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FOR THE DEGREE OF DOCTOR OF PHILOSOPHY OF UNIVERSITY OF METZ MAJOR : MECHANICAL ENGINEERING BY

The miniaturization of machine components plays a very important role in the future technological development of a broad spectrum of products owing to various advantages: low material cost, portability, implant, lower power consumption and higher heat transfer since their surface-to-volume ratio is very

high. In particular, one of the manufacturing processes for miniature parts is micromilling. Micromilling is flexible to process a variety of metallic alloys, composites, polymers and ceramic materials to form functional devices. It is suitable for accommodating individual components rather than large batch sizes, and has the ability to monitor the in-process quality of components so that problems can be corrected during fabrication. It is capable of fabricating 3D freeform surfaces, which is especially important for the production of micro-injection molds. Furthermore, it does not require very expensive setups as lithographic and masks. This dissertation focuses on several aspects of micromilling operation in order to improve its performances and efficiency. The literature survey of the current efforts in micro-mechanical machining investigated various aspects such as research directions, limitations, similarities and differences between macro and micro in order to understand the fundamental knowledge of micro mechanical machining.

A Micro Machine Tool (MMT) test-bed was developed for the micromilling experimental study based on an expert system. The MMT test-bed is driven by ultra precision linear motors with high resolution linear encoders as feedback. A high speed electro-spindle, a CCD stereo microscope and a precision dynamometer are equipped. An open numerical control system and Human-Machine Interface (HMI) with G code compatibility are developed. The evaluation test results, including positional accuracy test and machining performance test, show its excellent performances. v In the micro mechanical machining, the workpiece microstructure effects must be considered. In this research, the multi-phase and single-phase polycrystalline materials are chosen as the micromilling workpieces. Through the modeling and experimental study, their effects to the cutting force, surface generation, surface roughness, and chip formation issues are discussed in detail.

An exact micromill flute trajectories model is developed including the effects of tool radial error motion and rotor vibration. New method is proposed to measure and calculate the tool tip radial error motion and vibration cost-effectively.

The flute trajectories are simulated under different parameters setting. The parameter effects are discussed. Based on the trajectories analysis, their effects to chip thickness, cutting force, slot width (machining error), surface quality and tool breakage are investigated. The experimental results validate the model predictions well.

The wavy type chip has been found by the FEM simulation and micromilling experiments. The chip formation mechanism is studied quantitatively by means of hybrid analytical-FEM approach. The "Tool Rake Moment" M T ool and "Shear Band Moment" M W ork are calculated, it is proved that the main reasons of wavy chip generation are the variations of the tool chip contact length l T and shear band length l S . The Merchant model (MM model) and Arcona-Dow model (AD model) are adopted respectively to calculate the M W ork as a comparison. The AD model shows a good performance in the microcutting scale. The chip velocity analysis reflects the chip acquires additional angular acceleration when the segment generation. The chip angular acceleration is calculated via two approaches, FEM and chip moments calculation, respectively. The agreement of these two approaches validates the chip moments calculation.

A back propagation Neural Network (NN) model is developed to predict the effects of spindle speed (n), feedrate (f ) and axial depth of cut (a P ) on average surface roughness value (R a ) in the micromilling process. The Taguchi's approach is utilized for the design of experiment (DoE) to acquire enough training information with minimal experiment number to train the NN model. Finally, the NN model gives a good prediction of the surface roughness value, and the single factor and two-factor interaction effects to R a are discussed. 

Introduction

Highly accurate miniaturized components are increasingly in demand for various industries such as aerospace, biomedical, electronics, environmental, communications, and automotive (See Fig. 1.1). This miniaturization will provide micro-systems that promise to enhance health care, quality of life and economic growth in such applications as micro-channels for lab-on-chips, shape memory alloy stents, fluidic graphite channels for fuel cell applications, subminiature actuators and sensors, and medical devices [4][5][6][7][8]. In fact, the possibilities of the miniaturization are expanding into more complex systems owing to shifting from 2D components to 3D microstructures and from silicon to other materials, such as glass, polymers and metallic alloys. There are several benefits of miniaturization such as a good heat transfer rate due to high surface area to volume ratios, the possibility for non-invasive medical applications (i.e. hearing aid), increasing throughput and sensitivity for micro fluidic channels, reduction in space, material, and energy requirements and portability enable point of care testing [9]. The micro products can be fabricated with more expensive materials with better properties since they require a small amount of materials. They are also easy to transport and store due to the small size of the products.

Micro-component fabrication requires reliable and repeatable methods, with accurate analysis tools. Many common methods of manufacturing miniature components have been based on semi-conductor processing techniques, where silicon materials are photo-etched through chemical or dry processes, usually in large batch production. Numerous researchers have investigated the feasibility of using other fabrication processes, such as LIGA (a photo-lithography method using a synchrotron), laser, ultrasonic, ion beam, micro forming, and micro-Figure 1.1: Functionality and applications for the miniaturized components electro discharge machining method, to manufacture commercially viable microcomponents [6,[START_REF] Picart | Effects of size and texture on the constitutive behavior for very small components in sheet metal forming[END_REF][START_REF] Lemiale | Modelling and simulation of precision blankling for very thin components[END_REF][START_REF] Alting | Micro engineering[END_REF][START_REF] Masuzawa | State of the art of micromachining[END_REF]. However, the majority of these methods are slow, and limited to a few silicon-based materials and essentially planar geometries. The broad commercialization of micro-systems is inhibited by low productivity and by the inability to manufacture in small batch sizes cost effectively.

Micro-mechanical machining is another fabrication method for creating miniature devices and components with features that range from tens of micrometers to a few millimeters in size (Fig. 1.2). Recently, there has been strong interest in fabricating micro-meso-scale components through mechanical cutting processes [1]. Even though the mechanical micro-machining process may not be capable of obtaining the smallest feature sizes as with lithographic processes, mechanical cutting processes are very important in bridging the macro domain and the nano-and microdomains for making functional components. This is especially true for complex microstructures requiring a variety of materials, interfaces and functional shapes to form micro-systems that function with the macro-domain.

Motivations

The knowledge of the macro-mechanical machining has been well researched and established during last several decades. For micro-mechanical machining, there is a lack of knowledge developed. The translation of the wealth of knowledge developed for macro machining operations to micro-processes is the understanding of the limitations of its application. Mechanically removing material using carbide tools can produce countless desired feature shapes and sizes. The micro-cutting process is challenging; however, the experiences learned from macro-processes provide a valuable resource for future micro-machining research. Therefore, it is necessary to research both macro and micro knowledge in machining processes.

Micro-mechanical-machining techniques bring many advantages to the fabrication of micro-sized features. One of the advantages of micro-mechanical machining is flexibility [7]. In contrast to conventional machining, micro-mechanical machining can be easily modified to fulfill the production and operation requirements (i.e. Reconfigurable Manufacturing Systems). Further, they do not require very expensive setups of lithographic methods. They can produce microcomponents cost effectively because there is no need for expensive masks. The process is suitable for accommodating individual components rather than large batch sizes, and has the ability to monitor the in-process quality of components so that problems can be corrected during fabrication. It is capable of fabricating 3D freeform surfaces, which is especially important for the production of micro-injection molds. Moreover, it can process a variety of metallic alloys, composites, polymers and ceramic materials to form functional devices. Therefore, it is necessary to investigate the micromechanical machining in depth, see 

Research objectives

The objectives of this research are to translate some knowledge of the macro domain into micro machining processes for the efficient fabrication of miniaturized products (Fig. 1.4). There are a number of issues that influence micromechanical machining processes: cutting forces, dynamics and stability, chip formation, and machine tools. Several subjects (literature review of the state-ofart micro milling operations, development of the micro machine tool, workpiece microstructure influences, micromill tip trajectory investigation, wavy chip formation analysis in micromilling operation via FEM-analytical approach, surface roughness prediction based on the neural network and design of experiment) are focused in this thesis in order to accelerate the micro-mechanical machining technology in both quality and productivity at the Laboratory of Advanced Manu- 

Literature review on the micro-mechanical machining

Understanding the fundamentals of micro-mechanical machining is essential to fabricate miniaturized products efficiently. It is very important to know the current limitations and research directions of the micro-mechanical machining operations. The focus will be on micro-milling because this machining process is the most flexible for creating 3D surfaces from a variety of engineering materials, such as steel, ceramics, bio-materials. Traditionally, ultra-precision machining uses diamond tool-cutting operations, but because of the high demand for machining ferrous materials, a micro-milling operation using carbide tools is considered better suited to achieve these ends. In addition, the state of the art of the micro-milling operation will be examined for its transfer of knowledge from the macro-cutting domain to the micro-domain.

Development of the micro machine tool

In order to achieve the micromilling experimental operation, a Micro Machine Tool (MMT) test bed was developed. Meanwhile, the key technologies of MMT are discussed in detail. The test bed is driven by ultra precision linear motors with high resolution linear encoders as feedback. It is equipped with a high speed electro-spindle and a CCD stereo microscope as a monitoring device.

The entire machine is controlled by an open numerical control system based on motion controller. The Human-Machine Interface (HMI) software is developed with G code compatibility. Then the evaluation tests, including positional accuracy test and machining performance test, have been done on the MMT, and the results are very satisfactory and show its excellent performances.

Workpiece microstructure influences

In the macro scale, the workpiece is regarded as isotropic, but in the micro scale manufacturing process, it could be considered as inhomogeneous due its microstructure effects. In this research, the multi-phase and single-phase polycrystalline materials are chosen as the micromilling workpiece. Through the modeling and experimental study, the cutting force, surface generation, roughness, and chip formation issues are discussed in detail.

Micromill tip trajectory investigation

In the micromilling operation, due to the special geometric features of the micromill, its tip trajectories under high speed rotation are obviously different 

Wavy chip formation analysis

In mechanical micromachining, understanding the chip formation mechanics is critical to optimize the machining parameters, in order to minimize the burrs on the workpieces and improve their performances. An entire slot micromilling process on Al6061-T6 by one flute carbide cutter is simulated by means of FEM, and under this machining parameters set, the chip is found to be wavy type composed by many segments. The simulation is validated by experimental observation of the burr and chip morphology and the cutting force. Through the detailed analysis on the simulation results, the wavy chip formation process is described from the viewpoint of chip velocity, together with the variations of the tool chip contact length (l T ) and the shear band length (l S ). Then the chip formation mechanism is studied quantitatively by means of hybrid analytical-FEM approach. After calculating and analyzing the chip moments, including the "Tool Rake Moment" M T ool and "Shear Band Moment" M W ork , it is proved that the main reasons of wavy chip generation are the variations of the l T and l S . The Merchant model (MM model) and Arcona-Dow model (AD model) are adopted respectively to calculate the M W ork as a comparison. The AD model shows a good performance in the microcutting scale. In the wavy segment generation occasion, the average chip velocity magnitude in chip bending process is much greater than the one before chip bending which is about the cutting speed. The chip root velocity is almost constant in the entire micromilling process, and the chip tip velocity increases too much in the chip bending instant due to the chip angular acceleration. The chip angular acceleration is acquired respectively from FEM and analytical model based on the M T ool and M W ork AD calculations. The excellent agreement of these two approaches validates the correctness of the chip moments calculations.

Surface roughness prediction based on the Neural Network

This study is to analyze the effects of spindle speed (n), feedrate (f ) and axial depth of cut (a P ) on average surface roughness parameters (R a ) in the micromilling operation. Compared with the conventional milling operation, the non-linearity of micromilling is more obviously because of the minimum chip thickness, tool radial error motion and workpiece inhomogeneous inherent. In this work, the experimental design adopts the Taguchi's approach to acquire enough training information with minimal experiment number. Based on the experimental results, a neural network model is developed, trained and used to predict the bottom surface roughness in the micromilling operation. Finally, the effects of the single machining parameter and their interactions are analyzed in detail.

Methodologies

In this thesis, in order to understand the micromilling mechanism topics, such as cutting force, surface generation, metal phase effects, grain size effects, 

Literature Review

In this chapter, the state of the art in micro-mechanical machining is reviewed. Its focus will be on micro-milling because this machining process is the most flexible [7] for creating 3D surfaces from a variety of engineering materials.

Traditionally, ultra-precision machining uses diamond tool-cutting operations, but because of the high demand for machining ferrous materials [START_REF] Masuzawa | State of the art of micromachining[END_REF], a micromilling operation using carbide tools is considered better suited to achieve these ends. In addition, the state of the art will be examined for its transfer of knowledge from the macro-cutting domain to the micro-domain. In particular, research and its applications will be examined for, where macro-cutting knowledge has both succeeded and failed when applied to micro-cutting. Finally, suggestions will be made about macro-cutting knowledge that needs further research to be applied to micro-cutting and is anticipated to improve the quality of micro-mechanical processing.

The micro-cutting of steel has recently received strong research interest with the advent of miniaturized systems using a variety of materials, especially for biomedical applications. Several research laboratories and universities [9,[START_REF] Benavides | Meso-machining capabilities[END_REF][START_REF] Howe | Micro systems research in japan[END_REF][START_REF] El-Fatatry | Euspen vision online: Transferring microsystems technology[END_REF][START_REF] Tanaka | Development of desktop machining microfactory[END_REF][START_REF] Bang | 5-axis micro milling machine for machining micro parts[END_REF][START_REF] Kussul | Micromechanical engineering: a basis of the low-cost manufacturing of mechanical micro devices using micro equipment[END_REF][START_REF] Kussul | Development of micromachine tool prototypes for microfactories[END_REF] have active research programs in micromachining. According to Sandia [START_REF] Benavides | Meso-machining capabilities[END_REF], the need to fill the gap between nano/micro-and macro-domains is becoming an increasingly important research topic.

Several survey papers on micro-machining have addressed the importance of micro-fabrication techniques. Hesselbach et al. [START_REF] Hesselbach | International state of the art of micro production technology[END_REF] examined the international state of the art in micro-production technology from the perspective of how German industry fits within its limitations and economic potential. While outlining different fabrication processes, they draw the conclusion that in the micro-cutting area, there is the need to fabricate steel micro-molds for injection molding or embossing processes. The paper also briefly summarizes microassembly and metrology.

Masuzawa [START_REF] Masuzawa | State of the art of micromachining[END_REF] examined non-photo etching technologies for micro-machining, and classified the basic machining phenomena of the processes required to fabricate microstructures as: force, vaporization, ablation, dissolution, deformation, solidification, lamination, and re-composition. He examined their advantages and disadvantages, and listed publications that address the production of different feature types. He concluded that the size of micro-features currently being requested is 100μm, with micro-machining technology in the research stage being able to create 5μm features. In the near future, requested feature sizes are expected to be reduced to 50μm, with a research capability of 2μm features.

Alting et al. [START_REF] Alting | Micro engineering[END_REF] broadly examined the field of microengineering, from the design and development stages to modeling and fabrication, with a focus on how microproducts and their production systems can be designed. In their discussion of micro-mechanical cutting processes, the authors found major challenges to be that high cutting forces limit the accuracy and size due to the deflection of tools and work pieces, and that tool wear on the edge radius also influences cutting forces. The paper also described microfabrication systems, such as the micro-factory [START_REF] Tanaka | Development of desktop machining microfactory[END_REF] and concluded that many benefits will come from applying a systematic approach to micro-engineering, with the achievement of complete process integration a fundamental issue.

Liu et al. [1] presented a survey of the mechanics of micro-machining processes, focused on chip formation as influenced by minimum chip thickness, elastic-plastic deformation, and the non-homogeneity in micro-work pieces. This paper suggested that research is necessary in the modeling of the micro-machining process that will address thermal effects, dynamics, improved methods for estimating minimum chip thickness, and the nano-micro-meso continuum.

Chae et al. [START_REF] Chae | Investigation of micro-cutting operations[END_REF] reviewed the microcutting in various aspects, from the equipments to the mechanisms. They found the miniature tungsten carbide tools are widely used in the micro mechanical machining. The micro machine tools and precision machine tools are primary test beds of microcutting. The important mechanism researches include the cutting forces, feed rate estimation, instability, run-out effect. They recommended the future research directs will be concentrated on the micro tools and machines developments, micro-cutting mechanism deeper research, real-time monitoring, and workpiece quality testing. Dornfeld et al. [START_REF] Dornfeld | Recent advances in mechanical micromachining[END_REF] reviewed some of the main drivers, developments and future requirements in the field of micromanufacturing as related to the machining process from the perspective of the recent research and development literature.

For the purposes of this paper micromachining includes creation of precise two and three dimensional workpieces with dimensions in the range of a few tens of nanometers to some few millimeters by cutting using defined geometry cutting tools. This paper also included topics of process physics, including materials and microstructural effects, machine tools, tooling and sensing, workpiece and design issues, software and simulation tools, and other issues, e.g. surface and edge finish, and outlook for future developments.

The consensus that can be derived from these survey papers are that microcutting technology is important to the fabrication of 3D structures (i.e. high aspect ratio and complex geometries) using a variety of materials, especially steel.

Very little has been studied on micro-machining with tungsten carbide tools, nor have the macro-phenomena such as chatter, tool wear, monitoring, and work piece handling and testing been sufficiently investigated on a micro-scale. In the following section, the details of micro-cutting tools and machine tools, microcutting, and auxiliary processes are examined. The micro-fabrication research papers surveyed are summarized in Table .2.1, categorized by their research areas. The work piece is heterogeneous; Quenching and tempering the steel to obtain the homogenized work piece; Ductile iron: three distinct metallurgical; The changing crystallography and orientation affects shear angle and strength; [START_REF] Vogler | On the modeling and analysis of machining performance in micro-endmilling, part I: Surface generation[END_REF][START_REF] Vogler | On the modeling and analysis of machining performance in micro-endmilling, part II: Cutting force prediction[END_REF][START_REF] Weule | Micro-cutting of steel to meet new requirements in miniaturization[END_REF][START_REF] Grum | Influence of microstructure on surface integrity in turning-part 2: the influence of a microstructure of the work piece material on cutting forces[END_REF][START_REF] Lee | Materials induced vibration in ultraprecision machining[END_REF] (continued on next page) 

Handling and assembly

Piezo type gripper SMA micro-gripper; Holding micro-structures; [START_REF] Popa | Dynamic modeling and input shaping of thermal bimorph mems actuators[END_REF][START_REF] Brussel | Assembly of microsystems[END_REF] This chapter is organized as follows: Section 2.1 surveys the primary equipments used for micro-cutting operation, including the precision machine tool, micro machine tool, and cutting tools. Section 2.2 expresses the special characteristics of micro-cutting mechanism, such as minimum chip thickness, workpiece effects, tool wear etc. In Section 2.3, the auxiliary processes in the micro-cutting of micro-components, such as testing, handling and assembly, is examined. Section 2.4 examines the effectiveness and challenges associated with macro-machining processes when they are applied to predicting the behavior of micromachining operations.

Micro-cutting equipments development

Precision cutting tools and machine tools are critical to micro-mechanical cutting processes, since the surface quality and feature size of the micro-structures are dependent on them. The majority of micro-machine tools are based on conventional ultra-precision machines with high rigidity that are operated under a temperature-controlled environment. There has been strong interest by various research groups [9,[START_REF] Bang | 5-axis micro milling machine for machining micro parts[END_REF][START_REF] Kussul | Micromechanical engineering: a basis of the low-cost manufacturing of mechanical micro devices using micro equipment[END_REF][START_REF] Kussul | Development of micromachine tool prototypes for microfactories[END_REF][START_REF] Kapoor | Current state of micro-scale machine tool systems and machining research[END_REF] to build small-scale machine tools to fabricate micro-size components. The motivation for building miniature machine tools is derived from minimizing cost and size while increasing flexibility. However, the accuracy of these micro-machine tools is not yet on a par with conventional ultra-precision machine tools due to their lack of rigidity, base vibration and accuracy [9]. Tungsten carbide cutting tools are generally used for the micromechanical cutting process, due to their hardness over a broad range of temperatures. This section examines the equipment necessary to fabricate accurate and repeatable micro-components.

Tungsten carbide micro-tools

The size of precision micro-cutting tools (henceforth referred to as microtools) determines the limit of the size and accuracy of micro-structure features.

Smaller tools have decreased thermal expansion relative to their size, increased static stiffness from their short structure, increased dynamic stability from their higher natural frequency, and potential for decreased cost due to smaller quantities of material [START_REF] Cox | Performance evaluation of a miniaturized machining center for precision manufacturing[END_REF].

Diamond tools are often used for ultra-precision machining, but have a limited ability to machine ferrous materials. The high chemical affinity between diamond and ferrous materials causes severe wear [START_REF] Shabouk | Micro machining of single crystal diamond by utilization of tool wear during cutting process of ferrous material[END_REF][START_REF] Kalpakjian | Manufacturing Processes for Engineering Materials[END_REF], limiting its use to nonferrous micro-mechanical machining operations. Therefore, micro-tools such as micro-end mills and drills are generally made from tungsten carbide (WC), which has high hardness and strength (Fig. 2.1) at high temperatures [START_REF] Kalpakjian | Manufacturing Processes for Engineering Materials[END_REF]. To improve the wear resistance characteristics of micro-tools, very small grain size tungsten carbide (i.e. < 600nm) is fused together to form the tool. Cobalt is typically used as a binder and its content influences tool hardness. Smaller cobalt content makes the carbide harder, but at the expense of higher brittleness. Commercially available micro-end mills can be as small as 50μm in diameter, with their helix angle fabricated by grinding. Micro-tools of less than 50μm need a zero helix angle to improve their rigid-ity [START_REF] Benavides | Meso-machining capabilities[END_REF][START_REF] Schaller | Microstructure grooves with a width of less than 50μm cut with ground hard metal micro end mills[END_REF] and to mitigate the limitations of fabrication techniques. Onikura et al. [START_REF] Onikura | Fabrication of micro carbide tools by ultrasonic vibration grinding[END_REF] used ultrasonic vibration grinding to reduce the grinding forces and produced an 11μm diameter micro-carbide tool. Sandia Labs has developed a 25μm diameter carbide end mill tool with five cutting edges using focused ion beam machining, as shown in Fig. 2.3. This end mill tool was used to fabricate micro-channels with a 25μm depth and width [START_REF] Adams | Micromilling of metal alloy with focused ion beam-fabricated tools[END_REF]. Schaller et al. [START_REF] Schaller | Microstructure grooves with a width of less than 50μm cut with ground hard metal micro end mills[END_REF] fabricated micro-tungsten carbide tools using diamond-grinding disks. These tools are shaped into the single-edge end mills and their diameters range from 35 to 120 μm. Fang et al. [START_REF] Fang | Tool geometry study in micromachining[END_REF] investigated various micro-carbide tool geometries (i.e. triangular and semi-circular bases) using finite element method and experimentally verified their predictions. They found that the semi-circular-based mills are better than triangular or the conventional two fluted end-mills. They also concluded that when there is no helix angle on the micro-tools, poor chip evacuation may result in a poor surface finish. 

Precision machine tools

The size and quality of micro-products depends on the properties of the machine tools used to produce them, including their overall accuracy and their dynamic performance. The capabilities and quality of the machine tool is vital to such product requirements as size, accuracy, surface roughness and dimensional repeatability. The three main systems of precision machine tools are the spindle, a precision stage and a controller.

In micro-machining applications, the rotational speed of the spindle should be very high to maintain acceptable productivity, since the small tool diameter decreases the chip removal rate. When the torque requirements are high, electric motors with hybrid-angular contact bearings are used. This limits the maximum speed to approximately 80, 000rpm in the commercial products, since friction in the contact bearing results in the thermal expansion of the spindle.

In the laboratory level, the spindle speed can achieve about 500, 000rpm with magnetic bearing. When a higher spindle speed is required, air bearing spindles with air turbines are typically used, but they produce very low torque.

Air bearing spindles that exceed 200, 000rpm are commercially available. Often to achieve higher speeds, ultra-precision machine tools are retrofitted with high-speed spindles that fit in the conventional tool holder interfaces.

An ultra-precision stage (i.e. XY table) is necessary to achieve high accuracies when fabricating micro-structures. Linear drive motors and a control system are commonly used in ultra-precision machine tools. Compared to conventional drive mechanisms such as ball screws, linear motors have no accumulative errors from friction and the motor-coupling, no loss of accuracy due to wear, and no backlash. They can also provide very high accelerations [START_REF] Rooks | The shrinking sizes in micro manufacturing[END_REF]. The typical accuracy for ultra-precision machine tools using linear drive systems is ±1μm [START_REF] Masuzawa | State of the art of micromachining[END_REF]61].

Ultra-precision macro-machine tools have several advantages including high rigidity, damping and the ability to actuate precisely based on precision sensors and actuators [START_REF] Takeuchi | Development of a 5-axis control ultra precision milling machine for micromachining based on nonfriction servomechanisms[END_REF]. However, the large scale and precisely controlled machining environment may add very high costs for the fabrication of miniature components. Examples of commercially available precision micro-machining centers are depicted in Fig. 2.4.

Micro machine tool/micro factories

Since micro-structures are very small, several researchers and companies are trying to scale down the machine tools necessary to produce micro-components [9,[START_REF] Tanaka | Development of desktop machining microfactory[END_REF][START_REF] Bang | 5-axis micro milling machine for machining micro parts[END_REF][START_REF] Kussul | Micromechanical engineering: a basis of the low-cost manufacturing of mechanical micro devices using micro equipment[END_REF][START_REF] Kussul | Development of micromachine tool prototypes for microfactories[END_REF][START_REF] Vogler | Development of meso-scale machine tool (mmt) systems[END_REF]. Micro-machine tools do not necessarily have to be large to achieve the required precision [9], and several benefits from this miniaturization include reduction in energy, space, materials and cost.

Micro-machine tools are cost-effective when compared with ultra-precision machine tools and require smaller amounts of materials when fabricated. Therefore, machining centers can be constructed with more expensive materials that exhibit better engineering properties. Micro machine tools have higher natural frequencies compared with conventional macro-machines, due to substantially smaller mass. This translates into a wide range of spindle speeds to fabricate components without regenerative chatter instability. In addition, smaller machine tools have lower vibration amplitudes relative to the conventional machining loads [9]. Fig. 2.5 illustrates miniature micro-machine tools.

The portability of such systems is beneficial. Miniature machines introduced the new concept of small footprint factories known as micro-factories [START_REF] Tanaka | Development of desktop machining microfactory[END_REF]. For example, the small size of the machines allows for their deployment to any building or site. Micro-factories may be suitable for the production of microcomponents during military or space exploration applications, since the accessibility of large machine tools is very difficult. Miniature factories can also have significant energy savings since the energy requirements are lower.

Micro-factory actuators are either piezoelectric (i.e. flexure designs) or voice coil actuators, in order to achieve sub-micrometer accuracies. They use highspeed air bearing spindles, as used in the majority of ultra-precision machines.

Further, micro-factories can have different cells with different functionalities -axis miniature machine [START_REF] Bang | 5-axis micro milling machine for machining micro parts[END_REF]; (e) micro-factory [9]; (f) micromachine tool [START_REF] Kussul | Development of micromachine tool prototypes for microfactories[END_REF] such as micro-lathe, micro-milling, and micro-press. The micro-factory developed in Japan [START_REF] Tanaka | Development of desktop machining microfactory[END_REF] exhibits a two-fingered tweezer-robot and miniature CCD cameras to manipulate micro-components.

