
ABSTRACT 
 

SHI, MEIRONG.  Thermo-chemical Tool Wear in Orthogonal Diamond Cutting Steel and 
Stainless Steel.  (Under the direction of Dr. R. O. Scattergood). 
 

The goal of this work is to investigate the thermo-chemical wear effect of diamond tools in 

the orthogonal machining process.  Diamond machining technology has been widely used in 

the ultra-precision surface finishing of non-ferrous metals as well as brittle materials.  

However, it is well known that ferrous materials are difficult to fabricate efficiently using the 

conventional diamond machining.  The diamond tool wears at an extremely high rate when 

turning the ferrous materials, especially those with low carbon content.  The very high rate of 

wear was generally believed to be caused by the thermo-chemical mechanism rather than a 

mechanical wear process. 

 

Elliptical vibration assisted machining (EVAM) is proven to be one promising method to 

suppress the tool wear and improve the surface finish.  However, the inherent mechanisms 

for the thermo-chemical diamond tool wear are still not clear, because many factors, such as 

temperature, pressure and the state of the tool-workpiece interface, are difficult to quantify 

during the wear process.  It is generally agreed that the thermo-chemical wear happens 

through a lower energy path by diffusion, graphitization and/or forming the carbide.  To 

quantitatively explain the wear behavior of diamond tools during machining, accurate 

measurement of diamond tool wear as a function of the cutting distance for given machining 

conditions and materials is necessary.  Unfortunately, the previously studies often used 

interferometry or weight loss to measure diamond tool wear and the resolution was low. 

 

A quantitative study of thermo-chemical wear of diamond tools while machining ferrous 

material is described in this thesis.  Steel and stainless steel with low carbon content were 

selected as the target materials.  To separate the abrasive wear effect, nonferrous material 

with comparable hardness was selected as the baseline material.  Microstructures of the 

workpieces materials were studied.  Intermittent diamond tool wear was measured using 



electron-beam-induced deposition (EBID) in a field emission scanning electron microscope 

(FESEM) and also with a white light interferometer.  Worn volume and wear rate were 

calculated based on the tool wear measurements.  Combined with the tool forces results and 

cutting chip measurements, possible tool-workpiece interaction process was proposed.  The 

results can be the basis for the EVAM study on the ferrous materials in the future. 
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1. BACKGROUND 
 
1.1 INTRODUCTION 
 

Ultra-precision machining has the prospect of producing parts with not only a high 

dimensional accuracy but also a good surface integrity.  It is an established machining 

technique for manufacturing optical, electronic and mechanical components, such as laser 

mirrors, infrared lenses, magnetic disc etc. [l-4]. 

 

Since the achievable machining accuracy is governed by the accuracy of the relative motion 

between the cutting tool edge and the workpiece, the performance of the ultra-precision 

machine and cutting tool are of prime importance.  Diamond is the ideal cutting tool material.  

It is the hardest of all known materials.  Diamond tools exhibit high thermal conductivity, 

low friction, non-adherence to most work materials and high wear resistance ability 

especially when machining soft materials like copper and aluminum [5].  The single crystal 

diamond can be polished to form very sharp edges smaller than 50 nm.  Over the past 

decades, the diamond tools have been widely used in the ultra-precision machining.  

Combined with the development of high precision machine and feed-back control with laser 

metrology, single point diamond turning (SPDT) has been widely used to machine non-

ferrous metals such as aluminum alloy, copper, electroless nickel, as well as brittle materials 

like optical glass, silicon and germanium with high geometrical accuracy, high quality 

surface finish and high machining efficiency [6, 7]. 

 

However, the major disadvantage of the diamond machining is that it cannot be applied to 

certain materials.  Workpieces, such as ferrous alloys, are not diamond turnable and the wear 

rate of diamond tool is so high that reasonable areas with specular surfaces cannot be 

produced economically [8-10].  For example, on a stainless steel part about 4 cm in diameter, 

the diamond tool will wear out within 1 mm of the outside surface where the tool is started 
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[11].  The wear rate of diamond turning mild steel has been estimated 104 times greater than 

that of turning brass with comparable hardness [12]. 

 

On the other hand, there is a great need for ultra-precision machining of ferrous materials.  

For example, stainless steel is an important engineering material in many precision 

engineering applications.  Due to the excessive tool wear in diamond tools, the ultra-

precision surface finishing of hardened stainless steel is obtained through grinding and 

polishing.  The process is time-consuming and the surface finish is achieved at the expense of 

the precision.  To extend applications of diamond tools and possible methods to suppress the 

tool wear, better understanding of wear mechanisms in diamond machining is necessary.  

Quantitative explanation of the wear behavior of diamond tool during machining ferrous 

materials is the motivation of the current work. 

 
1.2 DIAMOND TOOL WEAR 
 
1.2.1 PROPERTIES OF DIAMOND AND GRAPHITE 
 

Diamond and graphite are two allotropes of carbon. For the diamond, the carbon atoms are 

arranged in a face-centered cubic (FCC) structure, as shown in Figure 1.1. The electronic 

configuration of carbon is 1s22s22p2.  Four covalent electrons spread in the s and p orbits.  

The s orbital mixes with the three p orbitals to form sp3 hybridization.  The four valence 

electrons are thus equally distributed among the sp3 orbitals, while each orbital points to one 

of the four corners of a tetrahedron.  The tetrahedral structure, together with the highly 

directed charge density, gives strength and stability to the bonds [13-15].  All the bonds in 

diamond are of the same length (1.54 Å) with the same bond angle (109.47°).  Many of the 

diamond properties are unique: the hardest known bulk material, low friction coefficient, 

high thermal conductivity, lowest coefficient of thermal expansion, chemically inert and 

wear resistant [13]. 
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Figure 1.1 Crystal structures of diamond.  Shaded regions are regions of high electron 

probabilities where covalent bonding occurs [13]. 

 

 
 

Figure 1.2 Crystal structures of graphite [13]. 
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For the graphite, the s orbital mixes with only two p orbitals.  The whole crystal is made of 

sheets held together by weak Van der Waals forces, which gives softness to the structure 

[13].  Figure 1.2 shows the sketch of the crystal structure of graphite.  Due to the high 

anisotropy in the graphite structure compared to that of diamond, the electronic, mechanical 

and optical properties of these two phases of carbon are very different.  Figure 1.3 is a carbon 

phase diagram of diamond and graphite.  Because of the high energetic barrier between the 

two phases of carbon, the transition from diamond to the stable phase of graphite at normal 

conditions is very slow.  However, this transition can occur more rapidly when diamond is 

exposed to ion bombardment or high temperature [13-15]. 

 

 
 

Figure 1.3 Carbon phase diagram [13]. 
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1.2.2 DIAMOND TOOL WEAR 
 

Study of the tool-workpiece interaction requires the knowledge of the diamond tool wear.  It 

is a challenging problem which is influenced by the machining parameters, material and tool 

properties.  The typical wear profile of the diamond tool edge is shown in Figure 1.4.  It is 

generally composed of a round tool edge and a flat wear land.  Sometimes, crater wear on the 

rake face can also be found.  It was noticed that the wear pattern of a diamond tool depends 

on the type of workpiece materials [16-20].  For example, when diamond turning iron or 

steel, the wear rate is very high in crater and flank wear together with the grooving wear.  In 

turning of copper, wear rate is very low and diamond cutting tools show typical crater wear 

but little flank wear.  The flank wear is dominant but crater wear cannot be observed in 

turning of aluminum.  

 

 
 

Figure 1.4 Cross-sectional view of worn diamond tool edge during orthogonal diamond 

cutting. 

 

It should be pointed out that the wear pattern of diamond tools can also be affected by the 

crystal orientation.  Figures 1.5-1.7 show different arrangements of carbon atoms in different 

crystal planes.  Figure 1.8 shows an example of diamond cutting tool with the rake and flank 
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face at different crystal planes.  Different wear rates on each face can occur due to different 

amounts of carbon-carbon bonds needed to be broken.  

 

 
 

Figure 1.5 Carbon atom arrangement in {100} plane viewed from [100] direction. 

 

 
 

Figure 1.6 Carbon atom arrangement in {110} plane viewed from [110] direction. 
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Figure 1.7 Carbon atom arrangement in {111} plane viewed from [111] direction. 

 

 
 

Figure 1.8 One example of crystal orientation effect on wear pattern. 

 

The diamond tool wear can be classified into four groups based on the cause of the wear: 

abrasive wear, adhesion wear, thermal wear and chemical wear [14].  Abrasive wear often 

manifests itself as fine microchippings or fractures at the tool edge which are generated due 

to a crack along certain crystal planes.  Diamond stands at the top of the hardness scale. 
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However, there remains the possibility of some damage having been caused at a microscopic 

level [14].  It is generally believed that abrasive wear is caused by the hard inclusions and 

particles in the multi-phase workpiece materials which keep damaging the tool edge during 

machining.  Adhesion wear often appears as the formation of a built-up edge (BUE).  The 

adherent BUE is occasionally formed when machining some soft materials such as 

aluminum, producing poor surface finish. 

 

For the thermal wear, high temperature is generated during the machining process due to the 

shear and friction between diamond and workpiece.  If the temperature is as high as several 

hundred degrees, there is a possibility of atoms diffusing from one surface to the other, 

resulting in the wear of cutting tool.  It is known that diamond will graphitize at high 

temperatures.  If the temperature during cutting reaches a critical point, the diamond will 

transform into graphite.  Chemical wear happens when the diamond tool and workpiece 

material have a chemical affinity for each other.  The diamond tool wears through the 

chemical reaction with the workpiece.  It should be pointed out that more than one 

mechanism may contribute to tool wear in diamond machining at the same time, and the 

balance of mechanisms is clearly a strong function of specific operating conditions.  Any 

wear of the diamond tool will increase tool forces and hence temperature.  This in turn will 

increase the rates of atom dissolution, diffusion and catalyzed chemical reaction [14]. 

 
1.3 REVIEW ON THERMO-CHEMICAL WEAR OF DIAMOND TOOL 
 

As for the thermo-chemical wear of diamond tool machining ferrous materials, it is generally 

believed that diamond wear occurs through chemical reactions such as diffusion into the steel 

workpiece, oxidation, graphitization, and carbide-formation under high-temperature and 

high-pressure cutting conditions.  In the past few years, studies including grinding, static 

erosion, diffusion tests and cutting experiments have been performed to investigate the wear 

mechanism of diamond on ferrous materials.  Komanduri and Shaw grinded a single diamond 

particle against a low carbon steel plate and studied the worn surface of diamond using 
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scanning electron microscopy (SEM) [21,22].  They concluded that carbon atoms are 

removed from the worn surface after diamond is converted to graphite.  Ikawa and Tanaka 

also suggested that diamond wear is due to thermal induced graphitization which is greatly 

accelerated by the presence of the iron [23-25]. 

 

Wilks et al. conducted a series cutting experiment on mild steel at different cutting speeds 

and air pressure [26, 27].  Results show that graphitization is the main mechanism to remove 

the carbon atoms from diamond lattice.  Because of the enhanced chemical activity of the 

fresh surface generated during cutting, graphitization can proceed even when there is only a 

small temperature rise when the cutting speed is very low.  Oxygen may also play an 

important role in the solid reaction process.  Paul and Evans proposed that the chemical wear 

is related to the unpaired d electrons in the workpiece [28].  The chemical wear happens 

through a lower energy path by forming the metal-carbon complex or metal-carbon-oxygen 

complex.  Recent molecular dynamics simulation demonstrates that diamond should be 

converted into graphite before the carbon atoms are diffused into the iron [29, 30].  However, 

up to now, the inherent thermo-chemical mechanisms for tool wear are still not clear, because 

many factors, such as temperature, pressure and the state of the tool-workpiece interface, are 

difficult to quantify during the wear process. 

 

1.4 IMPROVEMENT TO DECREASE DIAMOND TOOL WEAR ON 
FERROUS MATERIALS 
 

1.4.1 CRYOGENIC OR LOWER TEMPERATURE MACHINING 
 

Since the rate of chemical reactions increases exponentially with temperature, Evans et al. 

[11] proposed to chill the tool and /or the workpiece independently.  They found that the 

chemical reaction rate and thus the wear on the tool can be reduced by chilling the workpiece 

and cutting tool to cryogenic or very low temperatures.  An apparatus attached to a modified 

diamond turning machine supplies liquid nitrogen to the inside of the fixture that holds the 
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workpiece and to the diamond cutting tool.  The nitrogen cools both parts to approximately 

150 K before the cutting begins.  Mirror quality parts of hardened stainless steel 440 V with 

the surface finish is better than 25 nm Ra have been successfully produced.  The experiments 

provide strong evidence that chemical wear is dominant under the conditions used. 

 

1.4.2 MACHINING IN CARBON RICH ATMOSPHERE 
 

If carbon diffusion is the wear rate limiting mechanism, tool wear can be decreased by 

operating in a methane environment by reducing diffusion.  Casstevens and his coworkers 

performed cutting tests in a variety of gaseous atmosphere [31].  Results showed that 

diamond turning of stainless steels under a carbon rich atmosphere can be a way of 

decreasing diamond tool wear and improving the surface finish of parts. 

