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New materials with superior mechanical properties, such as increased strength 

and hardness, have been developed to allow for new and improved products. However, 

the mechanical properties that make these materials useful also makes them difficult to 

process using conventional methods. New machining processes need to be developed to 

generate products from these materials. Thus, such processes need to be characterized 

better understand the process effects on the workpiece.  

Characterization of manufacturing processes can be done empirically or 

mechanistically. In this research, two machining process were investigated to compare 

the advantages and drawbacks of each characterization method. The first involved 

electrically-assisted grinding (EAG) of tool steel. In EAG, an electrical spark is generated 

between a metal-bonded grinding wheel and a workpiece to aid in material removal. An 

EAG prototype was successfully developed to empirically investigate the effects of 

current and electricity on hardness, surface roughness, cutting force, and tool wear. 
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Applied current and voltage were found to cause deleterious tool wear, but were found to 

have no measurable effect on other process attributes.  

The second machining process investigated was laser ablation of a technical 

ceramic. A mechanistic model based on conservation of energy was developed to 

characterize the process. The model was used to predict depth of cut when fabricating 

microchannels in silicon carbide. Experiments were conducted to further refine the 

model, by examining the variance between the model and experimental results. Variance 

was found to be based on scan speed, with larger variance at low scan speeds and little 

variance at higher scan speeds. A variance correction term was empirically derived and 

used to refine the model. Over scan speeds from 100 to 1500 mm/sec and a 100-1000 W 

power range, the refined model predicted average variation of 9% from experimental 

data. 
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CHAPTER 1: INTRODUCTION 

 

1.1 MOTIVATION 

Over the years, engineers and scientists have developed new materials with 

improved mechanical properties. One hundred years ago, many hardened tool steels, 

super alloys, and technical ceramics did not exist or had only recently been created. 

These new materials have allowed engineers to greatly expand their design space and 

allow for creation of new and improved parts. However, the improved mechanical 

properties of these materials have led to several challenges when machining.   

For example, tools steels have a high strength which requires large cutting forces 

when machining. In turn, high cutting forces require larger machines, more energy, and 

slower production rates. High cutting forces also generate large amounts of heat, which 

causes high tool wear, poor surface integrity, and accuracy issues. Similarly, many 

ceramics are very hard materials. Hard materials generate large amounts of tool wear, 

need specialized tooling, and require low production rates.  

Industry has developed imperfect solutions to handle these challenges. For 

example, tools steels are generally machined with large volumes of metal working fluids. 

These fluids add cost, cause negative environmental impacts, and present health risks to 

employees. Machining of ceramics is generally limited to grinding with diamond tools. 

This tooling is expensive and limits the geometries that can be produced.    

New machining methods need to be developed to overcome these challenges. For 

example, if machining methods could be developed that produce hardened steel parts of 

high quality without metal working fluids, then parts would be produced less 
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expensively, have a reduced impact on the environment, and be safer for employees. A 

ceramic machining process that could reduce tool wear would allow for parts to be 

machined out of stock into geometries previously not possible. However, the mere 

development of these methods is not enough to be useful to engineers or to gain broader 

adoption by industry. The processes need to be characterized so end users are able to 

predict how the various operating parameters will affect the workpiece when used for 

commercial production.  

  

1.2 BACKGROUND  

There are two categories of approaches to solve the problems associated with 

difficult-to-machine materials. The first category are those solutions that are already 

developed and readily available to industry. One example of these is to modify 

parameters of the machining process. If a material requires high cutting forces, one can 

reduce the force by reducing the feed rate. This, however, will increase the cost to make 

the part by increasing cycle time. A second example is to use large amounts of lubricants 

and coolants to reduce forces and remove heat generated by machining. These fluids 

create added cost to the final part, have environmental issues in their production and 

disposal, and can create health problems for employees. A third examples is to change the 

tooling. To reduce tool wear, one can switch to more expensive tools, such as diamonds. 

These are tools are expensive, thus will increase the operating cost of the part [1].   

The solutions presented above all have drawback, and are thus undesirable. A 

second category of solutions to overcome these issues is to develop new machining 

methods. There are several methods that have been proposed for machining difficult to 
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machine. One set of new processes involve changing the material properties prior to 

machine. This is often done by heating the workpiece. Increasing the temperature of the 

workpiece reduces the strength and hardness, which lowers the cutting force. Examples 

of these include bulk heating, laser assisted machining, and electric hot machining. These 

present several problems. First, there are issues with thermal distortions. Second, material 

properties may change due to annealing. Third, some of these require special equipment 

which can be expensive.  

Another set of new machining processes change the mechanism for material 

removal. Examples of this include electric discharge machining (EDM) and laser 

ablation. EDM uses an electrical spark between the workpiece and an electrode to 

vaporize some of the material. This is done in a dielectric bath. However, the dielectric 

fluid has similar sustainability problems as MWF. Laser ablation uses heat generated by a 

laser to vaporize and remove material [2]. Laser ablation can be used metals, polymers, 

and ceramics, however, accurate models do not exist for all materials. 

Not only do these new processes need to be developed, they also need to be 

characterized so the end user is able to determine the effects that the process has on the 

workpiece. There are two common ways one can characterize a process: empirically or 

mechanistically [3]. An empirical characterization will rely on experimental or 

observational data. The model developed from this type of characterization will be 

specialized and only applicable only over a specific range of parameters. An example of 

these models for convective heat transfer coefficients over specific geometries. 

Mechanistic models, also called analytical models, will be based on fundamental 

principles. These are theoretical in nature, and require experimental data to validate the 
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model. An example is Bernoulli’s principle, which is derived from the conservation of 

energy. 

 

1.3 PROBLEM STATEMENT 

As stated in Section 1.2, new machining methods are needed to overcome the 

challenges presented by difficult to machine materials. In order for these methods to be 

useful, they need to be characterized. This research attempts to characterize two different 

manufacturing processes (i.e., grinding and laser machining) using two different 

characterization approaches (i.e., empirical and mechanistic), and compares the benefits 

and drawbacks of each approach.  

First, the grinding process explored is electrically-assisted grinding (EAG) as a 

means to reduce cutting forces in grinding tool steel without the use of metal working 

fluids. The EAG process combines electrical discharge machining (EDM) with abrasive 

grinding. This process generates a spark between the grinding wheel and workpiece 

which facilitates material removal. The effect of applied voltage and current on a variety 

of process attributes (e.g., forces, wheel wear, and surface roughness) are assessed by 

developing a process prototype and evaluating experimental data.   

Second, the laser machining (ablation) process is explored as a means to create 

mesoscale features into silicon carbide (SiC). During ablation, a laser supplies sufficient 

energy to a workpiece to remove material (e.g., through spallation, vaporization, or liquid 

expulsion). Laser ablation has been demonstrated to effectively machine ceramics (e.g., 

Al2O3, glass). Accurate models for laser machining of SiC do not exist, however, which 

limits engineering applications, especially for complex geometries. A mechanistic laser 
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energy model is developed to predict the depth of microchannels generated in an SiC 

workpiece by laser ablation. The model is then validated with experimental data.  

 

1.4 RESEARCH TASKS 

To accomplish the above studies for EAG and laser machining, several research 

subtasks were undertaken within two primary tasks, as described below. 

 

1.4.1 Exploration of Electrically Assisted Grinding 

The first subtask undertaken in characterizing the EAG process was to build a 

prototype capable of performing a set of supporting experiments. This involved creating a 

design that could generate a spark between a grinding wheel and a metal workpiece. The 

prototype needed to be able to measure forces online with a dynamometer. The machine 

and dynamometer had to be insulated from the electricity.  

The second subtask was to determine the appropriate abrasive grinding 

parameters at which to run the EAG experiments. The abrasive grinding parameters 

varied were depth of cut and table speed. The parameter values to be used in the EAG 

experiments were those that created the lowest surface roughness without changing 

hardness. A wheel wear baseline also needed to be determined at these parameters. 

The third subtask involved the design and implementation of a set of experiments 

to characterize the EAG process. During experiments, a channel was ground into a tool 

steel workpiece at the previously determined depth of cut and table speed. Power was 

applied through the grinding wheel and workpiece circuit at varying currents and 

voltages. Forces were measured while the cut is being performed. Then, surface 
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roughness and hardness were measured on the ground surface. Finally, using the 

maximum current and voltage settings, wheel wear is measured and compared to grinding 

conditions with no electrical power applied.  

 

1.4.2 Exploration of Laser Ablation of Silicon Carbide 

The first subtask undertaken in characterizing laser ablation involved developing 

a mechanistic model of the material removal process to predict depth of cut based on the 

applied laser energy. The laser ablation model is based on the conservation of energy 

principle, which posits that energy cannot be created or destroyed. Thus, the total energy 

supplied by the laser must be equivalent to the energy required to perform material 

removal and for energy losses.  

The second subtask pursued validation of the laser ablation energy balance model 

for machining of microchannels into SiC. First, a set of laser machining experiments was 

designed to investigate the effect of scan speed and power on volume of material 

removed. The depth and the width of the machined channels were measured under 

magnification. Next, the machined geometries were compared to the model-predicted 

depth and nominal width based on beam waist and tool path. This information was used 

to refine and validate the model. 

 

1.5 THESIS OUTLINE 

This thesis is organized into five chapters. The first chapter presents the problems 

faced in industry concerning processing of difficult to machine materials. It gives an 
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introduction to the two processes described in this research, i.e., electrically-assisted 

grinding (EAG) and laser ablation.  

The second chapter provides a review of the literature, and discussed five key 

topics. First, issues faced by industry with regard to difficult-to-machine materials are 

presented. Second, several approaches for improving the machinability of these materials 

are discussed. Next, prior investigations of the EAG process are summarized, followed 

by a similar discussion of previous work on laser ablation. Finally, the review of the 

literature is summarized.  

The third chapter reports the development and characterization of an EAG 

process. This chapter covers the design and construction of the prototype, selection of 

processing parameters, and initial experimentation. In addition, the results of the initial 

experimentation were used to empirically characterize the effect of current and voltage on 

process attributes.  

The fourth chapter reports on laser ablation, and presents the development of a 

mechanistic model to determine depth of a microchannel produced by laser ablation of 

silicon carbide. It then verifies, refines, and validates the model by comparing 

experimental results to the modeling results.  

The fifth chapter first summarizes the work and findings from the research 

presented in Chapter 3 and Chapter 4. Next, it compares the two different methods 

applied to characterize a process. Finally, opportunities for future work to improve the 

operation and modeling of the two processes are discussed.  



8 
 

 

 

CHAPTER 2: LITERATURE REVIEW  

 

2.1 INDUSTRY CHALLENGES OF DIFFICULT TO MACHINE MATERIALS 

Difficult to machine materials present several problems in industry. These include 

thermal distortions, tool wear, surface finish, and high cutting forces. The most common 

way industry deals with these issues is to use large volumes of metal working fluids 

(MWF), which removes heat and acts as a lubricant [1]. However, MWF has 

sustainability issues, such as high economic cost, negative environmental impacts, and 

hazards to employee’s health. To illustrate that these problems do exist, several research 

articles are presented that focus on manufacturing issues. Then, to illustrate why new 

machining methods are needed, the challenges with the most common solution, MWF, 

are presented. 

 

2.1.1 Machining Process Challenges  

Problems such as thermal distortions, surface finish, residual stress, and tool wear 

are well documented problems that occur when processing difficult to machine materials. 

The purpose of reporting the following papers is demonstrate that perfect solutions to the 

issues associated with manufacturing difficult-to-machine materials do not exist. If these 

were not problems, research would most likely not be conducted on these challenges.  

The first issue to consider is related to thermal distortion. When machining, heat 

is generated that will cause a workpiece to expand. When the workpiece expands, the 

location of the point being machined relative to the origin changes. This means that the 

machine is not cutting at the point that the CNC code is intending it to. Research into 
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predicting thermal distortion has been conducted by Sukaylo et al. [4]. The authors 

developed a computer model to measure thermal distortions in a 20 Mo-Cr S4 steel 

workpiece when dry-machined with a CBN tool in CNC lathe. They developed a finite 

element model with a constant node and element number to predict thermal expansions.  

A heat transfer coefficient from the workpiece to air was assumed, and heat transfer and 

conductivity parameters for the tool and workpiece came from previously generated data. 

Simulations were created at different speeds to generate different amounts of thermal 

expansion. These where then compared to experimental values. The simulation was 

found to be within 10% of experimental data. Their results showed that expansion 

increases with velocity. The expansion was also not the same at all points along the 

surface, the locations farthest away from the origin experienced the greatest thermal 

expansion.  

Poor surface finish is another issue that can occur when machining difficult to 

machine materials. Tosun and Muratoglu [5] investigated the surface integrity of Al/SiCp 

metal matrix composites when drilled with HSS, TiN coated HSS, and solid carbide. 

They varied the speed, feed rates, and material conditions, and measured the surface 

roughness of the holes. Their results showed that in general, as the hardness of the drill 

bit increased surface roughness decreased. The difference was more pronounced at harder 

materials, and less so at softer. The solid carbide tool was the hardest of those tested, and 

thus generally produced the smoothest surface. They also found that surface roughness 

decreased as feed rates increased. This was attributed to decreased tool wear. Wear is a 

function of area and time; since area is a constant, as time decreases so should wear. They 

also found that as the hardness of the matrix played a key role in surface finish. For 
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example, HSS performs worse than the other drill bit materials for harder composites, but 

performed slightly better than them on softer ones. 

Residual stresses are also an issue when machining difficult to machine materials. 

These stresses can cause part quality problems such as warpage and shortened fatigue 

life. Outeriro et al. [6] analyzed the residual stresses in Inconel 718 and 316L stainless 

steel produced when turning with coated and uncoated cemented carbide tools. They 

measured the residual stress parallel and perpendicular to the feed using X-ray 

diffraction. The authors found that machining produced high tensile stress. For Inconel, 

the authors found there to be a 1000 MPa residual stress in the parallel direction and 880 

MPa in the perpendicular. For the 316L, there was a 950 MPa stress in the parallel 

direction and a 600 MPa stress in the perpendicular 

Tool wear is also a major concern when machining difficult to machine materials. 

Tool wear can effect accuracy and increase cost due to new tools and the labor spent 

changing them. Che-Haron [7] investigated tool life and surface integrity when turning a 

titanium alloy. Titanium is a poor heat conductor. Heat that is generated by the cut is 

transferred more easily to the tool than throughout the workpiece as compared other 

metals. In addition, while other materials may soften when machined due to excess heat, 

which reduces cutting forces thereby reducing heat generation, titanium retains its high 

strength at high temperatures. The author turned Ti-6AL-2Sn-4Zr-6Mo and cut it with a 

tungsten carbide tool. They varied feed rate and cutting speed and measured flank wear. 

Their results showed that both cutting speed and feed rate have a significant effect on tool 

life. Increasing cutting speed from 60 to 100 m/min decreased tool life from 4.5 minutes 
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to 40 seconds. Higher speeds resulted in a tool life of less than 10 secs. Increasing feed 

rate from .25 to .35 mm/rev decreased tool life by over 50%. 

 

2.1.2 Metal Working Fluid Issues 

One way to deal with the high cutting forces and heat generated when machining 

difficult-to-machine materials is to use a metal working fluid (MWF). MWFs provide 

lubrication that can decrease cutting forces and remove heat from the workpiece. Many 

MWFs are produced from petroleum productions. They can also be produced in an 

emulsion of water (to improve heat capacity), with corrosion inhibitors and biocides. 

There are often sustainability issues associated MWF due to their production and 

additives.   

Li et al. [8] reviewed the literature on the negative health effects of MWF from 

the 1950s to the mid-1990s. The papers they reviewed covered health issues such as 

cancer, nonmalignant respiratory disease, and skin disorders. The studies showed a slight 

elevated risk (12% increase above normal rates) for cancer of the digestive tract. 

However, this was not consistent across all research; some showed higher levels of 

excess cancer while others did not report any difference. Some cancers, such as scrotal 

cancer, has long been associated with mineral oils; these cancers were found to be present 

in the studies. However, there was not an increase in all cancers. For example, an 

increase in lung cancer rates from the use of oil based cutting fluids was shown to be 

improbable. Other, nonmalignant respiratory disease such as asthma, and cough and 

phlegm did appear to be related to oil aerosols. In addition, the authors report that 

bacteria antigens can cause hypersensitivity pneumonitis.  The most common reported 
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health issue in the review were skin problems. This included issues such as dermatitis, oil 

acne, and eczema. These are associated with the biocides added to the MWFs. The 

majority of the machinists in one study had mild dermatitis, but were able to continue 

their work. This research shows that MWFs can increase both the risk of serious health 

disorders, such as certain cancers, as well as increasing the risk of non-life-threatening 

disorders, such as dermatitis.  

Cuttings fluids also have negative environmental impacts. Clarens et al. [9] 

compared the life cycle emissions and energy consumption for MWF systems. They 

compared four systems: petroleum in water, rapeseed oil in water, petroleum in air, and 

rapeseed in carbon dioxide. They compared the four systems based on their water usage, 

aquatic toxicity, solid waste, land use, non-renewable energy consumption, global 

warming potential, and acidification. They used one year of usage as their functional unit 

since delivering the MWF in water and in gaseous form will require different volumes. 

Their results showed large differences among metrics for the different systems, which 

suggest that the person choosing the system needs to make several tradeoffs. For 

example, petroleum and rapeseed oil in water used about 5500 kg of water per year, 

while petroleum in air used about 200 kg and rapeseed in CO2 used about 500. However, 

the global warming potential was highest for petroleum in air (~5100 MJ/yr.), followed 

by rapeseed oil in CO2 (~4750 MJ/yr.), then rapeseed in water (~4100 MJ/yr.), and 

finally petroleum in water (~3700 MJ/yr.). The GWP potential largely follows this trend 

also. The reason for the high energy usage with the gaseous systems was the need to run a 

compressor, which used a large amount of energy. This paper, and most like it, do not say 

explicitly whether these environmental impacts are acceptable. What it does show is that 
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negative environmental impacts exist, and by eliminating MWF, one may be able reduce 

the overall impact of machining.  

The third sustainability issue with MWF is their cost. Klocke and Eisenblatter 

[10] make a case for dry cutting based on the economic cost of cutting fluid. This 

research showed different aspects of dry machining, and how it can be accomplished for 

various materials. The relevant part of this research is that it referenced previous research 

by the authors where they determined from case studies in the German automotive 

industry that between 7-17% of the final cost of a part comes from metal working fluids. 

