ABSTRACT
An abrasive jet machining is a jet of air which contains abrasive material. Usually the air exits a nozzle at a high speed and the abrasive material is injected into the jet stream. The purpose of the abrasive jet machining is to perform machining or finishing operation such as cutting, deburring etc. The use of the abrasive jet machining for machining or finishing purposes is based on the principle of erosion of the material upon which the jet hits.

This project provides the information on the Abrasive jet machining and the related parameters and latest developments in this field for the cutting of brittle materials like glass and ceramics, Also a design is developed and employed for improved collection of the abrasive after the machining. Also the application and advantages of the process are discussed showing the versatility of the process. Equations are developed for the data collected for machining of fibre glass regarding the MRR by varying the values of Pressure, Abrasive size & Stand off distance.
Linear Multiple Regression Software is used to solve the equations of the dependent and independent variables.

Chapter 1
INTRODUCTION

Manufacturing processes can be broadly divided into two groups and they are primary manufacturing processes and secondary manufacturing processes. The former ones provide basic shape and size to the material as per designer’s requirement. Casting, forming, powder metallurgy are such processes to name a few. Secondary manufacturing processes provide the final shape and size with tighter control on dimension, surface characteristics etc. Material removal processes are mainly the secondary manufacturing processes.
1.1 Non Traditional Machining – Classification
Material removal processes once again can be divided into mainly two groups and they are “Conventional Machining Processes” and “Non-Traditional Manufacturing Processes”.  Examples of conventional machining processes are turning, boring, milling, shaping, broaching, slotting, grinding etc. Similarly, Abrasive Jet Machining (AJM), Ultrasonic Machining (USM), Water Jet and Abrasive Water Jet Machining (WJM and AWJM), Electro-discharge Machining (EDM) are some of the Non Traditional Machining (NTM) Processes. To classify Non Traditional Machining Processes (NTM), one needs to understand and analyze the differences and similar characteristics between conventional machining processes and NTM processes. 

Conventional Machining Processes mostly remove material in the form of chips by applying forces on the work material with a wedge shaped cutting tool that is harder than the work material under machining condition. Such forces induce plastic deformation within the work piece leading to shear deformation along the shear plane and chip formation. 

[image: image1.png]Shear plane

N

{2
2R

LTS





Fig. 1 Mechanism of material removal
Thus the major characteristics of conventional machining are: 

· Generally macroscopic chip formation by shear deformation 

· Material removal takes place due to application of cutting forces – energy domain can be classified as mechanical 

· Cutting tool is harder than work piece at room temperature as well as under machining conditions 

Non Traditional Machining (NTM) Processes on the other hand are characterized as follows: 

· Material removal may occur with chip formation or even no chip formation may take place. For example in AJM, chips are of microscopic size and in case of Electrochemical machining material removal occurs due to electrochemical dissolution at atomic level 

· In NTM, there may not be a physical tool present. For example in laser jet machining, machining is carried out by laser beam. However in Electrochemical Machining there is a physical tool that is very much required for machining 

· In NTM, the tool need not be harder than the work piece material. For example, in EDM, copper is used as the tool material to machine hardened steels. 

· Mostly NTM processes do not necessarily use mechanical energy to provide material removal. They use different energy domains to provide machining. For example, in USM, AJM, WJM mechanical energy is used to machine material, whereas in ECM electrochemical dissolution constitutes material removal. 

Thus classification of NTM processes is carried out depending on the nature of energy used for material removal. The broad classification is given as follows: 

·  Mechanical Processes 

Abrasive Jet Machining (AJM) 

Ultrasonic Machining (USM) 

Water Jet Machining (WJM) 

Abrasive Water Jet Machining (AWJM) 

· Electrochemical Processes 

Electrochemical Machining (ECM) 

Electro Chemical Grinding (ECG) 

Electro Jet Drilling (EJD) 

· Electro-Thermal Processes 

Electro-discharge Machining (EDM)

 Laser Jet Machining (LJM) 

 Electron Beam Machining (EBM) 
·  Chemical Processes 

Chemical Milling (CHM) 

Photochemical Milling (PCM) etc.

1.2 Need for Non Traditional Machining 

Conventional machining sufficed the requirement of the industries over the decades. But new exotic work materials as well as innovative geometric design of products and components were putting lot of pressure on capabilities of conventional machining processes to manufacture the components with desired tolerances economically. This led to the development and establishment of NTM processes in the industry as efficient and economic alternatives to conventional ones. With development in the NTM processes, currently there are often the first choice and not an alternative to conventional processes for certain technical requirements. The following examples are provided where NTM processes are preferred over the conventional machining process

· Intricate shaped blind hole – e.g. square hole of 15 mmx15 mm with a depth of 30 mm

· Difficult to machine material – e.g. same example as above in Inconel, Ti-alloys or carbides.

· Low Stress Grinding – Electrochemical Grinding is preferred as compared to conventional grinding

·  Deep hole with small hole diameter – e.g. 1.5 mm hole with l/d = 20

·   Machining of composites.

1.3 Abrasive Jet Machining- Principle of Working 
Abrasive jet machining (AJM), also called abrasive micro blasting, is a manufacturing process that utilizes a high-pressure air stream carrying small particles to impinge the work piece surface for material removal and shape generation. The removal occurs due to the erosive action of the particles striking the work piece surface. AJM has limited material removal capability and is typically used as a finishing process AJM is advantageous in two aspects. First, it has a high degree of flexibility. The abrasive media can be carried by a flexible hose to reach internal, difficult-to-reach regions. Second, AJM has localized force and less heat generation than traditional machining processes.

Abrasive jet machining (AJM) is considered to be one of the most attractive techniques that can engrave precise dimples on the surface of hard and brittle materials some practical applications of AJM have already demonstrated its high potential as a micro-machining method, such as decoration and texturing of window glass. In general, AJM is categorized as blast finishing. The machining technique is distinguished from traditional shot blasting in that it features a precision jet nozzle of less than 1 mm in diameter, through which a controlled mass of fine, hard abrasive particles is continuously directed at the work piece surface. As a consequence, AJM can meet the requirement for patterning of highly controlled micro-dimples onto the surface of difficult-to-machine materials. From another point of view, AJM is a machining method that utilizes the usually deleterious behavior of erosion, where fine, hard particles attack the work piece incessantly, in a positive manner.

Material removal in the AJM process is accomplished by the use of a continuous jet, which is produced by mixing abrasive particles with a high velocity air jet, which latter imparts momentum to the abrasive particles, accelerating them prior to their impingement on the work piece. The abrasive particles serve primarily as the abrasive medium, providing a diverse group of micro-machining mechanisms assisting in material removal. Highly localized machining forces and a low magnitude of generated heat are two Additional advantages of AJM. Basically it can be defined as the material removal process where the material is removed or machined by the impact erosion of the high velocity stream of air or gas and abrasive mixture, which is focused on to the work piece. In Abrasive Jet Machining (AJM), abrasive particles are made to impinge on the work material at a high velocity. The jet of abrasive particles is carried by carrier gas or air. The high velocity stream of abrasive is generated by converting the pressure energy of the carrier gas or air to its kinetic energy and hence high velocity jet. The nozzle directs the abrasive jet in a controlled manner onto the work material, so that the distance between the nozzle and the work piece and the impingement angle can be set desirably. The high velocity abrasive particles remove the material by micro-cutting action as well as brittle fracture of the work material. Fig. below schematically shows the material removal process.
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Fig. 2 AJM Basic set up
AJM is different from standard shot or sand blasting, as in AJM, finer abrasive grits are used and the parameters can be controlled more effectively providing better control over product quality. In AJM, generally, the abrasive particles of around 50 micro meters grit size would impinge on the work material at velocity of 200 m/s from a nozzle of I.D. of 0.5 mm with a stand off distance of around 2 mm. The kinetic energy of the abrasive particles would be sufficient to provide material removal due to brittle fracture of the work piece or even micro cutting by the abrasives.
1.4 Fabrication of Brittle Materials by Abrasive Jet Machining
Recent development of special purpose parts, such as the parts for semiconductor processing, the parts and sensors for micro-machine fabrication, etc., has been expanded. Thus, it is essential to develop micro-machining technologies for hard and brittle materials such as glass, ceramics, etc. However, such materials are generally difficult-to-machine due to the properties of extreme hardness, brittleness, corrosion resistance and melting temperature. Using conventional machining technologies has been difficult since thermal and/or chemical machining methods (such as chemical etching, laser and electron beam machining, EDM, and electrolytic machining) cause an excessive heat affected zone, while using mechanical machining methods (such as ultrasonic machining, grinding, polishing) have limitations in productivity and accuracy. Thus, abrasive jet machining has been considered one of the most appropriate micro-machining methods for hard and brittle materials, since the productivity is high and heat affected layers caused by material removal are very thin. Among abrasive jet machining methods, dry machining has proven to be a suitable micro-machining technology for the production of micro-parts of semiconductors and LCD.
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Fig. 3 Mechanism of material removal in brittle materials
Micro-powder blasting or Abrasive jet machining uses the high speed gas flow which mixed the micro-particle and gas to impact the brittle substrate by the nozzle. This study uses Glass as the work piece material and effect of various parameters have been shown. The process flow chart is as shown in the figure.
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Fig. 4 The process flow chart

1.5 USES OF ABRASIVE JET MACHINING
Abrasive water jet machining if appropriate and cost effect for a number of procedures and materials. Several of these are listed below:

· Cutting of difficult-to-machine materials by abrasive water jets.

· Milling and 3-D-shaping by abrasive water jets.

· Turning by abrasive water jets.

· Piercing and drilling by abrasive water jets.

· Polishing by abrasive jets.

· Cutting of materials such as plastics, thin metal, textiles, or foam

· Deburring

· Surface Penning

· Conventional machining with water jet assists.