 

1.4.3 INTERMITTED CUTTING EXPERIMENT 
 

An intermittent cutting method was used to suppress the wear of diamond tools when cutting 

steel [32].  The tool-workpiece contact time in one cutting cycle and the cutting speed were 

identified as the parameters that influence the tool wear.  Intermittent cutting of stainless 

steel with a single-crystal diamond tool was done under different combinations of these 

parameters.  The results showed that the wear of the diamond tool was highly dependent on 

the tool-workpiece contact time regardless of the cutting speed.  The tool wear can be 

significantly reduced by sufficiently decreasing the contact time in one cutting cycle. 

 

1.4.4 VIBRATION ASSISTED MACHINING (VAM) 
 

VAM introduces small amplitude and high frequency tool vibration into the standard 

diamond machining process.  The diamond tool contacts the workpiece intermittently to form 

the cutting chip in each vibration cycle.  VAM, especially elliptical VAM (EVAM) have 

shown the ability to decrease the diamond tool wear with long cutting lengths.  The optical-
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quality surfaces have been achieved through VAM when machining ferrous and brittle 

materials [33-44]. 

 

1.4.5 TEMPERATURE FACTOR 
 

In ultra-precision machining using slow feed rates, low surface speeds and small depth of cut, 

flash temperatures are expected to be low.  Lucca and Seo [45] pointed out that when the 

depth of cut is on the order of micrometers, rake and flank temperatures are comparable.  

They predicted that the temperature is only a few degrees above ambient temperature.  

However, even at a low depth of cut and surface speed, diamond tool wear can be very rapid 

when machining ferrous material.  In general, temperatures in SPDT appear to be well below 

those where rapid thermal graphitization would be observed. 

 

1.4.6 MEASUREMENT OF DIAMOND TOOL WEAR 
 

A proper investigation of the tool wear, suitable for the development of wear models, 

requires the quantitative characterization of the diamond tool edge radius and the flank wear 

length as a function of the cutting distance for given machining conditions and materials.  

The previous studies used interferometry or weight loss to measure diamond tool wear and a 

direct measure of the tool wear profile was not obtained [46, 47]. 

 

1.5 WORK IN THIS THESIS 
 

A quantitative study of thermo-chemical wear of diamond tools while machining ferrous 

materials will be described in this thesis.  Two different steels will be selected as the target 

materials.  Microstructure and chemical-abrasive wear interaction will be considered in this 

work.  Novel techniques to measure the diamond tool wear repeatedly will be developed.  

Based on the wear rate calculation combined with tool forces and chip results, the tool-

workpiece interaction process will be proposed.  
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2. TECHNIQUES FOR DIAMOND TOOL WEAR 
MEASUREMENT 
 
2.1 INTRODUCTION 
 
Accurate measurement of the wear of diamond tools is of great interest for precision 

machining to study the dynamic cutting process, the wear mechanism and to develop wear 

models.  Edge radius and flank wear land are thought to be the main factors to describe the 

tool wear.  In the early days, tool wear is often evaluated indirectly based on the surface 

finish measurements and combined in some studies with the change of cutting force [1-3].  

However, in some cases, the surface finish remains acceptable when the diamond tool is 

starting to wear [4].  A proper investigation of the tool wear, suitable for the development of 

wear models, requires the quantitative characterization of the diamond tool edge radius and 

the flank wear length as a function of the cutting distance for given machining conditions and 

materials.  

 

As is well known, it is not easy to characterize a diamond tool edge accurately.  First, the tool 

edge radius is on the order of a few tens to hundreds of nanometers, requiring the use of high 

resolution analytical and imaging techniques, such as scanning electron microscopy (SEM), 

atomic force microscopy (AFM), and scanning tunneling microscopy (STM) and so on.  

Second, the tool edge is a three dimensional profile.  However, most of the high resolution 

analytical and imaging techniques are often restricted to observe the surface of the sample.  

Third, the diamond tool used in precision machining is usually nonconductive.  Techniques 

such as STM that require samples to be conductive cannot be used to measure the diamond 

tool. 
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2.2 TECHNIQUES USED FOR CHARACTERIZATION OF DIAMOND 
TOOL WEAR 
 
Characterization of tool wear can only be performed using limited techniques.  Up to now, 

only a few results have been reported, which varied with each other due to the limitation of 

the methods.  The reported metrologies used for the diamond tool characterization include 

optical microscope, SEM, AFM, and AFM combined with nanoindentation. 

 

2.2.1 OPTICAL MICROSCOPE 
 
The classical Rayleigh criterion for optical microscopy states that the smallest distance that 

can be resolved, δ, is given approximately by the equation [5], 

βµ
λδ

sin
61.0

=                                                             (2.1) 

where λ is the wavelength of the radiation, µ is the refractive index of the viewing medium, 

and β is the semi-angle of collection of the magnifying lens.  µsin β is called the numerical 

aperture.  If the numerical aperture is approximated to be 1, the resolution of the optical 

microscopy is about half of the wavelength of radiation.  Limited by the wavelength of the 

visible light, the resolution of optical microscope is very low.  For example, if the green light 

with λ of 550 nm is assumed, the lowest value of δ obtainable is about 200 nm.  The effective 

magnification that an optical microscope can achieve is no more than 2000 ×. 

 

Due to the resolution limitation, optical microscopy cannot be used to measure the new 

diamond tool edge and the minor tool wear.  It can only to be applied to measure the severe 

wear of diamond tools.  Evans et al. machined the 440 V stainless steel using the single 

diamond tools at room and cryogenic temperatures.  The tool wear was measured using an 

optical microscope up to 400 ×.  The diamond tool machining at room temperature wore 

quickly and severe wear can be detected.  However, for the tool used for cryogenic 

machining, no wear was detected by the optical microscope observation.  The author 
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mentioned that this does not imply zero tool wear, only less wear compared with the tool 

machining at the room temperature [4].  Optical microscopy was also used to inspect any 

large defects on the new diamond tool edge and the built-up edge (BUE) on the rake face [6, 

7].  Figure 2.1 shows diamond tool wear and built-up edge imaged by the optical microscope. 

 

 
 

Figure 2.1 Optical images of worn diamond tool edge in [6]. 

 

2.2.2 SEM 
 

SEM belongs to the electron microscopy category which has high resolution, analytical and 

imaging capability.  Compared with the optical microscope, electron microscopes use the 

high energy electron beam as the radiation source.  According to de Broglie’s equation [5], 

the wavelength of electrons is related to their energy, as shown in equation 2.2, 

2
1

2
1

0

22.1

)2( EEm

h
≈=λ                                                           (2.2) 

where h is the Planck’s constant, m0 is the electron mass, E is the kinetic energy of electrons 

accelerated by the high voltage.  The primary advantage of the SEM is the high resolution 
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imaging.  The commercial SEMs which often work at a high accelerating voltage of 0.5-30 

kV will give the instrument resolution values on the order of 2-5 nm [8].  Another important 

feature of the SEM is the three-dimensional imaging capability.  Compared with the optical 

microscope, a larger depth of field can be achieved by SEM, which gives more three 

dimensional information on the specimen. 

 

The basic components in the SEM include the electron gun, magnetic lens system and 

objective lens apertures, scan coil, electron signal detectors, vacuum system, visual and 

recording cathode ray tubes (CRTs) and the electronics associated with them.  Figure 2.2 is 

the sketch of the main component of a commercial SEM [8].  The electron gun generates 

electrons and accelerates them with a high voltage.  The magnetic lenses and apertures 

decrease the electron beam size and obtain a focused electron beam for imaging.  The 

electron gun and lens system are included in a vacuum system to eliminate electron scattering 

and interaction with the gas molecules.  The focused electron beam is controlled by the scan 

coil to scan over the specimen surface.  The electron beam then penetrates and interacts with 

the specimen.  Signals which contain information about the local interacted volume will be 

generated.  Electron detectors collect the signals and the images are formed by the imaging 

system. 
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Figure 2.2 Main components in a commercial SEM system [8]. 

 

The signals generated from the electron beam and specimen interaction include secondary 

electrons (SE), backscattered electrons (BSE), Auger electrons, characteristic X-rays and 

cathodoluminescence which give information such as surface topographical, compositional 

and other properties of the sample [8].  Figure 2.3 is the schematic illustration of BSE and SE 

signals generated from the primary electron beam-specimen interaction.  BSE are mostly 

reflected from the sample by multiple elastic scattering of the primary beam.  The intensity of 

the BSE signal is strongly related to the atomic number (Z) of the specimen, thus it can 

provide information about the distribution of different elements in the sample. 
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Figure 2.3 Illustration of BSE and SE signals generated from the electron beam-specimen 

interaction. 

 

SE signals generated from the inelastic scattering events.  From Figure 2.3, it can be seen that 

there are two types of SE signals: SEI and SEII.  SEI are secondary electrons generated from 

the primary beam-specimen interaction, while SEII are generated from the backscattered 

electron-specimen interaction.  SE have much lower energy, less than 50 eV, compared with 

electrons in the primary beam and BSE.  All the SE signals generated beneath the specimen 

surface will be absorbed by the bulk material.  Only those generated at or near the surface of 

the specimen are useful for imaging.  They are sensitive to the topography of the surface of 

the specimen.  In the SEM, SE are the most useful signals for high resolution imaging, with 

resolved details about less than 1 to 5 nm in size.  Also, characteristic X-rays are emitted 

when the electron beam removes an inner shell electron from the specimen, causing a higher 

energy electron to fill the shell and release energy.  These characteristic X-rays are used to 

identify the composition and measure the abundance of elements in the sample. 

 

In the applications of the SEM imaging of the diamond tool profile, topographic contrast is 

the most important contrast mechanism.  The local inclination of the specimen changes the 
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angle of incidence angle between the primary beam and the specimen surface.  The numbers 

and trajectories of BSE and the numbers of SE depend on the angle of incidence, which 

affect contrast in the SEM image. 

 

In the previous studies, SEM was used to observe the sharpness of the new-lapped diamond 

tool edge and tool wear [9-13].  Figure 2.4 is the SEM image of a new-sharpened diamond 

tool edge [12], while Figure 2.5 is a worn diamond tool after cutting 1.27 km on silicon [13].  

It can be seen that the edge profile and small features in the worn area can be resolved due to 

the topographic contrast.  Although the two dimensional SEM images show three 

dimensional information of the diamond tool profile, the sharpness of the tool edge still 

cannot be quantitatively determined.  

 

 
 

Figure 2.4 SEM images of a new-sharpened diamond tool edge [12]. 
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Figure 2.5 SEM images showing a worn diamond tool edge [13]. 

 
2.2.3 SEM WITH TWO DETECTORS 
 

In 1985, Suganuma first developed a surface topography measuring system using SEM with 

a pair of secondary electron detectors [14].  Signal outputs from two detectors are processed 

to construct a calibrated surface profile of a specimen.  The system provided the sum and 

difference signal images through calculation by an electronic analog circuitry, thus it is 

particularly suitable for measurement of the micro-topography, such as protrusions, or 

depressions with gentle inclines.  In contrast to the conventional two-dimensional SEM 

images, this system adds a third dimension of height direction to allow the three-dimensional 

analysis.  Figure 2.6 is the schematic diagram of the special configured SEM equipped with 

two secondary electron detectors.  High resolution of 10 nm in the X-Y plane and 2 nm in the 

Z-direction using secondary electron signals is obtained. 
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Figure 2.6 Schematic diagram of specially configured SEM system with two detectors [14]. 

 

Asai et al. measured the sectional curve of the diamond cutting edge using the specially 

configured SEM system [15].  The edge radius of the new diamond cutting tool was 

determined at a range of 20-45 nm.  Figure 2.7 shows one of the measured results of a worn 

diamond tool.  The two detectors SEM was also used by Miyamotot et al. to measure the new 

diamond tool edge [16].  Results show that the edge radius for mechanically lapped diamond 

tool is about 70 nm.  For the new diamond tool polished by an argon ion beam of 1 KeV, the 

edge radius is determined as 20-30 nm. 

 

This SEM equipped with two detectors can obtain quantitative data of the diamond tool edge.  

However, the SEM and image processor need to be specially configured and it is not 

available for every research lab.  Moreover, metal/carbon coatings were used to minimize 

charging effect on the nonconductive diamond tool.  The conductive coatings would distort 

the small feature of the diamond tool edge and then affect the measurement accuracy. 
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Figure 2.7 SEM image and tool edge profile of a worn diamond tool measured in [15]. 

 

2.2.4 AFM 
 

AFM is a type of scanning probe microscopy (SPM) which is used to measure the three 

dimensional surface contours.  AFM generally contains a cantilever with a sharp tip at its 

end.  When the tip is brought into proximity of a sample surface, forces between the tip and 

the sample lead to a deflection of the cantilever.  A laser beam is focused on the backside of 

the cantilever, which is reflected onto a photodiode.  Figure 2.8 is the diagram of surface 

profile measurement by the AFM.  When the cantilever moves up and down corresponding to 

the surface morphology, the laser beam will deflect as well.  Scanning the cantilever from 

one side to the other side on the sample will therefore reveal the surface profile [17]. 