Unfortunately, an English translation of their previous research could not be found so the 

exact method to determine the percent is unknown.  

Bierma and Waterstraat [11] took a different approach to measuring the cost of 

cutting fluid. They looked at the total cost of ownership (TCO) of MWF systems. TCO is 

the ratio between the purchasing cost and total cost to operate a system, and include 

commonly overlooked costs such as maintenance, power for pumps, and consumables. 

The authors took three plants as case studies and calculated TCO, as well as the benefits 

(also as a ratio) from the operating system. In the first plant, the authors found it costed 

roughly 3.5 times the purchasing cost of the MWF to run the system, while the savings 

were between 2 to 5 times the purchasing costs. For the second plant, the cost ratio was 

1.5 while the benefit ratio was 0.3. For the third plant, it was 5.5 for the cost and 5.2 for 

the benefit. All of the plants had an average cost of running the system equal to or higher 

than the benefits. This would suggest that MWF cost more than the benefits they produce.  
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2.2 APPROACHES TO IMPROVE MACHINABILITY 

Sections 2.1 shows that issues with machining difficult to machine materials are 

still an active area of research and that the common solution, copious amounts of MWF, 

has several issues. This section demonstrates several different methods used to improve 

machinability of difficult-to-machine materials. 

One way to improve machinability is to use cryogenic machining. Many of the 

problems associated with difficult to machine materials are temperature related. For 

example, high cutting forces generate high amounts of heat, which can lead to excessive 

tool wear. Some materials, such as titanium, do not readily conduct heat away from the 

cutting zone, which exacerbates this problem. Cryogenic cooling removes heat from the 

tool without the aid of cutting fluid. Wang and Rajukar [12] investigated wear and 

surface roughness of silicon nitride, titanium alloys, Inconel, and tantalum when cooling 

a tool with liquid nitrogen (LN2). Some cryogenic machining methods simply spray LN2 

into the cutting zone. The method the authors used had a hollow PCBN cutting insert and 

pumped LN2 through the tool. For the experiments the author maintained a constant set 

of machining parameters and only changed the workpiece and coolant supply (on/off). 

Their results show dramatic improvements in tool life. For example, when machining 

silicon nitride, a 40 mm cut without coolant produced 2.8 mm of flank wear; with coolant 

they were able to machine at least 160 mm with 1.4 mm of flank wear (no increase was 

seen beyond 1.4 so it is presumed that a longer cut could happened). This trend continued 

for the other workpieces. Although the results are positive, there are still some issues with 

the process. Providing such extreme coolant could shrink the workpiece while machining 

and create accuracy problems. Also, costs are not addressed. This process has the 
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potential to be expensive since specialize tooling (hollow inserts with small inlets and 

outlets) is required, large amounts of energy may be needed to maintain coolant 

temperature, and additional equipment (e.g., tanks, pumps, compressors) will be required.  

One way to improve the machinability of materials is change the material 

properties of the workpiece. Heating a workpiece will softens the metal, thus reducing the 

required cutting forces. There are several different methods that can accomplish this, such 

as putting the part in a furnace or heating it with a torch. However, these bulk heating 

methods can lead to thermal distortions, changes in microstructure and material 

properties, and large amounts of wasted energy to heat portions of the part that are not 

machined [1].  

An example of bulk heat was performed by Sanchez et al. [13]. The authors 

heated a heat resistant austenitic alloy steel (SAE XEV-F) using infrared radiation. The 

infrared radiation was supplied by 3 quartz lattices that surround the workpiece while it 

was turned in the lathe. Each lattice was supplied with 500 watts. A cemented carbide 

cutting tool with a three layers of coatings of different materials (TiCN, Al2O3, and TiN) 

was used to cut the workpiece. Cutting speed, feed rate, depth of cut, and power on/off 

were varied and tool life, workpiece hardness, and cutting force were measured. At the 

minimum cutting speed (100 m/min), depth of cut (.4 mm), and feed rate (.2 mm/rev), 

there was no decreases in force. A 30% force reduction was at the most aggressive feed 

rate (225 m/min, 1.4 mm, and .5 mm/rev). They also found that tool life nearly doubled 

from 550 minutes to 1000 minutes. Finally, they found that surface integrity improved. 

The hardness when hot machining increased from 5 to 20% depending on the machining 

conditions; this was attributed to the lower forces allowing for less plastic deformation in 
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the subsurface layer. Despite the improvements that this method has shown, there are 

several issues. First, this process heats the entire workpiece, therefore, thermal distortions 

would be expected. Also, there is no mention of how much the large quartz lattice cost; 

intuitively, these seem complicated and expensive. Finally, it is unclear if this process 

will work on other machining methods, such as milling. By having stationary points of 

heat supplied to a rotating workpiece, one can expect uniform heating. However, if the 

workpiece is stationary, as in milling, one would expect to have thermal gradients.  

Induction heating has also been used to heat workpieces for machining. A 

conductive coil is placed around the part with clearance between the part and coil to 

enable an induced current in the part. When electricity is passed through the coil, the part 

is heated as a result of inductance. Research into the application of this method was 

performed Bali et al. [14]. They investigated the effects of temperature on hardness and 

surface roughness for turning a titanium workpiece. They determined that surface 

roughness decreases as the part surface temperature increases. However, hardness of the 

final part also decreased as temperature increased, since prolonged induction heating is a 

bulk heating process and leads to annealing of the part. Although more localized than 

other bulk heating methods, this process still presents deleterious annealing of the metal, 

affecting part quality. If localized heating can be done only at the chip-tool interface, the 

benefits of bulk heating may be obtained without the drawbacks of bulk heating. 

One method that localizes heating is laser-assisted machining (LAM). LAM uses 

a laser beam to heat the workpiece directly in front of the cutting tool. Anderson et al. 

[15] investigated LAM on Inconel 718 while turning and performed an economic 

assessment of the process. They used a 1.5 kW CO2 laser and varied speed, feed, and 
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laser power. They measured tool wear, forces, and surface roughness. They used the 

force measurements to calculate specific cutting energy. At maximum tested power (900 

W), the specific cutting energy reduced by 25%. The surface roughness improved from 

1.7 μm to 0.09 µm. As power increases, the authors found decreases in tool wear: notch 

wear decreased from 0.6 mm to 0.4 mm, primary flank wear decreased from 0.09 mm to 

0.06 mm, and secondary flank wear decreased from 0.27 mm to 0.09 mm.  

Although the experimental data showed improvements, the validity of their 

economic assessment is suspect. To perform the assessment, they calculated the cost to 

remove one meter of material at a constant depth for conventional machining and LAM. 

To calculate cost they assumed that conventional machining would cost $100 per hour 

and that LAM would cost $130 per hour. They then determined how long each process 

would take to remove the 1 meter of material. Finally, they calculated the expected tool 

life and determined the cost of tools to perform the required material removal. They 

summed these individual values to determined cost, and they found that LAM is about 

50% less expensive than conventional machining. These may at first seem promising, but 

a critique of their analysis shows several flaws. For example, the operating costs 

assumptions the authors used are not documented. If the operating cost were $20 per 

hours for machining and $300 per hour for LAM, one would expect LAM to be more 

expensive. Also, the capital cost of the equipment is not included in the analysis. Adding 

a laser to the front of a mill would greatly increase the cost of equipment.  

Although LAM seems like possible solution, it still has a localization problem for 

the heating. The heat is applied directly in front of the cut, which allows for some time 

between when a volume is heated and when the cutting edge enters the area. The most 
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localized that a heating process could become would be to heat at the chip-tool interface. 

One method that does this is electric-hot machining (EHM), whereby electrical current is 

passed through the cutting tool and workpiece to resistively heat the chip-tool interface. 

Some of the earliest published work to investigate the effects of applying an electrical 

current in machining was reported by Barrow [16] in 1969. In this research, Barrow 

investigated turning high strength steels when varying electrical power and feed settings. 

He showed that as power increased, cutting forces decreased. He also showed that as 

power increased, there is an increase in tool life until some threshold power was crossed, 

after which the tool life rapidly decreased.  

His research was extended by Okoshi and Uyehara [17]. They described the 

benefits of EHM for turning and drilling operations for three different workpiece 

materials (copper, mild carbon steel, and Cr-Mo steel). They varied current from 0 to 400 

amps and measured forces, surface roughness, and tool life. They observed a small 

increase in force with currents up to 200 amps, then a rapid decrease after. They reported 

improved surface roughness, as well as, a dramatic increase in tool life with modest 

amounts of current. 

Although EHM research seems promising, it has been focused on turning, with 

much less work published on drilling, milling, and other machining processes (e.g., 

grinding). Since grinding wheel abrasives are not conductive, it is not possible to pass 

electricity through the abrasives to accomplish resistive heating of the workpiece. Thus, 

other approaches have been explored to take advantage of electrically-assisted heating for 

grinding, as described in the next section. 
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2.3 ELECTRICALLY-ASSISTED GRINDING. 

As shown in 2.2, there are several ways that to improve machinability if materials. 

All of these have some drawbacks. For example, bulk heating has been known to cause 

thermal distortions, change material properties through annealing, and can be expensive 

because energy is used to heat up material is the workpiece that is not removed. LAM 

requires an expensive laser. EHM can only be used with conductive tools, which would 

not work with non-conductive tools such as grinding wheels. 

 

2.3.1 PROCESSES WITH DIELECTRIC FLUID 

One potential solution described by several authors is electrical discharge 

diamond grinding (EDDG), which is also known as abrasive electrical discharge grinding 

(AEDG), or electric discharge grinding (EDG). This process is a combination of 

traditional abrasive grinding and electric discharge machining. The following articles in 

this section summarizes the highlights research performed in this area.  

Kozak et al. [18] investigated the effects of AEDG on surface roughness and 

material removal rate when sharpening tools made of tungsten carbide (WC) and 

polycrystalline diamond (PCD). To accomplish this, the authors used a MESO 25 CNC 

and adapted it to allow for AEDG. Dielectric fluid (IONOGRIND), and was flushed into 

the gap between the wheel and workpiece. The interelectrode voltage was held constant 

at 160 V. Wheel speeds varied (8 and 16 m/s), and two different wheel were used (6A2 

100x10x2x32 D76 C100 M with and without a 5% additive). Their results showed that 

wheel speed and the additive have little effect on surface roughness of PCD or WC. The 

WC samples where less smooth than the PCD samples. AEDG produced a worse surface 
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finish that traditional grinding (0.16 vs. 0.09 µm for PCD and 0.39 vs. 0.14 µm for WC). 

The material removal rate, however, was much higher with AEDG than with rough or 

finishing grinding for both WC and PCD. It was 0.6 and 0.5 mm3/min for WC and PCD 

respectively for AEDG. For rough grinding, WC had an MRR of 0.4 mm3/min and PCD 

had an MRR of 0.25 mm3/min; while finishing grinding of WC had an MRR of 0.11 and 

the MRR for PCD was 0.1 mm3/min. 

Ji et al. [15] investigated the effects of combined electric discharge machining 

(EDM) and abrasive grinding when processing silicon carbide ceramics. The wheel was 

connected to an electric pulse generator to perform EDM. The steel grinding wheel 

contained abrasive bars radially distributed about its periphery to perform grinding. An 

oil emulsion in water was used as the dielectric and grinding fluid, and supplied in a 

continuous flow through a nozzle. The results showed that the combination of EDM and 

mechanical grinding has a much higher MRR than EDM or mechanical grinding alone. 

Reduced tool wear was also found when using the combination of the two methods. 

Surface roughness was slightly worse than mechanical grinding, but much better than 

EDM alone. 

Koshy et al. [16] investigated the effect of (EDDG) of an aluminum-SiC 

composite. They compared the effects of depth of cut, current, and wheel speed on MRR 

and surface roughness of the workpiece. The workpiece was dipped in a dielectric prior 

to machining. They found that by combining EDM and diamond surface grinding, the 

surface roughness and MRR improved, but wheel wear increased. They also found that 

by increasing wheel speed, MRR and surface roughness improved. Increasing current 

increased MRR, but higher currents caused poorer surface finish. 



21 
 

 

 

Kozak [17] investigated abrasive electric discharge grinding (AEDG), which 

combines abrasive grinding and electrical arcing using a metallic bonded grinding wheel. 

The author explored the effects of wheel speed and pulse time on the surface roughness 

and MRR. The dielectric fluid used was water. Although water has better environmental 

and health performance than oil-based dielectrics, it has the potential to rust ferrous 

metals, so it is not always practical for use with tool steels and other difficult-to-machine 

steels. He found that as wheel speed increased, MRR increased and surface roughness 

decreased. As pulse time decreased, MRR increased and surface roughness increased. 

Higher currents produced greater MRR than lower currents, however, this has an adverse 

effect on surface roughness. He demonstrated that with traditional grinding, MRR 

decreased over time, while with AEDG, the MRR remained nearly constant. Thus, the 

author reported a passive wheel dressing effect; the electrical sparks seemed to remove 

material that may have been loading on the wheel 

Satyarthis and Pandey [19] attempted to model the material removal rate in an 

EDG process. They assumed that the modes of material removal were a combination of 

EDM and traditional grinding. They attempted to develop a mechanistic model of MRR 

based on input parameters such as pulse time, pulse current, gap voltage, duty cycle, 

depth of cut, wheel speed, and table speed. The authors used Al2O2-SiCw-TiC, which is 

an electrically conductive ceramic. Kerosene was used as a dielectric. The authors state 

that there are three different process regions in which different material removal 

mechanisms happened. These are: those dominated by grinding, those dominated by 

EDM, and those that are a combination of the two. They developed a test condition that 

would determine which region the machine is processing in as a function of MRR for the 
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two processes. They then calculated the MRR for both grinding and EDM at the different 

input parameters and determined what region each set of conditions is in. They then 

validated their results and found that there was about a 3% error.  

Kumar and Choudhury [20] investigated parametric effects of EDDG on wheel 

wear and surface roughness of high speed steel. The authors performed 31 experiments 

that varied pulse, current, duty cycle, wheel speed, and grain size. Due to the complex 

nature of the material removal mechanisms, they were only able to develop an empirical 

model of surface roughness and wheel wear based on the previously mentioned 

parameters. Their results showed that as wheel speed increased, wear rapidly increased. 

They attributed this to wheel speed increasing temperature; diamonds are generally not 

used to grind steel because iron acts as a catalyst to convert diamond into graphite at high 

temperatures. They also attribute greater wheel speed to greater flushing of dielectric into 

the wheel-workpiece gap. At slower wheel speeds, the concentration of particulates 

increased in the gap which can allow for short circuits instead of sparks; these arcs were 

not able to be controlled easily. They also found that wheel wear increased with grit size, 

which is what current grinding theory predicts. Increasing duty cycle and current both 

increased wheel wear. The authors found that increasing wheel speed and decreasing 

grain size decreased surface roughness. As current and duty cycle increased, so did 

surface roughness. 

Shrivastava and Dubey [21] investigated the ability of EDDG to machine metal 

matrix composites and attempted to optimize the parameters to maximize material 

removal rate and minimize surface roughness. Composites are difficult to machine by 

EDM because a portion of their structure is non-conductive so it does not produce a 
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spark. They used a graphite-iron-copper composite workpiece and a bronze bonded 

wheel. They selected four parameters: peak current, pulse-on time, pulse off time, and 

grit number. Each parameter had three levels. They chose 27 of the possible 81 

combinations and measured MRR and SR. Their results showed that peak current had the 

greatest effect on MRR, followed in order by grit size, pulse-on time, and pulse-off time. 

As current and pulse-on time increased, MRR increased. As pulse-off time increased, 

MRR decreased. Grit size effect on material removal rate was parabolic, where increasing 

grit size initially decreased material removal rate and further increases caused an 

increase. Peak current also had the largest effect on surface roughness, followed in order 

by pulse-on time, grit size, and pulse-off time. They found that all of the parameters had 

parabolic effects on SR; small increases initially decreased surface roughness, then 

further increases increased surface roughness. They then performed a second order 

regression on the results to produce an empirical model of MRR and SR, and optimized 

the equation using a genetic algorithm. They found that optimum MRR to be at 5.99 A, 

29.81 µs on time, 15.05 µm off time, and a grit size of 80. The optimum SR was found to 

be at 2.83 A, 10 µs on, 15.20 µs off, and a grit size of 210. 

 

2.3.2 PROCESSES WITHOUT DIELECTRIC FLUIDS 

The research described above shows that there is some promises to using a hybrid 

process of EDM and abrasive grinding. In general, the research showed an increase in 

MRR, mixed results on surface roughness, and an increase in tool wear. However, all of 

these methods use some form of dielectric fluid to aid in the sparking between the 

workpiece and electrode. These are similar to cutting fluids in that they are often oil 
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based and consumed in a similar manner (i.e., pumped into the cutting zone, filtered, and 

recirculated). Because dielectric fluids are similar to MWFs, they likely present the same 

sustainability problems, such as added costs, health issues as reported in Section 2.2. The 

research presented in Chapter 4 is a dry AEDG (or EDG/EDDG) process, which is named 

electrically-assisted grinding (EAG). Little work has been done attempting to perform 

EDDG or AEDG with air as a dielectric. The research that was found during the literature 

review focused on trueing and dressing grinding wheels and is presented here 

The first work that attempts to compare the effect of dielectrics media is by Xie 

and Tamaki [22]. They investigated the effects of electro-discharge dressing of metal 

bonded diamond grinding wheels in a liquid coolant, dry atmospheric pressure air, 

compressed air, and atmospheric air with an iron brush to clean out the grits. They were 

concerned with the trueing ratio, which is the volume of material removed by the 

grinding wheel per volume of material removed by the dressing tool. They then ground 

Al2O3 with the wheels to determine the surface roughness and see which medium 

performs the best. The authors found that a liquid coolant will have higher trueing ratios 

than a dry medium. Using compressed air as a coolant resulted in a higher grinding ratio 

than either the iron brush or atmospheric pressure air. They attributed this to the 

compressed air being able to clear out the debris from the grit. Using an iron brush did 

not improve the truing ratio for atmospheric air, this may have been due to swarf from the 

brush further clogging the grit. The compressed air produced a worse surface finish than 

the atmospheric air. The authors suggested this is because the air flow aided in clearing 

material from around the grits, which allowed them protruded more. The increased 

protrusion caused more high and low spots on the wheel, which were imprinted on the 
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surface. The iron brush produced the best surface finish. The authors say that this is due 

to the brush being able to wear away high spots on the grinding wheel, thus the wheel 

have less runout. 

