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ABSTRACT 

 

ZDANOWICZ, ERIK MARK.  Nanocoining Sub-Micron Features.  (Under the direction of 

Dr. Thomas A Dow.) 

 

The purpose of this research was to develop a new process for creating large arrays of 

nanofeatures in an economically feasible time frame.  Nanostructured surfaces have 

applications in anti-reflection, surface wetting, pool boiling and Raman scattering 

applications but currently have no method of mass production.  The technique developed, 

titled ‘nanocoining’ uses a diamond die with a nanostructured area (on the order of 

20x20µm) to physically transfer features (~1600 features in nanostructured area) to a mold 

surface.  The challenges that arise from this method are avoiding nanofeature distortion 

(dragging the nanofeatures on the work-piece surface), precisely indexing indents with 

respect to other indents and aligning the die with respect to mold surface plane. 

 

The development of the nanocoining process began by investigating indents created using a 

standard hardness tester and comparing the results to an ANSYS finite element analysis 

(FEA) simulation.  Diamond dies were machined by Focused Ion Beam (FIB) to create slow 

speed indentations (<1Hz) using the axes of a Diamond Turning Machine (DTM).  The 

process frequency (indents per second) was increased to 1 Hz using a linear Fast Tool Servo 

(FTS) mounted to the DTM.  The Ultramill elliptical actuator previously used for vibration 

assisted machining (VAM) was retrofit with a diamond die and used for the 1 kHz (1000 

indents per second) indentation experiments.  The increase in frequency was accompanied by 

distortion which was defined as relative motion between the nanofeatures on the die and the 

mold surface.  To eliminate distortion, an elliptical tool-path was defined to match the 

velocity of the die with the velocity of the mold surface at contact.   

 

Several issues arose after the development of the 1 kHz nanocoining process.  Pick-up, 

defined as mold material sticking to the indenter, was a significant issue and was addressed 

by using harder materials and altering the nanofeature geometry.  Alignment of the die was 



 

 

accomplished using a fixture designed to rotate the die with respect to the mold.  Depth of the 

indents was also a factor which if not properly accounted for led to unwanted diffraction on 

the indented area. 

 

After refinement, the nanocoining process was demonstrated by creating larger areas of 

indents in metals including electroless (EL) nickel, hard plated copper, 6061 aluminum and 

cartridge brass.  Differing amounts of pile-up (deformed material pushed above the nominal 

work-piece surface) were observed for these metals which were found to be a function of 

strain hardening.  Indents were also created on brittle materials including germanium and 

silicon without fracture due to interesting material effects when subject to high hydrostatic 

pressure.   

 

The nanocoining process has been proven on metallic and brittle surfaces with the large pitch 

die (500 nm).  Although replication using the anti-reflective die (250 nm pitch) was less 

successful, it is hypothesized that further research into the die machining process could 

produce more favorable results.  The main goal of producing sub-micron features using a 

physical indentation technique has been realized with the nanocoining process detailed in this 

dissertation. 
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NOMENCLATURE 

 

 a, b – horizontal and vertical amplitude of tool-path ellipse respectively 

 AFM – atomic force microscope 

 AR – anti-reflective 

 CA – contact angle of liquid droplet on surface 

 d – length of die; dimension in indent direction 

 die – synonym for the diamond indenter 

 distortion – elongation of the desired nanofeature imprint due to relative velocity between 

the die and work-piece 

 DTM – diamond turning machine 

 EL – electroless, as in electroless nickel 

 f – indentation frequency (Hz) 

 FEA – finite element analysis 

 FIB – focused ion beam 

 FTS – fast tool servo 

 Ge – germanium 

 indenter – diamond tool with nanostructures that is pressed into work-piece for feature 

replication 

 mold – nanocoined part used to create replicates 

 nanocoining – process of replicating nanostructures by indentation with nanostructured 

die 

 NS – nanostructured 

 PEC – Precision Engineering Center 

 pick-up – material detaching from work-piece sticking in-between nanofeatures on 

diamond die 

 pile-up – material that has been displaced upward around tool during indentation process 
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using a nanocoined mold 
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 Si - silicon 

 SWLI – scanning white light interferometer 

 T – period of indent cycle 

 w – width of die; dimension in cross-feed direction 

 work-piece – part that is directly indented by nanocoining 
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1 INTRODUCTION 

 

1.1 BACKGROUND 

The purpose of this research is to develop a new technique for generating repeatable arrays of 

features below the wavelength of light (< 1µm).  This new process which is titled 

“nanocoining” is proposed to address the short-comings of current production methods of 

nanofeatured (nanostructured) surfaces.  Using nanostructures to enhance certain properties 

of a surface has been a topic of interest for quite some time.  However, with increasing 

capabilities in nano-scale manufacturing, the realization that affordable nanostructured 

coatings are a possibility has increased the interest and desire of such products.  The ability 

to mass produce ordered arrays of sub-micron features over surfaces whose length scale is in 

meters would have profound implications in many fields of science where structured surfaces 

are desired.     

 

1.2 ANTI-REFLECTIVE COATINGS 

The use of bio-inspired moth eye structures to decrease reflectivity of a surface has been 

achieved with a variety of feature shapes, sizes and orientations.  These nanostructured 

surfaces have characteristics that allow them to have significant performance advantages 

over more common anti-reflective surfaces [1]. The two main advantages are their 

effectiveness over multiple wavelengths and viewing angles.  To date, the most widely used 

method of fabricating these surfaces is through some sort of lithography technique.  While 

lithography has been widely used to create nanostructures, the main disadvantage is the very 

low throughput [2].   

 

Nanostructured surfaces can many uses because of the different properties they can exhibit.  

For example, in nature the leaf of the lotus plant is covered with nano-scale features whose 

configuration causes a hydrophobic property.  The hydrophobic property does not allow 

water droplets to stick to the leaf.  Therefore, the droplets roll off the leaf picking up 

contaminants (dirt and dust particles) and cleaning the surface increasing photosynthesis 
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efficiency.   These nanofeatures are also seen on the wings of butterflies producing vibrant 

color by filtering the incident wavelengths of light.  The bright blue on the wings of the 

Morpho butterfly is produced by these features, not pigment as in most other living creatures 

[3].  Perhaps the most useful property that can be achieved with nanostructured arrays can be 

found on the surface of a moth’s eye.  The arrangement of the features on moths’ eyes causes 

anti-reflectance which serves as a defense mechanism.  It is the anti-reflective property which 

is the focus of this research. 

 

1.2.1 Thin Film Anti-Reflective Coatings 

Anti-reflective (AR) coatings are used in many optics systems such as eyeglass, telescope 

and camera lenses.  They are used to help reduce glare and thus transmit more light through 

the surface increasing the optical efficiency.  Reflection occurs when light meets the 

boundary surface between two optical media [4].  The amount of light reflected from the 

interface is a function of each material’s index of refraction.  For light normally incident on 

the boundary, reflection is described using the Fresnel equation  

 

 
 

 

2

2

'

'

n n
R

n n





 (1-1) 

 

where n and n’ are the indices of refraction of the two media [4].  Most low-cost AR coatings 

are thin films which are physically vapor deposited (PVD) onto an optical surface such as 

eyeglass lenses.  In this scenario, there are three materials (air, film and glass) and two 

optical boundaries (air-film and film-glass) which imply there will be reflectance at both 

interfaces.  Using Equation(1-1), the film index of refraction which will produce zero 

reflection is  

 

 film air glassn n n  (1-2) 
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For air-glass interfaces, the most common material used for anti-reflectance is magnesium 

fluoride which has an index of 1.39. 

 

A second effect thin film AR coatings use is destructive interference of reflected light waves.  

Consider again the air-film-glass optical system.  When light intersects the air-film boundary, 

a wave of light will be reflected.  When light travels from a low index medium to a higher 

index medium, the reflected light wave will experience a 180° phase shift.  Light traveling 

from a high index to a lower index material will experience no phase shift.  Therefore, since 

nair < nfilm < nglass each reflected wave will experience a 180° phase shift.  If the thickness of 

the film is ¼ of the wavelength of the reflected light, the wave reflected from the air-film 

interface will destructively interfere with the wave reflected from the film-glass interface 

reducing reflection further in addition to index matching (Equation (1-2)).  This effect is 

shown in Figure 1-1. 

 

 

 

Figure 1-1.  Destructive interference from ¼ wavelength film AR coating. 
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The top wave in Figure 1-1 shows the light wave traveling from air through the film and 

glass sections.  The two waves below show each reflected wave (only small percentage of 

original wave because of index matching effect).  Both reflected waves have a 180° phase 

shift and because the film thickness is ¼ wavelength of the incoming light, the waves are 

180° out of phase from each other resulting in destructive interference.   

 

The two mechanisms described for thin film AR coatings, index matching and destructive 

interference, are based on assumptions that the light is normal to the surface and has a single 

wavelength.  This assumption ignores the change in distance traveled through the film with 

change in incident angle and the fact that natural light is composed of multiple wavelengths.  

Suppose a thin film AR coating is installed on the front cover of a solar panel.  As the day 

progresses, the relative position between the sun and earth changes so the efficiency of the 

coating will drop as the sun rises or sets.  Also, full spectrum light is composed of light of 

multiple wavelengths and although multiple AR film layers can be deposited for different 

wavelengths, this method is not ideal. 

 

1.2.2 Anti-Reflective Nanostructured Surfaces 

The model for features created by the nanocoining process comes from the naturally 

occurring features present in the eyes of some insect species [5,6].  These nanofeatures are 

commonly found in nocturnal moths and diurnal butterflies.  The nanofeatures are 

protuberances on the outer surface of the eye that have been found in a variety of shapes and 

sizes.  They are typically hexagonally arrayed, but similar to grain orientation in materials, 

the orientation of the features is not perfectly consistent across the surface.  Figure 1-2 shows 

the features and orientation shifts found on a typical moth eye surface [7].  
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Figure 1-2.  Nano-Feature Array of Peacock Butterfly SEM image [7]. 

 

The features typically have a maximum height, h, around 250 nm.  The spacing between 

features, d, is generally between 175 nm and 250 nm.  Stavenga et al [7] published 

simulations showing different feature profiles and heights, and the impact on reflectivity over 

the wavelength, λ, range of visible light, 300 – 700 nm.  This study uses the theory that the 

moth eye features create an optical layer where the ratio of material to air varies with 

distance from the top of the features to the base of the features.  This ratio of air to material is 

directly related to the index of refraction.  As a result, the index of refraction changes over 

the optical layer from that of air, 1, to that of the substrate material gradually through the 

optical layer [8] and is referred to as graded index, effective medium or sub-wavelength 

structure (SWS).  The graded index can be modeled based on the geometry of the features 

and the spacing of the features by taking the optical surface and dissecting it into many sub-

layers.  An average index of refraction can be calculated for each sub-layer and then the 

2 μm 
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optical surface can be treated as stacked layers of thin film.  Figure 1-3 shows how the 

optical surface can be divided into these sub-layers.   

 

 

 

Figure 1-3.  Cross section of optical layer dissected into thin sub-layers for analysis [9]. 

 

An analysis of the graded index shows that taller features reduce reflectivity in moth eyes 

from around 4% (for 50 nm tall features) to less than 1% (for 250 nm tall features) across the 

entire visible light spectrum for all feature shapes examined [7].  Most nanostructured AR 

surfaces used features which are tapered as shown in Figure 1-3.  This shape enables the 

gradual, continuous variation of the effective index of refraction [10].  The tapered pillar 

shape is also structurally advantageous to a vertical pillar in that it avoids instabilities in 

buckling and bending [11].  Research has been conducted into other shape profiles other than 

the linear taper shown in Figure 1-3.  Gaussian, Klopfenstein [10], and needle-like structures 

were all investigated and showed some differences in results.  However, shapes with difficult 

curvatures may not be realistic in terms of fabrication.      

 

A study by Boden and Bagnall [12] examined the anti-reflective property of biomimetic 

moth eye structures for varying period feature height.  Figure 1-4(a) shows that smaller 

feature spacing (period) results in a surface which is more effective (reducing reflection) in 
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the visible spectrum while larger spacing (greater than 300 nm) is more effective at higher 

wavelengths.  This would imply that to achieve an anti-reflective surface it would be 

desirable to have features whose spacing is between 200 and 250 nm which is representative 

of the period on moth’s eyes.  Figure 1-4(b) is a topographical map for anti-reflection of the 

nanofeatures with varying height and period.  It would appear from this plot that a period 

between 200 and 300 nm and height of at least 300 nm would be optimum, but it should be 

noted that the wavelength for this plot is in the near infrared range of 1000 nm.   

 

 

Figure 1-4.  Anti-reflective property for different feature height and period. (a) Anti-

reflective property over full spectrum and varying period with 400 nm height.  (b) Anti-

reflective property varying height and spacing for 1000 nm wavelength [12]. 

 

Studies have also been performed measuring nanostructured surfaces effects at improving 

efficiency of photovoltaic cells.  The use of silicon (Si) photovoltaic cells is increasing in 

popularity as a renewable ‘green’ energy source.  Si photovoltaic cells, however, cost well 

below $1.1/watt in 2011 which must be reduced by at least 50% to become economically 

viable [13].  There are two ways to increase the efficiency/cost ratio of these Si photovoltaic 

cells:  1) reducing the amount of Si material for construction and 2) reducing the amount of 
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light reflected from the surface.  Increasing the amount of light transmitted to the cell will 

help reduce both.  The index of refraction of silicon is approximately 4.0 which is very high 

resulting in Fresnel reflection (Equation (1-1)) on the order of 30%.     

 

A study by Toyota [14] included reflectance measurements on moth eye structures over 

incident angular range of 5° to 80° using a He-Ne laser (632.8 nm wavelength) laser as a 

light source.  The results showed reflectance of less than 1% for angles between 5° and 55° 

[14].  Other experiments have also been performed where silicon substrates were textured 

with nanostructures [1].  The period of the nanofeatures in this instance was 150 nm and the 

overall feature height was 350 nm.  Reflection from a 400 nm wavelength source was 

reduced from 54.7% for the bare substrate to 0.5% for the substrate with nanofeatures.  

Koynov [15] showed that covering photovoltaic cells with black textured coatings increased 

photocurrent between 36-42%.   These results confirm that nanostructured surfaces improve 

anti-reflectance not only over multiple wavelengths of light, but also over a broad range of 

incident angles. 

 

1.3 SUPERHYDROPHOBIC SURFACES 

The ability to control the wettability of a surface is of great importance to engineers for many 

different applications.  For example, water droplets on the windshield of an automobile can 

be made to completely flatten into a film reducing the optical distortion caused by the 

curvature of droplets [16].  Conversely, droplets can be made to retain an almost perfect 

spherical state on a surface causing the droplet to easily roll off [17].  The latter effect is most 

notably seen in nature by means of insects (water strider and cicada) and the leafs of some 

plants (lotus plant) [16,18,19].  This property allows some insects to walk on water and acts 

as a cleaning mechanism for plants since the water droplets pick up contaminants as they roll 

off the leaf.   
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Figure 1-5.  Description of contact angle for droplet showing (a) normal (b) 

superhydrophobic and (c) superhydrophilic behavior. 

 

The wetting behavior of a surface is characterized by the contact angle (CA) of a liquid 

droplet (use water for description) on a flat solid surface as seen in Figure 1-5(a).  This figure 

shows normal behavior for a droplet on a surface.  Surfaces like the lotus leaf with CAs in 

excess of 150° are described as superhydrophobic and cause droplets to have minimal contact 

with a surface as shown in Figure 1-5(b) allowing them to easily roll.  When a surface causes 

droplets to have CAs close to 0° as shown in Figure 1-5(c) the surface is called 

superhydrophilic [20].  While superhydrophilic surfaces do have useful applications, 

superhydrophobic surfaces are of greater importance because of the self-cleaning property. 

 

The lotus leaf is probably the most commonly used example of superhydrophobic surfaces.  

There have been many studies on the geometrical and chemical make-up up the surface of 

the lotus leaf and there are many SEM images available as shown in Figure 1-6.  What was 

observed is that the hydrophobic effect is caused by a hierarchal micrometer-scale bumps 

covered with nanometer-scale hairs along with an epicuticular wax [21].   



10 

 

 

 

Figure 1-6.  SEM image of hierarchal structure of lotus leaf showing (a) multiple micron-

scale features (b) single micron-scale feature and (c) nanometer-scale hairs [21]. 

 

An image of the multi-scale structures can be seen in Figure 1-6.  Figure 1-6(a) shows many 

of the micron-scale features on the surface of the lotus leaf that appear to be randomly 

positioned with similar size and spacing.  Figure 1-6(b) shows a single micron-scale feature 

whose width can be approximated as 10 µm from the scale bar.  Figure 1-6(c) shows the 

nanometer-scale hair-like features that completely cover each of the micron-scale bumps.  

This special type of surface roughness creates the hydrophobic effect and is described using 

the Cassie-Baxter model. 

 

There are two models that are generally used to determine the CA of a droplet on a 

roughened surface which are the Cassie-Baxter (Cassie) and Wenzel equations.  These 

models determine how the droplet will sit on the roughened surface as shown in Figure 1-7.  

Figure 1-7(a) shows normal contact between a liquid droplet and a flat solid surface.  Figure 

1-7(b) shows wetted contact between a roughened solid surface and a liquid droplet.  The 

contact is described by the Wenzel equation  

 

 cos cosW r   (1-3) 
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where θW is the contact angle (CA) of the droplet in the Wenzel mode, r is a surface 

roughness factor and θ is the contact angle of the droplet on a flat surface (Young’s model).  

The hydrophobic behavior illustrated in Figure 1-7(c) is described by the Cassie equation 

 

 cos 1 (cos 1)C sf      (1-4) 

 

where θC is the CA of the droplet in the Cassie mode, fs is the area fraction of the solid at the 

surface and θ is the Young’s contact angle.  It can be seen that the CA of a droplet will 

increase as the area fraction of the solid decreases.  There is, however, more to the design of 

nanostructures capable of producing wetting effects than just the Cassie and Wenzel models. 

 

 

 

Figure 1-7.  Effects of surface roughness on liquid droplet.  (a) Liquid droplet on flat surface 

(Young’s model) (b) wetted contact on rough surface (Wenzel) (c) hydrophobic contact on 

rough surface (Cassie) and (d) intermediate between Cassie and Wenzel [20].  

 

The Cassie and Wenzel models describe the CA of a water droplet on a roughened surface 

based on a value describing the roughness of the surface; roughness factor for the Wenzel 
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model and solid area fraction for the Cassie model.  The roughness factor is the ratio of the 

true contact area to the apparent contact area.  There is more to be considered when 

designing an array of nanostructures to produce a hydrophobic effect than just the Cassie 

model.  The Cassie model describes water droplets supported partially by the solid texture 

and partially by the vapor (air) trapped beneath the droplet in the voids of the texture.  

Increasing the aspect ratio (larger height to width of nanofeatures), feature density and 

topography all are important in creating functional superhydrophobic surfaces [11].   

 

There has been a significant amount of research performed on different feature geometry 

capable of producing superhydrophobic surfaces as shown in Figure 1-8.  Bhushan et al used 

14 µm diameter, 30 µm height and 23 µm pitch cylindrical posts covered with nano-platelets 

to produce hierarchal superhydrophobic surfaces as seen in Figure 1-8(a) [22].  Sun et al and 

Liu et al showed a lotus leaf can be used to create a PDMS mold which can then be used to 

create a positive lotus leaf PDMS replica (Figure 1-8(b) and (c)) exhibiting superhydrophobic 

behavior [23,24].  Pozzato et al created superhydrophobic surfaces using micro-scale grooves 

(Figure 1-8(d)) showing that the property could be generated using various groove heights, 

widths and spacings [25].  There are a number of geometries at the micro and nano-scales 

that can create hydrophobic and superhydrophobic properties on surfaces but because of the 

size scale of the nanocoining instrumentation (as will be seen later), features larger than 5 µm 

in width and 600 nm in height are not realistic.  There has, however, been research using 

features that can be generated by nanocoining that combine both hydrophobic and anti-

reflective properties on the same surface. 
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Figure 1-8.  Lotus leaf nanostructures created by (a) Bhushan [22] (b) Sun [23] (c) Liu [24] 

(d) and Pozzato [25]. 

 

1.4 MULTIFUNCTIONAL SURFACES 

Multifunctional surfaces are, as the name suggests, surfaces that have been engineered to 

exhibit two or more beneficial properties.  In the nanostructured surface realm, the most 

common type of multifunctional surface is one that is both anti-reflective and 

superhydrophobic.  Usually either of the properties of a multifunctional surface is not as 

efficient as a surface with just a single property because compromises must be made to the 

geometry of the features to accommodate both functions.  An example of the application of 

multifunctional surfaces is photovoltaic silicon cells.  The AR property increases the 

efficiency of the cell by transmitting more light over multiple wavelengths and wide viewing 

angles.  The superhydrophobic property is useful for self-cleaning since the cells will become 

contaminated with dust and debris.  The combination of these two effects would ensure 

maximum efficiency [11].  Min et al [19] created nanofeatures with aspect ratios in excess of 

5 using a spin coat technique enabling production of colloidal crystals.  The colloidal crystals 

were then used as an etching mask during a Reactive Ion Etch (RIE).  The result was large 

arrays of high aspect ratio features which are important for the superhydrophobic effect.  The 
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features were tested with various heights, a 380 nm diameter and approximately 500 nm 

spacing.    

 

 

 

Figure 1-9.  Multifunctional features created by Min [19].  (a) A 4 in. silicon wafer with one 

half covered with features (b) features after 10 min of etch (c) features after 50 min etch and 

(d) feature depth vs. etch time.   

 

An image of some features created using this technique can be seen in Figure 1-9.  The AR 

behavior can be seen in Figure 1-9(a) where the left half of the wafer is polished and the right 

half is covered with the nanofeatures.  The polished half is specular while the half with the 

nanofeatures shows no reflection.  The reflectivity of the silicon surface covered with 2200 

nm tall features was measured over a range of wavelengths from 350-1650 nm and the 

average reflectivity decreased from approximately 30% to less than 3%.  This is a dramatic 
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reduction in reflection over the visible spectrum and near IR.  The CA of water droplets was 

also tested for the 380 nm diameter, 500 nm spacing features of varying height.  Ten minute 

etch features (approximately 400 nm tall from Figure 1-9) showed a CA of 110° which was 

increased to a superhydrophobic state (>150°) for 20 minute etch features (approximately 

750 nm tall).  Increasing the height of the features past 750 nm did increase the CA but much 

less than the jump from 400 to 750 nm.  The behavior indicates a height threshold that 

determines when the features are tall enough to trap enough vapor to support droplets in a 

superhydrophobic state.  Other studies [26-29] have shown similar results and could be 

useful in designing structures for use in nanocoining experiments.   

 

1.5 SURFACE ENHANCED RAMAN SCATTERING (SERS) 

Raman scattering, which was discovered approximately 80 years ago, is a technique of 

determining the composition of solids, gases and liquids [30].  Raman scattering is the 

inelastic scattering of light by optical phonons in solids and molecular vibrations [31].  

Photons are directed onto the medium of interest and excite the vibrational modes of the 

molecules.  An incident photon interacts with the material and the scattered photon can leave 

the material at the same frequency (elastic Rayleigh scattering), at a smaller frequency 

(inelastic Stokes process) or at a higher frequency (inelastic anti-Stokes process).  During 

Raman spectroscopy, the Rayleigh scattered photons are removed because they do not have 

any information about the sample.  If the scattered photon is at a lower frequency, a Stokes 

process has occurred and quantum energy has been added to the scattering medium.  If the 

scattered photon is at a higher frequency, an anti-Stokes process has occurred and quantum 

energy has been removed.  The intensities of the Stokes energy shifts are thus the 

characterizing feature of the medium of interest.  

 

The increasing interest in Raman spectroscopy for material identification is a result of 

advances in the technology required (lasers, detectors, filters) [31].  The photon source for 

Raman spectrometers is a laser which can be either continuous wave or pulsed.  It has been 

observed that sample fluorescence can amplify the signal-to-noise ratio in the 300-600 nm 
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wavelength range so UV and near IR laser sources are best suited for Raman scattering.  

Either a holographic notch filter or a dielectric edge filter can be used to reject the elastic 

Rayleigh scattering.  This is critical because the Rayleigh scattering intensity is significantly 

higher than the Stokes scattering; the ratio is often times larger than 10
9
.  Another component 

in Raman scattering equipment is a detector that can determine the energy (wavelength) 

shifts between incident and scattered photons.  Raman scattering, however, is a weak process 

due to the small amount of Stokes scattering making it difficult for use in highly sensitive 

measurements [30]. 

 

Surface enhanced Raman scattering (SERS) was first observed in 1974 when an unusual 

intensity of Raman signals was detected for pyridine adsorbed on a rough silver electrode 

[32].  The signal intensity of measurements using SERS has been reported to be tens of 

orders of magnitude greater than that of Raman scattering alone (10
13

) [30,33].  Because of 

the enhanced sensitivity SERS can be used for single molecule detection which is attractive 

in the chemistry, biology, medicine, pharmacology and environmental science fields [34].  

SERS has been demonstrated to detect poisonous chemical agents such as cyanide and VX in 

water [32].  This could be useful in a compact form for battlefield water supply analysis.  

Another example of the application of SERS is in real-time glucose level sensing in diabetes 

patients which has the potential to continuously monitor glucose levels (avoiding spikes) as 

well as eliminate painful finger pricks [32].  The wide variety of SERS applications makes 

this a rapidly expanding technology. 

 

The enhancement mechanism from SERS is produced by the roughened surface of a metallic 

substrate.  A debate still exists as to the main contributing effect from the roughened surface 

as being either from an electromagnetic or chemical enhancement [35].  The electromagnetic 

enhancement is attributed to surface plasmons which are the collective excitation of the 

electron gas of a conductor.  The excitation of surface plasmons requires surface roughness 

and it is the plasmons that enhance the electromagnetic field near the surface.  The 

electromagnetic field enhancement near the surface of the conductor amplifies the incident 
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laser and scattering Raman fields.  The chemical enhancement is inferred from the 

measurement because of some behavior that disagrees with the electromagnetic effect.  Some 

molecules differ in amplification by factors of 200 which should not occur since the 

electromagnetic effect is nonselective [32].  The amplification of some molecules has been 

explained as a resonance mechanism in which new electronic states arise from chemisorption 

and have a resonant effect on the Raman scattering although this enhancement is weaker than 

the electromagnetic effect.  Both effects, however, are caused by the introduction of surface 

roughness on a metallic substrate and nanocoining could be a technique to create the 

roughness. 

 

Nanocoining is a process of creating features similar to those found in current SERS 

research.  The fact that nanocoined features are ordered would be attractive since some 

researchers have found that random arrangement of features can cause ‘hot spots’ of SERS 

effectiveness [36].  

 

 

 

Figure 1-10.  Disk-coupled structures for SERS.  (a) Schematic; (b) top-view SEM image; 

(c) cross-section SEM image.  Figure reproduced from others research [37]. 
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An example of nanofeatures created for a SERS application can be seen in Figure 1-10.  

These structures were tested and showed an enhancement of 1.2 x 10
9
 in signal intensity 

while maintaining large-area uniformity with variation less than 25% [37].  There are 

numerous examples of SERS applications with experimental data to support the enhancement 

from nanostructures and could be a potential application for nanocoining. 

 

1.6 ENHANCED HEAT TRANSFER COEFFICIENT IN POOL BOILING 

Nanofeatures have already been shown to increase the energy efficiency of solar cells, but 

they have also been shown to save energy in pool boiling applications.  There is an ever 

increasing market in electronics cooling with the requirement of smaller and faster 

components.  Increases in heat transfer demand that surfaces allow large heat fluxes to pass 

to the surrounding medium.  This will be required for advanced laser, advanced radar and 

power electronic systems [38].  To increase the heat transfer between components and 

cooling liquid, a high heat transfer coefficient (HTC) is desired.  Research has shown [38-43] 

that introducing nanofeatures onto the heated surface which is in contact with a liquid can 

increase the HTC significantly.  A schematic of pool boiling can be seen in Figure 1-11. 

 

 

 

Figure 1-11.  Diagram of simplified pool boiling experimental setup. 
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The HTC between the heat source and liquid interface shown in Figure 1-11 is typically 

quantified by measuring the temperature of the liquid, Tsat, and the temperature of the heated 

surface, Tsur, where the difference between the two is referred to as the wall superheat.  The 

amount of power input to the liquid (heat flux), q’’, is generally provided using an electric 

resistance heat where the power is equal to  

 

 ''
VI

q
A

  (1-5) 

 

where V is voltage, I is current and A is the area of the heat source interface with the liquid.  

The measured temperatures and heat flux can then be used with the convective heat transfer 

equation to produce an expression for the HTC  
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 (1-6) 

 

The enhancement in the boiling process is made by an increase in the HTC, h.  A higher HTC 

means more energy can be transferred per unit time.  Upon examination of Equation (1-6), it 

is seen that either increasing the heat flux or decreasing the wall superheat will increase the 

HTC.  There are different steps or modes of the boiling process as shown in Figure 1-12. 
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Figure 1-12.  Typical boiling curve for water at 1 atm [44]. 

 

The region of concern here is in the nucleation region.  The nucleation region has two flow 

regimes; the first regime is where isolated bubbles form at nucleation sites and detach from 

the heated surface [44].  The bubble detachment induces fluid mixing near the surface have a 

beneficial effect on the heat flux and HTC.  As the wall superheat increases, the boiling mode 

transitions to the nucleation regime with jets and columns of vapor bubbles.  The denser 

bubble condition creates interference and inhibits fluid mixing when compared with the 

isolated bubble regime.  The HTC begins to decrease since the heat transfer surface has more 

vapor in contact with it which is a less effective heat conductor compared with the liquid 

phase.  Finally, the critical heat flux (CHF) is reached which is the point where heat flux 

begins to decline because the amount of vapor present makes wetting the surface with liquid 

difficult.   
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Research has shown that nanostructures are capable of increasing the CHF while reducing 

the wall superheat.  According to Hendricks et al [38] “The boiling process depends on and 

is enhanced by three factors: (1) Existence of random micro- or nano-sized crevices and 

surface irregularities for nucleation initiation, (2) a somewhat porous surface structure that 

allows fluid inflow to keep nucleation sites active, and (3) surface protrusions that create 

more active boiling area.”  Vemuri and Kim [40] agree with this claim that nanostructures act 

as nucleation sites and assist in vapor entrapment volume.  Li et al [41] also support the idea 

that the HTC can be increased by adding nanostructured surfaces with the goal of increasing 

the active sites for nucleation.  In fact, results from Li et al’s research showed an increase in 

HTC of over 17 times as shown in Figure 1-13(a). 

 

 

Figure 1-13.  (a) HTC vs. heat flux for surfaces with varying degrees of nanostructures and a 

reference surface (solid line, no marker) and (b) nanostructured macro porous (NMP) and 

reference surfaces heated by same source [41]. 

 

The plot in Figure 1-13(a) shows how the HTC varies at different levels of heat flux for 

different types of nanostructured surfaces.  The different nanostructured surfaces are dashed 

lines with triangle, square and ‘x’ marker shapes.  The reference surface which had no 

features is represented by the solid line.  Figure 1-13(a) shows the reported 17x increase in 
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HTC for the surface with the triangle markers over the reference surface.  Figure 1-13(b) also 

shows an experiment by Li et al where a circular copper disk was heated in a liquid at a 

constant heat flux of 1 Wcm
-2

.  One quarter of the disk was covered with nanostructures 

while the remaining portion was untreated copper.  The photograph shows that the copper 

reference portion remains in a state of natural convection (no bubbles) while the structured 

portion is in a vigorous state of boiling.  This is due to the higher HTC brought on by the 

nanostructures.  

     

1.7 CURRENT PRODUCTION TECHNIQUES 

Although the advantages of using nanostructures for anti-reflective surfaces have been 

thoroughly defined, a method for producing usable quantities in a realistic amount of time 

has not been established.  Some have been successful at producing a small quantity of 

nanostructures using methods such as transfer by mold, material ablation and material growth 

but all suffer from slow manufacturing restrictions.  While these methods have not shown the 

throughput that a product needs to be low cost, one has produced high quality features.  

 

Lithography is the most widely used method for fabricating nanostructures.  This method 

involves using a mask with a specific pattern (in this case the nanostructures) to selectively 

transfer the pattern to the finished product.  Interference lithography is the most common 

type of lithography used to create arrays of nanostructures.   

 

The basic steps for lithography processes can be seen in Figure 1-14.  The first step in the 

lithography process involves depositing a layer of material on a substrate.  The feature 

material is aluminum oxide and the substrate material is glass.  Step two involves spin-

coating a layer of photoresist on top of the aluminum oxide layer.  After the photoresist has 

cured, a mask is used to cover areas of the part where the features are to remain.  Next, the 

assembly is exposed to a source (laser, electron beam…) which removes photoresist in areas 

not covered by the mask as shown in step 3.  During step 4 an etching compound that does 

not react with the photoresist but will remove the aluminum oxide is deposited on the part.  
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After the etching compound has removed the aluminum oxide the remaining photoresist 

washed off and all that remains is the original substrate with aluminum oxide nanofeatures as 

shown in step 6.  While the process described in Figure 1-14 is a basic lithography process, it 

does not encompass every technique available. 

 

 

 

Figure 1-14.  Lithography process basic steps. 

 

The advantage of using a lithography technique to fabricate nanostructures is the high quality 

of the features generated.  Not only do the features exhibit high fidelity, but small periods 

(around 100 nm) are possible.  Figure 1-15 shows an example of high quality nanofeatures 

created using laser interference lithography [11].  The nanofeatures shown are uniform in 
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shape, size and ordering.  They also have a high aspect ratio which will increase the anti-

reflective property. 

 

 

 

Figure 1-15.  Nanofeatures created using laser interference lithography.  Scale bars are 200 

nm [11]. 

 

The disadvantages of lithography processes are long production times.  Generating 

nanofeatures from lithography involves many steps, as seen in Figure 1-14.  As an example, 

the process outlined by Park et al [11] used to create the features shown in Figure 1-15 will 

be considered.  A 6 inch ultraviolet fused silica wafer was the target surface to be patterned.  

The first step was to spin coat photoresist for an unmentioned length of time.  The wafer was 

then cleaned and sonicated for 20 min and 5 min respectively.  Films were then spun onto 

both sides of the sample and cured in an oven for 11 hours at 500°C.  The part was then 

cleaned and spun with an antireflective coating material which was cured for 1 hour at 

180°C.  Another photoresist layer was spun onto one side of the wafer and baked for 1.5 

minutes at 180°C.  A laser was then used to create an interference pattern with a standing 
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wave which was exposed to photoresist for 5 minutes each.  Next a series of etching steps 

were carried out to remove material from the multiple layers which took approximately 1 

hour.  Better performance was attained by patterning both sides of the wafer, but the steps 

described about are enough to prove the point that this process is quite time consuming.  It is 

the objective of the nanocoining process to create nanofeatures like the ones shown in Figure 

1-15 while reducing the production time.       

 

1.8 NANOCOINING DEFINITION 

The method proposed to address the need for a rapid production method for sub-micrometer, 

nanostructured surfaces is called nanocoining.  The process of nanocoining involves pressing 

a diamond indenter with a mold pattern into a work-piece surface until the stress is high 

enough to induce plastic flow.  The indenter is forced until the work-piece material fills the 

voids of the mold.  The indenter is then withdrawn and the plastically deformed shape 

remains on the work-piece.  This process can be seen in Figure 1-16. 

 

 

 

Figure 1-16.  Nanocoining process where an indenter (a) is pressed into a work-piece 

causing material flow (b) until the mold is full (c).  The indenter is then removed leaving 

plastically deformed shape (d). 
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The process shown in Figure 1-16 is repeated until the desired area has been completely 

covered with nanofeatures.  This means the indenter must be precisely indexed in the up-feed 

and cross-feed directions.  The nanocoining process is a physical transfer process as opposed 

to lithography techniques which are photonic and chemical in nature. 

 

1.9 PROBLEM STATEMENT 

The goal of this research is to produce large areas of nanostructured surfaces in a short period 

of time using a new process called nanocoining.  This technique involves using a diamond 

indenter with a nanostructured area (20 x 20 µm in this research but not limited) to 

completely imprint areas on the order of 1 m
2
.  Because the area of the indenter is so much 

smaller than the total indentation area, an ultrasonic actuator must be used to indent at a high 

rate.  The target rate of 50 kHz requires that the actuator be a resonant device since achieving 

motion on the order of micrometers at this frequency is difficult otherwise.  Indenting at high 

rates brings about other difficulties such as distortion and precise indexing.  Distortion will 

occur when the indenter and work-piece have relative motion between each other tangent to 

the work-piece surface.  Precise indexing refers to completely covering the work-piece 

surface with the square indents, much like tiles on a floor.  To do this the spindle, cross-feed 

axis and actuator must be synchronized to a high tolerance.  Material effects must also be 

examined to understand how different material properties will affect the nanofeatures 

formed.  The nanostructured face of the diamond indenter must be square to the surface of 

the mold so the die will have to be precisely adjusted in three angular directions to transfer 

the features effectively.  It is also imperative that the depth of each indent be constant which 

is difficult to maintain over large areas.  There are many parameters in nanocoining that must 

be addressed for the process to be successful.     

 

The goal of this work is to implement nanocoining into a manufacturing setting.  To 

accomplish this, the following tasks must be completed: 

 

 Determine force/depth relationship for indentation. 
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 Determine how different materials will react to nanocoining. 

 Optimize diamond die for high quality nanofeatures. 

 Develop method for mounting and aligning die to test surfaces. 

 Create nanostructured indents using actuators and precision manufacturing 

equipment. 

 Measure and analyze indented test pieces. 

 Understand how material behaves when indented at the nano-scale. 

 

The final system could be used to indent a roller with a 12” diameter, 1 meter in length.  At 

the projected rate of 50 KHz and indention area of 20 x 20 µm, the total time to completely 

cover the roller with nanofeatures would be approximately 13 hours.  The roller would then 

be used to mass-transfer nanofeatures to clear plastic coating that could be applied to surfaces 

were transmission is desired and reflection is not.  Alternatively, nanocoining could be used 

to directly transfer features to a part in applications where plastic coatings would not be 

possible. 
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2 INDENTATION BACKGROUND 

 

The indentation process must be modeled before nanocoining experiments can be performed 

so that the material behavior and required forces can be understood.  Indentation involves 

pressing an indenter (die) into a work-piece.  The indenter must have a modulus of elasticity 

much greater than that of the work-piece to avoid deformation.  The goal is to transfer the 

geometry of the indenter in the region of contact to the work-piece. 

 

Hertzian contact models cannot be used because they assume both work-piece and indenter 

behave as fully elastic materials.  Indentation is an elastic-plastic process described by two 

portions of the stress vs. strain (stress-strain) curve.  As the indenter is pressed into the work-

piece, stresses develop in both the indenter and work-piece.  The stress, σ, in the work-piece 

material will begin in the elastic zone as shown in Figure 2-1.   

 

Figure 2-1.  Typical stress-strain curve for engineering materials. 

 

Once the stress reaches the yield stress, σy, of the work-piece, the stress is now described by 

the plastic region of the curve shown in Figure 2-1. The stress at the beginning of an 
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indentation test is almost immediately in the plastic region of the stress-strain curve due to 

the small area of the indenter.  The stress-strain relationship in the plastic region is typically 

described using a power law with a strain hardening parameter, n [45]. 

 

 

n

y

y


 



 
   

 

 (2-1) 

 

Once the indenter has been removed from the work-piece, permanent deformation can result 

depending on the amount of force that was applied.  A typical output for a nanoindentation 

test is a plot of force vs. indentation depth.  Figure 2-2 shows a comparison between the 

stress-strain curve and force-depth curve during the loading and unloading phase.  During the 

loading phase, both plots show a transition from an elastic region (linear) to a plastic region 

(non-linear).  Once the indentation is complete, the die is removed from the work-piece 

causing a linear trend in the unloading section of both plots in Figure 2-2.      

 

 

Figure 2-2.  (a) Stress-strain curve and (b) force-depth curve during indentation process. 
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Figure 2-2 also shows that once unloading is complete, a small amount of elastic strain has 

been recovered.  This is a ‘spring-back’ effect contributed by the elastic portion of the 

material.  This is the general behavior for indentation mechanics; the geometry of different 

indenter types dictates stress distributions in the work-piece and thus the final shape of the 

indent.  

 

2.1 HARDNESS TESTING 

Two commonly used hardness-test methods use pyramidal (Vickers) or spherical (Brinell) 

indenters.  The definition of hardness can be stated as the resistance with which a deformable 

body counters the penetration of another deformable body [46].  Hardness is an important 

material property because of its correlation to stress, wear and resistance to machining [47].  

Hardness can be expressed as a stress or pressure 

 

 
F

H
A

  (2-2) 

 

where F is the force used to create the indent and A is the projected area of the deformed 

indent.  The units of Equation (2-2) are Pascals, but this is usually converted to a unit-less 

quantity the scale of which depends on the hardness test used.  The hardness of a material is a 

useful tool to determining other properties of the material.  For example, a material with 

large grain sizes will have a smaller hardness than the same material with small grain sizes 

[46].  Perhaps the most commonly used property determined from the hardness is a 

material’s yield strength in Equation (2-3) 

 

 H C Y   (2-3) 

 

where Y is the yield strength of the material and C is a constant called the constraint factor.  

The constant C is dependent on test conditions and is approximately 2.8 for metals with a 

large E/Y value (E is Young’s modulus).  It is clear that the hardness of a material is a useful 

property of a material for which there are several methods for testing.  Two methods, Brinell 
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and Vickers hardness test, will be discussed in this study, but first the theory behind the 

hardness test will be examined. 

 

2.1.1 Hardness Test Theory 

Prandtl was the first person to explain the constraint factor, C, as seen in Equation (2-3).  He 

started by examining the plastic flow pattern beneath a flat punch.  The flow pattern, which 

can be seen in Figure 2-3a, was determined by satisfying kinematics.  The specimen material 

behaved in two ways.  First, the material in the plastic flow region was assumed to flow 

plastically in plain strain [48].  Second, the material outside this region was assumed to be 

rigid.  This type of flow was later generalized by Hill and is called slip-line field theory.  

Slip-line field theory accounts for material displaced underneath the indenter by assuming it 

flows upward.  This effect can be seen in Figure 2-3b.  Shield [48] expanded upon Hill’s slip-

line field solution and determined the value of C to be 2.82 for an axisymmetric punch.     

 

 

Figure 2-3.  (a) Plastic flow pattern proposed by Prandtl, also known as slip-line field theory 

[47]. (b) Upward flow of material displaced by indenter in slip-line theory [49]. 

