
ABSTRACT 

LANE, BRANDON MICHAEL. Material Effects and Tool Wear in Vibration Assisted Machining.  
(Under the direction of Thomas Dow.) 

Certain materials such as steels, nickel, and titanium alloys cause rapid thermo-chemical 

tool wear and poor surface finish during conventional diamond turning (DT).  Optical quality 

surface finishes on these materials are possible when vibration-assisted machining (VAM) is 

incorporated.  It is theorized that VAM reduces tool wear by reducing tool temperatures 

and forces.  The goal of this research is to observe and measure tool wear during VAM and 

identify how this wear is related to process parameters, and how it is mitigated with VAM. 

Baseline conventional DT tests on thermo-chemical wearing material were carried out in 

conjunction with finite element (FE) simulations of the DT process to develop a thermo-

chemical wear model.  To relate this model to VAM, kinematic calculations were made 

identifying related parameters; namely relative tool tip velocity and uncut chip thickness.  

FE simulations of the elliptical vibration assisted machining (EVAM) process are carried out 

that vary input EVAM parameters.  Tool temperatures are extracted from FE data and 

supplied to the thermo-chemical wear model.  These predictions are used to identify 

optimal EVAM conditions to minimize thermo-chemical wear. 

Finally, several EVAM and LVAM experiments are carried out to test the hypotheses devised 

from the parametric study and FE simulations.  In addition, comparison is made between 

conventional DT surface finish and VAM.  The complex relationship between VAM 

parameters and reduced tool wear are discussed in terms of the thermo-chemical wear 

model and predictions made based on the FE simulations.  
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¶ ǹ ς Normal stress 

¶ ˖  - EVAM frequency in radians per second 

  



 

1 

1 INTRODUCTION 

1.1 DIAMOND TURNING AND TOOL WEAR 

The use of diamond as a cutting tool has a long history, with reported use going back to the 

16th century for making finely spacing rulings and diffraction gratings.  Use as a lathe tool for 

forming mirror-ƭƛƪŜ ǎǳǊŦŀŎŜ ŦƛƴƛǎƘŜǎ ŘƛŘƴΩǘ ƻŎŎǳǊ ǳƴǘƛƭ ǘƘŜ ǾŜǊȅ ŜŀǊƭȅ нлth century [1].  

Diamond turning in its present form utilizes a single crystal natural or synthetic diamond as 

a tool to cut many different kinds of materials including metals, ceramics, glasses, and 

polymers.  Single crystal diamond can be polished and formed to produce a very sharp and 

smooth cutting edge with edge radius often less than 20 nm and possibly less than 1 nm 

[2,3].  This smooth edge is reproduced on the cut or turned workpiece which allows optical 

quality surface finishes.   

Specialized lathes called diamond turning machines (DTMs) are required to minimize 

vibration and isolate the DT process from exterior factors that could introduce errors in the 

part.  DTMs use precision position feedback sensors (ie. laser interferometer or linear 

encoder) as part of a control loop to accurately position the tool with respect to the part.  

Digital controllers for DTMs also work at very high speeds (up to whatever the current 

personal computer CPU can achieve) to allow rapid position error correction and digital or 

analog signal processing from feedback sensors or other accessories.  Modern DTMs are 

typically programmed via computer numerical control (CNC) similar to non-precision lathes 

and milling machines.  These DTMs are also built on a massive granite or granite-like 

composite base suspended via air piston or compliant damping material to isolate the 

system from exterior vibrations.  DTMs also have much stiffer slideways and spindles (ie. 

hydrostatic oil bearing or porous air bearings) and smoother driving mechanism (DC linear 

motors) that create highly repeatable axis motion and tighter control [4].  This high 

repeatability allows for measured motion errors to be compensated through programmed 

axis motion to further increase precision.  The combination of a smooth, sharp diamond 
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edge and precisely controlled machine motion enables optics to be made with sub-micron 

form error and optical quality surface finish (< 5 nm rms1). 

Diamond turning currently finds use in a plethora of commercial, military, and research 

applications.  DT allows an optical surface to be formed on a structural component itself, 

reducing the number of fabricated parts and manufacturing steps.  An example of this is a 

scanner mirror in a laser printer, where reflective surfaces are machined directly onto the 

aluminum periphery of a spinning wheel.  DT also allows some parts to be made without the 

need for finish polishing; for example, brass molds for contact lenses. Examples of other 

contemporary commercial applications include molds for phone camera lenses or master 

cylinders for rolling antireflective screens or lightguides for LCD displays.  The most often 

cited military use for DT is in infrared (IR) optics.  Brittle IR crystals like germanium (Ge), zinc 

selenide (ZnSe), zince sulfide (ZnS), or gallium arsenide (GaAs) can be diamond turned.  

Other brittle materials such as cadmium-telluride (CdTe) are used for high powered 

industrial C02 lasers [5].  Though this class of materials is very important to industry and 

research, the DT process for brittle materials is quite different than for ductile metals.  

Other than discussing research regarding tool wear after machining these materials, the 

focus of this dissertation is on ductile metals. 

Though a relatively mature technology, application of diamond turning and precision 

machining is expanding to more and more applications and is increasingly becoming a 

competitive technology to lithographic methods for high-speed fabrication of 3D 

microstructure arrays [1].  Recent examples are the diamond micro chiseling (DMC) 

technique to form micro corner cube array retroreflectors [6], use of the nano fast-tool 

servo (nFTS) to form micro-scale diffractive patterns [7], or using single crystal diamond 

micro-ǘƻƻƭǎ ŦƻǊƳŜŘ ōȅ ŦƻŎǳǎŜŘ ƛƻƴ ōŜŀƳ όCL.ύ ǘƻ Ŏǳǘ ƘƛƎƘ ŀǎǇŜŎǘ Ǌŀǘƛƻ ол ˃Ƴ ǘŀƭƭ ǇƛƭƭŀǊǎ [8].  

                                                      
1
 ¢ƘŜǊŜ ƛǎ ƴƻ ǎǘŀƴŘŀǊŘ ŦƻǊ ΨƻǇǘƛŎŀƭ ǉǳŀƭƛǘȅΩΦ  ¢Ƙƛǎ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ǎǇŜŎƛŦƛŎ ƻǇǘƛŎ ŀƴŘ ǘƘŜ 

tolerances definŜŘ ōȅ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΦ  CƻǊ ŜȄŀƳǇƭŜΣ hǇǘƛƳŀȄ{ȅǎǘŜƳǎ ŎƻƴǎƛŘŜǊǎ рƴƳ ǊƳǎ ΨŎƻƳƳŜǊŎƛŀƭ 
ǉǳŀƭƛǘȅΩ ŀƴŘ мƴƳ ǊƳǎ ΨƘƛƎƘ ǇǊŜŎƛǎƛƻƴ ǉǳŀƭƛǘȅΩ [148]. 
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The principle utility of diamond turning is the ability to create geometrically precise part 

form and surface finish.  In the machining process, friction and contact of the diamond on 

the workiece will incur inevitable tool wear.  This level of precision is contingent on tool 

wear, which may cause loss in part fidelity via one or more of the following: 

1.) Increased form error due to recession of worn tool edge and/or increased 

άƳƛƴƛƳǳƳ ŘŜǇǘƘ ƻŦ Ŏǳǘέ [9]. 

2.) Part deformation as a result of high tool forces [10,11]. 

3.) Transition from ductile cutting to brittle fracture in turning brittle materials [12]. 

4.) Subsurface damage or residual surface stress [13]. 

5.) Deterioration of surface finish due to spanzipfel formation [14]. 

For commonly turned metals like copper, brass, and aluminum, tool wear is an accepted 

factor in the manufacturing process.  This is not to say that the physical process of tool wear 

is well understood, or that it is not a cost-incurring factor to a DT part forming process.  

Natural diamond tools, though still used today, are giving way to more inexpensive, 

chemically tailored, and defect-free synthetic diamonds formed through chemical vapor 

deposition (CVD) or high-temperature high-pressure process (HTHP) [15].  Natural (mined) 

diamond tools may have widely variant resistances to wear due to the variable chemistry 

and density of crystal defects [16].  Synthetics have much more repeatable wear 

characteristics, which allows for compensation through tool path programming or more 

accurately timed tool replacement.  Certain materials wear a diamond tool so much that 

generating precise geometry and optical quality surface finish is not only uneconomical, but 

impossible through conventional turning methods.  Wear may occur so rapidly that the tool 

edge loses contact with the part and chip formation ceases [17].  Some of these materials 

that are of interest to industry include iron and ferrous alloys, titanium and its alloys, silicon 

based glass, pure nickel, molybdenum, beryllium, and tungsten carbide [18].  Pure silicon 

causes rapid tool wear similar to the aforementioned materials, but due to its value as an IR 

material it is still diamond turned commercially [5,19]. 
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The chemical wear of diamond and diamond tools has been a topic of scientific interest for 

decades.  Cast iron scaifes have been used for over six centuries to polish diamond due to 

the increased polishing rate of the iron [20].  The known solubility of graphite in molten 

iron, nickel, or cobalt lead to the use of these metals as catalysts in the HPHT diamond 

synthesis process first developed by General Electric in 1955 [16].  The growth of diamond 

as an industrial cutting or grinding material in the 20th century brought further academic 

interest regarding chemical affinity between diamond and these materials and how it 

relates to tool wear.  The 1970s initiated much research regarding diamond grain and tool 

wear when rubbing these chemical wearing materials [21,22,22-27].  There are two reasons 

this research has continued to today; a continued desire for ultra-precision fabrication of 

parts from chemically wearing material with processes that use diamond, and the still 

general misunderstanding of tool wear.  This is reflected by Oomen and Eisses et. al. who 

noted that due to the complex nature of diamond tool wear, published results may not be 

comparable, and are sometimes contradictory [28].   

There are two reasons why chemical diamond tool wear still eludes researchers: unknown 

chip and tool temperatures, and difficulty in measuring, defining, and quantifying the 

micrometer-scale wear.  Chemical diamond wear is widely agreed to be a function of 

temperature.  Defining the relationship between wear and temperature empirically requires 

these hurdles to be overcome.  Diamond tool temperature measurement is difficult in much 

the same way as macro-scale cutting tools.  DT workpiece speeds are on the order of 1 m/s 

or above, while typical cutting depths and feeds are below 50 mm and 5 mm, respectively.  

High speed IR videography is used to observe macro-scale cutting temperatures [29], but 

the scale of DT is at or below infrared wavelengths (0.75 µm - 5 µm).  The Rayleigh criterion 

for minimum resolvable detail of an optical system states that the limit of resolution is on 

order of the wavelength, therefore the inherent spatial resolution of IR sensors limit 

applicability to measurement of DT temperature fields [30].  Though MEMS type thermopile 

sensors attached to the tool or workpiece may allow better spatial resolution than IR 
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sensors [31], they cannot be placed adequately close to the cutting zone without high risk of 

being damaged.  Less difficult, but still challenging, is measuring diamond tool wear.  

Authors have accomplished this using scanning electron microscopy (SEM) [32-34], which 

has limited resolution due to charging of the insulating diamond by the electron beam in 

the SEM chamber.  Others have used atomic force microscopy (AFM) [3,35,36], or used 

profilometer measurements of indentions made by pressing the worn diamond into softer 

metal [28,37-39].  In addition, many researchers simply use optical microscopy and/or 

compare one tool to another without a numerical value assigned.  Wear patterns on a 

diamond may be sub-micron to 100s of microns in scale.  The scale and form of diamond 

wear also varies between workpiece materials [32], therefore defining wear through a 

singular value becomes difficult.  Authors have defined it by wear land length, edge 

recession length, surface area of the wear, volumetric tool material loss, and more.  Chapter 

2 gives a review of the different measurement methods and definitions of wear.  Chapter 3 

gives further review of past attempts to measure or model tool temperatures and a new to 

relate temperature and wear with a wear model. 

Despite an unfinished understanding of chemical diamond wear, multiple non-conventional 

methods have been developed that address either the chemical reaction or tool 

temperature or both.  Turning in a carbon-saturated environment [17,40], carbon nano-

partical saturated coolant fluid [41,42], cryogenic cutting [35,43], plasma-nitriding the 

workpiece surface [44-47], or vibration-assisted machining [48] have been shown to reduce 

chemical diamond tool wear.  Vibration-assisted machining (VAM) was introduced in the 

60s to conventional machining and to precision machining in the early 90s [48].  This 

method superimposes micro-meter scale vibrations to the normal cutting motion of a 

diamond tool.  The tool comes in and out of contact with the workpiece allowing the tool to 

cool during noncontact, possibly allow coolant access to the tool surface to act as a 

chemical barrier.   
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Paul et. al. noted that VAM is likely the most economically feasible method for precision 

diamond machining of chemically wearing workpiece materials [19]2.  Of each of the 

previous mentioned methods to combat tool wear, vibration assisted machining is the only 

one that has produced commercial accessories for use in a DTM, such as the El-рлʅ ŜƭƭƛǇǘƛŎŀƭ 

vibration tool from Taga Electric Co. Ltd. or the Son-X 80 kHz LVAM from Fraunhofer IPT.  

Most research literature involving VAM and EVAM present the machining theory and 

technique, then give examples of the benefits via good surface finish and lower tool forces.  

These studies do not address the science behind the benefits, but rather present and extol 

improvements then provide conjecture regarding their sources.  Though industrial 

application is growing with the commercial devices, the still misunderstood chemical wear 

process in conventional DT has hindered optimization of the VAM process, or clarified the 

reasons why it works.   

1.2 VAM RESEARCH AND TOOL WEAR  

Research involving VAM in ultraprecision manufacturing has expanded since the seminal 

work in the early 90s by Shamoto and Moriwaki at Kobe University, Japan3.  Their VAM 

research started with ultrasonic linear vibration assisted machining (LVAM, [49]), and later 

sub-ultrasonic elliptical-vibration assisted machining (EVAM, [50]) and has continued to 

today with ultrasonic EVAM [51].  The 1D LVAM process superimposes a linear vibration in 

the cutting direction, and the 2D EVAM proves uses and elliptical vibration shown in Figure 

1-1.  Research of ultra-precision machining using sub-ultrasonic or ultrasonic LVAM and 

EVAM currently include major contributors across the globe, specifically in Japan, Korea, 

Singapore, China, the United States, and Germany. 

                                                      
2
 Paul et. al. did not mention workpiece surface plasma-nitriding [44-47] 

3
 Currently, Dr. Shamoto is at Nagoya University and Dr. Moriwaki is still at Kobe University 
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Figure 1-1: Schematics of 1D linear vibration assisted machining (LVAM, left) and 2D 
elliptical vibration assisted machining (EVAM, right)[52]. 

The two reasons why chemical diamond tool wear is difficult to understand, namely tool 

temperature and measuring wear, also complicate study of VAM and EVAM chemical tool 

wear.  In addition, VAM and EVAM tools compound the complex heat transfer problem by 

addition of transient thermal effects.  The cyclic contact of the tool and variable cutting 

depth introduce non-constant heat flux into the tool followed by periods of cooling.  Dozens 

of analytical and numerical thermal models for macro-scale machining have been 

developed which mostly assume steady state conditions (extensive reviews are available in 

[53] and [29]).  Fewer have attempted to measure or predict steady state temperature in 

diamond tools [31,53-58].  Only one paper was found that addressed transient 

temperatures in diamond turning [59], which was published after a review of VAM by Brehl 

et. al. mentioned there were no prior published analysis of diamond tool temperatures in 

VAM [48].  The review also highlighted a discrepancy.  Babitsky et. al. measured tool 

temperatures using infrared video thermography during ultrasonic, macro-ǎŎŀƭŜ όмлл ˃Ƴ 

depth of cut, ) VAM of inconel 718.  They noted temperatures were 15% higher using 

ultrasonic VAM than conventional cutting [60].  Higher temperatures were also measured 

by Nategh et. al. during macro-scale ultrasonic machining of Al7075, though tool material 

and measurement methods were not noted [61].  In his review, Brehl cited multiple other 
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VAM researchers who had hypothesized lower tool temperatures with VAM, but had not 

verified this experimentally or analytically.  In summary, literature is very limited on DT 

temperatures, even more limited on transient DT temperatures, and the affect of VAM on 

tool temperature in general is not understood.  Chapter 4 of this dissertation gives FEM 

ǊŜǎǳƭǘǎ ǘƘŀǘ ŎƻƴŎǳǊ ǿƛǘƘ .ŀōƛǘǎƪȅΩǎ ƘƛƎƘŜǊ ±!a ǘŜƳǇŜǊŀǘǳǊŜǎΣ ōǳǘ ŀƭǎƻ ǎƘƻǿǎ ǘƘŀǘ ǘƘŜǊƳƻ-

chemical wear can still be reduced under most conditions. 

Wear measurement of diamond tools used in VAM is presented in multiple papers.  Chapter 

2 reviews many of these examples of wear measurements.  Most of these papers present 

tool wear comparisons between conventional and VAM methods used to fabricate the same 

part.  For many, this is limited to a side-by-side comparison of light-microscope images of 

the two tools.  This provides a comparison, but does not show the true 3D nature of the 

worn tool or assign a numerical value to the wear.  While comparisons can demonstrate the 

ability of VAM to reduce wear, it does not provide for a more in-depth analysis of how VAM 

produces a certain worn shape, the relationship between VAM wear and surface finish, or 

give a wear measurement value that states how much the VAM tool wears less than the 

conventional tool.   

The motion of a VAM tool in contact with a workpiece material is much more complicated 

than for conventional DT.  The relationship between wear and cutting distance, workpiece 

velocity, or depth of cut is not directly comparable between VAM and conventional 

machining because VAM introduces a discontinuous chip formation.  Two example 

calculations that may be correlated with conventional DT are sliding distance per cycle and 

maximum chip thickness.  These may be related to cutting distance and depth of cut.  

Multiple authors have defined LVAM and EVAM parameters and made kinematic 

calculations to develop operating conditions.  Chapter 4 presents some of these definitions 

and calculations, and goes further to show how they are related via examples.   
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1.3 PROBLEM STATEMENT AND OBJECTIVES 

Though the benefits of VAM are well documented, the science behind the reduced wear 

and improved surface finish is not as thoroughly researched.  A fundamental understanding 

of thermo-chemical diamond tool wear is missing as well, which is essential to understand 

±!aΩǎ ōŜƴŜŦƛǘǎΦ  This research has two main objectives: 

1.) Investigate diamond tool wear process for conventional DT of steel to provide a 

baseline understanding of the machining parameters that most affect this wear. 

2.) Use this baseline understanding to predict and interpret (on a scientific basis) how 

EVAM improves DT of ferrous alloys. 

This dissertation approaches a more scientific understanding of diamond tool wear and 

VAM tool wear reduction through several methods uncommon or non-existent in literature:  

1.) Wear modeling that incorporates temperature and wear measurements and 

describes diamond tool wear through a thermo-chemical mechanism. 

2.) Finite element simulation of the EVAM process and tool temperature prediction. 

3.) Quantitative measurement and comparison of wear after conventional diamond 

turning and VAM. 

Rather than extol the virtues of VAM, this dissertation hopes to provide the science that is 

missing yet required to improve and optimize this promising precision manufacturing 

process. 
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2 BACKGROUND 

In-depth knowledge of diamond tool wear suffers not from lack of study, but lack of 

comparable studies.  This chapter describes the different techniques used to study diamond 

tool wear, including definitions, measurement methods, and factors that contribute to tool 

wear.  In particular, thermo-chemical wear mechanisms are described.  Literature sources 

studying diamond tool wear and macro-scale tool wear use different measurand definitions 

for wear.  Certain wear characteristics are commonly used to describe cutting tool wear, 

and are presented here, though literature sources use a variety of measurement techniques 

to obtain numerical measurement of these characteristics.  Diamond tool wear is typically 

sub-micrometer up to dozens of micrometers in scale and three-dimensional in shape, 

presenting challenge to measurement and inevitable measurement uncertainty.  These 

challenges are presented in a wide array of techniques used to study and define diamond 

tool wear. 

Vibration-assisted machining (VAM), incorporating either linear vibration assisted 

machining (LVAM) or elliptical vibration assisted machining (EVAM), is a promising method 

to combat thermo-chemical tool wear.  A review of VAM literature sources mentioning tool 

wear is given in this chapter.  Tool wear definition and measurement from these VAM 

literature sources suffer from the same ambiguity as tool wear studies for conventional 

turning (CT).  Though multiple papers extol VAM as a means to reduce tool wear, few offer 

exacting wear measurement, and only offer subjective comparison to non-VAM machining 

experiments.  In addition, few sources go beyond this comparison and study the reason why 

VAM reduces diamond tool wear.  The state-of-art is presented here, with highlighted 

discoveries and/or deficiencies. 
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2.1 TOOL WEAR: WHAT IS MEASURED? WHAT IS WEAR RATE? 

One hindrance to compare different diamond tool wear studies is the lack of an 

ǳƴŀƳōƛƎǳƻǳǎ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ΨǿŜŀǊΩ ŀƴŘ ΨǿŜŀǊ ǊŀǘŜΩΦ  hŦǘŜƴΣ ǘƘŜǎŜ ǘŜǊƳǎ ŀǊŜ ǳǎŜŘ ƛƴ ŀƴ 

ƛƴŘŜŦƛƴƛǘŜ ƳŀƴƴŜǊΦ  ¢Ƙƛǎ ƛǎ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ǘŜǊƳ Ψǘƻƻƭ ƭƛŦŜΩΣ ƛŜΦ ǘƘŜ ¢ŀȅƭƻǊ ǘƻƻƭ ƭƛŦŜ ŜǉǳŀǘƛƻƴΣ 

which is only given tangible meaning when associated with an undesirable level of wear, 

surface finish, tool forces, form error, etc.  To compare wear between experiments 

quantitatively, a numerical value needs to be assigned.  Research authors define a measure 

of wear based on the measurement methods available.  In addition, predictive modeling of 

wear requires a numerical value to relate to machining and material parameters and 

geometry. 

Much tool wear research, including non-ultraprecision machining, measures tool wear by 

observing a feature in an optical microscope (often with Nomarski interference contrast) 

and noting a single length dimension, or simply comparing the observed level of wear 

ōŜǘǿŜŜƴ ǘŜǎǘǎ ŀǎ ΨƘƛƎƘŜǊΩ ƻǊ ΨƭƻǿŜǊΩ [19].  The true nature of diamond wear is three-

dimensional and anything less than high-resolution 3D mapping of the worn surface 

requires geometric approximation or subjective comparison.  Common wear patterns 

emerge which have yielded widely recognized and repeated definitions.  These include one, 

two, and three-dimensional parameters.  The following explains different definitions of 

ƳŜŀǎǳǊŜŘ ǿŜŀǊ ŀƴŘ ǿŜŀǊ ǊŀǘŜǎ ǳǎŜŘ ƛƴ ƭƛǘŜǊŀǘǳǊŜΦ  Ψ²ŜŀǊ ǊŀǘŜΩ ƛǎ ŀƴƻǘƘŜǊ ƻŦǘŜƴ ǳǎŜŘ ǘŜǊƳ 

with multiple definitions depending on the author.  Various measures of wear and 

definitions of wear rate are given in the following with literature examples and discussion of 

the limits of these measurands.  

Wear land, width, edge radius, and crater wear: 

One-dimensional wear values depicted in Figure 2-1 are often cited, yet least accurate in 

describing the true 3D shape.  In reality, edge radius, edge recession, wear land, and crater 

wear are not constant along the cutting edge of the tool except for orthogonal cutting with 
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a straight-edged tool.  Varying depth of cut along the cutting edge due to cross-feed and a 

radiused tool promotes varying levels of wear.   

If a worn tool cross-section (side view in Figure 2-1) can be obtained, fitting a circle to the 

edge to calculate edge radius is only valid if the radius of curvature is constant over a wide 

region.  Varying radius of curvature will result in subjectivity errors dependant on the region 

chosen to fit.   

 

Figure 2-1: Schematic of 1D cutting tool wear measures on a round tool. 

Crater wear is more evident and detrimental to tool life in non-ultraprecision cutting and is 

the subject of multiple attempts to measure, model, and predict to optimize tool life [62-

65].  It is less detrimental to diamond turning than wear land or edge radius.  Oomen and 

Eisses measured crater depth of diamond tools by first observing in an SEM, then measuring 

with a Talystep profilometer and noted no correlation between crater depth and surface 

finish [28].  They also found that aluminum, electroless nickel, and copper resulted in 

different forms of crater wear that include a single wear groove or multiple perpendicular 

grooves.  Though a single unit of measure is useful for comparison using the same 
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workpiece material, a different crater wear measurand is necessary to quantitatively 

compare between workpiece materials.  

The wear land length may be especially difficult to define.  The front of the wear land may 

be defined to begin at the rake face as depicted in Figure 2-1, or at the rake face minus the 

edge radius.  The back side of the wear land may not have a distinct edge but may be 

rounded so that locating the end point is difficult.  Brinksmeier et. al. made high resolution 

measurements of diamond tools using an atomic force microscope and used edge radius 

and wear land as measurands [35].  They did not clarify which portion of the tool was 

ŘŜŜƳŜŘ ǘƘŜ ΨǿŜŀǊ ƭŀƴŘΩΦ  !ǊŎƻƴŀ ŀƴŘ 5ǊŜǎŎƘŜǊ simplified their diamond tool force models 

by only assuming and edge radius and wear land measurement and also assumed the wear 

land forms parallel to the cutting direction [10,11].  Nevertheless, it is been shown that the 

wear land may form at an angle to the cutting direction when diamond turning steel [32].  

Wear measurements made in Chapter 3 of this dissertation also show that this angle varies 

with cutting speed on the same material. 

Wear Area:  

Area wear measurements are made by projecting visible worn regions onto a 2D viewing 

plane.  Figure 2-2 gives examples of worn area terms repeatedly used in literature.  Flank 

wear with a round tool forms a semi-elliptical area for cylindrical tools, and a semi-

hyperbolic or parabolic section for conic tools shown in the front view.   
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Figure 2-2Υ {ŎƘŜƳŀǘƛŎ ƻŦ ŘƛŦŦŜǊŜƴǘ ŘŜŦƛƴƛǘƛƻƴǎ ƻŦ ΨǿŜŀǊ ŀǊŜŀΩ ƻƴ ŀ ǊƻǳƴŘ ǘƻƻƭΦ 

Works by Wilks, Thornton, and Hitchiner et. al. use a simplified area [27,40,66,67].  Their 

wear area is approximated by multiplying the width of the wear, x, by the wear land length, 

y, shown in Figure 2-3, which overestimates the true value of the area.  This simplification 

also neglect errors due to potentially dissimilar shapes of the wear between experiments, or 

the true three-dimensional nature of diamond tool wear. 

1980  

Figure 2-3: Schematic showing wear area defined by Thornton and Wilks [27,66].   
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Another example of measuring rake worn area projected from a viewing plane is made by 

Durazo-Cardenas et. al. shown in Figure 2-4 [12].  This is similar to the top view in Figure 

2-2.  In addition, they make wear width (WL) measurement and edge recession (dR). 

 

Figure 2-4: Wear area defined by Durazo-Cardenas et. al. is area of edge recession along 
rake face [12]. 

Similar to the 1D measurands, 2D wear area measurements incur error based on geometric 

simplifications and neglecting wear patterns in out-of-plane directions.  For example, the 

wear area defined by Thornton and Wilks in Figure 2-3 may neglect any convex curvature of 

the surface, which would yield a larger surface area than that projected onto their 

microscope viewing plane.  The same goes for the rake worn area in Figure 2-1, though 

Durazo-Cardenas combined this area with other measurements to define the 3D shape of 

the tool. 

Wear Volume: 

Wear volume is the most unambiguous wear measurand, though few authors use this value.  

Static wear tests performed by Shimada et. al. measured worn volume on a diamond crystal 

surface after heated contact with an iron wire by making cross-section traces of the erosion 

pit.  In formulating their wear model, they used volumetric wear rate per projected area of 

the erosion pit [m3/m2/s] [68].  Ikawa performed a similar static diffusion test and used 

diamond density to convert wear rate to mass per projected area per time [g/m2/s] [21].  
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Volumetric wear measurements in these static tests were aided by the relatively simple 

wear geometry.  Diamond tool wear geometry, as previously mentioned, may be much 

more complex.  Durazo-Cardenas et. al. estimated 3D tool wear volume using geometric 

approximations based on Talysurf measurements of plunge cut grooves combined with 

direct observation of tool wear via SEM [12].  They used definitions of maximum edge 

recession and wear width to calculate calculate the wear volume.  This calculation assumed 

the wear land was parallel to the cutting direction. 

The 2D worn area exhibited on the side view in Figure 2-2 is easier to relate to wear volume 

and is more practical for wear modeling purposes.  Most ultra-precision cutting can be 

assumed a plane-strain, 2D process that occurs in this 2D plane as long as the contact width 

is much greater than the depth of cut.  If the wear is constant along the tool edge, then the 

wear volume can be approximated as this 2D wear area multiplied by the out of plane 

width.  This idea is utilized by the wear measurement method used in this dissertation 

described in Chapter 2 Section 1.2, and wear experiments conducted in Chapter 3 and 6. 

Wear rate: 

¢ƘŜ ǘŜǊƳ ΨǿŜŀǊ ǊŀǘŜΩ ƛǎ ǳǎŜŘ ƻŦǘŜƴ ƛƴ ƭƛǘŜǊŀǘǳǊŜΣ ōǳǘ ǊŜŦŜǊǎ ǘƻ ŘƛŦŦŜǊŜƴǘ ǳƴƛǘǎ ƻŦ 

measurement.  Rates assume one of the aforementioned 1D, 2D or volumetric measures 

per unit time or distance.  Distinction between time or distance rate definitions is 

important, since these rates may be a function of velocity.  For example, the wear/time may 

be high for a high speed machining experiment.  Due to the high speed the distance cut will 

be very large, therefore the wear/distance may be small.  This is discussed further in the 

development of the wear model of Chapter 3. 

The Archard wear coefficient (volume wear per force per contact distance) is often used in 

literature as the wear rate [23,64,69,70], though contact force becomes difficult to estimate 

in ultraprecision cutting and wear volume is seldom measured.  This coefficient, when 

normalized against the hardness of the softer of the two wearing materials, defines the 
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probability of a wear asperity forming and contributing to the wear volume.  Takeyama and 

Murata defined non-ultraprecision tool wear rate as volume per contact area per time, 

yielding a length per time units similar to the static diamond wear tests [71].  This is more 

directly relatable to a 1-D diffusion approximation for the wear mechanism, but inaccurate 

volume and area measurements at the micro-scale impede its use.  Similarly, Paul and Evans 

et. al. defined wear as a reaction rate defined as number of atoms or moles per contact 

area per time in their chemical wear analysis [19].  Their experiments did not present 

measured values for carbon atoms lost from the diamond due to wear, but provided 

relative comparisons between observed wear. 

Works by Wilks, Thornton, and Hitchiner et. al. define wear rate as their wear area shown in 

Figure 2-3 per unit of machined surface area [27,40,66,67].  This is similar to a 1D wear per 

distance rate, as the width of their wear is of the same order as the tool contact width, thus 

cancelling in the numerator and denominator and leaving cut distance in the denominator. 

Definition of time or distance wear rate is complicated by the VAM process.  An EVAM tool 

contacts the workpiece and chip over a longer distance than the actual machined length.  

Also, an EVAM tool contacts the workpiece over a shorter time than the total machining 

time.  These unique terms for EVAM time and distance are defined in Chapter 4.  Special 

consideration of these terms are used when comparing EVAM tool wear results in Chapter 6 

to the wear model in Chapter 3, and finite element models in Chapter 5. 

2.1.1 DIAMOND TOOL WEAR MEASUREMENT TECHNIQUES  

The simplest method for observing tool wear is through an optical microscope.  The 

foundational diamond tool wear work by Thornton and Wilks [27,66], and successive papers 

by Hitchiner and Wilks used optical micrographs to measure the wear area defined in Figure 

2-3 [40,67].  Optical microscopy is currently favored by researchers studying non-

ultraprecision tool wear, but is also used for diamond tools.  For example, Wang et. al. used 

their images for subjective comparison between tests [72].  An example measurement is 
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given in Figure 2-5.  These optical microscope images can be related to the wear length and 

area definitions in Figure 2-1 and Figure 2-2.  Brinksmeier et. al. used optical microscope 

images to measure wear land [73].  Most authors only provide the subjective comparison. 

 

Figure 2-5: Microphotograph of rake face and flank face of round diamond tool from [72].  
Ψ¦ǇǇŜǊ ōƻǳƴŘŀǊȅΩ ƛƴŘƛŎŀǘŜǎ ǊŜƎƛƻƴ ƴŜŀǊŜǊ ǘƘŜ ŦŜŜŘ ŘƛǊŜŎǘƛƻƴΦ   

Optical microscopy has two limitations: resolution and depth of field is limited and inferior 

to other microscopic methods (AFM or SEM) and resulting image only offers 2D 

measurement.   

2.1.1.1 ATOMIC FORCE MICROSCOPE (AFM) DIRECT MEASUREMENT 

Multiple authors have used atomic force microscope (AFM) measurements to describe tool 

wear [2,3,35-37,44,73].  Gao et. al. noted the difficulty in aligning a diamond edge with the 

AFM probe tip, so they developed a procedure to align both the diamond and probe tip at 

the focal point of a diode laser [36].   

Scan regions are also likely limited to areas smaller than the region of wear, though 

orthogonal machining should expect consistent wear along the tool edge and narrow 

regions of measure may be used to approximate.  AFM provides the highest resolution and 
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full 3D characterization of tool wear, but does suffer from some technical issues.  Apart 

from tool edge and probe tip alignment issues, the AFM probe tip can become damaged or 

worn resulting in unknown tip geometry.  Periodic measurement of a reference artifact may 

be necessary.   

2.1.1.2 INDENTATION/SURFACE MEASUREMENT 

Another method used is to indent a worn tool into a soft metal workpiece, or make small 

grooves that replicate the worn edge.  These indentions or grooves can then be measured.  

The major detriment and source of error for this method is the material springback, or 

elastic-recovery in the indented material.  One great benefit of this method is that it can be 

easily incorporated into a machine setup.  Indention material may be placed in the machine 

workpace and indented after successive wearing cuts.  This method is limited to small levels 

of wear, however.  As wear characteristics (wear land, edge radius, etc.) increase in scale, 

they require deeper grooves or indentions.  This, in return, incurs more potential error from 

material springback. 

Syn et. al. made grooves in soft copper with a worn tool and measured the profile of the 

grooves with a Talystep profilometer  [39].  Oomen and Eisses replicated the process 

developed by Syn et. al. and presented tool wear edge recession as a series of edge profiles 

that change with cut distance [28].  Oomen used very small depth of cut in making their 

grooves to reduce any effect of material springback.  Li et. al. went further to increase 

accuracy and remove error due to material springback.  They indented tool tips in copper 

then scanned the indent with an AFM [38].  They determined material springback 

relationship by indenting a tungsten carbide tool in copper, then cut it in half and measured 

ŀƴŘ ŎƻƳǇŀǊŜŘ ǘƘŜ ǘǊǳŜ ǎƘŀǊǇƴŜǎǎ ƛƴ ŀƴ {9aΦ  ¢ƘŜȅ ŘŜǘŜǊƳƛƴŜŘ ŀƴ άŜƭŀǎǘƛŎ ŜǊǊƻǊ 

ŎƻƳǇŜƴǎŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘέ ŦǊƻm AFM-Cu measured radius and SEM true radius 

measurement.  However, this compensation coefficient was made with only one 

measurement. 
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2.1.1.3 SCANNING ELECTRON MICROSCOPE (SEM) DIRECT MEASUREMENT TECHNIQUES 

The majority of diamond tool wear researchers use direct observation of a diamond edge in 

a scanning electron microscope (SEM).  The result is similar to using an optical microscope, 

but with image zoom values more than 50,000x and a possible depth of field and order of 

magnitude greater than the field of view.  Two main problems occur when viewing a 

diamond in an SEM.  The first problem is the same as for optical microscopic images, 

namely trying to characterize a truly 3D shape with a 2D method.  Secondly, diamond is an 

insulator4, which results in electric charging from the electron beam.  This inhibits 

secondary electrons to escape from the sample surface, and requires low accelerating 

voltage (<4 kV) until the incoming beam current can equal the outgoing secondary and 

backscattered electron current.  This limits the imaging resolution, and features less than 50 

nm are difficult to discern.   

Some wear measurements can be made with alignment of the tool with the focal plane to 

measure length or area wear parameters described in Figure 2-1 o Figure 2-2.  Durazo-

Cardenas et. al. used this technique to make wear land measurements to compare with 

their tool imprint measurements [12].  Malz et. al. also made wear land measurements and 

from SEM images to compare to AFM results [44].  Casey and Wilks explored using different 

measureands such as wear width, edge recession, and wear land length [74].  They decided 

edge recession was best due to ease of alignment within the SEM, and the edge recession 

increased linearly with work distance. 

Asai et. al. overcame the 2D image problem by using two secondary electron detectors in an 

SEM [75].  In their method, a focused electron beam is scanned perpendicular to the cutting 

edge.  A computer then determined the angle of inclination of the reflecting point, which is 

integrated to form the tool edge profile.  This creates a cross-section of the tool edge, and 

                                                      
4
 ¢Ƙƛǎ ƛǎ ǿƛǘƘ ǘƘŜ ŜȄŎŜǇǘƛƻƴ ƻŦ ΨōƭǳŜΩ ŘƛŀƳƻƴŘ ǿƛǘƘ ōƻǊƻƴ ƛƳǇǳǊƛǘƛŜǎ ǘƘŀǘ ƳŀƪŜ ƛǘ ŀ ǎŜƳƛ-conductor, or 

sometimes even a superconductor [149].  This type of diamond is extremely rare and valuable and not used as 
tool material. 
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multiple cross-sections could be made to form a 3D map of the wear surface.  This method 

requires specialized equipment not common in most SEMs.   

Yet another technique to distinguish a semi-3D wear shape from 2D SEM images is to use a 

contrasting agent via electron-beam induced deposition (EBID) [33,34].  This technique 

ΨǇŀƛƴǘǎΩ ŀ ƭƛƴŜ ƻŦ ƘȅŘǊƻŎŀǊōƻƴ ŎƻƴǘŀƳƛƴŀǘƛƻƴ ƻǾŜǊ ǘƘŜ ǿƻǊƴ ǘƻƻƭ ŜŘƎŜ ōȅ ƭƛƴŜ ǎŎŀƴƴƛƴƎ ǘƘŜ 

electron beam in the SEM.  The basic concept is outlined in the following section, and 

directions for obtaining EBID tool wear measurements used in this dissertation are 

described in Appendix B. 

2.1.2 ELECTRON BEAM INDUCED DEPOSITION (EBID) TOOL WEAR MEASUREMENT METHOD 

The electron beam induced deposition method (EBID) was developed by J. Drescher at NC 

State University as part of his Ph.D. thesis [10].  While observing diamond tools at low 

accelerating voltage as to reduce charging, he noticed 3D topographical information was 

difficult to discern from the relatively smooth and featureless tool edge.  Concurrent 

research at NC State was using hydrocarbon contamination growth in an SEM to create AFM 

probe tips [76].  The contamination growth technique was taught to Drescher, who used the 

contamination growth as a contrasting agent to distinguish the tool edge in his SEM 

measurements.  Use of the EBID method has been limited to researchers at the Precision 

Engineering Center at NC State, but has been used in multiple papers, theses, and 

dissertations studying diamond tool wear [10,11,32-34,77,78]. 

This process is summarized in Figure 2-6.  A stripe of hydrocarbon contamination is formed 

along the cutting edge of a worn diamond tool by scanning a focused electron beam along 

the diamond surface.  This stripe provides contrast to allow the cutting edge to be 

determined from the SEM image.  SEM images are then stretched vertically according to 

мκŎƻǎόʻύ ǿƘŜǊŜ ʻ ƛǎ ǘƘŜ ǘƛƭǘ ŀƴƎƭŜ ƻŦ ǘƘŜ ǘƻƻƭ ǘƻǿŀǊŘǎ ǘƘŜ ǾƛŜǿƛƴƎ ǇƭŀƴŜ όƴƻƳƛƴŀƭƭȅ прo).  A 

Matlab code allows the user to select pixels from the SEM image that traces the EBID stripe 

or worn tool cross-section.  The calculated angle between the rake and clearance face of the 
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stretched SEM image is compared against the included angle of the actual tool (90o ς 

clearance angle).  The vertical image size is then readjusted until the image included angle is 

within 1o of the real tool included angle.  The code then changes the scale of the image from 

pixels to microns according to the SEM image measurebar, and rotates the cross-section to 

align with other collected cross-sections for direct comparison.  Worn cross-section area is 

determined by calculating the area enclosed by the EBID stripe and two best-fit lines that 

run along the EBID stripe where it contacts unworn clearance and rake faces.  Worn tool 

cross-sections made from EBID images are rotated and aligned so that the original tool 

point exists at the origin of the plot. Lines corresponding to the rake face of the tool align 

with the y-axis.   

 

Figure 2-6. Top Left: Viewing angle of EBID stripe on the diamond edge. Top Right: Example 
EBID image. Bottom: Worn area and cross-section measurement via Matlab script.  
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2.2 FACTORS AFFECTING DIAMOND TOOL WEAR  

In non-ultraprecision ƳŀŎƘƛƴƛƴƎΣ ǘƘŜ ǘŜǊƳ Ψǘƻƻƭ ƭƛŦŜΩ Ƙŀǎ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ōȅ ¢ŀȅƭƻǊΩǎ Ŝǉǳŀǘƛƻƴ 

since the early 1900s to describe the time period before a certain unacceptable level of 

surface finish, cutting forces, or other factor related to tool wear (ASTM B94.55M, 1985).  

DŜƴŜǊŀƭƭȅΣ ƳŜǘŀƭǎ ŘŜŜƳŜŘ ΨŘƛŀƳƻƴŘ ǘǳǊƴŀōƭŜΩ Ŏŀƴ ŀŎƘƛŜǾŜ ǘƻƻƭ ƭƛŦŜ ƻǊ ƳŀŎƘƛƴƛƴƎ ŘƛǎǘŀƴŎŜǎ 

on the order of 10s to 100s of kilometers before needing to be replaced [28,79].  These 

ƛƴŎƭǳŘŜΣ ōǳǘ ŀǊŜƴΩǘ ƭƛƳƛǘŜŘ ǘƻ ŎƻǇǇŜǊΣ ōǊŀǎǎΣ ŀƭǳƳƛƴǳƳΣ ŀƴŘ ǇƘƻǎǇƘƻǊƛȊŜŘ ƴƛŎƪŜƭΦ  hǘƘŜǊ 

important engineering materials that are not diamond turnable include iron, tungsten, or 

titanium alloys [19].   