Guo and Zhang[19] investigated a dry AEDG process for trueing grinding wheels. 

Their goal was to use a grinding wheel to create micropatterns on the surface of a 

workpiece. The authors used a copper wheel as a cathode and a metal bonded grinding 

wheel as the anode. A pulsed electric current was generated and the grinding wheel was 

moved along the surface of the copper wheel in different paths in an attempt to create a 

specific profile in the wheel (e.g., sharp points or rounded points). They then compared 

the expected feature to what was actually created, and found that the process did work in 

creating features, but there were some accuracy and tolerance issues. This research shows 

that EAG may be possible. However, research into characterizing the process is necessary 

to be able to predict its effects on workpieces.  

 

2.4 LASER ABLATION 

The second method presented in this research to overcome the issues presented in 

Section 2.1 is laser ablation. This method uses a laser beam to remove material from the 

workpiece. Because there is no contact between the tool and workpiece, there are only 

small forces (from the recoil pressure of the vaporized material) and no tool wear. The 

research presented here is an attempt to predict the depth of a channel machined in silicon 

carbide by a fiber laser beam. The literature presented in this section highlights laser 

ablation in general, then focuses on laser ablation for ceramics, and finally shows the 
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shortcomings of previous depth of cut predicting laser ablation models for silicon 

carbide. 

 

2.4.1 Laser Ablation  

Laser ablation has previously been performed on several materials, with metal 

being one of the most common. An example is research by Preuess et al. [23], which was 

conduction on sub-picosecond ablation of metals using a UV laser. They investigated 

laser cutting of nickel, copper, molybdenum, indium, tungsten, and gold in a vacuum and 

air. The authors varied fluence (particles per area) and calculated ablation rate. They 

showed that ablation in a vacuum creates higher ablation rates than in air for all metals. 

The authors attempted to predict the ablation rates. Beer-Lambert’s law can be used to 

calculate the transmittance of energy into a material at certain depths. If energy 

transmittance is above a certain energy density, the material will vaporize. According to 

the authors, this method has worked successfully for other materials, but does not work 

well for metals because pulse rates are generally too slow to make the assumption that 

heat transfer out of the machining zone is negligible. However, with fast pulse rates, such 

as sub picosecond, the heat transfer assumption is valid. The authors plotted the 

experimental data versus the model. They did not report numerical results, but graphical 

results showed that the variance of experimental data is within +/- 10% of model results.  

Further research into laser ablation of metal was conducted by Shaheen et al. [24]. 

The authors used a Quantroniz Integra-C commercial laser with a 785 nm wavelength 

and <130 fs pulse time. The authors conducted 3 experiments using a brass workpiece 

that was surrounded by air, liquid water, and ethanol. The reason for using different 
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liquids was to help control the vapor plume that is produced by each laser pulse. The 

author investigated drilling into the workpiece to create a hole and scanning across the 

surface to create a slot. They found that by submerging the workpiece in a liquid, the 

ablation were increased and the surface was cleaner. They attribute the improved rate to 

the liquid confining the vapor plume and reducing its life. As the depth of the water 

increased, the ablation rate decreased. The authors attribute this to a cooling effects of the 

liquid. The liquid produced a cleaner surface because the molten debris that is normally 

recast onto the surface was able to solidify in the liquid and be carried away. This works 

shows the importance of considering vapor-plume interactions when laser machining 

materials. 

Although laser ablation is commonly performed by pulsed lasers, it can also be 

done with continuous wave lasers. Maser et al. [25] performed research on creating 

single-walled nanotubes by ablation with a continuous wave laser. The authors 

evaporated a graphite/metal rod in a chamber using a continuous wave CO2 laser. The 

ablated material from the graphite/metal rod was then collected with a copper-wire 

system inside a quartz tube. The tube lead to a filtering system where the material was 

separated and examined.  

 

2.4.2 Ablation of Ceramics 

Although laser ablation of ceramics is less common than with metals, there is still 

extensive literature reporting such research. Garcia-Giron et al. [26] investigated laser 

ablation of various ceramics under a liquid layer mixtures of different ratios ethylene 

glycol and water. They used Schott Ceran glass-ceramic, 8YSZ, and alumina as their 
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workpieces, and a 1064 nm Nd:YAG laser. The authors machined slots in the different 

materials when surround by the different mixtures of liquid and calculated the ablation 

rate. They found that machining in water improved the ablation rate by 3.88, 1.76, and 

26.06 times for the glass, 8YSZ, and alumina, respectively, than in air alone. They 

attributed this to bubbles from the liquid aiding in machining. They also found that 

ethylene glycol only allowed for machining in the alumina; they attributed this to the high 

density and viscosity of the ethylene glycol preventing bubble formation. They also 

found that increasing the liquid layer increased ablation rate up to 3 mm at which point 

ablation rates decreased. This work is similar to that by Shaheen et al. [24], however, 

Shaheen et al. attributed the increases in ablation to reduced plume life. This shows that 

the certain aspects of laser machining are not well understood.   

Laser ablation has also been used to create nanostructures of ceramics. Vipparty 

et al. [27] investigated the creation of fibers produced by the ablation of soda lime and 

silica glasses. They used a Yd-doped fiber amplified ultra-fast laser to drill holes in the 

various glasses, and observed the formation of the nano-fibers from the material expelled 

from the holes. They showed that the silica glass fibers were formed by melt expulsion 

where the material melts, then recoil pressure causes the melt to explode out of the 

machining area. The soda lime glasses fibers were formed by a different method because 

the material is removed by a different method. For the soda lime, the material is removed 

as a vapor and the structures are formed by condensation of the vapor. This research 

shows that the material removal of ceramics via laser ablation is a complex process, and 

may not be the same for all materials.  
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Kim et al. [28] investigated the laser ablation characteristics of alumina and 

aluminum nitride. They used a Ti:sapphire laser system to drill holes in the materials and 

measured depths at different pulse numbers and ablation rate at different fluences. 

Although the ablation rate differed, they found that the trend were similar for each 

material. For example, depth increased with the number of pulses for both material, and it 

had two distinct regions for each material. Under 100 pulse, the MRR increased rapidly 

and in a linear fashion. Above 100 pulse, the MRR decreased in a slower linear fashion. 

An empirical model fits the data well, however, the reason for the complex behavior is 

unknown, so physics-based models may be difficult to develop.  

 

2.4.3 Modeling Silicon Carbide 

Few models have been developed specifically for laser ablation of SiC. Toa et al. 

[29] investigated the depth produced by a single pico-second pulse from an excimer laser. 

They developed a model based on thermal conductivity, enthalpy, and laser intensity. 

That information allowed the authors to calculate the change in temperature. They 

verified that this equation was valid because the calculated minimum fluence required to 

raise SiC above its melt temperature was 0.15 J/mm2, which was reasonably close to the 

0.19 J/mm2 experimentally determined threshold fluence. From their model, they were 

able to use the Hertz-Knudsen equation and calculate the change in depth of the melt 

pool. By integrated velocity over time, they were able to calculate the expected depth of 

one pulse. Their model accurately predict the depth of the single pulse. Although this 

model predicted the depth well for a single pulse, it may not be applicable for producing 

complex geometries that require more than one pulse. 
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Two investigations were found that attempted to create models and were validated 

using larger features that require many pulses. First, Samant and Dahotre [30], [31] 

developed a physics based model for predicting material removal rate when machining 

slots with lengths of 10 mm and widths ranging from 10 to 25 mm. The laser used was a 

Nd:YAG  pulsed at 20 Hz. To calculate MRR, the authors first calculated temperature 

change for one pulse using Fourier second law. They then calculated what the final 

equilibrium temperature would be when accounting for conduction of heat throughout the 

workpiece and losses to radiation. From this temperature they were able to calculate the 

evaporation losses and the recoil pressure. The evaporation losses would remove some 

material, but cause a drop in temperature and melt depth. The new temperature, melt 

depth, and recoil pressure were used to calculate the expulsion velocity, which 

determined the expelled depth. The expelled depth would give a new depth for the pulse.  

The model attempted to predict material removal rate for four different ceramics. 

Although their model accurately predicted MRR for some ceramics, it did not for SiC. 

They predicted MRR for SiC to be 136.15 mg/sec, but measured it to be 108.65 mg/sec. 

This is a difference of about 25%. The model was also used to predict the rank of the 

ceramics by MRR. The experimental ranking of the order was not the same as the 

theoretical. For example, Al2O3 was predicted to have a lower material removal rate than 

SiC (106 vs. 137 µg/sec), but measurements show that the opposite is true (132 vs. 96 

µg/sec). This suggests their model did not account for all factors that affect material 

removal rate. For example, the model relied on one dimensional heat transfer to predict 

when the material will melt, and then cause explosive boiling to force molten material out 

of the pool. Perhaps there are unaccounted for losses, such as heat transfer in the 
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transverse and lateral directions, or chemical reactions in ceramics which may absorb or 

release heat. Also, perhaps the explosive boiling assumption is not valid for all materials. 

A set of models was developed by Gupta et al. [32] to predict ablation rate of 

anSiC using an excimer laser. These models accounted for several material removal 

mechanisms, including chemical decomposition, vaporization, explosive boiling, and 

plasma shielding. The authors presented two models, one based on chemical 

decomposition and vaporization, and second one which adds explosive boiling to the first 

model. The first model predicts the evaporation rate of the melt pool generated by the 

laser. First, the relaxation time (time it takes to cause a material to melt) is predicted as a 

function of initial temperature, final temperature, heat capacity, density, thermal 

conductivity, and fluence. The authors set the pulse duration time to the reaction time and 

calculated the final temperature. The final temperature can be used in the Clausius-

Claperyon equation to calculated vapor pressure, which can be used to calculate 

evaporation rate. The model results were compared to experimental data at fluences 1.8, 

3.3, and 6.8 J/cm2. The model underpredicted the ablation rate by about 20% for the 

lower two fluences, and overpredicted the ablation rate by about 20% for the fluence of 

6.8 J/cm2. The authors suggested that model errors could be due to certain neglected 

factors, such as the evaporation of carbon atoms. The problems with this model are the 

narrow range and the poor accuracy, which inhibits boarder application to other processes 

and process settings.  

For the second model, the authors suggested that higher fluences will cause 

explosive boiling to occur, which will eject mass out of the machining area. The authors 

calculated the critical radius of the bubble, which is a function of the temperature of the 
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superheated liquid, vapor pressure, pressure of the liquid layer, gas constant, and surface 

tension. The critical radius was then used to calculate the time to form the a bubble of the 

critical radius, which is a function of the critical radius, liquid temperature, saturation 

temperature, latent heat of vaporization of the liquid, vapor density, and liquid density. 

The authors noted that the critical radius for fluence in this region (5 to 15 J/cm2) was 

larger than the thermal penetration depth (~2μm), but it is unclear if they use this to 

calculate time to form a bubble. The authors are unclear how this time effects the ablation 

rate, but they do present a chart showing depth per pulse at fluences ranging from 5 to 15 

J/cm2.  The results deviated from the experimental results to a greater extent than the first 

portion of the model. The fluences at the low end of the model (~ 6 J/cm2) overpredicted 

the experimental results by about 45%, and the high end (~16 J/cm2) overpredicted 

results by about 150%. The shape of the curve of the model was also different than 

exhibited by the experimental data. The model curve exponentially increased with 

increasing fluence, while the experimental data appeared to be approach a limit as fluence 

increased. They attributed the deviations from theoretical and experimental results to 

unavailable data and complex interactions, and suggest that it is unlikely that a 

temperature based model could be developed.   

 

2.5 SUMMARY OF LITERATURE REVIEW 

In Section 2.1, the issues associated with difficult to machine materials have been 

explored. These include difficulties with part quality (e.g., surface finish and changes to 

material properties), problems with cost (e.g., production rates and tool wear), and issues 
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with cutting fluid (e.g., high cost, environmental impacts, and health problems). In order 

to overcome these issues, new machining processes are need.  

Section 2.2 reviews new machining methods for difficult to machine materials. 

These are grouped into two different categories. The first is to improve the machining of 

difficult to machine materials by changing their material properties. These include 

processes such as bulk heating, LAM, and EHM. These have issues with increased cost, 

thermal distortions, and material compatibility.  

Another new process is a combination of EDM and abrasive grinding. The 

research reviewed here has shown promise by increasing material removal rates over 

abrasive grinding and EDM. The results for surface quality and tool wear were mixed. 

Several studies suggested that surface quality can be improved, while many do not. Tool 

wear results are also mixed, with some showing improved tool life and others showing 

decreased tool life. These methods all use a dielectric fluid, which is attendant to similar 

problems as conventional MWFs in machining as outlined in Section 2.2. The only work 

found that involves dry EDM and grinding is used to true and dress a grinding wheel. 

Chapter 3 attempts to fill several research gaps. Specifically, it attempts to characterize 

the surface quality and tool wear of a new process combining dry EDM and abrasive 

grinding. 

A second process not discussed in Section 2.2 is laser ablation, which uses energy 

from a laser to remove material. Research has commonly investigated ablation of metals 

and plastics, with less focus on ceramics. Ceramics require special considerations when 

modeling the ablation process because there is the potential for their chemical 
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constituents to decompose prior to vaporizing. Accurate models specifically for ablation 

of SiC do not exist and need to be developed, as undertaken in Chapter 4. 
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CHAPTER 3: DEVELOPMENT AND CHARACTERIZATION OF AN 
ELECTRICALLY ASSISTED GRINDING PROCESS 

 

ABSTRACT 

Materials such as tool steels are commonly used for parts that need to maintain a 

cutting edge. The material properties that make them useful, such as hardness and 

strength, also makes them difficult to process. New production methods such as electro-

discharge grinding, which combines abrasive grinding with electro-discharge machining, 

have shown promise machining these materials. However, these methods use a dielectric 

fluid. Dielectric fluids are generally oil base and have similar issues as other metal 

working fluids, such as: cost, negative environmental impacts, and health risks to 

employee. This research investigates combining EDM and abrasive grinding using air as 

the dielectric in a method called electrically assisted grinding (EAG). For this research, 

three tasks were completed. The first was to develop an EAG prototype. The second task 

was to determine the machining parameters at which to run the EAG experiments. The 

third task was to vary voltage and current while performing EAG and observe the effects 

on cutting force, workpiece hardness, surface roughness, and tool wear. Current and 

voltage was shown to have no measureable effect on force, workpiece hardness, or 

surface roughness. However, current and voltage was shown to have a deleterious effect 

on tool wear. This suggest that spark erosion is occurring, but below measureable levels. 

Future work should focus on improving the spark erosion ability of EAG. 
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3.1 INTRODUCTION 

Materials such as hardened steels have many desirable material properties for use 

as high speed cutting tools, blades, dies, punches, and molds [33]–[36]. In particular, hard 

materials tend to hold a sharp edge well. However, the properties that give these materials 

desirable characteristics (e.g., toughness, hardness, and wear resistance) also make them 

difficult to machine [37]. These difficult-to-machine materials require high cutting forces, 

which can increase heat generation during machining and machining power required to 

process them. To counteract these effects, industry must use lower material removal rates 

(MRR) or large volumes of cutting fluid [1]   

Reducing MRR is undesirable to manufacturers. The most obvious negative 

effects is that the time to make a part increases, which increases labor cost. There are also 

less obvious negative effects. For example, although cutting energy will be fairly constant 

regardless of MRR [38], total energy consumption increases because the baseline power 

to operate a machine will be used for a longer period of time [39]. Lowering MRR can 

also cause glazing in grinding wheels. Forces are needed to remove dulled abrasives from 

the bond on grinding wheels. If forces are low, such as with low MRRs, then the abrasive 

will tend to wear down instead of being removed. The wheel will then rub the workpiece 

instead of cut, which will cause greater heat generation [40]. Not only can will this affect 

part quality, but it can excessive heat can also cause grinding wheels to explode [41] 

which can be fatal to employees nearby[42]. 

Use of higher volumes of cutting fluid also has several drawbacks. First, cutting 

fluid adds cost to the process due to purchasing of new fluid, reclamation and cleaning, 

and end-of-use handling and disposal. Claims have been made that 10-30% of cutting 
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fluid can be lost through vaporization and carry-off with chips, scrap, and the workpiece 

[43]. In addition, the fluid that remains accumulates waste from the process and must 

eventually be disposed. Due to regulations, disposal can cost as much as the replacing the 

fluid [44]. Additional fluid system costs include maintenance costs and consumables 

(e.g., filters). When considering all of these factors, the total cost of cutting fluids can 

exceed 5 times the purchasing cost [45]. This can account for as much as 16% of final 

part costs [46].  

Second, use of cutting fluids is accompanied with environmental issues that must 

be considered. Cutting fluids are generally oil-based and, thus, several negative impacts 

associated with their production such as a larger global warming potential, water usage, 

toxicity, and acidification when compared to vegetable oils or dry machining [47]. In 

addition, some additives are known to be associated with high level ozone depletion. But 

the major environmental concern, however, is that cutting fluids are a hazardous waste 

[43].  

Finally, cutting fluids have been shown to have adverse health effects on 

employees [47]. The most common routes of exposure are through dermal contact with 

cutting fluid, which has been shown to increase skin irritation (dermatitis) [48]. Another 

significant health risk comes from inhalation of cutting fluid mist which has been linked 

to respiratory ailments including several types of cancer [49], [50].  

This prior work demonstrates that it is desirable to eliminate cutting fluids from 

machining processes to reduce costs, environmental impacts, and worker health impacts. 

However, to do so may cause the production rates to decrease, or make production 

infeasible, especially for difficult-to-machine materials. Near-dry machining has been 
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demonstrated reduce these impacts and still be a viable option for a number of 

applications [51]. Although the impacts are greatly reduced, there are still present. In 

addition, some research suggests that systems using reduce volumes of cutting fluids and 

delivered to the workpiece with air may actually increase the environmental impact in 

some areas due to energy consumption of the air compressor [9]. The ideal solution to the 

problem is complete elimination of cutting fluids. The general challenge investigated by 

this research relates to maintaining high production rates for difficult-to-machine 

materials without using any cutting fluids.  

The following portion of this section reviews recent related work in this domain. 