There are challenges associated with the development of micro-machine tools. They require accurate sensors and actuators, which must be small enough to implant within the machines. The structural rigidity of micro-machine tools is less than those of precision machines. In addition, the micro-machine tools can be excited by external disturbances; therefore, micro-factories require vibration isolation to achieve desired tolerances.

The accuracy and small features of micro-components are dependent on the machine tools that produce them. Tungsten carbide micro-tools provide the flexibility to fabricate both ferrous and nonferrous components. Conventional ultra-precision machine tools can produce the desired tolerances; however, in order to produce microcomponents cost effectively, the reduced cost potential of micro-factories holds a promising future for research. Further studies are needed to improve the rigidity of micro-factories. Also, integrated processing is still a significant challenge [START_REF] Alting | Micro engineering[END_REF].

Micro-cutting mechanism characteristics

The principals of micro-machining are similar to those of conventional cutting operations. The surface of the work piece is mechanically removed using micro-tools. Unlike conventional macro-machining processes, micro-machining displays different characteristics due to its significant size reduction. Most chip formation investigations are derived from macro-ultra-precision diamond and hardened steel cutting operations, with numerous publications on the effect of round edges and minimum chip thickness [START_REF] Vogler | Development of meso-scale machine tool (mmt) systems[END_REF][START_REF] Tonshoff | Developments and trends in monitoring and control of machining processes[END_REF][START_REF] Shaw | Precision finishing[END_REF][START_REF] Schmitz | Tool point frequency response prediction for high-speed machining by rcsa[END_REF][START_REF] Furukawa | Effect of material properities on ultra precise cutting processes[END_REF][START_REF] Lucca | Energy dissipation in the ultraprecision machining of copper[END_REF]. Often, the edge radius of the tools is relatively larger than the chip thickness to prevent plastic deformations or breakage of the micro-tools. In contrast to the conventional sharp-edge cutting model, chip shear in micro-machining occurs along the rounded tool edge [START_REF] Kim | Theoretical analysis of micro-cutting characteristics in ultra-precision machining[END_REF]. As a result, cutting has a large negative rake angle, which affects the magnitude of the ploughing and shearing forces. Therefore, a relatively large volume of material has to become fully plastic for a relatively small amount of material to be removed, resulting in a significant increase in specific energy [START_REF] Shaw | Precision finishing[END_REF].

Further, when the chip thickness is below a critical chip thickness, chips may not be generated during the cutting process; instead, the work piece material elastically deforms. For annealed steels, this results in a saw-toothed chip formation caused by high-frequency force fluctuation (over 10 kHz) [START_REF] Matsubara | Monitoring of cutting forces in end-milling for intelligent machine tools[END_REF]. The increase in cutting forces leads to accelerated tool wear, large tool deflection, and a builtup edge [START_REF] Weule | Micro-cutting of steel to meet new requirements in miniaturization[END_REF][START_REF] Vogler | Microstructure-level force prediction model for micro-milling of multi-phase materials[END_REF]. It is also well known that non-homogenous materials have a profound influence on the surface roughness and the cutting force in micro-scale machining [START_REF] Vogler | Microstructure-level force prediction model for micro-milling of multi-phase materials[END_REF].

Chip formation and minimum chip thickness

Chip formation is a dynamic process that is often nonlinear in nature. Understanding micro-chip formation is important in an accurate prediction of cutting forces. Since a chip may not form when the depth of cut is less than a minimum chip thickness, finding the minimum chip thickness has received much attention [START_REF] Weule | Micro-cutting of steel to meet new requirements in miniaturization[END_REF][START_REF] Kim | Scanning grating micro interferometer for mems metrology[END_REF][START_REF] Vogler | Microstructure-level force prediction model for micro-milling of multi-phase materials[END_REF].

In macro-machining, the feed per tooth (i.e. depth of cut) is generally deeper than the cutting tool edge radius. Therefore, macro-chip formation models are based on the assumption that the cutting tools completely remove the surface of the work piece and generate the chips. According to Davies [START_REF] Davies | Chip segmentation in machining aisi 52100 steel[END_REF][START_REF] Davies | On chip morphology, tool wear and cutting mechanism in finish hard turning[END_REF], the material flow pattern at low cutting speed is highly inhomogeneous, which affects segmented chip formation. This strain localization is due to the instability in the thermoplastic behavior of materials with changing temperatures. In contrast, Konig et al. [START_REF] Konig | Turning versus grinding -a comparison of surface integrity aspects and attainable accuracies[END_REF] found that periodic fracture caused chip formation. The chip thickness variation in milling operations, h(φ) can be approximated as h(φ) = c sin φ, where φ is the angle of immersion (angle of the tool) and c is the feed rate (mm/rev-tooth) [START_REF] Altintas | Manufacturing Automation: Metal Cutting Mechanics, Machine Tool Vibrations, and CNC Design[END_REF]. However, simple scaling of the chip thickness variation model cannot be used for micro-machining. The small depth of cut due to the small feed rate and edge radius of the tool cause a large negative rake angle.

This phenomenon causes ploughing, a rough surface and elastic recovery of the work piece. Liu et al. [START_REF] Liu | Model-based analysis of the surface generation in microendmilling-part I: Model development[END_REF][START_REF] Liu | Model-based analysis of the surface generation in microendmilling-part II: Experimental validation and analysis[END_REF] and Kim et al. [START_REF] Kim | Scanning grating micro interferometer for mems metrology[END_REF] demonstrated that there is elastic-deformation of the work piece during the micro-machining process.

The concept of minimum chip thickness is that the depth of cut or feed must be over a certain critical chip thickness before a chip will form. The relationship between the tool radius and minimum chip thickness depends on the cutting edge radius and the material of the work piece. It is very difficult to directly measure the minimum chip thickness during the process, in spite of knowing the tool edge radius. Researchers have estimated the minimum chip thickness either through finite element (FE) or experimental predictions [START_REF] Vogler | On the modeling and analysis of machining performance in micro-endmilling, part I: Surface generation[END_REF][START_REF] Vogler | On the modeling and analysis of machining performance in micro-endmilling, part II: Cutting force prediction[END_REF]. Moriwaki et al. [START_REF] Moriwaki | Combined stress material flow and heat analysis of orthogonal micromachining of copper[END_REF] used the FE method to analyze orthogonal micromachining with the effect of the tool edge radius. Their FE analysis showed good agreement with experimental cutting of copper with a sharp diamond tool. Vogler et al. [START_REF] Vogler | On the modeling and analysis of machining performance in micro-endmilling, part I: Surface generation[END_REF][START_REF] Vogler | On the modeling and analysis of machining performance in micro-endmilling, part II: Cutting force prediction[END_REF] determined the minimum chip thickness of steel by using an FE simulation tool. They reported the critical chip thickness is 0. Since the minimum chip thickness is dependent on material properties, Son et al. [START_REF] Son | Effects of the friction coefficient on the minimum cutting thickness in micro cutting[END_REF] determined the minimum chip thickness based on the tool edge radius and the friction coefficient between the work piece and tool. They analytically formulated that the minimum chip thickness can be approximated as

h m = R e (1-cos (π/4 -β/2))
, where β is a friction angle (i.e. Frictional Force/Normal Force = F u /F v ) between the tool and the uncut-chip work piece, and R e is the cutting tool edge radius. They also observed that a continuous chip is generated at the minimum chip thickness, producing the best surface finish.

In micro-mechanical machining, it is important to identify the minimum chip thickness prior to the cutting process, because the chip formation depends on the minimum chip thickness. The minimum chip thickness is influenced by the edge radius of cutting tool and by the work piece material.

Cutting forces in micro-machining

The cutting force is directly related to chip formation. The cutting force also determines the tool deflection and bending stress that limits the feed rate [START_REF] Dow | Tool force and deflection compensation for small milling tools[END_REF][START_REF] Budak | Improving productivity and part quality in milling of titanium based impellers by chatter suppression and force control[END_REF]. Well developed analytical cutting force models help operators choose the right cutting conditions for their system. There are two components to cutting forces namely, shearing and plowing forces. Since the chip thickness in micromachining applications can be comparable in size to the edge radius of the tool, the conventional sharp-edged theorem cannot be applied in micromachining operations due to their large negative rake angle. In addition, the elastic-plastic deformation of the work piece also changes the cutting forces in micro-machining operations.

Kim et al. [START_REF] Kim | Theoretical analysis of micro-cutting characteristics in ultra-precision machining[END_REF] showed analytically the differences in cutting forces between macro-machining and micro-machining processes. In the macro-model, shear takes place along a shear plane; whereas in micro-machining, the shear stress rises continuously around the cutting edge. Their orthogonal micro-cutting force analytical model considered the elastic recovery of the work piece along the clearance face of the tool and the plowing effect by the tool edge radius.

They estimated the elastic effects by simulating the cutting forces based on four separate regions. They found it matched closely with the experimental work of Moriwaki et al. [START_REF] Moriwaki | Combined stress material flow and heat analysis of orthogonal micromachining of copper[END_REF] and Lucca et al. [START_REF] Lucca | Energy dissipation in the ultraprecision machining of copper[END_REF], and concluded that the cutting forces are different from the sharp-edge model.

Liu et al. [1] found that the forced vibration of the tool and the elastic recovery of the work piece contribute to the magnitude of the cutting force at low feed rates. They proposed the micro-end milling process as having three types of mechanisms: only elastic deformation (the uncut chip thickness is smaller than the minimum chip thickness); elastic and shearing deformation; and, shearing deformation (the uncut chip thickness is greater than the minimum chip thickness). They have used the elastic recovery rate, based on the results from Jardret et al.'s work [START_REF] Jardret | Understanding and quantification of elastic and plastic deformation during a scratch test[END_REF], in order to quantify different types of deformations.

In addition, Liu et al. [1] also investigated the effect of low feed rate. They performed cutting at various feed rates and found that very low feed rates re-sulted in instability due to the elastic deflection of the work piece. This, in turn, creates variation in chip thickness, which results in chatter. Bao et al. [START_REF] Bao | Modeling microend-milling operations. part I: analytical cutting force model[END_REF] developed an analytical micro-machining cutting force model for the calculation of chip thickness by considering the trajectory of the tool tip, but did not consider the negative rake angle effect, elastic-plastic work piece, or the deflection of tool (they used relatively large diameter tools). According to the Tlusty's works, it is not desirable to apply conventional macro-models [START_REF] Tlusty | Dynamics of cutting forces in end milling[END_REF][START_REF] Tlusty | A critical review of sensors for unmanned machining[END_REF] to the micro-machining process when the ratio between the feed per tooth to tool edge radius is greater than 0.1.

In micro-mechanical machining, the depth of cut is often less than the critical minimum chip thickness to avoid tool breakage and to maintain desired tolerances. This causes a large negative rake angle between the tool and work piece. Conventional sharp-edge macro-cutting models cannot be used to predict cutting forces in micro-machining applications. In addition, the work piece materials elastic-plastic effects and the static deflection of the tool cannot be discounted in micro-cutting force analysis.

Effect of workpiece material (grain size)

In micro-machining, the nature of the workpiece must be considered in order to fabricate accurate micro-parts, as the depth of cut is sometimes less than the grain size in the workpiece material. The assumption of homogeneity in work piece material properties is no longer valid. Because micro-grain-structure size is often of the same order of magnitude as the cutter radius of curvature, the grain structures will affect the overall cutting properties [START_REF] Grum | Influence of microstructure on surface integrity in turning-part 2: the influence of a microstructure of the work piece material on cutting forces[END_REF]. The assumption in macro-mechanical machining is always that the materials are isotropic and homogenous. This is a distinct difference between micro-and macromechanical machining. The changing crystallography during the cutting process also causes variation in the micro-cutting force and generates vibration. This vibration is difficult to eliminate by changing the machine tool design or process conditions, because it originates from the work piece. Therefore, an averaged constant cutting coefficient cannot be used for micro-machining applications due to tool geometry, small grain size, and non-uniformity of the workpiece material.

Lee et al. [START_REF] Lee | Materials induced vibration in ultraprecision machining[END_REF][START_REF] Lee | A microplasticity analysis of micro-cutting force variation in ultra-precision diamond turning[END_REF] examined vibration caused by nonhomogeneous materials (i.e. aluminum single crystal with [START_REF] Altintas | Prediction of cutting forces and tool breakage in milling from feed drive current measurements[END_REF] and [START_REF] Kim | Adaptive cutting force control for a machining center by using indirect cutting force measurements[END_REF] plane) in precision machining operations. They found that changing crystallography and grain orientation affects shear angle and strength. Grum et al. [START_REF] Grum | Influence of microstructure on surface integrity in turning-part 2: the influence of a microstructure of the work piece material on cutting forces[END_REF] analyzed the cutting force in turning-related to work piece material and hardness. Using different aluminum and silicon alloys, they observed different microstructures significantly influence the magnitude of the cutting force, both in their static and dynamic components.

When the cutting tool engages from one metallurgical phase to another, the cutting conditions change, causing machining errors, vibration, or accelerated tool wear.

Vogler et al. [START_REF] Vogler | Microstructure-level force prediction model for micro-milling of multi-phase materials[END_REF] used a three-step monitoring process for determining the cutting force of different metallurgical materials, especially steel. In steel, the toughness of ferrite and pearlite grains differs, affecting the machined surface roughness. Their first step was the generation of a microstructural mapping using FE simulation.

Step two was the determination of the location of the cutting edge. The cutting coefficients change depending on which material phase is engaged with the cutting edge. The final step was the estimation of the cutting coefficients by using an average chip thickness. With a defined cutting coefficient, an instantaneous chip thickness can be used to predict the cutting force.

To overcome non-homogeneity in work piece material, Weule et al. [START_REF] Weule | Micro-cutting of steel to meet new requirements in miniaturization[END_REF] suggested micro-machining with uniform material. They quenched and tempered SAE 1045 steel with different temperatures ranging from 180 to 600 • C in order to obtain a homogenized work piece. They also showed that an increase in the feed rate would improve the surface finish. This conclusion is in agreement with the instability due to low feed rate observed by Liu et al. [1].

The workpiece in micro-machining should be regarded as a non-homogenous material since the grain size is comparable to chip size. If possible, treatment of the workpiece should be considered to provide uniform microstructural properties, allowing for better cutting force prediction.

Tool wear and burrs

The small depth of cut in micro-machining significantly increases friction between the tool and the work piece, resulting in thermal growth and wear. As a result, the increased radius of the tool decreases the quality of the produced part and increases the rate at which tools fail [START_REF] Xiao | The effect of tool nose radius in ultrasonic vibration cutting of hard metal[END_REF][START_REF] Liu | Single-step super finish hard machining: feasibility and feasible cutting conditions[END_REF]. In addition, the suppression of burr development in micro-machining is very important because unlike in macro-machining, post-processing cannot always be applied to remove burrs on miniature fabricated parts.

While tool wear monitoring has been extensively studied on the macro-scale, very limited work has been conducted at the micro-scale. Tansel et al. [START_REF] Tansel | Tool wear estimation in micro machining. part 2: neuralnetwork-based periodic inspector for non-metals[END_REF][START_REF] Tansel | Tool wear estimation in micro-machining. part 1: tool usageccutting force relationship[END_REF] developed neural networks to predict tool wear using cutting force and wear data. The neural networks estimated tool condition in the micro-machining of aluminum and steel, with slower tool wear rates for aluminum than in steel. This phenomenon is in agreement with tool wear in the soft/hard work piece cutting observed by Weule et al. [START_REF] Weule | Micro-cutting of steel to meet new requirements in miniaturization[END_REF]. However, the neural network approach requires extensive experimental data and is often inconsistent for different material and cutting conditions. Rahman et al. [START_REF] Rahman | Micro milling of pure copper[END_REF] investigated the micromilling of copper.

They concluded the wear of a 1mm diameter tool depended on the tool helix angle and the depth of cut. Their experiments found a small depth of cut (0.15mm) has a higher tool wear rate than a larger depth of cut (0.25mm).

They interpreted this phenomenon as resulting from a continuous chip being removed-up the helix of the micro-tool, increasing the force on its rake face.

Dow et al. [START_REF] Dow | Tool force and deflection compensation for small milling tools[END_REF] observed that as cutting tools wear, the edge of the cutting tool becomes flat. This flat area can be monitored with a scanning electron microscope (SEM) image of the tool edge. However, the applicability of this method is limited by the long and difficult set-up of the SEM. The influence of the tool size on tool wear was investigated by Weinert et al. [START_REF] Weinert | Machining of niti based shape memory alloy[END_REF], who also used an SEM to measure the tool wear. Mitsubishi [86] investigated the relationship between the coolant pressure and tool wear in micro-machining. Their experimental results showed there is no relationship between the amount of wear and the coolant pressure.

In milling, the kinematics of the tool as it exits from the work piece significantly affects burr formation due to plastic deformation (i.e. bending) of chips rather than shearing [START_REF] Byrne | Advancing cutting technology[END_REF]. Weule et al. [START_REF] Weule | Micro-cutting of steel to meet new requirements in miniaturization[END_REF] reported that burrs frequently occur when micro-machining hard materials because of increased tool wear.

Schaller et al. [START_REF] Schaller | Microstructure grooves with a width of less than 50μm cut with ground hard metal micro end mills[END_REF] examined ways to remove burrs from brass and stainless steel micro-parts. To minimize burring, they coated brass with a cyanacylate polymeric material. The polymeric material filled voids around the edges of the work piece, where burrs form, allowing the cutting tool always to be engaged with the work piece or the cyanacylate layer. After machining, the cyanacylate is removed with acetone in an ultrasonic bath. For stainless steel, they used electro-chemical polishing techniques to remove burrs. This post-processing to minimize micro-burrs can be expensive but necessary.

The motivation for high-speed micro-machining is the reduction of production time in creating complex 3D shapes by maximizing material removal rates.

It is important to understand the relationship between the micro-cutting tool and the work piece in order to produce the desired microcomponent. Cutting force prediction and measurement need meticulous care during their analysis so that the effect of built-up edge, run-out, tool deflection, and instability are included. Most of the papers surveyed have individually investigated these effects on tools with diameters greater than 200μm, but a more comprehensive approach is required to addresses their interactions, including addressing nonlinearities in micro-machining, and using tools with the smaller diameters. Improved productivity in micromilling operations requires a chip thickness greater than the minimum chip thickness, while keeping below the plastic deformation limit of the work piece or tool. If this cannot be achieved, the tool design should be improved to increase its strength and stiffness to permit cutting conditions, where chips will always form.

Micro-cutting auxiliary processes

Impeding the commercialization of micro-systems is a lack of understanding of the needs and differences in testing and modeling of 2D and 3D microcomponents. Microcomponents require special equipment to directly measure and handle them. Many products such as hard disk drive heads, inkjet printer heads, chemical sensors and micromotors consist of a system of micro-parts, each with different functionality. In most cases, it is impractical to produce a single product with multiple functions [START_REF] Brussel | Assembly of microsystems[END_REF]; therefore, assembled systems play an important role in the micro-products industry. Currently, the testing, modeling, handling and assembly of micro-systems are heavily based on semi-conductor processes. With the advent of 3D components, these existing methods need to be updated to accommodate their complex shapes which, in turn, will result in an increase in system complexity.

Testing and modeling

Determining the dynamic performance and reliability of 3D micro-components is becoming increasingly important to ensure functionality [START_REF] Ozdoganlar | Development of a testing facility for experimental investigation of mems dynamics[END_REF]. Often, engineers analyze MEMS designs through FE simulations to evaluate system performance [START_REF] Cox | Performance evaluation of a miniaturized machining center for precision manufacturing[END_REF][START_REF] Atre | Dynamic response of surface micro machined horizontal beam flexure actuator[END_REF]. However, experimental analysis is vital to verify FE simulations and develop mathematical models for vibration damping effects in microcomponents and micro-assemblies [START_REF] Ozdoganlar | Development of a testing facility for experimental investigation of mems dynamics[END_REF].

Ozdoganlar et al. [START_REF] Ozdoganlar | Development of a testing facility for experimental investigation of mems dynamics[END_REF] developed an experimental dynamic test system for micro-structures using a piezoelectric shaker and laser vibrometer. The system consists of a vacuum chamber and an open-cell neoprene foam rubber block, in order to minimize external noise such as vibration, temperature, force and pressure, all of which can easily distort the response of the micro-structure. While they were able to acquire frequency response functions and natural frequencies of structures, they were not able to correlate force and displacement. Further research is required to identify dynamic parameters such as damping ratio and the dynamic stiffness of structures.

Handling and assembly

Micro-assembly issues include the dominating force, joining methods, tolerance, and interference factors. In micro-assembly, the main differences between the macro and micro-scale are a dominant force that exists between a manipulator and its object, as well as the positioning accuracy of the assembly machine [START_REF] Brussel | Assembly of microsystems[END_REF]. In general, gravity forces dominate at the macro-scale. However, adhesive forces such as surface tension, friction, electrostatic, and Van der Waals forces become dominant in the micro-scale [START_REF] Popa | Dynamic modeling and input shaping of thermal bimorph mems actuators[END_REF][START_REF] Brussel | Assembly of microsystems[END_REF]. The electrostatic forces are less significant when feature sizes range from 10mm to 1mm. On a nano-scale (i.e. parts less than 10nm in size), Van der Waals force become dominant.

Since micro-mechanical components made with micro-cutting processes range from a few micrometers and up, the effect of Van der Waals force is not as significant [START_REF] Brussel | Assembly of microsystems[END_REF][START_REF] Fearing | Grasping for macro-scale and micro-scale[END_REF].

When micro-products measure below 1mm, conventional manipulation methods cannot be used since measurement and control of sensors and actuators are difficult [START_REF] Brussel | Assembly of microsystems[END_REF]. Alting et al. [START_REF] Alting | Micro engineering[END_REF] classified micro-manipulators into contact and non-contact types. Contact-type manipulators, developed for silicon MEMS, are know as mechanical manipulators and include piezo, shape memory alloy (SMA), thermal bimorph and tweezers [START_REF] Kim | Silicon processed overhanging micro gripper[END_REF][START_REF] Suzumori | Flexible micro actuator for miniature robots[END_REF][START_REF] Peirs | A micro robotic arm for a self propelling colonoscope[END_REF][START_REF] Weck | Assembly of hybrid micro systems in a large chamber electron microscope by use of mechanical grippers[END_REF][START_REF] Breguet | Monolithic piezoceramic flexible structures for micromanipulation[END_REF][START_REF] Furuya | Shape memory actuators for robotic applications[END_REF][START_REF] Greitmann | Tactile micro gripper for automated handling of micro parts[END_REF]. Suction systems are also used to pick, hold and place planar microparts. Non-contact manipulators include magnetic fields, optical trap or laser tweezers, electric fields, and aerostatics, but are not as desirable in handling micro-products due to the lack of holding forces [START_REF] Alting | Micro engineering[END_REF][START_REF] Brussel | Assembly of microsystems[END_REF]. Popa et al. [START_REF] Popa | Dynamic modeling and input shaping of thermal bimorph mems actuators[END_REF] presented various micro-grippers, including piezo and SMA types.

Joining of micro-parts is an essential part of microassemblies. Common joining methods include glue, snap fit, key lock, and miniature nut and bolt fasteners [START_REF] Brussel | Assembly of microsystems[END_REF]. When micro-parts are joined together, small joining tolerances are required. To facilitate the joining of micro-parts, a visual servo system, such as CCD cameras is typically used to increase the position accuracy of the micro-parts [START_REF] Alting | Micro engineering[END_REF]. Vibration, which can cause positioning errors, is also a critical factor during assembly processes.

In summary, in contrast to macro-handling, the assembly, handling and assembly of micro-components and micro-systems require new concepts. The manipulation of micro-components to create assemblies will likely require physical contact, which must consider new dominant forces, as well as joining methods dependant on the components and the size of its features. Vibration, which can cause positioning errors, are also a critical factor during the assembly process.

Micro-machining from macro-machining knowledge

The translation of the wealth of knowledge developed for macro-machining operations to micro-processes is critical, both for the efficient development of practical micro processes and for the understanding of the limitations of its application. Mechanically removing material using carbide tools can produce countless desired feature shapes and sizes. The micro-cutting process is challenging; however, the experiences learned from macro-processes provide a valuable resource for future micro-machining research.

This section examines the feasibility of translating macro-knowledge into the micro-realm by identifying the similar problems faced in the macro-and micro-domains. For example, regenerative chatter also occurs in the micro domain, but its investigation has been limited due to inaccurate measurement of dynamics between the tool and work piece. Problems that are generally minor in the macro domains, such as tool run-out, are amplified in the micro domain.

One of the biggest challenges is maintaining machining forces below a critical limit to prevent excessive tool wear and breakage while improving productivity.

Lastly, the sensing and monitoring of micro-machining processes has limitations. It is anticipated that there will be more challenges associated with the micro-machining than macro-machining, and new paradigms may be required to overcome obstacles.

Cutting forces

As with the macro-machining theories, micro-cutting forces consist mainly of shearing and plowing components [START_REF] Altintas | Manufacturing Automation: Metal Cutting Mechanics, Machine Tool Vibrations, and CNC Design[END_REF]. However, as mentioned in previous sections, microcutting forces are quite different from macro-forces, especially the static (dc component) of force. In a preliminary experiment of slot machining aluminum 7075 T-6, micro-cutting forces were compared to their predicted results using the conventional sharp-edge cutting force model [START_REF] Altintas | Manufacturing Automation: Metal Cutting Mechanics, Machine Tool Vibrations, and CNC Design[END_REF], with compensation for the run-out forces, and the assumption that the machined materials were uniform (Fig. 2.9). The dynamic component, which is mainly due to shearing forces, is similar to conventional cutting force simulations when the depth of cut is greater than the minimum depth of cut. However, the offset static component between the experiment and the predictions clearly indicated that plowing forces in micro-machining processes cannot be fully expressed in the macro-cutting model.

Figure 2.9: Micro-cutting forces in feed direction (cutting conditions: 20, 000rpm, 0.002mm/tooth, 200μm diameter, two fluted end mill; theoretical, sharp edge theorem; experiment, measured using a Kistler table dynamometer) [START_REF] Altintas | Manufacturing Automation: Metal Cutting Mechanics, Machine Tool Vibrations, and CNC Design[END_REF] Making a small depth of cut in micro-machining is impeded by the requirement to maintain cutting forces below the plastic deformation limit of the microtool; therefore, reducing the cutting forces in micro-operations significantly improves material removal productivity. However, driving cutting forces-up is the requirement for a minimum chip thickness necessary for chip formation. Moriwaki et al. [START_REF] Moriwaki | Combined stress material flow and heat analysis of orthogonal micromachining of copper[END_REF] presented the possibility of significantly reducing cutting forces in macro-turning and milling by providing an ultrasonic elliptical vibration that is synchronized with the chip flow direction to reduce cutting forces. However, their tool rotational speed was limited by the elliptical vibration speed. This could be addressed by utilizing a high-frequency piezoelectric actuator stage with higher bandwidth than the rotational speed in the micromachining domain.