1.6 ABRASIVE JET MACHINING VS OTHER METHODS

Abrasive jet machining is a relatively new machining technique in that it makes use of the impact of abrasive material to erode the work piece material. It relies on the high pressure air to accelerate the abrasive material and deliver the abrasive to the work piece. In addition the air afterwards carries both the spent abrasive and the eroded material away from the working area. Conventional machining practices such as milling use a solid tool to cut the material usually by a shearing process. Conventional machining may also use a liquid medium in conjunction with the cutting tool but its purpose is not to deliver but to carry away the material. In addition for both conventional and abrasive jet machining the liquid medium will also act as a heat sink, taking heat away from the machining area.

1.6.1 When comparing with LASERS

· Abrasive jets can machine many materials that lasers cannot. (Reflective materials in particular, such as Aluminum and Copper).

· Uniformity of material is not very important to an Abrasive jet.

· Abrasive jets do not heat your part. Thus there is no thermal distortion or hardening of the material.

· Precision abrasive jet machines can obtain about the same or higher tolerances than lasers (especially as thickness increases).

· Your capital equipment costs are generally much lower than that for a laser, i.e. for the price of a laser; you can purchase several abrasive jet-machining centers.

· Abrasive jets can machine thicker materials. How thick you can cut is a function of how long you are willing to wait. 2" (50mm) steel and 3" (76mm) aluminum is quite common. However, Lasers seem to have a maximum of 0.5" (12mm) - 0.75" (19mm).

· Abrasive jets are safer. No burnt fingers, no noxious fumes, and no fires. (You still have to keep those fingers out of the beam.)

· Abrasive jets are more environmentally friendly.

· Maintenance on the abrasive jet nozzle is simpler than that of a laser, though probably just as frequent.

· Abrasive jets are capable of similar tolerances on thin parts, and better on parts thicker than. 5"

· Abrasive jets do not loose much "focus" when cutting over uneven surfaces.

· While lasers are often faster on thinner materials. It may be cheaper and faster to simply buy two or three abrasive jet machining centers to do the same work

· You can stack materials, so you are cutting multiple thin parts simultaneously.

· You can run additional cutting heads in parallel on a single machine

· Modern Abrasive jets are typically much easier to operate and maintain than lasers, which means that every employee in your shop can be quickly trained to run one!

· Abrasive jets don't create "scaly" edges, which makes it easier to make a high quality weld

· Many shops that have lasers also have water jets, as they are complimentary tools. Where one leaves off, the other picks up.

1.6.2 When comparing with EDM

· Abrasive jets are much faster than EDM.

· Abrasive Jets machine a wider variety of materials (virtually any material).

· Uniformity of material is not very important to an Abrasive jet.

· Abrasive jets make their own pierce holes.

· Abrasive jets do not heat the surface of what they machine.

· Abrasive jets are capable of ignoring material aberrations that would cause wire EDM to lose flushing.

· Abrasive Jet machining is useful for creating start holes for wire insertion later on. (a mill could do the job, but only after spotting the hole, changing tools to drill a pilot, then changing tools again to drill out the hole).

· New technology allows Abrasive jets to obtain tolerances of up to +/-.003" (0.075mm) or better (I have personally done some +/-.001" (0.025mm) work, but that's the exception, not the norm, and only on certain shapes and materials.)

· No heat affected Zone with Abrasive jets.

· Abrasive jets require less setup.

· Make bigger parts.

· Many EDM shops are also buying water jets. Water jets can be considered to be like super-fast EDM machines with less precision. This means that many parts of the same category that an EDM would do can be done faster and cheaper on an abrasive jet, if the tolerances are not extreme.

1.6.3 When comparing with PLASMA / FINE PLASMA

· Abrasive jets provide a nicer edge finish

· Abrasive jets don't heat the part

· Abrasive jets can cut virtually any material

· Abrasive jets are more precise

· Plasma is typically faster

· Abrasive jets would make a great compliment to a plasma shop where more precision or higher quality is required or for parts where heating is not good, or where there is a need to cut a wider range of materials.

1.6.4 When comparing with FLAME CUTTING

· Abrasive jets provide a much nicer edge finish

· Abrasive jets don't heat the part

· Abrasive jets can cut virtually any material

· Abrasive jets are more precise

· Flame cutting is typically faster

· Flame cutting is typically cheaper, if you can use it.

· Abrasive jets would make a great compliment to a flame cutting where more precision or higher quality is required or for parts where heating is not good, or where there is a need to cut a wider range of materials.

1.7 ADVANTAGES OF AJ MACHINING

1.7.1 Extremely fast setup and programming

No tool changes required, so there is no need to program tool changes or physically qualify multiple tools. For some systems, programming simply involves drawing the part. If you customer gives you that drawing on disk, half the battle is won.

1.7.2 Very little fixturing for most parts

Flat material can be positioned by laying it on the table and putting a couple of 10 lb weights on it. Tiny parts might require tabs, or other fixturing. At any rate, fixturing is typically not any big deal.

1.7.3 Very low side forces during the machining

This means you can machine a part with walls as thin as .025" (0.5 mm) without them blowing out. This is one of the factors that make fixturing is so easy. Also, low side forces allow for close nesting of parts, and maximum material usage.

1.7.4 Almost No heat generated on your part

You can machine without hardening the material, generating poisonous fumes, recasting, or warping. You can machine parts that have already been heat treated with only a tiny, tiny decrease in speed. On piercing 2" (50mm) thick steel, temperatures may get as high as 120 degrees F (50 C), but otherwise machining is done at room temperature. Aerospace companies (HAL, Nasik) use abrasive jets a lot because of this.

1.7.5 No start hole required

Wire EDM, eat your heart out. Start holes are only required for impossible to pierce materials. (Some poorly bonded laminates are about the only materials I can think of off hand)

1.7.6 Machine thick stuff

This is one huge advantage Abrasive jets have over lasers. While most money will probably be made in thicknesses less than 1" (25mm) for steel, it is common to also machine up to 4" (100mm). The cutting speed is a function of thickness, and a part twice as thick will take more than twice as long. Typically, most money is made on parts 2" (50mm) thick or thinner.
1.7.7 There is only 1 tool

There is no need to qualify multiple tools, or deal with programming tool changes. Programming, Setup and Clean up time is reduced significantly, meaning you make more money because you can turn more parts faster.

1.7.8 Here are some of the benefits to using Abrasive jet

· Cheaper than other processes.

· cut virtually any material:

· Pre hardened steel

· Mild steel

· Exotics like Titanium, Inconel, 304 stainless

· Brittle materials like glass, ceramic, quartz, stone.

· Cut thin stuff, or thick stuff

· Make all sorts of shapes with only one tool.

· Cut wide range of thickness to reasonable tolerance up to 2” (50mm) thick Up to 5” (127mm) or thicker where tolerance not important, or in soft materials.

· No Heat Generated / No heat affected zones - this is cold cutting!

· No mechanical stresses

· cut virtually any shape:

· Fast Setup

· Only one tool to qualify / No tool changes required

· Fast turn around on the machine. Make a part, then 2 minutes be making a completely different part from a completely different material.
· leaves a satin smooth finish, thus reducing secondary operations

· Clean cutting process without gasses or oils

· Makes its own start holes

· Narrow kerf removes only a small amount of material.

· Your "scrap" metal is easier to recycle or re-use (no oily chips!)

· Modern systems are now very easy to learn.

· You can trade off tolerance vs. speed from feature to feature on your part.

1.8 Limitations

· Noise Levels.

· Hazards due to rebounding of the abrasives.

· Pollution with abrasives.

· Problems with the Abrasive Jet Nozzles. 

  Chapter 2

LITERATURE REVIEW

A considerable number of studies have investigated the general effects of the Stand off distance, Abrasive size, Pressure, speed, Machining time, Work piece material and others on the Material removal rate. These studies have been briefly discussed for the variations observed experimentally.

1. P K Ray and. Dr A K Paul, [1987] A machining operation is basically a material removal process, where material is removed in the form of chips. In a machining operation, the output parameter is achieved by controlling various input parameters. This study discusses the effects of various input parameters in abrasive Jet machining (AJM) on the material removal rate (as the output parameter). The results presented in the study are obtained from an experimental study carried out with an AJM unit with vortex type mixing chamber. The study was restricted to abrasive jet drilling only.
 2. Jeong-Du Kim, Youn-Hee Kang, Young-Han Bae, Su-Won Lee [1996].  Developed finishing process using G rotating magnetic field is known to be very efficient for the finishing of parts such as vacuum tubes, sanitary tubes, etc. which are difficult to be finished by conventional finishing methods as they are generally curved tubes. However, the finishing system using a rotating magnetic field has the defect that the cross-section of the work piece can only be circular because of the internal rotating tool, Therefore a new finishing process for work pieces of non-circular cross-section is required. Magnetic abrasive jet machining is a new concept in finishing processes, being a precision internal finishing method using a working fluid mixed with magnetic abrasives, which is jetted into the internal surface of the tube, with magnetic poles being provided on the external surface of the tube. In this study, the new-concept finishing process or the magnetic abrasive jet machining system was developed. The machining conditions were predicted using simulation and some characteristics of the finishing process were analyzed.

3. R. Balasubramaniam, J. Krishnan & N. Ramakrishnan [1997]. Investigated AJM for deburring. Deburring is a major bottleneck in manufacturing organizations. In recent years abrasive jet machining has been gaining increasing acceptability for deburring applications. The influence of abrasive jet deburring process parameters is not known clearly. An experimental investigation has been conducted to identify the abrasive jet deburring process parameters and the edge quality of abrasive jet deburred components. For these experiments, an experimental design based on a Taguchi orthogonal array was used to systematically measure the influence of the major cutting parameters on abrasive jet deburred specimens made of stainless steel. An additional parameter viz. ‘jet height’ was identified, which latter significantly affects the deburring process. A profile projector was used to measure the edge quality and also visual inspection was conducted to ascertain the surface damage of the specimens. Results of the edge quality measurements supplemented with visual inspection were analyzed by the ANOVA method, as a result of which it was found that the burr removal was affected by the parameters jet height and angle of impingement. Also a statistical model was developed for the magnitude of the edge radius generated.

