ABSTRACT

ZDANOWICZ, ERIK MARK. Nanocoining SubMicron Features. (Under the ditean 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 amdreflection, surface wetting, pool Wioig and Raman scattering
applicationsbut currently have no method of mass productiorhe technique developed,
titled O6nanocoiningbé wuses a di atmoandér ofdi e wi
20x20um) to physically transfer features (~1600 featunesanostructured area) to a mold

surface. The challenges that arise from this metlredavoiding nanofeaturelistortion

(dragging the nanofeatures on the wprice surface)precisely indexing indents with

respect to other indents and aligning the dit wespect 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 weneachired by Focused lon Beam (FIR) create slow

speed indentations (<1Hz) using the axes diamond Turning Machine (DTM). The
process frequency (indents per second) was increased to 1 Hz lisear BastTool Servo

(FTS) mounted to the DTMThe Ultramil 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 experimentke increase in frequency was accompanied by
distortionwhich was defied as relative motion between the nanofeatures on the die and the
mold surface. To eliminatéistortion an elliptical toolpath was definedo matchthe
velocity of the die with the velocity of the mold surface at contact.

Several issues arose aftire development of the 1 kHz nanocoining process. -Bick
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



accomplishedising 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, thenanocoiningprocess was demonstratég creatinglarger areas of
indents in metals including electroless (EL) nickel, hard plated coppéd aluminumand
cartridge brassDiffering amounts of pilaip (deformed material pushed above the nominal
work-piece surface) were observed for theseafsewhich were found to be a function of
strain hardening.Indents were also created on brittle materials including germanium and
silicon without fracture due tinteresting material effects when subject to high hydrostatic

pressue.

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

die (500 nm). Ahough replication using the angflective 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 producingnstion featuresising a
physical indentation techniqumas been realized with the nanocoining process detailed in this

dissertation.
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1 INTRODUCTION

1.1 BACKGROUND

The purpose of this search is talevelopa new technique for generating repeatable arrays of
features below thewvavelength of light(< 1um). This new process which is titled
Ananocoiningo i s pr ccomgeaad cutrent p@dudionerethodstoh e s h
nanofeatureqnanostructured) 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 nanscale manufacturingthe realization that affordable nanostructured
coatingsare a possibility has increased the interest and desire of such products. The ability

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

meters would ave profound implications in many fields of sciemd®ere structured surfaces

are desired

1.2 ANTI-REFLECTIVE COATINGS

The use of bianspired moth eye structures to decrease reflectivity of a surface has been
achieved with a ariety of feature shapes, sizaad orientations. These nanostructured
surfaces have characteristighat allow them to have significant performance advantages
over more common anteflective surfaces[l]. The two main advantages are their
effectiveness over multiple wavelengths and viewinglesy 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 diagdvarthe very

low throughpuf2].

Nanostructured surfaces can many uses because of the different properties they can exhibit.
For example, in nature the leaf of the lotus plant is caveii¢éh nanescale features whose
configuration causes a hydrophobic propertyhe 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



efficiency. These nanofeaturase also seen on the wings of butterflies producing vibrant
color by filtering the incident wavelengtlk 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 mothoés eye. The
antireflectance which serves as a dsfmechanism. It is the améflective 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 leglpae glare and thus transmit more light through

the surface increasing the optical efficiency. Reflection occurs when light meets the
boundary surface between two optical meldip  The amount of light reflealefrom the
interface is a function of each material 0s

the boundary, reflection @escribed using the Fresnel equation

—
>
.-
>
~
N

(1-1)

—~
=3
+
>
~—
N

wheren andn are the indices of refraction of the two medih Most lowcost 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 (afilm and film-glass) which imply here will be reflectance at both
interfaces. Usingequatior{l-1), the film index of refraction which will produce zero

reflection is

N = »\/ N Nyiass (1-2)



For airglass interfaces, the most common material used forreffgctance is magnesn

fluoride which has an index of B3

A second effect thin film AR coatings use is destructive interference of reflected light waves.
Consider again the afiilm-glass optical system. When light intersects thdilair boundary,

a wave of light willbe 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 < Niim < Ngiass€ach reflected wave will experience a 180° phase shift. If the thickness of
the film is ¥ of the wavelength of the reflected light, the wave reflected from tfiérair
interface will destructively interfere with the wave reflecteant the filmglass interface
reducing reflectiorfurther in addition to index matching (Equati¢fr2)). This effect is

shown inFigurel-1.

Reflected wave from film surface

Reflected wave from glass surface

Reflected waves are 180° out of phase

Figure 1-1. Destructive interference from % wavelength film AR coating.



The top waven Figure 1-1 shows the light wave traveling from air through the film and
glasssections. 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 % wavelength of the incoming light, the araves

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 asithdiias a
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 c@fea 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 riple 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 eyesafe insect specigS,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 heehifioa 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 sufigaoee1-2 shows

the features and orientation shifts found on a typical moth eye syiface
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Figure 1-2. NancFeatureArray of Peacock Butterfly SEM imagé].

The featuregypically have a maximum height, around 250 nm. The spacing between
features,d, is generally between 175 nm and 250 nm. Stavesigal [7] published
simulations showing differerfieature profiles and heights, and the impact on reflectivity over
the wavelengthg; range ofvisible light, 300i 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 ohaterial 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 omswelength
structure (SWS) The graded indegan 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 eaclaysrband then the



optical surface can be treated as stacked layers of thin fifigure 1-3 shows how the

optical surface can be divided into these-RyeIs.

Air

Figure 1-3. Cross section of optical layer dissected into thinlaybrs for analysif9].

An analysisof the graded indeshows that taller features reduedlectivity 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 examjigd Most nanostructured AR
surfaces used features which are tapered as showigume 1-3. This shape enables the
gradual, continuous variation of the effective index of refracfidlj. The tapered pillar
shape is also mtcturally advantageous to a vertical pillar in that it avoids instabilities in
buckling and bendinfll1]. Research has been conducted into other shape profiles other than
the linear taper shown irigure1l-3. Gaussian, Klopfenste[i0], and needkike structures

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

curvatures may not be realistic in terms ddfrfeation.

A study by Boden and Bagndll2] examined the antieflective property of biomimetic
moth eye structures for varying period feature heighigure 1-4(a) shove that sméer

feature spacing (period) results in a surface which is more effective (reducing reflection) in



the visible spectrum while larger spacing (greater than 300 nm) is more effective at higher

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

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

of the per i odrigweal-4(o)csta topograpkicalensp for améflection of the

nanofeatures with vaiyg height and period.
between 200 and 300 nm and height of at least 300 nm would be optimum, but it should be
noted that the wavelertgtor this plot is in the near infrared range of 1000 nm.
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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 spagifor 1000 nm waveleng{ii2].

Studies have also been performed measuring nanostructured surfaces effects at improving

efficiency of photovoltaic cells.The use of silicon (Si) photovoltaic cells is increasimg
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below $1.1/watt in 2011 whichustbe reduced by at least 50% to become economically

viable[13]. There are two ways iacrease the efficiency/cosdtio of these Si photovoltaic

cells 1) reducing the amount of Si material for construction 2nceducing the amount of

S
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light reflected from the surface.ndreasing the amount of light transmitted to the cell will
help raluce both. The index of refraction of silicon is approximately 4.0 which is very high

resulting in Fresnel reflectiafzquation(1-1)) on the order 080%

A study by Toyota[14] included reflectance measurements on moth eye structures over
incident angular range of 5° to 80° using aMe laser (632.8 nm wavelength) laser as a
light source. The results showedleetance of less than 1% for angles between 5° and 55°
[14]. Other experiments have also been performed where silicon substrates were textured
with nanostructurefl]. Theperiod 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 38%. These results confirm that nanostructured surfaces improve
antireflectance not only over multiple wavelengthdight, 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 atii@mobile can

be made to completely flatten into a film reducing the optical distortion caused by the
curvature of droplet§l6]. Conversely droplets can be made to retain an almost perfect
spherical state onsurface causing the droplet to easily roll[@ff]. 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 séagurel-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 swmndphobic and cause droplets to have minimal contact
with a surface as shown Figure1-5(b) allowing them to easily rall When a surface causes
droplets to have CAs close to 0° as shown 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-tieaglig property.

The lotus leaf igprobably the most commonly used example of superhydrophobic surfaces.
There have been many studies on the geometrical and chemicaumaigethe surface of
the lotus leaf and there are many SEM images avaitgbkhown irFigure1-6. What was
observed is that the hydrophobic effect is caused by a hierarchal micraeetebumps

covered with nanometescale hairs along with an epicuticular wag].
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Figure 1-6. SEM image ohierarchal structure of lotus leaf showing (a) multiple mieron

scale features (b) single micrgnale feature and (c) nanomesenle hair$21].

An image of the multscale stuctures can be seenhigurel-6. Figurel-6(a) shows many
of the micronscale features on the surface of the lotus leaf that appear to be randomly
positioned with similar size and spacingigure 1-6(b) shows a single micrescale feature
whose width can be approximated as 10 um from the scale Higure 1-6(c) shows the
nanometescale hailike features that completely cover each of the miscde bumps.

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

There are two models that are generally used to determine the CA of a droplet on a
roughened surface which are the Ca&aater (Cassie) and Wenzel equation3.hese
modelsdetermine how the droplet will sit on the roughened surface as shadwigure 1-7.
Figure1-7(a) shows normal contact between a liquid droplet and adlat 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

COsg, =I COS( (1-3)
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where dy is the contact angle (CA) of the droplet in the Wenzel mods, a surface
roughness factorardfli s t he contact angle of the dropl e

The hydrophobic behavior illustratedfigure1-7(c) isdescribed by the Cassie equation

cosg, = -1 ¥ (cosq 1 (1-4)

wheredcis the CA of the drplet in the Cassie modg,is the area fraction of the solid at the
surface andfli s t he Youngdés contact angl e. 't can
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.

a) b)

d)

UL LU il

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

( Yo un g o ¢b)wetbed ehtgct on rough surface (Wenzel) (c) hydrophobic contact on

rough surface (Cassie) and (d) intermediate between Cassie and Y26hzel

The Cassie and Wenzel models describe the CA of a water dropletooghened surface

based ora value describing the roughness of the surfemeghness factor for the Wenzel
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model and solid area fraction for the Cassie moddle roughness factor is the ratio of the
true contact area to the apparent contact aréaereis 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 bath 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 suffddes

There has been a significant amount of research performed on different feature geometry
capable of producing superhydrophobic surfaxeshown irFigure1-8. Bhusharet alused

14 um diameter, 30 um height and 23 prtcpicylindrical posts covered with naptatelets

to produce hierarchal superhydrophobic surfaseseen ifrigure1-8(a) [22]. Sunet aland

Liu et alshowed a lotus leaf can be used taat#gea PDMS mold which can then be used to
create a positive lotus leaf PDMS repl{€agure1-8(b) and (c))exhibiting superhydrophobic
behavior[23,24] Pozzateet alcreated superhydrophobic surfaces using magale grooves
(Figure 1-8(d)) showing that the property could be generated using various groovesheight
widths and spacing[25]. There a@ a number of geometries at the micro and renades

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 pm
in width and ®0 nm in height are not realistic. There has, however, been research using
featuresthat can be generated Imanocoining that combine both hydrophobic and-anti

reflective propertiesn the same surface
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Figure 1-8. Lotus leaf nanostructures created by (a) Bhu$d2an(b) Sun[23] (c) Liu [24]
(d) and Pozzatf5].

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 usface is one that is both améflective 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 twcommodate 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. Thasuperhydrophobic property is useful for seéaning since the cells will become
contaminated with dust and debris. The combination of these two effects would ensure
maximum efficiencyf11]. 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 durifgactivelon Etch (RIE). The result was large

arrays of high aspect ratio features which are important for the superhydrophobic Hfifect.
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features were tested witharious heigh, a 380 nm diameter and approximately 500 nm

spacing.

-
o
1

o
n
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Figure 1-9. Multifunctional features created by Mjh9]. (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 depths. etch time.

An image of some features created using this technique can be degoriml-9. The AR
behavior can be seenhigurel-9(a) where the left half of the wafer is polished and thet righ
half is covered with the nanofeatures. The polished half is specular while the half with the
nanofeature shows no reflection. HE reflectivity of the silicon surfaceovered with 2200

nm tall features wasneasured over a range wlavelengths from350-1650 nm and the

average reflectivity decreased from approximately 30% to less thanT8¥.is a dramatic
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reduction in reflection over the visible spectrum and nearTIRe CA of water droplets was

also tested for the 380 nm diameter, 500 nm spacingrésabf varying height. Ten minute

etch features (approximately 400 nm tall fréingure 1-9) showed a CA of 110#hich was
increased to a superhydrophobic state (>150°) for 20 minute etch features (approximately
750 nm tall). lereasing the height of the features past 750 nm did increase the CA but much
less than the jump from 400 @60 nm. The behavior indicates a heitfinteshold that
determines when the features are tall enough to trap enough vapor to support droplets in a
superhydrophobic state.Other studieg26-29] have shown similar results and could be

useful in designing structures for use in nanocoining experament

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 liq{8@. Raman scattering ithe
inelastic scattering of light by optical phonons in solids and molecular vibrafi}s
Photons are directed onto the mediominterestand excitethe vibrational modesf the
molecules An incident photon ireracts 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 (inelastkStenkies process). During
Raman spectszopy the Rayleigh scattered photons eeenovedbecause thego nothave

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, an3tokes process has occurred and quantum
energy has been removed. The intensities of the Stokes energy shifts are thus the

characterizingdature of the medium of interest

The increasing interest in Ren spectroscopy for material identification is a result of
advances in the technology required (lasers, detectors, fi8df) The photon source for
Raman spectrometers is a laser which can be either continugasowpulsed. It has been

observed that sample fluorescence can amplify the sigmadise ratio in the 36600 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 dielectridge 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 thaArd@thercomponent

in Raman scatterg equipmentis a detector that can determine the energy (wavelength)
shifts between incident and scattered photdRaman scattering, however, is a weak process
due to the small amount of Stokes scattering making it difficult for useghly sensitive

measuremen{s0].