Good surface finish and form accuracy is the principle goal of diamond turning.  Peak-to-

valley surface finish is often estimated through purely geometric considerations based on 

the tool nose radius and feed via the formula PV=f2/8R.  This formula is quite accurate for 

smaller tool radii and low levels of wear, but higher PV values result with tool wear [79].  

This has been attributed to formation of spanzipfel, or elastic material springback at the 

intersection of neighboring tool passes [14].  This is also called plastic side flow by some 

authors [80].  Equation Chapter 2 Section 1 

Tool wear also affects minimum thickness of cut (MTC), residual stress on the machined 

surface, built up edge (BUE, or plowing), and tool forces.  MTC is the minimum depth of cut 

that can still allow a chip to be stably formed rather than the tool sliding over the surface of 

the workpiece.  This minimum chip thickness increases with the tool wear, to a point where 

the desire depth of cut no longer allows stable machining.  Multiple works by Ikawa, 

Shimada, and/or Tanaka et. al. have studied this phenomena and shown that stable chip 

formation may be achieved at depths of cut on the order of 1 nm, despite tool edge radii 

20x this  [9,81,82].  Yuan et. al. also showed experimentally the relationship between tool 

edge radius and MTC.  They also showed with transmission-electron microscopy that larger 

edge radii produce higher dislocation densities on the newly machined surface .[83].  This 
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dislocation density is related to residual stress on the workpiece surface, which is also 

exacerbated by tool wear [13].  Ultraprecision VAM researchers have shown that the MTC 

may effectively by reduced with VAM and is decreased further with higher frequencies and 

lower vibration amplitude [84]. 

Tool forces also increase with tool wear.  Typically, cut force (directed in the cutting 

direction) increases slightly with wear, while thrust force (directed out of the workpiece) 

increases at a faster rate [79].  It is been shown that thrust force increases and eventually 

surpasses cut force as the tool wears due to the increasing contact between the tool wear 

land and workpiece [10].  Drescher, and later Arcona also developed tool force models 

based on their experimental observations that considered worn tool geometry [10,11,78].  

These were developed for use as predictive models to determine the state of tool wear 

before surface finish degraded to an undesirable level.  There have also been successes in 

measuring acoustic emission and correlating changes in signal to deteriorating surface finish 

[85-87]. 

Multiple factors have been attributed to diamond tool wear.  The following gives a 

background of some of the known contributors.  Special attention is given to factors that 

contribute to thermo-chemical wear on non-diamond turnable materials. 

2.2.1 ABRASIVE WEAR 

Abrasive wear is not discussed as often as thermo-chemical wear of diamond tools in 

research.  This is likely due to the fact that chemical wear is more intriguing since it inhibits 

DT of desirable hard materials like steels.  Commonly turned materials like aluminum alloys 

may wear a tool primarily through abrasion, but this does not inhibit commercial and 

industrial application.  Wilks noted that eventually, even workpiece materials much softer 

than diamond will eventually cause measureable amounts of material removal through 

mechanical attrition [16].  Lane showed that diamond tool wear after 6061-T6 aluminum up 

to 10 kilometers followed the Archard equation for abrasive wear [32,69].  He also showed 
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that low-carbon steel of comparable hardness exhibited a similar level of wear at 1000x 

shorter distance and produced far inferior surface finish.  Crompton, Hirst, and Howse also 

used the Archard wear coefficient, normalized with workpiece material hardness, in their 

rubbing experiments [23].  They also noted higher diamond wear rates when rubbing 

oxidized aluminum surfaces compared to clean surfaces.  They attributed this higher rate to 

the harder almuminum-oxide surface causing increased abrasive wear.  

2.2.2 WORKPIECE CHEMISTRY 

Paul and Evans et. al. gave a thorough treatise on the chemical aspect of diamond tool wear 

in their 1996 Precision Engineering paper [19].  The focus of the paper was the correlation 

between materials that exhibited high levels of chemical wear, and the number of unpaired 

d-shell electrons in the constituent workpiece elements.  Miyoshi and Buckley noticed a 

similar relationship with unpaired d-shell electrons and the friction of single crystal diamond 

(SCD) sliding on transition metals [88], though this work was not mentioned by Paul and 

Evans.  In addition to the d-electron correlation, Paul and Evans gave a thorough treatise 

and review regarding the possible reactions involved in chemical diamond tool wear.  

Paul and Evans et. al. surmised that carbon atoms from the diamond lattice would form 

intermediary chemical complexes with the workpiece material.  Once the complexes are 

formed, the carbon may follow several pathways simultaneously and at different rates: 

return to the diamond crystal lattice, convert to graphite, react with other materials 

present, or diffuse into the chip or workpiece.  They also noted that each of these individual 

processes are governed by the Arrhenius function, but with varying dependence on thermal 

energy energy barrier, or activation energy.  The Arrhenius equation is: 

 exp aE
k A

RT

-å õ
= æ ö

ç ÷
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where k is the reaction rate constant, A is the pre-exponential constant with same units as 

k, Ea is activation energy, R is universal gas constant (8.314 J/mol/K), and T is temperature in 

degrees Kelvin.  The units of k and A depend on the order of reaction; a chemical kinetics 

concept where order depends on the number of reactants and type of reaction [89].  The 

same equation defines temperature-ŘŜǇŜƴŘŜƴŎŜ ƻƴ ǘƘŜ ŘƛŦŦǳǎƛǾƛǘȅ Ŏƻƴǎǘŀƴǘ ƛƴ CƛŎƪΩǎ ƭŀǿǎ ƻŦ 

diffusion [90]. 

Several attempts have been made to try and define an activation energy for diamond tool 

wear on a chemically wearing material.  The multiple chemical reaction mechanisms 

described by Paul and Evans included uncatalyzed graphitization in vacuum (730-1060 

kJ/mol [91]), and catalyzed reactions in the presence of a range of metals (80-180 kJ/mol, 

[92]).  The high activation of uncatalyzed graphitization was shown to be reduced in the 

presence of oxygen to 230 kJ/mol by Evans [93].  Oxygen is discussed in the next section as 

a major factor in chemical tool wear.  These studies reviewed by Paul and Evans were not 

intended as a direct relation to diamond tool wear.  Shimada and Tanaka et. al. calculated 

an activation energy of 100 kJ/mol and 130 kJ/mol by heating pure iron and stainless steel 

wires pressed against polished diamond samples [68].  Ikawa and Tanaka had previously 

conducted a similar static diffusion test, and observed diffusion of graphitized diamond into 

pure iron samples after heating in vacuum at 1000 oC, but did not relate their findings to 

any activation energy [21].  Furashiro et. al. also conducted a heated iron wire static test 

and obtained activation energy of 44 kJ/mol [94].  These static tests do miss a major aspect 

of machining in that new, untouched workpiece material in the chip constantly rubs against 

the diamond.  This does not allow a carbon concentration gradient within the wearing 

material than eventually saturates and diffusion rate approaches zero, which was observed 

by Shimada and Tanaka.  Jiang et. al. did estimate an activation energy while sliding 

diamond-like carbon coatings on tungsten carbide (tungsten has 4 unpaired d-electrons) 

[70].  They estimated it to be 27.04 kJ/mol and showed that equation (2.1) still holds for 

non-static wear.  This relatively low activation energy is likely a result of the sliding action 
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and inability of a concentration gradient to ŦƻǊƳ ƛƴ ǘƘŜ ǿƻǊƪǇƛŜŎŜΦ  WƛŀƴƎΩǎ ǿƻǊƪ ƛǎ ŘŜǘŀƛƭŜŘ 

further in Chapter 3 in discussion formulation of a chemical wear model. 

Noting the relationship between tool wear and chemistry, researchers have attempted to 

vary surface chemistry of a workpiece to reduce wear.  One of the more commonly 

diamond turned metals, electroless nickel, is a plated form of nickel with significant amount 

of phosphorous content (>10%), making it chemically inert to diamond.  Pure nickel itself 

causes catastrophic chemical tool wear.  9ƭŜŎǘǊƻƭŜǎǎ ƴƛŎƪŜƭΩǎ ǇƻǇǳƭŀǊƛǘȅ ŀǎ ŀ 5¢ ƳŀǘŜǊƛŀƭ ƛǎ 

reflected by the depth of understanding regarding tool wear behavior vs. phosphorous 

content and annealing temperature [26,39,95,96].   

Malz and Brinksmeier et. al. investigated multiple hard nitride coatings, with the most 

successful results from titanium nitride [44].  Later, Brinksmeier et. al. incorporated nitride 

layer on iron [47].  They noted that while tool wear was minimized, the hard coating caused 

high machining forces which produced vibrations and reduced surface integrity.  Chao et. al. 

was able to obtain surface finish better than 3 nm Ra by plasma nitriding the surface of 

stainless steel before diamond turning [45].  Wang et. al. continued this idea and machined 

a Fresnel optic out of AISI4140 die steel that was plasma nitride.  On a test flat machined 

before the Fresnel optic, they obtained a surface roughness below 20 nm rms up to a 

machining distance of 5.4 km. 

2.2.3 ATMOSPHERIC PRESSURE (OR AVAILABILITY OF OXYGEN) 

Lƴ ¢ƘƻǊƴǘƻƴ ŀƴŘ ²ƛƭƪǎΩǎ ŜȄǇŜǊƛƳŜƴǘǎΣ ǘƘŜȅ ǾŀǊƛŜŘ ŀǘƳƻǎǇƘŜǊƛŎ ǇǊŜǎsure while machining 

EN1A mild steel at low speeds [27,66].  They noticed wear rates (area wear per area 

contact, Figure 2-3) were >20x higher when pressure was reduced below ~20 mmHg (~2.7 

kPa) at 0.13 m/s.  When speed was reduced to 0.013 m/s, this abrupt increase in wear rate 

occurred below 100 mmHg (~13.3 kPa).  Wear rates did not change above or below this 

transition.  Figure 2-7 shows their results and the transition point at the two cutting speeds. 
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Figure 2-7: Wear rate (wear area / machined surface area in 10-6 mm2/mm2) of single crystal 
diamond tool as a function of air pressure at cutting speed of 0.013 mm/s (left) and 0.13 

mm/s (right) [27].  Curve and transition range are added for clarity. 

At higher cutting speeds (1-11 m/s), Thornton and Wilks noted a wear value of 10 (10-6 

mm2/mm2) that varied little with speed.  When subjected to vacuum, the wear rate 

dropped approximately 50%, but had less affect at higher speeds up to 30 m/s. 

Paul and Evans et. al. related the findings of Thornton and Wilks to their chemical wear 

analysis [19].  They surmised that at conventional DT speeds (1-11 m/s), wear proceeded by 

the formation of a metal-carbon-oxygen complex and is somewhat affected by the 

availability of oxygen.  At high speeds (>11 m/s), high temperature allows metal-carbon 

complex formation (graphitization) which dominates the wear and the availability of oxygen 

plays no role.  At low speeds (<0.13 m/s), their reasoning was a bit unclear from the text.  

Paul and Evans claim that high pressure and low speeds allowed other gaseous species to 

penetrate the workpiece, thus retarding the catalytic reaction with oxygen.  Lowering the 

pressure allowed only oxygen to be available, thus catalyzing and causing a higher reaction 

rate. 

VAM likely allows air or cutting fluid to enter between the tool and chip from the periodic 

tool-work separation.  Based on the hypothesis that oxygen contributes to chemical wear, it 

would seem that dry VAM would increase the availability of atmospheric oxygen in the 
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cutting zone.  No publication could be found that discusses this possibility and the effects it 

may have on VAM tool wear. 

2.2.4 ENVIRONMENT CHEMISTRY AND CUTTING FLUIDS 

The oxygen-effect on wear has been investigated further to include attempts at diamond 

turning in inert or carbon rich atmospheres.  Casstevens created a sealed environment 

around a DTM spindle and conducted wear tests on low carbon AISI1018 and high carbon 

AISI1090 steel within methane and carbon dioxide environments.  He found that tools wore 

no differently in CO2 than in air, but wear was significantly reduced in methane [17].  

Hitchiner and Wilks also attempted to machine in methane and pure hydrogen 

environment.  They noted wear rates in methane were greater than in air contrary to 

Casstevens [40].  Though not mentioned in the text, a graph of wear measurements in 

Hitchiner and Wilks work indicates that wear tests in methane were conducted with the 

same tool that had previously machined in air.   

Paul and Evans also created an enclosed case around a DTM spindle and machined in low 

pressure (35 kPa) helium with less than 0.45% oxygen available.  Titanium and iron samples 

(the only two tested that exhibit chemical wear) still exhibited high levels of wear despite 

the inert environment.  The difference in wear rate between oxygenated and inert 

environments could not be determined due to the high wear rate, and they stated that 

attempting to machine in inert environments is generally not worthwhile for industrial 

practice [19].  Brinksmeier and Glabe attempted diamond turning AISI 1045 steel in nitrogen 

and argon environments and noticed no difference compared to machining in air [35]. 

Casstevens used different cutting fluids including lard-oil modified mineral oil, water, water 

based fluids and alcohol and noticed little difference in the observed tool wear [17].  Paul 

and Evans suggested this is due to the higher machining speeds used by Casstevens, which 

caused limited access of fluid to the cutting zone and therefore have little lubrication effect 

[19].  Durazo-Cardenas et. al. was able to cut 300% further on silicon when using a water-
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based coolant as opposed to an oil based coolant [12]. Multiple reports theorize that the 

reduced cutting forces in VAM are due to the ability of coolant to enter between the tool 

and chip [48].  The effect of coolant or lubrication on the wear of VAM tools has not been 

thoroughly studied.  Gao et. al. tested water, kerosene, and an emulsion when ultrasonic 

LVAM of LY12 aluminum alloy with polycrystalline diamond tool.  They measured a 30% 

improvement in surface finish using kerosene compared to dry cutting [97] 

Another relatively new technique that claims to reduce thermo-chemical diamond tool 

wear is to use nano-carbon infused electrolytic coolant [42].  Inada et. al. diamond turned 

high carbon-chromium bearing steel (SUJ-2) and a low carbon stainless mold steel (SUS420J-

2) with this ionized coolant.  They used relatively low cutting speeds (1.25-83.3 mm/s) and 

noted that the best possible surface finish (50 nm Ra in their case) was obtained at 50 mm/s 

machining speed.  The stated cause was that at lower speeds, the tool had time to diffuse 

carbon into the workpiece, causing higher wear rates, and higher speeds disallowed the 

special cutting fluid to access the cutting zone.  No measure of tool wear was given. 

2.2.4.1 DIAMOND TYPE, CRYSTALLOGRAPHY, AND CHEMISTRY 

It is generally known that polycrystalline diamond (PCD) tools have higher abrasion and 

wear resistance compared to single crystal tools, though they cannot achieve the same 

optical quality surface finish [16].  Oomen and Eisses tested 17 different type Ia, Ib, IIa, or IIb 

natural or synthetic diamond as cutting tools on various copper and aluminum alloy and 

electroless nickel workpieces.  They determined that type II, and in particular type IIb had 

the highest wear resistance [28].  Wear was measured using combination of tool edge 

indentions measured with profilometer and SEM imaging. 

Wilks and Wilks diamond book gives substantial detail regarding the friction and wear 

properties of diamond with respect to crystal plane orientation [16].  They noted that wear 

rates may vary according to orientation of three geometric features: the particular crystal 

plane in contact with the rubbing surface, the direction of rubbing on that crystal plane, and 
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the tilt of the wearing surface with respect to the actual crystal plane.  Yuan et. al. 

conducted friction tests that varied the crystal plane and rubbing direction on the plane of 

diamond styli, then completed diamond turning test using tools of varying crystal 

orientation.  They observed similar anisotropic friction properties to the studies reviewed 

by Wilks and Wilks, but went further to address the specific application to diamond turning.  

They deduced that the optimal orientation of a diamond tool (based on minimal friction, 

tool wear, and best surface) used the (100) plane as rake and flank faces [98].  In another 

study, Zong et. al. also determined the minimum edge radius possible on single crystal 

diamond was 1-6 nm if the tool is oriented for a (110) or (100) rake face and lapped in the 

ΨǎƻŦǘΩ ғмллҔ ŘƛǊŜŎǘƛƻƴΦ  hƻƳŜƴ ŀƴŘ 9ƛǎǎŜǎΣ ŎƻƴŎǳǊǊŜŘ ǘƘŀǘ ŀ όмллύ ǊŀƪŜ ŦŀŎŜ ƛǎ ǇǊŜŦŜǊŀōƭŜΣ ōǳǘ 

a (110) offered more wear resistance [28].  The (110) could not offer as precise contouring 

of the tool edge required for precision machining. 

Oomen and Eisses noted that different lapping directions used to sharpen the same tool 

could result in up to a two-fold difference in thrust force on the tool, and vastly different 

wear rates [28].  Wilks and Wilks also noted that quality of polish depends highly on 

crystallographic orientation and polishing direction, and micro-cracking can be observed 

ǿƘŜƴ ǇƻƭƛǎƘƛƴƎ ƛƴ ΨƘŀǊŘΩ ŘƛǊŜŎǘƛons.   

It is also reported that manufactured diamonds have much more consistent wear resistance 

compared to natural diamonds [15,28].  This is due to the highly controlled chemistry and 

lack of dislocations or other crystallographic non-homogeneities.  Most synthetic diamonds 

are made using either high-pressure high-temperature process (HPHT) or chemical vapor-

deposition (CVD).   

2.2.4.2 ENVIRONMENT TEMPERATURE  

Several authors have attempted diamond turning of steels at cryogenic temperatures.  

Evans gave one of the most often cited cryogenic turning study in which the diamond tool 

shank is continuously emerged in liquid nitrogen [43].  He could detect no tool wear in a 
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400x optical microscope, and was attained <25 nm Ra surface finish on a 35 mm 440 

stainless steel workpiece.  Brinksmeier and Glabe also attempted cryogenic diamond 

turning of AISI1045 steel.  They noted an order of magnitude reduction in wear (measured 

via AFM) and observed no material buildup on the diamond, while turning the same 

material at room temperature incurred buildup [35].  In another study, Brinksmeier and 

Glabe found they could reduce tool wear even further by combining ultrasonic tool 

vibration with cryogenic cooling [99]. 

The relative success of cryogenic DT to reduce tool wear further establishes temperature as 

a major contributor to wear.  While reducing temperature reduces wear, there is very little 

understanding of what the actual tool temperatures are.  Diamond tool temperature 

measurement is difficult for many of the same reasons as macro-scale cutting 

temperatures.  Industry DT workpiece speeds are on the order of 1 m/s or above, while 

typical cutting depths and feeds are below 50 mm and 5 mm, respectively.  High speed 

infrared (IR) videography is used to observe macro-scale cutting temperatures, but the scale 

of DT is at or below infrared wavelengths (0.75 µm - 10 µm or more) leading to diffraction 

limited spatial resolution [30].  Rather than relying on IR methods, Yoshioka et. al. used a 

resistance-type platinum film micro-thermometer mounted on the rake face of the tool 

[31].  Temperature measured at their sensor location would be dramatically less than than 

in the chip-tool contact zone where thermo-chemical wear would occur due to the high 

conductivity of diamond and resulting steep temperature gradient.  Ueda et. al. claimed to 

have measured diamond tool temperature at the chip-tool contact [57].  They used a two-

color optical pyrometer to measure infrared radiation that passed through the diamond 

from the cutting zone.  This single-point measurement technique still required a finite 

element temperature model to relate single point pyrometer measurement to a predicted 

temperature distribution on the tool rake face.  Komanduri et. al. later uǎŜŘ ¦ŜŘŀΩǎ ŎǳǘǘƛƴƎ 

parameters in an extensive analytical heat transfer model and obtained agreeable 

temperature values [53-55].  These measurements and calculations determined peak 
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diamond temperatures below 210 oC at up to 10.3 m/s workpiece velocity on Al and Cu 

workpieces.  This is well below non- ultraprecision turning temperatures with carbide or 

ceramic tools which typically experience temperatures above 1000 oC [29].  There exists 

another report referenced by Thornton and Wilks that claimed to measure diamond tool 

wear via optical pyrometer by authors named Loladze and Bakuva, though this paper could 

not be found [100].   

Though there is general agreement that temperature is a major factor in thermo-chemical 

wear, some experimental results using very slow machining speeds have caused confusion.  

Thornton and Wilks saw a substantial increase in wear rate (wear area per machined 

surface area) when diamond turning steel at very low speeds [27,66].  This result was 

reproduced in several sources [40], and discussed in detail by Paul and Evans et. al. [19].  At 

these low speeds each author agreed that tool temperature is likely near ambient, and 

much below the graphitization temperature for bulk diamond.  The general conclusion was 

that oxygen was able to access the cutting zone and increase the rate of chemical reaction.  

This dependence of wear rate on workpiece speed is characteristic of a thermo-chemical 

process (apart from the exceedingly high wear rŀǘŜǎύΦ  hǘƘŜǊ ƳŀǘŜǊƛŀƭǎ ŘŜŜƳŜŘ ΨŘƛŀƳƻƴŘ 

ǘǳǊƴŀōƭŜΩ ŜȄƘƛōƛǘ ƭƛǘǘƭŜ ƻǊ ƴƻ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǿŜŀǊ ŀƴŘ ǎǇŜŜŘ [74].  The wear model 

developed in Chapter 3 of this dissertation shows that the high wear rates at low speed and 

low temperature can be explained without surmising different chemical mechanisms that 

depend on speed. 

2.3 WEAR UTILIZING VAM  

VAM has shown in multiple studies to reduce tool forces, burring, improve surface finish, 

and reduce tool wear [48].  The relationship between surface finish and tool wear are not 

directly comparable between VAM and CT.  Suzuki et. al. showed that the poor surface 

finish resulting from CT of tungsten alloy resulted mostly from scraping of hard alloying 

particles.  This scraping was not observed after using EVAM [101].  Brinksmeier and Glabe 
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made a similar note that grain boundaries were not evident on EVAMed aluminum and 

steel workpieces [102]Φ  9±!aΩǎ ŀōƛƭƛǘȅ ǘƻ Ƙŀƭǘ ǎŎǊŀǇƛƴƎ ƛǎ ƳƻǊŜ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ǘƘŜ ǳƴƛǉǳŜ 

machining process itself more than a reduced degree of tool wear.  Other authors have 

demonstrated improved surface finish on brittle materials such as tungsten carbide or glass 

using VAM [101,103-107].  This is attributed to reduced micro-fracturing normally seen in 

CT.  OtheǊΩǎ ƘŀǾŜ ŀƭǎƻ ŘŜƳƻƴǎǘǊŀǘŜŘ ǊŜŘǳŎŜŘ ōǳǊǊƛƴƎ ǳǎƛƴƎ ±!a ǿƘŜƴ ŦŀōǊƛŎŀǘƛƴƎ ƳƛŎǊƻ-

grooves or micro-features [108-111].  The unique tool motion in VAM mimics a reduced 

depth of cut, which allows ductile regime machining to occur at much larger true depth of 

cut. Surface finish does eventually degrade with tool wear for CT and VAM, but any 

relationship between surface finish and wear are likely very different for the two machining 

methods. 

2.3.1 EXAMPLES OF REDUCED WEAR 

It was well documented early in DT history that precision machining of ferrous alloys and 

nickel cause a diamond tool edge to recede to a point that cutting no longer occurs 

[26,27,100].  In the first demonstration of LVAM in ultraprecision machining, Moriwaki and 

{ƘŀƳƻǘƻ ƳŜŀǎǳǊŜŘ ŀ ǿŜŀǊ ƭŀƴŘ ƻŦ ƻƴƭȅ п ˃Ƴ ŀŦǘŜǊ ƳŀŎƘƛƴƛƴƎ ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭ ŦƻǊ мслл Ƴ ŀƴŘ 

surface finish was <100 nm PV [49].  Compared to the previous statement, it can be 

ƘȅǇƻǘƘŜǎƛȊŜŘ ǘƘŀǘ ǘƘƛǎ п ˃Ƴ ǿŜŀǊ ƭŀƴŘ ƛǎ ƭŜǎǎ ǿŜŀǊ ǘƘŀƴ ǿƻǳƭŘ ƘŀǾŜ ƻŎŎǳǊǊŜŘ ǿƛǘƘƻǳǘ ±!aΦ  

Unfortunately, this and most other VAM studies discussing tool wear fail to prove explicitly 

that VAM reduces wear.  This is either because tool wear is not measured (assigned a 

numerical value rather than subjective comparison), or authors fail to relate VAM tool wear 

to a baseline CT test using the same workpiece ǎǇŜŜŘ ŀƴŘ ŎǳǘǘƛƴƎ ŘƛǎǘŀƴŎŜΦ  Lƴ .ǊŜƘƭΩǎ ±!a 

review, he noted that many VAM researchers indicate reduced wear based on improved 

surface finish or tool forces, but fail to directly measure the wear [48]. 

Several researchers have made tool wear comparisons between CT and VAM.  Cerniway 

EVAM and conventionally turned a flat of W2 tool steel [52].  He then compared the two 
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tool edges in an SEM shown in Figure 2-8.  A smooth, uniform wear can be seen on the 

EVAM tool, where deeper non-uniform wear grooves can be seen on the conventional tool.  

Numerical measurements of any wear parameters were not made and the appearance of 

reduced wear in the EVAM image is subjective.  

 

Figure 2-8:  SEM image of diamond tools after CT and EVAM of W2 tool steel [52] 

It is important to note that the workpiece speeds of both EVAM and conventional tests 

were different as well as the machined distance.  It will be shown in Chapter 3 and 6 of this 

dissertation that choice in workpiece speeds when comparing VAM and CT may have a large 

impact on the tool wear.  With a higher frequency EVAM tool (the Ultramill), Negishi and 

Brehl observed tool wear after CT and EVAM of silicon carbide(SiC) and stainless steel.  

bŜƎƛǎƘƛΩǎ /¢ ǘŜǎǘ ƻƴ {ƛ/ Ŏǳǘ ƎǊƻƻǾŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ŘŜǇǘƘ ƻŦ ŎǳǘΣ ŀƴŘ ǘƻǘŀƭ Ŏǳǘ ŘƛǎǘŀƴŎŜ ǿŀǎ 

not mentioned, but he did show excessive fracturing on the tool rake face [105].  He later 

View View

Conventional Machining EVAM Machining
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turned an annular flat of SiC with EVAM, and SEM imaging of the tool showed a wear land 

of only 400 nm. Brehl EVAMed various micro-features in copper and stainless steel 

workpieces [111].  He made several post-machining SEM observations of tool wear.  His 

experiments used a dead-sharp tool that did show various levels of wear after his tests.  

However, none of these were directly compared to CT tests therefore any improvements to 

tool wear could not be determined. 

EVAM studies at University of Bremen have offered the most definitive comparison 

between VAM and CT diamond tool wear.  Brinksmeier and Glabe conducted baseline 

diamond turning experiments on AISI 1045 steel and measured tool wear using an AFM 

shown in Figure 2-9.  Each test used the same cut distance of 12 m but varied workpiece 

speed.  They noticed wear land width as a function of cut speed differed between low and 

high speeds.  Low speeds (10-50 m/min) exhibited large wear lands, while higher speeds 

(75-15 m/min) exhibited smaller wear lands.  The higher speed wear lands increased with 

increased cut speed.   

 

Figure 2-9:  Diamond tool wear results from CT of AISI1045 steel baseline tests performed 
by Brinskmeier et. al. [35].  Machining distance for each test is 12 m. 

The AFM image for the 10 m/min cut speed tool tip appears much smoother and less worn 

than that of the 100 m/min tip, yet the graph of wear land widths indicates a higher wear 
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level for the 10 m/min experiment.  It was not stated how the wear land measurement 

value was defined.  Brinksmeier and Glabe also conducted 40 kHz EVAM of the same 

workpiece material and again measured the tool wear in an AFM.  The EVAM tool showed 

much less tool wear at much further cutting distance than the baseline tests, with results 

shown in  Figure 2-10.  Rather than a wear land, the EVAM tool showed a rounded edge, 

which increased linearly with cutting distance. 

 

Figure 2-10:  Diamond tool wear results from EVAM of AISI1045 steel baseline tests 
performed by Brinskmeier et. al. [35].  AFM tool wear measurement (left) is after 1500 m 

machining distance. 

Engineers at Fraunhoffer IPT in Aachen, Germany conducted LVAM of glass and steels with 

increasing ultrasonic frequencies for several years [106,112,113].  Several reports have 

included tool wear comparison between CT and ultrasonic LVAM.  Baseline DT machining 

studies on Stavax 420 stainless steel (53 HRC) showed tool edge recession increased to the 

depth of cut after only 5m cutting distance which ended chip formation [113].  After rough 

and fine machining multiple passes with 80 kHz LVAM on a concave and convex aspheric 

lens mold (approx 15 mm in diameter)), the diamond tool was viewed in an SEM.  No tool 

wear was ŘŜǘŜŎǘŜŘ ŀŦǘŜǊ ƳŀŎƘƛƴƛƴƎ ǘƘŜ ŎƻƴǾŜȄ ƳƻƭŘΣ ǿƘƛƭŜ ǿŜŀǊ ғ м˃Ƴ ŎƻǳƭŘ ōŜ ŘŜǘŜŎǘŜŘ 

on the rake face of the tool used to turn the concave mold.  These SEM images gave 

qualitative evidence of reduced tool wear, though no numerical wear value was assigned to 

the ultrasonic tool.  
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2.3.2 WHY IS WEAR REDUCED? 

Many VAM researchers have speculated why tool wear is reduced when using VAM.  The 

theories generally fall into two categories; the intermittent cutting action allows the tool to 

cool between cut cycles thereby reducing average temperature, or VAM reduces time for 

thermo-chemical reaction to occur.  Other theories point to reduced forces or work 

hardening of the workpiece surface.  Most authors do not venture to guess why tool wear is 

reduced with VAM, but just demonstrate reduced tool wear and/or improved surface finish 

[49-51,101,104,108,109,114-116].   

For those that do analyze the cause of reduced wear, most claim that reduced tool 

temperature allow the extended tool life [52,59,105,111,117,118].  The common theory is 

that the cyclic cutting action allows the tool to cool when not in contact.  This in turn 

reduces the average tool temperature and thus thermo-chemical wear.  Brehl and Dow 

noted in their VAM review that no quantitative analysis had been published at that time 

that could conclude reduced temperatures in ultra-precision VAM.  However, macro-scale 

VAM studies have shown higher tool temperatures.  Babitsky et. al. measured temperature 

in macro-scale, ultrasonic LVAM of Inconel 718 using a infrared camera [60].  Contrary to 

popular theory, tool temperatures were about 15% higher than conventional machining 

with their 20 kHz device.  This was correlated to results from FE modeling of the cutting.  

Higher temperatures were also measured by Nategh et. al. during ultrasonic machining of 

Al7075, though tool material and measurement methods were not noted [61].  Overcash et. 

al. analyzed cyclic cutting tool temperature after .ǊŜƘƭ ŀƴŘ 5ƻǿΩǎ ǊŜǾƛŜǿ ǿŀǎ ǿǊƛǘǘŜƴ [59].  

He used tool temperature vs. time curves from conventional DT finite element models, and 

superimpose the heating and cooling periods together to mimic the heating and cooling of 

an ultrasonic VAM device.  This was the first and only study to analyze the cyclic rise and fall 

of diamond tool temperature in interrupted cutting.  Their analysis resulted in a lower 

average temperature for the LVAM tool compared to conventional DT.  A more detailed 

critique of this model is provided in the introduction of Chapter 5.  All of the studies that 
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ŎƭŀƛƳ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŘǳŎǘƛƻƴ ƛǎ ƪŜȅ ǘƻ ±!aΩǎ ǎǳŎŎŜǎǎŦǳƭ ǿŜŀǊ ǎǳǇǇǊŜǎǎƛƻƴ, fail to analyze or 

mention how the wear is related to temperature, ie. through a chemical reaction.  The 

scientific connections between VAM parameters and tool temperature then tool 

temperatures and thermo-chemical wear have not been studied in detail.   

Reduced cyclic contact time is the second most cited theory why VAM reduces wear.  It is 

stated that this interrupts the chemical wearing process.  Song et. al. created a unique fly-

cutting like intermittent cutting experiment that allowed tool wear to be studied with 

respect to cyclic contact time, shown in Figure 2-11 [119].  They found that tool wear for a 

given machining distance was reduced by reducing the intermittent contact period during 

each vibration cycle.  This time was reduced either by decreasing the size of the contact 

length or increasing the cutting speed.  Brinksmeier and Glabe also attributed reduced 

ŎƻƴǘŀŎǘ ǘƛƳŜ ǘƻ 9±!aΩǎ ƛƳǇǊƻǾŜŘ ǿŜŀǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ [35,102].  However, kinematic 

analysis of EVAM made in Chapter 4 of this dissertation show that contact time and sliding 

distance are both increased comparing the same cutting distance.  Though VAM results in 

discontinuous cutting and reduced intermittent contact time, the total contact time for a 

particular cutting distance is equal or greater.  For EVAM, this is due to the increased 

contact distance caused by the overlapping ellipses (this is further described in Chapter 4).  

In addition, VAM requires lower workpiece speeds due to geometric surface finish 

constraints, thereby increasing the total contact time.  These example references did show 

a decrease in wear with contact time per cycle, but did not discuss total contact time. 

Though many VAM research cites reduced tool forces, few relate this to a reduction in tool 

wear.  It is impossible to separate a measure of wear into abrasive and chemical 

ŎƻƴǘǊƛōǳǘƛƻƴǎΦ  aƻǎǘ ƳŀǘŜǊƛŀƭǎ ǳǎŜŘ ǘƻ ŜȄŜƳǇƭƛŦȅ ±!aΩǎ ǊŜŘǳŎŜŘ ǘƻƻƭ ǿŜŀǊ ŀǊŜ ƪƴƻǿƴ ǘƻ 

exhibit primarily chemical wear due to the extremely high wear rate [32].  Kim et. al. broke 

a PCD tool when EVAMing Stavax stainless steel [115].  Their conclusion was impulsive 

ŦƻǊŎŜǎ ŘǳǊƛƴƎ 9±!a ƻŦ ƘŀǊŘ ƳŜǘŀƭǎ ŎŀǳǎŜǎ ΨŦŀǘƛƎǳŜΩ ŦŀƛƭǳǊŜΦ  bƻ ƻǘƘŜǊ ǎǘǳŘƛŜǎ ƘŀǾŜ 

concurred or studied this potential detriment to VAM.  Nath et. al. also ascribed reduced 
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forces to reduced wear of cubic boron nitride (CBN) tools after ultrasonic LVAM of low-

carbon steel [117].  CBN wear on steel is suspected of being both chemical and abrasive in 

nature [67].  The abrasive wear, being more a function of contact forces, would be reduced 

with reduced VAM forces.  Other than these, reduced forces are not typically described as a 

wear-reducing mechanism in VAM research, especially for diamond tools cutting non-

conventionally turned materials. 

Another theory was presented by Song et. al. who successfully EVAM a mirror finish on Co-

Cr-Mo alloy [120].  They measured post-machining Vickers micro-hardness of workpiece 

surfaces after CT and EVAM.  EVAM resulted in lower surface hardness compared to non-

vibration cutting (likely a result of reduced residual stresses), and Song et. al. attributed the 

reduced tool wear to this fact.   

2.3.3 LVAM VS EVAM 

Only two references were found that directly compare EVAM vs. LVAM with regards to tool 

wear.  Ma et. al. showed that burr height was less for EVAM than for LVAM of aluminum, 

and both methods reduce burr height further with decreasing workpiece speed for their 

constant frequency [110].  Shamoto and Moriwaki witnessed improved surface finish and 

reduced forces when using EVAM compared to LVAM [107].  They also observed chipping 

on the LVAM tool edge but not on the EVAM.  However, they noted that the LVAM tool 

locus was not exactly linear, but slightly elliptical.  The ellipse vibration direction incurred a 

ΨŎƭƛƳōƛƴƎΩ ŎǳǘΣ ǎƛƳƛƭŀǊ ǘƻ ŎƭƛƳō ƳƛƭƭƛƴƎΣ ŀƴŘ ǘƘŜȅ ŀǘǘǊƛōǳǘŜŘ ǘƘƛǎ ǘƻ ǘƘŜ ŎƘƛǇǇƛƴƎΦ  .ǊƛƴƪǎƳŜƛŜǊ 

and Glabe noted that more elliptic locus of their tool resulted in reduced wear compared to 

linear motion [102]. 

2.3.4 VAM PARAMETERS AND WEAR 

Nath et. al. varied depth of cut, feed rate, and cutting speed while EVAM tungsten carbide 

with PCD tool [104].  They found depth of cut below н ˃Ƴ ŎŀǳǎŜŘ ǘƘŜ ǘƻƻƭ to chip and 

ƛƴŎǊŜŀǎƛƴƎ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƛƴŎǊŜŀǎŜŘ ǿŜŀǊΣ ǎƻ ŀ ƳŜŘƛŀƴ 5ƻ/ ƻŦ п ˃Ƴ ǿŀǎ ŎƘƻǎŜƴ ŀǎ ƻǇǘƛƳŀƭΦ  
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They also measured flank wear to increase with both feed rate and cutting speed.  A very 

similar study by Zhang et. al. resulted in the same relationship between machine 

parameters and PCD tool wear on Stavax 420 stainless steel [118].  In another study, Zhang 

et. al. found an optimum PCD tool nose radius of 0.6 mm reduced wear compared to larger 

or smaller radii [121].  They claimed larger radii caused excess tool chatter, but did not 

explain why the lower radii resulted in larger wear land.  Xiangdong and Xin also VAM 

Stavax with an ultrasonic tool at different workpiece speeds and a SCD tool.  Again, they 

saw higher rate of wear at higher speeds.  They measured flank wear in an optical 

ƳƛŎǊƻǎŎƻǇŜΣ ŀƴŘ ŀ ол ˃Ƴ ǿŜŀǊ ƭŀƴŘ ƻŎŎǳǊŜŘ ŀǘ спс Ƴ ǿƛǘƘ рл ǊǇƳ ǎǇƛƴŘƭŜ ǎǇŜŜŘ όл-2.2 

m/min).  At a higher speed (100 rpm, 0-пΦп ƳκƳƛƴύΣ ŀ оо ˃Ƴ ǿŜŀǊ ƭŀƴŘ ŦƻǊƳŜŘ ŀŦǘŜǊ ƻƴƭȅ 

369 m. 

The flycutting-type tool wear study conducted by Song et. al. did not use VAM, but does 

highlight the relationship between cyclic contact time and tool life [119].  They formed 

convex strips of material that ran radially from the center of a high precision spindle.  A 

stationary tool cut in the transverse direction of the convex strips such that the setup was 

similar to flycutting, but with the workpiece spinning rather than the tool.   They cut an 

austentitic stainless steel (JIS SUS304) without coolant.  Cutting speed ranged from 033-2.5 

m/s with a real depth of cut of 5 m˃ shown in the left image in Figure 2-11.  A cumulative 

cutting distance of 100m was achieved for the plot in Figure 2-11.  The authors stated that 

tool wear was reduced with reduced contact time regardless of cut speed.  The contact time 

is varied either by changing the width of convexity (described in the left schematic of Figure 

2-11) or the cutting speed.  Convexity widths varied from 10-млл ˃ƳΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ƳǳƭǘƛǇƭŜ 

contact times for a particular cutting speed shown in the right image of Figure 2-11.   This is 

analogous to higher frequencies and smaller cuts per cycle with VAM.  Smaller cuts per 

cycle result from larger amplitudes and slower cutting speeds. 
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Figure 2-11Υ  [ŜŦǘΥ {ŎƘŜƳŀǘƛŎ ƻŦ {ƻƴƎ ŜǘΦ ŀƭΦΩǎ Ŧƭȅ-cutting tool wear experiment [119].  Right:  
Tool wear vs. contact time results after 100mm cumulative cutting distance.  Some 

convexity width values are calculated from the plot and added for clarification. 

Brinksmeier and Glabe found that the maximum cutting distance (determined by surface 

finish) increased as contact time per cycle decreased, concurring findings from with Song et. 

ŀƭΦΩǎ ǎǘǳŘȅ [35].  Since they used a constant frequency, their effective contact time 

decreased with decreasing cutting speed and increasing amplitude [102].  They essentially 

were able to cut further distances at lower cut speeds using a constant frequency VAM. 

Several VAM parameters have not been discussed in relationship to tool life.  No studies 

could be found that attempted VAM at multiple frequencies and compared wear.  Members 

of Fraunhofer IPT noted improved surface finish and extraneous vibration stability when 

using a 80 kHz LVAM device compared to 60 kHz or 40 kHz [113,122].  Comparative studies 

of tool wear at different frequencies were not attempted. 

2.3.5 VAM TOOL WEAR SUMMARY 

Most reports of improved tool wear give either subjective observation of SEM or 

microscope images of the tool edge or linear measurements of wear land.  This neglects the 

true 3-D geometry of tool wear, and 1-D measurements of wear land neglect tool volume 
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loss from the rounding of the cutting edge.  Though not relatable between studies, these 

single wear measure values do illuminate how wear changes with VAM parameters, or the 

comparative scale of wear between CT and VAM. 

Many VAM studies extol the ability to reduce thermo-chemical wear.  Fewer provide 

evidence of reduced wear and fewer yet study this wear or hypothesize how it is reduced.  

Two repeatedly claimed reasons for tool wear suppression are reduced tool temperature 

due to cyclic periods of cooling, and/or reduced contact time.  Temperature reduction is the 

most commonly cited, yet least proven, and even negated by macro-scale VAM 

experiments.  Relationship between contact time and reduced wear is better evidenced in 

research [119], but the link between a thermo-chemical mechanism, tool temperature, and 

contact time is yet unclear. 

2.4 SUMMARY 

Literature yields multiple measurands for wear and wear rate for diamond tools.  This 

makes comparing research observations difficult.  Worn volume is the most unambiguous 

unit of wear.  However, 2D worn area or wear shape projected orthogonal to the cutting 

edge is most relatable to worn volume for an essentially 2D cutting process.   