The first part is on bulk heating. This method is able to improve machinability of parts 

cheaply, however, it has quality control issues such as annealing and thermal distortion. 

The second section is on electric hot machining, which heats the workpiece at the chip-

tool interface. This reduces cutting forces without annealing or thermal distortions, 

however, it is only possible using conductive tools and workpieces. The third section is 

on electric discharge grinding, which uses a spark generated between a metal wheel and 

workpiece to improve machinability when grinding with non-conductive abrasives. The 

drawback of this method is that it requires a dielectric fluid, which is of similar 

composition to some MWFs.   

 

3.1.1. Bulk Heating in Machining 

One way to improve the machinability of materials is to heat the workpiece. 

Heating a workpiece softens the metal, thus reducing the required cutting forces and 

associated process energy and time. There are several different methods that can 
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accomplish this, such as putting the part in a furnace or heating it with a torch. However, 

these methods can lead to thermal distortions, changes in microstructure and material 

properties, and large amounts of wasted energy to heat portions of the part that are not 

machined[1]. 

Induction heating has also been used to heat workpieces for machining. A 

conductive coil is placed around the part with clearance between the part and coil to 

enable an induced current in the part. When electricity is passed through the coil, the part 

is heated as a result of inductance. Research into the application of this method was 

performed Bali et al. [14]. They investigated the effects of temperature on hardness and 

surface roughness for turning a titanium workpiece. They determined that surface 

roughness decreases as the part surface temperature increases. However, hardness of the 

final part also decreases as temperature increases, since prolonged induction heating is a 

bulk heating process and leads to annealing of the part. Although more localized than a 

furnace or a torch, this method still presents deleterious annealing of the metal, affecting 

part quality. If localized heating can be done only at the chip-tool interface, the benefits 

of bulk heating may be obtained without the drawbacks of bulk heating. 

 

3.1.2 Electrical Hot Machining 

One such localized method is Electrical Hot Machining (EHM), whereby 

electrical current is passed through the cutting tool and workpiece to resistively heat the 

chip-tool interface. Some of the earliest published work to investigate the effects of 

applying an electrical current in machining was reported by Barrow [16] in 1969. In this 

research, Barrow investigated turning high strength steels when varying electrical power 
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and feed settings. He showed that as power increased, cutting forces decreased. He also 

showed that as power increased, there is an increase in tool life until some threshold 

power is crossed, after which the tool life rapidly decreases.  

His research was extended by Okoshi and Uyehara [17]. They described the 

benefits of EHM for turning and drilling operations for three different workpiece 

materials (copper, mild carbon steel, and Cr-Mo steel). They varied current from 0 to 400 

amps and measured forces, surface roughness, and tool life. They observed a small 

increase in force with currents up to 200 amps, then a rapid decrease after. They reported 

improved surface roughness, as well as, a dramatic increase in tool life with modest 

amounts of current. 

Although prior EHM research seems promising, it has been focused on turning, 

with much less work published on drilling, milling, and other machining processes (e.g., 

grinding). Since grinding wheel abrasives are not conductive, it is not possible to pass 

electricity through the abrasives to accomplish resistive heating of the workpiece. Thus, 

other approaches have been explored to take advantage of electrically-assisted heating for 

grinding, as described in the next section. 

 

3.1.3 Abrasive Grinding and Electric Discharge Machining Hybrid 

An early method that applied electricity in abrasive grinding is described by 

Tehrani and Atkinson [52]. Their method, called electrochemical grinding (ECG), uses 

electricity to aid in the dissolution of metal during photochemical machining (PCM). 

Electricity is passed through a conductive metal-bonded surface on an abrasive wheel. 

The abrasive on the grinding wheel removes the protective oxide layer on the metal 
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workpiece to facilitate better dissolution in PCM. Using this method, the authors 

demonstrated increased electrode life using, greater MRR, and decreased surface 

roughness.   

Ji et al. [53] investigated the effects of combined electric discharge machining 

(EDM) and abrasive grinding when processing silicon carbide ceramics. The steel wheel 

was connected to an electric pulse generator to perform EDM. The grinding wheel 

contained abrasive bars radially distributed about its periphery to perform grinding. An 

oil emulsion in water was used as the dielectric and grinding fluid, and was supplied in a 

continuous flow through a nozzle. The results showed that the combination of EDM and 

mechanical grinding had a much higher MRR than EDM or mechanical grinding alone. 

Reduced tool wear was also found when using the combination of the two methods. 

Surface roughness was shown to be slightly worse than mechanical grinding, but much 

better than EDM alone. 

Koshy et al. [54] investigated the effect of electrical discharge diamond grinding 

(EDDG) for machining an aluminum-SiC composite with a diamond abrasive grinding 

wheel. They compared the effects of depth of cut, current, and wheel speed on MRR and 

workpiece surface roughness. The workpiece was dipped in a dielectric prior to 

machining. They found that by combining EDM and diamond surface grinding, the 

surface roughness and MRR improved, but wheel wear increased. They also found that 

by increasing wheel speed, MRR and surface roughness improved. Increasing current 

enables increases in MRR, but at higher currents causes poorer surface finish. 

Kozak [55] investigated abrasive electric discharge grinding (AEDG), which 

combines abrasive grinding and electrical arcing, using a metallic bonded grinding wheel. 
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The author explored the effects of wheel speed and pulse time on workpiece surface 

roughness and MRR. The dielectric fluid used was water. Although water has better 

environmental and health performance than oil-based dielectrics, it has the potential to 

rust ferrous metals, so it is not always practical for use with tool steels and other difficult-

to-machine steels. He found that increasing wheel speed increases increase MRR 

decreases workpiece surface roughness. As pulse time decreased, he found that MRR 

increases and surface roughness increased. Higher currents produced greater MRR than 

lower currents, but had an adverse effect on surface roughness. He demonstrated that 

MRR decreases over time with traditional grinding, while with AEDG, the MRR remains 

nearly constant. He suggest that this was due to a passive wheel dressing effect; the 

electrical sparks were thought to remove material that was loading on the wheel. 

Although previous research in combining EDM and grinding has shown promise, 

the challenges of using a liquid dielectric fluid remain. Recent research has attempted to 

reduce or eliminate the use of oil based dielectric fluid this issue. Research by Ji et al. 

[53] attempted to minimize the amount of dielectric fluid by dipping the part in the fluid 

and then machining the part. This approach may be less practical with larger sized parts 

and larger part production volumes. The process will involve more material handling and 

increased associated costs (e.g., labor). Further, handling a part with excess fluid could 

increase employees’ health risks (e.g., exposure to dripping fluids).  

The research reported here attempts to reduce the use potentially hazardous waste 

metal working fluids in the grinding of hard-to-machine tool steels by investigating air as 

a dielectric. The process explored is termed electrically-assisted grinding (EAG). 
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Figure 3.1: Schematic of the Electrically Assisted Grinding (EAG) Process 

 

The EAG process combines electrical sparking with traditional abrasive grinding 

(Fig. 3.1). It is hypothesized that electrical sparking will heat and soften the workpiece; 

the softened material would then be more easily removed by the wheel abrasives with 

lower applied cutting forces. This effect could increase production rates and reduce 

cutting power. Reduced cutting power would reduce heat generation, which would aid in 

maintaining material properties (e.g., grain size and hardness). There is also the potential 

for spark ablation, as in EDM, which could further increase MRR. By ablating material, 

less needs to be removed by grinding. This will lower cutting forces and lead to further 

reductions in cutting power than by heating alone. 

The goal of this research is to perform initial evaluation of EAG. To accomplish 

this, an EAG prototype needs to be designed and built (Task 1). The metrics for 

evaluation will be surface roughness, hardness, and cutting forces. There are several 

machining parameters (i.e., table speed and depth of cut) that may affect the results. In 
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order to isolate the effects of this machining parameters from the electrical parameters, 

and to reduce the number of data points needing to be tried, initial experimentation will 

be done to determine a set of machining parameters at which to run the EAG experiment 

(Task 2). Finally, the EAG experiments will be run with varying current and power 

settings (Task 3).  

 

3.2 METHODOLOGY 

This section describes the tasks undertaken to perform the initial evaluation of the 

EAG process. First, an overview of the EAG process prototype design process (Task 1) is 

presented. Next, the method to determine the machining parameters to be used for the 

experiments (Task 2) is reported. Finally, the development of the EAG experimental 

method (Task 3) is provided.  

 

3.2.1 EAG Prototype Development (Task 1) 

In order to develop an EAG process prototype, the scope of the prototype needs to 

be defined. The following goals and constraints were established for the design: 

 Able to pass electricity through the grinding wheel and into a workpiece without 

passing electricity through the machine 

 Able to clamp the workpiece to the dynamometer without causing errors in force 

measurement 

 Ensure low resistance of setup 

 Maintain safety measures of the machine (e.g., limit switches and shields) 
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 Prototype has to be able to be created using existing tools/equipment at OSU 

 Maintain budgetary constraints for materials/supplies 

To develop the EAG process prototype, three different option were investigated: 

building a prototype from scratch, purchasing a unit designed specifically for EAG, or 

modify a commercially it was determined that the most cost effective approach would be 

to modify a commercially available grinder. Three criteria were used to evaluate each 

option: technical feasibility, within timeframe constraints, and within budgetary 

constraints.  

Next, potential grinding wheels were explored. There are three important factors 

when selecting a grinding wheel: size/shape, bond material, and abrasive. Size will 

largely be determined by the choice of the prototype structure, i.e., arbor and safety 

enclosure size. Since the wheel and arbor will both be electrically conductive, the wheel’s 

inner diameter will need to be slightly larger than the arbor. The wheel also needs to be 

electrically conductive, so this will limit the bond selection to metals. However, there are 

several metals to choose from, such as aluminum, brass, and steel. There are several 

different abrasives to choose from. These include Aluminum Oxide, Silicone Carbide, 

Cubic Boron Nitride, and Diamond. Each abrasive is suitable for specific materials. One 

also needs to select the grain size of the abrasives. Smaller abrasives will produce 

smoother surfaces, while larger abrasives are better for bulk material removal. The size of 

the abrasives will affect the spark-gap sine the spark will occur from the bond to the 

workpiece; having an abrasive that is too large may require more voltage than the power 

supply can provide.  
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Next, power supplies were investigated. The requirements for this component are 

budgetary constraints and the ability to supply an appropriate amount of power. The 

required voltage and current ranges would be determined by literature reviews.  

 

3.2.2 Task 2: Determine EAG Process Parameters (Task 2) 

Task 2 is to determine the machining parameters at which to perform the EAG 

experiments. These parameters were dependent on what was variable on the prototype. 

The different levels of the parameters were selected to balance exploring as large of an 

operating window as possible with time constraints. Three replicates were performed for 

each parameter with a randomized run order. Between each test, the wheel was dressed to 

ensure consistency between runs. A few light grinding passes were run across the surface 

prior to the initial experiment to remove any unevenness in the material that may be a 

result of the clamping fixture or the material itself.  

To find the best parameters for EAG, initial tests were run without current 

applied. These were down with the same wheel, which was trued when it was first 

installed, and dressed between each tests. Each test consisted of 5 incremental depths of 

cut, as mentioned above. First, the wheel was moved to the required depth and the 

workpiece was ground with one pass. Three additional finishing passes were done at each 

depth to maintain consistent surface conditions for the next cut. Then, the wheel was 

moved down an incremental depth, the workpiece was ground, and finished with three 

additional passes across the surface at that same depth. This was repeated until all 5 

incremental depths were completed. While performing the grinds, forces were measured 

with a 3-axis dynamometer (Kistler Model 9257B), as described in the Appendix. 
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The optimal operating conditions was defined as the set of parameters that 

resulted in the lowest surface roughness without changing the surface hardness. The 

surface roughness was measured using the average areal surface roughness (Sa) 

calculated with a white light interferometer (ZeScope). The hardness was measured using 

the Rockwell C method (Appendix). The set of parameters that gave the lowest surface 

roughness without affecting the hardness was determine to be the optimum point, as 

described in more detail below.    

 

3.2.3 EAG Process Characterization Development (Task 3) 

After determining the optimum machining parameters Task 2, experiments could 

be performed at different voltage and current settings.  Based on the available power, 

three levels of voltages and three level current were explored. This were at low, medium, 

and high levels, are were chosen because that would allow for a wide sampling of the 

operating window without requiring onerous amounts of tie. These levels were repeated 

in replicates of three with a randomized run order.  

The tests were performed identical to tests without electricity, though before the 

wheel entered the workpiece, the power supply was turned on. Once the wheel exited the 

workpiece, the power supply was turned off and three finishing passes were completed 

for each sample to collect multiple data points for force measurements. The process was 

repeated a total of five times. Force was measured during grinding, and hardness and 

surface roughness were later analyzed as detailed in Appendix A. 

Once the experiments were completed to examine the effect of process parameters 

on material properties and cutting forces, the effects of electrical power on the grinding 
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ratio was then investigated. The grinding ratio is the volume of material removed from 

the workpiece per volume of material removed from the wheel. Wheel wear is expected 

to be low enough that one cannot measure diameter of the wheel accurately enough with 

a caliper. An indirect method is need. If a wheel is placed on the edge of a workpiece, 

with half of the grinding face of the wheel on the workpiece and half off, then grinding 

passes will only cause wear on half of the workpiece. The worn wheel can then be grind a 

slot into another workpiece. This will create a slot with a step; that step size can be used 

to calculate the change in diameter of the wheel from wear. The details of the procedure 

are described in Appendix A. 

 

3.3 RESULTS 

This section shows the results of the work described above. First, the design and 

fabrication of the EAG prototype is discussed. Next, the results for the selection of the 

process parameters are described. The third section describes the results of the EAG 

experiments and process characterization.   

 

3.3.1 EAG Process Prototype (Task 1) 

It was determined that the best way to create the EAG process prototype would be 

to modify an existing grinder. Although building a prototype was believed to be the least 

expensive option, however, there were concerns to how quickly it could be constructed 

and if the research team had enough technical knowledge to construct a grinder without 

unforeseen problems. Purchasing a customized, professionally designed EAG prototype 

would guarantee a useable machine, however, this option would most likely be cost 
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prohibitive and not be available within the time constraint. Modifying an existing grinder 

was determined to be the best option. Purchasing an existing grinder can be done quickly. 

Modifying is a less daunting task than building an entire prototype, so there is reduced 

risks to unforeseen issues. Finally, because the modifications we performed by the 

research team, it will be less expensive than contracting an outside vendor to design and 

construct 

Several options were identified and their capabilities were investigated. A 

Tormach PSG 612 surface grinder was chosen. This is a basic low end surface grinder, 

which came within budget. Although only table speed and depth of cut could be varied, 

this was deemed sufficient for to perform initial evaluations of EAG. Wheel speed could 

potentially be varied for future test with the purchase and installation of a VFD. In 

addition, the surface grinder had an open structure which allowed for easy modification.   

The surface grinder typically uses a grinding wheel with a 7 inch outer diameter, 

1.25 inch inner diameter, and ½ inch thickness. Because the wheel needs to be insulated 

from the machine, a wheel with a 7 inch outer diameter, 2.25 inch inner diameter, and ¼ 

thickness was determined to be sufficient to allow for insulation. These are not common 

sizes, so custom grinding wheels (Abrasive Technology, Inc.) were required. A brass 

bond was selected because of its low resistivity. To reduce cost of the wheel, a steel core 

was used. CBN was chosen as the abrasive. Typically, hard materials such as diamond or 

CBN are used to grind other hard materials. Due to the heat produced by grinding, iron 

will act as a catalyst and cause diamond to convert to graphite. This does not happen with 

CBN. A small grain sized was selected (230 grit). This was done to guarantee that 

sparking will occur.  
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Figure 3.2: CAD Model of the EAG Prototype 

  

By reviewing the literature for EDM processes, which also utilize spark erosion, 

suitable voltages (approximately 200 volts [56]) were determined. It was determined that 

a programmable DC power supply (B&K Precision, Model 9185) provided adequate 

ranges (0-500 volts, 0-.65 amps) of parameters and fit within the budgetary constraints. 

 

 

Figure 3.3: Swing Arm Assembly 
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With the elements defined for the EAG prototype as described above, the next 

task was to create a solid (CAD) model visualize and validate the design (Fig. 3.2). This 

model was created in parallel with the detail design of each of the components, which 

was necessary to visualize the assembly and fit of the components.  

 

 

Figure 3.4: Swing Arm Assembly Mounted to Grinding Wheel Housing 

 

The first component to be designed was the electrical connection to complete the 

circuit from the stationary power supply through the rotating grinding wheel. A simple 

and effective solution was to hold a carbon brush in contact with the wheel. Electrical 

power was transferred through a wire that connected the power supply to an aluminum 

block on the grinder wheel housing cover. The cover was constructed of polycarbonate to 

provide electrical insulation, protection from chips, and allow visibility of the wheel. The 

aluminum block was connected to a swing-arm/carbon brush with a metal hinge. To 
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ensure brush contact with the wheel, a spring was placed between the swing arm and a 

length adjustment block. The stiffness of the spring was chosen such that there was little 

effect of the force applied by the spring on the rotation of the wheel, while still retaining 

enough contact to provide a complete electrical pathway. The fabricated electrical 

connection assembly is shown in Figure 3.3. The swing arm assembly mounted to the 

grinding wheel housing is shown in Figure 3.4. 

 

 

Figure 3.5: Grinding Wheel Assembly 

 

Next, a solution was needed to insulate the applied electricity to prevent damage 

to the machine and to maintain personnel safety. The metal-bonded grinding wheel 

normally rotates on a metal arbor (spindle). This metal-metal connection provides a path 

for electricity to pass into the grinder, which could potentially damage the circuitry inside 

the grinder and make the machine unusable. PEEK was chosen as the insulating material 

between the wheel and arbor, since it is an easy to machine plastic, has high electrical 
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resistivity, and has a high stiffness, which would help maintain accuracy during grinding. 

Figure3. 5 shows the insulation installed between the wheel and arbor.  

The grinder also needed to be insulated from electricity passing into the 

workpiece. A machinable ceramic with high electrical resistivity was used for insulating 

this part of the circuit (Fig. 3.6). It has a high stiffness, which is desirable because forces 

were measured with a dynamometer beneath the electrical insulation. Having a high 

stiffness allows for forces to be transmitted through a material without damping losses, 

which reduces errors in force measurements.  