Surface enhanced Raman scattering (SER&) 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 @6¥e[30,33] Becauseof

the enhanced sensitivity SERS can be used for single molecule detection which is attractive
in the chemistry, biology, medicine, pharmacology and environmental science[#é]ds
SERS has been demonstratedatect 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-temk glucosdevel sensing in diabetes
patients which has the potential to continuously monitor glucose levels (avoiding spikes) as
well as eliminate painful finger prick82]. The wide variety of SERS applications makes

this arapidly 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 electromagneticloemical enhancemef85]. 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 requieee soughness

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 fieldsThe chemical enhancement isferred 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 nonselecti32]. 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 ebctromagnetic 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 foumdirrant SERS
research. The fact that nanocoined features are ordered would be attractive since some
researcherk ave found that random arrangement of

effectivenes$36].

Disk Antenna

Na(rjwopartlcles
an
Nanogapsv
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—

Back plane 100 nm

Figure 1-10. Disk-coupled structures for SERS. (a) Schematic; (bivteww SEM image;
(c) crosssection SEM image. Figure reproduced from others res§zrth
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An exampe of nanofeatures created for a SERS application can be sdeguire 1-10.

These structuresvere tested and showed an enhancement of 1.2 inigignal intensity

while maintaining largarea uniformity with variation less tha25% [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 regmient 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 system@8]. To increase the heat transfer between components and
cooling liquid a high heat transfer coefficient (HTC) is desired. Research has §B8&w8]

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 sdeigurel-11.

Tank holding liquid

«— Heat source

Figure 1-11. Diagram of simplified pool boiling experimental setup.

18



The HTC between the heat source and liquid interface shoviagure 1-11 is typically
quantified by measuring the temperature of the liqligl, and the temperature of the heated
surface,Tsy, Where the difference between the two is referred to as the wall superheat. The
amount of power input to the liquid (heatX)uq ¢ i6 generally provided using an electric

resistance heat where the power is equal to

qQ"=— (1-5)

whereV is voltage,l is current andA is the area of the heat source interface withlituid.
The measured temperatures and heat flux can then be used with the convective heat transfer

equation to produce an expressiontfee HTC

h= L (1_6)
A(Tsur - Tsat)

The enhancement in the boiling process is made loycagase in the HT@). A higher HTC
means more energy can be transferred per unit time. Upon examination of E¢fi+&)ioin
is seen that either increag the heat flux or decreasing the wall stpeat will increase the

HTC. There are different steps or modes of the boiling process as shéguial-12.
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Boiling regimes
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Figure 1-12. Typical boiling curve for water at 1 atfd4].

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 nucleatisnasitedetach from

the heated surfadd4]. 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 transfertasgfamre

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 makesylee surface with liquid
difficult.
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Research has shown that nanostructures are capable of increasing the CHF while reducing
the wall superheatAccording to Hendricket al[38]i The boi | ipergdsgmeamc e s s
is enhanced by three factors: (1) Existence of random mdarmanesized crevices and
surface irregularities for nucleation initiation, (2) a somewhat porous surface structure that

allows fluid inflow to keep nucleation sites active, and g8jface protrusions that create

more active boil i n[0]agreevath this claivhehatmanostruatures acKk i m

as nucleation sites and assist in vapor entrapment volumet. al41] 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,

HTC of over 17times as shown iRigurel-13(a).
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Figure 1-13. (a) HTC vs. heat flux for surfaces with varying degrees of nanostructures and a
reference surface (solid line, no marker) and énastructured macro porous (NMP) and

reference surfaces heated by same sdddde

The plot inFigure 1-13(a) shows how the HTC varies at different levels of heat flux for
different typesof nanostructured surfaces. The different nanostructured surfaces are dashed

l ines with triangl e, sguare and 6x6 marker

features is represented by the solid lir@gure 1-13(a) showsthe reported 17x increase in
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HTC for the surface with the triangle markers over the reference suFapeel-13(b) also

shows an experiment by lat al where a circular copper disk was heated in a liquid at a
constant heat fluof 1 Weni®. 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 forrefiictive surfaces have been
thoroughly defined, a methddr 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 sufferfrom slow manufacturing restrictions. While these methods have not shown the
throughput that a product needs to be low arst, hagproduced 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 baic steps for lithography processes can be seé&igure 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 matéiajlass. 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 soureegler , el ectron beamé) which re
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 etchingcompound 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 describdéignre1-14is a bag lithography process, it

does not encopass every technique available.

(1) (6)

Photoresist

Glass
(2) (5)
mask 1 I
etch
—
3) “4)

Figure 1-14. Lithography process basic steps.

The advantage of using a lithography technique to fabricate nanostructuresigghthediity
of the features generated. Not only do the features exhibit high fidelity, but small periods
(around 100 nm) are possibl&igure 1-15 shows an example of high quality nanofeatures

created using laser interferencthdigraphy[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 lithagphy involves many steps, as seefrigure1-14. As an example,

the process outlined by Park et[all] used to create the features showirigure 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 respectivelsns kikre 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 dideeowafer 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 theltiple 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 consuising.

the objective of the nawoining process to create nanofeatures like the ones shdviguire

1-15while reducing the production time.

1.8 NANOCOINING DEFINITION

The method proposed to address the need for a rapid production meteobdrfacrometer,
nanostructured surfaces is called nanocoining. The process of nanocoining involves pressing
a diamond indenter with a mold pattern into a wpkce surface until the stress is high
enough to induce plastic flow. The indenter is forced until the \p@te material fills the

voids of the mold. The indenter is then withdrawn and the plastically deformed shape
remains on the workiece. This process can be seeRigurel-16.

® ) © (d)
l l Indenter
Indenter
Indenter
R_AR AR AR A

Figure 1-16. Nanocoining process where an indenter (a) is pressed into goveask
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 iRigure 1-16 is repeated until the desired area has been completely
covered with nanofeatures. This means the indenter must be precisely indexed ettt up
and crosdeed 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 nanocoinifigis technique involvessing a diamond
indenter with a nanostructured are20 x 20 pum in this research but not limitet)
completely imprintareas on the order of 1°mBecause the area of the indenter is so much
smaller than the total indentation area, an ultrasonic actomistrbe used to indent at almig

rate. The target rate of 5Bk 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 difilties such aslistortionand precise indexingDistortion will

occur when the indenter and weplece have relative motion between each other tangent to
the workpiece surface. Precise indexing refers to completely covering the-piamé
surface withthe square indents, much like tiles a floor. To do this the spindle, crdsgd

axis and actuator must be synchronized to a high tolerance. Material effects must also be
examined tounderstandhow different material properties will affect the nanofees
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 dep#acih 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 nanocoininghito a manufacturing setting To
accomplish this, the following tasks must be completed:

1 Determine force/depth relationship for indentation.

26



Determine how different materials will react to nanocoining.
Optimize diamond die for high quality nanofeatures.

Develop method for mountirgnd aligning die to test surfaces.

= =2 =2 =

Create nanostructured indents using actuators and precision manufacturing

equipment.

=

Measure and analyze indented test pieces.

Understand how material behaves when indented at thescailm

The final systemcouldbeessd t o i ndent a roller with a 12°¢
the projected rate of 50 KHz and indention area of 20 x 20 um, the total time to completely
cover the roller with nanofeatures would dqgproximately 13 hours. The roller would then

be usedo masstransfer nanofeatures ttear plastic coating that could be applied to surfaces

were transmission is desired and reflection is mdternatively, nanocoining could be used

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

possible.
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2 INDENTATION BACKGROU ND

The indentation process siube modelethefore nanocoining experiments can be performed
so that the material behavior and required forces camberstood Indentation involves
pressingan indenter (die)nto a workpiece. The indenter must have a modulus of elasticity
much greder than that of the worgiece to avoid deformation. Tigoal is to transfer the

geometryof the indentem the regiorof contactto the workpiece.

Hertzian contact models cannot be used because they assume boffiewerknd indenter
behave as fullyelastic materials. Indentation is an elagiiastic processdescribed by two
portions of the stress vs. strain (strefigin) curve.As the indenter is pressed into the work
piece, stresses develop in both the indenter and-piede. The stresst, in the workpiece

material will begin in the elastic zone as shawfigure2-1.

A

o)

Plastic Region

Elastic
Region

E

Figure 2-1. Typical stressstrain curve for engineering materials.

Once the stress reachtbe yield stressl,, of the workpiece, the stress is now described by
the plastic region of the curve shown kigure 2-1. The stress at the beginning of an
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indentation test is almost immediately in the plastic region of tlesssitrain curve due to
the small area of the indentefhe stresstrain relationship in the plastic region is typically

described using a power lamith a strain hardening parametef45].

(2-1)
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Once the indenter has been removed from the \pm&e, permanertdeformation can sult
depending on the amount of force that was applied. A typical output for a nanoindentation
testis a plot of force vs. indentation depthrigure 2-2 shows a comparison between the
stressstrain curve and foredepth curve dung the loading and unloading phase. During the
loading phase, both plots show a transition from an elastic region (linear) to a plastic region
(nortlinear). Once the indentation is complete, the die is removed from thepreme

causing a linear trenid the unloading section of both plotskigure2-2.

G A A
Force
Loading
Plastic
G --------- f Region
y Elastic I :
Region ' Loading
E : Plastic
H Trloading i
] oacme ' Elastic Region z '
Region Unloading
i : ; Ll ;
y Elas]:lc Elastic
Strain Strain
Recovery Recovery
() (b)

Figure 2-2. (a) Stressstrain curveand (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.-backii sefifeca éoptrnputed by
material. This is the general behavior for indentation mechanics; the geahdifferent

indenter types dictates stress distributions in the yerke and thus the final shape of the

indent.

2.1 HARDNESSTESTING

Two commonly used hardnetasst methods uspyramidal (Vickers) or spherical (Brinell)
indenters The definition ohardness can be stated as the resistance with which a deformable
body counters the penetration of another deformable p#ly Hardness is an important
material property because of its correlation to stresar aed resistance to machinifty].

Hardness can be expressexia stress or pressure

H=" (2-2)

whereF is the force used to create the indent and the projected area of the deformed
indent. The units of Equatiof2-2) are Pascals, but this is usually converted to ales#

guantity 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 pbeara 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
mat er i astredgthin Equaion(@®-3)

HeC ¥ (2-3)

whereY is the yield strength of the material aBds a constantalled the constraint factor

The constanC is dependent on test conditions and is approximately 2.8 for metals with a
largeE/Y value €Ei s Y o wdulp$).slt iswlear 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 festhéory behind the

hardness test will be examined.

2.1.1  Hardness Test Theory

Prandtl was the first person to explain the constraint faCiass seen in Equatiq@-3). He

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

can be seen iRigure2-3a, was determined by satisfying kinematicBhe specimen material

behaved in two ays. First, the material in the plastic flow region was assumed to flow
plastically in plain strairj48]. Second, the material outside this region was assumed to be

rigid. This type of flow was later generalized byllkand is called slidine field theory.

Slip-line field theory accounts for material displaced underneath the indenter by assuming it
flows upward. This effect can be seerFigure2-3b. Shield48]le x panded wupon Hil

line field solution and determined the valueGofo be 2.82 for an axisymmetric punch.

load Workpiece

;51\\[<—!__.1 //”1 = 14148

4

Y

(a) (b)
Figure 2-3. (a) Plastic flow pattern proposed by Pranaligo known as slitine field theory
[47]. (b) Upward flow of material displaced by indenter in-diliy@ theory[49].

The slipline field theory derivation o€ closely matched experimental results for indenters
with selfsimilar geometry such as flats, pyramids, sharp cones and wedges. The type of
deformation shown ifrigure2-3 however was not observed when spherical geometees

used for indenters (Brinell, Meyer). The deformatfon a spherical indenteshown in

Figure2-4 resembles the stress distribution for Hertzian contact rather than ttieelizld
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theory result. Althoulg the Hertz solution for a rigid sphere on a half space is derived for
elastic situations, it was observed that circular line surrounding the deformatibguire

2-4b resembled the predicted maximum shear strdssvas determined that the ratio of
maximum shear stress in the specimen to the mean stress of the indenter at thgasastic
interface is equal to 0.1§47]. Approximating the maximum shear stress Yé2 the
constraint factor will be equal to 2.8 which is equivalent to the-lsig constraint factor.

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

necessary.

workpiec indenter

Surface
of \. Ball
Surface workpiece, indenter
of Ball
e

|
Il

(a) (b)

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

zone of plastic deformatidd 7].

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 deformationl{sépfield
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 becuésed is the Brinell hardness test. The Brinell
hardness test involves pressing a 10 mm diameter diamond hardened or tungsteipd@arbide
spherical indenter into a wogkece using a known force which is comparaloléts yield

stress The constant force is applied for a known amount of timallow 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 ugtqgation(2-4)

F

LT

HB

(2-4)

whereF is the force in kgD is the indenter diameter in mm adds the diameter of the

resulting indent in mm. The forcE, must be chosen such that @24 d < 0.6D [46].

Vickers Hardness Test

The second hardness test examined is the Vickers hardnes3hesVickers indenter is a
four-sidedpyramid with an anglefdl36° opposite the faces.hiE geometryequiresthe test
force and indentation surface are proportional to edbbr®46]. This implies that the
Vickers hardness value should be independent of force (will be examined later). The

equation for the Vickers hardnesgisen in Equatior{2-5)

_ 0.189XF

HY ===

(2-5)

whereF is the test force in kg and 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

termsof the subsurface deformation and the hardness values measured.

Subsurface Deformation

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

slip-line field theory is used to characterize pyramid type indenters €x&gkwhile 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 aseiflar geometry where the Brinell
does not. Because the Brinell indenter does not Isalfesimilar geometry, there is a
transition from fully elastic to elastjglastic to fully plastic deformation as shownHigure
2-5[49]. On the other hand, thadkers indenter has a sharp (actually a flat on order of 3

x 3 um[50] because polishing four faces can never produce perfeathigh 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 zof#9].

The sharp tipon 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. Herrmgd6] used a ratio of the plastic deformation

volume to the total indentation volum¥y / Viea, to quantify the amount of plastic
deformation. Herrmann concluded that for a steel test piece, the/gafi®/ior is equal to

75% for Vickers handess and 44% for Brinell hardness. lItisclearftdmr r manndés wo
that the Vickers indenter is a much more O6e

fully plastic stress at lower loads.
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Hardness Value
The ideal hardness test would result ia 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 um the hardness will be higher at small
indentation depthpt9]. 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 scal48]. 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. Atlow loads the Vickers hardness will not be constant, as seEigume 2-6a,

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

material and other factors.

