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ABSTRACT 

Materials have been manipulated since tools have been first used by humans. By 

now, the technological challenges have reached the micron and sub-micron range. One 

technique to fabricate structures in this range is sputtering, particularly focused ion beam 

(FIB) milling. In sputtering, particles impinging on a solid remove material due to 

momentum transfer. The need to understand significance of sputtering is based on the 

various applications of sputtering for structuring in technology. In the fabrication process 

of field emitter arrays, the tips of the field emitters can be sharpened by sputtering. 

Focused ion beam milling is often used for circuit repair, repairing of defective masks for 

optical lithography, to fabricate small structures out of arbitrary materials without the 

requirement of lithography, and the probes of atomic force microscopes can be 

fabricated. A great advantage of focused ion beam milling compared to other etch 

processes is the possibility to structure work materials which have a complex geometrical 

features. Moreover, the sputtering is a cold process, which does not produce any thermal 

damage to the work material. The applications of FIB milling that have yet to be realized 

are endless. The motivation to carry out the research in the area of FIB milling was 

gained by observing the superiority of FIB milling process over the other contemporary 

processes. 

The materials to be fabricated by FIB milling have never posed a limitation. 

Various metals, non metals, magnetic, biological and composites material have been 

fabricated by FIB milling process. Though the different materials have been fabricated by 

FIB milling, some materials still require intensive research from the machinability point 

iii 



of view. In this research, the focus has been made on the machinability aspects of the 

materials which are useful in fabrication of microtools, micro surgical manipulators, 

micromoulds, atom probes, microfluidic devices and other similar categories. Diamond, 

high speed steel and cemented carbide are the proposed materials for these applications. 

Though diamond is known for its excellent properties and ample of research has 

been carried out on it, the cost and its metallurgical compatibility with work material are 

the limiting factors during micromachining using single point diamond microtool. 

Various materials can be machined with an ease using a microtool, which is not as hard 

as diamond. Hence, there is a growing need to use a low cost and compatible microtool 

material. High Speed Steel (HSS) and cemented carbide fit into that requirements and 

they are readily available too. The other properties like wear resistance and hot hardness 

of these materials are also sufficient for micromachining of general purpose material like 

polymer, which is not very hard. Moreover, a limited literature is available about HSS 

and cemented carbide microtools and their machinability using FIB milling. Hence, HSS 

and cemented carbide are selected to investigate its machinability by FIB milling. 

Before conducting the experiments for studying the machinability aspects of HSS 

and cemented carbide, preliminary experiments have been conducted to know about the 

response of both materials towards the variation of individual process parameters. It was 

concluded that beam current, angle of incidence, extraction voltage, dwell time and 

percentage overlap between beam diameters are the FIB process parameters, which need 

attention for the machinability study to be conducted on HSS and cemented carbide. On 

the basis of preliminary experiments, conducted on HSS and cemented carbide, and 

available literature on different materials, the range and different levels of 
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aforementioned FIB process parameters were selected for the machinability analysis of 

HSS and cemented carbide. Experiments were conducted according to the L16 orthogonal 

array of Taguchi methodology, so as to see the combined effect of the above mentioned 

parameters. 

It was observed that the high beam current removed large amount of material, but at 

a cost of surface roughness for HSS and cemented carbide both. It indicates that increase 

in MRR sacrifices surface roughness, when it is achieved by increasing beam current. 

Beam current was proven the most significant parameter for controlling MRR and surface 

roughness for both the materials under considerations. The percentage overlap between 

beam diameters and angle of beam incidence were the next significant parameters to 

affect MRR and surface roughness. The important observation about the angle of 

incidence was that it produced smooth surface along with the more MRR. Extraction 

voltage produced similar effect as angle of incidence, but it did not affect the surface 

roughness of cemented carbide. Dwell time was found to be less significant for MRR and 

surface roughness for both the materials. 

The empirical models of MRR and surface roughness were developed using the 

experimental results. The predictability of empirical equations is good and the error is 

less than 10% for all the empirical models. Moreover, the multi-objective optimization 

for MRR and surface roughness was conducted. To overcome the drawbacks of the 

routine multi-objective optimization search methods, Genetic Algorithm (GA) was 

selected. The result of multi-objective optimization was generated by GA in the form of 

pareto optimal solutions, which showed a trade-off between the objective functions of 

maximizing MRR and minimizing surface roughness. The different combinations of 
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MRR and surface roughness in pareto optimal solutions were all optimal solutions. 

Hence, more than one optimal solutions were made available in the set of pareto optimal 

solutions. Availability of more number of optimum solutions offers greater flexibility, 

because various microdevices have different surface roughness requirement. 

During FIB milling some part of the removed material gets redeposited onto the 

machined surface. Due to redeposition of removed material, the actual and simulated 

depth of sputtering becomes different. The redeposition effect for HSS was found to be 

very high compared to that of cemented carbide in case of FIB milling of square trenches 

with single scanning cycle. Redeposition of removed material is a severe problem for the 

preparation of TEM (Transmission Electron Micrography) samples, because only single 

scanning of ion beam is permissible for producing it from accuracy point of view. So, 

care has to be taken to prevent it when it is produced from HSS material, as it has a high 

amount of redeposition. Existing mathematical model of depth of sputtering was 

modified to consider the redeposition effect into it. More accurate simulated results of 

depth of sputtering were achieved by modified mathematical model of depth of 

sputtering, which includes the redeposition effect using the ratio of rate of redeposition to 

the beam velocity. Sputtering yield, sticking coefficient and kinetic energy of sputtered 

material are the factors responsible for redeposition. In spite of having more sputtering 

yield, the redeposition was lesser for cemented carbide than for HSS. Hence, either the 

sticking coefficient is higher and/or the kinetic energy of sputtered material is lesser for 

HSS than cemented carbide, which produce more amount of redeposition for HSS. 

Keywords FIB milling, High Speed Steel, Cemented Carbide, Machinability Study, 

Multi-objective optimization, Redeposition. 
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