 

The slip-line field theory derivation of C closely matched experimental results for indenters 

with self-similar geometry such as flats, pyramids, sharp cones and wedges.  The type of 

deformation shown in Figure 2-3 however was not observed when spherical geometries were 

used for indenters (Brinell, Meyer).  The deformation for a spherical indenter shown in 

Figure 2-4 resembles the stress distribution for Hertzian contact rather than the slip-line field 
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theory result.  Although the Hertz solution for a rigid sphere on a half space is derived for 

elastic situations, it was observed that circular line surrounding the deformation in Figure 

2-4b resembled the predicted maximum shear stress.  It was determined that the ratio of 

maximum shear stress in the specimen to the mean stress of the indenter at the elastic-plastic 

interface is equal to 0.18 [47].  Approximating the maximum shear stress as Y/2 the 

constraint factor will be equal to 2.8 which is equivalent to the slip-line constraint factor.  

The material flow for this model is assumed to be elastic so no upward material flow is 

necessary. 

 

Figure 2-4.  Images of a Brinell hardness test on clay (a) and low-carbon steel (b) showing 

zone of plastic deformation [47]. 

 

The hardness test theory was presented as a background to support points made later in this 

dissertation.  It was important to understand the two models of deformation (slip-line field 

theory and elastic theory) to fully understand the differences in hardness tests such as Vickers 

and Brinell. 

 

Brinell Hardness Test 

The first hardness testing method to be discussed is the Brinell hardness test.  The Brinell 

hardness test involves pressing a 10 mm diameter diamond hardened or tungsten carbide [47] 

spherical indenter into a work-piece using a known force which is comparable to its yield 

stress.  The constant force is applied for a known amount of time to allow plastic flow to 
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finish.  The resulting plastically deformed indent, which looks like a circle from above, is 

used to calculate the hardness using Equation (2-4) 
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where F is the force in kg, D is the indenter diameter in mm and d is the diameter of the 

resulting indent in mm.  The force, F, must be chosen such that 0.24D < d < 0.6D [46]. 

 

Vickers Hardness Test 

The second hardness test examined is the Vickers hardness test.  The Vickers indenter is a 

four-sided pyramid with an angle of 136° opposite the faces.  This geometry requires the test 

force and indentation surface are proportional to each other [46].  This implies that the 

Vickers hardness value should be independent of force (will be examined later).  The 

equation for the Vickers hardness is given in Equation (2-5) 
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where F is the test force in kg and d is an average of the two measured diagonals of the 

resulting square indent in mm.   

 

2.1.2 Effect of the Indentation Load 

The effect of the indentation load will now be examined for Vickers and Brinell indenters in 

terms of the subsurface deformation and the hardness values measured. 

 

Subsurface Deformation 

The subsurface deformation for the two hardness tests is described by different models.  The 

slip-line field theory is used to characterize pyramid type indenters (Vickers) while the 
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elasticity model is used for spherical indenters (Brinell).  The cause of the two models is the 

difference in geometry.  The Vickers indenter has a self-similar geometry where the Brinell 

does not.  Because the Brinell indenter does not have self-similar geometry, there is a 

transition from fully elastic to elastic-plastic to fully plastic deformation as shown in Figure 

2-5 [49].  On the other hand, the Vickers indenter has a sharp tip (actually a flat on order of 3 

x 3 µm [50] because polishing four faces can never produce perfect tip) which enables the 

plastic zone to be fully developed as soon as contact is made. 

 

 

 

Figure 2-5.  Plastic zone development in Brinell hardness test.  (a) Fully elastic (b) elastic-

plastic (c) fully developed plastic zone [49]. 

 

The sharp tip on the Vickers indenter and thus the instantaneous development of a fully 

plastic zone implies that the amount of elastic deformation during a Vickers test will be very 

small compared to the Brinell test.  Herrmann [46] used a ratio of the plastic deformation 

volume to the total indentation volume, Vpl  / Vtotal, to quantify the amount of plastic 

deformation.  Herrmann concluded that for a steel test piece, the ratio Vpl  / Vtotal is equal to 

75% for Vickers hardness and 44% for Brinell hardness.  It is clear from Herrmann’s work 

that the Vickers indenter is a much more ‘efficient’ method of testing because it can induce 

fully plastic stress at lower loads. 
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Hardness Value 

The ideal hardness test would result in a single value regardless of the test force.  

Unfortunately this is not the case for either Vickers or Brinell hardness tests.  For both tests, 

at indentation depths below approximately 1 µm the hardness will be higher at small 

indentation depths [49].  This is known as the indentation size effect which occurs in metals 

and is attributed to additional geometrically necessary dislocations (GNDs) that produce 

additional hardening at small length scales [49].  As the load increases and the indenters 

penetrate further into the specimen this effect is no longer relevant. 

 

Another effect which causes hardness values to differ with load is the geometry of the 

indenter.  At low loads the Vickers hardness will not be constant, as seen in Figure 2-6a, 

which is attributed to surface preparation, vibrations of the tester, microstructure of the 

material and other factors.   

 

   

 

Figure 2-6.  Hardness vs. load for a constant material for (a) diamond pyramid (Vickers) 

indenters and (b) spherical indenters (Meyer) [48]. 

 

Figure 2-6a shows that once the load has surpassed approximately 1 kg the hardness becomes 

independent of load due to the self-similar geometry of the Vickers indenter.  Figure 2-6b is a 
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plot of the Meyer hardness (MH) which is another hardness test using a spherical indenter 

and can be used for comparison instead of the Brinell test.  It is clear from Figure 2-6b that 

the hardness measurement is always dependent on load and even indenter diameter which 

results from the spherical indenter not being self-similar.  Since the Meyer hardness is not 

constant with force, a Meyer hardness value cannot be converted to a Vickers hardness value 

except under one condition. Figure 2-7 shows an image of a spherical indenter contacting a 

specimen where D is the diameter of the indenter, d is the diameter of the indent and θ is the 

angle between the tangent line at contact and surface normal.  The contact angle θ will 

change as the indenter penetrates further into the specimen.  The condition were the Meyer 

(or Brinell) hardness can be related to Vickers hardness is when the ratio of d / D is equal to 

0.375 for spherical indenters [48].  At this ratio, the contact angle in Figure 2-7 is equal to 

136° which is the same as that for a Vickers indenter. 

 

 

 

Figure 2-7.  Contact angle θ for spherical contact with a half-space [49]. 

 

It has been shown that the indentation load will have an effect on the subsurface damage and 

hardness value for both Vickers and Brinell hardness tests.  The subsurface reaction of the 

Vickers test is almost entirely plastic which occurs as soon as the indenter touches the 

specimen.  The subsurface reaction of the Brinell test has a much larger elastic component 

which would imply more load is needed to acquire similar amounts of permanent 

deformation.  It was also shown that the Vickers hardness is independent of the test load 
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unless it is very small.  The Brinell hardness of a material will vary depending on the load 

and diameter of indenter due to the fact that the geometry is not self-similar meaning the 

contact angle changes with surface penetration. 

 

2.1.3 Crack Patterns Formed in Brittle Materials 

Until now, the Vickers and Brinell hardness tests have been examined for ductile metals.  In 

these cases the indenters were used to create a plastic indent which is related to the hardness 

of the specimen.  These indenters, however, can also be used to indent brittle materials such 

as glass and determine fracture toughness, KC.  Fracture toughness can be defined as the 

ability of the specimen material to resist the growth of a crack [51].  The fracture toughness 

for brittle materials is determined from the crack patterns induced by indentation tests so it is 

important to first understand crack patterns of different indenter geometry before KC can be 

determined. 

 

The crack pattern of a Vickers indent on brittle material will first be examined looking down 

on the square indent.  When a brittle material is indented with a Vickers indenter cracks will 

form at the corners of the square indents and propagate outwards as shown in Figure 2-8.  If 

the same indent is examined from a cross-section view, it will be seen that these cracks form 

a circular area beneath the surface of indent which can be seen in Figure 2-8.  The circular 

area encompasses the subsurface plastic deformation of the indent.  The dimension, c, in 

Figure 2-8 is called a Palmqvist radial crack [52]. 
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Figure 2-8.  (a) Top view and (b) cross-section view of Vickers indent on a brittle material 

[49]. 

 

Spherical indenters such as those used during Brinell hardness tests produce indents on brittle 

materials as seen in Figure 2-9.  Figure 2-9 shows that the spherical indenter will induce 

similar radial and lateral cracks as those seen in Vickers indents (Figure 2-8).  Also, there is a 

plastic zone underneath the indenter that resembles the stress distribution predicted by elastic 

Hertzian contact solutions.   

 

 

Figure 2-9.  Spherical indentation crack pattern on a brittle material [52]. 
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2.1.4 Fracture Toughness in Brittle Materials 

The crack patterns described above can be used to calculate fracture toughness, KC.  The 

Vickers indenter can be used to obtain the fracture toughness by first creating an indent as 

seen in Figure 2-8.  The length of the Palmqvist cracks, c, is measured and an average value 

is determined.  This value is then used in Equation (2-6) 
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where E is the elastic modulus, H is the hardness, P is the indentation load, c is the average 

Palmqvist crack length and β is a constant which is 0.016 for a Vickers indenter.  Equation 

(2-6) is an empirical approach so caution is suggested if using to determine fracture 

toughness [49].  It should be noted that spherical indenters are not used to predict fracture 

toughness in brittle materials.  While the radial and median crack propagation mechanics 

have been established for spherical indentation fracture, there is no consistent model for the 

initiation of these cracks [52] which hampers the repeatability of measurements.  Spherical 

indenters are not often used for fracture toughness tests due to the uncertainty of crack 

initiation.  

 

2.1.5 Summary 

Hardness tests have been used since the late 19
th

 century when Johann A. Brinell first 

proposed his ball indenter test [47].  They are fast and relatively simple to perform and are 

used frequently in industry.  Two types of indenters, the pyramidal Vickers and spherical 

Brinell, were examined and their behavior investigated.  It was found that indentation load 

affects both indenters’ hardness values in some way.  The Vickers hardness will increase 

slightly at small test loads then become constant at higher loads.  The Brinell hardness value 

for a given material was found to differ with load and tip diameter mainly due to geometrical 

effects.  Pile-up and sink-in at the outer edges of the indenter was determined to be a function 

of the strain hardening and yield stress for both Vickers and Brinell tests with low strain 
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hardening and low yield stress leading to high pile-up and vice versa.  Indentation tests are 

used in fracture toughness determination for brittle materials.  It was found that fracture 

toughness could be calculated by measuring the Palmqvist crack length of a Vickers indent.   

 

2.2 ROCKWELL INDENTATION 

Using Finite Element Analysis (FEA) to predict indent deformation for certain applied forces 

or displacements is a valuable tool.  The material reaction to a nanostructured (NS) die 

pressing into its surface was unknown so a Rockwell indenter, whose behavior is well 

defined, was used to calibrate the FEA model.  Establishing a FEA model that could predict 

Rockwell indentation results for various applied loads would instill confidence in results 

obtained from FEA models of nanostructured indents.   

 

2.2.1 Rockwell Indenter Experiments 

A Rockwell indenter was chosen as a starting point because they are inexpensive, readily 

available and have a simple geometry.  The indenter has a conical geometry with a 200 µm 

radius diamond tip.  During a normal Rockwell indentation test, a minor load which is 

dependent on the grade of indenter used is initially applied.  The depth of the indenter for that 

minor load is now the datum.  A major load, also dependent on indenter grade, is then 

applied to the minor load driving the indenter further into the material.  The major load is 

removed and the permanent deformation with respect to the datum is subtracted from an 

indenter specific constant to produce a Rockwell hardness number. 

 

The reason the Rockwell indenter was chosen for the modeling experiments is the 200 µm 

radius spherical tip.  This is a simple geometry to model as long as the load is controlled so 

that only the spherical tip is penetrating the work-piece.  A picture of the Rockwell indenter 

can be seen in Figure 2-10. 
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Figure 2-10.  Image of Rockwell hardness tester used for comparison in spherical 

indentation modeling.  Radius of tip is 200 µm. 

 

The Rockwell indenter seen in Figure 2-10 was mounted in a hardness tester at the PEC.  The 

hardness tester, shown in Figure 2-11, can be fit with any type of hardness testing indenter 

tip.  A diamond turned 6061 aluminum sample was used as the material in the Rockwell 

indentation experiments.   

 

 

 

Figure 2-11.  Image of hardness tester used to create spherical indents. 
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The hardness tester shown in Figure 2-11 is capable of creating indents by placing a sample 

on the stage and pulling the lever (right side of image).  There is a carriage assembly (top of 

image) which holds combinations of weights with the minimum being 0.2 kg (0.4 kg of mass 

in Figure 2-11).  Once an indent has been created, an optical microscope (left side of Figure 

2-11) can be swiveled above the indent and measured.  The age of the machine made viewing 

the indents this way difficult so a Zygo New View scanning white light interferometer 

(SWLI) was used to measure the indents instead as seen in Figure 2-12.  The depths of the 

spherical indents were recorded for different masses and can be seen in Table 2-1. 

 

Table 2-1.  Depth measurements of spherical indents made with Rockwell indenter on 6061 

aluminum. 

Mass (kg) Indent Depth (μm) 

0.2 1.4 

0.4 2.9 

0.52 3.2 

0.62 3.9 
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Figure 2-12.  Zygo SWLI measurements of Rockwell indents created with (a) 0.2 kg and (b) 

0.4 kg on 6061 aluminum. 

 

2.2.2 Finite Element Analysis Modeling of Rockwell Indentation 

A FEA model was developed for comparison with the Rockwell indentation experiment 

results.  FEA is a numerical solution method for solution of field problems [53].  A 

continuous field, which in this case is represented by the indenter and work-piece, is 

discretized into finite elements thus expressing the field by a piecewise continuous field.  The 

piecewise field is defined by nodal values and interpolation within each element [53].  

Initially, a 2-D simplified model was used to investigate how to model contacting bodies.  

The model, shown in Figure 2-13, was a circular body which indented a flat work-piece. 
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Figure 2-13.  Initial 2-D model for investigating the behavior of contacting bodies. 

 

After the two bodies’ geometry was modeled, meshes were created to introduce the elements 

and nodes.  For the initial model, PLANE182 elements were used in ANSYS.  These 

elements have 4 nodes with 2 degrees of freedom per node.  It was known that the two 

surfaces that would be contacting were the bottom portion of the circle and the top of the 

work-piece.  PLANE182 elements also support integration of contact and target elements.  

Contact elements (CONTA172 in this model) are assigned to the outer edge of the circle.  

The contact element nodes are merged with the PLANE182 nodes on the bottom edge of the 

circle which essentially bonds the contact surface to the bottom of the circle.  Target 

elements (TARGE169) are placed on the top edge of the work-piece and merged in the same 

way as with the contact elements.  A contact pair was then created between the contact 

elements on the circle and the target elements on the work-piece to let the program know to 

watch for interaction between the two surfaces.  Surface normals can be displayed which 

show which direction the contact and target elements look for contact.  Figure 2-13 shows the 

surface normals represented by lines pointing outwards from each surface correctly.  Contact 

is detected when contact elements penetrate target elements from the direction indicated by 

the surface normals.  This technique for modeling contacting bodies was used in all of the 

indentation simulations.       
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PLANE182 elements also support plasticity which is essential to developing an accurate 

model.  ANSYS has several different material models and the one chosen for the indentation 

simulations was a bilinear isotropic hardening model.  The isotropic hardening was used to 

include the strain hardening effect that arises when a stress higher than the original yield 

stress of a material is applied (Figure 2-1).  Strain hardening is an effect of an increase in the 

number of dislocations in a metal when the material is stressed beyond its yield strength [51].   

 

New dislocations are created as a single dislocation moves on its slip plane and obstacles pin 

the end of the slip line as shown in Figure 2-14.  The dislocation bows as more stress is 

applied and eventually touches itself creating a new dislocation.  The new dislocation, which 

can produce additional dislocations, is referred to as a Frank-Read source [51].  When 

dislocations interfere with one another, it becomes more difficult for them to move.  An 

increase in the amount of dislocations increases the chances of interference thus increasing 

the strength of the material [51]. 

 

 

Figure 2-14.   Frank-Read source of dislocations.  (a) Dislocation pinned by lattice defects.  

(b) Dislocation begins to move as stress is applied and eventually bows back upon itself (c).  

Dislocation touches itself and forms new dislocation loop (d) [51]. 

 

The second feature of the bilinear strain hardening model to contribute to the simulation was 

the bilinear plasticity behavior.  Bilinear plasticity, as its name implies, models the true 

stress-strain behavior of a material (shown in Figure 2-1) with a simplified two line model.  
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The bilinear plasticity stress-strain plot, shown in Figure 2-15, can be defined by three 

quantities; Young’s modulus, E, yield stress, σy, and tangent modulus, ET. 

 

 

 

Figure 2-15.  Bilinear plasticity material model used in indentation FEA model. 

 

The Young’s modulus is the slope of the elastic portion of the curve and the yield stress is 

where the curve transitions from elastic to plastic.  These two quantities are published for 

most materials.  The tangent modulus is the slope of the stress-strain curve in the plastic 

region and is not as available as other material properties.  The deformation for an applied 

stress, governed by this model, is a combination of elastic and plastic strain.  Figure 2-15 

shows that as a load stresses the material beyond its yield strength, the total strain can be 

expressed in Equation (2-7)  

 e p     (2-7) 

 

Figure 2-15 also shows that the elastic strain, εe, is recovered when the material is unloaded 

from the plastic stress state while the plastic strain, εp, remains.  If the tangent modulus is set 

to 0, the plastic portion of the stress strain curve will be horizontal and the material will 
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behave in a manner referred to as elastic-perfectly plastic.  The simulated experiments were 

performed using material properties for 6061 aluminum. 

 

The indentation simulations were displacement based; that is, the indenter starts above the 

work-piece and is displaced downward in small incremental steps.  After the simulation is 

complete, a post processing code is run that would extract the reaction forces on the top of 

the indenter throughout the loading and unloading cycle.  This was how the force-depth data 

was recorded.  Non-linear geometry effects were used because the indenter will cause 

relatively large amounts of strain in the work-piece.  It should also be noted that the addition 

of plasticity effects creates a non-linear material model.  A full Newton-Raphson technique 

was used to solve this non-linear problem.  For each displacement step of the indenter into 

the work-piece the Newton-Raphson solver works by guessing a displacement of the work-

piece and calculating the tangent stiffness matrix, KT, and restoring force for this 

displacement.  The tangent stiffness matrix is a stiffness matrix calculated using an elastic-

plastic modulus, Eep.  A residual (error from guess) is calculated and added to the original 

guess and the process is repeated until the error is small enough to be considered converged.  

A full Newton-Raphson solution indicates the tangent stiffness matrix is updated every 

iteration cycle as opposed to a modified Newton-Raphson technique which updates every 

solution step.   

 

The stress distribution at displacement step 6 for the initial 2-D circular indenter simulation is 

shown in Figure 2-16.  This agrees with theory shown by Figure 2-4.  The permanent plastic 

deformation for the entire simulation is shown in Figure 2-17.  The results show plastic 

deformation which indicates that the elastic-plastic material model and contact elements 

worked properly.   
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Figure 2-16.  Stress distribution for circular indenter on a flat work-piece. 

 

The next step was to model the Rockwell indenter in 3-D and simulate the experiments 

performed in Section 2.2.1.  The 2-D model did not provide any useful numerical data, but it 

did provide an introduction regarding certain aspects of the FEA program.  Only a small 

portion of the Rockwell indenter’s 200 µm radius tip was modeled to reduce computation 

time.  Also, because the problem is rotationally symmetric, it was possible to use symmetry 

boundary conditions and further reduce computation time by using a 1/8
th

 model.  An image 

of the meshed geometry can be seen in Figure 2-18. 

 

 

 

Figure 2-17.  Displacement vector sum of initial contacting bodies model showing plastic 

deformation. 
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Figure 2-18.  FEA setup for Rockwell indentation simulations.  (a) Side view showing 

portion of indenter tip modeled.  (b) Angled view showing 3 dimensions and 1/8
th

 model 

geometry.  (c) Contact and target elements on surface of indenter and work-piece with 

surface normals. 

 

The Rockwell indenter simulations were performed in a manner similar to the initial 2-D 

simulations.  The simulation was displacement based (indenter incremented into and out of 

work-piece) and included contact and target elements.  The difference in the Rockwell model 

was that the contact and target elements had to be applied to surfaces because the model was 

3-D (Figure 2-18c).  A new element, SOLID185, type had to be introduced for the same 

reason.  The SOLID185 element is composed of 8 nodes each having 3 degrees of freedom.  

After the simulation was run, a post processing file was executed that tabulated the reaction 

force at the top of the indenter at every displacement step.  This was the manner in which the 

force-depth curves were obtained for the simulations.   

 



50 

 

Results for the final plastic deformation using a 0.2 kg load are illustrated in Figure 2-19.  

The 3-D Rockwell simulation for a load of 0.2 kg will result in a plastically deformed indent 

with a depth of 1.38 µm.  This result agrees with the experimental result shown in Table 2-1 

which shows a depth of 1.4 µm for a 0.2 kg load.  A feature observed in the FEA simulation 

as well as the experimental results was a displacement above the nominal work-piece height 

around the border of the indents.  This behavior (as seen in Figure 2-12 and Figure 2-19) is 

due to a conservation of volume for the work-piece.  If material is being pushed down under 

the indenter than material must move up somewhere since the work-piece is incompressible.  

This feature must be monitored during nanostructured indents where it desired to have 

indentations bordering other indents on all sides.   

 

 

 

Figure 2-19.  FEA results showing 1.38 µm of deformation for a 0.2 kg load during 

Rockwell indentation simulation of 6061 Al. 
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All four experiments shown in Table 2-1were simulated using the Rockwell model and the 

comparable indent depths were determined using the force-depth curves.  The simulated 

results are presented alongside the experimental results in Table 2-2.  The simulated and 

experimental results shown in Table 2-2 have a good correlation with percent differences less 

than 6%.  The force-depth curves used to extract the simulated data can be seen in Figure 

2-20.  The force-depth curves produced by the FEA simulations follow the same loading-

unloading trend as shown in Figure 2-2.  The indenter is displaced into the material causing 

yield followed by recovery of elastic strain as the indenter is retracted.  The remaining plastic 

deformation was compared to the experimental result which provided confidence to use this 

model for nanostructured indenter simulations.  

 

Table 2-2.  Experimental and simulated Rockwell indentation results for 6061 Al. 

Mass   

(kg) 

Experimental 

Indent Depth (μm) 

Simulated Indent 

Depth (μm) 

Percent Difference 

(%) 

0.2 1.4 1.38 1.4 

0.4 2.9 2.87 1.0 

0.52 3.2 3.39 5.7 

0.62 3.9 3.94 1.0 
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Figure 2-20.  Force-depth curves for FEA simulations of Rockwell indentation on 6061 Al. 

 

2.3 SUMMARY 

The purpose of this chapter was to become familiar with indenting processes.  The mechanics 

behind indentation were discussed for ball and wedge type indenters (hardness testers).  It 

was determined that different indenter geometries induced different types of work-piece 

deformation behavior.  Pile-up, which will be an issue in later nanocoining experiments, was 

found to be a function of a materials yield stress and strain hardening where materials not 

susceptible to strain hardening will be more likely to pile-up rather than sink in.  Fracture 

toughness and hardness was also examined. 

 

A Rockwell indenter was used to create spherical indents using only the spherical tip to 

indent a work-piece.  Indents were created at several loads and the corresponding depths 

were measured using a Zygo SWLI.  An ANSYS FEA simulation was then developed to 

model the deformation between the two contacting bodies.  The results from the Rockwell 

experiments and FEA simulations were compared and showed a good correlation (< 6%).  

This provided confidence in using FEA to model future nanocoining indentations.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3 4 5

M
a
ss

 (
k

g
) 

Depth (µm) 

0.2 kg

0.4 kg

0.52 kg

0.62 kg



53 

 

3 SLOW SPEED INDENTATION 

 

The Rockwell experiments were a good introduction to the realm of indenting and provided a 

foundation for the transition to nano-indenting.  The next step was to indent with dies 

provided by Minnesota Mining and Manufacturing Corporation (3M).  These experiments 

were titled ‘slow speed’ because each indent was created at a frequency less than 1 Hz.  The 

main purpose of these experiments was to become familiar with programing the 4-axis 

diamond turning machine (DTM) to manipulate the indenter and characterize the indenting 

procedure.   

 

3.1 SLOW SPEED EXPERIMENTAL SETUP 

The experimental setup for the slow speed indentation experiments was completely different 

from the Rockwell indentations.  The Rockwell indentations were created manually, one at a 

time, using a force based system.  Force based system describes how specified weights were 

placed on the hardness tester and it was this force that dictated the depth of the indentations.  

The slow speed indents were created using the axes of the DTM making it displacement 

based.   

 

3.1.1 Nanoform 600 DTM 

The Nanoform 600 DTM is a four axis precision machine used by the PEC mainly for 

diamond turning.  The Nanoform has three linear axes and one rotation axis in the form of an 

air bearing spindle.  The X and Z-axes are supported by hydrostatic oil bearings and driven 

by precision ball-screws and laser interferometers are used for position feedback (1.25 nm 

resolution) on both axes.  The Y-axis was purchased from Moore Nanotechnology Systems 

and uses a hydrostatic oil bearing for the slide-way.  Position feedback is achieved through 

an optical encoder which, when interpolation is used, can achieve step sizes of 1.1 nm.  A 

photograph of the Nanoform with the slow speed tool-post attached can be seen in Figure 3-1 

and a schematic showing relative motion of the axes is shown in Figure 3-2. 
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Figure 3-1.  Slow speed experimental setup on Nanoform. 

 

 

 

Figure 3-2.  Description of the motion of the Nanoform axes. 
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The motion of the Y and Z-axes is best seen from the side view of the Nanoform shown in 

Figure 3-2.  The Y-tower has the y-axis slide-way on the front side facing the spindle.  A tool 

or actuator is mounted to the Y-axis slide-way which can then be moved vertically where 

positive motion is towards the ceiling and negative is towards the floor.  The Y-tower sits on 

top of the Z-axis slide-way which moves the Y-tower (and thus tool) towards (negative 

motion) and away (positive motion) from the work-piece.  The spindle and work-piece mount 

both reside on the X-axis slide-way.  The motion of the X-axis is best seen from a top view 

(looking down from the ceiling).  The spindle and work-piece mount can traverse back and 

forth where negative motion results in positive motion for the tool (relatively) creating a right 

handed coordinate system (Figure 3-2).  The X, Y and Z-axes all work together to provide 

relative horizontal displacement (X-axis), vertical displacement (Y-axis) and displacement 

between (Z-axis) the work-piece and tool.  Machine code (G-code) can be written to program 

the axes to move in any way the user defines.  The axes can also be jogged manually using an 

encoder hand-wheel. 

 

A successful nanocoining process must be automated was using a 4-axis DTM such as the 

Nanoform.  The motion of the indenter with respect to the work-piece can be programmed 

into the machine to achieve more precise results.  Using the Nanoform also implies that the 

indent process changed to displacement based.  It is displacement based because the input 

program is a series of motion commands so if the die is programmed to move 1 mm into the 

work-piece, it will as long as the axis can generate the force.   A load cell was used to 

measure indent forces and help control the motion to predict the depth of indentations.  The 

indent program must also compensate for any angular deviations of the work-piece with 

respect to the Nanoform axes allowing the indenter to correctly follow the surface.  It is clear 

that there were many aspects of the experimental setup that had to be accounted for before 

any indentations could be generated.     
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3.1.2 Diamond Nano-Indenters 

Unlike the Rockwell indentations, the slow-speed indents were created using diamond 

indenters provided by 3M Corporation.  The first indenter had a flat indentation area and was 

created for practice purposes while the nanostructured die fabrication process was being 

developed (all nano-indenters were produced by 3M).  A model of the indenter geometry is 

shown in Figure 3-3. 

 

 

 

Figure 3-3.  Geometry of flat indenter provided by 3M. 

 

The flat indenter, as shown in Figure 3-3, is a 5 mm long diamond bar with a 1 x 1 mm cross 

section.  The indentation end has a pyramid shape which truncates to a 100 x 100 µm flat 

surface.  The 100 x 100 µm surface is the indentation area used to create the test indents.  A 

measurement of the indentation face (Figure 3-4) was taken with the Zygo Scanning White 

Light Interferometer (SWLI).  A trace from one corner of the face to the other shows a 39 nm 

peak to valley (PV) and 10 nm average surface roughness (Ra). 
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Figure 3-4.  Zygo SWLI measurement of flat indenter face. 

 

As stated earlier, the flat indenter was used to test any type of new experimental setup or 

procedure because the risk of damage and time invested in manufacturing the die were low. 

 

A second indenter with nanofeatures was also used in the slow speed experiments.  This 

indenter was created using a diamond with similar geometry to the flat indenter shown in 

Figure 3-3 except the indent area was now 25.8 x 23.8 µm with a nanostructured (NS) 20 x 

20 µm area in the center created using a Focused Ion Beam (FIB).  A FIB is essentially a 

Scanning Electron Microscope (SEM) with the exception that gallium ions are directed onto 

the surface as opposed to electrons.  The FIB is also a destructive process used commonly to 

repair masks in silicon wafer lithography processes.  The incident gallium ions remove 

material by ablation and are used in the die manufacturing process to remove material 

(diamond) to create the nanofeatures.      
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Figure 3-5.  Dimensions of NS indenter face and nano-features. 

 

A dimensioned SEM image of the NS die can be seen in Figure 3-5.  The NS region is a 40 x 

40 array of nanofeatures each of which has a 250 x 250 nm cross-section and are 300 nm tall.  

Each one of the 1600 nanofeatures has 250 nm spacing on all sides.  The nanofeatures were 

created using a focused ion beam (FIB) to mill away diamond material.  The FIB was 

scanned across the face of the indenter, much like raster cutting with a mill, pausing in 

locations where voids were desired.  The square post geometry of the indenter shown in 

Figure 3-5 was a simple pattern for initial fabrication because the two heights (top and 

bottom of nanofeature) resemble a digital ‘on’ and ‘off’ pattern.  The FIB removes material 

by scanning slower in regions where it is desired to remove material and faster in regions 

where material removal is not required.  Therefore, the FIB scans over the tops of the 

nanofeatures fast and dwells over the bottom of the nanofeatures.   

 

Another important feature of the first NS indenter was the raised border surrounding the 

nanostructured area.  This feature, shown in Figure 3-6, was added initially to aid in the 

indenter alignment process.  The border is in-between the dashed lines in the left image of 

Figure 3-6.   
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Figure 3-6.  Border used for alignment on the first nanostructured indenter. 

 

The border, whose height was the same as the top of the nanofeatures, aided in alignment by 

creating a square annulus impression every time an indentation occurred.  If any part of the 

border is missing from the indent then the indenter must have been tilted with respect to the 

work-piece surface.  This technique was used during the initial alignment procedures; the 

border was later removed.  The flat and NS indenters used in the slow speed experiments had 

to be precisely aligned to ensure the entire indentation face made contact.  This was 

accomplished by designing a tool-post/alignment fixture combination that could be mounted 

to the Nanoform DTM and allow the face of the indenter to be adjusted to be parallel to the 

work-piece surface.  Other nanostructured diamond dies are discussed in Sections 4.1.1 and 

7.2.2.   

 

3.1.3 Work-Piece Mounting and Alignment Fixture 

The parallelism between the work-piece surface and the indenter face was critical to uniform 

indents.  Any relative angle between the work-piece and the indenter (tilt angle) could 

prevent part of the nanostructured area from contacting the surface.  This can effect can be 

seen in Figure 3-7. 
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Figure 3-7.  Definition of tilt angle between work-piece and indenter. 

 

The maximum angle that in which all of the features will contact the surface can be 

calculated using Figure 3-7 and knowing the nanofeatures are 300 nm tall.   
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 (3-1) 

 

Equation (3-1) shows that an angle of 0.86° between the indenter and work-piece would 

allow all nanofeatures to touch the surface.  This is not the ideal scenario because preferably 

all nanofeatures would indent to the same depth.  For this reason the angular tolerance should 

be smaller than the value described in Equation (3-1). 

 

Because the tilt angle described by Figure 3-7 is between the work-piece and indenter, at 

least one of the two components creating this angle must have some kind of angular 

adjustment.  The work-piece mount was an existing part fabricated to accommodate a load 

cell for force measurement (force measurements explained later).  This mount did not have 

any angular adjustment capabilities.   

 

Figure 3-8 shows the plated copper work-piece mounted to the stationary mount block 

through a load cell.  A counter-bored hole in the work-piece was used to bolt the work-piece 
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and load cell to the mount block.  The bolt not only fastened the work-piece to the block but 

also applied the required pre-load to the load cell.  While the method described is an effective 

way to hold the work-piece and measure forces, it is clear that there are no reliable angular 

adjustments.  Therefore the alignment of the indenter must be carried out by the indenter tool 

post. 

 

 

 

Figure 3-8.  Work-piece mounted on Nanoform for slow speed indentation experiments. 

 

The tool post used for the slow speed indentation experiments had to accomplish two main 

tasks.  The first was to be long enough so that the die could reach the work-piece without 

running the z-axis into its limit and maintaining stiffness.  The second was to allow angular 

alignment of the die with respect to the work-piece.  A 6.5 in long, 3 in diameter aluminum 

shaft was machined to give the tool post its length.  After several iterations, an alignment 

fixture was designed that was attached to the end of the aluminum shaft.   

 

The alignment fixture is shown in Figure 3-9.  The alignment fixture was composed of a 

bottom plate which provided the connection to the aluminum shaft and a top plate which had 

a cylindrical feature to hold the indenter.  A ¼ in steel ball was sandwiched between the top 
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and bottom plates and located using spherical pockets.  The ball acted like a pivot point for 

the top plate.  Three alignment bolts were used to adjust the tilt angles of the die with respect 

to the work-piece surface by loosening and tightening them simultaneously.  Belleville 

washers were used underneath the heads of the alignment bolts to keep a preload on the top 

plate during adjustment.  A small aluminum flat was attached to the upper plate above the 

indenter as shown in Figure 3-9.  After an angular relationship was established between the 

work-piece surface and alignment fixture, a linear variable differential transformer (LVDT) 

gage could traverse the measuring plate to aid in alignment.  After alignment was complete 

all three alignment bolts were tightened to clamp the assembly at the desired tilt angle.  

Tightening the bolts does cause some angular motion of the top plate so the alignment must 

be checked after tightening.  An image of the complete tool post/alignment fixture on the 

Nanoform can be seen in Figure 3-1. 

 

 

 

Figure 3-9.  Alignment fixture used to correct for tilt angles during slow speed indenting. 

 

3.1.4 Experimental Setup 

The first set of indentation experiments were performed using the 100 x 100 µm flat die.  The 

die was attached to the alignment fixture described in Section 3.1.3 and the hard plated 

copper work-piece was mounted to the mount block as seen in Figure 3-8.  A load cell was 

used to measure forces during indentation.   
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The load cell was calibrated using a clamp, pulley and weights as shown in Figure 3-10.  A 

clamp was attached to the work-piece to act as an attachment point for fishing line.  The line 

was run over a ball-bearing pulley mounted to the Nanoform y-axis so that known masses 

could be applied to the load cell.  The mass would produce a known force on the load cell 

which would produce a voltage corresponding to the force.  The sensitivity could then be 

calculated using this data.  A range of masses from 0.2 kg to 1.0 kg were used to obtain a 

linear sensitivity which was 0.07 V/N.  This sensitivity value was used to convert the load 

cell readings from the indentation experiments from voltage to force (Newtons).  The load 

cell was calibrated before every indentation experiment. 

 

 

 

Figure 3-10.  Load cell calibration performed on the Nanoform.  A known force is applied 

and resulting voltage is recorded. 

 

The next step was to align the indenter so that the indentation face was parallel to the work-

piece surface.  Adjusting the alignment fixture so that the die was parallel to the work-piece 

was a complicated task that took several iterations to develop a procedure that would ensure 

aligned indents.  The first step is to attach an air bearing LVDT displacement gage to the 

cylindrical piece holding the alignment fixture.  The LVDT is then swept in the X and Y 
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directions across the face of the work-piece.  The displacement of the LVDT is recorded 

along with the distance the axis moving the LVDT traveled.  This process provides the angles 

θxz and θyz which are the tilt angles in the X-Z plane and Y-Z plane respectively and are 

shown in Figure 3-11.  The LVDT was then attached to the mount block and swept across the 

flat measurement surface (Figure 3-9) on the alignment fixture in a similar manner.  The 

point of this step was to measure the tilt angles of the indenter to compare to the tilt angles of 

the work-piece.  If the angles did not match, the alignment bolts on the fixture were adjusted 

accordingly.  This alignment method was performed every time either the tool-post or work-

piece was removed.  

 

 

 

Figure 3-11.  Measurment of work-piece tilt angles, θxz and θyz, using the axes of the 

Nanoform and a LVDT. 

 

3.1.5 Data Acquisition of Manual Indentation 

Data from the load cell was acquired using a dSpace data acquisition board.  The output from 

the load cell was connected to one of the dSpace’s analog inputs.  Simulink, a graphical 
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block diagram module of MATLAB, was the software used to process the data from the 

dSpace.  ControlDesk was then used to display a plot of force vs. time as well as capture 

data.  The dSpace is capable of sampling rates up to 5 kHz which was more than adequate for 

this application.  The real-time display of the indentation force was useful for determining 

when contact between die and work-piece had been made as well as the peak force of that 

indentation.   

 

3.1.6 Manual Indenting with Flat Die 

The first linear experiment was performed by jogging the indenter into the work-piece using 

the axes of the Nanoform manually.  This was the first experiment using a diamond indenter 

so the force vs depth characteristics were not yet known.  An approximation for the force 

required to cause yielding can be expressed as 

 

   2.27 100 100 22.7aF H A GPa x m N     (3.2) 

 

where Ha is the hardness of the hard plated copper used in this experiment and A is the area 

of the flat test indenter.  From Equation (3.2) a force around 20 N should cause the material 

to yield.   

 

With this in mind four indentations were created on the surface of the work-piece and the 

recorded force can be seen in Figure 3-12.  Figure 3-12 shows the forces recorded for three 

out of the four indents (data for indent was 2 lost).  The first indent was created with a peak 

force of approximately 18 N which was close to the target 20 N.  The last two indents were 

both created with a force of 5 N.  This was the first attempt at creating indents to a specific 

force and the process is difficult because the user must watch the force while also controlling 

the axis with the encoder hand wheel.  Upon examination of the four indents in an optical 

microscope, it was seen that the only indent which left and entire impression was the first.  

The third and fourth indent only left a partial imprint as a result of the low indentation force.  
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The indents from the first experiment did not produce any real usable data, but acted more as 

a starting point for manual indenting.   

 

 

Figure 3-12.  Recorded forces for the first set of indentation experiments using the flat 

indenter on hard plated copper. 

 

The next experiment was aimed at generating a force vs. depth curve for the flat indenter and 

hard plated copper.  This experiment was performed in a similar manner to the previous 

indents and the main purpose was to extract force vs. depth data.  To this end, 10 indents 

were created using an indentation force ranging from 18-30 N.  The flat indenter was 

manually jogged into the same plated copper work-piece and 100 µm spacing was left 

between indents.  The load cell recorded the force data and the Zygo New View SWLI was 

used to measure the depth of the indents.   
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Figure 3-13 shows a sample of the depth measurements taken using the New View SWLI.  

The depth of the indents is viewed by using a trace tool (lines seen in the left portion of 

Figure 3-13) which can then be used to plot a depth profile (right portion of Figure 3-13.  The 

depth was taken at the center of the indents as opposed to the corners which see larger 

deformation due to stress concentrations (see Section 3.4).   

 

 

 

Figure 3-13.  Depth measurements from 2
nd

 indentation experiment. 

 

The force data measured from the load cell was then plotted against the depth measurements 

from the New View SWLI and the resulting force vs. depth plot can be seen in Figure 3-14.  

Figure 3-14 shows the plastic flow curve portion of a material stress-strain curve.  The 

benefit of Figure 3-14 is that if indents of a certain depth are desired, the force required to 
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create the indent is known and the load cell can be used to indent at the known force.  It 

should be noted that Figure 3-14 is only applicable for the flat 100 x 100 µm indenter on hard 

plated copper. 

 

 

Figure 3-14.  Force vs. depth curve for flat indenter on plated copper work-piece. 

 

3.2 PROGRAMMED INDENTATION EXPERIMENTS WITH FLAT DIE 

The manual indentation experiments provided a basic understanding of force and depth 

behavior of the nanocoining process.  However, the manual method was time consuming and 

not a very accurate method of indenting.  Therefore, a process was developed where a 

machine program could be run on the Nanoform to automate the indentation procedure.   

 

3.2.1 Nanoform Motion Program 

The Nanoform uses a PMAC controller with PMAC Executive software to generate motion 

commands.  While motion programs can be executed from PMAC Executive, the 

programming is more primitive and the interface is not as user friendly as PMAC NC, 

another software package capable of interfacing with the PMAC controller.  Machine code 

(G-code) files can be executed in the NC program which is more intuitive to code.  

Coordinated offsets, spindle speed and other properties can be set using the NC GUI.  The 
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indentation motion programs were written in G-code and executed using the NC program 

because of its ease of use and user friendly GUI.   

 

The goal of the programmed indenting procedures was to create large areas of precisely 

indexed indents over a large area like a tiled floor.  The challenge of creating a large array of 

indents is that the work-piece will have some tilt with respect to the Nanoform axes in both 

directions (see Figure 3-11). This tilt can cause the depth of the indents to vary as the 

indenter is moved across the surface.  

 

 

 

Figure 3-15.  Top view of work-piece showing variation in depth due to work-piece tilt. 

 

Figure 3-15 shows an example of the depth variation of the indents if the work-piece is tilted 

in the X-Z plane (top view of Nanoform) and the indenter is rastered across the face of the 

work-piece in the X-direction.  The indenter has been moved to the same Z-location for all 

three indents, but because there is tilt the actual depth into the part is increasing.  The 

indenter can be programmed to move along the face of the surface to accommodate for the 

two tilt angles (θxz and θyz) and produce indents at a constant depth.  This is accomplished by 
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measuring the tilt of the work-piece just as described in Section 3.1.4 and using these angles 

to calculate a Z-direction compensation distance for each move command.   

 

An example of the compensation for the θxz tilt can be seen in Figure 3-16 which is in the 

same orientation as Figure 3-15.  Figure 3-16 shows that adding a displacement in the Z-

direction will compensate for tilt of the work-piece.  The same method can be used for tilt in 

the Y-direction.  The Z-direction compensation depends on which direction the tool is 

moving.  For example, if the tool is moving in the X-direction the compensation can be 

described by 

 tancompx xzz d    (3.3) 

 

where zcompx is the compensation displacement and d is the distance moved in the X-direction.  