Over 5 decades of diamond wear research have identified a number of factors that 

contribute to diamond tool wear.  Unfortunately much of the research regarding diamond 

tool wear is incomparable or ambiguous due to one or more of the following:  

1.) Authors use different diamond types, crystal orientations, cutting geometry, etc. 

2.) Tool wear measurement methods are not precise enough or do not detail the full 3D 

character of diamond tool wear. 

3.) Authors extrapolate results from chemical wear tests that do not mimic the cutting 

process (friction or static wear tests). 
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For chemical diamond tool wear of iron and steel in particular, two primary contributors to 

wear rate have been identified: the presence of oxygen in the environment and tool 

temperatures.  Successful efforts to mitigate chemical wear most often attempt to lower 

environmental oxygen content or reduce tool temperature.  VAM has proven more cost-

effective to reduce tool wear than other methods, though the mechanism through which it 

reduces wear is yet unclear.  Only a handful of studies detail how VAM parameters relate to 

tool wear, but these parameters have not been linked to tool temperature or a thermo-

chemical process.  
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3 CHEMICAL TOOL WEAR MODEL 

There are two main reasons thermo-chemical tool wear of ultraprecision machine tools is 

difficult to model empirically.  First, the wear is typically sub-micron in scale.  This chapter 

uses the electron-beam induced deposition method (EBID) described in the previous 

chapter to measure tool wear [32-34].  Normally, the planar view of an SEM image cannot 

resolve cross-sectional wear geometry of a diamond tool edge and can only provide 

qualitative comparison.  The EBID method uses hydrocarbon contamination growth laid 

perpendicular to the diamond edge as a contrasting agent that allows the 2D cross-section 

to be discerned in the SEM image.  This replicates wear geometry as if it is viewed directly 

down the cutting edge.  The SEM image of the tool cross-section is digitized and analyzed in 

Matlab to calculate 2D worn cross-sectional area.  Worn tool cross-sections from multiple 

tool measurements can be aligned with one another to directly compare wear results.  Most 

diamond tool wear is difficult to characterize since the edge recession is on the same order 

as the depth of cut (sub-micrometer to 10s of micrometers), while the contact length may 

be several orders of magnitude longer.  By utilizing an orthogonal cutting geometry in this 

chapter, the wear is constant along the cutting edge, and wear volume is calculated as the 

cross-sectional wear area multiplied by the width of the wear. Equation Chapter 3 Section 1 

The second reason thermo-chemical diamond tool wear is difficult to model is the lack of 

knowledge of process temperatures, specifically at the diamond and chip contact.  Diamond 

tool temperature measurement is difficult for many of the same reasons as macro-scale 

cutting temperatures.  DT workpiece speeds are on the order of 1 m/s or above, while 

typical cutting depths and feeds are below 50 mm and 5 mm [11], respectively.  High speed 

infrared (IR) videography has been used to observe macro-scale cutting temperatures, but 

the scale of DT is at or below infrared wavelengths (0.75 µm - 10 µm or more) leading to 

diffraction limited spatial resolution [30].  Rather than relying on IR methods, Yoshioka et. 

al. used a resistance-type platinum film micro-thermometer mounted on the rake face of 
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the tool [31].  Temperature measured at their sensor location would be dramatically less 

than in the chip-tool contact zone due to the high conductivity of diamond and resulting 

steep temperature gradient.  ¢Ƙƛǎ ƛǎ ŀƴŀƭƻƎƻǳǎ ǘƻ {ǘΦ ±ŜƴŀƴǘΩǎ ǇǊƛƴŎƛple, in which the shape 

of a field (stress or temperature) is invariant with the distribution of the source (load or 

heat) at sufficiently distant locations from the source.  Ueda et. al. claimed to have 

measured diamond tool temperature at the chip-tool contact [57].  They used a two-color 

optical pyrometer to measure infrared radiation that passed through the diamond from the 

cutting zone.  This single-point measurement technique still required a finite element 

temperature model to relate single point pyrometer measurement to a predicted 

ǘŜƳǇŜǊŀǘǳǊŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻƴ ǘƘŜ ǘƻƻƭ ǊŀƪŜ ŦŀŎŜΦ  YƻƳŀƴŘǳǊƛ ŜǘΦ ŀƭΦ ƭŀǘŜǊ ǳǎŜŘ ¦ŜŘŀΩǎ ŎǳǘǘƛƴƎ 

parameters in an extensive analytical heat transfer model and obtained agreeable 

temperature values [53-55].  These measurements and calculations determined peak 

diamond temperatures below 210 oC at up to 10.3 m/s workpiece velocity on Al and Cu 

workpieces.  This is well below non- ultraprecision turning temperatures with carbide or 

ceramic tools which typically experience temperatures above 1000 oC [29].  This chapter 

utilizes finite element modeling (FEM) using the commercial code AdvantEdge by 

ThirdWave Sytems to obtain tool temperatures.  FEM studies of diamond turning have 

ŜȄƛǎǘŜŘ ǎƛƴŎŜ ǘƘŜ ƭŀǘŜ улΩǎΣ ōǳǘ Ƴƻǎǘ ƻŦ ǘƘŜǎŜ ǎǘǳŘƛŜǎ ŦƻŎǳǎ ƳƻǊŜ ƻƴ ǇǊŜŘƛŎǘƛƴƎ ǎǳǊŦŀŎŜ 

residual stress than on tool temperature or wear [123-125].  These models may neglect 

temperature and strain-rate dependant change to material flow stress in the chip [126], 

frictional heating between the chip and tool [57], or completely neglect heat transfer into 

the tool altogether [127,128].  AdvantEdge accounts for each of these factors. 

Based on tool wear measurements and predicted temperature, a chemical wear model can 

is proposed for application to thermo-chemical diamond tool wear.   This chapter presents 

this wear model for diamond tool wear on steel.  It is based on the diffusive law, or the 

Arrhenius equation described in Chapter 1.  This model is similar to those proposed by 

others for conventional machining or grinding that had yet to be applied to diamond turning 
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due to the inherent difficulties measuring wear and predicting tool temperature.  Empirical 

results for this model in this chapter are obtained using a novel orthogonal machining setup 

that utilizes straight-edged diamond tools and narrow workpiece material that is thinner 

than the cutting edge.  Tool temperatures are obtained through finite element models that 

mimic the cutting experiments using the commercial code AdvantEdge by ThirdWave 

Systems.  Tool wear is measured via the EBID method.  Wear measurements are coupled 

with predicted tool temperature to determine the activation energy for this chemical 

ǇǊƻŎŜǎǎΦ  wŜǎǳƭǘǎ ŦǊƻƳ ǘƘŜǎŜ ŜȄǇŜǊƛƳŜƴǘǎ ŎƻǊǊŜƭŀǘŜ ǘƻ ƻǘƘŜǊ ǊŜǎŜŀǊŎƘŜǊΩǎ ƻōǎŜǊǾŀǘƛƻƴǎΦ  ¢Ƙƛǎ 

model utilizes the Arrhenius type behavior predicted by past researchers and shows that 

this is does indeed describe diamond tool wear on ferrous workpiece materials. 

The modeling process is first studied using low carbon AISI1215 steel.  Previous diamond 

turning tests on AISI1010 steel [77], or 416 stainless steel [129] resulted in non-smooth tool 

forces and chip formation and had excessive metal pickup on the tool indicating built up 

edge (BUE).  AISI1215 was chosen due to its high machinability of 136%.  Machinability is a 

normalized value based on a combined calculation considering surface finish, tool forces, 

and tool life using AISI1112 steel as a 100% machinability reference.  The modeling process 

is then repeated for Stavax-brand 420 stainless steel, which has a machinability of 45% but 

still produces continuous chip formation with conventional diamond turning.  This material 

is made by the Bohler Uddehlholm company as mold steel with good corrosion resistance 

and polishability.  Stavax or other 420 stainless steels have been used by various literature 

sources studying VAM [41,42,106,112,113,115,118,130], and is presented here for 

comparison. 

3.1 ARRHENIUS-TYPE TOOL WEAR MODELS 

Ikawa and Tanaka were the first to propose that diamond grit wear when grinding iron was 

majorly affected by a thermally activated graphitization and diffusion into the ferrous 

workpiece material [21].  This was followed by Komanduri and Shaw, who observed diffused 

carbon at the bottom of grooves made in pure iron after scored by a single synthetic 
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diamond grit [25].  Previous research of macro-scale (carbide, ceramic, HSS, etc.) tool wear 

had already developed temperature-dependant wear models that resembled the Arrhenius 

law, [63,71]Σ ōǳǘ LƪŀǿŀΩǎ ŀƴŘ YƻƳŀƴŘǳǊƛΩǎ Ǝrinding studies did not mention any governance 

by a diffusive law.  Early researchers of diamond tool wear on ferrous alloys mentioned 

diffusion or chemical reaction, but Paul and Evans noted that all these potential processes 

are governed by the same Arrhenius law [19]. 

Multiple researchers have proposed wear models that relate wear rate to temperature in 

an Arrhenius-style equation.  Takeyama-aǳǊŀǘŀΩǎ ƳƻŘŜƭ ǊŜƭŀǘŜŘ ǿŜŀǊ ǇŜǊ ǘƛƳŜ ŀǎ ŀ ŦǳƴŎǘƛƻƴ 

of temperature [71]: 

 exp aEdW
A abrasive term

dt RT

-å õ
= +æ ö

ç ÷
 (3-1) 

Here, A is a pre-exponential constant indicating a theoretical limit as temperature 

approaches infinity, and Ea is the activation energy.  ¢ŀƪŜȅŀƳŀ ŀƴŘ aǳǊŀǘŀΩǎ abrasive term 

was a function of feed rate and sliding velocity.  Usui et. al. re-derived the model of Trigger 

and Chao, which similarly says wear per time is an exponential function of temperature 

[63,64].  However, this model also states that the wear rate is proportional to contact 

normal stress and sliding velocity: 

 expn s

dW B
A v

dt T
s

-å õ
= æ ö

ç ÷
 (3-2) 

Here, A is another pre-exponential constant, ǹ is normal contact stress, and vs is sliding 

velocity.  B represents combined temperature-dependant affects of thermal softening and 

diffusion of wear asperities into the workpiece and probability that a wear particle will 

occur.  However, this is functionally the same as the Ea/R ƛƴ ¢ŀƪŜȅŀƳŀΩǎ ƳƻŘŜƭΦ  WƛŀƴƎ ŜǘΦ ŀƭΦ 

defined wear rate as the Archard wear coefficient in units of volume per sliding distance per 
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contact force in their study of diamond-like coatings rubbing on steel substrates [69,70][70].  

They stated that this wear rate follows the following form: 

 0

1
exp a

s

EW
K K

sF v RT

-å õ
= = æ ö

ç ÷
 (3-3) 

If force is considered invariant with sliding velocity in Equation (3-3) and abrasive terms are 

neglected in Equation (3-1)Σ ǘƘŜƴ ¢ŀƪŜȅŀƳŀΩǎ ŀƴŘ WƛŀƴƎΩǎ ƳƻŘŜƭǎ ŀǊŜ ǘƘŜ ǎŀƳŜΦ  LŦ ōƻǘƘ ǎƛŘŜǎ 

ƻŦ ¢ŀƪŜȅŀƳŀΩǎ ƳƻŘŜƭ ƛƴ Equation (3-1) are divided by 
sv , the left term becomes 

ǿŜŀǊκŘƛǎǘŀƴŎŜ ƭƛƪŜ WƛŀƴƎΩǎ ƳƻŘŜƭ ƛƴ Equation (3-3).  These simplifications are valid since tool 

forces in diamond turning have shown to be largely independent of cutting speed [11].  

Also, abrasive effects of low carbon steel were shown to be negligible on diamond tools 

since other workpiece materials of similar hardness but non-reactive chemistry result in 

comparable wear at 1000x further cutting distance [32].  If both sides of Equation (3-2) are 

divided by 
sv  ǘƻ Ǉǳǘ ǘƘŜ ǿŜŀǊ ǊŀǘŜ ƛƴǘƻ ǿŜŀǊκŘƛǎǘŀƴŎŜ ŦƻǊƳΣ ¦ŜŘŀΩǎ ƳƻŘŜƭ ƭƻǎŜǎ ǘƘŜ 1/ sv´  

relationship given in TakeyŀƳŀΩǎ ŀƴŘ WƛŀƴƎΩǎ ƳƻŘŜƭǎΦ  Lƴ ǘƘƛǎ ŎƘŀǇǘŜǊΣ ŀƴ !ǊǊƘŜƴƛǳǎ-type 

ƳƻŘŜƭ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ¢ŀƪŜȅŀƳŀΩǎ ŀƴŘ WƛŀƴƎΩǎ ƛǎ ǳǎŜŘ ŀƴŘ ǎƛƳǇƭƛŦƛŜŘ ǘƻ ŜƛǘƘŜǊ ƻŦ ǘƘŜ 

interchangeable forms describing wear /time or wear /distance: 

 exp expa a

s

E EdW dW A
A

dt RT ds v RT

- -å õ å õ
= Ú =æ ö æ ö

ç ÷ ç ÷
 (3-4) 

One point of interest is that Takeyama and Jiang arrived at the same wear rate function, but 

each analyzed entirely different physical mechanisms.  Takeyama et. al. based their model 

ƻƴ ǘƘŜ ǘƘŜƻǊȅ ƻŦ ŘƛŦŦǳǎƛƻƴ ŀƴŘ CƛŎƪΩǎ ƭŀǿΦ  WƛŀƴƎ ŀƴŘ !ǊƴŜƭƭ ōŀǎŜŘ ǘƘŜƛǊ ƳƻŘŜƭ ƻƴ ŀ ŎƘŜƳƛŎŀƭƭȅ 

activated crack propagation model that gave the probability of generating wear debris 

particles as a function of temperature.  Paul et. al. reviewed other possible physical and 

chemical mechanisms that allow carbon to be removed from a diamond tool including 

diffusion, catalytic reaction, and formation of a number intermediary reaction complexes.  
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Paul and Evans et. al. also noted that most of the mechanisms described follow an 

Arrhenius-type law and likely occur simultaneously so it would be difficult to experimentally 

distinguish which mechanism contribute most to wear [19].  Umbrello et. al. compared the 

Usui model to the Takeyama model in predicting wear of carbide tools machining 1020 steel 

[131].  Umbrello et. al. noted that both models, derived from different physical phenomena 

(adhesive vs diffusive wear, respectfully, both predicted wear with the same accuracy (since 

cutting speed was not varied).  For this reason, individual contributing factors are not 

discussed in this chapter, but it is shown that single values of A and Ea can describe wear 

rates over a wide range of workpiece speeds.   

A similar approach used by Jiang is presented here which involves the following steps: 

1.) Obtain a best-fit functional relationship between tool temperature, cutting speed, 

and depth of cut.  Jiang used the friction-heating model of Archard [132].  In this 

study, temperature is determined through finite element models using AdvantEdge 

by ThirdWave.   

2.) Perform diamond turning experiments varying workpiece speed over a wide range 

of workpiece speeds and measure tool wear rate via EBID method. 

3.) Evaluate the empirical constants, Ea and A, in the Arrhenius wear model by relating 

measured wear and modeled tool temperatures. 

Similar to Jiang, results are plotted as wear/distance as a function of workpiece velocity.  

Velocity is used as an abscissa since this value can be chosen as an input machining 

parameter, while wear is the ordinate since it is a result.  Simply stating a value of wear for 

the ordinate on a graphical representation is not realistic since this wear will always 

increase with cutting time or distance, which depends on the size of the part to be 

machined.   
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Wear is divided by distance for two reasons: 

1. In high speed cutting, it is difficult to stop cutting at an exact distance, making it 

difficult to know what the true sliding distance is.  Conversely, low speed machining 

takes a long time to achieve long distances.  Dividing wear by distance allows 

experiments to be conducted across multiple orders of magnitude of cutting speeds. 

2. A specific part will require a certain amount of surface area to be machined, or 

certain machining distance given a prescribed feed.  One can take a wear/distance 

value and simply multiply by the expected machining distance for a part to estimate 

the wear expected at the end of cutting. 

The Arrhenius wear model is used to explain the experimental results from this chapter and 

clarify the reason diamond tools wear excessively on ferrous alloys.  It is also validated via 

comparison to similar observations made by others researching thermo-chemical diamond 

wear.   

3.2 FINITE ELEMENT MODELS FOR TOOL TEMPERATURE 

Tool temperatures are determined using finite element modeling via the commercial code 

AdvantEdge by ThirdWave systems.  Since the contact width in diamond turning is typically 

two orders of magnitude or greater than the depth of cut, the process is essentially two-

dimensional.  This assumes zero strain and zero heat transfer along the z-direction.  Two-

dimensional cutting simulations are therefore used in the AdvantEdge software, and peak 

temperature values are extracted from simulation results5.  Relationship between peak 

temperature rise, velocity, and depth of cut is obtained by using MatlabΩs surface fit tool 

(sftool) to determine what function best describes this relationship. 

                                                      
5
 The Matlab script TWgrab.m was written to extract temperature vs. time values from AdvantEdge simulation 

results files.  This is described further in Chapter 5, and the of TWgrab.m is described in Appendix A. 
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3.2.1 SIMULATION SETUP 

A total of 36 simulations were created varying depth of cut and workpiece velocity.  Depth 

of cut values were 0.5, 0ΦтрΣ м ŀƴŘ н ˃ƳΦ  ²ƻǊƪǇƛŜŎŜ ǎǇŜŜŘ ǾŀƭǳŜǎ ǿŜǊŜ лΦлмΣ лΦлрΣ лΦмΣ лΦрΣ 

мΣ нΣ о ŀƴŘ п ƳκǎΦ  ¢ƘŜ ǘƻƻƭ ƳƻŘŜƭ ǿŀǎ млл ˃Ƴ ǘŀƭƭ ōȅ ул ˃Ƴ ǿƛŘŜ ǿƛǘƘ ŀ лo rake angle, 6o 

ŎƭŜŀǊŀƴŎŜ ŀƴƎƭŜΣ ŀƴŘ нлл ƴƳ ŜŘƎŜ ǊŀŘƛǳǎΦ  ¢ƘŜ ǿƻǊƪǇƛŜŎŜ ƳƻŘŜƭ ǿŀǎ мрл ˃Ƴ ƛƴ ƭŜƴƎǘƘ ŀƴŘ 

рл ˃Ƴ ǘŀƭƭΦ  The back and top of the tool and bottom of the workpiece had isothermal 

boundary conditions at the ambient temperature of 20 oC, shown in Figure 3-1.  All other 

surfaces in the FEM model had adiabatic boundary conditions.  The isothermal boundaries 

remove heat from the tool model, and proximity of these boundaries to the heat source will 

create erroneously low temperature values and rapid transient heating and cooling.  

Therefore, there is a tradeoff between large tool geometry and simulation accuracy and 

long simulation times due to more finite elements.  The geometry was a compromise that 

enabled simulations to reach steady state within 24 hours computing time. 

Workpiece and tool third-dimensional depth (width) was 1 mm, though this does not affect 

any temperature values as heat transfer along the 3rd dimension is neglected in the model.  

Although there is not stress gradient along the 3rd dimension as well, tool forces depend on 

the contacting area and are linearly influenced by the 3rd dimension width.   

AISI 1215 steel was not available in the AdvantEdge material library.  AISI 1118 steel has 

similar mechanical and thermal properties as 1215, and was chosen as the workpiece 

material.  Tool material was single crystal diamond.  
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Figure 3-1: Model geometry and mesh for AdvantEdge cutting simulations.  Example 
ǘŜƳǇŜǊŀǘǳǊŜ ŎƻƴǘƻǳǊǎ ŀǊŜ ŦƻǊ ǘƘŜ м ˃Ƴ ŘŜǇǘƘ ƻŦ ŎǳǘΣ о Ƴκǎ ǎƛƳǳƭŀǘƛƻƴ ǊŜǎǳƭǘǎΦ 

Change in tool shape due to wear occurs simultaneously with cutting, which inevitably 

alters the chip formation and heat transfer processes.  Worn tool shapes were not 

incorporated into the finite element models.  It is shown later that the depth of wear ison 

the same order as the depth of cut.  While this likely has an effect on the location of the 

hottest point on the worn tool edge and the magnitude of the peak temperature, this is not 

considered with these FE models.  However, it is shown in Section 3.4 that the Arrhenius-

type wear model applies regardless of the variation in worn tool edge shapes.  Further 

analysis with worn tool shapes may provide better understanding of how these shapes 

progress and how temperature varies along the contact region. 

These simulations were based on those reported by the author of this dissertation in a 

ƳŀǎǘŜǊΩǎ ǘƘŜǎƛǎ [77].  In that thesis, validation tests were also carried out to compare 

measureable experimental results to simulation results.  Based on recommendations in by 

Bil et. al. [133], friction was varied in multiple simulations to match simulated tool forces 

and chip thickness to experiment values.  It was found that forces or chip thickness could be 

matched, but not both using the same friction value in AdvantEdge.  However, this friction 

value had little effect on simulated tool temperature, which varied only 15% for friction 

ǾŀƭǳŜǎ ōŜǘǿŜŜƴ лΦм ŀƴŘ мΦ  ¢Ƙƛǎ ŎƻƛƴŎƛŘŜǎ ǿƛǘƘ YƻƳŀƴŘǳǊƛΩǎ ŎƭŀƛƳ ǘƘŀǘ ŦǊƛŎǘƛƻƴ Ǉƭŀȅǎ ƳƛƴƻǊ 

20o C

20o C
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role in diamond tool temperature [55].  Since temperature is the value ultimately used 

hereafter, friction was kept at the default value in AdvantEdge. 

Some changes were made in this Ph.D. dissertation from ǘƘŜ ƳŀǎǘŜǊΩǎ ǘƘŜǎƛǎ ƛƴ [77], notably 

the larger tool model size and no custom tool shapes based on experimentally determined 

wear shapes.  Also, ǘƘŜ ƳŀǎǘŜǊΩǎ ǘƘŜǎƛǎ ŎƻƳǇŀǊŜŘ material properties of the AISI1118 

material used in simulations and AISI1215 steel used in experiments, and completed 

verification studies comparing FEM results to machining test results. 

3.2.2 CUTTING SIMULATION RESULTS  

Maximum tool temperatures occurred on the cutting edge radius of the tool model.  These 

values were extracted from the FE simulations and steady state temperature values were 

obtained by taking the average temperature value in the range where the tool was no 

longer heating and had not yet reached the edge of the workpiece.  Steady state 

temperature rise, workpiece speed, and depth of cut values were supplied to the surface 

fitting tool (sftool) in Matlab.  Based on the observed trend in resulting temperatures, a 

linear relationship with velocity and power-function relationship with depth of cut was 

used.  A custom fit equation based on this observation was supplied to the surface fit tool 

with results shown in Figure 3-2.  The custom equation showed a linear rise in temperature 

with workpiece speed of 11.8 oC s m-1 ŀǘ ŀ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƻŦ м ˃ƳΦ  Using the observed 

formula relationship between temperature and speed, this can then be substituted for the 

wear / distance model in Equation (3-4): 

 
0

exp
( )

a

n

s s

EdW A

ds v R k v DoC T

å õ-
= æ ö

Ö Ö +ç ÷
 (3.5) 

This formula gives a smooth curve that can plotted and compared against experimentally 

determined wear values. 
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Figure 3-2: Results from Matlab surface fit tool (sftool) relating temperature rise to 
workpiece speed and depth of cut obtained from FE models.  R2 correlation was 0.998. 

Trigger and Chao also saw a linear relationship with workpiece speed in non-ultraprecision 

turning of steel with carbide tools [134].  Ueda et. al. also measured a highly linear 

relationship between tool temperature rise and cutting speed in their two-color pyrometer 

measurements [57].  Based on their reported values, a temperature rise of approximately 

6.5 oC-sec/m resulted on copper and aluminum workpieces with cutting speed range of 6.7-

мр ƳκǎΦ  ¢ƘŜȅ ǳǎŜŘ ŀ Ŏƻƴǎǘŀƴǘ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƻŦ мл ˃Ƴ ŦƻǊ ŀƭƭ ŜȄǇŜǊƛƳŜƴǘǎΣ ǎƻ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ 

ǘƘƛǎ ǇŀǊŀƳŜǘŜǊ Ŏŀƴƴƻǘ ōŜ ŎƻƳǇŀǊŜŘΦ  ¢ƘƻǳƎƘ ¦ŜŘŀΩǎ ǎǇŜŜŘǎ ŜȄŎŜŜŘ ǘƘƻǎŜ ǳǘƛƭƛȊŜŘ ƛƴ ǘƘƛǎ 

ŎƘŀǇǘŜǊΣ ¢ǊƛƎƎŜǊ ŀƴŘ /ƘŀƻΩǎ ƭƛƴŜŀǊ relationship between temperature and velocity was 

observed down to 110 ft/min (0.56 m/s).  

 

0.599511.81 wkpcT v DoCD = Ö Ö
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3.3 MACHINING EXPERIMENTS AND TOOL WEAR MEASUREMENT 

Given the relationship between workpiece velocity and temperature, a relationship 

between workpiece speed and measured wear values is necessary to complete the 

Arrhenius model.  When diamond turning with a round tool with feed direction parallel to 

the cutting edge, recession of the edge due to wear will reduce the true depth of cut by the 

recess distance.  This will inevitably change the cutting conditions with time and complicate 

any relationship of temperature to wear.  Also, the resulting wear may not be continuous 

along the cutting edge, which makes quantifying wear difficult.  To maintain a constant 

depth of cut regardless of wear, a machining setup is designed that continuously feeds the 

tool into the workpiece in a direction perpendicular to the cutting edge in the depth of cut 

direction.  Orthogonal cutting geometry is also used in all machining experiments with a 

workpiece width narrower than the tool edge.  This minimizes variation in cutting 

conditions along the cutting edge and results in 2D cutting.  While this geometry is not 

directly analogous to a facing operation with round-nosed tool, it is more applicable to 

modeling of the thermo-chemical wear process by reducing the number of variables. 

3.3.1 MACHINING SETUP 

The same single crystal diamond tool manufactured by Chardon Tool was used in all 

experiments, with resharpening performed by the manufacture between experiment sets.  

This tool was a 2.28 mm wide, straight-edged tool with rake face nominally aligned with the 

(001) crystallographic plane and chip flow occurring along the <100> direction.  This should 

be noted since crystallographic direction can have a large impact on wear rate of diamond 

and diamond tools [22,98].  Machine setup used a rake face of 0o and clearance angle of 6o.  

To complete machining at workpiece velocities ranging from 0.001 ς 4 m/s, several setups 

had to be made.  Figure 3-3 shows the three ranges of cutting speed geometry used in 

cutting.  All workpieces were AISI 1215 steel machined from the same stock.  In the low 

speed experiments (2-8 mm/s), workpiece velocity is set directly by the DTM axes.  Mid and 

high speed machining tests controlled the workpiece velocity by varying radius to the cut 
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surface and spindle speed.  Mid and high speed tests were conducted on an ASG 2500 

diamond turning machining, and low speed tests were conducted on a Nanoform 600.  

Mobilmet Omicron cutting fluid was used in all cutting tests. 

 

Figure 3-3: Multi-speed machining experiment setup for three speed ranges 

Initially, high speed cutting tests were conducted with workpiece width of 1.2 mm.  This 

required wear measurements to be taken after each cut.  Later, slow and mid-speed 

experiments utilized narrower workpieces, shown in Figure 3-4.  Workpiece width of 0.25 

mm enabled 3 distinct wear zones on the 2.28 mm wide tool.  A fourth zone was used to 

remove the top oxidized layer of the fin and remove runout..  For the high-speed 

experiments, runout and oxide layer were removed with a carbide tool.   
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Figure 3-4:  Cutting zones on straight-edged diamond tool used in low and mid-speed 
orthogonal cutting experiments. 

3.3.2 WEAR MEASUREMENT: 

After machining on each zone for the prescribed distance, the tools were prepared for wear 

measurement in the SEM. 

1.) Excess cutting fluid is blown off with compressed air, and the tool is cleaned in an 

ultrasonic bath with de-ionized water and Liquinox detergent for 5 minutes. 

2.) The tool is observed under an optical microscope for any metal pickup on the rake 

face indicating a built up edge (BUE) during cutting.  

3.) A small drop of 5wt% nitric acid is suspended on the rake face which is held via 

surface tension.  This drop etches off any ferrous alloy pickup, and is left on for 5 

minutes. 

4.) The tool is rinsed with de-ionized water, then fixed to a 10x10 mm square 1 mm 

thick piece of aluminum with threaded hole.   

5.) The tool and attached aluminum base is placed in a 10 mL beaker filled with just 

enough acetone to submerge the tool.  The square of aluminum keeps the diamond 

from bumping the edge of the beaker. 

6.) The acetone-beaker is then suspended with wire into the ultrasonic bath which is 

then run for 10 min.  Afterwards, the tool is removed with tweezers and fixed to the 

tool manufacturerΩs plastic tool holder/guard.  

After cleaning, diamond tool wear was measured in an SEM using the EBID method 

described in Chapter 2 and Appendix B.  Worn tool cross-sections and 2D wear area 

calculations are made from SEM images using the digitize11.m Matlab code.  Cross-sections 

are scaled and aligned using the EBIDautorot.m.  These codes are described in Appendix A.  

The general shape of the wear varied between the multi-speed experiment shown in Figure 

3-5 through Figure 3-7.  High speed experiments shown in Figure 3-5 yielded a short wear 

land that formed at a consistent angle to the cutting direction for measured cutting distance 
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up to 216 m  [32].  Low speed tool shapes in Figure 3-7 yielded large, flat wear lands that 

were nominally parallel to the cutting direction and perpendicular to the rake face.  These 

resemble the wear pattern observed after DT of 6061 aluminum, though the scale of the 

wear is much larger from steel [32].  A flat wear land region was observable on the lowest 

of the mid-speed tool profiles (71 mm/s workpiece speed) in Figure 3-6 which resemble 

those of the low-speed experiment set.  The highest speed of the mid speed profiles (284 

mm/s) were more rounded and resembled the shape of the high-speed experiment set.  

This indicates a transition between the large horizontal wear land of low speed machining 

and the short angled wear land of the high speed.  Low speed tools also showed grooving 

along the cutting direction on the clearance side of the tool observed by Brinksmeier et. al. 

[35], though this is not visible in Figure 3-7. 

 

Figure 3-5: Worn tool cross-sections for high speed cutting experiments 
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Figure 3-6: Worn tool cross-sections for mid-speed cutting experiments 

 

Figure 3-7: Worn tool cross-sections for low speed cutting experiments 
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The 2D cross-sectional shapes in Figure 3-5 to Figure 3-7 appear to transition from a flat 

wear land formed perpendicular to the cutting direction for low speeds to an upturned 

wear land that formed at an angle to the cutting direction at high speeds.  The mid-speed 

experiments appeared as a transition from the low to high speed forms.  The scale of wear 

per machining distance also varied dramatically between the three experiment sets.  Two 

example comparisons are made in Figure 3-8 and Figure 3-9.  Figure 3-8 shows how tool 

wear at a mid speed (284 mm/s) and short distance (10 m) yielded slightly higher wear than 

a high-speed (4 m/s) and long distance (200 m).   shows how a low-speed (8 mm/s) at short 

distance (5 m) yielded significantly more wear than mid-speed (284 mm/s) at short 

distance.  These exemplify how the wear / distance rate of wear is higher for lower speeds. 

 

Figure 3-8:  EBID cross sections of worn tool edges comparing wear at mid speed and low 
distance vs. wear at high speed at large distance.   
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Figure 3-9:  EBID cross sections of worn tool edges comparing wear at low speed at low 
distance vs. wear at mid speed at large distance 

Two-dimensional wear areas (shaded in Figure 3-8 and Figure 3-9) were calculated using the 

digitize11.m image analysis script with results shown in Figure 3-10.  Note the vertical scale 

is different in each plot since the scale of wear measured varied greatly between low speed 

and high speed experiments.  Wear / distance (dA/ds) between zero cut distance and the 

first cut distance wear area is measured create a first rate value or slope.  Slopes between 

the first and second points create a second slope.  Figure 3-10a gives an example of first 

slope values and second slope values for the low speed experiment set.  This creates 18 

slope values in all (2 slopes per speed, 9 total speeds tested) 
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Figure 3-10.  2D wear areas for the orthogonal AISI1215 diamond turning tests a) low speed 
2-8 mm/s, b) mid speed 71-284 mm/s, c) high speed 1-4 m/s.  Note the vertical scale is 

different for each plot. 

Observation of tools in the SEM showed a constant level of wear along the width of the 

wear region on the cutting edge.  Worn volume can be thus approximated by multiplying 2D 

worn area by the workpiece width.  The rate of wear per cut distance changed from a low 

rate to higher rate for low-speed experiments, and from high rate to low rate for the mid 

and high-speed experiments.  Calculated values for wear along with machining parameters 

are tabulated in Appendix D. 

3.3.3 SURFACE FINISH 

Surface finish of the AISI1215 fins were measured post machining in a Zygo NewView SWLI.  

Figure 3-11 gives an example measurement from 10 m cut distance and 1 m/s.  Surfaces for 
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each speed and distance appeared similar, with scratch marks along the cutting direction 

and pitting.  Surface finishes for all tests were 110-130 nm Ra and 155-170 nm rms.   

 

Figure 3-11Υ  мллȄ ȊƻƻƳ όтлȄрл ˃Ƴ ǿƛƴŘƻǿύ {²[L ǎǳǊŦŀŎŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ !L{Lмнмр 
surface.  122nm Ra, 165nm rms. 

3.4 ARRHENIUS WEAR MODEL RESULTS 

Finite element models used to determine the temperature expression in Figure 3-2 did not 

include cutting speeds in the range of the low-speed experiments.  Assuming the formula 

determined in Figure 3-2 and depth of cut of 1 µm, temperature of the low speed 

experiments would only vary between 0.02 to 0.1 oC above ambient (20 oC).  These points 

would all lie at the same x-axis location on an Arrheniius plot and not provide for 

determining the Arrhenius coefficients.  For this reason, low speed wear data is not used in 

the formulation of Arrhenius empirical constants, but still compared the results.   

For each experiment set in Figure 3-10, the wear area per distance rates were not constant.  

Wear rates between zero cut distance and the first cut distance create a first rate value or 

slope.  Rates between the first and second cut distance create a second slope.  This creates 

18 slope values in all.  Wear / distance rates were converted to wear / time rate by dividing 
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by the respective workpiece velocities.  Again, low speed data is ignored for formulation of 

Arrhenius coefficients, which leaves 12 slope values shown in the Arrhenius plot in Figure 

3-12.  Temperatures are determined using finite element data from Figure 3-2 using the 1 

˃Ƴ ŘŜǇǘƘ ƻŦ ŎǳǘΦ  ¢ƘǊŜŜ ōŜǎǘ-fit linear functions are created using the T-1 axis.  These three 

functions utilize data from the first slope values, the second slope values, and all 12 values.  

Corresponding Arrhenius coefficients are given in the table below.   

 

Figure 3-12: Arrhenius plot of mid and high-speed 2D wear area change vs. inverse of tool 
temperature determined from finite element models. 

To better visualize these results the first and second slope values of the Arrhenius 

coefficients Ea and A are substituted into Equation (3-4).  The temperature-speed relation in 

Figure 3-2 is substituted into Equation (3-4) using 1 µm depth of cut and keeping speed as a 
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variable.  This results in a smooth curve that gives wear/distance as a function of workpiece 

speed shown in Figure 3-13.  The model curves are plotted against the 18 wear rates shown 

as points.  Though low speed data was not used to determine Arrhenius coefficients, it is 

also presented for comparison. 

 

Figure 3-13: Arrhenius wear model and experimentally determined wear rates over 4 orders 
of magnitude of cutting speed. 

Figure 3-13 shows how the Arrhenius-type wear model, when coupled with a linear 

relationship between workpiece velocity and temperature.  The model and resulting curve 

explains how wear/distance decreases as speed increases, as observed by the comparative 

wear measurements in Figure 3-10.  Experimental cutting speeds with AISI1215 steel did not 

occur in the section of the Arrhenius wear curve that has positive slope, thus this trend is 

not verified experimentally.  However, results from Stavax machining in Section 3.5 do 

cover this range, verifying the existence of the wear minimum. 

Though depth of cut was not varied experimentally, the effect on wear can still be analyzed 

based on its relationship with temperature from FE simulations.  Using different DoC values 

in the temperature function developed in Figure 3-2, the Arrhenius wear model line can be 

recalculated with DoC as a parameter.  DoC was only varied between 0.5-н ˃Ƴ ƛƴ ǘƘŜ 
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simulation and the best-fit power function may not be valid outside this range.  However, 

the relationship is still predicted, and shown in Figure 3-14.  This shows that wear/distance 

increases with depth of cut near the wear minimum, which shifts to higher levels of wear at 

lower workpiece speeds.  Depth of cut has little effect on wear at extremely low speeds and 

a dramatic effect on high speeds. 

 

Figure 3-14:  Arrhenius wear model (Ea Ґ нтΦм ƪWκƳƻƭΣ ! Ґ онл ˃Ƴ
2/sec) for various depths of 

cut used in temperature formulation 

This relationship with depth of cut in Figure 3-14 is important to understanding how the 

wear model relates to EVAM.  Since EVAM produces uncut chip thickness smaller than the 

depth of cut, this may have a similar effect on the wear as reducing the depth of cut.  

3.5 ARRHENIUS MODEL FOR SST420 STAVAX 

To analyze the effects of the Arrhenius model on other materials, further cutting tests 

replicating those performed with AISI1215 steel were conducted on Stavax 420 stainless 

steel.  These experiments were conducted by Zack Edwards, an undergraduate under the 

supervision of the author and supported by Research Experiences for Undergraduates NSF 

grant during the Summer of 2011. 
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FE simulations were conducted in AdvantEdge that used the same mesh, geometry, and 

initial conditions from the AISI1118 models, but used SST420 workpiece material model 

from ǘƘŜ !ŘǾŀƴǘ9ŘƎŜ ƳŀǘŜǊƛŀƭ ƭƛōǊŀǊȅΦ  Lƴƛǘƛŀƭ ǎƛƳǳƭŀǘƛƻƴǎ ǿŜǊŜ Ǌǳƴ ŀǘ ŀ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƻŦ м ˃Ƴ 

for workpiece speeds of 1, 2, 3, and 4 m/s.  Extracted temperature results gave DT = 

29.57*vwkpc ŀǘ м˃Ƴ ŘŜǇǘƘ ƻŦ ŎǳǘΦ  ¢ƘŜ ōŜǎǘ-fit linear regression that gave this relationship 

had R2 correlation of 0.998.  Multiple depths of cut were not tested in AdvantEdge. 

The fabricated Stavax workpiece had 4 concentric rings (fins) with width of 0.25 mm width.  

The same flat nosed 2.28 mm wide tool with 6o clearance and 0o rake was used for AISI1215 

experiments were used (after relapping by the tool manufacturer).  The left image in Figure 

3-15 shows the Stavax workpiece and tooling setup used on the ASG2500 diamond turning 

machine.  Machining test were conducted at 1, 2, 3, and 4 m/s with wear measurements 

taken after 25 m and 50 m cutting distance.  After machining, the tool was observed in an 

optical microscope for metal pickup, shown in the right image of Figure 3-15.  The amount 

of pickup for the Stavax was greater than for the AISI1215.  Tools were cleaned and etched 

with nitric acid in preparation for wear measurement using the same method for AISI1215. 

 

Figure 3-15: Left: Stavax diamond turning experiment on ASG2500 DTM.  Right: Magnified 
view of metal pickup on diamond rake face post-machining. 

Rake 
Face

Metal Pickup 
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Surface finish of the Stavax fins were measured post machining in a Zygo NewView SWLI.  

Figure 3-16 gives an example measurement from the 2 m/s,  50m surface.  Surfaces for each 

speed and distance appeared similar, with drag marks along the cutting direction and 

pitting.  Surface finishes for all tests were 85-100nm Ra and 125-145nm rms.  Though not 

optical quality, this surface finish was superior to the AISI1215 surface (20% better Ra and 

15% better rms) and showed smaller drag marks. 

 

Figure 3-16Υ мллȄ ȊƻƻƳ όтлȄрл ˃Ƴ ǿƛƴŘƻǿύ {²[L ǎǳǊŦŀŎŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ {ǘŀǾŀȄ surface.  
95nm Ra, 141nm rms. 

Eight total EBID wear measurements were made and the worn-tool cross-sections are 

shown in Figure 3-17.  The general shape of the tool after machining Stavax appeared 

similar to the mid-speed AISI1215 experiments.  The general shape of wear was similar at all 

speeds and distances.  At low speeds, the change in wear between 25m and 50m distance 

was noticeably less than at high speeds. 
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Figure 3-17: EBID worn tool cross-sections for diamond tool turning Stavax  

The change in wear for a specific speed is illustrated by the wear area measurements 

presented in Figure 3-18.  The 2 m/s showed the lowest wear/distance rate, while the 4 m/s 

tests showed the highest.  Wear for Stavax machining was considerably higher than for 

AISI1215 at the same workpiece velocity. 

 

Figure 3-18: Wear vs. machining distance for CT of Stavax 
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Wear/time values are calculated from wear/distance values using workpiece speed.  The 

temperature vs. velocity relationship (DT = 29.57*vwkpc) from FE simulations gave 

temperature values for the Arrhenius plot in Figure 3-19.   

 

Figure 3-19: Arrhenius plot for diamond tool wear machining Stavax 

The least-squares line fit in Figure 3-19 resulted in much higher correlation coefficient than 

for AISI1215 experiments in Figure 3-12, therefore separate high and low Arrhenius 

coefficient values were not determined as in Figure 3-12 for the AISI1215 experiments.  The 

slope and intercept from the Arrhrnius plot resulted in Ea of 39.0 kJ/mol and A = 1.923x105 

um2/s.  These values are supplied to Equation (3-1), and plotted as wear/distance vs. speed 

in Figure 3-20.  Arrhenius model exhibits higher wear values over all speeds, and has a 

minimum at lower workpiece speeds than the AISI1215.  
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Figure 3-20: Arrhenius wear model and wear data for Stavax compared to the Arrhenius 
wear model for AISI1215. 