4 30
o o o SEPSCR S L U R T 4 4|

kg/mm?)
MH (kg/mm?®)

OPH

00 05% C SPHEROIDIZED STEEL
105% C SPHEROIDIZED STEEL « — & BALL
0 = ¢ BALL

1 BALL

> 25 50 75 100 25 S0
Locd in kg Load W in kg

(a) (b)

Figure 2-6. Hardness vs. load for a constant material for (a) diamond pyramid (Vickers)
indenters and (b) spherical indenters (Mey48]).

Figure2-6a shows that once the load has surpassed approximately 1 kg the hardness becomes

independent of load due to the salhilar geometry of the Vickers indentdfigure2-6b is a
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plot of the Meyer hamkess (MH) which is another hardness test using a spherical indenter

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

the hardness measurement is always dependent drat@h even indenter diameter which

results from the spherical indenter not being-setfilar. Since the Meyer hardness is not
constant with force, a Meyer hardness value cannot be converted to a Vickers hardness value
except under one conditioRigure 2-7 shows an image of a spherical indenter contacting a
specimen wher® is the diameter of the indentefj s t he di ameter of the
angle between the tangent lia¢ contact and surface normalh e cont act angl e
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 indente[48]. At this ratio, the contact angle Figure2-7 is equal to

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

Figure2-7. Conta¢t¢ angl e d for sphgspacd4dlal cont act

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 tédte. 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 togatce 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 thetféghat the geometry is not sealimilar 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 thedanters were used to create a plastic indent which is related to the hardness
of the specimen. These indenters, however atsmbe used to indent brittle materials such

as glass and determine fracture toughness, Rracture toughness can be definedtlze

ability of the specimen material to resist the growth of a cfatk The fracture toughness

for brittle materials is determined from the crack patterns induced by indentation tests so it is
important b first understand crack patterns of different indenter geometry befocarkKbe

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 witickeeié indenter cracks will
form at the corners of the square indents and propagate outwards as skoguna@-8. |If

the same indent is examined from a cyesstion view, it will be seen that these cracks form
a circular area beneath the surface of indent which can be séegume2-8. The circular
area encompasses the subsurface plastic deformation of the indent. The dineension,

Figure2-8 is called a Palmqvist radial craf2].
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Figure 2-8. (a) Top view and (b) crossection view of Vickers indent on a brittle maaéri
[49].

Spherical indenters such as those used during Brinell hardness tests produce indents on brittle
materials as seen iRigure 2-9. Figure 2-9 shows that the spherical indenter will induce
similar radial and lateral cracks as those seen in Vickers indagts€2-8). Also, there is a

plastic zone underneath the indenter tkaembles the stress distribution predicted by elastic

Hertzian contact solutions.

Figure 2-9. Spherical indentation crack pattern on a brittle matgslL
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2.1.4  Fracture Toughness in Brittle Materials

The crack patterns describettovecan be used to calculate fracture toughnesgs, Khe
Vickers indenter can be used to obtain the fracture toughness by first creating an indent as
seen inFigure2-8. The length of the Palmqgvist cracksjs measured and an average value

is determined. This value is then usequation(2-6)

E

Qo

(2-6)

OO0
| o

Ke=b

e
o
NS

whereE is the elastic modulus] is the hardness is the indentation load; is the average
Palmquvistc r ack | ength and b is a constant whi ch
(2-6) is an empirical approach so caution is suggested if using to detefrfingicture
toughnesg49]. 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 estlibhed for spherical indentation fracture, there is no consistent model for the
initiation of these crackfb2] which hampers the repeatability of measuremegherical
indenters are not often used fivacture toughness tests due to the uncertainty of crack

initiation.

2.1.5 Summary

Hardness tests have been used since the Idteca®ury when Johann A. Brinell first
proposed his ball indenter tgdf7]. They are fasand 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 bot h ivaluessimdomea vgap. TheaMfickers enardness 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. He-up and sinkin 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 vyield stress leading to high-ppeand vice versa. Indextion testsare
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 |NDENTATI ON

UsingFinite Element Analysis (FE) to predict indent deformation for certain appliedces

or displacements is w@aluable tool. The material reaction to a nanostructured (NS) die
pressing into its surface was unknowa a Rockwell indenter, whose behavior is well
defined, was used talibratethe 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 geometijhe indenter has a conical geometry with a 200 um
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 déghte indenter fothat

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 matefiale major load is
removed and the permanent deformation with respect to the datum is subtracteh from
indenter specific constant to produce a Rockwell hardness number.

The reason the Rockwell indenteas chosen for the modeling experimentghs 200 pm
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 wpitce. Apicture of theRockwell indenter

can be seen iRigure2-10.
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Figure 2-10. Image of Rockwell hardness tester used for comparison in spherical

indentation modelingRadius of tip is 200 um.

The Rockwell indenter seen igure2-10 wasmountedn a hardness testat the PEC The
hardness tester, shown figure 2-11, can befit with any type of hardness testing indenter
tip. A diamond turned061 aluminum sample was used as the material in the Rockwell
indentation expements.

Figure 2-11. Image of hardness tester used to create spherical indents.
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The hardness tester shownFigure2-11is 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 Figure2-11). Once an indent has been creatadoptical microscope (left side Bigure

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 instesdeen irFigure2-12. The depths of the
spherical indents were recorded for different masses and can be Sebéilei? 1.

Table 2-1. Depth measurements of spherical indents made with Rockwell inaden&£61

aluminum
Mass |I ndent (e@pe
0. 2 1. 4
0. 4 2.9
0. 5] 3. 2
0. 61 3.9
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(a) (b)

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 hdentation

A FEA model was developed for comparison with the Rockwell indentation experiment
results. FEA is a numerical solution method for solution of field problB8s A
continuous field, which in this casis represented by the indenter and wmdce, 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 eldbfnt
Initially, a 2-D simplified model was used to investigate how to model contacting bodies.

The model, shown iRkigure2-13, was a circular body which indented a flat wikce.
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Figure 2-13. Initial 2-D model for investigating the behavior of contacting bodies.

After the two bodiesd geometry was model ed,
and nodes. For the initial model, PLANE182 elements wsed 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 integratiboontact 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 stefdo the bottom of the circle. Target
elements (TARGE169) are placed on the top edge of the-piede 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 targetredats on the worpiece 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 coriagire2-13 shows he

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 badissused 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 biliree isotropic hardening model. Tisotropic hardening was used to
include the strain hardening effect that arises when a stress higher than the original yield
stress of a material is appliéigure2-1). Strain hardening is agffect of an increase in the

number of dislocations in a metal when the material is stressed beyond its yield $&&hgth

New dislocations are created as a single dislocation moves on its slip plarestauales pin

the end of the slip line as shown kigure 2-14. The dislocation bows as more stress is
applied and eventually touches itself creating a new dislocation. The new dislocation, which
can produceadditional dislocatins is referred to as a Frafkead sourcd51]. When
dislocations interfere with one another, it becomes more difficult for them to move. An
increase in the amount of dislocations increases the chancegréérignice thus increasing

the strength of the materi@1l].

(a) (c) (d)

Figure 2-14. FrankRead 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 loog5l).

The second feature of the bilinear strain handgmnodel to contribute to the simulation was
the bilinear plasticity behavior. Bilinear plasticity, as its name implies, models the true

stressstrain behavior of a material (shownHhigure 2-1) with a simplified two line model.
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The bilinear plasticity stresstrain plot, shown inFigure 2-15, can be defined by three
quantities; ¥oqgieldsyessy, amotahgeht madulugs.

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

The Youngés modulus is the slope of the el a
where the curve transitions from elastic to plastic. These two quantitigailsiishedfor
most materials. The tangent modulus is the slope of the -strags curve in the plastic
region and is not agvailableas other material properties. The defation for an applied
stress, governed by this model, is a combination of elastic and plastic dtigimre 2-15
shows that as a load stresses the material beyond its yield strendibtattstrain can be
expressed in Equatiq@-7)
e= g+, (2-7)

Figure2-15 also shows that the elastic stralil,is recovered when the material is unloaded
from the plastic stress state while the plastic stfgjnemains. 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 marer referred to as elasfperfectly plastic. The simulated experiments were

performed using material properties for 6061 aluminum.

The indentation simulations were displacement baged is, the indenter starts above the
work-piece and igdisplaced danward in small incremental steps. After the simulai®on
complete, a post processing cadeun that would extract the reaction forces on the top of
the indenter throughout the loading and unloading cycle. This was how thelépitedata

was recordé. Nonlinear geometry effects were used because the indenter will cause
relatively large amounts of strain in the wqulece. It should also be noted that the addition
of plasticity effects creates a ntinear material model A full Newton-Raphson temnique

was used to solve this ndinear problem. For each displacement step of the indenter into
the workpiece the NewtoiiRaphson solver works by guessing a displacement of the-work
piece and calculating the tangent stiffness matKx, and restoring drce for this
displacement. The tangent stiffness matrix is a stiffness matrix calculated using an elastic
plastic modulusEe, A residual (error from guess) is calculated and added to the original
guess and the process is repeated until the erroralb esnough to be considered converged.

A full Newton-Raphson solution indicates the tangent stiffness matrix is updated every
iteration cycle as opposed to a modified NewRaphson technique which updates every

solution step.

The stress distributiort displacement stepfér the initial 2D circular indenter simulatiois
shown inFigure2-16. This agrees with theory shown Bigure2-4. The permanent plastic
deformation for the entire simulatios shown inFigure 2-17. The results show plastic
deformation which indicates that the elagtiastic material model and contact elements

worked properly.
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Figure 2-16. Stresdistribution for circular indenter on a flat wepkece.

The next step was to model the Rockwell indenter-ID 8nd simulate the experiments
performed in Sectio.2.1 The 2D model did not provide any useful numericalajdiut it

did provide an introduction regarding certain aspects of the FEA program. Only a small
portion of the Rockwel/l indenterds 200 Om
time. Also, because the problem is rotationally symmetric, it washp@ds use symmetry
boundary conditions and further reduce computation time by usind"anti8el. An image

of the meshed geometry can be sedrigure2-18.

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 modeledb) Angled view showing 3 dimensions and"1/8odel
geometry. (c) Contact and target elements on surface of indenter angdiac@kvith

surface normals.

The Rockwell indenter simulations were performed imannersimilar to the initial 2D
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 becaudelthvasno

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 processifgwas executed that tabulated the reaction
force at the top of the indenter at every displacement Jtb{s. was the manner in which the

force-depth curves were obtained for the simulations.
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Results for the final plastic deformation using a 0.2 kaglare illustratedn Figure 2-19.

The 3-D Rockwell simulatiorfor a load of 0.2 kg will result in a plastically deformed indent
with a depth of 1.38 um. This result agrees with the experimental result shdwable®-1

which shows a depth of 1.4 um for a 0.2 kg lo@dfeature observed in tHeEA simulation

as well as the experimental resultas a displacement above the nominal waidce height
around the border of the indents. This behavior (es seFigure2-12 andFigure2-19) is

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

the indenter than material must move up somewhere since thepweaekisincompressible.

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

indentations bordering other indents on all sides.

.240029

Figure 2-19. FEA results showing 1.38 pum of a@efmation for a 0.2 kg load during

Rockwell indentation simulation of 6061 Al.
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All four experiments shown iifable 2-1were simulated using the Rockwell moaeid the
comparable indent depths were determined using the-fmp#h crves. The simulated
results are presented alongside the experimental resultabile 2-2. The simulated and
experimental results shown Trable2-2 have a good correlation with percent differences les
than 6%. The forceepth curves used to extract the simulated data can be sEejuig

2-20. The forcedepth curves produced by the FEA simulations follow the same leading
unloading trend as shown Figure2-2. 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 resatt$061 Al

Mass ExperimgSi mul ateqPercertf el
(kg)ll ndent ey Deptrh) ( ( %)
0. 2 1.4 1. 38 1. 4
0. 4 2.9 2. 87 1.0
0. 5] 3.2 3.39 5. 7
0. 61 3.9 3.94 1.0
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Figure 2-20. Forcedepth curves for FEA simulations of Rockwell indentation on 6061 Al.

2.3 SUMMARY

The purpose of teichapter 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 ofpiwoek
deformation behavior. Pileip, which will be an issue in later nanocoining experiments, was
found to be a function of a materials yield sgreand strain hardening where materials not
susceptible to strain hardening will be more likely to -pgerather tha sink in. Fracture

toughness and hardness was also examined.

A Rockwell indenter was used to create spherical indesitsg only the spherical tip to
indenta workpiece Indents were created at several loads and the corresponding depths
were measuredsing 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 corrgla®t)

This provided cofidence in using FEA to model future nanocoining indentations.
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3 SLOW SPEED INDENTATI ON

The Rockwell experiments were a good introduction to the realm of indenting and provided a
foundation for the transition © naneindenting The next step was to indent with dies

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

were titled O6slow speedd because each indent
main purpose of these experiments was to become familiar with programingathis 4

diamond turning machine (DTM) to manipulate the indenter and deaae 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, ushg 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 ax#gseddTM making it dispacement

based.

3.11 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. Th¥ and Zaxes are symrted by hydrostatic oil bearings and driven

by precision balscrews and laser interferometers are used for position feedback (1.25 nm
resolution) on both axes. Theaxis was purchased from Moore Nanotechnology Systems
and uses a hydrostatic oil bewyifor the slideway. Position feedback is achieved through

an optical encoder which, when interpolation is used, can achiepesizes of 1.1 nmA
photograph of the Nanoform with the slow speed-pmst attached can be seerfFigure3-1

and a schematic showing relative motion of the axes is shokigune3-2.
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Figure 3-1. Slow speed experimental setup on Nanoform.
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Figure 3-2. Description of the motion of the Nanoform axes.
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The motion of the Y and-Zxes is best seen from the side view of the Nanoform shown in
Figure3-2. TheY-tower has the-axis slideway on the fronside facing the spindle. A tool

or actuator is mounted to the-akis slideway which can then be moved vertically where
positive motion is towards the ceiling and negative is towards the floor. fboeéf sits on

top of the Zaxis slideway which moveghe Y-tower (and thus tool) towards (negative
motion) and away (positive motion) from the wqpiece. The spindle and wegiece mount
both reside on the -¥xis slideway. The motion of the >axis is best seen from a top view
(looking down from the ceiig). The spindle and woiliece mount can traverse back and
forth where negative motion results in positive motion for the tool (relatively) creating a right
handed coordinate systerRigure 3-2). The X, Y and Zaxes all work tgether to provide
relative horizontal displacement {akis), vertical displacement {axis) and displacement
between (Zaxis) the workpiece and tool. Machine code-(Bde) can be written to program
the axes to move in any way the user defines. Thecaxealso be jogged manually using an

encoder handgvheel.