Friction between the tool and work piece has not been thoroughly investigated in micro-machining. Several researchers investigated the effects of flank tool wear by monitoring the plowing forces [START_REF] Yao | Comprehensive tool wear estimation in finishmachining via multivariate time-series analysis of 3-d cutting forces[END_REF][START_REF] Kountanya | Flank wear of edge-radiused cutting tools under ideal straight-edged orthogonal conditions[END_REF] in macro-machining. In the macro-process, increased flank wear is caused by high friction and its consequent thermal load between the tool tip and work piece material. This results in tensile residual stresses and creates a white layer with an extremely fine microstructure [START_REF] Byrne | Advancing cutting technology[END_REF]. With an increase in the chip thickness in micro-machining, the plowing forces decrease as the chip forms [1]. In addition, the elastic deformation of the work piece affects changes in the plowing (or rubbing) forces.

Kountanya et al. [START_REF] Kountanya | Flank wear of edge-radiused cutting tools under ideal straight-edged orthogonal conditions[END_REF] examined the flank wear of edgeradiused macro-cutting tools in orthogonal machining conditions. They report that the cutting force decreases when the chip thickness is less than the edge radius of the tool until the edge radius is worn away, then the cutting force increases. The reason for this phenomenon may be due to the sharpening effect on the blunt edge as flank wear increases as illustrated in Fig. 2.10. Whether this macro machining phenomenon occurs in the micro-cutting process is not yet known. 

Feed rate estimation

Feed rate directly affects cutting forces, with excessive forces resulting in large tool deflection, accelerated tool wear and tool breakage. Thus, the proper selection of the feed rate is very important to maintain desired work piece tolerance limits. Micro-tools, especially carbide end mills, do not plastically deform, having brittle tool failures. When the shear effect is neglected, the tool deflec-tion and bending stress can be modeled as a simple cantilever beam Feed rate may be selected based on the two criteria of maximum deflection and/or bending stress. Severe deflection will result in tolerance violation. The carbide strength limit can be evaluated by transverse rupture strength tests (ISO 3327). Based on these two criteria, the maximum allowable force limit can be calculated. Feed rates can then be identified from cutting force models. If tool deflection or breakage are too limiting to the feed rate, tool geometry such as tool length can be changed to increase tool stiffness, permitting maximum chip formation while minimizing elastic effects that result in instability. Therefore, the tool vibration will result in a shorter tool life.

Instability (Chatter)

Chaotic dynamic cutting processes, such as chatter, pose a significant problem in micro-machining because they result in excessive vibration that can lead to catastrophic failure. Chatter is an unstable, self-excited vibration that occurs as a result of an interaction between the dynamics of the machine tool and the work piece [START_REF] Budak | Improving productivity and part quality in milling of titanium based impellers by chatter suppression and force control[END_REF][START_REF] Tlusty | A critical review of sensors for unmanned machining[END_REF][START_REF] Tobias | Machine Tool Vibrations[END_REF][START_REF] Tobias | A Theory of Regenerative Chatter[END_REF]. In traditional regenerative chatter stability, the occurrence of chatter is dependent on three factors: cutting conditions, work piece material properties, and the dynamics of the machine tool spindle system. An accurate prediction of the overall structural dynamics of the machine tool system is critical to preventing chatter. However, experimental measurement of the dynamics of the machine tool structure at the tool tip is not feasible for micro-tools. Due to micro-tool size and fragility, impact hammer force tests cannot be applied to measure tool tip vibration. Often, micro-tools are modeled as cantilever beams. However, this may not correctly represent the dynamics at the tool tip. To overcome this, the receptance coupling and joint dynamics identification method developed by Park et al. [START_REF] Park | Receptance coupling for end mills[END_REF] can be utilized to analytically couple tool and spindle dynamics. To acquire the overall dynamics, the dynamics of the micro-end mill tool is predicted through FE analysis and the dynamics of the spindle-tool holder assembly are measured through the experimental hammer test. The joint dynamics are then indirectly acquired based on two translational measurements using a blank tool.

High-speed machines also present new challenges for micro-machining. At higher speeds, the dynamics of machine tools change, with an unbalanced spindle producing centrifugal and gyroscopic effects. Modeling and analysis of highspeed spindle dynamics with various bearing configurations and thermal expansions are important. The majority of spindle research has dealt with static stiffness optimization rather than dynamic performance. The few papers addressing high-speed spindle dynamics were far below the operation range of micromachining [START_REF] Howe | Micro systems research in japan[END_REF].

Finally, in the micro-scale, material property homogeneity cannot be assumed; thus, the cutting coefficients used in chatter control models will vary from macromachining processes due to anisotropy of materials. Instability in micro-machining is a very challenging problem due to various non-linear effects and time-variant dynamics. In particular, the feed rates of micro-milling operations can significantly affect the stability due to elastic deformation [START_REF] Kim | A static model of chip formation in microscale milling[END_REF].

Run-out/unbalance

Tool run-out and unbalance is usually a minor problem in macro-machining operations; however, the problem is severely amplified when the diameter of the tool decreases and spindle speed increases significantly. Tool run-out is caused by a misalignment of the axis of symmetry between the tool and the tool holder or spindle. In macro-machining it often ignored, as the diameter of cutting tools is relatively large compared to the tool run-out and the speed is relatively slow compared to micro-machining.

The unbalanced component of the rotating spindle can contribute significant noise to force measurements, especially at high rotating speeds. Like run-out, this noise is caused by the eccentricity (or unbalance) of the rotating spindle that exerts centrifugal forces. Unbalance forces are modeled as Eq.(2.1), where the right hand side of the equation is the centrifugal force acting on the unbalanced mass, m o , with a distance of the center of the unbalanced mass from the rotational axis, e, and a spindle rotational speed denoted ω r :

M ẍ + C ẋ + Kx = m o eω r 2 sin ω r t (2.1)
Thus, the unbalanced forces are a function of the square of the rotational speed, and severe vibration can occur for high-speed micro-machining operations. This unbalance can be also caused by the deflection of the tool due to cutting forces; however, no work has been reported in this area for micro-cutting.

This oversight has perhaps contributed to difficulties in measuring micro-cutting forces, as they are severely distorted by the run-out and unbalance.

Several researchers [START_REF] Ikua | Prediction of cutting forces and machining error in ball end milling of curved surfacesI theoretical analysis[END_REF][START_REF] Dow | Tool force and deflection compensation for small milling tools[END_REF][START_REF] Bao | Modeling micro-end-milling operations. part II: tool run-out[END_REF] have investigated tool run-out by investigating cutting forces during cutting and non-cutting. They also investigated different tool holders, and concluded collet-type holders are superior to the setscrew type for reducing run-out. Jun et al. [START_REF] Jun | Investigation of the dynamics of microend milling-part I: Model development[END_REF][START_REF] Jun | Investigation of the dynamics of microend milling-part II: Model validation and interpretation[END_REF] used a capacitance sensor to examine tool run-out. Capacitance sensors, however, are inaccurate on round surfaces with the displacement measurement becoming non-linear [START_REF] Vallance | Effects of spherical targets on capacitive displacement measurements[END_REF].

Tool deflection due to cutting also affects its accuracy. Lee et al. [START_REF] Lee | A dynamic surface topography model for the precision of nano-surface generation in ultra-precision machining[END_REF] showed that cutting marks due to tool run-out contribute to surface roughness. These cutting marks had a period of twice the chip load, indicating that one cutting edge is deeper than the other cutting edge. That is, the radius of one cutting edge appears larger than the others. Novel tool holder design may improve micro-tool run-out, and deserves more study. Rivin [START_REF] Rivin | Tooling structure -interface between cutting edge and machine tool[END_REF] surveyed tool holders, but active or passive control of tool holders using actuators may be required to compensate for any unbalance and minimize tool run-out. New geometric designs for tools may also be required in micro-machining operations, where the spindle speed is very high.

Sensing methods

Significant research has been conducted on the monitoring of macro-machining processes using various sensors such as: spindle motor current and power [START_REF] Matsushima | In process detection of tool breakage by monitoring the spindle current of a machine tool[END_REF][START_REF] Constantinides | An investigation of methods for on line estimation of tool wear[END_REF]; a feed drive measurement [START_REF] Altintas | Prediction of cutting forces and tool breakage in milling from feed drive current measurements[END_REF][START_REF] Kim | Adaptive cutting force control for a machining center by using indirect cutting force measurements[END_REF] used to emulate force signals; vibration signatures [START_REF] El-Wardany | Tool condition monitoring in drilling using vibration signature analysis[END_REF]; acoustic emissions [START_REF] Moriwaki | Detection for tool fracture by ae measurement[END_REF][START_REF] Sampath | Tool health monitoring using acoustic emission[END_REF][START_REF] Choi | Real time monitoring of tool fracture in turning using sensor fusion[END_REF]; and cutting forces [START_REF] Altintas | Manufacturing Automation: Metal Cutting Mechanics, Machine Tool Vibrations, and CNC Design[END_REF][START_REF] Tlusty | A critical review of sensors for unmanned machining[END_REF]. These sensing methods have very narrow frequency bandwidth requirements and are prone to small disturbances, or not applicable for milling operations due to the highly intermittent nature of the chip removal process [START_REF] Yan | A multi-sensor strategy for tool failure detection in milling[END_REF], Tlusty [START_REF] Tlusty | A critical review of sensors for unmanned machining[END_REF],

Byrne [START_REF] Byrne | Tool condition monitoring (tcm)-the status of research and industrial application[END_REF], and Dimla [START_REF] Dimla | Sensor signals for tool wear monitoring in metal cutting operations-a review of methods[END_REF] reviewed various sensors and their limitations for machine monitoring processes using dimensional, cutting force, feed force, spindle motor, and acoustic emission (AE) sensors.

Cutting force measurement is the most effective method for monitoring tool conditions since it provides higher signal-to-noise ratios, and best represents the state of machine tools and machining operations [START_REF] Tlusty | A critical review of sensors for unmanned machining[END_REF]. Despite years of research in this area, reliable, versatile and practical sensors are not yet available for the monitoring and controlling of high-speed machining processes [START_REF] Dimla | Sensor signals for tool wear monitoring in metal cutting operations-a review of methods[END_REF]. The most common direct method to measure cutting force in machining operations is through table dynamometers or piezoelectric load cells. Park and Altintas [START_REF] Park | Dynamic compensation of cutting forces measured from the spindle integrated force sensor system[END_REF] presented a Kalman filter algorithm, which reconstructs cutting forces from the distorted cutting force measurements obtained from a spindle integrated sensor system. Similar filtering techniques are needed to acquire high-frequency bandwidth cutting forces for micro-machining. The bandwidth of sensors needed for micro-cutting operations should be a few times higher than the tooth passing frequencies to reconstruct the cutting forces. This requires the development of new sensors and the fusing of various sensor signals.

Process optimization and monitoring

Most micro-machining processes use conservative feed rates, due to the fragility of micro-tools [START_REF] El-Fatatry | Euspen vision online: Transferring microsystems technology[END_REF]. To increase overall manufacturing output, microcutting requires higher feed rates and spindle speeds for higher volumetric material removal, while minimizing tool deflection and chatter. Adaptive control has been used in macro-machining processes [START_REF] Ulsoy | Applications of adaptive control to machine tool process control[END_REF][START_REF] Koren | Computer Control of Manufacturing Systems[END_REF]. However, it has not been tried in the micro-scale, where it is even more important since tool deflection is considerable.

It is very difficult to detect damage to cutting edges and broken shafts in micro-end mills, making it nearly impossible to stop machining or change the cutting conditions before tool failure. Because feature sizes and cutting tools are small, it is nearly impossible to restart an interrupted machining process by aligning the tool to the work piece. Also, damage to a work piece by a broken tool may not be observable without special instruments. Tansel et al. [START_REF] Tansel | Micro-endmillingextending tool life with a smart work piece holder[END_REF] have used Smart Work piece holders to prevent work piece damage through the use of a piezoelectric actuator. Using a detected cutting force signal, the actuator can quickly move in the opposite direction in very small increments, thereby creating sufficient time to reduce the motor speed and decrease the cutting forces.

Process monitoring and control in high-speed micromachining applications are very challenging with existing equipment and techniques. Therefore, the fusion and filtering of various process monitoring signals is essential for microcontrol to enhance robustness and reconcile the limited frequency bandwidth of currently available sensors and actuators.

Conclusions

Nano-and micro-electro-mechanical systems (MEMS) are seen as the favored technology for component miniaturization, and its use promises to enhance economic growth, health, and quality of life. However, interfacing to the macro-domain has been a big challenge. Micromechanical cutting is an enabling technology that can bridge the gap between the macro-and nano/micro-domain.

The flexibility and efficiency of micro-end milling processes using carbide tools allow the fabrication of small batches compared with other processes. In some cases, the removal of material shows similar trends between the macro-and micro-machining processes, such as regenerative chatter, tool wear, and monitoring strategies. However, in many instances, the direct scaling of macroknowledge to the micro-domain was not successful. Rather, micro-fabrication requires extensive research in chip removal processes, cutting force predictions, handling, assembly, material properties, modeling and testing in order to provide accuracy and productivity in micro-scales. In addition, extensive commercialization of micro-engineering technology relies on low cost, fast cycle time and high dimensional accuracy production methods. Micro-injection molding processes to produce bio-MEMS are especially attractive, since this process would cost pennies instead of hundreds of dollars. Micro-mechanical machining is well suited to support the development of micro-injection molds because of its promise for accurate, low cost, small batch size processes of 3D molds using ferrous alloys.

The development of successful micro-mechanical cutting technologies will provide a catalyst for the broader development of micro-engineered systems.

Chapter 3

Micro Machine Tool (MMT) Development

Introduction

Due to the special characteristics of micro machining, the demands of the machine tools include the long stroke, micro feed, high positional accuracy, excellent dynamic performances. Therefore, the normal machine tools used for macro scale manufacturing are not suitable for micro scale fabrication. Two types machines are adopted to achieve the micromachining either in the industry or laboratory level. The first one is the traditional precision machine tool [START_REF] Luo | Design of ultraprecision machine tools with applications to manufacture of miniature and micro components[END_REF].

The second one is the micro machine tool (MMT). Due to the huge dimension of the precision machine tool, the machine cost will be much higher in order to achieve the good thermal balance and isolation from the environment effect.

In the contrast, the MMT is cost-effective and requires smaller amounts of materials. And due to its lower mass, its natural frequency is higher and with the vibration amplitudes are lower. Hence, since the introduction of Japans Mechanical Engineering Lab microfactory concept in 1998 [START_REF] Furuta | The microfactory system in national r&d project of miti[END_REF], more and more researchers resorted to develop several MMTs.

Subrahmanian and Ehmann [START_REF] Subrahmanian | Development of a meso-scale machine tool (mmt) for micro-machining[END_REF] developed a three-axis meso-scale machine with 15 × 15 × 15mm 3 workspace, 0.5μm encoder resolution, and 200, 000rpm spindle. In University of Illinois at Urbana-Champaign (UIUC), after Vogler et al. [START_REF] Vogler | Development of meso-scale machine tool (mmt) systems[END_REF] developed the first generation MMT, Honegger et al. [START_REF] Honegger | A hybrid methodology for kinematic calibration of micro/meso-scale machine tools (mts)[END_REF] has been developed the seconde prototype. Both of them are 3-axis and actuated by voicecoil actuators. The second one is equipped with 160, 000rpm air-turbine, 0.1μm encoder and reaches 25 × 25 × 25mm 3 workspace. Ni and his group [START_REF] Lee | Dynamic analysis of a mesoscale machine tool[END_REF] has developed a 3-axis micro/meso machine tool, which is driven by a miniaturized piezoelectric linear stage with 13mm stroke and 0.25μm encoder resolution in each direction, as well as an air-turbine spindle with 120, 000RP M maximal speed. Some other MMTs development includes the contribution from Bang et al [START_REF] Bang | 5-axis micro milling machine for machining micro parts[END_REF], Ashida and Okazaki [9,[START_REF] Ashida | Development of desktop machining microfactory[END_REF], and Filiz et al. [START_REF] Filiz | An experimental investigation of micro-machinability of copper 101 using tungsten carbide micro-endmills[END_REF].

In this chapter, the key technologies of MMT are discussed in detail at the beginning. Then a three-axis MMT prototype is developed. The structural configuration of MMT is selected according to the graph theory and an expert design system. The MMT is driven by three ultra precision linear motors with high resolution linear encoders as feedback. It is equipped with a high speed electro-spindle and a CCD stereo microscope as a monitoring device. Meanwhile, the entire machine is controlled with an open numerical control system based on motion controller. In order to achieve the machining process conveniently, the Human-Machine Interface (HMI) software is developed. The G code can be interpreted by this HMI software to drive the MMT to achieve the complex surface machining. At last, the position accuracy and machining tests have been done on the MMT, and the results are very satisfactory and show its excellent performances.

Key technologies of MMT

The entire MMT system is contained by some key components, and frequently they can be categorized as feeding system, spindle system, feedback system, control systems, monitoring system et al. How to develop these high quality components is critical to the MMT performance.

Feeding system

Because the feeding system of MMT must satisfy the demands of large feed, precision position, fast response et al, the high quality feeding system is very important to part performances. Some approaches which are primarily adopted to achieve the requirements will be discussed as follows.

Linear driving system

The prismatic DoF is frequently adopted in the machine tool configuration, and the linear driving system can be used without the transferring chain in order to achieve the direct driving (DD). With the rapid development of the linear driving system, it has been applied in the machine tool industry more and more widely nowadays. The voice-coil actuator, linear motors, and some similar types are included in this category. These motors can supply outstanding dynamic response as much as 5G acceleration, fast-speed positioning, high stiffness and good control ability [START_REF] Vogler | Development of meso-scale machine tool (mmt) systems[END_REF]. Hence they are widely used in the MMT equipment [START_REF] Wang | A micro milling model considering metal phases and minimum chip thickness[END_REF][START_REF] Zhang | Development of miniaturized numerical control milling machine tool used in micro cutting[END_REF].

Rotatory driving unit + ball screw system

This combination is commonly used in the traditional machine tool system. The rotatory driving unit, which is rotatory motor primarily, outputs the torque. Through the coupling unit, the ball screw system leads the stage movement. Compared with the linear driving system, they are less-cost, but the main problems are backslash and creeping phenomena in the ball screw system.

So the error compensation devices or algorithms must be developed in order to improve their performances.

Non-motor driving system

The non-motor driving system includes the piezo-electric actuator (PA), shape memory alloy (SMA), etc.. They are well-known for their nano positional precision, and widely used in the fields as MEMS/NEMS, micro operation, sensors, actuators and others. Some researchers adopted them into the MMT systems. Rusnaldy et al. [START_REF] Rusnaldy | An experimental study on microcutting of silicon using a micromilling machine[END_REF] used the PA to drive a three-axis MMT.

Malukhin and Ehmann [START_REF] Malukhin | Identification of direct metal deposition (dmd) process parameters for manufacturing thin wall structures from shape memory alloy (niti) powder[END_REF] have developed a 2D micro stage by SMA for thin wall structure fabrication. But the strokes of PA and SMA are relative small, the normal value is smaller than 1mm. The additional motion amplifiers are required. Their dynamic response is lower, so they are not satisfactory when the machining feed rate is higher.

Micro parallel stage

In recent years, the theory of parallel robot has been developed rapidly and realized in many fields. Some researchers have developed the micro parallel stage for micromaching. Their DoFs range from 2 to 6, and the stiffness are higher than the traditional machine tool configuration. Furutani et al. [START_REF] Furutani | Nanometer-cutting machine using stewart-platform parallel mechanism[END_REF] adopted the stacked piezo-electric actuators to form a Stewart parallel platform, which is used for nanometer cutting research. However, due to the features of the parallel mechanism, the workspace is smaller and it is more expensive to setup a high precision parallel stage.

Spindle system

Due to the miniature size of the micromill tool tip diameter, always smaller than 1mm, the cutting speed is much smaller than the common sense. In order to improve the cutting speed to prolong the tool life and enhance the surface quality, the high speed spindle ( 10, 000rpm) must be integrated into the MMT system. It can be categorized as bellows [START_REF] Kapoor | Current state of micro-scale machine tool systems and machining research[END_REF].

Electro spindle

Today, the electro spindles are the brushless DC motors. Their speed can achieve as high as 500, 000rpm in the laboratory level, and it is easy to be controlled by the digital signal from inverter. Their output torques are higher.

However, they are larger dimensions, heaver mass and the additional cooling system is necessary to decrease the temperature due to the friction between the rotor and bearing system.

Air turbine

The speed of air turbine ranges from 50, 000rpm to 200, 000rpm. But the size of them are relative larger, about 45mm diameter. Due to the driving source is the air flow, they can be cooled by themselves, but their output torques are lower. It is a little difficult to control the speed of the air turbine, because the air flow dynamic property is highly dependent on the temperature.

Dental Handpieces

The dental handpieces are commonly used in the medical field. Their prices are lower than other widespread industrial spindles. The speed is higher up to 500, 000rpm. Their dimensions can be fabricated only 10mm diameter, but their output torques are very low.

Sensing system

Because the functions of MMT are in the microscale, the sensors in the con- 

Control system

Because the MMTs are still not industrialized, there is no standard for the machine development. About 90% MMTs utilize the PC/IPC based hierarchical control system. The operator sends the commands from the PC/IPC in the top level to the motion controller in the middle level. Then the controller compiles and sends the commands in the machine language format to the motor drivers.

The feeding system moves according to the commands and the sensors detect the stage movement error and feedback to the controller to form a closed-loop control system.

Nowadays, most researchers work in their controller software environment to drive the MMT motions. Some investigators resorted to develop the interface software between the motion controller and the operator to achieve the manipulation directly. In order to be compatible with the G-code programming, the numerical control (NC) systems for the micromachining must be developed.

Hence the MMT can fulfill complex surface fabrication.

Monitor system

Due to the tiny tool size, the tool wear and breakage issues are really important the micromilling operation [START_REF] Tansel | Tool wear estimation in micro machining. part 2: neuralnetwork-based periodic inspector for non-metals[END_REF][START_REF] Tansel | Tool wear estimation in micro-machining. part 1: tool usageccutting force relationship[END_REF]. Meanwhile, according to some tool catalogs, the tool life of micromill is only a few hours [137]. Therefore, monitoring the machining process online is very useful to check the tool condition. In microscale machining process, the CCD stereo microscope is capable to supply large field-of-view and accepted depth-of-view. And the other sensors can also be used for the process monitor, such as cutting force and acoustic emission sensors.

Structural configurations and selections reduction

To systematically generate the various machine tool configurations for evaluation purposes, a modular representation of the MMT is essential. Employing the direct graph method, a machine tool can be defined as an integrated assem- The complete machine tool system can then be broken down into several levels hierarchy (Fig. 3.2). The bottom-most level consists of basic machine tool structural components, each with inherent kinematic functionalities. Subsequently higher levels of hierarchy can be reached assembly of the basic structural components. Ultimately, the tool-to-ground and workpiece-to-ground structural chains complete the machine tool system. By extending and incorporating kinematic functionalities into structural components, the generated machine tool configuration can later be assessed and evaluated.

A sample set of basic structural components, and their inherent kinemat- The definition will depend on the user's interpretation as to how the previously selected structural components can be physically mated to each other, and will affect the resulting MMT configurations generated. Functional requirements can be derived by detailed examination of the target workpiece, including, for example, shape, form, surfaces, and features. For the purpose of demonstrating the methodology, three axes of linear motors, each orthogonal to the others, is required. The previously generated set of two hundred eighty-nine configurations is then reduced to a subset of six (Fig. 3.6).

Of the six configurations shown in Fig. 3.7, three configurations have the spindles mounted vertically, and three horizontally, with zero to three orthogonal linear motions distributed in between the tool branch and the workpiece branch.

Further reduction of the sub-set of candidate designs can be achieved by ease of implementation, the ability to condense experience, rules of thumb, and judgement in heuristics, and has been demonstrated in the literatures [START_REF] Chan | Design of material handling equipment selection system: an integration of expert system with analytic hierarchy process approach[END_REF][START_REF] Chau | Expert system application on preliminary design of water retaining structures[END_REF][START_REF] Chew | Kinematic structural synthesis of mechanisms using knowledge-based systems[END_REF] in kinematic structural syntheses of mechanisms, design of material handling equipment, and water retaining structures.

An expert system can provide a novice designer with an efficient method of selecting and reducing the candidate MMT configurations, as well as offer advice on the selection of design parameters to satisfy pre-defined attributes based on knowledge accumulated during the development of MMT. Attributes may include, for example: higher kinematic accuracy and lower energy consumption. To evaluate these attributes, the properties of the MMT structural representation are analyzed; specifically, the inter-connectivity, relative and absolute placement of structural components and DoF within the machine tool links. In this research, the configuration C with vertical spindle is adopted to design the prototype. The primary reason is the dynamometer installation. Because the maximal force capacity of the slide is less than the dynamometer gravity so that it must be installed perpendicular to the translational directions of the cross-slide.

Prototype development

In this thesis, the three-axis micromilling machine prototype is composed by a high speed electro spindle, three ultra precision linear motors, three linear encoders, an open numerical control system, a 3-component precision cutting force dynamometer, a CCD stereo microscope with 40× ∼ 240× magnification, a HMI with G-code programming function, a vibration-isolation system and a spindle-cooling system. The entire prototype is shown in Fig. 3.9. The dimension of the prototype is 400 × 320 × 100mm 3 with 50 × 50 × 50mm 3 workspace.

Figure 3.9: Three-axis MMT system

Feeding system

In order to realize the requirements of the machine motion, three micro feeding units MX80L are adopted to achieve long stroke, high precision position and excellent dynamic performance. Each unit is composed by a Parker permanent magnet servo linear motor and a Reinshaw linear encoder. The feeding unit shape is shown in Fig. 3.10. Its length and width are 80mm, height is 25mm.

The cross roller bearings are utilized to support the moveable platform. The stroke is 50mm. Two limit switches are installed in each two ends of the stroke.

The home sensor is assembled in the middle point. The detailed inner structure is shown in Fig. 3.11. The specifications of MX80L are listed in Table .3.2.

The resolution of Reinshaw linear encoder is 10nm. This configuration forms a closed-loop control of the feeding system, and improves the performance of the micromilling process.

In our design, the spindle unit will be installed on the Z direction slide, this will increase the static load in the translational direction of Z axis platform due to its gravity. Therefore, one extra air balance system is integrated into the Z platform in order to keep the Z motion smooth and fast response as Fig. 3.12. 

Spindle system

A high speed electro spindle is integrated into the MMT system and moving in Z direction. The maximal rotating speed is 60, 000rpm. It is controlled by HMI interface and driven by inverter. The run-out in radial and axial directions are 3μm, which is satisfactory with the requirements of micromilling operation.

Control system.