Stavax experiments showed an increase in wear/distance with cutting speed.  Without the 

context of the Arrhenius wear model, this would seem contrary to results from AISI1215, 

which decreased with speed.  This highlights the potential for discrepancy in literature, 

where some authors may note an increase in wear with velocity while others may claim a 

decrease.  Experimental results show that both cases may be true, but workpiece speed.  

AISI1215 experiments were not conducted past the wear minimum to verify that there is an 

actual minimum.  However, Stavax minimum is at lower velocities, and all workpiece speeds 

used with Stavax were above the wear minimum.  This verifies that a wear minimum does 

actually occur at a specific workpiece speed for diamond turning of ferrous alloys. 

3.6 DISCUSSION  

Multiple other studies present results that are related to those described in this chapter.  

The process of thermal modeling, wear measurement, and relationship to an Arrhenius-

type model is directly analogous to the result of Jiang et. al. [70].  Though their study was 

for diamond-like carbon films sliding on tungsten carbide, they arrived at similar 

conclusions: 1.) a linear relationship with sliding velocity and temperature  2.) minimum 
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value of wear / distance at a specific sliding speed (theirs was 0.25 m/s)  3.) relatively low 

activation energy near 27 kJ/kmol.  This activation energy was well below those reviewed as 

potential tool wear reaction mechanisms by Paul and Evans et. al. [19] or results from static 

diffusion tests [68].  This is likely due to the fact that new, clean surface of workpiece 

material is under constant contact with the tool.  While static diffusion specimens 

eventually saturate with diffused material, a concentration gradient is unable to form in the 

moving chip, thus maintaining a higher rate of diffusion.  This idea was discussed by 

Molinari and Nouari, who added an advective term to the classic 1D diffusion equation to 

analyze wear of carbide tools [62]Φ  IƻǿŜǾŜǊΣ ǘƘŜȅ ŘƛŘƴΩǘ ŎƻƳǇŀǊŜ ǎǘŀǘƛŎ ǘƻ ŀŘǾŜŎǘƛƻƴ-

diffusion models, and how they would relate to empirically determined activation energy.    

Other studies of chemical diamond tool wear also provide similar experimental results, 

though not in the context of a thermo-chemical wear model.  Brinksmeir and Glabe 

diamond turned Ck45N (AISI 1045) steel and measured wear via atomic force microscope 

[35].  They also saw variation in the tool wear shape with workpiece speed and a minimum 

level of wear that occurred at approximately 1.2 m/s workpiece velocity.  Though higher 

speeds were not performed in developing the model in Figure 3-13 ŀƴŘ ŘƛŘƴΩǘ ǾŜǊƛŦȅ ǘƘŜ 

minimum, Brinksmeir showed that a minimum does occur.  Thornton and Wilks observed 

that the wear rate (defined as worn surface area of the tool divided by formed surface area 

of the part in units of 10-7 mm2/mm2) decreased as surface speed increased from 0.2 to 11 

m/s [27,66].  They also noted that wear rate increased dramatically when they attempted to 

machine at very high speed (30 m/s).  Thornton and Wilks, and later Paul and Evans et. al., 

surmised that high levels of wear at low speeds were due to oxygen infiltrating the cutting 

zone and assisting the reaction between workpiece and tool materials.  Similarly, wear was 

reduced at higher speeds since there was not enough time for oxygen to enter the cutting 

zone.  Then at very high speeds, increased cutting temperatures overcome the lack of 

oxygen and again produce high wear rates.  Though availability or lack of oxygen may 
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indeed play a role in diamond wear, the Arrhenius type wear model proposed here 

accounts for this trend in wear rates without assuming multiple reaction mechanisms. 

Another important point is thŀǘ ¦ǎǳƛΩǎ ǿŜŀǊ ƳƻŘŜƭ ŘƻŜǎ ƴƻǘ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ 

data shown in Figure 3-10 and Figure 3-13.  If constant ƴƻǊƳŀƭ ǎǘǊŜǎǎ ˋn ƛǎ ŀǎǎǳƳŜŘΣ ¦ǎǳƛΩǎ 

model would predict a rise wear/distance with workpiece speed over the range of speeds 

ǳǎŜŘ ƛƴ ǘƘƛǎ ŎƘŀǇǘŜǊΦ  !ǘ ƘƛƎƘŜǊ ǎǇŜŜŘǎ ¦ǎǳƛΩǎ ǿŜŀǊ ƳƻŘŜƭ Ƴŀȅ ǿŜƭƭ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ǊƛƎƘǘ-side 

of the wear minimum in Figure 3-13.  Regardless, the functƛƻƴŀƭ ŦƻǊƳ ƻŦ ¦ǎǳƛΩǎ ƳƻŘŜƭ ŘƻŜǎ 

not predict a minimum. 

The Arrhenius plot for AISI1215 in Figure 3-12 does not include the low speed experiments.  

Given the temperature vs. speed relationship in Figure 3-2, these speeds would result 

temperatures very near ambient, and occur near the 3.42x10-3 K-1 point on the x-axis.  These 

would contribute little to the slope and intercept linear best-fit calculation used to 

determine activation energy and pre-exponentional constant.  High speed experiments 

yielding higher temperature data better evaluates these factors.   

Ultimately, the purpose of diamond turning is to produce excellent quality surface finish, 

and the purpose of understanding tool wear is to maximize the amount of surface machined 

before replacement of a tool.  This study does not address the complicated nature between 

tool wear and surface finish generation.  In addition, direct diamond turning of ferrous 

alloys by conventional methods is not economically feasible, even if machining at the 

minimums of Figure 3-13 or Figure 3-20.  However, this baseline understanding of the 

process mechanics may provide for optimization of other processes that utilize diamond to 

cut ferrous alloys.  Tailoring of sliding speed to achieve the wear minimum shown in Figure 

3-13 has potential to optimize proven methods such as grinding or vibration-assisted 

machining.  
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3.7 CONCLUSIONS 

A thermo-chemical wear model for diamond tool wear on ferrous alloy was proposed based 

on an Arrhenius-type relationship between wear and temperature.  Finite element 

modeling provided tool temperature values, while diamond turning experiments provided 

wear results.  The model explains how low-speed machining results in higher levels of wear 

over the same cutting distance than high-speed machining.  It also shows a minimum 

wear/distance occurs at a specific cutting speed. 

Activation energy, Ea, was found to lie between 24.95-29.31 kJ/mol for AISI1215, and 39.0 

kJ/mol for Stavax.  These values are much lower than activation energies predicted in 

literature. 

Geometric form of the 2D worn tool cross-section varied over each order of magnitude of 

speed.  Low speed machining (2-8 mm/s) resulted in worn tools with large wear land 

parallel to the cutting direction.  High speed machining (1-4 m/s) resulted in short wear 

lands that formed at an angle to the cutting direction.  Mid-speed experiments (71-284 

mm/s) showed a transition between the low and high speed forms.  Stavax wear at high 

speeds appear similar in form to mid-speed AISI1215, but larger in magnitude. 
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4 EVAM TERMINOLOGY AND KINEMATIC CALCULATIONS 

Every investigation of a new engineering process requires baseline calculations to define 

operating boundaries, potential effects of varying input parameters, and to generally 

understand the process.  Kinematic calculations of EVAM assume a geometric form of a 

skewed ellipse (or toolpath) superimposed on a moving surface (or workpiece).  Different 

factors are calculated such as relationship between surface finish and workpiece velocity, 

contact time of the tool, uncut chip shape, etc.  In their foundational paper on EVAM, 

Shamoto and Moriwaki presented some kinematic calculations to relate surface finish to 

workpiece speed [50].  Since then, nearly every group involved in EVAM research has 

provided some form of kinematic calculation to describe the process.  These calculations 

are accomplished via two methods: defining the toolpath motion as equations parameterize 

by time and solving for critical time points along the tool path [50,135], or assume implicit 

equations for ellipses and assume uncut chip shape can be defined by two overlapping 

ellipses [52,105,136,48,105].  The former is more complicated and requires numerical 

algorithms to solve for the timepoints, but does not make any geometric assumptions.  The 

latter provides explicit solution forms that do not require numerical methods, but solutions 

incur greater error at higher horizontal speed ratios (HSR).  Equation Chapter 4 Section 1 

There is not a unified lexicon of definitions describing kinematic EVAM toolpath 

calculations, though some such as horizontal speed ratio (HSR) or geometric surface finish 

are commonplace.  This chapter accomplishes the following: 1.) Provide nomenclature and 

description of variables used throughout the chapter and provide simple calculations for 

commonly used EVAM parameters 2.) define the equations of motion, critical timepoints, 

and calculation of more characteristic EVAM cutting parameters 3.) give examples of EVAM 

calculations and describe how input machining parameters relate to EVAM. 

 



 

77 

4.1 EVAM NOMENCLATURE  

EVAM kinematic parameters used throughout this chapter are separated into two 

categories: kinematic parameters and 2D uncut chip shape parameters.  Kinematic 

parameters are input parameters that define the equations of motion of the EVAM tool tip.  

The 2D uncut chip shape parameters are calculated from these equations of motion and 

relate the kinematic parameters to an expected chip formation and resulting surface finish.  

The following variables are defined with unitless [ ], length [L], or time [T] units noted: 

Kinematic parameters:   

¶ a, b [L]ς ellipse horizontal and vertical amplitude, respectfully (1/2 peak-to-valley 

width),. 

¶ DoC  [L]ς Depth of cut, distance from part surface to lowest point of ellipse 

¶ vwp [L/T] ς workpiece velocity with respect to ellipse center 

¶  ̟[1/T] - EVAM frequency in radians per second 

¶ f [1/T] - EVAM frequency in cycles per second 

2D Uncut chip parameters:  

¶ ufpc ς [L] up-feed per cycle, the distance the center of the ellipse travels in one 

EVAM cycle. 

¶ HSR ς [ ] horizontal speed ratio, ratio of the workpiece velocity to the maximum 

tangential velocity of the ellipse. 

¶ mhinς minimum tool clearance angle, equal to the angle of the tangent of the ellipse 

at the point where the tool enters the workpiece 

¶ ds ς [L] sliding distance per cycle, calculated section of tool trajectory which the tool 

is in contact with workpiece  

¶ rup ς [ ] sliding distance per upfeed ratio,ratio of ds to ufpc which can be multiplied 

by total cut distance to total sliding distance   
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¶ rduty ς [ ] duty cycle.  The fraction of each vibration period which the tool is in contact 

with the workpiece. 

¶ vx-maxς[L/T] ς maximum horizontal velocity.  Maximum horizontal tool tip vibration 

velocity added to the workpiece velocity 

¶ vmax_chip ς [L/T] ς tangential velocity at maximum chip thickness.  Vector sum of tool 

tip velocity components evaluated at a location of maximum vertical chip thickness. 

¶ ɲȅchip- [L] ς maximum vertical chip thickness.  Vertical thickness of the 2D uncut chip 

at the it is maximum value 

¶ PVup. [L] ς theoretical PV surface finish in the upfeed (cutting) direction 

¶ PVcross [L] ς theoretical PV surface finish in the cross-feed direction 

All 2D EVAM chip shape parameters can be known from 5 of these 7 defining parameters: a, 

b, DoC, vwp, w, ufpc, and HSR.  The upfeed per cycle is calculated by the following: 

 
wkpcv

ufpc
f

=  (4.1) 

The curve that results from the equations of motion for and EVAM toolpath is called a 

ǎƪŜǿŜŘ ŜƭƭƛǇǎŜΣ ŀƴŘ ƘƻǊƛȊƻƴǘŀƭ ǎǇŜŜŘ Ǌŀǘƛƻ όI{wύ ŘŜǎŎǊƛōŜǎ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ΨǎƪŜǿΩΦ  I{w 

greater than 1 means the toolpath never intersects itself, never comes out of contact with 

the part and performs non-overlapping cuts.  HSR less than 1 allows overlapping cuts, and 

all real EVAM cutting involves HSR<1.  HSR is intrinsically related to theoretical surface finish 

in the upfeed direction, PVup , and duty cycle, rduty, as originally described by Cerniway [52].  

PVup and rduty increase with increasing HSR, though PVup also depends on vertical ellipse 

amplitude, b.  HSR is calculated as the following: 

 wkpcv
HSR

aw
=  (4.2) 
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2D uncut chip area describes the amount of material removed per EVAM cycle.  Though 

uncut chip shapes can be complicated in form, the area is always equivalent to the 

following: 

 chipA ufpc DoC= Ö  (4.3) 

A well-known approximation for theoretical surface finish in the cross-feed direction based 

on feed width and tool radius is given by PVcross = f2/8R.  Theoretical surface finish in the 

upfeed direction, PVup , for EVAM can be approximated in the same way by replacing cross-

feed with ufpc and tool radius with ellipse major radius R2 = a2/b.  Rearranging terms gives 

the following approximation:   
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 (4.4) 

The PVup relation to frequency and workpiece velocity gives a constraint for obtaining 

ultraprecision surfaces using EVAM.  Given an EVAM frequency and a prescribed ellipse 

shape a and b, the available workpiece speed is limited by the square root of the PVup 

maximum limit: 

 max

8 up

wkpc

PV
v fa

b
- =  (4.5) 

The surface finish constraint on workpiece velocity requires speeds well below those 

typically used in high speed DT (>1 m/s).  For example, a PVup constraint of 25 nm produced 

by an ellipse shape of axb = сȄс ˃Ƴ ǿƻǳƭŘ ōŜ ƭƛƳƛǘŜŘ ǘƻ ŀ ǿƻǊƪǇƛŜŎŜ ǎǇŜŜŘ ƻŦ Ǿwkpc ~ 1.1x10-

6*f  [m/s], where f is given in Hz.  This would require an EVAM frequency of 0.91 MHz to 

machine at a workpiece speed of 1 m/s and maintain the surface finish criteria, or an EVAM 

tool vibrating at 60 kHz would be limited to machining at vwkpc = 65.7 mm/s.  In addition, 
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Equation (4.5) shows that ellipse shapes with larger horizontal amplitudes, a, and lower 

vertical amplitudes, b, allow for higher workpiece speeds and shorter machining times.   

4.2 COORDINATE SYSTEMS AND TIMEPOINTS 

The other 2D uncut chip parameters require calculations based on the skewed ellipse tool 

trajectory.  As previously mentioned, this is done by approximating two overlapping ellipses 

to represent two successive EVAM cycles, or to use a parametric representation of the tool 

trajectory and solve for critical timepoints along the path.  The latter method is discussed in 

the following section. 

4.2.1 WORKPIECE AND TOOL COORDINATE SYSTEMS 

/ƻƴǎƛŘŜǊ ŀ ŎƻƻǊŘƛƴŀǘŜ ǎȅǎǘŜƳ ŎŀƭƭŜŘ ǘƘŜ Ψǘƻƻƭ ŎƻƻǊŘƛƴŀǘŜǎΩ ǿƛǘƘ ƻǊƛƎƛƴ ƭƻŎŀǘŜŘ ŀǘ ǘƘŜ ŎŜƴǘŜǊ 

of the elliptical toolpath.  Tool coordinates are denoted by the T left superscript.  

Parametric representation of this trajectory that cycles at ˖ radians per second, and has 

horizontal and vertical amplitudes a and b, respectively, gives the following equations of 

motion: 

 
() ( )cos

( ) sin( )

T

T

x t a t

y t b t

w

w

=

=
 (4.6) 

When actually cutting, this ellipse locus is superimposed onto a moving workpiece surface.  

The part (or workpiece) coordinate system, denoted by left superscrip P, is defined with the 

same angular orientation as the tool coordinates.  The origin of the part coordinate system 

is located on an arbitrary point in the X direction, and shifted vertically to lie on the 

workpiece surface:  

 
() ()

( ) ( )

P T

wkpc

P T

x t x t v t

y t y t b DoC

= +

= + -
 (4.7) 
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When viewed on the part coordinate system, the ellipse locus becomes a skewed ellipse, 

with the following parametric equations of motion: 

 
() ( )cos

( ) (1 sin( ))

P

wkpc

P

x t a t v t

y t b t DoC

w

w

= +

= + -
 (4.8) 

These equations of motion in both part and tool coordinates are shown in Figure 4-1.  The 

part motion schematic shows DoC <b, though this actually depends on the chosen depth of 

cut. 

 

Figure 4-1: Plotted tool trajectories from equations of motion in tool and part coordinates 

An important factor is the maximum horizontal tool tip velocity.  This is the maximum 

relative velocity obtained between the tool tip and workpiece and depends not only on the 

workpiece speed, but the frequency and amplitude of the EVAM ellipse.  It is given by the 

following: 

 maxx wkpcv v aw- = +  (4.9) 

This highlights the fact that EVAM tool tip velocities are higher than the workpiece velocity, 

and increase with frequency and horizontal ellipse amplitude.  The example EVAM 

parameters given after Equation (4.5) ǎƘƻǿŜŘ ŀ сȄс ˃Ƴ ŜƭƭƛǇǎŜ ŀǘ f=60 kHz would require 

vwkpc = 65.7 mm/s to maintain a PVup of 25 nm.  This same set of parameters would give a 

maximum horizontal tool tip velocity of Vx-max = 2.33 m/s.  This shows that though workpiece 

ĔT x

ĔT y
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b

ĔPx

ĔP y
wkpcv t

b
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Tool Tip Motion: Tool Coordinates Tool Tip Motion: Part Coordinates
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speeds are limited by the EVAM process and obtainable surface finish, relative tool tip 

velocities are closer to non-EVAM workpiece speeds. 

4.2.2 TIMEPOINTS ALONG ELLIPSE TRAJECTORY 

Critical timepoints noted on the trajectories in Figure 4-2 and Figure 4-3 are used to 

calculate the 2D uncut chip parameters not previously defined.  They are described as 

follows: 

¶ T ς EVAM cycle period, 2ˉκ˖ 

¶ t0 ς start of cycle, t=0 

¶ t1 ς tool enters the workpiece on the first cycle 

¶ t2 ς tool enters the workpiece on the second cycle, 

¶ t3 ς tool reaches the workpiece surface or end of cycle 

¶ tmc ς maximum vertical unut chip thickness; tool reaches a point directly below t3 in 

part coordinates 

While t1 and t2 coincide in space for the ellipse in part coordinates, shown in Figure 4-2, 

they do not in tool coordinates in Figure 4-3.   While t3 and tmc are exactly vertical from one 

another in part coordinates, they do not coincide vertically in tool coordinates  The tool 

passes through the timepoints in the order t0 < t1 < t2 < tmc < t3 < T in tool coordinates, but in 

part coordinates they may occur during different oscillation periods. 

 

Figure 4-2: Critical timepoints evaluated on the ellipse in tool coordinates. 
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Figure 4-3:  Critical timepoints evaluated on the ellipse in part coordinates 

4.2.2.1 CALCULATING T1 AND T2 FOR ENTRY TIMES 

The timepoints t1 and t2 lie at the same point in space in part coordinates.  Two equations of 

motion evaluated at two timepoints yields the following system to solve for t1 and t2: 

 
( ) ()

( ) ()

0

0

P P

P P

x t T x t

y t T y t

+ - =

+ - =
 (4.10) 

This non-linear system of two equation cannot be solved explicitly, but can be solved using 

numerical methods (for example, the fsolve() function in Matlab) with good initial guess 

values of 3T/4.  For low HSRs, the following gives good estimates for t1 and t2: 
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 (4.11) 
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 (4.12) 

These were determined by assuming t1 and t2 are spaced apart in part coordinates a 

distance equal to ufpc.  The factor n accounts for tƘŜ ΨǎƪŜǿƛƴƎΩ ƻŦ ǘƘŜ ŜƭƭƛǇǎŜǎ ǿƛǘƘ ǘƘŜ 

workpiece velocity term.  This does not give exact values for t1 and t2, but may be used 
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when a numerical solver is unavailable.  One method to describe the spatial error of the t1 

and t2 estimation is to evaluate Px(t) at the estimated values of t1+T and t2.  Since these 

timepoints are supposed to coincide in space, an error is the difference between Px(t1+T) 

and Px(t2).  This error can be normalized against the ufpc, to give the spatial error in t1 and t2 

calculations as a percentage of ufpc. This error value can be simplified into a function of HSR 

given by the following equation and graphed in Figure 4-4. 

 
( ) ()1 2 11 1 1

% cos
1 2 1

P Px t T x t HSR
Error

ufpc HSR HSR

p

p

-
+ - Öå õ

= = - - æ ö
+ +ç ÷

 (4.13) 

 

Figure 4-4:  Spatial error as a percentage of ufpc produced by t1 and t2 estimation in 
Equation (4.12) 

This shows that for HSRs below %30, the spatial error in the t1 and t2 calculations of (4.12) is 

less than 2% of the ufpc.  An example of the t1 and t2 estimation error is best viewed when 

attempting to calculated the intersection point they describe.  Figure 4-5 shows a plotted 

example EVAM ellipse (a=0.006, b=0.006 , w=2*p*1000 rad/sec, vwkpc=0.004, arbitrary units) 

in tool coordinates.  Equation (4.6) is evaluated at the t1 and t2 timepoints.   
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Figure 4-5: t1 and t2 timepoints evaluated in tool coordinates equations of motion 

When the ellipse equations are evaluated in part coordinates, the location of timepoint t2 

should lie on the intersection point.  Figure 4-6 shows the parametric ellipse in part 

coordinates, and the ellipse equations evaluated at the estimated values of t1 and t2.  A 

zoomed view of the t2 point shows the error in the estimation is very small (3E-6) compared 

to the ufpc (0.004).  This error is 1/2 the error calculated using Equation (4.13) since t1+T 

would occur the same distance to the left of the intersection in the lower part of Figure 4-6. 
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Figure 4-6: Example spatial error is 0.15% of ufpc from estimated t1 and t2 timepoints 

The EVAM parameters used in this example gives an HSR of 0.106.  The spatial error at this 

value is 0.15% of the ufpc calculated using Equation (4.13).   

4.2.2.2 CALCULATING TMC AND T3  

The time point at which the tool exits the workpiece depends on the depth of cut and minor 

ellipse amplitude, b.  If b > DoC, the center of the ellipse is above the workpiece surface and 

tool will reach the workpiece surface before completing each cycle.  If b < DoC, the center of 

the ellipse is below the workpiece surface, and the tool will lose contact with the chip at t = 

nTΦ  ¢Ƙƛǎ ǿŀǎ ŘŜŦƛƴŜŘ ŀǎ Ψ¢ȅǇŜ мΩ ƻǊ Ψ¢ȅǇŜ нΩ ŎƘƛǇΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ōȅ bŜƎƛǎƘƛ [105].  In the case 

that b > DoC, t3 is determined by evaluating the y-component of equation (4.8) at the part 

surface, which means solving Py(t3) = DoC-b for t3.  This yields the following calculation for 

t3: 

 3

1
arcsin 1

DoC
T if b DoC

t b

T if b DoC

w

ë å õ
+ - >î æ ö

= ç ÷ì
î <í

 (4.14) 
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EVAM produces uncut chip shapes that are thinner than the depth of cut similar to that 

shown in Figure 4-3.  The maximum thickness of the uncut chip lies vertically below the 

location of t3 on the next cycle.  Once t3 is calculated using equation (4.14), tmc is found by 

solving the following:   

 3( ) ( ) 0P P

mcX t T X t+ - = (4.15) 

Unfortunately, equation (4.15) can only be solved for tmc numerically.  Solving (4.15) for tmc 

may yield multiple roots, so the root finding algorithm should be bounded by the limits 3T/4 

< tmc < T.  If b < DoC, and t3 = T, then tmc is the first positive root of the following: 

 
2

cos( )
wkpc

mc wkpc mc

v
a t v t a

p
w

w
Ö =- + +  (4.16) 

4.2.3 EXAMPLE OF CALCULATED TIMEPOINTS 

As an example, EVAM parameters are supplied to a Maple worksheet that plots the elliptical 

trajectories in part and tool coordinates and displays points that give the location of 

timepoints calculated using the previous methods.  Results are shown in Figure 4-7.  EVAM 

kinematic parameters used are a=0.006, b=0.006, vwkpcҐпΣ ˖ Ґнϝp*1000.  Units are 

arbitrary, but can be assumed in [mm] and [sec].  These values also give ufpc = 0.004 and 

HSR = 0.053. 

 

Figure 4-7: Example timepoint calculations displayed in tool and part coordinates 
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4.3 2D UNCUT CHIP PARAMETERS 

Given all the critical timepoints are known, the 2D uncut chip parameters can now be 

calculated.  In an EVAM cycle, the tool is only in contact with the workpiece for the fraction 

of the vibration period.  The time in contact lies between t1 and t3, and the contact ratio, 

rcontact, gives this time as a fraction of the period:   

 3 1
duty

t t
r

T

-
=  (4.17) 

This is only an estimate, since t3 does not describe when the tool comes out of contact, but 

when the tool reaches the workpiece surface.  Typical values for rcontact are near 25%, 

though this value is smaller for DoC < b.  This is also called the duty cycle by others 

researching linear VAM [106] or EVAM [48,52,105,136]. 

During each cutting cycle, and EVAM tool contacts the workpiece over a longer distance 

than the ufpc.  The sliding distance, ds, is determined by integrating the arclength of the 

toolpath in part coordinates between the timepoints t1 and t3.  First, this requires the 

tangential velocity of the ellipse in part coordinates: 

 
2 2

( ) ( ) ( )P P

mag

d d
v t x t y t

dt dt
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 (4.18) 

Equation (4.18) can be evaluated at any timpoint to determine the tangential velocity at 

that point.  One of particular interest is the velocity at the maximum chip thickness, or 

vmag(tmc).  The tangential velocity is integrated between the timepoints t1 and t3 to get the 

sliding distance: 

 
3

1

( )

t

s
t

d v t dt=ñ  (4.19) 



 

89 

The ratio of sliding distance to upfeed per cycle, when multiplied by to total cutting 

distance, gives the total distance over which the tool is in contact with the workpiece:  

 s
up

d
r

ufpc
=  (4.20) 

Using the aforementioned timepoints, a more exact calculation for theoretical surface finish 

in the upfeed direction, PVup, can be calculated as the vertical distance bewteen of t1 or t2, 

and the bottom of the ellipse that occurs at 3T/4: 

 
1( ) (3 / 4)P P

upPV y t y T= -  (4.21) 

The final 2D uncut chip shape parameter is the maximum vertical chip thickness.  This 

parameter is shown on the schematic in Figure 4-3.   

 
4( ) ( )P P

chip mcy y t y tD = -  (4.22) 

4.4 RELATIONSHIPS BETWEEN PARAMETERS 

The previous section details the methods for calculating co-dependent 2D uncut chip shape 

parameters based on the independent kinematic parameters.  The consequence of each 

parameter on EVAM cutting characteristics is not directly obvious from the equations.  The 

following demonstrates the effects of varying EVAM parameters.  Each 2D uncut chip shape 

parameter is calculated over a range of one or more input kinematic parameters.  Resulting 

values are normalized against the maximum.  Resulting plots show how EVAM chip shape 

parameters increase, decrease, or remain constant as input values change. 

4.4.1 VARY WORKPIECE VELOCITY (FREQUENCY AND ELLIPSE SHAPE CONSTANT) 

Increasing workpiece speed (or spindle speed) in non-vibration DT reduces total machining 

time without great effect on tool forces or surface finish as long as the crossfeed per 

revolution rate is constant.  Increasing workpiece speed with EVAM, while maintaining the 

same ellipse shape and frequency, increases the PVup surface finish, 2D uncut chip area, and 
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relative tool tip velocities.  In general, increasing vwkpc without any other parameter creates 

ŀ ƳƻǊŜ ΨŀƎƎǊŜǎǎƛǾŜ ŎǳǘΩΦ  Figure 4-8 and Figure 4-9 demonstrate how vwkpc affects EVAM chip 

shape parameters.   

Every output parameter plotted in Figure 4-8 increases or remains constant with HSR except 

for the rup ratio.  The sliding distance per cycle remains relatively constant while the ufpc 

increases with the higher workpiece speed.  The larger HSR in Figure 4-9 demonstrates 

graphically the increased 2D uncut chip area and more aggressive cut.  The most important 

factor from an manufacturing point of view is the PVup geometric surface finish.  This 

increases monotonically with HSR and eventually reaches a maximum value of 276 nm for 

HSR of only 10.5%.  For this reason, it is suggested that PVup be used as a constraint in 

defining EVAM input parameters.   

4.4.2 VARY ELLIPSE SHAPE (FREQUENCY AND PV SURFACE CONSTANT) 

Equations (4.4) and (4.5) demonstrated how PVup surface finish depends on ellipse shape, 

workpiece velocity, and frequency.  If ellipse shape ratio, r = a/b is varied without 

simultaneously varying other kinematic parameters, the surface finish will change as well.  

Since surface finish is a desired result of EVAM machining, this is kept constant in the 

following example by varying vwkpc, according to equation (4.5).  Also, ellipse swept area is 

kept constant.  Figure 4-10 and Figure 4-11 show the results of varying ellipse amplitude 

ratio with constant PVup.  The PV surface finish result shown in Figure 4-10 is not constant 

and decreases with increasing r despite using equation (4.5) to vary vwkpc.  This is due to an 

increasing HSR with r, which causes equation (4.5) to become more erroneous.  Still, the 

PVup only varied between 22-24 nm.  Also, at r =1.2, the vertical ellipse amplitude b drops 

below DoC.  This changes the form of the chip, and has an abrupt affect on the percent time 

in contact, or duty cycle (rduty), causing it to become more constant at higher r values.  

Results show workpiece velocities range from 0.195 mm/s at r=0.1, 1.10 mm/s at r=1, and 

6.16 mm/s at r=10.  These individual workpiece speeds could be varied simultaneously with 
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frequency without any affect on PVup, though this would increase tool tip velocity.  

Interestingly, the tool tip velocity at the maximum vertical chip thickness obtains a 

minimum near r=1.2 (circular toolpath) while the thickness itself obtains a maximum.  The 

rcontact (% time in contact) becomes more constant at approximately r=2 because the vertical 

ellipse amplitude b drops below the DoC, which causes the tool to lose contact with the chip 

only when each cycle is completed and horizontal velocity reverses sign, or t=T. 

4.4.3 DECREASE HORIZONTAL AMPLITUDE AND INCREASE FREQUENCY 

For resonant VAM and EVAM systems, the available amplitude decreases as the resonant 

frequency increases [48].  This phenomena is studied by varying horizontal amplitude and 

EVAM frequency while keeping the ratio a/f  constant.  Workpiece speed is also kept 

constant.  This maintains a constant HSR as well.  The vertical amplitude b is maintained at 5 

˃Ƴ ŦƻǊ ŜŀŎƘ ŎŀƭŎǳƭŀǘƛƻƴΦ  ¢Ƙƛǎ ƛŘŜŀ 

Results are shown in Figure 4-12 and Figure 4-13.  Surface finish, maximum vertical chip 

thickness, maximum tool tip velocity, duty cycle, and HSR all remained constant, and 

therefore were not displayed in Figure 4-12.  As a decreases and f increases (left to right on 

the graph) the 2D uncut chip area decreases linearly indicating a less aggressive cut.  When 

a = b Ґ р ˃Ƴ όŎƛǊŎǳƭŀǊ ŜƭƭƛǇǎŜύΣ ǘƘŜ ǎƭƛŘƛƴƎ ŘƛǎǘŀƴŎŜ ǇŜǊ ǳǇŦŜŜŘ Ǌŀǘƛƻ rup increases abruptly as 

the ellipse shape transforms from horizontal to vertical.  This indicates more rubbing with 

the tool.  In reality, higher frequency tools perform with smaller a and b, though only a was 

varied in this parametric study.   
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Figure 4-8: Results from parametric study varying HSR.  axb Ґ сȄс ˃ƳΣ DoC Ґ р ˃ƳΣ f = 1 kHz, vwkpc =  0.063..3.98 mm/s. 

 

Figure 4-9:  Example 2D uncut chip shapes from parametric study varying HSR  
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Figure 4-10:  Results from parametric study varying ellipse shape.  Ellipse swept area is kept constant (a*b Ґ мс ˃Ƴ2) and 
theoretical PV surface finish is constant according to equation (4.5).  f=1 kHz, DoC Ґ р ˃Ƴ , vwkpc = 0.081..14.608 mm/s (ascending 

left to right on graph). 

 

Figure 4-11:  Example 2D uncut chip shapes for varying ellipse ratios. 
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Figure 4-12: Results from parametric study varying horizontal amplitude, a.  f = 1 kHz, vwkpc = 0.2 mm/s, DoC Ґ р ˃ƳΦ  tŀǊŀƳŜǘŜǊǎ 
not listed are constant. 

 

Figure 4-13: Example 2D uncut chip shapes for varying horizontal ellipse amplitude, a. 
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4.5 DISCUSSION 

The input parameters used to fully define and EVAM tool motion are given.  Based on these 

input parameters, a list of output parameters are calculated.  These output parameters are 

chosen that have possible correlation with EVAM tool temperature or forces.  The complex 

relationship between input and output parameters are exemplified through several 

calculation studies.  These calculations, with examples, show that EVAM has some uniquely 

different properties than conventional DT: 

1.) EVAM workpiece velocity is substantially less than typical non-vibration assisted DT 

speeds.  This is due to limitations set by the theoretical surface finish in the upfeed 

direction 

2.) EVAM tool tip velocities are greater than the limited workpiece velocity.  This is due 

to the superimposed vibratory motion. 

3.) An EVAM tool tip contacts/rubs the workpiece over a longer distance than the 

machining distance, ie. the sliding distance is much greater than the distance 

traversed.   

Temperature and forces cannot be modeled solely from the calculations made in this 

chapter.  This chapter highlights potential avenues and constraints for optimizing the EVAM 

process and highlights the potential consequences.  These calculations also develop a 

conceptual basis for further FE simulations that can calculate tool temperature and forces.  
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5 EXPLORATION OF EVAM THROUGH FEM 

The parametric calculations in Chapter4 defined certain EVAM parameters that have been 

correlated to tool temperature, forces, and resulting tool wear.  Measuring the effect of 

these parameters on tool temperature is difficult for the same reasons as conventional DT, 

as was described in Chapter 2.  In Chapter 3, DT tool temperatures were predicted using 

finite element modeling of the cutting process using AdvantEdge by ThirdWave Systems.  

This chapter provides a thorough analysis of forces and temperature as they relate to 

EVAM.   

Brehl et. al. noted in his VAM review that very few authors had truly measured or at least 

modeled the transient temperatures in VAM [48].  Most authors predict tool temperature is 

lower with VAM due to the periods of cooling during the vibration cycle, and this is the 

reason for reduced wear and improved surface finish.  This idea was addressed thoroughly 

ƛƴ .ǊŜƘƭΩǎ ǊŜǾƛŜǿΣ ōǳǘ ƻƴƭȅ ƻƴŜ ŀǳǘƘƻǊ ǿŀǎ ŎƛǘŜŘ ǘƘŀǘ ŀŎǘǳŀƭƭȅ ƳŜŀǎǳǊŜŘ ŀƴŘ modeled VAM 

temperature.  Babitsky et. al. measured temperature in macro-scale, ultrasonic LVAM of 

Inconel 718 using a infrared camera [60].  Contrary to popular theory, tool temperatures 

were about 15% higher with their 20 kHz device.  This was correlated to results from FE 

modeling of the cutting.  Higher temperatures were also measured by Nategh et. al. during 

ultrasonic machining of Al7075, though tool material and measurement methods were not 

noted [61].   

Given the relationship between workpiece speed and tool temperature discussed in 

Chapter 3, it is reasonable to believe VAM may produce higher temperatures.  The 

superimposed vibration causes higher relative tool tip velocities, which is intimately related 

to temperature as discussed in Chapter 3.  However in VAM and especially EVAM, this is 

mitigated by reduced chip thickness and cooling periods during the vibration cycle which 

may reduce the average temperature.  Finite element modeling of the EVAM process allows 

the consequence of these combating factors to be known.  The Arrhenius wear model, 
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which is a non-linear function of the temperature, further complicates the relationship 

between EVAM parameters, temperature, and wear.  The nonlinear functional form of the 

Arrhenius wear model is exacerbated by higher temperatures, therefore peak VAM 

temperatures may outweigh the effect of cooling.  This chapter discusses the effects of the 

Arrhenius wear model on the obtained EVAM temperatures. 

Several authors have attempted FE or other numerical modeling of LVAM and EVAM, but 

tool temperature results are limited.  A very recent study by Zhou et. al. conducted FE 

simulations of EVAM using the software MSC.Marc, but focused on stress and forces and 

did not mention tool or workpiece temperature [137].  Liang et. al. conducted molecular 

dynamics simulations of EVAM of silicon with vibration ellipse size of 1x0.5 nm and 80 GHz 

oscillation frequency [138].  Though they observed similar reduction in forces seen 

elsewhere, most VAM occurs at amplitudes larger than a micron and frequencies less than 

100 kHz.  Overcash and Cuttino developed a model for transient tool temperatures of a 

vibrating tool based on conventional machining temperatures obtained through 

AdvantEdge [59,139].  They conducted multiple non-vibration simulations at varying speeds.  

These temperatures were superimposed on one another according to the cyclic velocity 

function of their oscillating tool.  Their oscillating tool had a non-sinusoidal vibration motion 

in which the majority of cutting occurred with relative tool tip velocity equal to the 

ǿƻǊƪǇƛŜŎŜ ǎǇŜŜŘΣ ŦƻƭƭƻǿŜŘ ōȅ ŀ ΨǇǳƭǎŜΩ ƻŦ ƘƛƎƘ ǾŜƭƻŎƛǘȅΣ ŦƻƭƭƻǿŜŘ ōȅ ŀ ǎƘƻǊǘ ǇŜǊƛƻŘ ƻŦ ƴƻƴ-

ŎƻƴǘŀŎǘ ŎŀƭƭŜŘ ǘƘŜ ΨŎȅŎƭŜ-ƻŦŦΩ ǇŜǊƛƻŘΦ  ¦ƭǘƛƳŀǘŜƭȅ ƛǘ ǿŀǎ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ΨŎȅŎƭŜ-ƻŦŦΩ ǇŜǊƛƻŘ 

that determined how the tool temperature was reduced from conventional machining 

levels.  This work was the first thorough analysis of tool temperature in vibration assisted 

machining, but the tool motion is quite different than most LVAM devices, and not easily 

compared to EVAM.   

The major pitfall of hǾŜǊŎŀǎƘΩǎ ƳƻŘŜƭ ƛǎ ǘƘŀǘ ƛǘ does not consider residual temperature in 

ǘƘŜ ǘƻƻƭ ŀƴŘ ǿƻǊƪǇƛŜŎŜ ŀŦǘŜǊ ǘƘŜ ΨŎȅŎƭŜ-ƻŦŦΩ ǇŜǊƛƻŘΦ  5ǳǊƛƴƎ ǘƘŜ period of non-contact, the 

tool and workpiece will cool at different rates according to their thermal material 
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properties, boundary conditions, and geometry.  Once contact is made again, residual 

temperature fields in the tool and workpiece will created an initial condition different than 

that of the initial heating in the conventional machining model.  These initial conditions will 

change again and again for a number of cycle iterations until a semi-steady state 

temperature emerges.  The heating temperature curves that used the superposition model 

assume ambient conditions at the onset of cutting.   

John PattenΩs group at Western Michigan University worked with ThirdWave to create a 

ǘƻƻƭ ǾƛōǊŀǘƛƻƴ ǊƻǳǘƛƴŜ ƛƴ !ŘǾŀƴǘ9ŘƎŜ ǘƘŀǘ ŘƛŘƴΩǘ ǊŜǉǳƛǊŜ hǾŜǊŎŀǎƘΩǎ Ǉƻǎǘ ǇǊƻcessing 

temperature model.  The WMU group used the linear VAM option in AdvantEdge to predict 

diamond tool temperatures cutting AISI12L14 (which is not available through the 

AdvantEdge material library)Σ ŀƴŘ ǘƻ ǊŜƭŀǘŜ ǘƻ hǾŜǊŎŀǎƘΩǎ temperature superposition model 

[140].  They observed a reduction in peak tool temperatures when increasing workpiece 

velocity at the same vibration frequency and amplitude.  The LVAM parameters they used 

included large HSR values (25%, 100% and 200%).  For the 100% and 200% HSR simulations, 

the tool never left contact with the workpiece.  The reduced temperature occurred for the 

25% HSR simulation where the tool could come out of contact with the workpiece.  This 

highlights the benefit of low HSR, but had cutting conditions that are generally not 

considered.  This study highlighted the utility of FE and AdvantEdge in particular to predict 

tool temperature as a function of machining parameters. 

For this dissertation, a similar analysis of EVAM was required.  Engineers at ThirdWave 

Systems Inc. provided a beta version of their FEM software AdvantEdge that included 

elliptical tool motion.  Previous versions had options for linear vibration motion, but 

toolpath x(t) and y(t) parametric equations were limited to sinusoidal functions.  The 

version provided to the PEC, AdvantEdge V5.5-021, included an option for a phase angle to 

be included in the toolpath parametric equations, allowing either the x or y motion to be 

cosinusoidal, and the overall toolpath to be elliptical.   
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The FE modeling in this chapter provides the relationship between EVAM parameters and 

tool temperature.  The parametric studies conducted in Chapter 4 are repeated here, but 

with larger ellipse sizes.  Tool force and temperature results are related to observations 

made from the parametric studies.  Furthermore, the Arrhenius model is applied to 

resulting temperatures, and related trends in wear rate are predicted for future 

experimental comparison.   

5.1 SIMULATION SETUP 

A variety of tool geometry and meshing, machining parameters, and numerical simulation 

parameters were attempted until an EVAM simulation could reach a semi-steady state with 

computation time under several days.  Multiple attempts were made at creating simulations 

that could mimic the scale of EVAM with the Ultramill (1-п ƪIȊ ŀƴŘ ŜƭƭƛǇǎŜǎ ǳƴŘŜǊ ннȄп ˃ƳύΦ  

However, computation times for these exceeded a week to achieve one EVAM vibration 

cycle.  It was found in later successful simulations, that steady state is not achieved until 

after 5 or more cycles.  It was felt that choosing a simulations setup that could offer more 

complete simulations at a different scale were more useful than few simulations at the 

same scale as machining tests.  For this reason, baseline EVAM simulation was created that 

replicates Ultramill cutting geometry at 10x scale.  A discussion of why the micro-scale 

cutting geometry requires longer simulation times is given followed by the baseline EVAM 

simulation setup and initial results. Equation Chapter 5 Section 1 

5.1.1 FEM ISSUES WITH ULTRAPRECISION VAM  

Transient thermal finite element models have a maximum integration time step for stability.  

