasonic machining is a process that vibrates a tool at ultrasonic frequency and drives the abrasive to create a brittle breakage to the workpiece's surface. Due to its nature of breakage, this is suitable for machining brittle material, e.g. glass, ceramics, silicon and graphite. In previous works, there were some problems of tool holding and machining accuracy on account of the vibration applied to the tool. The schema of ultrasonic machining is presented in Figure 2.3. small feed rate, (b) large feed rate, (c) small depth of cut and (d) large depth of cut [START_REF] Huang | Predictive cutting force model for ductile-regime machining of brittle materials[END_REF]. With : d the cutting depth, f the feed rate, t e f f the effective thickness, t max the maximum thickness, t m the minimum thickness, t c the crack thickness ,R the tool noose radius Figure 2.2: Microgrinding principle [Marinescu, 2006].

The first solution to this problem is to soldered the tool to machine head prior to use then machined by wire electro discharge grinding to the required dimension. Unfortunately this solution provides another problem, that we are unable to measure the size and shape of the tool. The second solution was introduced, namely applying the vibrations to the workpiece instead of to the tool [START_REF] Egashira | Microultrasonic Machining by the Application of Workpiece Vibration[END_REF]; which enabled a better tool holding and the use of a high precision spindle mechanism. [START_REF] Viswanath | High resolution micro ultrasonic machining for trimming 3d microstructures[END_REF] compared between MUSM and High Resolution MUSM (HR MUSM) as shown in Figure 2.4.

Figure 2.3: Schema of ultra sonic machining process [START_REF] Mec | [END_REF] . Figure 2.4: Comparison between (a) conventional MUSM and (b) High Resolution MUSM [START_REF] Viswanath | High resolution micro ultrasonic machining for trimming 3d microstructures[END_REF].

The HR MUSM provides high surface quality and high resolution, while aiming for low machining rates. The surface roughness is improved by an appropriate selection of abrasive particles. Conventional MUSM can make deeper features but with rougher surface while HR MUSM has greater and fixed distance between tool and workpiece with smaller abrasive particle and lower tool vibration amplitude.

Another problem with MUSM is the high tool wear ratio (up to 0.5) that limits the machining efficiency since it is impossible to machine deep holes or multiple holes with the same tool. The introduction of sintered diamond (SD) has enabled to overcome this problem. Despite the fact that with SD we can achieve the tool wear ratio of 0.01, SD are limited to a minimum diameter of 15 µm due to its fragility and tendency to break during machining.
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2.1.2/ THERMAL PROCESSES

Second group of processes is thermal processes: laser beam machining, ion and electron beam machining and also electro discharge machining (EDM). Laser beams are used for material removal and component joining. The use of lasers in micro manufacturing is closely connected to the characteristics of the laser. The equipment required to perform laser beam machining and its working principle is presented in Figure 2.5. The parameters wavelength, power, pulse duration and pulse repetition rates are the main parameters to be chosen and controlled. Depending on type, lasers can be used for metals, ceramics, glass, polymers and semiconductors [START_REF] Meijer | Laser Machining by short and ultrashort pulses, state of the art and new opportunities in the age of the photons[END_REF]. In general smaller wavelengths produce smaller structures, nevertheless beam quality and power density influences the obtainable feature size. Some issues needs to be addressed with laser beam machining are the non-uniform depth of cavity, non-vertical walls etc.

Focused ion beam (FIB) machining is an alternative to machine fine structures and extremely fine details. Ions from a plasma source are focused and directed onto the surface where they sputter away material [Senturia, 2001]. The schema of FIB instrument is given in Figure 2.6.

Although material removal rates (MRR) are relatively low with Maximum MRR of 0.4836 µm 3 /s ( [START_REF] Bhavsar | Investigating material removal rate and surface roughness using multi-objective optimization for focused ion beam (FIB) micro-milling of cemented carbide[END_REF]), 3D structures still can be obtained. FIB sputtering for fabrication of tool is well controlled due to precise beam positioning and dose allocation. Ion sources, focusing optics and beam deflectors are extremely stable over hundreds of hours. Microtool fabrication is reproducible, because ion sputtering is a stress free process in comparison to mechanical grinding. Less force is imposed on a tool that can lead to end mill fracture during fabrication [START_REF] Adams | Micromilling of metal alloys with focused ion beam-fabricated tools[END_REF].

Electro discharge machining (EDM) is based on two electrodes separated from each The workpiece material requirement for EDM are to be conductive and the hardness of the material is not critical. Micro EDM is used to produce grooves, channels, bore holes, linear profiles, columns, etc. The structures are characterized by being burr free.

2.1.3/ REPLICATION PROCESSES

Third group of processes is the replication processes: micro injection molding and forming processes. With injection molding at the macro scale, the polymer is heated, melted and filled into the mold cavity using high pressure. The material will solidify inside the mold under a maintained pressure before being ejected out. The process is the same to the micro scale. However some modifications is required, e.g. elevated tool temperatures compared to traditional injection molding, a cooling of the tool after material injection, prior evacuation of the tool etc [START_REF] Piotter | Injection Molding of Components for Microsystems[END_REF]. By reason of small parts size, many cavities can be implemented into one tool, thus making the process cost effective. However we may find some disadvantages about micro injection molding process, such as the challenge of mold fabrication to achieve the desired geometry, the preponderant effect of tool temperature on product quality than melting temperature, the holding pressure that influences product quality since increased pressure improves mold filling, and not all polymer materials are equally usable for micro injection molding. The working principle of micro injection molding is illustrated in Figure 2.8. Forming processes are based on plastic deformation without any addition or removal of material. They are normally used for mass production of metallic parts, by reason of their high production rates, minimized or zero metal loss, excellent mechanical properties of the final product and close tolerances. However the difficulty of transferring forming processes from macro scale to micro scale lies on the material behavior and surface effects (namely flow stress, anisotropy, ductility and forming limit) affected by size effects. Further discussion regarding microforming will be done in the next section.

2.2/ MICROFORMING

According to [START_REF] Geiger | Microforming[END_REF], microforming can be defined as plastic deformation process for manufacturing of parts with at least two dimensions in the submillimeter range.

Although product miniaturization is no longer a new technology, the research in this field goes towards further development. Not only in the field of electronics production, but is also in micro systems technology, medical sector, etc. Besides electronic parts, they also contain mechanical parts therefore micro-scaled geometries are widely used in nowadays product to reduce its weight and volume. Hence further research is always needed to strive for more improvement from previous product.

Microforming is regarded as a promising micromanufacturing approach to fabricate micro products when it comes to high productivity, complex geometries, wide range of materials and the capability to achieve the final form without further requirement for surface finishing (near net shape). On the other hand, [START_REF] Fu | Micro-scaled Products Development via Microforming: Deformation Behaviours, Processes, Tooling and its Realization[END_REF] mentioned several disadvantages such as poor dimensional accuracy, difficulty in material handling and preform in between processes, difficulty on ejecting the deformed part out of die cavity upon forming completion, fluctuation of dimension accuracy, properties, and geometries caused by the non homogeneous and random nature of grain distribution and orientation. Some of the microforming processes will be explained hereafter.

Micro deep drawing is a microforming process where a flat sheet metal plate is pressed into a die to form a cup shape as demonstrated in Figure 2.9.

Figure 2.9: Deep drawing forming techniques with: (a) positive initial gap and (b) negative initial gap [START_REF] Irthiea | Experimental and numerical investigation on micro deep drawing process of stainless steel 304 foil using flexible tools[END_REF] This process is normally applied to manufacture small cups, housing and parts that are more complex than what micro bending can produced. There are several parameters that affect deep drawing process; the friction at the flange and at the radius of the die. This friction is affected by size effect when transferring the technology from macro to micro scale. Therefore a reliable friction test method, which can be applied in macro and micro deep drawing applications, should be used. [START_REF] Vollertsen | State of the art in micro forming and investigations into micro deep drawing[END_REF] shown that with increasing amount of lubricant in macro and micro deep drawing processes, the friction coefficient decreases. In micro deep drawing process, the decreasing rate of friction coefficient is faster.

Micro embossing is an operation in which sheet metal is drawn to shallow depths with male and female matching dies. [Tschaetsch, 2006] mentioned the difference is made between embossing and coining depend on how the deformation is carried out. In embossing, the material thickness of the initial blank remains the same after forming due to male and female matching dies, thus an impression on one side is countered by a raised area on the other side of the workpiece (see Figure 2.10).

Figure 2.10: Embossing process [Tschaetsch, 2006] Micro embossing is used to manufacture indented ribs, channel, letter, etc. With thickness of sheet metal decreased into micro scale, the number of grains plays an important role to the quality of the embossed part since increasing grain size will reveal non homogenous deformation. The deformation undergo by the grains on the deformation zone doesn't behave in a continuum but they will show strong anisotropic properties. This will make the embossed channel asymmetric. The typical micro embossing problem is the thinning on the corner region that might provoke a crack. As the embossing punch goes downward, the material on the perimeter is drawn into the bottom die's cavity. The material in the inner part will be pushed downward thus the pressure on the edge. Friction between surfaces will not enable the material flow, this will generate material thinning.

Micropunching or microblanking processes are basically shearing operation. The difference between both processes is on microblanking, the punched out product is the scrap that makes the remaining piece with the desirable profile. Micropunching can be regarded as creating a micro hole with low production cost and high productivity over micromachining processes. The punch dimensions and their tolerances are designed based on the dimensions and tolerances of the punched hole. The difference between punching and blanking (macro and micro processes) is shown in Figure 2.11.

Figure 2.11: Punching and Blanking process [START_REF] Fu | Micro-scaled progressive forming of bulk micropart via directly using sheet metals[END_REF] fabricated meso-scaled bulk cylindrical and flanged pure copper parts by using a progressive forming system, namely blanking for the cylindrical part and progressive punching, extrusion and blanking while the flanged part. The thickness of the copper sheets are of 1.5 and 0.8 mm; they are annealed using different temperatures and holding times, viz., 500 • C for 2 hours, 650 • C for 2 hours and 750 • C for 3 h. The samples are cooled down to room temperature gradually in the furnace. To obtain the flow stress curves, the standard shaped specimens, which complies with the ASTM: E8/E8M standard, are used in tensile test. No shear band is apparent for the materials annealed at 650 • C and 750 • C due to the decreasing number of grains involved in the deformation. [START_REF] Hatanaka | Simulation of sheared edge formation process in blanking of sheet metals[END_REF]] investigated mild steel sheet (SPCC), stainless steel sheet (SUS304) and soft aluminum sheet (Al-O) of 3 mm thickness and reported that the size of rollover increases with the hardening exponent (n) and because hardening exponent of metal with fine grains is smaller than the one with coarse grains.

Another process within the microforming family is micro extrusion; The difference of three types of extrusions as also shown in Figure 2.12 are forward, backward, and compound extrusions, respectively. [ [START_REF] Eriksen | Tribological influence of tool surface roughness within microforming[END_REF] studied the tooling-workpiece interfacial friction using DCE (Double Cup Extrusion) test (developed by [START_REF] Ghobrial | Factors Affecting the Double Cup Extrusion Test for Evaluation of Friction in Cold and Warm Forging[END_REF]) on α-copper alloy CuZn15 to analyze the friction between part and the dies. The upper punch moves downwards while the lower punch (which has the same diameter as the upper punch) and die are kept fixed, then cylindrical billet will fit into the bore. If there is no friction to the bore wall, the upper and lower cup will develop identically because presence of friction along the wall slows down the development of the lower cup and increases the development of the upper one. The concept of DCE test is represented in Figure 2.13 with D 0 being the diameter of container (bore), z the displacement of upper punch, h 0 the initial height of the billet inside the bore, h u and h l are height of cup produced by upper and lower punch, respectively. The experiment showed that the friction between tool (punch) and workpiece (billet) affects not only the deformation load, but also the geometry of the formed part and its ejection.

Figure 2.13: Schematic outline of DCE test [START_REF] Ghobrial | Factors Affecting the Double Cup Extrusion Test for Evaluation of Friction in Cold and Warm Forging[END_REF].

Most of the time for small batch product, machining becomes a choice despite the costly process. In order to reduce the cost, sometimes microforming becomes a choice. However one disadvantage of microforming in general is the investment required for dies.

Here is where micro incremental sheet forming (µISF) can answer the question of small batch product without dies, only with the predetermined forming path. No special machine requires to perform µISF, the forming can take place with a micro milling machine.

The general process of ISF can be described as the forming of a clamped blank (sheet metal) by a tool following the required shape in space. This shape is done by the way of simple or complex paths close to the final shape. The absence of workpiece rotation enables also the manufacturing of asymmetric shapes, hence the name Asymmetric Incremental Sheet Forming (AISF). The possibility to have asymmetrical aspect differs ISF to spinning. Further discussion will be given in the Section 2.3.

Despite the well established knowledge of macro scale forming, the transfer to micro scale is more than just downsizing the geometry. The challenge lies on the so-called size effects since the deformation behavior is characterized by several grains in the deformation zone. As mentioned by [START_REF] Geiger | Microforming[END_REF], [START_REF] Kals | Miniaturization in sheet metal working[END_REF] and [START_REF] Engel | Microforming from basic research to its realization[END_REF] there are four areas of interest appearing in the microforming due to miniaturization of conventional forming processes. Some issues to be addressed when working on micro scale parts include: the understanding of material deformation mechanisms, tool/material contact conditions, characterization of material property, process modeling and analysis, qualification of forming limits, etc., with significance to size effects [Qin, 2006].

As we are concerned with the ability of material to undergo deformation, we are interested in flow stress. Flow stress can be defined as the required amount of stress to be applied on a material to cause deformation at a constant strain rate in its plastic range. [Armstrong, 1961] noted that material behavior can be strongly affected by decreasing the size of the part; the flow stress decreases with the reduction of specimen size and the increasing of grain size.

Some investigations regarding the relation of flow stress and size effect have been done as follows: Compression test were employed by [START_REF] Messner | Size effect in the FE-simulation of micro-forming processes[END_REF] on brass with 15% zinc (CuZn15) and [START_REF] Barbier | Size effects on material behavior in microforming[END_REF] on CuZn10, while [START_REF] Geiger | Fundamentals on the manufacturing of sheet metal microparts[END_REF] with tensile test on CuZn15. [START_REF] Raulea | Grain and specimen size effects in processing metal sheets. Advanced technology of plasticity[END_REF] was working on Aluminum 99.0-99.5% 2S Half-Hard DIN 1747, approached in two different ways: first with tensile test on sheet thickness reduction at a constant grain size and second with bending test by changing grain size at a constant sheet thickness. [START_REF] Michel | Size effects on the constitutive behaviour for brass in sheet metal forming[END_REF] were performing experiments with tensile and hydraulic bulging tests for brass specimens (CuZn36), [START_REF] Chen | A study of size effect in microforming with micro-hardness tests[END_REF]] performed micro hardness test on Cu-Zn alloy and [START_REF] Shan | Effect of thickness and grain size on material behavior in micro-bending[END_REF] applied micro bending tests on rolling brass C2680 foil.

The decreasing flow stress is on account of the fact that the grains located at the surface of the specimen are less restricted than on the grains inside the material, as shown in Figure 2.14.

Figure 2.14: Surface layer model ( [START_REF] Mahabunphachai | Investigation of size effects on material behavior of thin sheet metals using hydraulic bulge testing at micro/meso-scales[END_REF] after [Kals et al., 1996]). d is the grain diameter.

During deformation the dislocations are moving through the grain and piling up at grain boundaries, but not on the free surface, which explains the less hardening and lower 22 CHAPTER 2. STATE OF THE ART ON MICRO-MANUFACTURING PROCESSES resistance against deformation on the grain of the surface. The most well-known empirical model to describe grain size effect (the grain diameter d) on material's yield stress (σ y ) is the Hall-Petch relation [Hall, 1951] and [Petch, 1953]:

σ y (d) = σ hp + K hp d -1/2 (2.1)
with σ hp and K hp are material constants. [START_REF] Mahabunphachai | Investigation of size effects on material behavior of thin sheet metals using hydraulic bulge testing at micro/meso-scales[END_REF] ). [START_REF] Mahabunphachai | Investigation of size effects on material behavior of thin sheet metals using hydraulic bulge testing at micro/meso-scales[END_REF].

They developed a material model that correlates N and M values to σ f (material flow stress) based on the Hall-Petch relation, the Hill's theory of plasticity, and the relationship between the strain-hardening coefficient (n) and σ f according to the material power law.

Hall-Petch relation :

σ f = σ 0 + k √ d = σ 0 + k √ t 0 √ N → σα √ N, (2.2) 
Hill's theory [Hill, 1950]:

σ = PR 2t d = P(a 2 + h 2 ) 2(t 0 /e )2h → σα a 2 e = D c 2 e = M 2 e , (2.3) 
With σ the equivalent VM Stress, a the die opening radius, h the dome height, P the pressure, R the curvature of the bulge radius, t d the apex thickness, and e = ( a 2 +h 2 a ) 4 . Hollomon power law [START_REF] Bowen | Limitations of the hollomon strain-hardening equation[END_REF]):

σ f = K n → σα n .
(2.4)

By combining Equation 2.2, Equation 2.3 and Equation 2.4, the effect of the grain size (d), the specimen size (t 0 ), the feature size (D c ), and the strain-hardening effect (n) on the material flow stress (σ f ) that explains the correlation among N, M, n, and σ f as follows:

σ f = a 1 + b 1 √ N + c 1 M 2 e n . (2.5) 
With a 1 , b 1 , c 1 and n being material constants. Their results showed that flow curves decreased with decreasing N values from 5.5 to 3.0 for all bulge sizes, and they also decrease with decreasing M values from 1961 to 196 for all grain sizes. However, as M value decreased further M = 196 to 49, flow stress increased. The results showed also that the Equation 2.5 is a legitimate model to capture size effect parameters (N, M) and strain hardening exponent (n) on material flow stress (σ f ). Upon identifying (a, b, c and n), their model enable rapid prediction of material flow curves for different N and M combinations.

In microforming processes, the material undergoes large deformation that may lead to ductile fracture when the applied stress exceeds the material strength limit. The decreasing of fracture strain with decreasing t 0 /d (ratio workpiece thickness to grain size) can be explained by the non homogeneous distribution of plastic strain along the gauge length, viz. localized large strain at the fracture region. The localized large strain is due to the geometry of micro scale workpiece: the distribution of plastic strain becomes non uniform on gauge length because of there are only few existing grains in the cross-section of workpiece. When the grain size is nearly the same as workpiece size, the deformation behavior significantly attributed by the size and the orientation of the individual grain. Furthermore, it may behave like a single crystal and have less constraint with surrounding grains. In order to initiate slip in a grain, it requires the critical resolved shear stress in the direction of slip. Therefore the idea proposed by [Taylor, 1938] that the strain is homogeneous in all grains of a polycristalline material, which means the strains are the same in all grains and are equal to macroscopic strain, is no longer valid for micro scale workpiece.

The effects of grain size are currently under investigation for different type of materials due to the increasing demand in micro component in diverse industry domains. [START_REF] Zhao | Interaction of forming temperature and grain size effect in micro/meso-scale plastic deformation of nickel-base superalloy[END_REF] studied the interaction between forming temperature and grain size to facilitate high temperature forming process of super alloy Inconel 718 for nuclear, aviation and aerospace industry. The study is carried out on metal sheet with thickness of 0.3 mm that undergoes different heat treatment to obtain different initial grain size from 20 to 90 µm. Tensile test are performed with temperature varied from 25 • to 400 • as shown in Figure 2.16. Ben Hmida [START_REF] Hmida | Influence of the initial grain size in single point incremental forming process for thin sheets metal and microparts: Experimental investigations[END_REF] studies the influence of the initial grain size in single point incremental forming process for thin sheets metal (Copper alloy) and microparts.

Besides yield stress and flow stress, the results show that high temperatures decrease size effect. The effect of temperature is converted into parameters of Hall Petch relation that leads to the decreasing of σ 0 and K, which is illustrated in Figure 2.17 Some other researches are carried out on aluminium alloy, e.g. [START_REF] Cheng | The influence of grain size and strain rate effects on formability of aluminium alloy sheet at high-speed forming[END_REF] who worked on the grain size influence throughout high speed forming, [START_REF] Bracquart | Experimental study of the impact of geometrical defects on the high cycle fatigue behavior of polycrystalline aluminium with different grain sizes[END_REF] with the influence of geometrical defects during fatigue test on polycrystalline alloy having different grain size and [START_REF] Koizumi | Grain size effects in aluminum processed by severe plastic deformation[END_REF] with the evolution of elastic limit on pure aluminium with a refined grain size is obtained by equal-channel angular pressing.

[ [START_REF] Xu | Size effect affected springback in micro/meso scale bending process: Experiments and numerical modeling[END_REF] studied the effect of grain size on springback at the micro and meso scale during bending process of sheet copper alloy. The study was first carried out on the influence of grain size (from 15 to 130 µm) with thickness of 0.1, 0.2 and 0.4 mm on mechanical parameters (elastic limit, strain hardening, hardness) before studying springback. Within the research, the angular springback is measured during the bending test as shown in Figure 2.19 and the results illustrated in Figure 2.20 show that springback decreases with increasing grain size. This is explained by the fact that bigger grain size has lower elastic limit. Moreover for the same deformation the specimens with greater grain size are easier to undergo plastic deformation. Thus the elastic recovery is less evident with the increasing grain size.

Another concern for microforming of materials is the friction. With the decreasing specimen size, there is increase of friction. This frictional behavior is explained by the model of open and close lubricant pockets as described in Figure 2.21.

When a forming load is applied on the lubricated workpiece surface, the asperities (roughness peak) will experience plastic deformation. The lubricant residing in the roughness Figure 2.16: True stress evolves with the increase of reciprocal of the square root of average particle diameters at specific strain levels [START_REF] Zhao | Interaction of forming temperature and grain size effect in micro/meso-scale plastic deformation of nickel-base superalloy[END_REF].

valley will help transmitting the forming load, which reduces the normal pressure on the asperities thus lowering the friction. This is a phenomenon with close lubricant pockets. While open lubricant pockets will not able to reduce the pressure because the lubricant escapes to the edge of the surface. The surface finish between macro and micro parts would not be very different because it would be unlikely to have the same ratio of surface quality. Therefore micro parts are subjected to open lubricant pocket phenomenon, also because their ratio between forming area to total area is great, as described with Figure 2.22. The problem of friction in the micro forming, especially in the Nakazima testing method will be further analyzed at the end of subchapter FLD. 3.3.3.

[ [START_REF] Wang | Investigations on mechanical properties of copper foil under ultrasonic vibration considering size effect[END_REF] proposed a new perspective with the study of grain size effect on material softening obtained by ultrasonic vibration. The phenomenon is called Blaha effect or acoustoplastic effect, which is known since several years as a method to improve the product quality that was produced by micro forming. The Blaha effect works by decreasing elastic limit and by improving the formability with intra grain deformation [START_REF] Myshlyaev | Change in characteristics of superplastic deformation of the aluminum-lithium alloy under the effect of ultrasonic vibrations[END_REF]. Wang conducted his research with acoustic emission assisted tensile test on copper alloy with grain size of 16 µm and thickness varies between 0.32 [START_REF] Geiger | Microforming[END_REF].

Previous researches give results of the following observations: -Conventional metal-forming process-configurations such as forging, extrusion, stamping, etc., may be equally used for the forming of miniature/micro parts.

-The types of the materials which could be formable at micro levels determine significantly by the micro structures and grain boundary properties of the materials (than at macroforming).

-Size effects may exist in material property and tool material interfacial property charac-Figure 2.23: Tensile specimen geometry [START_REF] Wang | Investigations on mechanical properties of copper foil under ultrasonic vibration considering size effect[END_REF].

Figure 2.24: Tensile test result with and without ultrasonic assistance [START_REF] Wang | Investigations on mechanical properties of copper foil under ultrasonic vibration considering size effect[END_REF].

terisation; which depends largely on the micro structures of the materials, thus the need to define these parameters with reference to the actual materials and interfaces to be used.