Likewise, if the tool is moving in the Y-direction the compensation can be described by 

 

 tancompy yzz h   (3.4) 

 

where zcompy is the compensation displacement and h is the distance traveled in the Y-

direction. 

 

 

Figure 3-16.  Tilt angle compensated for with Z-direction motion calculated from θxz. 
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The motion program itself was simple.  The indenter was jogged manually into the part until 

the load cell read the desired force.  At this point, the Z-offset was set to make this point Z = 

0.  All indents were then indented to this zero depth since all indents should see the same 

force and thus same depth.  The motion program would first move the indenter to the Z = 0 

point to create the first indent.  The indenter was then retracted straight back from the work-

piece and then moved in the X-direction (and Z-direction slights for compensation) to the 

next indentation location.  The indenter was then moved to zero to create the second indent 

and the process was repeated.  Once one row was complete, the indenter was moved in the 

Y-direction (and Z-direction slightly for compensation) to the next row location and another 

row was created in the X-direction.  This process was repeated until the array was completed.   

 

An image of the tool motion can be seen in Figure 3-17.  The figure shows the tool-path 

progression to create a 4 x 4 array of indents.  The 16 total indents have been numbered in 

Figure 3-17 in order of indention, where 1 is first and 16 is last.  This process involves 

programing three tool motions for each indent which results in an indentation cycle time of 

approximately 4 seconds, but it is still faster than manual indenting. 
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Figure 3-17.  Slow speed indentation motion program path.  Indenter moves across part in x-

direction then moves to next row in y-direction where process is repeated to create array. 

 

3.2.2 10 x 10 Programmed Array of Flat Indents 

Using the procedure outlined in Section 3.2.1 a 10 x 10 array of indents was created on the 

hard plated copper work-piece.  After load cell calibration and tilt angle measurement, the 

machine code program was generated.  A MATLAB file was written to generate a machine 

code file based on the x, y and z-coordinate starting positions and the θxz and θyz tilt angles 

(see APPENDIX A).  A Zygo New View SWLI image of the resulting 100 indent array can 

be seen in Figure 3-18. 
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Figure 3-18.  New View SWLI image of 10 x 10 array of flat indents on hard plated copper.  

Right side shows higher magnification. 

 

Figure 3-18 shows successful creation of the 10 x 10 array of flat indents.  This experiment 

demonstrated the accuracy of the indents when using programmed motion paths with the 

Nanoform.  This 1 x 1 mm block was the first step in automating the nanocoining process as 

well as increasing the production speed (compared with manual indents).  

 

Force data was recorded during the indentation experiment and is shown in Figure 3-19.  The 

two groupings of force spikes in Figure 3-19 shows indents created in two rows.  There are 

10 spikes which represent 10 indents in one row.  The time gap between groupings is due to 

the indenter moving to the beginning of the next row, much like a type-writer.  The variation 

in the peaks of the indent forces is a result of the θxz tilt compensation not being exactly 

correct.  This can be seen in the image of the entire array in Figure 3-18.  The force data in 

Figure 3-19 is in the same orientation as the indents in Figure 3-18.  The indents on the left of 

Figure 3-18 look slightly deeper than the indents on the right which is consistent with the 

force data.  An improved method of measuring the work-piece tilt angles could solve this 
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issue and produce indents with no variation in depth.  The next step, however, was to create a 

programmed array of indents using the NS indenter. 

 

 

Figure 3-19.  Sample of forces from 10 x 10 array of flat indents. 

 

3.3  PROGRAMMED ARRAYS OF NANOSTRUCTURED INDENTS 

At this point in the research, the first nanostructured (NS) indenter was delivered to the PEC 

from 3M.  The indenter, described in Section 3.1.2, was attached to the same alignment 

fixture that had been used with the flat indenter.  The NS indenter has a smaller indentation 

area than the flat indenter so an indentation force had to be determined which would produce 

an appropriate depth.  The force required to cause yield was approximated for the NS 

indenter on hard plated copper as 

 

   10 22.27 3.3922 10 0.77aF H A GPa x m N     (3.5) 

 

where A is the indentation area of the nanofeatures and the surrounding border.  Using the 

same programming technique used to create the 10 x 10 array of flat indents, a 11 x 10 array 
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of NS indents was machined on the same hard plated copper work-piece.  A New View 

SWLI measurement of the resulting array is in Figure 3-20. 

 

 

 

Figure 3-20.  New View SWLI image of 11 x 10 array of nanostructured indents on hard 

plated copper. 

 

The interferometer measurement in Figure 3-20 shows that the motion program was able to 

produce a precisely indexed array of indents.  It is also clear that the θxz tilt compensation 

was not exact as was the case with the 10 x 10 array of flat indents.  The indents on the right 

side of the array in Figure 3-20 are slightly deeper than those on the left suggesting the 

indenter was moving in a plane that was not parallel to the work-piece surface.  Obtaining 

exact tilt compensations was an issue which was still unresolved which would need more 

attention in the future. 

 

The nanofeatures for a single indent are not visible in the New View SWLI measurements 

because their size and spacing is below the resolution of the device.  The work-piece was 

taken to the NC State University Analytical Instrumentation Facility (AIF) so that the indents 

could be imaged using a scanning electron microscope (SEM).  A JEOL 6400 Cold Field 
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Emission Scanning Electron Microscope (FESEM) with a resolution of 1.5 nm at 30 kV was 

used for all SEM imaging of nanocoined parts.   

 

The resulting images of the 11 x 10 array of NS indents can be seen in Figure 3-21.  Figure 

3-21 is an SEM image of a single indent in a corner of the array.  The material above and to 

the left of the boarder is a non-indented surface.  The SEM images show the border and 

nano-features clearly although depth dimensions cannot be determined.  The most significant 

piece of information the image provides is the presence of the additional plastic deformation 

at the edge.  This can be seen by examining the two scratches that cross each other in the left 

image of Figure 3-21.  The scratches were present on the surface before the indent so they 

have been pushed down with the rest of the surface.  However the scratch seems to disappear 

at the edge of the border and un-deformed material.  This is because the material has been 

deformed more at this edge from the sharp edge stress concentration.  Fabrication of future 

dies will have to compensate for the uneven contact stress created by flat dies.   

 

   

 

Figure 3-21.  Single nanostructured indent measured with SEM at 5000x (left) and 10000x 

(right). 

While SEM imaging is an effective way to measure 2-D features, the nanostructures are three 

dimensional and all three dimensions are important when considering the criteria for a non-
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reflective surface.  A way to measure all three dimensions at once is by using a Digital 

Instruments D3000 Atomic Force Microscope (AFM).  An AFM is a nano-scale profilometer 

that rasters over an area of a surface.  An AFM probe typically has a tip with a radius less 

than 10 nm.   

 

Figure 3-22 is an AFM measurement of 1.5 x 1.5 µm patch located in the nanostructured area 

of the indent shown in Figure 3-21.  The left image in Figure 3-22 is a profile trace across the 

pockets created by the nano-features on the die.  The data from the trace indicates that a 

depth of approximately 30 nm was reached.  This was far from the total height of the nano-

features and future indents will have to be performed to ensure the die has been indented to 

full depth. 

 

    

 

 

Figure 3-22.  AFM measurement of nanostructure features (left) and 3-D rendering (right). 

 

3.4 MODELING OF NANOSTRUCTURED INDENTATIONS 

The same model verified with the Rockwell indentation experiments (Section 2.2.2) was used 

to predict the behavior of the nanostructured (NS) indenters.  The results produced valuable 

information on indentation force, material flow and multiple indent interaction.  Single 
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indents were modeled first to easily transition from the Rockwell models.  Individual 

nanofeatures were modeled to understand how the material would flow into the free space of 

the indenter.  Finally, multiple indents were modeled to observe how successive indents 

affect each other.  The information gained from these experiments proved useful in the 

approach for designing an effective nanocoining process. 

 

3.4.1 FEA of Single Nanostructured Indents 

The process of modeling the NS indenters began by modeling a flat punch.  This was defined 

as a macroscopic model because it ignored the nanofeatures (bottom of indenter was flat to 

simplify the model. The contact pressure between a flat punch and an elastic half-space is 

given by 
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 (3-6) 

 

where p(r) is the contact pressure at any radial point, r, pm is the mean contact pressure and R 

is the radius of the indenter [54].  It is clear from Equation (3-6) that the contact pressure at 

the radius, R, goes to infinity resulting in a large spike in stress in the half-space.  The 

stresses in a half-space being penetrated by a flat punch have been plotted by Maugis [55] 

and the results are shown in Figure 3-23. 

 

 

 

Figure 3-23.  Analytical stress distribution solution for flat punch on half-space [55]. 
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Figure 3-23 can be directly related to the nanocoining process.  The stress distribution from 

the center of the indenter until approximately half way to the outer edge is relatively uniform 

meaning the material in this range will yield at the same point.  The material around the edge 

will yield much sooner, however, because of the large stress concentration.     

 

One of the goals of this research is to develop an accurate FEA model of the indentation 

process.  This will provide a better understanding of how the material will deform and what 

can be done to influence material behavior.  An example of material behavior that requires 

attention is the additional plastic deformation observed at the edge of the indents.  Before 

compensation techniques can be applied a simulation must be developed to accurately model 

the nanostructured die indents. 

 

The FEA model was created in ANSYS beginning with a 2-D geometry.  This model takes 

advantage of geometrical symmetry so only half of the indenter and work-piece were 

modeled.  Material properties for diamond and electroplated copper were used for the 

indenter and work-piece respectively.  A bilinear isotropic material model which included 

strain hardening was used for the copper work-piece.  This plasticity model uses an elastic 

modulus for the elastic region of deformation and a tangential modulus for the plastic region.  

These two properties are the slopes for the two lines (bilinear) modeling elastic-plastic 

material behavior.  Four node 2-D plane elements supporting contact and target assignment 

where used for both the indenter and work-piece.  When the simulation is run, the work-piece 

is held while the nodes on the top surface of the indenter where displaced downward in 

increments of 10 nm until the desired depth was reached.  The nodes on the top of the 

indenter were then moved upward revealing a plastically deformed work-piece surface.  The 

total depth of the indent was chosen based on an experimental indent measured with the 

Zygo SWLI in an attempt to replicate the measurement with the simulation.   

 

The measurement and simulation results are shown in Figure 3-24.  Deformation near the 

center and at the edge of the simulation is used for comparison to the experimental 
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indentation measured with the Zygo SWLI.  The Zygo measurement (right image in Figure 

3-24) is obtained using the trace tool to view a profile of an indent from its center to the edge.  

The simulation uses an axisymmetric model where the left edge of the model represents the 

center of the indenter; the model is one half of the indenter.  Both the simulation and the 

experiment have deformation near the center and edge of the die of approximately 55 nm and 

120 nm respectively.  The deformation at the edge is approximately twice the deformation at 

the center because of the stress concentration (Figure 3-23).  The agreement between the 

model and simulation results meant alterations could now be made to the geometry of the die 

with confidence that the simulation results will be accurate.  Alteration to the die could 

produce more attractive stress distributions and deformation profiles.   

 

   

 

Figure 3-24.  FEA simulation of nanostructured die indent (left) and experimental indent 

(right). 

 

The high concentration of stress at the edges of the die is a behavior detailed in many 

plasticity textbooks.  The most intuitive way to relieve this concentration is to replace the 

sharp corner with a radius.  FEA simulations proved this is an effective way to distribute the 
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contact stress from the corner.  Although a corner radius improved the stress distribution, 

there was still a small degree of variation under the die.  A large radius was placed on the 

bottom of the die from the center to the edge to relieve the smaller variation in stress.   The 

combination of the small radius at the edge and large radius over the entire face produced a 

nearly uniform contact pressure under the face of the die as shown in Figure 3-25.  

 

 

 

Figure 3-25.  FEA displacement of multiple radii die (left), comparison of contact stress 

(right). 

 

Figure 3-25 shows the results of the simulation run with a die that has two radii.  The 

solution method is the same as for the flat die but the results are much more uniform due to 

the near linear contact stress across the face of the die.  The top right image of Figure 3-25 

shows the contact stress of the flat die.  The stress near the center and edge are 606 MPa and 

1412 MPa respectively.  The stress at the edge is more than twice the stress at the center.  

The contact stress of the die with multiple radii (shown in lower right of Figure 3-25) has a 

maximum stress of 676 MPa.  The variation is not distinguishable because range of the color 

bar.  This is evidence that altering the face of the die by adding two radii will produce a more 

favorable indent.  The FEA simulation was used to test potential die shapes. 
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In reality, it is difficult to add the radius on the edge of the indenter during the die fabrication 

process.  This still left the issue of stress concentration induced border marks surrounding 

each indent.  The solution implemented in the real process (discussed in Section 7.1.3) was to 

only press the indenter into the surface far enough for the features to cause deformation.  

Controlling the indentation depth in this manner meant deformation was localized to each 

nanofeature.  Avoiding contact with the border meant an absence of marks surrounding each 

indent. 

 

3.4.2 FEA of Multiple Indents 

Modeling individual indents was useful for determining force vs. depth behavior.  Interaction 

between successive indents was a behavior that was also important and beneficial to 

understand.  To accomplish this, a simulation modeling multiple indents of a single mold was 

developed.  The previous section showed that effects from the sharp corners of the die border 

were significant so it was relevant to model what happened when this effect occurred in 

several locations.  The initial model was the same as the model used to simulate the flat 

indents shown in Figure 3-24.  The difference was that after the initial indent the die was 

removed from the material and moved horizontally to the next indent location.  The die was 

then pressed into the mold to the same depth as the first and removed.  The indents were 

overlapped by 1 µm which was representative of the real indenting process.  An illustration 

of the simulation showing each indent can be seen in Figure 3-26. 

 

 

 

Figure 3-26.  Simulation of two consecutive indents with flat die.  
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The die modeled in Figure 3-26 had a flat 20 µm long face.  Because the die geometry shown 

in Figure 3-26 is that of a flat die, the contact stress caused by each indent has similar 

behavior to the single indent; large stress occurs at the edge because of the sharp corner.   

 

 

 

Figure 3-27.  ANSYS simulation of consecutive indents progress from (a) first indent (b) 

initiation of second indent (c) maximum depth of second indent (d) removal of die from 

second indent and final deformation. 

 

The resulting deformation from simulating multiple indents is shown in Figure 3-27 at 

various stages.  The displacement at the top surface of the work-piece was extracted from 

ANSYS and plotted.  The nominal surface height is located at ‘0’ on the ordinage.  Figure 

3-27a shows the deformation after the die has been displaced into and out of the work-piece 

creating the first indent.  Features of interest are the relatively flat deformation at the bottom 

of the first indent and the rise in nominal surface height on either side of the indent (referred 

to ‘pile-up’ and discussed later).  Figure 3-27b shows the second indent has reached the same 

depth as the plastic deformation from the first indent.  Maximum depth of the second indent 
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is shown in Figure 3-27c which is below the plastic deformation of the first indent.  The 

maximum indentation depth during process will always be greater than the final plastic 

deformation indent because there will be elastic recovery.  Figure 3-27d shows the final 

deformation after the second indent is complete.  The deformation at the bottom of the 

second indent is relatively flat, just like after the first indent (Figure 3-27a).  The plastic 

deformation from the first indent, however, has been altered by the formation of the second 

indent.  Notice in Figure 3-27d the right side of the first indent (side closest to second indent) 

has been pushed up while the left side has not causing the total deformation of the first indent 

to appear tilted.  The nominal height of the work-piece is also been pushed even higher on 

the right side of the second indent.  The conclusion from the multiple indent simulation is 

that an indent being formed will deform the preceding indent by pushing up the edge closest 

to the current indent.  The result is deformation of the previous indent that appears to be tilt. 

 

Three dimensional, multiple indent simulations were run after the 2D simulations (Figure 

3-26).  The 2D simulations modeled two consecutive indentations while the 3D simulation 

modeled four indentations in a square pattern.  A side view of the model and the resulting 

displacement vector field is shown in Figure 3-28.   
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Figure 3-28.  3D simulation of multiple indents and displacement vector field of single 

indent. 

 

Notice how the deformation behavior of the indent in Figure 3-28 not only shows material 

being displaced below the indenter, but also parallel to the surface and upward above the 

surface.  This is a result of the conservation of volume effect and shows that the displaced 

material below the die must go somewhere.  The 3D multiple indent simulation was 

performed by creating one row of two indents and then creating a second row adjacent to the 
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first.  The final indented area was a square.  Images of the displacement of the work-piece 

caused by each indent during the simulation can be seen in Figure 3-29. 

 

 

 

Figure 3-29.  Images of deformation caused by each indent from the 3D multiple indent 

simulation. 

 

The deformation shown in Figure 3-29 is difficult to quantify because the motion of the 

indenter overwhelms the scale for material displacement.  Figure 3-29 does, however, show 

the steps of the simulation and how the die was used to create a square pattern of indents.  

The displacement of the nodes on the top surface of the work-piece was extracted and plotted 
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in MATLAB to get a better scale for the topography of the surface after all indents had been 

created.  The MATLAB plot of the surface is shown in Figure 3-30. 

 

 

Figure 3-30.  Displacement of the top surface of the work-piece after 3D multiple indent 

simulation. 

 

The surface plot shown in Figure 3-30 shows the indented area after 4 indents have been 

created at the same depth.  It is clear from the plot that the surface of the indented area is not 

flat.  There are distinct ridges at the outside edge of the final indent (Figure 3-30 oriented in 

same manner as the simulation description in Figure 3-29).  This behavior is similar to the 

2D simulation in that the final indent has relatively flat (or at least symmetric) deformation 

while the indents created before are tilted and in the case of a 2D array of indents the tilt is in 

two directions.  This trend was also seen in experiments where large square arrays of indents 

were created with large depth.  A New View SWLI measurement of one of these arrays is 

shown in Figure 3-31. 
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Figure 3-31.  Interferogram of indent tilt caused by excessive depth.  

 

The measurement shown in Figure 3-31 is a portion of an array of indents created with the 

flat indenter in hard plated copper.  The measurement focuses on the lower left corner of the 

array.  X and Y coordinates were indicated on the measurement to show the order in which 

indents were created.  Indents were made by starting at the bottom right of the array and 

moving from right to left.  Once the indenter had reached the end of the row (left-most X 

position), the indenter was moved back to the starting position on the right and moved up in 

the Y direction to create the next row.  This is not the most efficient part program and indents 

were initially carried out in this manner because it was the easiest path to program.  

However, it did provide useful results since all indents were created in the same order.  Each 

indent is tilted in the X and Y directions creating a tilt about a diagonal from bottom left to 

top right (relative to each indent).  This two direction tilt is the same behavior seen in Figure 

3-30.  An interesting observation in Figure 3-31 is the last indent in each row (indents in left-

most column) has tilt in the Y-direction only (rotation about X-axis).  One direction tilt is 

created because there is no subsequent indent on the left side.  The successive indent is what 

pushes the material up causing tilt in the X-direction (rotation about Y-axis).  There is tilt in 
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the Y-direction because each of the indents in the left-most column have successive indents 

above it (except for last row which is not pictured here).    

 

3.5 SUMMARY 

The slow speed indentation experiments were a very useful way to begin the process of 

rapidly creating large areas of indents.  Indentation force and depth behavior was observed 

and recorded for use during later experiments.  Compensation for tilt of the work-piece was 

studied and although the process still needs fine tuning, the method of programming the tilt 

into the Nanoform motion programming was effective.  A programmed array of NS indents 

was created on hard plated copper and measured in the SEM.  The results showed large areas 

of plastic deformation around the edge of the indenter which is to be expected for a die with 

sharp corners.  FEA simulations showed the same increase in deformation at the die edge 

caused by the stress concentration.  FEA simulations of multiple indents were also performed 

with the main result being the deformation of previous indents by succeeding indents.  These 

experiments have outlined the overall advancement of the nanocoining process which was to 

successfully create indents at some frequency.  The next step was to replace the indentation 

motion with an actuator mounted to the Nanoform.  The Nanoform axes are relatively slow 

so adding a second axis in the form of an actuator should significantly increase the speed. 
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4     MID SPEED INDENTATION 

 

The slow speed indents were created using a stationary post with the indenter mounted to the 

end.  The indenter was slowly moved into and out of the part using the axes of the Nanoform 

4-axis diamond turning machine while the part remained stationary.  While this method 

proved effective for initial observation of how the nanofeatures were formed, the 0.3 Hz 

indention rate was too slow.  The next step was to increase the indention rate, but this was 

problematic for the Nanoform.  The Z-axis of the Nanoform which moves the indenter into 

and out of the part can only move a certain velocity without a significant overshoot relative 

to the nanofeatures on the indenter (nanofeatures are 300 nm tall).  As the indent frequency 

increases, the Z-axis moves faster and because it supports the Y-axis (several hundred 

pounds) the actual position the Z-axis stops will be different then the command.  Since the 

nanofeatures are only 300 nm tall, overshoot of the Z-axis as it moves into the part can 

damage the indenter.  The solution was to add an auxiliary axis onto the Nanoform in the 

form of a linear Fast Tool Servo (FTS).  The FTS axis is collinear with the Nanoform Z-axis 

and is driven by a piezoelectric stack allowing velocities much higher than that of the 

Nanoform axes.  The term ‘mid-speed’ was used to describe indents created at frequencies 

from 1 to 10 Hz.    

 

4.1 MID SPEED EXPERIMENTAL SETUP 

4.1.1 Modified Nanostructured Indenter 

The same indenters shown in Section 3.1.2 were used in the mid-speed indents with some 

modification.  The flat 100x100 µm indenter was used in the initial experiments.  The flat 

indenter was a useful tool because there is no risk of damage and the results are simpler to 

measure because of the larger size and absence of nanofeatures.  The nanostructured (NS) 

indenter with the 20x20 µm featured area was also used but it was no longer necessary to use 

the raised border since the alignment procedure had been developed.  The border removed 

using the FIB machine that was originally used to create the nanofeatures.   
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Figure 4-1.  NS indenter before (top) and after (bottom) outer border was removed with FIB. 

 

New View SWLI images with and without the border can be seen in Figure 4-1.  The top 

image in Figure 4-1 shows the NS indenter as it was used in the slow speed indentation 

experiments (Figure 3-5 and Figure 3-6).  The outer border is approximately the same height 

as the nanofeatures (actually 45 nm about the features).  Figure 4-1 also shows the modified 

indenter (bottom) where the border has been machined down with the FIB to approximately 1 

µm below the top of the nanofeatures.  The benefit of recessing the border is that now arrays 

can be made entirely of nanofeatures.  Before the modification to the NS indenter flat border 

marks were present around each grouping of nanofeatures which would degrade the overall 
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optical property of the surface.  The indentation procedure with the FTS was first established 

with the flat indenter before arrays were created using the modified NS indenter.   

 

4.1.2 Fast Tool Servo Description 

The Fast Tool Servo (FTS) was designed to machine low amplitude, high frequency features 

on optical surfaces.  The FTS can be fit with two different PZT stacks depending on the 

desired stroke.  A 25 µm stroke can be achieved with the 25 mm stack and a 40 µm stroke 

can be achieved with a 40 mm stack.  All mid-speed experiments described in this chapter 

were performed using the 25 mm stack.  The FTS equipped with the 25 mm stack is capable 

of operating frequencies up to 1 KHz and has a resolution of 5 nm.  A closed-loop controller 

is implemented using a Lion Precision DMT-10 capacitance gage (cap gage) for position 

feedback.  The cap gage is mounted through a hole in the back of the FTS body using a set-

screw.  The cap gage measures the back of the tool holder which is displaced by the PZT 

stack.  After the piezo amplifier was turned on the cap gage was zeroed by hand.  The gage 

was moved as close to zero as possible by hand, then the set screw was used to clamp the 

gage in place and finally the manual DC offset on the cap gage head unit was used to adjust 

the output to zero.  A schematic and photograph of the FTS can be seen in Figure 4-2. 

 

 

 

Figure 4-2.  Fast Tool Servo (FTS) used for mid-speed indenting. 
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The schematic shown in Figure 4-2 describes the FTS assembly.  An outer collar which is 

threaded onto the FTS housing applies a pre-load to the PZT stack via an annular diaphragm 

flexure.  The torque of the threaded collar is proportional to the pre-load applied to the PZT 

stack.  A pre-load must be applied to PZT stacks to prevent them from operating in tension 

which can cause the stack to permanently fail.  The photograph in Figure 4-2 shows the FTS 

mounted to an ‘L’ bracket which is mounted to the Nanoform.  Just as in the slow speed 

experiments, the indenter must have some kind of angular adjustment in the θxz and θyz 

directions.  An alignment fixture similar to the one shown in Figure 3-9 was fabrication for 

the FTS but on a smaller scale.   

 

 

 

Figure 4-3.  Alignment device for indenting with FTS. 

 

Figure 4-3 shows the alignment device used on the FTS.  Alignment is achieved just as in the 

slow speed tool fixture where the indenter is attached to an intermediate alignment plate 

which can be rotated in two directions using three bolts and a sphere acting as a pivot point.  
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The correct angular adjustment is found by creating an indent and measuring the tilt in the 

New View SWLI.  These angles are then imposed on the tool using the fixture in Figure 4-3.  

This process is repeated until the indenter is deemed to be parallel to the work-piece surface. 

The FTS assembly was mounted to the Nanoform’s y-axis as shown in Figure 4-4. 

 

 

 

Figure 4-4.  FTS mounted to the Y-axis of the Nanoform 600.  Motion of tool is in z-axis 

direction. 

 

Figure 4-4 shows the Nanoform setup for mid-speed indents using the FTS which is the same 

as it was for the slow speed indents which the exception of the actuator.  The direction of 

motion of the FTS axis was along the Z-axis of the Nanoform.  This arrangement allowed the 

FTS to handle the Z-axis motion and the Nanoform handle the slow speed motion of X and 

Y.     
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4.1.3 dSpace Data Acquisition and Controller 

The dSpace data acquisition (DAQ) system was used to record force data as in the slow 

speed indentation experiments.  The dSpace was also used to control the FTS for the mid-

speed indentations.  A Simulink block diagram closed-loop control algorithm was developed 

by PEC student Karalyn Folkert (MS 2005).  The block diagram can be found in APPENDIX 

B and uses the capacitance gage for position feed-back.  Since the capacitance gage outputs a 

voltage, this must be fed into one of the dSpace analog inputs where it was converted to a 

displacement using a sensitivity value specific to the probe.  The error is calculated with 

respect to the programmed position and a control action is generated.  The control action is a 

displacement which is converted to a voltage based on the PZT stack gain and output from 

the DAQ board’s analog output.  This is the signal that is sent to the TREK amplifier which 

has a 100:1 amplification and then to the FTS. 

 

4.2 MID SPEED INDENTATION PROCEDURE 

The mid-speed indenting procedure was similar to the slow speed indentation procedure with 

the work-piece mounted to the stationary part mount through the load cell.  The major 

difference was that the FTS was rastered across the face of the work-piece while being 

actuated to create indents as shown in Figure 4-5.  This is different because the slow speed 

indents were created with no cross-feed; that is when the Z-axis was pressing the die into the 

work-piece, the indenter was not moving sideways.  Because the FTS was providing the 

indentation motion, only motion in the X-Y plane and tilt compensation in the Z-direction 

had to be provided by the Nanoform axes.  This allowed constant cross-feed motion which 

sped up the entire indenting process.  The speed of the cross-feed was much slower than the 

indentation speed so dragging the indenter on the work-piece face was not an issue.  A 

comparison of the slow speed programming vs. the mid-speed programming can be seen in 

Figure 4-5. 
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Figure 4-5.  Difference in coordinates programmed into the Nanoform between slow and 

mid-speed indenting. 

 

The FTS was actuated using a pulse generator with a 4 µm stroke that held position for 2.5 

msec and was then retracted.  The pulse generator was used over other signal sources because 

it is essentially a square wave which means a fast stroke is possible when compared with the 

generation frequency.  For example, in some of the following experiments the indentation 

frequency was 2 Hz so 1 indent was created in 0.5 sec.  In that 0.5 sec only 2.5 msec of the 

time is spent indenting while the rest of the time the indenter is retracted.  This was attractive 

because the indenter was constantly moving sideways along the face of the work-piece.    

The pulse generator was a source from the Simulink model which had no communication 

with the Nanoform.  This meant there was no way for the dSpace controller to know where 

the indenter was with respect to the Nanoform coordinates.  As a result, the feed rate of 

Nanoform axes had to be synchronized with the frequency of the pulse generator so the 

indents would be spaced correctly. 

 

Tilt compensation was handled in the same manner as with the slow speed indenting.  The tilt 

angles θxz and θyz were first measured with the LVDT and then input into the code generation 

file to produce a Nanoform motion file that would move the FTS in the same plane as the 

work-piece surface.  This method was used for initial mid-speed experiments but the same 
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depth variation observed in the slow speed indents was evident.  To address this problem, a 

force feedback control loop was added to the existing position feedback control loop.  

 

4.3 FLAT MID-SPEED INDENTATION RESULTS 

4.3.1 Initial Mid-Speed Indentation Results 

The initial mid-speed indentation results refer to indents created before the force feedback 

controller was implemented.  Using the FTS dSpace controller and Nanoform motion 

program, a 1x1 mm array of flat indents was created on the hard plated copper at 1 Hz.  The 

dSpace PID controller for the FTS was really a PI controller where initially the proportional 

term was 0.2 and the integral term was 1000.   

 

A New View SWLI image of the overall shape of the array can be seen in Figure 4-6a.  The 

right and left borders of the overall block are not in a straight line because the pulse generator 

of the FTS controller and Nanoform axes are not synchronized.  This is not important for 

these experiments because the behavior of the indents and FTS are being observed and not 

alignment.  The higher magnification view (bottom image) in Figure 4-6 shows the indents 

positioned in such a way as to completely tile the surface.  The indents also appear to be 

uniform with respect to the neighboring indents.  These positive results prompted a jump to 

an indent frequency of 2 Hz. 
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Figure 4-6.  10x10 block of flat indents (1x1 mm) created with FTS on hard plated copper at 

1 Hz.  (a) Entire array and (b) magnified section. 

 

Before any indenting was performed at 2 Hz it was decided to attempt to fine tune the PI 

controller for the FTS.  After several iterations of trying different combinations of gains it 

was found that a proportional gain of 0.2 and integral gain of 1100 displayed optimal signal 

tracking without instability.  Using the new gains, a similar 10x10 array of indents was 

created at 2 Hz on hard plated copper using the flat indenter.   

 



99 

 

 

 

Figure 4-7.  10x10 array of flat indents (1x1 mm) created using FTS on hard plated copper at 

2 Hz.  (a) Entire array and (b) magnified section. 

 

The results for this experiment can be seen in Figure 4-7.  The results in Figure 4-7 are very 

similar to the indentation results at 1 Hz shown in Figure 4-6.  The indents are indexed 

precisely and the deformation appears to be relatively uniform.  However, when force data 

was examined for both the 1 and 2 Hz indentation arrays, the same force behavior seen in 

Figure 3-12 was observed.  The indentation force would gradually get larger or smaller as the 

FTS was rastered across the surface as a result of poor tilt angle compensation and/or 
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deformation in the part.  While this effect is not significant when indenting with the flat die, 

it will be important when using the NS indenter.   

 

At this point it was decided to try and add more control to the system and since the 

indentation force was already being measured with the load cell, a force feedback system was 

designed.      

 

4.3.2 Force Feedback Controller 

The indents created up to this point using the FTS were relatively uniform with respect to the 

surrounding indents.  However, the data gathered from the load cell made it was clear that 

there was some variation in force along the rows of indents.  This is illustrated in Figure 4-8. 

 

 

Figure 4-8.  Variation in force along indentation rows using the FTS. 

 

Although it is not evident in the New View SWLI measurement in Figure 4-8 the force was 

not constant which could have more of an influence once the NS indenter is used.  Since it 

was desired to have a constant force for all indents and the force was already being measured 

with a load cell, it was decided to incorporate the force measurement into the control system.    

The additional force feedback was used to modify the stroke of the existing control system 
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command of the FTS.  A block diagram of the force feedback addition to the controller is in 

Figure 4-9.  The force feedback addition is shaded.      

 

 

 

Figure 4-9.  Control diagram for FTS including the force feedback section (shown shaded). 

 

The force feedback section of the control loop in Figure 4-9 uses the force from the load cell 

and compares it with some threshold.  The action based on the threshold is converted from a 

force to a displacement using an experimentally determined gain.  The adjustment to the 

stroke is then sent to the command position as either an addition or subtraction.  An 

accumulator acts as a storage point so that the next measurement is always being compared 

with the previous.  An illustration of how the threshold determines the adjustment can be 

seen in Figure 4-10. 

 

 

 

Figure 4-10.  Explanation of threshold in force feedback section of FTS controller. 
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The plot in Figure 4-10 is a representation of the force data taken by the load cell during the 

indentation process.  Any force inside the threshold (represented by the dotted lines) would 

be acceptable and no changes would take place.  If the force was below the threshold this 

would imply the indenter is not penetrating the work-piece far enough so stroke would be 

added until the force was inside the threshold.  If the force was above the threshold stroke 

would be removed since this would imply the indenter is penetrating too far into the work-

piece.  This method allowed the FTS stroke to be continuously updated to produce indents 

with a uniform depth over a large area.   

 

The Simulink block diagram of the controller with the force feedback loop can be seen in 

APPENDIX B.  Several iterations were required to tune the gain block which converts the 

force to a displacement.  This gain increased or reduced the response of the force feedback.  

If the gain was too high the force may overshoot the threshold.  For example, if the force was 

too high the gain may reduce such that the force fell below the threshold and then over-

compensated.  A low gain could take several indents for the compensation to bring the force 

back to the threshold.  After the force feedback controller had been adequately tuned, a 2x2 

mm and 5x5 mm block were created. 

 

 

 

Figure 4-11.  Image of 2x2 mm (a) and 5x5 mm (b) block created with FTS and force 

feedback controller on hard plated copper at 2 Hz. 



103 

 

Photographs of force controlled indents can be seen in Figure 4-11.  The indented arrays 

were created using the flat indenter as a test of the force feedback control.  The 2x2 mm 

block consisted of 400 indents and the 5x5 mm block had 2500 indents.  At the time of this 

experiment, the results were the largest number of indents created at one time and showed 

that the force feedback controller was successful at maintaining constant depth over long 

periods of indenting.  The next step was to use the new controller with the NS indenter. 

 

4.4 NANOSTRUCTURED MID-SPEED INDENTATION RESULTS 

Once the FTS mid-speed indenting procedure had been validated, the next step was to create 

a large area using the NS indenter with the force feedback control.  The combination of tilt 

compensation and force feedback led to arrays of nanostructured indents.  One such array 

was a 1 x 1 mm area created at 2 Hz using the FTS.  The number of indents in this block is 

the total area divided by individual indent area.  The time to create the 1 x 1 mm block 

(square array) is then calculated by dividing total number of indents by actuator frequency.  

For the 20 x 20 µm indenter this yields a total time of 20 minutes.  The resulting block 

exhibited the highly refractive behavior (see Section 7.7) in Figure 4-12. 

 

 

 

Figure 4-12.  1x1 mm block of nanostructured indents created on hard plated copper with 

FTS at 2 Hz.  Diffraction causes green (a) and purple (b) reflection based on light source 

incident angle. 
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The diffraction shown in Figure 4-12 is caused by the 20 µm spacing of the indents acting as 

a diffraction grating.  This copper sample was then taken to the SEM for imaging.  Figure 

4-13 shows details of the nanofeatures in the array. 

 

 

 

Figure 4-13.  Image of intersection of two indents (a) and one indent (b) in the 1x1 mm 

nanostructured array. 

 

The features shown in Figure 4-13a were created by the square nanostructures and resemble a 

waffle pattern.  The smooth material in the lower portion of the SEM image is un-indented 

material.  The border between successive indents is in Figure 4-13a and Figure 4-13b.  Figure 

4-13b was taken at a lower magnification so that one entire indent could be displayed.  The 

nanofeatures completely cover the area which was the desired result.  This was not the result 

for the entire 1x1 mm block shown in Figure 4-14. 
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Figure 4-14.  SEM image of many indents with partial replication (a) and single indent with 

partial replication (b). 

 

Figure 4-14a shows a group of indents in the 1x1 mm block where only some of the 

nanofeatures in the die have been replicated.  The drawing on Figure 4-14a is meant to helps 

to explain where features are present (lighter area) and where they are not (darker area).  

Figure 4-14a also shows this effect to be very repeatable; even the small area of features in 

the un-indented (no features) area is present in all indents.  Figure 4-14b is a measurement of 

a single indent which exhibits the un-indented area behavior.  It does seem as if there is some 

amount of imprint in the un-indented region, but clearly not as much as in the replicated 

region.  Because the un-indented pattern in each indent was so repeatable, it was 

hypothesized that the work-piece material was becoming lodged or stuck in-between the 

nanofeatures on the indenter.  This effect was defined as material pick-up and is also 

discussed in Section 7.2.  To determine if this was the case, the indenter was removed from 

the FTS and measured in the SEM.  Figure 4-15 shows an SEM image of the entire indenter 

as well as a higher magnified view of the individual nanofeatures after the 1x1 mm NS array 

on hard plated copper.   
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Figure 4-15.  SEM measurement of diamond NS indenter after 1x1mm array created in hard 

plated copper. 

 

The lower magnified image in Figure 4-15 shows the indenter with the central 20x20 µm 

zone of nanofeatures and the surrounding border which had been recessed below the features.  

The nanofeatured zone has a dark area and a lighter area which is believed to be work-piece 

material (hard plated copper) which has become stuck on the indenter.  The magnified view 

of Figure 4-15 confirms this by showing the individual features which have copper 

completely filling the space between the nanofeatures.  Notice the overall shape of the 

material stuck to the indenter.  Compare the shape of the material pick-up with the indents in 

Figure 4-14a and it can be seen that the two shapes match.  The material is filling the 

nanofeatured array on the indenter in some locations so when the indenter is pressed back 

into the work-piece the areas on the indenter with material pick-up act like a flat indenter 

which will not transfer features.  This will result in indents as shown in Figure 4-14 where 

only partial replication has occurred.  The material pick-up effect was observed during many 

indentation experiments including experiments performed with the Ultramill (Chapter 7).  

Section 7.2.2 describes how the material pick-up was minimized.  The material stuck in the 

nanofeatures was removed using an etching technique described in APPENDIX C. 
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4.5 SUMMARY 

The purpose of this chapter was to increase the frequency of indentation.  This was an 

important step because it was the first time in the nanocoin process development that a 

separate actuator was used press the indenter into the work-piece.  A FTS used previously for 

diamond turning non-rotationally symmetric parts was fit with a diamond indenter and small 

angular alignment device.  Arrays of indents were created using this method but a variation 

in indent depth was observed.  To eliminate this, a force feedback controller was 

implemented with the FTS to create arrays at constant force (depth).  The FTS was then 

equipped with the nanostructured die and arrays of nanofeatured indents were created.  The 

results showed replication of features with some amount of material pick-up which was 

defined as work-piece material becoming stuck in-between nanofeatures on the indenter.  

The pick was subsequently removed from the die using a nitric acid solution. 

 

The mid-speed nanocoining procedure showed that the diamond die on a PZT driven actuator 

could be used to create indents but a material pick-up issue was identified.  The material 

pick-up is clearly a major hindrance to effective nanocoining and much has been done 

subdue this problem as described in Chapter 7.  Although the indentation rate of 2 Hz is 

much faster than the slow speed (0.1 Hz) of Chapter 3, it is still a long way from the target 

rate of 50 kHz.  The next step was to increase the indentation frequency to 1 kHz.    
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5 FAST TOOL SERVO HIGH SPEED INDENTATION 

 

The slow and mid-speed indentation experiments covered indenting frequencies from 0.3 to 2 

Hz.  This was useful in observing indenting behavior and solving tilt issues but was still far 

below the ultrasonic target frequency.  The next target frequency for indenting was 1000 Hz 

which was referred to as high speed indenting.  This posed a problem because as the 

frequency increases, the feed rate must also increase by the same factor.  The raster velocity 

for the mid-speed, 2 Hz experiment was  

 

 
sec

2 18 60 2.16
sec min min

raster

indents m mm
V

indent

   
    
   

 (5.1) 

 

where 18 µm was used for the 20 µm die length to ensure overlap.  The raster velocity for a 

high speed, 1000 Hz experiment would be 1080 mm/min.  The axes of the diamond turning 

machine are not capable of speeds this high so the only alternative was to mount the part to a 

spindle and indent rings.  The air bearing spindle is mounted to the Nanoform’s X-axis (see 

Section 3.1.1) and is capable of rotational speeds up to 590 rpm.  The velocity of a rotating 

part is a function of the radius, for example, to indent at 1000 Hz and ½ inch from the center 

of the part, the spindle speed would be 

 
surface

spindle

v

r
   (5.2) 

 

where vsurface is the surface speed of the part at radial position, r, calculated as 

 

 
20

20
sec1 sec

die
surface

cycle

l m mmv
T m


    (5.3) 

 

where ldie is the length of the die and Tcycle is the period of the indentation cycle.  The surface 

speed equation is the length desired to move every cycle (length of die if total coverage is 

desired) divided by the time it takes the die to come back into contact with the surface.  
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Substituting the values back into Equation (5.2) at a radius of 12.7 mm yields a spindle speed 

of 

 
20

1 60sec 1sec 1.57 15.0
12.7 sec 1min 2

spindle

mm
rev

rpm
mm




 
    

      
   

 

 (5.4) 

 

where 15 rpm is well within the operating range of the spindle.     

 

5.1 EXPERIMENTAL SETUP 

The experimental setup for the high speed fast tool servo (FTS) indents was similar to the 

mid-speed FTS setup except that now the part was mounted to the spindle’s vacuum chuck as 

shown in Figure 5-1. 

 

 

 

Figure 5-1.  Experimental setup for high speed (1 KHz) indenting using the FTS. 
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Figure 5-1 shows a familiar setup with the FTS mounted to the Y-axis of the Nanoform.  To 

vacuum the hard plated copper, it was mounted to a larger copper plate with approximately 

the same outer diameter (slightly smaller) than the vacuum chuck.  The increase in surface 

area increased the vacuum force to hold the part.     

 

The setup shown in Figure 5-1 meant the indentation forces could not be measured.  In 

previous experiments, the work-piece was held stationary by the load cell during indentation 

while the tool was translated.  The forces were not measured in the new setup (Figure 5-1) 

because the part rotated on the spindle and the load cell’s wires would eventually wrap 

around the spindle. 