This maximum time step depends on the conduction length of elements in the region of 

highest thermal gradient and the thermal diffusivity [141]: 
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Thermal diffusivity of diamond is 1212 mm2/sec, which is approximately 10x higher than 

copper, and 100x higher than steel.  This ultra-high diffusivity requires much smaller time 

steps to accurately resolve the transient thermal response in an element.  For diamond 

micro-cutting, depth of cut is on the order of microns, therefore element sizes near the 

cutting region need to be a fraction of a micron to resolve stresses, temperatures, and any 

other solution value near the cutting zone.  Assume the minimum element size in a FE tool 

model is ɲmin = n*[µm] (fraction of a micron).  Given these values, an approximate minimum 

time step is the following: 
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Thus a maximum time step size for FEM of diamond turning is some fraction of 0.2 

nanoseconds depending whatever fraction of a micron, n, is the smallest element size.  The 

time to reach thermal steady state depends on thermal material properties and total size of 

the heated body.  For a 1D finite media of length L, steady state is approximately reached 

when the Fourier number Fo = 3 [142], or for diamond: 
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(5.3) 

This means that a diamond with conduction length of 1 mm will reach steady state on the 

order of 2.5 ms.  Using the time to reach steady state and the maximum integration time 

step, the estimated total number of integration steps is: 
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The number of time steps to reach steady state does not depend on material properties.  

Assuming the diamond tool is millimeters in scale, and the minimum element size is a 

fraction of a micron, then [κɲmin җ 1000.  This means that at least 12 million integration 

steps are required to accurately resolve the transient temperature fields in FEM of diamond 

turning.  AdvantEdge automatically calculates the step size in machining simulations.  This 

shows why simulation times for ultraprecision machining take long simulation times 

(approximately 24 hrs for conventional machining tests in Chapter 3).   

Yet another issue is the number of mesh elements in the workpiece required to generate 

the complex chip formation with EVAM.  AdvantEdge uses a re-meshing algorithm that 

increases mesh density in areas of large strain.  In conventional turning, this is mostly 

limited to the primary shear zone.  After material has left the primary shear zone and enters 

the chip in conventional cutting models, mesh density is reduced and overall number of 

elements is kept relatively low and constant.  In EVAM simulations, the complex chip 

formation includes more than one primary shear zone (ie. the major and minor chip in 

Figure 5-2 ) and mesh density remains relatively high in the chip.  This requires a high 

element limit (~24,000) to be set before simulations are started, and increases the overall 

computation time compared to conventional cutting simulations. 

Another issue is the relationship between tool model size and thermal dynamics.  Increased 

tool size is like increased thermal capacitance, causing slower thermal response to input 

fluxes.  Temperature results from initial EVAM simulation tests highlighted the effect of tool 

size on tool temperature.  Figure 5-1 shows two tool meshes tested.  The larger tool mesh 

resulted in slightly slower heating, and residual temperature at the end of the cooling cycle 

was 4.1o C less.   
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Figure 5-1:  Example maximum temperature results for two tool model sizes of 20 kHz, 
ммлȄнл ˃Ƴ 9±!a ǎƛƳǳƭŀǘƛƻƴΦ 

One solution to requiring a large tool model for accurate thermal dynamics is to use semi-

infinite boundary elements, although not available in AdvantEdge.  This would allow the 

thermal response of a large tool, but require much fewer elements and thus simulation 

time.  Semi-infinite boundary elements simulate the geometry of a body that is several 

orders of magnitude larger than the process zone.  While this method has been used by 

others conducting FEM of diamond turning [126,143], it has inherent problems in achieving 

steady state solutions.  Without any heat losing boundary conditions like convection, 

conduction, or isothermal, temperatures within semi-infinite bodies approach infinity with 

time.  Implementation of infinite elements was recommended to ThirdWave, but could not 

be done in time for this study. 

5.1.2 BASELINE EVAM SIMULATION SETUP 

Single crystal diamond tool material and AISI1118 steel workpiece material are used similar 

to the conventional machining simulations in Chapter 3.  An initial 0.5 mm tall tool model 

was tested, resulting in the temperature response in Figure 5-1.  Since temperature values 
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varied little between the 1mm and 0.5mm models, the 0.5 mm tool was used for all further 

simulations.  Table 5-1 gives the EVAM parameters for the first successful simulation.  All 

future EVAM simulations were based on this initial working model. 

Table 5-1: Machining parameters for initial FE model of EVAM  

EVAM Frequency 10 kHz 

Ellipse Shape 110 x 20 µm 

Depth of Cut 40 µm 

Workpiece Velocity 0.2 m/s 

Tool Material Single Crystal Diamond 

Workpiece Material AISI 1118 Steel 

 

¢ƘŜ ǘŜǊƳ ΨŘŜǇǘƘ ƻŦ ŎǳǘΩ ƛƴ Table 5-1 is the same used throughout this dissertation.  For 

EVAM this is defined as the distance between the workpiece surface and the bottommost 

Ǉƻƛƴǘ ƻŦ ǘƘŜ ŜƭƭƛǇǎŜΦ  Lƴ !ŘǾŀƴǘ9ŘƎŜ ǘƘŜ ǾŀǊƛŀōƭŜ ΨŦŜŜŘΩ ǎŜǘǎ ǘƘƛǎ ǾŀƭǳŜΦ  CƻǊ 9±!a ǎƛƳǳƭŀǘƛƻƴǎ 

ǘƘŜ ΨŦŜŜŘΩ ǾŀƭǳŜ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ Řƛstance between the workpiece surface to the center of 

ǘƘŜ ŜƭƭƛǇǎŜΦ  ¢ƘŜ ΨŦŜŜŘΩ ǾŀƭǳŜ ƛƴ !ŘǾŀƴǘ9ŘƎŜ ƛǎ ǎŜǘ ŀŎŎƻǊŘƛƴƎƭȅ ǘƻ ƎƛǾŜ ǘƘŜ ŘŜǇǘƘ ƻŦ ŎǳǘΦ 

5.1.3 BASELINE EVAM SIMULATION RESULTS 

The baseline simulation was ended after reaching steady state.  This required approximately 

8 EVAM vibration cycles in Figure 5-1.  Results were plotted in TecPlot using the ThirdWave 

loader.  Strain rate and temperature contour plots during one EVAM cycle are shown in 

Figure 5-2.  Several points of interest are noted: 

1.) Minor then major chip formation can be seen.  The primary shear zone, evident by 

higher shear rates, starts in the minor chip formation at timepoint b.  Between 

timepoint b and c, the primary shear zone switches from the front of the major chip 
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to the back.  Though this is an important part of the EVAM chip formation, this is not 

mentioned in EVAM tool force models [52,105,144,145]. 

2.) Temperature in the tool is seen to reduce between timepoints c and d before the 

tool comes out of contact.  This is evidenced by the fewer and lower temperature 

contours near the tool tip. 

3.) Friction reversal, touted by the original EVAM investigators [50,51], is evident in the 

strain rate plot in timepoint d.  The primary shear zone is no longer evident, but 

frictional deformation can be seen in the minor chip. 
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Figure 5-2Υ  tƭŀǎǘƛŎ ǎǘǊŀƛƴ ǊŀǘŜ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ŎƻƴǘƻǳǊ Ǉƭƻǘ ǊŜǎǳƭǘǎ ŦǊƻƳ млƪIȊΣ ммлȄнл ˃Ƴ 
EVAM simulation.  

Force and peak temperature data were extracted from the simulation in Figure 5-2.  These 

are plotted in Figure 5-3, with timepoints corresponding to the four snapshots in Figure 5-2. 
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Figure 5-3Υ ¢ƻƻƭ ŦƻǊŎŜ ŀƴŘ ƳŀȄƛƳǳƳ ǘŜƳǇŜǊŀǘǳǊŜ ǾŀƭǳŜǎ  ƻŦ млƪIȊΣ ммлȄнл ˃Ƴ ǎƛƳǳƭŀǘƛƻƴΦ  
Timepoints a-d correspond to Figure 5-2. 

Similar to the observation made from Figure 5-2, temperature starts to decline before 

contact is lost, or when forces return to zero.  This indicates that the larger source of heat 

occurs during the minor chip formation early on in the cut cycle rather than during the 

major chip formation.  This may be due to the minor chip quickly diffusing heat into the tool 

ŀƴŘ ƭƻǎƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜΣ ǘƘŜƴ ōƭƻŎƪƛƴƎ ǘƘŜ ǘƻƻƭ ŦǊƻƳ ƘŜŀǘ ŦƭǳȄ ƎŜƴŜǊŀǘŜŘ ƛƴ ǘƘŜ ƳŀƧƻǊ ŎƘƛǇΩǎ 

primary shear zone.  In addition to the non-contact cooling effect of EVAM, this heat 

blocking feature may also contribute to lower tool temperatures. 

The peak cutting force coincides with timepoint c.  This is during the formation of the major 

chip when the primary shear zone forms over the largest area (3rd dimension width is 1mm).  

The friction reversal is also evidenced by negative thrust forces in at timepoint d.  The onset 

of this reversal starts approximately at timepoint c.  The tool tip velocity at timepoint c in 

Figure 5-2 appears almost parallel to the primary shear zone and is a criterion for the start 
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of friction reversal.  Shamoto et. al. described a similar criterion for friction reversal where 

tool tip velocity vector is directed along the shear line [144]. 

Much more information may be obtained from these plots, including stress, strain, heat 

rate, or any of the contour plots available in AdvantEdge.  Since this dissertation is primarily 

focused on thermo-chemical wear, only tool force and tool temperature vs. time are 

presented hereafter.  Many of the observations made from Figure 5-2 and Figure 5-3 are 

evident in other EVAM simulations.  Raw temperature and force data was sub-sampled and 

filtered to arrive at the results in Figure 5-3.  The following section explains why and how 

this is done, and how the Arrhenius wear model of Chapter 3 may be applied to EVAM 

simulation data. 

5.1.4 DATA HANDLING AND WEAR CALCULATION 

AdvantEdge simulations use a variable time step size in the time integration algorithm.  

Though total simulation times are short (< 5x10-3 sec for EVAM frequencies above 10 kHz), 

time steps are on the order 10-11 sec.  Since the minimum element is less than a micron in 

length, this time step size agrees with Equation (5.2). This generates tool force and 

temperature data files in excess of 400 Mb, and computation times requiring from 1-5 days 

to achieve semi-steady state temperatures.  Normally, AdvantEdge uses TecPlot to plot and 

observe simulation data.  Large data files require TecPlot to interpolate data with a high 

order polynomial.  This allows TecPlot to update plot displays quickly, but detail is lost in the 

force and temperature data.  A Matlab script (TWgrab.m) was created that reads in the 

AdvantEdge *_fft.dat  datafile and allows the user to subsample the data at a specified step 

size.  Figure 5-4 shows a comparison of force data from an AdvantEdge EVAM simulation 

results plotted with the polynomial interpolation in TecPlot against the same data plotted in 

Matlab after 1000 point subsampling.  The Matlab plot presents much more detail than 

TecPlot and allows further calculations on the temperature and force data.  
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Figure 5-4: Top: TecPlot plot of EVAM simulation data with high-order polynomial 
interpolation. Bottom:  Matlab plot of same data with 1000 point subsampling and 10 pt 

running average. 

Even with data sub-sampling provided by TWgrab.m, numerical noise still occurs.  Low pass 

filtering via running average was used to smooth the numerical data.  Figure 5-5 shows how 

the 1000 point subsampled data appears with varying size of running average filtering 

applied.  the  

 

Figure 5-5Υ 9ȄŀƳǇƭŜ ƻŦ Ŏǳǘ ŦƻǊŎŜ ǊŜǎǳƭǘǎ ŦǊƻƳ млƪIȊΣ ммлȄнл ˃Ƴ ǎƛƳǳƭŀǘƛƻƴΦ  wŜǎǳƭǘǎ ŀǊŜ 
shown after 1000-point subsampling and with different low-pass filtering via running 

average. 

AdvantEdge data from all EVAM simulations were sub-sampled every 1000 points and 

stored in a Matlab array.  Temperature data had noise less than 1% peak values and 

therefore was not smoothed with a running average.  Figure 5-6 gives an example of EVAM 

simulation tool temperature results.  The top ŦƛƎǳǊŜ ǎƘƻǿǎ ǘƘŜ 9±!a ΨǘŜƳǇŜǊŀǘǳǊŜ ǎǇƛƪŜǎΩ 

which achieve a semi steady state after approximately 7 cycles.  Steady state is defined 
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hereafter when the difference between peak values of subsequent temperature spikes is 

less than 5% of the peak value.  The lower image in Figure 5-6 shows an expanded steady 

state temperature spike.  

 

Figure 5-6:  Left: Example of peak tool temperature in an EVAM simulation vs. time reaching 
semi-steady state.  Right: Expanded temperature profile of on EVAM steady state cycle 

highlighting contact and cooling zones. 

Temperature data from EVAM simulations are supplied to the Arrhenius wear model using 

the middle estimated Arrhenius constants from Chapter 3 (Ea = 29.31 kJ/mol, A = 

329.1  mm2/s).  Figure 5-7 shows a plot of wear rate dW/dt vs. temperature determined this 

way.  Since the tool wears only while in contact with the workpiece, the average wear rate 

is determined by integrating the instantaneous wear rate for one steady state vibration 

cycle only over the contact time, but dividing this value by the total cycle period: 
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Figure 5-7:  Example integration of wear rate over contact time to determine average EVAM 
wear rate. 

Contact time depends on EVAM tool frequency, workpiece velocity, ellipse shape, and 

depth of cut and was previously calculated in Chapter 4.  If the depth of cut (measured from 

the workpiece surface to bottom of ellipse) is larger than the vertical axis of the ellipse, the 

contact time is approximately 25% of the ellipse vibration period.  Average wear rate 

(dW/dt)Avg. is then converted to wear/distance for comparison with the Arrhenius wear 

model and conventional cutting results.  Wear per machining distance is calculated using 

the following: 
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in Chapter 4 describes this.  To study EVAM tool wear relation to the Arrhenius model, 

velocity and distance terms that describe the real action of the EVAM need to be used.   

5.1.5 ABSOLUTE VS. RELATIVE EVAM PARAMETERS 

EVAM wear results may be compared to the conventional machining results using absolute 

(vwkpc, machining distance, and depth of cut) or relative (vrel, sliding distance, and max uncut 

chip thickness) terms.  While absolute terms represent to true function of EVAM in making a 

part, relative terms are more appropriate for modeling purposes.  Two parameters relate 

relative to absolute terms: horizontal speed ratio (HSR = vwkpcκŀ˖) relates absolute to 

relative velocities, and sliding distance per upfeed ratio (rup) can be multiplied by total 

machining distance to determine the total contact or rubbing distance between the tool 

and workpiece.  Figure 5-8 gives a schematic relating relative and absolute parameters sets. 

 

Figure 5-8: Absolute EVAM parameters vs. relative EVAM parameters used to compare 
calculated EVAM wear rates to the Arrhenius wear model 

Wear per sliding distance is determined by dividing (dW/ds)mach. in Equation (5.6) by sliding 

distance per upfeed ratio: 
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5.2 SIMULATIONS VARYING WORKPIECE SPEED (OR HSR) 

In the conventional machining simulations, temperature was shown to increase linearly 

with workpiece velocity, and logarithmically with depth of cut.  In EVAM, the velocity of the 

vibrating tool exceeds the workpiece velocity, which cause higher peak tool temperatures. 

Higher workpiece velocities also create larger chips if the EVAM frequency is kept constant, 

which in turn create higher temperature. The horizontal speed ratio (HSR) relates the peak 

EVAM ellipse speed to the workpiece velocity.  It is typically related to PV surface finish 

[48,105,136], but it also determines the relative EVAM chip size, as shown in Figure 5-9. 

 

Figure 5-9. Relation of horizontal speed ratio to EVAM chip size 

It is estimated that the dual contribution of speed and chip size to tool temperature creates 

a nonlinear increase to EVAM tool temperature vs. workpiece velocity (or HSR) for a 

constant frequency.  It is further estimated that this creates a specific HSR in which the 

average wear rate of the EVAM tool will be greater than if conventional machining were 

done.   

5.2.1 SIMULATION PARAMETERS 
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simulation used to test the AdvantEdge EVAM tool.  Simulation parameters are given in 

Table 5-2.  Equivalent conventional cutting simulations were also created with the same 

workpiece velocity and depth of cut for a total of 8 simulations. 

 

Table 5-2.  Simulation parameters for 4 EVAM and 4 conventional cutting simulations 

EVAM Frequency 10 kHz 

Ellipse Shape 110 x 20 µm 

Depth of Cut 40 µm 

Workpiece Velocity 0.1, 0.2, 0.6, 1 m/s 

Tool Material Single Crystal Diamond 

Workpiece Material AISI 1118 Steel 

 

5.2.2 RESULTS AND DISCUSSION 

Tool forces were extracted and subsampled, with results shown in Figure 5-10.  Higher 

forces were simulated with the higher HSR due to the increased uncut chip thickness.  The 

general shape of the force curves also varied with HSR as the uncut chip shape changed. 
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Figure 5-10: Thrust and cut force from FE EVAM simulations varying workpiece speed 

Temperature profiles from the EVAM simulations are shown in Figure 5-11.  Temperature 

profiles are shifted such that the same time points of the ellipse trajectories are aligned on 

the X axis.  Temperature increases sooner for higher HSRs since the tool enters the 

workpiece at an earlier point on the ellipse which increases the overall contact time. 

 

Figure 5-11:  Peak tool temperature from FE EVAM simulations varying workpiece speed 
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Specific temperature values were calculated from the steady state temperature spikes in 

Figure 5-11.  Average increase in temperature (DTavg.) and peak temperature rise (DTpeak) 

are compared to values obtained from conventional machining simulations.  Each 

simulation resulted in average temperatures lower with EVAM than for conventional 

machining.  All but the 14.5% simulation resulted in peak tool temperatures higher with 

EVAM. 

 

Figure 5-12: Comparison of average and peak EVAM tool temperatures vs. temperature rise 
in conventional machining at workpiece velocity 

Residual temperatures are not shown in Figure 5-12.  Residual temperatures were 1.1 oC for 

the 14.5% HSR and less than 1 degree for the others. 

Wear per time and wear per machining distance rates were calculated using the method 

described by Equation (5.5) and Figure 5-7.  These results are shown in Figure 5-13.  The 

wear/time rate, which directly depends on temperature, increases with HSR.  However, the 

wear per machining distance decreases with HSR. 
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Figure 5-13: Wear per time and wear per distance values for varying HSR. 

Wear/distance is decreased with HSR because the workpiece velocity increases.  The 
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0.00 0.50 1.00

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0
0.002
0.004
0.006
0.008

0.01
0.012
0.014
0.016
0.018

0.02

1.0% 6.0% 11.0%

Workpiece Speed (m/s)

2D
 W

e
ar

 /
 T

im
e

 (
m

m
2
/s

)

2D
 W

e
ar

 /
 M

ac
h

in
in

g 
D

is
ta

n
ce

 

(m
m

2
/m

)

HSR



 

117 

direct comparison is complicated by the relationships between ellipse shape, workpiece 

velocity, frequency, surface finish, and uncut chip shape.   

5.3.1 SIMULATION PARAMETERS 

To observe the effects of varying ellipse shape, some EVAM parameters need to remain 

constant.  Ultimately, the desired result of using EVAM is to maintain an adequate surface 

finish over the longest machining distance, therefore a constant theoretical surface finish is 

maintained in the EVAM-FEM models. Theoretical surface using EVAM depends on the 

machining speed, frequency, and ellipse curvature in the same manner that surface finish in 

conventional turning depends on cross-feed and tool radius.  An approximated calculation 

of PV surface finish is given: 

 

2

1
8 8

wkpc wkpcv vfeed b
PV for HSR

R fa aw

å õ
º º = <<æ ö

ç ÷  

 (5.8) 

This equation shows that for an ellipse shape determined by axis amplitudes a and b, the 

workpiece velocity vwkpc and tool vibration frequency f must change proportionally with one 

another to maintain a constant PV surface finish.  Three other parameters are maintained 

constant to fully define EVAM simulation: depth of cut, vibration frequency and ellipse 

included area.  Depth of cut is set larger than the largest vertical amplitude so that tool 

motion in each simulation completely undercuts the workpiece surface.   
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Table 5-3.  Machining parameters for 3 EVAM-FEM models varying ellipse shape. 

EVAM Frequency 20 kHz 

Ellipse Shapes, axb 

Ellipse Aspect Ratio, r = a/b 

56.6x11.3 µm, 25.3x25.3 µm, 11.3x56.6 µm 

5.01, 1.00, 0.20 

Depth of Cut 60 µm 

Workpiece Velocity 

Theoretical PV 

0.237, 0.07, 0.02 m/s 

58 nm 

Tool Material Single Crystal Diamond 

Workpiece Material AISI 1118 Steel 

 

Using these input values, the relative effects of varying ellipse shape are calculated for 

multiple other machining parameters.  Figure 5-14 shows chip shape calculations using the 

EVAMchip.m script written in Matlab (Appendix A).  It is immediately evident that the 

amount of material removed per cycle is much greater for the horizontal ellipse.  Also, the 

minimum clearance angle for the tool, calculated using the EVAMcalcs.m Matlab script, is 

12.7o for the vertical ellipse while the clearance angle on the FE tool model is 6o.   

 

Figure 5-14: Calculated 2D EVAM chip shapes using EVAMchip.m for simulations varying 
ellipse shape 
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These resulting parameters are normalized against the maximum value in the range to 

observe the relative effect from ellipse ratio has. Results are shown in Figure 5-15.  It is 

noteworthy that the sliding distance per upfeed decreases as the ellipse ratio increases.  

When this ratio is multiplied by the total cutting distance, it gives the total distance over 

which the tool was in contact with the workpiece.  Therefore, horizontally inclined ellipses 

allow the tool to contact the workpiece less than vertical ellipses for the same total cutting 

distance. 

 

Figure 5-15. Normalized machining parameters calculated from EVAM input parameters 

Based on these calculations, it was estimated that the horizontal ellipse models would 

result in greater chemical wear per EVAM cycle.  Increased chip area, workpiece velocity, 

and sliding distance per cycle contribute to higher tool temperatures and forces for each 

EVAM cycle.  However, the resulting higher rates of wear per cycle may not necessarily 

mean greater amounts of wear over the same total machining distance.  The higher 

temperatures ensured by the horizontal ellipse are balanced by the increased machining 

speed, which allows the tool to be in contact with the workpiece for less total time.  

Therefore, the effect ellipse shape will have on wear cannot be estimated solely based on 

kinematic calculations, but require the thermo-mechanical response available through FEM. 
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5.3.2 RESULTS AND DISCUSSION 

Tool forces were extracted from simulation results and subsampled.  Steady state forces for 

single EVAM cut cycles are shown in Figure 5-16.  The horizontal ellipse showed highest 

peak cutting force and minimal negative thrust force from friction reversal.  The higher cut 

force is a result of the larger 2D uncut chip area. Circular and vertical ellipses had lower 

overall forces and thrust force more in the negative direction.  Thrust forces for the vertical 

ellipse were almost entirely negative indicaǘƛƴƎ ǘƘŜ ΨƭƛŦǘƛƴƎΩ ǇƘŜƴƻƳŜƴŀ ŜȄǘƻƭƭŜŘ ōȅ {ƘŀƳƻǘƻ 

and Moriwaki [50,51].  

 

Figure 5-16:  Tool forces from 20 kHz simulation set varying ellipse shape 

Peak tool temperatures from steady state temperature spikes were extracted from 

simulation results data and are shown in Figure 5-17.  Interestingly, the circular ellipse 

resulted in the lowest peak tool temperature.  The horizontal ellipse resulted in the highest 

peak temperature due to the higher tool tip velocity and uncut chip thickness. 
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Figure 5-17:  Peak tool temperatures from 20 kHz multi-ellipse simulation set.  

Specific temperature calculations are presented in Figure 5-18.  Interestingly, average tool 

temperatures for a horizontal ellipse was lower than conventional machining, while it is 

higher for vertical ellipse.  The main reason for this is that the EVAM temperature for all 

three EVAM simulations was relatively similar, while conventional temperatures decreased 

with workpiece speed.  The geometric surface finish constraint on vwkpc for the vertical 

ellipse results in the lowest speeds, therefore the lowest conventional machining 

temperature.  
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Figure 5-18:  Comparison of residual, average, and peak EVAM tool temperatures vs. 
temperature rise in conventional machining at workpiece velocity 

Residual temperature varied little.  Since each simulation was the same frequency and all 

cutting occurred cooling time is the same.  The slight increase in residual temperature is due 

to the different in peak temperatures.  The circular ellipse presents a minimum peak 

temperature and vmax-chip , whereas vx-max does not.  This indicates that vmax-chip is a better 

predictor of peak tool temperature.  The Arrhenius wear model gives a non-linear 

relationship with temperature such that peak temperatures have a significant impact on the 

average wear rate.  The velocity at maximum chip thickness 

Like temperature, wear/time rate had a minimum for the circular ellipse and maximum for 

the horizontal ellipse, shown in Figure 5-19.  Interestingly, the wear / distance had an 

opposite trend, and reduced dramatically for the horizontal ellipse. 

 

Figure 5-19: Wear per time and wear per distance values for varying ellipse shape. 

Similar to the simulations varying HSR, the effect of weaǊ ΨǎǇǊŜŀŘƛƴƎ ƻǳǘΩ ǿƛǘƘ ƘƛƎƘŜǊ 

workpiece velocity is seen.  Temperature results varied less than 40% for each of the 
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simulations, as shown in Figure 5-17and Figure 5-18.  But, the workpiece speed of the 

horizontal ellipse is 200x that of the vertical ellipse.  This causes the velocity term in the 

denominator of Equation (5.6) to dominate the trend of dW/ds.  In physical terms, this can 

ǎƛƳǇƭȅ ōŜ ǘƘƻǳƎƘǘ ƻŦ ŀǎ ǘƘŜ ǿŜŀǊ ΨǎǇǊŜŀŘƛƴƎ ƻǳǘΩ ƻǾŜǊ ŦǳǊǘƘŜǊ ŘƛǎǘŀƴŎŜ ƛƴ ǘƘŜ ǎŀƳŜ ŀƳƻǳƴǘ 

of time, and has a dramatic effect on the wear /distance rate.  For this reason, it is 

concluded that horizontally aligned ellipses will result in reduced thermo-mechanical wear 

and faster machine times.  In addition, geometric surface finish of horizontal ellipses are 

less sensitive to errors in workpiece speed, so maintaining a good surface finish is easier. 

5.4 SIMULATIONS VARYING FREQUENCY 

The increase in tool tip velocity with EVAM frequency yields higher temperatures, but 

another contributor is the residual temperature in the tool as it comes back into contact 

with the workpiece with each ellipse cycle.  The cooling rate of a tool no longer in contact 

with the workpiece depends on thermal material properties, geometry, and convective or 

conductive boundary conditions.  For each simulation varying EVAM frequency, the tool 

model is the same in each of these traits, therefore cooling rates (time constants) are the 

same for each simulation.  Simulation parameters are given in Table 5-4.  To ensure that 

variations in chip size do not affect temperature, the same HSR of 2.9% is used for each 

simulation by varying the workpiece velocity with the frequency.   

The wear of the tool may be exacerbated by the increased residual tool temperature and 

increased heat flux due to faster tip velocities. Higher frequencies allow faster machine 

time. Understanding the relationship between wear and frequency will allow for an optimal 

operation point given the benefits of faster machine time vs. the detriment of higher wear 

rates.  

5.4.1 SIMULATION PARAMETERS 
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Initially, vibration frequencies between 10-40 kHz were modeled.  After analyzing and 

calculating predicted wear values, it was determined that low frequencies of 1-4 kHz may 

exhibit a different trend in wear as a function of frequency. 

Table 5-4: Simulation parameters for 4 EVAM simulations varying frequency 

EVAM Frequencies 1 ,2 ,4 ,10, 20, 30, 40 kHz 

Ellipse Shape 110 x 20 µm 

Depth of Cut 40 µm 

Workpiece Velocity 0.02, 0.04, 0.08, 0.2, 0.4, 0.6, 0.8 m/s 

Tool Material Single Crystal Diamond 

Workpiece Material AISI 1118 Steel 

 

5.4.2 RESULTS AND DISCUSSION 

Forces were the same for each simulation    .  Forces depend mostly on the hardness of the 

workpiece material and contact area between the chip and tool.  It is been shown that 

diamond tool forces in conventional machining do not change over 3 orders of magnitude 

of workpeice speed [10].  Since the uncut chip shape for each of these simulations is the 

same and the only parameter that varies is velocity, the tool forces in the EVAM simulations 

vary little with frequency.   



 

125 

 

Figure 5-20: Forces from 1,4,10, and 40 kHz simulations. Top curves are cut force, lower 
curves are thrust force. 

Temperature values from the 7 simulations varying frequency were extracted using the 

previously described method.  Figure 5-21 shows individual steady state temperature spike 

results which show a large difference in peak temperature with each frequency.  Higher 

frequencies yielded higher peak temperatures. 
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Figure 5-21:  Maximum tool temperatures for EVAM simulations varying frequency and 
maintaining constant uncut chip shape and HSR 

From Figure 5-21, it is somewhat difficult to directly compare the high frequency 

temperature spikes to low frequency spikes with time as the abscissa.  During each 

temperature spike, the tool moves through the same spatial trajectory and arclength.  Using 

trajectory arclength as an abscissa allows easier visual comparison between temperature 

spikes.  Time vectors used as the abscissa in Figure 5-21 can be converted sliding distance 

using the arclength of the toolpath.   

 1 ( )i i i is s v t dt+= + Ö (5.9) 

The velocity term in this equation is determined using tool position in part coordinates 

developed in Chapter 4.  The sliding distance vector is created in Matlab using the cumsum() 

and diff() functions:  cumsum( Vmag(t)*diff(t)), where t is the time vector in Equation (5.9).  

Figure 5-22 shows the temperature spikes plotted against  
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Figure 5-22:  Temperature spike results of multi-frequency simulations vs. sliding distance. 

The real tool-workpiece contact distance for each simulation is 0.129 mm.  The tool is in 

contact with the workpiece in Figure 5-22 until 0.129 mm, then cooling occurs.  Figure 5-22 

also highlights the change in residual temperatureΣ ɲ¢residual, which increased with 

frequency.   

 

Figure 5-23: Comparison of residual, average, and peak EVAM tool temperatures vs. 
temperature rise in conventional machining at workpiece velocity. 

The residual temperatures increased with frequency.  This is due to two reasons; higher 

frequencies give higher peak temperatures which require longer time to cool down, and 

more importantly, higher frequencies cause the cooling to be interrupted before the next 

Ŏǳǘ ŎȅŎƭŜΦ  ¢Ƙƛǎ ΨƛƴǘŜǊǊǳǇǘŜŘΩ ŎƻƻƭƛƴƎ ŦǳǊǘƘŜǊ ŎƻƳǇƭƛŎŀǘŜǎ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ŀǾŜǊŀƎŜ 

temperature and EVAM parameters.  Since frequency and workpiece speed are correlated 

in this study, either may be used as an abscissa to compare calculated wear results.  Wear 

results for this data set are presented Figure 5-24 vs. frequency or workpiece speed.   
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Figure 5-24: Wear rate results for multi-frequency simulation set. 

The wear / distance curve resulted in a minimum at approximately 10kHz.  The existence of 

a minimum shows relation to the conventional machining Arrhenius model in Chapter 3.  

Note should be taken that this 10 kHz wear minimum is for this particular workpiece 

material, depth of cut, and ellipse shape, and workpiece speed.  Varying any of these 

parameters will change the location of the wear minimum with respect to frequency. 

5.5 SIMULATIONS VARYING FREQUENCY AND AMPLITUDE 

Initially, the multi-frequency simulations only included 10-40 kHz simulations.  

Wear/distance increases with frequency for this range, which can be seen in Figure 5-24.  

Other VAM researchers (Ben Bulla at Fraunhoffer IPT) refuted this trend and further 

investigation was required.  After this discussion, the lower frequency simulations were 

completed which resulted in the wear minimum shown in Figure 5-24.  In addition, it was 

discussed that the different LVAM devices at Fraunhoffer IPT that were tested at different 

frequencies were run at lower amplitudes for higher frequencies.  The LVAM parameters 

chosen by Fraunhoffer IPT maintained constant relative velocity between the tool and 

workpiece despite the higher frequencies.  This discussion was the basis for the parametric 
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study in Chapter 4.  To analyze the affects this parametric constraint has on potential wear, 

a similar scenario was attempted with the EVAM simulations in AdvantEdge. 

5.5.1 SIMULATION PARAMETERS 

Lƴƛǘƛŀƭ ǎƛƳǳƭŀǘƛƻƴ ǿŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ млƪIȊΣ ммлȄнл ˃Ƴ ǎƛƳǳƭŀǘƛƻƴΦ  CǊŜǉǳŜƴŎȅ ǿŀǎ ƛƴŎǊŜŀǎŜŘ 

by factor of two, while horizontal amplitude was decreased by a factor of two to result in 

the simulation parameters in Table 5-5.  Workpiece velocity is kept constant for each 

simulation. 

Table 5-5:  Simulation parameters for 3 EVAM simulations increasing frequency while 
decreasing horizontal amplitude 

EVAM Frequencies 10, 20, 40 kHz 

Ellipse Shape 110 x 20 µmΣ ррȄнл ˃ƳΣ ннΦрȄнл ˃Ƴ 

Depth of Cut 40 µm 

Workpiece Velocity 0.2 m/s 

Tool Material Single Crystal Diamond 

Workpiece Material AISI 1118 Steel 

 

These parameters were supplied to the EVAMchip.m matlab EVAM calculation script.  The 

three plots in Figure 5-25 show the effect of these parameters on 2D uncut chip shape. 
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Figure 5-25: Calculated 2D EVAM chip shapes using EVAMchip.m for simulations increasing 
frequency while reducing amplitude 

In Chapter 4, it was theorized that the larger chip shape from the low frequency simulation 

would result in higher temperatures.  The maximum horizontal tool tip velocity, vx-max, is the 

same for each simulation, so the effect of velocity on tool temperature could not be 

predicted. 

5.5.2 RESULTS AND DISCUSSION 

Unlike the simulation set that increased workpiece speed with frequency, the simulations 

here to not share the same sliding distance per cycle.  For this reason, plotting tool forces 

vs. sliding distance is not useful, and time is used instead as abscissa in Figure 5-26.  Forces 
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were higher for the low frequency, large amplitude simulation due to the larger 2D uncut 

chip area and thickness. 

 

Figure 5-26: Force results from EVAM simulations that frequency while reducing amplitude 

Peak temperatures were extracted and are shown in Figure 5-27.  Again, the more 

aggressive cut had the higher peak temperatures.   

 

Figure 5-27:  Temperature spike results for EVAM simulations that simultaneously increase 
frequency while decreasing amplitude. 
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Temperature characteristics were calculated from temperature spikes in Figure 5-27 and 

are graphed in Figure 5-28.  Workpiece speed was the same for each EVAM simulation so 

the compared CT temperature is the same.  Peak and average temperatures were similar for 

each simulation, but the higher frequency caused higher residual temperature.  Increasing 

the frequency further may have a more pronounced effect on the average temperature. 

 

Figure 5-28: Comparison of residual, average, and peak EVAM tool temperatures vs. 
temperature rise in conventional machining at workpiece velocity. 

Average temperature and peak temperature decreased slightly, despite the frequency 

increasing.  It is interesting to compare the 20 kHz temperature results in Figure 5-28 to 

those in Figure 5-23, which had constant amplitude but higher workpiece speed.  When 

increasing from 10-20 kHz, simultaneous reduction in amplitude will not have as drastic 

effect on temperature.   

Wear rates were calculated by the previously mentioned method.  Figure 5-29 shows the 

results of the three simulations.  Though wear did not vary greatly, the high frequency low 

amplitude simulation resulted in the minimal amount of wear per machining distance. 
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Figure 5-29:  Wear rate results for simulation set increasing frequency while decreasing 
amplitude 

5.5.3 VARY FREQUENCY AT ½ AMPLITUDE 

The previous sections showed that simultaneously increasing frequency, decreasing 

amplitude, and maintaining the same workpiece velocity can reduce the wear per 

machining distance.  These simulations showed how varying parameters may optimize 

EVAM.  It is still unclear how this relates to the Arrhenius model.  The simulation set varying 

frequency resulted in a similar wear minimum seen in the Arrhenius model in chapter 3.  

This may provide insight into the relationship between EVAM parameters and the resulting 

wear. 

The multi frequency experiment was repeated using a smaller amplitude ellipse.  Both 

ŜƭƭƛǇǎŜ ŀƳǇƭƛǘǳŘŜǎ ǿŜǊŜ ǊŜŘǳŎŜŘ ǘƻ ррȄмл ˃ƳΦ  .ȅ ǊŜŘǳŎƛƴƎ ǘƘŜ ǾŜǊǘƛŎŀƭ ŀƳǇƭƛǘǳŘŜΣ ǘƘŜ 

maximum uncut chip thickness, DychipΣ ƛǎ ǊŜŘǳŎŜŘΦ  ¢ƘŜ ǇǊŜǾƛƻǳǎ ммлȄнл ˃Ƴ ǎƛƳǳƭŀǘƛƻƴǎ ƘŀŘ 

ǳƴŎǳǘ ŎƘƛǇ ǘƘƛŎƪƴŜǎǎ ƻŦ ом ˃ƳΦ  ¢Ƙƛǎ ǳƴŎǳǘ ŎƘƛǇ ǘƘƛŎƪƴŜǎǎ ƛǎ ǊŜƭŀǘŜŘ ǘƻ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƛƴ 

conventional cutting and is theorized here to have a similar affect on temperature.  To 

maintain the same Dychip ƻŦ ом ˃ƳΣ ŘŜǇǘƘ ƻŦ Ŏǳǘ ŦƻǊ ǘƘŜ ƘŀƭŦ-amplitude simulations was 

ŎƘŀƴƎŜŘ ǘƻ орΦр ˃ ŦǊƻƳ пл ˃ƳΦ  9ȄŀƳǇƭŜ ǳƴŎǳǘ ŎƘƛǇ ǎƘŀǇŜǎ ŀǊŜ ƎƛǾŜƴ ƛƴ Figure 5-30.  
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Velocity was again varied linearly with frequency to maintain constant uncut chip shape, 

and HSR = 2.9%.  Table 5-6 gives the EVAM simualtion parameters.   

 

Figure 5-30: Uncut 2D chip cross-ǎŜŎǘƛƻƴǎ ŦƻǊ ммлȄнл ˃Ƴ ŀƴŘ ррȄмл ˃Ƴ simulations varying 
frequency 

Table 5-6: Simulation parameters for 4 EVAM simulations varying frequency and reduced ½ 
the amplitude 

EVAM Frequencies 1, 4, 10, 20, 40, 60 kHz 

Ellipse Shape ррȄнл ˃Ƴ 

Depth of Cut 35.5 µm 

Workpiece Velocity 0.01, 0.04, 0.1, 0.2, 0.4, 0.6 m/s 

Tool Material Single Crystal Diamond 

Workpiece Material AISI 1118 Steel 

 

Naturally, resulting forces and temperatures for this half-amplitude simulation set were 

smaller than their larger amplitude counterparts so forces are not presented.  The variation 

in temperature vs. frequency was also similar.  As a comparison, Figure 5-31 shows average 

tool temperature vs. frequency.  Note that the workpiece speed corresponding to each 

frequency is different for the two ellipse shapes and cannot be used as a second abscissa as 

was done in Figure 5-24.   
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Figure 5-31: Left: Average tool temperature rise vs. frequency for two ellipse sizes.  Right:  
Wear results for two different ellipse sizes 

5.6 DISCUSSION AND RELATIONSHIP WITH ARRHENIUS MODEL 

The simulations sets varying HSR, ellipse shape, and combined frequency and amplitude 

point to trends that can optimize EVAM in terms of reducing wear and increasing cutting 

speed.  However, the varying uncut chip shapes, chip thicknesses, geometric surface finish 

do not allow a simple comparison to the Arrhenius wear model.  The two simulation sets 

that varied frequency maintained constant uncut chip shapes, respectively, that holds the 

geometric parameters previously mentioned constant, and simplify the process.  Figure 

5-32 shows these simulation set results plotted on a wear/distance vs. workpiece speed 

graph similar to the Arrhenius model in Chapter 3.  For comparison, wear curves for 

ŎƻƴǾŜƴǘƛƻƴŀƭ ƳŀŎƘƛƴƛƴƎ ŀǘ пл ˃Ƴ ŀƴŘ нл ˃Ƴ ŘŜǇǘƘ ƻŦ Ŏǳǘ ŀǊŜ ǎƘƻǿƴΦ  ¢Ƙƛǎ Ǉƭƻǘ ǳǎŜǎ 

absolute EVAM parameters, which were discussed in Section 5.1.5.   
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Figure 5-32: Wear / distance results for two EVAM simulation sets varying frequency 
calculated using absolute parameters.   Points of interest are labeled a-c. 

! нл ˃Ƴ ŘŜǇǘƘ ƻŦ ŎǳǘΣ ŎƻƴǾŜƴǘƛƻƴŀƭ ƳŀŎƘƛƴƛƴƎ ǿŜŀǊ ƭƛƴŜ ƛǎ ŘǊŀǿƴ ǊŀǘƘŜǊ ǘƘŀƴ орΦр ˃Ƴ ǳǎŜŘ 
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ǘƘŜ пл ˃Ƴ ƭƛƴŜ ŀƴŘ ƻŦŦŜǊǎ ƭƛǘǘƭŜ ŎƻƳǇŀǊƛǎƻƴ Ǿŀlue.  The following points of interest are 

labeled in Figure 5-32: 

a) For most low frequencies and workpiece speeds, wear is less using EVAM.  The 

EVAM wear curve is essentially shifted down one order of magnitude on a 

logarithmic scale. 

b) The wear minimum is shifted to lower wear/distance, higher workpiece speed, and 

higher frequencies when EVAM amplitude is reduced 

c) Wear using the large ellipse surpasses conventional machining wear at the same 

ŘŜǇǘƘ ƻŦ Ŏǳǘ όпл ˃Ƴύ ŦƻǊ ƘƛƎƘŜǊ ŦǊŜǉǳŜƴŎƛŜǎΦ  ¢Ƙe smaller ellipse results in wear 

ƭƻǿŜǊ ǘƘŀƴ ŎƻƴǾŜƴǘƛƻƴŀƭ ƳŀŎƘƛƴƛƴƎ ŀǘ ǘƘŜ ǎŀƳŜ ŘŜǇǘƘ ƻŦ Ŏǳǘ όорΦр ˃Ƴύ ŦƻǊ ŀƭƭ 

frequencies and speeds.   