4. R. Balasubramaniam, J. Krishnan & N. Ramakrishnan [1998].

Studied the generation of an edge radius in abrasive jet external deburring (AJED). One attractive feature of external deburring with an abrasive jet is the ability to generate an edge radius at the deburred edges. The effects of various input parameters, viz. abrasive grit size, mixing ratio, nozzle diameter, stand-off-distance and the thickness of the specimen, on the response parameters were investigated on plaster-of-Paris specimens by full factorial design. In addition to the extent of the edge radius generated, the variation in the diameters at the entry and exit side of the specimen were also investigated. The extent of the edge radius generated was affected significantly by the parameter stand-off-distance and the variations in the diameters were affected by the nozzle diameter. The results of the edge radius generation were applied to AISI 304 stainless steel burr specimens and verified. The details of the investigations carried out are presented in this paper.

 5. R. Balasubramaniam, J. Krishnan & N. Ramakrishnan [2001] studied the shape of surface generated by abrasive jet machining. A semi empirical equation is derived to obtain the shape of the surface generated in AJM. With the help of this equation it is shown that AJM surface is reverse bell mouth shaped with an edge radius at the entry side of the target surface. INPUT PARAMETERS--Particle size, Stand off distance, Centre line and peripheral velocities of jet. OUTPUT PARAMETERS-MRR, Edge radius, Entry side diameters.
6. M. Wakuda, Y. Yamauchi & S. Kanzaki [2001] studied the Effect of work piece properties on machinability in abrasive jet machining of ceramic materials.  Abrasive jet machining (AJM), a specialized form of shot blasting using fine-grained abrasives, is an attractive micro-machining method for ceramic materials. In this paper, the machinability during the AJM process is compared to that given by the established models of solid particle erosion, in which the material removal is assumed to originate in the ideal crack formation system. However, it was clarified that the erosion models are not necessarily applicable to the AJM test results, because the relative hardness of the abrasive against the target material, which is not taken into account in the models, is critical in the micro-machining process. In contrast to conventional erosion by large-scale particles, no strength degradation occurs for the AJM surface, which is evidence that radial cracks do not propagate downwards as a result of particle impacts.

7. Manabu Wakuda, Yukihiko Yamauchi, Shuzo Kanzaki [2002]. Investigated the Material response to particle impact during abrasive jet machining of alumina ceramics. Abrasive jet machining (AJM), a specialized form of shot blasting, attracts much attention as a hopeful micro-machining method for hard, brittle materials such as structural ceramics. The present paper attempts to identify the material response of alumina ceramics to the abrasive particle impact in the AJM process. Three kinds of commercial abrasive particles were utilized to dimple the sintered alumina samples, and it was found that the material response to particle impact depends drastically on the employed abrasives. The softest abrasive, aluminum oxide (WA), leads to roughening of the alumina surface but causes no engraving, due to the lack of the abrasive hardness against that of the work piece. When silicon carbide (GC) abrasive is employed, a relatively smooth face can be produced, principally as a result of ductile behavior under the elevated temperature caused by the abrasive impacts. The impingement by synthetic diamond (SD) abrasive tends to cause large-scale fragmentation, and therefore the impacted surface becomes rough.

8. F.L. Chen, J. Wang, E. Lemma & E. Siores [2002]. Studied about Striation formation mechanisms on the jet cutting surface an understanding of the mechanisms of striation formation on the surfaces produced by abrasive water jet (AWJ) cutting is a crucial step in reducing or eliminating the striations. Various reported investigations and findings in this regard are reviewed and discussed. The sources of striation formation are classified into three groups; namely the nature of the step formation inherent to a jet cutting process, the dynamic characteristics of the water jet, and the vibration of the machining system. It is believed that all these sources contribute to the formation of striations although it is difficult to separate their effects in practice. Recommendations are finally made on the future work and the approaches to reducing or eliminating striations on the AWJ cut surfaces.
9. Eric Belloy, Anne-Gabrielle Pawlowski, Abdeljalil Sayah, and Martin A. M. Gijs [2002] studied about Micro fabrication of High-Aspect Ratio and Complex Monolithic Structures in Glass. A novel approach for the realization of complex three-dimensional microstructures in brittle materials, like glass is presented. The technology is based on a beam of eroding powder particles, etching a masked rotating substrate. By using an oblique powder beam and mask under-etching effects, we fabricate monolithic millimeter-high microstructures with an aspect ratio of 5 to 10. This intrinsically very simple micro fabrication method also allows to realize in a unique way free-standing monolithic glass microstructures, suspended over many millimeters.
10. Dong-Sam Park , Myeong-Woo Cho, Honghee Lee & Won-Seung Cho [2003] studied Micro-grooving of glass using micro-abrasive jet machining. Abrasive jet machining (AJM) is similar to sand blasting, and effectively removes hard and brittle materials. AJM has been applied to rough working such as deburring and rough finishing. With the increase of the needs for machining of ceramics, semiconductors, electronic devices and LCD’s, micro-AJM has become a useful technique for micro-machining. This paper describes the performance of micro-AJM in the micro-grooving of glass. The diameter of the hole-type and the width of the line-type groove are 80micro meter. Experimental results showed good performance in micro-grooving of glass; however, the size of machined groove increased about 2–4 micro meters. With the fine-tuning of the masking process and the compensation for film wear, micro-AJM could be effectively applied to the micro-machining of semiconductors, electronic devices and LCD.

11. Lei Zhang, Tsunemoto Kuriyagawa, Yuya Yasutomi & Ji Zhao [2004] investigated micro abrasive intermittent jet machining.  In the machining of small holes by the conventional micro abrasive jet machining, the colliding abrasives accumulate in the bottom of the hole, preventing the direct impact of successive abrasives onto the work piece. As a result, the machining efficiency decreases as the machining progresses. This paper introduces a new method of micro abrasive jet machining, called micro abrasive intermittent jet machining (MAIJM), in which there exists a period of time during which no abrasive is injected into the gas stream from the nozzle so that the continuous flow of gas without abrasives from the nozzle could blow away any abrasives that have accumulated in the hole. Empirical models are developed for evaluation of the effect of MAIJM process parameters on the shape of the machined holes by proper design of experiments based on a Taguchi orthogonal array and by multi-variable linear regression. Further experiments are conducted to confirm the validity of the developed statistical model by comparing the model predictions with the experimental results.

12. M. Achtsnick, P.F. Geelhoed, A.M. Hoogstrate & B. Karpuschewski [2005] Conducted a Modelling and evaluation of the micro abrasive blasting process. Micro abrasive blasting (MAB) is becoming an important machining technique for the cost effective fabrication of micro devices. The material removal process is based on the erosion of a mask-protected brittle substrate by an abrasive-laden air jet. To exploit the potentials of this technique for applications of industrial interest, the blasting process has to become more efficient and better predictable. Therefore, in this paper micro-abrasive blasting is analyzed by means of a set of models containing different sub-models for the particle jet, the erosion mechanisms of a single particle impact and the machining results. A one-dimensional isentropic flow model was developed to calculate the particle exit velocity of each individual particle in the airflow for two different types of nozzles: a converging cylindrical and a new developed line shaped Laval-type. The particle size and its position within the air jet are based on probability distribution functions. The result is a nozzles characteristic energy intensity distribution of the particle beam. Subsequently, classical indentation fracture mechanics is used to model the interaction between incoming particles and the substrate surface. The simulation shows that the Laval-type nozzle is able to increase the particle velocity with more than 30% compared to the converging nozzle. Also the blasting profile is more uniform with a relatively flat bottom. Experimental verifications of the particle velocities using particle image velocimetry (PIV) and measurements of the roughness and the shape of the blasting profile demonstrate that the presented model is capable to predict accurately the blasting performance of both nozzles types.
13. Henk Wensink, J.W. Berenschot, Henri V. Jansen & Miko C. Elwenspoek [2006] studied about HIGH RESOLUTION POWDER BLAST MICROMACHINING is a technique in which a particle jet is directed towards a target for mechanical material removal. It is a fast, cheap and accurate directional etch technique for brittle materials like glass, silicon and ceramics. By introducing electroplated copper as a new mask material, the feature size of this process was decreased. It was found that blasting with 9 pm particles (compared with 30 pm particles) result in a higher slope of the channel sidewall. The aspect ratio of powder blasted channels was increased by using the high resistance of the copper mask in combination with the use of 9 pm particles. Furthermore, our measurements show how the blast lag (small channels etch slower compared to wider channels) is decreased by using smaller particles. Powder blasting is a directional etch technique for a wide class of materials (e.g. glass, silicon, and ceramics). The technique fits very well between the common micromachining techniques due to its lithographic masking, process similarities and compatibility. Electroplated copper was presented as a new mask for powder blasting. It combines a high resistant mask material with the high resolution of lithography, which makes it possible to obtain smaller feature sizes (<50 pm). It was observed that the blast lag (small channels etch slower compared to wider channels) is decreased by using 9 pm in stead of 30 pm particles. This is mainly due to the steeper sidewalls that are created with these particles. Using the high resistance of an electroplated copper mask, and 9 pm particles that create the steep walls, a channel with an aspect ratio of 2.5 was blasted in glass.
14. Matthew W. Chastagner and Albert J. Shih [2007] studied ABRASIVE JET MACHINING FOR EDGE GENERATION. The edge with a consistent and precise shape is important for highly stressed mechanical components. This study investigates the generation, measurement, and definition of edges. Abrasive jet machining, a flexible process ideal for difficult-to-reach areas, is applied for edge generation. A conoscopy laser with small, 25 m spot size is scanned across the edge for measurement. A B-spline curve is applied to fit the edge profile by an optimization method. Silicon carbide media, 50 micro meters average size, was used to erode a 90º edge on a Work piece of Inconel 718. Effects of blasting time stand off distance between edge and nozzle, and orientation of a nozzle are studied. It is found that the edge radius is limited to below 0.15 mm using abrasive jet machining. Under long blasting durations, the edge radius does not change, but collateral damage around the edge is significant. Long standoff distances and high angles of blasting are beneficial in reducing the level of collateral damage. Edge radius is commonly used as the only parameter to quantitatively describe the edge profile. This study demonstrates that a B-spline can provide a better fit and geometrical description of the edge profile.