 

 

Figure 3.6: Dynamometer Assembly 

 

Figure 3.6 shows the machinable ceramic insulating block placed between the 

dynamometer and workpiece fixture. The fixture was used to secure the workpiece during 

grinding with a strap clamp. A strap clamp was chosen because it would allow for easy 

workpiece shakeouts when performing the experiments. The circuit is completed with a 
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wire attached to the workpiece fixture, as indicated in the assembled EAG prototype 

shown in Fig. 3.7. 

 

 

Figure 3.7: Complete EAG Prototype 

 

3.3.2 EAG Process Parameter Selection (Task 2) 

Based on the grinder capabilities, a total of five different depth of cuts (0.001-

0.005 inches in .001 inch increments) and three different table speeds (5.5, 6.8, and 9.3 

ipm) were selected to perform baseline tests using D2 steel without applied electrical 

voltage or current. Depth of cut is controlled by a Vernier dial with 0.001 inch marked 

increments. Table speed is controlled using an analog potentiometer without speed 

indication, thus dial position and speed were calibrated using a stopwatch. The maximum 
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selected depth of cut was 0.005 inches to maintain a balance of table speed ranges and 

machine capability. A deeper depth of cut would reduce the achievable table speed due to 

limited spindle motor power (0.75 hp).   

To reduced variation in testing, the wheel needed to be trued. The grinding wheel 

was trued from runout of 0.006 to 0.002 inches, measured with a dial gauge, using a 

Norton 2597 Pacesetter truing device. Additional truing did not reduce runout. It was 

observed that full indicator movement did not occur at the same radial locations upon 

multiple rotations of the wheel. Prior to truing, the entire grinding surface of the wheel 

was colored with a marker. After truing, it was observed that the ink was completely 

removed, indicating that the entire grinding surface was trued. 

Feed rate is controlled by a dial on the control panel of the grinder. There is no 

speed readout on the grinder and so feed rate was verified with a stopwatch prior to each 

test (+/-10%). To perform tests over as broad of a range as possible, the maximum speed 

at which a 0.005 inch depth of cut could be performed needed to be determined. To do 

this, the feed rate was slowly increased and depth of cut was kept at a constant 0.005 

inches per pass. The maximum feed rate for the grinder was determined to be 9.5 inches 

per minute (ipm). The minimum table speed was 5.3 ipm. The third speed, 6.8 ipm, was 

selected since it would achieve a cycle time at the median of the other two speeds.  

Results for surface roughness, hardness, and cutting force are shown in Figures 

3.8-3.10, respectively, for the control experiments with no applied voltage or current.  



57 
 

 

 

 

Figure 3.8: Effect of Table Speed and Depth of Cut on Surface Roughness  

 

As seen in Fig. 3.8, surface roughness appears to be independent of grinding 

parameters. Thus, hardness was the main criterion used to select parameters to 

characterize the process. As seen in Fig. 3.9, hardness tends to decrease with increases in 

table speed and depth of cut, due to increasing material removal rate (MRR). MRR is the 

volume of material removed per unit time. It is shown below in Equation 3.1 

 	 ∗ ∗
 3.1 

Increasing MRR (i.e., removing more material in the same unit of time) requires 

more mechanical power. A portion of this power is converted to heat, therefore, 

increasing MRR increase heat generation. Heat generation can lead to changes in 

microstructure that impact hardness. To reduce heat, one needs to reduce force. This is 

shown below in Eq. 3.2. 
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 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗  3.2 

In this equation, Q is total heat into the workpiece (J), P is the mechanical power 

required for the cut (W), η is the efficiency (power as heat can be transferred to the 

wheel, lost through vibration and noise, and transferred out of the workpiece by 

convection), F is the cutting force (N), V is the feed rate (m/s), L is the length (m), and t 

is time to perform the cut (s). Assuming that the efficiency of the heat being transferred 

to the workpiece is constant throughout all experiments, one can reduce heat generation 

by reducing force.  

 

Figure 3.9: Effect of Table Speed and Depth of Cut on Surface Hardness 

 

Due to the sparsity of data, as well as small differences in the mean and variability 

(Figure 3.9), it is difficult to conclude which conditions lead to significant changes in 

hardness. There appears to be a change between 0.002-0.004 inches depth of cut. 

However, the force data (Figure 3.4) indicates an increase in cutting forces at a table 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

.001 .002 .003 .004 .005

R
o

ck
w

e
ll 

C
 H

a
rd

e
n

ss
 (

H
R

C
)

Depth of Cut (inches)

5.3 ipm 6.8 ipm 9.3 ipm



59 
 

 

 

speeds of 5.3 ipm and depths of cut above 0.004 inches, 6.8 ipm above 0.003 inches, and 

9.5 ipm above 0.002 inches. These changes in measured force may indicate a change in 

material properties, thus grinding parameters should be kept below these levels. Since 

higher MRR is desirable for reducing cycle time, grinding parameters should be selected 

near this Pareto frontier. Thus, a set of conditions was selected to balanced MRR and 

change in hardness, i.e., a table speed of 6.8 ipm and a depth of cut of 0.002 inches. 

 

 

Figure 3.10: Effects of Table Speed and Depth of Cut on Force 

 

3.3.3 Empirical Characterization of the EAG Process (Task 3) 

After the control experiments without applied voltage and current were 

completed, the experiments with electricity were performed. The power supply had 

voltage ranges from 0-500 volts and current from 0-0.35 amps. To maximize the 

exploration of the operating window, 50, 250, and 500 volts were select as the voltages, 

and 0.05, 0.20, and 0.35 amps were selected for the currents. The same analysis as for the 
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control samples was performed to determine the effects of different currents and voltages 

on surface roughness, hardness, and forces. The results of these tests are shown below in 

Figures 11, 12, and 13, respectively.   

 

 

Figure 3.11: Effect of Voltage and Amperage on Surface Roughness  

 

From the figures, there appears to be no noticeable effect on surface roughness, 

hardness, and force caused by varying voltage and current settings. Perhaps improvement 

may not be achievable beyond the optimum surface characteristic the machine is capable 

of without applied electric power. It is speculated that a change may be observable at a 

set of parameters that are outside the optimal region. For example, if EAG were 

performed at a point with high surface roughness, then a reduction in surface roughness 

may be observable. Additional experiments where not run to test this hypothesis due to 

time and budgetary constraints.  
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Figure 3.12: Effect of Voltage and Amperage on Surface Hardness 

 

It should be noted that pitting occurred at some higher power settings. For 

example, only two of the three replicates showed pitting at the setting of 500 volts and 

0.35 amps. The exact reason for this is unknown. Perhaps, the portions of the abrasives 

were loaded with chips. Sparks were observed during all tests, so it is unlikely that this 

could cause an electrical path between the bond and work and prevent sparks from 

forming. However, loading the wheel may reduce the spark gap. If this were smaller, a 

lower voltage would be required to generate the spark. The lower voltage spark may not 

have enough power to generate a pit. 
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Figure 3.13: Effects of Voltage and Amperage on Force 

 

Figure 14 shows a 3-D contour image from the white light interferometer with a 

pit indicated in the lower right hand corner.  

 

 

Figure 3.14: Surface Roughness Contour Map with Evidence of Pitting (500V, .35A) 
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Although pitting is visible in some images, and therefore included in the 

measurements shown in Figure 11, it did not appear to effect the surface roughness 

measurement results. This may be because the surface coverage of the pits was not large 

enough to have a statistical impact, their depth was not deep enough to change the data, 

or the variability in the results masked any changes in the results due to pitting.  

Although no noticeable effects of applied electrical power were observed on 

surface roughness, hardness, and forces, a large effect was observed on the grinding ratio. 

Figure 3.15 below shows an image of a slot ground into a D2 steel alloy workpiece using 

the grinding ratio measurement method described in the Appendix. Since the wheel is 

used to grind a slot into the new workpiece, an inverse profile of the wheel is generated. 

The left side of Figure 3.15 reflects the portion of the wheel that was not ground. The 

right side of the figure indicates the portion that was ground. Figure 3.16 shows the 

changes in height across the line profile indicated in Figure 3.15. 

 

Figure 3.15: Inverse Image of Wheel Profile in D2 Steel (0V, 0A) 

 

There appears to be a small change in height (a difference between the maximum 

and minimum heights) of about 20 micrometers, but there is not a clear step-change 
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across the profile, potentially due to an equipment problem during testing. To address the 

problem, the workpiece had to be moved and repositioned, which caused the lateral (X) 

location to be moved slightly and may account for slope the middle of the wheel profile.  

 

 

Figure 3.16: Roughness Values for the Line Profile of Ground Region (0V, 0A) 

 

It is important to note that the key metric to measure grinding ratio is the 

difference between the average maximum and the minimum heights across the profile. 

Because the results show a clear difference across the profile, the grinding ratio could be 

calculated and was found to be approximately 250.  

 

 

Figure 3.17: Inverse Image of Wheel Profile in D2 Steel (500V, 0.35A) 
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Next, experiments with electrical power were performed. These were conducted 

at 500 volts and 0.35 amps, which were the most extreme conditions. Only trial was run 

due to the intensive amount of time required for grinding. 

 

 

Figure 3.18: Roughness Values for the Line Profile of Ground Region (500V, .35A) 

  

The left side of Figure 3.17 is when the wheel used for grinding. The right side is 

where it was not used. One can clearly see that is there a large difference in height of the 

two sides, which was measured to be approximately 232 micrometers (Fig. 3.18). The 

grinding ratio was calculated to be about 25, which indicates significant grinding wheel 

wear when using the EAG method (grinding ratios of 250 and 25 without and with 

applied electric voltage and current, respectively). One potential cause of wear is spark 

erosion. There is evidence of pitting on workpieces ground with 500 V and 0.35 A. If the 

spark is pitting on one end, it will likely produce a pit on the other. This pit will remove a 

small portion of the bond material. By removing a small portion of the bond material, the 

abrasives will not be held in place as strongly. This will allow the abrasive to be removed 

and expose a new abrasive, which will be subjected to the same spark erosion the old 

abrasive.   
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3.4 CONCLUSIONS 

Hybridization of abrasive grinding and electro-discharge machining such as 

AEDG, EDG, and EDDG have shown potential in previous research to improve the 

machinability of difficult to machine materials. However, these processes use a dielectric 

fluid which increase cost, has negative environmental impacts, and poses health risk to 

employees. A new method, called electrically-assisted grinding (EAG), is investigated in 

the research. This method also combines EDM and abrasive grinding but uses air as a 

dielectric fluid.  

 

3.4.1 Summary 

The purpose of this research is to develop an EAG prototype and perform initial 

evaluations of the EAG process. Three tasks were identified to accomplish this. For Task 

1, a prototype setup was designed and fabricated to characterize EAG performance for 

cutting hardened D2 steel. This was accomplished by modifying an existing grinder. 

Customized sized metal bonded CBN grinding wheels were purchased. These had larger 

inner diameters than what is traditionally used to allow for a PEEK insulating ring to be 

inserted between the wheel and the arbor. An assembly consisting of an aluminum 

clamping fixture on top of a machinable ceramic insulator was fabricating. The clamping 

fixture provided a means to hold the workpiece and the ceramic insulated the electricity 

from the dynamometer and grinder. An arm assembly was also fabricated to place a 

carbon brush against the grinding wheel. Finally, a power supply was purchased that was 

supplied power to the EAG process via a wire to the clamping fixture and arm assembly.  
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For Task 2, experiments to determine the machining parameters at which to 

perform the EAG with electricity were completed. Table speed and depth of cut did not 

seem to have an effect on surface roughness, however, they did seem to affect hardness. 

Based on initial experiments, an optimum point was determined to be 0.002 inch DOC 

and 6.8 ipm, which balanced MRR and hardness. The set of parameters were chosen 

because they exhibited the same hardness and no significant changes in surface roughness 

from the smallest Sa value. These parameters gave a hardness of 58 on the Rockwell C 

scale and a surface roughness of approximately 1.1 micrometer. The grinding ratio at 

these parameters was determined to be 250.   

For Task 3, experiments were performed using the optimum parameters with 

combinations of three different voltages and three different currents. From these 

experiments, it does not appear that applied electrical power has an effect on surface 

roughness, hardness, or forces. This may be a result of the machining parameters that 

were selected. The machining parameters that were selected gave the optimum results 

without electrical power. An improvement above the optimum without electrical power 

may not be observable. Pitting was also observed for some, but not all, of the samples 

with higher power settings. These results did not seem to be measureable using the 

surface roughness test. This may be because the coverage of the pits were not large 

enough to significantly impact the surface roughness measurement or the pits were not 

deep enough to cause a large variation in the data.   

The experiments did show a large decrease in the grinding ratio. The experiments 

conducted at maximum power (500 volts, 0.35 amps) had a grinding ratio of roughly 25. 
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These results indicate that EAG increases tool wear without an improvement in surface 

quality. 

 

3.4.1 Future Work 

The results show no noticeable difference between traditional grinding and EAG 

based on an improvement in surface roughness without a change in hardness. If one 

wishes to improve the surface quality of a part beyond the limitations of machines, it does 

not appear achievable under the conditions investigated in this work. The process 

produced the same or poorer (with pitting) part quality and experienced greater wheel 

wear. This indicates that spark erosion is likely occurring, however it appears to be at 

levels that are too low to cause a noticeable effect. In order to increase spark erosion, a 

more powerful spark appears to be needed. This could be accomplish with a new power 

supply or with changes made to the abrasive size to increase the spark gap.  
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CHAPTER 4: MODELING AND CHARACTERIZATION OF LASER 
ABLATION FOR MACHINING SILICON CARBIDE 

 

ABSTRACT 

Silicon carbide (SiC) is a technical ceramic that has applications due to its 

strength, hardness, inertness, and low coefficient of thermal coefficient, such as: disc 

brakes, pump vanes, and turbine parts. The material properties that make it useful in these 

applications also make it difficult to machine. SiC is commonly machined using diamond 

tools. Final shape can also be created using a mold through sintering or reaction bonding. 

These require specialized tooling and increased expense which sometimes inhibits the use 

of SiC. Laser machining, however, has emerged as an effective method to cut ceramic 

materials, including SiC. Laser machine tools, while expensive, are becoming more 

common in shops and production facilities. There has been limited research conducted 

that attempted to make an accurate model of features for laser machining silicon carbide. 

The research that has been performed has limitation in accuracy and range of operating 

parameters. This research attempts to create a model for predicting depth of a 

microchannel produced by laser machining SiC in engineering applications. A 

mechanistic model based on conservation of energy of the laser machining process for 

SiC is presented and verified for a 1000 W ytterbium fiber laser. The results indicate that 

the model is accurately represents experimental data with variations of with a mean 

variations of 9% over power from 100-1000W and scan speeds of 0-1500 mm/s. 
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4.1 BACKGROUND 

SiC has the potential for use in many applications. However, it can be difficult to 

machine via traditional method. This portion of the research is comprised of two section. 

The first section describes background on SiC and its traditional production methods. The 

next section provides background on previous laser ablation models and their 

shortcomings.   

 

4.1.1 Properties and Production 

Ceramics have material properties different from metals, composites, or polymers. 

They generally have a higher strength and hardness than steels or plastics, but do not 

elongate, thus are not as tough. Most metals are good electrical and thermal conductors 

and most plastics are poor electrical and thermal conductors. There is no such trend for 

ceramics, they can be good or poor at conducting heat and electricity. Since the 

combinations of properties of ceramics are unique from metals or plastics, they can be 

better suited for certain applications such as refractory, body armor, and gas burner 

nozzles.  A comparison of ceramics properties compared to typical plastics and metal 

alloys is shown below in Table 4.1 [57]. 
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Table 4.1 Properties of Various Materials 

 Metal Plastics Ceramics 

Properties 
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Young's Modulus 
(10^6 psi) 

27.3 
- 

30.5 

9.86 
- 

11.6 

0.0901 
- 

0.13 

0.29 
- 

0.354 

9.86 
- 

10.7 

49.7 
- 

56.6 

58 
- 

66.7 

Yield Strength (ksi) 
24.7 

- 
145 

13.8 
- 

88.5 

2.6 
- 

4.21 

8.56 
- 

10.2 

6.53 
- 

22.5 

50.8 
- 

85.3 

58 
- 

88.5 

Elongation (%) 
5 
- 

70 

1 
- 
2 

200 
 

-800 

70 
- 

150 
0 0 0 

Hardness (Vickers) 
130 

- 
570 

60 
- 

160 

5.4 
- 

8.7 

17.7 
- 

21.7 

450 
- 

950 

1.2E3 
-

2.06E3 

2.3E3 
- 

2.6E3 

Thermal 
Conductivity 
((BTU*ft)/(h*ft2*F)) 

6.93 
- 

13.9 

68.2 
- 

101 

0.233 
- 

0.251 

0.109 
- 

0.126 

0.809 
- 

0.867 

15 
- 

22.2 

46.2 
- 

75.1 

Electrical Resistivity 
(µohms*cm) 

64 
- 

107 

3.8 
- 
6 

3.3E22
- 

3E24 

1E20 
- 

1E21 

1E23 
- 

1E27 

1e20 
- 

1e22 

1E9 
- 

1E12 

Price ($/lb) 
2.67 

- 
2.94 

0.957 
- 

1.06 

0.939 
- 

1.03 

2.08 
- 

2.29 

2.82 
- 

4.7 

8.28 
- 

12.4 

6.59 
- 

9.41 

 

This research will focus on silicon carbide (SiC). SiC is a technical ceramic, 

which included such materials as AlN, BN, and ZrO2. Al2O3 and SiC (in table 4.1) are 

two of the most commonly used technical ceramics. SiC has a higher strength than Al2O3, 
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which makes it better for uses that require a static load. SiC is a hard material, with 

makes it an effective material for use as an abrasive. The largest difference between SiC 

and Al2O3 is its thermal and electrical properties. SiC has a higher thermal conductivity 

than Al2O3, which coupled with its excellent wear resistance, makes SiC suitable for 

applications where it can experience friction such as brakes and bearings. It is also a 

semi-conductor which has uses in the electronics industry such as power devices. Other 

applications for SiC are in the energy industry, such as high temperature parts for 

turbines and as heating elements. Finally, SiC is cheaper than other technical ceramics. 

Overall, it is more desirable to make many technical ceramics parts out of SiC because of 

its superior properties and lower costs.  