This control system structure is PC + 6K multi axis motion controller + VIX linear motor driver, shown in Fig. 3 

Human machine interface (HMI)

Because 6K motion controller couldn't provide the interface for numerical 

Microscope monitoring system

In the micromilling process, naked eye is unable to view the machining process due to the tiny tool size and workpiece feature. The microscope system is widely used in the monitoring of micro scale machining and operations.

In this design, a CCD microscope monitoring system is integrated in the In the microscope specifications, the most important parameters are mag- The first one is the optical magnification ratio, which is property of the lens in the optical scope. The second one is the digital magnification ratio, which is the diagonal length ratio between the CCD pixel array and the monitor screen. The actual magnification ratio is the product of these two factors values. The resolution is dependent on the optical magnification, image quality and CCD pixel array density. In one aspect, when the total CCD pixel number is a constant, which means the image size of the object in the CCD pixel array is a constant, so the pixel number for image is more, the image resolution is higher. In the other aspect, when the CCD pixel density is a constant, the higher magnification, the image size of the object on the CCD pixel array is larger. The image contains more pixels, hence the image resolution is higher.

Notice that the higher magnification means smaller depth of field (dof). This is a inherency of optical microscope. The dof is very critical to the image definition in 3D sense. Therefore, the variable magnification is obligatory to monitor the machining process, in order to achieve the best combination of magnification, resolution and definition.

A CCD stereo microscope VM-01, with 40× ∼ 240× magnification is used to monitor the micromilling process and to do the workpiece measurement online. 

Dynamometer

To the machining mechanism research, cutting force is very critical. Due to the tiny tool dimension, smaller depth of cut and feedrate per tooth, the cutting force is much smaller to the levels of several micro Newtons to a few Newtons.

At the same time, the frequency of the cutting force is much higher due to the high speed rotation and other external disturbances. The dynamometer is the best option to record the cutting force exactly.

In the world wide cutting force research, the dynamometer sensor can be categorized into two classes, piezoelectric type and strain gauge type. The representative of the former one is the Kistler series. In our design, a strain gauge dynamometer, SDC-CJ3SAS, is chosen and integrated into the entire system.

The performance comparisons between SDC-CJ3SAS and the corresponding Kistler piezoelectric sensor (type 9256 MiniDyn) are listed in Table .3.3.

The merits of piezoelectric dynamometer are higher natural frequency, finer resolution and higher sampling frequency. However, compared with the piezoelectric dynamometer, the strain gauge dynamometer has better linearity. So in the whole measurement range, one step calibration is enough to the strain gauge sensor. Due to the non-linearity of the the piezoelectric sensor, multi-step calibration is required, so the its actual measurement range is smaller than the nominal one [2]. The sensor calibration curves are shown in Fig. 3.18. The dynamometer system consists of a force sensor (type SDC-CJ3SAS), a 4-channel strain gauge amplifier (type FS-21/4), an analog to digital converter (A/D board type 1261K2), and a cutting force processing software (FAS-4D-3).

The entire system is shown in Fig. 3.19.

Other components

A granite platform is used as the base of machine tool in order to isolate the environmental vibration.

A water cycling system is used for cooling of the spindle temperature. 

MMT prototype test

All the linear motors are adjusted by the Proportional-Integral-Derivative (PID) controllers. The step impulse is used to test the appropriate PID parameters set. For each linear motor, the PID parameters are chosen with best dynamic performances and memorized into the motor drivers.

In order to evaluate the performances of the MMT prototype, the positional accuracy test and the machining test have been conducted on it.

Positional accuracy test

The evaluation criteria of the machine tool positional accuracy includes bidirectional positional accuracy, bi-directional repeatability and reversal value. 

Micromilling experimental tests

Some micromilling tests are done by the prototype. The 4-flute tungsten carbide micromill with 0.4mm diameter is chosen for most tests except the micro column machining. The workpiece is a specialized Mg-Zn-Y alloy for biomedical application [START_REF] Zhang | Microstructure, mechanical properties and corrosion properties of mg-zn-y alloys with low zn content[END_REF]. Here, the slab, micro column, micro hexagonal spark and thin wall array micromilling tests are described in detail.

Slab experiment

In this test, the machining parameters are 30, 000rpm spindle speed, 3μm feed rate per tooth and 15μm axial depth. With this setting, three slabs with 3×2mm 2 dimension are fabricated. The surface quality was measured by optical profiler and the average roughness value is R a = 0.123 ± 0.0181μm. The 2D and 3D surface figures from the profiler of one sample are shown in Fig. 3.21.

Obviously, the MMT prototype is able to produce the surface with high quality.

Micro column experiment

In this test, in order to achieve ultra high aspect ratio (> 10) micro column, a 2-flute tungsten carbide small diameter mill (φ1.5mm) is used, due to its longer flute length (3.5mm). The step by step deeper machining approach is adopted to create the final feature. The spindle speed is 30, 000rpm, feed rate per tooth is 0.5μm, and the axial depth of cut in each step is 20μm. The fabricated final results captured by SEM are shown in Fig. 3.22. Its length is 3mm, and the column diameter is 200μm, the aspect ratio is 15. Due to the its length is longer than the field of view of SEM, it has to be viewed by two figures. 

Micro hexagonal spark experiment

The strategy to fabricate a micro hexagonal spark is same with the micro thin wall array test. Its top and front views captured by SEM are shown in Fig. 3.24. The diagonal length is 500μm, and the height is 350μm.

Therefore, these tests show the prototype are capable to fabricate the high aspect ratio and complex geometric microstructures on this material.

Conclusions

In this work, the critical technologies of MMT are discussed in detail. A 3-axis MMT prototype is developed with large workspace, precision resolution.

Its structural configuration is selected by an expert design system. It is driven by three linear driving units, which is composed by a linear motor and a ultra precision linear encoder. The HMI interface is developed with compatibility In the micro scale machining, due to the huge dimension shrink of the cutting tool and machining parameters, the material microstructure affects the machining process greatly [START_REF] Dornfeld | Recent advances in mechanical micromachining[END_REF]. Therefore, the microstructure of workpiece material must be considered in order to understand the micromilling mechanism deeply and truly.

From the view point of material microstructure, the materials can be classified into three types, multi-phase polycrystalline, single-phase polycrystalline and single crystal. To the single crystal materials' effect to the micro cutting or precision cutting, some scholars have investigated in the laboratory level [START_REF] Lee | A microplasticity analysis of micro-cutting force variation in ultra-precision diamond turning[END_REF][START_REF] Lee | A dynamic surface topography model for the precision of nano-surface generation in ultra-precision machining[END_REF][START_REF] Lee | The theory of plasticity applied to a problem of machining[END_REF]. To the multi-phase polycrystalline material, the different grains have different metal phases, corresponding to different physical and mechanical properties. But to the single-phase polycrystalline material, the difference between each grain is just their crystal orientation. In this chapter, the Al-6061-T6 alloy is chosen as material for the workpiece to represent the multi-phase polycrystalline workpiece, and the researches on it are described in Rake angle γ 0 : The effects of γ 0 are reducing the chip deformation, reducing the sliding friction between the rake face and the chip, making the tool tip sharper, improving the machining precision and reducing the machined surface roughness. The γ 0 is larger, the shear angle φ is larger, and the deformation of the chip is smaller, the cutting heat is less, but the tool tip stiffness is declining.

Clearance angle α 0 : The principles to choose a suitable α 0 are guaranteeing the tool stiffness and heat dispersion ability, making the tool tip sharper, and reducing the sliding friction between the flank face and the machined surface.

The α 0 is smaller, the friction heat between the flank face and the machined surface is more, and the machined hardening phenomenon and residual stress are more.

Workpiece material

In macro scale, when the tool tip is cutting the workpiece, there are lots of grains with different metal phases being cut. Statistically, the influences of the material microstructure are neglected. The macro physical characteristics of the workpiece play important roles, such as the hardness, tensile strength, elastic module and thermal conductivity, so the workpiece material is regarded as isotropic.

Micro Cutting features

In the micro cutting process, because the cutting parameters and the tool tip geometric parameters are less than the grain size. The micro cutting principles are obviously different to the conventional cutting principles.

Micro tool geometry

An orthogonal micro cutting process is depicted in Fig. 4.2 when the tool tip is engaged into the workpiece. Because the cutting depth is asymptotic with the edge radius r, the edge radius is important to the micro-cutting process. In a certain moment, when the tool tip is engaged into a grain, the cutting depth is a. When a < h m , where h m is the minimum chip thickness, the extruding and ploughing are dominant between the tool and the workpiece. Lots of materials are compressed and recovered on the flank face after the tool passed. Some materials are accumulated in front of the tool tip to change the cutting depth.

Only when a ≥ h m , the chip is formed, and the material is removed. In micro cutting, when a < r, the effective rake angle γ e is a function of r and a, as Eq. (4.1).

γ e = arccos( r -a r ) -90 • (4.1)

Multi-phase polycrystalline workpiece effects

Influence of the Grains with Different Metal Phases: In common, the grain sizes are between 10μm and 300μm, and the edge radii of the tool tip are less than 5μm. In the micro cutting operation, the cutting depth and the feed rate per tooth are in the order of the micron, even to the sub-micron level. When the tool passes the workpiece, along the length of the tool edge, 

Calculations of minimum chip thickness and elastic recover height

Calculation of minimum chip thickness Fig. 4.2 shows the orthogonal micro cutting process, which is a section view of the micro cutting zone (Fig. 4.3). From this angle of view, the tool tip engages only one grain, which is isotropic. Because the cutting depth a is always smaller than the edge radius r, it is a large negative rake cutting process. In this process, the minimum chip thickness h m plays an important role. Before achieving the h m , some materials accumulate and form a little heave to increase the instantaneous cutting depth, until the material remove occurs. Thus there is a severe ploughing phenomenon and a large part of materials are compressed and recovered along the flank face. When h m is achieved, the chip is formed and slips along the rake face. According to the reference [START_REF] Son | Effects of the friction coefficient on the minimum cutting thickness in micro cutting[END_REF], h m is related to two factors. The first factor is the friction coefficient μ between workpiece and tool, which correlates with the physical properties of the grain and the tool material in this analysis. The second factor is the tool tip edge radius r. Given these two parameters of each grain, its corresponding h m is governed by Eq.(

.

h m = r(1 -cos(1 -cos (π/4 -β/2))) (4.2)
where β is the friction angle between the tool and the workpiece as determined in Eq.(4.3).

cos β = 1 1 + μ 2 (4.3)

Calculation of elastic recover height

The tool edge passes and removes a part of these grains, and these grains under the flank face will recover with different recovery heights h r due to different elastic moduli E they posses. h r can be given by

h r = a, σ ≤ σ P h m - σP √ r 2 -(r-hm) 2 E , σ > σ P (4.4)
where σ P is the proportional stress limit of each grain. r is the tool tip edge radius. σ is the compressing stress inflicting on the grain, which is calculated by

σ = E • h m r 2 -(r -h m ) 2 (4.5)
Eq.(4.4) demonstrates when σ is smaller than or equal to its σ P , only elastic deformation occurs, and it will recover completely. When σ is greater than σ P , it results in the elastic deformation accompanied with plastic deformation. This process is explained by the material compression strain-stress curve (Fig. 4.4). 

Micromilling Model

The micromilling process is as Fig. In per revolute of the micro mill, the tool tip passes a few grains. In order to simplify the model, assume only 2 grains in the path of the tool rotary as Fig. 4.5. In Fig. 4.5(a), there is no material removed. With the tool feeding, as depicted in Fig. 4.5(b), the minimum chip thicknesses of two grains are still not achieved, and there are only ploughing between the tool tip and the workpiece.

After the tool passed, the elastic recover of the grains occur. In Fig. 4.5(c), the tool feeds continuously. To the grain 1, its minimum chip thickness is achieved, and the chip is formed. Except in the entrance of the engagement, where the cutting depth is small. But to the grain 2, its minimum chip thickness is still not achieved, and the process likes the last step. In Fig. 4.5(d), when the tool tip passes 2 grains again, because the grain 1 is cut in the last step, so the tool tip ploughs the machined surface, but the material in the entrance may be removed. At this revolute, the minimum chip thickness of the grain 2 is achieved, and the material remove occurs in grain 2, except the exit of the engagement, also because the cutting depth here is smaller too. 

Cutting forces predication

According to the traditional milling theory, when the cutting speed is kept as constant, the milling force F is proportional to the axial depth of cut a P , and feed rate pet tooth f , as Eq.(4.6). K P is the machinability factor, which depends on the machining condition and workpiece material properties [START_REF] Walsh | Handbook of Machining and Metalworking Calculations[END_REF].

Because of the machining ability differences of different metal phases, they have different K P , which induce different cutting forces amplitudes occur on the edge radius when the tool engages into them, and this causes a vibration with low frequency. When the edge moves in a grain, the minimum chip thickness plays an important role. There are obvious cutting forces differences between ploughing process and cutting process, which corresponds to the minimum chip thickness influences in one grain. This is high frequency vibration of the cutting forces. Actually, both of these two cutting forces vibrations are added together.

F = K P * a P * f (4.6)

Surface generation predication

Except for the tool passing traces, there is an obvious influence from different grain phases on the machined surface. Because their different elastic modules, after the tool passing, they will recover to different heights. So there are lots of heaves with different heights on the machined surface. And some friction traces caused by ploughing exist on the surface, which correspond to the minimum chip thickness influence. 

Experimental results

A series full slot micromilling experiments are conducted to validate the model. The experimental results of cutting force, surface generation and chip formation are discussed.

Cutting forces analysis

The tangential cutting force of a test is shown in Fig. 4.8. In this case, the spindle speed is 30, 000rpm, feedrate is 10mm/min, and the axial depth of cut is 20μm.

Because different grains with different machining abilities, the cutting forces in different grains are different. From Fig. 4.8(a), the cutting force is small when the tool center engages into the soft phase grain, and to the brittle phase, the cutting force is great. The distances of the soft phase correlate its average is less than 4 large-scale peaks, because the feedrate per tooth is smaller than the minimum chip thickness of soft phase. Many teeth passing are just plowing and extruding, so there are some small-scale peaks in the signal history. In Fig. 4.8(c), the large-scale peak number in per revolute is more than the one in Fig. 4.8(b), this is because that the minimum chip thickness of brittle phase is smaller than the soft phase, which means that it is easier to be removed.

Surface generation analysis

SEM and CHR 150 Stil Micromeasure 2 optical surface profiler are used to measure the machined slot bottom surface. In this case, the spindle speed is 25, 000rpm, feed rate is 20mm/min, axial depth of cut is 10μm.

The SEM photo of the micromilled bottom surface is shown in Fig. 4.9(a). In Fig. 4.9(a), the tool passing paths can be seen. And a few concaves formed on the brittle phase grains with chips around them, which correlate well with the previous description. In Fig. 4.9(b) and Fig. 4.9(c), the large-scale curves correspond to the brittle phases. And the small-scale curves correspond to the influence of the minimum chip thickness. And the distances shown in Fig. 4.9(a)

and Fig. 4.9(c) strongly correlate with the average intercept length of the soft phase. 

Chip formation

Micromilling single-phase polycrystalline material research

In the previous study of this chapter, micromilling on multi-phase polycrystalline material is investigated. We found that the material microstructure affects the surface generation in the micromilling process, so the surface quality will be degraded due to the material anisotropy. In this section, the single-phase polycrystalline materials with different grain sizes are chosen as workpiece, in order to understand the grain size and crystal orientation effects to the surface roughness.

Workpiece material

The workpiece is Oxygen Free High Conductive (OFHC) copper. They are processed by Equal Channel Angular Pressing (ECAP) to achieve different grain sizes [3,[START_REF] Toth | Analysis of texture evolution in equal channel angular extrusion of copper using a new flow field[END_REF]. All the workpieces are provided by Prof.Tóth at Laboratoire de Physique et Mécanique des Matériaux (LPMM) in the Université Paul Verlaine de Metz.

ECAP process

Equal channel angular pressing (ECAP) in particular has drawn considerable attention due to its potential to produce ultrafine-grained or in some cases nanometer grain size materials in bulk form. It is now well known that materials with such small grain sizes have extraordinary properties, such as simultaneous ultrahigh strength and high ductility as well as the capability of superplastic forming. They therefore have great potential for technological applications [3].

In ECAP, a billet is deformed in a narrow deformation zone at the plane of intersection of two die channels whose cross sections are of equal area, and the strain mode approximates closely to simple shear (ideal case, Fig. This allows materials to be deformed to very high plastic strains that cannot be readily obtained via more conventional manufacturing processes, such as rolling or extrusion. In general, plastic deformation takes place in a broad zone the shape of which sensitively depends on factors such as contact friction, material flow response, backpressure and die design. It appears that the simple shear viewpoint is approached when the inner and outer corners of the die are sharp, there is no friction at the die walls, backpressure is applied, and the material behaves in a rigid plastic fashion. In practice, however, these conditions may only be partly fulfilled [3]. The grains with initial type as sphere in the billet will be extruded to the elliptical sizes after a few passes of ECAP. With the increase of the ECAP pass numbers, the elliptical grains are extruded and split into many smaller size grains. This progress is shown in Fig. 4.12. They coincide with the grain size evolution progress described in Fig. 4.12.

Experimental design

From the literatures' study, the feedrate per tooth is critical to the bottom surface roughness in the milling operation [START_REF] Shaw | Metal Cutting Principles[END_REF], as indicated by Eq.(4.7), where F P T is the feedrate per tooth, r is the tool nose radius, T N is the number of teeth of the cutter, C is the ratio between the average roughness R a and the Peak-to-Valley roughness R t .

R a = F P T 2 8C[r ± (F P T • T N /π)] (4.7)
Therefore, the feedrate per tooth and material grain size are chosen as the machining variables, and their effects to the average surface roughness (R a ) are investigated. The other machining parameters are set to constant and listed in 

Experimental surface roughness result and discussion

For each milled test slot, the bottom surface was scanned by CHR 

Conclusions

Through micromilling on multi-phase and single-phase polycrystalline materials, the material microstructure effects to the micromilling mechanism are understood deeply. Some important results are listed as follows:

1. The grains with different metal phases in the multi-phase polycrystalline material induce the cutting force with additional vibration.

2. To the multi-phase material, different metal phases correspond to the different minimum chip thicknesses and elastic recover heights, which degrade the surface quality.

3. The crystal orientation and grain size effects are very little, which would require further investigations.

Based on the research results, we suggest if the grain size in the multiphase polycrystalline material can be reduced into nano-scale, the dimension of workpiece microstructure could be much smaller than the tool edge radius.

Therefore, the workpiece can be regarded as homogeneous, which is similar to the conventional machining theory. This research will be conducted in future.
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Chapter 5

Micromill Tip Trajectories Investigation

Introduction

Due to the special geometric features of micromill, the tool flute trajectories are obviously different to the common sense. In this chapter, an exact model is developed to predict the tool tip trajectories for a two-flute cutter, and their effects to the machining error, surface quality, and tool life are discussed in detail.

In the macro scale, Tlusty and Bryan [START_REF] Tlusty | System and methods of testing machine tools[END_REF] were the pioneers focusing on this issue. The machining error caused by the rotating mill were evaluated by them.

Kline et al. [START_REF] Kline | The effect of runout on cutting geometry and forces in end milling[END_REF] have reported the effect of cutter run-out on the shifting of cutting force from tooth passing frequency to spindle frequency. Kim et al. [START_REF] Kim | Forced vibration and dynamic stability of a rotating tapered composite timoshenko shaft: bending motions in end-milling operations[END_REF] built the end mill as a rotating tapered, lament-wound composite, Timoshenko shaft for its vibration and stability analysis, but this tool shape was used very few in the industry. Altintas and Budak [START_REF] Altintas | Analytical predication of stability lobes in milling[END_REF] proposed a speed-dependant transfer function for the stability analysis in milling operation. Montgomery and Altintas [START_REF] Montgomery | Mechanism of cutting force and surface generation in dynamic milling[END_REF] developed a trochoidal tooth path trajectory model for the tool center and flutes of mill, including the influences of the process geometry and dynamic vibration. Lee et al. [START_REF] Lee | A run-out measuring method using modeling and simulation in four-fluted end milling[END_REF] proposed a simple run-out measuring method for a four-flute mill cutter. They adopted a dial gauge to do the measurement and calculate the run-out parameters. However, these approaches were not suitable for the high speed machining. Gagnol et al. [START_REF] Gagnol | Model-based chatter stability predication for high-speed spindles[END_REF] integrated the approach in the Ref. [START_REF] Altintas | Analytical predication of stability lobes in milling[END_REF] to elaborate the new stability lobes for a high speed spindle. Nakkiew et al. [START_REF] Nakkiew | A new method to quantify radial error of a motorized end-milling cutter/spindle system at very high speed rotations[END_REF] proposed a simple and practical method to quantify the radial error of the cutter/spindle system at high speed rotation through measuring the size of the cutting marks produced by the end mill. Unfortunately, these macro scale methods are not suitable to the micromilling operation. The most important reason is the geometric difference between the micromill and the macro mill. As compared in Fig. 5.1, the milling tool in the macro scale, its tip dimension is in the same scale with the shank dimension, a few millimeters. So it has much stronger stiffness to resist its radial bending deformation, and its assembling error in the tool holder is very little compared to its tool tip diameter, which can be neglected actually. To the micromill, the tool shank is in the millimeter order, which is adapted to the commercial tool holder. A big taper with slope ratio almost more than 10 transits the tool profile from the shank in a few millimeters to the tool tip with reduced diameter in the sub-millimeter level, even to the several microns. The tiny tool tip dimension is the pronounced feature of the micromill, which is used to create the micro size structures on the workpiece. The dimensional difference between the tool shank and tool tip is more than 20.

In addition, the rotating speed during the micromilling process is always exceeding 20000rpm. Therefore the micromill tip dimension in milling status is larger than its nominal diameter obviously (Fig. 5.2). This phenomenon is induced by some reasons and has attracted some researchers' interests. Antoine et al. [START_REF] Antoine | Approximate explicit calculation of first vibration frequencies of an unsymmetrical high speed rotor[END_REF] calculated the first vibration frequency on a small size high speed rotor which is suitable for the micromilling. Bao and Tansel [START_REF] Bao | Modeling micro-end-milling operations. part II: tool run-out[END_REF] evaluated the tool run-out influences in the micromilling process. They calculated the run-out value by the experimental cutting force for two tool holders. Jun et al. [START_REF] Jun | Investigation of the dynamics of microend milling-part II: Model validation and interpretation[END_REF] employed a capacitive sensor to measure the tool shank faults and a high magnification optical scope to measure the tool tip faults. But due to the smaller depth of field of the microscope and the high speed revolution, the uncertainty of the tool tip faults measurement was greater. They found the micromill stability was significantly affected by the second mode of the micromill. Filiz and Ozdoganlar [START_REF] Filiz | Microendmill dynamics including the actual fluted geometry and setup errors-part II: Model validation and application[END_REF] used the measurements results of spindleaxis offsets and tool tilt angles from [START_REF] Tulsian | Measurement of dynamic runout characteristics of ultra-high-speed miniature spindles for micromachining[END_REF] to understand the effects of the tool setup errors on the dynamic tool tip run-out for varying spindle speeds.

From the literatures' study, the researchers resorted to understand the effects of run-out and vibration to the machining process. The run-out can be defined by a offset value ρ and a phase angle λ [START_REF] Lee | A run-out measuring method using modeling and simulation in four-fluted end milling[END_REF]. To the conventional mill tool, the tool tip run-out value can be obtained directly through the shank measurement.

But to the micromill, the tool tip run-out is calculated because it is very difficult to be measured directly [START_REF] Bao | Modeling micro-end-milling operations. part II: tool run-out[END_REF][START_REF] Filiz | Microendmill dynamics including the actual fluted geometry and setup errors-part II: Model validation and application[END_REF].

In this chapter, the tool tip trajectories of a two-flute micromill are investigated in detail considering the effects of the tool radial error motion and the tool tip vibration at high speed rotation. A tool tip trajectories model is developed to predict the cutter flute positions in the corresponding rotating instant.

The model includes the effects of geometrical errors, such as spindle run-out, tool assemble error due to the chuck inaccuracy, tool fabrication error in the tool grinding process. In order to integrate the tool tip vibration effects under high speed rotation to the trajectory model, a rotor dynamic model is developed for the cutter/spindle system. Based on the tool flute trajectories prediction, the chip thickness, cutting force, machining error, and surface generation are predicted too. This work is useful to the tool condition optimization [START_REF] Li | Tool breakage monitoring using motor current signals for machine tools with linear motors, Industrial Electronics[END_REF],

machining error compensation [START_REF] Dow | Tool force and deflection compensation for small milling tools[END_REF], and workpiece burr minimization [START_REF] Lee | Micro-burr formation and minimization through process control[END_REF].

Model development

A model is developed to predict the tool tip trajectories of a 2-flute micromill under high speed rotation. The model hierarchical structure is shown in Fig. 5.3, including "Input", "Model" and "Output" layers.

In the "Input layer", the tool tip radial error motion and tool unbalance are obtained based on the measurement results and proposed calculation approaches described in Section 5. but they will not be described in this thesis.

Measuring method

After setting the micromill to the spindle/clamp system, measuring the tool tip radial error motion and the rotor unbalance are critical to calculate the tool tip trajectories. Due to the sub-millimeter dimension of the tool tip and the complex shape of the twisted fluted section, it is impossible to find a proper instrument to do the measurement directly on the tool tip. Hereby, new methods are required to detect the tip radial error motion.

The dial gauge [START_REF] Lee | A run-out measuring method using modeling and simulation in four-fluted end milling[END_REF], capacitive probe [START_REF] Schmitz | Runout effects in milling: Surface finish, surface location error, and stability[END_REF] and laser sensor [START_REF] Filiz | Microendmill dynamics including the actual fluted geometry and setup errors-part II: Model validation and application[END_REF] are widely used to examine and quantify the spindle/cutter system radial error motion, especially the run out, in conventional milling. The dial gauge setup is cheaper but with greater uncertainty and veteran experiences are required. Because the commercial capacitive probes almost require a flat target in square millimeter order as its sensing area, but the micromill shank diameter is only 3 or 4 millimeters, to our tool is 3.175mm (1/8"), which can't supply so large 

Measurement setup

The proposed measurement setup is shown in Fig. 5.4. Two dial gauges are employed with elaborately aligning and contact. Their probes press on the tool shank with the same pressure in the opposite directions, in order to eliminate The micromill used for the model and experiment in this study is a two-flute tungsten carbide tool. The tool geometry is shown in Fig. 5.5. The detailed tool geometric features are listed in the Table .5.1

The measurement is conducted on three different positions P 1 , P 2 and P 3 on the tool shank as Fig. 5.5. In this test, the tool clamp length is 9.5mm, the Y coordinates of P 1 , P 2 and P 3 are 18mm, 22.2mm and 28.7mm respectively.