-Besides the microparts which are already produced in industry, a few microparts with much smaller scales have been produced in the laboratory, which have shown the feasibility of the technology. The precision of the manufacturing needs to be further addressed [Qin, 2010].

Accurate prediction of a material's response requires an understanding of the fundamental mechanisms of material deformation and fracture. It's also a necessity to be able to observe the material under loading to study plastic deformation and crack propagation mechanisms. One of the most common standardized method to determine the mechanical properties of materials is tensile testing. Tensile tests are used to characterize the elastic properties, resistance against plastic deformation and fracture at positive deformation rates. Typical tensile test uses a specimen with smaller uniformed cross-section, which is strained until failure. To ensure the failure will happen within the gauge length, both heads of the specimen are broader than the central area with radius transition. The tensile testing of very thin sheets contemplates the quality of the sample's edges, which have to be smooth and without micro notches from cutting [Vollertsen, 2013].

The deformation and applied load are continuously measured during the whole experiment. From this test, the elastic parameters such as Young's Modulus and offset yield stress (0.2%), are obtained. Despite the fact that tensile test is widely used to extract some mechanical properties, it prohibits us to learn the large strain that takes place during forming. Therefore we introduced Micro Incremental Deformation (Micro InDef) as a mechanical characterisation test, which is inspired from a manufacturing process; namely micro single incremental forming. In sheet metal forming the cost for die manufacture and trial, to ensure the shape as close as possible to desired geometry, is appropriate for mass production. Incremental sheet forming (ISF), in the other hand, proposes the advantages of flexible geometry without the need of a die, thus shortening the forming time. In general the incremental forming process of sheet metal can be described as a process where a hemispherical tool moves on a sheet metal blank to form various shapes including non axisymmetric forms according to the tool path, as shown in Figure 2.25. Schematic diagram of incremental sheet forming process [START_REF] Nasulea | Incremental deformation: A literature review[END_REF].

INCREMENTAL SHEET FORMING

While the tool presses and deforms sheet locally, the blank holder and clamping plate remain fixed during the whole process. The tool moves on the sheet according to the predetermined tool path and gradually forms the sheet metal in a succession of steps until the final depth is reached. [Leszak, 1967] proposed bending of the sheet against an elastic medium while [START_REF] Berghahn | Method of dielessly forming surfaces of revolution[END_REF] Patent US 3316745 proposed xyz movement of the roller. While Leszak's similar to two points incremental sheet forming, Berghahn's is more likely to be the father of modern ISF process. Both proposed disc-like shaping without dies when CNC machine was not available yet; both schemes are presented in Figure 2.26. [START_REF] Powell | Incremental Forming of Flanged Sheet Metal Components Without Dedicated Dies[END_REF], [START_REF] Iseki | Flexible and Incremental Sheet Metal Bulging using a Path-Controlled Spherical Roller : 2nd Report, Vertical Wall Surface Forming of Rectangular Shell Using Multistage Incremental Forming with Spherical and Cylindrical Rollers[END_REF] and [START_REF] Matsubara | Development of Incremental Sheet Metal Forming System Using Elastic Tools : Principle of Forming Process and Formation of Some Fundamentally Curved Shapes[END_REF] have started using CAD/CAM systems to generate the forming path on the CNC machine. The complete Figure 2.26: First proposed processes to shape without dies: (a) Patent US 3342051 [Leszak, 1967], (b) Patent US 3316745 [START_REF] Berghahn | Method of dielessly forming surfaces of revolution[END_REF]. formation of a shrink flange over the former by a grooved roller, moving around the flange in a series of passes, is analyzed by the finite element method. [START_REF] Hagan | A review of conventional and modern single-point sheet metal forming methods[END_REF] highlighted the capacity of rapid prototyping of ISF and that the knowledge of conventional processes such as spinning and shear forming is important when considering modern incremental forming techniques, because we can use the information developed in the past to assess the deformation patterns. Incremental forming represents an alternative process for the industry, especially for manufacturing of one or several parts, given its flexibility and its low cost of mold/tool investment. [START_REF] Ambrogio | Application of Incremental Forming process for high customised medical product manufacturing[END_REF], [START_REF] Bambach | {Modelling and Experimental Evaluation of the Incremental CNC Sheet Metal Forming Process}[END_REF] and [Jeswiet et al., 2005b] demonstrate the advantage of incremental forming with the realization of complex geometry parts by controlling the forming path from a CNC machine without the needs of mould or specific tooling. An example of asymmetrical product manufactured by ISF is shown in Figure 2.27. Figure 2.27: Custom cranial implant manufactured by incremental sheet forming [START_REF] Bagudanch | Customized cranial implant manufactured by incremental sheet forming using a biocompatible polymer[END_REF].

The process parameters for ISF are wall angle θ, forming depth h, tool rotation speed ω, tool diameter d t , tool path, feed rate, vertical step size δz and lubricant. [START_REF] Hirt | Forming strategies and Process Modelling for CNC Incremental Sheet Forming[END_REF] showed that significant thinning of the flange and consequent failure are prevented by the preforming and subsequent multistage forming; a pyramid with an 81 • angle is successfully produced using the multistage forming strategy with less thinning than theoretically expected value given by the sine law. With regards to sine law, Equation 2.6, it is apparent that a vertical flange of 90 • wall angle is unobtainable as the final thickness would be zero.

t f inal = t initial sinθ (2.6)
The sin law parameters are defined in Figure 2.28. With sine law as the limitation of wall angle, [START_REF] Kim | Improvement of formability for the incremental sheet metal forming process[END_REF] proposed the double pass forming method (initial shape -intermediate shape -final shape) to create a uniform thickness strain distribution of the final shape. They proved that product's thickness strain distributions are more uniform with double-pass forming method than in other methods. This forming method also gave higher mechanical strength and improved formability due to the improved uniformity in strain thickness. [START_REF] Young | Wall thickness variations in singlepoint incremental forming[END_REF] confirmed that doublepass SPIF has been found to be an effective method of avoiding excessive thinning in specific areas by showing that single-pass SPIF does not always follow the sine law and that an overspinning condition, similar to that of shear forming, can occur. When wall maximum obtainable angles approached a characteristic thinning band occurs and if we attempt to have steeper walls, this thinning will become more severe until fracture occurs at this location.

The knowledge about deformations on forming process of sheet metal is very important, because it is necessary to determine the critical location of necking and fracture. If the forming limit is known, then the process can be optimized, that means time and cost saving with good product quality.

[ [START_REF] Shim | The formability of aluminum sheet in incremental forming[END_REF] applied various strain path and found, at the same magnitude of tool depth, a near equi-biaxial stretching develops at a corner (greater deformation), while a near plane-strain stretching develops along a straight side which explains the occurrence of corner cracks. [START_REF] Filice | Analysis of Material Formability in Incremental Forming[END_REF] pointed out that almost pure uni-axial stretching conditions occur along the straight edges of the shell, which is confirmed by analysis of a grid of small circles impressed on the blank surface. The straining conditions heaviness depends on the ratio of the punch depth for each loop vs. horizontal displacement imposed to the punch between two subsequent loops. When the ratio increases, the blank undergoes heavier deformations; thus stretching and thinning increase up to occurrence of ductile fracture.

[ [START_REF] Kim | Effect of process parameters on formability in incremental forming of sheet metal[END_REF] found that the formability is improved when a ball tool (instead of hemispherical tool) of a particular size is used with a small feed rate and a little friction. Due to the plane-anisotropy, the formability differs according to the direction of tool's movement. [START_REF] Park | Fundamental studies on the incremental sheet metal forming technique[END_REF] summarized that with negative forming method (forming without counterpart), it is difficult to form sharp corners or edges because cracks easily occur due to the biaxial mode of deformation. With the positive forming method (with counterpart beneath the sheet), forming complicated shapes with sharp corners or edges is possible because the plane-strain mode of deformation becomes dominant. [Ambrogio, 2004] has chosen FLD 0 (the limiting major strain at fracture when the minor strain is equal to zero in an FLD) as a proper indicator of material formability; thus noted that maximum material formability close 300% can be achieved using a small tool diameter, a low depth step and an high rotation speed.

[ [START_REF] Bambach | Quantitative Validation of FEM Simulations for Incremental Sheet Forming Using Optical Deformation Measurement[END_REF] presented a method based on tool path's the spatial and temporal synchronization for FEA and experiment, for a quantitative evaluation of finite element calculations against experimental data obtained by optical deformation measurement.

By recording the forming tool on three exactly defined positions, data sets obtained from measurements can be mapped onto the FE mesh in order to perform a quantitative comparison. [START_REF] He | Effect of FEM choices in the modelling of incremental forming of aluminium sheets[END_REF] showed that the deformation process is not influenced by different choice of material models and friction coefficients. Despite of some oscillations in the geometric profile of the final product, explicit approach is proposed to reduce the computation time. Incremental forming has demonstrated greater formability than conventional stamping and pressing, therefore [START_REF] Allwood | The Increased Forming Limits of Incremental Sheet Forming Processes[END_REF] made analysis on a sheet with uniform proportional loading, showing the increasing forming limit when through thickness shear is present and proposed this as an explanation for the increased forming limits of incremental sheet forming processes.

[ [START_REF] Dejardin | Experimental and numerical investigations in single point incremental sheet forming for micro parts[END_REF] demonstrated results that show the possibility of incremental forming to get complex shapes with small thickness, while avoiding the risks of failure and necking that classically occur in using standard sheet metal processing. The influence of main process parameters such as blank holder load on geometrical accuracy and thickness variation is investigated. It has also been demonstrated that the finite element simulation of process is possible using a commercial transient dynamic explicit code, permitting to get the deformed shape depending on tool path, as well as thickness variations.

Different forming mediums are also proposed by several researchers, i.e. [START_REF] Jurisevic | Water jetting technology: an alternative in incremental sheet metal forming[END_REF] with high speed water jet (WJISMF) which attributes the forming accuracy, forming time and energy consumption. WJISMF opens a possibility for production of tools for micro moulding and micro forming with blank thickness is far below 1 mm.

[ [START_REF] Okoye | Application of electromagnetic-assisted stamping (EMAS) technique in incremental sheet metal forming[END_REF] proposed high velocity electromagnetic-assisted stamping (EMAS) technique using Lorenz force. EMAS can be used on a pre-worked sheet metal (e.g. after pressing) to achieve sharp corners and other difficult to form contours to complete the forming operations at the decreasing cycle times. This method is applicable for large body parts of automobile and aircraft industries. Unwanted plastic deformation in the surrounding of tool contact area and springback effects are the major sources of inaccuracy for ISF. These unwanted effects are caused by high forming forces that create high stress levels outside the contact zone and a low yield strength with a limited hardening effect. [START_REF] Duflou | Laser Assisted Incremental Forming: Formability and Accuracy Improvement[END_REF] used radiation of the tool contact area by a laser beam to create a heated spot in the dynamic contact zone between tool and workpiece, while keeping the surrounding zone at near ambient temperature. The results show reduced stress levels and reduced springback effects thus an improvement of accuracy.

[ [START_REF] Fan | Electric hot incremental forming: A novel technique[END_REF] employed electric current for heating of sheet metals with low formability at room temperature, such as AZ31 magnesium and TiAl2Mn1.5 titanium, at the contact zone to fully utilize the formability of these materials. Asymmetric parts (pyramids) show more distortion than axisymmetric parts (cones), because pyramids have higher stress gradient due to the presence of corners. Therefore, higher temperature and lower feed rate are proposed for forming of asymmetric parts without resulting distortions.

[ [START_REF] Cui | Electromagnetic incremental forming (EMIF): A novel aluminum alloy sheet and tube forming technology[END_REF] uses a small coil and small discharge energy to cause local deformation in a high speed to workpiece. These local deformations accumulate into large parts. This method is called electromagnetic incremental forming (EMIF). This work gave results that the air resistance has a great influence on sheet forming quality (a high air pressure is created to hinder sheet deformation during the forming process), high discharge voltage gives better side surface quality if the coil discharges is in a fixed position and 2 consecutive discharges in a fixed position are needed to produce large parts.

[ [START_REF] Hmida | Influence of the initial grain size in single point incremental forming process for thin sheets metal and microparts: Experimental investigations[END_REF]] studied ISF at micro scale. He shows the influence of the initial grain size in micro-SPIF for thin metalic copper sheets on forming force and final geometry (thinning).

2.3.2/ PROCESS PARAMETERS

In order to understand ISF, we should investigate the influence of forming parameters on the formability of the sheet metal and look into the applied solicitation type. Some articles that cover these points are as follows:

• [Duflou et al., 2005a], [Jeswiet et al., 2005b], [Jeswiet et al., 2005a], [START_REF] Kim | Effect of process parameters on formability in incremental forming of sheet metal[END_REF] and [START_REF] Hirt | Forming strategies and Process Modelling for CNC Incremental Sheet Forming[END_REF] investigated the parameters that influence the formability, e.g. temperature, angle, step size, speed, tool and toolpath.

• [START_REF] Martins | Theory of single point incremental forming[END_REF], [START_REF] Allwood | The Increased Forming Limits of Incremental Sheet Forming Processes[END_REF], [START_REF] Silva | Revisiting the fundamentals of single point incremental forming by means of membrane analysis[END_REF]] and [START_REF] Emmens | An overview of stabilizing deformation mechanisms in incremental sheet forming[END_REF] highlighted the solicitation during ISF as a mix of shear, stretching and contact pressure.

• [START_REF] Gatea | Review on the influence of process parameters in incremental sheet forming[END_REF] published an extensive review on process parameters and solicitations.

• [START_REF] Mcanulty | Formability in single point incremental forming: A comparative analysis of the state of the art[END_REF] The effects of temperature are tested on different materials and using different experimental setup. Titanium TiAl6V4 and LASER beam by [START_REF] Duflou | Laser Assisted Incremental Forming: Formability and Accuracy Improvement[END_REF], magnesium AZ31 sheets in incremental forming at warm condition by [START_REF] Ji | Formability of magnesium AZ31 sheet in the incremental forming at warm temperature[END_REF], use of an electrical current for heating by [START_REF] Fan | Electric hot incremental forming: A novel technique[END_REF] and [START_REF] Liu | Development of novel tools for electricity-assisted incremental sheet forming of titanium alloy[END_REF]. Their conclusions are identical, that the formability increases with the increasing of temperature.

2.3.2.2/ EFFECTS OF FORMING ANGLE

Forming angle is an important parameter for ISF process. [START_REF] Martins | Theory of single point incremental forming[END_REF] and [START_REF] Ham | Forming limit curves in single point incremental forming[END_REF] demonstrated that maximum forming angle depends on material, forming shape (pyramid, cone etc.) and thickness of sheet. Maximum angle is achievable by using multi stage forming. [START_REF] Duflou | Process window enhancement for single point incremental forming through multi-step toolpaths[END_REF], [START_REF] Skjoedt | Strain paths and fracture in multi stage single point incremental forming[END_REF]. [START_REF] Minutolo | Evaluation of the maximum slope angle of simple geometries carried out by incremental forming process[END_REF] shown that for Aluminium Al5052, a maximum angle is 66 • and 63 • for cone and pyramid, respectively. [START_REF] Bhattacharya | Formability and Surface Finish Studies in Single Point Incremental Forming[END_REF] with the same material realized a three levels DOE (Design of Experiments) by testing the effects of tool's diameter, step size, thickness of sheet and speed. The response surface obtained, demonstrated that speed and step size doesn't give any influence on the forming angle, in contrary to tool diameter and sheet thickness.

2.3.2.3/ EFFECTS OF STEP SIZE

Step size leaves a disagreement among results. In general, experimental and numerical work by [START_REF] Kim | Effect of process parameters on formability in incremental forming of sheet metal[END_REF], [START_REF] Hagan | Analysis of surface roughness for parts formed by computer numerical controlled incremental forming[END_REF], [Decultot, 2009]) demonstrated the formability of sheet decreases with increasing vertical step. However, some other works have shown that this influence is negligible ( [START_REF] Ham | Single Point Incremental Forming and the Forming Criteria for AA3003[END_REF]). According to [START_REF] Fritzen | Brass 70/30 and Incremental Sheet Forming Process[END_REF], when the step size decreases 0.5 mm, the maximum forming angle increases by 1 • for a geometry with 100 mm height. Figure 2.29 illustrated these disagreements briefly.

2.3.2.4/ EFFECTS OF SPINDLE SPEED

The main idea is when the spindle speed increases, it will increase the friction and higher temperature will be generated. The increasing of temperature leads to a proportional increase of formability [START_REF] Ham | Single Point Incremental Forming and the Forming Criteria for AA3003[END_REF]]. McAnulty's thorough analysis demonstrated that it is the most common conclusion (shown in Figure 2.30).

2.3.3/ EFFECTS OF FEED RATE

Regarding feed rate, the bibliography concluded that in general there is less effect from feed rate than spindle speed. It is however necessary to decrease the feed rate in order to increase the formability [START_REF] Ham | Single Point Incremental Forming and the Forming Criteria for AA3003[END_REF]. The summary from McAnulty is shown in Figure 2.31. Formability of part produced by ISF process depends strongly on tool diameter. Some experiments by [START_REF] Kim | Effect of process parameters on formability in incremental forming of sheet metal[END_REF], [START_REF] Ham | Single Point Incremental Forming and the Forming Criteria for AA3003[END_REF] and [START_REF] Ham | Forming limit curves in single point incremental forming[END_REF], demonstrated that formability increases by using small tool diameter. This phenomenon can be explained as the use of small diameter leads to large strain locally, thus better formability. Bigger tool diameter increases contact surface therefore requires more forming force [START_REF] Duflou | Force Measurements for Single Point Incremental Forming: An Experimental Study[END_REF]. [START_REF] Mcanulty | Formability in single point incremental forming: A comparative analysis of the state of the art[END_REF] has again produced a comparative study that gives overview that the aforementioned conclusion is not agreed by all references but by majority nevertheless. The summary is presented in Figure 2.32.

2.3.3.2/ EFFECTS OF FORMING PATH

Different research showed that tool path plays an important role on the sheet's formability. Helical path is preferred than incremental path as it homogenized thickness variation. [START_REF] Azaouzi | Tool path optimization for single point incremental sheet forming using response surface method[END_REF] combine finite element analysis and response surface method (RSM) in order to optimized the thickness of a cone realized by helical path (illustrated in Figure 2.33 and 2.34). 

CHAPTER 2. STATE OF THE ART ON MICRO-MANUFACTURING PROCESSES

2.3.3.3/ EFFECTS OF SHEET'S THICKNESS

Regarding sheet thickness, there is a clear agreement to say that increasing of sheet's thickness leads to increasing of formability, e.g. [Jeswiet et al., 2005b] and [START_REF] Ham | Single Point Incremental Forming and the Forming Criteria for AA3003[END_REF]. A small tool with a thick sheet can cause a large amount of damage to the surface, and render the part useless. The maximum wall angle increased by 13.8 • from large tool/thin sheet to small tool/thick sheet. [START_REF] Emmens | An overview of stabilizing deformation mechanisms in incremental sheet forming[END_REF] and [START_REF] Gatea | Review on the influence of process parameters in incremental sheet forming[END_REF] made a review out of different research regarding deformation method and fracture in ISF process, and shown that it is debatable. As illustrated in Figure 2.35, in ISF there is more than one deformation mode, including the following:

2.3.4/ SOLICITATIONS METHOD AND FRACTURE IN ISF PROCESS

A. plane strain stretching conditions in flat surfaces, B. plane strain stretching conditions in rotational symmetric surfaces, C. equal bi-axial stretching conditions at corners. In general, the research strives to understand why ISF allows much higher deformation rates, in comparison to other forming processes and to define what deformation mechanism limits the formability (that results in fracture). [START_REF] Martins | Theory of single point incremental forming[END_REF] demonstrated that for ISF the fracture is initiated without necking (as illustrated in Figure 2.36) and developped a model from membrane analysis and a ductile type damage. Moreover, they showed that fracture propagation takes place under stretching deformation mode but not by shearing. This result is confirmed experimentally by [Decultot, 2009] that by using stereo correlation system proved that fracture occurs in the uniaxial streching domain.

Figure 2.36: Experimental evidence that SPIF is limited by fracture without necking, [START_REF] Martins | Theory of single point incremental forming[END_REF].

2.3.4.2/ SHEARING [START_REF] Jackson | The mechanics of incremental sheet forming[END_REF] used two half-plate copper, on which a grid is engraved by LASER and both half-plate are then welded. After performing an ISF test, the two half-plate are separated thermally and the deformation on the grid is analyzed. The results showed that the deformation mechanisms are stretching and shearing on the perpendicular plane at the tool direction, shearing on the parallel plane at the tool direction. The most important component of the deformation is the shearing parallel to tool direction. [START_REF] Eyckens | MK modelling of sheet formability in the incremental sheet forming process, taking into account through-thickness shear[END_REF] realized ISF tests on plates with small holes. Upon forming, the sheets, that are analyzed using goniometer and stereo microscopy, showed the existence of Through-Thickness-Shear TTS (or out of plane shear) as illustrated in Figure 2.37.

2.3.4.3/ BENDING UNDER TENSION AND CONTACT STRESS

Two other types of solicitations take place with ISF: contact stress and bending under tension.

Contact stress refers to a compressive stress normal to the sheet surface caused by contact with tool. Different studies showed a high level of contact stress ( [START_REF] Eyckens | MK modelling of sheet formability in the incremental sheet forming process, taking into account through-thickness shear[END_REF], [START_REF] Martins | Theory of single point incremental forming[END_REF]). The contact stress may be caused by the sheet bending in the tool surrounding. This phenomenon is all the more important when tool diameter is small. Also, when this stress increases,it decreases the tensile stress and contributes to delay the necking, thus increasing material formability.

According to [START_REF] Emmens | An overview of stabilizing deformation mechanisms in incremental sheet forming[END_REF] Bending-under-tension (BUT) refers to the simultaneous bending and stretching of a sheet. This situation is well known in stamping as it occurs for example when in deep-drawing the sheet is pulled over a draw-bead: the moving punch causes the strip to be bent and unbent continuously. BUT does not work because the sheet has been bent, it works only when the sheet is being bent. BUT means simultaneous bending and stretching so the stress is not uniform over the sheet thickness. BUT is a true dynamic phenomenon, it only occurs when the material is actually moving around the punch. As such its occurrence in an actual ISF operation is difficult to establish directly. However it is obvious that in ISF the material is being bent near the tool and being stretched (at least in some directions) so it is save to assume that BUT will occur to some extent.

2.3.4.4/ CONCLUSION

The aforementioned studies have shown that the overall solicitations arrive during incremental forming. According to [START_REF] Emmens | An overview of stabilizing deformation mechanisms in incremental sheet forming[END_REF] "The question which mechanism plays a major role and which contribution is only marginal cannot be answered at the moment and it is reasonable to believe that the answer will depend on process parameters like sheet thickness, tool radius, lubrication and material behavior. It is important to keep an open mind and not to judge too quickly 'it is this or that mechanism'".

ISF APPLICATION BY IDENTIFICATION OF CONSTITUTIVE LAW

2.4/ ISF APPLICATION BY IDENTIFICATION OF CONSTITUTIVE LAW

Mechanical behavior of material under state of stresses is mathematically described by constitutive equations or material laws. Modeling material behavior proposed to identify the values of the parameters involved in the constitutive equations used. Usually, these values are determined using homogeneous tests which converted load-displacement data into stress-strain. Unfortunately such tests sometimes are not sufficient to describe the actual behavior of material. Moreover, considering that we want to represent the industrial complicated processes as accurate as possible, which sometimes have large deformations. By using Micro InDef as characterization method, we have some advantages, i.e. localized large strain and the possibility to make wide variety of strain path. With these advantages, we have better approach to represent the industrial manufacturing processes thus better prediction of material damage and failure. One thing we must pay attention to with ISF as characterization method, is the friction due to contact between tool and sheet metal. Further research coupled with regards to tribological/rheological point of view is necessary.