 

The AFM has several advantages over the SEM for measurement of diamond tool wear.  

Unlike the SEM which shows the two-dimensional image of the sample, the AFM provides a 
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true three-dimensional surface profile.  It has been shown to give true atomic resolution in 

ultra-high vacuum (UHV).  High resolution AFM is comparable in resolution to STM and 

transmission electron microscopy (TEM) [17]. 

 

 
 

Figure 2.8 Diagram of surface profile measurement by the AFM. 

 

In the past studies on diamond tool wear measurements, AFM was a mainstream to map the 

tool edge topography [18-23].  Figure 2.9 is the AFM image of a worn tool edge.  The tool is 

worn after 1500 m elliptical assisted machining a carbon steel (0.45% C).  The edge radius 

for the worn diamond tool is determined as 105 nm [18].  Li et al. indented the diamond 

cutting tool into copper and measured the indented profile on the copper surface by AFM to 

determine the diamond tool wear.  Figure 2.10 shows the AFM photography of the indented 

copper surface profile.  
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Figure 2.9 Edge profile of a worn diamond measured by AFM [18]. 

 

 
 

Figure 2.10 AFM image of diamond tool indentation on copper [22]. 

 

One shortfall of the AFM measurement is the lateral resolution.  In contrast to the high 

resolution achieved in the Z axis, the lateral resolution of AFM image is low.  The major 

shortfall of the AFM measurement of the diamond tool edge is that the size of the probe tip 

can lead to image artifacts.  Due to the nature of AFM probe, it cannot be used to measure 

the steep walls and very sharp edges.  The cantilever probe tip for a commercial AFM is 

typically made of silicon or silicon nitride with a tip radius on the order of tens of 

nanometers.  The edge radius of the cantilever tip is often estimated from the SEM 
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measurement.  Figure 2.11 is the SEM image of a new AFM probe showing the tip sharpness 

[22].  However, the edge radius of a new sharpened diamond tool edge is also several tens of 

nanometers.  When the cantilever tip radius and the specimen edge radius (diamond tool) are 

at the same order, convolution will occur and errors will be brought into the measurement.  

Figure 2.12 is the illustration of the sharp diamond edge measurement by AFM.  It can be 

seen that the measured edge profile has a larger edge radius than the true value.  However, 

the convolution problem was seldom considered in the AFM measurement of diamond tool 

edge.  

 

 
 

Figure 2.11 SEM image of an AFM probe [18]. 

 

 
 

Figure 2.12 Illustration of sharp edge profile measurement by AFM. 
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2.3 ION BEAM INDUCED DEPOSITION IN FOCUSED ION BEAM 
(FIB) SYSTEM 
 

A dual-beam FIB system combines a vertical electron column and a tilted FIB column in a 

single chamber.  The FIB operates with the same principles as the electron beam.  The 

primary ion beam hits the sample surface and sputters a small amount of material, which 

leaves the surface as secondary ions, secondary electrons and/or neutral atom.  The signals 

can be collected to form the image.  However, the energetic ion beam will sputter and 

damage the specimen.  The secondary electron signals generated are usually weak and the 

energy spread of the ion beam is large.  Due to these limitations, the focused ion beam is 

generally not used for imaging [24]. 

 

Performing precise and site specific milling and deposition are the primary advantage of the 

FIB.  The removal of specimen material is achieved using a high ion beam current.  By 

scanning the ion beam over the area of interest, the specific shape can be revealed.  The ion 

beam induced deposition is a chemical vapor deposition.  In the presence of the ion beam, 

gas molecules adsorbed on the specimen surface can be dissociated and film will be 

deposited and will adhere to the specimen. 

 

The most common ion source used in the commercial FIB is gallium (Ga) because its melting 

point is close to room temperature.  This allows for easy flow of ions from the reservoir to 

the field emission tip.  The gallium ion sources are generally referred to as liquid metal ion 

sources (LMIS).  In general, a needle used to transport precursor gas is brought close to the 

specimen.  Gas is flowed through the needle into the vicinity of the region of interest.  Some 

of the gas is then decomposed under the gallium ion beam into volatile and nonvolatile 

products.  The volatile part will desorb from the specimen surface and be removed by the 

vacuum pump.  The nonvolatile part will adhere to the specimen as the deposited film.  

Figure 2.13 is the diagram of the deposition process in a FIB system.  
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Figure 2.13 Diagram of the dual beam FIB System. 

 

By defining a certain pattern, ion beam induced deposition can happen on the patterned 

specimen surface.  Both conductive and nonconductive material can be deposited using the 

FIB.  For a commercial facility, the most common metal depositions are platinum (Pt) and 

tungsten (W).  In the FIB lift-out method for TEM specimen preparation, Pt strips with 10-20 

µm length, 1-2 µm width and around 1 µm thickness are often deposited over the region of 

interest to protect it from gallium ion implantation and damage [24].  In the dual beam FIB, 

real time imaging can be done by the SEM column while deposition is done by the FIB [25, 

26]. 

 

For the diamond tool measurement, ion beam induced deposition can be useful to deposit Pt 

lines across the edge.  The Pt line can improve the topographic contrast and allow 

quantitative measurement of the tool wear.  In this thesis, ion beam induced deposition in the 

FIB system was attempted to obtain the diamond tool cross-section profile.  The facility used 
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is FEI Quanta 200 3D Focused Ion Beam System with the Gallium LIMS.  The precursor 

used for deposition is platinum-based organometallic gas. 

 

For ion beam deposition, substrate damage and ion implantation are the major drawbacks 

[27-30].  A gallium ion is large and heavy with the mass of 1.1578×10-25 kg.  A beam of 

these ions can cause massive local damage when directed at a specimen with 10-40 KeV 

accelerating voltage.  Gallium ions from the beam can be implanted in the substrate and 

change the properties of the material.  Before depositing a Pt strip using FIB, a gold-

palladium (Au-Pd) film was sputtered on the diamond surface to eliminate charging and 

gallium implantation into the specimen.  

 

Two different ways were tried to deposit the Pt lines.  For the first method, the rake face of 

diamond tool was set flat and vertically under the ion beam, as shown in Figure 2.14 (a).  A 

35 µm long and 2.5 µm wide rectangle was used to define the deposition pattern.  One Pt line 

was deposited by controlling the beam current and exposure time on the rake face.  Figure 

2.15 is the SEM image of the deposited platinum line on the rake face.  It can be seen that the 

Pt line is uniform and smooth with the line width of 2.5 µm.  Then the diamond tool is tilted 

to set the flank face vertical under the focused ion beam as shown in Figure 2.14 (b).  The 

problem is that it is hard to make a precise joint for the two separated deposition lines at the 

tool edge. 
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Figure 2.14 Method one of measuring the diamond tool edge in the FIB. 

 

 
 

Figure 2.15 Platinum lines deposited on the rake face of the diamond tool by FIB. 

 

For the second method, to make a smooth joint at the edge, the diamond tool is tilted to set 

the tool edge right below the ion beam.  The rake and flank face were separated at two sides.  

Figure 2.16 shows the relative position of the diamond tool edge against the ion beam.  Three 

rectangular shapes with different width were used to define the deposition lines.  Figure 2.17 
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is the SEM image of the deposited lines on diamond tool edge.  Line (1) at the rake face was 

deposited through method one.  Lines (2), (3) and (4) across the rake and flank face were 

deposited by method two.  The width of line (2), (3) and (4) is about 2, 1.5 and 1 µm, 

respectively.  A higher magnification image was taken using a thermionic SEM Hitachi 3200 

(Figure 2.18).  It can be seen that the morphology of the deposition is coarse, which blurred 

the edge feature.  Line (4) with about 1 µm is the smallest that can be achieved.  However, it 

is still too large to delineate the sharp edge contour. 

 

 
 

Figure 2.16 Method two of measuring the diamond tool edge in the FIB. 
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Figure 2.17 Platinum lines deposited across the diamond tool edge by FIB. 

 

 
 

Figure 2.18 SEM images of platinum lines at higher magnification. 

 
In summary, the dual beam FIB system which has the capability of depositing material on a 

selected area can be applied to measure diamond tool wear.  However, practical operation 
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encountered some difficulties to obtain clear, thin and smooth lines on the diamond tool.  The 

deposition line is at the sub-micrometer to micrometer scale, which is too large to delineate 

the cross section profile of the tool edge precisely.  The deposition line is spread out and not 

uniform, which can bring large errors into the measurement.  To eliminate the charging effect 

on the diamond surface and gallium implantation into the diamond, a conductive coating was 

used.  This can also affect the measurement accuracy. 

 

2.4 CONCLUSION 
 
Accurate measurement of the wear of diamond tools is critical to study the tool-workpiece 

interaction and tool wear process in diamond turning.  In the early days, tool wear was 

evaluated indirectly based on the surface finish and tool force measurements.  Only a few 

techniques were reported for characterizing diamond tool profiles due to the difficulties 

involved.  Optical microscopy cannot resolve small feature of the tool edge because of the 

wavelength limitation of the irradiation source.  High resolution imaging techniques also 

have some disadvantages.  SEM can measure the topography of tool edge with high 

resolution.  However, the two dimensional image cannot provide quantitatively information.  

AFM can obtain true three dimensional measurements at high resolution, but the convolution 

problem between the probe tip and the sharp tool edge will affect the measurement accuracy.  

To increase the contrast of the topography of the diamond tool edge, ion beam induced 

deposition in a dual beam FIB was tried in this work.  The experimental results showed that it 

cannot generate a thin and clear deposition line on the diamond tool.  To improve the 

accuracy of the measurement, electron beam induced deposition (EBID) in the SEM was 

further developed to measure the diamond tool wear. 
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3. EBID MEASUREMENT OF THE DIAMOND 
TOOL WEAR 
 

3.1 INTRODUCTION 
 

EBID, sometimes called hydrocarbon contamination, is an observed effect in the electron 

microscope.  If the electron microscope is not operated in an ultra high vacuum, there will be 

some contaminants, mostly hydrocarbon, left in the chamber.  Sometimes, the specimen itself 

has contaminants on its surface.  The focused high energy electron beam can dissociate the 

hydrocarbon contaminants adsorbed on the specimen surface and form a deposition [1-3].  

By changing the scanning mode of the electron beam, a defined pattern can be deposited on 

the sample surface. 

 

 
 

Figure 3.1 Two scan squares as indicated by the arrows are produced by the EBID. 

 

Figure 3.1 is a diamond tool edge imaged at 5 K×.  The image was taken after it was focused 

at higher magnification field for a certain time.  The effect of contamination manifested as 
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scan squares can be clearly seen, as indicated by the arrows.  This foreign deposition is 

observable due to the contrast from different elements which have different secondary 

electron coefficients. 

 

In the conventional electron microscope operation, one tries to minimize the growth of 

EBID.  It can obscure the observed features and pose severe limitations to high resolution 

imaging in the electron microscope.  Recently, EBID has drawn great interest in many 

circumstances such as electron beam lithography, nanostructure fabrication, conductive or 

nonconductive connections and so on in the TEM, scanning transmission electron 

microscope (STEM) and SEM.  Besides the hydrocarbon left in the microscope chamber, 

different type of precursors containing intended elements (such as tungsten, platinum) were 

introduced to obtain EBID with various composition [4-7]. 

 

EBID is very similar to the ion beam induced deposition (IBID) in a FIB system.  However, 

EBID has certain advantages over IBID.  As mentioned before, the drawback of using FIB 

lies in the deleterious effects such as substrate damage and gallium implantation due to the 

nature of ions.  Electrons have a mass of 9.11×10-31 kg, which is negligible when compared 

to any atom, for example, the mass of a single proton is 1.67×10-27 kg.  Electron beams 

cannot sputter any particle or ion from the specimen.  Therefore, EBID is nondestructive and 

will not induce any irradiation damage or implantation into the specimen.  Another shortfall 

of IBID is that the smallest deposition is at the sub-micron scale.  However, much smaller 

features can be achieved through EBID.  For example, by focusing the electron beam down 

to tenth of a nanometer, nanodots with diameter of sub-10- nm have been fabricated in a 

STEM and SEM through EBID processes [8, 9]. 

 

3.2 EBID MEASUREMENT OF THE DIAMOND TOOL EDGE 
 
Earlier research at the Precision Engineering Center first proposed a SEM method using 

EBID to measure the uncoated diamond tool profile [10].  By setting a sample perpendicular 
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to the electron beam, hydrocarbon contamination deposits can be precisely placed in a 

selected area of the diamond tool edge.  If the electron beam is scanned in a line across a 

diamond tool, an EBID line can be deposited across the rake and flank face, which allows for 

observation of the geometry of the tool.  However, for the technique demonstrated in the 

earlier work, there were difficulties in obtaining consistent results due to charging effects of 

the diamond and poorly formed EBID deposition lines, presumably as a result of non-

optimized operating parameters for the SEM.  The intent of the work reported here is to show 

the effectiveness of the method to measure the diamond cutting tool edge radius and edge 

geometry, and to verify that consistent high-resolution results can be obtained for optimized 

SEM operating conditions. 