SiC is formed by ionic bonding of silica and carbon. Over 500,000 tons of SiC is 

produced each year. The most common commercial production method combines sand, 

which supplies the silica, and coke, which supplies the carbon, in a furnace and at 

temperatures up to 2700 °C. This produces crystals, which are crushed into powder and 

classified by size. These powders can then be used to produce larger structures through 

sintering. Sinter is a process where a powder is compacted and heated to below the 

melting temperature to form solid parts. Sintering SiC will require sintering aids which 

will cause some impurities. Reaction bonding is process of bonding the silica and carbon 

together in the mold, and will typically have higher purities than sintering. Chemical 

vapor deposition (CVD) is also used to create coatings of SiC on materials to inhibit 

corrosion. Centimeter-sized crystals can be formed by CVD, which can be used to 

produce other parts [58]. 
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Large structures of SiC are usually produced by sintering or reaction bonding into 

the final shape. However, it is often difficult and expensive to change molds. This leads 

to increased costs for low volume and customized parts. SiC is a hard and brittle material, 

which makes it difficult to machine from stock material without cracking. If it is 

machined, diamond tools are typically used [59]. Not only are these tools expensive to 

purchase, but the hardness of SiC causes the diamond to experience some wear [60]. In 

addition to the cost associated with of replacing an expensive tool, wear also dimensional 

accuracy issues. These quality issues have dictated that machining of SiC be mainly done 

by operations such as grinding, lapping, and polishing. These abrasive machining 

operations do not allow for complex shapes or high material removal rates (MRR). 

Machining of SiC has been explored using lasers. Lasers have several advantages 

over traditional material removal methods: lasers do not experience tool wear, they can 

be used to form complex shapes in the workpiece, their high scan speed can also allow 

for greater material removal rates. In spite of these advantages, laser equipment is more 

expensive than traditional machines, uses higher power, and is not available to all 

machine shops (although it is becoming more prevalent).  

 

4.1.2 Previous Models: 

Laser machining has been investigated extensively with metals, plastics, and 

several ceramics [2], including SiC. These studies primarily deal with temperature 

prediction [61], plume dynamics [62]–[64], thin film deposition [65], [66], and structural 

changes [67]. Theoretical examination of laser machining of 3D shapes in SiC has been 

undertaken [68]. However, experimental works is limited to simple shapes, such as single 
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grooves or holes [69], with the focus on feasibility rather than prediction of geometry. 

Little work has been found for predicting feature sizes. In order to create usable parts out 

of SiC stock by laser machining, the effect of process parameters on feature generation, 

particularly depth of cut, needs to be better understood. Three dimensions are needed to 

define a shape. The CNC system allows for accurate predicted of the X and Y coordinates 

of a laser beam, however, it cannot predict the Z (depth of cut). Specifically, this research 

looks at producing microchannels by laser ablation. 

Few models have been developed for laser ablation of SiC. Three have been 

found and are reported here. Toa et al. [29] investigated the hole depth produced by a 

single pico-second pulse from an excimer laser. They developed a model to predict hole 

depth based on thermal conductivity, enthalpy, and laser intensity, as well as the change 

in temperature. They verified the model by calculating the minimum fluence required to 

raise SiC above its melt temperature, which was found to be 0.15 J/mm2, and is 

reasonably close to the 0.19 J/mm2 threshold fluence determined experimentally. From 

their model, they were able to use the Hertz-Knudsen equation and calculate the rate of 

change in depth of the melt pool. By integrating the rate over time, they were able to 

calculate the expected hole depth generated by one pulse. Although this model predicted 

the depth well, it may not be applicable for producing complex geometries that require 

more than a single pulse. Two investigations were found that attempted to create models 

for SiC and were validated using larger features that require many pulses.  

Samant and Dahotre [30], [31] developed a physics based model for predicting 

material removal rate when machining slots with lengths of 10 mm and widths ranging 

from 10 to 25 mm. The laser used was a Nd:YAG  pulsed at 20 Hz. To calculate MRR, 



76 
 

 

 

the authors first calculated temperature change for one pulse using Fourier’s law, which 

states that the rate of heat transfer is proportional to the temperature gradient and area. 

They then calculated what the final equilibrium temperature would be when accounting 

for conduction of heat throughout the workpiece and losses to radiation. From this 

temperature they were able to calculate the evaporation losses and the recoil pressure. 

The evaporation losses would remove some material, but cause a drop in temperature and 

melt depth. The new temperature, melt depth, and recoil pressure were used to calculate 

the expulsion velocity, which determined the expelled depth. The expelled depth would 

give a new depth for the next pulse. This process could then be repeated for the total 

number of pulses needed to create the geometry. 

The model attempted to predict material removal rate for four different ceramics. 

Although their model accurately predicted MRR for some ceramics, it was not suitable 

for SiC. The model predicted MRR for SiC to be 136.15 mg/sec, but it was measured to 

be 108.65 mg/sec. This is a difference of about 25%. The model was used to predict the 

rank of MRR of the different ceramics. The rank from experimentation was not the same 

as predicted order. For example, Al2O3 was predicted to have a lower material removal 

rate than SiC (96 vs. 136.15 µg/sec), but measurements show that the opposite is true 

(132 vs. 108.65 µg/sec). There are several possible reasons for the difference. Perhaps 

there are unaccounted for loses, such as heat transfer in the transverse directions, or 

chemical reactions in ceramics which may absorb or release heat. Also, the assumption of 

material removal by explosive boiling is not valid for all materials. 

A set of models were developed by Gupta et al. [32] to predict ablation rate of an 

SiC using an excimer laser. These models accounted for several material removal 
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mechanisms, including chemical decomposition, vaporization, explosive boiling, and 

plasma shielding. The authors present two models, one based on chemical decomposition 

and vaporization, and a second one which adds an explosive boiling to the first model. 

The first model predicts the evaporation rate of the melt pool generated by the laser. They 

first used an equation to predict the relaxation time (time it takes to cause a material to 

melt), which is a function of initial temperature, final temperature, heat capacity, density, 

thermal conductivity, and fluence. The authors set the relaxation time as the pulse 

duration time and calculated the final temperature. The final temperature can be used in 

the Clausius-Claperyon equation to calculated vapor pressure, which can be used to 

calculate evaporation rate. They compared the models results to experimental data at 

fluences of 1.8, 3.3, and 6/.8 J/cm2. The model underpredicted the ablation rate by about 

20% for 1.8 and 3.3 J/cm2, and overpredicts the ablation rate by about 20% at 6.8 J/cm2. 

The authors suggested that model errors could be due to certain neglected factors, such as 

ignoring the evaporation of carbon molecules. The problems with this model is the 

narrow range and the poor accuracy which inhibits boarder application to other processes 

and process settings.  

For the second model, the authors suggested that higher fluences will cause 

explosive boiling to occur, which will cause mass to expulse out of the machining area. 

The authors calculated the critical radius of the bubble, which is a function of the 

temperature of the superheated liquid, vapor pressure, pressure of the liquid layer, gas 

constant, and surface tension. The critical radius was then used to calculate the time to 

form the a bubble of the critical radius, which is a function of the critical radius, liquid 

temperature, saturation temperature, latent heat of vaporization of the liquid, vapor 
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density, and liquid density. The authors noted that the critical radius for fluence in this 

region (5 to 15 J/cm2) are larger than the thermal penetration depth (~2μm), but it is 

unclear if they use the time to form a bubble of 2 μm or the time to form a bubble of the 

critical radius. The authors are then unclear as to how this time effects the ablation rate, 

but do present a chart showing µm/pulse at fluences ranging from 5 to 15 J/cm2.  The 

results deviates from the experimental results to a greater extent than the first model. The 

fluences at the low end of the model (~ 6 J/cm2) overpredicted the experimental results 

by about 45%, and the high end (~16 J/cm2) overpredicted by about 150%. The shape of 

the curve of the model was also difference than the experimental data. The model curve 

exponential increased with increasing fluence while the experimental data appears to be 

linear or approach a limit as fluence increases. They attribute the deviations from 

theoretical and experimental results to unavailable data and complex interactions, and 

suggest that it is unlikely that a temperature based model could be developed.   

 

4.2 MODEL DEVELOPMENT 

Previous models for SiC ablation do not accurately predict depth over a wide 

range of process parameters. Improved models for laser processing of SiC need to be 

developed in order to allow for the method to produce accurate features. This section 

describes the approach and results that this research used to create a more accurate 

model.  
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4.2.1 Approach 

The results from previous models leads to several insights when trying to develop 

a better model.  First, it appears that degradation of SiC is reasonable to consider. The 

first model reported by Gupta [32] had the best overall accuracy. However, better 

consideration of factors driving the decomposition are required. For example, Gupta’s 

decomposition model only considered evaporating silicon and neglected carbon.  

In order to determine how carbon leaves the machining area, knowledge of the 

chemistry behind laser ablation of ceramics is required. With photothermal ablation of 

materials such as metals, the metal heats up, melts, and vaporizes. Many ceramics, 

including SiC, react differently. Before reaching temperatures needed to vaporize SiC, it 

undergoes several reactions that degrade SiC into different substances. This makes it 

difficult to determine the chemical reaction sequence that SiC leaves the workpiece. 

These degradation reactions are shown in Eqs. 4.1-4.6 [70]. 

 ,  4.1 

 2 2   4.2 

 2 2  4.3 

 2 2  4.4 

 2 2  4.5 

 2  4.6 
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These reactions have been verified to occur during laser machining SiC by 

Shigematsu et al. [71] by analyzing the gaseous components through infrared 

spectroscopy. Their results show large peaks at the wavelengths that correspond to CO2 

and smaller peaks that correspond to CN-, CO, and SiO2. The absolute percentage of 

these each component is unknown, however, large peaks generally correspond to a larger 

amount of the substance. 

The second insight from previous work is a model created only of thermal 

properties to predict temperature, and eventually explosive boiling do not predict results 

well. These are the models reported by Samant and Gupta [31]. There are several 

potential sources of error in their model. The mechanism for material removal is 

complex, so the authors had to make simplifying assumptions that may be inaccurate. 

There may also be other forms of energy, such as those produced by chemical reactions, 

which may not be accounted for with a thermal properties only model. A broader energy 

based approach could produce better results.  

The third is that a different laser removal method may produce better results. The 

models reported used a pulsed laser, and were not successful in developing models. A 

continuous wave laser may produce more repeatable results. Therefore, the goal of this 

research is to model laser ablation of SiC by balancing the energy required to vaporize 

SiC with the energy supplied by a continuous wave laser.  

In order for solid SiC to leave the laser tool path, it must change phase from a 

solid to a gas, which requires energy. One can estimate the energy needed for this phase 

change to occur for a specific volume of material and compare this to the volume being 

machined by the laser and the laser intensity (Eq. 4.7).  
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 ∗ ∗

∗
 4.7 

In this formulation, eremove is the specific energy to remove material (J/g), Elaser is the total 

energy provided by the laser (J), ρ is density (g/mm3), and V is the volume of the 

geometry being removed (mm3). The terms εremove and εlaser are used represent 

unaccounted factors that will cause deviations between the model and experimental 

results. There will be some losses from the energy supplied by the laser such as reflected 

light and heat conducted throughout the workpiece, and these are summed in εlaser.  

Since degradation will be considered, some energy will be required to drive that 

chemical reaction (erec), and some energy will be required to vaporize the remaining solid 

material (evap). Therefore, eremove is the sum of erec and evap. However, the calculations for 

this energy will not be perfect. There may be impurities in the SiC workpiece that may 

affect the energy required for removal, or there may be additional reactions that are 

neglected. The εremove term accounts inaccuracies such as these. The two ε terms can be 

combined together into εtotal which accounts for the total variance between the model and 

experimental data.  

It will be assumed that the geometry is a channel, the volume is the product of 

length (L), width (W), and depth (D). The length and width will be constrained by the 

geometry, and the model will attempt to predict depth. When substitution and rearranging 

a generic model for laser ablation of a ceramic can be obtained. This is shown in Eq. 4.8.  

 ε ∗
∗ ∗ ∗

 4.8 
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4.2.2 Results 

 As stating before, eremove is a combination of the energy needed to degrade SiC 

and vaporize its remaining solid components. As discussed above, the amounts of CN-, 

CO, and SiO2 reported by Shigamastu are small percentage of components in the air from 

laser machining, and will be assumed to be negligible. Therefore, for this investigation, 

CO2 from SiC and air is modeled by using Eqs. 1 to 3. The overall chemical reaction is 

shown in Eq. 4.9: 

  4.9 

The energy needed to form the products from the reactants (enthalpy of formation 

for the reaction, Hrxn) can be calculated by using Eq. 4.10. 

 ∑ ∗ ∑ ∗  4.10 

Where v is the stoichiometric coefficients of the molecules. Enthalpies of 

formation, Hf, of the products, reactants, and reaction are shown below in Table 4.2: 

Table 4.2: Enthalpies of Formation 

Component SiC  O2 CO2  Si Hrxn 

Hf (kJ/mol) -72 0 -392 0 -320
 

Since the enthalpy of formation is negative for this reaction, it is exothermic; for 

each mole of SiC that breaks down, 320 kJ of energy is released (erec is-8000 J/g). The 

carbon dioxide produced leaves the workpiece, leaving behind solid silicon. The 

temperature of the silicon continues to increase because of the energy supplied by the 
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laser. Eventually the silicon will melt, then vaporize and leave the workpiece. The energy 

need to change the silicon from a solid to a gas, (ΔEsolid to gas) is shown in Eq. 4.11. 

 ∆ 	 	 ∆ 	 	 ∆ ∆ 	 	 ∆  4.11 

Where ΔHmelt is the enthalpy of fusion (50.21 kJ/mol) and ΔHboil is the enthalpy of 

vaporization (382 kJ/mol); ΔErt to mt is the energy required to increase the silicon from 

room temperature to the melting temperature; and ΔEmt to bt is the energy to increase the 

silicon from the melting temperature to boiling temperature.  Equation 4.12 is used to 

calculate the energy required to heat the silicon to melting and boiling temperatures.  

 ∗  4.12 

The molar heat capacity (Cp) is a temperature dependent variables, and for solid 

silicon it is defined in Eq. 4.13 [72]. 

 13.1 22.5 ∗ 8.3 ∗ 10   4.13 

For liquid values, Cp is 29.0 kJ/mol·K. To calculate the overall energy, one needs 

to integrate Eq. 12 from room temperature to the melting point, and then add the 

temperature differential from melting to boiling multiply by Cp for liquid Si.  The melting 

point of Si is 1687 K and the boiling point of Si is 3528 K. Assuming room temperature 

is 293 K, 88.5 kJ/mol are needed to vaporize one mole of Si is 521.7 kJ/mol (evap is 

18,632 J/g). Since forming CO2 from SiC generates 320 kJ/mol (8000 J/g), an additional 

10,632 J/g (eremove) must be provided by external energy sources to convert one gram of 

SiC into gaseous components.  
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This external energy is supplied by the laser, and can be calculate with Eq. 4.14. It 

is a function of laser power (P, watts) and cutting time (t, seconds). Time is calculated by 

the total linear distance the laser traveled divided by the scan speed (S), as shown in Eq. 

4.15.   

 ∗  4.14 

 
∗

 4.15 

The channel will be composed of several overlapping slots (Fig. 4.1). Each slot is 

created by one pass of the laser, and n is the number of passes in the laser must make to 

create the channel.  

 

 

Figure 4.1: Diagram of Workpiece 

 

Depth 
of cut

Channel 
width

passes
N=6
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Power and scan speeds are variables that will be adjusted in the experiments. 

There are several sources of error possible in for this equation. Light from the laser may 

be reflected off the workpiece, heat may be conducted out of the machining zone, or 

energy from the laser beam may be absorbed by the vapor plume. These error values vary 

greatly. When drilling holes with a pulsed laser, 80-90% of energy may be lost when the 

pulsed beam is goes through the plume [73]. However, it and can be negligible with no 

interactions, such as with short pulses in a vacuum [74]. For this process the beam is 

constantly moving, and so interactions are initially assumed to be negligible. It is 

assumed that there are no additional chemical reactions or impurities. Thus, εtotal will be 

assumed to be 1. 

The remaining unknown factors in Eq. 8 are length, width, and density. Density is 

a material property and is 3.16 kg/mm3. The channel will be cut from one side of the 

workpiece to the other, therefore, length is known. However, some assumptions will have 

to be made about channel width. The channel is composed of individual overlapping slots 

produced by the beam. The size of these slots are determined by the beam waist (area of 

beam when most focused), which needs to be determined experimentally. Nominal width 

can be calculated using Eq. 4.16: 

 ∗ 1  4.16 

Where d is the distance between the center points of the individual passes (mm), n is the 

number of passes, and w is beam waist (mm). The total numbers of gaps is given by n-1. 

Since half of the beam will be on either side of the tool path, w needs to be added to 

compensate for the area of the tool paths forming the edge of the channel. This, however, 
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is only the nominal width, while the actual width may vary. It is possible that energy 

from the beam may be conducted outside of the machining area. This could be high 

enough to melt or vaporize some of the SiC and cause the channel to be larger than the 

predicted geometry.  

The remaining factors to be determined in the generic model from Eq. 4.8 are 

experimental variables (P and S) and geometric variables (n, d, w, L) that can be 

determined through experimental characterization. The specific model for laser ablation 

of SiC is shown in Eq. 4.16. 

 ε ∗
∗ ∗

∗ ∗ ∗ .
 4.17    

4.3 MODEL VALIDATION 

Once the model was developed, it needs to be validated. This portion of the 

research described the experimental design to validate the model. Then, the results of the 

experiment are reported. The variance of the model to experimental data is determined to 

further refine the model.  

 

4.3.1 Experimental Design 

To validate the model, a design of experiments was created. This was done by 

creating microchannels in SiC with varying power and scan speed. The tool path was 

composed of six individual paths with a 50% overlap. Six paths were chosen to balance 

time constraints with making a larger feature. If there was no overlap, a continuous 

channel may not be formed, however, too much overlap will not allow for larger features. 
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50% was chosen to balance the two. The beam waist was unknown and determined 

experimentally by machining single slots into the SiC workpiece and measuring the width 

(Fig. 4.2). Thus, beam waist was determined to be 100 micrometers.  

 

 

Figure 4.2: Micrograph of Slots Produced by Single Pass of Laser Beam 

 

A channel composed of 6 passes of a 100 micrometer diameter beam with 50% 

overlap will have a nominal width of 350 microns. Figure 4.3 is a diagram of the tool 

path. All laser paths were machined in the same direction. The machine would move the 

laser beam along an individual pass, and turn the laser beam off once the pass completed. 