A successful nanocoining processistbe automated was using aadis DTM suchas the
Nanoform. The motion of the indenter with respect to the waeke can be programmed

into the machine to achie 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 thepieoekwih

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 slapeed 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 fabricatiorspres being
developed (all nanondenters were produced by 3M). A model of the indenter geometry is
shown inFigure3-3.

Figure 3-3. Geometry of flat indenter provided by 3M.

The flat indenter, as shown kgure3-3, 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 um flat
surface. The 100 x 100 um surface is the inglgort area used to create the test indents. A
measurement of the indentation faégg(ire 3-4) was taken with the Zyg8canning 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 experimergabrse
procedure because the risk of damage and time investeanafacturing 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 thedkemter shown in

Figure 3-3 except the indent area was now 25.8 x 23.8 um with a nanostructured (NS) 20 x
20 um area in the centereated using a Focused lon Beam (FIB) FIB is essentially a
Scanning ElectroMicroscope (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
mataial by ablation and are used in the die manufacturing process to remove material
(diamond) to create the nanofeatures.
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Side View of Nano-Features

250 nm 250 nm

300 nm

Figure 3-5. Dimensions of NS indenter face and ndeatures.

A dimensioned EM image of the NS die can be seerrigure3-5. The NS region is 40 x

40 array of nanofeaturesmch of which haa 250 x 250 nm crossection and are 300 nm tall.

Each one of the 1600 nanofeatures has 25@mpewing 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.heTsquare 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) e s e mb|l e a di gi t a The BIB rerdoves materiad o f f 6
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 mportant feature of the first NS indenter was the raised border surrounding the
nanostructured area. This feature, showrrigure 3-6, was added initially to aid in the
indenter alignment process. The border ibetween the ashed lines in the left image of

Figure3-6.
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Border

Figure 3-6. Border used for alignment on the first nanostructured indenter.

The border, whose height was the same as the to ofatmofeatures, 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 tecigue 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 degning a toolpost/alignment fixture combination that could be mounted

to the Nanoform DTMandallow the face of the indenter to be adjusted to be parallel to the
work-piece surface.Other nanostructured diamond dies are discussed in Sedtibdsand

7.2.2

3.1.3  Work-Piece Mounting andAlignment Fixture

The parallelism between the wepkece surface and the indenter face wrscal to uniform
indents. Any relative angle between the wprce andthe indenter (tilt angle) could
preventpart of thenanostructured area from contacting the surface. This can effect can be

seen inFigure3-7.
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Figure 3-7. Definition of tilt angle between worpiece and indenter.

The maximum angle that in which all of the features will contact the surface can be
calculated usingrigure3-7 and knowing the nanofeatures are 300 nm tall.

q:tan'lg%n -_8:0.86 (3-1)

Equation(3-1) shows that an angle of 0.86° between the indenter and-pieck would
allow all nanofeatures to touch the surface. This is not the ideal scenario haedessly
all nanofeatures would indent to the same depth. For this reasangi@r tolerance should

be smaller than the value described in Equai?el).

Because the tilt angle described Bigure 3-7 is between the worpiece and indenter, at

least one of the two components creating this angle must have some kind of angular
adjustment. The workpiece mount was an existing part fabricated to accommodate a load
cell for force measuremefiforce measuremenexplained later). This mount did not have

any angular adjustment capabilities.

Figure 3-8 shows the plated copper wepikece mounted to the stationary mount block

througha load cell. A counterbored hole in the worpiece vas used to bolt the woikiece
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and load cell to the mount block. The bolt not only fastened the-piede to the block but

also applied the required pl@ad to the load cell. While the method described is an effective
way to hold the worlpiece and mesure 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.

Stationary Mount

Block

Load Cell

Figure 3-8. Work-piece mounted on Nanoforfar 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 th@iaagkwithout
running thez-axis into its limitand maintaining stiffness. The second wasliow angular
alignmentof the die with respect to the wepgiece 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 wasdesigned that was attached to the end of the aluminum shatft.
The alignment fixture is shown iRigure 3-9. The alignment fixture was composed of a

bottom plate which provided the connection to the aluminum shaft and a tepvwligh had

a cylindrical feature to hold the indenter. A ¥ 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 tosathe tilt angles of the die with respect

to the workpiece 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 smaluaninum flat was attached to the upper plate above the
indenter as shown iRigure 3-9. After an angular relationship was established between the
work-piece surface and alignment fixture, a linear variable differential transfg¢tta®T)

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 thedtgpga the alignment must

be checked after tightening. An image of the complete tool post/alignment fixture on the

Nanoform can be seen kigure3-1.

Diamond Die
Alignment v Top Plate Belleville
Bolts (x3) ! Washer
- Measuring
Plate Z BT
N

4 Pivot Sphere Bottom Plate

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 um flat die. The
die was attached to the alignment fixture described in Se8tib3 and the hard plated
copper workpiece was mounted to the mount block as sedngare3-8. A load cell was

used to measure forces during indentation.
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The load celwascalibrated using a clamp, pulley angights as shown iRigure3-10. A

clamp was attached to the weplece to act as an attachment point for fishing line. The line
was run over a babearing pulley mounted to the Nanoforraxis so that known masses
could be aplied 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 t@ obtain
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 th@ieoek

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 LViBjlatement gage to the
cylindrical piece holding the alignment fixture. The LVDT is then swept inXrend Y
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directions across the face of the wqikce. The displacement of the LVDT is recorded
along with the distance the axis moving the LVDT traglel&his process provides the angles

d; a n d, whiich are the tilt angles in th¥-Z plane andY-Z plane respectively and are
shown inFigure3-11. The LVDT was then attached to the mount block and swept across the
flat measuremant surface Kigure 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 workpiece. If the angles did not match, the atngmt bolts on the fixture were adjusted
accordingly. This alignment method was performed every time either thpdsbbr work

piece was removed.

L111110071011 217 1Oz
N
N
Top View of Mount J Side View of Mount

Block ~N Block
~
~
- ~N]
~

Y
L) z
Figure 3-11. Measurment of worpiecet i | t gamd, @sng thedaxes 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 | oad cell was ¢ onnelogimuts. tSimulink,naegraghical t h e
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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 rgae¢e 6kHz which was more than adequate for

this application. The redime display of the indentation force was useful for determining
when contact between die and wquikce 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 thepagxk using
the axes of the Nanoformanually This was the first experiment using a diamond indenter
so the force vs depth characteristics were not yet knotm.approximation for the force

required to cause yielding can be expressed as

F@H, & (@R7GP3)(100x100m) 2@MN (3.2)

whereH, is the hardness of the hard plated copper used in this experimeftistite area
of the flat test indenter. From Equati($2) a force around 20 N should cause the material

to yield.

With this in mind four inderatiors were created on the surface of the wagece and the
recorded force can be seenFigure3-12. 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. NThis 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 udataebut acted more as

a starting point for manual indenting.

Indent 1

20

15
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0 0.5 1 15 2 25 3 35 4

Indent 3

Force (N)
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0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (sec)

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 experimemas performed in a similar manner to the previous
indents and the main purpose was to extract force vs. depth dattnisTend 10 indents

were created using an indentation force ranging frorBA8N. The flat indenter was
manually jogged into the same plated copper wiekce and100 um spacing was left
between indents. The load cedcorded thdorce 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
Figure3-13) which can then be used to plot a depth profile (right portidiigafre3-13. The

depth was taken at the center of the indents as opposed to the corners which see larger

deformation due to stress aamtrations (see Secti@W).

Figure 3-13. Depth measurements frofi*ndentation experiment.

The force data measured from the load cell was then plotted against thengggsurements
from the New View SWLI and the resulting force vs. depth plot can be sdegure 3-14.
Figure 3-14 shows the plastic flow curve portion of a material stsdsmn curve. The

benefitof Figure3-14 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.

should be noted th&igure3-14is only applicable for the flat 100 x 100 pum indenter on hard
plated copper.
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Figure 3-14. Force vs. depth curve for flat indenter on plated copper\piEde.

3.2 PROGRAMMED INDENTATION EXPERIMENTS WITH FLAT DIE

The manual indentation experiments providethasic understanding of force and depth
behavior of thananocoining processHowever, the manuahethodwas time consuming and
not a very accurate method of indenting. Therefore, a process welmsl 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 controlleith PMAC Executive software to generate motion
commands While motion programs can be exeamltfrom PMAC Executive, the
programming is more primitive and the interface is not as user frieagllPMAC NC,
another software package capable of interfacing with the PMAC contrdechine code

(G-code) files can be executed in the NC program wh&hmiore 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 inc@de 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 aprasisdly
indexedindentsover a large arelike a tiled floor. The challenge of creating a large array of
indents is that the worgiece will have some tilt with respect to thadform axes in both
directions (sedrigure 3-11). This tilt can cause the depth of the indents to vary as the

indenter is movedcross the surface.

Indent | Indent | Indent

2 3

Figure 3-15. Top view of wak-piece showing variation in depth duework-piece tilt

Figure3-15 shows an example of the depth variation of the indents if the-piede is tilted

in the X-Z plane (top view of Nanoform) and the indenter is rastered sthesface of the
work-piece in theX-direction. The indenter has been moved to the séihoeation 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 faceeo$uhlface to accommodate for the

two tilt angles( ,da n @) add produce indents at a constant depth. This is accomplished by
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measuring the tilt of the worgiece just as described in Secti®d.4and using these angles

to calculate &-direction compensation distance for each move command.

An example of the compensation for ttig tilt can be seen ifigure 3-16 which is in the
same orientation akigure 3-15. Figure 3-16 shows that adding a displacement in the Z
direction will compensate for tilt of the wogkece. The same method can be used for tilt in
the Y-direction. The Zdirection compensation depends on which direction the tool is
moving. For example, if the tool is moving in thediection the compensation can be

described by
Zcompx: d ta'nqxz (33)

wherez.ompxis the compensation displacement drnsl the distance moved in thedfrection.

Likewise, if the tool is moving in the-direction the compensation can be described by

Z.mpy= h AN, (34

where zZ.ompy IS the compensation displacement ands the distance traveled in the-Y
direction.

Top View of Work-Piece

d-tanByy, -~
1

3 I

d

Figure 3-16. Tilt angle compensated for wirdirection motion calculated frow,.
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The motion program itself was simple. The indenter was jogged manually into the part until
the load cell read the desireatée. At this point, th&-offset wa set to make this point Z =

0. All indents were then indented to this zelepthsince all indents should see the same
force and thus same depth. The motion program would first move the indenteZte the

point tocreate the first indent. The indenter was then retracted straight back from the work
piece and then moved in thédirection (andZ-direction slights for compensation) to the

next indentation location. The indenter was then moved to zero to creatrdme sndent

and the process was repeated. Once one row was complete, the indenter was moved in the
Y -direction (andz-direction slightly for compensation) to the next row location and another

row was created in thé-direction. This process was repeatedil the array was completed.

An image of the toomotion can be seen ikigure 3-17. The figureshows the toepath
progression to create a 4 x 4 array of indents. The 16 total indents have been numbered in
Figure 3-17 in order of indentionwhere 1 is first and 16 is last. i§hprocess 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 manuignting.
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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 irdjrection where process is repeated to create array.

3.2.2 10 x 10 Progammed Array of Flat Indents

Using the procedure outlined in Secti®2.1a 10 x D array of indents was created on the
hard plated copper wofiece. After load cell calibration and tilt angle measurement, the
machine codernpgram was generated. A MATLAB file was written to generate a machine
code file based on the x, y ane@ordinate starting positions and tiig a n g, tilidangles
(seeAPPENDIX A). A Zygo New View SWLI image of the resulting 100 indent array can
be seen irFigure3-18.
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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 ofifld¢nts. This experiment
demonstrated the accesaof theindents when using programmed motion paths with the
Nanoform. This 1 x 1 mm block was the first step in automatingdnecoiningporocess as

well as increasing the production speed (compared with manual indents).

Force data was recorded dyitneindentationexperiment and is shown Figure3-19. The

two groupings of force spikes Figure 3-19 shows indents created in two rows. There are
10 spikes which represent 10 indents in one rdWwe time gap between groupings is due to
the indenter moving to the beginning of the next row, much like awypger. The variation

in the peaks of the indent forces is a result of dhdilt compensation not being exactly
correct. This can be seen in the image of the entire arfaigime 3-18. The force data in
Figure3-19is in the same orientation as the indentBigure3-18. 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 wpieke tilt angles could solvhis
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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.
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Figure 3-19. Sample of forces from 10 x 10 arrayflaft indents.

3.3 PROGRAMMED ARRAYS OF NANOSTRUCTURED |NDENTS

At this pointin the researchhe first nanostructured (NS) indentesisdelivered to the PEC

from 3M. The indenter, described in Secti®i.2 was attached to theame 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 causk yikas approximated for the NS

indenter on hard plated copper as

F@H, & (@27GPg)(3.392x10°n) @™ (35)

whereA 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 indehts1@drray
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of NS indents was machined on the same hard plated coppepigok A New View

SWLI measurement of the resulting arrayn Figure3-20.

Oblique Plot 4

+0.40164

-0.66077
0.400

Figure 3-20. New View SWLI image of 1 x 10 array of nanostructured indents on hard
plated copper.

The interferometer measurement figure 3-20 shows that the motion program was able to
produce a precisely indexed array of indents. It is also clear thal,ttit 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 irFFigure 3-20 are slightly deeper than those on 1b& suggesting the
indenter was movingni a plane that was not parallel to the wpr&ce surface. Obtaining

exact tilt compensations was an issue which was still unresolved which would need more

attention in the future.

The nanofeature®r a single indent are not visible in the New View SWhEkasurements
because their size and spacing is below the resolution of the device. Theiearkvas
taken to the NC State University Analytical Instrumentation Facility (AIF) so that the indents

could be imaged using a scanning electron microscope SEMJEOL 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 oh¢ 11 x 10 array of NS indents can be seerFigure3-21. Figure

3-21is 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 namdented surface. The SEM images show the border and
nancefeatures clearly aiiough 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 ofFigure3-21. 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-deformed mateal. 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 measw® fatures, the nanostructures are three

dimensional and all three dimensions are impart@hen considering the criteria for a Ron
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reflective surface. A way to measure all three dimensions at once is by uBiigited
Instruments D300@tomic Force Microscope (AFM). An AFM is a naisocale profilometer
that rasters over an area of a surfagée AFM probe typically has a tip with a radius less
than 10 nm.