A general trend results when comparing EVAM to conventional machining.  EVAM wear 

curves are shifted down from conventional machining wear curves at the same depth of cut.  
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In addition, the wear minimum is shifted to lower wear values and higher workpiece 

speeds.  Ellipse amplitude plays little role at low frequencies, but smaller ellipses result in 

less wear at higher frequencies, which was seen in Figure 5-31. 

It was previously described how relative EVAM parameters better relate to the Arrhenius 

wear model.  The wear results in Figure 5-32 are re-plotted using velocity at maximum chip 

thickness and sliding distance and shown in Figure 5-33.  The higher velocities shift the 

EVAM curves to the right, and higher distance values shift them down.  The minimums of 

each wear curve correspond with conveƴǘƛƻƴŀƭ ƳŀŎƘƛƴƛƴƎ ŎǳǊǾŜǎ ŀǘ н ŀƴŘ м ˃Ƴ ŘŜǇǘƘ ƻŦ 

cut.  

 

Figure 5-33:  Wear / distance results for two EVAM simulation sets varying frequency 
calculated using relative EVAM parameters. 

Wear minimum locations for EVAM wear using relative parameters appears to follow 

conventional machining wear lines at much lower depth of cut.    

5.7 CONCLUSIONS 

A variety of EVAM finite element simulations were conducted that varied ellipse size and 

shape, frequency, and workpiece speed.  The geometry used was approximately 10x the 

scale used with the Ultramill.  This was due to long simulation times required by the micro-
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scale simulations.  The long simulation times were a result of small time steps required for 

numerical accuracy of heat transfer calculations, and necessary large tool geometry for 

accurate transient thermal response.  Without the large-scale EVAM simulations, too few 

may have been completed to form a broader understanding of how EVAM parameters 

affect tool temperature and forces. 

It is not simple enough to say that EVAM decreases tool temperature.  Most often, peak 

EVAM tool temperature is higher than conventional machining tools at the same workpiece 

speed, while average EVAM temperature is usually less.  These facts are only valid when 

comparing the same workpiece speed.  Real conventional turning uses higher velocities 

than those for EVAM, which will result in higher temperatures.  Authors that claim EVAM 

reduces tool temperature fail to emphasize what temperature and what speeds are being 

compared. 

9ŀŎƘ ǎƛƳǳƭŀǘƛƻƴ ǎŜǘ ƘƛƎƘƭƛƎƘǘŜŘ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǿŜŀǊ ōŜƛƴƎ ΨǎǇǊŜŀŘ ƻǳǘΩ ǿƛǘƘ ƘƛƎƘŜǊ ǿƻǊƪǇƛŜŎŜ 

speeds.  This effect is the main reason horizontal ellipses are preferred over vertical ellipses.   

A wear minimum similar to that seen in the Arrhenius model in Chapter 3 occurs at a certain 

frequency and if HSR remains constant.  This was shown for the two simulation sets that 

vary frequency.  The location of the wear minimum with respect to workpiece speed 

depends on the frequency and amplitude. 

The predicted level of EVAM wear is highly dependent on the tool tip velocity and 

workpiece velocity.  Based on the shape of the wear curve in Figure 5-32, it is possible to 

have an EVAM tool wear more after cutting a part than conventional machining would.  If 

EVAM is restricted to low frequencies and workpiece speeds, it will wear more over the 

same distance than a tool that machined without vibration at high speed. 

Overall, these simulations have addressed the complex relationship between EVAM 

parameters and predicted wear.  Higher workpiece speeds are preferred due to the action 
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ƻŦ ǿŜŀǊ ΨǎǇǊŜŀŘƛƴƎ ƻǳǘΩΣ ōǳǘ ǘƘŜǎŜ ƘƛƎƘŜǊ ǎǇŜŜŘǎ ŀƭǎƻ ŜȄŀŎŜǊōŀǘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǘƘǳǎ 

wear.  Optimal performance (in terms of reduced wear per machining distance) will utilize 

the wear minimum shown in Figures Figure 5-32.  From a manufacturing point of view, the 

time-cost of machining may permit operating at higher speeds than the wear minimum.  In 

this region, doubling the workpiece speed (and frequency due to PV constraint) may only 

result in a 10% increase in wear per machining distance. 
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6 TOOL WEAR WITH VAM 

6.1 INTRODUCTION 

In the last chapter, the Arrhenius wear model developed in Chapter 3 was applied to tool 

temperatures obtained from finite element modeling of EVAM.  The results were 

hypotheses regarding how a diamond tool may wear as a function of EVAM parameters.  

This chapter tests these hypotheses experimentally by relating measured EVAM and LVAM 

tool wear and relating this to machining parameters.  Chapter 5 discussed the effects of 

varying workpiece speed (or HSR), ellipse shape, and frequency given certain operating 

constrains such as geometric surface finish (PVup).  The simulation set varying HSR showed a 

potential  

Unlike the FE simulations, real EVAM experiments are limited to a small range of machining 

parameters based on the operation of the EVAM device.  A variety of methods are used by 

researchers to create micrometer-scale elliptical-shaped tool vibration loci.  Some of these 

devices were mentioned in Chapter 2.  EVAM and LVAM devices can be divided into two 

categories: low speed direct-driven and high speed resonant systems.  The low speed 

devices typically have more control and versatility in the frequency and ellipse shapes.  The 

high-speed resonant systems are limited to a specific operating frequency, and ellipse size is 

determined by input power to the device [48].  Equation Chapter 6 Section 1 

The Ultramill at the Precision Engineering Center is a low-speed direct driven device that 

enables the unique ability to vary ellipse shape and frequency within certain limits.  This is 

unique among EVAM devices, which cannot or are never reported to operate with different 

parameters.  The high-speed resonant device EL-рлʅ ƳŀŘŜ ōȅ ǘƘŜ ¢ŀƎŀ 9ƭŜŎǘǊƛŎ /ƻƳǇŀƴȅ 

(Japan) is purported to allow multiple ellipse shapes but can only be run at the resonant 

frequency of 39 kHz [101,103,146].  Of yet, no study was found that related tool wear to 

varying EVAM parameters using this device.  
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Since tool wear depends highly on speed and the Ultramill is limited to low frequencies (1-4 

kHz), comparison to FE simulation results over all parameters is not possible.  To study wear 

effects at higher frequencies, members of Fraunhofer IPT in Aachen, Germany provided 

LVAM capabilities with the Son-X 80 kHz tool [147].  This LVAM device does not enable 

similar ellipse shapes as the Ultramill, but still enables tool wear studies at higher 

frequencies  

6.2 ULTRAMILL EXPERIMENTS VARYING FREQUENCY 

The parametric calculations in Chapter 4 and simulations in Chapter 5 showed the same 2D 

uncut chip shape is maintained when frequency to workpeice speed ratio is constant.  This 

reduces variables such as uncut chip thickness, but increases workpiece and tool tip 

velocity.  FEM simulations predicted a wear minimum similar to conventional machining.  

Testing this experimentally has two caveats: 

1.) The Ultramill runs at relatively low frequencies (1-4 kHz), requiring low workpiece 

speeds to achieve an optical quality geometric surface finish. 

2.) Ultrasonic VAM frequencies require resonant devices which only operate at one 

frequency.  To test the effects of varying frequency while maintaining uncut chip 

shape, multiple resonant devices would need to be designed.  To maintain the same 

ellipse size and shape, resonant devices at higher frequencies would also require 

substantially more power due hysteresis in the piezoelectric elements and material 

damping.  

The Ultramill allows the same ellipse shape maintained over the range of operable 

frequencies, but geometric surface finish below 50nm PV requires workpiece speeds less 

than 0.01 mm/s.  Based on wear predictions from the FEM results in Chapter 5, two results 

are expected in this range:  1) wear / distance results using absolute parameters should be 

below the wear curve and reduce with frequency 2) wear / distance results using relative 

parameters should be on or near the wear curve.   
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6.2.1 EXPERIMENT SETUP 

The Ultramill operation, electronics, and cooling system are the same as mentioned by 

Brehl in [111], with the exception of a new style of ceramic toolholder and a fluid pressure 

pulse dampener.  Figure 6-1 shows the basic operation of the Ultramill.  Two piezoelectric 

stacks are energized with AC power at some phase shift.  The kinematic linkage between 

the stacks, ceramic toolholder, and diamond produce elliptical tool motion.  The shape of 

the ellipse is prescribed by the signal phase and amplitude of applied voltage to the stacks.   

 

Figure 6-1. New flat+groove Ultramill toolholder design and kinematic linkage for elliptical 
toolpaths 

The peizo-electric stacks are housed in a steel base structure and preloaded by a titanium 

diaphragm [52,105].  Dielectric heat transfer fluid6 is pumped through the base structure 

and over the peizo-electric stacks.  Figure 6-2 shows the Ultramill attached to the Nanoform 

Y-axis, with input and output coolant lines labeled.  Pumping is done by the ThermoCube by 

Solid State Cooling Systems.  This device has a Peltier heater/cooler that controls fluid 

temperature to 20 ± 0.1 oC, and pumps the fluid using a diaphragm pump.  A camera with 

                                                      
6
 Original fluid used was 3M Fluorinert FC-3283.  A newer fluid, 3M Novec 7200, was recommended by 3M 

engineers due to its similar thermal properties but lower price and lower potential global warming potentials. 
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attached microscope lens is focused on the tool tip for use in touchoff and workpiece 

alignment. 

 

Figure 6-2:  Front view of Y-axis tower and Ultramill setup 

A Lion Precision air bearing LVDT was used to align and measure workpieces prior and after 

machining.  This was fixed to the Ultramill and moved with the Y-axis, so any measurement 

of made by the LVDT had a fixed distance between the LVDT zero-point and the tool tip.  

Figure 6-3 shows a side-view of the Ultramill setup on the Nanoform.  A Y-direction camera 

allows starting and  

 

Figure 6-3:  Side view of Ultramill experiment setup on the Nanoform 
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As previously mentioned, two improvements were made to the Ultramill system.  A new 

ceramic toolholder for the Ultramill and a fluid pulse dampener was designed for the 

cooling system. 

6.2.1.1 ULTRAMILL TOOLHOLDER 

The first design of the Ultramill included a ceramic toolholder with two base grooves.  These 

grooves pivoted on ceramic half-cylinders that were attached to piezoelectric stack 

actuators.  Machining with the Ultramill caused compressive stress on the rear groove, 

forcing the groove to open and form a crack along its length.  Also, the half-cylinder / 

groove contacts were kinematically over constrained, causing potential for contact loss.   

A new toolholder shown in Figure 6-4 was designed for the Ultramill that incorporates a 

thicker base with one slot or groove and a flat.  Also shown is the relationship between the 

elliptical toolpath and the kinematic linkage to the piezoelectric stack actuators.  These 

were made from green-machined alumina oxide by Cetek Technologies. 

 

Figure 6-4: Left: Two-slot Ultramill toolholder design by Cerniway [52].  Right: New slot and 
flat design removing kinematic over-constraint and increasing base thickness 
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6.2.1.2 THERMOCUBE FLUID DAMPENER 

Brehl mentioned that the diaphragm pump in the Thermocube caused 30 Hz pressure 

pulsations in the coolant line that inevitably caused form errors in the micro-structures he 

machined [111].  The upper left image in Figure 6-5 shows a low shutter speed photograph 

of the pressure gauge needle, which displays a pressure variation between 0..8 psi.  A 

ŘŀƳǇŜƴŜǊ ǿŀǎ ƳŀŘŜ ǳǎƛƴƎ ŀƴ ŀƛǊǘƛƎƘǘ ǇƭŀǎǘƛŎ ōƻǘǘƭŜ ŀƴŘ ǘǿƻ ѻά ǇƭŀǎǘƛŎ ǘƘǊƻǳƎƘ-wall push-

to-connect couplings, shown in the right image of Figure 6-5.   

 

Figure 6-5:  Top Left: Pressure dial showing pressure vibration due to thermocube.  Lower 
Left: Pressure dial after fluid dampener installed.  Left:  Fluid dampener showing internal 

structure 
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As fluid enters the air-tight chamber, this raises the chamber pressure to that of the fluid 

inlet.  This then forces fluid in the chamber up the second tube and out to the Ultramill.  

Any pressure fluctuation in the incompressible fluid is damped by the compressible air 

trapped in the chamber.  A previous method to reduce pressure pulsation used a gravity 

feed to disconnect the fluid circuit, but this limited pressure to gravimetric head pressure 

and not pump pressure.  The dampener shown maintains fluid pressure from the pump 

rather than relying on gravimetric head pressure.  Required coolant flow of 1 L/min was 

achieved at 4.9±0.1 psi, shown in the lower left image in Figure 6-5.  Pressure variation was 

likely less than 0.1 psi as no needle motion could be seen and 0.1 psi was the minimum 

uncertainty discernable on the needle gauge. 

6.2.1.3 EVAM CUTTING CONDITIONS 

Orthogonal cutting geometry was used for the EVAM experiments where the direction of 

cutting is parallel to the rake face normal.  A 0.25mm wide by 41 mm long fin was machined 

into a piece of AISI1215 steel and a central hole allowed the workpiece to be mounted on a 

3-axis piezoelectric load cell.  A straight-edged, 0o rake, 6o clearance synthetic diamond tool 

was mounted to the ceramic Ultramill toolholder by Chardon Tool Company.  The 2.28 mm 

width of the tool allowed the workpiece to contact in 4 distinct wear zones, shown in the 

front view of Figure 6-6.  One zone was utilized to initially machine the surface of the fin so 

that consequent machining is done on a flat surface and there is no variation in the depth of 

cut.  Three other zones were defined for EVAM machining at 1, 2, and 4 kHz.       
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Figure 6-6: Schematic of AISI 1215 steel fin workpiece, cutting orientation, and wear zones 
on the tool for EVAM wear experiments varying frequency. 

Data acquisition from the force measurement used a dSpace multi-port data acquisition 

unit.  The each experiment used a sampling rate of 40 kSa/sec.  With a duty cycle of 25.9% 

this resolves the forces during contact to 10 data points for each 1 kHz cut cycle, 5 data 

points for each 2 kHz cycle, and 2-3 data points for each 4 kHz cycle.  This highlights a 

certain difficulty in measuring EVAM forces, as very large sampling rates are necessary to 

resolve the cyclic forces. 
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constant drip (~1 drop/sec) of Mobilmet Omicron cutting fluid was used so that the cutting 

region was continuously covered. Touchoff was accomplished by advancing the tool toward 

the workpiece in 100 nm increments and measuring changes to the force signal from the 

load cell.  After initial touchoff, a CNC program was run that cut the 41 mm length of the fin 

incrementing down with 2 mm depth of cut.  A total of 120 passes were completed for a 

total machining distance of 5.13 m.  Tool forces measured from the load cell were acquired 

every 20 passes.  After the CNC program ended the workpiece was then removed from the 
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machine and surface finish was measured.  The cutting and workpiece measuring process 

was repeated on the same fin for 2 kHz and 4 kHz using the corresponding locations on the 

tool edge (Figure 6-6).  Similarly to FEM simulations, workpiece velocity was increased to 

match the EVAM frequency and preserve a constant uncut chip shape.  Table 6-1 gives 

corresponding velocities and constant parameters defined by the uncut chip shape. 

Table 6-1.  EVAM machining parameters for cutting experiments varying frequency 

Frequency Workpiece Velocity Vmax-chip 

Total Machining Time 

(15 m distance) 

1 kHz 2 mm/s 69.1 mm/s 5 hr 12 min 

2 kHz 4 mm/s 138.2 mm/s 2 hr 50 min 

4 kHz 8 mm/s 276.5 mm/s 1hr 10 min 

Constant Parameters: 

Ellipse Shape = 11 x 2 m˃ (horizontal)     Horizontal Speed Ratio = 2.89 % 

Upfeed per cycle = 2 m˃                             Depth of Cut = 2 m˃ 

Theoretical PV Surface Finish =  8 nm      Sliding Distance / Cycle = 13.0 m˃ 

Sliding Distance / Upfeed Ratio = 6.49     Duty Cycle (% contact) = 25.9 % 

 

Two particular parameters of interest are the sliding distance / upfeed ratio and the duty 

cycle.  The sliding distance / upfeed ratio tells how far the tool slides against the workpiece 

per distance the workpiece travels.  Multiplying this ratio by the machining distance (5.13 

m) gives you the real distance over which the tool contacts the workpiece (33.30 m).  The 

duty cycle tells what percentage of the EVAM cycle the tool is actually in contact with the 

workpiece.  Multiplying this by the machining distance over workpiece velocity gives the 

total time the tool is contacting the workpiece. 

6.2.2 MULTI-FREQUENCY ULTRAMILL RESULTS 

After machining at each frequency and distance, the ceramic toolholder was removed from 

the Ultramill and inspected in an optical microscope for metal pickup on the rake face.  No 

material pickup was detected, whereas tools used in conventional machining showed 
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considerable pickup.  This highlights the EVAM tool likely reduces built up edge during 

machining, which may contribute to superior surface finish over conventional machining.  

Though no metal pickup was observed, tools were etched with 5% solution NaOH with the 

process described in Chapter 3.  Tools were also cleaned and prepared for wear 

measurement in the SEM using the Chapter 3 methods. 

Tool force data for the three frequencies is shown in Figure 6-7.  For the 2 and 4 kHz 

experiments, forces were not well resolved with the 40 kSa/sec sampling rate, and higher 

harmonics can be seen in the force data.  These higher harmonics were also observed by 

Negishi when using the same load cell and Ultramill [105].  Forces did not change with cut 

distance. 
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Figure 6-7: Tool forces measured during EVAM of AISI1215 steel at 1, 2, and 4 kHz.  Forces 
shown were acquired at approximately 100 mm cutting distance. 

Peak forces were approximately 0.8 N for cut force and 0.6 N thrust force, or 3.2 N/mm and 

2.4 N/mm considering the 0.25 mm width of the workpiece fin.  Conventional machining 

experiments on 1mm wide fins resulted in 6.5 N/mm cut force and 4.5 N/mm thrust force.  
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!ƭǎƻ ƴƻǘŜ ǘƘŀǘ ǘƘŜ 9±!a ŎǳǘǘƛƴƎ ǳǎŜŘ ŀ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƻŦ н ˃Ƴ ǿƛǘƘ ƳŀȄƛƳǳƳ ǾŜǊǘƛŎŀl chip 

ǘƘƛŎƪƴŜǎǎ ƻŦ м ˃ƳΦ  5ŜǎǇƛǘŜ ǘƘŜ нȄ ŘŜǇǘƘ ƻŦ ŎǳǘΣ 9±!a ŦƻǊŎŜǎ ǿŜǊŜ ǎǘƛƭƭ ѹ ǘƘŀǘ ƻŦ 

conventional machining of the same AISI1215 material.  Reduced tool forces using EVAM 

has already been described by multiple authors [48,50,51,52,105,145].  

6.2.2.1 SURFACE FINISH 

After 5.13 and 15m cut distance, the workpiece fin was observed in a Zygo NewView 

scanning white light interferometer (SWLI).  Figure 6-8 compares a surface finish 

measurement from the conventional machining experiments mentioned in Chapter 3 with 

one obtained from the EVAM experiments.  The steel surface after conventional machining 

was dominated by grooves in the cutting direction likely caused by dragging of hard alloying 

inclusions through the metal.  The EVAM surfaces did not display this dragging, but 

ŜȄƘƛōƛǘŜŘ ƛƴŎƭǳǎƛƻƴǎ ΨǎǘǳŎƪΩ ƛƴǘƻ ǘƘŜ ǎǳǊŦŀŎŜΦ  ¢ƘŜ ŀōǎŜnce of dragging was seen in all of the 

measured EVAM surfaces, each of which had consistent surface finish of < 15nm Ra. 

 

Figure 6-8. Conventional machining surface finish vs 1kHz EVAM surface finish on AISI 1215 
steel. 
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These inclusion features ranged between 40-70 nm in height above the rest of the 

workpiece surface.  The AISI1215 steel had previously been examined to determine alloy 

morphology.  This was done by polishing, etching, then observing the surface in an optical 

microscope.  Figure 6-9 compares an example SWLI image of EVAM steel surface and alloy 

inclusions observed via optical microscope [129].  The size, spacing, and area density of the 

inclusions are similar, confirming that the inclusions observed in the EVAM surface are alloy 

particles that were embedded into the surface rather than dragged.  

 

Figure 6-9:  EVAMed AISI1215 surface showed asperities approximately the same size as 
alloy inclusions observed in polished surface of same material [129] 

The surface finish of the AISI 1215 steel after EVAM was much improved compared to the 

conventional machining of the same material (~10 nm Ra compared to >100 nm Ra).  The 

improved surface finish with EVAM is a result of the tool not dragging the alloying inclusions 

through the surface.  Measuring the tool wear will elucidate whether this non-dragging is a 

result of the unique tool motion, a reduced level of wear, or both.   

6.2.3 RESULTS: TOOL WEAR 

The 1, 2, and 4 kHz wear zones (Figure 6-6) were measured using the EBID method 

mentioned in Chapter 3 and [33,34].  The 2D worn cross-section area can be multiplied by 
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the workpiece width (0.25 mm) to approximate total worn volume.  Wear varied little with 

each EVAM frequency.  Traces were made from EBID images that match the 2D worn cross-

section of the diamond tool are shown in Figure 6-10.  Wear varied little with frequency at 

both the 5 and 15m cut distance.  The wearing pattern was a general rounding of the edge 

without formation of a wear land. 

 

Figure 6-10.  2D worn tool cross sections for EVAM and conventional machining.   

Two tool cross-sections from conventional machining experiments are compared to EVAM 

worn tool in Figure 6-11.  After only 5 m machining distance the EVAM tool wear greater 

than tool wear with conventional tool at 10 m and workpiece speed of 1 m/s.  Comparing 

the same workpiece speed (0.002 m/s) and distance (5m), the EVAM tool wore significantly 

less.  The tool tip velocity at maximum chip thickness for the 4kHz EVAM was 0.277 m/s.  
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Conventional tool wear at 0.284 m/s was approximately the same as the EVAM tool, as was 

the general shape of tool wear.   

 

Figure 6-11: EVAM 1kHz EBID worn tool cross section compared to tools used in high and 
low speed conventional machining. 

Wear area was calculated from EBID images plotted in Figure 6-12. Since sliding distance 

per cycle is the same for each EVAM experiment, total sliding distance is used a second 

abscissa.   
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Figure 6-12: 2D worn area calculated from EBID traces 

Wear rates using machining distance (absolute parameter) are calculated and shown in 

Figure 6-13.  Wear per distance rates were based on 0-5.13 m cut distance, and 5.13-15 m 

(9.87 m). These are compared to wear rates for conventional machining from slow speed 

and high speed tests in Chapter 3.  The Arrhenius wear model, using mid-slope Arrhenius 

constants, is also added for comparison. 
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Figure 6-13. Wear data from conventional machining of AISI1215 and EVAM tests varying 
frequency compared to Arrhenius tool wear model. 

EVAM wear / distance did not show a decreasing trend predicted by FE analysis in Chapter 

5.  As observed in the EBID wear shapes in Figure 6-10, wear for each frequency is roughly 

the same at each machining distance, yielding relatively constant rates in Figure 6-13. 

Several points of interest are taken from Figure 6-13: 

1. The EVAM tool wore more than the tool used in conventional machining at high 

speeds.  This is contrary to reports of EVAM improving tool wear.  These two 

experiment sets show the contrary. 

2. The EVAM tool wore less than the tool used in conventional machining at the same 

workpiece speed.  This concurs with most literary evidence of reduced EVAM tool 

wear.  Considering the former conclusion, this highlights the importance of speed 

when comparing EVAM to conventional machining wear results. 

3. The EVAM tool wear using absolute parameters fell below the Arrhenius wear model 

line.  This coincides with the predictions from FE simulations in Chapter 5, albeit at 

different scales of EVAM cutting. 
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The workpiece speed of the mid-speed conventional machining experiments were chosen 

to coincide with the maximum horizontal tool velocity of the Ultramill tool (vx-max = vwkpc 

Ҍŀϝ˖ύΦ   These conventional machining speeds were chosen before it was determined that 

relative velocity at maximum chip thickness (vmax-chip) was a preferable value for use as a 

relative EVAM parameter (this was discussed in Chapter 5).  The vx-max and vmax-chip for these 

EVAM experiments differed less than 5%.  Therefore, a direct comparison is made in Figure 

6-14 between EVAM wear using relative parameters, and conventional machining at this 

relative speed. 

 

Figure 6-14:  Wear data from conventional machining of AISI1215 and EVAM using relative 
parameters. 

Several points of interest are taken from Figure 6-14: 

1. EVAM tool wear/distance, using relative parameters, was slightly less than the 

conventional machining at the same speed.   
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2. FE simulations predicted that at velocities below the wear minimum, EVAM wear 

using relative parameters will fall on the Arrhenius wear model line.  Ultramill wear 

results using relative parameters are closer to this line than wear results using 

absolute EVAM parameters. 

6.2.4 CONCLUSIONS  

Figure 6-13 shows that EVAM produced less wear than conventional machining at the same 

workpiece speed.  However, compared to the high-speed conventional tests, EVAM wore 

the tool more.  This is contrary to many reports of EVAM reducing tool wear [48].  When 

comparing relative EVAM speed and distance and mid-speed conventional machining which 

occurred at vrel, the wear was similar, though EVAM wear was slightly less.  Results here 

show that comparing wear rates between EVAM and conventional diamond turning 

depends greatly on the workpiece velocity of the baseline conventional machining test and 

the relative tool tip velocity of the EVAM tests.  Using relative EVAM terms more closely 

follows the Arrhenius wear model.  

More important than wear is the improved surface finish using EVAM shown in Figure 6-8 

and Figure 6-9.  This is attributed to the unique EVAM machining process, which reduces 

built up edge formation and dragging of alloy inclusions.  The main caveat is that this 

surface finish was obtained at very low workpiece speeds of less than 8 mm/s.  The 

inevitably long machine times this would require in an industrial environment would likely 

outweigh any benefit from improved surface finish. 

6.3 EVAM OF ST1215 VARYING ELLIPSE SHAPE 

In Chapter 4, a parametric study was conducted to observe the changes to 2D uncut chip 

shape parameters given varying EVAM ellipse shapes.  Theoretical surface finish, vibration 

frequency, and ellipse area were kept constant while ellipse amplitude ratio r = a/b was 

varied.  In chapter 5, FEM simulations were used to study the potential effects of on tool 

wear when using different shaped ellipse loci, and predicted that horizontally aligned 
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ellipses reduced the amount of wear / distance.  To test this hypothesis, the similar 

experimental conditions are performed using the Ultramill, albeit much lower frequency 

and ellipse size than the simulations. 

¢Ƙƛǎ ƛǎ ǘƘŜ ǊŜŀƭ ǘŜǎǘ ƻŦ ǘƘŜ ΨǎǇǊŜŀŘƛƴƎ ƻǳǘΩ ǘƘŜƻǊŜƳ ǇǊƻǇƻǎŜŘ ƛƴ /ƘŀǇter 5 based on FE 

simulations.  EVAM simulations predicted higher peak and average temperatures for the 

horizontally-ŀƭƛƎƴŜŘ ŜƭƭƛǇǎŜΣ ōǳǘ ǊŜǎǳƭǘƛƴƎ ǿŜŀǊ ǿƻǳƭŘ ōŜ ΨǎǇǊŜŀŘ ƻǳǘΩ ƻǾŜǊ ŦǳǊǘƘŜǊ ŘƛǎǘŀƴŎŜ 

as a result of higher workpiece speeds, resulting in less wear / distance.  By machining the 

same distance with three ellipse shapes, the Ultramill tool with the least wear will also have 

the least wear / distance.   

6.3.1 MAPPING ULTRAMILL ELLIPSE SHAPES AND EXPERIMENT SETUP 

Negishi mapped the available ellipse shapes on the Ultramill as a function of input channel 

phase difference, voltage amplitude, and frequency using a two-channel optical probe 

[105].  His measurements were not adequate to fully map the operation of the UM, and 

further measurements were required to verify his measurements. 

To ŎƻƴŦƛǊƳ ǘƘŜǎŜ ǘƻƻƭǇŀǘƘǎΣ ŀ ǎƛƳƛƭŀǊ ǎŜǘǳǇ ŀǎ bŜƎƛǎƘƛΩǎ ǿŀǎ ǳǎŜŘ ǳǎƛƴƎ ǘǿƻ ŎŀǇŀŎƛǘŀƴŎŜ 

probes.  Negishi used a custom acrylic target with reflective tape mounted directly onto a 

blank ceramic Ultramill toolholder without a mounted diamond.  Negishi made pains to 

create a target with the same mass as a diamond, and replaced the characterization 

toolholder with a toolholder used for cutting.  The ceramic toolholder is mounted in the 

Ultramill in a non-deterministic manner and is subject to component alignment errors.  To 

ƳŀƪŜ ǎǳǊŜ ǘƘŜǎŜ ŜǊǊƻǊǎ ŀǊŜƴΩǘ ŀ ǇǊƻōƭŜƳΣ ŜƭƭƛǇǎŜ ǎƘŀǇŜǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ǘƘŜ ǎŀƳŜ 

toolholder used in characterization and machining.  To do this, an Al6061 target was 

machined that was the corner of a 1 centimeter cubed, shown in the lower left image of 

Figure 6-15.  This was mounted directly to the diamond rake face via accelerometer wax.   
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A holder was fabricated that held two Lion capacitance gauges at 90o.  The probes were 

moved to accept the two faces of the target cube using the Nanoform X and Z machine 

axes.  Calibration of the capacitance probes were confirmed using the machine axes, which 

use Zygo ZMI heterodyne laser interferometers as position feed back with position 

resolution below 10 nm.  The two probes faced normal to the rake (x) and flank (y) ellipse 

axes, shown in the right image of Figure 6-15, with transducer signal sign shown.  

Capacitance probe signal was acquired using a digital oscilloscope. 

 

Figure 6-15: Measurement of Ultramill elliptical toolpaths with two capacitance probes 

The Ultramill was turned on to operate at 1 kHz, with channel A (rake) phase varied from 5-

120o and AC stack voltage varied from 50-100 Vp-p.  The left image in Figure 6-16 shows the 

capacitance probe measurements at these varied inputs.  It can be seen that the various 

ellipse shapes, formed by varying phase, increase in scale with stack voltage.  The right 
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image shows how the shape ratio a/b varies with phase.  The right image also shows that 

the ratio does not change with stack voltage and current measurements closely resemble 

those made by Negishi [105]. 

 

Figure 6-16: Top: Cap gauge measurement results varying phase and voltage of Ultramill 
inputs. Bottom: Aspect ratio of measured ellipses varied with phase but not voltage 

ǎƛƳƛƭŀǊƭȅ ǘƻ bŜƎƛǎƘƛΩǎ ƳŜŀǎǳǊŜƳŜƴǘǎ [105]. 

The cutting experiment design requires three ellipses in which one had a shape ratio equal 

to 1, and the other two were inverse of one another.  Three ellipse ratios were chosen from 

the right image in Figure 6-16:  r=0.25 at phase = 8.3o, r = 1 at phase = 27.6o, and r = 4 at 
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phase = 92.1o.  Another part of the experiment design required that the contained area of 

each ellipse was equal.  Using the same stack voltage for each phase would not result in 

constant ellipse swept areas, therefore stack voltage needs to be varied.  The three chosen 

phases were again tested on the Ultramill at varying amplifier voltage, shown in Figure 6-17.  

!ƴ ŜƭƭƛǇǎŜ ǎƛȊŜ ƻŦ рл ˃Ƴ2 was chosen, with required stack voltages determined by the best 

fit power curve functions.  This resulted in required inputs of 150 V for tƘŜ нȄу ˃ƳΣ мΦфн ± 

ŦƻǊ пȄп ˃Ƴ ŜƭƭƛǇǎŜΣ ŀƴŘ мΦпо ± ŦƻǊ уȄн ˃Ƴ ŜƭƭƛǇǎŜΦ 

 

Figure 6-17:  Relationship between stack voltage and ellipse area. 

The chosen phases and stack voltages were again applied to the Ultramill, with resulting 

ellipse shapes shown in Figure 6-18.  These measurements confirmed the ellipse area of 50 

˃Ƴ ŀƴŘ ǊŜǉǳƛǊŜŘ ǎƘŀǇŜ ǊŀǘƛƻǎΦ 
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Figure 6-18: Three toolpaths selected for multi-ellipse experiments confirmed via 
capacitance probe measurement 

! ŘŜǇǘƘ ƻŦ Ŏǳǘ ƻŦ мл ˃Ƴ ǿŀǎ ŎƘƻǎŜƴ ǎƻ ǘƘŀǘ ŜŀŎƘ ŜƭƭƛǇǎŜ ǇŀǘƘ ŎƻƳǇƭŜǘŜƭȅ ǳƴŘŜǊŎǳǘ ǘƘŜ 

workpiece surface.  Workpiece velocities were chosen that constrains PVup theoretical 

surface finish of 25 nm, similarly to the multi-ellipse finite element analysis in Chapter 5.  

These fully defined the kinematic parameters needed to calculate the 2D uncut chip shape 

parameters.  Uncut 2D chip shape and parameters are calculated using the Matlab scripts 

EVAMcalcs.m and EVAMchip.m with results given in Figure 6-19.  Special note should be 

taken of the upfeed per cycle (ufpc), which is different for each.  EVAM vibration marks on 

the surface typically have spatial periods equal to this value. 

LŦ ǘƘŜ нȄу ˃Ƴ ǾŜǊǘƛŎŀƭ ŜƭƭƛǇǎŜ ǎƘŀǇŜ ǿŀǎ ǳǎŜŘ ǿƛǘƘ ǘƘŜ нΦром ƳƳκǎ ǿƻǊƪǇƛŜŎŜ ǎǇŜŜŘ ƻŦ ǘƘŜ 

уȄн ˃Ƴ ƘƻǊƛȊƻƴǘŀƭ ǎƘŀǇŜΣ ǘƘŜ ǾŜǊǘƛŎŀƭ ŜƭƭƛǇǎŜ ǿƻǳƭŘ ǇǊƻŘǳŎŜ ŀƴ I{w ƻŦ нлΦм҈Φ  ! ǿƻǊƪǇƛŜŎŜ 

speed of only 1 mm/s with a 2x8 ˃Ƴ ŜƭƭƛǇǎŜ ǿƛƭƭ ǇǊƻŘǳŎŜ t±up of over 200 nm, and a speed 

of 1.5 mm/s would increase the PVup to 460 nm.  This gives example of why PVup theoretical 

surface finish was chosen as an experimental design constraint.   
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Figure 6-19:  2D Uncut chip shape and resulting calculated parameters for three ellipse shapes chosen for the multi-ellipse 
experiment.  Units of EVAM parameters are in [mm] and/or [sec].   .
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Before wear experiments on AISI1215 steel were conducted, cutting conditions were tested 

on a C360 free-cutting brass workpiece.  Brass was chosen since has been shown to exhibit 

negligible tool wear at cutting distances below 100 m [28]Φ  ¢ƘŜ ±ƛŎƪŜǊΩǎ ƘŀǊŘƴŜǎǎ ƻŦ ǘƘŜ 

brass workpiece was 185 HV, compared to 210 HV for the AISI1215 steel.  Tool forces were 

measured using the same load cell setup described in the multi-frequency experiment.  Less 

ǘƘŀƴ о Ŏǳǘǎ ǿŜǊŜ ƳŀŘŜ ƻƴ ōǊŀǎǎ ŀǘ р ˃Ƴ ƻǊ мл ˃Ƴ ŘŜǇǘƘ ƻŦ Ŏǳǘ ǳǎƛƴƎ ŜŀŎƘ ŜƭƭƛǇǎŜ shape, and 

without vibration (conventional machining). This lead to an interesting observation of the 

force signals, but ultimately vibrations in the forces influenced the decision to remove the 

load cell during steel cutting.  For the AISI1215 EVAM cutting varying ellipse shape, the 

workpiece was directly fixed to the workpiece holder without a load cell. 

Similar to the multi-frequency experiment, four cutting zones were selected on the 2.28 

mm straight edged tool.  Zone 1 was used to face each fin before actual wearing cuts were 

made with zones 2-4.  Machining distance was 5m for each of the three ellipse shapes.  This 

resulted in total machining times (including non-contacting traversal of machine axes at 200 

mm/min) of 2hr 17min for the 2x8 vertical ellipse, 1 hr 44min for the 4x4 circular ellipse, 

and 36 minutes for the 8x2 horizontal.  

6.3.2 MULTI-ELLIPSE EXPERIMENT RESULTS 

6.3.2.1 BRASS FORCES 

As mentioned earlier, forces were measured during machining of the C360 brass fin.  Figure 

6-20 shows forces measured after conventional machining at two depths of cut.  The 

Ultramill tool was used without any power sent to the stacks.  Reducing the depth of cut by 

50% essentially reduced the cut force by 50%.  A workpeice speed of 2.53 mm/s was used; 

ǘƘŜ ǎŀƳŜ ŀǎ ǘƘŜ уȄн ˃Ƴ ŜƭƭƛǇǎŜ ǎƘŀǇŜ ǇŀǊŀƳŜǘŜǊǎΦ  5ŜǎǇƛǘŜ ŀ мо҈ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ƘŀǊŘƴŜǎǎΣ 

ōǊŀǎǎ ŦƻǊŎŜǎ ŀǘ мл ˃Ƴ ŘŜǇǘƘ ƻŦ Ŏǳǘ ǿŜǊŜ ǘƘŜ ǎŀƳŜ ŀǎ ǎǘŜŜƭ ŦƻǊŎŜǎ ŀǘ м ˃Ƴ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƛƴ 

Chapter 3.  This is likely due to the tool wear, particle dragging, and built up edge when 

machining steel. 
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Figure 6-20: Tool forces for conventional machining of C360 brass at 2.53 mm/s. 

Tool forces were then measurement with the Ultramill powered on, and each of the 3 

ellipse shapeǎ ŀǇǇƭƛŜŘ ŀǘ р ŀƴŘ мл ˃Ƴ ŘŜǇǘƘ ƻŦ Ŏǳǘ ŦƻǊ ǘƻǘŀƭ ƻŦ с ŦƻǊŎŜ ƳŜŀǎǳǊŜƳŜƴǘǎΦ  

Figure 6-21 shows these measurements.  Cut force and thrust force were measure with data 

collected using a DSpace data acquisition system at 40 kSa/sec.  Peaks corresponding to the 

м Ƴǎ 9±!Ƴ ŎȅŎƭŜ ǇŜǊƛƻŘ Ŏŀƴ ōŜ ǎŜŜƴΣ ŀƴŘ ƭŀǊƎŜǊ ŦƻǊŎŜǎ ŀǊŜ ǾƛǎƛōƭŜ ŀǘ ǘƘŜ мл ˃Ƴ ŘŜǇǘƘ ƻŦ ŎǳǘΦ  

¢ƘŜ уȄн ˃Ƴ ƘƻǊƛȊƻƴǘŀƭ ŜƭƭƛǇǎŜ ǊŜǎǳƭǘŜŘ ƛƴ ƘƛƎƘŜǎǘ ŦƻǊŎŜǎΣ ŦƻƭƭƻǿŜŘ ōȅ ŎƛǊŎǳƭŀǊ ŀƴŘ ǾŜǊǘƛŎŀƭ 

ellipse with the lowest.  The  magnitude of the forces were less than those for conventional 

machining in Figure 6-20Σ ōǳǘ ƘŀǊƳƻƴƛŎ ǾƛōǊŀǘƛƻƴǎ ƛƴ ǘƘŜ ƭƻŀŘ ŎŜƭƭ ŘƛŘƴΩǘ ŀƭƭƻǿ ŀŎŎǳǊŀǘŜ 

measure for quantitative comparison. 
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Figure 6-21:  Forces on workpiece measured during EVAM of C360 brass at 3 different 
ellipse shapes and 2 depths of cut. 

¢ƘŜ 9±!a ŦƻǊŎŜǎ ƻƴ ōǊŀǎǎ ǎƘƻǿ ǘƘŀǘ ǘƘŜ уȄн ˃Ƴ ŜƭƭƛǇǎŜ ǇǊƻƳƻǘŜǎ ƘƛƎƘŜǊ ŦƻǊŎŜǎ ŘǳŜ ǘƻ ǘƘŜ 

larger 2D uncut chip area.  Conversely, lower forces were expected for the vertical ellipse 

due to the smaller 2D uncut chip thickness.   This force/area relationship was also expected 

ōŀǎŜŘ ƻƴ C9a ǊŜǎǳƭǘǎ ƛƴ /ƘŀǇǘŜǊ рΦ  5ŜǎǇƛǘŜ ǘƘŜ ƘƛƎƘŜǊ ŦƻǊŎŜǎ ƻŦ ǘƘŜ уȄн ˃Ƴ ŜƭƭƛǇǎŜΣ ƛǘ ƛǎ ǎǘill 

expected to wear the tool less over the same cutting distance as the other two ellipse 

shapes.  The brass workpiece which gave large force harmonics in Figure 6-21 weighed 120 

gm compared to the 40 gm steel workpiece that gave more measureable EVAM forces in 

Figure 6-7.  This increased mass effectively decreased the natural frequency of the load cell 

and workpiece system.  Though the 40 gm steel workpiece is used in the multi-ellipse wear 

experiment, the load cell was removed and steel workpiece was fixed directly to the 

workpiece holder shown in Figure 6-3, and forces were not measured. 