15. B.H. Yan, F.C. Tsai, L.W. Sun & R.T. Hsu [2007] studied Abrasive jet polishing on SKD61 mold steel using SiC coated with Wax. This study investigates the abrasive jet polishing (AJP) of electro-discharge-machined and ground SKD61 mold steel specimens using #2000, #3000 or #8000SiC particles and compound additives comprising either pure water, pure water and water-solvent machining oil, or pure water and water wax. The results show that when the polishing process is performed using #2000SiC particles with a pure water and water wax additive, the surface roughness of the electro-discharge-machined SKD61 surface is reduced from Ra: 1.0 micro meter to 0.08 micro meter within 90 min. Polishing the ground SKD61 surface using #3000SiC particles with pure water and water wax, the surface roughness is found to reduce from an initial value of Ra = 0.36 micro meter to a final value of Ra = 0.054_m within 60 min. To improve the polishing performance, a gas atomization technique is employed to fabricate wax-coated #3000SiC particles. The results show that when polishing is performed using these wax-coated particles and a compound additive of pure water and water wax, the roughness of the ground surface is from Ra: 0.36 micro meter to 0.049 micro meter within 45 min. Overall, the results show that the use of wax-coated abrasive particles reduces the polishing time and achieves an improved surface finish.
16. Deng Jianxin, Wu Fengfang & Zhao Jinlong [2007]. Studied Wear mechanisms of gradient ceramic nozzles in abrasive air-jet machining.  The nozzle is the most critical part in abrasive air-jet machining equipment. Ceramics, being with high wear resistance, have great potential as abrasive air-jet nozzle materials. In this paper, a (W, Ti) C/SiC gradient ceramic composite was developed to be used as nozzle\ material. The erosion wear behavior of the (W, Ti) C/SiC gradient nozzle was investigated and compared with a conventional ceramic nozzle. Results showed that the gradient ceramic nozzles exhibited an apparent increase in erosion wear resistance over the conventional ceramic nozzles. The mechanism responsible was found to be that the tensile stresses at the entry region of the nozzle were greatly reduced when compared with the conventional nozzle. This effect may lead to an increase in resistance to fracture, and thus increase the erosion wear resistance of the gradient nozzle. It is indicated that gradient structures in ceramic nozzles are effective to improve the erosion wear resistance of conventional ceramic nozzles in abrasive air-jet machining.

17. A. Curodeau, J. Guay , D. Rodrigue, L. Brault, D. Gagne & L.P. Beaudoin [2008]. Studied Ultrasonic abrasive m-machining with thermoplastic tooling. Ultrasonic machining generally involves the use of high hardness tooling material such as tungsten carbide or Monel to provide efficient energy transmission to abrasive particles and minimize tool wear. In this paper, an alternative tooling material is proposed, whereas visco elastic thermoplastic composite material is used as tooling to conduct ultrasonic micromachining operations. Such tooling is used within the ultrasonic abrasive m-machining (UAµM) process in which a polymer composite tool is initially formed by compression molding, against the very same work piece to be finished, before being used as ultrasonic m-machining tool. To demonstrate the feasibility and applications of the process, basic micromachining experiments were conducted with acetal and high-molecular-weight polyethylene composite polymer tooling. In test 1, a uniform micron scale layer of material was removed in hammering mode from a flat P20 tool steel sample, while in test 2, a similar P20 tool steel sample with initial electric discharge machining (EDM) surface finish was m-polished in contact less machining mode. Analysis of m-machined sample surface profile and progression of surface finish in time are presented along with scanning electron microscope (SEM) pictures of surface details allowing establishing the occurrence of various material removal mechanisms.

18. Yung-Hsun Shih, Yung-Kang Shen, Yi Lin, Keng-Liang O, Rong-Hong Hong and Sung-Chih Hsu [2008]. Studied Micro fluidic Chip Fabrication by Micro-powder Blasting.  Micro-powder blasting uses the high speed gas flow which mixed the micro-particle and gas to impact the brittle substrate by the specialized nozzle. This research combined various diameters Al2O3 eroding particle with a novel masking technique to fabricate the pattern channels in soda glass with a width down to 50 micro meter and depth down to 90 micro meter. The masking technology is consisted by the combination of two polymers: 1) the brittle epoxy resin SU-8 for its photosensitivity and 2) The elastic and thermal-curable poly-(dimethyl siloxane) (PDMS) for its erosion resistance. This research uses the different processing parameters (gas pressure, nozzle/substrate distance, particle size, impact angle, and erosion time) to find the optimal process by single-parameter method. The results show that the micro-channel becomes deeper as the gas pressure increases. The micro-channel decreases the depth as the nozzle/substrate distance increases. The surface roughness of micro-channel of micro fluidic chip is about 5-6 micro meters.
  Chapter 3
VARIABLES IN ABRASIVE JET MACHINING
The variables that influence the rate of material removal and accuracy of machining process are:-
· Carrier gas

· Size of abrasive

· Velocity of abrasive jet

· Mean number of abrasive particle per unit volume of the carrier gas

· Work material

· Stand off distance

· Nozzle design

· Shape of cut

· Type of abrasive

These will be discussed here one by one so as to clarify there effect on material removal rate.

3.1 Carrier Gas

Carrier gas, to be used in AJM, must be not flare excessively when discharged from nozzle into atmosphere. Further the gas should be non toxic, cheap, easily available and capable of being dried and cleaned without difficulty. The gases that can be used are air, carbon dioxide or nitrogen. Air is most widely used due to it’s easily availability and little cost.
3.2 Grain Size

The rate of material removal depends on the size of the abrasive grain. Finer the grains are less irregular in shape, and hence possess lesser cutting ability. Moreover, finer grains tend to stick together and choke the nozzle. The most favorable grain size ranges from 10 to 50 microns. Coarse grains are recommended for cutting, whereas fine grains are use full in polishing. Deburring etc. 
3.3 Types of Abrasive

The choice of abrasive depends on the type of machining operation, for example roughing, finishing etc., work material and cost. The abrasive should have a sharp & irregular shape and be fine enough to remain suspended in air and should also have excellent flow characteristics. The abrasive used for cutting are aluminium oxide, silicon carbide, whereas sodium bicarbonate, dolomite, glass beads etc. are used for cleaning, etching, deburring and polishing. Re- use of abrasive is not recommended as not only its cutting ability decrease, but also contamination also clogs the orifice of nozzle. Abrasive materials are generally classified as: sand, slag, metallic shot or grit, synthetic, or other. The cost and properties associated with the abrasive material dictate its application. 
The following discusses the general classes of common abrasives. Silica sand is commonly used for abrasive blasting where reclaiming is not feasible, such as in unconfined abrasive blasting operations. Sand has a rather high breakdown rate, which can result in substantial dust generation. Worker exposure to free crystalline silica is of concern when silica sand is used for abrasive jet machining. Synthetic abrasives, such as silicon carbide and aluminum oxide, are becoming popular substitutes for sand. These abrasives are more durable and create less dust than sand. These materials typically are reclaimed and reused.

The type of abrasive used in a particular application is usually specific to the blasting method. Abrasive jet machining is usually done with sand, aluminum oxide, silica carbide, metallic grit, or shot.

Table no. 1. Lists common abrasive materials and their applications.
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Glass beads

Aluminum oxide

Crushed glass

Steel shot

Steel grit

Cut plastic

Crushed nutshells

Sizes normally available

8 to 10 sizes from 30- to 440-mesh:
also many special gradations

10 to 12 sizes from 2

6 to 8 sizes (wide-band screening) from
16- to 325-mesh

5 sizes (wide-band sereening) from 30-
to 400-mesh

2 or more sizes (close gradation) from
8- to 200-mesh

2 or more sizes (close gradation) from

10- to 325-mesh

3 sizes (fine. medium, coarse): definite-
size particles

6 sizes (wide-band sereening)

"Applications

Decorative blending; light deburring:
pecning: general cleaning: fexturing:
noncontaminating

Fast cutting: matte finishes: descaling
and cleaning of coarse and sharp
textures

Nongritical cleaning and cutting:
texturing: noncontaminating for
brazing steel and stainless steel

Fast cutting: low cost: short life;
abrasive; noncontaminating

General-purpose rough cleanis
(foundry operation, etc.); pecning

Rough cleaning: coarse textures:
foundry welding applications: some
texturing

Deflashing of thermoset plastics:
cleaning; light deburring

Deflashing of plastics: cleaning: very
light deburring: fragile parts
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Fig. 5  Typical shapes of garnet abrasive used for abrasive jet machining
3.4 Jet Velocity

The kinetic energy of the abrasive jet is utilized for material removal by erosion. The jet velocity is a function of the nozzle pressure, nozzle design, abrasive grain size and the mean number of abrasives per unit volume of the carrier gas and abrasive flow rate. The figure below shows the effect of abrasive flow rate on MRR. 
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Fig. 6
Effect of abrasive flow rate on MRR when mixing ratio is constant