 

5.2 INDENT PROCEDURE 

A new indentation procedure had to be developed because the work-piece was now mounted 

to the spindle.  The load cell and its force feedback could no longer be used.  Relative tilt 

between the work-piece and Nanoform axes was an important source of errors in previous 

experiments and a new system was needed.  The answer was to diamond turn the work-piece 

on the spindle before the indentation process. 

 

5.2.1 Diamond Turning the Flat 

Diamond turning the work-piece on the spindle would ensure that the work-piece surface 

would be parallel with the Nanoform X-Y plane.  This was accomplished by first bolting the 

work-piece to the copper mount plate to a 10 N-m torque.  The torque and tangential location 

of the work-piece with respect to the tangential location of the copper plate was needed in 

case the two needed to be separated and reattached.  The copper plate/work-piece assembly 

(now referred to as work-piece) was mounted to the spindle via the vacuum chuck and a 

pressure of 15 psig was set.  This pressure is enough to hold the work-piece but also allow it 

to move for centering.  A Federal lever-type LVDT was used to measure the radial run-out of 

the work-piece by measuring the outer diameter while the spindle was turned.  A plastic 

hammer was used to tap the work-piece at the high spot as indicated by the Federal gage until 



111 

 

less than 10 µm of run-out was present.  At this point the work-piece was deemed centered 

and the vacuum pressure was increased to 20 psig.  A solid tool post was attached to the Y-

axis of the Nanoform in the place of the FTS.  The tool-post had a diamond tool attached to 

the end which was swept across the face of the part while the spindle rotated like a lathe.  A 

400 rpm spindle speed, 10 mm/min feed rate and 10 µm depth of cut were used to rough cut 

the surface until the tool cut across the entire face.  Because the nanofeatures were 250 nm 

high, it was desired to have a peak to valley (PV) surface finish of 1 nm.  The following 

equation was used to determine an appropriate feed to achieve this. 

 

 8f R PV    (5.5) 

 

Equation (5.5) is used to calculate the feed, f, using a specified tool radius, R, and desired 

peak to valley surface finish, PV.  The feed for this setup was calculated using Equation (5.5) 

to be 2.828 µm.  The feed rate is then calculated by 

 

 feedrate f    (5.6) 

 

where ω is the angular velocity of the spindle in rpm.  Using 400 rpm for the angular 

velocity, the feed rate was calculated to be 1 mm/min.  A 1 µm depth of cut was used on the 

finish pass. 

 

If the part is removed for any reason (centering, measurement…) the removal of the vacuum 

pressure will cause the part assembly to relax and deform.  This is not significant as long as 

the angular positions are marked and the part is put on the spindle in the same orientation.  

The reapplication of the vacuum pressure should deform the part back to its flat state as it 

was when diamond turned.  The original state can never truly be achieved once the part is 

taken off the vacuum chuck, but maintaining its alignment and limiting cycles of part on and 

off minimizes the error.  
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5.2.2 Indentation Procedure 

The indentation procedure began after the work-piece was faced with a diamond tool.  The 

part was removed after diamond turning and cleaned using deionized water and Liquinox 

detergent.  Once clean, the work-piece was mounted to the spindle and the part centering 

procedure described in Section 5.2.1 was performed.  The FTS was then mounted to the 

Nanoform Y-axis and the body of the FTS was aligned with the axes of the Nanoform by 

scanning an LVDT along its edges.  The zero position of the FTS was then set with respect to 

the Nanoform axes by moving the X-axis until the FTS was at the center of the work-piece 

and moving the Y-axis until the FTS was at the edge of the bolt hole.  Once the FTS was at 

this position the X and Y-axes offset (zero position) were set.  This location is where the x 

and y-axis were now zero in the Nanoform’s coordinate system.  The FTS was then turned on 

and set to a 1 kHz, 4 µm stroke.  The FTS was jogged towards the work-piece until contact 

had been made.  Contact was detected by jogging slowly and observing when a ring was 

created on the rotating work-piece visually (eye).  The ring is easily visible especially if a 

light source is shown across the face; this tends to add more contrast between the ring and 

diamond turned surface.  This is known as the touch-off procedure and is where the Z-axis 

offset was set.  With the coordinate system fully defined the part program could be executed.  

The part program was similar to those used in diamond turning were the indenter was 

brought to a radial start position.  The indenter was then translated to the Z-offset position to 

begin indenting and then translated radially to create a spiral.  Experimental rings created 

were 200 µm or 10 die passes thick. 

 

The indenting parameters were chosen using Equations (5.2) - (5.4).  The FTS was driven at 

a constant 1 kHz operating frequency and the spindle speed was chosen based on this 

frequency and the radial position where indenting was to occur.  It is clear from Equation 

(5.2) that as the indenter moves outward radially, the velocity of the surface will increase if 

the spindle speed remains constant.  This could cause issues in the positioning of each indent 

since the velocity is no longer matched for the indentation frequency.  A method for updating 
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the spindle speed as a function of indenter position was implemented in later experiments, 

but in this section was ignored.   

 

5.3 RESULTS 

Several rings were created using the procedure previously described.  An image of the copper 

part after the experiments can be seen in Figure 5-2.  The inner most ring in Figure 5-2 was 

the touch-off ring that was used to set the Z-offset.  The second ring was the first stamping 

experiment which was to indent for 1 minute and create approximately 60,000 indents.  The 

third ring was the second experiment which was the same as the first experiment except with 

more overlap.  The second and third rings in Figure 5-2 exhibit a small degree of diffraction 

indicating there is some periodic structure at the micro or nano level.   

 

 

 

Figure 5-2.  Plated copper work-piece after high speed indents using the FTS. 
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An SEM was used to obtain high magnification images of the indents.  An image of the third 

ring can be seen in Figure 5-3.  Figure 5-3 shows several rows of indents created in a spiral 

around the center of the work-piece.  They were created sequentially in the indent direction 

while the FTS is moved in the feed direction (radially) so that every time the part rotates the 

next row of indents is tangent to the previous row.  In terms of the indexing (positioning) of 

indents with respect to surrounding indents, the experiment was successful.  The goal was to 

completely tile with indents of nanofeatures and Figure 5-3 shows the die has contacted the 

work-piece in the correct locations.   

 

 

 

Figure 5-3.  SEM image of third ring (second experiment) created at 1 KHz on plated 

copper. 
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The fidelity of the nanofeatures was poor and distortion (relative sliding of the die and work-

piece when in contact) was obvious as shown in Figure 5-4.  Figure 5-4a is an image of a 

single indent from the third ring (Figure 5-2) on the copper work-piece.  There is little 

replication of features especially in the center region. Figure 5-4b shows a higher 

magnification view of these features.  In the lower right corner of the indent where the 

nanofeatures remained intact, the feed and indent direction has also been given with respect 

to the features.  The nanofeatures on the indenter are square posts so the replicated features 

should be square holes as seen in previous chapters.  The features in Figure 5-4b are not 

square and appear to be severely distorted.  Distortion is caused by relative motion between 

the die and the moving work-piece and the difference in relative velocities causes the die to 

drag along the work-piece surface during contact.  The concept of distortion will be 

discussed in more detail in Chapter 7.   

 

 

 

Figure 5-4.  (a) SEM image of single indent from third ring and (b) higher magnified view of 

nanofeatures. 

 

Distortion causes material from the work-piece to become stuck in-between the nanofeatures 

on the indenter.  Figure 5-5 shows just how severe the material pick-up was during the FTS 
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indents.  Most of the replication area (area with nanofeatures) has been completely filled in 

with work-piece material.  Once the nanostructured area has been filled in with material, the 

replication area acts like a flat die and the indents appear as if they had been created by a die 

with a smooth face.  This negates the entire nanocoining process since the goal is to replicate 

nanofeatures across the entire structured face on the die.   

 

 

 

Figure 5-5.  (a) Nanostructured die before FTS indents and (b) after indents. 

 

It was also observed that the pick-up on the die would become dislodged from the die and 

stick back to the work-piece after some number of indents.  An image of a portion of pick-up 

deposited back on the work-piece can be seen in Figure 5-6. The outlined area in Figure 5-6 

is a section of work-piece material that was once stuck in the nanofeatures of the die and was 

deposited back on the surface.  This is clear because there is little to no distortion of the 

features in this area.  If the nanofeatures outside this boundary are examined it can be seen 

that they have been severely distorted from the velocity difference between the die and work-

piece.  The amount of distortion can be estimated numerically to confirm the degree of 

distortion seen in the SEM images. 
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Figure 5-6.  Material redeposit (outlined) onto work-piece surface.  

 

5.3.1 Numerical Estimation of Distortion Distance   

The distance which the nanofeatures were distorted was used to quantify the amount of 

distortion occurring during the indents.  This is a relatively simple task with the concept 

being to calculate the velocity difference between the die and work-piece during time of 

contact.  The velocity difference is calculated for each increment in time which can be 

converted to a distortion distance by multiplying this quantity by the time step.  A MATLAB 

script was written to perform the calculation with changes to the input parameters.  The input 

parameters are in Table 5-1. 
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Table 5-1.  Input parameters for MATLAB distortion estimation program. 

Stroke of die motion 4 µm 

FTS frequency 1000 Hz 

Depth of indent 250 nm 

Die length  20 µm 

 

The values shown in Table 5-1 were chosen based on the experiment performed on the plated 

copper sample.  All other values were calculated from the four quantities shown in Table 5-1.  

It should be noted, however, that the depth of indent was an estimation based on the known 

size of the nanofeatures; it was possible that the depth was different but since this was an 

estimation the 250 nm value was deemed reasonable.  The depth is important because it 

dictates the time the indenter is in contact with the part.  The simulation was performed by 

plotting the vertical motion of the die for one indentation cycle.  An algorithm was then used 

to determine when during the cycle the die was contacting the work-piece.  If the die was 

found to be contacting the work-piece, the difference between the die velocity and the 

constant work-piece velocity was calculated and multiplied by the time step length.  This 

produced an increment of distortion in terms of length.  After the die came out of contact 

with the surface, the vector of distortion length increments was summed for a total distortion 

distance.  A plot from the MATLAB simulation is shown in Figure 5-7. 
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Figure 5-7.  Plot of vertical die position and work-piece surface position vs. time for one 

indent cycle. 

 

Another feature of the distortion estimation simulation was to display the estimated distortion 

or sliding distance on the plot as shown in Figure 5-7.  The estimated amount of distortion 

using the values shown in Table 5-1 was approximately 500 nm.  This was compared with 

the SEM image in Figure 5-4b which has a dimension of the distortion shown as 

approximately 450 nm.  The measurement is not exact, however, since the features were 

distorted so severely that they folded on top of each other.    The actual amount of distortion 

in Figure 5-4b is most likely closer to the estimation of 500 nm.  Regardless, the amount of 
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distortion observed in the FTS indents was severe enough to cause problems in the 

replication process. 

 

5.4 SUMMARY 

The objective of the work presented in this chapter was to transition to a higher indentation 

frequency for further development of the nanocoining process.  Because of the higher feed 

rates required by the 1 kHz operating frequency the work-piece was mounted to an air 

bearing spindle on the Nanoform DTM.  It was shown that the FTS frequency, die length and 

spindle speed must all be properly choreographed so indents are located precisely with 

respect to each other.  SEM images showed that the nanofeatures themselves were severely 

distorted due to the relative motion between the die and work-piece surface.  The sliding die 

also caused material to pick-up and become stuck in-between the nanofeatures rendering the 

replication process ineffective.  Simulations of the distortion confirmed the amount of 

nanofeature distortion seen on the plated copper part.  To overcome the problems generated 

by the linear indentation path of the FTS a new die path must be created so that the horizontal 

velocity difference during contact of die and work-piece is small enough to minimize 

distortion. 
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6 DIE PATH CHARACTERIZATION 

 

To this point all of the indentation experiments have been performed using a linear tool-path.  

The indenter velocity moving across the face of the work-piece (feed-rate) has been slow 

compared to the velocity of the indenter contacting the work-piece so no compensation was 

necessary.  However, this was not the case in the experiments using the FTS to indent a 

rotating work-piece at 1 kHz.  There was significant distortion which is intuitive once the 

work-piece velocity becomes large.  If the indenter is plunged into a work-piece whose 

velocity is large and direction is orthogonal to the direction of motion of the indenter, 

distortion will occur.   

 

 

 

Figure 6-1.  Illustration of distortion caused by linear tool-path and moving work-pieice. 

 

Figure 6-1 shows that for a linear tool-path (die moving in Y-direction) at the point of 

contact, time = t, the die has no velocity in the X-direction.  The work-piece is moving in the 

X-direction with some velocity, V.  Because contact is not instantaneous, there will be some 

amount of time, Δt, that the die remains in contact with the moving work-piece before the die 

is pulled back out.  During the time, Δt, the velocity difference between the die and work-

piece will result in distortion whose length is 
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 smearl V t    (6.1) 

 

where ldistortion is the distance the die is distorted, V is the velocity difference between the die 

and work-piece and Δt is the amount of time in contact.  The distortion behavior described 

has already been observed in the higher speed FTS indents.  The key to making the 

nanocoining process a realistic option for mass production is rapid indentation.  If an indenter 

is driven linearly into a work-piece with a high surface speed, the features will be distorted.  

Therefore, an elliptical tool-path which adds a velocity component in the direction of the 

work-piece was the proposed. 

 

6.1 ELLIPTICAL TOOL PATH 

The elliptical tool path used to match work-piece and indenter (die) velocity is shown in 

Figure 6-2.  The benefit of using an elliptical tool path is that a component of velocity is 

added to the indenter in the direction of moving work-piece.  The goal is to match the two 

velocities at the time of contact.  For this discussion on the elliptical tool path, the velocities 

of the die and work-piece being discussed are in the direction of the moving work-piece, the 

normal indenting velocity is not used in the calculation of any system parameters.   

 

 

 

Figure 6-2.  Elliptical tool path definition at various points in indent cycle. 
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An ellipse can be described by the following equations 

 

  cosx a t  (6.2) 

  siny b t  (6.3) 

 

where a is the horizontal dimension of the ellipse, b is the vertical dimension (Figure 6-2), ω 

is the actuator frequency and t is time.  It should also be noted that x refers to the dimension 

along the work-piece and y is the dimension normal to the work-piece.  These equations can 

be differentiated with respect to time to yield in the X-direction  

 

  sinx dieV V a t    (6.4) 

 

It is this velocity that must match the surface speed of the work-piece.  It is desired to have 

the die indent at the edge of the previous indent implying that the work-piece will move a 

distance equivalent to one die length between indents.  The ideal velocity of the work-piece, 

therefore, is the length of the indenter, d, divided by the period of indention, T 

 

 work piece

d
V

T
   (6.5) 

 

At the point of contact the velocity of the indenter will be 

 

 dieV a  (6.6) 

 

and by setting Equation (6.5) equal to Equation (6.6), an expression for the a-dimension of 

the ellipse is 

 
2

d
a


  (6.7) 
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From Equation (6.7), the a dimension of the ellipse is dependent only on the length of the 

indenter.  For example using an indenter length of 20 µm, the a dimension should be 3.18 

µm.  

 

The vertical b-dimension of the ellipse is not dependent on any other indenting parameters so 

it is up to the operator to choose.  It should be noted that this dimension will have an effect 

on the amount of distortion for each indent.  Because the entire tool path is a ellipse, the x 

and y velocity components (coordinates from Figure 6-2) are constantly changing.  The 

indenter and work-piece velocity must match at the point of contact and if the indenter 

velocity is constantly changing, the contact time must be as small as possible to minimize 

velocity differences.  A study performed at the PEC has found that vertical elliptical tool 

paths (b larger than a in Figure 6-2) minimize contact time more than horizontal elliptical 

tool paths (b smaller than a in Figure 6-2).   

 

A plot of the distortion as a function of vertical b dimension can be seen in Figure 6-3.  This 

was generated by simulating the ellipse and assuming the depth of the indents to be 200 µm.  

The velocity of the indenter was recorded when the indenter was below the work-piece and 

the maximum velocity difference was used with the time to calculate the distortion.  Using 

Figure 6-3 a b dimension of 6 µm was chosen for the elliptical tool path.  The next step was 

to find a way to generate the elliptical tool-path. 
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Figure 6-3.  Plot of expected distortion vs. vertical b  dimension of elliptical tool-path. 

 

6.2 ULTRAMILL ELLIPTICAL ACTUATOR 

The PEC already has an elliptical actuator used on past projects called the Ultramill and was 

designed and previously used for research in elliptical vibration assisted machining (EVAM).  

There is a significant amount of information available from past graduate students’ work 

[56,57] so only a brief overview will be presented.  The Ultramill is a non-resonant actuator 

which uses two PZT stacks to create an elliptical tool-path.  The Ultramill is capable of 

achieving an ellipse with a maximum a and b-dimension of approximately 20 µm and 5 µm 

respectively.   

 

 

Figure 6-4.  (a) Image of the Ultramill elliptical actuator and (b) primary components.   
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The Ultramill PZT stacks have a natural frequency of 12.2 kHz and because of limitations 

from the power electronics, the maximum operating frequency is 4 kHz.  Tests with the 

Ultramill at frequencies of 4 kHz showed some erratic behavior (ellipse shape begins to 

‘hourglass’) so a 1 kHz operating frequency was used for all indentation experiments 

performed with the Ultramill in this research.  Figure 6-4b shows the construction of the 

Ultramill.  The PZT stacks are enclosed in a cooling chamber which allows a dielectric heat 

transfer liquid to circulate removing heat generated.  The PZT stacks sit on a pedestal in the 

cooling chamber and a hollow ceramic tool holder is attached on the other end.  The ceramic 

tool holder was designed to be stiff and have a natural frequency above the operating 

frequency of the Ultramill.  Piezoelectric material must always operate in compression 

because it is a ceramic which fails rapidly in tension.  A titanium diaphragm sits on the 

ceramic tool holder and is preloaded against the PZT stacks via the bolted connection 

between halves of the cooling chamber.  This preload will put the PZT stacks in a state of 

compression.  

 

The electronic components will also be described briefly as here is where frequency, 

amplitude and phase angle are set.  The PZT stacks will not operate under a negative voltage 

so an offset is produced using a pair of DC amplifiers.  The DC offset is 378 V (on the panel 

gages) which is actually 400 V (confirmed with multimeter).  A dual channel signal 

generator is used to produce the AC drive signal for each PZT stack.  The maximum voltage 

for the PZT is 100 V signal amplitude which is less than the DC offset.  The command signal 

from the signal generator is feed to an AC amplifier which has a 50:1 gain (1 V from signal 

generator = 50 V from AC amplifier).  The amplified AC signal is summed with the DC 

offset and used to drive each PZT stack.   

 

6.2.1 Ultramill Elliptical Tool Path Generation 

The elliptical tool path generated by the Ultramill is a combination of linear and tilting 

motions.  The ceramic tool holder sits on top of the PZT stacks as shown in Figure 6-5.   
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Figure 6-5.  Ultramill construction (left) and elliptical motion (right) for EVAM. 

 

The PZT stacks have a half-round cylinder mounted at the top and are spaced 11 mm apart as 

shown in Figure 6-5.  The ceramic tool holder has one matching groove which one half round 

rests in while the other half round contacts a flat region on the tool holder.  Original tool 

holder had two grooves (one for each half-round) but this over constrained the kinematics 

and caused some tool holders to fail.  Two drive signals are supplied (one for each stack) 

from a two-channel signal generator.  If the drive signals are in phase, then both PZT stacks 

will expand and contract at the same time causing a linear tool motion.  If there is a phase 

difference between the stacks, then one stack will be longer or shorter than the other causing 

tilt.  In this way, introducing a phase angle can produce a linear and tilting motion which 

results in the elliptical tool-path as shown in Figure 6-5.  Varying the phase angle alters the 

shape of the ellipse.  For example, a 90° phase difference will cause a flat ellipse (a larger 

than b) while a phase difference of 10° will cause a tall ellipse (a smaller than b).  Varying 

the amplitude of the command from the signal generator also changes the dimensions of the 

ellipse with larger amplitude creating a larger overall ellipse.  The desired horizontal 

amplitude of the ellipse is 3.18 µm, but the signal amplitude and phase difference to produce 

that geometry is unknown. 
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6.2.2 Single Channel Light Probe Measurements 

Measurements were performed to determine the correct combination of amplitude and phase 

that will create the desired ellipse.  A light probe (photonic sensor) was used to take data 

because of its high bandwidth (>100 kHz).  The use of a light probe requires a reflective 

surface so tape with a specular coating was attached to the end of the Ultramill tool holder.  

At the time, the PEC had a single-channel photonic sensor so measuring both directions of 

the ellipse simultaneously was not possible which meant the measurement gave a rough 

estimate of which parameters were appropriate.   

 

 

 

Figure 6-6.  Measurement of b dimension of Ultramill ellipse (left) and a dimension (right) 

using a single channel light probe. 

 

An image of the measurement setup can be seen in Figure 6-6.  Using this data, it was 

determined that the correct phase angle to produce an ellipse with an a dimension of 3.18 µm 

was between 7 and 13°.  An amplitude of 100 V was used to achieve the largest b dimension 

without causing erratic tool motion.  Seven rings were indented (Indenting process described 

in Chapter 7) each with a different phase angle between 7 and 13°.  The indenter used was a 

nanostructured die with square nanofeatures.  The results all showed relative motion between 

indenter and work-piece (distortion) in the same direction.  SEM images of the 7° and 13° 

distorted nanofeatures can be seen in Figure 6-7. 
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Figure 6-7.  SEM images showing nanofeatures distorted with Ultramill operating at 1 KHz, 

100 V and 7° phase (left) and 13° phase. 

 

The nanofeatures in both SEMs in Figure 6-7 show features distorted from left to right.  

From the orientation of the indents, this implied that the work-piece was moving faster than 

indenter.  The features in the right image were not as distorted as those on the left which 

encouraged the next set of rings to be greater than 13° since the distortion was decreasing.  

The same experiment was performed a second time except that range was broader to try and 

reduce the amount of iterations it took to find the correct phase angle.  The next seven rings 

were indented with the same indenter but over phase angle range of 15 to 45°.   

 

An SEM measurement of nanofeatures from each ring is in Figure 6-8.  The results from this 

attempt shows a change in the width of the features as the phase is changed.  Figure 6-8a and 

b show the individual nanofeatures distorted from left to right, just as in the previous 

experiment.  The distortion in the Figure 6-8b is not as severe as the distortion in the Figure 

6-8a which implies that 20° is closer to the correct phase angle.  At 25° (Figure 6-8c) the 

nanofeatures have relatively little distortion and the work-piece looks like the die.  At phase 

angles greater than 25°, the nanofeatures became distorted from right to left implying that the 

tool was now moving faster than the work-piece.   
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Figure 6-8.  SEM images of indents created with phase angle of (a) 15° (b) 20° (c) 25° (d) 

30° (e) 35° (f) 40°. 

 

The change in phase alters the horizontal distance the die travels as illustrated in Figure 6-9.  

This, in turn, changes the velocity since the indent cycle time is constant but the distance 

traveled changes if the phase changes.  The work-piece is moving at a constant velocity so 

the goal is to match the maximum speed of the die with the surface speed of the work-piece.  

At phase angles less than 25° the a dimension is too small so the indenter has to move a 

smaller distance in the frequency cycle time (1 msec for 1000 Hz frequency) meaning a 

lower velocity.  At phase angles greater than 25° the a dimension is too big so the indenter 

moves a larger distance in the same amount of time (indenter frequency does not change) 

which means the velocity will be too high.  Seven more rings were indented again except at 

smaller angle increments between 24° and 26° to determine the optimal phase angle.  The 
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phase angle which produced the best results and was used for all following experiments was 

23.5° using an AC signal amplitude of 100 V. 

 

 

 

Figure 6-9.  Description of how phase angle will change a dimension of ellipse. 

 

6.2.3 Dual Channel Light Probe Measurements 

Shortly after the single channel light probe measurements had been completed, the PEC 

purchased a dual channel light probe device capable of measuring two displacements 

simultaneously.  This meant that the a and b dimensions of the Ultramill’s ellipse could be 

measured simultaneously resulting in plots of the actual ellipse shape.  The dual channel light 

probe device was an MTI-2100 Fotonic
TM

 Sensor manufactured by MTI Instruments.  The 

specifications for the purchased model can be seen in Table 6-1. 

 

Table 6-1.  MTI-2100 dual channel light probe module specifications. 

Property Value 

Channel 1 high sensitivity 0.0227 µm/mV 

Channel 2 high sensitivity 0.0259 µm/mV 

Max frequency response 150 kHz 

Resolution 100 nm 

High sensitivity range 152 µm 
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The operating principle behind the probes is relatively simple.  Each probe has a group of 

light-transmitting and light-receiving optic fibers.  Light is emitted from the transmitting 

fibers and reflected off the target surface which is then detected by the receiving fibers.  The 

amount of light received is converted to a voltage which is proportional to a displacement 

between the probe and target surface.  Therefore, it is critical that the target surface be 

reflective.  In cases where the target is not reflective metallic tape is applied to the surface to 

make it reflective. 

 

To measure both dimensions of the ellipse simultaneously, a fixture was fabricated to hold 

the light probes 90° from each other.  Also, a small acrylic cube (5 mm side) was glued to the 

end of the Ultramill tool-holder to create faces large enough for the light probes to measure.  

The faces of the acrylic cube were covered with reflective tape.  An image of the light probes 

mounted in the 90° fixture measuring the cube attached to the Ultramill tool is in Figure 

6-10. 

 

 

 

Figure 6-10.  Image of setup to measure Ultramill ellipse using MTI dual channel light 

probes. 
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Using the setup shown in Figure 6-10, data was collected for various PZT stack voltages and 

phase angles to map the different ellipse shapes.  The results were then plotted in Figure 6-11 

using MATLAB to show the ellipse shapes for various signal amplitudes and phase angles. 

 

 

 

Figure 6-11.  Ellipse shapes for various phase angles (legends) and amplitude of (a) 50 V (b) 

75 V (c) 100 V.  Ellipse used in nanocoining experiments (d) has 100 V amplitude and 23.5° 

phase angle. 
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The displacements shown in each plot in Figure 6-11 are for different phase angles (legend 

shows angles in degrees) while each plot is for a different stack voltage amplitude.  The axes 

of all plots are the same for easier comparison between different stack voltages and the X and 

Y ranges are the same so as not to distort the true ellipse shape.  The plots in Figure 6-11 

show that the vertical dimension is affected by stack voltage but not by phase angle.  As 

stated earlier, decreasing the phase angle will cause the horizontal dimension of the ellipse to 

also decrease.  The plot shown in Figure 6-11(d) is the ellipse whose horizontal dimension 

(3.18 µm) is created using a 100 V stack voltage amplitude and a 23.5° phase angle.  The 

tool-path more resembles a circle, but the shape is irrelevant as long as the horizontal 

dimension is accurate.  A taller ellipse was desired because it reduces inherent distortion, but 

the vertical dimension is limited by the stack voltage which at amplitudes greater than 100 V 

can cause erratic tool motion. 

 

6.2.4 Ultramill Tool-Path Shape Prediction 

Having a method for predicting the shape of the Ultramill’s elliptical path at the tip of the 

tool-holder would be beneficial for the nanocoining application as well as other uses.  The 

desired relationship would be to predict the shape of the ellipse (tool-path) for a given PZT 

stack voltage amplitude and phase angle since these are the adjustments available to the 

operator.   
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Figure 6-12.  Diagram used to develop kinematic model for the Ultramill tool-holder motion. 

 

The geometry used to determine the kinematics can be seen in Figure 6-12.  The upside down 

‘T’ shape is a simplified model of the actual tool-holder in Figure 6-5.  The left schematic in 

Figure 6-12 is the tool-holder before any motion of the PZT stacks.  The distance between 

the two pin contacts with the PZT stacks is labeled d while the height of the tool-holder from 

pin contact to tip is called h.  The two vertical arrows on the left schematic at either end of 

the d dimension represent the location and direction where the PZT stacks will displace the 

tool-holder.  Before the rotated tool-holder can be considered the amount of displacement of 

each PZT stack must be known and since the operator will only input a voltage, a conversion 

from voltage to stack displacement must be determined.  Using a multi-meter and a photonic 

displacement sensor, voltage vs. displacement was recorded for a range of 50-400 V three 

times.  The data is shown in Figure 6-13. 
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Figure 6-13.  Measured displacement vs. voltage for Ultramill PZT stacks. 

 

A linear and 2
nd

 order polynomial trend-line were fit to the data with the 2
nd

 order polynomial 

having a slightly better R
2
 value.  Therefore, the displacement of the PZT stacks in 

micrometers for a certain voltage was given by 

 

 5 22 0.0168 0.0792e V V       (6.8) 

 

where δ is the displacement of the PZT stack and V is the amplifier voltage.  The 

displacement of each stack, call them 1 and 2, can then be written as 

 

  1 sin t      (6.9) 

  2 sin t        (6.10) 

 

y = 0.0248x - 0.7597 
R² = 0.9949 

y = 2E-05x2 + 0.0168x - 0.0792 
R² = 0.9993 
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where ω is the operating frequency, t is time and ϕ is the phase angle between the two PZT 

input voltage signals.  The difference between these two values is called the total effective 

stack displacement, δT, as shown in Figure 6-12.  The tilt angle, θ, can be calculated by 

 

 1sin T

d


   
  

 
 (6.11) 

 

The task is to determine the change in position, Δx and Δy, of the tool tip as it moved from 

point A to point B in Figure 6-12.  The expression for displacement in the x-direction is  

 

  sinx h     (6.12) 

 

The y-direction motion is also easily calculated from the tilt motion and vertical motion of 

the PZT stacks.  The expression for the motion in y-direction is 

 

   1 2 1 cos
2

y h
 




      (6.13) 

 

Equations (6.8) - (6.13) were coded into a MATLAB script (see APPENDIX A) and 

compared against the measurements taken with the MTI probes on the Ultramill.  The 

parameters used to generate the tool-path shown in Figure 6-11(d) were used in the 

MATLAB simulation.  Using a voltage amplitude of 100 V and a phase angle of 23.5° in the 

simulation produced an ellipse very similar to the actual measurement as shown in Figure 

6-14.  
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Figure 6-14.  Comparison of simulated Ultramill tool-path ellipse vs. measurement. 

 

Figure 6-14 shows a good correlation between the simulation and measurement of the ellipse 

used in the nanocoining experiments.  The marker on the plot shows a horizontal ellipse 

amplitude of 3.27 µm which is close to the 3.19 µm amplitude required for a 20 µm die as 

dictated by Equation (6.7).  The simulation was compared to other voltage/phase angle 

combination measurements shown in Figure 6-11 with similar accuracy making this 

simulation a useful tool if the size of the die is changed or for an application other than 

nanocoining. 

 

6.3 SUMMARY 

Indenting orthogonal to the work-piece was problematic in that the die velocity in the 

direction of the work-piece surface did not match the velocity of the surface at the point of 
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contact causing distortion.  The solution to this problem was to develop a tool-path which 

had a component of velocity in the direction of the moving surface such as an ellipse.  It was 

shown that the shape of the ellipse is related to the length of the die.  An elliptical actuator 

used in previous PEC research, the Ultramill, was used to test this.  Several measurements 

were taken of the Ultramill using different voltage amplitudes and phase angles to 

characterize the motion.  The correct combination of amplitude and phase angle was found 

which resulted in minimal distortion during indentation.  A MATLAB simulation was written 

which predicted the shape of the ellipse given a voltage amplitude and phase angle and was 

shown to agree with the experimental measurements.  The next course of action was to use 

the Ultramill and its elliptical tool-path to create larger areas of nanofeatures. 
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7 ULTRAMILL HIGH SPEED INDENTATION DEVELOPMENT 

 

This chapter describes the steps taken to transition from the linear indents described in 

Chapters 3 and 4 to a 1 kHz elliptical actuation technique.  Procedure, initial 

experimentation, alterations and results are discussed. 

 

7.1 HIGH SPEED EXPERIMENTAL SETUP AND PROCEDURE 

The experimental setup for high speed indenting using the Ultramill elliptical actuator was 

similar to previous indenting experiments.  The Ultramill was mounted to the Y-axis of the 

Nanoform as shown in Figure 7-1. 

 

 

 

Figure 7-1.  Experimental setup for high speed indenting using the Ultramill actuator and 

Nanoform DTM. 

 

Figure 7-1 shows that the work-piece is mounted to a large diameter plate so a higher force 

can be attained on the vacuum chuck.  The indenter is epoxied to the Ultramill’s ceramic 
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tool-holder and achieves an elliptical tool path by moving in the direction of the Nanoform’s 

Z-axis as well as tilting in the direction of the Nanoform’s X-axis.  A schematic of the 

Ultramill motion with respect to the Nanoform axes is in Figure 7-2. 

 

 

 

Figure 7-2.  Diagram showing Ultramill motion with respect to the Nanoform’s axes. 

 

The side view in Figure 7-2 is the same view as in Figure 7-1 where the linear tool motion 

towards the part is generated by the PZT stacks.  This motion would look the same if the 

Nanoform was examined looking down from a top view in Figure 7-2.  The top view also 

shows the tilting of the PZT stacks caused by the phase angle between actuation signals.  The 

top view in Figure 7-2 shows how the linear motion combined with the tilting motion 

produces the elliptical tool-path.  The orientation of the ellipse with respect to the Nanoform 

axes is important because it will dictate where on the part the indentation can take place.   

 

To understand this better, the orientation of the Ultramill ellipse can be compared with the 

direction of motion of the rotating work-piece as seen in Figure 7-3.  The front view of 

Figure 7-3 is looking at the surface of the rotating work-piece.  The arrows around the 

perimeter represent the work-piece velocity direction at the corresponding radial positions.  

The top view of Figure 7-3 shows the direction of motion of the Ultramill’s ellipse.  During 
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the contact cycle, the indenter is moving from left to right in the top view.  Therefore, the 

position on the work-piece where the direction of motion would match at the point of contact 

would be at the top of the part as indicated in Figure 7-3.  The direction of motion between 

the indenter and work-piece would be opposite if indenting occurred at the bottom and 

orthogonal at the left or right.  This explanation was meant to emphasize the importance of 

indentation location on the work-piece. 

 

 

 

Figure 7-3.  Orientation of Ultramill ellipse with respect to work-piece rotation. 

 

The indenting procedure was similar to single point diamond turning were the part rotated 

and the tool moved outward radially indenting the surface in a spiral pattern.  As discussed 

earlier, the indenter was translated from the center of the part upward in the y-direction of 

Figure 7-3.  The frequency, feed-rate and spindle speed had to be chosen to ensure complete 

coverage of the part with indents free of distortion.  To coordinate the axes, relationships 

between the process parameters had to be determined.  A more detailed description of the 

nanocoining process including operation of the electronics can be found in APPENDIX G.  

 

7.1.1 Indenting Process Parameters 

The experiments described in this chapter were performed on the face of flat parts.  The 

challenge of indenting on a flat is that as the vibrating tool moves radially, the velocity of the 

work-piece will change proportional to the radius  
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 wpv r  (7.1) 

 

where vwp is the velocity of the work-piece at radial position, r, and spindle angular speed, ω.  

Ideally, the horizontal velocity of the indenter would match the surface speed of the work-

piece.  For an elliptical indenter motion, the die speed will change constantly and only match 

the surface speed at the point of contact.  The Ultramill’s drive signal source is a signal 

generator operating at a frequency of 1 kHz.  The Ultramill can operate at frequencies up to 4 

kHz, but the tool-path becomes erratic (additional frequencies present) because of limitations 

to the power electronics.  Because the Ultramill drive frequency is constant, this implies the 

maximum indenter velocity (at contact) remains constant as well.  The constant indenter 

velocity requires that the work-piece velocity remain constant leaving only the spindle 

angular velocity as a variable.  The spindle speed at various radial locations was calculated 

using  

 

  
60

2

f d
r

r





  (7.2) 

 

 where f is the actuator frequency, d is the indenter length and r is the radial position. 

 

A second parameter that must be updated with radial position is the feed-rate of the indenter.  

The feed-rate is the velocity at which the indenter is traversed across the face of the part.  To 

achieve total coverage, it is desired to move the indenter up one die width every revolution of 

the work-piece.  Velocity is a measure of distance per time where the feed-rate distance is the 

die width and time is the period of one revolution of the work-piece.  Since the angular 

velocity of the spindle and thus work-piece changes with radial position, the feed-rate will 

also change with radial position.  The equation that describes the feed-rate of the indenter as 

a function of radial position is 

 
60

( )
2

w f d
feed r

r

  
  (7.3) 
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where w is the die width, f is the indenter frequency, d is the die length and r is the radial 

position.  A MATLAB file was written to automatically generate machine code using 

Equations (7.2) and (7.3).  In this way, the spindle speed and feed-rate will be updated as a 

function of radial position and the indentation frequency will be held constant.  One of the 

other parameters could have been constant and the frequency could have been varied, but the 

lack of bandwidth with the Ultramill and the use of the signal generator made this option 

more difficult.    

 

7.1.2 Centering Procedure 

The indenter had to be centered with respect to the axis of rotation of the work-piece so all 

indents would be aligned properly.  If the indenter is not aligned, gaps are produced at the 

intersection of four indents as shown in Figure 7-4. 

 

 

 

Figure 7-4.  Indents created with non-centered indenter. 

 

The two-circle method developed by PEC staff member Alex Sohn was used to center the 

indenter.  This method is normally used for centering single crystal diamond tools but was 
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effective in this application as well.  The two circle method is performed by first centering 

the indenter as close as possible by eye.  Next, the indenter was moved to a radius of 5 mm 

and a ring was created by jogging the actuator to the rotating work-piece surface until contact 

was made.  The same process was then repeated at a radius of 4 mm.  The part was taken off 

the vacuum chuck and measured in the Zygo New View SWLI.   

 

 

 

Figure 7-5.  Two-circle method for centering the indenter. 

 

The inside and outside of each ring was recorded being sure to measure through the 

centerline of the part as shown in Figure 7-5.The eight measurements shown in Figure 7-5 

were used to calculate a radius for the outer ring (R2) and inner ring (R1).  The distance 

between the circles, dx, is also known (1 mm) so the centering error can be calculated using 

the following equations. 

 

 2 2 2

1 x yR e e   (7.4) 
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22 2

2 x yR e dx e    (7.5) 

 

Solving for ex using Equations (7.4) and (7.5) yield the following expression 

 

 
2 2 2

2 1

2
x

R R dx
e

dx

 
  (7.6) 

 

The error in the Y-direction can be expressed as 

 

 2 2

1y xe R e   (7.7) 

 

The indenter was then moved the distances ex and ey from the point where the inner ring was 

created to the actual center of the part using the X and Y-axes of the DTM as shown in 

Figure 7-5.  This simple method was used throughout the nanocoining project to center the 

indenters. 

 

7.1.3 Depth Calibration Procedure 

The depth calibration procedure was used to eliminate ‘bottoming’ the indenter which 

resulted in border marks around the indents.  This procedure was not implemented until the 

experiments described in Section 7.5 but the details of the process will be described.  Depth 

calibration was performed after the indenter was centered using the two-circle method.  After 

centering, the indenter was positioned just outside the centering rings to not waste space.  A 

Z-offset had already been set during touch-off in the centering process.  This means that 

when the indenter touched the surface during the centering process, the Z-axis position was 

recorded as an offset.  From experience, it was known that the centering rings were typically 

indented to a depth of approximately 2 µm which is deeper than the approximately 200 nm 

maximum depth of the indenter.  A machine program which would create a 200 µm wide 

spiral band of indents was then performed 4 µm above the Z-offset to ensure no contact 

would be made.  The machine program was then repeated stepping in 400 nm every time 
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until contact was made.  Multiple contacting rings were machined and examined under a 

microscope to determine which ring had the best features.  The ring exhibiting the best 

features with no border marks was noted and the depth when this ring was created became 

the new Z-offset so that all following indents were created at this depth.  An illustration of 

this process can be seen in Figure 7-6. 

 

 

 

Figure 7-6.  Depth calibration process after centering procedure. 

 

7.2 MATERIAL PICK-UP ISSUE 

The first nanocoining experiments using the Ultramill were performed on hard plated copper 

with a Vickers hardness (Hv) value of 250.  The nanofeatures that were present were not 

distorted because the correct phase angle and stack voltage combination determined earlier in 

Section 6.2.3 (23.5° and 100 V) were imposed.  There was, however, a strange effect in the 

center of each indent.  The individual nanofeatures were present around the outside of each 

indent, but not in the center as seen in Figure 7-7.  Several experiments were performed to 

determine if this was a tilt, depth, alignment or distortion issue. 
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Figure 7-7.  Multiple indents showing material pick-up between die and hard plated copper 

work-piece at (a) 700x and (b) 3000x. 

 

It was suspected that the source of pick-up was either distortion or material sticking between 

the nanofeatures.  Distortion could cause pick-up by pressing the features into the work-piece 

and then shearing the material between the nanofeatures off due to the velocity mis-match.  

To investigate this mechanism, static indents were compared to dynamic indents (dynamic 

indents are those created with the elliptical tool-path).  Static indents were created in the 

same manner as those in Chapter 3 by using the axes of the DTM.  Because the indenter was 

pushed into and pulled out of the stationary work-piece linearly, there was no opportunity for 

distortion thus allowing comparison to the dynamic indents.  Both static and dynamic indents 

had the same pattern of un-indented material.  The implication from these results is that the 

work-piece material is becoming lodged in-between nanofeatures on the die since the linear 

indents, which have no X-direction velocity and thus no chance for distortion, appeared 

identical to the elliptical indents.   
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Figure 7-8.  (a) Diamond indenter with hard plated copper material lodged in-between 

nanofeatures and (b) the indented work-piece. 

 

An image of the indenter with work-piece pick-up and a linear indent created with the 

indenter are shown Figure 7-8.  The image on the left of Figure 7-8 is an SEM measurement 

of the indenter after creating the linear indents.  The large, lighter area in the center of the die 

is plated copper stuck in-between the nanofeatures.  The image on the right of Figure 7-8 is 

an SEM measurement of a single linear indent created with the die on the left.  The die had 

been cleaned using nitric acid before the experiment so the pick-up in Figure 7-8 is a result of 

the linear indent.  The dark area in the center of the image of the indent is where nanofeatures 

are not present because the material pick-up in the die prevents feature replication.  It is clear 

from Figure 7-8 that pick-up was a problem and the next experiments were designed to find a 

solution. 