DEFECTS AND DAMAGE IN SHEET MATERIAL FORMING

Predict the behavior of sheet in large deformations is required for numerical simulation of plastic deformation processes. It is therefore necessary to be able to take into account the appearance of defects (damage, necking ...) in the models . This chapter presents, firstly, the Lemaitre and Gurson models that integrate material damage and, in a second step, presents the method of obtaining the forming limit curves that define the material's optimal area of use without appearance of defects observable during the shaping (necking, folding ...).

3.1/ DEFECTS IN SHEET MATERIAL FORMING PROCESSES

All metals contain defects, either from the crystallographic structure or maybe introduced during process, such in metal forming process. These defects may be located on the surface or inside the material itself. Defects are unwanted not only they may cause an unattractive appearance such as wrinkle or crack but moreover it is their influence on the material strength and formability that bring defects into our attention. [START_REF] Al-Mousawi | Some physical defects in metal forming processes and creation of a data base[END_REF] explained some defects such as those that occur during rolling and forging. First defect on rolling process is edge cracking in materials with low ductility where the edges are not rounded and there are no edge rolls used during process. These conditions force the edge to expand during rolling. They mentioned that gold, which has high ductility, does not show edge cracking under any rolling conditions. The second defect is alligatoring, where the work piece splits along a horizontal plane on exit, with the top and bottom parts following the rotation of their respective rolls. This defect is observed on materials with limited ductility, e.g. AlMg alloys with higher Mg content. When the slab entered into the roll gap with its center plane above or below the center line of the roll gap, the material will curl. In addition to the stresses imposed by curling, a shear stress develops along the center plane and this may contribute to opening up of the nose. Third defect is fish tail. This term can be explained as the overhang front end of an initially square ended ingot or slab after rolling. Fourth defect is ridges/zipper defect which is characterized by series of bulges, due to greater elongation in an area as against neighboring areas. Kweon, 2015]), b) alligatoring ( [START_REF] Data | Alligatoring -9cr-1mo steel -Rolling defects[END_REF]), c) fish tail [START_REF] Giorleo | Energy consumption reduction in Ring Rolling processes: A FEM analysis[END_REF]) and d) zipper [START_REF] Zhu | Effect of hot coil profile containing ridges on ridge-buckle defects of cold rolled thin strip[END_REF]).

3.2/ DAMAGE MECHANICS

3.2.1/ INTRODUCTION

Generally, mechanical damage is divided into:

• Ductile : characterized by large plastic deformation at room temperature regardless the loading speed.

• Brittle : characterized by brutal propagation of micro defects, caused by breaking of inter-atomic bond. No sign of significant plastic strain.

• Creep viscoplastic : observed at a high temperature where creep occurs. The grain boundaries are the location where cavity appears. These cavities, under the effect of plastic deformation and diffusion of gaps, grow in size and number until rupture.

• Fatigue : driven by cyclic loading. On the small scale, fatigue failure is associated with dislocation network arrangements. The crack growth of fatigue is demonstrated by the striation patterns on the fracture surface (beach markings), followed by the irregular pattern characteristic of fast fracture.

The damage of materials is the continuous physical process by which they break. This process can be explained according to their scale: 1) At micro scale: the accumulation of micro stresses in the surrounding of defects or interfaces and breaking of the bonds.

2) At meso scale: the growth and the coalescence of micro cracks or micro voids that together initiate a crack.

3) At macro scale: the growth of that crack.

All material, although different in their physical structure, show similar qualitative mechanical behavior, such as elastic behavior, yielding, some form of plastic deformation, anisotropy induced by strain, cyclic hysteresis loops, damage by monotonic loading or by fatigue, and crack growth under static or dynamic loads. Therefore it is possible to model the materials without detailed reference to the complexity of their physical microstructures, using mechanics of continuous media and the thermodynamics of irreversible processes [Lemaitre, 1996].

As stated above, damage at the micro scale is conducted by the breaking of bonding. In the meso scale, however, it differs accordingly to the material characteristic and types of loading. In the case of ductile damage, the material degrades in microscopic scale under the effect of plastic deformation until microporosities appear, which ends with macroscopic fracture that destroys the material. For metals, some material defects are accountable for ductile damage, e.g. inclusions, dislocation pile-ups, grain boundaries, additional element's particle in alloys and precipitation of solution by heat treatment. However damage is not directly measurable as strain [Chaboche, 1987].

3.2.2/ CONTINUUM MECHANICS (LEMAITRE'S LIKE MODELS)

As stated before, damage in the micro scale can be interpreted as breaking of bonding or enlargement of micro cavities. [Kachanov, 1958] was the first to develop the subject of continuum damage mechanics by introducing the concept of effective stress, by comparing the undamaged configuration (σ , A) of a body with the actual damaged configuration ( σ, Ã) effective stress, effective area, consecutively. Thus having the damage variable D defined as the ratio between total area of voids/cracks to the total area:

D = A - Ã A (3.1)
According to [Lemaitre, 1985] the nature of damages are mainly the development of micro-cracks and micro-cavities; which means the creation of surfaces that separates the materials, thus reduce the rigidity of the solids. Since the damage of the structure influences the state of stress or strain, it is necessary to couple the constitutive equation of strain and damage to predict the conditions of failure in structural calculation. This is represented in Figure 3.2.

Figure 3.2: Prediction of failure with classical constitutive equations. [Lemaitre, 1985] [ Lemaitre, 1985] explained when the damage phenomenon is considered to be isotropic, it is represented by a scalar variable, the surface density, known as D, with D=0 for In this section, the damage-plasticity isotropic model is presented, in the isothermal case, to provide an accurate prediction of the mechanical response of the material.

The continuum damage mechanics concepts developed by [START_REF] Lemaitre | Engineering Damage Mechanics: Ductile, Creep, Fatigue and Brittle Failures[END_REF] in the context of thermodynamics with internal variables are considered [START_REF] Lemaitre | Mechanics of Solid Materials[END_REF].

In this approach, damage is coupled with the plasticity model by using the effective stress concept.

Starting from the early propositions of [Kachanov, 1958] and [Y. N, 1969] a scalar damage variable D that characterizes the degree of material degradation is introduced. By assuming homogeneous distribution of microvoids, the effective stress tensor can represented as

σ σ σ = σ σ σ 1 -D (3.2)
Where σ σ σ is the Cauchy stress tensor and σ σ σ is the effective stress tensor. By applying the elastic strain equivalence assumption [START_REF] Lemaitre | Mechanics of Solid Materials[END_REF], the strain behavior of the damage model is represented by the constitutive equation of the virgin material, where stress is simply replaced by effective stress.

e = C -1 : σ σ σ ⇒ C = (1 -D)C (3.3)
Where e is the elastic strain and C and C are the elastic constitutive tensors for the virgin and the damaged material, respectively, with

C = E 1 + ν I + ν 1 -2ν 1 ⊗ 1 (3.4)
Where I and 1 are the fourth and second order unit tensors respectively. ν is the Poisson's ratio and E is the virgin (undamaged) Young's modulus. By using the strain partition hypothesis, the total strain can be divided into elastic e and plastic p parts:

= e + p (3.5)
The non-associated plasticity framework assumes that mechanical behavior is obtained when three potentials are defined to determine the flow direction: a free energy density ψ, a yield function f and a dissipation potential F. By applying the assumption that elasticity and plasticity behaviors are uncoupled, the following expression is proposed for the free energy:

ρψ( e , r, D) = 1 2 e : C : e e : C : e e : C :

e + Qr + Q b ex p(-br -1) (3.6)
Where ρ is the density and Qr +Q/b[exp(-br)-1] is the plastic stored volume density energy.

Q and b are material parameters that represent the asymptotic value and the exponent of the isotropic hardening law, respectively [Voce, 1955]. The state laws can be then written as: The dissipation potential F is defined by

σ σ σ = ρ ∂ψ ∂ e e e = (1 -D)C : e C : e C : e (3.7) R = ρ ∂ψ ∂r = Q 1 -exp(-br) (3.8) -Y = ρ ∂ψ ∂D = - 1 
F = f + F D (3.10)
where f is the classical yield function described by means of the von Mises equivalent stress and that defines the effective von Mises stress σVM as the variable. F D is the damage potential, which corresponds to the evolution of the damage law. These two functions are described by

f = σVM -R -σY = 3 2 dev( σ σ σ) : dev( σ σ σ) -R -σ Y (3.11) F D = S (1 -D)(t + 1) Y S s 0 +1 (3.12)
where σ Y is the initial yield stress, dev σ is the effective deviatoric stress tensor, t is the damaged material constant and S the damage strength. 

r = t 0 (1 -D) 2 3 ˙ ˙ ˙ p : ˙ ˙ ˙ p dt (3.13)
Where ˙ ˙ ˙ p represents the plastic strain rate tensor.

Based on the definition of the function F the evolution of internal variables are expressed by:

               Ḋ = λ ∂F ∂Y = Y S s 0 ṗ if ṙ > p D and χ = trace( σ σ σ) 3 σVM > - 1 3 Ḋ =0 if r ≤ p D or χ = trace( σ σ σ) 3 σVM ≤ - 1 3 (3.14) ˙ p ˙ p ˙ p = - λ ∂F ∂(-σ σ σ) = λ 1 -D 3 2 devσ σ σ σ V M (3.15) ṙ = - λ ∂F ∂R = -λ = -ṗ(1 -D) (3.16)
With p D is the damage accumulated plastic strain threshold, χ is the triaxiality factor [START_REF] Bouchard | An enhanced Lemaitre model formulation for materials processing damage computation[END_REF] and λ the plastic multiplier, which is determined by the consistency condition (f=0 and ḟ=0).

Therefore 9 parameters should be identified, as listed in Table 3.1. These parameters are divided into four categories: characterizing the elasticity, plasticity, damage and fracture mechanisms.

3.2.3/ LEMAITRE'S MODEL EXAMPLES OF USE

The purpose of this section is to present some examples of using the Lemaitre's model. The work presented is divided into two categories: the first category group works using Lemaitre's model to improve the modeling of damage or failure in material mechanics, and the second category group works using Lemaitre's model to improve the simulation of different manufacturing processes.

3.2.3.1/ DAMAGE AND FAILURE

Lian [START_REF] Lian | A Modified Lemaitre Damage Model Phenomenologically Accounting for the Lode Angle Effect on Ductile Fracture[END_REF] study dual phase (DP) steels consisting of two phases, ferrite and dispersed martensite. They adopted a conventional Lemaitre damage model with isotropic hardening, in order to take into account the softening effect caused by damage adopted and modified in a phenomenological way to account for the Lode angle effect on ductile fracture. The Lode angle expression is : Lode parameter θ L is defined by :

sin(3θ L ) = -3 √ 3 2 J 3 J 2 3/2 (3.17)
Where J 2 and J 3 are respectively the second and third invariant of the stress tensor.

Using the Lode Angle in equation 3.14 it becomes :

Ḋ = Y S s 0 λ (1 -D).µ(θ L ) (3.18)
The Lode parameter sensitivity function is defined by :

µ(θ L ) = γ + (1 -γ) θ L π/6 k (3.19)
where γ is a non-negative material constant and k is a shape parameter of the Lode parameter sensitivity function.

In order to calibrate material parameters in the modified Lemaitre's damage model and validate the model under different stress states, a series of flat notched dog-bone specimens with various notch radii are designed to achieve the different stress states. Then FE element simulations are performed with von Mises, Lemaitre's and modified Lemaitre's (also known as PLA-Lemaitre's) models and compared with experimental results. As seen in Figure 3.3 very good predicative accuracy is achieved.

A similar approach is used by [START_REF] Cao | A Lode-dependent enhanced Lemaitre model for ductile fracture prediction at low stress triaxiality[END_REF] to predict the ductile fracture at low stress triaxiality and shear-dominated loadings. As explain in the publication: under sheardominated loading, the stress triaxiality is zero or slightly positive, Lemaitre's damage variable still increases but slower, since it is based principally on the stress triaxiality evolution. The use of this model in shear-dominated and complex forming processes may lead to inaccurate damage localization prediction. The influence of the third stress invariant (J 3 ) in ductile fracture has been proved and is widely accepted nowadays. For this reason, the Lemaitre's model is improved by incorporating the influence of the third stress invariant represented by the Lode's parameter in its formulation. As seen on figure 3.4 and 3.5, this modification on Lemaitre's model improves the accuracy of the results. Partial contribution of compression stress states results in a delayed crack initiation for the material. The simulation with crack-closure parameter h = 0.2 matches well with the required maximum force value and the fracture initiation point. This value is similar to the typical values mentioned for metallic materials . [Bahloul, 2011] sought to model and optimize the sheet bending process by means of numerical simulation. The idea is to propose a numerical procedure allowing the definition
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of the optimal values of process parameters in flanging operation, which minimizes the residual stresses and the material damage at the end of the bending phase.

The numerical simulation of the damage evolution has been modeled by means of continuum damage approach. The Lemaitre's damage model taking into account the influence of triaxiality has been used. An experimental design coupled with a surface response method is used in order to optimize the tool geometry (thickness (t), die radius (Rd) and punch-sheet clearance (J)) regarding damage and stresses. Concerning the damage results are illustrated in Figure 3.8, it is higher when die radius decreases for a given clearance value. The lower values are located at the inner layer where stress state is Figure 3.8: Response surface for maximum damage in terms of die radius, clearance and thickness [Bahloul, 2011].

compression. This study confirms that the worst bending conditions were found for the less die radius values independently of used clearance. Thus, maximum damage reaches the critical value; cracks start and then propagate within the sheet thickness. Therefore, it is interesting to note that in the same conditions, numerical simulation coupled to ductile damage is showed to be satisfactory to predict correctly the failure risks. It can be noted that damage localization seems to be more sensitive to die radius variation than the clearance variation.

[ Wang et al., 2017a] 

3.2.4/ GURSON'S MODEL

Gurson's models are based on the approach of mechanics of porous media [START_REF] Jeridi | Comparative study of continuum damage mechanics and mechanics of porous media based on multi-mechanism model on polyamide 6 semi-crystalline polymer[END_REF]. Standard material model (such as Von Mises) uses plastical incompressibility as hypothesis. Considering that damage mechanics and ductile fracture demonstrate void and these voids come across each other until fracture of material, [Gurson, 1977] proposed to model the damaged material by assimilating to a material with porosity. In contrary to Lemaitre model that falls into the phenomenological model, Gurson's is in the micro mechanical model category [START_REF] Fansi | Numerical investigation and experimental validation of physically based advanced gtn model for dp steels[END_REF] and the yield function expose the porosity ( f ) by modeling the presence of void inside the material.

F p = σ 2 eqv σ 2 y + 2 f cosh(- 3σ m 2σ y ) -1 -f 2 (3.21)
with:

• f is the volume fraction of porosity

• σ eqv is Cauchy equivalent stress of Von Mises • σ m is average stress: tr(σ)

3

• σ y is the initial yield stress in the material without porosity Under this original form, Gurson model represents the growth of void, hollow and void sphere surrounded by plastic and isotropic material.

3.2.5/ GTN MODEL

Gurson's original model has a tendency to overestimate the ductility. In order to improve the results and consider interaction between cavities, the concept of nucleation is added. [Tvergaard, 1982] introduced new parameters q 1 , q 2 and q 3 .

F p = σ 2 eqv σ 2 y + 2q 1 f cosh(- 3q 2 σ m 2σ y ) -1 -q 3 f 2 (3.22)
The values of q 1 , q 2 and q 3 depend to the material and loading type. Herewith are the values that frequently quoted in the reference, such as by [START_REF] Besson | Modeling of crack growth in round bars and plane strain specimens[END_REF] and Hamon [Hamon, 2010]:

q 1 = 3 2 (3.23)
As for q 2 , the following table resume some commonly used values:

Type of test q 2 monotone 1 cyclic 1.02 low cycle number 0.82
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Correspondingly, Tvergaard propose

q 3 = q 2 1 (3.24)
Later, Tvergaard and Needlman [START_REF] Tvergaard | Effects of nonlocal damage in porous plastic solids[END_REF] introduced cavity coalescence notion with:

F p = σ 2 eqv σ 2 y + 2q 1 f * cosh(- 3q 2 σ m 2σ y ) -1 -q 3 f * 2 (3.25)
where f * is defined by:

f * = f si f ≤ f c f * = f c + δ( f -f c ) si f > f c (3.26)
δ is the porosity acceleration growth:

δ = f u -f c f F -f c (3.27)
with f c the value of void's volume fraction at the beginning of coalescence, f u the porosity's volume fraction at the moment where a fracture appears and f F the fraction for which the material is breakdown. i.e. it loses all resistance.

It is necessary to identify the 8 parameters to determine this model completely:

Parameter Definition q 1
Material Parameter q 2

Material Parameter q 3

Material Parameter f 0

Initial volume fraction of porosity f c

Volume fraction of porosity at the moment of coalescence f u Volume fraction of porosity at the moment of fracture f F Volume fraction of porosity at the moment of material breakdown δ acceleration of porosity growth

These parameters are sometimes complicated to identify and may required tensile test with tomography measurement. This identification may also based on numerical simulation. This model is generally called GTN model from Gurson-Tvergaard-Needleman.

[ [START_REF] Ueda | In situ laminography study of three-dimensional individual void shape evolution at crack initiation and comparison with Gurson-Tvergaard-Needleman-type simulations[END_REF]] conducted a study of fracture mechanism and evolution of porosity on an aluminium AA2139 T3 thin sheet with thickness of 1 mm. This analysis was done by performing stepwise monotonic loading, which was applied between different synchrotron-radiation computed laminography scans. The results, illustrated in Figure 3.9, showed that GTN model has a tendency to overestimate the porosity growth by anticipating the appearance of coalescence.

The GTN model includes a certain limitations:

1. The voids are considered as spherical.

2.

The matrix is considered as isotropic.

3.

The plasticity is considered as perfect. Different researches have made some improvement to GTN model in order to respond to the aforementioned limitations. [Madou et al., 2012a] et [Madou et al., 2012b] developed a model using elliptical voids, while [START_REF] Besson | An extension of the Green and Gurson models to kinematic hardening[END_REF]] and [START_REF] Morin | A gurson-type layer model for ductile porous solids with isotropic and kinematic hardening[END_REF] introduced isotropic and kinematic work hardening for matrix' component. Influence of work hardening type is illustrated in Figure 3.10. In this case, we may note that Besson used [ [START_REF] Hosseini | Theoretical FLD Prediction Based on M-K Model using Gurson's Plastic Potential Function for Steel Sheets[END_REF] presented a new analytic method based on Gurson's model and M-K (Marciniak and Kuczynski) model to predict localized necking and trace FLC (forming limit curve). The results, as shown in Figure 3.12, are satisfactory and FLC are well predicted. • Gurson's model generates progressive decreasing force, while Lemaitre's expresses sudden drop when the punch reaches fracture penetration which is more realistic.

• Processus description from elastic to fracture is describe more realistic with Lemaitre's Damage (LMD) model.

• With model LMD, fractures initiate near the tool's cutting edge and propagate to the tool's displacement direction until fracture. On the contrary, Gurson's fracture initiate outside the zone where the shear takes place, which is less realistic.

• Regarding elastic springback, the results with LMD model are in concordance with experimental data.

In this context, Hambli supposed that not only by employing Lemaitre's model gives better result, but during blanking the material is subjected to shearing and that Gurson's model has some difficulties to calculate accumulated damage in shearing which might lead to the result as presented in Figure 3.13.
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59 Figure 3.13: Displacement vs punch penetration [Hambli, 2001] 3.3/ FORMING LIMIT DIAGRAMS One of the most important metal-working operations is sheet metal forming, since it is widely use in automobile industries for its result that creates the shape, finish and performance of the end product. So many of car body parts are manufactured using metal forming process: roof, doors, trunk, hood, pans (floor pan, trunk pan), fender, firewall (separation wall between engine part and passenger compartment), body side outer panels, rockers (structural designated panels along the side of the vehicle that connect the front and rear wheel, below the door), front and end modules [Omar, 2011]. Upon forming the material, one important phenomenon to aware is its limited formability. Therefore a thorough understanding of the deformation of material its limit is very important from the scientific/engineering viewpoint and also from an economic point of view.

During sheet metal forming operations, necking occurs which is terminated by final separation or fracture. After necking initiates, material deformation concentrates in this localized region, while the deformation in the homogeneous region disappears. Therefore the localized necking is an important phenomenon to determine the magnitude of deformation that can be imposed on a workpiece. Since forming process is limited by the appearance of necking, Forming Limit Diagram (FLD) is used to evaluate the formability of sheet under different mechanical sollicitations by giving representations of boundary between the safe and unsafe domains in regards to deformation.

3.3.1/ DEVELOPMENT OF FLD [Gensamer, 1946] was the first researcher who performed the analysis of local strain phenomena and published a formability diagram that may be considered as a predecessor of FLD.

First FLD was initiated by [START_REF] Keeler | Plastic instability and fracture in sheets stretched over rigid punches[END_REF] with a study of failure in biaxially stretched sheets. The main discovery was that the largest principal strain, before any localized thinning in a sheet, increased with the increasing of biaxiality degree. Later, [Keeler, 1965] explained about material properties' effect on strain distribution in biaxial stretching of 60 CHAPTER 3. DEFECTS AND DAMAGE IN SHEET MATERIAL FORMING sheet metal: with n (material work-hardening exponent) is higher, strain distribution will be relatively homogeneous. While materials with lower n develop sharp strain gradients and the deformation concentrates in a very small region -causing premature failure. A diagram of principal strain space separates safe strain states from critical states which would lead to material failure; FLD shows the combination of major and minor in-plane principal strains beyond which failure occurs.

[ [START_REF] Marciniak | Limit strains in the processes of stretch-forming sheet metal[END_REF] observed the fact that during the deep drawing of mild steel and plastic materials, fracture of sheet metal occurs after preceded by sheet metal's loss of stability. In the part that looses the stability, thinning/necking occurs, while outside this region the sheet metal undergo unloading or decrease of plastic strain.

Further development was done by [Goodwin, 1968] on FLD of mild steel for most stamping processes, later known as Keeler-Goodwin diagrams (FLDs for carbon-steel stamping).

On the same year [Nakazima K., 1968] developed the experiment to evaluate formability of sheet materials with hemispherical punch test. This test features straight strips of metal sheet having various widths, clamped by a circular die and punched transversely.

Working with aluminum, [Hecker, 1975] extended Keeler's methodology by improving the lubrication on the contact surface between punch and specimen. During his experiments Hecker uses hemispherical punch. Later, [START_REF] Hasek | Untersuchung und theoretische beschribung wichtiger einflussgroessen auf das grenzformaenderungsschaubild[END_REF] improved Nakazima test by introducing arc cutouts to the specimen to have the fracture occurs closer to the center.

3.3.2/ DEFINITION

The forming limit diagram (FLD) or forming limit curve describes a local process, necking and tearing, that is a curve of material property dependent on the strain state, but not on the boundary conditions. The objective of sheet metal process design, is to ensure that strains in the sheet do not approach this limit curve. For the process to be robust and able to tolerate small changes in material or process conditions, a safe forming region can be identified that has a suitable margin below the limit curve. Different materials will have different forming limit curves [START_REF] Marciniak | Mechanics of Sheet Metal Forming[END_REF].

There is a standard handling "Metallic materials -sheet and strips -Determination of forming-limit curves" under ISO 12004 norm. This standard regulates the measurement and application of forming-limit diagrams in the press shop (part 1) and the determination of forming-limit curves in the laboratory (part 2).

Part 1 consists of measurement and application of forming-limit diagrams in the press shop by analyzing the strain of pressed parts in the related workshop that achieve fracture. The FLC depends on the material geometry and the forming conditions. This part of documentation gives the guidelines to establish the FLD and FLC of sheet metals with thickness from 0.3 mm to 4 mm. Major and minor strain measurements are performed by the elongation of a grid in the primary and secondary direction (round or square grids are presented as choice). Guidelines regarding testing conditions (clamping force, base length etc.) as well as operating procedure are given.

This part of standard gives a freedom regarding the form of the specimen, type of testing machine (universal tensile testing machine, stamping press, embossing press, hydraulic machine and their combination or any other equipment that is capable of holding the
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specimen and enable to apply a force to generate plastic strain on the zone further from the edge) and with limited calculation and interpretation of results.