(Module 9Non conventional machining Lesson 35 Introduction and Abrasive jet machining version 2 ME IIT Kharagpur)
3.5 Mean Number of Abrasive Grain per unit volume of the carrier gas 

An Idea about the mean no. of abrasive grain per unit volume of carrier gas can be obtained from the mixing ratio M. It is defined as
M=   Volume flow rate of the abrasive per unit time

           Volume flow rate of carrier gas per unit time
A larger value of M results in high rates of metal removal but a large abrasive flow rate has been found to adversely influence jet velocity, and may some times even clog the nozzle. Thus for a given conditions there is an optimum mixing ratio that leads to maximum material removal.
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Fig. 7

Effect of mixing ratio on MRR
(Module 9Non conventional machining Lesson 35 Introduction and Abrasive jet machining version 2 ME IIT Kharagpur)
3.6 work material

AJM is recommended for the processing of brittle materials, such as glass, ceramics, fiber glass, refectories etc. most of the ductile materials are practically un-machinable by AJM. The rate of material removal has been found to depend on Mohr’s hardness of the material to be machined.  
3.7 Stand off Distance/ Nozzle tip Distance

Stand off is defined as the distance between the face of the nozzle and the working surface of the work. SOD has been found to have considerable effect on the rate of material removal as well as accuracy. A large SOD/NTD results in flaring of the jet which leads to poor accuracy. Figure shows the effect of NTD on the machining accuracy. Figure shows the relationship between the SOD and the MRR. Small metal removal rates at low SOD is due to a reduction in nozzle pressure with decreasing distance, whereas a drop in MRR at large SOD is due to reduction in jet velocity.
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Fig. 8

Effect of stand off distance (SOD) on MRR

(Module 9Non conventional machining Lesson 35 Introduction and Abrasive jet machining version 2 ME IIT Kharagpur)
The relationship between accuracy, and nozzle tip distance is shown below.
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Fig. 9

(Module 9Non conventional machining Lesson 35 Introduction and Abrasive jet machining version 2 ME IIT Kharagpur)
3.8 Nozzle Design
The nozzle has to with stand the erosive action of the abrasive particles, and hence, must be made of materials that can provide high resistance to wear. The common materials for nozzle are sapphire and tungsten carbide. The nozzle should be so designed that the pressure loss due to bends, friction etc. is as little as possible. Depending on the requirements, the nozzles may be either of circular or rectangular cross section.

3.9 Shape of Cut

The accuracy of machining is also dependent upon the shape of cut. It may not be possible to machine components with sharp corners, because of stray cutting in this process.  

  Chapter 4
EXPERIMENTAL SET UP
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Fig. 10 Basic experimental set up
Figure shows the schematic of the proposed experimental set up. A reciprocating air compressor is used to supply compressed air to a reservoir On Opening the valve the air passes from the reservoir to the mixing chamber. A nozzle is attached at the inlet end of the mixing chamber. 

Material removal occurs on account of impact of high velocity stream of abrasive particles mixed with air. Tiny brittle fractures occur and the carrier gas carries away the fractured fragments.

The set up was assisted by many problems in which the main problem was improper design or arrangement of an abrasive dust collector and too many openings which leads to the flow of abrasive outside the working chamber which leads to wastage of abrasive, inconvenient working environment and also causes health hazards to the operator.

There were openings for the extension of the lead screws which are employed to provide movement to the work table in two directions. While working on the machine due to these openings and high pressure of air-abrasive mixture it came out of these openings creating an inconvenient environment for working and also causes loss of lots of abrasive that can be re used.  

In the set up due to the problems stated as above modifications were made so as to improvise the process. And remove the problems associated with the Machine. It was done by developing a flawless setup of the machine. The main problem was to improve the abrasive dust collection system of the machine and another problem was to make it a leak proof system.
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Fig.11 Abrasive Jet Machine  Metal Forming Lab Deptt. Of Mech. Engg.  DCE
Firstly to make it leak proof all the openings were closed thus by shortening the extension of the lead screw and confine it within the work chamber as shown in the figure.
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Fig. 12
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Fig 13
Secondly to improve the post machining collection of abrasive a collection system was designed and employed as shown in the figure.
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Fig. 14
This collection system also assists and improvises the calculations for material removal rate an important machining characteristic to determine the effectiveness of any machining process.
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Fig. 15
For this a plate which is some what in cross shape so that opening could be provided on the four sides and abrasive could fall on the bottom of the machine.
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Fig.16
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Fig. 17
After that a collection system is being attached under the work table which is closed from the bottom side so that abrasive falling from the open space on the four side of the worktable could be easily collected during the working itself.

Also the extensions are shortened in length and are confined within the working chamber so that the openings on the sides of the chamber can be removed. All the joints are also made leak proof.
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***
Fig. 18
A compressor is being attached to supply compressed air that can be used for parametric study.
The present AJM setup is used for the machining of fiber glass sheet which are brittle in nature. The machining was done by varying the three parameters considered, keeping the machining time constant.

The abrasive used is silicon carbide of different sizes. It is one of the most used abrasive powders for machining brittle and hard materials.
[image: image21.png]



Fig. 19 SEM MICROGRAPHS OF SiC MEDIA.

A sapphire nozzle is attached at the discharge end to blast the air abrasive mixture on the work piece at high pressure so that material removal can occur. Sapphire nozzle is not costly as compared to a tungsten carbide nozzle but the working hours if compared then for sapphire it is 30 to 50 hours while for tungsten it could be as high as 300 hours.
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Fig. 20**

 All pictures from Abrasive jet machine metal forming lab deptt. Of Mechanical. Engg. DCE
Chapter 5
REGRESSION ANALYSIS
Regression Analysis is a statistical forecasting model, that is concerned with describing and evaluating the relationship between a given variable (usually called the dependent variable) and one or more other variables (usually called the independent variables). 

5.1 Linear Regression

In statistics, linear regression is a regression method that allows the relationship between the dependent variable Y and the p independent variables X and a random term ε. The model can be written as

Y = β1 + β2 X2 +………. + βpXp + ε
Where β1 is the intercept ("constant" term), the βI are the respective parameters of independent variables, and p is the number of parameters to be estimated in the linear regression. 

This method is called "linear" because the relation of the response to the explanatory variables is assumed to be a linear function of the parameters. It is often erroneously thought that the reason the technique is called "linear regression" is that the graph of       Y = β0 + βX is a straight line or that Y is a linear function of the X variables. But if the model is (for example)

Y = α + βX + γX ²

The problem is still one of linear regression, that is, linear in x and x2 respectively, even though the graph on x by itself is not a straight line.

There are many different approaches to solving the regression problem that is, determining suitable estimates for the parameters.

5.2 Nonlinear Regression

In statistics, nonlinear regression is the problem of inference for a model

y = f (x, θ) + ε
Based on multidimensional x, y data, where f is some nonlinear function with respect to unknown parameters θ. At a minimum, we may like to obtain the parameter values associated with the best fitting curve (usually, least squares).Also, statistical inference may be needed, such as confidence intervals for parameters, or a test of whether of not the fitted model agrees well with the data.

The scope of nonlinear regression is clarified by considering the case of polynomial regression, which actually is best not treated as a case of nonlinear regression. When f takes a form such as

f (x) = ax2 + bx + c
Our function f is nonlinear as a function of x but it is linear as a function of unknown parameters a, b, and c. The latter is the sense of "linear" in the context of statistical regression modeling. The appropriate computational procedures for polynomial regression are procedures of (multiple) linear regression with two predictor variables x and x2 say. However, on occasion it is suggested that nonlinear regression is needed for fitting polynomials. Practical consequences of the misunderstanding include that a nonlinear optimization procedure may be used when the solution is actually available in closed form. Also, capabilities for linear regression are likely to be more comprehensive in some software than capabilities related to nonlinear regression.

5.3 Analysis Technique

5.3.1 Least-squares analysis

Least-squares analysis was developed by Carl Friedrich Gauss in the 1820s. This method uses the following Gauss-Markov assumptions:

· The random errors εi have expected value 0. 

· The random errors εi are uncorrelated (this is weaker than an assumption of probabilistic independence). 

· The random errors εi are homoscedastic, i.e., they all have the same variance. 

These assumptions imply that least-squares estimates of the parameters are optimal in a certain sense.

A linear regression with p parameters (including the regression intercept β1) and n data points (sample size), with n >= (p + 1) allows construction of the following vectors and matrix with associated standard errors:
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or, from vector-matrix notation above,
Y = Xβ + ε 

Each data point can be given as [image: image24.png]


, i = 1,2,3………..n. For n = p, standard errors of the parameter estimates could not be calculated. For n less than p, parameters could not be calculated.
The estimated values of the parameters can be given as


[image: image25.wmf]b

^

 = (XTX)-1 XT [image: image26.png]


 
Using the assumptions provided by the Gauss-Markov Theorem, it is possible to analyze the results and determine whether or not the model determined using least-squares is valid. The number of degrees of freedom is given by m − n.

The residuals, representing 'observed' minus 'calculated' quantities, are useful to analyze the regression. They are determined from
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The standard deviation, [image: image28.png]


 for the model is determined from
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The variance in the errors can be described using the Chi-square distribution:
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The 100(1 − α) % confidence interval for the parameter, βi, is computed as follows:
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where t follows the Student's t-distribution with m − n degrees of freedom and (XTX)ii -1 denotes the value located in the ith row and column of the matrix.

The 100(1 − α) % mean response confidence interval for a prediction (interpolation or extrapolation) for a value [image: image33.png]8



is given by:
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The 100(1 − α) % predicted response confidence intervals for the data are given by:
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The regression sum of squares SSR is given by:

SSR =   ∑ (
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 is an n by 1 unit vector.