 

7.2.1 Material Influence on Pick-Up 

It was not known if the cause of pick-up was a material or environmental effect so multiple 

experiments were developed to characterize the release property between the indenter and 
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work-piece.  One set of experiments involved spraying a fine mist of isopropyl alcohol or 

deionized water on the work-piece surface during the indentation process.  Spraying the 

liquids on the work-piece surface was meant to have a cleaning effect on the die but only 

exacerbated the pick-up problem.  Another experiment used a sample of cartridge brass 

normally machined for contact lens molds, but material pick-up was slightly worse than with 

plated copper.  Electroless (EL) nickel, which has a high Vickers hardness (Hv = 450), was 

another material indented to observe pick-up behavior.  The results of these experiments, 

seen in Figure 7-9 had much less pick-up than those using plated copper and brass.  SEM 

images of indents from the nanocoining experiments on EL nickel showed a dramatic 

reduction in the amount of material pick-up by the indenter.  These results prompted the idea 

that a material property could be isolated which would determine how susceptible a work-

piece would be to pick-up. 

 

      

 

Figure 7-9.  Images of indents created on unknown nickel sample with minimal pick-up. 

 

The Vickers hardness for each sample used was tested to determine if the hardness was 

related to pick-up.  The results are shown in Table 7-1.  The plated copper and brass samples 

have similar Vickers hardness values.  The hardness of the nickel sample is significantly 

higher than the other materials and could be why the material is not sticking to die.  The yield 
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stress of a material can be estimated by dividing the Vickers hardness (when expressed in SI 

units) by three.  Therefore, a higher Vickers hardness translates to a higher yield stress.  

When the indenter is pushed into the work-piece, the material will form around all sides of 

the nanofeatures.  Friction forces and small amounts of shear (small amount of relative 

motion between work-piece and indenter) will be present as the die is removed causing stress 

in the formed nanofeatures.  The plated copper may be yielding upon removal and sticking 

into the die.  The higher yield stress of the nickel may allow the formed nanofeatures to 

remain attached to the bulk work-piece.   

 

Table 7-1.  Vickers hardness results for indented materials. 

Material Vickers Hardness 

Cartridge brass 155 

Hard Plated Copper 186 

3M Plated Copper 250 

EL nickel/Optakoat 450 

 

Two additional nickel samples were obtained from Techmetals to further investigate the 

effect of material properties on material pick-up.  One of the samples was EL nickel and the 

other was a Techmetals nickel material called Optakoat.  Techmetals suggested the Optakoat 

material because of its excellent diamond turning properties (amorphous).  Both the EL and 

Optakoat nickel materials had identical Vickers hardness values (Table 7-1).  These materials 

were indented with similar results to the EL nickel sample found at the PEC as shown in 

Figure 7-10. 
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Figure 7-10.  Indents on EL nickel sample from Techmetals with no pick-up at (a) 2000x 

and (b) 20000x. 

 

7.2.2 Nanofeature Geometry Effect on Pick-Up 

Indenter shape also had an influence on pick-up.  The geometry of the original nanofeatures 

were square posts which are not ideal in molding processes where a ‘relief or draft angle’ is 

generally introduced to assist in the release of the part from the mold.  An indenter with 

triangular features, as shown in Figure 7-11, was designed so that the nanofeatures would 

have a relief angle. 

 

 

 

 

Figure 7-11.  Shapes of nanofeatures used during indentation experiments. 
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It was hypothesized that the introduction of the relief angle via triangular features would help 

the nanofeatures on the diamond die release from the work-piece during the replication 

(indenting) process.  A second nanostructured (NS) die was fabricated with tapered posts.  

The width of the nanofeatures was the same as the first NS die at the base, but decreased 

along their length.  An SEM image of identical nanofeatures (not the actual NS die) can be 

seen in Figure 7-12.  These nanofeatures were the final product of FIB calibrations to 

generate this shape.  The second NS die with nanofeatures like those in Figure 7-12 was used 

to create indents on the same EL nickel.  The results showed no pick-up just as in the case 

with the first NS die.   

 

The real test of the effectiveness of the new nanofeature geometry would be to indent a 

sample of plated copper which had previously (with first square post NS) displayed poor 

results.   

 

 

 

Figure 7-12.  SEM image of nanofeatures identical to those on the second NS die. 
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Figure 7-13 shows indents created on hard plated copper using the second NS die with the 

tapered features.  The left image in Figure 7-13 shows nanofeatures are present over the 

entire indent area which was not the case with the first NS die.  The relief angle created on 

the nanofeatures was successful in preventing material from becoming stuck in the die.  To 

this point, it had been shown that small areas of indents could be made on either plated 

copper or EL nickel with no material pick-up.  Larger areas of indents were desired but die 

alignment and indent depth issues must first be addressed. 

 

      

 

Figure 7-13.  Images of indents created with second NS die on 3M plated copper at (a) 

3000x and (b) 37000x. 

 

7.3 DIE ALIGNMENT AND INDENT DEPTH 

The main issue targeted in the nanocoining project from a process view is replicating features 

on the die.  It has been shown that failure to control the tilt and depth will result in indents 

with additional features which are ‘border’ marks around each imprint from the stress 

concentration.  The initial nanocoining process has been successfully proven where tool path, 
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velocity matching, indexing and material effects all come into play.  What follows are steps 

taken to improve the initial process towards the goal of replicating only nanofeatures. 

 

7.3.1 Alignment Fixture 

Inevitably, there will be some degree of tilt between the indenter and work-piece and the 

maximum angle has been defined by a maximum difference between indent depths across the 

die as shown in Figure 7-14.   

 

 

 

Figure 7-14.  Tilt angle definition. 

 

Figure 7-14 shows the indenter tilted with respect to the work-piece.  It can be seen that 

features on the right of the indenter are penetrating further into the work-piece than features 

on the left.  If the maximum difference is defined as 10 nm (3.3% of total nanofeature height 

of 300 nm) than the indenter must be adjusted within an angular tolerance of  

 

 
1 10

sin 0.028
20000

nm
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 (7-8) 
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This level of adjustment must be achieved in both the θyz and θxz directions.  An alignment 

fixture with a method of adjustment used in other PEC applications has been designed to 

accommodate small angular changes.  While the fixture should have adjustment resolution 

below the tolerance defined by Equation (7-8), the drawback of this method is the inability to 

make a known angular adjustment.  As a result, alignment became an iterative process.   

 

There are three angles to be adjusted so the die face is parallel to the work-piece surface.  

These angles are shown in Figure 7-15 with respect to the coordinate system of the 

Nanoform DTM. 

 

 
 

 

Figure 7-15.  Model of indenter with respect to mold (a).  Illustration of indenter misaligned 

in θYZ direction (b),  θXZ direction (c) and θXY direction (d). 

 

An alignment fixture was designed to provide fine angular adjustment of the indenter with 

respect to the work-piece.  The fixture was designed to be mounted on the Y-axis of the 

Nanoform so the mass had to be less than the 20 lb weight limit.  A photograph and solid 

model of the fixture are in Figure 7-16. 
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Figure 7-16.  Alignment fixture designed to rotate indenter in θxz and θyz directions. 

 

Two angles of importance were θxz and θyz which when applied to the fixture are defined as 

yaw and pitch respectively.  The pitch angle (θyz) and its adjustment technique can be seen in 

Figure 7-17.  The tool motion is the result of angular rotation about the pivot point shown in 

Figure 7-17.  Rotation is about the X-axis (Figure 7-15) via a pivot point.  The pivot consists 

of shim washers which are clamped between the pedestal and the pivot plate holding the 

Ultramill.  The source of rotation is a vertical displacement created at the back of the pivot 

plate by a set screw/bolt combination.  Figure 7-17 includes a magnified image of this 

adjustment mechanism.  First, a rough adjustment is made using the set screw which is 

threaded into the pivot plate and pushes on the pedestal.  Next, fine adjustment is made with 

the socket head cap screw which is threaded into the pedestal and clamps the pivot plate 

down.  The fine adjustment is made by adjusting the clamping torque of the cap screw.  This 

removes any play in the set screw threads and also distorts the pivot plate somewhat.  This 

technique has been used in other areas at the PEC which required precision alignment with 

proven results. 
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Figure 7-17.  Pitch adjustment on the Ultramill alignment fixture. 

 

The yaw adjustment (θxz) is made using the bolts which hold the Ultramill to the pivot plate 

and the four yaw bolts as shown in Figure 7-18.  The image in Figure 7-18 is a top view of 

the Ultramill on the alignment fixture.  Rotation is about the Y-axis shown in Figure 7-15.  

The pivot point in this case is created by loosening three of the four bolts holding the 

Ultramill.  The lower left bolt is left tight to act as a pivot point.  Angular displacement is 

made using the two adjustment bolts which contact opposing sides of the Ultramill.  A 

transparent view shows the adjustment bolts (set screws) are threaded into the yaw plates.  

The two bolts near the front of the Ultramill act as additional clamp down mechanisms once 

angular adjustment has been made. 
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Figure 7-18.  Yaw adjustment for Ultramill on alignment fixture. 

 

Rotation about the Z-axis (θXY) was important for locating indents with respect to others and 

is called indent registration.  The goal is indents created with no gaps to form a seamless area 

of nanofeatures.  This is not possible if the indenter is rotated in the θXY direction and will 

result in gaps that can only be eliminated by overlapping.  Alignment of θXY was handled by 

rotating the PZT stacks in the Ultramill housing.   

 

7.3.2 Importance of Indent Depth Control 

Another important aspect of creating high fidelity indents is the ability to control the depth of 

the indent.  If the indenter is pushed far enough into the work-piece so that the border makes 

contact, stress concentrations at the edge of the border will cause excessive plastic 

deformation around the perimeter of the die.  A schematic of the indenter in the work-piece 

and an SEM of the resulting border marks are shown in Figure 7-19. 
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Figure 7-19.  Schematic showing (a) indenter with border and work-piece and (b) SEM of 

border marks around each indent created when indenter is ‘bottomed out.’ 

 

These border marks caused by die contact are detrimental to the overall optical properties of 

the generated surface.  The solution for this problem would be to design the features on the 

indenter to be longer than the desired depth of the replicated features.  The indenter could 

then penetrate the surface to the desired depth without hitting the work-piece surface with the 

border.  This is not a simple task because the height of the features are on the order of 300 

nm and a 6 inch diameter rotating drum will have more than 300 nm of run-out error.  The 

presence of part error larger than the desired controllable motion implies a method must be 

developed to allow the actuator to follow the surface of the part but since this research is 

indenting over small areas no control was used.   

 

7.3.3 Alignment and Depth Calibration Experiment 

The next set of experiments performed with the Ultramill was to target the alignment and 

depth issues previously described.  The Ultramill was mounted to the alignment fixture as 

shown in Figure 7-16 in an orientation suitable for nanocoining a flat.  The first step was 

touching off and setting the datum.  The indenter was then backed off the datum line 2 µm or 

so and the indentation program was run.  If indents were not created the indenter was moved 
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in 500 nm and the program was performed again.  This technique was repeated until indents 

were created.  These indents were measured in the Zygo SWLI and adjustments were made 

to the alignment fixture to correct for angular deviation.  The process was repeated until well 

aligned indents were created at an appropriate depth.  The first indents were created by 

aligning the body of the Ultramill with the Nanoform axes.  This was done using an LVDT as 

shown in Figure 7-20 and would act as a nominal angular point for the Ultramill.  Once the 

Ultramill had been aligned with the Nanoform axes the first ring of indents were created on 

the diamond turned EL nickel sample.  An SEM image of the indents can be seen in Figure 

7-21. 

 

 

 

Figure 7-20.  Ultramill being aligned with the axes of the Nanform using an LVDT gage. 

 

A coordinate system showing the angular rotation axes has been overlaid on the SEM image.  

From the coordinate system, it is clear that the θxz (yaw) alignment of the indenter is good 

since the entire width of the features is present.  The θyz (pitch) alignment is far from the 

desired result.  Figure 7-21 shows that approximately 75% of the features are not present in 

the pitch direction.   
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Figure 7-21.  First indents created with alignment fixture.  SEM shows good alignment about 

the θxz axis and poor alignment about the θyz axis. 

 

Angular adjustments were made in the pitch direction and the indents created in Figure 7-22.  

Figure 7-22 shows more nanofeatures are present on the indents as the pitch angle is 

increased.  This implies that the indenter face more parallel to the surface of the work-piece.  

Eventually the pitch angle was adjusted so that features across the width of the die were 

visible.  

 
 

Figure 7-22.  SEM images showing process of creating indents and adjusting the pitch angle 

of the indenter. 
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Figure 7-23 shows indents created with the die fully aligned.  The experiment has shown that 

the indenter can be aligned using a fixture discussed and just as important, the border marks 

which are detrimental to the optical properties of the surface can be eliminated by not 

bottoming out the indenter.  

 

It should be noted that the small gaps between indents shown in Figure 7-23 are present 

because the indenter was not centered with respect to the work-piece.  The indenter was not 

centered because every angular adjustment would move the die thus requiring a centering 

procedure after every adjustment.  The main purpose of this experiment was to produce well 

aligned at a proper depth. 

 

 

 

Figure 7-23.  Indents created with indenter aligned parallel to work-piece at (a) 2000x and 

(b) 500x.  Indents also created at appropriate depth. 

 

However, more indents were created using the alignment and depth control method 

previously discussed with the addition of centering the indenter.  The resulting nanocoined 

area, shown in Figure 7-24, has no gaps between adjacent indents and all indents are aligned 
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and fabricated at an appropriate depth.  The results in Figure 7-24 do have overlap in the 

cross feed direction which can be altered, depending on the desired amount, using the 

machining parameters discussed in Section 7.1.1.    

 

     

 

Figure 7-24.  SEM measurement of indents created using proper alignment, depth control 

and centering procedure at (a) 1500x and (b) 7000x. 

 

7.4 SPINDLE SPEED CONSIDERATIONS 

The spindle speed and feed-rate during the indentation process must change with radius if the 

indentation frequency is held constant.  This is the disadvantage of indenting on a flat surface 

as opposed to the outside of a cylinder where the radius is constant.  

 

Machine code was initially written to update the spindle speed and feed-rate as the indenter 

moved outwards.  A problem arose when the spindle speed was changed less than 1 rpm.  For 

some unknown reason the Nanoform’s NC machine program would not execute a spindle 

speed change of less than 1 rpm.  The command would be accepted and the motion program 

would execute through all lines of code, but the spindle would not change speed until a 

command was given that would change the speed greater than 1 rpm.  To get around this 
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problem, a section of code was added which changed the spindle speed from the current 

position by 2 rpm and then immediately changed it to the desired velocity assuming the 

spindle would not have time to react to the 2 rpm shift.  For example, if the current spindle 

speed was 23 rpm and the desired speed was 23.5 rpm the Nanoform would not make this 

change.  Instead, the machine code commanded the spindle to change to 25 rpm (change of 2 

rpm) and then back to 23.5 rpm (change of 1.5 rpm) to avoid changes less than 1 rpm. 

 

During the first large area indentation experiments the spindle speed and feed-rate were 

updated after every 200 µm change in radial position.  This created concentric rings whose 

thickness were 10 die lengths across.  The problem with these indents is that the work-piece 

velocity does not match the indenter velocity throughout the 200 µm width.  Because of the 

mis-match there were obvious divisions between the concentric rings which are undesirable. 

An example of this can be seen in Figure 7-25.  The indents to the right of the line in Figure 

7-25 look as if they are tilted more clockwise than indents on the left.  To eliminate this 

effect the spindle speed and feed-rate update must be continuous or at least much faster than 

every 200 µm. 

 

 

 

Figure 7-25.  SEM showing how dissimilarity between indents in successive rings during 

200 µm wide large area indenting. 
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Because there was no current way to command the feed-rate and spindle speed to 

continuously change with the radial position of the indenter, it was decided to update the 

parameters after every revolution or every 20 µm.  Experiments were performed before this 

method was implemented to determine if the spindle spiked at the quick 2 rpm change or if it 

was ignored because of the slower response by the spindle.  The experiment consisted of 

executing code which would change velocity as described earlier multiple times and 

recording the actual and command spindle velocity from the spindle encoder. 

   

A plot of the velocity changes with velocities labeled can be seen in Figure 7-26.  It shows 

the spindle speed changes as the indenter is moved radially.  The command does have a small 

spike at the point where the speed initially increases by 2 rpm, but it is small enough that the 

actual spindle speed is not influenced.  This can be better understood by examining a spindle 

speed transition region. 

 

 

 

Figure 7-26.  Plot of commanded and actual spindle speed during velocity changes recorded 

by spindle encoder. 
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Figure 7-27 is a magnified section of Figure 7-26 which shows that the velocity change takes 

approximately 400 msec to complete.  The process of increasing the spindle speed by 2 rpm 

and then changing back to the desired velocity takes approximately 5 msec.  The quick 

spindle speed change is essentially ignored because the response of the spindle is so much 

slower than the code execution time.  The command data in Figure 7-27 shows that the 400 

msec change time is programmed into the machine code since it too takes 400 msec to reach 

the next velocity.  The NC program must change the spindle speed using a ramp function to 

not overdraw the spindle motor amplifier as in the case of a step change.  The data presented 

in Figure 7-26 and Figure 7-27 show that using the current method of sub-rpm spindle speed 

changes is advantageous especially when updating every revolution which should eliminate 

the concentric ring distinction.   

 

 

 

Figure 7-27.  Plot of spindle speed during a sub-rpm velocity change. 
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7.5 CONTACT ERROR DURING NANOCOINING OF LARGE AREAS 

The techniques described for precise die alignment and spindle speed dependency on radial 

position were used to indent a ‘large’ area.  A 1.25 inch diameter EL nickel sample was 

indented from a radius of 6 mm to 12 mm.  It was desired to have the entire 6 mm wide 

annulus covered in nanostructured indents.  The result, shown in Figure 7-28, had a variation 

of indented and non-indented rings within the target region.  The non-indented rings was the 

diamond turned surface.  The error was could be described as the die and work-piece coming 

into and out of contact during the nanocoining experiment. 

 

 

 

Figure 7-28.  Large area of indents with un-indented rings on EL nickel.   

 

It was determined there was two possible sources of the contact error; either the work-piece 

was not flat as a function of the radius of the part or the die had a low frequency oscillation 

orthogonal to the work-piece surface.  The error from either of these two sources had to be 
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larger than the indent depth to cause a loss of contact.  Error in the part would most likely be 

form error as a result of the diamond turning process.  After investigation it was determined 

that operating at the Nanoform’s maximum spindle speed did induce some motor pole ‘print-

through’ error on the part but was not significant enough to cause the effect in Figure 7-28 

(see APPENDIX D). 

 

The contact error was attributed to a low frequency, thermally induced oscillation of the die 

with respect to the work-piece.  The Ultramill piezo stacks are cooled using a closed loop 

thermoelectric chiller that pumps a heat transfer fluid.  The type of heat transfer fluid was 

changed without changing the PID gains of the chiller.  This resulted in a new system with 

gains which were not optimal causing a thermal expansion and contraction motion large 

enough to lose contact with the work-piece surface.  The identification and solution to this 

problem will be discussed. 

 

7.5.1 Ultramill Piezo Temperature Effects 

A source of error in the actuator was the temperature change of the PZT stacks.  The PZT 

stacks are liquid cooled and the temperature will slowly oscillate around the 20°C set-point.  

To investigate this, the Ultramill’s tool-path was be monitored for the same amount of time 

which it took to indent the part in Figure 7-28.  The displacement and temperature data was 

compared to identify any correlation.  A photonic sensor was used to measure the 

displacement of the tool tip into the part.  A reflective target was glued to the end of the tool 

tip to provide an area large enough to measure.  Temperature data was acquired using a 

thermocouple normally used for monitoring the piezoelectric stack temperatures.  The 

experimental setup can be seen in Figure 7-29.   
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Figure 7-29.  Experimental setup showing light probe for measuring displacement and a 

thermocouple for measuring temperature. 

 

The direction of motion measured by the photonic sensor (light probe) was into the part since 

this is the only direction which would contribute to the effect seen in Figure 7-28.  The 

direction is shown in Figure 7-29 and can be thought of as the vertical or ‘b’ dimension of the 

elliptical tool-path.  The desired measurement was not the 1 kHz sinusoidal component of the 

tool-path, but the mean value or DC offset.  A low frequency variation of the mean 

displacement caused by thermal expansion and contraction could be the source of error for 

the large area of indents.  The horizontal component of the ellipse does not contribute and 

was not measured. 

 

Data was gathered using LabVIEW Version 7 and a data acquisition board (DAQ).  The 

displacement data was sampled at 4000 Hz and a moving average was used to eliminate data 

spikes.  Temperature data was gathered in the same way except smoothing functions had to 

be applied to the data during post processing because of the noisy signal.  The first 
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experiment was to run the Ultramill at indenting operating conditions (1000 Hz, 150 V 

signal) for 1 hour using a coolant flow rate of 0.8 L/min.  This flow rate was chosen based on 

PEC student David Brehl’s work on the Ultramill’s cooling system.  The temperature and 

displacement data for a flow rate of 0.8 L/min can be seen in Figure 7-30. 

 

 

 

Figure 7-30.  Temperature and mean displacement of Ultramill vs. time for a coolant flow 

rate of 0.8 L/min. 

 

The displacement is initially off the scale because data started recording before the Ultramill 

had reached a steady state condition.  Figure 7-30 shows a 0.7°C temperature oscillation that 

has a 12 minute period.  The Ultramill displacement has the same period with 500 nm peak-

to-peak amplitude.  Figure 7-30 also shows that the temperature and the mean displacement 

never settles out but instead maintains constant amplitude over the 1 hour measurement time.  

Ideally, the system would oscillate slightly and eventually settle to within ±0.1°C.  The 500 

nm motion for a flow rate of 0.8 L/min is clearly enough to cause the indenter to come out of 

contact with the work-piece producing the effect in Figure 7-28.  After further reading (Brehl 

Dissertation) it was found that Brehl suggested a flow rate of 0.4 L/min for maximum 
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thermal stability.  Data was then gathered in a similar manner to that of Figure 7-30 but the 

flow rate was reduced to 0.4 L/min.  This flow rate was used during an indentation process 

which produced the part seen in Figure 7-28 so the results could provide the source of the 

error.   

 

 

 

Figure 7-31.  Temperature and mean displacement of Ultramill vs. time for a coolant flow 

rate of 0.4 L/min then changed to 1.0 L/min at 34 min. 

 

Figure 7-31 shows the peak-to-peak temperature fluctuation for 0.4 L/min is almost 2°C 

initially which is significantly worse than the 0.8 L/min flow rate.  This large temperature 

difference translates to an increase in thermal expansion to 1 µm peak-to-peak.  The period 

of the temperature and displacement oscillation for a flow rate of 0.4 L/min was 9 minutes.  

Because the error using a 0.4 L/min flow rate was larger than when 0.8 L/min was used, the 

flow rate was increased to 1.0 L/min.  The results from Figure 7-31 suggest that a coolant 

flow rate of 1.0 L/min or higher should be used to maintain a thermally stable system.  

 

The displacement data in Figure 7-31 was related to the results from Figure 7-28 to 

determine if the thermal expansion was the source of coverage error.  Figure 7-32 shows an 
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image of the work-piece indented using a flow rate of 0.4 L/min and an explanation of the 

error.  The trace A – B is across the thickness of the desired indentation area.  The expected 

result was to have one solid indented region (indented region is dark) which would be 

nanocoined from A to B.  However, as shown in the magnified view, the Ultramill indented 

for a short time at the beginning (near A) then cycled in and out of contact twice and finally 

indented for a short time near B.  The sine wave in Figure 7-32 represents the mean 

displacement of the Ultramill indenter from Figure 7-31.  The displacement below the dotted 

line represents contact between indenter and work-piece while that above the dotted line 

represents the indenter and work-piece coming out of contact.  The sine wave also shows that 

the displacement cycled just over 2 times to achieve the pattern shown in the magnified view.  

The high frequency component of the sine wave represents the actuator frequency (much 

higher than the low frequency temperature oscillation).  The total time for the indentation 

process took 21.4 minutes (time to indent from A to B).  If the total time is divided by the 9 

minute period of temperature oscillation for a 0.4 L/min flow rate, the total number of 

displacement cycles should be 2.34 which is approximately that observed on the part.  

Therefore, the temperature fluctuation and resulting mean displacement fluctuation of the 

indenter was the source of the lack of coverage in the part shown in Figure 7-28 and Figure 

7-32. 

 

 

 

Figure 7-32.  Observation of thermal expansion error in large area of indents. 
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As suggested by Figure 7-31 a flow rate of 1.0 L/min should hold a constant temperature or 

at least an oscillation which is acceptable.  To test this theory, data was taken for 30 minutes 

at a flow rate of 1 L/min (shown in Figure 7-33) using the same procedure in Figure 7-29.  It 

is clear from Figure 7-33 that the same favorable behavior seen in Figure 7-31 for a 1.0 

L/min flow rate was not repeated for this experiment.  Again, the oscillation of temperature 

causes thermal expansion error on a scale large enough to cause a loss of contact between the 

work-piece and the indenter.   

 

 

 

Figure 7-33.  Temperature and mean displacement of Ultramill vs. time for a coolant flow 

rate of 1.0 L/min. 

 

The next attempt to solve the expansion problem involved re-tuning the PID gains on the 

thermoelectric chiller controlling the temperature.  A thermoelectric chiller with a PID 

controller is used to maintain a 20°C set-point temperature of the liquid coolant.  The chiller 

is a ThermoCube 400 manufactured by Solid State Cooling Systems.  The ThermoCube has a 

1 L/min (rated for water) diaphragm pump which was chosen for the seal compatibility with 

the Fluorinert FC-3283 coolant.  The gains for the PID controller were tuned by Brehl using 

Fluorinert to cool the piezo stacks.  The coolant liquid has since been replaced with a more 

environmentally friendly coolant called Novec 7200.  While both products are manufactured 

by 3M as heat transfer liquids, their properties are different (see APPENDIX E).  The change 
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in heat transfer liquid could be why the system is not behaving properly and new gains may 

be required for the Novec 7200.   

 

Solid State Cooling Systems provides a manual tuning procedure in the ThermoCube 

documentation
1
.  There are six gains for the ThermoCube controller which are proportional, 

integral and derivative terms for heating and cooling.  The first step in the tuning process was 

to turn off all integral and derivative terms and set the proportional terms (P1 HEAT and P2 

COOL) to 50°C.  The Ultramill was turned on to the operating conditions during the 

indenting procedure (150 V pk-pk, 23.5° phase and 1 kHz) and the instructions said to look 

for a small oscillation in temperature.  If an oscillation did not occur, the proportional gains 

were decreased by half.  This procedure was repeated until an oscillation occurred with the 

proportional gains set to 3°C.   

 

The tuning procedure required the thermal oscillation period which was recorded using the 

thermocouple and can be seen in Figure 7-34 to be 215 seconds.  The six gains for the 

ThermoCube are based on the value of the proportional gain which induced oscillation (P = 

3°C) and the period of this oscillation (τ = 215 seconds).  Following the ThermoCube 

manual, the gains were determined as 

 

 1 4 12P Heat P C     (7-9) 

 1 1.2 258secI Heat     (7-10) 

 1 27sec
8

D Heat    (7-11) 

 2 2 6P Cool P C     (7-12) 

 2 1.2 258secI Cool     (7-13) 

 2 27sec
8

D Cool    (7-14) 

                                                 

1
 Before the manual tuning procedure was attempted, a feature on the ThermoCube unit called ‘autotune’ was 

tried.  The temperature oscillation was so high the system eventually shut itself off which is not ideal since the 

Ultramill was operating at the time  which means it was shut off abruptly (specific shut-down procedure for 

Ultramill).  It is not recommended that the autotune function be used to determine the gains for the 

ThermoCube unit. 
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Figure 7-34.  Oscillation of Ultramill PZT temperature during manual tuning of 

ThermoCube PID gains. 

 

These gains are compared with the gains determined by former PEC student Brandon Lane 

for use with Fluorinert in Table 7-2. 

 

Table 7-2.  Comparison of gains for Fluorinert vs. gains determined for Novec 7200. 

Gain Fluorinert 3283 Novec 7200 

P1 Heat 13.3°C 12°C 

I1 Heat 113 sec 258 sec 

D1 Heat 20 sec 27 sec 

P2 Cool 12.9°C 6°C 

I2 Cool 113 sec 258 sec 

D2 Cool 20 sec 27 sec 
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The gains for Novec 7200 shown in Table 7-2 where implemented in the ThermoCube and a 

30 minute test was performed as in previous temperature and displacement tests using a flow 

rate of 0.8 L/min to determine if the gains were an improvement.  The 0.8 L/min flow rate 

was chosen because this was the maximum flow rate the coolant system could sustain in the 

steady state.  The data for this test is shown in Figure 7-35. 

 

 

 

Figure 7-35.  Temperature and mean displacement of Ultramill vs. time using new gains and 

flow rate of 0.8 L/min. 

 

This was a significant improvement over previous data where the mean displacement varied 

as much as 1 µm pk-pk.  The data shown in Figure 7-35 shows an oscillation with a pk-pk 

amplitude of approximately 100 nm which is an acceptable level.   

 

7.6 LARGE AREA OF INDENTS 

A large area of indents was created to test the effect of the new gains of the ThermoCube 

(Section 7.5.1) as well as the process of updating the spindle speed and feed rate every 

revolution (Section 7.4).  The tool began at a radius of 6 mm and ended at a radius of 12 mm.  

This meant the indented area was 339.3 mm
2
.  The 1.25” diameter EL nickel sample was 
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faced off initially using a spindle speed of 500 rpm to avoid the tangential waves described in 

Section 7.5.1.  Another difference in this experiment was that the Ultramill was operating 

continuously compared to previous tests where the AC signal was turned off during centering 

and depth calibration.  This change was implemented to aid thermal equilibrium.   

 

Using the new gains from Table 7-2 and a flow rate of 0.8 L/min, the indentation program 

was executed and results compared to the previous experiment can be seen in Figure 7-36.  

Figure 7-36a shows a complete area of indents as a result of a much more thermally stable 

system.  The part previously indented (Figure 7-36b) shows the oscillatory behavior of the 

actuator from thermal expansion from the system which was not thermally stable.  The 

indents in Figure 7-36a are all at the appropriate height from the depth calibration performed 

at the center of the part.  There are, however, some defects in the part that should be 

explained that are not from the indentation process.  The ring in the center of the indented 

region is an artifact of the facing procedure caused by a dragged chip.  The feature in the 

lower left of image Figure 7-36a and the smaller features in the upper right of the indented 

region were caused by a microscope objective touching the work-piece.  Overall, the results 

shown in Figure 7-36a prove the effectiveness of the new ThermoCube gains and the 

importance of thermal stability in a precision engineering process.  SEM measurements of 

the part can be seen in Figure 7-37.   
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Figure 7-36.  Photograph of nanocoined EL nickel sample. 

 

 

 

Figure 7-37.  SEM images of EL nickel part in Figure 7-36a at (a) 10000x and (b) 2500x. 

The part shown in Figure 7-36a was sent to 3M so that replications could be made.  3M 

created replications by spreading a UV curable epoxy on the surface of the indented part.  
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The replicates were coated with Au-Pd so they would be conductive.  Samples must be 

conductive for SEM imaging to allow a ground connection which prevents samples from 

accumulating charge. 

 

SEM measurements of the replicates can be seen in Figure 7-38.  The replications shown in 

Figure 7-38 are the negative of the mold (positive of indenter) which means that the surface 

has bumps on it.  The SEM is a good way to view features on the surface but does not give a 

height value.  To add this information, an AFM was used to scan the front (bumps) and back 

(holes) of the replicate.   

 

 

 

Figure 7-38.  SEM of replication created from part shown in Figure 7-36a at (a) high 

magnification and (b) reduced magnification. 

 

AFM measurements of the back side of the replicate can be seen in Figure 7-39.  Figure 7-39 

shows what the surface of the nickel work-piece would look like which is a series of imprints 

from the individual nanofeatures.  Notice there is some extruded material around each 

nanofeature imprint which is discussed in Section 10.3.  An AFM measurement of the front 
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side of the nickel work-piece is shown in Figure 7-40.  The trace shows a depression on the 

outside of the bumps. The 60 nm depression is caused by the extrusion of material around the 

nanofeatures during the indentation process.  The large bump is the mold of the imprint of an 

individual nanofeature and has a height of approximately 140 nm.   

 

 

 

Figure 7-39.  AFM measurement of back side of replicate.  This is what the nickel surface 

would look like. 

 

 

 

Figure 7-40.  AFM measurement of the front side of the replicate (bumps) with trace. 
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Figure 7-41.  3D view of front of replicate measured by an AFM.  Bumps on the surface are 

molds of the nanofeatures. 

 

A 3D view of the AFM measurement can be seen in Figure 7-41 which shows a portion of 

top surface of the replicate.  There is an array of nanofeatures which have been successfully 

transferred and resemble the desired moth’s eye pattern.  There is a depression around the 

base of each nanofeature which is a result of material bulging out during the indent process.  

The features also look distorted, almost like a shark’s fin instead of an axisymmetric cone.  

This can be attributed to the fact that the elliptical tool path has a constantly changing 

velocity and the point of contact is not instantaneous so there will be some distortion (see 

Chapter 6).  Overall, the results shown in Figure 7-41 are very promising and can only 

improve with further refinement of the indentation process. 

 

A profile view of the nanofeatures was desired so one of the plastic replicates was sectioned 

while cooled using liquid nitrogen to achieve a clean cut.  After sputter coating, the section 
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was inserted into the SEM and the resulting images can be seen in Figure 7-42.  The SEM 

images show the side view of the nanofeatures which appear to have the same shape as the 

features in the AFM measurement (Figure 7-41).  The features are not symmetric and show 

the same dragging pattern seen in the AFM image.  This is likely due to the elliptical tool-

path being tilted with respect to the work-piece surface. 

 

 

 

Figure 7-42.  Profile view of plastic replicate at (a) 75000x and (b) 25000x. 

 

7.7 SOURCE OF DIFFRACTION ON INDENTED PART 

All of the indented parts have exhibited some diffraction and the part shown in Figure 7-28 

was examined to understand the source.  Light experiences diffraction if it passes through a 

series of slits.  The slits will transform the light into spherical waves which will interfere 

constructively and destructively.  Constructive interference will results in light of higher 

intensity and destructive interference will cause waves to cancel each other out.  Diffraction 

resulting from a double-slit and single wavelength of light can be seen in Figure 7-43. 
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Figure 7-43.  Double-slit diffraction of a single wavelength of light. 

 

Figure 7-43 shows light of wavelength, λ, being diffracted by two slits which are a distance, 

d, apart.  Destructive interference happens in locations where the spherical waves do no 

intersect while constructive interference occurs at the wave intersection points.  New beams 

are formed in the normal direction created by the intersecting points.  The intensity, I, of the 

beam decreases with increasing order, m.  The angle, θm, the beam makes with the zero order 

beam (normal to slit surface) is given by 

 sin m

m

d


   (7-15)  

 

Equation (7-15) and Figure 7-43 are presented for one wavelength of light.  White light is 

composed of multiple wavelengths which when diffracted, can be split to produce any visible 

wavelength.  Diffraction gratings have numerous slits as seen in Figure 7-43 and can separate 

all colors of the visible spectrum.  Because the wavelengths for red, yellow, green…ect are 

different, the angle they will be split is different which results in a rainbow effect as seen on 

the surface of a CD which have feature spacing around 1 µm.  To diffract light of a certain 
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wavelength, the spacing of the slits must be greater than the wavelength of the light.  

Therefore, a CD can produce the full spectrum of color since the spacing (1.6 µm) is greater 

than the wavelength of the full color spectrum (380 – 750 nm). 

 

The main concern of the diffractive behavior of the nanocoined parts is the source of this 

effect.  There are two possible sources of diffraction:  1) features created by the edges of the 

indenter (~20 µm) or 2) the nanofeatures themselves since the indenter used has a spacing of 

530 nm (larger than green, cyan, blue and violet).  To determine which feature was the cause 

of the diffraction, a standard red laser pointer was reflected from the nanocoined regions on 

the surface shown in Figure 7-28.  The laser’s diffracted pattern was reflected onto a white 

board a known distance away.  By measuring the distance between the zero order mode 

(brightest, m = 0) and the first order mode (m = 1) and using the known distance of the work-

piece from the white board, the angle θ1 can be determined.  The wavelength of the red laser, 

which is approximated at 690 nm, and the angle θ1 can then be used in Equation (7-15) to 

determine the spacing between the slits, d.  The setup to measure θ1 can be seen in Figure 

7-44. 
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Figure 7-44.  Determining θ1 from the spacing between the zero and first order diffracted 

beams. 

 

The distance from the work-piece to the white board can be used with the distance measured 

between the zero and first order diffracted beams to calculate θ1 using Equation (7-16) 

 

 1

1

0.875
tan 2.252

22.25

inch

inch
   
   

 
 (7-16) 

 

Equation (7-15) can be used to calculate the feature spacing that would produce the observed 

diffraction spacing 

 
   1 690

17559 17.6
sin sin(2.252 )m

nmm
d nm m





   


 (7-17) 
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A spacing of 17.6 µm indicates the diffraction is caused by the width of the indenter.  The 

total width of the indenter is 20 µm but some overlap was programmed to space the indents 

18 µm.  So the diffraction was due to the edges of the indenter which would not make sense 

since the indents on the part measured (Figure 7-28) did not have bottomed out indents which 

could create the edges.  The laser pointer was scanned across the face of the part once more 

and the locations on the face where the diffraction pattern shown in Figure 7-44 occurred 

were noted.  It was found that the only location on the work-piece where this type of 

diffraction occurred was at the center rings were the depth was calibrated.  At this point there 

are small rings of indents which have been bottomed out resulting in die edge marks.  

Shining the laser on the larger bands to the outside did not produce the pattern seen in Figure 

7-44 even though there is colorful diffraction in normal lighting conditions.  It is 

hypothesized that the diffraction at the inner depth calibration rings are due to the periodic 18 

µm spacing of the indenter where the diffraction elsewhere is due to the 530 nm nanofeature 

spacing.  The diffraction pattern is not produced by the nanofeature spacing because it is less 

than the 690 nm wavelength of the laser pointer.   
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Figure 7-45.  Microscope images of indent calibration rings. 

 

Figure 7-45 shows the series of indent calibration rings at the center of the part in Figure 

7-32.  Figure 7-45b is the second calibration ring where the indenter was too deep.  This 

resulted in the very distinguishable edge marks which cause the diffracted pattern shown in 

Figure 7-44.  The pattern is a result of the periodic 18 µm spacing of the die edge marks.  

Figure 7-45a shows indents created with the die at the proper depth.  The borders are much 

less prominent and this ring and the indents created after do not display the diffracted pattern 

of Figure 7-44.  Both rings magnified in Figure 7-45 exhibit colorful diffraction in the 

presence of natural light but for different reasons.  The deep indents cause diffraction from 

the die spacing marks where the indents created at the correct depth cause diffraction from 

the 530 nm feature spacing. 
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The same diffraction test was performed on the part shown in Figure 7-36(a) which was 

indented using the continuous spindle speed updating code and piezo stack temperature 

control.  The area of indents on this part did not have the die border marks around each 

indent like the part in Figure 7-28.  The same 690 nm red laser was shown through a replicate 

of the features and only the zero-ith order mode was present (single dot).  This implied the 

source of diffraction was from the nanofeatures only and not from any feature of the overall 

die.  Parts created in the future with features whose period is less than the visible spectrum 

wavelength should not produce any diffraction. 

 

7.8 SUMMARY 

The purpose of this chapter was to describe the steps performed to create a high fidelity 

nanocoined surfaces.  Various steps had to be taken to successfully indent with the 

Ultramill’s elliptical tool-path.  The die was centered with respect to the rotating work-piece 

using a two-circle method commonly used to center diamond tools.  A touch off procedure 

was used to set the depth for indentation machine programs.  The DTM programs updated 

spindle speed and feed-rate as the die was moved radially along the work-piece.   

 

Early experiments showed a large amount of material pick-up on the die.  Several different 

experiments were performed with slightly different modifications to eliminate this effect.  It 

was found that work-piece materials with higher Vickers hardness values did not exhibit as 

much pick-up as those with lower values.  Another more important influence on the pick-up 

was nanofeature geometry.  The initial vertical nanofeatures performed poorly compared 

with newer tapered nanofeatures whose width decreased with height.   

 

With the ability to replicate features across the face of the entire indenter with no pick-up, the 

next issue was the elimination of border marks caused by pressing the indenter too far into 

the work-piece.  The simple solution to this was to create indents at various depths before an 

experiment and examine these rings in a microscope to determine which ring and thus depth 
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offset was suitable for the experiment.  An alignment fixture was also designed and built to 

ensure the indentation face of the die was parallel to the work-piece surface. 

 

Large areas of indents were created which exhibited periodic contact error.  It was discovered 

that a change in the heat transfer fluid for the Ultramill’s PZT stacks caused periodic 

temperature fluctuations large enough to cause periodic thermal expansion in the stacks.  The 

thermal expansion caused the indenter to come out of contact with the work-piece.  The gains 

in the ThermoCube were re-tuned which reduced temperature fluctuation and produced 

constant contact across the target area.  Replicates were successfully created from the mold 

and were examined using an SEM and AFM. 

 

Many steps and experimental iterations were required to develop the 1 kHz nanocoining 

process using the Ultramill elliptical actuator.  However, after this process had been fine-

turned, very little alteration was needed for additional indentation experiments 
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8 ANTI-REFLECTIVE INDENTATION 

 

The methods and techniques described in Chapter 7 were developed to produce useful 

nanocoined surfaces.  This chapter details how these previous techniques were used to 

attempt to create anti-reflective (AR) surfaces.  The only new aspect to the process to do this 

was to use an AR die. 

 

8.1 ANTI-REFLECTIVE DIE 

Previous dies used for nanocoining had nanofeatures whose size and spacing were too large 

to produce any AR effect.  The target spacing for the new die was 250 nm with features as 

tall as possible.  This feature spacing is less than the smallest wavelength of visible light and 

avoids diffraction.  Studies have shown that taller features produce less reflection [58].  The 

features small spacing meant the beam from the FIB ‘chopped’ off the tops of the 

nanofeatures reducing the height to 250 nm.  An image of the entire die and a close up of a 

test patch of features can be seen in Figure 8-1. 

 

 

 

Figure 8-1.  AR die showing 250 nm tall features with 250 nm spacing. 
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The die shown in Figure 8-1 has features whose spacing is half the spacing of previous dies 

features.  This means that the total number of features on the die has increased from 1600 

(40x40 array) to 6400 (80x80 array).  The small feature height will also put a tighter 

tolerance on the amount of allowable tilt with respect to the mold surface.  However, since 

the overall indentation face is the same size as on previous dies, the horizontal dimension of 

the tool-path ellipse is the same (3.2 µm).  A concern with the new die is whether the more 

dense features would produce more material (pick-up) or be susceptible to damage and wear. 