Part 2 which elaborates the determination of forming-limit curves in the laboratory, handles the FLC acquisition with laboratory conditions, that means FLC must be obtained by using different linear strain paths that describes the strain limit of a material after a certain heat treatment for a certain thickness. The difference between guidelines of experimental method described in this part to the experiment performed during this research project will be presented on the next chapter.

In this part some elements are specified: First, the specimens. The standard is dedicated to specimen with thickness of 0.3mm to 4mm. General geometry of specimen is given in Figure 3.14 with the calibrated central section length should be 25% longer than diameter of punch. The radius should be varied to obtain different sets of primary and secondary strain. The specimen may be manufactured by any possible mean as long as it ensures no fracture will initiate from the edge. According to standard, to describe a complete FLC we need at least 5 different geometries by looking for a uniform distribution of uniaxial tensile to biaxial expansion. For each geometry, it is required to obtain at least 3 valid tests.

Second, the measurement grid of the strain. Different type of grids are made possible for strain measurements: deterministic (squares, rounds, points) or stochastic. The grid must present a good contrast. In the case where stochastic pattern are produced by spray paint, the adherence of the paint must be ensured after deformation.

The standard proposes a black pattern on a white background. Details regarding the deterministic pattern will not be presented since it is not used during our tests.

The standard also specifies the following testing equipment and conditions:

• Punch speed between 1 and 2 mm/s.

• Blank holding force must be sufficient to ensure the linearity of strain path. • Testing temperature is between 18°C and 28°C.

• Primary direction of all specimen must be at the lowest strain limit and on the same as rolling direction.

• Contact zone on the surface of the punch must be polished.

• Punch and die must be realized using hardened steel.

• Test must be stopped at any appearance of fracture (visual detection or drop of force).

• All adapted equipment for grid measurement is accepted; uncertainty of measuring equipment must be less than 1% of measured length. The camera and software that enable total measurement with precision higher than 2% on the base of 1 time standard deviation are recommended.

The standard specifies Nakazima and Marciniak as the normalized test. Tools dimensions are given Table 3.2.

The standard identifies three cases and proposes three different analysis methods for measurement with cameras. The first two methods (AM1 and AM2) are offline methods; which means analysis is realized after testing, outside the forming machine. Third method (AM3) is an online analysis method (direct measurement during test on the forming machine).

AM1 proposes a play mode analysis after testing offline to forming machine (by using a known deterministic grid). AM2 proposes a play mode analysis before and after testing but offline to forming machine. AM3 consists of using fix cameras on the machine and recording series of images from the beginning of the test, that is suitable for measurement analysis to identify the last step before fracture and orientation of the extracted profile. AM3 is the approach that is used during our testing, thus will be further explained.

For profile analysis and measurement of primary strain ( 1 ) and secondary ( 2), the standard requires a specific method in order to subtract point measurement in the necking zone:

• Define the position and the length of initial section to observe. In brief, at least 3 straight line measurement should be perpendicular to the fracture and contain at least 10 measurement points.

• Use an objective mathematical criterion to define the necking zone. On the image before the fracture we should establish fracture position by using quadratic fitting type f (x) = a.x 2 + b.x + c. The maximum of parabolic determine the position of the fracture. Following to the analysis we should however exclude an interval of at least 5 measurement points and 8 mm around fracture.

• Next, the second derivative of 1 should be calculated on each side of the fracture and determine the highest peak of the second derivative and repeat the operation using a mean second derivative of 5 points. If both calculation give similar results then the highest peak is taken as internal limit of analysis interval, otherwise it is defined at 3 mm from the fracture.

• As fitting window on each side of the necking is set, now we must realized a fitting by uniting both window using an inverse parabolic f (x) = 1 a.x 2 +b.x+c . Strain values on the position of the fracture will be the value of primary strain 1 . Same method is used on the reading of 2 .

A resuming flowchart of this method is presented in annex A.1. During our experiments we made some adaptation to specimen size and material to define our FLD that corresponds to different grain size.

Last part of the standard describes the type of documentation to deliver and report to write Different examples can be found in the literature where friction doesn't lead to fracture on the center of specimen, an example is proposed in [START_REF] Hsu | Development of Forming Limit Diagrams of Aluminum and Magnesium Sheet Alloys at Elevated Temperatures[END_REF] as illustrated in Figure 3.15. • The chosen moment to define the appearance of necking or fracture of specimen can highly influence the obtained result. The result may be improved by using optical measurement (stereo correlation).

• The tests for obtaining FLD are sometimes very distant compare to industrial forming processes, thus loading condition are barely accurate.

Test are normally performed at constant punching speed which generate a non-constant deformation rate during testing. For material that is sensitive to deformation rate, it may result in errors on obtained FLD. Different studies show the impact of deformation rate on FLD such as by [START_REF] Doubek | The effect of forming history and strain rate on forming limit diagrams[END_REF]]. An experimental equipment is developed to allow the rate to go up to 50 m.s -1 for steels, their FLC are presented in Figure 3.16. [START_REF] Verleysen | Effect of strain rate on the forming behaviour of sheet metals[END_REF], who were also working with TRIP steel, have a different ap-Figure 3.16: FLC obtained at different deformation rate on TRIP steel [START_REF] Doubek | The effect of forming history and strain rate on forming limit diagrams[END_REF] proach by characterizing the material at different rate (with Hopkinson tensile bar) and model the constitutive behavior of the investigated steels using the phenomenological Johnson-Cook (JC) model and the Voce hardening law. The FLDs, which are obtained using the Marciniak-Kuczynski method, are presented in Figure 3.17.
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Figure 3.17: Comparison of static and dynamic FLD on TRIP alloy CMnAl [START_REF] Verleysen | Effect of strain rate on the forming behaviour of sheet metals[END_REF] Some materials for which their forming processes are performed in high temperature e.g. magnesium or aluminum alloy, their FLD are determined accordingly. However, the material used during Marciniak/Nakazima test limits temperature increase. For instance 350°C attained by [START_REF] Li | Biaxial warm forming behavior of aluminum sheet alloys[END_REF] in their study of aluminium alloy formability by punching.

Besides the limitations mentioned above we also faced another challenge, which is the miniaturization for Marciniak's test, thus the choice of Nakazima's test for our experiment.

According to [ISO 12004-2:2008[ISO 12004-2: , 2008] ] for the punch diameter between 75 mm to 125 mm, a carrier blank inserted between the punch and the blank specimen should have a centered hole with diameter of 32 mm to 34 mm. The carrier blank is intended to prevent contact between specimen and punch, while at the same time to ensure the fracture will occur in the correct position and a homogeneous strain distribution. Besides the center hole on the carrier blank, the standard requires the punch to have a connecting radius 1 10 of punch diameter.

Considering the punch diameter used during our experiment is 18 mm, that requires punch connecting radius of 1.8 mm and carrier blank's center hole of 6mm. Besides these requirements, the standard also calls for the drawbead and recommends sand blasting to the carrier blanks on the side towards specimen surface to enhance the friction between specimen and carrier blank.

These requirements are considered to be complicated to achieve for our experiments, especially the centering of carrier blank's center hole to the middle of the specimen. Since 20 years DIC increasingly replaces geometrical measurement (which are electrochemical circle marks as described by [Keeler, 1968]). DIC enables field measurement of the deformation without having any contact with the specimen. In principle, DIC compares a series of grey-scale images before, during and after the deformation of the test specimen, tracks the movement of a group of pixels, called subset or windows, in the region of interest and calculates displacement and strain using similarity function; as shown in Figure 3.19. Figure 3.19: Pixel tracking on specimen [START_REF] Solutions | Constitutive model for engineering materials[END_REF] In DIC, a mesh of small subsets of the image are tracked as the specimen moves and deforms. To perform this tracking, the subsets are shifted until the pattern in the deformed image matches the reference image as closely as possible; this match is calculated by the total difference in grey levels at each point.

Since the camera is intended to follow the movement and deformation of the marker, it is obvious that the pattern applied on the specimen should comply to the following requirements:

• High contrast: black dots on white background or white dots on black background.

• Isotropic: the speckle pattern should not display any orientation to either direction. 

3.3.5/ STRAIN ANALYZING METHOD

There are two methods to analyze the deformation: time-dependent and positiondependent [START_REF] Li | Forming Limit Diagram Determination Using Digital Image Correlation: A Review[END_REF].

3.3.5.1/ POSITION DEPENDENT Also known as cross-section analysis, this method is describe in the standard in case where deformation is measured by DIC. The method studies the strain field at any given moment: especially the strain field before fracture; namely, to study the image before the fracture. That's why the standard advises acquisition frequency of 10Hz in order to position 0.1 second, at most, prior to fracture.

[ [START_REF] Li | Experimental study of FLD0 for aluminum alloy using digital image correlation with modified ISO method[END_REF] used the standard method as a first step to obtain FLD of aluminium alloy AA5754. He highlighted sometimes there is the difficulty to define the correct zone for fitting purpose in order to define the major and minor strain for multiple necking zones, as illustrated in Figure 3.22. He proposed a modification to the treatment defined by the standard to localize the principal necking zone and to limit the fitting in this zone. The result is presented in Figure 3.23.

Figure 3.22: Evaluation results using ISO method [START_REF] Li | Experimental study of FLD0 for aluminum alloy using digital image correlation with modified ISO method[END_REF] 3.3.5.2/ TIME DEPENDENT [Hogstr öm et al., 2009] proposed to follow the standardized method but with additional study of strain field at other moment of the experiment in order to localize the place and the moment where strain concentration takes place. To determine the moment where necking appears, the second derivative (acceleration) of principal strain is calculated.

The first method was proposed by [START_REF] Vacher | Determination of the forming limit diagrams using image analysis by the corelation method[END_REF] by studying the evolution of strain or strain rate during experiments and define the appearance of necking when strain rate reaches zero in most part of specimen, but not in the narrow band where necking occurs. [ [START_REF] Merklein | Time dependent determination of forming limit diagrams[END_REF] limited the area of interest by investigating the point where maximum strain is recorded at the end of experiment, defined 2mm as the zone around this point, then calculated the average strain rate within this zone. The average is calculated for every image recorded during experiment. The maximum of this derivative enables us to locate the necking, as illustrated in Figure 3.24. Figure 3.25 illustrates the different obtained FLD with standardized method and the method developed by Merklein.

[ [START_REF] Wang | Measuring forming limit strains with digital image correlation analysis[END_REF] proposed to detect the necking appearance by studying the surface topography; namely, the height difference between two points: first point is the one where the major strain is the maximum prior to fracture, second point is a point outside the necking zone. Necking appearance is defined by the moment where the height difference between these two points increase rapidly.

3.3.6/ EXPERIMENTAL RESULT

The concept of obtaining FLD is very simple: take the sheet metal we want to characterize, deform it until necking, record the maximum achievable strains before necking. These values then define deformation limits. Applying the limits to numerical simulation should predict if the deformation is safe or not.

Visualization of FLD consist of major strain ( 1 ) versus the minor strain ( 2). The diagram is split into "right side", that was introduced by [START_REF] Keeler | Plastic instability and fracture in sheets stretched over rigid punches[END_REF] only has plots of major and minor strains, and "left side", that was completed by [Goodwin, 1968] with positive major and negative minor strains. Figure 3.26 represents planar strain space for proportional loading combinations of major and minor strains ranging from drawing conditions on the left, plane strain loading on the center and biaxial stretching on the right. 

3.4/ A NEW PROPOSAL

Although FLD is widely known to be used in the automotive industry, the forming processes themselves are not exclusively belong to this industry because many parts in microelectronic components are also manufactured by forming (e.g. connectors, contact springs, leadframes etc. [START_REF] Geiger | Microforming[END_REF]).

We must acknowledge that despite the use of forming processes in micro scale, the standard deals only with thickness no less than 0.3mm. Some challenges are also exist of miniaturization of formability test, such as: miniaturization of Marciniak test, the predom-
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71 inant effect of friction on Nakazima test that produces localized defect. There is also the question if FLD is also adaptable for micro scale, can we apply the same standard to very thin sheet? Is it possible to identify constitutive law for large strain? How to identify the damage law? Is it possible to make a prediction of stress at the end of the manufacturing processes? Moreover, we should also consider the friction as consequence of size effect and contact that makes difficult to characterize FLD by experiment.

It is interesting to be able to go further in material characterization to obtain the constitutive equation which is more suitable for forming processes and also take into account the damage phenomenon in the material. This characterization method was first realized during the PhD study of [Ben Hmida, 2014]. During this project, the incremental forming is developed as a method of material characterization instead of a forming process. With micro ISF, we obtain a very high level of strain with appearance of localized damages. Further work is done to improve the development of incremental forming as a characterization method, to determine more complicated laws in order to predict experimental tests (Nakazima's tests, Marciniak's tests) and to avoid the real tests. We are using instrumented micro ISF method to identify constitutive law. Using the law obtained, we may be able to simulate the Nakazima test and Marciniak test in order to provide FLD.

INTRODUCTION AND MODIFICATION ON THE CHARACTERIZATION METHOD 4.1/ MICRO INCREMENTAL DEFORMATION TESTS

Incremental sheet forming is a rapid prototyping process which uses a forming tool to form a sheet metal according to a predetermined trajectory. In this work, a micro incremental deformation test (Micro InDef test) derived from the principle of single point incremental sheet forming is developed and proposed. A complex mechanical loading is applied and has a strong potential for the identification of inelastic behavior using inverse method.

4.1.1/ INTRODUCTION

Numerical simulations of sheet forming are widely used in the areas of research and development. These simulations have become an indispensable tool in product design to improve both performance and quality, as well as reducing costs. To master the numerical modeling is a preliminary step to optimize processes and to understand complex phenomena. However, the quality of numerical simulations depends on input data accuracy, i.e. boundary conditions, loading conditions, constitutive law, and material parameters.

Regarding thin sheet metal, constitutive law identification is often performed by using classical characterization tests, i.e., tensile, bending, and shear tests. The strain level reached with these tests is limited (e.g. for the material we use in this study: 50% for tensile test) and does not represent the complex and large deformations that occur during metal forming operations. The characterization of the material behavior with these tests is thus insufficient for accurate forming processes prediction.

Previous studies have shown that the accumulated plastic strain threshold and the damage evolution can be identified using repeated tensile loading [START_REF] Lemaitre | Mechanics of Solid Materials[END_REF].

It is satisfactory for the applications at moderate plastic strain levels (r < 30%) on metal sheets having thicknesses greater than 1 mm. [START_REF] Abbassi | Parameter identification of a mechanical ductile damage using artificial neural networks in sheet metal forming[END_REF] The detection of Young's modulus variation during tensile tests using current technology is impossible due to the specimen thinness and strain localization at about r=30%. For this test, the softening part of load-displacement curve is due to damage growth and necking. Consequently, the information contained in load-displacement curve is too poor to identify damage parameters and this will be confirmed later by the identifiability analysis.

[ [START_REF] Shim | The formability of aluminum sheet in incremental forming[END_REF] have shown that an incremental deformation depends on the forming strategy and can reach an accumulated plastic strain two to three times higher than traditional stamping processes. [START_REF] Park | Fundamental studies on the incremental sheet metal forming technique[END_REF] have assessed the formability of an aluminum sheet under various forming conditions. They have shown that the incremental deformation of sheet with highly non-monotonic serrated strain paths, can undergo higher plastic deformation than traditional sheet metal forming.

This high formability can be explained by the fact that the deformation concentration region moves along the position of the contact tool/sheet. The tool moves before reaching the fracture strength of the sheet. This phenomenon prevents the development of necking and delays the failure of the blank. This advantage allows a great deal extraction of information about the material in very large strain. Therefore, we will use Micro InDef test to calibrate the ductile damage model by using the finite element updating method. The coupled damage-plasticity constitutive law used in this study is Lemaitre's type.

4.1.2/ MICRO INDEF PRINCIPLE

The developed Micro Incremental Deformation (Micro InDef) test is a test that deformes locally a clamped blank using a hemispherical tool. The advantages of this test are, the magnitude of deformation achieved is considerably large and it can be performed on a CNC milling machine, where the deformation path can be varied easily. These characteristics are also known for incremental sheet forming (ISF), considering the Micro InDef test reproduces the same procedure but with different goal. Moreover for the Micro InDef test, a dynamometer is used to measure the forming force. While ISF aims to form the sheet without the need of dedicated dies or specific tooling, Micro InDef test's objective is to use the large and complex deformation to obtain the material's parameters.

The deformation process and forces evolution during the abovementioned procedure are already well known. [Jeswiet et al., 2005b] and [START_REF] Emmens | An overview of stabilizing deformation mechanisms in incremental sheet forming[END_REF] mentioned the localized deformation where the area of plastic strain is moving along the tool's incremental path on the material. [START_REF] Jackson | The mechanics of incremental sheet forming[END_REF] found experimentally that the occured deformation is a combination of bending, stretching and shear which increases during the successive laps. With the greatest strain component is shear in the tool direction, while perpendicular to the tool direction -stretching and shear have the same magnitude.

[ [START_REF] Vollertsen | Size effects in manufacturing of metallic components[END_REF] have given a review on size effects and their potential use via the description of their influence on the formability and on the forming processes.
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77 [START_REF] Hmida | Influence of the initial grain size in single point incremental forming process for thin sheets metal and microparts: Experimental investigations[END_REF] have investigated these phenomena by studying the influence of the initial grain size on the forming forces. They found that the axial force decreases with increasing grain size, which is in agreement with the Hall-Petch effect ( [Hall, 1951], [Petch, 1953]).

Furthermore, several studies have shown that the force predictions made from finite element (FE) simulations of incremental sheet deformation are sensitive to material parameters. With FE simulations, [START_REF] Henrard | Forming forces in single point incremental forming: prediction by finite element simulations, validation and sensitivity[END_REF] have observed that the force prediction is highly sensitive to constitutive law and material parameters. [START_REF] Duflou | Laser Assisted Incremental Forming: Formability and Accuracy Improvement[END_REF] found that the axial forming force is the dominant force and is close to the total force.

For all these reasons we decided to use the axial force as data for inverse problem approach. This approach proposes to determine constitutive parameters from the measured response data, namely, using the finite element model updating (FEMU) method. Early attempts to use this approach have been presented by [START_REF] Kavanagh | Finite element applications in the characterization of elastic solids[END_REF]]. The objective is to minimize the gap between a result response of a finite element simulation and the measured quantity. Several studies have used local measurements response, such as the displacement fields, e.g., [Pottier et al., 2011a] have applied the FEMU method, using digital image correlation data, to identify the parameter set of an anisotropic elastic-plastic model. The full-field data are experimentally obtained from three geometries exhibiting increasing strain field heterogeneities. Several authors have applied this method using global measurements response, such as reaction force and torque. In this context, [START_REF] Gelin | An inverse method for determining viscoplastic properties of aluminium alloys[END_REF] have used this technique to determine viscoplastic material parameters of an aluminum alloy from a plane strain compression test. Later, they applied this method to identify the elastic plastic constitutive law parameters using tensile tests in a first step and a deep-drawing test in a second one [START_REF] Ghouati | Identification of material parameters directly from metal forming processes[END_REF]).

Moreover, [START_REF] Yoshida | Identification of material parameters in constitutive model for sheet metals from cyclic bending tests[END_REF]] have successfully identified elastic plastic parameters for sheet metal using an inverse method from cyclic bending tests. The identification problem is formulated as an optimization problem where the function to be optimized is an error function that expresses the difference between numerical simulation and experimental data (FEMU). In the instrumented Micro InDef test, the global forming measurement force is used to characterize the material behavior of thin sheets under complex loading conditions. The identification of a ductile damage model is carried out. It should be noted that the main goal of Micro InDef test is to identify a mechanical behavior (hereto a Lemaitre type behavior), and not to simulate incremental forming process. A calibration procedure is proposed to estimate the associated material parameters using the FEMU method.

Then the Micro InDef test of different tool path is realized to validate the inelastic behavior. Finally, a practical identifiability analysis via an index based on the forming force sensitivity is performed to quantify the information richness of forming forces measurement.

4.1.3/ MATERIAL CONSTITUTIVE MODEL

The material constitutive model is presented in Part 1, chapter 3 in Section 3.2.2. The material parameters for elasticity, plasticity, damage and fracture are reminded in The selected material for this study is a single-phase copper foil with an initial thickness of 210 µm. The chemical composition of the copper alloy is as follows: Cu (99.9%) and Fe (0.1%). The material is annealed at 400°C during 30 minutes to eliminate the effects of rolling texture and to refine the structure by making it homogeneous. The average grain size after annealing is equal to 17 µm.

The elastic parameters obtained from ultrasonic characterization are 100 GPa for the Young Modulus and 0.31 for the Poisson's ratio. These values are in good agreement with literature data.

Uniaxial tensile tests were conducted on flat specimens having a rectangular cross section (0.21mm x 5mm) and an initial gage length of 15 mm. Specimens were cut from a metallic strip with a width of 34 mm, in three directions: 0°, 45°and 90°with respect to the rolling direction. The specimen was elongated up to fracture, and the true stress-strain curve was obtained for the three orientations (0°, 45°and 90°).

The stress-strain curves show small deviations, as presented in Figure 4.1a. The three Lankford coefficients (r0, r45 and r90) are measured at 20% of strain. The calculated normal anisotropy R N and the planar anisotropy coefficients are R N =0.955 and δ R=-0.12, respectively. These results demonstrate that the material can be considered isotropic. Three tensile tests with different strain rates ε : (10 -1 /sto10 -3/s) were carried out to study the influence of strain rate on the sheet metal plastic behavior. It is found that the strain rate does not have a significant impact on the material mechanical behavior, as shown in Figure 4.1b. Only a slight increase in the stresses with the strain rate is observed (3%).

The sensitivity to the strain rate is therefore not considered.

To obtain realistic and predictive simulations, reliable values of material parameters must be introduced in the behavior law. For that reason, an estimation and validation procedure will be proposed to identify the ductile damage model parameters. The main idea is to compare an experimental Micro InDef test and a numerical version (FEM) of the same test. More accurately we compare the experimental and the numerical forming forces on the spindle axis (noted Z axis). The material parameters are estimated in order to minimize the difference between these two forces.

As shown in Figure 4.2, the procedure is divided in 2 steps. First step (initialization) is the identification of the elastic and plastic parameters by comparing results between tensile testing and modeling. The result of first step is then used as input data for the second step (estimation), which is identification of plastic and damage parameters by comparing forming forces between Micro InDef testing and modeling.

Step

1: Tensile Test

The first step comprise of experimental and numerical procedure. On the experimental procedure, uniaxial tensile tests are performed on flat specimens, which are generally cut from a metallic strip. All tests are performed at room temperature and quasi-static speed condition using an MTS electro-mechanic testing machine. The measurements of the elongation δl were performed using a laser extensometer (4.3). The specimens are elongated up to fracture, and the true stress-strain curve is obtained. Three tests are conducted in such a way to minimize experimental deviation.

A finite element parametric model is used to simulate tensile test. The specimen is meshed by 4 nodes quadrilateral shell elements in order to decrease the computational time. For this test, the left boundary is fixed while the right boundary is moved in the x-direction, as shown in Figure 4.4 . The total reaction force is calculated by summing all nodal forces in tensile direction at the fixed end. The first step is dedicated to determine the initial hardening parameters set (σ y0 , Q 0 , b 0 ) by using tensile test. In the first approach, this step is necessary to start the identification (step 2) from a physically solution and to reduce the computation time. The determination of the initial hardening parameters for the tensile test is realized using the FEMU method. Then, the numerical reaction force is compared to the experimental measurement and the hardening parameters are adjusted iteratively using an optimization algorithm. In order to avoid the necking phenomenon, only the experimental data until 23% of deformation are considered. In the current study, the cost function ω 1 (θ θ θ 1 ) is defined as the gap between the measured tensile force F E (t), and that obtained through the simulation, F N (θ θ θ 1 ,t).