 

In current work, all EBID experiments were done in the JSM JEOL-6400F SEM with a field 

emission electron gun.  Compared with the thermionic electron gun, field emission guns can 

produce much smaller electron beam crossover and more coherent electron beam with greater 

brightness.  All these advantages give the field emission SEM the strength of high spatial 

resolution and improved signal-to-noise ratio.  The JEOL-6400F can be operated at the 

accelerating voltage from 0.5-30 KV (corresponding to the beam energy of 0.5-30 KeV).  

The eucentric tilt range of the specimen stage is negative 5° to 60°.  The range of the 

specimen stage rotation is 360°.  The working distance is from 5 mm to 39 mm.  The signal 

is collected by an Everhart-Thornley secondary electron detector.  The nominal secondary 

electron imaging resolution is 15 angstrom at 30 KeV and 70 angstrom at 1 KeV.  The digital 

SEM image is collected by a 4Pi Revolution digital data acquisition system.  Figure 3.2 is the 

JEOL-6400F SEM system used in this work to measure the diamond tool wear. 

 

http://en.wikipedia.org/wiki/Signal-to-noise_ratio�
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Figure 3.2 JEOL-6400F SEM used in this work. 

 

3.3 GENERAL STEPS FOR THE EBID MEASUREMENT 
 
The general measurement of the diamond tool edge using EBID can be separated into two 

sequential operations.  First, deposit the EBID line at the interested area by scanning the 

electron beam across the tool edge.  Then, the diamond tool edge with the EBID line on it 

can be imaged at proper magnification.  

 

For the first step, to deposit an EBID line across the diamond tool edge, the diamond tool 

edge should be set perpendicularly under the electron beam.  A 45° sample holder was used 

to fix the diamond tool.  Figure 3.3 illustrates the diamond tool positions in the SEM 

chamber during the measurement process.  Figure 3.3 (a) is the side view of the diamond tool 

on a 45° sample holder, while Figure 3.3 (b) gives the top-down view of the tool edge in the 

SEM chamber (view from the electron beam). 
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Figure 3.3 Diamond tool positions in SEM chamber. (a) Side view of the diamond tool fixed 

on a 45° sample holder; (b) top-down view of the diamond tool edge in the SEM chamber. 

 

After the SEM electron gun and apertures were aligned and the astigmatism was removed, 

scan rotation was selected to bring the cutting edge vertical on the cathode ray tube (CRT) 

monitor.  According to the introduction of the SEM in Chapter 2, the electron signals emitted 

from the electron beam-specimen interaction are collected by the detector to form the SEM 

image.  It should be noted that the detector for the electron signals is not actually sitting 

above the diamond tool.  The collected SEM image just appears like what the electrons beam 

can “see”.  Figure 3.4 is a low magnification SEM image which shows the position of the 

diamond tool with respect to the electron beam scanning direction.  The diamond tool edge 

appears vertical in the SEM image.  Then, the area of interest along the tool edge was located 

at high magnification and the scanning mode was switched to line scan.  After several 

seconds, a hydrocarbon EBID line was found to be deposited on the surface, which 

represents the tool edge profile, as shown in Figure 3.5. 

 



 

 

44 

For the imaging of the EBID lines, it is clear that the diamond tool edge should tilt 90° with 

respect to the electron beam to “see” the side view.  However, it is impossible to do so 

because the EBID line is deposited at the center not the end of the tool.  On the other hand, 

the 90° tilting operation is not allowed for the sample stage.  A method to get the profile of 

the EBID line on the edge is to partly tilt the diamond tool edge with respect to the electron 

beam and collect the image of the partly tilted diamond tool.  After the image is obtained, the 

digital image can be processed by software to display the tool edge profile. In this work, 45° 

tilting was chosen for all the measurements.  Figure 3.6 is a low magnification SEM image 

which shows the position of the diamond tool after the 45° tilting.  SEM images of the tool 

edge with EBID lines deposited on it during the first step were collected, as shown in Figure 

3.7. 

 

Compared with the earlier work at the PEC, EBID measurement steps were simplified in the 

current work.  The diamond tool was tilted only once (45° to see the tool edge profile) during 

the measurement.  Former mechanical rotation of the sample stage was replaced by 

controlling the direction of the electron beam scanning.  Since the mechanical change of the 

sample stage may bring some error, tilting the diamond tool only once can make the 

measurement more precise.  
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Figure 3.4 A low magnification image showing diamond tool edge under the electron beam. 

 

 
 

Figure 3.5 A high magnification image showing the EBID line deposited on the tool edge. 
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Figure 3.6 A low magnification image showing the same diamond tool edge after 45° tilting. 

 

 
 

Figure 3.7 A high magnification image showing EBID lines on the tool edge after 45° tilting 

operation. 
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3.4 PARAMETERS SELECTION FOR THE EBID MEASUREMENT 
 
EBID is a complex and dynamic process. Studies have shown that many factors are involved 

and they will interact with each other in the process.  These factors include the electron beam 

energy, the beam current, the precursor source, the air pressure, the sample condition and 

scan strategy etc. [11-17].  To fabricate and image the EBID line in a controlled and 

repetitive manner on a diamond surface, all the factors should be carefully analyzed.  In 

practice, when the parameter settings are changed, the electron beam should be realigned.  

Thus, it is desirable to use the same setting for all the parameters to do the deposition and 

acquire the SEM images during measurement.  A series of tests were done to determine the 

optimum conditions.  

 

3.4.1 CHARGING EFFECT 
 

The diamond tool used in precision machining is nonconductive.  A major consideration is 

that the diamond surface will charge under a high-energy electron beam.  Charging effect is 

the accumulation of charge on the specimen surface.  In the SEM, when the electron beam 

interacts with the specimen, some of the charge injected by the beam is emitted in the form of 

the backscattered and secondary electrons.  When the electron beam is injected into the 

specimen, a large fraction of the injected charge remains in the specimen and loses all of its 

energy.  If the specimen is a conductor and is connected to the ground, the charge in the 

specimen will flow to the ground.  However, if the specimen is nonconductive, charge will 

quickly accumulate on the specimen surface.  When the following electron beam strikes the 

sample surface, the charges injected by the beam cannot readily flow to ground.  The 

specimen will be in a continually charging state of surface potential due to the accumulation 

and discharge of electrons. 

 

Local charging alters the surface potential.  When the sample is charged, both the incident 

electron beam and the resulting emitted electrons can be distorted, which not only will affect 
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the geometry of the deposited EBID line but can prevent a suitable line from forming.  

Figures 3.8-3.10 are some phenomena induced by charging effects observed when imaging 

diamond tool in the SEM.  Figure 3.8 is a diamond tool edge with EBID lines on it imaged at 

5 KeV.  It can be seen that some areas appear extremely bright, while others appear 

extremely black in the SEM image.  This is due to the fact that the surface potential becomes 

so large that it overwhelms the contrast from the true feature of the specimen.  Figure 3.9 

shows some horizontal scanning streaks in a high magnification image at 50 K×, which result 

from the distortion of electron beam during scanning caused by the charging.  Figure 3.10 

shows a more severe example where the charging disrupts the scanning field.  The diamond 

tool edge in Figure 3.10 was set to be vertical in the CRT screen before the image was taken.  

However, after the image collecting the tool edge appears to be shifted away from the former 

position.  

 

 
 

Figure 3.8 SEM image showing extremely dark and bright area caused by charging. The 

image is taken at 5 KeV, 50 K×. 
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Figure 3.9 SEM image showing horizontal scanning streaks caused by charging. The image 

is taken at 2 KeV, 50 K×. 

 

 
 

Figure 3.10 SEM image showing image shift caused by charging. The image is taken at 5 

KeV in a thermionic SEM Hitachi 3200. 

 
From Figure 3.8-3.10, it can be seen that charging is more severe especially at higher 

accelerating voltage and magnifications situations.  In practice, charging can be eliminated or 
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minimized.  The most common way to minimize charging is to coat a conductive layer on the 

sample surface to build a conductive connection and lower the accelerating voltage to 

decrease the electron beam energy.  Other techniques include rapid scanning and imaging in 

the backscatter electron (BSE) mode.  In the current study, conductive coating, lower beam 

energy and rapid scanning were tried to minimize charging effects on diamond surfaces.  All 

the measurements are done in the JEOL 6400F with an E-T secondary electron detector. 

 

3.4.2 CONDUCTIVE COATING 
 

As mentioned before, a conductive coating on the nonconductive sample surface can 

minimize charging effects.  In this work, to test the effect of the conductive coating, an Au-

Pd thin film was sputtered on the diamond tool surface.  EBID lines were deposited on 

diamond surface coated with Au-Pd thin film using the same measurement steps mentioned 

above.  Images of EBID lines at both worn area and unworn area were collected, as shown in 

Figures 3.11-3.12.  Then the Au-Pd thin film was removed and diamond tool edge was 

measured again using the EBID steps.  All the operation conditions and parameters were set 

to be the same as before.  Figures 3.13-3.14 are images of EBID lines deposited on the same 

diamond tool edge after removing the conductive coating. 

 

By comparing the SEM images at same magnification for worn area, it can be seen that the 

edge radius in images with coating (Figure 3.11(b)) is larger than that without the metal 

coating (Figure 3.13(b)).  For SEM images with Au-Pd coating at unworn area, the uneven 

coated metal layer disturbed the sharp feature of the diamond tool edge, as shown in Figure 

3.12.  However, without Au-Pd coating, the EBID line is straight on the diamond surface and 

sharp at the tool edge, as can be seen from Figure 3.14.  Since the metal coating will disturb 

the diamond tool edge, all the diamond tool wear were measured using EBID without 

conductive coating layer in this study. 
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Figure 3.11 EBID lines at the center (worn area) of diamond tool edge with Au-Pd layer. (a) 

Low magnification at 20 K×; (b) high magnification at 50 K×. 

 

 
 

Figure 3.12 EBID lines at the bottom (unworn area) of diamond tool edge with Au-Pd layer. 
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Figure 3.13 EBID lines at the center (worn area) of diamond tool edge without Au-Pd layer. 

(a) Low magnification at 7.5 K×; (b) high magnification at 50 K×. 

 

 
 

Figure 3.14 EBID lines at the bottom (unworn area) of diamond tool edge without an Au-Pd 

layer. 
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3.4.3 EFFECTS OF THE BEAM ENERGY 
 
JEOL-6400F is a field emission SEM with the ability of high resolution imaging.  Compared 

with the thermionic SEM, it is generally operated at a relatively lower accelerating voltage.  

There are four concerns to choose the suitable beam energy: charging effect on the diamond 

tool surface, interaction volume, high resolution imaging and quality of digital SEM images. 

 

As mentioned above, charging effect is the main concern in our EBID measurement since it 

can distort the primary incident beam and the generated electron signals.  Properly 

controlling the growth of the EBID line and imaging them on the diamond tool edge is 

largely dependent on how well the charging effect can be minimized on the diamond tool 

surface.  It can be seen from Figures 3.8 and 3.10 that charging is more severe at 5 KeV than 

at 2 KeV.  Lower beam energy is desirable to minimize the charging effect during EBID 

measurement.  

 

For deposition with a focused electron beam, the primary incident beam is concentrated in a 

small area.  However, the electron beam can travel a long distance from the beam impact 

point before escaping as backscattered electrons.  As a result, interaction volume will be 

much larger than the beam spots.  Studies have shown that the secondary electrons, generated 

from the inelastic interaction between the primary electron beam and the sample surface, are 

mainly responsible for the deposition.  The secondary electrons will most likely dissociate 

the precursor molecules in or near the irradiated area and the deposition will grow at this area 

[8].  Smaller irradiated area and interaction volume are desirable for deposition locally near 

the area of interest and better spatial resolution. 

 

The interaction volume and electron trajectory can be simulated by the mathematical 

technique Monte Carlo.  In the Monte Carlo simulation, the effects of elastic and inelastic 

scattering are calculated from appropriate models to determine reasonable scattering angles 

and distance between scattering sites and energy loss rate [18].  Figures 3.15-3.17 are the 



 

 

54 

simulation results of the interaction volume in diamond at different electron beam energy 

using the software CASINO.  It should be noted that the interaction volume is three 

dimensional.  The specimen is specified as pure elemental C and with a density of 3.53 

g/cm3.  The electron beam energies are 1 KeV, 2 KeV and 5 KeV, respectively.  2000 

electron trajectories are simulated and 1000 of them are shown in the results.  The red lines in 

the simulation results are the backscattered electron trajectory, while the blue lines are the 

trajectory of secondary electrons. 