The machine would then move to the next starting location, and then turn the laser power 

on. The next pass would then be machined.   



88 
 

 

 

 

Figure 4.3: Laser Beam Toolpath  

 

The experimental variables to determine the nominal beam width (Eq. 4.16) are 

power and scan speed. A total of six different scan speeds were chosen. Several different 

power settings were chosen for each scan. A consistent set of power settings for all scan 

speeds was not chosen because certain settings were impractical. For example, low power 

settings with high scan speeds (low energy intensity) did not always produce a mark, and 

high power settings with low scan speeds (high energy intensity) caused the material to 

burn.  

A total of three replicates were run for each parameter set. While performing the 

experiment, two different workpieces were used, and tests were run at each of the two 

ends of the workpieces for a total of four locations. The tests were rotated among the four 

locations to minimize the effect of residual heat from the previous tests. Depth and width 

were measured on a micrograph. Figure 4.4 shows an example of the micrographs. First, 

the width was measured by drawing a line from one corner at the top of the channel to the 

Laser Paths

Laser Beam

50 μm
350
μm
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other top corner. Height was measured from the lowest point in the channel, along a line 

that is perpendicular to the workpiece surface. 

 

 

Figure 4.4: Sample and Measurements 

 

4.3.2 Experimental Results 

Microchannels were created in a 1 inch by 1 inch by 6 inch SiC block using a 

Rofin FL010 laser with a 1000 watt continuous wave ytterbium fiber laser. The laser used 

VLM to create a path for the laser to follow. A total of 96 combinations of power and 

scan speed were tested. The raw data is shown in Table 4.3. 

Average channel depths, average channel widths, and depth standard deviation 

were calculated at the different process parameters, and are shown in Table 4.4. This 

model is reliant on the experimental channel width being 350 micrometers. Therefore, 

average channel width needs to be calculated to verify that this is a valid assumption. The 

average width of all the channels is 346.15 micrometers with a standard deviation of 

37.75. The 99% confidence interval for a 350 micrometer channel with a 37.75 standard 

deviation is the experimental data has the diameter between 337.05 and 362.95 μm. Since 

346.15 falls within the confidence interval, this seems to be a valid assumption.  
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Table 4.3: Experimental Results from Laser Ablation of Silicon Carbide 
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1 1 50 50 306 80 49 12 400 500 311 427
2 45 50 50 331 51 50 50 400 500 341 344
3 59 50 50 335 42 51 79 400 500 369 710
4 3 150 50 244 1061 52 13 600 500 371 663
5 37 150 50 322 855 53 38 600 500 351 615
6 58 150 50 290 1082 54 65 600 500 414 791
7 2 200 50 202 1418 55 10 800 500 314 705
8 36 200 50 316 944 56 41 800 500 439 676
9 61 200 50 426 1710 57 55 800 500 360 764

10 29 50 100 0 0 58 11 1000 500 341 1001
11 52 50 100 0 0 59 64 1000 500 332 887
12 67 50 100 0 0 60 77 1000 500 446 1091
13 24 100 100 291 514 61 4 150 1000 287 72
14 46 100 100 303 335 62 39 150 1000 360 76
15 57 100 100 300 650 63 42 150 1000 401 72
16 23 200 100 258 648 64 5 300 1000 283 157
17 51 200 100 293 849 65 74 300 1000 405 150
18 66 200 100 291 999 66 80 300 1000 396 159
19 25 400 100 330 1590 67 6 400 1000 337 182
20 44 400 100 434 1867 68 68 400 1000 360 212
21 60 400 100 336 1846 69 89 400 1000 387 609
22 22 600 100 198 2515 70 7 600 1000 311 341
23 35 600 100 322 2819 71 53 600 1000 347 265
24 56 600 100 300 2577 72 84 600 1000 459 363
25 20 50 300 0 0 73 9 800 1000 282 455
26 71 50 300 0 0 74 33 800 1000 404 457
27 82 50 300 0 0 75 48 800 1000 464 359
28 19 200 300 230 398 76 8 1000 1000 375 581
29 81 200 300 299 316 77 72 1000 1000 341 471
30 88 200 300 404 359 78 73 1000 1000 450 554
31 18 400 300 313 615 79 31 300 1500 240 91
32 34 400 300 348 657 80 75 300 1500 322 126
33 95 400 300 372 813 81 76 300 1500 378 173
34 21 600 300 249 945 82 30 400 1500 303 135
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Table 4.3: Experimental Results from Laser Ablation of Silicon Carbide (continued) 
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35 43 600 300 287 1051 83 63 400 1500 339 101
36 85 600 300 341 840 84 70 400 1500 405 182
37 16 800 300 288 1263 85 32 500 1500 296 149
38 69 800 300 364 1207 86 47 500 1500 360 173
39 92 800 300 342 1359 87 86 500 1500 410 182
40 15 1000 300 329 1566 88 28 600 1500 306 259
41 54 1000 300 387 1673 89 91 600 1500 496 398
42 90 1000 300 369 1746 90 94 600 1500 441 200
43 14 50 500 0 0 91 27 800 1500 307 287
44 49 50 500 0 0 92 78 800 1500 468 369
45 83 50 500 0 0 93 96 800 1500 450 276
46 17 200 500 287 168 94 26 1000 1500 285 354
47 40 200 500 328 196 95 62 1000 1500 398 259
48 93 200 500 450 237 96 87 1000 1500 459 410

 

Figure 4.5 shows a plot of the predicted depths from the model and the 

experimentally measured depths. From the figure, it is evident that the depth is 

overpredicted by the model. The biggest deviation occurred at low scan powers. A depth 

was predicted, but none was formed. Si and CO2 are at lower energy states than SiC. 

Since SiC does not spontaneously degrade, there is an activation energy needed for the 

reaction to begin. It is hypothesized that the energy supplied by the laser did not 

overcome the activation energy to degrade SiC to Si and CO2.  

At other points where a channel was able to be created, there was still variation 

between the model and experimental results. This is not constant for all scan speeds, 

which suggests that εtotal is not constant. There are two hypotheses for this. The first is  
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Figure 4.5: Predicted and Actual Depth of 1 Microchannels (Std. Dev. error bars) 

 

that reactions not accountant for in the model. Equations 2-6 may be happening which 

could affect the amount of energy released by degradation. The second is that laser 

efficiency could be reduced by interactions with the plume of gas produced by ablation. 

Since the plume is produced by the material being removed, the MRR is proportional to 

the mass of the plume over time. And, since a constant amount of energy is needed to 

remove material, MRR is proportional to energy over time, which is power. When 

holding MRR is constant (i.e., at constant power), increasing scan speed will cause the 

plume to be generated over a larger distance, which may cause the density of the plume 

to decrease. If the beam passes through this plume, the laser could heat up the gases 

above the boiling temperature. Energy used to heat the plume beyond its evaporation 

point is neglected for in the model. This effect is visualized in Fig 4.6. 
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Table 4.4: Statistical Analysis of Laser Cutting Results 

Power 
(W) 

Scan 
Speed 
(mm/sec)

Average 
Depth 
(um) 

Average 
Width 
(um) 

Width 
Std. 
Dev. 

50 50 57.4 323.8 15.6 
150 50 999.1 285.1 39.3 
200 50 1357.3 314.7 112.0 
50 100 0.0 0.0 0.0 

100 100 499.4 297.9 6.4 
200 100 831.9 280.6 20.0 
400 100 1767.6 366.8 58.5 
600 100 2636.8 273.5 65.9 
50 300 0.0 0.0 0.0 

200 300 357.4 310.9 87.5 
400 300 694.9 344.5 29.6 
600 300 945.0 292.3 46.2 
800 300 1276.2 331.3 39.0 

1000 300 1661.8 361.6 29.7 
50 500 0.0 0.0 0.0 

200 500 200.3 355.0 84.9 
400 500 493.4 326.0 21.2 
600 500 689.6 378.8 32.1 
800 500 714.8 371.1 63.0 

1000 500 993.0 373.0 63.0 
150 1000 73.4 349.0 57.8 
300 1000 155.2 361.3 68.1 
400 1000 334.4 348.7 16.2 
600 1000 323.1 372.4 77.4 
800 1000 423.4 383.1 92.8 

1000 1000 535.2 388.7 55.8 
300 1500 130.0 313.3 69.5 
400 1500 139.3 349.0 51.6 
500 1500 168.0 355.2 56.9 
600 1500 285.5 373.4 95.8 
800 1500 310.7 408.4 88.3 

1000 1500 340.7 380.9 88.1 
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If the plume were interacting with the laser beam and absorbing energy at lower 

scan speeds, one should be able to see a εtotal smaller than one at lower scan speeds. Since 

εtotal is a term to correct for the variance between experimental and predicted data, it can 

be determined by minimizing the difference between the two for all the data points in a 

set. εtotal was calculated for each scan speed and plotted in Fig 4.7. 

 

 

Figure 4.6: Vapor Plume Formation at 200 W under Different Scan Speeds 

 

From Fig. 4.7, one can see that εtotal increases as scan speed increases to 300 

mm/sec. Then, it approaches 1 mm/sec, which means that the data from the experimental 

and model agree. This gives credence to the hypothesis that the vapor plume is 

interacting with the laser beam at low scan speeds but not at higher speeds. A regression 

line can be used to approximate the efficiency based on scan speed. The regression line is 

shown in Eq. 4.17:  

 

At 50 mm/sec, laser beam will 
go through a dense plume 
which absorbs energy

As scan speed increases (100‐
300 mm/sec), plume is 
generated over a long distance 
causing it to be less dense

At higher scan speeds (>300 
mm/sec), plume density is too 
low to cause noticeable 
interactions with laser beam
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Figure 4.7: Total Variance Correction (εtotal) at Different Scan Speeds 

 

The R2 value of the line is 0.85, which is a fairly good fit for the data. However, 

this regression model is only valid over the ranges from 100 to 1500 mm/sec. When the 

regression for εtotal is put into the model, the results improve. This is shown in Fig 4.8.  

 0.101 ∗ ln .3407 17 

The results show that the model varied from experimental data by 0-37% with an 

average of 9% when considering scan speeds from 100 to 1500 mm/sec and power from 

50 to 1000 watts. It should be noted only three of the 29 combinations had a difference of 

greater than 20%. In each of these three set of parameters, it appears that one of the data 

points used to calculate the average may be an outlier (data points 51, 69, and 89 in table 

4.3). The channels created during these experimental runs were more than twice the 

average depth of the other two comprising the set.  
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Figure 4.8: Plot of Predicted and Measured Data with Adjusted Efficiency 

 

4.4 CONCLUSIONS 

Silicon carbide (SiC) is a technical ceramic that can be used in many applications. 

However, it is a difficult to machine material with limits its use. A promising method to 

overcome some of the machining limitations is laser ablation. In order to use laser 

ablation to produce parts from SiC stock, one needs accurate models. These models do 

not currently exist.  

 

4.4.1 Summary 

This paper shows the derivation of a depth of cut prediction model for laser 

ablation of SiC by an energy balance between the energy of the laser and energy needed 

to degrade SiC to Si and CO2, and then to evaporate the remaining Si. Experiments were 

performed at various energy levels by varying scan speed from 50 to 1500 mm/sec and 
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power from 50 to 1000 W. Depth of the channels were measured, and width of the 

channel was verified. 

The results showed that the initial model overpredicts depth, and more so at low 

power or low scan speeds. When plotting the variance at constant scan speed, variance 

decreased with scan speed. Experimental and predicated data agree at scan speeds greater 

than 300 mm/sec. A regression line was created to predict the variance correction (ε) 

based on scan speed. When the regression was substituted for εtotal into the model from 

equation 4.8, variance decreased. With scans speeds between 100 and 1500 mm/sec and 

power between 100 and 1000W, the experimental and theoretical data of the final model 

deviated by 0-37% with an average of 9%.  

 

4.4.1 Limitations 

The major limitation is that using a variance term limits the range that the model 

is accurate and valid. If these losses can be accounted for, accuracy could be improved. 

Two reasons for variance have been hypothesized for the difference. First, additional 

reactions may be occurring that were not considered, such as those producing CN, CO, or 

SiO2. This will change the amount of energy required to remove a volume of material. 

Second, because the solid SiC is turning into gases, a portion of the laser beam has to 

pass through a portion of the resulting vapor plume. This will cause the plume to heat up 

beyond its boiling point, which requires extra energy that was not accounted for in this 

model.   
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CHAPTER 5: CONCLUSIONS 

This chapter first summarizes the results from the investigation of the two 

processes described in the previous chapters. Then, several benefits and drawbacks of 

each characterization approach are discussed. Finally, contributions to the research 

community and opportunities for future work are provided.  

 

5.1 SUMMARY 

This thesis presents two different processes to improve the machinability of 

difficult-to-machine materials. First, electrically-assisted grinding (EAG) is presented in 

Chapter 3 and characterized using an experimental approach. EAG process prototype 

equipment was successfully developed. Using the prototype, parameters for performing 

EAG experiments were determined to be a table speed of 6.8 ipm and a depth of cut of 

0.002 inches. In initial experiments without electricity applied, these parameters were 

found to exhibit the highest material removal rate of the sets of parameters examined, 

without affecting surface roughness, hardness, or grinding forces. These effects can 

indicate undesired increases in temperature and changes in material properties. EAG 

experiments were then conducted by varying current and voltage. 

The experimental results indicate that changing current and voltage did not have a 

measurable effect on surface roughness, hardness, or force. However, applied electrical 

current and voltage was shown to have a deleterious effect on tool wear. The grinding 

ratio (volume of workpiece material removed to volume of tool material removed) was 

approximately 250 without power applied. Under the maximum applied current (0.35 A) 

and voltage (500 V), grinding ratio was approximately 25. 
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Next, the research presented in Chapter 4 created a mechanistic model based on 

the conservation of energy to characterize the laser ablation process. The model was then 

verified for the machining of microchannels in an SiC workpiece. Experiments were 

conducted using scan speeds ranging from 50 mm/sec to 1500 mm/sec and laser power 

from 100 W to 1000 W. The variance between experimental and predicted data was 

larger at low scans speeds and smaller at high scans speed, which was hypothesized to be 

due to interactions between the plume and laser beam. A term to correct for this variance 

was empirically derived and used to refine the model. The refined model varied in 

accuracy from predicted data by 0-36%, and the average variance between experimental 

and predicted values over all 28 combinations was 9%. Only three of the combinations 

had a variance greater than 20%, which each appeared to be affected by one outlying 

replicate (three replicates were taken per setting).  

 

5.2 DISCUSSION OF CHARACTERIZATION APPROACHES 

In addition to the two processes, two different methods of characterization were 

explored in this thesis: empirical and mechanistic characterization approaches. Each 

approach has benefits and drawbacks, and the choice of the characterization method 

depends upon end-user requirements. This section describes each characterization 

approach, and shows how the findings from Chapters 3 and 4 about the application of the 

methods aligns with findings in prior work. 

Empirical methods rely on experimental and observational data to develop a 

mathematical or qualitative relationship. There are several benefits to this approach. 

Specialized knowledge of the process is not required, only knowledge of the parameters 
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that need to be tested and their ranges. This allows for faster, more accurate 

characterization of a process and tends to be more industrially relevant. However, these 

empirical models are more specialized than mechanistic models, thus they only operate 

under a specific set of conditions. They also do not provide in-depth knowledge to the 

user on the effects of the parameters [75]. Empirical methods would be chosen when the 

operating window is known and when a quick, accurate characterization of a particular 

process is needed. 

In a common empirical model of convective heat transfer, for example, 

coefficients for flows through unusual geometries have been derived experimentally [76]. 

Convective heat transfer coefficients are calculated with Nusselt’s number. For fully 

developed flow in tubes, Nusselt’s number (Nud) is defined as: 

 
∗

 5.18 

where h is the convective heat transfer coefficient, Dk is the hydraulic diameter of the 

tube, and k is the thermal conductivity of the tube material.  For many geometries, 

Nusselt’s number has been determined based on solutions to differential momentum and 

energy equations, and are reported in tables. However, heat transfer coefficients for 

unusual geometries are difficult to calculate mathematically, since localized Nusselt 

numbers are different from the average. Thus, they are predicted by empirical models, as 

can be demonstrated by calculating the heat transfer coefficients in a coiled tube. In this 

case, Nusselt’s number can be approximated by (Eq. 5.19):  
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3.66 .

∗
∗

1.158 ∗ ∗ . ∗  5.19 

where C is the diameter of the coil, Red is the fully developed Reynold’s number, Pr is 

Prandtl’s number, μ is the viscosity of the fluid outside if the tube, and μs is the viscosity 

inside the tube.  

This description of an empirical method is supported by the findings of the EAG 

project. Determining the material removal mechanism for EAG prior to experimentation 

would require a vast amount of time and knowledge, or may not be possible. However, in 

this research, empirically characterizing the process allowed for a fast and accurate way 

to predict how varying the process parameters would affect the workpiece. Because EAG 

was characterized empirically in a specific operating window, however, one cannot be 

certain how it will perform outside that window (e.g., at different tables speeds, depths of 

cuts, and power settings). This highlights the trade-off between speed and detailed 

knowledge of the process. 

A mechanistic method is based on first principles, such as conservation of mass or 

Newton’s law of motion. This characterization approach requires extra time and 

specialized knowledge, which allows for an in-depth understanding of the processes 

being modeled. Mechanistic models are theoretically based, thus require experimental 

data to validate. These models are also more general than empirical models, and will vary 

from experimental data more than empirically-derived relationships. On the other hand, 

experimental data can be used to refine the model and correct for errors. An end user who 

requires in-depth understanding of a process would choose this type of method. 
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An example of a mechanistic modeling approach is the Darcy-Weisbach equation 

for calculating head loss. This was initially determined by solving for head losses by 

substituting parameters commonly available to engineers (i.e., length of a pipe, diameter, 

and viscosity of fluids) into the common energy equation based on the first law of 

thermodynamics. Therefore, it is mechanistically derived. However, it requires an 

empirically-derived friction factor term to accurately predict pressure loss. 