ω 1 (θ θ θ 1 ) = 1 N 1 N 1 i=1 F E (t i ) -F N (θ θ θ 1 ,t i ) 2 (4.1)
Where N 1 =600 is the number of experimental points (until 23%), which is equally distributed over the time interval [t 1 ,t N1 ], and θ θ θ 1 is the vector of material parameters. The inverse method calibrates the three hardening parameters, θ1 = T ( σy , Q, b) which minimize this cost function. The minimization problem can be written formally as:

θ θ θ 1 = arg min θ 1 ∈[θ - 1 ,θ + 1 ] ω 1 (θ θ θ 1 ) = θ1 = T ( σy , Q, b) (4.2)
Where θ - 1 and θ + 1 are the minimum and maximum limits of the material parameters. A constrained optimization algorithm based on the Levenberg-Marquardt method ( [Levenberg, 1944] , [Marquardt, 1963]) is used to solve the problem described by Equation 4.2 in the MIC2M software [START_REF] Richard | Mod élisation et identification du comportement m écanique des mat ériaux[END_REF].

Step 2: Micro Incremental Deformation (Micro InDef) test

The Micro InDef testing device, illustrated in Figure 4.5.a., is composed of a fixed die support, a modular die, a fixed blank holder clamped to the die using screws and a forming tool with a radius of 1 mm (hemispherical end tool). The lubrication of the sheet/tool interface (water/oil mixture) is used to improve the sheet formability and to minimize frictions effects.

The tool moves with a constant feed rate of 500 mm/min and rotates with a constant speed rate of 1000 rpm to ensure the spindle integrity and reduce the effects of friction. A 3-axis micro-milling CNC Machine (KERN) is used and the forming forces F exp are acquired by using a 4-axis dynamometer (Kistler 9272), as represented in Figure 4.5.b.

In the case of conventional incremental sheet forming this approach was used by [ [START_REF] Duflou | Laser Assisted Incremental Forming: Formability and Accuracy Improvement[END_REF] and [START_REF] Ambrogio | A force measuring based strategy for failure prevention in incremental forming[END_REF]] and micro-SPIF by [START_REF] Hmida | Influence of the initial grain size in single point incremental forming process for thin sheets metal and microparts: Experimental investigations[END_REF].

As for the tensile ones, each test is repeated three times to ensure its reliability.

Pyramidal shape, with a draft angle α, is used to perform the Micro InDef test. The geometrical definition of this shape is given in Figure4.6.

A particular attention is given to generate the tool path required to induce plastic deformation of the material and collect as much information as possible. Indeed, two approaches are used: the helical paths (continuous path) and the constant Z-level one (discontinuous path). Both strategies are illustrated in Figure 4.7.

A fully parametric toolbox, programmed in MATLAB language, has been developed to prepare the input files necessary for Micro InDef test's simulation (mesh, boundary, load and initial conditions, material behavior). This numerical toolbox was completely detailed and validated in the study proposed by [START_REF] Thibaud | A fully parametric toolbox for the simulation of single point incremental sheet forming process: Numerical feasibility and experimental validation[END_REF]. The associated finite element mesh is presented below in Figure 4.8.

The blank is meshed with 8-nodes fully integrated solid elements and tools with 4-nodes rigid shell elements. To better predict the combined stress states (tension, bending, through-the-thickness shear TTS), two, three, five and ten elements in the blank thickness are tested. Starting from three elements, no significant difference in terms of stress (TTS) and forming forces are noted. Three elements are then considered in the blank thickness (6 integration points through the thickness). 120 elements are imposed upon the length and width to discretize the blank with a total of 43200 solid elements.

The tool and the blank are modeled with the same geometrical parameters as in the experimental test. During simulation tests, the sheet is clamped along its edges, i.e. each node of the contour is fixed. The LS-DYNA software with an explicit integration method is used to simulate the Micro InDef test. To decrease the computational time, the virtual simulation time is scaled down by a factor of 125, in which the ratio of kinetic energy to the total internal energy can be controlled within 1% to ensure a quasi-static forming process. Finally, a virtual simulation time of 0.2 s, equivalent to a tool feed rate of 1200 mm/s, has been selected. The friction law chosen to simulate the tribological behavior at the interfaces between tools and the blank is a Coulomb's friction law, with a friction coefficient equal to 0.2. This choice derives from studies proposed by [START_REF] Thibaud | A fully parametric toolbox for the simulation of single point incremental sheet forming process: Numerical feasibility and experimental validation[END_REF] on the influence of friction on forming forces level.

From the numerical point of view, when damage variable has higher value than critical damage (D > D c ) in an integration point of an element, it is deleted from the mesh. In the case of fracture prediction, the mesh density is determined to be sufficient for the process simulations. However, for a study of the crack propagation it will be necessary to increase locally the mesh density and to introduce another numerical method, such as the eXtended Finite Element Method (X-FEM) proposed by [Mo ës et al., 1999]. This step consists of simulating a Micro InDef test, whose results (forming force) are sensitive to material parameters. These material parameters are the ones to adjust. The test is first simulated with a set of initial parameters, considered to be physically acceptable. Then, numerical results are compared to experimental measurements and the material parameters are adjusted iteratively using the same optimization algorithm as on tensile test. The inverse analysis is then performed using the smooth profile to avoid the signal noise of the z-axis forming force without any loss of information.

The values of plastic parameters (σ y0 , Q 0 , b 0 ) identified from tensile test are introduced as the initial values in this second step. The initial values of the accumulated plastic strain threshold p ( D 0 ), the damage strength s 0 and the damaged material constant t 0 are introduced from the literature.

Here, the cost function ω 2 (θ θ θ 2 ) is defined as the gap between the axial forming forces 4.2. IDENTIFICATION AND IDENTIFIABILITY METHOD 85 obtained through the experiments F ZE (t) and those obtained through the simulation, F ZN (θ θ θ 2 ,t) of Micro InDef test with the helical strategy.

ω 2 (θ θ θ 2 ) = 1 N 2 N 2 i=1 F ZE (t i ) -F ZN (θ θ θ 2 ,t i ) 2 (4.3)
Where N 2 =1000 is the number of experimental points, which is equally distributed over the time interval[t 1 ,t N 2 ], and θ 2 is the vector of material parameters. Six parameters associated with plasticity and damage mechanisms θ2 = T ( σy , Q, b, pD , Ŝ , ŝ0 ) which minimize this cost function, are thus estimated. The critical damage parameter D c is estimated after the minimization procedure by detecting the moment of the experimental fracture.

For each iteration of the calibration procedure, if n represents the number of parameters to identify, it should be performed at least n+1 simulations. This is necessary to fulfill the optimization algorithm requirements. Due to the significant size of the problem and the stability condition associated with the explicit algorithm, simulation time holds an important role, for this study one simulation requires approximately 8 hours. The massively parallel processing (MPP) version of LS-DYNA is used with 16 processors to decrease the computational time.

4.2/ IDENTIFICATION AND IDENTIFIABILITY METHOD

4.2.1/ IDENTIFIABILITY METHOD

A validation procedure is carried out to verify the quality of the calibrated model. Firstly, experimental part geometry is compared to the one obtained from the finite element simulation. The experimental part is digitalized using a non-contact 3D laser scanning system (Steintek Mobilescan 3D) in high resolution mode. This optical method provides a high density of measured points (more than 100,000) with a resolution of less than 0.01 mm and an accuracy of 5 µm. The comparison with numerical shape requires the extraction of the outer surface mesh. The experimental data (measured points) are then compared with this outer mesh using inspection software (Geomagic Qualify). The four validation tests are done, as presented in Figure 4.9.

The coupled damage-plasticity model identified with helical strategy and pyramidal geometry, using the procedure defined previously, is used to simulate: 1) A pyramidal-shaped part using the Z-level strategy. In this case, the forming path and the strain mode are different compared to the helical strategy. Consequently, the strain mode represented by the triaxiality factor is different for both forming strategies.

2) A conical shaped part using both forming strategies (helical and Z-level strategies). The geometric dimensions of this new shape part are chosen in such a way that a fracture occurs. It is then possible to validate all the material parameters including the critical damage parameter D c . 3) A line test: the principle consists of locally deforming a blank, following a dedicated path. The initial tool position is tangent to the sheet's top surface and then follows the path described in Figure 4.10. Similar test has already been reported by [START_REF] Henrard | Forming forces in single point incremental forming: prediction by finite element simulations, validation and sensitivity[END_REF] and [START_REF] Bouffioux | Experimental and numerical study of an almgsc sheet formed by an incremental process[END_REF]. Finally, the results in terms of forming 

Quantification of information richness from forming force

An identifiability analysis should be systematically conducted to ensure the parametric identification problem is well-posed, FEMU method robustness and physical significance of the parameters. This analysis uses a scalar criterion, based on the forming force sensitivity vectors' collinearity and norm. It allows to quantify information richness and all parameters' subset identifiability. This type of analysis has already been applied in other disciplines that develop overparameterized models, e.g., [START_REF] Brun | Practical identifiability analysis of large environmental simulation models[END_REF] and [Gujarati, 2004] for the environmental simulation models and econometrics, respectively. Recently, [START_REF] Richard | Viscoelastic modeling and quantitative experimental characterization of normal and osteoarthritic human articular cartilage using indentation[END_REF] employed this technique to ensure the identifiability of viscoelastic behavior from instrumented spherical indentation test. A criterion based on axial forming force sensitivity, is used to measure the parameter identifiability of the coupled damage-plasticity constitutive law. To be locally identifiable, a parameter subset has to satisfy two conditions. First, the model output F ZN (θ 2 ,t) has to be sufficiently sensitive to individual changes of each parameter. Second, the collinearity of the dimensionless sensitivity functions of F ZN (θ 2 ,t) to material parameters has to be sufficiently low. These two conditions are quantified using a scalar identifiability index. In general, sensitivity analysis is defined as the method of providing the influence of optimization parameters variation (material, loading, geometry...) on the response of finite element analysis (force, displacement, stress, strain...) via constitutive material model's integration. The purpose is to determine the sensitivity of axial forming force numerical simulation during Micro InDef test for various input material parameters. The parameter sensitivities are computed using the backward finite difference method. The components of the dimensionless sensitivity matrix S are mathematically defined by:

S i j = θ 2 j F ZN,max ∂F ZN ∂θ 2 j (4.4)
For computing this matrix, the optimization software MIC2M is used and a sensitivity ranking is performed by means of the following relation:

δ j = 1 N N i=1 |S i j | (4.5)
where N is the number of measurement points. The sensitivity ranking measures the mean sensitivity of the simulated z-axis forming force to a variation of the parameter value θ 2 j . A high δ j means that the value of the parameter θ 2 j has an important influence on the simulation result, while a value of zero indicates that the simulation result does not depend on the parameter θ 2 j . A local identifiability index I K of parameter subset K can be written as follows [START_REF] Pac | Microstructural and elasto-plastic material parameters identification by inverse finite elements method of Ti(1-x) AlxN (0 < x < 1 sputtered thin films from Berkovich nano-indentation experiments[END_REF]:

I K = log 10 λ max λ min (4.6)
λ max and λ min are the largest and the smallest eigenvalue of the dimensionless pseudohessian matrix H, respectively. The H matrix is estimated from a dimensionless sensitivity matrix (defined for a subset K of parameters) by the following relation:

H = S T S H = S T S H = S T S (4.7)
According to [Gujarati, 2004], I K smaller than 2 are considered as having high identifiability, while a value above 3 indicates a low identifiability.

The I K index is computed for all the subsets of the parameter space and reveals all the identifiable sets of parameters (I K < 3) by quantifying the richness of the used data.

The sensitivity δ j (Eq. 4.5) and identifiability index I K (Eq. 4.6) are local measurements whose results depend on the material parameter values. Some validation tests are also performed and presented in the next section in order to evaluate the efficiency of the identified method under different stress triaxiality.

Although in this study the identifiability analysis was done after the FEMU method, but it is important to note the possibility of doing this analysis before FEMU method with different values of θ and different types of trajectory. 

4.3/ RESULTS AND COMPARISON

From Step 2 (Micro InDef Test)

By using the parameters estimation from Micro InDef test, the parameters are obtained in eight iterations. The set of calibration parameters is summarized in Table 4.3.

The comparison between the numerical axial forming F Z and the experimental one is presented in Figure 4.12 Figure 4.12: Evolutions of numerical and experimental axial forming forces.

From Validation Test

To validate the ductile damage model, a comparison between the final numerical geometry and the experimental one is carried out and given in Figure 4.13. The obtained shapes can be considered far as the desired one (Figure 4.6). Due to Micro InDef test (dieless process) and the deformation path, it is not possible to obtain the desired part, as in milling operation for example, without defining a modified toolpath. But in this case, it is not the objective. We want to define the same toolpath for experimental and numerical tests to identify mechanical behavior and not to obtain the desired part. This is why the experimental and numerical parts are compared, while there is no comparison with the desired part. The pyramidal shape obtained via simulation is close to the experimental part. The differences between the edges of workpiece (±0.15 mm) and the base of pyramid (±0.06 mm) can be explained as follows:

• it is easy to deform the experimental part away from the forming zone during handling due to its flexibility (very thin sheet);

• the value of die radius and its position strongly influence the final shape. The actual die radius is not strictly identical to that used for the simulations. Moreover, this area A good correlation between experiments and simulations can be noticed. The minimum thickness value is approximately 0.07 mm, which corresponds to a thinning of 66%. The last part of validation is devoted to the verification of ductile damage model predictability.

The calibrated material parameters with pyramidal geometry and helical strategy, presented in Table 4.3, are used to simulate the tests explained in Section 4.9, namely, a pyramid shape obtained with a constant Z-level strategy, a truncated cone using two toolpaths and a line test. Table 4.4 summarizes the comparisons between forming forces, thickness distributions and final geometries obtained by numerical simulations and experiments. In the case of pyramid formed using a constant Z-level strategy, the evolution of axial forming force prediction (FZ) is in good agreement with its experimental counterpart. The 3D geometrical comparison shows a good agreement between experimental and FEM parts. Numerical and experimental thickness evolutions are quite close with a minimum value of about 0.075 mm.

For the conical shapes, cracks appear from damage about of 60% that correspond to 94% and 85% of the forming cycle for helical and Z-level strategies, respectively. The crack appearance can be detected from the significant decreasing of the force level towards zero. The variations of force level (alternation between a null and a positive value) at the end of forming process are due to the alternative contact between the tool and the blank (displacement with the cracked top of pyramid). Concerning the line test, the comparison between forming forces and geometric shapes also gives good results, which indicates a good agreement between both numerical and experimental data. It can be observed in the first part of the line test, with a difference about 15% due to experimental test but also from numerical considerations. First of all, at this scale, the blank is not perfectly flat and it shows a geometrical defects. For the experimental test, the contact and the reaction force are more important than the numerical ones. The second assumption is also based on the necessity to develop a more accurate friction law because the ratio between tool depth z 1 and the initial thickness h 0 = 0.21 mm is greater than seven. In this case, it is clear that friction conditions are more important. The pyramid angle is chosen to limit the influence of friction effects. In the case of line test, improvement of friction model is necessary. A proposed third assumption is associated to boundary conditions. Due to the importance of tool depth, boundary condition defects influence greatly on elastic response. When plastic deformations occur, a more local response is observed, thus numerical simulation is closer to experimental test. Figure 4.15 compares tensile force and axial forming force sensitivity δ j to the plastic damage parameters. The sensitivity is defined by Equation 4.5. It can be seen that tensile force is sensitive to plastic parameter variations, but is very insensitive to damage parameters. Concerning the axial forming force, it is important to note that all sensitivities are approximately of the same order of magnitude. This is a necessary condition (but not sufficient) for good conditioning of the parametric identification problem. 4.6 for three sets of parameters K : plastic ( σy ; Q; b), damage ( pD ; Ŝ ; Ŝ 0 ) and plastic with damage ( σy ; Q; b ; pD ; Ŝ ; Ŝ 0 ) for tensile and Micro InDef. In the case of tensile test, the K values show that plastic sets are identifiable (K < 2) and the damage parameters are weakly identifiable (K > 3). These results show the poorness of experimental data obtained by tensile test when identifying the damage parameters. On the contrary, for Micro InDef test with helical strategy, all the parameter sets lead to low values (K < 2). It can be then considered as a promising technique to accurately identify material in very large deformations.

In order to see the identification areas for different combinations of parameters, the evolution of identifiability index I K with respect to forming cycle is drawn, as presented in Figure 4.17. Each parameter combination is identified when K drops following a quasivertical slope down to a stabilized value b 2 .

As shown in Figure 4.17, the plastic ( σy ; Q; b) and damage ( pD ; Ŝ ; Ŝ 0 ) parameters can be identified respectively after about 18% and 35% of the forming cycle. This result shows that, all the interesting information is in the first half of the forming path. As the richness of information is sufficient in this range, reducing identification time is possible. For determining the fracture parameter, it is necessary to use the complete evolution of axial forming path, but it's also possible to change the toolpath in order to accelerate the Through these simulations we sought mainly to validate the identification realized by Micro InDef. In section 5.7, different experimental tests will be presented to be compared to the simulations in section 5.13. The structure used to create and run these simulations is always the same: the finite element mesh generator software GMSH ( [Geuzaine et al., ]) is used to define the test's parametric geometry and to obtain a regular and parametric mesh. Matlab is used to create a program allowing the fast creation of LSDYNA keyword file, to launch the simulation and ensure the postprocessing.

5.3/ MATERIAL MODEL

The constitutive law used for the simulations is a Lemaitre type ductile damage model. The value of the parameters presented 5.3. An example of result is given Figure 5.9. This first result shows a heterogeneous stress field and a stress concentration around the hole. A butterfly wing pattern, which is the characteristic of this type of test is also observed. 

5.5/ TIX SIMULATIONS

Concerning the TIX acronym, as explain by Pottier [Pottier, 2011] "the choice of this denomination is purely arbitrary, the assembly having been manufactured Totally in InoX.". In this work the assembly is manufactured in aluminium but the name given by Pottier remains.

Different simulation of TIX test are simulated on LS-Dyna: 1. 2 types of element: shell and solid. 2. 4 geometries as shown in Figure 5.10. 3. General assembly view for out-of-plane is given in Figure 5.11.

The assembly is composed by 4 parts : the blank, the punch, the die and the blank holder. The punch, the die and the blank holder are considered as rigid (non-deformable). The punch starts just above the blank surface and is given a 4 mm translation movement. The blank is deformable and mesh with shell or solid elements (hexahedral elements with 8 nodes and fully integrated). When meshed with shell, the numbers of elements for the blank is about 10000. Simulation parameters is given in Table 5.4. To stick to reality, the blank is not considered embedded on its circumference, but a tightening force is applied from the blank holder to the blank. The results illustrated in Figures 5.12 and 5.13 are quite interesting and show very complex strain and stress fields. This is an important information which demonstrate that TIX is a suitable tool to validate the identification of the constitutive law or to serve for identification test because information provided by TIX test is very rich : the stress is non homogenous as illustrated Figure 5.13 and moreover the stress field can be easily modified by changing the sheet geometry.

5.6/ FLD SIMULATION

The objective of this part is the numerical determination of FLD by finite element simulation of Marciniak tests adapted to ultra-thin sheets (hereinafter referred as micro-Marciniak tests). The experimental determination of a FLD is a complex task because it takes a lot of time and requires specific tools. This is why the numerical predictions of FLDs by the finite element method have become more appealing. The concept is based on the simulation and exploitation of various test methods in a digital environment. The initiation of the localized necking that precedes fracture commonly indicates the sheet's limit of formability. Several studies have used ductile fracture criteria, coupled and uncoupled criteria, to predict localized finite element bonding, such as [Takuda et al., ], [Ozturk et al., ] and [Lou et al., ]. However, FLD numerical determination success also depends on input data accuracy, such as boundary conditions, constitutive law, and material parameters.

In this work, the forming limit diagram of a thin copper foil (210 µm) is evaluated by micro-Marciniak test simulations. The tensile tests and the micro single point incremental forming (micro-SPIF) test are used to characterize the materials and to identify the parameters of ductile damage model by inverse method (Micro InDef method). Finally, the influence of scale effects on the formability of thin sheets is discussed.

The Lemaitre's [Lemaitre, 1985] ductile damage model with nonlinear isotropic hardening is used to predict the flow of plastic deformation during forming and the appearance of necking. The identification of this model has been explained in chapter 4. The tools (matrix, blank holder, punch) are discretized by rigid shell elements while the blank is modeled with fully integrated volume elements.

The micro-Marciniak test shown in Figure 5.14 is a stamping test that allows deformation of the blank to failure. The tooling consists of a fixed die, a blank holder and a punch with a circular section. Different stresses conditions (uniaxial tension, plane stress pull, biaxial tension and equibiaxial tension) are obtained by testing different widths of the analyzed specimens, ranging from the complete disc to a band. This effect makes it possible to determine the totality of the FLD with a single tool geometry. In this study, the mechanical loading modes move from equibiaxial tension to uniaxial tension when sample width decreases from W = 24 mm to W = 6 mm. Different blank geometries are then modeled, as shown in Figure 5.15.

To ensure the deformation localization, a dedicated specimen with a non-uniform thick- ness is used in this work, as shown in Figures 5.15 and 5.16. A sub-thickness of 0.1 mm is defined in the central part of the sample. This approach has already been used by [START_REF] Sene | Numerical study of the micro-formability of thin metallic materials: virtual micro-forming limit diagrams[END_REF] at small scales and [START_REF] Chu | Temperature and strain rate influence on AA5086 forming limit curves: Experimental results and discussion on the validity of the m-k model[END_REF] at standard scales. A fully parametric toolbox, programmed in Matlab language, was developed to prepare the input files needed for micro-Marciniak test 3D simulation (mesh, limit, load and initial conditions, hardware parameters). The associated finite element mesh is shown in Figure 5.16.

5.6.1/ MARCINIAK TESTS

The limit of formability is generally determined by the appearance of necking, i.e. at a specific location and at a specific time which preceeds the break. It is then necessary to establish a location criterion for an accurate analysis of the simulation results at the beginning of necking. In this study, the forming limit curve's numerical determination is carried out with the criterion of maximum force (MFC). This criterion is based on the punching force's instability (dF = 0); the diffuse necking occurs when the force reaches its maximum during the micro-Marciniak test.

The central zone's average values of major and minor deformations are calculated at the necking time for each geometry, as a reminder, the central zone is the part of the sample where the thickness is thinner (0.1mm). The analysis of deformations is carried out in the layer of free surface elements. The resulting pair of major-minor deformations constitutes a point in the forming limit curve. This procedure is applied for each geometry and the micro-FLD is finally drawn as shown in Figure 5.17.

Figure 5.17: Overview of the Marciniak FE method (adapted from [Ben Hmida et al., 2017]).

The blank is meshed with solid elements, fully integrated at 8 nodes with two elements in the central sub-thickness and four in the thickness. The tools are meshed with rigid shell elements at 4 nodes. During the test simulation, the blank is embedded along its edges, i.e. each node of the contour is fixed. Micro-Marciniak test simulation is done in two stages. Initially, a concentrated force of 200 N is applied through the blank holder before the punch's action. Then, a vertical displacement is imposed on the punch until Table 5.5: Grain size for different heat treatement the rupture of specimen. Only the vertical movement is allowed for the punch and the blank holder, while the die remains completely fixed during the simulations.

Numerical simulations were performed with finite element software LS-DYNA using explicit algorithm. The constitutive law material parameters are identified by Micro InDef method. The chosen friction law to simulate the tribological behavior at the interfaces between the punch and the blank is the Coulomb's friction law, with a coefficient of friction equal to 0.2.

5.6.2/ RESULTS

In this study, the MFC criterion (Maximum force criterion) is applied to ten blank geometries (L = 6 mm, L = 8 mm, L = 10 mm, L = 12 mm, L = 14 mm, L = 16 mm, L = 18 mm, L = 20 mm, L = 22 mm, L = 24 mm) for each temperature or grain size. The parameter L is defined in Figure 5.15. Grain size and φ thickness to grain size ratio are given Table 5.5.