The error sum of squares ESS is given by:

ESS = ∑ (yi  - 
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The total sum of squares TSS' is given by
TSS = ESS + SSR

Pearson's co-efficient of regression, R2 is then given as:
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Assessing the least-squares model

Once the above values have been corrected, the model should be checked for 2 different things:

1. Whether the assumptions of least-squares are fulfilled and 

2. Whether the model is valid 

5.3.2 Model assumptions

The model assumptions are checked by calculating the residuals and plotting them. The residuals are calculated as follows:
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The following plots can be constructed to test the validity of the assumptions:

1. Plotting a normal probability plot of the residuals to test normality. The points should lie along a straight line. 

2. Plotting a time series plot of the residuals, that is, plotting the residuals as a function of time. 

3. Plotting the residuals as a function of the explanatory variables, X.

4. Plotting the residuals against the fitted values, [image: image43.png]=)



. 

5. Plotting the residuals against the previous residual. 

In all, but the first case, there should not be any noticeable pattern to the data.

5.3.3 Model validity

The validity of the model can be checked using any of the following methods:

1. Using the confidence interval for each of the parameters, βi. If the confidence interval includes 0, then the parameter can be removed from the model. Ideally, a new regression analysis excluding that parameter would need to be performed and continued until there are no more parameters to remove. 

2. Calculate Pearson’s co-efficient of regression. The closer the value is to 1; the better the regression is. This co-efficient gives what fraction of the observed behavior can be explained by the given variables. 

3. Examining the observational and prediction confidence intervals. The smaller they are the better. 

4. Computing the F-statistic.
Confidence or prediction interval of a regression line
If you check the option box, Prism will calculate and graph either the 95% confidence interval or 95% prediction interval of the regression line.  Two curves surrounding the best-fit line define the confidence interval.

[image: image44.png]



The dashed lines that demarcate the confidence interval are curved. This does not mean that the confidence interval includes the possibility of curves as well as straight lines. Rather, the curved lines are the boundaries of all possible straight lines. The figure below shows four possible linear regression lines (solid) that lie within the confidence interval (dashed).
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Given the assumptions of linear regression, you can be 95% confident that the two curved confidence bands enclose the true best-fit linear regression line, leaving a 5% chance that the true line is outside those boundaries.

Many data points will be outside the 95% confidence interval boundary. The confidence interval is 95% sure to contain the best-fit regression line. This is not the same as saying it will contain 95% of the data points.

The 95% prediction interval is the area in which you expect 95% of all data points to fall. In contrast, the 95% confidence interval is the area that has a 95% chance of containing the true regression line. This graph shows both prediction and confidence intervals (the curves defining the prediction intervals are further from the regression line).
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The analysis of Experimental results obtained of Material removed is analyzed. The data recorded regarding the pressure, abrasive size, stand off distance and material removed is analyzed in terms of obtaining best fit curve equations.
5.4. Concept of DOE 

Design of Experiment (DOE) is a structured, organized method that is used to determine the relationship between the different factors (Xs) affecting a process and the output of that process (Y). Sir Ronald A. Fisher, the renowned mathematician and geneticist first developed this method in the 1920s and 1930. 

Design of experiment (DOE) is to understand the impact of specific changes to the inputs of the process, and then to maximize, minimize or normalize the outcome by manipulating the input. 

DOE is a scientific approach which allows the researchers to gain knowledge in order to better understand a process and to determine how the impacts (attribute effect the output response).

It is usually used when it is unclear what impact a specific set of inputs may have either individually or collectively on process or product. A designed experiment is the simultaneous evaluation of two or more factors (parameters) for their ability to affect the resultant average or variability of a particular product or process characteristic. To accomplish this in an effective and statically proper fashion, the level of factors are varied in a strategic manner, the results of particular test combination are observed, and the complete set of results is analyzed to determine the influential factors and preferred levels, and whether increase or decrease of those levels will potentially lead to further improvement. It is important to note that this is an iterative process; the first round through the DOE process will many times lead to subsequent rounds of experimentation. The beginning round, often referred to as screenings experiment, is used to find the few important influential factors out of the many possible factors involved with the process or product design. The experiment is typically a small experiment with many factors at two levels. Later rounds of experiments typically involve few factors at more than two levels to determine conditions of further improvement. 

· DOE is the most cost effective and efficient method for identifying the key input factors and in understanding the relationship between input factors and response.

· DOE investigate a number of input factors with relatively small number of tests.

· DOE helps to identify important/ critical attributes of a process improvement effort, as they can be characteristics to be examined and the desired effect.

The DOE process is divided is divided into three main phases, which encompasses all experimental approaches. These three phases are:

1. The Planning Phase 

2. The Conducting Phase 

3. The analyzing phase.

The planning phase is when factors and levels are selected and, therefore the most important stage of experimentation. Also the correct selection factors and levels is non statistical in nature and more dependent upon product or process expertise.

The second most important phase is the conducting phase, when the test results are actually collected. If experiments are well planned and conducted, the analysis is actually much easier and more likely to yield positive information about factors and levels.

The analysis phase is when the positive or negative information concerning the selected factors and levels is generated based on the previous two phases. This phase is statistical in nature.

The major steps to complete an effective designed experiment are listed in the following 12 steps. The planning phase includes steps 1 through 9, the conducting step 10, and the analysis phase include steps 11 and 12.

1. State the problem(s) or areas(s) of concern.

2. State the objective(s) of the experiment.

3. State the quality characteristic(s) and measurement system(s).

4. Select the factors that may influence the selected quality characteristics.

5. Identify control and noise factors.

6. Select levels of factor.

7. Select the appropriate orthogonal array (OA) or Ors.

8. Select interactions that may influence the selected quality characteristics or go back to step 4(iterative steps).

9. Assign factors to OA(s) and locate interactions.

10. Conduct tests described by trials in OAs.

11. Analyze and interpret results of the experimental trials.

12. Conduct confirmation experiment.

5.4.1 Problem Identification
Set-up parameters play the most important role to get the desired results. The main objectives of this research are to carry out the experiments by selecting different variables and their levels, applying Taguchi design of experiment and then analyzing the results obtained. Quality characteristics considered is:

· Material Removal Rate

       The set-up parameters, which were used to get the expected results, are

· Abrasive Size

· Stand Off distance

· Pressure

The experiments were conducted according to the Taguchi design of experiment i.e. the number of experiments were done as suggested by the Taguchi design of experiment according to number of factors, their levels and their interactions.

5.4.2 Taguchi's Parameter Design Method 

5.4.2.1 Objective of Taguchi's Method

Taguchi's parameter design can be used to make a process robust against sources of variation and hence improve field performance. If we can design a process that has the robustness to noise factors that largely affects the variance of performance characteristics at a developing stage, it will very possible for the process to have robustness against other noise factors that could not be considered at the development stage. The aim of a parameter design experiment is, then, to identify settings of the design parameters that maximize the chosen performance measure and are insensitive to noise factors.

5.4.2.2 Orthogonal Array 

The goal of a Taguchi's experimental design is to identify optimal settings for all the design parameter, not to build the model fitting of process. Taguchi has achieved substantial payoffs just by conducting many main-effect-only-experiments and checking the results by confirmation experiments. If it can be proved that the system could be described well by even only main effects, the optimal condition determined by only main effect analysis can be very efficient and simple method for optimization. Orthogonal array has been used to minimize the number of test runs while keeping the pair-wise balancing property in Taguchi's method for that purpose. These basic principles serve as a screening filter, which allows the examination of the effects of many process variables, identifying those factors, which have a major effect on process characteristics using a single trial with a few reactions. For example, optimization experiment would normally require each variable to be tested independently. Thus, a trial run investigating the effects and interactions of four reaction variables each at three concentration levels, would require an experiment with 81 (i.e. 34) separate reactions. Using an orthogonal array, however, an estimate of the effect of each variable can be carried out using only nine experiments. Providing that three level are used for each variable tested, the number of experiments required (E) is calculated from the equation E= 2k +1, where k is the number of factors to be tested. If the calculated number is not a multiple of three, then the required number of variables to be tested is the next multiple. Hence, as the number of components to be tested is increased, the reduction in the number of experiments required becomes more marked; e.g. to test 9 factors would require 39 = 19683 experiments to analyze fully, whereas using Taguchi's methods this could be reduced to just 21(2 x 9 + 1 = 19), 19 is not a multiple of three and then next integer divisible by three is 21). 

5.4.3 Use of Orthogonal Arrays (OAs) and Signal-to-Noise (S/N) Ratios

OAs is used to minimize the number of runs (or combinations) needed for the experiment. Many people are of the opinion that the application of OA is TM, but the application of OAs is only a part of TM. S/N ratios are used as a measure of the functionality of the system. S/N ratios capture the magnitude of real effects (signals) after making some adjustment to uncontrollable variation (noise).

5.5 Central composite designs 

There are Central Composite designs for any number of factors, but we will focus on the three factor case. The graphic shows the design as a pattern of points in a coded three-dimensional factor space. The design will be shown as a table on the next page.

[image: image47.png]



The design is called composite because it can be thought of as the union of three separate pieces:

· The eight corners of the cube, which form a two level full factorial

· The six points in the centers of each face, known as the axial points or the star points

· The centre point.

It is called central to distinguish it from non-central designs in which the centroid of the star is displaced relative to the centre of the cube. For brevity we will call it a CC design.
These types of experimental design are frequently used together with response models of the second order. The design consists of three types of points: 

Axial points The 2n axial points are created by a Screening Analysis. 

Cube points The 2n cube points come from a Full Factorial design.

Center point A single point in the center is created by a Nominal design.

For the further description of the designs, the ranges -- minimum and maximum values -- of the control parameters are scaled to [-1, +1]. A graphic of a three dimensional Central Composite Circumscribed (CCC) design is shown in Figure below. Here the axial points are located on a hyper-cube with the radius bi. The cube build by the cube points has side-length of[image: image48.png]


. 
	The example points of a Central Composite Circumscribed design with three input parameters.