 

8.2 INITIAL INDENTS WITH AR DIE 

The same nanocoining procedure used in Chapter 7 was used to create AR features.  The 

Ultramill tool-holder was sent to 3M to have the new AR die mounted.  Unfortunately, the 

new die attached had slight tilt in two directions as shown in Figure 8-2. 

 

 

 

Figure 8-2.  Tilt of diamond indenter on ceramic tool holder with respect to the Nanoform 

axes. 

 

The tilt angles in Figure 8-2 can be adjusted with the Ultramill alignment fixture and the tool-

holder was used.  With the new die attached to the tool holder, the Ultramill was re-
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assembled.  The most significant underlying issue with the Ultramill is that the actuator must 

be re-assembled every time a new die is mounted to the tool holder.  This is a problem 

because the PZT stacks are not permanently mounted to the body of the Ultramill but rather 

located by features on the ceramic tool-holder.  This means they can rotate and translate for 

each re-assembly.  Translation will change the distance between the two half-rounds which 

support the tool holder which changes the kinematics of the ellipse.  This means that a pin 

spacing of 11 mm could produce a 10 µm wide ellipse at 25° phase (between the two piezo 

stacks) while a pin spacing of 15 mm could produce 6 µm at the same phase angle.  Every 

time the Ultramill is re-assembled the correct phase angle to produce the proper ellipse 

dimensions must be found. 

 

The first indents with the first AR die were created on the 1.25” diameter Optakoat nickel 

sample.  The first few experiments resulted in poor results and it was thought it was because 

the correct phase angle had changed meaning a mis-match in velocity between the die and 

mold surface.  Several phase angles were attempted but all resulted in indents resembling 

those in Figure 8-3.  

 

 

 

Figure 8-3.  (a) SEM image showing several initial indents created with AR die and (b) 

45000x magnification on the nanofeatures for distortion observation. 
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Figure 8-3a shows a substantial amount of pick-up resulting in very small areas of features.  

The coordinates of the tool motion have been added to Figure 8-3a to help describe the 

direction of distortion.  The up-feed direction is the direction of the stamping which also 

means the direction in which the velocities should match.  The cross-feed direction describes 

the path the actuator takes so that subsequent revolutions will produce continuous areas of 

features (each row in the cross-feed direction represents one revolution of the part).  Figure 

8-3b is a higher magnification view of some of the few nanofeatures replicated on the mold.  

The same up-feed/cross-feed orientation applies to Figure 8-3b.  The distortion shown in 

Figure 8-3b appears to be from right to left which is in the direction of cross-feed motion.  

The cross-feed velocity of the axes is so slow that there should be no distortion.  In all other 

cases if there is distortion observed it is from the top to bottom or bottom to top (in the up-

feed direction) depending on if the die is moving faster or slower than the mold.  It was 

therefore unusual to see distortion in the cross-feed direction.  It was hypothesized that 

because the Ultramill had to be tilted (because of the die mis-alignment as discussed earlier) 

this also tilted the ellipse adding a component of velocity in the cross-feed (X-direction on 

Nanoform).  To avoid this problem, the Ultramill was not disassembled to change the die.  

The procedure developed to make this change is described in APPENDIX F. 

 

8.2.1 Effects of Out-of-Plane Tool-Path Motion 

This section explains why tilt of the ellipse out of the desired plane-of-motion (POM) is 

detrimental to the nanocoining process.  The POM is defined as the plane in which the ellipse 

motion occurs.  With respect to the Nanoform axes, the POM is in the y-z plane as illustrated 

in Figure 8-4.  It shows a side view of the tool holder (Y-Z plane) that displays both 

dimensions of the elliptical tool path (a dimension in Y-direction and b dimension in Z-

direction).  The top view (X-Z plane) shows how the observed motion of the tool would only 

be the b dimension meaning the path would look like a straight line as indicated by the dotted 

line.  Figure 8-4 shows the ideal scenario where the die is aligned on the tool holder which 

itself is aligned normal to the mold surface.  This would ensure that the velocity of the die 

with respect to the mold would be parallel.  If the die is not aligned on the tool holder as 
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shown in Figure 8-5a then the tool holder must be tilted to compensate as in Figure 8-5b.  

The tilt adjustment shown in Figure 8-5b was made with the Ultramill alignment fixture.  The 

problem which arises from this type of compensation is that the tool path becomes tilted 

meaning the b dimension of the ellipse is no longer only in the Z-direction.  Figure 8-5b 

shows how a small component of motion is introduced in the X-direction which ultimately 

led to the cross-feed distortion discussed earlier.  It is therefore critical to have both the die 

and the tool holder normal to the mold surface to ensure motion is restricted to the Y-Z plane.   

 

 

 

Figure 8-4.  Orientation of die, tool holder and ellipse with respect to mold and Nanoform 

axes. 

 

 

 

Figure 8-5.  (a) Die with some angular mis-alignment on holder and (b) tilting of tool holder 

to compensate. 
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8.2.2 Ultramill Out of Plane Motion 

After the attachment/alignment scheme was used to reattach the die to the Ultramill, it was 

no longer in the X-Z plane as shown in Figure 8-5.  The desired effect was achieved; that is 

to remove the component of velocity in the X-direction.  More indentation experiments were 

performed on the same 1.25” diameter Optakoat nickel part and the results can be seen in 

Figure 8-6. 

 

 

 

Figure 8-6.  SEM images (a) of several indents and (b) individual nanofeatures after die re-

attachment. 

 

The results in Figure 8-6 show similar results to those shown in Figure 8-3.  Distortion in the 

up-feed direction is minimal but there is still distortion in the cross-feed direction.  With the 

actuator now normal to the surface, the ellipse should be only in the Y-Z plane but there is 

still evidence of motion in the X-direction.  To be sure that the new, smaller features were 

not the cause of the solution several static indents were created.  This was accomplished by 

jogging the Ultramill into the mold surface using the Z-axis of the Nanoform; the Ultramill 
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was completely shut off for the static indents.  Figure 8-7 shows the indents created by 

linearly pushing the die into and out of the mold. 

 

 

 

Figure 8-7.  Image of (a) one single static indent on Optakoat nickel and (b) individual 

nanofeatures. 

 

The results in Figure 8-7 confirmed the die should be capable of replicating features into the 

mold surface so the cross-feed distortion must have been introduced by some aspect of the 

nanocoining process.  Another possibility that was examined was that the Ultramill’s tool 

path may be tilted with respect to its body.  As stated earlier, the PZT stacks change angular 

and linear position every time the Ultramill is assembled and disassembled which could have 

caused the tool path to distort.  The MTI dual channel light probes were oriented in a manner 

as shown in Figure 8-8 to measure the out of plane motion and a dimension motion 

simultaneously.  
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Figure 8-8.  Measuring the out-of-plane motion of the Ultramill with dual channel light 

probes. 

 

The data taken from these measurements were plotted and showed an out of plane motion of 

approximately 1.5 µm peak to peak as seen in Figure 8-9.   

 

 

 

Figure 8-9.  Measurement of out of plane motion. 
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It should also be noted that Figure 8-9 shows the motion in the a dimension and out of plane 

are 180° out of phase from each other.  This is significant because it says that the out of plane 

motion is at its highest velocity when the die is in contact with the part.  The die contacts the 

mold when it is at the center of its motion (approximately 8 µm in Figure 8-9).  The out of 

plane motion is also at the center of its oscillatory motion which is also the point of highest 

velocity which would create the dramatic distortion in the cross feed direction shown in 

Figure 8-3.  The next task was to determine the source of the tool path out of plane motion 

and find a solution to remove it.   

 

8.2.3 Source and Solution to Ultramill Out of Plane Motion 

Two possible sources of cross-feed motion in the Ultramill’s tool path were determined 

based on the construction of the actuator.  The first was rotation of the PZT stacks inside the 

Ultramill coolant chamber with respect to the body of the Ultramill.  The PZT stacks sit on a 

raised pedestal inside the coolant chamber which as a center divider as shown in Figure 8-10. 

 

 

 

Figure 8-10.  Description of how PZT stacks reside in the Ultramill coolant chamber. 

 

Figure 8-10 shows the ideal setup where the two PZT stacks are both aligned with the center 

divider.  The center divider is square with the outside faces of the Ultramill body which is 
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important because the Ultramill rests on the alignment fixture using one of these faces.  

Therefore, if the PZT stacks can be made square with the center divider than they will be 

square to the Ultramill housing and thus alignment fixture.  The PZT stacks were located by 

pressing the flat edge of each stack against the center divider as shown in Figure 8-10.  Once 

they were aligned, hot glue was used to secure the PZT stacks in place.  The hot glue then 

held the stacks while the Ultramill was re-assembled to make sure there was not rotation.  

After re-assembly more indents were created on 3M hard plated copper.  Figure 8-11 shows 

images of the results. 

 

 

 

Figure 8-11.  SEM images of indents on 3M hard plated copper after Ultramill 

reconstruction at (a) 2000x and (b) 50000x. 

 

Figure 8-11a shows some indents with a large amount of replicated features and some that do 

not.  For the most part, the indents on the left of Figure 8-11a are representative of the 

indents on the copper.  However, at the higher magnification in Figure 8-11b, the cross feed 

distortion has been almost entirely eliminated with only distortion in the up feed direction 
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remaining.  The phase angle was adjusted to minimize distortion and more indents were 

made on electroless nickel since this material had the least pick-up in past experiments.   

 

 

 

Figure 8-12.  SEM images of indents on electroless nickel after Ultramill reconstruction at 

(a) 2300x and (b) 4000x. 

 

The images shown in Figure 8-12 show some nanofeatures are present but overall poor in 

terms of feature replication.  The features have not been replicated near the center of the die 

even though upon examination of the individual nanofeatures there is very little distortion.  

In earlier experiments with the straight side square post features, the problem was the 

geometry of the nanofeatures causing excessive material pick-up in the center of the die 

reducing the fidelity of the features.  

 

There were some positive aspects of the last experiment on the electroless nickel that are 

worth mentioning.  First, there was a small section of indents which had complete transfer of 

features as seen in Figure 8-13.  All indentation experiments are 200 µm wide bands and 

since the indenter is 20 µm wide each experiment is 10 revolutions.  The indents shown in 
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Figure 8-13 were the last four revolutions of one experiment.  The indents in Figure 8-13a 

look like previous indents created with the first indenters with the larger feature spacing.  The 

images are encouraging because they imply that it should be possible to dynamically 

replicate features across the entire face of the die.  Other positive aspects were the feature 

distortion and indexing (position of one indent with respect to adjacent indents).   

 

 

 

Figure 8-13.  Section of indents with complete transfer of features on electroless nickel after 

Ultramill reconstruction at (a) 2500x and (b) 40000x.  Waviness of image is caused by 

magnetic field in SEM, not a feature of the part. 

 

Examples of minimal distortion and accurate indexing can be seen in Figure 8-14.  Figure 

8-14a shows a high magnification view of features replicated with no discernible distortion.  

Normally, there is slight distortion on one side of the features because there cannot 

theoretically be distortion-free features because of the elliptical motion of the die and it is 

difficult to match velocities generally.  To achieve results such as those in Figure 8-14a the 

phase angle of the Ultramill has to be such that the elliptical tool path matches die velocity 
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with mold velocity at the point of contact.  An example of not exactly matching velocities 

can be seen in Figure 8-13b where there is slight distortion from right to left. 

 

 

 

Figure 8-14.  SEM images showing (a) zero distortion of nanofeatures and (b) indents 

indexed precisely.  Waviness of image is caused by magnetic field in SEM, not a feature of 

the part. 

 

Figure 8-14b shows some of the best indexing achieved during nanocoining experiments.  

The best way to observe this is to examine the corner where four indents meet.  The marks 

from the edge of the indenter (pressed down too far) create a perfect crosshair.  Normally 

there is some degree of overlap or rotation of the indenter which would produce gaps, but the 

indents in Figure 8-14b have neither overlap nor gaps.  

 

8.3 MATERIAL PICK-UP IN AR DIE 

It was decided to examine the AR indenter in the SEM since the results shown in Figure 8-11 

and Figure 8-12 exhibited a large amount of pick-up.  The die was removed from the 

Ultramill’s ceramic tool-holder using the procedure described in APPENDIX F and attached 
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to a small block of aluminum which could be easily fit into the SEM.  Images were taken 

directly after the experiments described earlier after which the die was taken back to the PEC 

and cleaned with an etching solution (APPENDIX C) and once again imaged in the SEM.  

The results are shown in Figure 8-15. 

 

 

 

Figure 8-15.  SEM image of AR indenter (a) after nanocoining experiments and (b) after 

acid etching. 

 

It is clear from Figure 8-15a that a significant amount of pick-up has occurred on the AR 

indenter.  There is so much pick-up that the indentation area is barely distinguishable.  This 

large amount of pick-up could have occurred due to a ‘snow ball’ like effect.  Once a layer of 

work-piece material has completely filled in the nanofeatures is could become easier for 

more material to become stuck to the base which has formed.  In any case, Figure 8-15a 

clearly shows that the indenter has become ineffective for replication of features.  Figure 

8-15b is an SEM image of the same AR die after being cleaned with an etching solution for a 

short period of time.  Most of the nickel work-piece material has been removed which is 

clear when compared to Figure 8-15a however there is still a large amount of material 

wedged in-between the nanofeatures.  This is represented by the lighter colored material on 
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the nanofeatured area.  The 10 min cleaning time (time the die was left in contact with the 

etching solution) was not sufficient to completely remove all of the pick-up but this still gave 

a useful insight as to how the material stuck in-between the nanofeatures appears. 

 

8.3.1 AR Die Feature Fidelity 

The initial AR indentation results and the SEM images of the AR die after the experiments 

revealed that the replication of the 250 nm pitch features was severely degraded by pick-up.  

The next task was to explain why the pick-up was so dramatic with the AR (250 nm pitch) 

die when it seemed as if this problem had been solved for the 500 nm pitch die.  Remember 

from Chapter 7, the two properties of the process linked to pick-up were the material 

(especially hardness) and nanofeature geometry.  It was found that harder materials were less 

susceptible to pick-up which would not explain the initial results (Chapter 7) since EL 

nickels was the hardest metal used in the nanocoining experiments.  The other option is that 

the nanofeature geometry somehow enabled pick-up. 

 

To determine if the nanofeature geometry was the cause, SEM images of the AR indenter 

shown in Figure 8-1 were examined further.  The results showed that the shape of the 

nanofeatures was not uniform across the die as shown in Figure 8-16. 
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Figure 8-16.  SEM image of AR indenter with magnified regions of nanofeatures. 

 

Figure 8-16 is an SEM of the AR die and shows two magnified regions of nanofeatures 

labeled ‘A’ and ‘B.’  The region marked ‘A’ shows nanofeatures which appear to be very 

short and almost touching which is different from the larger 500 nm pitch features.  The view 

‘B’ shows clear spaces between adjacent features which are critical for replication.  Upon 

further investigation it was seen that the features near the inside of the die area resembled 

those shown in ‘A’ while the features towards the outside resembled ‘B.’  It was not clear 

why the nanofeatures were different across the die area since the entire area is created by one 

continuous FIB program.  This issue was discussed with the FIB operator at 3M who stated 

that since the features are half the size of the 500 nm pitch die the AR die takes 

approximately 4x longer to fabricate (40x40 array for 500 nm pitch to 80x80 array for 250 

nm pitch).  The longer fabrication time can have adverse effects during the FIB process such 

as re-deposition of ablated material and thermal drift.  It was suggested that the long 

fabrication time was the cause for the varying nanofeature geometry. 
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Before the 20x20 µm AR indenter used in the previous experiments had been delivered, 3M 

had created a smaller 10x10 Before the 20x20 µm AR indenter used in the previous 

experiments had been delivered, the die manufacturer had created a smaller 10x10 µm array 

of 250 nm pitch features.  Since the structured area was 10x10 µm and the pitch was 250 nm, 

the array dimensions (in terms of number of features) was 40x40 totaling 1600 nanofeatures.  

This was the same amount as the 20x20 µm die with 500 nm feature spacing.  The smaller 

10x10 µm AR array was performed as a test to determine the correct FIB parameters.  This 

test array was examined once more after the poor results with the larger 20x20 µm AR die 

and it was found that the features had much higher fidelity across the entire nanostructured 

region as shown in Figure 8-17(a). 

 

 

 

Figure 8-17.  SEM image of (a) 10x10 µm AR test array with magnified section and (b) 

magnified section of 500 nm pitch features. 

 

Figure 8-17a shows a test array in a section of diamond manufactured at 3M to calibrate the 

AR feature machining process.  This indenter was never delivered to the PEC and was 

therefore not used in nanocoining experiments.  The nanofeatures on this indenter are clearly 

defined as well as the spaces between adjacent features which is most likely due to the 
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shorter fabrication time compared to the 20x20 µm AR die.  The magnified area in Figure 

8-17a was provided to show the individual shape of the AR features for comparison with the 

500 nm pitch tapered features shown in Figure 8-17b.  AR features from the test array look 

like scaled down versions of the 500 nm pitch features which is desired since the 500 nm 

pitch tapered features exhibited very little pick-up.  Because the feature quality was so much 

better on the 10x10 µm test array it was requested to have a die this size fabricated for use in 

nanocoining experiments.  Since the die length has decreased by a factor of 2, the horizontal 

amplitude of the elliptical tool-path must also decrease by a factor of 2 (3.2 µm to 1.6 µm). 

 

8.4 SUMMARY 

This chapter describes nanocoining experiments using a 250 nm pitch die to create AR 

nanofeatures.  The same procedure proven with the 500 nm pitch die was used with the AR 

die but the observed replication was poor.  The initial results exhibited excessive distortion in 

the cross feed direction which was caused by incorrect alignment of the piezoelectric stacks 

inside the Ultramill.  In the past, changing the tool required the Ultramill to be completely 

disassembled, the die glued into place and reassembled.  This was time consuming so a new 

procedure was developed to remove and reinstall the die without touching the Ultramill’s 

piezo stacks (APPENDIX F).  With the Ultramill operating correctly, experiments were 

performed with the AR die and the results showed large amounts of material pick-up.  A 

second AR die was created but similar levels of pick-up were observed.  Examination of the 

nanofeatures revealed variation in the features at different locations on the die.  It was 

hypothesized that the longer fabrication time required by the smaller features caused thermal 

drift which resulted in poor feature consistency.  It was suggested that a smaller 10x10 µm 

die (as opposed to original 20x20 µm) be created since the fabrication time is smaller and a 

test array this size had already been created with repeatable features.  The high fidelity 

features on the 10x10 µm die could produce better results. 
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9 NANOCOINING ON GERMANIUM AND SILICON 

 

9.1 BACKGROUND 

Nanocoining experiments have been performed on metallic materials such as brass, hard 

plated copper, electroless nickel and 6061 aluminum since they are commonly used as 

coatings on large drum rollers or optical components.  While this work has shown success 

with metals, it was desired to expand nanocoining to other materials such as germanium (Ge) 

and silicon (Si).  Ge is an important material because it is passive to infrared wavelength 

making it useful in thermal imaging applications.  The index of refraction of Ge, however, is 

approximately 4.0 which is large compared with air (~1.0).  The large transition in index of 

refraction at the air-Ge interface means transmission will decrease due to Fresnel reflection.  

Appropriately sized nanostructures could impose a gradual change from air to Ge reducing 

reflection in what is known as a graded index effect [59].  Si, which is used in solar cell 

technology, also has a high index of refraction (~3.5) and nanostructures are used in a similar 

manner to reduce reflection and increase efficiency [13,15].  Si is also widely used in the 

semiconductor industry for integrated circuit manufacturing.  If successful, nanocoining 

could be an alternative technique for creating precise structures fabricated onto Si wafers.  

Samples of germanium and silicon were obtained to investigate the material behavior during 

the nanocoining process. 

 

9.2 GERMANIUM AND SILICON MATERIAL BEHAVIOR 

Both germanium (Ge) and silicon (Si) are metalloids which mean they exhibit properties of 

metals and non-metals.  They are brittle and have relatively high hardness values; between 7 

and 10 GPa for Ge and 9 to 15 GPa for Si [60].  Ge and Si can be difficult to machine 

because the material can fracture causing poor surface finish.  Research in single-point 

diamond turning has shown that if the control volume of material around the tool’s edge is 

kept small enough a ductile plastic deformation will precede the brittle fracture and optical 

quality surfaces can be obtained [61,62].  With this in mind, it was predicted that small 

nanofeatures (~250 nm tall) may be created in the ductile regime of both materials. 
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Another interesting behavior of both Ge and Si is a phase transformation initiated by 

hydrostatic pressure.  Under normal atmospheric conditions, Ge and Si have a diamond cubic 

structure representative of a brittle material [63].  At high enough loads, material in the 

diamond cubic state will transform to a denser β-Sn (beta-tin) structure which is a metallic 

state [64-66].  The level of pressure which induces transformation is usually taken as the 

hardness of the material although some studies have investigated the effect of the indenter 

geometry [63].  The β-Sn transformation causes the material to become more ductile and less 

resistive (electrically) due to the metallic nature of the transformation.  Evidence of this 

phase transformation has been studied using nano-indenters (Berkovich indenter).  

 

 

 

Figure 9-1.  TEM of (a) a 60 mN indent in Si where material marked ‘t’ has transformed 

with some of transformed material flow into the crack marked with the arrow.  (b) a 50 mN 

indent in Ge showing transformed region marked ‘t’ [60]. 

 

Figure 9-1a shows a cross-section with a clearly defined region which flows easily as 

suggested by the flow into the crack.  This is yet another indication that the material is in the 

β-Sn phase.  Other researchers have used corner cube indenters with varying indenter angles 

to investigate effects on the phase change in silicon.  What they found is that the smaller the 
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angle of the indenter (less flat the faces are) the more likely the transformed β-Sn material 

will squeeze out and form a chip-like artifact.   

 

Examples of this transformation can be seen in Figure 9-2.  Jang et al [63] describe the 

extrusion of material seen in Figure 9-2a and b as evidence of transformation to a metallic 

phase because it resembles metal-like plastic flow behavior.  The authors found that sharper 

indenters produced larger pressures which correspond to larger areas of transformed material.  

It is therefore more likely that material will escape (flow) from sharp indenters than from 

blunt indenters.  It should also be noted that once the extrusion of material occurs the 

hydrostatic pressure is released and the material quickly transforms to a low pressure phase.  

Understanding how the Ge and Si behave is critical to nanocoining them.   

 

 

 

Figure 9-2.  Indents created in Si using a constant 80 mN force and constant load rate. (a) 

35.3° (corner cube indenter) (b) 45.0° (c) 55.0° (d) 65.3° (Berkovich indenter) (e) 75.0°. [63] 

 

9.3 EXPERIMENTAL SETUP   

Two different techniques, referred to as dynamic and static, were used to create the 

nanostructured indents on the Ge and Si sample.  Dynamic indents were created using the 

nanocoining process which has been used in previous experiments on metallic surfaces.  The 
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work-piece surface moves at a constant velocity and the die must have a component of 

motion in the direction of the work-piece to match velocity.  If the velocity of the die and 

work-piece do not match in the region of contact, relative motion will cause the nanofeatures 

on the die to slide in the work-piece (distortion).  The static indents were performed by 

pressing the die into a stationary sample using the axes of the Nanoform DTM.  The static 

indent process is similar to common indentation material testing.  The die used for these 

experiments had nanofeatures with tapered posts and 500 nm pitch.  The purpose of the static 

indents was to measure forces for various indent depths for comparison to the dynamic 

indents.     

 

9.3.1 Dynamic Indenting Setup 

The setup for dynamic indenting was similar to single point diamond turning experiments.  

The sample rotated on the Nanoform 600 spindle and the actuator was feed outward radially 

to create 200 µm wide bands of indents in a spiral (200 µm / 20 µm die width = 10 

revolutions or rows of indents).  The Nanoform DTM has three linear axes with laser 

interferometer position feedback and an air bearing spindle with rotary encoder feedback.   

Both the Si and Ge samples were 1 inch diameter, 1/8
th

 inch thick and were delivered 

precision polished on each side.  The Si sample was indented in the (100) crystal orientation 

and the Ge was (211).  The flatness, measured with a Talysurf profilometer, was within 1 µm 

for both samples.   The largest peak to valley flatness on either of the mountings was 20 µm.  

If the part is not flat to within the depth of the nanofeatures over the length of the indent 

process, the die will come out of contact with the part and create arcs instead of complete 

circles of indents.  This was deemed acceptable since the purpose of these experiments is to 

observe the reaction of the material to the indentation process.         

 

9.3.2 Static Indenting Setup 

The static indent setup used the same setup used in initial indent experiments described in 

Chapter 3.  The stationary tool-post on the Nanoform X-axis was used along with a mount 
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block, load cell and copper mount piece.  Figure 9-3 shows the arrangement of the static 

indent components.  

 

 

 

Figure 9-3.  Experimental setup for static indents. 

 

The Si sample (same setup for the Ge sample) shown in Figure 9-3 was attached to a hard 

plated copper mount piece using a 70 µm thick double sided tape.  This was done because the 

Si sample did not have a through hole which is necessary to preload the load cell.  It is clear 

that this is not an ideal setup since the tape adds some compliance but the force measured by 

the load cell should still be accurate since the arrangement is equivalent to springs in series.  

The load cell was preloaded using a ¼ - 20 bolt with 20 N-m of torque.  Calibration of the 

load cell was performed in the same manner as Chapter 3 using several masses and recording 

the voltage.  A gain was then calculated from the calibration procedure to convert the voltage 

from the load cell to a force.  The force data was collected using LabView. 

 

It was important to have the face of the die as parallel as possible to the face of the Si work-

piece.  To do this, an LVDT was attached to the body of the Ultramill and was scanned 

across the face of the Si sample so that the indicated measurement was the tilt of the sample.  
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The bolts connecting the mount block to the stationary tool post were loosened and the whole 

assembly was tapped until the LVDT indicated the part aligned as flat as possible.  Once this 

occurred, the bolts holding the mount block were tightened and the part was measured again 

to ensure the alignment had been maintained. 

 

9.4 RESULTS  

9.4.1 Dynamic Indentation Results 

The dynamic indents were performed on the Ge and Si samples by nanocoining three 200 µm 

wide bands on each part.  The three bands differed only in depth; the first was taken as a 

nominal depth, the second was 250 nm shallower and the third was 250 nm deeper than the 

nominal.  Due to the absence of the facing procedure the Ultramill only indented 

approximately 1/5
th

 of an entire revolution.   

 

An image of the Ge and Si work-pieces can be seen in Figure 9-4.  Although it is somewhat 

difficult to see in Figure 9-4, the regions where the die did make contact with the samples 

produced a diffractive behavior common in previous results using the 500 nm pitch die.  The 

two samples were then imaged using a FESEM shown in Figure 9-5.   

 

 

 

Figure 9-4.  Image showing the Ge and Si sample and diffraction from the dynamically 

indented regions on both. 
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Figure 9-5.  SEM images of dynamic indents (a) in Ge at 2000x (b) Ge at 50000x (c) Si at 

2000x and (d) Si at 50000x. 

 

Figure 9-5 shows images of multiple indents from the die as well as high magnification 

images of the individual nanofeatures on the Ge and Si.  Figure 9-5a and c show the quality 

of the overall indent is similar to metallic indents created in previous work [67].  It should be 

noted that the repeatable locations where nanofeatures are missing (as indicated in Figure 

9-5a) is caused by damage to the die from previous experiments.  In many cases when brittle 
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materials are indented, cracks will form (especially near corners) and continue outward from 

the indent.  Indents shown in Figure 9-5a and c do not have cracks near the corners of the 

indenter because only the nanofeatures have penetrated the surface.  Perhaps if the indenter 

had displaced enough into the surface to ‘bottom out’ the indenter, the larger stress would 

result in cracks.   

 

The high magnification images in Figure 9-5b and d show the material behavior around the 

individual nanofeatures.  The most obvious artifact of these nano-imprints is the repeatable 

chip-like object around each hole.  These chips resemble flower petals and look very similar 

to the extruded material from previous publications [63].  It appears that each single 

nanofeature creates a diamond cubic to β-Sn transition.  This would be consistent with Jang’s 

et al findings which were steeper indenters were more likely to extrude the transformed 

metallic material.  The steepest indenter used in Jang’s study had a half angle of 35.3°.  The 

estimated half angle of the cone-like features on the diamond indenter used to create the 

features in Figure 6 was 14°.  Clearly the nanofeatures on the die meet the criteria to generate 

extruded material as seen in Figure 9-5b and d. 

 

The nanofeature deformation for both Ge and Si (Figure 9-5b and d) show a large amount of 

material around each imprint with the shape of the extrusion being very repeatable.  Upon 

closer examination it also appears as if the large extrusion is only on one half of each imprint 

(top half in Figure 9-5b and bottom half in d) which is also repeatable.  The fact that there is 

more extruded material which is only on one side of the imprints would suggest there was 

some degree of velocity mismatch between the die and work-piece causing the nanofeatures 

to drag slightly.  Therefore, the larger amount of extruded material can be thought of as a 

combination of extruded material from the imprint and chip formation from the velocity 

mismatch.  Research by Gogotsi et al [62] where pressure-induced metallization in 

scratching of silicon was examined has some similarities to the chip formation in the 

dynamic indents in Figure 9-5.  Gogotsi et al used a Vickers, conical and Rockwell diamond 

tools to scratch silicon at different depths.  Ductile chips were formed in the silicon as long as 
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the depth of the scratch stayed below a critical value.  Brittle fracture was observed when the 

depth of the scratch exceeded a critical value.  This could be the same behavior seen in the 

nanocoining experiments. 

 

9.4.2 Static Indentation Force 

The main purpose of the static indents was to obtain force data and observe the individual 

nanofeature deformation behavior.  The die was jogged into the work-piece using the axes of 

the Nanoform and the force was recorded.  Once a target level of force was reached, the 

indenter was retracted from the work-piece and the force data was compared to images of the 

corresponding indents taken in the SEM.   

 

 

 

Figure 9-6.  Static indents in Ge created with (a) 0.44 N (b) 1.26 N (c) 2.14 N and (d) 2.32 N 

of force.  Magnification is 4000x. 
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Because of the relatively wide range of indentation forces, there were indents that did and did 

not exhibit fracture.  These indents shown in Figure 9-6 are those that did not have fracture 

(cracking).  The first indent in Figure 9-6a was created using 0.44 N of force and was too low 

to create a fully replicated region of nanofeatures.  The indents which most resemble those 

from the dynamic indentations were created using 1.26 and 2.14 N of force.  At 2.32 N of 

force the die starts to bottom out which is not seen in the indents in Figure 6a and is 

undesirable in any case.  Out of the four indents displayed in Figure 9-6, the indent created 

using 1.26 N of force most resembles the indents in Figure 9-5a because it has no evidence of 

plastic deformation from the die edges or corners touching the Ge surface. 

 

 

Figure 9-7.  Static indents in Si created with (a) 1.90 N (b) 3.03 N (c) 3.88 N and (d) 4.15 N 

of force.  Magnification is 3500x. 
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Si indents were created in the same manner as the Ge indents.  Figure 9-7 shows four indents 

and their corresponding forces.  All four indents shown in Figure 9-7 do no exhibit any 

fracture in a force range from 1.90 to 4.15 N.  The indent created using 1.90 N is most 

representative of the Si indents created dynamically (Figure 9-5c).  At force levels above 

1.90 N the die begins to bottom out and edge marks are visible on the work-piece.  The edge 

marks are especially clear in the indent created at 4.15 N.   

 

9.4.3 Nanofeature Deformation Comparison between Ge and Si  

The static indents also provided a view of the nanofeature deformation without the possibility 

of distortion due to relative velocity between die and work-piece.  The same high 

magnification images of the dynamic indents shown in Figure 9-5b and d are compared to 

similar images of static indents in Ge and Si and shown in Figure 9-8.  The most obvious 

difference between the static and dynamic indents is the amount of extruded material around 

the periphery of each nanofeature imprint. 

 

 

Figure 9-8.  50000x SEM image of nanofeature deformation created (a) statically in Ge and 

(b) Si.  

 

The static indents in Figure 9-8 for both materials do not have excessive material around 

each imprint (as the dynamic indents) because there is no relative motion between the die and 
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work-piece eliminating the possibility for chip formation.  Instead, the extruded material, 

which is caused by the nanofeature indent only, is approximately symmetric around each 

imprint.  The extruded material is pushed up off the surface and away from the imprint 

forming cup-like features.  The cup-like features do have some difference between the Ge 

(Figure 9-8a) and the Si (Figure 9-8b).  The outer edge on extruded Ge material looks jagged; 

almost like the material tore slightly.  On the other hand, the outer region of the extruded Si 

material looks symmetric without the fraying of the Ge.  Even the chips on the dynamic 

indents (Figure 9-5b and d) share this same behavior.  Each single chip in the Ge dynamic 

indents has small flower petal-like jagged edges.  While the mechanism and implication of 

this behavior is unknown, it is clear the Si and Ge extruded material behaves somewhat 

differently. 

 

9.4.4 Identification of Phase Transformation 

The SEM images of the nanofeature deformation suggest that the Si and Ge had transformed 

to a ductile state due to the extrusion of material without brittle fracture.  Micro-Raman 

measurements can be used to confirm the findings from the SEM by providing the crystal 

orientation [68].  An issue with measuring the ductile phase directly is that once the extrusion 

of material occurs the hydrostatic pressure is released and the material quickly transforms 

from the metallic ductile phase to a low pressure metastable phase [69].  Because real time 

measurement was not possible, other phases must be identified that result from the metallic 

phase transition.  Si-II (metallic state) can transform to Si-XII, Si-III or an amorphous phase 

after pressure release [70] while Ge-II results in a Ge-V, Ge-III or an amorphous phase 

[71,72].   

 

Raman measurements detecting these phases after indentation are evidence that the material 

has transformed to a metallic state during indentation.  Figure 9-9a and b show micro-Raman 

measurements taken of the Ge and Si samples respectively in areas without indents to act as a 

reference.  Raman microscopy is a measure of the inelastic Stokes scattering caused by 

molecular vibration modes of materials.  A UV or IR laser is reflected off a sample and the 
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frequency (wavelength) shift has information that describes the material.  The diameter of the 

micro-Raman laser spot was 1 µm which covered approximately four nanofeatures.  The 

results show the two samples are in their diamond cubic Ge-I and Si-I states initially.  Raman 

measurements of the indents created dynamically (with the nanocoining process) on Ge and 

Si are shown in Figure 9-9c and d respectively.  The nanofeatured region on the Ge sample 

showed an amporphous phase after indentation.  The Si sample contained amorphous 

material as well as Si-XII and Si-III crystalline phases.  As stated earlier, these phases are all 

evidence a metallic phase transition; a by-product of the release of pressure during 

indentation.  The static indents were also measured for both materials with similar results. 

   

 

 

Figure 9-9.  Micro-Raman results: (a) Ge reference (b) Si reference (c) dynamic indent on 

Ge (d) dynamic indent on Si. 
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9.4.5 Crack Formation on Germanium 

Another observation during static indentation was fracture under higher loads on Ge.  While 

imaging indents in the SEM, it was found that many of the Ge indents created using 3.0 N of 

force and higher generated cracks radiating out from the indent caused by the edges (borders) 

of the die contacting the work-piece.  Figure 9-10 shows several indents with cracks and the 

force used. 

 

 

Figure 9-10.  Static indents on Ge with cracks present (arrows) using a force of (a) 3.04 N 

(b) 3.90 N (c) 4.24 N and (d) 11 N (600x magnification). 
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The indent in Figure 9-10a has a small crack in the upper right corner only suggesting that 

crack formation begins for this die on Ge at approximately 3 N.  Figure 9-10b shows an 

indent created using 3.90 N with a more severe crack in the upper right corner and a crack 

emanating from the bottom edge.  An indent created with a higher load of 4.24 N (Figure 

9-10c) doubled the amount of cracks emanating from the indent and also produced a 

spherical fracture in the upper left corner.  Figure 9-10d shows an indent at lower 

magnification (600x) created with a large amount of force.  The 11.0 N force caused cracks 

as in Figure 9-10a-c with the addition of a large spherical fracture on the top edge of the 

indent. 

 

It is interesting to compare the cracked Ge indents in Figure 9-10 to the Si indents in Figure 

9-7.  Several of the Si indents were made using forces that exceeded the 3 N; a force shown 

to cause cracking in Ge.  The indents in Figure 9-7a-c are examples of fracture, yet none of 

the Si indents have any.  It has been established that Si has a higher hardness than Ge 

meaning it will resist surface penetration better and have a higher yield stress.  Another 

important factor, especially when discussing the cracks shown in Figure 9-10 is the fracture 

toughness.  The fracture toughness is a measure of a materials ability to resist the growth of a 

crack [51].  Typical values for the fracture toughness of Ge and Si are 0.64 and 0.91 MPa 

m
1/2

 respectively [73-75].  The lower fracture toughness of Ge would explain why many of 

the static indents on Ge exhibited cracking. 

 

9.5 SUMMARY 

Nanocoining was performed on both Si and Ge to determine if this process could be used on 

brittle materials.  Static (slow speed linear) indents were created on both materials to estimate 

indentation force and observe nanofeature deformation behavior.  Using an SEM, the two 

materials were imaged and the well-established β-Sn high pressure phase transformation of 

both materials was observed.  Micro-Raman measurements of both materials revealed phases 

that often result from a release of pressure from metallic Si and Ge state.  The transition from 

the diamond cubic state to the ductile metallic state and small indentation depth allowed 
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nanofeatures to form without inducing brittle fracture.  The nanofeatures from the dynamic 

indents produced an excessive amount of material around each imprint caused by extrusion 

from the indent and dragging of the die from die/work-piece velocity mismatch.  

Deformation from the static indents was a result of indent extrusion only.  The force required 

to create indents was higher for Si due to a higher hardness value and thus yield stress.  Some 

indents on Ge created with higher loads produced extensive crack propagation while similar 

loads did not cause any cracking on Si.  This was attributed to the higher hardness and 

fracture toughness of Si when compared with Ge.  The nanocoining process was successfully 

demonstrated on Si and Ge with replicated features similar to those on metals.  Nanocoining 

could be a method used to pattern brittle materials with nanofeatures as long as the fracture 

toughness is not exceeded. 
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10 INDENTATION MATERIAL BEHAVIOR 

 

This chapter addresses material behavior during the nanocoining process with an eye on 

material properties that can best replicate the die features. Static indents were performed on 

various work-piece materials to extract force vs. depth data.  Static indentation may be 

defined as indents created on a stationary work-piece.  Dynamic indentation, which is used 

for the nanocoining process to be economically viable, requires a moving work-piece surface 

and 2-D die indentation path.  Force data is useful for designing a new actuator or estimating 

wear of the indenter.  It could also possibly be used in the future for some kind of feedback 

control.  Almost all forms of indenting in this dissertation is displacement based meaning the 

work-piece surface is found and then the actuator is commanded to move the indenter to a 

certain depth.  It is therefore useful to capture the force data to fully understand the 

indentation process.  The static indents were measured and then compared to theory to 

determine if predictions can be made based on the geometry of the nanofeatures and 

indentation force. 

 

Another experiment performed to observe the material behavior involved examining a 

section of a nanostructured indent.  A section view of a series of indents could show the 

material flow caused by exceeding the yield stress of the material.  Again, these results were 

compared to simulations to determine if predictions could be made on how the material will 

flow.  This could be beneficial when designing new nanofeature geometry to control how the 

deformation will occur.   

 

10.1 STATIC INDENTATIONS 

10.1.1   Experimental Setup 

The setup for the static indents described here was similar to the initial slow-speed indents 

with the exception of the die mounting and other subtle changes.  The difference is these 

static indents were performed later and better techniques had been developed.   
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An image of the setup can be seen in Figure 10-1.  A mount block attached to the X-axis of 

the Nanoform DTM served as the base for mounting the work-piece.  Figure 10-1 shows a 

load cell sandwiched between the mount block and a component labeled the preload block.  

The load cell must operate in a constant state of compression and therefore must be 

preloaded.  The samples used in this experiment did not have through-holes which could be 

used to clamp the load cell.  It was necessary to use an intermediate block with a through-

hole so that a bolt torqued to 20 N-m could apply the necessary preload.  The sample, in 

Figure 10-1 the Optakoat nickel sample is shown, was then glued to the preload block using 

Scotch Super Glue.  The introduction of the preload block does not affect the measurements 

since the force transmitted through each component will be constant.  The work-piece surface 

was aligned to be parallel with the Nanoform x-axis by attaching an LVDT to the alignment 

fixture and measuring the tilt on the work-piece.  The LVDT probe was placed on the surface 

of the work-piece which was then translated using the X-axis of the Nanoform.  The work-

piece was then adjusted and re-measured until the probe reading across a 20 mm scan was 

less than 1 µm.  This was the same process used in Chapter 3.  

 

 

 

Figure 10-1.  Experimental setup for static indents on Nanoform DTM. 
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The nanostructured diamond die was attached to the tool holder of the Ultramill as in the 

dynamic indentation experiments.  Figure 10-1 shows the Ultramill attached to the alignment 

fixture on the Y-axis of the Nanoform.  The alignment fixture was used to make the die 

parallel to the work-piece surface by creating indents and making adjustments based on 

measurements.  Indents created during the static experiments did not require the use of the 

Ultramill’s piezo stacks so the Ultramill functioned as a tool post. 

 

The same 500 nm pitch tapered post die was used for all static indentation experiments.  This 

indenter was used on four materials; brass, 3M hard plated copper, Optakoat plated nickel 

and 6061 aluminum.  Each material was mounted to the preload block with Super Glue as 

shown in Figure 10-1.   

 

10.1.2 Procedure 

The purpose of this experiment was to record force vs. depth data for a variety of different 

materials.  Before each round of indents the load cell was calibrated to determine the 

conversion from the input force to the output voltage.  Calibration involved hanging known 

masses from the work-piece using a pulley and recording the voltage for each mass.  The 

mass (converted to force) was then plotted vs. voltage and the slope of the linear fit was the 

conversion constant (gain).  This is the same calibration technique described in Chapter 3.  

The load cell’s output was recorded using a LABVIEW data acquisition setup which 

displayed the real-time force output.   

 

Indents were created initially by jogging the die into the work-piece surface using the Z-axis 

of the Nanoform until a desired force was observed on the LABVIEW interface.  This 

method, however, was not ideal because the reading from the load cell jumped around due to 

the high sensitivity needed to resolve forces from approximately 0.5 to 2 N.  The resulting 

indents were created at random (and often repeated forces) which is not efficient.  To avoid 

this issue, the depth of the indents was programmed using the controller for the Nanoform.  

The first step for performing the programmed indents was to find the surface of the work-
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piece and set that as the datum.  Then a series of indents was created from 0 to 1000 nm 

below the datum (into the work-piece surface) in increments of 100 nm with an additional 

indent 1500 nm below the surface at the end.  Each indent was created with a 20 µm space 

between adjacent indents. 