Figure3-22is an AFM measurement of 1.5 x 1.5 um patch located in the nanostructured area
of the indent shown ifigure3-21. The ldt image inFigure3-22is a profile trace across the
pockets created by the nafeatures on the die. The data from the trace indicates that a
depth of approximately 30 nm was reached. This was far from the total heightnainite
features and future indents will have to be performed to ensure the die has been indented to

full depth.

Section Analysis

ssssssss

ns_block_afm.002p

Figure 3-22. AFM measurement of nanostructure features (left) aBd&8ndering (right).

3.4 MODELING OF NANOSTRUCTURED |INDENTATIONS

The same model verified with the Rockwell indentation experim@&astion2.2.2 was used
to predict the behavior of theanostructured (NS) indenterd he 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 tepdoeeof

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 SingleNanostructured Indents

The process of modeling the NS indenters began by modeling a flat punch. This was defined
as a macroscopic model becaitsgnored the nanofeatures (bottom of indenter was flat to
simplify the model.The contact pressure betweeiffiad punch and an elastic hapace is

given by

p()=—>Pn_ 0«4 R (3-6)

wherep(r) is the contact pressure at any radial painpm is the mean contact pressure &d
is the radius of the indentfs4]. It is clear from EquatiofB-6) that the contact pressure at
the radius,R, goes to infinity resulting in a large spike in stress in the-g@dte. The
stresses in a ha#ipace being penetrated by a flat punch have been plotted by Mabis

and the results are shownkigure3-23.

FLAT PUNCH IN SURFACE

Figure 3-23. Analytical stress distribution solution for flat punch on fsdfcg55].
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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 ntarial in this range will yield at the same point. The material around the edge
will yield much sooner, however, because of the |atgess 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 ofddrsn Before
compensation techniques can be applied a simulation must be developed to accurately model

the nanostructured die indents.

The FEA model was created in ANSY#8ginning with &2-D geametry. This model takes
advantage of geometrical symmetsp only half of the indenter and wepkece were
modeled. Material properties for diamond and electroplated copper were used for the
indenter and worpiece respectively. A bilinear isotropic material model which included
strain hardening was used forethopper workpiece. 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 -plastic
material kehavior. Four node-P plane elements supporting contact and target assignment
where used for both the indenter and wpitce. When the simulation is run, the wikce

is held while the nodes on the top surface of the indenter where displaced dovimward
increments of 10 nm until the desired depth was reached. Thes modthe top of the
indenter vere then moved upward revealing a plastically deformed yete surface. The

total depth of the indent was chosen based on an experimental indent chesisurthe

Zygo SWLIin an attempt to replicate the measurement with the simulation

The measurement and simulation results are shoviigure 3-24. Deformation near the

center and at the edgef the simulationis used for cmparison to the experimental
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indentation measured with the Zygo SWLThe Zygo measurement (right imageHigure

3-24) is obtained using the trace tool to view a profile of an indent from its center to the edge.
The simulationuses araxisymmetic model wherehe left edge of the model represents the
center of the indenter; the model is one half of the inderBaith the simulation and the
experiment havdeformation near the center and edge of the die of approximately 55dnm an
120 nm respectivelyThe deformation at the edge is approximatelice the deformatiorat

the center because of the stress concentrak@ure 3-23). The agreement between the
model and simulation results meatteeationscould now be made to the geometry of the die
with confidence that the simulation results will be accuratdteration 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 tbascentration 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 corneAlthough a corner radius improved the stress distribution,
there was still a small degree ofriaion 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 siress.
combination of the small radius at the edge and large radius over the entire face produced a

nearly unform contact pressure under the face of the die as shokigune3-25.

o wr
£ A

Flat

Two Radn

Figure 3-25. FEA displacemendf multiple radiidie (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 afi¢gheThe top right image dfigure 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 rigltignire 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 thedad the die by adding two radii will produce a more

favorable indent. The FEA simulatiovas used to tegiotential 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 lefthe issue of stress concentration induced border marks surrounding
each indent. The solution implemented in the real process (discussed in 3dc8onas to

only press the indenter into the surface far enough for tharésato 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. dégtavior Interaction
between successive indents was a behavior that wasimjsartant andbeneficial to
understand. To accomplish thissienulationmodeling multiple indents of a single malcs
developed The previous section showed that effects from the sharp corners of the die border
were significantso it was relevant to model what hapeenvhen thiseffect occurredin
severallocations The initial model was the same as the model used tolaenthe flat
indents shown irFigure 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 toetlsame depth as the first and removdde indents were
overlaped by 1 pmwhich was representative of the real indenting process. An illustration

of the simulation showing each indent can be seéigure 3-26.

1 | A
1 1 1
! 1 1
T T T
! 1 1

A\ ¥ 1

Indent 1 Indent 2

Work-piece

Figure 3-26. Simulation oftwo consecutive indents with flat die.
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The die modeled ifigure3-26 had a flat 20 um long faceBecause the die geomeslgown
in Figure 3-26 is that of a flat diethe contact stress caused by each indent has similar

behavior to the single indenarge stress occurs at the edge because of the sharp corner.

100 100

Location of second indent

Indent Depth (nm)
Indent Depth (nm)

First indent

Location on Workpiece (um)

()

-0

Indent Depth (nm)
Indent Depth (nm)

First indent distorted by second

Location on Workpiece (um) Location on Workpiece (um)

(c) (d)

Figure 3-27. ANSYS simulaion of consecutive indents progress franfirst indent b)
initiation of second indent) maximum depth of second inded} (¢emoval of die from

second indent and final deformation

The resulting deformation from simulating multiple indents is showrFigure 3-27 at
various stages The displacement at the top surface of the vpiegke was extracted from
ANSYS and plotted The nominal surface hei dgigue i s
3-27a showsthe deformation after the die has been displaced into and out of thepigoek
creating the first indent. Features of interest are the relatively flat deformathoa ladttom

of the first indent and the rise in nominal surface height on eitherofithe indent (referred
to @wpidl and di Figwes-27b showk thd second indemis reached the same
depth as thelastic deformation from thérst indent. Maximum depth of the second indent
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is shown inFigure 3-27c which is below the plagt deformation of the first indent. The
maximum indentation depttduring processwill always be greater than the final plastic
deformation indent because there will be elastic recoverfigure 3-27d shows the final
deformation after thesecond indent is completeThe deformation at the bottom of the
second indent is relatively flat, just like after the first inddrgre 3-27a). The plastic
deformation from the first indent, however, has been altered by the formation of the second
indent. Notice irFigure3-27d the right side of the first indent (side closest to second indent)
has been pushed up while the left sider@scausing the total deformation of the first indent
to appear tilted. The nominal height of the wpi&ce is also been pushed even higher on
the right side of the second indent. The conclusion from the multigenirsimulation is

that an indent bag formed will deform the preceding indent by pushing up the edge closest
to the current indent. The residideformation of the previous indethiatappeas to be tilt.

Three dimensional, multiple indent simulations were run after the 2D simulafansd
3-26). The 2D simulations modeldd/o 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 shownkigure3-28.
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Applied Displacement

Figure 3-28. 3D simulation of multiple indents and displacement vector field of single

indent.

Notice how the deformation behavior of the indenFigure 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 gesomewhere. 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 th@egerk

caused by each indeditiring the simulation can be seerFigure3-29.

Figure 3-29. Images of deformation caused by each indent from the 3D multiple indent

simulation.

The deformation shown ifigure 3-29 is difficult to quantify because the motion of the
indenteroverwhelmsthe scale for material displacemeritigure 3-29 does, however, show
the steps of the simulation and how the die was usedetie a square pattern of indents.

The displacement of the nodes on the top surface of thepieck 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 theurface is shown iRigure3-30.

4 Consecutive Indents with Flat Die ANSYS Model
N

Indent Depth )

0 0 X-Direction (wm)

Z-Direction (um)

Figure 3-30. Displacement of the top surface of the wprkce after 3D multiple indent

simulation.

The surface plot shown iRigure 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 inBiguiré 3-30 oriented in

same manner as the simulation descriptiofigure 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 obbtieese arrays

shownin Figure3-31.
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Figure 3-31. Interferogram of indent tilt caused by excessive depth.

The measurement shown kigure 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 createdindents 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 rovn@sttX
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 sanhe 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 sEguie

3-30. An intereshg observation ifFigure3-31is the last indent in each row (indents in-eft
most column) has tilt in the -direction only (rotation about -8xis). One direction tilt is
created because there is no subsequent indent on teléeftThe successive indent is what

pushes the material up causing tilt in thalikection (rotation about ~axis). There is tilt in
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the Y-direction because each of the indents in thenmfst column have successive indents

above it (except for last wowhich 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 lateqperiments. Compensation for tilt of the weplece 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 haplated 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 sarnmerease in deformation at the die edge
cawsed by the stress concentration. FEA simulations of multiple indents were also performed
with the main result being the deformation of previous indents by succeeding intibate
experiments have outlined the overall advancement of the nanocoinireggmhichvasto
successfully create indents at some frequeridye next step was to replace thdentation

motion withan actuator mounted to the Nanoform. The Nanoform axes are relatively slow

so adding a second axis in the form of an actuator slsmdicantly increase the speed.
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4  MID SPEED INDENTATIO N

The slow speed irehtswere created usingsationary 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 wasoo slow. The next step was to increase the indention rate, but this was
problematic for the Nanoform. Tlg&axis of the Nanoform which moves the émder into

and out of the part can only mowecertain velocityithout a significant overshoot relative

to the nanofeatures on the indenter (nanofeatures are 300 nm tall). As the indent frequency
increases, th&-axis moves faster and because it supptresY-axis (several hundred
pounds) the actual position tieaxis stops will be differenthenthe command.Since the
nanofeatures are only 300 nm talvershoot of theZ-axis as it moves into the pacan
damage the indenterThe solution was to addn auxiliary axis onto the Nanoform in the

form of a linear Fast Tool Servo (FTS). The FTS axis is collinear with the Nan&faxis

and is driven by a piezoelectric stack allowing velocities much higher than that of the
Nanoform axes -spe dléh ewatse rurs eddmitdo descri be i nd:é
from 1 to 10 Hz.

4.1 MID SPEED EXPERIMENTAL SETUP

4.1.1  Modified Nanostructured Indenter

The same indenters shown in Sect®fh.2were used in the midpeed indents with some
modification. The flat 100x100 pum indenter wasedin the initial experiments. The flat
indenter was a useful tool because there is noofiskamage andhe results are simpler to
measurebecause of the larger size and absence of nanofeaturesnanséructured (NS)
indenter with the 20x20 um featured area was also usetiwas no longer necessary to use
the raised bordesince the alignment procedure had been develogée: borde removed

using the FIB machine that was originalised to create ¢hnanofeatures.
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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 sedtfigure4-1. The top

image inFigure 4-1 shows the NS indenter as it was used in the slow speed indentation
experimentgFigure 3-5 andFigure3-6). The outer border is approximigtéhe same height

as the nanofeatures (actually 45 nm about the featukéglire4-1 also shows the modified
indenter (bottom) where the border has been machined down with the FIB to approximately 1
pm below the top of the nafemtures. 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  FastTool Servo Description

The Fast Tool Servo (FTS) was desigtednachindow anplitude, high frequency features

on optical surfaces. The FTS can be fit with two different PZT stacks depending on the
desired stroke. A 25 um stroke can be achieved with the 25 mm stack and a 40 pum stroke
can be achieved with a 40 mm stack. All ramed 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 dtmgedontroller

is implemented using a Lion Premn 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 piezonaplifier was turned on the cap gage was zeroed by h@hd.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 outptuito zero. A schematic and photograph of the FTS can be sEejune4-2.

Pre-Load Flexures

' I Fast Tool Servo (FTS)

Cap Gage
Indenter .

(T | R"'"; E

Capacitance Gage
[LITTIETEALTT
=l

Tool Holder PZT Stack

Figure 4-2. Fast Tool Servo (FTS) used for rsgeed indenting.
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The schematic shown iRigure 4-2 describes the FTS assembly. An outer collar which is
threaded onto the FTS housing applies alpad to the PZT stack viamaannulardiaphragm
flexure. The torque of the threaded collar is proportional to théopreapplied tahe PZT
stack. A prdoad must be applied to PZT stacks to prevent them from operating in tension
which can cause the stack to permanently fail. The photogrdfigure4-2 shows the FTS
mounted to an OL O tedto the Mamdformw ustcak in the slom speed
experiments, the indenter must hawands odne
directions. An alignment fixture similar to the one showrrigure 3-9 was fabrication for

the FTS but on a smaller scale.

Figure 4-3. Alignment device for indenting with FTS.

Figure4-3 shows the alignment device used on the FTS. Alignment is achieved justas in th
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 aasunreg the tilt in the
New View SWLI. These angles are then imposed on the tool using the fixttigune 4-3.
This process is repeated until the indenter is deemed to be parallel to thgieverkurface.
The FTS assemblyavs mount ed t o-atis,agshdwa ifrigufed4 mbés vy

Figure 4-4. FTS mounted to th¥-axis of the Nanoform 600. Motion of tool is iraxis

direction.

Figure4-4 shows the Nanoform setup for megeed 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 wasong the Zaxis of theNanoform. Ths arrangemenallowedthe

FTSto handle theZz-axis motion and the Nanoform handle #lew speed motion ok and

Y.
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4.1.3 dSpace DataAcquisition and Controller

The dSpace data acquisition (DA@stemwas used to record force dadain the slow

speed indetation experiments. The dSpace was also used to control the FTS for the mid
speed indentations. A Simulink block diagram clekexp control algorithnwasdeveloped

by PEC student Karalyn Folkert (MS 2005). The bldidgram can be found BPPENDIX

B and uses the capacitance gage for positionltiee#f. Since the capacitance gage outputs a
voltage, this must be fedtm one of the dSpac@nalog inputs where it was converted to a
displacement using a sensitivity value sfiedio 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
t he DAQ b o autpdtd Bhis s tha digoagthabis sent to the TREK amplifier which
has a 100:1 amplification and then to the FTS.