	[image: image49.png]W Cube points

® Axial points
Paramter 3
® Center point

Paramter 2

Paramter 1






All three types of Central Composite designs, (Central Composite Circumscribed (CCC), Central Composite Inscribed (CCI), and Central Composite Face-centered (CCF)), have the same structure shown in Figure but with other values for ai and bi. These values of the three Central Composite designs are listed in Table below. 

	Factors a and b for Central Composite designs with full factorial cube points.
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Two of these designs -- CCC and CCI -- have a special characteristic; they are rotatable. A design is said to be rotatable, if upon rotating the design points about the center point the moments of the distribution of the design remain unchanged. For rotatable Central Composite designs the factor [image: image53.png]


must be[image: image54.png]


. 

This table is only valid for a single center point. This is not a big restriction for numerical simulation because the results of two simulations with the same input data have to be the same. 
Chapter 6
ANALYSIS OF DATA 
The setup developed is used to machine fiber glass which is brittle in nature. The machine is used to engrave dimples in the work material with a smooth finish and accuracy. The machining is done by varying different parameters to obtain material removal as an output. The three parameters varied were Stand off distance, Abrasive size and Jet pressure. The variation was done by setting different values for different levels and then data considering MRR as an output was collected corresponding to a particular set of variation of the parameters. This data is further used to study closely the effect of the different parameters considered on the MRR of brittle materials. Machining time is considered to be 90 seconds and is taken constant for each observation taken.
Table no. 2 Values of variables (parameters) for different levels
	Level
	Low
	Medium
	High

	Coding
	-1
	0
	1

	Pressure (kg/cm²)
	9.5
	10.5
	11.5

	Abrasive size
	120
	150
	220

	Stand off distance(cm.)
	1
	1.5
	2


Table no. 3 Values of material removed for different set of parameters
	Pressure (kg/cm²)
	Abrasive size
	Stand off distance (cm.)
	Material removed (gm.)
	Coding

	
	
	
	
	x1
	x2
	x3

	9.5
	120
	1
	0.022
	-1
	-1
	-1

	11.5
	120
	1
	0.081
	1
	-1
	-1

	9.5
	220
	1
	0.008
	-1
	1
	-1

	11.5
	220
	1
	0.049
	1
	1
	-1

	9.5
	120
	2
	0.019
	-1
	-1
	1

	11.5
	120
	2
	0.062
	1
	-1
	1

	9.5
	220
	2
	0.006
	-1
	1
	1

	11.5
	220
	2
	0.032
	1
	1
	1

	10.5
	150
	1.5
	0.047
	0
	0
	0

	10.5
	150
	1.5
	0.048
	0
	0
	0

	10.5
	150
	1.5
	0.047
	0
	0
	0

	10.5
	150
	1.5
	0.047
	0
	0
	0

	9.5
	150
	1.5
	0.026
	-1
	0
	0

	11.5
	150
	1.5
	0.055
	1
	0
	0

	10.5
	120
	1.5
	0.076
	0
	-1
	0

	10.5
	220
	1.5
	0.043
	0
	1
	0

	10.5
	150
	1
	0.052
	0
	0
	-1

	10.5
	150
	2
	0.035
	0
	0
	1

	9.5
	150
	1.5
	0.026
	-1
	0
	0

	11.5
	150
	1.5
	0.055
	1
	0
	0

	10.5
	120
	1.5
	0.076
	0
	-1
	0

	10.5
	220
	1.5
	0.043
	0
	1
	0

	10.5
	150
	1
	0.052
	0
	0
	-1

	10.5
	150
	2
	0.035
	0
	0
	1


Table no. 4 Log Values of MRR, ABRASIVE SIZE(S), PRESSURE (P) & STAND OFF DISTANCE (D)
	Log P
	Log S
	Log D
	Log MRR

	0.977724
	2.079181
	0
	-1.65758

	1.060698
	2.079181
	0
	-1.09151

	0.977724
	2.342423
	0
	-1.3098

	1.060698
	2.342423
	0
	-1.72125

	0.977724
	2.079181
	0.30103
	-1.72125

	1.060698
	2.079181
	0.30103
	-1.20761

	0.977724
	2.342423
	0.30103
	-2.22185

	1.060698
	2.342423
	0.30103
	-1.49485

	1.021189
	2.176091
	0.176091
	-1.3279

	1.021189
	2.176091
	0.176091
	-1.31876

	1.021189
	2.176091
	0.176091
	-1.3279

	1.021189
	2.176091
	0.176091
	-1.3279

	0.977724
	2.176091
	0.176091
	-1.58503

	1.060698
	2.176091
	0.176091
	-1.25964

	1.021189
	2.079181
	0.176091
	-1.11919

	1.021189
	2.342423
	0.176091
	-1.36653

	1.021189
	2.176091
	0
	-1.284

	1.021189
	2.176091
	0.30103
	-1.45593

	0.977724
	2.176091
	0.176091
	-1.58503

	1.060698
	2.176091
	0.176091
	-1.25964

	1.021189
	2.079181
	0.176091
	-1.11919

	1.021189
	2.342423
	0.176091
	-1.36653

	1.021189
	2.176091
	0
	-1.284

	1.021189
	2.176091
	0.30103
	-1.45593


6.1 Regression Analysis: MRR versus PRESSURE, ABRASIVE SIZE, SOD 
By the non linear regression of the given logarithm values of the parameters from table number 4 we get the regression equations as follows. 
The regression equation is
Log MRR = - 5.31 + 6.63 log P - 1.29 log S - 0.358 log D -----(1)
Table no.5 values of regression coefficients
	Predictor             Coef.                 SE Coef.                  T                         P

	Constant          -5.305                 1.326               -4.00                  0.001

	log P                   6.634                 1.079                 6.15                 0.000

	log S                 -1.2908               0.3347             -3.86                 0.001

	log D                -0.3582               0.2956             -1.21                 0.240


S = 0.1552      R-Sq = 73.0%     R-Sq (adj.) = 69.0%
Now the above regression equation (1) can be written as

 MRR= (4.897^-6)   (P^6.63)   (S^-1.29)   (D^-0.358)------ (2)
Equation No. (2) is the equation obtained from the non linear regression of the data obtained and can be used to predict the values of the MRR for varying the other three variables in the equation.
Analysis of Variance
Table no. 6 analysis of variance table
	Source                      DF                SS                MS                  F                     P

	Regression                3          1.30405         0.43468         18.04            0.000

	Residual Error         20         0.48181         0.02409

	Total                         23         1.78586


	Source                DF                         Seq. SS

	log P                    1                        0.91189

	log S                    1                        0.35677

	log D                  1                         0.03539


Table no. 7 Values of fit and residuals
	Obs.         log P    log MRR          Fit           SE Fit        Residual         St Resid

	  1           0.98    -1.6576     -1.5026      0.0832     - 0.1549         - 1.18  

	  2           1.06    -1.0915     -0.9522      0.0820     - 0.1393         -1.06  

	  3           0.98    -2.0969     -1.8424      0.0887     - 0.2545         -2.00  

	  4           1.06    -1.3098     -1.2920      0.0878     - 0.0178         -0.14  

	  5           0.98    -1.7212     -1.6105      0.0788     - 0.1108         -0.83  

	  6           1.06    -1.2076     -1.0600      0.0775     - 0.1476         -1.10  

	  7           0.98    -2.2218     -1.9503      0.0853     - 0.2716        -2.09R 

	  8           1.06    -1.4949     -1.3998      0.0842     - 0.0950        -0.73  

	  9           1.02    -1.3279     -1.4025      0.0324       0.0746          0.49  

	 10          1.02    -1.3188     -1.4025      0.0324       0.0837          0.55  

	 11          1.02    -1.3279     -1.4025      0.0324       0.0746          0.49  

	 12         1.02    -1.3279     -1.4025      0.0324        0.0746          0.49  

	 13          0.98    -1.5850     -1.6908      0.0562       0.1058          0.73  

	 14        1.06    -1.2596     -1.1404      0.0544     - 0.1193       -0.82  

	 15        1.02    -1.1192     -1.2774      0.0498       0.1582          1.08  

	 16        1.02    -1.3665     -1.6172      0.0592       0.2506          1.75  

	 17        1.02    -1.2840     -1.3394      0.0581       0.0554          0.38  

	 18        1.02    -1.4559     -1.4472      0.0519     - 0.0087       -0.06  

	 19        0.98    -1.5850     -1.6908      0.0562        0.1058         0.73  

	 20        1.06    -1.2596     -1.1404      0.0544     - 0.1193       -0.82  

	 21        1.02    -1.1192     -1.2774      0.0498       0.1582          1.08  

	 22        1.02    -1.3665     -1.6172      0.0592       0.2506          1.75  

	 23        1.02    -1.2840     -1.3394      0.0581       0.0554          0.38  

	 24        1.02    -1.4559     -1.4472      0.0519     - 0.0087       -0.06  


R denotes an observation with a large standardized residual

The R-square value of 73% indicated the variability in the MRR was explained by the model with factors P, S and D. Based on the mathematical model, it can be concluded that the Pressure and Abrasive size are the dominant factor in the material removal of brittle materials.
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Graph No. 1
Scatter plot for the log values of MRR versus Abrasive Size and Pressure 
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Graph No. 2

Scatter plot for the log values of MRR versus Stand off distance and Pressure
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Graph No. 3
Scatter plot for the log values of MRR versus Stand off distance and Abrasive Size
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Graph No. 4
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Graph No. 5
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Graph No. 6
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Graph No. 7
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Graph No. 8
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Graph No. 9
Chapter 7
CONCLUSION
The effect of the process parameters viz. Pressure, Abrasive size & Stand off distance on the work material (fiber glass) are investigated for their effect on MRR a non linear equation is being obtained and is presented graphically and from the equation and the  graphs obtained some conclusions are drawn which are as follows:

1. From the regression for MRR vs. Abrasive Size it can be observed that as abrasive size is increased that is the grit no. is increased the MRR decreases i.e. the finer the abrasive less is the material removed. But if the pressure is increased keeping Stand off distance to optimum the MRR can be increased to some extent. It can be observed from the contour plot also that if coarser abrasive is used for machining then MRR is high to a wide range of stand off distance.