 

10.1.3 Results   

The data collected by LABVIEW during the indentation experiments is shown in Figure 

10-2.  This data is shown as a function of time, not depth, so there is no real correlation 

between different materials.  To make the correlation, the depth of the indents (depth of 

nanofeatures) must be determined. 

 

 

 

Figure 10-2.  Force recordings for indents on different materials. 

An atomic force microscope (AFM) was used to measure the depth of the nanofeatures on 

the work-piece surface because this is the only instrument available with the appropriate 
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resolution.  However, due to the time required to measure each indent, only 4 indents from 

each material in Figure 10-2 were chosen for measurement. 

 

10.2 SECTION VIEW OF NANOSTRUCTURED INDENTS  

The second experiment designed to understand the deformation mechanisms using 

nanocoining was to obtain a section view of an indent.  A common technique used in early 

indentation research [76-78] was to indent on the seam of a split block so that after 

indentation the two halves of the block could be pulled apart and the deformed region below 

the indent could be examined.  Often times a grid pattern was laid out on the two surfaces of 

the seam so deformation was easily distinguished.  An example of this is shown in Figure 

10-3. 

 

 

 

Figure 10-3.  Example of section sample indented by wedge [76]. 

 

The section view of the indent in Figure 10-3 shows the pile-up around the outside of the 

indent as well as regions of large strain (more deformed grids) and the boundary where 

plastic flow occurred (white line).  The section view is important to obtain an accurate image 
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of the extent of the material pile-up.  Looking down on the indents created by the 

nanofeatures with an SEM or AFM can be misleading especially if the pile-up folds over 

since neither of these techniques allow measurements under overhangs.  The section view of 

the pile-up will also be beneficial to comparing the actual geometry of the pile-up to 

analytical solutions.  The lead test sample shown in Figure 10-3 was cut in half and held 

together firmly during indentation which worked well in that case since the indenter was 

much larger than the seam.  In the case of dies used in nanocoining, a different procedure is 

required to construct the test sample since the indentation face is only 20 µm wide.  

 

10.2.1 Fabrication of Work-Piece for Section Indents 

The fabrication of the section work-piece was performed using a previous PEC student’s 

dissertation (Chris Arcona [79]) who studied chip formation in diamond turning.  The 

purpose of Arcona’s work was to create a chip along the seam of the section piece using a 

diamond tool.  After the chip was created Arcona separated the two pieces and viewed the 

sample in an SEM.  Although Arcona did mention how that part was machined, the 

description was general and the process used to create the current section work-piece for 

nanocoining experiments will be described below.  

 

A rectangular piece of 6061 Al was chosen since this material is readily available and easy to 

machine.  The size of the piece was 1 x 1.5 x 0.5 inches.  The size was based on the ability to 

fit in the SEM, area available for experiments and ease of fabrication.  It was also known 

beforehand that the pieces would be mounted off-center on the DTM so smaller mass meant 

less imbalance.  After each side of the part had been surfaced in the mill, two holes were 

drilled through the length for a 10-32 tap although the holes were not yet tapped as shown in 

Figure 10-4a.     
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Figure 10-4.  Steps to create section work-piece used for nanocoining experiments. 

 

The next step was to cut the part in half across the previously drilled through holes as shown 

in Figure 10-4b using a band saw.  The two pieces were separated (Figure 10-4c) and it was 

clear that the band saw had created an uneven seam.  To make the seam flat, the two halves 

were clamped in the jaws of a mill and the flat ends of both pieces were pushed against the 

same riser block to establish a datum as seen in Figure 10-4d.  The jagged face on both parts 

were then machined in the mill using a fly cutter and because both pieces sat at the same 
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height the result was two pieces of identical height as shown in Figure 10-4e.  The two parts 

were removed from the mill and one side was tapped for a 10-32 bolt while the other was 

drilled and counter-bored for the same 10-32 size bolt.  The result is shown in Figure 10-4f 

where the two pieces are bolted back together.  This, however, was not sufficient for the 

nanocoining application since the width of the seam had to be less than the 20 µm width of 

the die.  Therefore the two halves were attached to a mount plate using Super Glue as shown 

in Figure 10-4g and the two mating faces were diamond turned.   

 

An image of the two halves glued to the mount plate on the Nanoform DTM can be seen in 

Figure 10-5.  The two pieces shown in Figure 10-5 were glued at the same radius and 180° 

apart to minimize imbalance.  A low spindle speed was used, only 200 rpm, because the 

pieces were glued on and not exactly balanced.  Once these two surfaces were diamond 

turned, they were removed and bolted together as shown in Figure 10-4a.  Both 10-32 bolts 

were torqued to 10 N-m to ensure even pressure across the seam.   

 

 

 

Figure 10-5.  Diamond turning mating faces on the section work-piece. 
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The resulting assembly was then attached to the mount plate with Super Glue so the front 

face could be machined as shown in Figure 10-6.  The assembly shown in Figure 10-6 was 

first rough cut with a carbide tool to minimize the number of passes required with a diamond 

tool.  Once the surface was flat, a diamond tool was used to achieve a surface finish of 5 nm 

RMS.   

 

 

 

Figure 10-6.  Section work-piece assembly before diamond turning indentation area. 

 

The seam was also measured with a Zygo New View SWLI as shown in Figure 10-7. Figure 

10-7 shows a measurement of a small area of the seam.  There is a trace across the seam and 

the surface profile is shown on the right of Figure 10-7.  It is difficult to measure the width 

because the trace shows a feature near the seam which is approximately 10 µm wide, but is 

not the seam itself.  From the surface map on the left side of Figure 10-7 it appears as if the 

edge of the bottom half bows up and over the top half edge.  The surface profile shows that 

the bottom half edge is approximately 10 nm over the top half edge.   The surface map shows 

continuous tool paths across both halves so it is not possible that the tool came out of contact 

and any point.  This raised edge may be due to some degree of non-symmetry between the 
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two bolted faces and thus a non-uniform pressure distribution.  Regardless, the 10 nm height 

difference was deemed acceptable since the nanofeatures on the die are approximately 250 

nm tall.  Once the part is removed from the mount, the seam can be measured accurately in 

an SEM. 

 

 

 

Figure 10-7.  New View SWLI measurement of seam after final diamond turning process. 

 

10.2.2 Results of Section Indentation 

The split 6061 aluminum sample was indented using the nanocoining procedure at 1 kHz on 

the diamond turned face.  Several bands of indents were created to ensure numerous imprints 

at the seam between the two halves.  The sample was then examined in an optical microscope 

at 500x to determine 1) if indents had been properly formed on the seam and 2) that the 

amount of distortion was minimal.  Once it was determined that both criteria had been met, 

the sample was examined in the SEM while the two halves were still bolted together in 

Figure 10-8. 
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Figure 10-8.  SEM of nanostructured indents on seam at (a) 3000x and (b) 30000x. 

 

Figure 10-8a shows a single indent in the central location of the image with partial indents on 

all sides.  The seam runs horizontally through the image and appears to have a height 

differential as observed in Figure 10-7.  Figure 10-8b is a higher magnification image of the 

central indent in Figure 10-8a.  It is clear that there is a height difference between the two 

halves with the lower half being raised above the upper half.  This apparently was not an 

issue in the nanofeature replication since there are features on both halves from the same 

single indent.  The fact that the height difference between the two halves remains after the 

indent would imply that there was some amount of elastic spring back after the die was 

removed.   

 

Once the indents had been imaged from above, the sample was separated at the seam by 

removing the two bolts as seen in Figure 10-9.  The two diamond turned mating faces were 

exposed once the two halves of the aluminum sample were separated as shown in Figure 

10-9.  Because the goal of this experiment was to capture section views of the nanofeatures, 

the mating face must be imaged in the SEM near the edge with the nanofeatured rings. 
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Figure 10-9.  Image of aluminum sample showing nanocoined rings and after separation 

showing face to be viewed in the SEM. 

 

One of the section view SEM images is shown in Figure 10-10.  The profile view in Figure 

10-10 was difficult to capture because the edge of the mating face and indented face was not 

a perfect corner.  Instead, the edge had a lip or burr that made focusing problematic at higher 

magnifications.  This non-uniform edge is captured in Figure 10-7 and Figure 10-8.  The 

image that was captured shows the 500 nm pitch which is consistent with the features on the 

diamond die.  The width of the features was approximately 250 nm implying the features 

were created with a 50 percent duty cycle.  Depth, however, was only 125 nm which has 

been the case in previous nanocoin experiments with the same diamond die measured with an 

AFM.  It was believed, however, that the features on the die were on the order of 250 nm tall 

based on SEM measurements.  Edge marks from the die were present around the entire 

indent (Figure 10-8(a)) which indicates the nanofeatures were pressed into the work-piece 

completely.  This would imply some degree of elastic spring-back once the die was removed 

from the work-piece or the die’s nanofeatured area had picked up work-piece material 

making the features smaller.  Another odd feature of Figure 10-10 is the absence of material 

pile-up or sink-in around the nanofeature impressions.  It is intuitive to think that the amount 

of material displaced by each nanofeature would need to push upward above the nominal 
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surface height to satisfy conservation of volume (assuming the aluminum is incompressible).  

This, however is not the case which is interesting since previous impressions on materials 

like EL nickel and plated copper showed pile-up even when the features were pressed all the 

way into the work-piece.  The deformation around each nanofeature seems to vary with the 

material used which is investigated in the following section. 

 

 

 

Figure 10-10.  SEM image of profile of nanostructured indent after two aluminum halves 

taken apart at 43000x. 

 

10.3 PILE-UP AND SINK-IN BEHAVIOR DURING NANOCOINING 

Much of the results from the nanocoining experiments have shown pile-up (plastically 

deformed material pushed up above the nominal surface height) which was considered an 

unavoidable byproduct of the indentation process.  It would be assumed that if the material 

below the indenter is pushed down, than an equal amount must move up to satisfy a 
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conservation of volume.  However, after several different materials were indented, it was 

observed that some materials (Optakoat nickel and plated copper) have significantly more 

pile-up than others (6061-Al and brass).   

 

10.3.1 Background on Pile-Up and Sink-In During Hardness Test   

During a hardness test, the deformed material just outside of the indenter will move upwards 

or downwards with respect to the nominal specimen surface height.  These effects, which are 

referred to as pile-up (upwards) and sink-in (downwards), are seen in both pyramidal and 

spherical hardness tests.   

 

 

 

Figure 10-11.  Pile-up and sink-in effect for a Brinell spherical indenter [80]. 

 

Pile-up and sink-in are illustrated in Figure 10-11.  They are important parameters because 

they can cause the true contact area to be under or overestimated and lead to false hardness 

values.  The factors which affect pile-up during Brinell tests will now be examined. 

 

Taljat and Pharr [80] noted that strain hardening plays a major role in the development of 

pile-up or sink-in for spherical indenters.  Materials that have large strain hardening 

exponents (material that is capable of being strain hardened) tend to exhibit sink-in behavior 
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where materials having little or no strain hardening capability exhibit pile-up behavior.  This 

can be explained by the fact that material with larger strain hardening values will begin to 

strain harden near the point of contact and resist the upward flow of material.  Material with 

no strain hardening does not resist upward flow resulting in pile-up.  It can therefore be said 

that materials which have been work-hardened will pile-up when indented and annealed 

materials will sink-in [81,82].  Huang et al [83] performed micro-indentation on a NiTi based 

shape memory alloy (SMA) when the sample was in the martensitic (strong strain hardening) 

and austenitic (no significant strain hardening) phase.  All indents in the austenitic phase 

produced pile-up while indents in the martensitic phase had sink-in which was attributed 

partially to the different strain hardening capabilities of the two phases.  

 

McElhaney et al [84] agree that large strain hardening relates to sink-in behavior, but the 

source is different.  McElhaney investigated nanoindentation using a Berkovich type 

indenter.  He concluded that sink-in behavior is caused from strain hardening near the tip 

resulting in plastic deformation occurring further from the point of contact.  This was also 

referred to as far-field plasticity and has been documented by others [85].  Materials with low 

strain hardening capability will have localized deformation in the form of pile-up.   

 

While most attribute pile-up/sink-in to the amount of material strain hardening, Taljat and 

Pharr have also shown that the yield stress has some contribution.  The parameter which they 

examined was the ratio of the elastic modulus to the yield stress, E / σy.  It was shown that at 

the lower limit where E / σy = 0 (fully elastic) the deformation is entirely sink-in and at the 

upper limit where E / σy = ∞ (fully plastic) the deformation type is pile-up [80].  Data for 

elastic, plastic and ratios in-between was gathered using finite element analysis and can be 

seen in Figure 10-12. 
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Figure 10-12.  Plot of pile-up effect varying the E / σy ratio for spherical indentation.  Larger 

values (more plastic) have more pile-up than smaller values (more elastic) [80]. 

 

Perhaps the most interesting study by Taljat and Pharr was the combined effect of yield stress 

and strain hardening.  Figure 10-13 shows data plotted for different strain hardening 

coefficients as well as different E / σy ratios. 
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Figure 10-13.  Effect of strain hardening and yield stress on material pile-up/sink-in for 

Brinell indenters [80]. 

 

Pile-up has been examined in a similar way for pyramidal (Vickers) indenters as well.  A 

study by Pharr [86] was performed were the strain hardening parameter and yield stress of a 

material was varied in FEA simulations of Vickers hardness tests.  The parameter used by 

Pharr to capture the effect of yield stress was the ratio of the final indentation depth to the 

depth of indentation at peak load, hc / hmax.  The limits of this ratio are similar to the limits 

described for the Brinell indenter, except for hc / hmax  the limits are 0 for elastic and 1 for 

plastic.  In terms of yield stress, when hc / hmax is one, yield stress is low and when it is 0 the 

yield stress is high.  Plots of the outcome of Pharr’s study are in Figure 10-14.  It is clear 

from Figure 10-14 that the pyramidal indenters follow the same trend as spherical indenters; 

that is, pile-up is exacerbated by low yield stress and materials incapable of being strain 
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hardened.  Karthik et al [87] performed similar FEA simulations of ball indentations on steel 

with identical results.   

 

 

Figure 10-14.  Plots of pile-up for different values of hc / hmax (yield stress) for (a) no strain 

hardening and (b) strain hardening. [86]. 

 

10.3.2 Comparison of Pile-Up on Different Materials 

The static indents from Section 10.1 were used to compare pile-up during nanocoining of 

different materials.  The reason static indents were chosen as opposed to the dynamic 1 kHz 

indents is because there is no chance of distortion with the static indents.  Distortion could 

cause additional pile-up or distort the nanofeatures and give a false impression of the 

deformation.  Each material (Optakoat nickel, plated copper, cartridge brass and 6061 

aluminum) had 10 total indents created at different depths.  The Optakoat nickel was the 

amorphous nickel sample from Techmetals used earlier.  It is referred to as Optakoat in this 

section and X-ray diffraction measurements at the NCSU AIF confirmed the amorphous 

phase.  A single indent from each of the four materials was chosen for closer examination at 

the nanofeature level.  It was desired that the four chosen indents be the same depth since 

deeper indents could have more pile-up.  Because there was great difficulty in measuring the 

depth of the nanofeatures accurately with the atomic force microscope (AFM), the indents 
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were chosen visually.  The die has an edge around the nanostructured region that leaves a 

clear mark when contact with the work-piece is made.  The edge mark will vary depending 

on the depth of the indent and is relatively simple to discern in the SEM.  An example of four 

of the indents created in Optakoat at different depths is shown in Figure 10-15. 

 

 

Figure 10-15.  Example of visual technique for differentiating depth.  (a) Initial indent (b) 

300 nm deep (c) 500 nm deep (d) 800 nm deep. 
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All indents shown in Figure 10-15 were from the same indent set on Optakoat.  The indent in 

Figure 10-15a has none of border present so it was not used as a reference since indents can 

be created at several depths with no border mark.  Figure 4b shows an indent with a small 

border mark in the lower left corner.  Because the border mark is present at the lower portion 

of the indent and not the top, this would imply the die is tilted slightly with respect to the 

work-piece.  This worked out to be a sensitive technique for depth comparison since the 

deeper the indent the longer the border mark along the vertical.  This is confirmed when 

examining the indent in Figure 10-15c which is 200 nm deeper than the indent in Figure 

10-15b.  The border mark is present halfway up the left hand vertical of the indent which is 

noticeably more than the shallower indent.  Finally, Figure 10-15d shows an indent created 

800 nm deeper than the first with border marks along the entire left edge and bottom edge.  It 

is clear that this is not exact, but should be sufficient to select indents for comparison. 

 

The type of deformation shown in Figure 10-15b was chosen as the reference and the indents 

in the remaining materials were examined to find similar border deformation.  The four 

indents were chosen and imaged with the SEM at 20000x.  To add consistency, the 

nanofeatures on each indent were imaged in the same spot using a missing nanofeature as a 

fiducial.  The four images are shown in Figure 10-16. 
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Figure 10-16.  SEM image of nanofeature pile-up at same indent location on (a) Optakoat (b) 

plated copper (c) 6061 aluminum (d) cartridge brass.  Magnification for all is 20000x. 

 

Figure 10-16 shows the nanostructured indents created at approximately the same depth on 

Optakoat, hard plated copper, 6061 aluminum and cartridge brass.  The material pile-up is 

easily seen on Optakoat in Figure 10-16a as the lighter colored ring around each dark 

nanofeature impression.  AFM scans of the nickel, aluminum and brass samples were taken 

to ensure the lighter ring was indeed pile-up above the nominal surface height.  The hard 

plated copper sample was measured with the AFM, however the results are not presented 
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here because the surface oxidized which saturated the measurement.  The AFM scans, shown 

in Figure 10-17, confirm that the material is above the original surface level. 

 

 

 

Figure 10-17.  AFM scan of nanofeatured indents on (a) Optakoat (b) 6061 aluminum and 

(c) cartridge brass. 

 

The surface plots of the nanofeature deformation in Figure 10-17 show a noticeable 

difference in the amount of pile-up between the three materials.  The Optakoat (Figure 

10-17b) has a considerably larger amount of pile-up than the 6061 aluminum (Figure 10-17b) 

and cartridge brass (Figure 10-17c).  Pile-up is just detectable on the 6061 aluminum sample 

and the brass sample has none just as the SEM images suggested.  Trace scans were taken 

from the AFM measurements across a single nanofeature to show the pile-up on either side 

of the depression.  These scans are shown in Figure 10-18. 
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Figure 10-18.  Traces from AFM measurements of nanofeatured indents. 

 

The traces in Figure 10-18 show two periods (wavelengths) of nanofeatures with a single 

impression in the center and two halves on the outside for a total trace length of 1 µm.  The 

ordinate in Figure 10-18 shows the depth of the nanofeatures and the height of the pile-up; it 

is clear that the three features were not at the exact depth (maximum difference is 

approximately 50 nm) however it is still possible to draw conclusions.  It should also be 

noted that zero on the ordinate does not relate to nominal sample surface height; the location 

is arbitrary.  The Optakoat indent was the shallowest of all three but displayed a much more 

significant amount of pile-up than the others.  The 6061 trace shows small pile-up at the edge 

of each imprint similar in behavior, but not close in magnitude to the Optakoat.  Just as 

implied from the SEM images, the brass trace shows no amount of pile-up.  An interesting 

observation from the non-uniform indent depth is that the amount of pile-up does not seem to 

follow the intuitive trend that deeper indents would result in more pile-up.  The Optakoat is 

by far the shallowest indent and also has the most pile-up.  This could further be implied as 

evidence of the pile-up dependence on strain hardening. 
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The SEM images of Figure 10-16 along with the AFM measurements of Figure 10-17 and 

Figure 10-18 show there is a clear difference in pile-up.  Results would indicate that the 

Optakoat has the lowest amount of strain hardening followed by 6061 aluminum with brass 

having the largest strain hardening potential.  Data from the Optakoat supplier reports a 12-

15% phosphor addition which explains why the nickel is much harder than the others.  While 

the brass and 6061 aluminum were similar in behavior, the brass was annealed and the 

aluminum was a 6061-T6 temper which is not annealed and as previously mentioned 

annealed metals generally have a higher ability to strain harden.  Published strain hardening 

parameter values for the indented materials confirm the proposed trend and are shown in 

Table 10-1.  As stated earlier, the Optakoat plating is amorphous meaning it does not contain 

dislocations and therefore cannot strain harden [88,89].  Table 10-1 also shows the 

percentage of the pile-up to the nanofeature depth for each material.  This data compared to 

the strain hardening parameter is a clear indicator of the pile-up dependence on strain 

hardening. 

 

Table 10-1.  Strain hardening parameter, n, for indented materials [90,91] and pile-up of. 

Material n Pile-up percentage of indent depth  

Brass 0.49 0 

6061 Al 0.05 8.7 

Optakoat  0.00 83 

 

 

10.3.3 FEA Investigation of Pile-Up 

An ANSYS finite element analysis (FEA) simulation was performed to determine if different 

degrees of strain hardening produced different amounts material pile-up around the 

nanofeatures shown in experiments of Figure 10-16.   
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A 2D symmetric model of a single nanofeature indenting a nickel work-piece (see 

APPENDIX I) was conducted with the axis of symmetry running down the center of the 

nanofeature as shown in Figure 10-19.  The simulation shown in Figure 10-19 uses 

PLANE182 elements to model the nanofeature and work-piece material.  This element type 

has four nodes each of which has two degrees of freedom; translation in X and Y.  Contact 

and target elements must be applied to surfaces (lines for 2D) which come in contact with 

each other.  Contact elements were placed along the bottom side of the nanofeature while 

target elements were placed on the top surface of the work-piece.  Symmetric boundary 

conditions in the Z-direction were placed along the axis of symmetry on the nanofeature and 

work-piece in Figure 10-19.  The bottom and right side away from the nanofeature had fixed 

boundary conditions.  To perform the indentation, the nodes at the top of the nanofeature 

were incrementally stepped downward forcing the nanofeature into the work-piece.  A 

Newton-Raphson algorithm was used to solve the iterative problem.   

 

 

Figure 10-19.  Setup for FEA simulation of single nanofeature indentation.   
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The material properties for the diamond indenter and nickel work-piece are shown in Table 

10-2.  The diamond nanofeature did not have a yield stress specified because it is rigid in 

compression with the work-piece material.  A bilinear material model with isotropic strain 

hardening was used to model the EL nickel work-piece.  Bilinear plasticity models the stress-

strain curve of a material using two lines; one for the elastic region and one for the plastic 

region (see Figure 2-15).  Young’s modulus is provided to characterize the elastic portion of 

the bilinear model and the yield stress is the point where the material transitions from elastic 

to plastic deformation.   

 

Table 10-2.  Material properties used in nanofeature indentation FEA simulation. 

Property Diamond Die Nickel Work-Piece 

Young’s Modulus (GPa) 1141 207 

Yield Stress (GPa) None 1.492 

Poison’s Ratio 0.07 0.3 

 

The last variable that describes the stress-strain behavior once the material is loaded beyond 

the yield stress is the tangent modulus.  The tangent modulus is the slope of the stress-strain 

curve in the plastic region.  The goal of this simulation however, was to vary the strain 

hardening to observe the effect on pile-up during nanofeature deformation.  As the name 

states, the bilinear isotropic strain hardening model does model strain hardening, but there is 

no input for a value to capture the hardening such as an exponent.  In FEA however, there is 

a value called the strain hardening parameter [53], H, which captures the strain hardening 

effect and is described as 

 

 

1

t
p

t

H
E

E
E


   
 

 (10.1) 

 



251 

 

where Et is the tangent modulus and E is Young’s modulus.  If the elastic modulus (Young’s 

modulus) is finite and there is no hardening (Hp = 0) then the tangent modulus is zero 

implying the behavior will be elastic-perfectly plastic [92].  The Young’s modulus of 

materials is well characterized and can be determined experimentally using a hardness tester.  

The tangent modulus is not straightforward and can be varied to change the amount of strain 

hardening, Hp.   

 

To observe the effects of strain hardening, values of 0.1, 1.0 and 10.0 GPa were used for the 

EL nickel tangent modulus.  Once the simulation geometry and material data had been input, 

the solver selected the nodes at the top of the indenter and displaced them downwards 

towards the work-piece in steps of 0.5 nm.  The results for the three different tangent moduli 

were taken at the same indenter depth of 125 nm (250
th

 step).  A plot of the three results can 

be seen in Figure 10-20. 

 

 

 

Figure 10-20.  Pile-up simulation results of nanofeature at 250 nm depth for tangent moduli 

of 0.1, 1.0 and 10.0 GPa.  
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The results in Figure 10-20 show the scenario with the highest amount of pile-up (material 

above the nominal surface height at y=0) has the lowest tangent modulus.  In fact, a tangent 

modulus of 0.1 GPa is three orders of magnitude less than the elastic modulus for the EL 

nickel (see Table 10-2).  This would be similar to an elastic-perfectly plastic so very little 

strain hardening occurs resulting in large pile-up.  The simulation with a tangent modulus of 

1.0 GPa (two orders of magnitude less than the elastic modulus) produces a smaller amount 

of pile-up indicating more strain hardening has occurred near the indenter.  Last, the 

simulation using 10 GPa or one order of magnitude less than the tangent modulus 

transitioned to sink-in behavior meaning the work-piece next to the indenter has been pushed 

below the nominal surface level.  The results from Figure 10-20 show the same trend 

described in literature and seen in the nanocoining experiments; that is, materials that do not 

strain harden will produce pile-up on the nanofeature. Conversely, material than can strain 

harden will have less pile-up and could exhibit sink-in. 

 

10.4  SUMMARY 

The purpose of this chapter was to obtain a better understanding for the material behavior of 

the work-piece at the nanofeature level.  Static indentation experiments were performed to 

determine force vs. depth for different metals.  The results showed that materials with higher 

hardness values required higher indentation force which is to be expected.  An experiment 

was performed on the seam of a sectioned 6061 aluminum diamond turned block to produce 

a profile view of replicated nanofeatures.  Although imaging was difficult, a profile view was 

captured that showed a small amount of pile-up when compared with materials such as 

electroless nickel.  The observations lead to an investigation into the nanofeature pile-up 

behavior of various metals.  After indenting four materials, it was found that Optakoat and 

plated copper produced similar amounts of pile-up, 6061 aluminum produced less and 

cartridge brass had little to no discernible pile-up.  A FEA study which varied the strain 

hardening confirmed that materials that can strain harden will have less pile-up than 

materials without the ability to strain harden. 
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Based on these findings it seems desirable to have only the replicated features and no pile-up.  

This would suggest the most attractive material for nanocoining is cartridge brass.  However, 

cartridge brass did exhibit more pick-up that other materials so perhaps a compromise 

between pick-up and pile-up is appropriate.  Materials like 6061 Al and plated copper had 

less pile-up than the Optakoat and less pick-up than the brass. 
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11 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 

 

11.1 SUMMARY OF RESEARCH 

Initial Hardness Testing Experiments 

The nanocoining process was developed to create large arrays of sub-micron features with 

high fidelity.  Initially, indentation was studied using a hardness testing machine and a 

Rockwell indenter.  Experimental results were compared to FEA simulations to develop a 

model which successfully predicted indentation behavior.  A flat (no nanofeatures) diamond 

die was delivered by 3M Corporation for development of the first nanocoining experiments 

which used the axes of the Nanoform 600 DTM for indentation motion.  These first 

experiments provided experience in creating arrays of indents and measuring force. 

 

Slow Speed Indentation using DTM Axes 

The first nanostructured diamond die with vertical side features and 500 nm pitch was used 

with the slow speed, DTM indentation method developed with the flat die.  This die was used 

to create small arrays (10x11) on hard plated copper.  This was a slow process indentation at 

0.1 Hz or 1 indent in 10 seconds.  The die also had a raised border used for alignment during 

initial indentation.  FEA simulations were compared to the experiments and it was found that 

bottoming the die caused unwanted global deformation (deformation as a result of the 

indenter body).  The desired result is to have local deformation (deformation of the 

individual nanofeatures only) so that the nominal diamond turned work-piece surface retains 

its form.  An effect titled ‘pick-up’ was first observed during the slow speed indents.  Pick-up 

was defined as material from the work-piece detaching and sticking between the nanofeature 

on the die.  Pick-up is detrimental to the replication process and was a major hindrance in this 

research. 
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Mid-Speed Experiments using FTS 

A linear, piezo driven FTS was the first actuator used to generate the stamping motion on the 

DTM.  The FTS acted as an auxiliary axis on the DTM that delivers faster motion for higher 

indentation rates.  However, because the actuator was linear, the cross-feed rate was slow to 

avoid distorting the features.  The maximum indentation frequency achieved was 2 Hz.  A 

force feedback control algorithm was implemented to create arrays at a constant depth.  Pick-

up was also observed in these experiments.  To increase the indentation rate it was necessary 

to mount the work-piece to a spindle for a faster work-piece velocity.  This introduced 

another issue called distortion which resulted when relative velocity between the moving 

work-piece and die was present. 

 

Elliptical Tool-Path Characterization 

To avoid distortion during high speed (1 kHz) nanocoining, a second component of motion 

must be added to the die motion (die path).  Although there are many die path shapes that can 

achieve this motion, an elliptical path was chosen because of the ease of generation.  The 

velocity components of an elliptical die path were analyzed and equations relating the work-

piece speed to indentation frequency and ellipse size to die length were determined.  While 

the horizontal a-dimension of the ellipse is the critical dimension, it was found that a taller 

ellipse (b-dimension) reduces distortion.  It should also be noted that because the velocity 

component of the die in the direction of the work-piece surface is constantly changing 

(equation of ellipse) there will always be some amount of distortion. 

 

High Speed Elliptical Experiments 

An actuator previously used for elliptical vibration assisted machining known as the 

Ultramill was used to generate the corrected elliptical tool-path at 1 kHz.  Experiments again 

showed the pick-up problem which was investigated to determine a solution.  It was found 

that harder materials such as EL nickel were less susceptible to pick-up.  Also, a new 

nanostructured die with tapered post (500 nm pitch) minimized pick-up even in softer 

materials like brass.  Large arrays of nanofeatures were created on an EL nickel coating and 
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used to create UV curable replicates.  SEM and AFM measurements showed successful 

replication on the UV curable material.   

 

Nanocoining Material Investigation 

The procedure was also used on semiconductors germanium and silicon with favorable 

results.  Features were successfully created on these brittle materials without fracture due to 

the ductile metallic phase transformation and small indentation volume.  Micro-Raman 

analysis of the nanofeatures discovered evidence confirming the phase transformation. 

 

A connection between strain hardening and material pile-up published in other research was 

established in the nanocoining experiments.  It was found that materials that do not strain 

harden (EL nickel) produce more pile-up than materials that do strain harden (cartridge 

brass).  AFM scans of nanofeatures created on EL nickel, 6061 Al and cartridge brass were 

used for comparison. 

 

Anti-Reflective Experiments 

A die with features below the wavelength of visible light (250 nm pitch) was fabricated by 

3M and used in an attempt to create AR areas of nanofeatures.  The results were less 

successful than those using the 500 nm pitch die.  Features were not replicated across the 

entire face of the die and excessive pick-up was observed.  It is suggested that this was a 

result of non-uniform feature geometry on the AR dies.  As stated by 3M, the AR die 

fabrication time is approximately four times larger than the 500 nm pitch die which can cause 

thermal drift.  The thermal drift may be the source of non-repeatable features. 

 

Conclusion 

Nanocoining has been successfully proven as a technique for rapidly fabricating nanofeature 

on a surface.  It should be noted that only one geometry of features have been proven 

successful which is 500 nm pitch with tapered posts.  It was shown that these features can be 

replicated on EL nickel, 6061 Al, cartridge brass, plated Cu, Si and Ge. 
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The 250 nm pitch die was not successful in feature replication and further research is needed, 

especially in die fabrication, to eliminate the issues associated with this die. 

 

11.2 HIGHLIGHTS OF RESEARCH 

The following is a detailed list of the key aspects in the development of the nanocoining 

process. 

 

Elliptical Tool-Path:  The elliptical tool-path was a critical aspect of the nanocoining project 

which allowed the die to match the velocity of the moving work-piece upon contact to 

minimize distortion.  It was found that the horizontal a-dimension (parallel to work-piece 

surface) is a function of the die length only.  The vertical b-dimension (orthogonal to work-

piece surface) is not dependent on any process parameters; however it was found that a larger 

b-dimension decreases contact time which decreases distortion.  Tool-path orientation with 

respect to the moving work-piece is also important.  It is desired to have the tool-path tangent 

to the rotating work-piece so that the die velocity is in the same direction as the work-piece at 

the point of contact.  If the tool-path is not tangent then velocity components will be 

introduced in the cross-feed direction causing distortion.  Characterizing the shape and 

orientation of the elliptical tool-path is a critical step before nanocoining experiments can be 

performed. 

 

Material Pick-Up:  This was a significant challenge to overcome during this research.  Pick-

up was defined as material from the work-piece becoming stuck between the nanofeatures on 

the diamond die.  This effect was extremely detrimental to the replication of the nanofeatures 

and was attributed to two factors.  First, it was found that harder materials such as plated 

copper and EL nickel were not as susceptible to pick-up as softer materials like cartridge 

brass and aluminum.  Second, the geometry of the nanofeatures had a significant effect on 

the pick-up.  The original die had nanofeatures that resembled square posts (vertical sides) 

and experienced pick-up.  The modified die had tapered posts (angled sides) which reduced 

the amount of pick-up for hard and soft materials.  The best combination for avoid pick-up 
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during the nanocoining process is to use a die with tapered features on a hard work-piece 

material.  A review of material/die combination results can be found in APPENDIX K. 

 

Indent Depth:  The depth at which each indent was created was important in maintaining the 

overall form of the surface.  Ideally, the nanocoining process would simply produce 

nanofeatures and retain the nominal form error of the diamond turned work-piece surface.  

This means keeping the deformation local or only at the nanofeature level.  It was found 

during this research that if the die is displaced into the work-piece far enough to ‘bottom out’ 

than the deformation will be global or caused by the edges of the die.  The mode of 

deformation will resemble a flat punch on a half space and large amounts of plastic 

deformation will occur which can cause diffraction (observed) based on the length of the die.  

It is recommended that the die not be displaced into the work-piece further than the height of 

the features; i.e. do not ‘bottom out’ the die.  This will produce ‘features-only’ indents.  

 

Die Alignment:  The alignment of the die with respect to the work-piece is another 

important aspect of nanocoining.  The nanostructured face on the die must be made parallel 

to the work-piece surface to allow total replication of the features without hitting the border 

of the die.  An alignment fixture with two rotation degrees of freedom was used in this 

research.  It is recommended that the parallelism between the die and work-piece be less than 

0.01°. 

 

500 nm Pitch Results:  Indentation and replication using the 500 nm pitch tapered post die 

was seen to produce the best results.  Several nanostructured areas were created in EL nickel, 

hard plated copper and cartridge brass.  UV curable replicates were successfully created and 

measured in an SEM and AFM.  The resulting measurements showed large areas of well 

aligned nanofeatures.  The diamond die was shown to be robust having been used throughout 

most of the research, however some features were sheared off due to running the Ultramill 

(and thus tool-path) backwards.   
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250 nm Pitch Results:  The 250 nm pitch die, which was also labeled as anti-reflective, had 

little success in this research.  Most of the nanocoining results had large amounts of material 

pick-up meaning little feature replication.  Upon further examination of the die (using an 

SEM), it was seen that the fidelity of the nanofeatures were poor when compared with the 

features on the 500 nm pitch die.  It was thought that poor feature quality was a result of 

limitations with the FIB and long machining time.  

 

Germanium and Silicon Results:  These two hard brittle materials were indented because 

the use of nanofeatures might have benefits for both and they both have a phase 

transformation under hydrostatic pressure.  These two materials were indented both 

dynamically (nanocoining) and statically with positive results.  The material did not fracture 

if the force was kept below a certain point, but fracture was observed at higher loads.  

Deformation at the nanofeature level exhibited the phase transformation described in 

literature where the brittle diamond cubic phase transforms to a beta-tin ductile metallic 

phase.  A thin layer of material beneath the nanofeature makes this transition and is extruded 

out of the deformation zone.  This extruded material is thin and resembles flower petals.   

 

Pile-Up Around Nanofeatures:  All of the nanocoined features exhibited a small amount of 

material that is pushed up around its periphery.  This effect, called ‘pile-up,’ is a well-

documented feature of indentation.  Previous studies of pile-up conclude that materials with 

the ability to strain harden will have less pile-up than materials that don’t harden as a result 

of strain.  Different degrees of pile-up were observed at the nanofeature level in EL nickel, 

hard plated copper, 6061 Al and cartridge brass.  This was attributed to the difference in 

strain hardening of the materials and FEA simulations confirmed the pile-up dependence on 

strain hardening.  Pile-up was important because it adds a kind of secondary nanostructure to 

the surface which may or may not be desirable.   
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11.3 RECOMMENDATIONS FOR FUTURE WORK 

The following is a list of items that have the potential to further advance or improve the 

nanocoining process developed in this work. 

 

Development of Centering Procedure:  The one aspect of the nanocoining process 

developed in Chapter 7 that could be addressed is the centering procedure for nanocoining on 

a flat rotating work-piece.  A procedure used to achieve rough (within 20 µm) centering in 

single point diamond turning was used to center the nanocoining dies.  There is a source for 

error especially when measuring the two circles in the New View SWLI and it is believed 

that the small amounts of distortion seen in some nanocoining results were due to this.  This 

is an important task to address because small amounts of distortion can lead to pick-up on the 

die which can render the nanocoining process ineffective.   

 

Fabrication of Smaller AR Die:  As stated in the Conclusions section, the 250 nm pitch AR 

indenter had little success in the nanocoining experiments.  This was attributed to the poor 

quality of the nanofeatures on these dies.  It was found that the features varied in height and 

spacing which could have caused the pick-up problem.  The non-uniformity in feature 

geometry was attributed to the increase in time required to fabricate the AR die (four times 

longer to create 250 nm pitch array than 500 nm array of same 20x20 µm area).  It is 

recommended that a 10x10 µm AR die be created for further nanocoining experiments.  A 

10x10 µm array of AR features was initially created as a test and the quality of these features 

were much better than those on the 20x20 µm die.  It should be noted that if the die size is 

altered than the dimensions of the elliptical tool-path msut also change.   

 

Fabrication of High Aspect Ratio Die:  It was shown that the 500 nm pitch tapered post die 

was capable of creating large areas of nanofeatures which were subsequently used to create 

replicated nanostructured surfaces.  The surfaces were tested to see if the nanofeatures 

created any kind of anti-reflective or wetting effect.  The structures did have some anti-

reflective effect, but it was minimal and no observable wetting effect.  This was due to the 
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essentially 1:1 aspect ratio (height:width) of the replicated features.  Most features published 

in literature that produce some sort of surface property have features whose aspect ratios are 

2:1 and often time larger.  To attain these high aspect ratio features the dies must be 

fabricated with taller features which may be an issue for the FIB machining process.  The 

dies used in this research were effective in assisting the development of the nanocoining 

process but to eventually create surfaces with useful properties new dies with taller features 

must be employed. 
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APPENDIX A. MATLAB PROGRAMS 

 

clear all 

  

%%%%%%%%% INPUTS %%%%%%%%%%%%% 

voltage = 100; 

dc = 380; 

phase_angle = 22.5; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

phase = phase_angle * pi/180; 

a = ((2e-5*((voltage+dc)^2) + 0.0168*(voltage+dc) - 0.0792) - (2e-5*(dc^2) + 

0.0168*dc - 0.0792))/1000;  

pin_d = 11; 

tool_h = 26; 

w = 1000*2*pi; 

  

delt = 0.001/1000; 

t = 0; 

  

for i = 1:1000 

     

  

    y_red(i) = a*sin(w*t); 

    y_green(i) = a*sin(w*t + phase); 

    delt_y(i) = y_red(i) - y_green(i); 

    tilt(i) = asin(delt_y(i)/pin_d); 

    x_pos(i) = tool_h*sin(tilt(i)); 

    y_pos(i) = a*sin(w*t + phase/2) - tool_h*(1-cos(tilt(i))); 

  

     

    time(i) = t; 

    t = t + delt; 

end 

  

  

plot(x_pos.*1e3,y_pos.*1e3,0,0,'k+','LineWidth',3,'MarkerSize',10) 

grid on 

axis([-7 7 -7 7]) 

title('Predicted Shape of Ultramill Tool-Path') 

xlabel('Horizontal a - dimension (\mum)') 

ylabel('Vertical b - dimension (\mum)') 
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APPENDIX B. FAST TOOL SERVO SIMULINK BLOCK DIAGRAMS 

 

Original FTS Simulink model developed by former PEC student Karalyn Folkert and 

modified slightly for indenting. 

 

 

Figure 0-1.  Original FTS Simulink block diagram. 

 

The block diagram shown in Figure 0-1 is a relatively straightforward Simulink PID 

implementation.  The analog to digital conversion (ADC) block takes the analog 

measurement of displacement from the capacitance gage in the FTS and converts it to a 

digital signal to be used in the program.  The voltage is then converted to a displacement 

using a gain (-1 µm/V) which is depends on the capacitance gage.  The measured signal now 

has units of displacement and is compared with the commanded displacement signal (pulse 

generator) to determine the difference or error.  The error is input to the PID block which 

conditions the output to correct for the error.  The output is sent to the FTS amplifier via the 

digital to analog (DAC) converter block.  Another part of the diagram of interest is the 

‘centering voltage’ and ‘preload’ block both of which equal 5 and do essentially the same 

thing.  These blocks add a DC offset to the command signal so the piezo stacks do not see a 

negative voltage.    
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Figure 0-2.  FTS force feedback Simulink block diagram. 

 

The block diagram in Figure 0-2 is the Simulink diagram for PID control of the FTS with the 

added force feedback control.  The lower portion of the block diagram in Figure 0-2 is 

identical to the controller shown in Figure 0-1.  The force feedback is the upper part of the 

block diagram which is eventually combined with the commanded position directly after the 

‘pulse generator.’  The force feedback starts by measuring an analog signal from a load cell 

mounted behind the work-piece that is being indented.  That voltage is compared to a set-

point voltage (‘desired voltage’) and sent through a loop that only outputs the voltage if it is 

in a certain band.  The force is then converted to a displacement through an empirically 

determined gain.  An accumulation loop keeps the current offset stored until more or less 

displacement is needed.  This displacement is then subtracted or added (depending on the 

sign) from the command position.  
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APPENDIX C. CLEANING PICK-UP OFF OF DIAMOND DIE 

 

The purpose of this section is to describe the process for cleaning the material that has 

become stuck in-between the nanofeatures on the dies used for nanocoining.  The material, 

known as pick-up, becomes lodged in the nanostructured area on the die if a large amount of 

distortion occurs during the indentation process or if the nanofeatures on the die have vertical 

sidewalls.  It is desired to clean this material out of the nanofeatures because it will cause a 

loss in the effectiveness during the replication process.  An image of a die with a significant 

amount of pick-up can be seen in Figure 0-3(a). 