 

From Figure 3.15-3.17, it can be seen that the shape of the interaction volume does not 

change significantly with beam energy but the size of the interaction volume is a function of 

the energy with which the beam electrons interact with the diamond.  The dimensions of the 

interaction volume increase rapidly with beam energy.  The lateral dimensions (irradiated 

area) of the interaction volume are observed to scale with energy in a similar fashion to the 

depth.  The radius of the interaction area for beam energy at 1 KeV, 2 KeV and 5 KeV are 10 

nm, 30 nm and 120 nm.  Since lower beam energy gives a better spatial resolution, beam 

energy of 1-2 KeV is beneficial to grow precise EBID lines and high resolution imaging.  In 

this work, considering the charging effect and interaction volume, 2 KeV beam energy was 

found to be the best choice.  1 KeV was not adopted in our measurement because 1 KV 

accelerating voltage generates a large beam spot, which is not good for the high resolution 

imaging. 
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Figure 3.15 Monte Carlo simulation showing the interaction volume of the diamond with a 1 

KeV electron beam. 

 

 
 

Figure 3.16 Monte Carlo simulation showing the interaction volume of the diamond with a 2 

KeV electron beam. 
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Figure 3.17 Monte Carlo simulation showing the interaction volume of the diamond with a 5 

KeV electron beam. 

 
The edge radius of a new diamond tool is at the nanometer scale.  After the EBID lines are 

deposited on the diamond tool, high resolution imaging is needed in order to get the details of 

the tool edge profile.  The beam energy has two side effects on the high resolution imaging.  

High resolution images require a smaller probe size, small interaction volume, adequate 

probe current and minimal interference from external vibration and stray AC magnetic fields 

[19].  Higher beam energy can produce smaller probe diameters.  The penalty for using a 

very small probe is typically a very low probe current.  The amount of current in the final 

probe determines the intensity of emitted signals, which determines the quality of the SEM 

images.  Higher beam energy also increases electron beam-specimen interaction volume. 

 

In this work, beam energy of 5 KeV was found to produce higher resolution imaging than 2 

KeV.  Figures 3.18 and 3.19 are the SEM images of EBID lines on a diamond tool edge 

collected at different beam energy.  EBID lines were deposited on a new diamond tool edge 

at 2 KeV and then tilted 45° to collect images at 2 KeV.  The highest magnification at 2 KeV 
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that can be achieved is 50 K×.  The same EBID lines were rechecked again at 5 KeV.  The 

highest magnification that can be obtained at 5 KeV is 100 K×.  Compared with Figure 3.18 

(a), more features can be observed in Figure 3.19 (a).  However, the charging effect 

manifested as an extremely bright area is also more severe in Figure 3.19 (b). 

 

 
 

Figure 3.18 (a) EBID lines at a new diamond tool edge imaged at 2 KeV, 10 K×; (b) edge 

detail at 50 K×, which is the highest magnification that can get at 2 KeV. 

 
In summary, fabrication of EBID lines requires the ability to deposit lines at the desired 

location repeatably, and the elimination of the unintended deposits.  Both Monte Carlo 

simulations and experiments support the hypothesis that a lower energy beam (2 KeV) allows 

for more controllable fabrication than a higher energy beam (5 KeV) due to the smaller 

interaction volume.  Higher beam energy produces smaller probe size with less beam current 

in it.  For the case of high resolution imaging (100 K×), 5 KeV was chosen to measure the 

new diamond tool edge.  For imaging the worn diamond tool, a beam energy of 2 KeV was 

used to get the worn profile at 50 K×, which simplifies the measurement steps. 
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Figure 3.19 (a) Same EBID lines in Figure 3.18 imaged at 5 KeV, 10 K×; (b) edge detail at 

100 K×, which is the highest magnification that can get at 5 KeV. 

 

3.4.4 BEAM CURRENT DENSITY AND THE OBJECTIVE LENS APERTURE 
 

The current density of the primary electron beam at the specimen surface can be controlled 

by the accelerating voltage, the condenser lens strength and the objective lens aperture.  For 

the 6400F SEM, the setting of condenser lens determines the strength of the condenser lens.  

Stronger magnetic lens will scatter more electrons, which results in a smaller electron beam 

spot and less beam current density.  The objective lens aperture is used to further reduce the 

beam spot size.  The smallest probe is required for high resolution imaging, which can be 

obtained by selecting higher beam energy, strengthening the condenser lens, using the 

smallest objective lens aperture and a short working distance.  A smaller probe typically has 

lower probe current density.  The amount of current in the final probe determines the 

intensity of emitted signals, which then determine the signal to noise ratio in the SEM image. 

 

On the other hand, study results have shown that for low beam currents (between 3-30 pA), 

the volume of the deposition increases roughly linearly with the increasing of beam current 
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[1].  Slow deposition rate is needed because it gives better control on the growth of the EBID 

lines.  As a result, condenser lens strength of 6 and objective lens aperture size of 30 µm, 

which gives the beam current density of 3 pA at 2 KeV, are selected as optimum parameters 

based on the consideration of the spot size, the image quality and the deposition rate. 

 

3.4.5 FACTORS AFFECTING THE DEPOSITION RATE 
 

After the beam energy and the beam current density were set, the deposition rate of EBID 

line can be controlled by the line scan rate combined with the magnification.  For the JEOL 

6400F at line scan mode, the horizontal scan rates are 0.0635, 0.127 and 3.5 ms/line for TV 

scan, super fast scan and slow scan mode, respectively.  Figure 3.20 are the EBID lines 

deposited at different line scan rate and magnification.  The EBID line from slow scan is thin 

and not obvious, while fast scan and super fast scan give the well-formed EBID lines.  The 

length of the EBID line can be controlled by choosing different magnifications.  Shorter 

EBID lines can be obtained from high magnification deposition, while longer EBID lines can 

be obtained by decreasing the magnification.  Longer EBID lines will take longer time to be 

formed.  In this work, EBID lines were mainly deposited at 10 K× to capture the worn profile 

of the diamond tool.  However, magnification at which the EBID lines are deposited can be 

changed according to the actual needs. 

 

Besides the scan rate and magnification, it should be pointed out that the hydrocarbon 

precursor plays an important factor on the deposition rate of EBID lines.  Cutting oil was 

used in our machining experiments to cool and lubricate the cutting tool.  Before the EBID 

measurement, the diamond tool was cleaned carefully many times using detergent, acid and 

acetone in sequence.  The cutting oil is carbonaceous material and a small part of the residue 

can largely affect the deposition rate of EBID lines.  In practice, depending on the sample 

surface cleanliness, different deposition time was chosen to fabricate a thin and clear EBID 

line. 

http://en.wikipedia.org/wiki/Machining�
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Figure 3.20 EBID lines deposited at different scan rate and magnifications. (1) Slow scan, 60 

s, 15 K×; (2) TV scan, 120 s, 15 K×; (3) super rate scan, 120 s, 15 K×; (4) TV scan, 120 s, 10 

K×; (5) TV scan, 240 s, 10 K×. 

 

In summary, after careful analysis of all the factors involved in the fabrication of EBID on a 

non-conductive surface, the most critical conditions were determined to be the accelerating 

voltage and the current density of the beam.  It was also determined that getting the beam 

properly focused is important to the fabrication of sharp contamination lines.  The best 

operating conditions were obtained with beam energy of 2 KeV, a beam current of 3 pA, and 

a 30 µm objective aperture.  The working distance typically used is approximately 13 mm, 

but this is mostly for convenience as the working distance is not a critical factor in the 

growth of EBID.  The air pressure for deposition is 2×10-6 Torr.  The scan rate is 182 µm/ms 

in a line scan mode at 10 K×.  The deposition time differed from 10 s to 240 s based on the 

diamond surface situation. 
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3.5 SEM IMAGES OF THE DIAMOND TOOL EDGE 
 
EBID measurement is an effective way to capture the various profiles of the diamond tool 

edge.  Figure 3.21 is the cutting edge image of a new diamond tool with flat nose.  Figures 

3.22-3.24 are the worn tool edge images after cutting 7.5 km 6061 Al, 15 m 1215 steel and 4 

m 416 stainless steel, respectively.  In each figure, lower magnification images are at the left 

and the higher magnification images are at the right.  The deposited contamination lines 

across the tool edge can be seen clearly.  In the low magnification images, the length of the 

EBID line can capture the whole profile of interest.  In the higher magnification images, the 

edge sharpness can be observed in better detail.  By comparing worn and unworn tool edge 

images, it is seen that the unworn tool edge profile is much sharper than that of the worn tool.  

For the worn tool edge images, worn patterns of the tool edge for cutting different materials 

are quite different. 

 

 
 

Figure 3.21 Cutting edge image of new diamond tool with flat nose. (a) 10 K×; (b) 100 K×. 
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Figure 3.22 Cutting edge of worn diamond tool after cutting 7.5 km of 6061 Al. (a) 10 K×; 

(b) 50 K×. 

 

 
 

Figure 3.23 Cutting edge of worn diamond tool after cutting 15m of 1215 steel. (a) 10 K×; 

(b) 50 K×. 
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Figure 3.24 Cutting edge of worn diamond tool after cutting 4 m of 416 stainless steel. (a) 5 

K×; (b) 20 K×. 

 

3.6 SEM IMAGES ANALYSIS 
 

During the EBID measurement process in the SEM, the diamond tool edge has been tilted 

45°, and the tool edge in the SEM images in Figures 3.21-3.24 have a 45° tilt angle.  To 

obtain the true edge geometry, the digital image should be stretched in the vertical direction 

to compensate for the other 45° tilt.  There are ± 1-2° errors during mechanically tilting the 

specimen stage.  In order to account for the ± 1-2° errors, the original digital images are 

stretched to ratios of 1/cos(45±2°).  The stretched image will have an included angle between 

the rake face and flank face of 84°, which is determined by the 0° rake angle and 6° clearance 

angles specified for the tool.  Figure 3.25 shows the stretched SEM images obtained from 

images in Figures 3.21(b) and 3.23 (b).  The angle measured on the stretched image, between 

the EBID line on rake face and flank face is 84°.  It should be noted that the size of the scale 

bar in the image was not affected by the stretching operation because the image was stretched 

in the vertical direction. 
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Figure 3.25 SEM image stretched from Figure 3.21 and 3.23. (a) New diamond tool; (b) 

worn diamond tool after cutting 15m of 1215 steel; (c) angle measured between EBID line on 

rake face and flank face. 

 

For the quantitative analysis of the tool profile, a Matlab program was developed to process 

the digital images.  After drawing a set of points along the tip area of the tool edge, a least-

square fit circle is obtained to define the tool edge radius.  The program will count the pixel 

value of the circle radius.  By comparing the pixel value with that of the scale bar below the 

images, the actual value of the edge radius can be obtained.  While the circle fitting process 

is partly subjective, incrementally drawing points closer to the tip area of the cutting edge 

allows a best-fit circle to be reproducibly obtained.  Figure 3.26 shows the best fit circle for 

the edge radius of a freshly sharpened diamond tool.  The wear pattern for the worn tools 

cutting different work-piece materials is different.  For the diamond tool cutting 1215 steel, 

the wear land can be seen clearly and measured directly.  Figure 3.27 shows the fitting result 

for the worn tool after cutting 15 m 1215 steel. 

 

For 6061 Al and 416 stainless steel, the wear land is not as easily defined, and the initial line 

along the unworn flank on the new tool image is used to make a comparison.  The initial 

edge geometry formed by two straight lines along the rake face and flank faces in the new 
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tool image was obtained as the base line.  Then the base line was transferred to the worn tool 

image.  The deviation from the base line is used to describe the flank wear land and to fit a 

circle to evaluate the edge radius.  Figures 3.28, 3.29 are the fitting result for a worn tool 

after cutting 7.5 km 6061 Al and 4 m 416 stainless steel.  The shape of the worn area of the 

diamond tool is usually a polygon, which is enclosed by the initial tool edge and the wear 

land.  The area of the polygon can also be calculated from the SEM images through 

integration.  The results of worn area for three workpiece materials are shown in Figure 3.30. 

 

 
 

Figure 3.26 Matlab program fitting process for a new sharpened diamond tool.  (a) SEM 

image of new diamond tool after stretching at 100K×; (b) two straight lines are drawn along 

rake face and flank face; (c) fitting circle is too large to describe the edge radius; (d) best 

fitting circle is to describe the edge radius. 
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Figure 3.27 Matlab program fitting process for a worn tool after cutting 15m of 1215 steel.  

(a) SEM image of worn area at 50K×; (b) best fitting circle for tool edge, 50Kx. 

 

 
Figure 3.28 Matlab program fitting process for a worn tool after cutting 7.5 km of 6061 Al. 

(a) SEM image of unworn area at 10K×; (b) SEM image of worn area at 10K×; (c) best 

fitting circle for tool edge, 10K×. 
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Figure 3.29 Matlab program fitting process for a worn tool after cutting 4 m of 416 stainless 

steel. (a) SEM image of unworn area at 5K×; (b) SEM image of worn area at 5K×; (c) best 

fitting circle for tool edge, 20K×. 

 

 
 

Figure 3.30 Worn area obtained from Matlab program for worn tool after cutting 15 m 1215 

steel (a); 7.5 km 6061 Al (b) and 4 m 416 stainless steel (c). 