In each measuring point, the multi-step method is adopted, with 5 revolutions and 20 steps per revolute in this work in order to reduce the measurement uncertainty [START_REF] Estler | Uncertainty estimation for multiposition form error metrology[END_REF]. The measurement results of each point are averaged as their radial error motion value and shown in Fig. 5.6 with 18 • interval in their section polar frames.

Tool tip radial error motion

By linear interpolation, 20 straight lines are formed to connect the radial error profiles of P 1 and P 3 along the Y axis (the spindle rotating axis). Then, the tip radial error motion is represented by the points of these 20 lines corresponding to the tool tip Y coordinate (Fig. 5.7), which is used for this analysis.

The largest radial error value is about 110μm from 20 • to 90 • , which is in the error motion, the tool assembling is not elaborately adjusted, and a spring tool clamp with three slots is adopted in this test. In [START_REF] Bao | Modeling micro-end-milling operations. part II: tool run-out[END_REF], the run-out value ranges from 40μm to 345μm. In [START_REF] Filiz | Microendmill dynamics including the actual fluted geometry and setup errors-part II: Model validation and application[END_REF], the maximal dynamic run-out is about 50μm.

These literatures' results show the tool radial error motion is very sensitive to the clamp precision and tool assembling accuracy.

Tool unbalance

Due to the high speed rotation, the rotor unbalance induces great centrifugal forces effect, which causes tool vibration and affects the tip trajectories. In the rotor dynamic model, which will be described in the Section 5.4, the unbal- In this test, the unbalance vectors of these three measured points ---→

A 1 A 2 A 3 , to form a vector ---→ C 1 C 2 . ---→ C 1 C 2 represents
P 1 A 1 , ---→ P 2 A 2 and
---→ P 3 A 3 and the micromill unbalance vector ---→ C 1 C 2 calculated by the Obviously, this approach is an approximate calculation method. Because A 1 , A 2 and A 3 don't locate on the vector ---→ C 1 C 2 , but they are very close to ---→ C 1 C 2 . The unbalance vectors of all sections can be expressed by a simple vector ---→ C 1 C 2 utilizing this method, so this a little error is acceptable. Meanwhile, this method is easy to be operated, because measurement on each section of the micromill is very time-consumable and the cost-effectively compared with other approaches.

Vibration analysis

Rotor dynamic model

In order to understand the tool unbalance effects to the tool tip vibration, a rotor dynamic model is developed for the cutter/spindle system. The geometric dimension of the rotor is shown in Fig. 5.10. The bearing stiffness in radial direction is 1.885e 7 N/m, provided from NSK. The rotor is dispersed into a few sections, and the mass of each section is lumped into their corresponding node. The rotor is modeled as a Timoshenko beam. The rotor inertia effect, the gyroscopic moment, the transverse deformation, and the shear deformation are considered into the Lagrange formulation. Specially developed MATLAB program [START_REF] Antoine | Electrospindle design for high speed machining[END_REF] gives stiffness, damping and mass matrixes related to the rotor geometry and the setting of bearings. 

Validation of measurement and calculation

In order to validate the measurement in Section 5.3 and calculation results in Section 5.4. The Keyence laser sensor (type LK-G10) is adopted in this test.

The detailed sensor specifications are listed in Table .5.2. The validations include static and dynamic tests. In the static test, the laser sensor is used to detect the radial error motion at three points corresponding to the three positions shown in Fig. 5.5. In the dynamic test, when the spindle is under high speed rotation, the Y coordinate of laser sensor is set to 29mm. This axial position is much near to the tool taper. Because the measurement on the tool tip with twisted section can't reflect the actual location of the tool tip center. So this point is chosen to validate the comprehensive effect of tool radial motion and vibration under high speed rotation.

Validation test setup

The test scheme is designed as Fig. 5.12. The laser is shot on the tool shank.

The microscope is used to monitor the laser spot position on the tool shank.

The measurement data from the sensor is transferred to the data recorder, and it is shown in the digital displayer simultaneously. Meanwhile, the measurement process is captured under the microscope and top-level monitor. The positions of the laser sensor and the microscope are set to be perpendicular. Entire test setup is shown in Fig. 5.13.

Due to the locations of the laser sensor and the microscope are perpendicular, when we found the laser spot was on the tangential generatrix of the tool under microscope, as Fig. 5.14, it means the sampled data from the laser sensor are Figure 5.12: Laser test scheme reliable to reflect the tool radial error motion.

Static test results

In the static test, the tool is rotated by hand operation, and the radial error motion data in three measurement points are shown in Fig. 5.15. Meanwhile, the measurement results from the dial gauges are also shown in Fig. 5.15 as comparison.

From Fig. 5.15, we found that the measurement results from dial gauge and laser sensor correlated very well. Actually, the measurement error of dial gauge should be greater than the laser sensor, due to the its contact measurement inherits and the assemble errors of dial gauges. But in this test, the installation of the dial gauges are very careful to avoid the additional error. Therefore the measurement error of the dial gauge compared with the radial error motion is less. Hence, these two sensors show good agreement measurement results.

Dynamic test results

In the dynamic test, the measurements are conducted on two rotating speeds, 20, 000rpm and 30, 000rpm, respectively. The sampling frequency is 50KHz and the corresponding laser measurement results are shown in Fig. 5.16.

Using the calculation algorithm in the Section 5.3.2, the radial error motion value of this test point is calculated. We found its average value is 47.135μm with 29.535μm amplitude. Therefore, the up-limit and the down-limit of the radial error motion are 76.67μm and 17.6μm respectively. Through the ro- 

Trajectories investigation

In order to analyze the trajectories of the tool center and each flute, the coordinate frames and some important vectors are defined in the tool tip plane, shown in Fig. 5.17.

XOZ is the fix frame as mentioned in Fig. 

Trajectories without feeding

According to the assumption that the cutter/spindle system is a rigid body in this research, the tool tip plane can be regarded as a single freedom system.

Thus, in this instance, the tool rotates around the Y axis (rotating center) in the speed Ω, accompanied with the tool self rotating in the Ω too [START_REF] Wen | Mechanical Vibration[END_REF]. Based on this principle, the trajectories without feeding of o , F 1 and F 2 can be described in the time domain by

x o (t) = |Oo (Ωt)| cos (Ωt) z o (t) = |Oo (Ωt)| sin (Ωt) (5.1) x F1 (t) = |Oo (Ωt)| cos (Ωt) + R cos (Ωt + θ) z F1 (t) = |Oo (Ωt)| sin (Ωt) + R sin (Ωt + θ) (5.2) x F2 (t) = |Oo (Ωt)| cos (Ωt) -R cos (Ωt + θ) z F2 (t) = |Oo (Ωt)| sin (Ωt) -R sin (Ωt + θ) (5.3)
Then change Eqs.(5.1 ∼ 5.3) to their curve expressions, as Eqs.(5.4 ∼ 5.6): 

x o (t) 2 + z o (t) 2 = |Oo (Ωt)| 2 (5.4) x F1 (t) 2 + z F1 (t) 2 = |Oo (Ωt)| 2 + 2|Oo (Ωt)|R cos θ + R 2 (5.

Trajectories With Feeding

In the actual micromilling operation, the tool moves relative with the work- 

Parameters Analysis

From the previous simulation, it is clear that under the same rotating speed and radial error motion, the slot width (machining error) and flute chip loads are influenced by the flute angle θ and feed angle φ simultaneously. The quantificational analysis of their effects are given in this section.

Slot width

Assuming the micromilling operation is used to fabricate the slots, using the tool tip trajectories model to calculate the slot width in the direction perpendicular to the feeding direction. flute cutting condition should be chosen, but it accelerates the tool-wear on the cutting edge. On the contrary, double flute cutting condition can be chosen to extend the tool life, but the machining error would be greater.

Experimental Study

According to the analytical results presented in the Fig. 5.20, the tool tip trajectories are complex due to the influences of the flute angle θ and feed angle φ. Validating all cases by experiments would be very expensive and timeconsumable. Here, the case study is given. The cutting force, chip thickness, slot width and slot bottom surface quality are analyzed.

Experimental design

A two-flute M.A.Ford tungsten carbide micromill with 152μm diameter is used in the experiments. In these case studies, all experiments are done on 

Cutting forces and chip thickness

The cutting forces are recorded for all experiments, and similar results have 

Slot width and surface quality

The slot widths of two series experiments measured by SEM are shown in The surface quality of the slot bottom is not satisfactory, especially the slot center. This is because the radial position of each flute is different, then induce their axial height differences. The outer flute locates far from the rotating axis in the radial direction, which cuts material, and has higher axial location. But the inner flute locates near the rotating axis, and has lower axial location, but it contacts the slot center to destroy the machined surface. 

Tool breakage

As the analysis in the Section 5.6.3, in most cases, the chip load burden inflicts on one flute. Its wearing speed is much faster than the other flute, and the tool life is dependent on this flute wear condition.

In the first series experiments, with φ = 310 • setting, the tool is broken (Fig. 5.27), after machining 157.5mm slots on the workpiece. From the fracture image, the tool breaks because the chip loads of each flute are extremely unequal.

The cutting force inflicted on the 1st flute causes the tool body bearing the bending stress much stronger in one side.

Conclusions

A tool tip trajectories model is developed for a two-flute micromill. It contains the effects of the tool radial error motion and the tool tip vibration under high speed rotation. The model gives good prediction to the experimental results. It is useful to understand the micromilling mechanism, and to minimize 1. The single flute cutting condition always occur in the micromilling by using a two-flute cutter, which is obviously different from the common sense.

2. The tool set precision is very important to the machining accuracy and the tool life. The optimal condition is to set the flute angle θ = ±90 • .

3. After optimizing the flute angle θ, choosing appropriate feeding direction (feed angle φ) is also critical to the machining error and the chip load distribution.
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Chapter 6

Wavy Chip Formation Analysis

Introduction

Understanding the chip formation is the first step to achieve the good chip control, a necessity for automated machining. Moreover, a lack of chip control often leads to coarse surface finish, poor machining accuracy, and problems with chip removal from the machining zone [START_REF] Astakhov | Chip structure classification based on mechanics of its formation[END_REF]. The well-known concept of the chip formation classification was proposed by Ernst [START_REF] Ernst | Physics of metal cutting, machining of metal[END_REF] from the point of view of chip geometry, as discontinuous, continuous, and continuous with a built-up edge interposed between the chip and tool in the vicinity of cutting edge. Recently Astakhov [START_REF] Astakhov | Metal Cutting Mechanics[END_REF] redefined the categories of chip formation by a generalized model.

To the conventional scale machining processes, much work has been done to investigate the chip formation. Most of early researches were based on the mechanics model [START_REF] Lee | The theory of plasticity applied to a problem of machining[END_REF][START_REF] Shaw | The shear-angle relationship in metal cutting[END_REF]. With the enhancement of the digital computer industry, more and more numerical methods, especially the Finite Element Method (FEM), were resorted to understand the chip formation in a multiphysics field [START_REF] Usui | Mechanics of machining from descriptive to predictive theory, on the art of cutting metals[END_REF][START_REF] Strenkowski | A finite element model of orthogonal metal cutting[END_REF][START_REF] Ceretti | Application of 2d fem to chip formation in orthogonal cutting[END_REF][START_REF] Özel | Process simulation using finite element method -prediction of cutting forces, tool stresses and temperatures in high-speed flat end milling[END_REF][START_REF] Rosa | The transient beginning to machining and the transition to steady-state cutting[END_REF]. To the 1990s, most researchers developed their own FEM code. From the last two decades, the commercial FEM packages have been dramatically used for this purpose, due to their easy application in industry and allowing engineers to concentrate on their concerned problems not on the programming issues [START_REF] Mackerle | Finite element analysis and simulation of machining: an addendum a bibliography (1996-2002[END_REF].

FEM is also a powerful tool to simulate the manufacturing process in micro scale. However, it costs more computational resources and longer duration because of the finer element mesh and more elements to emulate the actual micromachining condition. In this aspect, Vogler et al. [START_REF] Vogler | On the modeling and analysis of machining performance in micro-endmilling, part I: Surface generation[END_REF][START_REF] Vogler | On the modeling and analysis of machining performance in micro-endmilling, part II: Cutting force prediction[END_REF] used a customized FEM code developed by Chuzhoy et al. [START_REF] Chuzhoy | Machining simulation of ductile iron and its constituents. part I: Estimation of material model parameters and their validation[END_REF][START_REF] Chuzhoy | Machining simulation of ductile iron and its constituents. part II: Numerical simulation and experimental validation of machining[END_REF], which is capable to embed the heterogeneous material into the FEM environment, to determine the minimum chip thicknesses (MCT) for ferrite and pearlite metallographies respectively. Simoneau et al. [START_REF] Simoneau | Chip formation during microscale cutting of a medium carbon steel[END_REF][START_REF] Simoneau | Surface defects during microcutting[END_REF] assigned different hardness parameters to different metal phase components of steel, and explained the chip formation and surface defects in microscale cutting. Özel et al. [START_REF] Özel | Modelling and simulation of micro-milling process[END_REF] analyzed the temperature of micromilling process, and found that a lower value compared to the one of conventional cutting. Woon et al. [START_REF] Woon | Investigations of tool edge radius effect in micromachining: A fem simulation approach[END_REF] analyzed the edge radius effect in microcutting and showed that the ratio of uncut chip thickness (UCT) to edge radius influences the material flow stress and effective negative rake angle strongly. Except for the FEM, Molecular Dynamics (MD) is another way to simulate the machining process in the microscale even to nanoscale [START_REF] Komanduri | Monte carlo simulation of nanometric cutting[END_REF][START_REF] Cheng | Modeling and simulation of the tool wear in nanometric cutting[END_REF].

In the microcutting operation, due to its scale shrinking, most of the micro parts are finished only in one procedure, not multi-procedure processing.

In another word, optimization the processing variables to achieve the best surface quality and form accuracy is quite important to the microfabrication. In microcutting, the residual burrs on the workpiece are not easily eliminated by the conventional burr removal processes. They are huge obstacles of the parts behavior. Therefore, understanding the chip formation mechanism and optimizing the machining parameters based on the mechanism are pivotal to improve the application and performances of microcutting. Ueda et al. [START_REF] Ueda | Chip formation mechanism in microcutting of an amorphous metal[END_REF] found the lamellar chip structure when microcutting of an amorphous metal due to the periodical formation of localized shear band. However, the tool edge radius effect was neglected. Kim et al. [START_REF] Kim | Experimental analysis of chip formation in micromilling[END_REF] investigated the MCT effects on chip formation in micromilling. And it showed that not all tool passes would produce the chip when the feed rate per tooth was smaller than MCT. Only when the accumulated UCT was larger than MCT, the chip was formed. Lee and Dornfeld [START_REF] Lee | Micro-burr formation and minimization through process control[END_REF][START_REF] Lee | An experimental study on burr formation in micro milling aluminium and copper[END_REF] conducted a large amount of experiments to investigate the relationship between burr formation and machining variables in micromilling.

Based on analytical results, the parameters were optimized to achieve better surface quality and longer tool life. However, so many experiments were very time consuming and expensive. Therefore, simulations are very helpful to investigate the chip formation in micromilling and accelerate its industrialization.

In this chapter, the FEM approach is utilized to investigate the chip formation process in slot micromilling Al6061-T6 alloy by a carbide tool. The chip is found to be wavy type, which is similar to the Ueda's founds. The chip morphology is verified by experimental observation of the burr and chip shapes.

Furthermore, the simulation cutting force correlates well with the experimental one. Through the detailed analysis on the simulation results, the wavy chip formation process is described from the viewpoint of chip velocity, together with the variations of the tool chip contact length (l T ) and shear band length (l S ). It has been found the maximal chip velocity location changes from the chip root to chip tip, then back to chip root again in this process. Then the chip formation mechanism is studied quantitatively by means of hybrid analytical-FEM approach. After calculating and analyzing the chip moments, including the "Tool Rake Moment" M T ool and "Shear Band Moment" M W ork , it is proved that the main reasons of wavy chip generation are the variations of the l T and l S . Before the chip bending, l T and l S increase simultaneously. In the chip bending process, the l T decreases faster than l S . The Merchant model (MM model) [START_REF] Merchant | Mechanics of the metal cutting process 1: orthogonal cutting and a type 2 chip[END_REF] and Arcona-Dow model (AD model) [START_REF] Arcona | An empirical tool force model for precision machining[END_REF] are adopted respectively to calculate the M W ork as a comparison. The AD model shows a good performance in the microcutting scale. In the wavy segment generation occasion, the average chip velocity magnitude in chip bending process is much greater than the one before chip bending which is about the nominal cutting speed. The chip root velocity is almost constant in the entire micromilling process, and the chip tip velocity increases too much in the chip bending instant due to the chip angular acceleration. The chip angular acceleration is acquired respectively from FEM and analytical model based on the M T ool and M W ork AD calculations. The excellent agreement between these two approaches validates the correctness of the chip moments calculations. The results of this chapter are very useful to understand the micromilling mechanism and improve the workpiece performances.

FEM Model

In the material removal processes using geometrically defined cutting edges, workpiece material undergoes severe deformations and shearing at very high deformation rates and sometimes high temperatures. Hence, adopting the reliable workpiece material flow stress data, also as well known as the constitutive model, 

T melt = 582 • C = 855.15K T room = 20 • C = 293.15K
which covers the large strain rate and temperature range, is very important to characterize the material behavior in the vicinity of cutting edge [START_REF] Shi | The influence of material models on finite element simulation of machining[END_REF]. As well as the material flow stress model, the friction between the tool and workpiece is also important in the cutting simulation [START_REF] Özel | The influence of friction models on finite element simulations of machining[END_REF]. In this section, the constitutive and friction models are chosen based on the literatures and suitable machining conditions in micromilling operation.

Material constitutive model

The flow stress at which the workpiece material starts to plastically deform is influenced by strain, strain rate, temperature factors and sometimes strain paths. The Johnson-Cook (JC) model [START_REF] Johnson | A constitutive model and data for metals subjected to large strains, high strain rates and high temperatures[END_REF][START_REF] Johnson | User instruction for the 1996 version of the epic code[END_REF], is widely accepted in machining simulation due to its good fit for strain-hardening and thermal softening behavior of metals and its numerical robustness and can be easily used in finite element simulation models [START_REF] Hamann | Machinability improvement of steels at high cutting speeds -study of tool/work material interaction[END_REF][START_REF] Özel | Determination of work material flow stress and friction properties for fea of machining using orthogonal cutting tests[END_REF]. It is represented as follows, with the constants for Al6061-T6 [START_REF] Johnson | User instruction for the 1996 version of the epic code[END_REF] listed in Table .6.1.

σ = [A + B(ε) n ][1 + C ln( ε ε0 )][1 -( T -T room T melt -T room ) m ] (6.1) 
σ, Von Mises flow stress ε, equivalent plastic strain ε, strain rate. ε ε0 , is the dimensionless plastic strain rate for ε0 = 1.0s -1 T , workpiece temperature T room , room temperature T melt , workpiece melt temperature A, yield stress B and n, effects of the strain hardening with B is hardening constant and n is hardening exponent C, strain rate constant m, thermal softening exponent

Friction model

Friction properties are almost as important as the material flow stress model in the cutting simulation process. Even if many works have been done on this topic [START_REF] Usui | Mechanics of machining from descriptive to predictive theory, on the art of cutting metals[END_REF][START_REF] Zorev | Interrelationship between shear processes occurring along tool face and on shear plane in metal cutting[END_REF][START_REF] Iwata | Process modeling of orthogonal cutting by the rigid plastic finite element method[END_REF][START_REF] Childs | Friction modelling in metal cutting[END_REF], the friction behavior in the cutting zone is still not clear.

In the low cutting speed range, the friction stress τ f on the tool rake face is assumed proportional to the normal stress σ n , with a coefficient of friction μ. This is the sliding friction based on Coulomb's law as

τ f = μ • σ n (6.2)
According to Trent and Wright's work [START_REF] Trent | Metal Cutting[END_REF], they observed the sliding condition is dominant during low speed machining, and during high speed machining the sticking condition is dominant. In micromilling, even if a high speed spindle is adopted to improve cutting speed, due to the tiny tool diameter, the cutting speed remains much lower than the conventional one. In this case, the cutting speed is 238.8mm/s. For this reason, the Coulomb's law of sliding friction is dominant in the micromilling operation. In this chapter, for the combination of the tool workpiece materials, carbide and Al6061-T6, the friction factor μ is chosen as 0.7 as obtained from experiments by Medaska et al. [START_REF] Medaska | Simultaneous measurement of the thermal and mechanical effectiveness of cutting fluid[END_REF].

Simulation setup

In this study, the FEM software DEFORM-2D from SFTC is used to simulate the cutting process. It is based on an updated Lagrangian formulation that employs implicit integration method designed for large deformation simulations.

The strength of this FEM software is its ability to automatically remesh and generate a very dense grid of nodes near the tool tip so that large gradients of strain, strain rate and temperature can be handled. In this approach, no chip separation criterion is required, which makes it highly effective in simulating metal cutting process. Furthermore, a high mesh density zone is defined around the cutting edge as a moving window allowing an excessively distorted mesh in the primary and secondary shear zones to be automatically remeshed without interruption. Thus, the chip formation is simulated step by step per tool advance with a minimum number of remeshing.

In this simulation parameters setting, due to the small cutting depth, the 

Simulation results and experimental validations

Through the FEM simulation, a lot of results about the machining process are obtained by the post processor. In this chapter, we focus on those concerning the chip formation process.

Simulation results

The chip with wavy type formation is found. Fig. 6.2(a) and Fig. 6.2(b)

showed the chip morphology in micromilling process with 4 segments and 7

segments respectively. The length of each segment in millimeter unit is labeled on the figure. Length values on them are approximate because the shapes of the segments depend on the mesh density. When chip moves out of the mesh density window, it may lose the real shape due to remesh. However, the newly formed segment with finer element has exact shape, and its length is measured simultaneously after their formation. When the tooth exits the machined slot, the chip is composed by 11 segments. The average segment length is 4.7835μm, with 0.6645μm standard deviation. 

Experimental results

All the experimental parameters are listed in the Table.6.2. Fig. 6.3 is the free surface of the top burr on the slot down milling side, which is left on the workpiece when the tool leaves the workpiece [START_REF] Lee | An experimental study on burr formation in micro milling aluminium and copper[END_REF]. From the SEM photo of the top burr, it is clearly that there are many parallel wavy segments distributed on the burr free surface. In order to obtain more powerful evidences, the micro chips were collected and embedded in the resin, then polished and viewed under the optical scope. 

Chip formation process

The wavy chip formation is also known as laminar type [START_REF] Black | Flow stress model in metal cutting[END_REF], continuous fragmentary type [START_REF] Astakhov | Chip structure classification based on mechanics of its formation[END_REF]. It was first reported by Bickel [START_REF] Bickel | Hochfrequenten zeitlupenaufnahmen[END_REF], who used a high frequency flash lamp to produce a series of pictures showing the development of what is generally referred to as a wavy chip. He found that this phenomenon is the result of a repetition of the cycle of variation in shear angle, forces and chip thickness. It had the same appearance as a continuous "flow" type chip except that there were signs of greater and less strain having taken place in the thin and thick chip vicinities respectively [START_REF] Shaw | Chip formation in the machining of hardened steel[END_REF]. Similar cyclic chips were described by Eugene [START_REF] Eugene | Etude experimentale sur l'influence conjoninte de la pente d'affutage de l'outil et de la vitesse de coupe sur les modalites de la formation de copeau[END_REF] and Albrecht [START_REF] Albrecht | Self induced vibration in metal cutting[END_REF]. Recently, Astakhov et al. [START_REF] Astakhov | The bending moment as the cause of chip formation[END_REF] analyzed the bending moment effect in chip forming process and regarded that this is the reason of wavy chip. However, these explanations are suitable to the steady cutting condition in conventional scale with relative greater UCT, in which the mass of the formed chip is enough to bear the continuously impact from the tool. But in the milling operation, in each tooth pass, the chip experiences forming, growing, and breaking procedures, which is a typical transient cutting procedure. The chip mass varies in the entire process, especially in micromilling it is much smaller than the one in conventional scale milling.

In this section, the process of wavy chip formation in the micromilling process is described in detail through chip velocity analysis by FEM.

Chip formation process

The first four segments formation processes, Figs.6.5 ∼ 6.8, are described in detail. The state variable of these series is the total node velocity obtained from the FEM.

At the beginning of tool workpiece engagement, the UCT is quite small, and the ploughing effect is dominant in the tool work contact region. The tool edge presses workpiece, but the node velocity magnitude is smaller due to the tool moves in the tangential direction, Fig. 6.5(a). As the tool advancing, the UCT increases. When the tool rotates around 1.8 • , a very critical UCT is achieved, Fig. 6.5(b). In this moment, a small amount material in front of the tool tip moves upward along the edge radius, the other fraction of workpiece is compressed beneath the tool edge and slides to the tool flank face. This critical UCT, which is defined as MCT in most cases, is very important in microcutting operation. After this transition point, the shearing effect appears between the tool and workpiece. In this simulation, the MCT is about 0.268μm examined by FEM. It coincides with the calculation results by Wang et al. [START_REF] Wang | Surface generation analysis in micro end-milling considering the influences of grain[END_REF]. However, in this simulation the feed rate per tooth is about 0.17μm, it seems impossible to achieve the MCT just after the tool only rotates about 1.8 • . One reason of this problem is due to the workpiece shape error caused by the remesh in FEM environment. The other reason is caused by material deformation due to the tool edge indenting, and it will be discussed qualitatively in Section. 6.5 by another FEM analysis.

With the continuous steps, the tool advances gradually as shown in Fig. 6.5(c) and Fig. 6.5(d). After the transition of MCT, shearing becomes more significant than the ploughing effect gradually, which induces the chip growth. In Fig. 6.5(c), the workpiece material is piled up in front of the tool edge. The (e) 14.14 • (f) 18.17 The next a few segments formation procedures are similar to the first four.

But due to the increase of the chip mass and moment of inertia, the milling process enters the steady status gradually. In the next a few wavy segments generation occasions, although the chip maximal velocity location also varies and the chip bending movement occurs, they are not as obvious as before. The wavy chip formation in the entire micromilling process is shown in Fig. 6.9.

Figure 6.9: The entire chip formation process

Tool edge radius effect

In the microcutting operation, due to the small UCT, the tool edge radius effect can not be neglected. When the ratio of the UCT to tool edge radius is smaller than 1, the nominal rake angle of the tool doesn't work, and the effective rake angle is negative in reality [START_REF] Wang | A micro milling model considering metal phases and minimum chip thickness[END_REF][START_REF] Liu | Material strengthening mechanisms and their contribution to size effect in micro-cutting[END_REF][START_REF] Kang | A mechanistic model of cutting force in the micro end milling process[END_REF]. In this section, the edge radius effect to the uncut surface deformation is investigated qualitatively, in order to explain the change of uncut chip thickness in the micromilling process in Fig. 6.5(b).

This process is modeled as an indention operation by FEM, with a rigid ball pressing into the material. This is an axis symmetric problem, Fig. After the rigid ball indenting about 616nm depth, the material deformation In micromilling process, the tool round edge first contacting material is similar with the indention process. Although the material is not removed, it is deformed with tool advancing, and some materials heave in front of tool edge.