6.3.2.2 STEEL SURFACE FINISH 

Three steel fins were EVAMed according to cutting parameters in Figure 6-19.  The 

workpieces were measured in the Zygo NewView scanning white light interferometer, with 
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surface measurements at 100x zoom shown in Figure 6-22.  Each ellipse shape resulted in 

surface finish less than 15 nm Ra, with horizontal ellipse providing the best finish.  EVAM 

surface vibration marks could be seen perpendicular to the cutting direction in each surface. 

 

Figure 6-22:  Zygo NewView SWLI surface measurement of AISI steel workpiece for three 
ellipse shapes after 5m cutting distance.  Cutting direction is right to left. 

Traces of each surface measurement from Figure 6-22 are shown in Figure 6-23.  

¢ƘŜƻǊŜǘƛŎŀƭ t± ǎǳǊŦŀŎŜ ŦƛƴƛǎƘ ŦƻǊ ŜŀŎƘ ǘŜǎǘ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǘƻ ōŜ нрƴƳΦ  ɲ¸ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ 

EVAM cusps corresponding to this value are also shown in the figure.  Each surface had cusp 

height and overall form well below this value.  Horizontal cusp spacing ɲ· ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ 

the upfeed per cycle (ufpc) calculations in Figure 6-19Φ  /ǳǎǇ ǎǇŀŎƛƴƎ ƻŦ нΦр ˃Ƴ ŀƴŘ лΦф ˃Ƴ 

were expected for the horizontal and circular ellipse, respectively, and were observed on 

the surface foǊ ǘƘŜǎŜ ŜȄǇŜǊƛƳŜƴǘǎΦ  IƻǿŜǾŜǊΣ ǘƘŜ лΦо ˃Ƴ ǎǇŀŎƛƴƎ ŦƻǊ ǾŜǊǘƛŎŀƭ ŜƭƭƛǇǎŜ ǿŀǎƴΩǘ 

ǎŜŜƴΣ ōǳǘ ŀ ŎƻƴǎƛǎǘŜƴǘ мΦт ˃Ƴ ŦƻǊƳ ǿŀǎ ǎŜŜƴΦ 

Horizontal 8x2 mm, 
7nm rms, 4nm Ra

Circular 4x4 mm, 
7nm rms, 6nm Ra

Vertical 2x8 mm,
21nm rms, 10nm Ra

15 nm

-15 nm
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Figure 6-23: Surface traces made from of EVAMed steel surfaces in using different ellipse 
shapes. 

DƛǾŜƴ ǘƘŜ ǿƻǊƪǇƛŜŎŜ ǾŜƭƻŎƛǘȅ ƻŦ лΦомс ƳƳκǎŜŎ ǳǎŜŘ ǿƛǘƘ ǘƘŜ ǾŜǊǘƛŎŀƭ ŜƭƭƛǇǎŜΣ ǘƘŜǎŜ мΦт ˃Ƴ 

cusps correspond to a 185 Hz vibration.  The source of this vibration could not be found.  

The peak to valley surface variation was still over 2 orders of magnitude smaller than the 

depth of cut or uncut chip thickness, so any harmonic vibrations are not expected to have 

an effect on cutting mechanics, chip formation, or wear. 

6.3.2.3 TOOL WEAR 

After machining, the tools were cleaned, inspected for metal pickup, and etched using 5wt% 

nitric acid solution with the same technique used in the multi-frequency experiment.  

Similarly, very little or no pickup was observed before etching.  Figure 6-24 shows resulting 

Vertical 2x8 mm,
DX = 1.7 mm
DY = 5 nm

Circular 4x4 mm, 
DX = 1 mm
DY = 0.6 nm

Horizontal 8x2 mm, 
DX = 2.6 mm
DY = 5.5 nm
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EBID traces ƻŦ ǿƻǊƴ ǘƻƻƭ ǎŜŎǘƛƻƴǎ ŀŦǘŜǊ рƳ ƻŦ ƳŀŎƘƛƴƛƴƎ ŘƛǎǘŀƴŎŜ ƻƴ !L{LмнмрΦ  ¢ƘŜ уȄн ˃Ƴ 

ƘƻǊƛȊƻƴǘŀƭ ŜƭƭƛǇǎŜ ƘŀŘ ƻōǾƛƻǳǎ ƭŜǎǎ ǿŜŀǊ ǘƘŀƴ ǘƘŜ пȄп ƻǊ нȄу ˃Ƴ ŜƭƭƛǇǎŜǎΦ 

 

Figure 6-24: EBID cross-sections of worn tool edge after EVAM of AISI1215 using different 
ellipse shapes 

The worn shapes were generally rounded with a slightly flat region.  Despite a depth of cut 

ƻŦ мл ˃ƳΣ ŜŘƎŜ ǊŜŎŜǎǎƛƻƴ ƛƴ ǘƘŜ ¸-direction in Figure 6-24 was approxiƳŀǘŜƭȅ лΦо ˃ƳΦ  ¢ƘŜ 

9±!a ŜȄǇŜǊƛƳŜƴǘǎ ǾŀǊȅƛƴƎ ŦǊŜǉǳŜƴŎȅΣ ǿƛǘƘ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƻŦ н ˃ƳΣ ƘŀŘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ǘƘŜ 

same amount of edge recession for 5 m cut distance shown in Figure 6-10.  This shows that 

depth of cut plays little role regarding EVAM tool wear, at least at this distance.  The scale of 

wear is much larger than the geometric PVup surface of 25 nm, which was larger than the 

ƳŜŀǎǳǊŜŘ 9±!a ŎǳǎǇ ƘŜƛƎƘǘΦ  ¢ƘŜ ǿƻǊƴ ǎƘŀǇŜ ƻŦ ǘƘŜ ǘƻƻƭ Ƴŀȅ ŎŀǳǎŜ ŀ ΨōǳǊƴƛǎƘƛƴƎΩ ŀŎǘƛƻƴ ŀǘ 

start of the EVAM chip where chip thickness starts at zero.   

Zone 2 ς8x2 mm

Zone 3 ς2x8 mm

Zone 4 ς4x4 mm
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Similar to results from the multi-frequency experiment, absolute and relative wear / 

distance and velocity terms are plotted with the non-EVAM thermo-chemical wear model of 

Chapter 3.  Recall tƘŀǘ ǘƘƛǎ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ŀ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƻŦ м ˃ƳΣ ōǳǘ ƛǘǿŀǎ 

estimated that at speeds much below the wear minimum, depth of cut does not change the 

location of the line.  Also, depth of cut for the multi-ŜƭƭƛǇǎŜ 9±!a ŜȄǇŜǊƛƳŜƴǘǎ ǿŀǎ мл ˃ƳΦ  

Figure 6-25 compares absolute wear and velocity terms, shown as purple dashes, and 

relative EVAM terms, shown as blue diamonds, for the three cutting tests.  Again, absolute 

terms use 2D wear area per machining distance as y-axis values and workpiece velocity as x-

axis values.  Relative EVAM terms in Figure 6-25 use 2D wear area per sliding distance as y-

axis values, and maximum horizontal tool tip velocity as x-axis values.  Absolute terms 

followed the declining wear/distance trend of the wear model, but relative terms did not. 

 

Figure 6-25 - Resulting wear from multi-ellipse test compared to wear model.  Absolute 
terms (workpiece speed and wear / machining distance, purple dashes) are compared to 
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relative terms (wear / sliding distance and maximum horizontal tool tip velocity, blue 
diamonds) 

The reason relative terms in Figure 6-25 do not follow the declining wear/distance trend of 

the wear model is due to the use of maximum horizontal tool tip velocity as the relative 

velocity term.  For the vertically aligned, 2x8 µm ellipse, the peak horizontal velocity 

relatively low due to the small horizontal ellipse amplitude.  During most of the tool tip 

trajectory while in contact with the workpiece, the tangential tip velocity is much greater.  If 

tangential velocity at maximum chip thickness (vmax_chip) is used as the relative velocity term, 

the trend appŜŀǊǎ ƳƻǊŜ ƭƛƪŜ ǘƘŜ ǿŜŀǊ ƳƻŘŜƭΩǎΣ ŀǎ ǎƘƻǿƴ ƛƴ Figure 6-26.  While the wear rate 

values are the same in Figure 6-25 and Figure 6-26, the respective locations of the 

datapoints occur at different x-axis velocity values. 

 

Figure 6-26:  Resulting wear from multi-ellipse test compared to wear model.  Relative 
terms use tangential velocity at maximum chip thickness as x-axis values (orange dashes). 
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One conclusion from the multi-frequency EVAM FEM simulations was the Arrhenius wear 

model line is shifted left when using EVAM compared to conventional machining.  This 

essentially showed that at workpiece speeds below the wear minimum, EVAM reduces 

wear.  Data points in Figure 6-22 lie in this region.  

6.3.3 CONCLUSIONS 

Horizontally aligned ellipse shape produced the most amount of wear per unit time, but had 

loweǊ ǿŜŀǊ ǇŜǊ ƳŀŎƘƛƴƛƴƎ ŘƛǎǘŀƴŎŜΦ  ¢Ƙƛǎ ƛǎ ŘǳŜ ǘƻ ǘƘŜ ΨǎǇǊŜŀŘƛƴƎ ƻǳǘΩ ŜŦŦŜŎǘ ŎŀǳǎŜŘ ōȅ 

higher available workpiece velocity described after FEM simulation results in Chapter 5.   

Excellent surface finish was obtained on steel for each ellipse shape, and was superior to 

the geometric surface finish calculated from EVAM kinematics.  This is likely a result of the 

ǊƻǳƴŘŜŘ ŜŘƎŜ ƻŦ ǘƘŜ ǿƻǊƴ ǘƻƻƭ ΨōǳǊƴƛǎƘƛƴƎΩ ǘƘŜ ǎǳǊŦŀŎŜ ŀǘ ǘƘŜ ǎǘŀǊǘ ƻŦ ŜŀŎƘ Ŏǳǘ ŎȅŎƭŜ ǿƘŜǊŜ 

the uncut chip thickness is zero. 

Geometric surface finish was used as a constraint on workpiece speed.  It was shown that 

measured surface finish was better than the theoretical value.  In a real machining situation, 

workpiece speed should be increased as much as possible while maintaining an acceptable 

measured sǳǊŦŀŎŜ ŦƛƴƛǎƘ όƴƻǘ ǘƘŜƻǊŜǘƛŎŀƭύΦ  LƴŎǊŜŀǎƛƴƎ ǎǇŜŜŘ ǿƛƭƭ ŜƴƘŀƴŎŜ ǘƘŜ ΩǎǇǊŜŀŘƛƴƎ ƻǳǘΩ 

effect and promote less tool wear per machined distance. 

6.4 HIGH SPEED VAM EXPERIMENTS WITH SON-X 

Results from Ultramill experiments showed a reduced level of wear compared to 

conventional machining when comparing the same low workpiece velocity (2-8 mm/s).  

They also showed higher level of wear compared to high speed machining (1-4 m/s).  It is 

theorized that higher workpiece speeds and relative tool tip velocities will reduce tool wear 

further according to the Arrhenius wear model and predictions made from AdvantEdge 

simulations.   
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The Fine Machining and Optics Group at Fraunhofer IPT in Aachen Germany provided access 

to their Son-X 80 kHz linear vibration assisted machining tool.  The 80 kHz Son-x device is 

the latest in a line of ultrasonic cutting devices including 40 kHz and 60 kHz operating 

frequencies [106,112,113,147].  Figure 6-27 shows the Son-X system at left and example 

cutting of a flat of Stavax (SST420) at right.   

 

Figure 6-27: Left: Son-X 80 kHz ultrasonic LVAM system.  Right: Video monitor view of Son-X 
machining a flat of Stavax  

Diamond tools and inserts are specifically fabricated for use on the Son-X system.  The low 

mass and narrow profile of the insert and the relatively small size of the diamond crystal are 

designed specifically for the resonant system.  Rather than remove the straight-edge 

diamonds from the alumina Ultramill holder, round-edge tools supplied by Fraunhofer IPT 

were used in experiments.  All machining was conducted at Fraunhofer IPT in Aachen, 

Germany on a Moore Nanotech 350 ultraprecision lathe with isoparaffin mist as coolant.  

The linear motion of the Son-X system requires different parameter calculations than for 

EVAM made in Chapter 4.  The linear VAM tool motion, in part coordinates, can be written 

as the same x-direction function as for EVAM but without the y-direction motion.   

Video 
monitor 

view

Vibration 
Direction Diamond 

Tool

Workpiece
Rotation

Vibration 
Direction
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It is unknown if the Son-X tool tip is always in sliding contact with the workpiece or if a 

slightly elliptical precession causes contact over only a portion of the cycle similar to EVAM.  

Shamoto et. al. theorized that their LVAM device had a slightly elliptical toolpath which 

ǊƻǘŀǘŜŘ ƛƴ ŀ ΨŎƭƛƳōƛƴƎ ŎǳǘΩ ŘƛǊŜŎǘƛƻƴΣ ǿƘƛŎƘ ǘƘŜȅ  ǘƻ ƛƴŦŜǊƛƻǊ ǎǳǊŦŀŎŜ ŦƛƴƛǎƘ [107].  It was 

recommended to the Fine Optics and Machining Group at Fraunhofer IPT to measure the 

tool tip vibration in y-direction (out of the workpiece, normal to the cutting direction) 

during cutting to determine if truly elliptical motion occurs with their device, which would 

reduce the sliding contact distance per cycle.  Though true sliding distance per vibration 

cycle is unknown, it is assumed here that the tool never comes out of contact.  Sliding 

distance is calculated by integrating toolpath arclength over one entire cycle period, 1/f : 

 

1/

0

( )

f

sd x t dt=ñ  (6.2) 

The sliding distance per upfeed ratio is the sliding distance per cycle divided by the forward 

incremental distance the tool moves in one cycle.  Multiplying this ratio by the total 

machined distance gives the total sliding distance. 

 s
up

wkpc

d f
r

v

Ö
=  (6.3) 

Researchers at Fraunhofer IPT already had determined optimal cutting conditions of Stavax 

based on best surface finish for the 40 kHz and 60 kHZ devices.  They found that a 20% duty 

cycle gave optimal performance [113].  Only the 80 kHz device was available for 

experiments for this dissertation, but the process could be varied while maintaining 20% 

duty cycle (called entrance duration in [112]) by varying the workpiece speed with the 

vibration amplitude.  One of the two settings in Table 6-2 was used in all experiments.   
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Table 6-2: Operating conditions for 80 kHz Son-X device that achieve 20% duty cycle. 

Workpiece speed 
and vibration 

amplitude, vwkpc, a 
Entrance 
Velocity 

Upfeed per 
cycle, ufpc 

Sliding 
distance per 

cycle, ds 

Sliding distance 
per upfeed ratio, 

rup 

66.8 mm/s, 1.2 µm 0.6 m/s 0.85 µm 4.83 µm 5.784 

44.5 mm/s, 0.77 µm 0.4 m/s 0.56 µm 3.10 µm 5.574 

 

Like EVAM, the relative tool tip velocity varies through the cut cycle due to the sinusoidal 

vibration.  The entrance velocity, vin , is the relative tool tip velocity as the tool comes back 

into contact with the chip formed on the previous cycle.  Results from EVAM experiments 

varying ellipse shape showed velocity at maximum chip thickness, vmax-chip, is best used as a 

relative velocity term when comparing absolute vs. relative parameters relating to the 

Arrhenius wear model.  Uncut chip thickness with LVAM does not vary, so entrance velocity 

is used to relate ultrasonic wear results to the Arrhenius wear model.   

In EVAM, the instantaneous depth of cut or vertical chip thickness is reduced by the 

overlapping toolpaths.  In Chapter 5 it was theorized that this reduced chip thickness caused 

EVAM wear results to occur below the conventional machining Arrhenius wear model line, 

with similar effect as reducing the depth of cut.  LVAM vertical chip thickness is the same as 

the depth of cut assuming the vibration motion is aligned with the cutting direction and 

workpiece surface.  The relative tool tip velocity during contact is non-constant resulting 

from the sinusoidal tool motion and chip formation 

LVAM incurs higher peak tool tip temperatures than non-vibration machining at the same 

workpiece velocity.  Similar to EVAM, this is due to the higher tool tip velocities resulting 

from the superimposed vibration.  LVAM simulations were not completed in AdvantEdge 

prior to these experiments so it is unknown if average temperatures are reduced.  It is 

estimated that LVAM will produce a similar wear characteristics to EVAM. 
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6.4.1 ORTHOGONAL ULTRASONIC MACHINING OF AISI1215 FINS 

6.4.1.1 AISI 1215 EXPERIMENT SETUP 

Similar orthogonal machining geometry used in mid-speed conventional machining of the 

AISI1215 steel in Chapter 3 was used here.  Only round tools available with the Son-X device 

were used rather than the straight-edge tools used to develop the Arrhenius wear model in 

Chapter 3.  Fins 0.25 mm wide and 0.6 mm tall were machined on the perimeter of a 22 mm 

diameter cylinder.  Figure 6-28 shows the two workpieces.  ABS plastic caps were made that 

screw onto the top of the cylinders that protect the fins before and after machining.   

 

Figure 6-28: AISI 1215 workpieces used in 80 kHz LVAM experiment (post machining).  
Workiece on the right has a protective cap installed 

Machining parameters were calculated using the measured dimensions of the workpiece 

and the two ultrasonic operating conditions given in Table 6-2.  Table 6-3 gives the 

machining parameters.  Test 1 and Test 4 are intended to flatten the fin to reduce runout 

similar to the previous conventional machining and Ultramill cutting tests.  Test 2-3 and 5-6 

test the two ultrasonic machining conditions over two distances of 15 and 30m for a total of 

4 wear zones. 

0.25 mm 
wide fin

protective cap

Part 1 Part 2
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Table 6-3: Son-X machining parameters for AISI1215 tests 

 

Figure 6-29 shows a schematic of the location of the wear zones on each tool.  Specific 

locations for wear zones were not prescribed, and the displayed wear zones were those 

used at the discretion of Fraunhofer IPT precision machinists.  Tools used were 1mm nose 

radius, 10 conical clearance synthetic diamonds from Contour Fine Tooling.  

 

Figure 6-29:  Test locations on two tools used to machine workpiece 1 and workpiece 2. 

After machining was completed in Germany, the parts and tools were shipped back to the 

Precision Engineering Center.  Surface finish was measured on a Zygo New View SWLI and 

give surfaces produced from Test 3 and Test 6. 

6.4.1.2 AISI 1215 RESULTS ς SURFACE FINISH 

The 1mm radius tools used in the experiment created a radiused surface on both 

workpieces, therefore a best-fit cylinder is removed from each measurement.  Removed 

radius in the MetroPro software from workpiece 1 was 1.16 mm (tool #V33213 had and 

edge radius of 0.979 mm) and removed radius from workpiece 2 was 0.978 mm (tool # 

V22314 was 1.003 mm).  Figure 6-30 shows SWLI surface images from Part 1 and Part 2.  

DoC (mm)

Total Cut 

distance (m)

Total # Part 

Revolutions

Tangential 

Velocity,     Vc-rot 

(mm/s)

 Vibration 

Amplitude 

(mm)

Z-Feed 

depth 

(mm)

Z-Infeed 

Speed 

(mm/min)

Spindle 

Speed 

(rpm)

Test 1 Flatten surface of Part 1 

Test 2 0.001 15.0 228.5 68 1.2 0.2285 0.062 62.15

Test 3 0.001 30.0 457.0 68 1.2 0.4570 0.062 62.15

Test 4 Flatten Surface of Part 2

Test 5 0.001 15.0 224.5 44.5 0.77 0.2245 0.040 39.97

Test 6 0.001 30.0 449.1 44.5 0.77 0.4491 0.040 39.97

Test 2

Tool V33213
Workpiece 1 

Test 4

Tool V33214 
Workpiece 2
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Note that the contour map on the Part 2 image is labeled with a wider range, indicating 

greater variation in surface feature height. 

 

Figure 6-30: 50x zoom SWLI measurements (140x110 µm window) of AISI1215 parts 
machined with Son-X 

The general form of the surface was notably different than results from conventional 

machining and Ultramill EVAM of AISI1215.  Surfaces in Figure 6-30 from ultrasonic 

machining show no particle dragging seen from conventional machined surface, but do not 

show distinct alloy inclusions evident from Ultramill machining despite the same AISI1215 

material.  For tests 2-3, the vibration spacing along the fin, similar to the upfeed per cycle 

(ufpc) should be v/f  = 0.85 µm, or 1176/mm.  Figure 6-31 shows SWLI measurement at 100x 

zoom of workpiece #1.  Spatial FFT of the trace in the left image gave a spatial frequency of 

1192/mm, shown in the right image.  Vibration spacing for tests 5-6 had a calculated 

spacing of 0.56 µm or 1798/mm, though SWLI results in Figure 6-32 did not show any 

distinct vibration features in the cutting direction. 

Part 1 - 38nm rms, 29nm Ra Part 2 - 81nm rms, 62nm Ra
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Figure 6-31: 100x zoom SWLI measurement (70x50 µm window) of workpiece 1 showed 
vibration features at spatial frequency of 1192/mm or 0.839 µm. 

 

Figure 6-32: 100x zoom, SWLI measurement (70x50 µm window) of workpiece 2 showed no 
distinct vibration frequency. 

Though vibration features could not be seen in part 2 and surface finish was inferior to part 

1, surface finish for both was an order of magnitude better than conventionally diamond 

turned AISI1215.  A possible explanation for lack of ultrasonic vibration patterns in Part 2 is 

if the workpiece speed was erroneously high.  This would effectively increase the duty cycle 

and upfeed per cycle, and potentially disallow the tool from coming out of contact.  Lower 

spatial frequency features (or features spaced further apart) would result on the surface.  

¢ƘƻǳƎƘ ǘƘŜǊŜ ǿŀǎƴΩǘ ŀ ŘƛǎǘƛƴŎǘ ǇŜŀƪ ƛƴ ǘƘŜ ŀƳǇƭƛǘǳŘŜ ǎǇŜŎǘǊǳƳ Ǉƭƻǘ in Figure 6-32, most of 

the calculated waveforms occurred at spatial frequencies below 1000/mm or wavelengths 

larger than 1 µm.   

6.4.1.3 AISI 1215 RESULTS ς TOOL WEAR 

1192 /mm
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Both tools were observed in an optical microscope at 500x, and no metal pickup was 

observed on either.  Since little pickup was observed, etching with nitric acid was not done 

before cleaning and prepping the tools for the SEM.  With the higher resolution of the SEM, 

very little metal pickup was observed on the tool edge except for the Test 5 zone.  EBID 

stripes were made for Tests 2,3, 5, and 6, with stretched and rotated worn tool cross-

sections shown in Figure 6-33. 

 

Figure 6-33: EBID worn tool cross-sections of tools after 80 kHz machining AISI1215 fins. 

Tests 5 and 6 showed drastically different wear forms compared to Tests 2 and 3.  Test 5 

had relatively low wear and simple edge rounding while Test 6, with the same machining 

conditions, showed the highest wear of all.  The greater wear of Test 6 indicates an 

erroneous workpiece speed as does the lack of vibration features in the surface. 
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Though worn tool shapes were different for LVAM and conventional machining, 2D worn 

areas were approximately the same at approximately the same machining distance.  Figure 

6-34 compares EBID cross-sections of tools after conventional machining and 80 kHz 

machining at approximately the same workpiece velocity.  Mid speed conventional 

machining at 71 mm/s (red dotted line) for 10m resulted in similar level of wear as 80 kHz 

machining for 15 m (green dotted line).   

 

Figure 6-34: Comparison of SonX 68 mm/s tool wear vs. mid speed conventional machining 
tool 

EBID wear area measurements for the ultrasonic AISI1215 machining tests are given in 

Table 6-4.  Total sliding distance is calculated using the sliding distance per upfeed ratio in 

Equation (6.3).  Unworn section of the tool was used before cutting to 15m distance, and 

another unworn region was used before machining to 30m distance.  Wear/distance rates 

are determined by dividing measured wear area by 15m and 30m. 
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Table 6-4: Wear results for AISI1215 ultrasonic machining experiment 

 

6.4.1.4 AISI1215 DISCUSSION: RELATIONSHIP WITH ARRHENIUS MODEL  

Wear rates from Table 6-4 are compared to the Arrhenius wear model in Figure 6-35.  

Absolute parameters (purple squares) and relative parameters (orange dots) are compared 

similarly to that done with EVAM results in from Ultramill experiments earlier in this 

chapter.  

 

Figure 6-35: AISI1215 Son-X wear results vs. conventional machining wear model from 
/ƘŀǇǘŜǊ оΦ  5ŜǇǘƘ ƻŦ Ŏǳǘ ŦƻǊ ƳƻŘŜƭ ŀƴŘ ƳŀŎƘƛƴƛƴƎ ƛǎ м ˃ƳΦ 

The 45 mm/s test wear results varied greatly between 15m and 30m machining distance.  

The rates varied by more than an order of magnitude, resulting in a wide spread in Figure 
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2
) (mm
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/m) (mm

2
/m)

Test 2 0.068 0.6 15 86.760 0.669 0.0446 0.0077

Test 3 0.068 0.6 30 173.520 0.918 0.0306 0.0053

Test 5 0.045 0.4 15 83.610 0.111 0.0074 0.0013

Test 6 0.045 0.4 30 167.220 6.573 0.2191 0.0393

Wear model (AISI1215)
Ea = 27.1 kJ/mol, A = 320mm2/s, 
k = 11.80 oC-sec/m

Son-X, Entrance Speed and 
Sliding Distance

Son-X, Workpiece Speed and 
Machining Distance

vwkpc = 68 mm/s

vwkpc = 45 mm/s

vin= 600 mm/s

vin= 400 mm/s
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6-35.  Considering there were no obvious vibration marks on the cut surface in Figure 6-32, 

and wear rates had such large variation, these points are considered erroneous. 

The 68 mm/s vwkpc, 1.2 µm amplitude tests yielded interesting results.  Using absolute 

parameters for speed and distance (workpiece speed and machining distance), the points lie 

between the high and low rate wear model lines.  When applying relative parameters 

(entrance velocity and sliding distance), the points still fall along the same line.  With 

regards to the amount of wear / distance incurred, LVAM results were similar to EVAM.  

Wear for the 80 kHz Son-X was less than low speed conventional machining (2-8 mm/s), but 

greater than high speed conventional machining (1-4 m/s).  However, wear/distance points 

for 80 kHz LVAM lay on the conventional wear model line whereas EVAM results lay below 

it.  

Sliding distance per cycle was calculated based on the assumption that the tool never leaves 

contact with the workpiece.  Wear results indicate this calculation is viable, but is not 

definitive proof that the LVAM tool never loses contact with the workpiece. 

6.4.2 ULTRASONIC MACHINING OF FLAT STAVAX 

Researchers at the Fine Machining and Optics Group noted that prior tests diamond turning 

a Stavax with a round tool, cross-feed, and no ultrasonic vibration resulted in such drastic 

tool wear and edge recession that the tool ceased to form a chip before reaching the center 

of the workpiece.  This inevitable resulted in insufficient surface finish or form for optical 

molding applications [113].  Conducting the same test with ultrasonic vibration turned on, 

they are able to perform multiple cutting passes over a 25 mm diameter Stavax part and 

maintain <10 nm Ra surface finish and <300 nm PV form error.   

Stavax is a material of interest to Fraunhoffer IPT and is commonly used throughout VAM 

research [41,42,106,112,113,115,118,130], tool wear and post machining analysis is of 

value.  Members of the Precision Engineering Center met with Fraunhoffer IPT members in 

Aachen to collaborate on the Stavax machining.  Wear experiments in Chapter 3 on Stavax 
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showed that it too follows an Arrhenius-type chemical wear, albeit with different model 

coefficients than the AISI1215.   

At the time that Stavax machining experiments occurred, a fin-style workpiece similar to the 

AISI1215 in the previous section was not available.  Instead, non-overlapping cuts were 

chosen to study tool wear.  Overlapping cuts used to create an optic surface finish incur a 

variation in depth of cut along the cutting edge and create wear that is difficult to measure.  

The non-overlapping cuts create a symmetric cutting action along the tool edge that is more 

2-dimentional than the overlapping cuts.  Surface finish in the grooves formed by non-

overlapping cuts is also solely a function of the LVAM tool vibration action, and not the tool 

radius and crossfeed.  This allows easier verification of correct LVAM cutting operation 

based on measured surface features. 

6.4.2.1 STAVAX ULTRASONIC EXPERIMENT SETUP 

Two 24mm diameter, approximately 20 mm thick, Stavax workpieces were chosen.  These 

had an initial flat surface premachined using a tungsten carbide tool.  A total of 5 cutting 

tests were designed.  Table 6-5 gives machining parameters used in the Stavax ultrasonic 

[±!a ŜȄǇŜǊƛƳŜƴǘǎΦ  ¢Ŝǎǘ м ŀƴŘ п ǳǎŜŘ ƛƴƛǘƛŀƭ ƻǾŜǊƭŀǇǇƛƴƎ Ŏǳǘǎ ǿƛǘƘ р ˃Ƴ ŎǊƻǎǎ ŦŜŜŘ ǘƘŀǘ 

flattened the workpiece surface.  Test 2 and Test 3 use non-ƻǾŜǊƭŀǇǇƛƴƎ Ŏǳǘǎ ǿƛǘƘ тл ˃Ƴ 

feed and were calculated to machine the same distance, but at two different cutting speeds 

and tool vibration amplitude (but maintains the same %20 entrance duration described 

above).  Test 5 copies all the parameters of Test 3, but doubles the total machined distance. 
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Table 6-5: Machining parameters for ultrasonic machining of Stavax flat 

Test 

# 

Vibration 

Ampl. 

(mm) 

DoC 

(mm) 

Cross-

Feed 

(mm/rev) 

Radii 

Machined  

(mm) 

Tangential 

Velocity, 

Vrot  (m/s) 

Entrance 

Velocity, 

Vin (m/s) 

Cut 

Distance 

(m) 

% 

Contact 

Time 

1 1.2 5 5 12..1 0.068 0.6 386.4 0.2 

2 1.2 1 70 10.5..7.5 0.068 0.6 2.422 0.2 

3 0.8 1 70 7.5..1.5 0.045 0.4 2.422 0.2 

4 1.2 5 5 12..1 0.068 0.6 386.4 0.2 

5 1.2 1 70 10.5..1.5 0.068 0.6 4.844 0.2 

 

Figure 6-36 shows the two Stavax workpieces post machining, and a schematic describing 

the test areas.  Test 2 and 3 machined a total surface area of 196.6 mm2 each.  With the 

same feed of 70 mm, this resulted in the same machined distance of 2.423 m.  Test 5 

machined double the area and distance of tests 2 and 3.  Test 1 and Test 4 planing cuts 

machined from the outside radius all the way to the center.  Each workpiece had an 

approximately 1 mm diameter dimple in the center, so chip formation ended before the 

tool reached the center, and precise part centering was not critical. 
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Figure 6-36:  Top: Picture of two Stavax workpieces post machining. Bottom: Schematic of 
different machining test areas. 

Two tools were used; one for each workpiece.  Both were 0.5 mm radius with 10o conical 

clearance made by Contour Tooling.  The tools mounted on the Son-X transducer could be 

rotated such that different regions of the cutting region access the workpiece thus creating 

distinct regions of wear.  Figure 6-37 shows a schematic of the wear locations for each test. 

 

Figure 6-37: Test locations on two round tools used for ultrasonic machining of Stavax 

To maintain constant tangential workpiece velocity, spindle speed was increased as the tool 

is fed towards the center of the part.  Though the test 1 and 4 overlapping cuts have a 

Test 1
Test 2

Test 3
Test 5

Test 4

Workpiece 1 Workpiece 2

Test 1

Tool V32589 

Test 4

Tool V32590 
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ŘŜǇǘƘ ƻŦ Ŏǳǘ ƻŦ р ˃ƳΣ ǘƘŜ ǳƴŎǳǘ Ŏhip thickness is less than this value.  Figure 6-38 shows this 

calculation using EVAMchip.m, which shows an uncut chip thickness of 600 nm.  The non-

ƻǾŜǊƭŀǇǇƛƴƎΣ м ˃Ƴ ŘŜǇǘƘ ƻŦ Ŏǳǘ ǘŜǎǘǎ ǿƛƭƭ ƭƛƪŜƭȅ ƛƴŎǳǊ ǿŜŀǊ ŀǘ ƻǊ ōŜƭƻǿ ǘƘŜ м ˃ƳΦ  ¢ƘŜ 

ǇǊƻƧŜŎǘŜŘ ŎƘƛǇ ŀǊŜŀ ƻŦ ǘƘŜ р ˃Ƴ ƻǾŜǊƭŀǇǇƛƴƎ Ŏǳǘǎ ǿƛƭƭ ƴƻǘ ƛƴŎǳǊ ǿŜŀǊ ǳǇ ǘƻ р ˃Ƴ ǳǇ ǘƘŜ ǊŀƪŜ 

face, but will more likely induce wear below the 600 nm.  

 

Figure 6-38: Projected 2D uncut chip areas for non-overlapping and overlapping cuts with 
0.5 mm radius tool. 

6.4.2.2 STAVAX ULTRASONIC RESULTS ς SURFACE MEASUREMENT 

Both workpieces and tools were returned to the PEC for surface analysis and tool wear 

analysis.  Form error was initially measured using a Talysurf profilometer shown in Figure 

6-39.  Traces were made along the diameter of the part.  This gives two measurements for 

each radius value.  Figure 6-40 shows the surface of Talysurf results for part 1, with 

expanded views from the test 2 and test 3 non-overlapping cuts.  The origin of the x-axis is 

aligned with the zero radius of the part.  Test 2 groove depth varied from 0.96ςлΦуо ˃Ƴ 

from outer radius to inner radius (initial cutting to final cut).  Test 3 groove depth varied 

from 1.02-мΦлл ˃Ƴ ŦǊƻƳ ƻǳǘŜǊ ǊŀŘƛǳǎ ǘƻ ƛƴƴŜǊ ǊŀŘƛǳǎ όƛƴƛǘƛŀƭ ŎǳǘǘƛƴƎ ǘƻ Ŧƛƴŀƭ ŎǳǘύΦ  ¢Ƙƛǎ 

ŎƻƛƴŎƛŘŜǎ ǿƛǘƘ ǘƘŜ ǇǊŜǎŎǊƛōŜŘ м ˃Ƴ ŘŜǇǘƘ ƻŦ ŎǳǘΦ  IƻǊƛȊƻƴǘŀƭ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ƎǊƻƻǾŜ 

bottoms was consistently 70±лΦр ˃ƳΦ 

Overlapping CutsNon-Overlapping Cuts

1 mm depth of cut
maximum vertical chip thickness

70 mm/rev feed

600 nm 
maximum 
vertical chip 

thickness
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Figure 6-39: Talysurf profilometer tracing across Stavax Workpiece 1 

 

Figure 6-40: Talysurf profilometer trace of Stavax Part 1 (tests 1-3).   

¢ƘŜ ōƻǘǘƻƳ ƻŦ ǘƘŜ ƎǊƻƻǾŜǎ ƛƴ ǘŜǎǘ м ǊŜƎƛƻƴ ǾŀǊƛŜŘ лΦнс ˃Ƴ ŀƴŘ ǘŜǎǘ н ƎǊƻƻǾŜǎ ǾŀǊƛŜŘ лΦоу 

˃Ƴ ŦǊƻƳ ƻǳǘŜǊ ǘƻ ƛƴƴŜǊ ȊƻƴŜ ǊŀŘƛƛΦ  Lǘ Ƴŀȅ ōŜ ǎǳǊƳƛǎŜŘ ǘƘŀǘ ǘƘŜ ŦƻǊƳ ŜǊǊƻǊ ƛǎ ŘǳŜ ǘƻ ǿŜŀǊ 

and tool edge recession.  However, if this were the case, the top edge of the groove would 
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remain relatively unchanged, and overall groove depth would diminish.  Instead, groove 

depth is relatively consistent in Figure 6-40.  It was later noted by members of Fraunhoffer 

IPT, that this form error is likely induced by axial spindle error that stems from the range of 

speeds required to maintain constant tangential velocity.  Also, later wear tests show that 

the scale of wear is not consistent with the variation in groove depth. 

The surface from test 1, and bottom of grooves of test 2 and 3 were measured in the Zygo 

NewView SWLI with results shown in Figure 6-41.  Groove bottoms of Test 2-3 had best fit 

cylinder removed in the Metropro analysis software.  Overlapping cuts of test 1, which did 

not require best-fit cylinder removed, resulted in excellent surface finish of 6 nm rms and 5 

nm Ra.  Measurement made at the center of the part leftover from test 1, or the end of cut, 

were slightly worse at 11 nm rms and 8 nm Ra.  Surface finish at the bottom of test 2 and 3 

grooves was only slightly worse.  Upfeed per cycle for test 2 was лΦур ˃Ƴ ŀƴŘ ǘŜǎǘ о ǿŀǎ 

0.56 nm.  Spatial FFT of a surface slice in the cutting direction for these test surfaces 

ǎƘƻǿŜŘ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǇŜŀƪ ǿŀǾŜƭŜƴƎǘƘǎ ƻŦ лΦф ˃Ƴ ŀƴŘ лΦс ˃ƳΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ  ¢Ƙƛǎ ŘƛŘ ƴƻǘ 

change from initial to final cutting indicating a consistent cutting speed. 
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Figure 6-41: Zygo WLI surface measurement of Part 1 (Tests 1-3).  For tests 2 and 3, 
measurements are taken at the bottom of a groove and best-fit cylinder is removed. 

Workpiece 2 was also measured on the Talysurf, with results shown in Figure 6-42.  Groove 

depth and height varied over the entire workpiece.  Initial cutting of test 5 did not show 

consistent groove spacing or depth.  Final cutting showed consistent depth and height, 

indicating a steady state was achieved around 6-7 mm radius.  Inward of this radius, groove 

ŘŜǇǘƘ ǿŀǎ ŎƻƴǎƛǎǘŜƴǘΣ ōǳǘ ƭŜǎǎ ǘƘŀƴ лΦор ˃Ƴ ŀƴŘ ƴƻǘ ǘƘŜ м ˃Ƴ ŘŜǇǘƘ ƻŦ ŎǳǘΦ  {ƛƴŎŜ ǘƘŜǎŜ 

ƎǊƻƻǾŜǎ ŘƛŘƴΩǘ ƻǾŜǊƭŀǇΣ ǊŜǎƛŘǳŀƭ ǎǳǊŦŀŎe from test 4 can be seen in between each groove.  

{ǘƛƭƭΣ ǘŜǎǘ п ǎǳǊŦŀŎŜ ŦǊƻƳ ǘƘŜ ƻǳǘǎƛŘŜ ǘƻ ƛƴǎƛŘŜ ǊŀŘƛǳǎ ƘŀŘ ŀ ŦƻǊƳ ŜǊǊƻǊ ƻŦ м ˃Ƴ ƻǾŜǊ ǘƘŜ мн 

mm total radius cut. 
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Figure 6-42: Talysurf profilometer trace of Stavax Part 2 (Test 4-5) 

Grooves at the beginning and end of Test 5 were measured in the SWLI.  Vibration features 

were observed along the cutting direction, shown in Figure 6-43.  Amplitude spectrum plots 

showed different peak spatial wavelengths of vibration features at the beginning and end of 

the cut.  Spatial wavelength based on ufpc should be 0.85 mm, but were 1.61 µm at the 

beginning of cut and 1.37 µm at the end.  The 2x wavelength at the beginning of cut may be 

ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜ ǘƻƻƭ ΨǎƪƛǇǇƛƴƎΩ ŜǾŜǊȅ ƻǘƘŜǊ Ŏǳǘ ŎȅŎƭŜΣ ǿƘƛŎƘ ƛǎ ƳƻǊŜ ƭƛƪŜƭȅ ǘƘŀƴ ǎǇƛƴŘƭŜ ǎǇŜŜŘ 

2x the desired rate.  Nevertheless, the change in spatial frequency from beginning to end of 

cut is an indicator of a non-constant spindle speed that varied approximately 14%. 
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Figure 6-43: Zygo SWLI surface measurements of test 5 grooves.  Best-fit cylinder is 
removed, and amplitude spectrum is shown from traces made in the cutting direction. 

The form error, varying groove thickness, and inconsistent ultrasonic vibration marks 

indicate an error in the workpiece speed governed by the varying spindle speed.  Since the 

ǘƻǘŀƭ ŦƻǊƳ ƻŦ ǿƻǊƪǇƛŜŎŜ н ǾŀǊƛŜŘ ƭŜǎǎ ǘƘŀƴ ǘƘŜ м ˃ƳΣ ǿƘƛŎƘ ǿŀǎ ǘƘŜ ŘŜǇǘƘ ƻŦ ŎǳǘΣ ǘƻƻƭ ǿŜŀǊ 

may have contributed. 

6.4.2.3 STAVAX ULTRASONIC RESULTS ς TOOL WEAR 

Unlike the conventional machining of Stavax presented in Chapter 3, the ultrasonic tool 

showed no metal pickup on the rake face when viewed in a 500x optical micsroscope.  Tools 

were cleaned and etched with NaOH using the same method described for the AISI1215 

machine tests prior to viewing in an SEM.  When comparing tool wear resulting from VAM 

vs. non-vibration cutting of steel workpieces, other researchers noted that VAM tools show 

a smooth, continuous wear along the cutting edge [52].  Non-VAM tools used in overlapping 

cuts of hard die steel exhibited grooves along the cutting edge that occur at spacing equal 

to the feed.  Before performing EBID measurements, the overall shape of the wear on the 

1.61 mm

Cut direction Cut direction

Sample location Sample location

110 mm

1.37 mm

5
0

 m
m

110 mm
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tools used to ultrasonically turn Stavax were observed at relatively low magnification in the 

SEM.  Figure 6-44 shows three wear zones on tool 1.  Overlapping cuts made during test 1 

resulted in a smooth edge similar to test 2 and 3 which made non-overlapping cuts. 

 

Figure 6-44: 100x SEM images of three wear zones on 80 kHz tool used to machine Stavax 

EBID traces were made at the center of each wear section that had the highest level of wear 

shown in Figure 6-45.  For overlapping cuts of test 1 and 4, the maximum wear also 

occurred at the center of the wear zone.  Despite varying machining parameters, distances, 

and depth of cut observed from Talysurf traces, tool wear appeared very similar for all 

experiments except test 5, which presented a lower level of wear. 