 

 

Figure 0-3.  SEM image of (a) nanostructured die with significant pick-up (circled) and (b) 

after cleaning. 

 

The die in Figure 0-3(a) has a large amount of pick-up which has been circled.  After the 

cleaning process, the die looks like the image shown in Figure 0-3(b).  The image in Figure 

0-3 shows the features clear of debris and build-up; it should be noted that the lighter areas 

are contamination from the electron gun in the SEM, not pick-up.   

The cleaning process described in this section details how to clean the die that is mounted to 

the Nanoform; the process can be altered to suit other scenarios.  The first step in the die 

cleaning process is to gather the required materials listed below: 
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 Nitrile gloves 

 Safety glasses 

 Long Q-tip 

 Etching solution (Nitric acid or Keller’s Reagent) 

 Masking tape 

The cleaning process essentially etches away the material which is stuck in-between the 

nanofeatures on the die.  The etching solution will be different depending on what the 

material stuck between the features is.  It was found that for nickel, brass and copper, nitric 

acid is a good etching solution.  Keller’s Reagent was found to work well on 6061 aluminum.  

It should be noted that the etching solutions are extremely volatile and should not be moved 

from under the ventilation hood in the electronics shop.  Always make sure nitrile gloves, 

safety glasses and preferably long clothing is worn while handling dangerous chemicals.   

After safety equipment has been dawned and required materials have been assembled, the 

cleaning procedure can begin.  Take the long wooden handled Q-tip and stick the cotton end 

into the etching solution.  Bring the Q-tip into the Nanoform lab and tape it to the mount post 

on the x-axis as shown in Figure 0-4. 

 

 

 

Figure 0-4.  Setup on Nanoform for cleaning diamond die. 
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Be sure that the Q-tip is securely taped to the x-axis; use multiple pieces of tape if necessary.  

With the Q-tip mounted to the x-axis, jog the Ultramill using the Nanoform encoder hand-

wheel so that the die (on the end of the tool-holder) is close to the end of the Q-tip.  The 

video camera next to the Nanoform can then be turned on and positioned so that it is 

capturing a profile view of the Q-tip and diamond die as shown in Figure 0-4.  The video 

camera is crucial in the cleaning process because it allows precise placement of the diamond 

die into the solution saturated Q-tip.  The solution may deteriorate the epoxy holding the die 

to the ceramic tool-holder which could cause the die to fall off and become lost in the 

Nanoform oil return.  A picture of the monitor displaying the die positioned properly into the 

Q-tip is shown in Figure 0-5. 

 

 

 

Figure 0-5.  View from camera showing tip of die in saturated Q-tip. 
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The scenario shown in Figure 0-5 is ideal where the die tip is in contact with the Q-tip (and 

thus etching solution) and the epoxy joint is far enough away so that no etching solution will 

wick to the epoxy.  The die tip can be left in the Q-tip for 10 min or however long is desired 

(10 min worked well in this research).  Afterwards, withdraw the die using the encoder and 

clean with de-ionized water but be sure to not let the deionized water into the Nanoform oil 

return or bad things will happen.  Dispose of Q-tip properly per the directions on the etching 

solution. 
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APPENDIX D. SPINDLE SPEED INDUCED ERROR ON NANOFORM DTM 

 

The first proposed cause of the behavior observed in Figure 7-28 was form error in the 

diamond turned flat.  The flat was diamond turned on the Nanoform 600 DTM using an 

aluminum tool-post mounted to the Y-axis.  The type of error required to produce the effect 

would have to be a ‘wave’ of high and low deviation from the desired plane of the flat in the 

radial direction.  Interferometry was used to generate a high resolution topography of the 

surface. 

 

 

 

Figure 0-6.  GPI measurement of nickel flat diamond turned on the Nanoform. 
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The form error of the flat was measured using a 150 mm Zygo GPI interferometer and the 

result is in Figure 0-6.  It shows tangential waves which are uniformly spaced over the entire 

surface.  The amplitude of these waves is high enough to mask the original defect to be 

measured which was the cause of the un-indented rings.  A solution to the circumferential 

waves must first be determined so that the radial error can be seen.  The circular section of 

Figure 0-6 shows the peaks of these waves are also very uniform (~150 nm PV).  Using the 

circular section 18 full cycles can be counted so whatever is creating the waves, it is 

happening 18 times per rotation of the part.  The part was command to spin at 600 rpm 

during the face-off procedure but due to limits in the Nanoform controllers program, only 

spun at 590 rpm.  The time in seconds per rotation of the part can be determined as 

 

 
1min

590 9.833
min 60sec sec

rot rot
  (10-2) 

 

 

1
sec

9.833 0.10169
sec

rot

rot



 
 

 
. (10-3) 

 

One rotation of the part during the face-off procedure takes 0.10169 seconds.  During one 

rotation of the part, the mechanism causing the waves creates 18 cycles.  Therefore, the 

frequency of the form error wave is  

 
18

177
sec

0.10169

cyc

rot Hz

rot

  (10-4) 

 

Data was then collected using the PMAC executive plotting program.  Velocity data from the 

spindle encoder was recorded and a Fast Fourier Transform (FFT) was performed to 

determine which frequencies dominated the motion.  The results for data collected at the 

same 600 rpm command (590 rpm actual) during diamond turning can be seen in Figure 0-7. 
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Figure 0-7.  FFT of data collected at spindle speed during diamond turning. 

 

Figure 0-7 shows the dominant frequency is at 176.9 rpm which is the same frequency that is 

seen on the part.  It was suggested that this may be due to the motor’s poles causing 

‘cogging’ or because the spindle is commanded to spin faster than the limit or perhaps the 

limit is imposed for this reason.  After researching the spindle motor it was found that it has 9 

poles which would explain the 18 cycles per rev; 2 perturbations per motor pole.  This type 

of motor pole induced form error is sometimes referred to as motor pole print through.  More 

data was taken at command of 590, 500, 400, and 300 rpm.  The results can be seen in Figure 

0-8.  The 177 Hz frequency is still present at 590 rpm but not at 500 rpm.  It seems as long as 

the spindle speed is 500 rpm or lower, this effect should not be seen. 
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Figure 0-8.  FFT data taken from Nanoform spindle at (a) 590 rpm or 177 Hz (b) 500 rpm or 

149 Hz (c) 400 rpm or 120 Hz and (d) 300 rpm or 90 Hz. 

 

Eliminating the circumferential waves by turning a part at a slower spindle speed is useful 

because it will allow other form errors to be seen which may explain the results shown in 

Figure 7-28.  Using the data gathered, a 25.5 mm diameter sample of 3M’s hard plated 

copper was machined flat at a spindle speed of 500 rpm to see if the effects from Figure 0-6 

were still present.  Other precautions were taken to try an achieve as flat a surface as possible 

such as handling the part with gloves and letting the work-piece spin at 500 rpm for an hour 



284 

 

before the finish pass to ensure thermal equilibrium.  A GPI measurement of the resulting 

surface can be seen in Figure 0-9. 

 

 

 

Figure 0-9.  GPI measurement of test flat machined on Nanoform.  Material is 3M hard 

plated copper. 

 

The resulting surface shown in Figure 0-9 is very different from the results shown in Figure 

0-6.  The peak to valley (PV) and rms surface properties are much better on the copper than 

on the nickel.  The overall form of the copper is concave while the nickel looks to be convex 

which could have also been caused by the different spindle speed.  The circumferential wave 

whose amplitude was relatively large (~150 nm) is still present, but has much smaller 

amplitude.  A circumferential trace at a radius of approximately 7 mm and a linear trace 

through the center of the part can be seen in Figure 0-10. 
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Figure 0-10.  Circumferential (left) and linear (right) trace of hard copper plated flat 

machined on the Nanoform. 

 

The left image of Figure 0-10 is a plot of the circumferential wave which shows the 

amplitude has decreased from 150 nm to 25 nm.  The right image of Figure 0-10 is a linear 

trace across the diameter of the part.  To produce the error which would account for the rings 

in Figure 7-28 there should be a sine wave from the center to the edge but there is none.  The 

only two conclusions is that either the radial wave was a product of machining at the 590 rpm 

spindle limit and machining at 500 rpm eliminated the effect, or that the median position of 

the indenter is changing.   
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APPENDIX E. HEAT TRANSFER FLUID PROPERTIES 

 

The heat transfer fluids used in the thermoelectric chiller used to manage the temperature of 

the Ultramill’s PZT stacks were Novec 7200 and Fluorinert FC-3283.  Their properties can 

be seen in Figure 0-11. 

 

° 

 

Figure 0-11.  Heat transfer fluid properties used in Ultramill temperature control system. 
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APPENDIX F. DIAMOND DIE REMOVAL AND ATTACHMENT 

 

Tool Removal 

The diamond die should look something like what is shown in Figure 0-12.   

 

 

 

Figure 0-12  Diamond die epoxied to Ultramill tool-holder. 

 

In the case of the nanocoining indenters, the epoxy is 3M DP460 two part epoxy.  It is a 

thermoset polymer meaning heating it won’t make it melt.  The best way to remove it is to 

heat to high temperatures which will make it burn, char and become brittle.  Heating can be 

accomplished with a blow torch.  Before attempting to remove the tool make sure you have: 

 Torch 

 Razor blade 

 Container for tool 

 Open space so if tool falls you can find it 

 Common sense (it’s a blow torch, be careful) 

In the case of the Ultramill you most likely want to leave everything assembled since taking 

the tool-holder out changes half-round locations changing the ellipse shape for given phase 

angles.   
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An example of the setup including the Ultramill, a torch and an open space can be seen in 

Figure 0-13. 

 

         

 

Figure 0-13.  Setup for applying heat to tool-holder epoxy joint (left) and flames produced 

when torch heats epoxy joint (right). 

 

Heat can be applied with the torch directly to the tip of the ceramic tool holder as shown in 

Figure 0-13. 

 

Notice how you will be able to see flames where the torch has hit the epoxy.  Resist every 

temptation to continue blasting the Ultramill with the torch; only directly heat the glue for a 

few seconds at a time.  The epoxy joint was usually heated for approximately 5-10 seconds 2 

or 3 times before trying to peel the glue off with a razor.   

 

Once heat has been applied few times, the epoxy should be black and look cracked.  Take a 

razor blade and start to cut the outer layer of the epoxy off.  It will feel soft and only a certain 

thickness will come off.  The heating and cutting process may have to be repeated a few 

times.  Eventually enough epoxy will be cut off to see the top of the diamond as shown in 

Figure 0-14. 
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Figure 0-14.  Partial epoxy removal showing top of diamond. 

 

After the holder/epoxy looks as it does in Figure 0-14, it should only have to be heated once 

more before the diamond can be pried off with the razor blade.  Once the diamond comes off, 

put it into a container and then the holder and remaining epoxy can be heated and scraped 

until clean.  The remaining epoxy on the diamond was scraped off using tweezers, a razor 

blade and some type of magnifying device.  Acetone can be used to clean both the tool and 

ceramic holder once all epoxy has been removed from both. 

 

Tool Attachment 

It is imperative that both the tool and ceramic holder be as clean as possible before.  The 

following items will be required for attachment: 

 Paper towels 

 Tweezers  

 Acetone (in case you get it wrong and need to clean off epoxy) 

 Q-tips with long wooden handles  

 Stereo microscope with reticle 

 UV curable glue (Norland 60) and UV lamp 

 Epoxy (I use 3M DP460 two part) 
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The parts listed are configured for the attachment process as seen in Figure 0-15. 

 

 

 

Figure 0-15.  Diamond die attachment setup. 

 

This process will be much simpler if the workstation is as prepared as possible.  First of all 

find the stereo microscope (SM) and be sure there is a reticle (preferably cross-hair) in one of 

the eye-pieces.  Setup the rest of the supplies around this.  Take one of the Q-tips and break it 

in half.  The wooden stick should break in a manner to produce an almost knife edge like end 

as shown in Figure 0-16. 

 

 

 

Figure 0-16.  Broken Q-tips used for epoxy application. 

UV 

Lamp 

Stereo 

Microscope 

Q-tips broken in half 
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These sharp edges are very useful for applying the UV and 3M epoxies and also for moving 

the indenter on the tool holder.  Also, since they are wood just throw them in the trash when 

finished. The structural epoxy (3M) is what is going to be the load bearing attachment 

medium.  The UV curable epoxy is used to tack the diamond in place once aligned and hold 

it until the 3M epoxy cures.  Otherwise the diamond would move around on the 3M epoxy. 

First, get a feel for moving the diamond around on the tool holder under the microscope.  The 

holder should be positioned so the view through the SM looks as shown in Figure 0-17.  The 

diamond is small so any slight contact will move it substantially (relatively) so practice will 

make the actual attachment process easier. 

 

 

 

Figure 0-17.  View of die on tool-holder through stereo microscope eye-piece. 

 

Mix a small amount of the 3M epoxy and put a very small amount on the tip of one of the 

wooden knife edges (barely glaze it, you do not need a lot of epoxy at first).  Pick up the 

diamond with the tweezers and spread a small amount of epoxy on the side of the indenter 

that will contact the tool holder.  This was done by holding the stick with the glazed layer of 

epoxy still and touching the tool to the epoxy using the tweezers.  Make sure not to get epoxy 

on the tweezers or the diamond will stick to the tweezers even when it is released.   Place the 

indenter on the tool holder and use the reticle to align the indenter as shown in Figure 0-17.  

Use another wooden piece to gently manipulate the diamond until aligned.  Also be sure to 

press on the top of the diamond to be sure it is sitting flat on the ceramic piece. 

Apply UV 

epoxy here 

X 
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Once the tool is aligned, use another wooden piece to drop a small amount of UV curable 

epoxy towards the back of the tool.  The UV curable epoxy is not viscous and will spread 

everywhere.  Once you can see the UV epoxy is touching the die and tool-holder, turn on the 

UV lamp and hold over the tool-holder for approximately 2 minutes (that’s what was used, 

times may vary depending on thickness of epoxy).  Make sure not to look at the UV lamp.  

The UV epoxy should hold the diamond in place so that more 3M epoxy can be placed 

around the sides of the indenter.  Remember the UV epoxy is not strong so don’t push it 

around or it could move and the process would have to be repeated.  To be really careful, let 

the small amount of epoxy cure for a couple of hours to stiffen the bond even more before the 

remaining epoxy is applied.  Let everything cure for 24 hrs. 
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APPENDIX G. NANOCOINING PROCEDURE 

 

This section is meant to serve as a detailed guide as to how the nanocoining experiments 

were performed in this research.  There are other techniques and modifications to the process 

may be beneficial.  The procedure was different depending on which DTM was used as well 

as the geometry of the work-piece. 

 

Indenting on the Nanoform 600 DTM   

Nanocoining experiments on the Nanoform DTM were all performed using a flat work-piece.  

A flat work-piece provides some additional challenges because for a fixed actuator 

frequency, the spindle speed and feed rate must change as the tool feeds outward radially.  

There is more information on the equations used in Section 7.1.1 and the G-code used on the 

Nanoform is given in APPENDIX H.  A picture of the Nanoform DTM for reference is 

shown in Figure 0-18. 

 

 

 

Figure 0-18.  Nanocoining setup on the Nanoform 600 DTM. 
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Facing Off the Work-Piece 

The first step is to face off the work-piece using a diamond tool and stationary tool post 

attached to the y-axis of the Nanoform.  The Ultramill and alignment fixture attached to the 

y-axis in Figure 0-18 would be removed and a stationary tool post would be in its place.  The 

facing procedure will not be described here, but there are several important parameters to 

note when facing the mold off.   

 

First, Figure 0-18 shows the mold is attached to a thicker aluminum plate which is the 

interface to the vacuum chuck on the spindle.  The mold is attached to the aluminum plate 

using a ¼ - 20 bolt threaded into the mold.  It is important that the bolt is torqued to the same 

value every time especially if the mold is removed from the plate and then re-attached for 

more experiments (this is not recommended, should run all experiments before removing 

mold from aluminum plate).  Torqueing the bolt to the same value also expedites the next 

facing procedure.  The torque value used in this research was 10 N-m. 

 

Because the mold must be faced off and also examined in the microscope during nanocoining 

experiments it is inevitable the mold/aluminum plate assembly must be removed from the 

vacuum chuck.  This is normally something not desirable in a precision machining sense 

because the form error of the mold can change with the application and removal of the 

vacuum.  To minimize this effect, the angular location of the aluminum plate with respect to 

the vacuum chuck is noted so that the mold can be placed on the spindle in the same 

orientation after removal.  The vacuum pressure is also noted using the gage on the panel of 

the Nanoform DTM.  An image of the angular markers and vacuum pressure gage can be 

seen in Figure 0-19. 
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Figure 0-19.  (a) Locating marks on vacuum chuck and aluminum part aligned and (b) 

vacuum pressure constant every time the part is placed back on the spindle. 

 

Figure 0-19(a) shows a scribed ‘T’ on the vacuum chuck and a chevron drawn on the 

aluminum plate that was used for alignment.  Figure 0-19(b) shows the vacuum gage (20 in. 

Hg used in nanocoining experiments) and regulator which was used to adjust vacuum 

pressure.  It is critical that the pressure and angular location be kept constant to retain the 

form error that was machined into the part during the facing procedure. 

 

Orientation of the Ultramill Ellipse 

The orientation of the Ultramill ellipse will dictate where on the rotating mold to indent.  An 

image showing this orientation can be seen in Figure 0-20. 
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Figure 0-20.  Orientation and direction of Ultramill elliptical motion. 

 

The words ‘top’ and ‘tool motion’ do not actually appear on the front of the Ultramill as seen 

in the front view of Figure 0-20, they were added to the CAD model for reference.  Any 

feature on the Ultramill can be used for reference, but the brass fitting was ‘fitting.’  The 

plane of the ellipse will always be as shown in Figure 0-20 because of the way the PZT 

stacks are oriented inside the Ultramill.  The motion plane can only be rotated by rotating the 

entire Ultramill.  The direction of the ellipse motion (clockwise in the side view of Figure 

0-20) can be changed by adjusting the phase between the drive signals to the PZT stacks.  It 

was easier to keep this constant however with the clockwise direction caused by phase on 

Channel A only (will be explained later). 

 

Relating the die motion from the side view of Figure 0-20 to the setup on the DTM shown in 

Figure 0-18, it can be seen that the motion is in the y-z plane of the Nanoform.  The motion 

of the die which has to match the motion of the rotating mold is in the y-direction.  Also, 

during contact the die is moving from the -y direction to the +y direction (bottom to top).  

The contact motion of the actuator is linear and in the y-direction but the mold motion is 

always rotational.  To match velocity directions, the Ultramill indents on the mold at a point 
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where the mold velocity is closest to moving in the y-direction only.  In this case, that would 

be along the x-axis of the part as shown in Figure 0-21. 

 

 

 

Figure 0-21.  Points on rotating mold where velocity direction co-linear with Nanoform 

axes. 

 

Left of center (for clockwise rotating part) as shown in Figure 0-21 is where the nanocoining 

experiments occurred when using the alignment fixture.  Earlier experiments did not use the 

alignment fixture and the Ultramill was bolted directly to the y-axis which rotated the 

Ultramill 90°.  In this case the indentation point was co-linear with the y-axis and the contact 

motion was from left to right (indents above center in Figure 0-21).  When indenting with the 

Ultramill on the alignment fixture and the mold rotating clockwise (as shown in Figure 0-21), 

the location of the die could be anywhere left of center along the x-axis which was the cross 

feed direction. 

 

Thermocube Operation 

The Thermocube is a solid state thermoelectric chiller which uses a Peltier device and PID 

control for heating and cooling.  The Thermocube is used to remove heat generated by the 

PZT stacks.  It is important for the Thermocube PID gains to be properly set so that 

temperature oscillations are minimal.  The procedure for tuning the gains is described in 
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Chapter 7 and can also be found in the user manual.  The heat transfer fluid used previously 

was Fluorinert 3283 but a more environmental friendly fluid called Novec 7200 was 

suggested.  The remaining amount of Fluorinert 3283 was mixed with the Novec 7200 which 

was suggested by the manufacturer (3M). 

 

To operate the Thermocube the first step is to turn the unit on using the rocker switch on the 

side of the chassis.  The unit is now on but the controller is not working so fluid is only being 

pumped.  The air in the lines of the Ultramill cooling system as well as air in the Ultramill 

itself must be bled out of the system.  To do this open the bleed valve at the highest point in 

the lines as shown in Figure 0-22. 

 

 

 

Figure 0-22.  Overview of Ultramill cooling system. 

 

With the system on and the bleed valve open, turn the flow control knob so that there is 

barely a reading on the gage (a low flow makes bleeding the lines much easier).  Now that 



299 

 

the fluid is being pumped through the lines it will take a few second for the fluid to start 

pumping around the entire system.  Once it does, the fluid level will stop approximately mid-

way up the vertical return line as shown in Figure 0-22.  At this point the fluid is being 

pumped around the system with air in the lines.  To start the bleeding process, begin slowly 

closing the return valve until the fluid level begins to climb up the vertical return line towards 

the bleed valve.  Once the fluid level reaches the bleed valve, close the bleed valve then open 

the return valve back to its fully open state.  Closing the return valve stops the fluid from 

returning to the Thermocube so it is essentially pumping fluid into the lines and thus forcing 

air out.  The flow can now be turned up to anywhere between 0.6 and 1.0 L/min on the hand 

written scale.  The flow may drop after some time and have to be adjusted.  Turning the flow 

up will force some trapped air in the Ultramill body out to the bleed valve.  This can be taken 

out in the same manner as before remembering to turn the flow back down when opening the 

bleed valve.  After bleeding the lines of air, the coolant reservoir can be replenished by 

removing the cap and pouring coolant in until it reaches the top.  It is important to 

continuously check the coolant level as it can drop from leakage or changing flow rate and if 

the level drops too far safety switches will turn the Ultramill amplifiers off.  The last step is 

to press the ‘start’ button on the Thermocube control panel which will turn on the controller 

and start the temperature control.  

 

Ultramill Electronics 

There are four main electrical components to Ultramill operation which are the power supply, 

DC amplifiers, AC amplifiers and signal generator.  All electronics can be found in the 

electronics cabinet next to the Nanoform (signal generator on top) as shown in Figure 0-23. 
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Figure 0-23.  Description of Ultramill electronic components. 

 

Before turning on any of the components shown in Figure 0-23 all proper connections must 

be made.  The signals from Channel A and Channel B (1 High and 2 High on signal 

generator front panel respectively) on the signal generator must be connected to the correct 

AC amplifier.  Channel A should be connected to the amplifier with the red markings and 

Channel B should be connected to the amplifier with the green markings.  The signals from 

the AC amplifiers to the Ultramill are transmitted via coaxial cables that are attached to the 

side of the y-axis tower.  Colored electrical tape on the cables and corresponding markings 

on the Ultramill connector box denote which cable is connected to witch fitting.  The last 

connection to be made is the 240V plug from the power supply to the outlet on the wall. 
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The electronics will now be described in the order they should be turned on.  The first 

component turned on is the signal generator.  It is better to become familiar with operating 

the signal generator before attempting to nanocoin seeing as basic operations will not be 

discussed here.  Turn the signal generator and make sure Channel A is output to connector 1 

and Channel B is output to connector 2.  Set both Channel A and B to a frequency of 1000 

Hz and 1 V amplitude.  The phase of Channel A and B should be set at 90° and 0° 

respectively.  The phase should only be changed on Channel A to ensure constant direction 

of ellipse (as discussed in Section 0); the phase on Channel B should always remain 0°.   

 

The power supply is turned on next by flipping the power supply switch and then pressing 

the red button as shown in Figure 0-23.  If successful the red button should be illuminated. 

The DC amplifiers are turned on by flipping the toggle switches on their front panel to ‘on.’  

Once both DC amplifiers are on, the voltage can be slowly and simultaneously increased by 

turning the level adjustment knobs (potentiometers) until both panel meters read 

approximately 378 V.  It is important to increase the voltage of both amplifiers 

simultaneously so that the two piezo stacks extend evenly.  If the panel meters do not 

indicate an increase in voltage while adjustment knobs are being turned then there could be a 

problem with a PZT stack and the voltage should be removed and capacitance of the stacks 

checked. 

 

When the DC amplifiers are both at 378 V, the AC amplifiers can be turned on by 

simultaneously flipping the AC switches on their front panel.  It is important to turn both AC 

amplifiers on at the same time.  With the AC amplifiers on the Ultramill is now running.  

Adjustments are made to the AC signal using the signal generator.  The AC amplifiers have a 

50:1 amplification ratio so 1 V from the signal generator is 50 V to the Ultramill PZT stacks.  

There are a set of directions on top of the electronics cabinet for how much and how often the 

drive signals can be changed; make sure to abide by these rules to avoid PZT stack damage. 
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Nanocoining Process 

A majority of the nanocoining process is described in Section 7.1, but a short step by step 

procedure will now be presented. 

 Face off mold making sure to note vacuum pressure and angular position on vacuum 

chuck. 

 Mount Ultramill/alignment fixture assembly to Nanoform y-axis making sure to 

understand the orientation and direction of the elliptical tool-path. 

 Using the axes of the Nanoform, center the actuator with respect to the center of the 

mold as best as possible by eye and set the offsets (new coordinate system origin) 

using the NC software on the Nanoform computer. 

 The Ultramill can now be turned on: 

o Turn on the Thermocube, bleed the air from the lines and start temperature 

control. 

o Turn on the signal generator and set frequency to 1 KHz, amplitude to 1V and 

phase of Channel A and B to 90° and 0° respectively. 

o Turn on power supply. 

o Turn on DC amplifiers and set voltage to 378 V on front panel meters. 

o Turn on AC amplifiers simultaneously and adjust Ultramill ellipse using the 

signal generator remembering to follow instructions on top of cabinet. 

 Once temperature has settled, center the part using the two-circle method described in 

Section 7.1. 

 After the actuator has been centered perform desired experiments. 

 To turn off Ultramill perform procedure to turn on in reverse 

o Using signal generator bring Ultramill operating conditions back to a 

frequency of 1 KHz, amplitude of 1V and phase of Channel A and B of 90° 

and 0° respectively. 

o Turn both AC amplifiers off simultaneously and wait for the high frequency 

sound to stop (two short “buzzes’ will charge drops off). 

o Slowly and simultaneously bring the DC voltage back to zero using 

adjustment knobs.  Then turn off DC amplifiers using toggle switches. 

o Turn off the power supply by flipping the switch; red light should go out. 

o Turn off the signal generator. 

o Stop the flow of coolant using the flow control knob then turn off the 

Thermocube. 
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Nanoform start-up procedure 

1. While all programs are closed, turn laser head and pmac switches on front of cabinet 

to ‘on.’  Wait approximately 15-20 minutes for laser head to warm-up.  To tell if laser 

head is ready, look at the two sets of LEDs on back of Zygo modules in back of 

cabinet.  One set should be orange and one blinking green.  When the green set stops 

blinking turn pmac switch ‘off’ then ‘on’ to reset.  Both sets of LEDs should be 

green. 

 

2. Double click the spindle registry you will be using (c-axis or spindle mode) and hit 

‘yes’ and ‘ok.’  Open the NC program. 

 

3. Note:  This step only if bringing Nanoform out of E-stop.  NC program should 

open in messages page with all warnings showing.  Make sure all E-stop buttons are 

not activated.  Press ‘F1’ then ‘F3’ then press the ‘E-stop reset’ button on the panel of 

the Nanoform (should hear couple of clicks).   

 

4. Home the axis.  Go to the operator menu (click ‘oper’ twice) and select the ‘home’ 

radio button.  Use the handle controller to select the ‘z’ axis  (z axis must be homed 

first).  Press ‘ctrl’ + right arrow key to home.  A message on lower left of screen will 

indicate homing status.  When box says ‘ready’ repeat process for ‘y’ and ‘z’ axis.  

When all linear axes are homed, a box in the lower left corner of screen will turn 

green and say ‘ready.’  The linear axes are now homed and may be used. 

 

5. If the spindle will be used in your program reference Brandon Lane’s notes on 

homing the Nanoform spindle. 

 

 

Important:  when switching from MDI mode to manual while using spindle, the 

program must be stopped first (‘ctrl’ + ‘-‘) before clicking ‘manual.’  When switching 

from manual to MDI, the ‘OFF’ spindle direction button must be clicked before 

selecting ‘MDI.’ 
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Brandon Lane’s Instructions for Homing Nanoform Spindle 

1. Open PEWIN32Pro. Click on View > Program/PLC Status. In the list of PLC 

programs downloaded to the controller, see if PLC 6 is enabled. 

a. If not enabled:  click View > Terminal. Type enable plc 6 into terminal. 

b. If is enabled:  Just open the terminal. Click View > Terminal. 

 

2. In the PEWIN32Pro terminal type #4$ twice (#4$ #4$).  Type #4 HM to home the 

spindle. 

 

3. Close PEWIN32Pro.  Click on the spindle mode registry entry icon on the desktop.  

Open NANOCNC.  Open MDI and type S20 M03, enter into the buffer and run.  The 

spindle should slowly home, pause, then start spinning. 
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APPENDIX H. G-CODE FOR NANOFORM OPERATIONS 

 

For a complete list and description of Nanoform G-code commands see the Nanoform 

operation manuals in the Nanoform lab. 

Face-off procedure 

G54 

G90 

S500 M04 

G04 X5 

G01 X0 Y0 Z0 F10 

G01 X15 Y0 Z0 F10 

G01 X15 Y0 Z5 F50 

G01 X0 Y0 Z5 F100 

 

Nanocoining procedure:  updating spindle speed and feed-rate every spindle revolution. 

/* THIS NC PROGRAM INDENTS A LARGE AREA BY ADJUSTING SPINDLE SPEED */ 

/*  AND FEEDRATE AS TOOL MOVES OUTWARD RADIALLY                    */ 

G54 G90 

G04 X3          (PAUSE FOR 3 SECONDS) 

#1=0            (LOOP COUNTER) 

#2=0.6366       (FEEDRATE, MM/MIN) 

#3=0.020        (RADIAL BAND THICKNESS, MM) 

#4=6            (RADIAL POSITION, MM) 

#5=31.83        (SPINDLE SPEED, RPM) 

#6=-0.0002       (SURFACE COMP, MM) 

G60.1 E#5 

G90 

G01 X-#4 Y0 Z5 F100        (MOVE TO START POSN) 

G01 X-#4 Y0 Z1 F10 

G01 X-#4 Y0 Z#6 F5   

WHILE [#1 LE 999] DO1      (DO FOR NUMBER OF REVOLUTIONS) 

G90 

#4=#4+#3                   (INCREMENT TO-BE-MOVED RADIAL POSN) 

#6=#6 
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G60.1 E#5+2                (HAS TO BE MORE THAN 1.0RPM DESIRED SPEED) 

G04 P0.005                 (USE PAUSE TO HELP FOOL NANOFORM) 

G60.1 E#5                  (ENTER DESIRED SPINDLE SPEED) 

G01 X-#4 Y0 Z#6 F#2        (CUT INTO SURFACE AT ANGLE) 

 

#1=#1+1                    (INCREMENT COUNTER) 

#2=3.81972/#4              (INCREMENT FEEDRATE)                  (0.020*60*0.020*1000/2/3.14157/#4) 

#5=190.9859/#4             (INCREMENT SPINDLE SPEED)         (1000*0.020*60/2/3.14157/#4) 

END1 

G01 X-#4 Y0 Z5 F100   
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APPENDIX I. FEA CODE FOR NANOCOINING SIMULATION 

 

SETUP CODE 

/FILNAM,3M_NS_DIE_2D  !SPECIFY JOBNAME 

/PREP7     !ENTER PREPROCESSOR 

ET,1,PLANE182    !ELEMENT TYPE 1 IS PLANE182 

ET,2,TARGE169    !ELEMENT TYPE 2 IS TARGE169 

ET,3,CONTA172    !ELEMENT TYPE 3 IS CONTA172 

MP,EX,1,115000    !OFHC BLOCK MAT PROPS 

MP,NUXY,1,0.343    

TB,BISO,1,1    !BILINEAR ISOTROPIC HARDENING RULE 

TBTEMP,0    

TBDATA,1,320,50   !YIELD STRENGTH 

MP,EX,2,1141000   !DIAMOND INDENTOR MATERIAL PROPS 

MP,NUXY,2,0.07    

K,1,0,0     !CREATE KEYPOINTS FOR DIE 

K,2,13,0 

K,3,13,50 

K,4,0,50 

L,1,2     !CREATE LINES 

L,2,3 

L,3,4 

L,4,1 

LESIZE,1,,,13              !SPECIFY LINE DIVISIONS 

LESIZE,2,,,50 

LESIZE,3,,,13 

LESIZE,4,,,50 

AL,1,2,3,4    !CREATE AREA FROM LINES 

 

 

MSHKEY,1    !ENFORCE MAPPED MESHING 

TYPE,1     !SWITCH TO ET 1 

MAT,2     !SWITCH TO MATERIAL 2 

AMESH,1    !MESH AREA 
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K,5,0,0     !CREATE KEYPOINTS FOR WORKPIECE 

K,6,100,0 

K,7,100,-50 

K,8,0,-50 

L,5,6     !CREATE LINES 

L,6,7 

L,7,8 

L,8,5 

LESIZE,5,,,150    !SPECIFY LINE DIVISIONS 

LESIZE,6,,,75 

LESIZE,7,,,150 

LESIZE,8,,,75 

AL,5,6,7,8 

   

 

MSHKEY,1    !ENFORCE MAPPED MESHING 

TYPE,1     !SWITCH TO ET 1 

MAT,1     !SWITCH TO MATERIAL 1 

AMESH,2 

 

LSEL,S,,,5 

NSLL,S     !SELECT TOP NODES OF WORKPIECE 

TYPE,2     !SWITCH TO ET 2 

LMESH,5  

ESEL,S,TYPE,,2 

ESURF,,REVE    !CREATE CONTACT AREA MESH 

ALLSEL,ALL 

     !GENERATE SOLID MODEL FOR INDENTOR 

 

LSEL,S,,,1    !SELECT BOTTOM SURFACE OF DIE 

NSLL,S     !SELECT BOTTOM NODES OF DIE 

TYPE,3     !SWITCH TO ET 3 

LMESH,1    !CREATE TARGET AREA MESH 

ALLSEL,ALL    !SELECT EVERYTHING 

!KEYOPT,3,2,3 
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KEYOPT,1,3,2 

CNCHECK,AUTO 

FINISH     !EXIT PREPROCESSOR 

 

SOLUTION CODE 

 

/SOLU     !ENTER SOLUTION PROCESSOR 

SOLCONTROL,0   !TURN OFF SOLUTION CONTROLS 

ANTYPE,STATIC   !SPECIFY ANALYSIS TYPE AS STATIC 

 

NSEL,S,LOC,Y,-50   !SELECT NODES AT BOTTOM OF WORKPIECE 

D,ALL,ALL,0    !CONSTRAIN ALL DOF AT SELECTED NODES 

ALLSEL,ALL 

NSEL,S,LOC,X,0 

NSEL,A,LOC,X,100 

DSYM,SYMM,X,0 

ALLSEL,ALL 

NSEL,S,LOC,Y,50   !SELECT NODES AT TOP OF DIE 

D,ALL,UX    !CONSTRAIN X-DISP AT SELECTED NODES 

ALLSEL,ALL 

 

*DIM,DIS,ARRAY,400   !INITIALIZE ARRAY PARAMETERS DIS 

A=0     !INITIALIZE PARAMETER A 

*DO,I,1,240    !START DO LOOP FOR LOADING 

DIS(I)=A    !STORE DISP VALUE IN DIS FOR CURRENT LS 

A=A-0.01    !UPDATE A PARAMETER 

*ENDDO    !END DO LOOP ON LOADING 

B=0.01     !INITIALIZE PARAMETER B 

*DO,I,241,400    !START DO LOOP FOR UNLOADING 

DIS(I)=A+B    !STORE DISP VALUE IN DIS FOR CURRENT LS 

B=B+0.02    !UPDATE PARAMETER B 

*ENDDO    !END DO LOOP ON UNLOADING 

 

SSTIF,ON 
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NLGEOM,ON    !TURN ON NONLINEAR GEOMETRY EFFECTS 

AUTOTS,ON    !TURN ON AUTOMATIC TIME STEPPING 

!OUTRES,,1    !SAVE RESULTS FOR LAST SUBSTEP OF EACH LS 

NROPT,FULL,,OFF  !USE FULL NEWTON-RAPHSON WITH NO ADAPTIVE DESCENT 

NEQIT,100    !USE MAXIMUM 100 EQUILIBRIUM ITERATIONS 

ALLSEL    !SELECT EVERYTHING 

 

*DO,I,1,400    !START DO LOOP FOR WRITING LOAD STEPS 

NSEL,S,LOC,Y,50   !SELECT NODES AT TOP OF INDENTOR 

D,ALL,UX    !CONSTRAIN X-DISP AT SELECTED NODES 

D,ALL,UY,DIS(I)   !SPECIFY Y-DISP ALONG THE TOP SURFACE OF DIE 

ALLSEL    !SELECT EVERYTHING 

LSWRITE,I    !WRITE LOAD STEP FILE 

*ENDDO    !END DO LOOP ON WRITING LOAD STEPS 

LSSOLVE,1,400    !SOLVE FROM LS FILES (1 TO 57) 

FINISH     !EXIT SOLUTION PROCESSOR 
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APPENDIX J. ASG SPINDLE SPEED CONTROLLER 

   

This appendix describes the Simulink program used to add closed-loop control to the ASG-

2500 DTM.  The entire block diagram is shown in Figure 0-24. 

 

 

 

Figure 0-24.  Block diagram for ASG-2500 closed-loop spindle speed control. 

 

The blocks throughout the diagram will be discussed in terms of smaller sections of the 

controller.  Section 1 is shown below in Figure 0-25. 

 

 

 

Figure 0-25.  Section 1 of ASG spindle speed controller. 
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‘Encoder Pos’ block outputs encoder position and delta encoder position in counts.  Encoder 

position is multiplied by 4 because with the four edges (A+, A-, B+, B-) the counts come out 

as 0.25, 0.50, 0.75 and 1.0.  Multiplying by 4 converts everything to integers.  The gain block 

labeled ‘Deg Pos’ converts from counts to degrees so that the angular position of the spindle 

can be displayed using the ‘Angular Pos’ block.  The next section is shown in Figure 0-26. 

 

 

 

Figure 0-26.  Section 2 of ASG spindle speed controller. 

 

‘Encoder position delta’ (change in position for each instruction cycle, 5000 Hz) is multiplied 

by 4 for same reason previously discussed.  The ‘Check for spikes’ block acts as a threshold 

for the number of counts and also corrects for large spikes when the encoder wraps around 

from 359 to 0 degrees or vice versa.  The expansion shows the number of counts entering the 

if block.  If the number of counts is greater than 100, the subsequent block will change the 

value to 100.  If the number of counts is less than -100, the subsequent block will change the 

value to -100.  If the number of counts falls between 100 and -100, the value is not altered.  

The next section shown in Figure 0-27 converts the counts to a velocity reading. 

 

 

 

Figure 0-27.  Section 3 of ASG spindle speed controller. 
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Number of counts is fed through the spike check block from Section 2 and into the Finite 

Impulse Response (FIR) filter.  This is a moving average of a certain number of data points 

dictated by the filter coefficients.  In this case they are 0 and 0.001 which implies 1000 data 

points are averaged every instruction cycle.  The 1000 data point array is initialized with one 

0 and 1000 1’s so it will take 1000 instruction cycles to fill the array with real data.  The 

‘Counts to revs’ block converts number of counts to revolutions by multiplying by 1 

revolution per 180,000 encoder counts.  The number of revolutions is fed into the ‘revs to 

rpm’ gain which converts revolutions to angular velocity with units of rpm.  This is 

accomplished by multiplying by 5000 Hz (controller frequency) and 60 seconds. 
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APPENDIX K. DIE/MATERIAL COMBINATION RESULTS 

 

Tool Material Image of Result Discussion 

Square Post, 500 nm pitch 

 

 

3M Plated 

Cu 

 

Pick-up occurred 

mostly near center 

of die.  In some 

cases the material 

would dis-lodge but 

pick-up would once 

again occur.  Only 

upon extremely 

deep indents did 

pick-up not occur. 

Brass 

 

Pick-up was slightly 

worse than the 3M 

Cu and followed the 

same type of 

behavior. 

EL Ni 

 

First time 

consistently 

observed little to no 

pick-up by the die.  

Nanofeatures were 

replicated across the 

entire face of the 

die.  Occasional 

pick-up resulting in 

loss of feature 

transfer. 
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Tapered Post, 500 nm 

pitch 

 

 

3M Plated 

Cu 

 

Occasional pick-up 

observed but overall 

substantial increase 

in effectiveness 

compared with 

vertical 

nanofeatures. 

Brass 

 

Occasional pick-up 

observed but overall 

substantial increase 

in effectiveness 

compared with 

vertical 

nanofeatures. 

Optakoat 

Ni 

 

Little to no pick-up 

observed during 

indentation. 

EL Ni 

 

Combination was 

best overall 

performance.  Very 

small amounts of 

pick-up observed. 
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Ge 

 

Brittle material with 

a transition from 

crystal structure to 

ductile (alpha-beta) 

phase under high 

pressure.  Individual 

nanofeatures 

replicated well.  

Ductile material 

beneath individual 

nanofeatures forced 

out to form flakes 

around depressions 

which is consistent 

with literature.  Both 

Ge and Si displayed 

similar behavior.  

Once indenter was 

‘bottomed out’ the 

material began to 

fracture. 

Si 

 

AR 1
st
 Gen 250 nm pitch 

 

 

EL Ni 

 

Ineffective in 

feature transfer.  

Exhibited 

significant ‘pick-up’ 

in the center region 

of the indenter.  At 

times material 

would dislodge and 

replicate features, 

but very low 

percentage of total 

indent time. 
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3M Plated 

Cu 

 

Similar performance 

as seen in the EL Ni.  

Unable to replicate 

an entire die’s worth 

of features. 

AR 2
nd

 Gen 250 nm pitch 

 

 

3M Plated 

Cu 

 

This indenter was 

supposed to correct 

some issues seen 

with the 1
st
 AR 

indenter but the 

overall performance 

seemed worse.  

Almost no feature 

replication. 

Si 

 

Tried the AR 

indenter on brittle 

material without 

success.  No feature 

transfer plus 

experienced severe 

fracture. 

 

 

THE END 