Therefore the instantaneous UCT changes. This is the reason that in Fig. 6.5(b), although the nominal UCT is less than the MCT, the actual UCT is greater than the nominal value after some materials begin to move upward with tool pressing.

Chip moments calculations 6.6.1 Modeling of the chip formation

In this section, the chip is modeled as a cantilever to explain the chip formation process, as shown in Fig. 6.12. Two moments about the chip separating 

(M T ool -M W ork ) = J Chip O ωChip (6.3)
From the previous analysis, it has been found that the chip velocity varied in the chip formation process, and it can be explained if ωChip can be obtained from from Eq.(6.3). Therefore, understanding the moments inflicted on the chip and their fluctuations are very critical to clarify the segments formation mechanism. In the subsequent sections, the hybrid FEM-analytical approach which comprises both FEM simulation results and some analytical models, is adopted to calculate the M T ool and M W ork .

M T ool calculation

M T ool is produced by the normal pressure distributed on the chip-rake contact surface. It can be calculated as follows. To each element, the normal pressure value is obtained from FEM simulation, so M T ool can be calculated by Eq.(6.4). 

M W ork calculation

M W ork is generated from the normal stress distribution on the shear plane, Fig. 6.14. Since in the shear plane, strain rate is significantly greater than the other parts of workpiece, the shear plane can be determined by the equivalent strain rate distribution plot in FEM [START_REF] Bil | A comparison of orthogonal cutting data from experiments with three different finite element models[END_REF]. The M W ork can be calculated by Eq.(6.5). σ wn i is the normal stress from the i th element acting on the shear plane. d w i is distance from the i th element to the point O. ds is the length of the i th element. Because the normal stress varies in a linear relationship along the shear plane, with the maximum value on point G at chip free surface, and reduces towards the chip separating point O [START_REF] Childs | Friction modelling in metal cutting[END_REF]. However, the value of σ wn i in the point O or G and the slope of σ wn i distribution are very difficult to obtain till now, one of the simplifications is to assume the normal force N S inflicted on the middle point of the shear plane [START_REF] Moufki | Modelling of orthogonal cutting with a temperature dependent friction law[END_REF]. In this work, we continue this assumption, and the Eq.(6.5) is reduced to Eq.(6.6), in which the average shear plane normal pressure σ wn aver is easier to be calculated by dividing N S by the shear plane area A S , Eq.(6.7). A S is calculated by Eq.(6.8). l S is the shear band length. Noticing the assumption of N S acting on the middle point of the shear plane induces some errors when calculating the M W ork , due to the actual acting point depending on real σ wn i distribution. The maximal relative error is 0.33 when σ wn i in point O is zero, but in the machining process this value is always much greater than zero, so the error caused by this simplification can be accepted. 

M W ork MM calculation

In this section, N S is calculated based on the Merchant theory [START_REF] Merchant | Mechanics of the metal cutting process 1: orthogonal cutting and a type 2 chip[END_REF], renamed N S MM . It assumes that the cutting forces originated from the shear work consumed in shear plane and the friction work between the chip and tool rake. This theory is widely accepted and suitable to the conventional orthogonal cutting with greater UCT and neglects the effects of the tool edge radius [START_REF] Moufki | Modelling of orthogonal cutting with a temperature dependent friction law[END_REF][START_REF] Venuinod | Three-dimensional cutting force analysis based on the lower boundary of the shear zone. part 1: Single edge oblique cutting[END_REF][START_REF] Venuinod | Three-dimensional cutting force analysis based on the lower boundary of the shear zone. part 2: Edge oblique cutting[END_REF].

According to the Merchant's force circle [START_REF] Merchant | Mechanics of the metal cutting process 1: orthogonal cutting and a type 2 chip[END_REF], N S MM is expressed by cutting force F P MM , thrust force F Q MM , and shear angle φ, Eq.(6.9). However, only orthogonal force components F X and F Y can be obtained directly from the FEM simulation results. In case of orthogonal cutting hypothesis, F P MM and F Q MM in milling operation are transformed from F X and F Y by tool rotating angle θ with Eq.(6.10). The shear angle φ, defined between the tool rotating tangential direction and the shear band in XY plane, is also obtained from FEM. Then, the final M W ork MM expression, Eq.(6.11), is deduced with all components from FEM analysis.

N S MM = F P MM sin φ + F Q MM cos φ (6.9)

F P MM F Q MM = sin θ cos θ -cos θ sin θ F X F Y (6.10)
edges in contact with the workpiece with time-varying force resultants at any instant of tool rotation [START_REF] Friedrich | Effect of workpiece springback on micromilling forces[END_REF]. The AD model adopted into one generalized micromill tool edge, either the side edge or the bottom edge, is illustrated in Fig. 6.15.

The AD model is expressed as Eq.(6.12). H and E are the hardness and Young's modulus of the workpiece material respectively. A C is the face area of the chip. A f is the tool flank contact area with the workpiece. μ is the friction coefficient between tool rake face and workpiece. μ f is the friction coefficient between flank face and workpiece. φ is the shear angle. The cutting force F P AD in the Eq.(6.12) consists two terms. The first is the force on the rake face and is a function of the workpiece material and the area of the chip, A C . The second term originates from the friction on the flank face of the tool and is a function of the workpiece material, the tool flank contact area A f and the friction coefficient μ f . The thrust force F Q AD in Eq.(6.12) is similar to the cutting force with the first term originating from friction on the rake face and the second from the direct force on the flank face . The constants in Eq.(6.12) were experimentally obtained as a best-fit for several materials including Al6061-T6 [START_REF] Arcona | An empirical tool force model for precision machining[END_REF]. In this model, it is obviously that the second term of each force component is the contribution of the workpiece springback on the flank face. The first term has related to the effects of the rake face. In order to calculate the cutting force only due to the effects from tool rake, 138 each second item in Eq.(6.12) is ignored, and the final expressions of F P AD and F Q AD are reduced to Eq.(6.13). Integrating them into the normal force on the shear plane N S AD , Eq.(6.14), and input N S AD into Eq.(6.7), the M W ork AD is given in Eq.(6.15). 

√ 3 + 1 + μ f A f (4.1H) H E F Q AD = μ HAC 3 cot φ √ 3 + 1 + A f (4.1H) H E (6.12) ⎧ ⎨ ⎩ F P AD = HAC 3 cot φ √ 3 + 1 F Q AD = μ HAC 3 cot φ √ 3 + 1 (6.13) N S AD = F P AD sin φ + F Q AD cos φ (6.14) M W ork AD = wl 2 s H sin φ 6 cot φ √ 3 + 1 (sin φ + μ cos φ) (6.15)

Chip moments calculation results

In this section, the calculation results of the M T ool and M W ork (M W ork MM and M W ork AD ) are given in detail. Fig. 6.16 gives the comparisons between M T ool and M W ork MM and between M T ool and M W ork AD .

From Fig. 6.16(a), it is obviously that M W ork MM is much greater than M T ool . Should this fact be, the chip wouldn't form the wavy segment and grow up. This is contradictory with the simulation results and experimental observation.

In Fig. 

Chip velocity analysis

From the analysis of chip formation process, in each segment generation the maximal chip velocity changes from the chip root to chip tip, then back to chip root. This phenomenon is obviously when the chip mass and moment of inertia are smaller. Fig. 6.20 and Fig. 6.21 give the comparison of chip velocity distribution before and after the chip separating with the tool at the first segment generation instant. The average velocity value in Fig. 6.21 is 424.6mm/s, but in Fig. 6.20, this value is only 256.2mm/s, which is similar with the cutting speed, 238.8mm/s. The chip velocity ranges from 138.8mm/s to 314.4mm/s in Fig. 6.20 and from 130.8mm/s to 665.3mm/s in Fig. 6.21 respectively.

As same as the Fig. 6.20 and Fig. 6.21, the Fig. 6.22 and Fig. 6.23 represent the chip velocity distribution when the second segment forms. The similar results are found as the comparison between the Fig. 6.20 and Fig. 6.21. The average velocity value is 662.9mm/s in Fig. 6.23, much higher than the corresponding value in Fig. 6.22, 215.7mm/s, which is also about the cutting speed. The chip velocity ranges from 167.5mm/s to 235.8mm/s in Fig. 6.22, and from 133.8mm/s to 1206mm/s in Fig. 6.23.

From the analysis in this section, we know the average chip velocity magnitude after the chip separating from the tool, Fig. 6.21 and Fig. 6.23, is much greater than one before the chip bending, Fig. 6.20 and Fig. 6.22, which is about the nominal cutting speed. Meanwhile, the velocity in the shear plane is almost constant for all cases, but during the chip bending process the chip tip velocity in Fig. 6.21 and Fig. 6.23 are greater because of the chip angular acceleration as calculated in the Section 6.9.

Chip angular acceleration analysis

After acquiring the chip velocity distribution in the adjoining steps from FEM, the chip angular acceleration obtained from FEM analysis ωChip F EM Meanwhile, due to M T ool and M W ork AD can be calculated as above. If the chip moment of inertia J Chip O is obtained, the Eq.( 6.3) can be used to calculate ωChip in another way. Then the comparison between ωChip and ωChip F EM can be utilized to validate the correctness of M T ool and M W ork AD calculations. As shown in Fig. 6.12, the chip is modeled as a cantilever with a series segments.

Hence, the J Chip O can be calculated approximately as follows. First, assuming the chip is homogeneous, without the density change in the cutting process.

Then simplify the i th chip segment to a rectangular shape A i B i C i D i , with length l i , width b i , and geometric shape center E i . The subscript i represents the segment sequence number, from 1 to n, here n = 11. For the i th segment, its moment of inertia about the -→ OZ axis across their own geometric shape center E i is J Ei , which is calculated by Eq.(6.17). Then according to the "Parallel Axis

Theorem", to the entire formed chip, J Chip O is expressed by Eq.(6.18), in which d i is the distance from E i to point O, and m i is the mass of the i th segment, which is the product of the work density ρ and the chip volume, estimated by Eq. (6.19).

J Ei = m i (l 2 i + b 2 i ) 12
(6.17)

J Chip O = n i=1 (J Ei + m i d 2 i ) (6.18) m i = ρl i b i w (6.19)
When each segment forms, J Chip O is calculated at the corresponding rotating angle. Due to the chip curling, the J Chip O increases in a non-linear trend.

At the beginning of the micromilling, J Chip O is smaller. This is the reason that the chip acquires great velocity in the first a few segments formation processes.

By polynomial curve fitting, the J Chip O is found to be a third order function with reference to the rotating angle in the entire process, Fig. 6.24. Due to the fact of J Chip O = 0 when the rotating angle is 0 • , the fitting function utilizes

J Chip O /θ versus θ instead of J Chip O versus θ.
Therefore, the coefficient for the zero-order item in this function shown in Fig. 6.24 is set to zero, and its final expression is Eq.(6.20). 

J Chip O = 2.9144e -23 θ 3 + 3.2608e -24 θ 2 -3.095e -21 θ (6.20)
Then, the comparison between the ωChip F EM calculated by Eq.(6.16) and the ωChip calculated by Eq.(6.3) is shown in Fig. 6.25. Two calculation results

show good agreement, and the error between them can be accepted. It validates the calculations of the M T ool and M W ork AD .

Conclusions

In this chapter, the chip formation in the slot micromilling process by one flute cutter is investigated by FEM and experiment. Based on the suitable assumptions, the micromilling operation is modeled in DEFORM-2D. The JC constitutive and Coulomb's friction models are adopted in the FEM simulation.

The wavy type chip has been found when micromilling Al6061-T6 by carbide The comparison between their results shows the MM model is not suitable in microcutting scale, although it is widely accepted in conventional scale.

The AD model could be a good candidate in this field.

5. When the wavy segment occurs, the average chip velocity magnitude is much greater than the one before the segment generation, which is about the cutting speed. And the chip root velocity is almost constant in the entire micromilling process, and the chip tip velocity increases too much when the chip bending. 

Design of Experiments

In slot milling operation, the most important machining parameters are spindle speed (n), feedrate (f ), and axial depth of cut (a P ). In this test, they are chosen as the experimental factors and the inputs of NN model. In this work, the tool wear is not considered as the criterion affecting the result of the cutting process since a new tool is used, the total machining length is short and the material being utilized is soft [START_REF] Oktem | Prediction of minimum surface roughness in end milling mold parts using neural network and genetic algorithm[END_REF].

In this chapter, the ranges of the model variables are 30000 ∼ 50000rpm

for n, 10 ∼ 50mm/min for f , and 10 ∼ 30μm for a P respectively. Five levels are defined for each factor according to the micro machining conditions and machine tool limits. Hence, Taguchi's L 25 (5 6 ) orthogonal array is selected [START_REF] Ross | Taguchi Techniques for Quality Engineering[END_REF] for experimentation. The first three columns are assigned to n, f , and a P respectively. The experimental layout plan of Taguchi array along with the R a measurement results are listed in the Table The net j is the total or net input and N is the number of inputs to the j th neuron in the hidden layer. w ij is the weight of the connection from the i th neuron in the forward layer to the j th neuron in the hidden layer and x i is the input from the i th neuron in the preceding layer. A neuron in the network produces its output (out j ) by processing the net input through an activation (transfer) function f . In this work, f for the hidden layer and output layer are the tangent hyperbolic function and linear function respectively. The tangent hyperbolic function leads to minimum the mean square error (MSE) and is represented as Eq.(7.2).

out j = f (net j ) = 1 -e -netj 1 + e -netj (7.
2)

The Levenberg-Marquardt algorithm selected for training the NN, is a variation of the classic back propagation algorithm, unlike other variations that use heuristics, relies on numerical optimization techniques to minimize and accelerate the required calculations, resulting in much faster training. More specifically, the direction in which the search is made is described by

x k+1 = x k -A -1 k g k (7.3)
Where A k is the Hessian matrix of the error function at the current values of weights and biases and g k is the gradient of the error function. Since the error function is a form of sum of squares, the Hessian matrix can be approximated as Eq.(7.4), and the gradient as Eq.(7.5).

A k = J T J (7.4)

g k = J T e (7. 5 
)
Where J is the Jacobian matrix, which contains first derivatives of the network errors with respect to the weights and biases, and e is a vector of network errors. Finally, the search direction is given by

x k+1 = x k -[J T J + μI] -1 J T e (7.6)
When the scalar μ is zero, this is just a Newtons method using the approximate Hessian matrix. When μ is large, Eq.(7.6) becomes a gradient descent with a small step size. Newtons method is faster and more accurate near an error minimum, so the aim is to shift towards Newtons method as quickly as possible. Thus, μ decreases after each successful step (reduction in performance function) and increases only when a tentative step would increase the performance function. In this way, the performance function will always be reduced at each iteration of the algorithm. 

Results and Discussions

Based on the Taguchi's DoE and the NN model, the effects of the machining variables, including spindle speed (n), feedrate (f ), and the axial depth of cut (a P ), to the average micromilled surface roughness (R a ) are discussed in detail.

Single Factor Influence

Based on the experimental results of the Taguchi's orthogonal array, the influences of different levels for each factor to R a is shown in Fig. 7.6. It is clearly that the effects of these three factors are in the asymptotic level. Normally, in the milling operation, the slot bottom surface roughness R a is influenced most important by the feedrate per tooth (FPT) as Eq.(7.7) [START_REF] Shaw | Metal Cutting Principles[END_REF].

In Eq.(7.7), C is the ratio between the average roughness R a and the Peak-to-Valley roughness. r is the tool nose radius. FPT can be calculated as Eq.(7.8), with the number of the teeth T N . Here, T N = 4.

R a = F P T 2 8C[r ± (F P T • T N /π)]
(7.7)

F P T = f n × T N (7.8)
From Fig. 7.6, it is clearly that R a decreases with the increase of the spindle speed n. R a reaches its minimal value when n = 40000rpm. After that R a increases with the increase of n. The reason is that in the low spindle speed range, the feedrate per tooth (FPT) is larger, which degrades the R a . However, when n > 40000rpm, the surface quality is reduced due to the increased effect of vibration induced by the spindle rotor imbalance.

From Fig. 7.6, it is obviously that there is almost a linear relationship between the feedrate and R a . This phenomenon is induced by the increase of FPT, which can be explained by the Eq.(7.7) clearly.

In the conventional scale milling operation, the effect of a P to the surface quality is very little, due to its main effect is to the cutting force in the feed direction. But in the micromilling operation, due to the tiny tool size, its stiffness in the radial direction is relative lower than the traditional tool. Hence, before the a P = 15μm point, the micromill can afford the cutting force in the feed direction. But after the a P = 15μm point, the R a value rises rapidly with the increase of the a P . It means that the radial deformation of the tool is increased, then the tool inclined an angle to cut the material and degrading the surface quality.

Interaction Effect

The results of NN model and Taguchi's DoE can be used to analyze the effects of the selected process parameters to surface roughness R a . In order to determine the their interaction effects to the micromilling operation. The contour plots were generated considering each two-parameter combinations. These interaction effects are depicted in Figs.7.7-7.9. These figures are very important to choose suitable process parameters in order to achieve the desirable surface quality. Fig. 7.7 reflects the interaction effect of spindle speed (n) and feedrate (f ) to R a . We found that there are two regions which will induce bad surface quality. The first region is when the n > 40000RP M and feedrate f < 15μm.

The second one is when the n ≈ 50000RP M and feedrate f ≈ 25μm. It is clearly that the spindle speed will induce more vibration effects to degrade the workpiece quality. However, we found the minimum R a locates on the region when n ≈ 50000RP M and f ≈ 20μm. It means choosing suitable feedrate will eliminate the cutting force in feed direction and eliminate the vibration effects. The interaction effects of the axial depth of cut (a P ) and the feedrate (f ) to R a is shown in Fig. 7.9. Compared with the last two interaction effects. This 

Conclusions and Perspectives

Conclusions

In this research, a micro machine tool test-bed is developed for the micromilling research. Based on the experimental study on the test-bed, the other works completed in this dissertation reveals valuable information about the micromilling principles, such as workpiece microstructure effects, micromill tip trajectories, chip formation mechanism, and surface roughness problem.

1. Micromilling on multi-phase polycrystalline material has been conducted.

Through the modeling and experimental study on Al6061-T6, we found the mechanical properties differences of different metal phases induce the vibration of cutting force and difference of surface generation heights. To the single-phase polycrystalline material, the experimental results show the effects of crystal orientation and grain size to the surface roughness is very little.

2. An exact tool tip trajectories model for a two flute micromill is developed including the influences of tool tip radial error motion and vibration. In this model, a cost-effective method is proposed to measure and calculate the tool tip radial error motion and tool unbalance by two dial gauges. This method is validated by laser measurement. A rotor dynamic model considering the unbalance is utilized to calculate the tool tip vibration.

The tool flute trajectories are predicted and their effects to the chip thickness, cutting force, chip load, machining error, surface quality and tool breakage are validated by experiments. This study found the single flute cutting condition is very common in the micromilling process by a two flute cutter. In the tool assembling process, the flute angle is the most important parameter to machining error and chip load. Its optimal value is ±90 • . In the actual milling process, the feed angle effect is also critical. 

Perspectives for future work

Based on the results of this work, several areas of future research efforts have been identified:

Development of cutter location determination system

In the micromilling operation, most of the parts are fabricated by one tool setup. Because it is very difficult to set the latter tool in the same location of the previous tool, due to the tiny tool tip size and tool assembling error. Therefore, new system needs to be developed to determine the cutter location, no matter radial or axial position.

Comprehensive three dimensional FEM simulation of micromilling process

The comprehensive three dimensional finite element simulation model should be developed including the effects of the workpiece microstructure of heterogeneous material, tool flute complex trajectories, and the crystal plasticity constitutive model, the entire tool geometry and the flexibility of tool and workpiece should be integrated to emulate the grain performances truly.

Modeling of the surface generation based on the tool tip trajectories model

The mathematical model and simulation works needs to be done in order to determine the exact tool flute axial position based on the tool tip trajectories model proposed in this research. This work is important to determine the profile of the machined bottom surface.

Error compensation and controlling system of micromilling process

Based on the tool tip trajectories model, the machining error under this condition is predicted in this thesis. The corresponding error compensation system should be developed and integrated into the MMT control system. Meanwhile, the real-time control system should be embedded into the NC software in order to improve the performances and efficiency of micromilling process.

Introduction

La technique du micro-fraisage apporte de nombreux avantages à la fabrication de pièces de petites dimensions. L'un de ses principaux avantages est la flexibilité de mise en oeuvre [1]. Contrairement au fraisage classique, le micro-fraisage peut être facilement modifié pour répondre à la production et aux exigences d'exploitation. En outre, il n'exige pas de montages onéreux comme les méthodes lithographiques et ne nécessite pas de masques qui demande de temps de réalisation important. Le seuil de rentabilité est de ce fait réduit. Le procédé peut s'utiliser aisément pour la réalisation de pièces unitaires comme de grandes séries. Il offre la possibilité de surveiller la qualité des pièces en cours de fabrication et de corriger d'éventuelles dérives. Il permet de réaliser des surfaces gauches autorisant ainsi la production, par exemple de moules à injection plastique. Par ailleurs, on peut fabriquer une grande variété de produits fonctionnels en alliages métalliques, en matériaux composites, en polymères ou en matériaux céramiques. Par conséquent, il est nécessaire de comprendre en profondeur le procédé de micro-fraisage.

Les objectifs de cette thèse sont d'étudier les mécanismes physiques intervenant en microfraisage pour l'amélioration de la fabrication de produits miniaturisés. Un certain nombre de phénomènes et de grandeurs physiques influence le processus de micro-fraisage : les efforts de coupe, la dynamique et la stabilité de la broche et de l'outil, la formation du copeau et les caractéristiques des machines-outils.

Plusieurs thématiques de recherche ont été abordés par les chercheurs afin d'améliorer la technologie de micro-usinage tant en terme de qualité que de productivité. Parmi ces thématiques, on peut citer le développement de micro-machines-outils, l'étude de l'influence de la microstructure des pièces, l'étude des trajectoires de l'extrémité de la micro-fraise, l'analyse numérique et analytique de la formation d'un copeau segmenté, la modélisation de la rugosité de la surface usinée, par exemple par réseau de neurones ou la conception de bancs d'essais.

Durant cette thèse, les études ont été réalisées au laboratoire "Advanced Manufacturing and Automation" (LAMA) de la Northeastern University (NEU) en Chine et au Laboratoire de Génie Industriel et de Production Mécanique (LGIPM) de l'Université Paul Verlaine (UPV) de Metz en France. Les motivations, les objectifs et les méthodologies de recherche sont résumés sur la figure 1. Une Micro-Machine-outil (MMT pour Micro-Machine Tools) est rentable car elle nécessite pour sa réalisation de plus petites quantités de matériaux qu'une machine-outil de précision traditionnelle. En raison alors de sa faible masse, les fréquences propres sont plus élevées et les amplitudes des vibrations sont plus faibles. Ainsi, depuis l'introduction du concept de "microfactory" par le Japan's Mechanical Engineering Lab en 1998 [2], de plus en plus de chercheurs tentent de développer des MMT. Dans ce travail, un prototype de MMT trois-axes a été développé afin de disposer d'un banc d'essai pour les tests de micro-fraisage.

Conception de configuration

Après avoir déterminer les composants de la structure de base et les degrés de liberté nécessaires pour la micro-machine-outil, un système-expert [3] est utilisé pour optimiser la configuration de la MMT sélectionnée. Ce système intègre un ensemble de règles très simplifiées fondé sur la méthodologie de conception des machines-outils conventionnelles. Le jeu de règles inclut deux concepts fondamentaux pour sélectionner les configurations candidates acceptables. La règle numéro 1 stipule le besoin d'une répartition paire des degrés de liberté cinématiques. En effet, les axes et les liaisons montés en série vont accentuer les erreurs cinématiques et réduire la rigidité de la structure. La règle numéro 2 indique que les axes en mouvement doivent déplacer des masses les plus légères possibles pour améliorer la précision et la rapidité de réponse du système, et diminuer la puissance des moteurs installés. L'application de ces règles réduit le sous-ensemble des configurations de conceptions plausibles de 6 à 2, comme présentésur la figure 2. 3 Effets de la microstructure de la pièce A l'échelle du micro-usinage, en raison de l'énorme diminution de la taille de l'outil et des conditions de coupe, la structure microcristalline de la pièce à usiner joue un rôle important dans le processus d'usinage [4]. Par conséquent, la microstructure doit être étudiée afin de véritablement bien comprendre les mécanismes du micro-fraisage. Dans ce travail, un alliage d'aluminium Al6061-T6 est choisi pour étudier les effets de la microstructure des matériaux polycristallins. Trois types de cuivre exempt d'oxygène à haute conductivité ont été sélectionnés pour faire l'étude de matériaux polycristallins monophasés. Deuxièmement, puisque les phases métalliques varient d'un grain à l'autre, avec des propriétés mécaniques très variables, la pièce doit être considérée comme anisotrope. En raison des différences de modules d'élasticité E et de coefficient de frottement µ, le copeau minimum h m et le retour élastique h r seront variables d'un grain à l'autre. h m sera calculés [5] par les équations (2) et (3) . La hauteur h r sera obtenue grâce aux équations (4) et (5). La figure 8 présente les résultats de mesure d'efforts de coupe suivant une des trois directions du dynamomètre. Il a été constaté que la force de coupe dans la phase fragile était supérieure à celle dans les grains. Dans le même temps, pour chaque tour de l'outil, quatre pics de différentes amplitudes apparaissaient en raison des phénomènes de copeau minimum. 

Vibrations du rotor

Un modèle de dynamique du rotor [7] a été développé pour calculer les vibrations en bout d'outil. La première fréquence propre est trouvée à environ 70 000 tr/mn, alors que la vitesse maximale de la broche est de 30 000 tr/mn. Le rotor peut être considéré comme un corps rigide dans cette étude et on supposera que seul le balourd du rotor affecte l'amplitude des vibrations en bout d'outil. 

Étude des trajectoires

Analyse des paramètres les plus influents

A partir des trajectoires simulées, il a été mis en évidence que les effets de l'angle des arêtes θ et de la direction d'avance φ sur la largeur de la rainure et sur les forces de coupe sont importants.

Largeur de rainure

La figure 16 présente la variation de la largeur de la rainure en fonction des paramètres θ et φ. Il est évident que l'angle d'arète affecte beaucoup plus la largeur de rainure que l'angle d'avance. La valeur optimale de θ = ±90 • a été déterminée.

Interaction avec le copeau

Les simulations montrent que, dans bien des cas, seule une des arêtes de l'outil est active. La force de coupe est donc toujours sur la même arête. L'angle d'avance φ a une importance dans la distribution des efforts et dans l'erreur d'usinage seulement lorsque θ = ±90 • (Tableau 3). L'erreur d'usinage est moindre avec seule une arête coupe que lorsque les deux arêtes sont actives.