4.2 MID SPEED INDENTATION PROCEDURE

The midspeed indenting procedunas similar tathe slow speed indentation procedwieh

the workpiece mainted to the stationary part mouthiroughthe load cell. The major
difference was that the FTS was rastered across the face of thepiwoekwhile being
actuated to create inderds shown irFigure4-5. This is different beasse the slow speed
indents were created with no crdegd; that is when th&-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 thé-Y plane and tilicompensation in th&-direction
had to be provided by the Nanoform axes. This allowed constantfesassnotion which
sped up the entire indenting process. The speed of thefesassvas much slower than the
indentation speed sdraggingthe indenteron the workpiece face was not an issue. A
comparison of the slow speed programming vs. thespékd programming can be seen in
Figure4-5.
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Figure 4-5. Difference in coordinateprogrammed into the Nanoform between slow and

mid-speed indenting.

The FTS was actuated using a pulse geneveitbra 4 um strokethat held position foR.5

msec andvasthen 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 s@cSomigec 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 thpiegerk

The pulse generator was a source from the Simutioklel whichhad nocommunication

with the Nanoform This meanthere was no way for the dSpace controller to know where

the indenter was with respect to the Nanoform coordinates.a resultthe feed rate of
Nanoform axes had to be synchronized with fitegjuency 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
an g lyas ¢.dvefe first measured with the LVDT and then input into the codergtome

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-spded experiments but the same
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depth variatiorobservedn the slow speed indents wasident To addess this problema

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 -Speedindentation Results

The initial midspeed indentation results refer to indents created bdferéotce feedback
controller was implemented. Using the FTS dSpace controller and Nanoform motion
program, a 1x1 mrarrayof flat indents was created on the hard plated copper at 1 Hz. The
dSpace PID controller for the FTS was really a Pl controller evhvetially 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 seéigune4-6a. The

right and left borders of the overall block are not in a sttdigl 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 vielwottom image) irFigure 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 perfoem 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 #lispfayed optimal signal

tracking wihout instability Using the new gains, a similar 10x10 array of indents was

created at 2 Hz on hard plated copper using the flat indenter.

98



Oblique Plot 4

+0.69998

pm

- -1.65858
1.08

Oblique Plot 4
+0.97035

Hm

- -0.96658
0.267

(b)

Figure 4-7. 10x10 array of flat indents (1x1 mm) createchggdrTS on hard plated copper at

2 Hz. (a) Entire array and (b) magnified section.

The results for this experiment can be seeRigure4-7. The results irFigure4-7 are very
similar to the indentatio results at 1 Hz shown iRigure 4-6. The indents are indexed
precisely andhe deformation appears to beatively uniform. However, when force data
was examined for both the 1 and 2 Hz indentatioays,the same force beh@r seen in
Figure3-12was observed. The indentation force would gradually get larger or smaller as the

FTS was rastered across the surface as a result of poor tilt @ngigensatiorand/or
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deformation in the part. While theffect 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 thedelca force feedback system was

designed.

4.3.2 Force FeedbackController

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 wahatiea

there was some variation in force along the rows of indents. This is illustrdtapine4-8.
A

Force Indent from A to B

Time

Figure 4-8. Variation in force along indentation rows using the FTS.

Although it is not evident in the New View SWLI measuremerfigure4-8 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 inderdgtanforce 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 stwbklee &isting control system
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commandof the FTS. A blocldiagram of the force feedback addition to the contradlém
Figure4-9. The force feedbackdditionis shaded.

Load Cell Accummlator

Threshold

Tilt Compensation (position)

Command (position)

PID FTS

Cap Gage (position)

Figure 4-9. Control diagram for FTS including the forfeedback sectio(shown shaded)

The force feedback section of the control loof-igure4-9 usesthe forcefrom the load cell

and compares it with some threshold. The action based on the threshold is converted from a
force toa 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 inFigure4-10.

Force Force too high, subtract stroke

__________________ Force mside the threshold, do
[ y el e it I nothing to stroke

D Force too low, add stroke

.
-

Threshold

Time

Figure 4-10. Explanation of threshold in force feedback sectioR D& controller.
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The plot inFigure4-10is 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 raharges would take placelf the force was below the threshold this
would imply the indenter is not penetrating the wpréce far enough so stroke would be
added until the force was inside the threshold. If the force was above the threshold stroke
would beremoved since this would imply the indenter is penetratingdoanfo the work

piece. his method allowed the FTS strote be continuously updategd produce indents

with a uniform depth over a large area.

The Simulink block diagram of the contrallevith the force feedback loop can be seen in
APPENDIX B. Several iterations were required to tune the gain block which certliert

force to a displacement. This gaitreasedr reducedthe response of the force feedback

If the gain was too high the force may overshoot the threstadexample, if the force was

too high the gain mayeduce such thahe forcefell below the threshold and then over
compensai@ A low gain could take several indents for the compenséd 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) blockated with FTS and force

feedback controller on hard plated copper at 2 Hz.
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Photographs of force controlled indents can be sedfigare 4-11. The indented arrays
were created using the flat indenter as a test of the forcedadediontrol. The 2x2 mm
block consisted of 400 indents and the 5x5 mm block had 2500 ind&ntke time of this
experiment, the results were the largest number of indents created at one tish®wad
that the force feedback controller was succesafuhaintaining 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 midpeed indentingrocedure had been validatékde next step wat® create

a large area using the NS indenter with the force feedback control. The combination of tilt
compensation and force feextk led toarrays of nanostructured indents. One such array
was a 1 x 1 mm area created at 2 Hz using the FTS. The nufribdents in tls block is

the total arealivided 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 um indenter this yields a tdine of 20 minutes. The resulting block
exhibitedthe highly refractivebehavior (se&ection7.7) in Figure4-12.

(@ (b)

Figure 4-12. 1x1 mm block of anostructured 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 irrigure4-12is caused by the 20 um spagiof the indents actqas

a diffraction grating. This copper samplas then taken to the SEM for imagingigure
4-13 shows details of the nanofeatures in the array.

(b)

Figure 4-13. Image of intersection of two indents (a) and one indent (b) in the 1x1 mm

nanostructured array.

The features shown IRigure4-13awere created by the square nanostructures and resemble a
waffle pattern. The smooth matdria the lower portion of the SEM image is-umdented
material. The border between successive indentsHgjure4-13a andFigure4-13b. Figure

4-13b was taken at a lower rgaification so that one entire indent could be diged. The
nanofeaturesompletely cover the area which was the desired result. This was not the result
for the entirelx1 mmblock shown inFigure4-14.
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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 onlyesomthe
nanofeatures in the dieave been replicated. The drawingfFigure4-14ais meant to helps

to explainwhere features are present (lighter area) and where they are not (darker area).
Figure4-14a also shavs this effect to beery repeatable; even the small area of features in
the unindented (no features) area is present in all indefitpure4-14b is a measurement of

a single indent which exhibits the-imdented area behavioft does seem as if there is some
amount of imprint in the uindented region, but clearly not as much as in the replicated
region. Because the dndented pattern in each indemtas so repeatable, it was
hypothesized that the wogkece material was beming lodged or stuck tbetween the
nanofeatures on the indenter. This effect was defined as materialipiakd is also
discussed in Sectioh.2 To determine if this was the case, the indenter was removed from
the FTS andneasured in the SEMFigure4-15 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 iRigure 4-15 shows the indenter with the central 20x20 pum
zone of nanofeatures artetsurrounding border which had been recessed below the features.
The nanofeatured zone has a dark area and a lighter area which is believed to-jhieagork
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 maiekalp 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 workpiece theareas on the indenter with material pigk act like a flat indenter
which will not transfer features. This will result in indents as showrignre 4-14 where

only partial replication has occurred. The material pipkeffectwas observed during many
indentation experiments including experiments performed with the Ultramill (Ch@pter
Section7.2.2describes how the material pici was minimized. The material stuickthe
nanofeatures was removed usimgeachingtechnique described WPPENDIX C
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45 SUMMARY

The purpose of this chapter was to increase the frequehaydentation. This was an
important step because it was the first timethe nanocoin process development that
separate actuator was used press the indenter into thepigoek A FTS used previously for
diamond turning noimotationally symmetric parts weg with a diamond indenter and small
angular alignment device. Ags 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 nanostitwred die and arrays of nanofeatured indents were created. The
results showed replication of features with some amount of materialupicikhich was
defined as worpiece material becoming stuck-lietween nanofeatures on the indenter.

Thepick was subsquentlyremoved from the diasing a nitric acid solution.

Themid-speed nanocoing procedure showed that the diamond die on a PZT driven actuator
could be used to create indents bunaterial pickup iss@ was identified. The material
pick-up is clealy a major hindrance to effective nanocoining and much has been done
subdue this problem as described in ChapterAlthough the indentation rate of 2 Hz is
muchfasterthan the slowspeed(0.1 H2 of Chapter3, it is still a long way from the target

rate of50 kHz. The next stepas to increase the indentation frequency to 1 kHz.
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5 FAST TOOL SERVO HIGH SPEED INDENTATION

The slow and migspeed indentation experiments covered indenting frequencies from 0.3 to 2
Hz. This was useful in observing indenting behavior and gpliifnissues 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 alsease by the same factor. The raster velocity

for the midspeed, 2 Hz experiment was

indents g i n
=2. 1@— 51
raster % 0 (J dent % ( )

ec -=min

where 18 punmwasused for the20 umdie 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 tlyeatintnative was to mount the part to a
spindle and indent rings. The aiXaxib(ari ng
Section3.1.]) 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 %z inch from the center

of the part, the spindle speed would be

w — "surface (52)

'spindle —
wherevsuriacelS the surface speed of the part at radial positiotalculated as

_20/mm m

| .
Vv — _'die g)
1msec sec

surface — T
cycle

(5.3)

wherelgie is the length of the die arfidyceis the period of the indentation cycl&he surface
speed equation is tHength desired to move every cycle (leémgif die if total coerage is
desired) dividedby the time it takes the die to come back into contact with the surface.
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Substituting the values back into Equat{6r®) at a radius of 12.7 mm yields a spindle speed

of
a mm o
220~ 5 1 860sec & 5
_ % " sec a60sec ¢ fav
W g = 51.57— o’ £5.0pm (5.4)
P 23:2.7inm 5 se(;%E 1min 2 @ hd
g -

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
midspeed FTS setup except that now thHuagkaspart w

shown inFigure5-1.

Figure 5-1. Experimental setup for high speed (1 KHz) indenting using the FTS.
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Figure5-1 shows a familiar etup with tle FTSmounted to thér-axis of the Nanoform. To
vacuum the hard plated copper, it was mounteal l&rger copper plate with approximately

the same outer diameter (slightly smaller) than the vacuum chuck. The increase in surface
area increased thecuumforce to hold the part

The setup shown ifrigure 5-1 meant the indentation forceould not be measuredin

previous experiments, the wepkece was held stationaby the load celturing indentation

while the tool was tmslated. The forces were not measured in the new sefigufe5-1)
because the part rotated on the spindle an

around the spindle.

5.2 |INDENT PROCEDURE

A new indentation procedure hadlie developedhecausehe workpiece was now mounted
to the spindle. Te load celland itsforce feedback could no longer be used. Relative tilt
between the worpiece and Nanoform axegas an important source of erramsprevious
experiments and a nesystemwas needed. The answer was to diamond turn the-piede

on the spindle before the indentation process.

5.2.1  Diamond Turning the Flat

Diamond turning the workiece on the spindle would ensure that the wmece surface
would be parallel with the Nafmrm X-Y plane This was accomplished by first bolting the
work-piece to the copper mount plate thGN-m torque. The torque and tangential location

of the workpiece with respect to the tangential location of the copper paseneededh

case the tw needed to be separated and reattached. The copper plaipieaariassembly
(now referred to as worgiece) was mounted to the spindle via the vacuum chuck and a
pressure of 15 psig was set. This pressure is enough to hold th@iecekbout also allowt

to move for centering A Federal levetype LVDT was used to measure the radialoum of

the workpiece by measuring the outer diameter while the spindle was turned. A plastic
hammer was used to tap the waquikce at the high spot as indicated by Federal gage until
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less than 10 um of ruaut was present. At this point the weplece was deemed centered

and the vacuum pressure was increased to 20 psig. A solid tool post was attaché&tt to the
axis of the Nanoform in the place of the FTS. Tha-fwst 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 um depth of cut were used to rough cut
the surface until the tool cut @ss 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.

f=J8 B P® (5.5)

Equation(5.5) is used to calculate the fedd,using a specified tool radiuR, and desired
peak to valley surface finisRV. The feed for this setup was calculated using Equ&iéh

to be 2.828 um. The feed rate is then calculated by

feedrate= f @ (5.6)

where ¥ 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 um depth of cut was used on the

finish pass.

I f the part 1is removed for anmoval adfthesvacoum( cent e
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 shalgltbrm 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 minimizesthe error.
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5.2.2 Indentation Procedure

The indentation procedure begamteafthe workpiece was faced with a diamond todl'he

part was removed after diamond turning and cleaned using deionized water and Liquinox
detergent. Once clean, the wgoilece was mounted to th@isdle and the part centering
procedure described in Secti®2.1 was performed. The FTS wahen 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 itsdges. The zero position of the FTS was then set with respect to
the Nanoform axes by moving tikeaxis until the FTS was at the center of the woidce

and moving théY-axis until the FTS was at the edge of the bolt hole. Once the FTS was at
this positon theX andY-axes offset (zero position) were set. This location is where the x
andyaxi s were now zero in the Nanahendurnedos coor
and set to a 1Hz, 4 um stroke. The FTS was jogged &vds the worlpieceuntil contact

had been made. Contact was detected by jogging slowly and observing when a ring was
created on the rotating wegkecevisually (eye) The ring is easily visible especially if a

light source is shown across the face; this tends to add morestdrgteveen the ring and
diamond turned surface. This is known as the taftiprocedure and is where tizZeaxis

offset was set. With the coordinate system fully defined the part program could be executed.
The part program was similar to those used immend turning were the indenter was
brought to a radial start position. The indenter was then translatedZeoffeet position to

begin indenting and then translated radially to create a spiral. Experimental rings created

were 200 um or 10 die pasgbick.

The indenting parameters were chosen using Equaa?)s- (5.4). TheFTS was driven at

a constant 1 Kz 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 tle 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 posittasimplemented in later expenents,

butin this section was ignored.