Test 1

Test 2 Test 3

Test 2

Test 1

Test 3
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Figure 6-45:  EBID Traces of round tools cutting STAVAX 

Most interesting was the level of wear seen on the overlapping cuts of Test 1 and 4 despite 

machining over 100x the distance of Test 2 and 3.  The wear for the overlapping cuts in test 

1 and 4 were still less than the conventional tools used to cut Stavax in Chapter 3.  Figure 

6-46 compares the ultrasonic tool after 364 m cutting distance, compared to the 

conventional tool.   

 

Figure 6-46: Comparison of Son-X tool after overlapping cuts on Stavax, and straight-edged 
tool high speed conventional cutting 

Test 1 ς386.4 m, overlapping
Test 2 ς2.4 m, grooves
Test 3 ς2.4 m, grooves
Test 4 ς386.4 m, overlapping
Test 5 ς4.8 m, grooves
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There are several caveats to comparing the two worn tools in Figure 6-46.  Note that the 

conventional machining used a straight-ŜŘƎŜŘ ǘƻƻƭ ǿƛǘƘ м ˃Ƴ ŘŜǇǘƘ ƻŦ Ŏǳǘ ǘƘŀǘ ƳŀƛƴǘŀƛƴŜŘ 

this depth despite any tool edge recession by constantly feeding into the workpiece.  The 

depth of cut for the round nose tool will decrease by whatever vertical tool edge recession 

is caused by wear, thus changing the cutting mechanics.  Also, Figure 6-38 showed the 

uncut chip thickness for the ultrasonic tool was only 600 nm, where the straight-edge 

conventionŀƭ ǘƻƻƭǎ ǳƴŎǳǘ ŎƘƛǇ ǘƘƛŎƪƴŜǎǎ ǿŀǎ ǘƘŜ ŘŜǇǘƘ ƻŦ Ŏǳǘ ƻŦ м ˃ƳΦ  

EBID wear area measurements were made for the ultrasonic Stavax machining tests and are 

given in Table 6-6.  Total sliding distance is calculated using the sliding distance per upfeed 

ratio in Equation (6.2).  These are used to relate the ultrasonic Stavax machining to 

conventional machining results and the Stavax Arrhenius model developed in Chapter 3. 

Table 6-6: Wear results for ultrasonic machining of Stavax flats 

 

6.4.2.4 STAVAX DISCUSSION: RELATIONSHIP WITH ARRHENIUS WEAR MODEL 

Figure 6-47 shows the ultrasonic Stavax machining results compared to conventional 

machining results and Stavax Arrhenius model from Chapter 3.  Wear calculations made 

with absolute parameters (machining distance and workpiece speed) are shown as green 

triangles and results using relative parameters (sliding distance and entrance velocity) are 

shown as purple crosses.  Based on the form error and inconsistent machining of the Stavax 

part 2, only results from part 1 are used.  Of these, only test 2 and 4 are non-overlapping 

cuts, giving two data points for absolute parameters and two for relative parameters. 

Test #

Depth 

of Cut

Cross-

Feed 

Workpiece 

speed

Entrance 

velocity

Machining 

Distance 

Sliding 

Distance 

2D Worn 

Area 

Wear / 

Machining 

Distance

 Wear  / 

Sliding 

Distance

 (mm) (mm/rev)  (m/s) (m/s) (m) (m) (mm2) (mm2/m) (mm2/m)

1 5 5 0.068 0.6 386.4 2234.94 0.411 0.001 0.00018

2 1 70 0.068 0.6 2.422 14.01 0.732 0.302 0.0523

3 1 70 0.045 0.4 2.422 13.50 0.622 0.257 0.0461

4 5 5 0.068 0.6 386.4 2234.94 0.591 0.002 0.00026

5 1 70 0.068 0.6 4.844 28.02 0.290 0.060 0.0104
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Figure 6-47: Ultrasonic Stavax machining wear results (round tool) compared to 

conventional Stavax machining (flat tool). 

Similar to the ultrasonic machining experiments on AISI1215, the ultrasonic machining wear 

/ distance values lie slightly below the Arrhenius wear model.  Wear / distance values for 

test 2 and 3 using absolute parameters resulted in the same level of wear as the 

conventional machining, but on the opposite side of the wear minimum.  Using relative 

parameters, the test 2 and 3 wear were closer to the minimum.   

6.4.3 ULTRASONIC MACHINING DISCUSSION AND CONCLUSIONS 

Orthogonal cutting tests, including the 1215 fins and the non-overlapping Stavax machining, 

showed tool wear was reduced by using ultrasonic VAM, but not by the same factor that 

EVAM reduced wear.  Though the wear model describes wear from the non-overlapping 

cuts, the overlapping cuts presented a more complicated analysis.  Wear / distance values 

of the test 1 and 4 overlapping cuts from Table 6-6, if plotted in Figure 6-47, would be two 

orders of magnitude below the non-overlapping data.  In addition, the surface finishes for 

these cuts were optical quality.  However, the non-uniform chip thickness that occurs along 

the tool edge does not lend it to be compared to the Arrhenius model since uncut chip 

thickness varies along the cutting edge. 
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The sliding distance calculated with Equation (6.2) and used to convert absolute LVAM 

parameters to relative parameters assumes the tool is in constant contact with the 

workpiece.  Assuming a shorter sliding distance would put the relative data points in Figure 

6-35 and Figure 6-47 above the Arrhenius wear model line.  This is assuming a %100 duty 

cycle, whereas EVAM duty cycle is typically around 25%.  Further tests are necessary to 

understand the true duty cycle of LVAM, since this cannot be calculated solely based on 

geometry.  This impedes knowing a relationship between relative LVAM parameters and the 

conventional machining Arrhenius model. 

Despite measureable tool wear, surface finish for all ultrasonic machining was greatly 

improved compared to conventional machining.  This included radius-removed bottoms of 

non-overlapping grooves and overlapping cutting.  Like the low speed experiments with the 

Ultramill, this is due to the reduced dragging of workpiece material alloy particles and 

reduced built up edge. 

6.5 CONCLUSIONS 

Low speed EVAM experiments on AISI1215 steel using the Ultramill did not show the 

predicted decrease in wear with frequency based on results from finite element simulations 

in Chapter 4.  FE simulations did predict the relative location of the wear/distance on the 

wear chart relative to the Arrhenius wear model line.  Low speed EVAM experiments on 

AISI1215 that varied ellipse shape showed a decrease in wear using horizontally-aligned 

ellipse and higher workpiece speed.  This trend was predicted by FE simulations.  

High Speed LVAM experiments on AISI1215 showed wear per machining distance was no 

different for LVAM.  High speed LVAM experiments on Stavax also showed tool wear using 

absolute EVAM parameters lies near the wear curve for conventional machining. 

Overall, tool wear using EVAM was an order of magnitude less than conventional 

machining, but only comparing the same workpiece speed.  The low speed EVAM actually 

wore the tool more than high speed conventional machining AISI1215.  Tool wear using 
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LVAM was approximately the same as in conventional machining.  However, all EVAM and 

LVAM experiments produced far superior surface finish to conventional machining.  This 

occurs via two mechanisms:  1) The VAM tool passes over alloy inclusions in the workpiece 

material rather than dragging them and causing scratching on the surface.  2) The VAM tool 

recurrently breaks off any built up edge that forms on the tool tip.  
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7 CONCLUSIONS 

7.1 CHEMICAL DIAMOND TOOL WEAR: 

In Chapter 3 it was shown that diamond tool wear follows an Arrhenius-type reaction 

previously theorized but unproven in diamond turning research.  This was shown for two 

different ferrous alloys; AISI1215 steel and Stavax 420 stainless steel.  Arrhenius coefficient 

values, including activation energy, were determined for diamond tool wear on these two 

materials.  These activation energies were much lower than those for graphitization or 

diffusion of diamond into metal, indicating that diamond tool wear is a highly catalyzed 

reaction process exacerbated by the removal of diamond material with the chip. 

Velocity is the key component in determining thermo-chemical wear due to its direct 

relationship with temperature.  Measured tool wear after orthogonal turning of AISI1215 

that varied workpiece speed over three orders of magnitude resulted in a gradual change in 

worn tool shape.  ²ŜŀǊ ǇŜǊ ƳŀŎƘƛƴƛƴƎ ŘƛǎǘŀƴŎŜ ƛǎ ǘƘŜ ǇǊŜŦŜǊǊŜŘ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ΨǿŜŀǊ ǊŀǘŜΩ 

rather than wear per time.  Experimental results and the Arrhenius-type wear model were 

combined to show wear per distance as a function of velocity with a minimum occurring at 

workpiece speeds of around 1.5 m/s for AISI1215 and 0.9 m/s for Stavax. 

7.2 VAM 

EVAM and VAM are limited to relatively slow workpiece velocities below 0.5 m/s, even for 

ultrasonic machining.  The velocity constraint is due to geometric surface finish, although 

real surface finish depends on many factors.This is an important factor from a 

manufacturing point of view, but has largely been undervalued by researchers.    From a 

kinematic point of view, higher vibration frequencies should allow higher workpiece 

velocities, but in reality, ultrasonic resonant devices perform at lower amplitudes with 

higher frequency due to material damping.  This reduced amplitude again limits the 

available workpiece velocity due to the geometric surface finish constraint.  
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Despite the potential for high wear rates using EVAM, the unique cutting mechanics may 

still provide an acceptable surface finish.  Chapter 6 showed that EVAMed and LVAMed 

surfaces do not exhibit hard alloy particle dragging due to the unique tool motion, which 

was the main cause for poor surface finish in conventional machining.  Also, lower levels of 

metal pickup on the tool rake face for each experiment indicates a reduced occurrence of 

built up edge.  In Chapter 6, each EVAM and LVAM experiment resulted in tool wear with 

edge recession at least two orders of magnitude larger than measured PV surface finish.  It 

ƛǎ ƘȅǇƻǘƘŜǎƛȊŜŘ ǘƘŀǘ ŀǘ ǎǘŀǊǘ ƻŦ ŜŀŎƘ 9±!a Ŏǳǘ ŎȅŎƭŜΣ ǘƘŜ ǿƻǊƴ ǘƻƻƭ ΨōǳǊƴƛǎƘŜǎΩ ǘƘŜ ǎǳǊŦŀŎŜ 

where the uncut EVAM chip shape has an initial thickness of zero.  This is highly likely since 

the small uncut chip thickness is unŘƻǳōǘŜŘƭȅ ǎƳŀƭƭŜǊ ǘƘŀƴ ǘƘŜ ΨƳƛƴƛƳǳƳ ŘŜǇǘƘ ƻŦ ŎǳǘΩ [9].  

For LVAM, a slightly elliptical tool path may also enable the same mechanism, though no 

measurements were made to confirm any elliptical tool motion.  

Tool wear measured after VAM experiments (with the exception of overlapping cuts on 

Stavax) were not necessarily less than CT levels.  EVAM experiments on AISI1215 showed 

that tool wear is reduced only when comparing the same workpiece speed.  EVAM wear 

was described in terms of absolute or relative parameters  

Non-overlapping, orthogonal, ultrasonic LVAM experiments showed tool wear is near the 

CT wear model curve indicating only a slight improvement to tool wear.  Ultrasonic wear 

experiments on AISI1215 showed that wear followed the Arrhenius model for absolute and 

relative distance and speed parameters.  Increasing speed through higher amplitude and/or 

frequency such that relative parameters are at the wear minimum would likely further 

decrease tool wear.  Ultrasonic wear experiments on Stavax showed that Son-X parameters 

are near optimal, though another workpiece material may be optimized with different 

LVAM parameters.  Using relative speed and distance parameters, the data points lie near 

the wear minimum.   
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Overlapping cuts on Stavax showed a greatly reduced level of wear not described by the 

Arrhenius model.  This could not be explained in terms of the Arrhenius wear model, though 

the overlapping action had a much smaller uncut chip area projected onto the rake face 

plane.  This factor is not accounted for in the wear model, which assumes a constant depth 

of cut.  Certain variables such as this were maintained constant in experiments through the 

use of orthogonal machining and/or non-overlapping cuts.  This was done for modeling 

purpose, and these experiments fit the wear model well.   

7.3 FEM MODELING: 

FEM models of the EVAM process show average temperature is reduced, but peak 

temperature is increased when comparing EVAM to conventional machining at the same 

workpiece speed.  Chemical tool wear (calculated based on the Arrhenius model) is reduced 

with EVAM, but only when comparing conventional turning and EVAM at the same 

workpiece speed.  This concurs with observations from EVAM experiments on AISI1215.  

FEM modeling showed a potential wear/distance minimum at a particular frequency and 

workpiece speed similar to the CT wear minimum, and for prescribed amplitude.   

Calculated wear per machining distance was reduced in all cases that workpiece speed was 

maximum.  Though higher frequency and amplitudes result in larger uncut chip area and 

tool tip velocity, which in turn cause greater peak and average tool temperature and thus 

ƎǊŜŀǘŜǊ ǿŜŀǊ ǇŜǊ ±!a ŎȅŎƭŜΣ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ǿƻǊǇƛŜŎŜ ǎǇŜŜŘ ΨǎǇǊŜŀŘǎ ƻǳǘΩ ǘƘŜ ǿŜŀǊ ƻǾŜǊ 

further distance.  This effectively lowers the wear per machined distance.  The workpiece 

speed, however, is in reality limited by the geometric surface finish.  Based on these 

conclusions, optimal EVAM process design should follow these steps: 

¶ Use a horizontal ellipse or LVAM.  This allows higher workpiece speeds based on the 

surface finish constraint and enables ǘƘŜ ǿŜŀǊ ΨǎǇǊŜŀŘƛƴƎ ƻǳǘΩ ŜŦŦŜŎǘΦ 
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¶ Use highest frequency possible.  This ensures that the wear minimum occurs at the 

highest possible workpiece speed.  This will likely reduce extraneous vibrations 

[112,113,122], though this was not tested in this dissertation. 

¶ Limit the amplitude such that wear occurs at the minimum ςor- increase the 

amplitude to allow higher workpiece speed if shorter machining times are more 

cost-effective. 

7.4 RECOMMENDATIONS FOR FURTHER RESEARCH: 

Though the Arrhenius-type tool wear model gives evidence of thermo-chemical reaction, 

the exact reaction pathways are yet unknown.  Also, the effect of diamond material removal 

by the chip is not explicitly analyzed.  Further experiments that combine static diffusion 

tests of varying metals coupled with DT wear experiments on the same metals may 

elucidate the effects of material chemistry and wear debris removal.  This may also be 

extended to stoichiometric valuations and relationship to Gibbs free energies for different 

reaction pathways.  In addition, any experiment that can validate the diamond tool 

temperatures obtained from FE simulations would better validate the previously proposed 

experiment results. 

Though FE simulation of diamond turning has existed for decades, this dissertation provided 

some of the first FE simulations of the ultraprecision EVAM process.  However, these 

simulations could not exactly match the geometry of the EVAM experiments.  These 

simulations provided valuable information that could not have been obtained 

experimentally.  Further studies involving FE simulations of the VAM process and validation 

through experimentation will be fundamental to future VAM research.   

Ultimately, surface finish and machining time are most important from an industrial point of 

view.  It was shown in Chapter 6 that VAM provided superior surface finish despite a 

considerable level of wear.  It was hypothesized that the VAM tool expels or pushes 

workpiece material alloy particles into the workpiece rather than drag them through the 
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surface.  It was also shown that VAM does not form a built up edge like a CT tool, further 

adding to an improvement in surface finish.  It would be beneficial to understand these two 

particular phenomena and relationship between workpiece material choice, VAM 

parameters, and surface finish.   

The measured wear from the ultrasonic LVAM Stavax experiments showed edge recession 

was approximately the same for non-overlapping and overlapping cuts, though the 

overlapping cuts contacted 100x further sliding distance.  This edge recession was 

approximately the same as the depth of cut for non-overlapping cuts, and the vertical uncut 

chip thickness for the overlapping cuts shown in Figure 6-38.  This indicates that after an 

initial wearing period, a burnishing action takes place rather than cutting.  No VAM research 

could be found that discusses VAM cutting action with a worn tool.    
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APPENDICES 

Equation Chapter  1 Section 1 
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A DESCRIPTION OF MATLAB SCRIPTS 

Actual scripts are not presented here.  Rather, description of each function is given with 

examples.  Actual scripts are available by contacting the dissertation author, or are available 

on the SD card attached to the printed copy of this dissertation available at the Precision 

Engineering Center at NCSU. 

A.1 EVAM PARAMETRIC CALCULATIONS 

The following Matlab scripts were used to make all calculations in Chapter 4 of this 

dissertation and provided for experiment design and assisted visualization of the EVAM 

process.  Most take in a set of EVAM parameters defining the entire  

Variables in EVAMparams = 

[a,b,v,doc,f,phi] 

Definition and [Units] 

L=length, T=time 

a 

b 

v 

doc 

f 

phi 

Ellipse horizontal amplitude [L] 

Ellipse vertical amplitude [L] 

Workpiece Speed [L/T] 

Depth of Cut [L] 

Frequency [1/T ] 

Ellipse Inclination [Degrees] 

 

No specific units are necessary for these input parameters.  Whatever length and time units 

used must be consistent with each parameter.  Output will be in the same length and time 

units as the input.   

A.1.1 EVAMTIMEPOINTS.M 

Input is the EVAMparams 1x5 vector described above.  The function calculates the critical 

timepoints along the EVAM tool tip trajectory described in Figure 4-2 and Figure 4-3.  Ouput 

is a 1x5 vector containing: 

% Ouput  
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% t=[t1 t2 tmc t3 T]  

  
% t1 = tool enters workpiece  
% t2 = tool creates a new entry point  
% tmc = chip is at maximum thickness  
% t3 = tool returns to workpiece surface level  
% T = EVAM time period (sometimes the same as t3 if DoC>b)  

  

A.1.2  EVAMCALCS.M 

Input is the EVAMparams 1x5 vector described above.  The function calculates all the 

different output EVAM parameters described in Chapter 4.  Output is a 11x1 vector of 

double precision numbers containing the calculated numerical values, and a 11x1 cell array 

containing strings that indicate the labels associated with each value in the 11x1 double 

vector.  Output units are the same used in the EVAMparams input vector: 

Labels 

Units 

[L]=length, [T]=time,[-] = unitless 

'Upfeed_per_cycle' [L] 

'Horizontal_Speed_Ratio' [-] 

'Min_Tool_Clearance_Angle_deg' degrees 

'Percent_time_in_Contact' [-] 

'Chip_Area' [L2] 

'Sliding_Distance_per_Cycle' [L] 

'Slide_per_Upfeed_Ratio' [-] 

'Max_Speed' [L/T] 

'Speed_at_Max_Chip' [L/T] 

'Max_Vertical_Chip_Thickness' [L] 

'Theor_PV_Surface' [L] 

 

A.1.3  EVAMCHIP.M 

EVAMchip.m is another function that takes the following form: 

[DofT,DofS,VofT,VofS]=EVAMchip(EVAMparams,fgr)  
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Inputs are EVAMparams 5x1 vector described above.  The variable fgr is a 1 or 0 that 

determines if plots are made; 1 for plots, 0 for no plots.     

Outputs: Each output is a 2x400 vector with time or distance in the first row and calculated 

values in the second.  DofT is vertical chip thickness vs. time, DofS is vertical chip thickness 

vs sliding distance, VofT is tangential tool tip velocity vs. time, and VofS is tangential tool tip 

velocity vs. sliding distance.  If fgr is set =1, five plots are made.  First is the ellipse locus with 

shaded in uncut chip.  Second and third are DofS and DofC. Fourth and fifth are VofS and 

VofC. 

A.1.1 EXAMPLE 

Matlab command window 
% Create EVAM parameter s et  
% axb = 10x4 um ellipse, 2 mm/s workpiece speed,  
% 3 um depth of cut, 1kHz frequency  
EVAMparams = [0.01,0.004,2,0.003,1000];  

 

% Supply EVAM parameters to EVAMtimepoints  
EVAMtimepoints(EVAMparams)  

  
ans =  

  
  1.0e - 003 *  

  
    0.7346    0.7654    0.8928    0.9598    1.0000  

 
% Calculate EVAM output parameters  
[names,data]=EVAMcalcs(EVAMparams);  

 

 

ΨnamesΩ ΨdataΩ 

'Upfeed_per_cycle' 

'Horizontal_Speed_Ratio' 

'Min_Tool_Clearance_Angle_deg' 

'Percent_time_in_Contact' 

'Chip_Area' 

'Sliding_Distance_per_Cycle' 

'Slide_per_Upfeed_Ratio' 

0.00200000000000000 

0.0318309886183791 

2.30401067867399 

0.225232713263743 

6.00000000000000e-06 

0.0118238135561456 

5.91190677807282 
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'Max_Speed' 

'Speed_at_Max_Chip' 

'Max_Vertical_Chip_Thickness' 

'Theor_PV_Surface' 

64.8318530717959 

45.6348014332773 

0.00149491406944667 

1.88275869761607e-05 

 

 

Matlab command window 
% Make EVAM chip shape plots using EVAMchip  

[DofT,DofS,VofT,VofS]=EVAMchip(EVAMparams,1);  

axis equal  

 

 

Figure A-1: Skewed ellipse and uncut chip calculated using EVAMchip.m 
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Figure A-2: Vertical chip thickness calculated using EVAMchip.m 

 

Figure A-3: Tangential tool tip velocity calculated using EVAMchip.m 
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These scripts were written to simplify access to AdvantEdge simulation data results, and are 

intended for use as a supplement to TecPlot. 

A.2.1 TWGRAB.M 

This script subsamples the *.fft or *.ft result files from an AdvantEdge simulation.  These 

files contain tabulated temperature, force, and cutting power results along with simulation 

ǘƛƳŜΦ  {ŜŜ /ƘŀǇǘŜǊ р ŦƻǊ ŘƛǎŎǳǎǎƛƻƴ ƻŦ ǿƘȅ ǘƘƛǎ ǎŎǊƛǇǘ ƛǎ ǳǎŜŘΦ   ¢ƘŜ ƛƴǇǳǘ ǾŀǊƛŀōƭŜ ΨǎƪƛǇΩ 

determines how many data points to skip 

% Read in .fft or .ft data file from ThirdWave simulations and store to 

matrix  
%  Subsample the data to reduce file size  

  
%  Set skip = 0 to acquire the entire data set  
%  Set skip = 1000 for most EVAM files, skip = 0 for standard cut sims  

  
function  [dat a]=TWgrab(filename,skip)  
% tell how many lines of data to skip between each collection point  
%  ie. specify the sampling period  
  

 

 

 

A.2.2 EVAMTWPLOT.M 

function  [L,ax]=EVAMTWplot(A)  
    %take in matrix from TWgrab and plot force and temperature  
    % on a two a xis plot  

     
    %returns line handles L1= Force - X, L2=Forece - Y, L3=Temperature  
    % also returns axis handles ax1=Fx,Fy   ax2 = Temperature  

 

A.3 EBID MEASUREMENT 

The following Matlab scripts are used to measure and calculate diamond tool wear from 

EBID images obtained in an SEM.  The process for creating EBID images is described in 

Appendix B. 

A.3.1 DIGITIZE11.M 
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Digitize11.m is called in the Matlab command window that opens a separate GUI.  Function 

input is an image file of any type that the Matlab function imread.m can handle, but is 

specifically used for EBID images.  Pixels can be selected that lie on the EBID line in a 

stretched image, as shown in Figure A-4.   

 

Figure A-4:  Example of selected pixels on an EBID line in digitize11 GUI 

¢ǿƻ ƳŜŀǎǳǊŜƳŜƴǘǎ Ŏŀƴ ōŜ ƳŀŘŜ ŦǊƻƳ ǘƘŜ ǎŜƭŜŎǘŜŘ ǇƛȄŜƭǎΦ  ¢ƘŜ Ψ[Ŝŀǎǘ {ǉǳŀǊŜǎ /ƛǊŎƭŜΩ ƛŎƻƴ 

calculates a least squares circle from the selected pixels and gives the XY location and radius 

in pixels.  This is useful for measuring a tool edge radius.  The main calculation is the 

Ψ¦ƴǿƻǊƴ !ǊŜŀΩ  icon.  This creates two interpolated lines along the  rake and flank face of 

ǘƘŜ ǘƻƻƭ ŀƴŘ ŎŀƭŎǳƭŀǘŜǎ ǘƘŜ ŀǊŜŀ ōŜǘǿŜŜƴ ǘƘŜǎŜ ŀƴŘ ǘƘŜ 9.L5Φ  ¢Ƙƛǎ ƛǎ ǘƘŜ Ψ²ƻǊƴ !ǊŜŀΩΦ 

Measurement results made from selecting the Unworn Area icon is displayed in the Matlab 

command window.  Below is an example measurement: 
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Wear Attributes 
Tool Edge angle = 80.98 degrees 
Worn Area = 62330.55 pix^2 
Worn Length = 532.43 pix 
Characteristic Wear Depth = 117.07 pix 

 
Characteristic wear depth was an attempt of a new definition of tool wear as a 1-

dimensional value.  It is equal to the unworn area divided by the wear length.   

 w

w

AWornVolume
W

Worn Surface Area L
= =  (A-1) 

Wear length or worn surface, shown in Figure A-5 and Figure A-6, is calculated in digitize11 

by measuring the total length between each pixel selection that does not lie on the rake or 

flank face interpolated lines.   

 

Figure A-5: Schematic showing wear area and worn surface measurements used to define 
ΨŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ǿŜŀǊ ŘŜǇǘƘΩ 
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Figure A-6Υ 5ŜǎŎǊƛǇǘƛƻƴ ƻŦ Ψ²ƻǊƴ {ǳǊŦŀŎŜΩ ƳŜŀǎǳǊŜƳŜƴǘ ǳǎŜŘ ƛƴ ŘŜŦƛƴƛǘƛƻƴ ƻŦ Ψ/ƘŀǊŀŎǘŜǊƛǎǘƛŎ 
²ŜŀǊ ŘŜǇǘƘΩ 

When applying the characteristic wear depth measurement to the mid-speed conventional 

DT experiments in Chapter 3, it was found that wear depth decreased with cutting distance.  

This was primarily due to the change in cross-sectional shape of the tool with wear, which 

ƛƴŎǊŜŀǎŜŘ ǘƘŜ ΨǿƻǊƴ ǎǳǊŦŀŎŜΩ ƳŜŀǎǳǊŜƳŜƴǘ ŦŀǎǘŜǊ ǘƘŀƴ ǘƘŜ ΨǿƻǊƴ ŀǊŜŀΩΦ  CƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ 

characteristic wear depth was not used in the Arrhenius model of Chapter 3. 

 

A.3.2 EBIDAUTOROT.M 

This program takes in the XY point values made from pixel selection in Digitize11.  It 

interpolates two lines through the rake and flank face datapoints, then rotates the image 

for a 0° rake angle, and puts the intersection of these lines at the origin.  It outputs a new 

vector of XY points for the rotated and aligned plot.  Figure A-7 shows this process.  Note 

that XY values obtained from Digitize11 are in units of pixels.  A conversion factor can be 

made by selecting two ends of the measurebar in the SEM image.  This factor is used to 

convert pixels to length measurement.  
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Figure A-7:  Example of using EBIDautorot.m to align an EBID worn tool cross section 
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Pixels selected in EBID figure.  
XY values sent to Matlab
ǿƻǊƪǎǇŀŎŜ ŀǎ Ψ·¸Ω

>> plot(XY (:,1),XY(:,2));
>> axis equal

>> XYout=EBIDautorot(XY);
>> plot(XYout(:,1),XYout(:,2));
>> axis equal
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B EBID MEASUREMENT AND WEAR ANALYSIS INSTRUCTIONS 

B.1 SAMPLE PREPARATION 

After machining, remove as much oil as possible using compressed air.  Put the diamond an 

ultrasonic bath of de-ionized (DI) water and mild detergent for 5 minutes.  Make sure the 

tool is placed in a way such that the diamond does not contact the edge of the sonicator 

tub.  Once clean, rinse the tool with DI and view it under a microscope looking for metal 

pickup.  Figure B-1 shows what metal pickup looks like.  This indicates built up edge (BUE) 

formed during machining and will need to be removed before EBID measurement. 

 

Figure B-1:  Photograph through tabletop microscope showing metal pickup (Stavax 420 
stainless steel) on the diamond cutting edge. 

To remove metal pickup, use 5 wt% nitric acid (HNO3) diluted in water for ferrous-based 

pickup or 5 wt% sodium hydroxide (NaOH) diluted in water for aluminum-based pickup.  

Using an eyedropper, place a surface tension held drop of the acid or base solution on the 

rake face of the tool, or hold a suspended drop between the eyedropper and tool edge such 
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that the tool edge is enveloped by the solution.  Let the acid or base etch the metal pickup 

for 5 minutes.   

Rinse the tool again with DI water, and place or suspend the diamond edge in small (10-30 

mL) Pyrex or glass beaker with just enough acetone to submerge the tool edge (~2-5 mL).  

Make sure the tool is held steady in the small beaker and the diamond cannot come loose 

or contact the beaker wall.  Place the small beaker of acetone into the ultrasonic cleaner 

with a shallow level of water that will not overflow into the beaker.  Sonicate the tool in 

acetone for 5 min, and remove with tweezers. 

Fix the tool in an SEM holder appropriate for either the DCMT-style carbide insert or 

Ultramill ceramic toolholder shown in Figure B-2.    

 

Figure B-2: Tool holders made for proper 45° tilting and placement in the JEOL6400 FESEM 
sample chamber 

Since the diamond is an electric insulator it tends to charge in the SEM.  To mitigate this, 

place a small strip of conductive carbon tape directly on the diamond near the cutting edge, 

as shown in Figure B-3.  For a carbide insert, it is adequate to have the carbon tape contact 
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the carbide as well as the diamond.  For the Ultramill ceramic toolholder, the diamond 

ƴŜŜŘǎ ǘƻ ōŜ ΨƎǊƻǳƴŘŜŘΩ ǘƻ ǘƘŜ {EM tool holder shown in the right image of Figure B-2. 

 

Figure B-3:  Preparation of diamond tool for EBID measurement with conductive carbon 
tape to reduce charging. 

The tool and sample holder are ready for placement in the SEM chamber for imaging.  As an 

example, the ceramic Ultramill toolholder is shown in the JEOL 6400 FESEM sample 

chamber in Figure B-4.  This is the view from the viewing port right after the sample is fixed 

in the stage dovetail mount.  Care should be taken not to let the diamond tool contact the 

relatively narrow sample chamber roof or electron beam column. 
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Figure B-4: Viewing port view in sample insertion chamber after setting tool and toolholder 
in the SEM stage dovetail mount. 

B.2 CREATING EBID STRIPES AND IMAGES 

The following SEM settings were determined optimal for EBID stripe generation in the JEOL 

6400 FESEM: 

¶ Accelerating voltage: 2 keV 

¶ Beam Current: 3 pA 

¶ Condenser Lens Setting: 6 

¶ Working Distance: 13 mm 

¶ hōƧŜŎǘƛǾŜ !ǇŜǊǘǳǊŜΥ ол ˃Ƴ όǎŜǘǘƛƴƎ Іпύ 

¶ {Ŏŀƴ wŀǘŜΥ мун ˃Ƴκǎ Ϫ мл ƪ· ȊƻƻƳΦ 

bƻǘŜ ǘƘŀǘ ǘƘŜ ǎŎŀƭŜ ƻŦ ǿŜŀǊ Ƴŀȅ ōŜ ōŜƭƻǿ м ˃Ƴ ǘƻ рлҌ ˃Ƴ ŀƴŘ {9a ǎŜǘǘƛƴƎǎ ǎƘƻǳƭŘ ōŜ 

adjusted accordingly.  With initial 45° tilt angle set by the toolholders in Figure B-2, scan 

rotate until the worn edge is vertical with the monitor, shown in Figure B-5.  Perform a line 

scan perpendicular to the cutting edge.  The time for the scan depends on the level of 

contamination in the chamber and size of the line, and several attempts will need to be 
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made to fine-tune the scan time.  A good starting point is 10 sec for a stripe at 5 kX zoom, or 

5 sec for a stripe at 10 kX zoom. 

 

Figure B-5: EBID stripe is made by scanning across the tool edge with initial tilt about X of 
45° 

Once several stripes are made, tilt the stage such that the top of the view is pitched away 

from the viewing plane, as shown in Figure B-6.  Keep note of the general location of the 

EBID stripes as they will need to be found again.  Tilting the tool causes the EBID stripe to 

form an angle.  Once a view similar to that in Figure B-6 is obtained, save the image for 
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Figure B-6:  Tilting the sample 45° about Z allows tool edge pseudo-cross section to be 
viewed 

B.3 IMAGE STRETCHING PROCESS 

The image stretching process uses the digitize11.m Matlab code described in Appendix A: 

1.) Supply the unstretched EBID image file to the digitize11.m Matlab function using the 

command ŘƛƎƛǘƛȊŜммόΨ9.L5ƛƳŀƎŜƴŀƳŜΦƧǇŜƎΩύ.  Select pixels along the EBID stripe in 

ǘƘŜ ƛƳŀƎŜΦ  /ƭƛŎƪ ƻƴ ǘƘŜ Ψ¦ƴǿƻǊƴ!ǊŜŀΩ  icon to calculate the angle between rake 

and flank faces.  The measured angle is displayed in the Matlab command window 

ŀƴŘ ǎƘƻǳƭŘ ōŜ ŀǇǇǊƻȄƛƳŀǘŜƭȅ мллϲΦ  ¢Ƙƛǎ ƛǎ ǘƘŜ ƳŜŀǎǳǊŜŘ ŀƴƎƭŜ ʻM  

 

2.) /ŀƭŎǳƭŀǘŜ ǘƘŜ ǎǘǊŜǘŎƘ ǊŀǘƛƻΣ wΣ ǳǎƛƴƎ ǘƘŜ ƳŜŀǎǳǊŜŘ ŀƴƎƭŜ ʻM, and the true included 

ŀƴƎƭŜ ƻŦ ǘƘŜ ǘƻƻƭΣ ʻT (ie. a tool with 0° rake and 6° clearance will have =84° ).  The 

stretch ratio is: 
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3.) In ŀƴ ƛƳŀƎŜ ǇǊƻŎŜǎǎƛƴƎ ǎƻŦǘǿŀǊŜ όaƛŎǊƻǎƻŦǘ tŀƛƴǘΣ tƻǿŜǊtƻƛƴǘΣ LǊC!ƴ±ƛŜǿΣ ŜǘŎΧύ 

open the original unstretched EBID image.  Change the vertical height of the image 

by a factor of R previously calculated.  Save the new image. 

 

4.) Open the stretched image again in Matlab using digitize11.  Select pixels along the 

EBID stripe in the stretched image, and calculate the measured angle again.  The 

measured angle should now be close to the true tool included angle.  If not, repeat 

ŜŀŎƘ ǎǘŜǇ ǳƴǘƛƭ ʻM is within 1° of T̒. 

The EBID stripe of the stretched image should now trace the cross-section of the tool and 

can be used to measure the 2D worn cross-section.  Save the XY data points to the Matlab 

workpspace.   Area and length measurements made with digitize11 are given in units of 

pixels.  To convert from pixels to microns, reopen the EBID image with digitize11 in Matlab 

and select a pixel on each side of the SEM measurembar.  Get horizontal measurebar value 

and calculate the ratio r=pix/microns.  Area and length measurements can now be 

converted as Area = pix2κǊκǊ Ҧ ˃Ƴ2 ƻǊ [ŜƴƎǘƘ Ґ ǇƛȄκǊ Ҧ ˃ƳΦ  ¢ƻ ƎŜǘ ǊƻǘŀǘŜŘ ŀƴŘ ŀƭƛƎƴŜŘ 

worn tool cross-section, multiply the XY datapoint vector by r and supply it to EBIDautorot 

function: XYnew = EBIDautorot(XY*r) 
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C EXPERIMENTAL AND SIMULATED TOOL WEAR DATA 

Table C-1: High-ǎǇŜŜŘ ŎƻƴǾŜƴǘƛƻƴŀƭ 5¢ ƻŦ !L{LмнмрΦ 5ƻ/Ґ м˃ƳΦ  мΦнƳƳ ǿƛŘŜ ǿƻǊƪǇƛŜŎŜΦ 

 

 

Table C-2: Mid-ǎǇŜŜŘ ŎƻƴǾŜƴǘƛƻƴŀƭ 5¢ ƻŦ !L{LмнмрΦ 5ƻ/ Ґ  м˃ƳΦ  лΦнр ƳƳ ǿƛŘŜ ǿƻǊƪǇƛŜce  
Note the negative values for characteristic wear depth per cut distance 

 

Workpiece 

Speed Cut Dist, s 

2D Worn 

Area, A dA/ds

Char. Wear 

Depth dD/ds

(m/s) (m) (mm2) (mm2/m) (mm) (mm/m)

1.04 10 0.299 0.0299 0.103 0.0103

1.04 216 1.166 0.004209 0.44 0.001636

2.08 25 0.23 0.0092 0.184 0.00736

2.08 185 0.966 0.0046 0.391 0.001294

4.16 20 0.22 0.0110 0.25 0.0125

4.16 200 0.546 0.001811 0.42 0.000944

Workpiece 

Speed Cut Dist, s 

2D Worn 

Area, A dA/ds

Char. Wear 

Depth dD/ds

(m/s) (m) (mm2) (mm2/m) (mm) (mm/m)

0.071 10 0.916 0.0916 0.315 0.0315

0.071 100 4.194 0.036422 0.286 -0.00032

0.142 10 0.75 0.0750 0.307 0.0307

0.142 100 1.951 0.013344 0.241 -0.00073

0.284 10 0.619 0.0619 0.369 0.0369

0.284 100 0.969 0.003889 0.182 -0.00208
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Table C-3: Low-ǎǇŜŜŘ ŎƻƴǾŜƴǘƛƻƴŀƭ 5¢ ƻŦ !L{LмнмрΦ 5ƻ/ Ґ  м˃ƳΦ  лΦнр ƳƳ ǿƛŘŜ ǿƻǊƪǇƛŜŎŜ   

 

Workpiece 

Speed Cut Dist, s 

2D Worn 

Area, A dA/ds

Char. Wear 

Depth dD/ds

(m/s) (m) (mm2) (mm2/m) (mm) (mm/m)

0.002 5 5.807 1.1614 0.46 0.092

0.002 15 122.87 11.7063 2.25 0.179

0.004 5 4.86 0.972 0.389 0.0778

0.004 15 75.55 7.069 1.55 0.1161

0.008 5 3.164 0.6328 0.276 0.0552

0.008 15 46.21 4.3046 1.143 0.0867
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Table C-4: EVAM multi-ŦǊŜǉǳŜƴŎȅ ŜȄǇŜǊƛƳŜƴǘǎ ǿƛǘƘ ¦ƭǘǊŀƳƛƭƭ ƻƴ !L{LмнмрΦ 5ŜǇǘƘ ƻŦ Ŏǳǘ ǿŀǎ н ˃Ƴ ŦƻǊ ŜŀŎƘ ŎǳǘΦ 

 

Table C-5: EVAM multi-ŜƭƭƛǇǎŜ ŜȄǇŜǊƛƳŜƴǘ ǿƛǘƘ ¦ƭǘǊŀƳƛƭƭ ƻƴ !L{LмнмрΦ  5ŜǇǘƘ ƻŦ Ŏǳǘ ǿŀǎ мл ˃Ƴ for each cut 

 

Ellipse 

Shape, axb Freq.

Workpiece 

Speed 

Max. Horiz. 

Tool Tip Vel.

Tool Tip Vel. At 

Max. Chip 

Thick.

Machining  

Dist, s 

Total 

Sliding 

Distance

Wear 

Depth

Wear 

Depth/ 

Machining 

dist

Wear Depth 

/ Sliding

2D Worn 

Area

Wear 

Area / 

Machine 

Distance

Wear 

Area / 

Sliding 

Distance

(mm) (Hz) (m/s) (m/s) (m/s) (m) (m) (mm2) (mm/m) (mm/m) (mm2) (mm2/m) (mm2/m)

11x2 1000 0.002 0.069115038 0.071115038 5.13 33.2937 0.336 0.0654971 0.010092 0.834 0.16 0.02505

11x2 1000 0.002 0.069115038 0.071115038 15 97.35 0.422 0.0281333 0.00134257 1.42 0.059372 0.009148

11x2 2000 0.004 0.138230077 0.142230077 5.13 33.2937 0.367 0.07154 0.01102311 0.959 0.18694 0.028804

11x2 2000 0.004 0.138230077 0.142230077 15 97.35 0.452 0.0301333 0.00132696 1.167 0.021074 0.003247

11x2 4000 0.008 0.276460154 0.284460154 5.13 33.2937 0.319 0.0621832 0.00958139 0.873 0.170175 0.026221

11x2 4000 0.008 0.276460154 0.284460154 15 97.35 0.606 0.0404 0.00448043 1.56 0.069605 0.010725

Ellipse 

Shape, axb Freq.

Workpiece 

Speed 

Max. Horiz. 

Tool Tip Vel.

Tool Tip Vel. At 

Max. Chip 

Thick.

Machining  

Dist, s 

Total 

Sliding 

Distance

2D Worn 

Area

Wear Area 

/ Machine 

Distance

Wear Area / 

Sliding 

Distance

(mm) (Hz) (m/s) (m/s) (m/s) (m) (m) (mm2) (mm2/m) (mm2/m)

2x8 1000 0.000316 0.012882371 0.0435483 5 138.7005 2.598 0.5196 0.01873101

4x4 1000 0.000901 0.026033741 0.0256859 5 38.1795 1.964 0.3928 0.05144122

8x2 1000 0.002531 0.052796482 0.038392 5 20.5485 0.607 0.1214 0.02953987
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Table C-6: Ultrasonic machining of AISI1215 with Son-X actuator 

 

 

Workpiece 

speed 

Entrance 

velocity

Machining 

Distance

Sliding 

distance Wear Area

Wear / 

machining 

distance

Wear / 

sliding 

distance

(m/s) (m/s) (m) (m) (mm2) (mm2/m) (mm2/m)

Test 2 0.068 0.6 15 99.705 0.669 0.0446 0.00671

Test 3 0.068 0.6 30 199.410 0.918 0.0306 0.0046

Test 5 0.045 0.4 15 98.055 0.111 0.0074 0.00113

Test 6 0.045 0.4 30 196.110 6.573 0.2191 0.03352