Étude expérimentale

Une fraise 2 dents de 152 µm de diamètre a été utilisée. Les conditions de coupe choisies sont une profondeur de passe de 10 µm, une vitesse d'avance de 60 mm/mn et un angle d'arête de θ = -90 • . La vitesse de rotation et la direction d'avance varient.

Efforts de coupe et épaisseur du copeau

Un exemple d'efforts de coupe et d'épaisseur de copeau est présenté sur la figure 17. Une seule arête coupe. Les résultats expérimentaux sont en bonne corrélation avec les simulations. Plus de 90% des efforts sont concentrés sur la première arête. De plus, l'analyse FFT de la force met en évidence que la principale composante du signal n'est pas la fréquence de passage des dents mais celle de rotation de la broche comme présenté sur la figure 18. À partir de l'analyse des vitesses du copeau, nous savons que la vitesse moyenne du copeau après séparation d'avec l'outil est bien supérieure à celle avant la flexion du copeau, qui est de l'ordre de la vitesse de coupe. Dans le même temps, la vitesse dans le plan de cisaillement est pratiquement constante pour l'ensemble du processus. La principale raison est que la vitesse de l'extrémité du copeau est plus importante lors du processus de flexion à cause de l'accélération angulaire. 6 Prédiction de la rugosité par réseaux de neurones et plan d'expérience

Un modèle de réseau de neurones à propagation inverse est développé pour prédire les effets de la vitesse de rotation n, de la vitesse d'avance f et de la profondeur de passe a P sur la rugosité moyenne de la surface R a usinée par un procédé de micro-fraisage. L'approche de Taguchi est utilisée pour le plan d'expérience (DoE) pour acquérir suffisant d'informations avec un nombre minimum d'essais, pour former le réseau de neurones (NN). Enfin, le modèle NN donne de bonnes prédictions de la rugosité de la surface et les effets d'un facteur ou de l'interaction entre deux facteurs sont discutés.

Conclusion

Dans cette étude, le mécanisme de micro-fraisage est étudié en profondeur par certains aspects, incluant le développement d'une micro-machine-outil pour le fraisage, l'influence de la microstructure de la pièce usinée, les effets de la trajectoire de l'extrémité de la micro-fraise, l'étude de la formation du copeau segmenté et la prédiction de la rugosité. Certains résultats importants obtenus durant ce travail sont rappelés ci-dessous :

1. Les différences de phases métalliques dans un matériau polycristallin multiphase affectent beaucoup le processus de micro-fraisage, induisant des variations dans les efforts de coupe et influençant la surface générée.

Finally, conclusions are

  drawn and some recommendations for future work are provided. vi Chapter 1
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  facturing and Automation (LAMA), Northeastern University (NEU) in China, and Laboratoire de Génie Industriel et de Production Mécanique (LGIPM), Université Paul Verlaine (UPV) de Metz in France.
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  from the common sense. In this work, a model considering tool radial error motion and rotor vibration is developed to analyze the tool tip trajectories and their effects. Based on the tool shank measurement results, new methods are proposed to calculate the tool tip radial error motion and tool unbalance as the inputs of the trajectories model. Then the model predicts the trajectories of the tool center and each flute exactly. And their effects to chip thickness, cutting force, slot width (machining error), surface quality and tool breakage are analyzed too. The experimental results agree well with the model predictions. This analysis shows the single flute cutting condition always occur in the micromilling process. Two parameters, flute angle and feed angle, are important to the machining error and tool wear issues. This model is useful to do error compensation and machining variables optimization in the micromilling operation.

  edge radius effects and tool error motion influences, The corresponding mechanism models are built. The models are validated by simulation and experimental approaches. The model-based simulation and Finite Element Method (FEM) are used in this research. The experimental works contain the machine tool development, tool choice, workpiece preparation, sensor calibration, design of experiment and experimental conclusions. Finally, the goal of this thesis is to apply the micromilling technique into diverse fields as MEMS, micro die and mold, biomedical, defense and other applications. The thesis methodologies are shown in Fig.1.5.
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 2 2 depicts a typical two-fluted micro-end mill.
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 21 Figure 2.1: Hardness of cutting tool materials as a function of temperature[START_REF] Kalpakjian | Manufacturing Processes for Engineering Materials[END_REF] 
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 22 Figure 2.2: Tungsten carbide micro-end mill with two flutes
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 23 Figure 2.3: Scanning electron micrograph (SEM) of micro-cutting tools [59]
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 24 Figure 2.4: Commercial ultra precision machine tools: (a) DT-110 [26]; (b) W-408MT [63]; (c) Hyper2j [28]; (d) Kugler [27]; (e) Kern [61]; (f) Mori Seiki [29]
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 25 Figure 2.5: Micro-machines (a) 1st generation miniature machine of UIUC [30]; (b) 2nd generation miniature machine of UIUC [30]; (c) commercial miniature machine [64]; (d) 5-axis miniature machine[START_REF] Bang | 5-axis micro milling machine for machining micro parts[END_REF]; (e) micro-factory[9]; (f) micromachine tool[START_REF] Kussul | Development of micromachine tool prototypes for microfactories[END_REF] 

Fig. 2 . 6 depicts

 26 the chip formation with respect to chip thickness. When the uncut chip thickness, h, is less than a critical minimum chip thickness, h m , as shown in Fig.2.6(a), elastic deformation occurs and the cutter does not remove any work piece material. As the uncut chip thickness approaches the minimum chip thickness, chips are formed by shearing of the work piece, with some elastic deformation still occurring, as illustrated in Fig.2.6(b). As a result, the removed depth of the work piece is less than the desired depth. However, when the uncut chip thickness increases beyond the minimum chip thickness, the elastic deformation phenomena decreases significantly and the entire depth of cut is removed as a chip, Fig.2.6(c) [45, 46, 52].
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 26 Figure 2.6: Schematic of the effect of the minimum chip thickness (R e , radius of cutting tool; h, undeformed chip thickness; h m , minimum chip thickness)

  2 and 0.3 times the edge radius for pearlite and ferrite, respectively. Liu et al. [1] experimentally examined chip formation and micro-cutting forces. They concluded that a sudden change in thrust forces could be used to determine the minimum chip thickness. This sudden change in thrust forces was explained by a shifting from plowing/sliding dominant forces to shearing dominant forces as shown in Fig.2.7.
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 2 8 depicts the instability at different feed rates, where the second and third row graphs show the instability.
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 28 Figure 2.8: Tool vibration and frequency spectra for machining Pearlite
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 210 Figure2.10: Flank wear of edge radiused macro-tool (70μm edge radius at the end of test)[START_REF] Kountanya | Flank wear of edge-radiused cutting tools under ideal straight-edged orthogonal conditions[END_REF] 

  Conventional macro-chatter stability assumes that the feed rate does not significantly affect stability. However in micro-machining, chatter stability needs to consider both the elasticity of the work piece due to low feed rates, as well as the conventional macro-regenerative waves that result in a dynamic change in chip thickness, as shown in Fig.2.11.
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 211 Figure 2.11: Chip Generations due to (a) no vibration; (b) forced vibration; (c) regenerative chatter[START_REF] Altintas | Manufacturing Automation: Metal Cutting Mechanics, Machine Tool Vibrations, and CNC Design[END_REF] 

  ventional range are not capable to detect the signals for MMT. Many special sensors have been developed to improve the MMT performances. The linear encoder system can reach nanometer resolution in long stroke [135]. The precision dynamometer with 2mN resolution and 40KHz sampling frequency are already widely used in the laboratory level [136]. Other novel type sensors, such as laser sensor, acoustic emission sensor etc., are integrated in the advanced MMTs.

  bly of various structural components, all interconnected, with inter-connectivity based on their individual functionality, and flow of force between the tool, ground, and workpiece. Directed graph is demonstrated in Fig.3.1, which depicts as a directed edge, represented by force, flowing from the initial vertex (first structural component) toward the terminal vertex (connecting structural component). During machining operations, cutting forces are generated between the cutting tool and the workpiece, flowing through various connected structural components before terminating at the ground frame. In essence, the machine tool can be represented as two distinct paths of force flows, with mainforce going from the cutting tool to the ground and the sub-force flow going from the workpiece to the ground[START_REF] Shinno | Computer aided concept design for structural configuration of machine tools: variant design using directed graph[END_REF].
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 31 Figure 3.1: Directed edge and force flows inside machine tool
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 33 Figure 3.3: Sample set of structural components with kinematic functionalities
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 34 Figure 3.4: Connectivity of tool to ground structural chain

  possible force-flow paths of the part-to-ground chain yield two hundred and eighty-nine structurally unique configurations, containing kinematic functionalities ranging from zero to ten degrees-of-freedom. As every generated structural configuration contains information on the structural component's connectivity, the overall kinematic functionalities of the configuration can be assessed and the configuration set can be filtered into a subset of preferred configurations by exercising user-specified functional requirements and expert design rules.
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 3536 Figure 3.5: Connectivity of part to ground structural chain
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 37 Figure 3.7: Reduced set of MMT configurations
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 38 Figure 3.8: Reduction of configuration set with expert design rules
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 3 Figure 3.10: MX80L micro feeding unit
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 3 Figure 3.12: Z axis

  control of the micromilling process with G-code compatibility, a specialized HMI software, Micromilling NC System (MNCS), is developed by Visual Basic (VB) 6.0. It includes 5 function module, communication, parameters setup, manual manipulation, program checking and auto manipulation. The MNCS structure is shown in Fig.3.15. MNCS can replace the programming environment of the 6K controller, and the G-code can be interpreted into the corresponding commands to the motion controller. The Fig.3.16 is one interface sample of the auto manipulation module which is working with G-code.
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 3 Figure 3.13: MMT control system

  entire test-bed. It is composed by a PC, an optical microscope, a Charge Couple Device (CCD), a light source, an image card, and a monitor. Its working principle is shown in Fig.3.17. The light source provides enough light on the objective, the optical microscope magnifies the view field and forms the image in the CCD pixel arrays. The image is transferred into the image card as the digital data and displayed in the monitor. The operator can do the monitoring and measurement through the PC and monitor.
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 3 Figure 3.16: HMI of MMT prototype
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 3318 Figure 3.17: CCD microscope scheme
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 319 Figure 3.19: The entire dynamometer system

  Fig.3.20, and the X and Y directions are tested in the same way.
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 320 Figure 3.20: Positional accuracy test data for Z axis
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 34 The test results show the bi-directional positional accuracy and the bi-directional repeatability of the prototype are in sub-micron level, which is satisfactory to
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 321 Figure 3.21: The micro slab surface figures from optical profiler
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 323 Figure 3.23: Micro thin wall array
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 3 Figure 3.24: Micro hexagonal spark
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 443 To the single-phase polycrystalline material, three types Oxygen Free High Conductive coppers are selected to do the experimental study.
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 242141 Fig.4.1. The main factors are the tool geometry, cutting parameters and the workpiece macro physical characteristics.
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 41 Figure 4.1: Conventional Orthogonal Cutting
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 44 Figure 4.4: Material compression strain-stress curve
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 45 The workpiece is composed with many grains, which are classified by their metal phases. When the edge radius is known, different metal phases correspond to different minimum chip thicknesses due to different friction factors.
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 3431 Experiments of micromilling multi-phase polycrystalline material Experimental setupA four-flute tungsten carbide micromill with 0.4mm diameter is used. Its edge radius is 1.36μm measured by SEM (Fig.4.6).
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 47 Figure 4.7: Microstructure of Al6061-T6
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 48 Figure 4.8: Tangential cutting force
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 4 Fig.4.9(b) is the surface measured result using CHR 150 Stil Micromeasure 2 optical surface measurement system. Fig.4.9(c) is the roughness curve corresponding to the line in the Fig.4.9(b).

Fig. 4 .

 4 Fig.4.10 shows the chips attached on the bottom of the micro end-mill. These chips are highly fragmented, and discontinuous, indicating the interrupting nature of the grain boundaries in the chip formation process.
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 49 Figure 4.9: Micromilled bottom surface

  4.11). As the overall billet geometry remains nearly constant during ECAP, multiple passes and different routes are possible without any reduction in cross-sectional area.

Figure 4 . 11 :

 411 Figure 4.11: ECAP principle [3]

Figure 4 . 12 :

 412 Figure 4.12: Grain shape and size evolution during ECAP

Figure 4 . 13 :

 413 Figure 4.13: OFHC copper with different grain size

Figure 4 . 14 :

 414 Figure 4.14: R a experimental results

Figure 5 . 1 :

 51 Figure 5.1: Geometric comparison between (a) macro mill and (b) micromill

3 .

 3 Two models, a rotor dynamics model and a tool tip trajectories model, are contained in the "Model layer". The tool tip radial translation is calculated from the rotor dynamic model and input to the trajectories model. In the "Output layer", the results of flute trajectories, chip thickness, cutting force, slot width and surface quality can be obtained from the tool tip trajectories model. The vibration modes and the stability of the

Figure 5 . 2 :

 52 Figure 5.2: Tool tip dimensions comparison

Figure 5 . 3 :

 53 Figure 5.3: Trajectory model hierarchical structure

Figure 5 . 4 :

 54 Figure 5.4: Measurement setup

Figure 5 . 5 :

 55 Figure 5.5: Measuring points distribution

Figure 5 . 6 :

 56 Figure 5.6: Tool shank radial error motion measurement

Figure 5 . 7 :

 57 Figure 5.7: Tool tip radial error motion

  the unbalance radii of all tool sections approximately. ---→ C 1 C 2 can be defined by three parameters in the O -XY Z frame, |OC 1 |, α and β. |OC 1 | represents the unbalance radius of the tool in the plane Π. α stands of the angle location of ---→ C 1 C 2 in the XOZ frame, which is angle between ---→ C 1 C 2 and X axis. And β is the inclination angle between ---→ C 1 C 2 and Y axis. Among them, β and |OC 1 | are decisive to the tool's unbalance.

Figure 5 . 8 :

 58 Figure 5.8: Tool unbalance calculation principle

Figure 5 . 9 :

 59 Figure 5.9: Tool unbalance calculation results

Figure 5 .

 5 Figure 5.10: Cutter/spindle system model

(a) |OC 1 |

 1 effect, when β = 0.6691 • (b) β effect, when |OC 1 | = 100.7μm

Figure 5 . 11 :

 511 Figure 5.11: Tool tip vibration bode diagram

Figure 5 . 13 :

 513 Figure 5.13: Laser test setup

5 . 8 .Figure 5 . 14 :

 58514 Figure 5.14: Laser point location under microscope
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 3515516518 Figure 5.15: Static test results comparison

  piece, named feeding motion. With different feed angle φ, the tool tip trajectories are shown in Fig.5.19, in which the rotating speed is 30000rpm, flute angle θ = -90 • , and the two sets of feed angles are 40 • and 310 • , which coincide with the experimental parameters.

(a) φ = 40 •Figure 5 . 19 :

 40519 Figure 5.19: Tool tip trajectories simulation with feeding

Fig. 5 .

 5 20 gives the 3D and contour expression of the slot width varying with θ and φ from 0 • and 180 • . It is obvious that the flute angle θ affects on the slot width much more than the feed angle φ. The machining error is smaller when θ = ±90 • . The minimum slot width value is about 235μm, when θ near 90 • , and φ is about 135 • . This condition corresponds to the tool tip trajectories shown as Fig.5.19(b). The maximum slot width is about 330μm, when θ near 0 • or 180 • , and φ is about 150 • . Flute angle θ influence. Fig.5.21 shows the influence of flute angle θ to the slot width with four different feed angles φ. It is significantly that the peakvalley values for each feed angle φ are about 70μm. It means that the great influence from the flute angle. The differences between each line for the same flute angle variable are not large. It also means that the feed angle effect is less. The valley value of slot width in each line is when the flute angle θ near 90 • or 270 • . In the contrast, when the flute angle θ is about 0 • or 180 • , the slot widths (machining errors) are greatest. Because the flute angle is depending on the tool assemble, it means that adjusting the flute angle carefully to about 90 • or 270 • is very critical to decrease the machining error. Feed angle φ influence. Fig.5.22 reflects the influence of the feed angle φ to the slot width, with four different flute angles. These peak-valley (PV) values of these curves are between 25μm and 40μm. They are obviously less than the PV values of the flute angle θ influence. There is almost no discipline can be found among these curves. Except the large curves, there are lots of small oscillations in each curve.

Figure 5 . 22 :

 522 Figure 5.22: Feed angle φ influence to the slot width

  been found for each series. Here, we present one case for the single flute cutting in the first series. In this case, the rotating speed is 20000rpm, and φ = 310 • , with test no. is 2, and the flute trajectories are shown in Fig.5.19(b). Through the feeding trajectories analysis, the instantaneous chip thickness is plotted in Fig.5.23 with the left Y axis. Based on the micromilling force model in Ref.[START_REF] Friedrich | Effect of workpiece springback on micromilling forces[END_REF], the main cutting force is presented in Fig.5.23 accompanied with the corresponding experimental force data with the right Y axis. The force model is modified from Ref.[START_REF] Arcona | An empirical tool force model for precision machining[END_REF], in which the cutting force is proportional to the chip thickness, and contained the friction effects caused by the tool chip contact and the workpiece material spring back. With this parameters set, almost the minimal machining error is obtained, but more than 90% of chip load is concentrated on the first flute. From Fig.5.23, the model gives good prediction to the experimental cutting force.

Figure 5 . 23 :

 523 Figure 5.23: Chip thickness and cutting force

Fig. 5 . 25 .

 525 Fig.5.25. Their feed angles are 40 • and 310 • , and the rotating speed ranges from 17500rpm to 30000rpm. The trajectory model performs good prediction of the slot width, which is very important to make the error compensation. An example of the experimental slot bottom surface is shown in Fig.5.26, with 30000rpm and φ = 40 • setting. And the SEM photo of the micromill with

Figure 5 . 24 :Figure 5 . 25 :

 524525 Figure 5.24: Frequency analysis of the experiment cutting forces

Figure 5 .

 5 Figure 5.26: Bottom surface and tool tip

Figure 5 .

 5 Figure 5.27: Tool breakage fracture in the first series experiments
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Figure 6 . 2 :

 62 Figure 6.2: The wavy type chip formation in micromilling simulation

Fig. 6 .

 6 4 shows two chip examples. The wavy segment is observed, with 5.79μm average segment length and 1.36μm standard deviation. The chip shape is quite similar with the simulation results. Although the average segment length value is a little greater than the FEM result, the error is in the acceptable range.Meanwhile, the micromilling experimental force signals were recorded by the ultra precision three-component dynamometer. The peak-to-valley values of the experimental X and Y forces averaged over 50 revolutions were calculated and compared with the simulation results. The X and Y forces in the experimental are 0.462N and 0.475N . The corresponding simulation results are 0.446N and 0.453N . The relative errors of them are within 5%. Therefore, the simulation results are believed correct, and the FEM results are capable to provide better understanding of the chip formation mechanism[START_REF] Simoneau | Chip formation during microscale cutting of a medium carbon steel[END_REF].
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 63264 Figure 6.3: The top burr on the down milling side of the micromilled slot
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 6566 Figure 6.5: The first segment formation process
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 6768 Figure 6.7: The third segment formation process

  6.10. The rigid ball moves downward (-Y direction), with 1.36μm radius and constant speed 238.8mm/s. The workpiece is Al6061-T6, with the Johnson-Cook flow stress model and the Coulomb's friction model. All of the settings are as same as the micromilling simulation.

Figure 6 .

 6 Figure 6.10: Indention FEM model

  (a) Sampling points distribution (b) Displacement of the top surface

Figure 6 . 11 :

 611 Figure 6.11: The displacement contour of the indention process

Figure 6 . 12 :

 612 Figure 6.12: Chip cantilever modeling

Figure 6 . 13 :

 613 Figure 6.13: M T ool and tool rake normal pressure

Figure 6 . 8 )

 68 Figure 6.14: M W ork and shear plane normal stress

Figure 6 . 15 :

 615 Figure 6.15: Generalized micromilling tool cutting edge and flank with resultant normal contact forces and friction forces. Magnitude and orientation of resultant force vectors depend on tool geometry and work piece springback depth[START_REF] Friedrich | Effect of workpiece springback on micromilling forces[END_REF] 

Figure 6 . 16 :

 616 Figure 6.16: M T ool Vs M W ork MM and M T ool Vs M W ork AD

  6.16(b), M T ool is a little greater than M W ork AD with the similar variation curves. When the chip segment starts to occur, both of them are in the local minimum values, and reaches the local maximum values when it starts to bend. Then with the decrease of the l T and l S , both of them reduce to another local minimum values. The curves have 11 waves, which correspond to the 11 segments formations. This is similar with the definition of "Self induced vibration in metal cutting" by Albrecht[START_REF] Albrecht | Self induced vibration in metal cutting[END_REF]. From Eq.(6.3), it is seen that the difference of M T ool and M W ork AD , M T ool -M W ork AD , induces the chip angular motion and segment generation. These three variables are given in the Fig.6.17. Although the difference M T ool -M W ork AD fluctuates, but its deviation is small, and it doesn't increase as the chip moments. Only when the M T ool and M W ork AD reach their local maximal values, the chip starts to bend in this instant, some peak values exist to induce the additional chip angular acceleration. This procedure repeats for each segment generation in the entire micromilling process, and coincides with the FEM simulation and experimental results.The comparison of the chip moments calculation results also indicates that widely accepted MM model is not valid in the microcutting. Additional works need to be realized to develop new model adapted to microcutting, and the AD model could be a good candidate.
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 6 Figure 6.17: M T ool , M W ork AD and M T ool -M W ork AD variations
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 6619 Figure 6.18: σ tn equ and σ wn aver variations
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 620 Figure 6.20: Chip velocity distribution before the first segment separating with tool

Figure 6 . 21 :Figure 6 . 22 :

 621622 Figure 6.21: Chip velocity distribution after the first segment separating with tool

Figure 6 . 23 :

 623 Figure 6.23: Chip velocity distribution after the second segment separating with tool

2 )Figure 6 . 24 :

 2624 Figure 6.24: The moment of inertia of the chip variation with the rotating angle

Figure 6 . 25 :

 625 Figure 6.25: The chip angular acceleration comparison between ωChip F EM and ωChip

6 .

 6 When the chip segment forms, it acquires additional angular acceleration and induces the increase of chip velocity. The chip angular acceleration is obtained respectively by FEM and analytical model based on the M T ool and M W ork AD calculation results. The agreement of these two approaches validates the M T ool and M W ork AD calculations. 7. By an indention FEM model, the uncut surface deformation under the influence of tool edge radius is studied qualitatively. This analysis is useful to explain the UCT greater than the nominal value in the micromilling processmicromilling experiments in dry cutting condition are carried out in order to obtain the experimental data. A fresh four-flute M.A.Ford carbide micromill with 400μm diameter is employed. The slot milling experiments are conducted on Al 6061-T6 according to the DoE. The length of each experimental slot is about 6mm. The machined slot bottom surfaces are cleaned by air-pressure before the measurement. The average roughness R a is measured under Stil Micromeasure 2 optical surface profiler. For each evaluation, the measurements were repeated at least three times with approximate 0.1 × 0.1mm 2 area. The step length of the profiler is set to the nanometer scale, so the surface features can be detected in detail. Fig.7.1 shows one measurement example with n = 32500rpm, f = 15mm/min and a P = 15μm setting.
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 71 Figure 7.1: Slot bottom surface measurement example
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 71 and they are used to train the NN model.

7.3 Neural Network Model 7 . 3 . 1 Figure 7 . 2 :

 73172 Figure 7.2: Neural network structure

Figure 7 . 4 :

 74 Figure 7.4: R a comparison between prediction and experiment

  7.2. It is observed that the prediction results are validated by experimental works. The maximal prediction error is about 10%, when the machining variables are out of the range which is used for training.
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 75 Figure 7.5: Experimental slots
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 76 Figure 7.6: Main effect of R a

Figure 7 . 7 :

 77 Figure 7.7: Interaction Effects of spindle speed and feedrate on R a

Figure 7 . 8 :Figure 7 . 9 :7. 5 Conclusion

 78795 Figure 7.8: Interaction Effects of spindle speed and axial depth on R a

3 .

 3 The wavy type chip has been found by the FEM simulation and micromilling experiments. The chip formation mechanism is studied quantitatively by means of hybrid analytical-FEM approach. After calculating and analyzing the chip moments, "Tool Rake Moment" M T ool and "Shear Band Moment" M W ork , it is proved that the main reasons of wavy chip formation are the variations of the tool chip contact length (l T ) and shear band length (l S ). The Merchant model (MM model) and Arcona-Dow model (AD model) are adopted respectively to calculate the M W ork as a comparison. The AD model shows a good performance in the microcutting scale. In the wavy segment generation occasion, the average chip velocity magnitude in chip bending process is much greater than the one before the chip bending which is about the cutting speed. The chip root velocity is almost constant in the entire micromilling process, and the chip tip velocity increases too much in the chip bending instant due to the chip angular acceleration. The chip angular acceleration is acquired respectively from FEM and analytical model based on the M T ool and M W ork AD calculations. The excellent agreement of these two approaches validates the correctness of the chip moments calculations. 4. A neural network (NN) model is developed to predict the effects of spindle speed (n), feedrate (f ) and axial depth of cut (a P ) on average surface roughness parameters (R a ) in the micromilling operation. The experimental design adopts the Taguchi's approach to acquire enough training information with minimal experiment number. Based on the experimental results, the NN model is trained and give a good prediction ability in the suitable machining parameter ranges. Through the analysis of the single machining parameter and their interactions to R a , we found these three variables are in the asymptotic level.

Figure 1 :

 1 Figure 1: Motivations, objectifs et méthodologie de nos recherches
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 4 Figure 4: Exemple de micro-colonne réalisé par la MMT

3. 1

 1 Modèle pour le micro-fraisage des matériaux polycristallinsDans le processus de micro-usinage, le rayon de l'arête de coupe et la taille des grains sont plus d'importances que les paramètres usuels d'usinage. Par conséquent, leurs effets doivent être pris en compte dans le modèle, ainsi que la zone présentée figure5o se concentre les phénomènes liés à la micro-coupe .

Figure 5 :

 5 Figure 5: Processus de micro-coupe

• h m r 2 - 5 )

 25 h m = r(1 -cos(1 -cos (π/4 -β/2)) (r -h m )2 (La figure6présente la modélisation du micro-fraisage. La pièce est composée de nombreux grains, classés selon leur phase métallique. En raison des variations de copeau minimum h m , les grains auront besoin, pour être enlevés, d'un nombre de passes variable. Par conséquent, des vibrations vont se produire : en basse fréquence pour celles dues aux différentes phases métalliques et à haute fréquence pour celles générée par les variations de hauteur de coupe. Par ailleurs, la surface générée sera également modifiée par la nature des phases métalliques.