 

For the repeatability of the measurement of one new diamond tool, Figure 3.31 shows 12 

independent measurements from the 100 K× EBID image in Figure 3.23.  The edge radii are 

18, 17, 20, 28, 18, 16, 20, 30, 15, 29, 28, 18 nm.  The average is 21 nm and the standard 
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deviation is 5.6 nm.  For the repeatability of the measurement of the relapped new diamond 

tool, Table 3.1 and Figure 3.32 summarize the edge radius measurement results of new 

diamond tools used in our experiments.  The average edge radius for the new diamond tools 

is 21 nm and the standard deviation is 4.3 nm. 

 

 
 

Figure 3.31 New tool edge radius results from 12 measurements from 100 K× SEM image in 

Figure 3.26, average edge radius=21 nm, standard deviation=5.6 nm. 

 

 
 

Figure 3.32 Edge radius results of the relapped new diamond tools. Average edge radius=21 

nm, standard deviation=4.3 nm. 
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Table 3.1 Edge radius results of the relapped new diamond tool. 

 

 
 

3.7 ADVANTAGES AND DISADVANTAGES 
 

EBID measurement of diamond tool wear has certain advantages over the techniques listed in 

Chapter 2.  First, contrast due to the EBID line on the diamond surface can clearly show the 

three dimensional profile of the diamond tool edge.  Second, the diamond tool edge is 

directly observed in the SEM without coating a conductive layer on it, which eliminates the 

influence of the coating.  Third, high resolution SEM images to resolve the edge of a new 

diamond tool can be obtained using conventional field emission SEM operated at low 

accelerating voltage.  Fourth, EBID is a nondestructive process which will not induce 

damage and ion implantation into the diamond. 
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On the other hand, there are some disadvantages of the EBID methods.  The measurement 

and analysis steps are complicated and time consuming.  Since one single EBID line only 

represents one specific worn area, the sampling area is quite small.  It is impossible to get the 

whole worn profile along the diamond tool edge.  EBID is only effective for measuring the 

worn diamond tool edge at high magnification.  For severely worn tools, if the angle between 

flank face and wear land is very small, it is not easy to distinguish the wear land from the 

flank face.  As an example, Figure 3.31 shows the EBID measurement of diamond tools after 

cutting 85 m 416 stainless steel.  The tool is worn severely with a long wear land.  Thus, a 

low magnification image (1 K×) was needed to capture the whole wear land, while the high 

magnification image was necessary to see the edge profile.  The edge radius can be 

determined easily from the high magnification image, as show in Figure 3.33 (c).  However, 

when transferring the initial tool edge profile (Figure 3.33 (a)) to the worn profile in Figure 

3.33 (b), it can be found that the deviation is not obvious to define the wear land and the 

worn area from the low magnification image.  For this case, a white light interferometer was 

used as a supplement to determine the tool wear. 

 

 
 

Figure 3.33 Fitting process for a worn tool after cutting 85 m of 416 stainless steel. (a) SEM 

image of unworn area at 2 K×; (b) SEM image of worn area at 1 K×; (c) best fitting circle for 

tool edge, 15 K×. 
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3.8 CONCLUSIONS 
 

By controlling the electron beam scanning in a line mode, an EBID line can be precisely 

deposited on the diamond tool edge.  The EBID lines delineate the true edge profile of the 

diamond tool.  Optimum operating conditions were obtained with beam energy of 2 KeV, a 

beam current of 3 pA, and objective aperture of 30 µm to controllably grow an EBID line on 

a nonconductive diamond surface.  Edge radius, wear land length and worn area of the 

diamond tool can be determined by analyzing the SEM image in the software.  EBID has 

been demonstrated to be an effective method to measure the diamond tool edge geometry and 

tool wear, especially at high magnifications. 
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4. ORTHOGONAL DIAMOND CUTTING ON 1215 

STEEL AND 416 STAINLESS STEEL 
 

4.1 INTRODUCTION 
 

Orthogonal diamond cutting was performed on the ferrous material to study the thermo-

chemical wear process.  To separate the effect of mechanical and thermo-chemical wear, 

nonferrous material with comparable hardness was selected as the baseline material. 

Conventional orthogonal cutting experiments were conducted on the different materials at 

similar cutting conditions.  To quantitatively characterize the gradual wear of the diamond 

tool, edge radius, wear land and wear profile after gradual cutting were measured through 

EBID and white light interferometer.  Wear rate was calculated based on the wear 

measurement. 

 

4.2 WORKPIECE MATERIAL SELECTION 
 

1215 steel is a low carbon steel with good machinability.  The composition is mainly pure 

iron (98.42-98.95%) and the carbon content is less than 0.09 % (by wt %).  Small amounts of 

alloying elements or impurities, such as manganese and aluminum, are used to enhance the 

mechanical properties.  0.26-0.35% sulfur was added as a free machining agent to improve 

the machinability.  The Vickers hardness of 1215 steel is 1850 MPa.  6061 Al, with the 

hardness of 1185 MPa, is selected as the baseline to separate the mechanical wear effect. 

 

Stainless steels usually have poor machinability compared to regular carbon steel because 

they are tougher, gummier and tend to work harden very rapidly [1].  It is believed that 

machinability is influenced by both the hardness and the microstructure of the material.  In 

the preliminary orthogonal diamond cutting experiment on 430 stainless steel, severe built-up 
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edge is found on the rake face and wear land of the diamond tool after 5 m cutting, as shown 

in Figure 4.1. 

 

To improve the machinability, a variety of chemicals, such as sulfur, selenium, phosphorous 

and calcium etc., can be added to stainless steel to make it easier to cut.  These additives may 

work by lubricating the tool-chip interface, decreasing the shear strength of the material, or 

increasing the brittleness of the chip [2].  Sulfur has been the primary element used to 

provide free-machining characteristics in stainless steels.  It improves the machinability of 

steel by forming discrete sulfide inclusions with low shear strength in the cutting zone, which 

allows the stainless steel to deform more easily.  It has been noticed that increase in sulfur 

continuously increases the ease of cutting and the amount of sulfur that can be added to a 

stainless steel is limited by the allowable degradation of other properties [3].  416 stainless 

steel is martensitic when the sulfur content is >=0.15%.  Figure 4.2 shows the comparison of 

the machinability for various stainless steels.  It can be seen that 416 stainless steel has the 

best machinability due to higher sulfur content.  In this study, 416 stainless steel was selected 

as another workpiece material.  The Vickers hardness of 416 stainless steel is 1223 MPa.  

Table 4.1 summarizes the chemical compositions of some common stainless steels and 1215 

steel. 
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Figure 4.1 SEM images showing the severe built-up edge after cutting 5 m 430 stainless 

steel at 2.13 m/s. 

 

 
 

Figure 4.2 Comparison of the machinability for various common stainless steels [5]. 
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Table 4.1 Chemical composition (by wt %) of some common stainless steels and 1215 steel 

[4]. 

 

 

 
4.3 MICROSTRUCTURE OF 6061 AL, 1215 STEEL AND 416 
STAINLESS STEEL 
 

The microconstituents present in the workpiece material have important effects on machining 

characteristics.  It is generally thought that insoluble abrasive constituents will exert a 

detrimental effect on tool life and surface quality.  Metallurgical samples of the 6061 Al, 

1215 steel and 416 stainless steel are prepared to study the microstructures.  Cross section 

samples were cut from the bulk material, grinded in sequence by 120, 240, 320, 400, 600 grit 

silicon carbide paper and then polished with 1.0, 0.3, 0.05 µm alumina solution until a flat 

and smooth surface was obtained.  Selective etchants was used to etch the sample surface to 

reveal the microstructures and inclusions.  10% NaOH solution, 2% Nital and diluted aqua 

regia (2.5 parts hydrochloric acid, 1 part nitric acid and 3 parts of water) were used as etchant 

for 6061 Al, 1215 steel and 416 stainless steel, respectively.  The etched surface is examined 

under the SEM and an optical microscope.  The optical images are then processed using 

Image J software to get the particle distribution. 
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Figure 4.3(a) and (b) are the SEM images of the etched 6061 Al and 1215 steel surface.  

Figure 4.3(a) shows the typical microstructure morphology for wrought aluminum alloys 

after heat treated.  The dispersed secondary phase particles such as Al-Fe-Si and Mg2Si are in 

micrometer size and round shape.  Those hard particles are thought to induce the abrasive 

wear on diamond tool edge, especially the flank face.  Figures 4.3(b) are the SEM image of 

1215 steel surface.  Different phases including ferrite, pearlite and inclusions can be 

identified.  The matrix is ferrite and the iron carbide (cementite) has nucleated and grown on 

the ferrite grain boundaries.  Cementite is hard and brittle phase which is detrimental to 

formability.  The carbides can be ranged from massive carbides to smaller and rounded 

particles.  Microstructure also shows some pearlite islands in the ferritic matrix.  The lamellar 

morphology of pearlite is composed with alternating plates of cementite and ferrite. 

 

Figures 4.4(a) and (b) are the optical images showing microstructures of 6061 Al, while 

4.4(c) shows the micrometer size particles in 4.4(a) counted and outlined using Image J 

software.  The area fraction of the inclusions is 3% and the average size (area of the particle) 

is about 44 µm2.  Similarly, Figure 4.5 shows optical images and particle distribution of 1215 

steel.  The area fraction of the inclusions is 1.2% and the average size is about 21 µm2.  

Figure 4.6(a)-(c) are the optical images of 416 stainless steel surface showing the inclusions.  

The inclusions are generally in round shape and much smaller.  The area fraction of the 

inclusions is 2.1% and the average size is about 5 µm2.  It is known that larger and rounder 

sulfide inclusions can provide a greater benefit for machining than the smaller and elongated 

ones.  Lots of round sulfide inclusions found in 416 stainless steel indicate the improved 

machinability.  Hard sulfide and carbide inclusions can also cause the abrasive wear, 

resulting in the abrasive grooves on the cutting tool.  From the comparison of the inclusion 

distribution at the same magnification for three workpiece material, it can be seen that 6061 

Al has more and larger particles than that in 1215 steel and 416 stainless steel.  Figure 4.7(a) 

and (b) are SEM images of chips from cutting 6061 Al and 1215 steel.  In both images, 

similar micrometer wide grooves at the side contacting the tool can be seen.  The grooves are 
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thought to be generated by the abrasive particles built up on the cutting edge.  These hard 

particles can also cause the abrasive wear on diamond tools.  From the comparison of 

microstructures and hardness of the three materials, it can be expected that 6061Al will have 

comparable abrasive wear as 1215 steel and 416 stainless steel. 

 

 
 

Figure 4.3 SEM images showing microstructures of 6061 Al (a) and 1215 steel (b). 

 

 
 

Figure 4.4 Optical images of the 6061 Al surface showing hard particle distribution. (a) 

200×, (b) 500×, (c) hard particles in (a) are outlined in Image J with a circle to calculate the 

distribution. 
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Figure 4.5 Optical images of the 1215 steel surface showing hard particle distribution. (a) 

200×, (b) 500×, (c) hard particles in (a) are outlined in Image J with a circle to calculate the 

distribution. 

 

 
 

Figure 4.6 Optical images of the 416 stainless steel surface showing hard particle 

distribution. (a) 200×, (b) 500×, (c) hard particles in (a) are outlined in Image J with a circle 

to calculate the distribution. 
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Figure 4.7 SEM image of cutting chips from cutting (a) 100 m 6061 Al using a new tool and 

(b) 20 m 1215 steel using a worn tool. 

 
4.4 ORTHOGONAL CUTTING ON 6061 AL, 1215 STEEL AND 416 
STAINLESS STEEL 
 

Orthogonal cutting of 6061 Al, 1215 steel and 416 stainless steel was performed on the 

ASG2500 diamond turning machine.  Conditions for the three cutting experiments were 

similar.  The average cutting speed was 2.8 m/s for 6061 Al and 2.13 m/s for 1215 steel.  

Two cutting speeds of 1.06 m/s and 2.13 m/s were used for 416 stainless steel.  The depths of 

cut were 2 µm for 6061 Al and 1 µm for both 1215 steel and 416 stainless steel, respectively.  

Four 6061 Al disks with the total of 10 km cutting distance were machined to study the 

gradual abrasive wear.  For 1215 steel, a total cutting distance was only 20 m in 5 m 

increments.  In the case of two cutting experiments on 416 stainless steel, total cutting 

distances of 90 m and 85 m were used.  The width of the disks for 6061 Al, 1215 steel and 

416 stainless steel were 0.81 mm, 1.2 mm and 1 mm, respectively.  The same single crystal 

diamond tools were used in the cutting experiments (relapped between experiments), which 

have a flat nose with 6° clearance angle.  The diamond tool was measured using the EBID 

method after each test.  The edge radius of the new sharpened diamond tool for cutting 6061 

Al, 1215 steel, 2.13 m/s 416 stainless steel and 1.06 m/s 416 stainless steel, determined from 
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EBID measurement, are 25, 23, 20 and 16 nm, respectively.  All cutting experiments were 

done with the cutting fluid and air flow.  The diamond tool wear was measured using the 

EBID method and the white light interferometer.  Cutting chips were observed under the 

SEM and optical microscope. 