5.3 RESULTS

Several rings were created using ffrocedure previously described. An image of the copper
part after the experiments can be seeRigure5-2. The inner most ring ifrigure5-2 was

the touchoff ring that was used to set theoffset. 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 experimentvekcept
more overlap. The second andrdhiings inFigure5-2 exhibit a small degree of diffraction

indicating there is some periodic structure at the micro or nano level.

/ 3" ring from 2° experiment

2 ring from 1%t experiment

1% ring from touch off procedure

Figure 5-2. Plated copper workiece aftehigh 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 iRigure5-3. Figure5-3 shows several rows of indents dezhin a spiral
around the center of the woeptece. 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 rdwterms 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 &ngure 5-3 shows the die has contacted the
work-piece in the correct locations.

Feed direction

Indent direction

FESEM Analytical Instrumentation Facility NCSU
5.0 KV EM Mag 600X
w g 40um

Figure 5-3. SEM image of third ring (second experiment) created at 1 KHz on plated

copper.
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Thefidelity of the nanofeatures was poor atistortion(relative slidingof the die and work
piece when in contact) was obvioas shown irFigure5-4. Figure5-4a is an image of a
single indent from the third ringFigure 5-2) on the copper workiece. There is little
replication of features especially in thents region. Figure 5-4b shows a higher
magnification view of these features. In the lower right corner of the indent where the
nanofeatures remained intadtietieed and indentirection hasalso 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 featbrgsrab-4b are not
square and appear to be sevedibtoried. Distortionis causedy relative motion between

the die andthe moving workpiece and the difference in relative velocities causes the die to
drag along the worpiece surface during contact. Thencept of distortion will be

discussed in more detail @hapter7.

Feed'direction

L

Indent direction

2
99,5 B,

(@) | (b)

Figure 5-4. (a) SEM image of single indent from third ring and (b) higher magnified view of

nanofeatures

Distortioncauses material from the wepkece to become stuck-lmetween the nanofeatures

on the indenter.Figure 5-5 shows just how severe the material pigkwas during the FTS
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indents. Most of the replication area (aveith 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 smoothdce. 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 ancitiey indents.

It was also observed that the pigf on the die would become dislodged from the die and
stick back to the woHpiece after some number of indents. An image of a portion ofypck
deposited back on the waepiece can be seen Figure5-6. The outlined area ifigure5-6

is a section of worpiece material that was once stuck in the nanofeatures of the die and was
deposited back on the surface. Thiglsar because there ligtle 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 severdigtored from the velocity difference between the die and work
piece. The amount distortion can be estimatedumerically to confirm the degree of

distortionseen in the SEM images.
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Figure 5-6. Material redeposit (outlined) onto wegkece surface.

5.3.1  Numerical Estimation of Distortion Distance

The distance wish the nanofeatures wemdstoried 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-mpiede during time of
contact. The velocity difference is calculated for each increment in time which can be
converted to a@istortiondistance by multiplying this quantity by the time step. A MATLAB
script was written to perform thalculation withchanges to the input parameterTheinput
parameters are ihable5-1.
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Table 5-1. Input parameters for MATLARIistortionestimation program.

Stroke of die motion 4 um
FTS frequency 1000 Hz
Depth of indent 250nm
Die length 20 pm

The values shown imable5-1 were chosen based on the experiment performed on the plated
copper sample. All other values were calculated from the four quantities shdabl@b-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 reasonalihe depth ismportant because it
dictates the time the indenter is in contact with the pa@he 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 wastacting the worpiece. If the die was

found to be contacting the wopkiece, the difference between the die velocity and the
constant workpiece velocity was calculated and multiplied by the time step length. This
produced an increment diistortionin terms of length. After the die came out of contact
with the surface, the vector dfstortionlength increments was summed for a tadtigtortion

distance. A plot from the MATLAB simulation is shownkigure5-7.
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Figure 5-7. Plot of vertical die position and woytiece surface position vs. time for one

indent cycle.

Another feature of thdistortionestimation simulation was to display the estimatistbrtion

or sliding digance on the plot as shown kiigure5-7. The estimated amount dfstortion

using the values shown ifable5-1 was approximately 500 nm. This was compared with

the SEM image inFigure 5-4b which has a dimension of thdistortion shown as
approximately 450 nm. The measurement is not exact, however, since the features were
distored so severely that they folded on top of each other. The actual amdistbdion

in Figure5-4b 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.

54 SUMMARY

The objective of the work presentadthis chapter was to transition to a higher indentation
frequency for further development of the nanocoining process. Because of the higher feed
rates required Yothe 1 Kz operating frequency the wepiece was mounted to an air
bearing spindle on thdanoform 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
distored dwe to the relative motiobetween the die and wopkece surface. Thaliding die

also caused material to picip and become stuck-between the nanofeatures rendering the
replication process ineffective. Simulations of ttiistortion confirmed the amounof
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 mustb&dso that théorizontal

velocity difference during contact of die and wquikece is smalenough to minimize

distortion
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6 DIE PATH CHARACTERIZ ATION

To this point all otthe indentation experiments have been performed using a lineguatibol

The indenter velocity moving across the face of the wmieke (feeerate) has been slow
compared to the velocity of the indenter contacting the yarke so no compensation was
necessary. However, this was not the case in the experiments using the FTS to indent a
rotating workpiece at 1kHz. There was significardistortion which is intuitive once the
work-piece velocitybecomes large If the indenter is plunged into a wepkece whose
velocity is large and direction is orthogonal to the direction of motion of the indenter

distortionwill occur.

y

At time =t "l‘ At time =t + At :
—0 * Vg =0

Smear

=}

Work-piece

Work-piece

Figure 6-1. lllustration ofdistortioncaused by linear togdath and moving wi-pieice.

v

xWork-piece =V V.

xWork-piece

=V

Figure 6-1 shows that for a linear toglath (die moving inY-direction) at the point of
contact, time =t, the die has no velocity in ¥welirection. The worlpiece is moving in the
X-direction with some velocityy. Because contact is not instantaneous, there will be some
amount of timegptthat the die remains in contact with the moving woidce before the die

is pulled back out. During the timgyt the velocity difference between the die and work

piece will result indistortionwhose length is
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=V b (6.1)

smear

wherelgisiortion IS the distance the die dstored, V is the velocity difference between the die

and workpiece andptis the amount of time in contact. THestortion 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 diiven linearly into a worlpiecewith a high surface spegthe features will bélistoried.
Therefore, an elliptical togbath which adds a velocity component in the direction of the

work-piece was theroposed

6.1 ELLIPTICAL TooOL PATH

The elliptical tool pth used to match worgiece and indenter (die) velocity is shown in
Figure 6-2. The benefitof using an elliptical tool path is that a component of velocity is
added to the indenter in the direction of moving wpice. The gdas to match the two
velocities at the time of comtt. For this discussion on the elliptical tool pdtte velocities

of the die and woHpiece being discussed are in the direction of the moving-piede, the

normal indenting velocity is not usedtime calculation of any system parameters.

_ < a
VD[E 7'VW0rk—piece ;

Work-piece

7
¥ Wortl-piece

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

x = acos(mt) (6.2)
y = bsin(ut) (6.3)

wherea is the horizontal dimension of the ellipgeis the vertical dimensiorF{gure6-2), ¥

is the actuator frequency ahd time. It should also be noted thatefers to the dimension
along the workpiece andy is the dimension normal to the wepkece. These equations can
be differentiated with respect to time to yield in ¥Xwelirection

V, =V,, wasin( n) (6.4)

It is this velocity that must match tiseirface speedf thework-piece. It is desired to have
the die indent at thedgeof the previous indent implying that the weplece will move a
distance equivalent to one die length between indents.id€aévelocity of the workpiece,

therefore, is the length of the inder,d, divided by the period of indentiom,

_d
Vwork- piece — ? (65)
At the point ofcontact the velocity of the indenter will be
Vie = W2 (6.6)

and by setting Eaation (6.5) equal to Equatiori6.6), an expression for the-dimension of
the ellipse is

a= (6.7)

da
2p
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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 jtine a dimensionshouldbe 3.18

um.

The vetical 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 odlistortionfor each indent.Because the entire tool thais aellipse thex

and y velocity components (coordinates frofigure 6-2) are constantly changing. The
indenter and woHpiece velocity must match at the point of contact and if the indenter
velocity is constantly changinghe 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 thana in Figure 6-2) minimize contact time more than horizonédliptical

tool paths I smaller thara in Figure6-2).

A plot of thedistortionas a function of verticdd dimension can be seenfkigure6-3. This

was generated by simulating the ellipse andrassy the depth of the indents to be 200 pm.
The velocity of the indenter was recorded when the indenter was below thgieoekand

the maximum velocity difference was used with the time to calculatdishation Using
Figure6-3 a b dimension of 6 um was chosen for the elliptical tool path. The next step was
to find a way to generate the elliptical tquth.
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Figure 6-3. Plot of expectedlistortionvs. verticalb dimenson of elliptical tootpath.

6.2 ULTRAMILL ELLIPTICAL ACTUATOR

The PEC alreadizasan elliptical actuator used on past projects called the Ultramill and was
designed and previously used for research in elliptical vibration assisted machining (EVAM).
There isa significant amount of information availabler om pa st graduate s
[56,57] so only a brief overview will be presented. The Ultramill is a-resonant actuator

which usestwo PZT stacks to create an elliptical tgath. The Ultramill is capable of

achieving an ellipse with a maximuanand b-dimension of approximately 20 um and 5 pm
respectively.

Cooling
chamber

Piezo stacks

Toolholder

Titanium
diaphragm

(b)

Figure 6-4. (a) Imageof the Ultramill elliptical actuatoand (b) primary components
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The Ultramill PZT stacks have a natural frequency of KM2 and because of limitations

from the power electronicshe maximum operating frequency & kHz Tests with the
Ultramill at frequencies of 4«Hz showed some erratic behavi@ilipse shape begins to
O0hour go a dlHa pperating frequency was used for all indentation experiments
performed with the Ultramill in this researchH-igure 6-4b shows the onstruction 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 lzollow ceramic tool holdersi 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 rdpiéh 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 electroniccomponents will also be described briethg here is where frequency,
amplitude and phase angle are sehe 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. sthelmaximum voltage

for thePZTis 100 Vsignalamplitude which is less than the DC offsdthe commad 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 andused tadrive each PZT stack.

6.2.1  Ultramill Elliptical Tool Path Generation

The elliptical tool path generated by the Ultramill isc@mbinationof linear and tilting

motiors. The ceramic tool holder sits on top of the PZT stacks as shdvigure6-5.

126



Diamond Tool \l

r_[\__ll b ~1.5 mm
Tool Holder I|' I'|

| \ 26 mm

Anniilar
Diaphragm % 5
22 mm

Piezo | =
Stacks

AR

H = = - Workpisce motion
., 22 um

Figure 6-5. Ultramill construction (left) and elliptical motion (right) for EVAM

The PZT stacks havehalf-round cylinder mounted at the top and are spaced 11 mm apart as
shown inFigure6-5. The ceramic tol holder has one matching groove which ba# round

rests in while the othenalf round contacts a flat region on the tool holder. Original tool
holder had two grooves (one for each Hralind) but this over constrained the kinematics
and caused somed! holders to fail. Two drive signals are supplied (one for each stack)
from a twoechannel signal generator. If the drive signals are in phase, then both PZT stacks
will expand and contract at the same time causitigear tool motion If there is a pase
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 inthe elliptical toolpath as shown ifigure6-5. Varying the phase angle alters the
shape of the ellipse. For example, a 90° phase difference will cause a flat ellipsge(

thanb) while a phase difference of 10° will cause a tall elligssnfaller tharb). Varying

the ampitude of the command from the signal generator also changes the dimensions of the
ellipse with larger amplitude creating a larger overall ellips€he desiredhorizontal
amplitude of the ellipse i8.18 um, buthe signal amplitude and phase differetogroduce

that geometry is unknown
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6.2.2  Single Channel Light ProbeMeasurements

Measurements were performexdetermine the correct combination ofi@itude and phase

that will createthe desired ellipse. A light probe (photonic sensor) used to take da
because of ithigh bandwidth (>10kHz). The use of a light probe requires a reflective
surface so tapwith a specular coatingas attached to the end of the Ultramill tool holder.

At the time, the PEC had a singthannel photonic sensor so measgrboth 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 db dimension of Ultranill ellipse (left) anda dimension (right)

using a single channel light probe.

An image of the measurement setup can be sedfigure 6-6. Using ths data, it was
determined that the correct phase angle to produce an ellifpsana dimension of 3.18 pum

was between 7 and 13°. An amplitude of 100 V was used to achieve the ltedlgeshsion
without causing erratic tool motion. Seven rings were indented (Indenting process described
in Chapter 7) each with a different phasgla between 7 and 13°. The indenter used was a
nanostructured die with square nanofeatures. The results all shelatce motion btween
indenter and worpiece (distortion) in the same directionSEM images of the 7° and 13°

distoried nanofeaturesaa be seen iRigure6-7.
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Figure 6-7. SEM images showing nanofeatudidstored with Ultramill operating at 1 KHz,
100 V and 7° phase (left) and 13° phase.

The nanofeatures iboth SEMs inFigure 6-7 show featuredistoried from left to right.

From the orientation of the indents, this implied that the vpiegke was moving faster than
indenter. The features in the right image were ndlistortedasthose on the left which
encouraged the next set of rings to be greater thasit8@ 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 fife tcorrect 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 eachisingFigure6-8. The results from tis
attemptshows a change in the width of the features as the phase is chédfigadce6-8a and
b show the individual nanofeaturafistorted from left to right, just as in the previous
experiment. Thelistortionin the Figure6-8b is not as severe as thestortionin the Figure
6-8a which implies that 20° is closer to the correct phase angle. A{FR2§are 6-8c) the
nanofeatures have relatively litttkstortion anl the workpiece looks like the die At phase
angles greater than 25°, the nanofeatures bedatwred from right to left implying that the

tool was now moving faster than the weqpiece.
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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 phasstersthe horizontaldistance the die travess illustrated irFigure 6-9.

This, in turn, changes the weelty since the indent cycle time is constant but the distance
traveled changes if the phase changébe workpiece is moving at a constant velocity so

the goal is to match the maximum speed of the die with the surface speed of th@ewerk

At phaseangles less than 25° tleedimension 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°tllénension is too big so the indent

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 incrementsetween 24° and 280 determine the optimglha® 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.