The necking location is assumed to occur under proportional loading paths, the central zone's major and minor deformations are extracted using statistical analysis. The major deformation values in the central zone follow a normal distribution. The used value is therefore the average value obtained on the normal distribution profile of the main deformation. This method is applied to extract the major deformation for all sample geometries with different grain size.

FLD's are finally plotted and are shown in Figure 5.18. It should be noted that formability decreases when scale effects occur.

Knowing that experimentally it is very complicated to control the friction and that the value of 0.2 used is quite questionable, a complementary study was conducted to observe the friction influence on the obtained curves. The results are presented Figure 5.19 and will be discussed in Chapter 6. This numerical FLD work has been presented during Shemet 2017 [Ben Hmida et al., 2017]. For these tests, the experimental setup, the methodology and the results will be presented. The TIX and FLD tests required the development of specific tools. A section will be dedicated to the design of these tools. In this section all tests are performed on CuFe2P copper presented in the following section. The last section of the chapter presents the comparison between FEM modeling and experimental results.

5.8/ MATERIAL

The experimental test is performed on CuFe2P with 0.21 mm thickness, that undergoes heat treatment (400 • C, 450 • C, 500 • C, 550 • C and 600 • C) to vary their grain size. The heat treatment of specimens are described as in Figure 5.20, from ambient temperature, the furnace is heated during 90 minutes until the desired temperature. When the temperature is reached, it's held during 60 minutes before cooling down. The specimens are cooled down inside the furnace with the furnace door closed. The grain size of each temperature is given in Table 5.6 There is some carbon deposition on the specimen's surface after heat treatment, as shown in Figure 5.21, thus cleaning is necessary to prepare it correctly. The cleaning is done by rubbing the specimen gently with a clean cloth soaked in acetone and ethanol. Specimens are cut using EDM machine to minimize burrs.

The surface has been prepared using a mechanical polishing process. The sample was first embedded and then polished to achieve a flat section. A final etch with ferric chloride was used to bring out the grain boundaries. The microstructure images were captured using optical microscopy. Since the grain size in the sheet's thickness direction is limited, the values of the grain sizes were evaluated along the surface. The average size was obtained using the linear interception method. This norm defines an average grain size for a polycrystalline material by counting the number of grains traversed by the measuring line, which must be sufficiently long to give at least 50 interceptions onto the microstructure images. The average grain size was then determined by dividing the total length by the number of intercepted grains. Two specimen and five random positions for each sample are used respectively to ensure the repeatability and the homogeneity of heat treatment ( [START_REF] Hmida | Influence of the initial grain size in single point incremental forming process for thin sheets metal and microparts: Experimental investigations[END_REF]).

5.9/ TENSILE TEST

5.9.1/ METHOD

The quasi-static traction tests are controlled in displacement and carried out on an electro-mechanical traction machine MTS Criterion C45-105E. Forces are measured using a 5kN force cell and strain measurements are done using a laser extensometer. The displacement speed is 0.021 mm.s -1 . The tensile standard testing specimen is illustrated in Figure 5.24.

These tensile tests are carried out with different objectives: to see the effects of grain size on the material, to observe whether the material is isotropic or not, to serve as basic data for the first step of the Micro Indef identification procedure and to enrich our experimental database. The tensile tests were carried out with specimens taken at 0, 45 and 90 • with respect to the rolling direction in order to observe the material anisotropy. Finally, the tests at different thickness over grain size ratios are compared with each other and in the following directions: for 0 • the results are shown in Figure 5.27(a), and for 90 • in Figure 5.27(b). Concerning the 45 • direction, the results are similar to those obtained for the 90 • orientation. We observed an evolution of material behavior to φ (i.e. to grain size) in particular the higher the grain size, the lower the elastic limit. It is possible to notice a slight problem concerning the tests with heat treatement at 450 • C and 500 • (respectively φ = 9.54 and φ = 7) since in the 0 • direction the curves are overlapping, which is not the case in the other directions. This effect of grain size is well known and is called Hall-Petch effect. The Hall-Petch effect will not be studied on these tensile tests but will be studied and quantified in more detail on this material in the section dealing with shear tests : section 5.10.

5.9.3/ TENSILE TEST ON A HOLED SPECIMEN

To complete these tensile tests and bring a stress heterogeneity to the material, we choose to perform tensile tests on holed specimen. The material used for these tests are those treated at 400 • C. These tests are performed under the same conditions (speed and machine) as the tensile tests of the previous section. However, in order to be able to measure strain fields on the specimen, a stereo-correlation system with two 4 MPx Point Gray cameras with 35mm focal lenses is used. The tests analysis is then carried out with the VIC-3D software. The interest of using stereo-correlation is to be able to observe a possible out-of-plane movement. Some results are illustrated in the figures below : the main deformation in Figure 5.28(a), the secondary deformation in Figure 5.28(b) and the shearing deformation in Figure 5.28(c). In this latter figure, a deformation in butterfly wings, which is the characteristic of this type of test is easily observed. 

5.10.1.2/ SPECIMEN

The size of pseudo-shearing testing specimen is 30 mm x 20 mm x 1.9 mm. Specimens' thickness are measured on three different points using micrometer, while measurement of specimens' length are done with vernier caliper. The total number of specimens are 3 for each annealing temperature (400 • C, 450 • C and 500 • C), 2 for 550 • C, and 4 for 600 • C.

For each annealing temperature, with exception for 550 • C, three different tests were performed :

1. a monotonic loading to failure.

2. a small cycle up to a shear strain of 0.05. As detailed in [START_REF] Pham | Anti-buckling device fir ultra-thin metallic sheets under large and reversed shear strain paths[END_REF], samples are set in the shear device and clamped at both sides, such that planar load distribution is applied along the grip length as illustrated in Figure 5.32. One grip moves upwards while the other remains fixed, inducing a simple shear deformation in the gauge width h between the movable and the fixed grips. To impose the condition h constant for a simple shear deformation, the moving grip cannot move laterally (along the horizontal axis). The simple shear tests have been carried out at room temperature and at a constant strain rate γ = 10 -3 s -1 .

5.10.2/ SHEARING MODELISATION

In this section, a constitutive law, coupling isotropic and kinematic hardening is used. The idea is to identify the work hardening parameters for the different shear tests carried out and thus try to identify if a change in the grain size leads to an evolution in the hardening undergone by the material. In this model, the shear strain is divided into an elastic strain and a plastic strain as presented equation 5.1.

γ = γe + γp (5.1)
The elastic strain can then be written:

γe = τ G = 2(1 + ν) E τ (5.2)
5.10. PSEUDO-SHEARING EXPERIMENTS 113 Figure 5.32: On the left-hand side, schematic drawing of a shear test sample, before and after shearing. On the right-hand side, representation of the stress distribution σ n along the clamped edges, highlighting the tension (t) and compression (c) state corners as well as the area of strain measurement. [START_REF] Pham | Anti-buckling device fir ultra-thin metallic sheets under large and reversed shear strain paths[END_REF] With G the Coulomb's modulus. The plastic flow function f is defined by :

f = |τ -X| √ 3 -R -σ y (5.3)
Where σ y is the yield stress from tensile test, R and X the isotropic and kinematic hardenning, respectively, defined by equations 5.5 and 5.6. In Equation 5.3, plasticity occurs when f = 0 and ḟ = 0.

Finally plastic strain is defined:

γp = sign(τ -X)| γp | (5.4) 
and Isotropic and Kinematic stress hardening are defined respectively in Equation 5.5 and 5.6.

Ṙ = b √ 3 (Q -R)| γp | (5.5) Ẋ = b √ 3 ( Q √ 3 γp -X| γp |) (5.6)
b and Q are material parameters to identify.

5.10.3/ EXPERIMENTAL RESULTS

For the different grain size, the experimental results are illustrated Figure 5.33(a) to 5.33(e). At first sight, the results seem to indicate a variation of elastic limit as function of grain size and highlight the presence of hardening. For material parameters identification , the elastic parameters E and ν are fixed, in particular E = 100 GPa and ν = 0.31. The other parameters (b, Q and σ) are identified by using the MIC2M software developed by Fabrice Richard ( [START_REF] Richard | Mod élisation et identification du comportement m écanique des mat ériaux[END_REF], [Richard, 1999a]).

Here a Levenberg Markard ( [Levenberg, 1944], [Marquardt, 1963]) type resolution method is used to minimize the difference between experimental and modeled hardening curves. For each grain size all tests are integrated into the identification method: mono-tonic, γ 0.1 and γ 0.05 . The results are illustrated Figure 5.34(a) to 5.34(e) and the identified parameters are resumed Table 5.7. • C µm (MPa) (MPa) The hall-Petch law is verified with 2% error. The material behaviour is strongly dependant of the grain size.

5.11/ TIX EXPERIMENTS

Tensile test as a widely use for material parameter characterization method is not sophisticated enough to represent the phenomenon of elasto-plastic/damage on the material, while Micro InDef induces a plastic deformation higher than 200% by means of a complex loading. Identification by Micro InDef is a relatively complicated step, which based on the measurement of the global forming force applied on the metal sheet. By using global force, this procedure hinders the possibility to take into account the heterogeneity of loading, thus the lack of information that makes the identification behavior less rich than it should be. It is rather complicated to be able to obtain the missing information and to take into account any heterogeneity of loading, e.g. by DIC measurement, due to space insufficiency around the spindle of micro milling machine.

There are several experimental methods to obtain the heterogeneous deformation field, such as tensile test with the open central holed specimens [START_REF] Molimard | Identification of the four orthotropic plate stiffnesses using a single open-hole tensile test[END_REF] or with pseudo-shearing specimen [START_REF] Meuwissen | Determination of the elasto-plastic properties of aluminium using a mixed numerical-experimental method[END_REF]] (to stimulate a shearing band at 45° with respect to loading axis), out-of-plane test (double punching test [START_REF] Gelin | The inverse approach for the determination of constitutive equations in metal forming[END_REF], 3 points bending test [START_REF] Bruno | Elastic characterization of orthotropic plates of any shape via static testing[END_REF], bulging test [START_REF] Chamekh | Inverse identification using the bulge test and artificial neural networks[END_REF] and Nakazima test [Nakazima K., 1968]). The chosen test is to miniaturize a new experimental procedure developed by [START_REF] Pottier | An inverse method for material parameters determination of titanium samples under tensile loading[END_REF], [START_REF] Pottier | Out-of-plane testing procedure for inverse identification purpose: application in sheet metal plasticity[END_REF] called TIX (Tout en Inox) which is based on Nakazima test [Nakazima K., 1968].

5.11.1/ DEVICE DESIGN

The challenge to characterize a specific constitutive law for a forming process is to reduce the influence of noises on the measured data, experiment uncertainties and modeling imperfection. In most experimental procedures, the loading and the system respond are considered to be known/measured thus the approach to find the solution with indirect problem. The unknown is the system, with hypothesis that it depends only to its constitutive material. TIX test with its diverse geometries enable the study of deformation heterogeneity to be compared with numerical modeling to obtain material parameters. General procedure is presented in Figure 5.36. Using the TIX method as a means to characterize a material's constitutive law is the end goal we want to achieve. In this thesis work we will take the first steps towards this objective: develop an experimental setup to perform the tests and perform FE simulations of these tests. The numerical experimental comparison will serve us as a means of validating the results found by the Micro Indef test. 

5.11.2/ METHOD

The testing procedure is as follows:

1. The sheet is fixed between a modular die and a blank holder as in Figure 5.38(a), with a 14 mm diameter circular sheet.

2. The device is then installed on the top platform which has the stereo correlation system installed on, as shown in Figure 5.39. This system is composed by two cameras and a LED spot lighting as in Figure 5.37, allowing a pair of image synchronized acquisition at a regular time interval. The observing zone of stereo correlation is 10x10mm 2 . The analysis of this pair of image guides the calculation of strain field on the sheet. The whole equipment is fixed on a tensile test machine.

3. A hemispherical punch is also fixed on the tensile test machine. It is driven by a translation movement to deform the sheet on the center as shown in Figure 5.38(a). Due to the geometry of the sheet (the diverse geometries are presented in Figure 5.38(b)), the deformation field generated will not be homogeneous. The test is performed on a tensile test machine to ensure the coaxiality of the hemispherical tool with respect to the rest of the equipment and also for easier and more precise control. Moreover, it allows the acquisition of efforts during tests.

5.11.2.1/ SPECIFICATIONS

In order to design the system there are some technical points we had to consider:

1. the size of field to observe is 10x10mm 2 , 2. the sheet will deform about 5 mm out of initial plan, 3. the tests are carried out using two of 5 Mega Pixels Point Gray cameras with 50mm By considering these aforementioned points, the testing setup definition is summarized in the Table 5 is used for acquisition and VIC 3D for analysis of results

The first adjustments proved to be difficult and the first attempts to measure were unsuccessful, particularly with regard to the calibration of the system. It is important to note that the use of a stereo-correlation system first requires the passage through a calibration step to calculate the transfer function of the slave camera to the master camera and thus to make the connection between an observation point on the camera 1 and the same point observe on the camera 2 (Figure 5.40). This calibration is done by taking several snapshots of a calibration target (Figure 5.41). If we choose to respect the aforementioned settings (to optimize the observed field and the depth of field) it is impossible to obtain a correct calibration of the system by using a classical handheld calibration target (images are slightly fuzzy). The first measurements bring forward two points: the cameras' supporting system is not rigid enough and moves during the tests, which makes the stereocorrelation results unusable. Moreover, the punch is slightly off center relative to the blank (Figure 5.42).

Taking into consideration these calibration and measurement problems, we decided to develop a special assembly for calibration (section 5.11.2.3) and to largely redesign TIX tooling in order to gain rigidity and simplify the settings (section 5.11.2.4). First of all, the calibration target we use was too big and did not correspond to the scale of the measurements that we want to execute. Therefore we purchased a small-dimension backlight target (illustrated in Figure 5.43), which is better suited to our needs. In order to calibrate the system it is necessary to be able to position this target in different 122 CHAPTER 5. IDENTIFICATION VALIDATION angular positions to obtain different batches of images, allowing the calibration. A system has been designed to:

• center the target in relation to TIX tooling.

• allow the rotation of the target (along the X, Y and Z axes), to give different positions.

• keep the target stationary in the various angular positions to take clear shots.

• ensure the assembly fits on the TIX' assembly and the target is centered on the same position as the sheet during the TIX test.

The system presented in the Figure 5.44 has been developed and realized. It is quite simple and has been made entirely of plexiglass and machined using a laser cutting machine. The various pivot links are obtained using steel pins and the angular positioning of the target in the different axes of rotation is done using screws, which allows to obtain a wide variety of positions without movement on the given position. Once these modifications were made, the calibration of the system could be carried out in very good conditions.

5.11.2.4/ SECOND EXPERIMENTAL SETUP

As explained above the objectives of this new assembly are to have a better rigidity and avoid the movement of the cameras and light sources during the tests, to ensure the centering between the punch and the sheet, to enable the position adjustment of cameras and LED spots. For this purpose during the design phase, the following modifications are made:

1. LED cameras and spotlights are no longer attached to articulated arms but to rigid slide systems. For the cameras, this sliding system is fixed at the base of assembly and indexed angularly. For LED spotlights, two sliding brackets are placed on the mounting columns. 

5.11.3/ RESULTS

During a test the recorded data are: force, crosshead displacement and images taken by cameras. Force and displacement are data that come from tensile test machine and synchronized with the images from cameras. This synchronization is done by sending the force and displacement signals to a National Instrument box connected to the PC performing stereo correlation.

From a practical point of view, the running of an experiment is :

1. install the TIX system on tensile test machine crosshead.
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3. install a sheet with a speckle and adjust sharpness and opening time.

4. install the calibration system and perform the calibration.

5. reassemble the test system and perform a reference test (without sheet) to characterize the springs' work.

6. mount a sheet and perform the various tests. The first results obtained are given in Figure 5.50. Although unsatisfactory from a qualitative point of view, this result gives a displacement height which corresponds well to the measurement on tensile test machine (we consider this to be encouraging). We must also consider the long path of designing and redesigning that made it possible to move from a non-functional system to these first results. In addition to the study of these tests, it is clear that the initial sharpness in the study area was not sufficient. A next series of test will improve the sharpness and therefore the results quality.

5.12/ FLD VALIDATION

The Nakazima tests are conducted in Institut de Recherche Dupuy de L ôme -IRDL (Lorient, Bretagne) under supervision of Prof. Pierre-Yves Manach and with the technical support of Anthony J égat. The reason for choosing Nakazima test is the difficulty to manufacture the required specimen to perform Marciniak test, considering that our spec- The challenge of miniaturization is due to unfamiliarity of Zwick machine which is located in IRDL Lorient while the manufacturing of testing device is done in Besanc ¸on. All of the testing device will have to be able to fixed on the machine,thus the modification of their internal dimensions.

The specimen positioning detail on the clamp was not suitable for diameter 30 mm and some final modifications are done at IRDL to ensure the experiments. The clamp was not possible to be further machined due to its surface treatment thus an additional fixture is added to ensure the concentricity between specimen and punch.
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5.12.2/ LUBRICATION

To avoid friction between the punch and the specimen: oil lubricant is applied on the punch and a 76 µm thick PTFE thread sealant tape is applied on one side of the specimen, which is in contact with the punch.

5.12.3/ CAMERA AND SYSTEM

Digital Image Correlation measurement is done using GOM ARAMIS system 6.3.0-7 with a 35mm lens and acquisition frequency of 20Hz. The setup is shown in Figure 5.53 For each tested specimen, different primary and secondary strain profiles are recorded as illustrated in Figure 5.55. The executed testing procedure to obtain these profiles and to measure major strain (ε 1 ) and minor strain (ε 2 ) will be explained hereafter. Three issues that prevent the analysis of these profiles to be performed directly by the FLC integrated module in ARAMIS are: the time spent on the laboratory (IRDL) is devoted primarily for realization of experiments that leaves very little time for result analysis, and the fact that the specimen dimension used in these experiments is non standard; which makes it difficult for Aramis to analyze, therefore we choose to develop a method to extract and analyze the strain profile.

The experiment's complete procedure is configured with MATLAB®; which is challenging due to the large amount of profile (total of 822 profiles). In general we follow the procedure according to ISO 12004-2:2008 with some adaptations due to the small specimen size.

Here are the procedure for strain analysis:

• Step 1: Profiles measured using ARAMIS are being imported to MATLAB®, and stored in a structure to identify the batch of measurement, heat treatment 130 CHAPTER 5. IDENTIFICATION VALIDATION temperature of specimen and geometry of specimen.

• Step 2: Detection of each profile from fracture position using parabolic fitting a 1 .x 2 + b 1 .x + c 1 on the principal strain.

• Step 3: Profile is separated into two parts: before and after fracture.

1. On each of both parts, the second derivative is calculated first by taking 3 by 3 points and using parabolic fitting a 2 .x 2 + b 2 .x + c 2 on these 3 points which gives the second derivative of d 2a = 2.a 2 .

2.

Next, the second derivative is calculated a second time on both parts by taking 5 by 5 points and fitted with a quadratic function : a 3 .x 2 + b 3 .x + c 3 parabola which gives the second derivative of d 2b = 2.a 3 .

3.

For each side of fracture, the points with the highest calculated value of d 2a et d 2b are compared. If it's the same point (or the nearest neighbor) then it is considered as the internal limit of fitting interval of Step 4. However if it is not the same point, the internal limit of fitting is fixed by taking 1.5mm from the fracture (note: the standard required 3mm for large specimens). The calculation of second derivative locates the zone around the fracture where necking occurs and exclude it from further calculation.

External limit of interval fitting for

Step 4 is fixed at 2 mm from internal limit (note: 4mm according to standard).

• Step 4: For the principal and secondary strain the points within the left and right intervals of the fracture and enclosed by internal and external points defined in

Step 3 are fitted with Once the maximum major and minor strains are detected, the forming limit diagrams are plotted for each annealing temperature as shown Figure 5.57. The results therefore show a slight effect of grain size. Therefore it is important to note the limits of this experimental 5.12. FLD VALIDATION 131 work. The test pieces to be measured are small and the used measurement system is not made to work on such a small scale, thus a certain lack of resolution. Moreover as explained previously, we had to extract the deformations by placing them a little before the moment of the crack definition. The results would have been much better if we had been able to study the deformations and determine the time and place of necking using time dependent methods. The object of this section is to compare the finite element models presented in section 5 with the experimental results obtain in section 5.7. Mainly in order to validate the identification done in section 4. We will focus on four examples of tests: Looking at the curves in Figure 5.59(a) and Figure 5.59(b), the results obtained using finite element simulations give quite consistent results: the elastic limit decreases with the increase of grain size and the stresses obtained are of the same order of magnitude as that of the experimental tests.

A comparison of the tests for various heat treatments is given from Figure 5.60(a) to Figure 5.60(e). For each grain size, the results' quality is similar. When the deformation becomes greater than 30%, the simulation gives good results compared to the experimental tests. In the zone between the end of elasticity and the zone where a more linear plasticity appears, strain hardening parameters identified by Micro Indef correspond well to the progress of a tensile test, even if a slight difference is observable. For d = 30µm, d = 40µm and d = 44µm FE modeling does not simulate the failure.

5.13.1.2/ TENSILE TEST WITH HOLED SPECIMENS

For the holed tensile test, strain localization is very strong during the FE simulation as illustrated in Figure 5.61. Thus it is difficult to compare between the end of experiment to the simulation's. The choice has been made to compare experimental and simulation slightly before the appearance of this localization. and5.63 suggests that the deformation levels are very different between simulation and experiment. However, despite the color difference, the same zone of specimen gives approximately the same result of deformation. By ignoring the small red zone on the simulation part, the green and light blue zones are between 0.13 and 0.18 of deformation, which is comparable to red and yellow zones of experimental part having between 0.126 and 0.16 deformation. Therefore we conclude that the result obtained is quite good.

5.13.2/ TIX SIMULATIONS

Even if the experimental results are not as successful as expected (due to a lack of time, the tool was received just before the end of the PhD project), the first comparison between FE simulation and experimental TIX is promising. First of all, as shown in Figures 5.64(a) and 5.64(b), the displacement in Z before failure calculated by FEM and measured by stereo-correlation are nearly the same, 3.64mm for the FEM and 3.52mm for the stereocorrelation. Furthermore, the force in Z direction (Figure 5.65 is 184.1N for FE simulation and 189.2N for experimental result. This results are given for 4th geometry blank (Figure 5.38(b)). These first results are therefore encouraging but it would be interesting to go further in order to be able to use the stress and strain non-homogeneity during the test. This non-homogeneity is illustrated by the Figure 5.66, which shows the difference of triaxiality factor according to the points of the sheet, i.e. the ratio variation between isostatic stress and equivalent stress. Although it is difficult to validate the identification by Micro InDef with these first results, the used material model is nevertheless close enough to reality. Therefore it is interesting to continue the development of this method. • Experimentally we didn't managed to obtain the right tip of the FLD.

• The strain level recorded during the experimental tests is much lower than those obtained by FE simulations.

• For positive Major Strain, the FLD at d = 22µm and d = 30µm are not very reliable and overlap each other. The direct comparison of the experimental and numerical FLDs shown in Figure 5.68(a) does not give a very convincing result, the previously stated defects are very visible: experimentally measured major strain is lower than that calculated by FE simulation, moreover experimentally we did not not obtained minor strain higher than 30%. However, the study of Figure 5.68(b) gives a beginning of explanation to explain these results. The FLD obtained is indeed close to the one obtained during numerical simulations with a coefficient of friction of 0.2. A difficulty in controlling the friction during Nakazima tests could therefore explain the defects of experimental results. that the numerical FLD obtained with more friction is close to experimental FLD, makes it possible to draw different conclusions. First, at this small scale it is experimentally complicated to control friction by using a sandwich of lubricant and PTFE layers between the punch and the sheet. Second, the result given by the simulation is entirely consistent with reality. Since with these results it is not possible to validate Micro InDef identification, it shows that the identified parameters represent material behavior. Regarding the fact that collection of µFLDs data has never been done before, it would deserve another attempt by improving the following points:

• Improve friction management by following the sandwich recommended by the standard: triple layers oil, PTFE, oil, or having a punch with PTFE coating.