 

4.5 EXPERIMENTAL RESULTS 
 

4.5.1 TOOL WEAR RESULTS FROM EBID MEASUREMENT 
 

Wear results for cutting 6061 Al, 1215 steel and 416 stainless steel measured by EBID are 

shown in Figures 4.8-11.  Wear profiles are drawn directly from the EBID lines after 

stretching the SEM images to display the tool cross section.  The worn area of the cross 

section, edge radius and wear land are obtained by processing the digital SEM image in 

Matlab.  The unworn tool edge geometry formed by two straight lines along the rake face and 

flank faces was obtained as the base line.  Then the base line was transferred to the worn tool 

image.  The deviation from the base line is used to describe the flank wear land and to fit a 

circle to evaluate the edge radius.  An example of the EBID images and analysis in Matlab 

are shown in Figure 4.8(a)-(e).  The worn volume is estimated as a product of worn area and 

disk width.  The worn results of 6061 Al and 1215 steel are all determined from the EBID 

measurement, which are summarized in Table 4.2. 
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Figure 4.8 EBID images of tool wear after 4 m cutting of 416 stainless steel at the cutting 

speed of 1.06 m/s.  EBID lines measured at the unworn tool edge area (a) and at the center of 

the worn diamond tool edge (b); Matlab analysis results of the wear land (c), edge radius (d) 

and worn area (e). 

 

From the EBID images of tool wear, it can be seen that wear patterns are different for 6061 

Al, 1215 steel and 416 stainless steel.  Figure 4.9 shows the worn profile of diamond tool 

cutting 6061 Al.  The cutting edge was getting rounder and the wear land was gradually 

increased with the cutting distance.  The angle between wear land and flank face is about 2°.  

The worn profile for 1215 steel is much different, as shown in Figure 4.10.  A wear land, 25° 

away from the flank face , is formed after 5 m cutting.  Gradual retracted wear lands are 

parallel to each other.  The worn pattern for 416 stainless steel (Figure 4.11) is similar to that 

for 6061 Al except a much longer wear land, which forms a 2° angle with the flank face.  
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Detailed SEM images of flank face (Figure 4.12) for diamond tool cutting 416 stainless steel 

show that there are grooves at the wear land area on the flank face and grooves are getting 

larger with cutting distance increased.  Compared with diamond tool cutting 6061 Al, the 

diamond tool for cutting 1215 steel and 416 stainless steel are worn significantly after only 

several meters cutting.  

 

 
 

Figure 4.9 Wear result for cutting 6061 Al.  (a) EBID lines on a worn diamond tool after 

cutting 7.5 km 6061 Al; (b) wear profiles of diamond cutting edge for cutting 6061 Al. 

 

 
 

Figure 4.10 Wear result for cutting 1215 steel. (a) EBID lines on a worn diamond tool after 

cutting 15 m 1215 steel; (b) wear profiles of diamond cutting 1215 steel. 
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Figure 4.11 Wear result for cutting 416 stainless steel. (a) EBID lines on a worn diamond 

tool after cutting 4 m 416 stainless steel; (b) wear profiles of diamond cutting 416 stainless 

steel. 

 

 
 

Figure 4.12 SEM images showing grooves on the flank face of diamond tool after 4 m 

cutting at 1.06 m/s (a) and 85 m cutting at 2.13 m/s (b) of 416 stainless steel. 
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Table 4.2 Worn data determined by EBID for cutting 6061 Al and 1215 steel. 

 

 
 
4.5.2 TOOL WEAR RESULTS FROM WHITE LIGHT INTERFEROMETER 
MEASUREMENT 
 

EBID is an effective way to measure the tool wear profile especially at high magnification.  

However, it requires that the diamond tool surface should be clean enough to control the 

deposition rate and to resolve EBID lines.  Moreover, the SEM operation process and the 

following analysis are time-consuming.  To measure the tool wear more efficiently, white 

light interferometer was used for the wear land length measurement for 416 stainless steel 

cutting after the wear pattern of the diamond tool was determined by EBID.  For the 

interferometer measurement, wear area can be tracked easily through the change of 

interference fringes.  Figure 4.13 and 4.14 are examples of wear land length measurement 

using white light interferometer. 
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Figure 4.13 Transition area on the diamond tool edge after cutting 45 m 416 stainlesss steel 

at 2.13 m/s measured using white light interferometer. (a) Oblique plot; (b) surface profile; 

(c) measurement at unworn area. 

 

 
 

Figure 4.14 Wear land of the diamond tool after cutting 45 m 416 stainlesss steel at 2.13 m/s 

measured using white light interferometer. (a) Oblique plot; (b) surface profile; (c) wear land 

length measurement. 

 
Since the worn area of diamond tool cannot be measured in the white light interferometer, 

after the wear land length is determined, a fitting relationship between wear land length and 
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worn area is needed.  Because the wear pattern of the 416 stainless steel is similar to that of 

6061 Al, EBID data from 6061 Al measurement and 416 stainless steel are included together 

to get a fitting curve.  Table 4.3 and Figure 4.15 show the fitting relationship between worn 

area and wear land length.  Worn volume is then determined as a product of worn area and 

workpiece width, which is 1 mm for the 416 stainless steel disk.  Figure 4.16, 4.17 are the 

summary of the tool wear results for cutting 416 stainless steel at 1.06 m/s and 2.13 m/s, 

respectively.  It can be seen that wear land length and the worn area increased gradually with 

the cutting distance.  However, the wear length increased quickly at the beginning.  After 5 

cuts, the wear land length increased slowly.  

 

Table 4.3 Relationship between wear land length and worn area determined from EBID 

results. 
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Figure 4.15 Fitting curve for wear land length and worn area measured from EBID. 

 

 
 

Figure 4.16 Summary of tool wear results of cutting 416 stainless steel at 1.06 m/s. 
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Figure 4.17 Summary of tool wear results of cutting 416 stainless steel at 2.13 m/s. 

 

4.5.3 WEAR RATE COMPARISON 
 

After the worn area and worn volume is determined, wear rate was calculated as volume lost 

divided by contact time.  For both 1.06 m/s and 2.13 /s cutting on 416 stainless steel, only the 

first five data points are used to calculate the wear rate.  Figure 4.18 is the wear rate 

comparison for three different workpieces.  The wear rate for 416 stainless steel is 18 times 

higher than that of 1215 steel and 2558 times higher than that of 6061 Al.  The wear rate for 

2.13 m/s and 1.06 m/s for cutting 416 stainless steel are at the same order, except the 2.13 

m/s cutting has a slightly high wear rate, which is 1.8 times high that that of 1.06 m/s.  

Compared with 6061 Al, the cutting distance for 1215 steel and 416 stainless steel are very 

short, so the worn volume caused by the abrasive wear can be ignored.  The high wear rate is 

thought to be due to the thermal-chemical diamond wear effect. 
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Figure 4.18 Wear rate comparison for cutting different workpiece materials. 

 

4.5.4 TOOL FORCES FOR CUTTING 416 STAINLESS STEEL 
 

Forces measurement show that tool forces changed dramatically during 416 stainless steel 

cutting.  The thrust force and cutting force were stable only for a relatively short cutting 

distance.  Figure 4.19 and 4.20 are some of the tool forces plots for 2.13 m/s and 1.06 m/s 

cutting.  For the first 0-5 m cutting at the speed of 2.13 m/s, there is a gradual increase in 

both thrust force and cutting force (Figure 4.19(a)).  This is due to the increased cutting width 

which is a result of the misalignment of the workpiece and the diamond tool.  The thrust 

force and cutting force reached the steady state during the following cutting until to 35 m 

(Figure 4.19(b) and (c)).  After 35 m, the cutting process became unstable.  Figure 4.19(d) 

shows that the thrust force and cutting force changed periodically.  The thrust force 

decreased while at the same time the cutting force increased.  It appears that the tool does not 

cut but only rubs the workpiece intermittently.  From SEM observations, adhering material 

layers were found on the rake face.  This is thought to be due to built-up layers formed, 

although the cutting time is short.  The built up edge plows on the workpiece surface, while 
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the tool is kept feeding-in and pushed by the workpiece.  The thrust force is getting larger 

and larger until the tool does cutting again, and very thick chips are generated.  For cutting at 

1.06 m/s, the forces changed in a similar way as 2.13 m/s, except that the steady state cutting 

process was reduced to a shorter cutting distance (Figure 4.20(a)-(d)). 

 

 
 

Figure 4.19 Tool forces at 2.13 m/s cutting 416 stainless steel for 0-5 m (a), 10-15 m (b), 15-

25 m (c), 35-45 m (d) cutting distance. 
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Figure 4.20 Tool forces at 1.06 m/s cutting 416 stainless steel for 0-2 m (a), 4-8 m (b), 16-20 

m (c), 20-30 m (d) cutting distance. 

 

4.5.5 CHIPS FOR CUTTING 416 STAINLESS STEEL 
 

Thickness and surface features of the cutting chips changed remarkably during the cutting 

process for 416 stainless steel.  Figure 4.21 shows some optical images of cutting chips from 

15-25 m cutting at 2.13 m/s, while Figure 4.22 shows the images of 35-45 m cutting at the 

same cutting speed.  Long and continuous chips are generated during 15-25 m cutting.  The 

thickness of the chip is about 3 µm.  Small grooves are observed on the shiny side which 

contacts the rake face of the cutting tool.  For 35-45 m cutting, the chips are getting thicker.  

Figure 4.22(a) shows chips with different thickness.  The thickness of the thickest chip is 

about 13 µm.  It also can be seen that the grooves on the surface are getting deeper and 
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wider.  More flaws are found, indicating the increased roughness of machined surface.  The 

depth of cut was 1 µm in all cases. 

 

 
 

Figure 4.21 Cutting chips from 15-25 m cutting 416 stainless steel at 2.13 m/s. (a) Lower 

magnification image showing long continuous chips; (b) higher magnification image (80×) 

showing chip thickness; (c) image at 250× showing features on the chip surface of shiny side. 

 

 
 

Figure 4.22 Cutting chips from 35-45 m cutting 416 stainless steel at 2.13 m/s. (a) Lower 

magnification image showing three kinds of chips with different thickness; (b) higher 

magnification image (80×) showing  the thickness of the thickest chip; (c) image at 250× 

showing features on the chip surface of shiny side. 
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4.6 DIAMOND MACHINING OF STAINLESS STEEL BY OTHER 
INVESTIGATORS 
 

Liu et al. studied the diamond tool wear during 1D vibration assisted cutting on stainless steel 

420 [6].  The composition of stainless steel 420 (by wt %) are 0.38% C, 0.9% Si, 0.5% Mn, 

13.6% Cr, 0.3% V and balance Fe.  The diameter of the stainless steel part is 14 mm.  The 

diamond tool operated at a frequency of 40 KHz.  During machining, the diamond tool wear 

was measured on-line using a zoom microscope.  Tool wear was mainly found on the flank 

face, as shown in Figure 4.23.  The flank wear land length is measured as VBmax. 

 

 
 

Figure 4.23 Tool wear results measured from an on-line microscope [6]. 

 

Surface finish measurement results show that the surfaces machined without ultrasonic 

vibration has a poor surface finish of over 50 nm Ra.  With the same tool and the application 

of ultrasonic vibration, a mirror surface finish of about 8 nm Ra was obtained.  Figure 4.24 

shows that the surface finish machined with and without the ultrasonic vibration.  The author 

concluded that even with sharp cutting edge, mirror surface finish still cannot be achieved if 

no ultrasonic vibration is applied.  Figure 4.25 shows SEM images of the cutting chips 

machined with and without the ultrasonic vibration.  The images were taken from the 

surfaces that contact the rake face of the cutting tools. It was found that chip surfaces 
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obtained without the ultrasonic vibration show many grooves and tear marks, while those 

obtained with ultrasonic vibration are very smooth.  

 

Based on the measurements of the surface finish and chip surface, it is concluded that 

adhesion of workpiece material on the cutting edge plays a very important role in the cutting 

process.  When the ultrasonic vibration is employed, the work material is much less likely to 

stick on the cutting edge due to the low temperature, good lubricated cutting edge and impact 

force.  When the flank wear exceeds a certain value, the high temperature makes the 

adhesion of the work material strong enough on the cutting edge [6].  This is consistent with 

the observation in the current work. 

 

 
 

Figure 4.24 Surface finish machined with and without ultrasonic vibration [6]. 
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Figure 4.25 SEM images of cutting chips with and without ultrasonic vibration [6]. 

 
 
4.7 CONCLUSION 
 

Conventional orthogonal diamond cutting on ferrous material is described in this chapter.  

1215 steel and 416 stainless steel were selected as the target material.  To separate the 

abrasive wear effect, 6061 Al with comparable hardness is selected as the baseline material.  