This description of a mechanistic method is supported by the development of the 

depth predication model for laser ablation of ceramics. A large amount of time at the 

beginning of the project was needed to create the analytical model. This model was less 

accurate than an empirical model because it needed to be corrected with an empirically 

derived term. While an empirical model would have this term already built in, creating 

the mechanistic model allowed for a more in-depth understanding of the process. The 

ability of a mechanistic model to improve understanding of a process was realized in this 

work by deriving the hypothesis that the plume and laser beam interact at low scan 

speeds. This hypothesis would not have been developed using solely empirical data.   

 

5.3 CONTRIBUTIONS AND FUTURE WORK 

The work presented here provides several contributions and opportunities for 

future work to be undertaken by the research community. In Chapter 3, the development 

and characterization of EAG shows that combining a dry EDM process and abrasive 

grinding is possible. However, no measureable effects of electricity input to the process 

were detected. Future work in this area would be to further develop the process to see if a 

measurable effect could be produced. It is hypothesized that supplying more power may 
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be able to increase the amount of material removed by the sparks. With a more powerful 

power supply, one could perform a set of experiments and characterize the effects of 

voltage and current on force, surface roughness, and hardness. The data generated could 

be used to validate the approach, as well as providing information that could be used to 

generate an empirical model and/or verify a mechanistic model. 

The second contribution is demonstrating that depth of cut in laser ablation can be 

predicted using a mechanistic model based on the conservation of energy. There are two 

opportunities for future work to further develop and apply the model. The first task could 

be to further refine the model. A variance term was used to reduce the difference between 

the predicted depth of the mechanistic model and the experimental data. This variance 

term accounts for all of the losses in the process and inaccuracies of the model, such as 

energy absorbed by the plume, light reflected out of the cutting zone, and energy 

produced by other chemical reactions. If these losses could be accounted for, then a more 

accurate model could be developed. 

The second research opportunity related to the laser ablation process is to develop 

a hybrid machining process using laser ablation and traditional machining. Laser ablation 

has the advantage of avoiding tool wear for the production of microchannels, however, 

the surface roughness of the channels is poor. Thus, laser ablation could be used as a 

roughing pass (high MRR) prior to machining with a diamond grinding tool (low MRR). 

This would be a similar to LAM, however, material would be removed by the laser 

instead of only being heated. Experiments could be performed to empirically characterize 

the MRR, surface finish, and tool wear. Those results could be compared to the MRR, 

surface, and tool wear of laser machining and traditional machining methods.  
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APPENDIX A: EAG CHARACTERIZATION METHODS 

This section contains a brief overview of the test methods used in this report to 

complete Tasks 2 and 3 described in Chapter 3. 

 

SURFACE ROUGHNESS MEASUREMENT 

Surface roughness was measured using a white light interferometer. This machine 

used was a ZeScope from Zemetrics. A white light interferometer uses two beams of 

white light. One is a reference beams that is reflected back to a sensor at a known 

distance. The second beam is reflected of the surface and compared to the reference. The 

comparison between the two wavelengths establishes the distance that the reflected beam 

traveled. By taking measurements at many points across a surface, a three dimensional 

image is created. Examination of this image is then used to determine surface roughness. 

There are several different methods to measure surface roughness. The one used 

here is the average areal surface roughness (Sa). This is similar to the arithmetic surface 

roughness (Ra). Ra is the mean absolute difference between the points along a line and 

the arithmetic mean of that line. Average areal surface roughness is the mean absolute 

difference of points across a surface and the mean of that surface. Sa was chosen instead 

of Ra because Ra is direction dependent. Since Sa covers the entire surface, it does not 

have that issue. This can give a more accurate representation of how rough a surface is. 

When testing for surface roughness in this work, five measurements were taken 

on the ground surface of each sample. These samples were spaced evenly apart by 

approximately 0.875 inches and starting 0.25 inches from the edge of the sample. Since 
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there are three replicates at each parameter, the Sa value reported for each set of 

parameters is the mean of 15 measurements.  

 

HARDNESS MEASUREMENT 

The method used to measure hardness was the Rockwell C method. There are 

several other methods to determine hardness, such as the Vickers test, Knoops test, and 

other Rockwell scales. Rockwell C was chosen because it a common industry tests, it is 

fast and easy to perform, and it covers the hardness ranges for steels such as D2. 

The Rockwell C method determines hardness by relating penetration depth using 

a known load. First, a minor pre-load of 10 kgf is applied to the ground surface using a 

120 degree spheroconical diamond indenter and held for a predetermined dwell time. The 

machine then applies a 150 kgf load. The loaded position is also held for predetermined 

dwell, and the load it reduced to the preload value. The machine that applies the load is 

able to measure penetration depth, and automatically correlates this to Rockwell C 

values, which is reported. For the tests in this project, five Rockwell C measurements 

were performed on the ground surface of each sample. The final results reported for each 

set of parameters are the mean of the 15 data points.  

 

FORCE MEASUREMENT 

The force reported was the resultant force of the cut. It is a combination of the 

forces in the X, Y, and Z direction. Forces were measured on a 3 Axis Kistler Model 

9257B Piezoelectric Dynamometer. When a force is applied to the dynamometer, it 

creates an electrical signal. This signal is processed using LabVIEW software. The 
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electrical signal is then multiplied by conversion factors given by the manufacturer to 

convert the signal into a force measurement and stored in a matrix. This matrix had data 

from before and after the grinding wheel engaged the workpiece, so further processing 

was needed to determine the force per cut.  

Further processing was performed using a program written in MatLab. This 

program worked by determining at what time the cut engaged the workpiece, what time 

the wheel disengaged the workpiece, and averaging the force between those two points. 

The start and stop times where determined by recognizing large changes in the force 

measurement. A time duration of the cut was calculated for each test to verify that the 

program was averaging over the appropriate range of data. The force reported was the 

median force. The data has several large spikes due to noise in the system, therefore the 

median point was chosen to be a more appropriate average than the mean to reduce the 

effects of these spikes. There were five cuts per replicate. The resultant cutting force for 

each parameter reported is the mean of these 15 median forces.        

 

GRINDING RATIO MEASUREMENT 

The method used to characterize the effects of EAG on the grinding wheel is the 

change in grinding ratio. The grinding ratio is the volume of material removed from the 

workpiece per volume removed from the wheel. The volume of material removed from 

the workpiece is the product of the length, depth, and width of the slot. These dimensions 

can be measured directly with a caliper. However, determining the volume of material 

removed from the wheel is a bit harder. If one were measure the diameter of the wheel 

with calipers before and after grinding, it is difficult to guarantee that distance measured 
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is on a line that will go through the exact center point. Since the values being measured 

are so small, being off the center point very slightly could create a significant amount of 

error.     

The solution to this is to grind a portion of the wheel away and leave a portion of 

the wheel unground. To accomplish this, the grinding face of the wheel is partway on the 

workpiece and partway off when the cut is being made. One roughing pass is made with a 

finishing pass returning to the starting location. The wheel is dropped another 

incremental depth and another roughing pass is made with a finishing pass returning the 

workpiece to the starting location. This process is repeated about 500 times, until 1 inch 

of material is removed. 

After an inch of material is removed, a new slot is ground into a new workpiece. 

This new workpiece can be imaged with the ZeScope, and the step size can be measured. 

Ideally, a workpiece of a soft material such as HDPE would be used to minimize 

additional wear on the wheel. However, because the plastic is not very reflective, it is 

difficult to image. Therefore, the slots for imaging with the ZeScope were ground into a 

new piece of D2 steel. Because only a few passes were needed to completely grind the 

slot compared to the 500 needed for the tests, any additional wear on the unground side is 

negligible. 

Because it takes over a minute to complete one cycle (a roughing pass and 

finishing pass), this is a time-consuming test. Additionally, each test requires a new 

wheel with has significant expense and lead times. Due to these time and resource 

restrictions, the number of these tests able to be performed was limited. In this report, 

only two were examined: one with no electrical power and one with the maximum 
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electrical power. The maximum electrical power was chosen since differences would be 

more pronounced at higher power settings. 
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APPENDIX B: ADDITIONAL EAG PROCESS CHARACTERIZATION 

After the initial experiments reported in this research were performed, more work 

was done on the EAG process. Two sets of experiments were completed. One was to 

determine what the material removal mechanism could be in order to see if experiments 

could be designed that will show a difference between traditional grinding and EAG. The 

other set was to see if sparks could be localized in one area by changing the grinding 

direction.  

 

MATERIAL REMOVAL MECHANISM 

All of the previously reported results have shown no noticeable effect with 

applied current and voltage. The exact material removal mechanism, if it exists, is 

unknown. It is believed that there are two different methods: vaporization of metal or 

localized heating. Vaporization will reduce the cutting force by removing some of the 

metal; less material that needs to be removed will require less force. Localized heating 

will soften the metal, which will reduce the hardness and the required cutting force. In 

order to produce a noticeable effect, it would be beneficial to know which method is 

occurring. 

To determine which is happening, one must first isolate the sparking effect from 

the grinding. This was done by grinding a slot into the surface of the workpiece without 

applying electrical power. Several passes were performed without changing depth to 

create a flat surface. The gap between the surface of the workpiece and the metal bond is 

equal to the thickness of the CBN abrasives.  
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Two sets of EAG experiments were performed. The max voltage and current were 

used because if there was an effect, it is hypothesized that it would be more pronounced 

at the max setting. The first was to see EAG ability to remove material. To do this, the 

grinding wheel was only allowed to run in the middle of the workpiece piece. The 

machine was setup to move the wheel back and forth, without changing depth for about 

15 minutes with the power turned on. An image of the surface was taken afterwards and 

the depth was calculated. Then, a material removal rate was measured from this. The Fig. 

B.1 

 

 

Figure B.1: Profile of Channel Produce by Sparks 
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The depth of this slot is .060 mm. The width is 3.175 mm and the length is 30 

mm. The material removal rate, L*w*D/t, is 0.38 mm3 per minute. The smallest material 

removal rate from grinding only is 37 mm3 (.001 DOC and 5.3 ipm). One can see that 

about 99% of the material removed is by grinding at the lowest table speed. This small 

difference is probably very difficult to notice. 

The next set of tests involved determining the steady state temperature when the 

workpiece is sparked upon. Each spark has some energy with it, which should be 

transferred to the workpiece, air, and wheel. If the workpiece is constantly bombarded 

with sparks, it should heat up. Heat should be transferred out of the workpiece via 

convection, and the workpiece should reach a steady state condition with a temperature 

gradient highest in the cut zone and decreasing towards the edges. The temperature was 

measured at the edge with a temperature gun. Since the convection from the workpiece 

should be low since it is in air with low velocity, the conduction is high because the 

workpiece is a metal, and the distance from the grind to the edge is small (approximately 

1 inches), one would expect to see the steady state condition on the edge to be close to 

temperature where the sparking occurs. The results show that the steady state temperature 

increased by about 3 degrees Fahrenheit. 

Although 3 degrees may seem like a very small temperature, one cannot say for 

certain based on the experiments here that the temperature in the cutting zone is not high 

enough to reduce the forces required to cut the workpiece. This is because the amount of 

material removal is very small, so only a small amount of heat can raise the temperature a 
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large amount. One needs to know how much energy is being transferred to the cutting 

zone.  

Since this is steady state, the amount of joules entering the workpiece is about the 

same as the amount of joules exiting. Joules only exit through convection. To calculate 

the amount of energy leaving through convection by using Q=h*A*dt. Where q is the 

watts being transfer, A is the surface area, and dt is the change in temperature from the 

workpiece and air (this is the same as change in final workpiece temperature and initial). 

The surface area is about .009 m2, and h is assumed to be around 20 W/m2*K. This 

means that 0.54 watts are transferred to the workpiece 

The smallest MRR used in the experiments was 1.82E-4 cm3 per second. With a 

density of 8.2 grams per cubic centimeter, this chips produced in one second have a mass 

of 1.5E-6 kg. The specific heat of steel is about 450 J/kg*K. So, to raise the chips by 1 

degree C in one second, it take 6.7E-4 J. In 1 second, 0.54 are transferred. This would 

raise the chips about 400 °C. 

400 °C may be hot enough to notice a change. The point where hardness and yield 

strength begin to decrease varies among different steel grades. The general shape of the 

curves appears to be a slightly decrease as temperature increase up to some point, 

followed by a more rapid decrease with increasing temperature. This point where it 

changes from slow to rapid is around 600 °C.  

The 400 °C calculations is only an estimate. This does not take into account heat 

that is transferred out of the cutting zone. Once the sparks hits, it will conduct heat in 

circle around the point it contacts the workpiece. If one assumes that this is at or near the 

bottom of the grinding wheel, half will be conducted into a location that will be ground, 
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while the other half will be conducted into a region that has already been ground and will 

be lost. So, it is reasonable to assume that only half the energy is being used to heat up 

the chips, so the temperature increase could be around 200 °C, this is a small increase and 

may be difficult to notice. 

Overall, these experiments do not determine the exact material removal 

mechanism, but it does lead to some important conclusions. First, the setup does remove 

material by EDM, however, it is a very small percentage of the overall removal from 

grinding, so it probably is not great enough to make a distinctions. Second, the workpiece 

can be heated by sparks. However, the power may not be enough to reduce the cutting 

force to a noticeable level either. It would seem that in order to make EDG work, a more 

powerful power supply will be necessary.  

 

UP VERSUS DOWN GRINDING 

It appears that EAG will not show benefits with the current prototype. One way 

that it might show effects would be if the effects of sparking where maximized. 

According to Paschen’s law, a spark at a specific voltage setting has a maximum gap 

distance between the two electrodes that it will jump. Since a wheel is circular, this will 

cause two distances that are at that gap; one in front of the wheel and one behind. If 

sparks could be forced to the front of the wheel, then perhaps the effect may be more 

noticeable. Since the wheel is turning and moving air, there exists a pressure differential. 

This differential may cause the sparks to preferentially occur in front or behind the wheel.  

A DOE was created to test whether up or down grinding has an effect on spark 

location. The test was run at 400 volts, .65 amps, 5 ipm, and .001 inch depth of cut. 400 
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volts and .65 amps were chosen because it is hypothesized that more power would allow 

a larger change, which may make it easier to notice. 0.001 inch depth of cut was chosen 

because if sparks were to have an effect on the material, having that effect over a smaller 

amount of material would allow for the change to be noticed more easily.  5 ipm was 

chosen to reduce the force; a lower overall force from grinding will allow for an effect of 

sparking to be seen more easily. Forces where measured online. After the tests, the 

number of pits were counted in a 1 inch long segment in the middle of each sample. The 

effect of sparking may still be too small to measure, however, if the number of pits 

change, it would give some evidence that the location of the sparks changed (i.e., if the 

sparks were forced in front of the tool path, the wheel would grind away some evidence 

of the sparks). 

The factors chosen were power (on or off) and direction (up or down grinding). 3 

replicates were done for each combination of factors. The median and mean forces 

components during the cut and the number of pits in a given area were recorded were 

recorded. StatGraphics was used to generate an ANOVA table. It is shown below. 

Table B.1 P Values for Up/Down Grinding 

P values 
400 Volts .65 amps 

 
A: 
Power 

B: 
Direction 

AB 
Interaction 

X median 0.8483 0.2747 0.8082 
X mean 0.9387 0.22 0.83 
Y median 0.8559 0.1606 0.8528 
Y mean 0.691 0.0758 0.9798 
Z median 0.3609 0.6939 0.6888 
Z mean 0.8874 0.6193 0.5474 
Pitts 0 0.46 0.46 
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From the table, one can see that power does not have a statically significant effect 

on forces. It does for pits; that is because the power needs to be turned on in order for pits 

to occur. Up and down grinding do not have an effect on the number of pits, the X force, 

or the Z force. However, there may be a small effect on the Y force. The interaction 

between power and force is not statically significant. One can conclude from this that 

power causes pitting, but does not affect overall force. Up and down grinding may have a 

small impact on the Y force, however it is not statically significant at a 95% confidence 

interval. This magnitude of change does not seem to change when power is turned on, 

which is shown by the AB interaction being close to 1.  
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APPENDIX C: MODELING RESULTS FOR LASER ABLATION OF 
SILICON CARBIDE  

Table C.1: Predicted and Measured Depth without Variance 

Power 
Scan 
Speed 

Measure 
Depth 
(um) 

Predicted 
Depth 
(um) 

% 
Difference 

50 50 57 510 789% 
150 50 999 1531 53% 
200 50 1357 2041 50% 
50 100 0 255 N/A 
100 100 499 510 2% 
200 100 832 1020 23% 
400 100 1768 2041 15% 
600 100 2637 3061 16% 
50 300 0 85 N/A 

200 300 357 340 5% 

400 300 695 680 2% 

600 300 945 1020 8% 

800 300 1276 1361 7% 
1000 300 1662 1701 2% 
50 500 0 51 N/A 
200 500 200 204 2% 
400 500 385 408 17% 
600 500 690 612 11% 
800 500 715 816 14% 
1000 500 993 1020 3% 
150 1000 73 77 4% 
300 1000 155 153 1% 
400 1000 197 204 39% 
600 1000 323 306 5% 
800 1000 423 408 4% 
1000 1000 535 510 5% 
300 1500 130 102 21% 
400 1500 139 136 2% 
500 1500 168 170 1% 
600 1500 229 204 29% 

800 1500 311 272 12% 

1000 1500 341 340 0% 
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Table C.2: Predicted and Measured Depth Adjusted for Variance 

Power 
Scan 
Speed 

Measured 
Depth 
(um) 

Predicted 
Depth 
(um) 

% 
Difference 

50 50 57 375  554% 
150 50 999 1126 13% 
200 50 1357 1502 11% 
50 100 0 206  N/a 
100 100 499 411 18% 
200 100 832 822 1% 
400 100 1768 1645 7% 
600 100 2637 2467 6% 
50 300 0 78  N/a 
200 300 357 312 13% 
400 300 695 624 10% 
600 300 945 936 1% 
800 300 1276 1247 2% 
1000 300 1662 1559 6% 
50 500 0 49  N/A 
200 500 200 198 1% 
400 500 385 395 20% 
600 500 690 593 14% 
800 500 715 791 11% 
1000 500 993 988 0% 
150 1000 73 79 8% 

300 1000 155 159 2% 

400 1000 197 212 37% 
600 1000 323 318 2% 
800 1000 423 424 0% 
1000 1000 535 530 1% 
300 1500 130 110 15% 
400 1500 139 147 5% 
500 1500 168 184 9% 
600 1500 229 220 23% 
800 1500 311 294 5% 

1000 1500 341 367 8% 
 