• Use a better adapted stereo-correlation system to the size of specimens, allowing a better resolution.

• Record DIC images in order to study the appearance of necking with a timedependent method. Based on these considerations, Axon Cable, a company specialized in high performance connectors, brought together six companies and universities: FEMTO-ST (Besanc ¸on) for material characterization, GRESPI (Reims) for process modeling, AUREA 25 ( Étalans) for high precision automated machine design, Laser Cheval (Pirey) for laser welding, GII for thermoplastics and thermosettings resin and Roland Bailly (Besanc ¸on) for component dispenser. The aims are to develop a new type of connector that combines performance and production costs efficiency, and to establish a corresponding industrialization processes.

6.2/ PROJECT'S GOAL

6.2.1/ OVERALL GOAL

The main goal of MicroConnect project is to develop a new type of high performance connector. The technological goal of this project is quite ambitious: to create a breakthrough technology, to validate the feasibility and reliability by finite element simulations and experiments, then to implement to the production chain and assembly that enables mass production of these connectors. We should create an automated manufacturing chain that meets the quality requirement of manual work. Therefore, these following tasks are automated: contact processes (welding, bump, crimping), wiring and potting (putting together the connectors in a socket). These automations enable Axon Cable to reorganize their current manpower to higher added value duties, e.g. cable manufacturing with specific requirements. The components that in discussion are:

• Male and female contact in micro-D and nano-D connectors;

• Laser welding system to close barrel part of contact;

• Automated crimping; 142 CHAPTER 6. MICROCONNECT PROJECT

• Wiring of contacts:

• Potting of wire/contact set by new resin;

• High precision automated assembly chain comprising the entire processes;

• Mathematical modeling and simulation of assembly chain and related constrains.

6.2.2/ SCIENTIFIC GOAL

In order to go beyond the actual technology, the consortium thus sets the following scientific and technological goal as follows:

• To design and realize a variety of male and female contact in 2 versions (micro-D et nano-D) with good performance and relatively low cost while make the use of electrical and mechanical properties from different conductive material in copper alloy and in precious metal.

• To design and realize a selective and continuous electrical deposition that enable the transmission quality of male and female contact against oxidation and possible corrosion.

• To develop the new thermoplastic resin (hot melt). Not only to ensure electrical isolation and good mechanical/thermal/chemical resistance, but also to easily adapt to the automated implemented processes.

• To develop a potting process suitable to new resin's properties since each resin reacts differently even in identical environments (temperature, pression, etc.). Therefore it is necessary to design a unique process that takes into account viscosity, curing (reticulation) and hardening time, in order to ensure an optimal potting without micro bubbles considering the resins without solvent are more viscous thus have tendency to generate micro bubbles.

• To develop a precised welding method integrated with the whole process. It is necessary to set up the laser beam in a way that keep the original properties of metal but also to produce regular welding with positioning defect less than 5 µmm.

• To develop an automated crimping process of wire and contacts. Today, this process is done manually under microscope.

• In order to automate this process, it is necessary to define exactly the pressure to apply and tool setting to execute.

• To understand the physical and physicochemical mechanisms involved in the manufacturing processes in order to optimize by experimental and numerical methods (the development of process simulation and models).

To conclude this project, the participants have to deal with important technological challenge to answer the requirement of quality and performance on small parts with fully automated manufacturing processes. • To characterize the male and female connectors' material by classical method (tensile tests).

• To develop a new characterization method based on a local deformation of the sheet metal (a method called Indef for "Incremental Deformation") and apply this method to corresponding material within this project.

• To start the test development enabling validation of characterization by InDef.

• To supply material parameters data to GRESPI for connectors' forming processes simulations.

These tasks were carried out on male connector's material, a Copper Berrylium alloy, and on female connector's material, bronze. The two studies are strictly identical, only the one performed on the male connector will be presented in the next section.

6.3/ MALE CONNECTOR

Different complementary studies(nano-indentation, cotaing study etc..) have been done on the CuBe material used for the male connector. These studies are not directly linked with the µIndef characterization, thus, the choice is done to present these complementary studies in the appendix (Appendix D).

The next sections present the use of the µIndef characterization method for the micro-D male connector material. operated with the aforementioned system. It can be seen that the repeatability of the measurements is of very high quality. In its initial version, the identification procedure is carried out using the force measured during forming (along the vertical axis of the machine corresponding to the axis of the spindle) and calculated during FE simulation. The complexity of this Z-force and the signal noise tend to make the identification procedure unstable and disable the convergence of identification algorithms. A filtering is then considered by looking for the average curve of the axial force. The adjustment options use a least-squares minimization method by a Levenberg-Marquardt algorithm. An example of a result is given in Figure Figure 6.5. The results of material constitutive law identification for the CuBe alloy which is the material of micro-connectors are given in Table 6.2 below.

Following the identification, various numerical simulations are performed with the LS-DYNA FE simulation code in order to validate the material parameters obtained. Two examples of results are presented below. Figure 6.7 compares the average Z-force obtained by simulation to that obtained during experimental test. Figure 6.8 shows the numerical Z force and experimental Z force. These two graphs make it possible to measure the quality of the identification obtained. 

6.3.2/ CONCLUSION

These results, as well as those obtained on bronze, were used by our colleagues at the GRESPI Laboratory to carry out simulations of different forming processes necessary for manufacturing of connector. Some examples of their work are given in Figure 6.9(a) and Figure 6.9(b). The challenges of introducing a micro product to industrial scale relates closely to the conception, design and manufacturing processes. To ensure the quality of the final product, one or several validation processes must be chosen in order to understand the material's mechanical properties during loading: the allowable amount of deformation.

Tensile testing is the most widely used process in the industry to extract some mechanical properties, although it is unable to observe the large strain which occurs during forming processes. Therefore Micro InDef, a mechanical characterisation test inspired from Micro Single Point Incremental Forming (µSPIF), is introduced. According to different research, with µSPIF there are more than one deformation mode, including plane strain stretching conditions in flat surfaces, plane strain conditions in rotational symmetric surfaces and equal bi-axial stretching conditions at corners. These researches sought to understand why incremental forming allows higher deformation rates and to define what deformation mechanism limits the formability (which is influenced by material's defect) that results in fracture.

When speaking about limit of formability, it is interesting to study its mechanical behavior, especially the damage of materials. The damage of materials is the continuous physical process by which they break. Material's mechanical behavior under stresses state is modeled mathematically by constitutive equation or material laws. By doing so, we may identify the value of parameters in the constitutive equation. Among existing constitutive equations, Lemaitre's model is chosen to be the ground of this study for the reason that his law gives possibility to model the materials without regards to the complexity of their physical microstructures, but using mechanics of continuous media and the thermodynamics of irreversible processes. Ramzi Ben Hmida's PhD study [Ben Hmida, 2014] enables us to establish the Micro InDef method, that allows identification of Lemaitre's constitutive equation by using incremental forming test.

Therefore the goal of current PhD work, firstly, is to validate the method, especially by working with average force instead of only with the forming force. Secondly, is to ensure that the identified Lemaitre's parameters by our chosen identifiability method are indeed mechanical parameters instead of mathematical fitting. database in order to verify the reliability and adaptability of our identification. Therefore we were working with 4 types of test: tensile, shearing, forming limit and out-of-plane tests. In order to perform these tests, we realized different experimental tests, as well as FE simulations (performed with Ls-Dyna by using the previously identified Lemaitre's law).

It should be underlined that the series of experimental and identification by Micro InDef are realized on copper alloys that has different grain size.

For both tensile test or holed-tensile test, the results between simulations and experimental tests are very similar. This proves the good quality of Micro InDef identification.

Shearing tests enriched our experimental database and helped to better identify the strain hardening in the material in order to define what type of strain hardening should be identified in Lemaitre's law. We also like to note the evolution of strain hardening parameter as a function of scale effect (Hall-Petch type).

Forming limit curves (FLC) are obtained experimentally and numerically. For numerical simulation, we choose Marciniak-type test. Different FLC are obtained from grain size, the necking is determined with the detection of maximum force. Furthermore the influence of friction on FLC is study. Due to the sheet's thickness, it is impossible to perform some machining processes required for Marciniak tests, therefore Nakazima test is chosen for experimental purpose. The FLC toolbox included with DIC softwares is not usable due to small dimensions of our specimen. A specific toolbox is developed according to ISO 12004-2:2008. Comparisons between experimental and numerical FLC underline the primordial effect of friction at the micro-scale.

At last, an out-of-plane test developed by Thomas Pottier [Pottier, 2011] (the TIX test) is chosen as an alternative to Micro InDef and thus miniaturized. An experimental setup has been designed, allowing the calibration of the Stereo-Digital Image Correlation system and tests realization. The challenge was to obtain a good movement-stability and an accurate coaxiality between the tool and the sheet. The system development was more difficult than initially anticipated, but the first results are very satisfactory and validate the system. Comparisons with FE simulations show that Lemaitre's model parameters identification with Micro-Indef allows the simulation of a strongly non-homogenous strain field.

Finally, all of this work was applied during FUI micro connect project. The Micro InDef method was used to characterize the materials of a male micro-connector (beryllium copper) and a female micro-connector (bronze). The obtained identification results allowed GRESPI laboratory to carry out simulations of different connector manufacturing stages. These simulations are illustrated in Figure 6.9(a) and 6.9(b). Some complementary work such as the study on material coatings by Micro InDef and nano-indentation were carried out within the framework of this project and are presented in the appendices D.

This work opens up a wide perspectives, some of them are part of ongoing research projects as mentioned below.

The first of these perspectives is to further improve the method of identification by using the Micro InDef test approach. The criterion of identifiability makes it possible to control the identifiability, i.e. which parameters can be identified with which test (due to rich-ness of information). Since the incremental forming process' simulation time is long, the objective is to determine the most suitable forming path to have more information while minimizing toolpaths. The objective is thus to have an adaptive forming trajectory driven by the identifiability of the parameters to be identified. This approach is thus conducted as part of C édric Bonnardot's thesis using the concept of NURBS curves. The influence of sheet's and tooling's geometrical defects is taken into account within the Finite Element Method Updating (FEMU) procedure through the integration of modal modeling. Moreover, in order to optimize the forming path, the following methods are chosen:

• Using the identification made by Micro InDef to perform incremental forming simulations and to calculate toolpaths which minimize the geometric differences between theoretical and produced part.

• Improving the quality and reduce the identification time by proposing a loading path that is richer in information.

The second project is linked to constitutive law's enrichment. Shear tests with different initial grain sizes showed a strong dependence of hardening parameters with this parameter and a very strong agreement with the Hall and Petch law. A study, in the process of publication, has demonstrated the need to introduce kinematic hardening to the isotropic term and its relative influence. The results thus show that for smaller grain sizes, the influence of kinematic hardening predominates greatly, whereas for larger grain sizes a coupling of the two effects is necessary. The evolution of this coupling does not follow the Hall's and Petch's law. This demonstrates the need to improve the behavior law while ensuring their identifiability. St éphanie Thuillet's thesis has just started on this subject between the IRDL Lorient and the FEMTO-ST Institutes (Department of Applied Mechanics). The framework of this project is about the identification of phenomenological constitutive law and of crystalline plasticity law by coupling of characterization tests: pseudo-shear tests, tensile tests and InDef tests.

Finally from a more personal point of view, it was possible to perceive the difficulty of obtaining the geometric shape initially targeted for the micro incremental forming test. Indeed, due to the high deformation rates experienced by the material, the geometry of the desired pyramid is different from its initial numerical definition. This poses no real problem in itself for its use as a characterization test. However, for the purpose of producing microcomponents, it will be necessary to have a different trajectory to obtain the desired final shape. C édric Bonnardot's thesis works in this direction by using the NURBS approach (path compensation). Considering the identifications carried out by Micro InDef method is to produce increasingly smaller dimensions parts, in small quantities and at the lowest possible costs: especially in the medical field (e.g. manufacturing of implants or custom orthotics) and for arts. Today, these applications are mainly available at the macro scale (above the millimeter). In my case and by my strong attachment to my country, I was able to push back this limit, as part of a student internship ENSMM, the realization of a mask of Indonesian culture (submillimetric scale) as shown in Figure 7.1 and Figure 8.1. First contacts are made with Pendidikan Ganesha University (Indonesia) in order to develop this work.

To improve the results obtained on the forming limit curves, simulations on Nakazima test should be done to facilitate the comparison between experimental and numerical result. There are rooms for improvement concerning the experimental part: • Accessibility to DIC data and use a time-dependent method to locate more accurately the moment of necking.

• Friction minimization during the test by producing a multi layer sandwich of lubricant and PTFE band as recommended by the standard.

• Toolbox improvement and validation by having access to database of previous Nakazima tests, to obtain forming limit curves (even in the macro domain).

Last but not least, there are two possibilities to use TIX device. The first is to use the TIX test as a way to validate the identification by Micro InDef, and the second is to use it as a characterization test. A study is in progress with the participation of Bessam Zeramdini (Temporary Research Associates at ENSMM Besanc ¸on), to carry out TIX tests and validate the Micro InDef identifications. This study includes the following aspects:

• Study of different types of speckles (painting, smoke, laser, natural etc.)

• Achievements of tests on different sheets' geometries and on different grain sizes.

• Comparisons with FE simulations.

The first results are very encouraging.

PERSPECTIVES

The perspectives of this work are numerous, and many of the perspectives mentioned in this chapter are part of ongoing research projects.

The first area to develop is to try to improve the identification method further. Two types of improvements are possible: improving the quality of the identification or reducing the time required for it. The PhD thesis of Cedric Bonnardot is focused on these topics. It seeks to take into account in the FEMU procedure the influence of the geometrical defects of the sheet and tooling.This consideration of the different levels of geometrical defects in finite element simulations is done through the integration of modal modeling. Moreover, he carries out a work on the trajectories. This work has two objectives:

• Use the identification made by Micro InDef to perform incremental forming simulations to calculate toolpaths minimizing geometric differences between the desired part and the part produced.

• Improve the quality and reduce the time of identification by proposing trajectories that give a loading path that is richer in information.

The second perspective that seems interesting to me is part of a project that I initiated and is currently underway in the form of student internships. The main idea is to use the identifications carried out by the Micro InDef method in order to be able to produce pieces of increasingly smaller dimensions, in small quantities and at the lowest possible costs. In particular in the medical field, particularly for the manufacture of implants or custom orthotics, and in the field of art. These applications are today mainly available at the macro scale (above the millimeter). The goal of this research project is to push back this limit in order to be able to manufacture custom parts at the micro (submillimetric) scale. In addition, work is underway on the miniaturization of Indonesian traditional masks as illustrated Figure 8.1, First contacts are made with Pendidikan Ganesha University (Indonesia) in order to develop and enhance this work.

It may be interesting to improve the results obtained on the forming limit curves. In order to facilitate the comparison between the experimental part and the digital part it would be interesting to carry out simulations on the Nakazima tests. Moreover, concerning the experimental part different improvements can be made:

• Have access to DIC data and use a time-dependent method to more accurately locate the moment of necking. • Minimize the friction during the test by producing a multilayer sandwich of oil and PTFE as recommended by the standard.

• Improve and validate the toolbox by having access to Nakazima tests that have already been used to obtain forming limit curves (even in the macro domain).

Finally it is necessary to exploit the TIX device. Two possibilities, the first is to use the TIX test as a way to validate the identification by Micro InDef,the second is to use the TIX test as a characterization test. A study is underway with the participation of Bessam Zeramdini currently ATER at ENSMM Besanc ¸on, in order to carry out TIX tests and validate the identifications made. This study includes different aspects:

• Study of different types of speckles (painting, smoke, laser, natural etc.)

• Achievements of tests on different geometries of sheets and on different sizes of grains.

• Comparisons with FE simulations. The material used for the male connector is Beryllium Copper with the reference of Berylco 25 1 ⁄2 (which is equivalent to European Norme of CW101C) that corresponds to high strength and high malleable CuBe. This choice of material answers to the need strength, stress relaxation resistance, hardness, resistance to corrosion and electrical conductivity [CopperDevelopmentAssociation, 1962]. The results pointed out that in the event of the process simulation, the effect of having nickel deposit on the CuBe substrate should not be neglected since it plays a role in the mechanical behavior of material. On the other hand, gold deposit doesn't contribute to the mechanical behavior of the material during tensile test. This is consistent to the fact that gold deposition is intended for electrical conductivity.

The last step for modeling of coated & non-coated material behavior is to identify the elastic and plastic parameters from strain hardening law. The Poisson coefficient is cal- A series of preliminary tests was carried out to validate tooling, toolpath and acquisition chain. A typical example of the results obtained is shown in Figure 6.4. Preliminary tests of many influencing parameters are scanned. In particular we sought to know if characterization of material by incremental forming was sensitive enough to reveal a difference between coated and uncoated material. 
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 11 Figure 1.1: Adopted smart product by consumers [Acc, 2014].
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 13 Figure 1.3: (a) Microtechnology industry growth [IVA, 2017b], (b) Major export region [IVA, 2017a].

  Figure 1.4 explains the general manufacturing sequence of sheet metal or cylindrical beam into final product, namely connector illustrated Figure 1.5.
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 14 Figure 1.4: Manufacturing sequence of connector from base material to end product.
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 15 Figure 1.5: Illustration of Axon' Twist Pin connector (axon' courtesy).

Figure 1 . 6 :

 16 Figure 1.6: FUI MicroConnect project consortium.
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 17 Figure 1.7: Micro incremental forming characterisation method : graphical abstract.
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 21 Figure 2.1: Cutting geometry viewed in the plane normal to the cutting direction: (a) small feed rate, (b) large feed rate, (c) small depth of cut and (d) large depth of cut[START_REF] Huang | Predictive cutting force model for ductile-regime machining of brittle materials[END_REF]. With : d the cutting depth, f the feed rate, t e f f the effective thickness, t max the maximum thickness, t m the minimum thickness, t c the crack thickness ,R the tool noose radius
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 25 Figure 2.5: Laser beam machining (a) equipment and (b) working principle [mec, 2017].
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 126 Figure 2.6: Focused ion beam (a) schematic illustration of a dual-beam FIB-SEM instrument and (b) slow single-pass scan spiraling from outside to inside results in a deeper cut vs multi pass (rapid and repetitive) scanning with channeling effects and surface roughening[START_REF] Volkert | Focused Ion Beam Microscopy and Micromachining[END_REF].
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 27 Figure 2.7: Electro discharge machining (a) schematic diagram of EDM process and (b) schematic diagram of Wire EDM process [mec, 2016].
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 28 Figure 2.8: Micro injection molding working principle, courtesy of Battenfeld.
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 2 Figure 2.12: Extrusion processes: (a) forward extrusion, (b) backward extrusion, (c) and (d) compound extrusion[START_REF] Fu | Micro-scaled Products Development via Microforming: Deformation Behaviours, Processes, Tooling and its Realization[END_REF] 

  investigated the impact of grain to size ratio (d/D c ) on the material behavior from bulging tests, where D c is the bulge diameters and d the grain diameter. They produced the flow curve of stainless steel 304 (SS304) having initial thickness (t 0 ) of 51 µm with three different grain sizes (d) respectively 9.3, 10.6, and 17 µm, under hydraulic bulge testing conditions with five bulge diameters (D c ) of 2.5, 5, 10, 20, and 100 mm. The ratio of the sheet thickness to the material grain size (N = t 0 /d) was used as a parameter to characterize the relation between the specimen and the grain sizes at the micro scale, while the ratio of bulge die diameter to the sheet thickness (M = D c /t 0 ) was used to represent the effect of the feature size in the bulge test. The result of this research is presented in Figure2.15.
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 2 Figure 2.15: Equivalent stress-strain plots for different D c and d sizes experimental measurements and curve fit using Power law (σ = K n ).[START_REF] Mahabunphachai | Investigation of size effects on material behavior of thin sheet metals using hydraulic bulge testing at micro/meso-scales[END_REF].
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 2 Figure 2.17: Stress evolution for different temperatures and grain sizes.
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 2 Figure 2.18:Influence of temperature on Hall-Petch relation parameters[START_REF] Zhao | Interaction of forming temperature and grain size effect in micro/meso-scale plastic deformation of nickel-base superalloy[END_REF].

Figure 2 .

 2 Figure 2.19: (a) Examples of bending test [Xu et al., 2018]..Figure 2.20: (b) Testing results [Xu et al., 2018].

Figure 2

 2 Figure 2.19: (a) Examples of bending test [Xu et al., 2018]..Figure 2.20: (b) Testing results [Xu et al., 2018].

Figure 2 .

 2 Figure 2.21: Open and closed lubricant pockets[START_REF] Geiger | Microforming[END_REF].

Figure 2 .

 2 Figure 2.22: Effect of miniaturization on areas with open and closed lubricant pockets [Geiger et al., 2001].

Figure 2

 2 Figure 2.25: Schematic diagram of incremental sheet forming process [Nasulea et al., 2017].

Figure 2 .

 2 Figure 2.28: Forming angle

Figure 2 .

 2 Figure 2.29: Step down: summary of papers [McAnultyet al., 2017] 

Figure 2 .Figure 2 .

 22 Figure 2.30: Spindle speed : summary of papers [McAnultyet al., 2017] 

Figure 2 .

 2 Figure 2.32: Tool diameters : summary of papers [McAnultyet al., 2017] 

Figure 2 .Figure 2 .

 22 Figure 2.33: Optimized spiral tool[START_REF] Azaouzi | Tool path optimization for single point incremental sheet forming using response surface method[END_REF] 

Figure 2 .

 2 Figure 2.35: Instantaneous deformation zone and contact area between forming tool and workpiece during SPIF,[START_REF] Martins | Theory of single point incremental forming[END_REF].

Figure 2 .

 2 Figure 2.37: Measured through-thickness shear angles : (a) γ 13 (b) γ 23 in cones with wall angles α

44CHAPTER 3 .

 3 Figure 3.1: Defects in material forming: a) Edge cracking ([Kweon, 2015]), b) alligatoring ([START_REF] Data | Alligatoring -9cr-1mo steel -Rolling defects[END_REF]), c) fish tail[START_REF] Giorleo | Energy consumption reduction in Ring Rolling processes: A FEM analysis[END_REF]) and d) zipper[START_REF] Zhu | Effect of hot coil profile containing ridges on ridge-buckle defects of cold rolled thin strip[END_REF]).

CHAPTER 3 .

 3 DEFECTS AND DAMAGE IN SHEET MATERIAL FORMING undamaged (virgin) element and D=1 for broken element. Considering that the volume element breaks before D reaches 1 due to atomic decohesion and a macro crack happens when the local damage has reached its critical value, D=D c where D c ranges between 0.2 to 0.8 depending on the material. D may be interpreted as an indirect measurement of microvoids and microcracks density.

Figure 3 . 3 :

 33 Figure 3.3: Comparison of the experimental and numerical results by von Mises plasticity model, Lemaitre's damage model and PLA-Lemaitre's damage model of notched dogbone specimens with radius of (a) 20 mm ,(b) 10mm ([Lian et al., 2014]).

Figure 3 . 4 :

 34 Figure 3.4: Comparison between experimental and numerical load-displacement curves in X direction obtained with the Swift hardening law using J2 classical plasticity and the J2-J3 plasticity developed[START_REF] Cao | A Lode-dependent enhanced Lemaitre model for ductile fracture prediction at low stress triaxiality[END_REF].

Figure 3 . 5 :

 35 Figure 3.5: Relative error of displacement to fracture predicted with the LEL and the original Lemaitre models for all the mechanical tests on the HEL steel [Cao et al., 2014].

Figure 3 . 6 :

 36 Figure 3.6: Load-strain comparison for experiment and simulation at the center of the notched tensile specimens with a notch radius of a) 6mm, b) 10mm, and c) 20mm (the arrows show the fracture point for the experimental curve) [Isik et al., 2018].

Figure 3 . 7 :

 37 Figure 3.7: The effect of the crack closure parameter h on the punch force-displacement curve[START_REF] Isik | Modelling of the blanking process of high-carbon steel using Lemaitre damage model[END_REF].