Microstructures of the workpiece materials show that 6061 Al has more and larger hard 

particles than 1215 steel and 416 stainless steel.  Since hard particles are the main reason for 

the abrasive wear, 6061 Al is expected to cause comparable or more abrasive wear on 

diamond tool than 1215 steel and 416 stainless steel.  From the quantitative measurement 

obtained using EBID, gradual wear profiles can be drawn from the EBID images directly.  

The tool wear pattern for cutting 416 stainless steel is similar to that for 6061 Al, while 1215 

steel has a different worn profile.  The wear rate of a diamond tool cutting 416 stainless steel 

is about three orders higher than that for cutting 6061 Al and 18 times higher than that for 

1215 steel under similar cutting conditions.  For cutting experiments on 416 stainless steel, 

tool forces and cutting chip images indicate that steady state cutting can only last for short 

cutting distances.  After a few tens of meters, the cutting process becomes unstable and the 

diamond tool plows and rubs on the workpiece surface.  This is attributed to an adhesive 
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layer formed on the rake face.  The built-up workpiece material on the cutting edge plays a 

very important role to the surface finish. 
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5. CONCLUSIONS AND FUTURE WORK 
 

In this work, thermo-chemical wear of diamond tool while machining ferrous materials is 

quantitatively studied.  1215 steel and 416 stainless steel with low carbon content were 

selected as the target material.  To separate the abrasive wear effect, 6061 Al with 

comparable hardness was selected as the baseline material.  Microstructures of the workpiece 

material show that 6061 Al has more and larger hard inclusions than 1215 steel and 416 

stainless steel.  Since hard particles are the main reason for the abrasive wear, 6061 Al is 

expected to cause comparable or more abrasive wear on diamond tool than 1215 steel and 

416 stainless steel. 

 

Orthogonal diamond cutting experiments with similar machining conditions were performed 

on the three workpieces.  Intermittent diamond tool wear was measured using EBID in the 

SEM and also with a white light interferometer.  By controlling the electron beam scanning 

in a line mode, an EBID line can be precisely deposited on the diamond tool edge.  The 

EBID lines delineate the true edge profile of the diamond tool.  Optimum operating 

conditions were obtained with beam energy of 2 KeV, a beam current of 3 pA, and objective 

aperture of 30 µm to controllably grow an EBID line on a nonconductive diamond surface.  

Edge radius, wear land length and worn area of the diamond tool can be determined by 

analyzing the SEM image in the software.  EBID has been demonstrated to be an effective 

method to measure the diamond tool edge geometry and tool wear, especially at high 

magnifications. 

 

The wear pattern of diamond tools was found to be dependent on the workpiece materials 

machined.  The tool wear pattern for cutting 416 stainless steel is similar to that for 6061 Al, 

while 1215 steel has a different worn profile.  Worn volume and wear rate were calculated 

based on the tool wear measurements.  Under the similar cutting conditions, the wear rate of 
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a diamond tool cutting 416 stainless steel and 1215 steel is about three orders and two orders 

higher than that for 6061, respectively. 

 

For the 416 stainless steel cutting, built-up edge was found on the rake face of the diamond 

tool, which is responsible for the observation on the tool forces and chip topography.  The 

built-up workpiece materials on the cutting edge also play an important role for the surface 

finish. 

 

In the future work, orthogonal cutting experiments at much lower cutting speeds should be 

conducted on stainless steel.  Based on the different wear rate at different cutting speeds and 

the temperatures results from the orthogonal diamond cutting simulation, activation energy 

for the catalyzed chemical reaction involved in the diamond tool wear on stainless steel can 

be obtained. 

 

Temperature is critical for the analysis of the thermal-chemical tool wear.  Simulation results 

often show that the tool temperature is quite low.  However, to break the carbon-carbon bond 

at the diamond surface, the tool-tip temperature should be high enough.  Accurate results of 

the tool-tip temperature still need to be determined. 

 

Tool wear in ultra-precision diamond machining is a complex process.  The tool wear profile 

and wear rate are affected by both the properties of the workpiece material and the micro-

machining process.  Different wear mechanisms might work together or interact with each 

other.  Specially designed machining processes are needed to further differentiate the effect 

of various factors on the tool wear. 
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APPENDIX 
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APPENDIX A - EBID IMAGES OF DIAMOND TOOL 
WEAR FOR CUTTING 6061 AL 

 
Diamond tool: DS428, flat nose, 0° rake angle, 6° clearance angle. 

Workpiece: 6061 Al. 
Cutting speed: 2.66-3.40 m/s 

 

 
 

After 2.5 km cutting, unworn tool edge. 
 
 

   
 

After 2.5 km cutting, worn tool edge (left: 10 K×, right: 20 K×). 
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After 5 km cutting, unworn tool edge (left: 10 K×, right: 20 K×). 
 
 
 

   
 

After 5 km cutting, Worn tool edge (left: 10 K×, right: 50 K×). 
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After 7.5 km cutting, unworn tool edge (left: 10 K×, right: 50 K×). 
 
 

   
 

After 7.5 km cutting, worn tool edge (left: 10 K×, right: 50 K×). 
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After 10 km cutting, worn tool edge (left: 5 K×, right: 50 K×). 
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APPENDIX B - EBID IMAGES OF DIAMOND TOOL 
WEAR FOR CUTTING 1215 STEEL (ROUND NOSE 

TOOL) 
 

Diamond tool: round nose, 0° rake angle, 6° clearance angle. 
Workpiece: 1215 steel. 

Cutting speed: 2.13 m/s. 
 

   
 

After 10 m cutting, unworn tool edge (left: 20 K×, right: 50 K×). 
 

   
 

After 10 m cutting, worn tool edge (left: 20 K×, right: 50 K×). 
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After 20 m cutting, unworn tool edge (left: 20 K×, right: 50 K×). 
 
 

   
 

After 20 m cutting, worn tool edge (left: 20 K×, right: 50 K×). 
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After 30 m cutting, unworn tool edge (left: 10 K×, right: 50 K×). 
 
 

   
 

After 30 m cutting, worn tool edge (left: 10 K×, right: 50 K×). 
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After 40 m cutting, unworn tool edge (left: 10 K×, right: 50 K×). 
 
 

   
 

After 40 m cutting, worn tool edge (left: 10 K×, right: 50 K×). 
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APPENDIX C - EBID IMAGES OF DIAMOND TOOL 
WEAR FOR CUTTING 1215 STEEL (FLAT NOSE 

TOOL) 
 

Diamond tool: DS429, flat nose, 0° rake angle, 6° clearance angle. 
Workpiece: 1215 steel. 

Cutting speed: 2.13 m/s. 
 

   
 

New tool edge, deposit EBID line at 2 KeV, collect image at 2 KeV, highest magnification 
that can be get is 50 K×. (left: 10 K×, right: 50 K×) 

 

   
 

New tool edge, deposit EBID line at 2 KeV, collect image at 5 KeV, highest magnification 
that can be get is 100 K×. (left: 10 K×, right: 100 K×)  
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After 5 m cutting, unworn tool edge (left: 10 K×, right: 50 K×). 
 
 

   
 

After 5 m cutting, worn tool edge (left: 10 K×, right: 50 K×). 
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After 10 m cutting, unworn tool edge (left: 10 K×, right: 50 K×). 
 
 

   
 

After 10 m cutting, worn tool edge (left: 10 K×, right: 50 K×). 
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After 15 m cutting, unworn tool edge. 
 
 

   
 

After 15 m cutting, worn tool edge (left: 10 K×, right: 50 K×). 
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After 20 m cutting, unworn tool edge (left: 10 K×, right: 50 K×). 
 
 

   
 

After 20 m cutting, worn tool edge (left: 10 K×, right: 50 K×). 
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APPENDIX D - EBID IMAGES OF DIAMOND TOOL 
WEAR FOR EVAM 6061 AL AND 1215 STEEL 

 
Diamond tool: flat nose, 0° rake angle, 6° clearance angle. 

Workpiece: 6061 Al and 1215 steel. 
 

   
 

New tool edge at bottom (left: 10 K×, right: 50 K×). 
 
 

   
 

New tool edge at center (left: 10 K×, right: 50 K×). 
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 Worn tool edge after 39.4 m cutting 6061 Al (left: 1 K×, right: 10 K×). 
 
 

   
 

Worn tool edge after 170.8 m cutting 6061 Al (left: 10 K×, right: 50 K×). 
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Worn tool edge after 275.9 m cutting 6061 Al (left: 10 K×, right: 50 K×). 
 
 

   
 

Worn tool edge after 407.2 m cutting 6061 Al (left: 10 K×, right: 20 K×). 
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New tool edge for cutting 1215 steel (left: 10 K×, right: 30 K×). 
 
 

   
 

Worn tool edge after several centimeters cutting 1215 steel (left: 10 K×, right: 30 K×). 
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APPENDIX E - EBID IMAGES OF DIAMOND TOOL 
WEAR FOR CUTTING 1215 STEEL AT 1 M/S AND 4 

M/S 
 

Diamond tool: flat nose, 0° rake angle, 6° clearance angle. 
Workpiece: 6061 Al and 1215 steel. 

 

    
 

Unworn tool edge after 2 m cutting 1215 steel at 1 m/s (left: 10 K×, right: 50 K×). 
 
 

   
 

Worn tool edge after 2 m cutting 1215 steel at 1 m/s (left: 10 K×, right: 50 K×). 
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Unworn tool edge after 6 m cutting 1215 steel at 1 m/s (left: 10 K×, right: 50 K×). 
 
 

   
 

Worn tool edge after 6 m cutting 1215 steel at 1 m/s (left: 10 K×, right: 50 K×). 
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Unworn tool edge after 216 m cutting 1215 steel at 1 m/s (left: 10 K×, right: 50 K×). 
 

   
 

Worn tool edge after 216 m cutting 1215 steel at 1 m/s (left: 10 K×, right: 30 K×). 
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Unworn tool edge after 200 m cutting 1215 steel at 4 m/s (left: 10 K×, right: 50 K×). 
 
 

   
 

Worn tool edge after 200 m cutting 1215 steel at 4 m/s (left: 10 K×, right: 30 K×). 
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APPENDIX F - EBID IMAGES OF DIAMOND TOOL 
WEAR FOR CUTTING 416 STAINLESS STEEL AT 

2.13 M/S AND 1.06 M/S 
 

Diamond tool: flat nose, 0° rake angle, 6° clearance angle. 
Workpiece: sst416. 

 

   
 

Unworn tool edge after 5 m cutting sst416 at 2.13 m/s (left: 10 K×, right: 50 K×). 
 
 

   
 

Worn tool edge after 5 m cutting sst416 at 2.13 m/s (left: 8 K×, right: 20 K×). 
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Unworn tool edge after 10 m cutting sst416 at 2.13 m/s 
 
 

   
 

Worn tool edge after 10 m cutting sst416 at 2.13 m/s (left: 5 K×, right: 30 K×). 
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Unworn tool edge after 80 m cutting sst416 at 2.13 m/s (left: 2 K×, right: 10 K×). 
 
 

    
 

Worn tool edge after 80 m cutting sst416 at 2.13 m/s (left: 1 K×, right: 15 K×). 
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Unworn tool edge after 4 m cutting sst416 at1.06 m/s (left: 5 K×, right: 20 K×). 
 
 

   
 

Worn tool edge after 4 m cutting sst416 at1.06 m/s (left: 7.5 K×, right: 20 K×). 
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APPENDIX G - SEM IMAGES OF CUTTING CHIPS 
FROM CONVENTIONAL CUTTING 

 

 
 

606l Al, conventional cutting, 2.5 µm DOC, whole chip image. 
 
 

 
 

606l Al, conventional cutting, 2.5 µm DOC, chip edge. 
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606l Al, conventional cutting, 2.5 µm DOC, smooth side. 
 
 

   
 

606l Al, conventional cutting, 2.5 µm DOC, coarse side. 
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1215 steel, conventional cutting, 1.0 µm DOC, whole chip image. 
 
 

 
 

1215 steel, conventional cutting, 1.0 µm DOC, chip edge. 
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1215 steel, conventional cutting, 1.0 µm DOC, coarse side. 
 
 

   
 

1215 steel, conventional cutting, 1.0 µm DOC, smooth side. 
  



 

 

132 

APPENDIX H - SEM IMAGES OF CUTTING CHIPS 
FROM EVAM 

 

   
 

6061 Al, EVAM, 1.0 µm DOC, after 39.4 m cutting, whole image. 
 
 

   
 

6061 Al, EVAM, 1.0 µm DOC, after 39.4 m cutting, chip edge image. 
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6061 Al, EVAM, 1.0 µm DOC, after 39.4 m cutting (left: side contacting rake face, right: 
coarse side). 

 
 

   
 

6061 Al, EVAM, 1.0 µm DOC, after 407.2 m cutting, whole image. 
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6061 Al, EVAM, 1.0 µm DOC, after 407.2 m cutting, chip edge image. 
 
 

   
 

6061 Al, EVAM, 1.0 µm DOC, after 407.2 m cutting, side contacting the rake face. 
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6061 Al, EVAM, 1.0 µm DOC, after 407.2 m cutting, coarse side. 
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