2. From the regression for MRR vs. Stand off distance it is observed that as the stand off distance increases material removal decreases. But polynomial regression and contour plot suggests that at optimum value of stand off distance the material removal rate is maximum which decreases if the stand off distance is varied on either side of the optimum value.

3.  From the regression of MRR vs. Pressure it is observed that as pressure is increased the amount of material removed also increases. It is suggested by the contour plot that a coarser abrasive and high pressure are responsible for high material removal if stand off distance is kept to optimum level or slightly below the optimum.
4. It can also be concluded that abrasive jet machining with silicon carbide abrasive is suitable for hard and brittle materials like glass and fiber glass. It can also be concluded that in processes where material removal is of prime importance there stand off distance should be kept optimum, abrasive of coarser size should be used and high pressure should be employed. While in cases where surface finish is of prime importance low stand off distance high pressure and finer abrasive should be used.
5. From the non linear regression the equation obtained can be used to predict the MRR on account of variation in any or all of the three variables of the equation which are Pressure, Stand off distance & Abrasive Size.
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--A--



Abrasive 

Technically any material can be used to abrade another materials. For industrial application, however, abrasives are minerals from a select group of very hard minerals used to shape, finish, or polish other materials.In processes that grind, finish, polish, lap, or hone, abrasives are typically limited to synthetic minerals with the exception to diamond and garnet. Common abrasive minerals appear in a various crystalline forms of aluminum oxide, silicon carbide, zirconium oxide, diamond and cubic boron nitride. As used in polishing or blast cleaning, an abrasive can be any substance used to remove material including ice, solid carbon dioxide, walnut shells, plastic, sand or aluminum oxide. Abrasives such as aluminum oxide, silicon carbide and zirconia are typically called conventional abrasives due to their long history of use.  

Abrasive Blast Cleaning 

A process that uses a high-pressure stream of air of water to propel abrasive particles at the surface of a workpiece. Purposes vary from cleaning to removal of coating or surface contaminates to preparation for painting or some other surface treatment. Abrasives range from silica or sand to garnet or aluminum oxide abrasives depending upon applications. Density, relative hardness, cost, and friablilty are important characteristics that determine the usefulness of a particular abrasive. 

Abrasive Cut Off Saw 

A thin resin bonded, reinforced grinding wheel used to saw or cut off metal from bar stock. 

Abrasive Grains 

The individual grits of abrasive mineral, also called grit, or abrasive mineral. 

Alumina 

Another term for aluminum oxide 

Aluminum Oxide 

The most common industrial mineral in use today. A synthetic form of the natural mineral mineral corundum. Although natural corundum was important historically, modern industrial abrasives use aluminum oxide produced synthetically by refining bauxite ore in a variety processes. In one process crude aluminum oxide is made by melting bauxite to form a fused aluminum oxide, which is later crushed and sized. The various types of fused aluminum oxides are distinguished by levels of chemical impurites remaining in the fused mineral(Titanium and Chromium oxides are typical).
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Boron Carbide 
A very hard material close in hardness to diamond. However because boron carbide is very friably it has limited application in bonded and coated abrasive products. However it has application as loose abrasive for finishing very hard materials such as tungsten carbine in molds or dies and is commonly used in nozzles for abrasive water jet or sandblasting applications. 
Burn 
Thermal damage and physical changes in a work piece caused excessive temperatures during grinding. Causes are typically improper use or selection of metalworking fluid, incorrect wheel formulations, or improper speeds for the work material are typical causes for work piece burn. Burning is usually a associated with changes in metallurgical properties and other physical characteristics such as discoloration of the work piece. Contact for resources on this subject. 
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Coated Abrasive 
Abrasive products made by adhereing a thin layer of abrasive grains to a cloth, paper, or film backing. Produced initally as large "jumbo rolls" that are later converted into belts, sheets, discs, etc by converters . 
CBN 
Cubic Boron Nitride (also written as cBN). Boron nitride with a cubic crystalline structure which with diamond comprise the class of abrasives known as superabrasives. With a hardness second to diamond and no equivalent natural mineral, CBN is produced synthetically in a high temperature, high pressure process similar to synthetic diamond. Used as an abrasive mineral, a hard coating material, and machining insert, CBN's primary value in grinding if for machining of ferrous materials which chemically reaction with diamond. 
Conventional Abrasive 
A group of abrasives first introduced in the early 1900s to become the most common abrasive used in wheels and coated abrasives. These include aluminum oxide and silicon carbide as well as aluminum oxide-zirconia abrasives. Ceramic abrasives, which are a recent innovation in abrasives, are sintered microcrystalline form of aluminum oxide. 
Corundum 
A natural mineral whose principle composition is aluminum oxide. Historically a mineral mined in the Middle East and India for use in grinding wheels, Corundum has been replaced by synthetic abrasive minerals, which offer more uniform and consistent physical properties. 
Cushioned Abrasive 
Usually classed as a coated abrasive because it has a thin layer of abrasive on a flexible backing, this type of abrasive product contains a resilient layer of material added between the backing and abrasive grain. This highly flexible and conformable product is used in finishing and polishing metals and plastics such as Plexoglass. 
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Deburring 
A process to remove burrs --undesirable protusions and metal edges that result from machining operations. Methods include hand and automated processes that use files, rasps, bonded abrasives, coated abrasives, and other tools.Coated abrasives, nonwoven products and stones are typically used for deburring. 
Diamond 
A natural and sythetic mineral composed of carbon atoms in a specific crystalline structure. Industrial diamonds include natural stones for tools to dress grinding wheels. Synthetic diamond is manufactured in a special high temperature, high pressure process and subsequently treated to make a variety of abrasive grains for use in grinding of nonferrous materials and ceramics. In its polycrystalline form, diamond also has a variety of uses including cutting tool inserts. 
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Finish 
A measurement of surface characteristics of a workpiece. Historically a visual characteristic, finish has become also a functional property of the surface. In common practices finish is a measure of the average roughness Ra as determined with a surface profilometer. Contemporary metrology includes a large number other parameters that are statistically derived to describe peaks, valleys, lay, bearing area, etc. of the surface profile. 
Flint 
An abrasive made from the natural mineral high in silicates. With a hardness much less than garnet or aluminumm oxide, flint has no applications in metalworking and only a few in woodworking for the companies that still use old finishing techniques. 
Free Abrasive Machining 
Similar to a lapping process where loose abrasives are used to prepare precion flat surfaces. Abrasives machining uses coarser abrasives and harder plates to achieve greater stock removal. With advent of superabrasives, the process is being replaced by fine grinding when justified. Disc grinding is a similar but less precise machining process. 
Friabilty 
A characteristic of abrasives grains that describes their tendency to fracture or break apart when hit or placed under pressure. Highly friable abrasive cut more easily, but wear faster than other abrasives. Friable abrasives are usually choosen for soft, gummy materials or where heat produced by worn grits must be carefully controlled. Friability is usually related to the levels on impurities in the manufactured abrasive mineral. 
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Garnet 
A natural mineral found either igneous mineral deposits or in concentrated pockets of alluvial deposits of old river beds. Once a standard abrasive for grinding wheels and coated abrasives, garnet today is used in abrasive waterjet applications and a few coated abrasives products. 
Grade 
Part of the standard grinding wheel marking indicating the relative hardness of the wheel bond structure. 
Grain Size 
The second element in standard grinding wheel marking system or, in a more general meaning, the average size of abrasive grains used to make a wheel, coated abrasive or other product. Traditional sizing is based on mesh sizes where a number indicates openings per inch of screening mesh. However, a number of other measurement systems are also common such as measurements for very small grit size in units of millionth of a meter, or micron. 
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Media 
The abrasive pellets, stones or other materials used in mass finishing. 
Micron 
A unit of measure of length equal to one millionth of a meter. 
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Polishing 
A process using very fine abrasive minerals for little or no material removal where visual appearance is the primary purpose. Typically, polishing is an art using special compounds and abrasive products, recent advancements in very fine grained coated abrasives can produce some polished surface. Force per unit area for polishing are the lightest of all processes that use abrasives. 
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Silicon Carbide 
A synthetic abrasive first developed in in the late 1800s, which is harder than aluminum oxide. Originally thought to be form of corundum many product were name carboundum, a name used by many grinding wheel companies. The green and black forms are distinguished by levels of purity, and silicon carbide is typically applied to nonferrous applications. The sharp and easily fractured abrasive grains are also used in nonmetal applications such as the wood and leather industries. 
Specialty Coated Abrasives 
A group of small converted coated abrasives that include cylinders, cones, pugs, flap wheels, etc. Typically these items are applied with hand held tools for a variety of finishing and deburring applications. 
Super abrasives 
Diamond and CBN abrasives, so called super because of the extreme hardness, "super" performance, and long life. These premium abrasives contrast with more traditional "conventional" abrasives. The name, however, does not denote superior abrasive that can applied universally. Conventional abrasives are clearly better for some applications. 
Surface Conditioning Abrasive 
Products made with nonwoven abrasives. Formed into cleaning, unitized, or convolute wheels, surface conditioning abrasives can be made with various hardness and grit densities. See Nonwoven 
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Zirconia 
An oxide of zirconium that has use as an abrasive. Rarely used alone,it is usually applied in 40% or 60% mixtures with aluminum oxide. 
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