Figure 3 .

 3 Figure 3.9: Comparison of three parameters between experiments and simulation reference: a) crack length b) notch opening [Ueda et al., 2014].

Figure 3 .

 3 Figure 3.10: Comparison of the evolution of the axial stress σ 22 as function of the equivalent strain, under constant strain triaxiality 0.25 and cyclic loading for isotropic and kinematic hardening (lines: Gurson type model, dots: unit cell calculations)[Morin et al., 2017].

Figure 3 .

 3 Figure 3.11: Effective porosity distribution for the cone test simulation: (a) 47 • cone at the end of the simulation, (b) 48 • cone at fracture [Guzman et al., 2017].

Figure 3 .

 3 Figure 3.12: Comparison between the M-K-Gurson method and a) Ganjiani and Assempour for AK steel alloy sheets, b) Freitas et al. for Hot-Dip Galvanized IF steel sheets, c) Abbasi et al. for IF steel alloy sheets[START_REF] Hosseini | Theoretical FLD Prediction Based on M-K Model using Gurson's Plastic Potential Function for Steel Sheets[END_REF] 

Figure 3 .

 3 Figure 3.14: Waisted specimen geometry with calibrated central section (dog-bone form), 1 length of central section, 2 remaining width of the blank, 3 connecting radius
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 33 LIMITATION OF MARCINIAK/NAKAZIMA TESTAccording to[START_REF] Abu-Farha | High temperature composite forming limit diagrams of four magnesium AZ31b sheets obtained by pneumatic stretching[END_REF], different problems may affected the results obtained from Marciniak/Nakazima Test:• The friction effects are critical and difficult to rule out especially for Nakazima test.

Figure 3 .

 3 Figure 3.15: Examples of crack not located on the center of specimen (Magnesium alloy)[START_REF] Hsu | Development of Forming Limit Diagrams of Aluminum and Magnesium Sheet Alloys at Elevated Temperatures[END_REF] 

Figure 3 .

 3 Figure 3.18: Illustration of the cross section of the tool used for Marciniak testing [ISO12004,2008] 

3. 3 .

 3 FORMING LIMIT DIAGRAMS 67 • Non repetitive: to avoid false matching between the reference image (t=0) to final image (t=n). Sample of patterns are shown in Figure 3.20.

Figure 3 .

 3 Figure 3.20: Example of speckle pattern on specimen[START_REF] Solutions | Constitutive model for engineering materials[END_REF] 

Figure 3 .

 3 Figure 3.21: Example of Aramis spray pattern reference

Figure 3 .

 3 Figure 3.23: Evaluation results using Modified method[START_REF] Li | Experimental study of FLD0 for aluminum alloy using digital image correlation with modified ISO method[END_REF] 

Figure 3 .Figure 3 .Figure 3 .

 333 Figure 3.24: Determination of necking using the Merklein method.[[START_REF] Merklein | Time dependent determination of forming limit diagrams[END_REF] 

Figure 4 . 1 :

 41 Figure 4.1: True stress-true strain curves: (a) cutting direction effect (˙ = 10 -3 s -1 ),(b) strain rate effect (direction: 0°).

Figure 4 . 2 :

 42 Figure 4.2: Flowchart associated with the calibration of the coupled damage-plasticity model

Figure 4 . 3 :

 43 Figure 4.3: Elongation of specimen due to tensile testing

Figure 4 . 4 :

 44 Figure 4.4: Finite element modeling of tensile test

Figure 4 . 5 :

 45 Figure 4.5: Testing device: (a) Micro InDef testing device, (b) forces acquisition principle(F exp )
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 11 MICRO INCREMENTAL DEFORMATION TESTS 83 =L 2 =30mm, l 1 =l 2 =6mm, H=4mm, R=1mm, α=25°F igure 4.6: Definition of the pyramidal part shape.

Figure 4 . 7 :

 47 Figure 4.7: Forming strategies: (a) helical, (b) constant Z-level.

Figure 4 . 8 :

 48 Figure 4.8: Mesh model for InDef test simulations.

Figure 4 .

 4 Figure 4.9: The validation procedure of the coupled damage-plasticity constitutive behavior.

Figure 4 .

 4 Figure 4.10: Line test procedure.

Figure 4 .

 4 Figure 4.11: Experimental and model comparisons of load-displacement tensile curves.

Figure 4 .

 4 Figure 4.13: Helical strategy: (a) experimental and numerical parts obtained using pyramidal geometry, (b) 3D geometrical comparison: gap between experimental and numerical test (mm).

4. 3 .

 3 RESULTS AND COMPARISON91 is highly dependent on the springback effect, which is, again, a difficult parameter to control. The comparison between the numerical model section and the experimental one is given in Figure4.14a, and the thickness evolution is plotted in Figure4.14b .

Figure 4 .

 4 Figure 4.14: Numerical and experimental comparisons: (a) section, (b) thickness evolution.

CHAPTER 4 .

 4 INTRO. AND MOD. ON THE CHARACT. METHOD

Figure 4 .

 4 Figure 4.15: Average sensitivities of the tensile force and the forming force to the plastic damage parameters using tensile and Micro InDef test.

Figure 4 .

 4 Figure 4.16 shows the measurement of identifiability index (Equation4.6 for three sets of parameters K : plastic ( σy ; Q; b), damage ( pD ; Ŝ ; Ŝ 0 ) and plastic with damage ( σy ; Q; b ; pD ; Ŝ ; Ŝ 0 ) for tensile and Micro InDef. In the case of tensile test, the K values show that plastic sets are identifiable (K < 2) and the damage parameters are weakly identifiable (K > 3). These results show the poorness of experimental data obtained by tensile test when identifying the damage parameters. On the contrary, for Micro InDef test with helical strategy, all the parameter sets lead to low values (K < 2). It can be then considered as a promising technique to accurately identify material in very large deformations.

Figure 4 .

 4 Figure 4.16: Identifiability index using tensile test and Micro InDef test for different parameters subsets K.

Figure 4 .FE 1 . 1 2. 2 3. 5 4.

 41125 Figure 4.17: Evolution of the richness of the forming force for different phenomena to be identified.
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 4 TENSILE TEST WITH STANDARD AND HOLED SPECIMENS 5.4.1/ TENSILE TEST WITH STANDARD SPECIMENS Tensile test is widely used as a standard method of mechanical characterization of material for its simple execution and reliability. With tensile test it is possible to obtain Young's modulus, yield stress, as well as ultimate tensile strength. The determination of these parameters is made possible by the standardized geometry and loading, where the uniform stress and strain are developed in the gauge area. The boundary conditions are illustrated in Figure 5.1. The Gmsh model is presented Figure 5.2 and initial and final mesh are presented Figure 5.3 and Figure 5.4 respectively. The simulations of the tensile tests are carried out for annealing temperatures of 400, 450, 500, 550 and 600 • C. The parameters used during the simulations are summarized Table5.2. An example of result is given Figure5.5. In this image we can see that the deformation field is homogeneous in specimen's central zone.

Figure 5 . 1 :Figure 5 . 3 :

 5153 Figure 5.1: Finite element modeling of tensile test Figure 5.2: Gmsh Geometry of tensile test Specimen

Figure 5 . 4 : 2 :Figure 5 . 5 :

 54255 Figure 5.3: Tensile test initial mesh.Figure 5.4: Tensile test final mesh.

Figure 5 . 6 :Figure 5 . 7 :

 5657 Figure 5.6: Gmsh Geometry of holed tensile test Specimen

Figure 5 3 :

 53 Figure 5.8: Holed Tensile test final mesh.

Figure 5 .

 5 Figure 5.10: Different geometries of sheet.

Figure 5 .

 5 Figure 5.11: General assembly view for out-of-plane simulation on LS-Dyna.

Figure 5 .

 5 Figure 5.12: Displacement during a test.

Figure 5 .

 5 Figure 5.13: σ xy during TIX test.

Figure 5 .

 5 Figure 5.14: Marciniak experimental setup (adapted from [Ben Hmida et al., 2017]).

Figure 5 .

 5 Figure 5.15: Marciniak specimen (adapted from [Ben Hmida et al., 2017]).

Figure 5 .

 5 Figure 5.16: Marciniak FE model.

Figure 5 .

 5 Figure 5.18: FLD for the different thickness over grain size ration (µ=0.2).

Figure 5 . 4 .

 54 Figure 5.19: FLD's friction influence (φ = 4.54).

Figure 5 .

 5 Figure 5.20: Heat treatment of specimens.

Figure 5 .

 5 Figure 5.21: Surface state of specimen before and after cleaning.

Figure 5 .

 5 Figure 5.22: Specimen.Figure 5.23: LASER extensometer.

Figure 5 .

 5 Figure 5.24: Standard Tensile Testing Specimen

Figure 5 .

 5 Figure 5.25: Repetability for the tensile test

CHAPTER 5 .

 5 Figure 5.27: Grain Size effect

  Figure 5.28: Holed specimen tensile test

Figure 5 .

 5 Figure 5.29: Pseudo shearing Experimental Setup.

Figure 5 .

 5 Figure 5.30: ARAMIS system.

3 .

 3 a bigger cycle up to a shear strain of 0.1.The specimens are prepared with abrasive paper to flatten the surface, cleaned and sprayed with matte white paint for background then sprayed with matte black paint to create speckle. The reference used for speckle pattern are from GOM technical documentation. The reference is illustrated in Figure5.31(a). A pattern with too few point and a well filled pattern are shown respectively inFigures 5.31(b) and 5.31(c).

  Figure 5.31: Speckle Pattern

  Figure 5.33: Pseudo-shearing tests

  (a) d = 17µm (b) d = 22µm (c) d = 30µm (d) d = 40µm (e) d = 44µm

Figure 5

 5 Figure 5.34: Pseudo-shearing tests and simulations after identifications

Figure 5 .

 5 Figure 5.35: Hall Petch Law Identified on σ y identified values.

Figure 5 .

 5 Figure 5.36: Idenfitication algorithme for out-of-plane test.

Figure 5 .

 5 Figure 5.37: Stereo Correlation System.

  Figure 5.38: TIX setup

  Figure 5.39: TIX experimental setup v1.

Figure 5 .

 5 Figure 5.40: Principle of the calibration of the stereo-correlation system.

Figure 5 .

 5 Figure 5.41: Calibration target (example).

Figure 5 .

 5 Figure 5.42: TIX first measurement problem.

Figure 5 .

 5 Figure 5.43: Backligh target.

Figure 5 .

 5 Figure 5.44: Calibration system.

Figure 5 . 2 . 3 .

 523 Figure 5.45: TIX experimental setup V2

  The test is controlled by displacement according to the curve shown in the Figure5.46(a), the displacement speed is about 1mm/min. The Figure 5.46(b) compares the measured forces during a test without and with a sheet in the assembly. The test without sheet makes it possible to measure the resistant forces produced by the springs. The clear difference between the two tests has enabled the measurement of force generated by the forming process. This effort is presented Figures 5.47(a) and 5.47(b).

Figure 5 .

 5 Figure 5.46: TIX experimental results

Figures 5 .Figure 5 .

 55 Figures 5.48(a) and 5.48(b). Subsequently, the software tries to find the pattern illustrated Figure5.54 on both images to calculate the geometric configuration of the two cameras.

Figure 5 .

 5 Figure 5.50: TIX first result (displacement in Z direction).

Figure 5 .

 5 Figure 5.51: Specimens Geometries used during Nakazima test

Figure 5 .

 5 Figure 5.53: DIC measurement with GOM ARAMIS system

Figure 5 .

 5 Figure 5.55: Export of major and minor deformations along different lines.

1 a 4

 4 .x 2 +b 4 .x+c 4 .• Step 5: On each curve, the maximum is detected which allows to find ε1 and ε2.

Figure 5 .

 5 Figure 5.56: Fitting

Figure 5

 5 Figure 5.57: Forming Limit Diagram

  5.13.1/ TENSILE TEST WITH STANDARD AND HOLED SPECIMENS 5.13.1.1/ TENSILE TEST WITH STANDARD SPECIMENS

Figure 5 .

 5 Figure 5.59: Tensile tests

Figure 5 .

 5 Figure 5.60: Tensile test comparison experimental vs FE modeling

Figure 5 .

 5 Figure 5.61: Necking localization.

Figure 5 .

 5 Figure 5.62: Principal strain before failure mesured by Stereocorrelation.

Figure 5 .

 5 Figure 5.63: Principal strain before failure calculated by FEM.

Figure 5 .Figure 5

 55 Figure 5.64: Displacement in Z direction at failure

Figure 5 .

 5 Figure 5.67: Forming Limit Diagram

Figure 6 . 3 :

 63 Figure 6.3: Hardware used to perform the µISF test.

Figure 6 . 4 :

 64 Figure 6.4: Example of acquisition of the forces in X, Y and Z during the forming of a pyramid.

Figure 6 . 5 :

 65 Figure 6.5: Fitting of Z-force obtain during µInDef procedure.

Figure 6 . 6 :

 66 Figure 6.6: Cost function and prameters convergence

2 :

 2 Identified material parameter (E = Elasticity, P = Plasticity, D = Damage).

Figure 6 . 7 :

 67 Figure 6.7: Comparison Numerical simulation vs Experimental average force.

Figure 6 .

 6 Figure 6.9: Example of Forming simulation realised by Grespi

Figure 7 . 1 :

 71 Figure 7.1: Mask miniaturization.

Figure 7 . 2 :

 72 Figure 7.2: Geometric differences between the original mask and the mask made by ISF after the roughing pass.

Figure 8 . 1 :

 81 Figure 8.1: Geometric differences between the original mask and the mask made by ISF after the roughing pass.
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  CuBe bands are divided into those without coating (M1) and those with coating (M2, M3 and M4). The coatings are Nickel (M2), Gold (M3) and Nickel and Gold (M4); as shown in Figure D.1.

Figure D. 1 :

 1 Figure D.1: Materials for male connectors

Figure D. 3 :

 3 Figure D.3: Geometry of tensile test in specimen.

Figure D. 4 :

 4 Figure D.4: Tensile test repeatability for CuBe band with NiAu coating.

Figure D. 5 :

 5 Figure D.5: Tensile test results comparison for CuBe with and without coating.

  Here ζ is a parameter reflecting the geometry of the tip: ζ = 0.72 for a cone, for a sphere ζ = 0.75 and ζ = 1 for a flat punch. Hardness is defined by: Young's modulus of indentor • E Young's modulus of specimen • ν i Poisson coefficient of indentor • ν Poisson coefficient of specimen From the test, a loading-unloading graphic represent the normal force as a function of indentation depth is obtained, as given in Figure D.13.

Figure

  Figure D.13: Loading-unloading graphic by nanoindentation test.

Figure D. 14 :

 14 Figure D.14: Sets of charge-decharge cycles result for 4 materials.

Figure D. 15 :

 15 Figure D.15: Hardness over depth of indentation for 4 materials.

Figure

  Figure D.17 compares the results obtained with materials M1 to M4 for different forming step size . In order to facilitate the reading and to allow a simpler comparison of the various tests, this figure presents only the average curve of the forces (cf Figure6.5 to understand the principle of this simplification).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 3 .

 3 

	The damaged plastic strain is

1: Material parameters

  investigated the ductile fracture prediction in Two-Point Incremental Sheet Metal Forming (TPIF) process by FEM (Abaqus in explicit). The enhanced Lemaitre's model defined in Equation3.2.3.2 is used. The material constants in the dam-

age model are calibrated by minimizing force error using a Newton's approach in a tensile test. The TPIF simulation results with the enhanced Lemaitre's damage model are validated by the thickness distribution, fracture location and forming force evolution trends. Compared with the corresponding experimental results, Lemaitre's gives much better results than von Mises and Swift modeling.

Table 3 .

 3 2: Tools dimensions for Nakazima and Marciniak tests

		Marciniak Method	Nakazima Method
	Tool	Flat	Hemispherical
	Punch	75-125 mm	98-102 mm
	Punch Nose r	10% of punch	-
	Die	120% of punch	Preferably 105 mm
			and > punch
			+ 2.5 * sheet thickness
	Die r	10% -20% of punch	Preferably 8 mm
			(min. 5 mm or 2 * thickness;
			whichever is greater)

Table 4

 4 

	.1.

Table 4 .

 4 Plastic parameters (σ y 0 ,Q 0 ,b 0 ), which are calibrated via a tensile test, are presented in Table4.2. The comparison between the hardening model response and the experimental load-displacement curve is given in Figure4.11. The model is in good agreement with the experimental curve. 2: Material parameters calibrated from tensile test.

	From Step 1 (Tensile Test)		
	σ y0	Q 0	b 0
	69.07 MPa 184.66 MPa 16.14

Table 4 . 3

 43 

: Material parameters calibrated by using Micro InDef test with helical strategy and pyramidal geometry.

Table 5

 5 

	.1 are identified by Micro InDef procedure

Table 5 .

 5 1: Tensile simulation parameters on LS-Dyna as explain previously. In Table5.1 T is the heat treatement temperature, d is the grain size, φ is the thickness to grain size ratio, σ y is the initial yield stress, Q is the saturation value (Voce hardening law), b is the hardening exponent (Voce hardening law), P D is the accumulates plastic strain threshold, S is the damage strength, t is the damage material constant and D c is the critical damage failure.

Table 5 . 4

 54 

	Type of element	Shell	Solid
	Number of element	9755	38000
	Number of element on thickness	1	5
	Constitutive law	Ductile damage model, Lemaitre type
	Algorithm		Static implicit
	Contact		Penalization method
	Simulation time		1 second

: TIX simulation parameters on LS-Dyna

Table 5 .

 5 6: Grain size of specimens for different heat treatment.

	5.9. TENSILE TEST

Table 5 .

 5 With d the grain size and k a parameter to identify. The identified parameters are given in the table 5.8 and the result is illustratedFigure 5.35. 8: Hall Petch Law Identified Parameters 

	1,2,3	500 30	243	52.9	70.7
	4,5,6	450 22	287	121	61.1
	7,8,9	400 17	327	133	47.0
	10,11	550 40	223	37.0	77.5
	12,13,14,15 600 44	194	26.1	89.9
	Table 5.7: Identified plastic parameters on pseudo-shearing tests.
	5.10.5/ HALL PETCH				
	Analysis of the results obtained under the Hall-Petch Law. The identified law is :
		σ y = σ 0 +	d k √		(5.7)
		σ 0 (MPa) k (MPa.µm 0.5 )	
		-2.57	1359		

Table 5 .

 5 .9. 9: Technical requirements for TIX experimental setup.

	Technical element	Value
	Distance between cameras	100mm
	Angle between cameras	17 •
	Mean distance between cameras and sheet	300mm
	Opening of the diaphragm	22mm
	Measuring field	42mm*35mm
	Dimension of a pixel in the measurement plane	1.7µm
	Resoluton ( 1 100 of a pixel)	0.17µm

Table 5 .

 5 6. Detail of part drawings can be found in Appendix.

	Geometry	Original (mm) Miniature (mm)
	Specimen dia.	65	30
	Punch dia.	35	18

Table 5 .

 5 10: Nakazima specimen and tool diameter

Table 5 .

 5 Please bear in mind that in all the following cases, the simulations are made using Lemaitre's ductile damage model as material model. The parameters of this model are identified by Micro Indef method using Micro SPIF. The material parameters are given in Table5.11. 11: Material parameters calibrated by using Micro InDef test with helical strategy and pyramidal geometry.

	1. Tensile test in 5.13.1.1						
	2. Perforated tensile test in 5.13.1.2					
	3. TIX test simulation in 5.13.2					
	4. Marciniak test simulation for FLD in 5.13.3				
	σy	Q	b	pD	Ŝ	ŝ0	Dc
	67.97 MPa 189.60 MPa 16.00 0.35 1.31 MPa 1.01 0.68

  Microconnect project answered further challenges in miniaturization research and electrical system performance, coupled to a requirement of cost efficiency to market's competitors. The connector industry is dominated by two technologies, namely precision Swiss-turning and forming, which are unable to satisfy both quality and cost efficiency.

	6
	MICROCONNECT PROJECT
	6.1/ GENERAL PRESENTATION OF MICROCONNECT PROJECT
	III
	APPLICATION TO INDUSTRY CONCLUSION AND
	PERSPECTIVE

The

Table 6 .

 6 

	Parameter	Name	Mechanism	Value
	E	Young's Modulus	E	Identified during
				tensile test
	ν	Poisson's ratio	E	Identified during
				tensile test
	σ y	Initial Elastic Yield	E	557.6 MPa
	Q	Saturation parameter	P	423.11 MPa
		(hardening law)		
	b	Exponent (hardening law)	P	17.16
	P d	Accumulated plastic deformation	D	0.58
		threshold		
	S	Damage law parameter	D	11.44
	t	Damage law exponent	D	2.27

  The identification capability of Micro InDef method has been compared to other types of test, e.g. tensile test, line test, etc. It is shown that the identification quality of Micro InDef is superior to those of other methods. Once Lemaitre model is identified, we sought to improve our experimental 150 CHAPTER 7. CONCLUSIONS & PERSPECTIVES

(a) FE modeling (b) Experimental

The size of the pyramid to be shaped was also adapted to the size of the system, we decided to use pyramids 3 mm side and 2 mm high as shown in Figure 6.2(a), dimensions are precised in Table 6.1. Figure 6.2 shows a pyramid made during our first tests. The equipment for the tests is detailed in Figure 6.3. The forming is executed on a Kern HSPC micro milling machine. This machine is chosen for its excellent positioning repeatability (in the order of 1 µm) and its high stability. During the tests we acquire the forming forces Fx, Fy and Fz using a Kistler torque plate reference 9119 A A1 and a reference charge amplifier 5080A. Each test is repeated at least three times to ensure repeatability. Figure 6.4 presents the efforts in X, Y and Z obtained in 4 similar tests

LIST OF FIGURES

2.14 Surface layer model ( [START_REF] Mahabunphachai | Investigation of size effects on material behavior of thin sheet metals using hydraulic bulge testing at micro/meso-scales[END_REF] after [Kals et al., 1996]). d is the grain diameter. . . . . . . . . . . . . . . . . . . . 

IV

D.2. TENSILE TEST

culated by taking into account the data given by transversal strain gauge, which is 0.31. While other parameters are identified and optimized using MIC2M program developed in-house ( [START_REF] Richard | Mod élisation et identification du comportement m écanique des mat ériaux[END_REF], [Richard, 1999a]).

The material model is elasto-plastic with Isotropic Hardening (Voce type). Considering a unidimensional problem elasticity is defined by :

The total strain is divided in elastic and plastic component :

Isotropic Hardening is given by :

Plastic flow law is :

with :

The identification is based on minimization of difference between experimental stress to the one simulated with the model. Le succès de l'industrialisation des microproduits dépend des processus de conception et de fabrication. Title : Identification of inelastic cyclic behaviour of thin metal sheet Under very large strain from instrumented micro forming process Keywords : Large strain, non homogeneous deformation, Lemaitre, identification, damage, formability, copper alloys, identifiability, FLC, out of plane test, DIC The success of micro product's industrialization depends on the conception, design and manufacturing process. A crucial step is characterization of material used in numerical simulations. Although it gives some mechanical properties of material, tensile test is far from representing the complete deformation produced in material. Therefore another test, Micro Incremental Deformation (Micro InDef) test which has non homogeneous deformation and rich in characterization data is developped, based on Micro Single Point Incremental Forming (µSPIF). To modelise the limit of formability (especially the damage of materials), Lemaitre's constitutive model is chosen due to its possibility to define the material behaviour by using continuum mechanics and thermodynamics of irreversible processes.Within this study, Micro InDef as material characterization test is validated. Moreover,using an identifiability method, the material parameters identified are proven to be physical parameters, instead of only mathematical fitting. Once Lemaitre's model is identified, experimental tests and finite element simulations are performed on tensile tests, shearing tests, forming limit tests and out-of-plane tests, to verify the reliability and adaptability of our identification. This study is applied in an industrial project within the connector domain, which use copper alloys.

Université Bourgogne Franche-Comté 32, avenue de l'Observatoire