Figure 6 :

 6 Figure 6: Processus de micro-fraisage

Figure 7 :

 7 Figure 7: Microstructure de Al6061-T6

  (a) Signal d'origine (b) Agrandissement zone I (c) Agrandissement zone II

Figure 8 :Figure 10 :

 810 Figure 8: Effort de coupe ( vitesse de rotation : 30 000 tr/mn, vitesse d'avance : 10 mm/min, profondeur de passe axiale : 20 µm)

Figure 11 :Figure 12 :

 1112 Figure 11: Faux rond du bout de l'outil

A

  partir de l'hypothèse précédemment dévelopée, la trajectoire de l'extrémité de l'outil est vu comme un système à un degré de liberté. Les vecteurs et repères liés à l'outil sont définis sur la figure13. Les deux angles principaux sont l'angle de l'arête θ et l'angle d'avance φ. Ils varient de 0 • à 360 • . Les deux arêtes sont confondues lorsqu'on effectue une rotation de 180 • . Le faux-rond et les vibrations du bout de l'outil sont incluses dans le modèle des trajectoires. Les équations (6 ∼ 8) donnent les trajectoires du centre de l'outil o et des deux arêtes F 1 et F 2 quand l'avance est nulle. La figure14présente des exemples avec différents angles θ quand la vitesse de rotation est de 30 000 tr/min. Dans le même temps, la figure15présente les trajectoires avec avance pour θ = -90 • et toujours pour une vitesse de 30 000 tr/min.

Figure 13 :

 13 Figure 13: Les vecteurs et repères liés à l'outil

Figure 17 :

 17 Figure 17: Efforts de coupe et épaisseur du copeau (Vitesse de rotation: 30 000 tr/mn, φ = 310 • )

Figure 19 :

 19 Figure 19: Comparaison de largueur de rainure

Figure 20 :

 20 Figure 20: Qualité de surface de rainure (Vitesse de rotation : 30000 tr/mn, φ = 40 • )
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 21 Figure 21: Simulations de formation du copeau
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 229232211 Figure 22: Simulations de formation du copeau

2 )Figure 27 :

 227 Figure 27: Accélérations angulaires du copeau ωChip F EM et ωChip
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 23 Analyse de l'accélération angulaire du copeau L'accélération angulaire du copeau est calculée par deux approches. La première est basée sur l'équation 12. la seconde utilise l'équation 9 après avoir calculé le moment d'inertie du copeau J Chip O . La figure 27 montre que les deux résultats concordent bien. ωChip F EM = Vtip e-Vroot e D e tip b -V root b D bT e -T b[START_REF] Alting | Micro engineering[END_REF] 
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 2 

		1: Survey of micro-mechanical machining research	
	Research ar-	Approaches	Remarks	Reference
	eas			
	Micro-tools	Ultrasonic grinding to fabricate, vibration 11μm pins and 17μm flat drill. Focused ion beam to fabricate 25μm end mills. Evaluate various shaped carbide tools with FEM.	Recommendation: com-press force for grinding force. Very expensive to fabri-cate. No helix angle tool causes poor surface finish. (continued on next page) [14, 24, 25]

Table .

 . 

	2.1(Continued)		
	Research ar-	Approaches	Remarks	References
	eas			
			Compensating the errors	
			by redefining the depth of	
		Measuring static deflec-	cut;	
	Tool deflec-	tion and bending stress;	Increasing the negative	[37, 43,
	tion	Cutting force;	rake angle of the tool;	44]
		NC machining simulator;	Simulator calculates the	
			static deflection of the	
			tool;	
			Very low feed rates result	
	Instabilities	Tool vibration and fre-quency spectrum;	in instability due to elas-tic deflection of the work	[45, 46]
			piece;	
		Burr formation in milling	Reductions in burr forma-	
		and drilling;	tion increase the tool life;	
	Burring	Cutting process in brass	Polymeric material and	[47, 48]
		and stainless steel, burr	electro-chemical polishing	
		removing method;	techniques;	
	Tool wear	Using cutting force neural network model; Using lamp and SEM; Using SEM; mond tools; Shaping single crystal dia-	Predicting tool wear; tool wear; Monitoring tool wear; Monitoring tool wear; Utilization of the effect of	[43, 49-51]
	Dynamic testing	Isolation Dynamic test system 1-100 kHz; Dynamic measurement system static measure-ments; sinusoidal inputs; sition of three different Energy method Superpo-manipulator; Dynamic model for micro-	Piezoelectric shaker and laser vibrometer; Micro-grating interfer-ometer and electro static actuator; cients; static/dynamic coeffi-errors from different The identification model fitting; Frequency domain curve	[52-54]
		LED instead of laser based		
	Metrology	stroboscopic interferome-	Small amplitude 2μm;	[53]
		ter;		

Table .

 . 

	ities may be modified or extended. One example would be when component
	6, the cross-slide, which is connected with component 8, the longitudinal slide,
	resulting in an in-plane motion stacked on top of a cross-plane motion, which is
	orthogonal to each other. Another example would be when component 2, the
	linear slide, which produces a vertical motion, is connected to the component 5,
	the vertical column, resulting in a linear motion across-plane when connected

3.1 lists all the possible connectivity, or force-flow, between the structural components previously defined in Fig.

3

.3. For example, initial vertex 1, the spindle, can be jointed to any of the listed vertices, 2,3,4,6,7 (linear slide, rotary joint A, rotary joint B, cross-slide, or base frame). The same definition can be extended to the rest of the structural components listed in the Table

.

3.1. When two components are inter-connected, the sub-assembly's kinematic functional-

Table 3 .

 3 

1: Declared connectivity between sample structural components Initial vertex Connectivity Initial vertex to terminal vertex

Table 3 . 2
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	: Linear motor specifications
	Specifications	Unit Value
	Normal load capacity	Kg	8
	Maximum acceleration	G	4
	Normal velocity	mm/s	30
	Peak force	N	12
	Continuous force	N	4
	Duty cycle		100%
	Straightness & Flatness	μm	4
	Unit mass	g	590
	Carriage mass (unloaded)	g	282

.13. The PC can communicate with the 6K motion controller either by ethernet or serial port. Meanwhile the other I/O

Table 3 .

 3 

		3: Dynamometer comparison
	Specifications Range of measure-ment: F x , F y , F z Linearity	Kistler MiniDyn Type 9256 ±250N Step calibration is nec-essary, within one step: ≤ ±0.4% FSO (one step: 0 ∼ 25N )	SDC-CJ3SAS ±250N ≤ ±0.3% FSO Supreme linearity, one step calibra-tion is enough
	Crosstalk	≤ ±2%	≤ ±2%
	Hysteresis	-	≤ ±0.3% FSO
	Natural frequency	X,Y,Z: ≥ 5.0KHz	X,Y,Z: ≥ 4.0KHz
	Operating temper-ature range 0 ∼ 70 Resolution 2mN	10mN
	Sampling frequency 40KHz	8KHz

• C -20 • C ∼ 100 • C

Table 3 .

 3 4: The positional accuracy of the MMT prototype

	Direction	Bi-directional posi-tional accuracy	Bi-directional repeatability	Reversal value
		μm	μm	μm
	X	0.2734	0.2682	0.04627
	Y	0.2800	0.2618	0.0347
	Z	0.4534	0.4510	0.0520
	the requirements of micromilling operation.	

Table .

 . 

	4.2.

Table 4 .

 4 

		2: Experimental setup	
		Item	Value	
		Tool type	4-flute carbide micromill	
		Tool size	0.4mm diameter	
		Edge radius	1.36μm	
		Rotating speed	40, 000rpm	
		Axial depth of cut	10μm	
		Machining type	Slot milling	
		Table 4.3: Experimental design and R a results	
	Test No. Workpiece type Feedrate per	R a	STD
		(Pass number)	tooth (μm)	(μm)	(μm)
	1	0	0.1	0.077933 0.016398
	2	0	0.2	0.090946 0.008289
	3	0	0.3	0.13047 0.030014
	4	0	0.6	0.149074 0.091042
	5	0	1	0.158083 0.020598
	6	2	0.1	0.153807 0.059501
	7	2	0.2	0.137	0.021166
	8	2	0.3	0.086833 0.006804
	9	2	0.6	0.152333 0.028868
	10	2	1	0.164	0.040112
	11	8	0.1	0.0828	0.01254
	12	8	0.2	0.1116	0.022642
	13	8	0.3	0.094867 0.021499
	14	8	0.6	0.110967 0.021703
	15	8	1	0.168714 0.017623
	The friction coefficient between the carbide and the OFHC copper is 0.35

from Ref.

[START_REF] Wu | Handbook of mechanical design[END_REF]

. According to Eq.(4.2), the corresponding minimum chip thickness is about 0.2508μm. Hence the feedrate per tooth is chosen from 0.1μm to 1μm in order to cover the minimum chip thickness. The experimental design is according to the Taguchi's orthogonal array in Table.

4.3. 

  , also listed in Table.4.3 and shown in Fig.4.14.

		0.17	
		0.16	
		0.15	
	(um)	0.14	
	a Surface roughness R	0.1 0.11 0.12 0.13	0pass 2pass 8pass
		0.09	
		0.08	
	150 Stil Micromeasure 2 optical surface profiler three times, with scanning area 0.1 × 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.1mm 0.1 Feed rate per tooth (um)

2 

each time. The average surface roughness (R a ) value for this slot is their 83 average measurement results

Table 5 . 1
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	: Tool geometry
	Item	Value
	Tool length	38mm
	Shank diameter 3.175mm
	Shank length	30mm
	Taper length	7.5mm
	Tip diameter	152μm
	Tip length	0.5mm
	Flute No.	2
	the tool bending caused by contact pressure.	

Table 5 .
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	2: LK-G10 specification
	Item	Value
	Reference distance	10mm
	Measurement range	±1mm
	Light source wave length	650nm
	Light spot diameter	∼ 20μm
	Linearity	±0.03%
	Resolution	0.02μm
	Sampling frequency	∼ 50KHz
	Weight	∼ 190g

Table 5 .

 5 

		4: Experimental plan for the tool tip trajectories model
	Series No. Test No. Feed angle φ ( • ) Spindle speed (rpm)
	1	1	310	17500
	1	2	310	20000
	1	3	310	25000
	1	4	310	30000
	2	5	40	17500
	2	6	40	20000
	2	7	40	25000
	2	8	40	30000
	Aluminum 6061 workpiece with 10μm axial depth of cut, 60mm/min feed rate,

and the flute angle θ = -90

• 

. The rotating speed and the feed angle φ are variables. The reasons of choosing these experimental parameters are to reduce the minimum chip thickness effect because of great feedrate per tooth according to Ref.

[START_REF] Wang | A micro milling model considering metal phases and minimum chip thickness[END_REF]

, and neglect the tool's helix angle effect due to the small axial depth of cut. The detailed experimental plan is listed in Table

.

5.4. The first series experiments are designed for single-flute cutting, and the second series are for double-flute cutting.

Table 6 .

 6 

		1: Al6061-T6 material constants in JC model
	A(MPa) B(MPa)	n	C	m	Others
	324	114	0.42 0.002 1.34

Table 6 .

 6 

	2: Simulation and experimental parameters
	Tool geometry	
	Tool diameter (μm)	152
	Flutes No.	2
	Edge radius (μm)	1 .36
	Rake angle ( • )	6 .5
	Clearance angle ( • )	5
	Material properties of Al6061-T6	
	Young's Modulus (GP a)	68.9
	Poisson ratio	0.33
	Thermal conductivity(W/m -K)	167
	Heat capacity(J/g -• C)	0.896
	Machining parameters	
	Rotating speed (RP M )	30000
	Feed rate(mm/min)	1 0
	Cutting depth(μm)	2 0
	Room temperature( • C)	20

Table 7 .

 7 1: Experimental R a results for NN training

	Test No. n(rpm) f (mm/min) a P (μm) R a (μm)
	1	30000	10	10	0.2303
	2	30000	20	15	0.2023
	3	30000	30	20	0.4435
	4	30000	40	25	0.4982
	5	30000	50	30	0.7168
	6	35000	10	15	0.1556
	7	35000	20	20	0.2129
	8	35000	30	25	0.3548
	9	35000	40	30	0.7113
	10	35000	50	10	0.1525
	11	40000	10	20	0.1543
	12	40000	20	25	0.3363
	13	40000	30	30	0.2167
	14	40000	40	10	0.1945
	15	40000	50	15	0.1360
	16	45000	10	25	0.1805
	17	45000	20	30	0.3233
	18	45000	30	10	0.1980
	19	45000	40	15	0.1793
	20	45000	50	20	0.5300
	21	50000	10	30	0.2443
	22	50000	20	10	0.2260
	23	50000	30	15	0.2565
	24	50000	40	20	0.1923
	25	50000	50	25	0.4543

Table 7 .

 7 2: Experimental validation of NN R a Prediction

	Test No. n(rpm) f (mm/min) a P (μm) Pred. R a (μm) Exp. R a (μm) Error (%)
	1	25000	10	10	0.8518	0.7626	10.47
	2	33500	15	15	0.7443	0.7233	2.1
	3	43000	27	22	0.0639	0.072	6.56
	4	49000	5	35	0.1785	0.179	0.5
	5	52000	35	8	0.5220	0.5823	10.36
	Therefore, we know the NN model is capable to predict the average mi-	
	cromilling surface roughness R a in the machining variable ranges which are	
	used for training.					

Table 2 :

 2 Les propriétés du matériau Al6061-T6 et les valeurs du modèle Éléments Phase ductile Phase fragile

	E (GPa)	70	8,7
	µ	0,3	0,5
	σ P (MPa)	240	0,04
	h m (µm)	0,2689	0,2031
	h r (µm)	0,2655	0,2021
	3.2.2 Effort de coupe		

(a) Sampling points (b) Chip velocity distribution
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Single Flute Least

Chip loads

From the trajectory simulation in the Fig. 5.18 and Fig. 5.19, it is easy to know that the chip load of each flute is also affected strongly by the flute angle θ and feed angle φ, which is important to the tool wear and tool life.

In the Fig. 5.18, only one flute cuts the material in Figs. 5.18(a,b,d,e). In the Due to the small feed rate, cutting by the bottom edge is not included, and only the side edge is considered. Hence, the micromilling process is simplified as a plane strain problem, and modeled by DEFORM-2D. The workpiece is treated as elastic-plastic type, and the tool is considered as a rigid body. In our simulation, total element number of the meshed workpiece is 18404. Supported by the mesh density window technique, the tool work contact region is highly meshed with the smallest element size reducing to 80nm approximately and the whole slot cutting process by one flute is simulated. Fig. 

Due to the machining parameters and tool geometric features in micromilling operation are obviously different from the conventional cutting, it has been found that the microcutting forces are produced not only by the shearing effect ahead of the tool tip, but also by the tool workpiece ploughing, friction, and workpiece springback effects. The most important reason of these effects is the reduced ratio of UCT to the cutting edge radius, along with the specific cutting energy increases exponentially to approximately 100-times than that at conventional sizes. Arcona and Dow [START_REF] Arcona | An empirical tool force model for precision machining[END_REF] proposed a cutting force model for diamond machining based on elastic contact and friction between the tool and some workpiece materials, including Al6061-T6 alloy. While the model also included shearing forces for a very sharp and rigid tool, the results showed that as the UCT reduced, the shearing contribution to the total cutting forces greatly decreases while the elastic contact and friction components approached an asymptotic level. These parasitical forces were attributed to elastic springback of the workpiece as it was compressed and moved under the cutting edge without being removed. The AD model required the hardness and Young's modulus of the workpiece and two empirical constants were obtained from cutting measurements. Therefore, it is much easier to be imbedded into the NC system than other complex mechanics model for the online manufacturing error compensation. Although it was first developed for the diamond turning force calculation purpose, some later investigators resorted to modify and employed the AD model into the micromilling process. Dow et al. [START_REF] Dow | Tool force and deflection compensation for small milling tools[END_REF] integrated the AD model into the NC system to predict the cutting and thrust forces of the small ball end milling of S-7 tool steel, and compensated shape error induced by the tool deflection. Friedrich et al. [START_REF] Friedrich | Effect of workpiece springback on micromilling forces[END_REF] modified the AD model to investigate the workpiece springback effect to the micromilling force components.

Gong et al. [START_REF] Gong | Tool tip trajectories investigation and its influences in micromilling operation[END_REF] used the AD model to calculate the micromilling force with the consideration of the tool radial error motion.

The major differences between the micromilling and diamond cutting are that the milling tool edge radii are in the order of several micrometers, the milling tool has a variable UCT for each edge, and the milling tool has multiple Therefore, it is important to clarify the main reasons of the M T ool and M W ork AD variations, which are the primary reasons of the wavy chip formation. In the chip moments calculation, the chip width w is a constant, so in Eq.(6.6), we know the M W ork AD is a function of shear band length l S and average shear plane normal pressure σ wn aver , M W ork AD = f (l 2 S /2, σ wn aver ). From Eq.(6.15), the σ wn aver is caused by the shear angle φ. Similar with M W ork AD , we simplify the M T ool in Eq.( 6.4) as a function of tool chip contact length l T and the equivalent tool rake normal pressure σ tn equ , M T ool = f (l 2 T /2, σ tn equ ). The Fig. 6.18 gives the variations of σ tn equ and σ wn aver in the entire milling process. Obviously, they don't follow the same trends as the M T ool and M W ork AD .

Their magnitudes are not great although there are some exceptions as below. At the beginning of tool workpiece engagement, the σ tn equ value is much greater. This is the so called size effect due to extra small uncut chip thickness. Then in the first three segments generation occasions, there are some greater values, because the shorter l T to increase the specific cutting energy. Especially when the second segment occurs, after the tool rotating about 40 • , because the l T and l S are shortest in this occasion as shown in Fig. 6.19, both σ tn equ and σ wn aver are higher due to the higher specific cutting energy. From Fig. 6.19, it is obviously that l T and l S fluctuate in the similar trends as the M T ool and M W ork AD .

Before the chip bending, l T and l S accompanied with the M T ool and M W ork AD increase simultaneously. According to Childs [218] and Astakhov [START_REF] Astakhov | Metal Cutting Mechanics[END_REF], the normal stress distributed on the shear plane has an upper limit. When the M W ork AD reaches its local maximal value, the l S achieves its local maximal value too. But due to the continuous tool advancing, the M T ool still increases along with the l T . Then the difference M T ool -M W ork AD increases to great enough to make the chip get the additional angular acceleration and bend. The M T ool and l T achieve their local maximal values when the chip begins to bend.

After chip separates from the tool rake in the chip bending process, the l T decreases faster and induces the decreasing of other variables, such as M T ool , M W ork AD and l S . From Fig. 6.19, we found the l T decreases faster than l S in the chip bending process. It means the decrease of l T is the main reason of the chip bending. After the chip bending angular motion finish, all of these variables achieve their local minimal values, the chip starts to grow again, and the wavy segment is formed. This procedure repeats and repeats for each wavy segment generation. Due to the smaller chip mass and moment of inertia, these Chapter 7

Surface Roughness Prediction Based on Neural Network 7.1 Introduction

In the conventional scale, the parts are fabricated by multi-procedure, from rough machining to finishing, in order to achieve the required surface quality and dimensional accuracy. But in the micro-scale, the tool exchange between different procedures will induce great machining error due to the tiny tool size. Therefore, most micro components are machined by one chuck and one tool.

So choosing suitable machining variables is important to improve the machined surface quality, and further widen their application. In the factory workshop level, the machinists set the parameters based on their experience and trial-anderror approach, which induces the additional production cost and the veteran requirement. Therefore, some researchers developed surface roughness model based on manufacturing geometry to predict the workpiece surface quality under different machining parameters combination [START_REF] Shaw | Metal Cutting Principles[END_REF]. But due to the complexity of the mechanical machining process, the geometrical models can not take all the surface roughness factors into account [START_REF] Diniz | Cutting conditions for finish turning process aiming: the use of dry cutting[END_REF].

With the development of neural network (NN) technique, the non-linear problems have been studied deeply in various fields. The NN method has been carried out by Sanjay et al. [START_REF] Sanjay | Modeling of tool wear in drilling by statistical analysis and artificial neural network[END_REF] to predict the tool wear considering feed rate, spindle speed, torque, machining time and thrust force as process parameters during drilling of mild steel workpieces using HSS twist drills. A similar study has been presented by Singh et al. [START_REF] Singh | Predicting drill wear using an artificial neural network[END_REF] to predict drill wear by employing NN model when drilling copper workpieces. Xu et al. [START_REF] Xu | Prediction on tribiological behaviour of composite peek-cf30 using artificial neural networks[END_REF] used a NN model to study the effects of PV factor and contact temperature on the dry sliding tribiological behavior of 30 wt.% carbon-fiber-reinforced polyetheretherketone composite (PEEK-CF30). El-Sonbaty et al. [START_REF] El-Sonbaty | Prediction of surface roughness profiles for milled surfaces using an artificial neural network and fractal geometry approach[END_REF] used a NN model and fractal geometry method to study the surface roughness profiles of the milled surface. Korosec et al. [START_REF] Korosec | Improved surface roughness as a result of freeform surface machining using self-organized neural network[END_REF] used a self-organized NN to improve the surface quality when do a free form surface machining. Huang et al. [START_REF] Huang | Artificial-neural-networks-based surface roughness pokayoke system for end milling operations[END_REF] integrated the NN model into a milling machine control system to adjust the machining parameters automatically to improve the workpiece surface quality. Markopoulos et al. [START_REF] Markopoulos | Artificial neural network models for the prediction of surface roughness in electrical discharge machining[END_REF] used this method for the Electrical Discharge Machining (EDM). Except for the machining process application, the NN method is also widely used in the control field for the motors, robots, and machine tools [START_REF] Zhang | A stochastic-based fpga controller for an induction motor drive with integrated neural network algorithms, Industrial Electronics[END_REF][START_REF] Pajchrowski | Application of artificial neural network to robust speed control of servodrive, Industrial Electronics[END_REF][START_REF] Kiguchi | Position/force control of robot manipulators for geometrically unknown objects using fuzzy neural networks, Industrial Electronics[END_REF][START_REF] Li | Current-sensor-based feed cutting force intelligent estimation and tool wear condition monitoring, Industrial Electronics[END_REF][START_REF] Hudson | Sensorless control of single switchbased switched reluctance motor drive using neural network, Industrial Electronics[END_REF]. These literatures reflect that the NN is a generalized methodology in many applications.

The objective of NN method is to imitate the human brain so as to implement the functions such as association, self-organization and generalization. The ability of NN is to approximate any functions accurately and hence it is suitable to use the model for highly non-linear processes. The NN has the advantages of learning ability as well as generalization, thus can capture non-linear and complex input-output relationships. A NN is made up of some neurons connected together via synaptic links. The information is processed within neurons and propagated to other neurons through weighted connection links. NN is expected to be capable of solving a complicated problem in a very efficient manner by distributing the knowledge over the neurons and conducting parallel processing on information.

The aim of this chapter is to analyze the effects of spindle speed (n), feedrate (f ) and axial depth of cut (a P ) on average surface roughness value (R a ) in the micromilling process. Compared with the conventional milling operation, the non-linearity of micromilling is more obviously due to the minimum chip thickness [START_REF] Wang | A micro milling model considering metal phases and minimum chip thickness[END_REF], tool radial error motion [START_REF] Gong | Tool tip trajectories investigation and its influences in micromilling operation[END_REF], and workpiece inhomogeneous inherent [START_REF] Wang | Surface generation analysis in micro end-milling considering the influences of grain[END_REF]. In this chapter, the Taguchi's approach is utilized for the design of experiment (DoE) to acquire enough training information with minimal experiment number. Based on the experimental results, the NN model is developed, trained and used to predict the micromilled bottom surface roughness.

Finally, the effects of the single machining parameter and two-factor interaction Furthermore, in order to improve the generalization, a technique called "early stopping" was implemented. The complete set of data is divided into three subsets, the training subset, the validation subset and the testing sub- 

Neural Network Performances

Neural Network Training

The experimental data in the Table Based on the results of NN prediction and the DoE, the influence of single parameter and interaction effect of each two-parameter combinations to R a are discussed in detail. [START_REF] Schmitz | Runout effects in milling: Surface finish, surface location error, and stability[END_REF] 

Micro mill-grinding process

Through the experimental study, it has been found that compared with the dimension of micro components, its surface quality is not satisfactory.

Hence, the grinding process is an alternative way to improve the surface quality of the machined surface. However, due to the low material removal rate of the grinding operation. The author proposed a new machining process, named micro mill-grinding, which electroplates the ultra-fine grits on the flank face of the micromill tool and combined the advantages of the high efficiency as milling and good surface quality as grinding. Sur le banc d'essai, la capacité maximale de la glissière est inférieure au poids du dynamomètre, qui doit alors être installé perpendiculairement à la direction de translation de la table croisée. 

Développement de la micro-machine-outil

Abstract

Micromilling technique brings many advantages to the fabrication of micro-sized features. The objectives of this thesis are to investigate the micromilling mechanism for the efficient fabrication of miniaturized products. There are a number of issues that influence micromilling processes: cutting forces, dynamics and stability, chip formation, and machine tools. Several research topics, including Micro Machine Tool (MMT) development, workpiece microstructure influences, micromill tip trajectory investigation, wavy chip formation analysis via FEM-analytical approach, surface roughness prediction based on the neural network and design of experiment are focused in this thesis. Some important results are listed: 1. The metal phase differences in the multi-phase polycrystalline material affect the micromilling process greatly, induce the cutting force variation, and influence the surface generation. 2. The single flute cutting condition always occurs in the micromilling process. The flute angle θ and feed angle φ are important to the machining error and chip load distribution. 3. The wavy chip formation mechanism is studied via hybrid analytical-FEM approach. It has been found the chip acquires additional angular acceleration in the segment generation instant. The variations of the tool chip contact length l T and shear band length l S are the main reasons of wavy chip segment formation.

Résumé

La technique du micro-fraisage apporte de nombreux avantages à la fabrication de pièces de petites dimensions. Les objectifs de cette thèse sont d'étudier les mécanismes physiques intervenant en micro-fraisage pour l'amélioration de la fabrication de produits miniaturisés. Plusieurs thématiques de recherche ont été abordés par les chercheurs afin d'améliorer la technologie de micro-usinage tant en terme de qualité que de productivité. Parmi ces thématiques, on peut citer le développement de micro-machines-outils, l'étude de l'influence de la microstructure des pièces, l'étude des trajectoires de l'extrémité de la micro-fraise, l'analyse numérique et analytique de la formation d'un copeau segmenté, la modélisation de la rugosité de la surface usinée, par exemple par réseau de neurones ou la conception de bancs d'essais. Certains résultats importants obtenus durant ce travail sont: 1. Les différences de phases métalliques dans un matériau polycristallin multiphase affectent beaucoup le processus de micro-fraisage, induisant des variations dans les efforts de coupe et inffuençant la surface générée. 2. Pendant le processus de micro-fraisage, seule un seule arête coupe la matière. L'angle de l'arête θ et la direction d'avance φ sont importants pour réduire l'erreur d'usinage et pour répartir les efforts de coupe. 3. Le mécanisme de formation du copeau estétudié par une méthode hybride analytique-numérique. Les variations de la longueur de contact entre l'outil l T et le copeau et de la longueur de la bande de cisaillement l S sont les raisons principales qui expliquent l'apparition du copeau segmenté.