Total x-distance traveled by indenter in same 1 msec period (1000 Hz actuator frequency).

Figure 6-9. Description of how phase angle will cha&wdimension 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. Thisneant that theaandbdi mensi ons of the Ul tr ami
measured simultaneously resulting in plots of the actual ellipse shape. The dual channel light
probe device was an MT100 Fotoni€¥ Sensor manufactured by MTI Instruments. The
specifcations for the purchased model can be sediable6-1.

Table 6-1. MTI-2100 dual channel light probe module specifications.

Property Value
Channel 1 high sensitivity | 0.0227 pm/nv
Channel 2 high sensitivity | 0.0259 um/mV

Max frequency response | 150 KHz

Resolution 100 nm

High sensitivity range 152 um
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The operating principle behind the probes is relatively simple. Each prolse drasipof
light-transmitting and lighteceiving optic fibers. Light is emitted from the transmitting
fibers and reflected off the target surface which is then detected by the receivirsg flther
amount of light received is converted to a voltage which is proportional to a displacement
between the mbe 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 tsurface

make it reflective

To measure both dimensions of the ellipse simultaneoadixture was fabricated to hold

the light probes 90° from each other. Also, a small acrylic ¢bilbem side)wvas glued to the

end of the Ultramill tocholder to create faces large enough for the light probes to measure.
The faces of the acrylic cubesve covered with reflective tape. An image of the light probes
mounted in the 90° fixture measuring the cube attached to the UltramilistoolFigure

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 Figure6-10, data was collected for various PZT stack voltages and
phase angle® map the different ellipse shapes. The reswiere then plottesh Figure6-11
using MATLAB to showthe ellipse shapes for various sigaaiplitudes and phase angles.

Vertical (b-dmerslon) Displacement pm)
-
Vertical (bedmerslon) Displacement

Af=====-=--- [ L A== mmmmmmm- A
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Bp---------- L R Toommmmmm- LR a
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(a) (b)
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V I L e il Tl
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Figure 6-11. Ellipse shapes for various phase &sglegendsland amplitudef (a) 50 V (B
75V (c) 100 V. Ellipse used in nanocoining experiments (d) has 1@églitude and 23.5°

phase angle.
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The displacements shown in each ploFigure6-11 are for different phase angl@egend

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>aatdhe

Y ranges are the same so as not to distort the truseskipape. The plots Figure6-11

show that the vertical dimension is affectey stack voltage but not by phase anghks

stated earlier, decreasing the phase angle will cause the horizontal dimension of the ellipse to
also derease. The plot shown Figure6-11(d) is the ellipse whose horizontal dimension
(3.18 pm) 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 issuaet as long as the horizontal
dimension is accurate. A taller ellipse was dedirechuse it reduces inherent distortibat

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
tool-holder would be beneficial for the nanocoining application as agelbther uses The

desired relationship would be poedictthe shape of the ellipse (tephth) for a given PZT

stack voltage amplitude and phase angle sthese are the adjustments available to the
operator
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Tool tip

Figure 6-12. Diagram used to develop kinetitamodel for the Ultramill tocholder motion.

The geometry used to determine the kinematics can be sEgune6-12. The upside down

0T6 shape is a si mpl-hofdéreigunet5d €hle lefostherhaticean a ct u e
Figure6-12 is the tootholder before any motion of the PZT stacks. The distance between
the two pin contacts with the PZT stacks is labeledile the height of the todiolder from

pin contact @ tip is calledh. 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 todiolder can be considered the amount of ldisgment 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 amei#r and a photonic
displacement sensor, voltage vs. displacement was recondedrémge of 5@&00 V three

times. The data is shown Higure6-13.
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Figure 6-13. Measured displacement vs. voltage for Ultramill PZT stacks.

A linear and 2" order polynomiatrendline were fit to the data with thé%rder polynomial
having a slightly better Rvalue. Therefore, the displacement of the PZT stacks in

micrometers for a certain voltage was given by

d=2e° XF 040168V (0.079 (6.8)

where U is the displacement of the PZT stack awidis the amplifier voltage. The

displacement of each stack, call them d ancan then be written as

d= dén( u (6.9)
d,= dén( wO) (6.10)
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wherey is the operating frequencyjs time and is the phase angle between the two PZT
input voltage signals. The difference between these two values is called the total effective

stack displacementi;, as shown irfrigure6-12. The tilt angled, can be calculated by

o

g=sin 8% (6.11)
¢cd

The task is to determinthe change in positiompxand gy of the tool tip as it moved from

point A to point B inFigure6-12. The expression for displacement in theiection is

Dx =h sid(q) (6.12)

The ydirection motion is also easily calculated from the tilt motion and vertical motion of

the PZT stacks. The expression fag thotion in ydirection is

Dy —"1; 7 b (16co4g)) (6.13)
Equations(6.8) - (6.13) were coded into a MATLAB script (seAPPENDIX A) and
compared against the measurements taken with the MTI probes on the Ultramill. The
parameters used to generate the -path shown inFigure 6-11(d) were used in the
MATLAB simulation. Using a voltage amplitude of 180and a phase angle of 23.5° in the
simulation produced an ellipse very similar to the actual measurement as shbBignre
6-14.
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Figure 6-14. Comparison of simulated Ultrarhtbol-path ellipse vs. measurement.

Figure6-14 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 of3.27 um which is close to the 3.19 um amplitude required for a 20 um die as
dictated by Equatior(6.7). The simulation was compared to other voltage/phagée an
combination measurements shown kigure 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 wogkiece was problematic in that the die velocity in the
direction of the worlpiece surface did not match the velocity of the surface at the point of
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contact causinglistortion The solution to this problem was to develop a-fmih which

had a componerdf velocity in the direction of the moving surfasech asan ellipse. It was
shownthat the shape of the ellipsersatedto the length of the die. An elliptical actuator

used in previous PEC research, the Ultramill, was used to test this. Sevasarengents

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 minimadlistortionduring indentation. A MATLAB simul@gon 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 toepath to create largareas of nanofeatures.
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7 ULTRAMILL HIGH SPEED INDENTATION DEV ELOPMENT

This chapte describs the steps taken to transition from the linear indents desciibed
Chapters3 and 4 to a 1 kHz elliptical actuation technique. &edure, initial

experimentationalterationsand result arediscussed.

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 t¥ 4#veis of the

Nanoform ashown inFigure7-1.

Figure 7-1. Experimental setup for high speed indenting using the Ultramill actuator and
Nanoform DTM.

Figure7-1 shows that the workiece is mounted to a large diameter plate so a higher force
can be attained on the wvacuum chuck. The
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tool-holderandachieves an elliptical tool path by movinginthe@&ct i on of t he Ne
Z-axis as well as tilting X-axis.tAshendaticrobétbe i on

Ultramill motion with respect to the Nanoform axe Figure7-2.

Spindle

Side View

Top View

Figure 7-2. Di agr am showing Ul tramil|l motion with

The side view irFigure 7-2 is the same view as ifigure 7-1 where thelinear too motion
towards the part igenerated byhe PZT stacks. This motion would look the same if the
Nanoform was examined looking down from a top viewrigure 7-2. The top view also
shows the tilting of the PZT atks caused by the phamgglebetween actuation signals. The
top view in Figure 7-2 shows how the linear motion combined with the tilting motion
produce the elliptical toolpath. The orientation of the ellipgeth respect to the Nanoform

axes is important because it will dictate where on the part the indentation can take place.

To understand this bettethe orientation of the Ultramill ellipse can be compared with the
direction of motion of the rotating wiipiece as seen iRigure 7-3. The front view of

Figure 7-3 is looking at the surface of the rotating wquilece. The arrows around the
perimeter represent the wepkecevelocity direction at the corresponding radial positions.

The top view ofFigure7-3s hows t he direction of motion of
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the contact cycle, the indenter is moving from left to righthe top view. Therefore, the
position on the worpiece where the direction of motion would match at the point of contact
would be at the top of the part as indicatedFigure 7-3. The direction of motion beten

the indenter and worgiece 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 wokece.

Y-axis into page
. pag

X-axis | SR (N N | | X-axis

>

Ultramill tool-path orientation.

Work-piece

. Indenting must occurat top of part to
rotation : “ ek

match work-piece motion direction.

Front View Top View

Figure 7-3. Orientation of Ultramill ellipse with respect to wepkece rotation.

The indenting procedure wasmilar to single point diamond turning were the part rotated
and the tool moved outward radially indenting the surfacedpiral pattern. As discussed
earlier, the indenter was translated from the center of the part upward irditeztjon of
Figure7-3. The frequency, feethte and spindle speed had to be chosen to ensure complete
coverage of tb part with indents free dlistortion To coordinate the axeselationships
between the process parameters had to be determiedore detailed description of the
nanocoining process including operation of the electronics can be foARPIENDIX G

7.1.1  Indenting ProcessParameters

The experiments described in this chapter were performed on the face of flat parts. The
challenge of indenting on a flat is that as ¥it@atingtool moves radially, the velocity of the

work-piece will changeproportional to the radius
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Vyp = T (7.2
wherev,,, is the velody of the workpiece at radial positiom, and spindle angulapeedy.

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 T he Ul t sigaalsodrce @&a sigoal i v e
generatooperatingat a frequency of kHz. The Ultramill can operate at frequencies up to 4
kHz, but the tocpath becomes errat{additional frequencies presebgcause of limitations

to the power electronics. Because tHedunill drive frequency is constant, this implies the
maximum indenter velocity(at contact)remains constant as well. The constant indenter
velocity requires that the woiiece velocity remain constant leaving only the spindle
angularvelocity as avariable The spindle speed at various radial locations was calculated

using

W(r):—f @ co (7.2)
wheref is the actuator frequency,s the indenter length ands the radial position.

A second parameter that must be updated with radial position is theateeaf the indenter.
The feedrate is the velocity at which the indentetrisversed 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 workpiece. Velocity is a measure of distance per time where thedgedistance is the
die width and time ighe period of one revolution of the workiece. Since the angular
velocity of the spindle and thus wepkece changes with radial position, the feate will
also change with radial position. The equation that describes theateedf the indenter as
a function of radial position is

wOF dD60

feeC( |) = T (73)
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wherew is the die widthf is the indenter frequencyl is the die length andis the radial

position. A MATLAB file was written to automatically generate machine code using
Equationg(7.2) and(7.3). In this way the spindle speed and feetewill be updateds a

function ofrradial positionandthe indentation frequenayill be held contant. 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 th&deption

more difficult.

7.1.2  Centering Procedure

The indentehadto be centered with respect to the axis of rotation of the ywte so all
indents would be aligned properly. If the indenter is not aligned, gaps are produced at the

intersection of four indents as showrFigure7-4.

Figure 7-4. Indents created with necentered indenter.

The two-circle method developed by PEC staff member Alex Sohn wastaseehter the
indenter This method is normally used for centering single chditanond 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 actutt@he rotating worlpiece 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 Figure 7-5.The eight measurements shownHFigure 7-5

were used to calculate a radius for the outer riRg &nd inner ring Ry). The distance
between the circleslx, is also known (1 mm) so the centering error can be calculated using

the following equations.

R=¢ +§ (7.4)
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R=(g ) & (7.5)

Solving fore, using Equation$7.4) and(7.5) yield the following expression

e = W (7.6)

The error in thé/ -direction can be expressed as

e =R -¢ (7.7

The indenter was then moved the distargemde, from the point where the inner ring was
created to the actual center of the p#ing the X and Yaxes of the DTMas shown in
Figure7-5. 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
resulted in border marks around the indenkbis procedure was not implemented until the
experiments described in Sectidrb but the details of the process will be described. Depth
calibration was performed after the indenter was centered using tharbleomethod. After
centering, the indenter was positioned just outside the centeringeoings wastespace. A
Z-offset had already been set durittyichoff in the centering process. This means that
when the indenter touched the surface during the centeringsprabeZ-axis position was
recordedasan offset. From experience, it was known that the centering rings were typically
indented to a depth of approximately 2 um which is deeper than the approximately 200 nm
maximum depthof the indenter. A machine prgn which would create a 200 um wide
spiral band of indents was then performed 4 pbovethe 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 contactinggsnwere 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 depémthis ring wascreatedoecame

the newZ-offset so that all following inents were created at this depth. An illustration of

this process can be seerfHigure7-6.

15t Depth
Calibration.
nd
No Contact 2 .Dept.h 34 Depth
Calibration. Calibration.
Centering Ring. Indenter Correct Depth Too Deep

Too Deep

Indente
naenter Indenter

Indenter

Work-Piece

Figure 7-6. Depth calibration process after centering procedure.

7.2 MATERIAL PicK-UPISsUE

The firstnanocoiningexperimentaising the Ultramilwere performed on hard plated copper

with a Vickers hardness (Hvalue of 250. The nanofeatures that were present were not
distoredbecausehe correct phase angle and stack voltage combindéitarmined earlien
Section6.2.3(23.5° and 100 Vijvere imposed There was, however, a strange effadhe

center of each indent. The individual nanofeatures were present around the outside of each
indent, but not in th centeras seen irkFigure 7-7. Several experiments were performed to

determine itthis was a tilt, depthalignmentor distortionissue
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(a) (b)

Figure 7-7. Multiple indentsshowirg material pickup between die and hard plated copper
work-pieceat (a) 700x and (b) 3000x

It was suspected that the source of pigkwas eithedistortionor material sticking between
the nanofeaturesDistortioncould cause pickip by pressing the &ures into the workiece
and then shearing the material between the nanofeatures off due to the veloaitgtohis
To investigate this mechanism, static indents veem@pared talynamic indents (dynamic
indents are those created with the ellipticall4oath). Static indents were created in the
same manner as those in Cha@téry using the axes of the DTM. Because the indenter was
pushed into angulledout of the stationary workiece linearlythere was no opportunitypif
distortionthus allowing comparison to the dynamic inderBeth static and dynamimdents
had the same pattern of-tmdented material. The implication frothese resultss that the
work-piece material is becoming lodgedhetween nanofeatures time diesincethe linear
indents, which have n&-direction velocity and thus no chance fdistortion appeared

identical to the elliptical indents.
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(a)

Figure 7-8. (a) Diamond mdentemwith hard plateadcopper material lodged{between

nanofeatures an() the indented worpiece

An image of the indenter witlvork-piece pick-up and alinear indent created with the
indenterareshownFigure7-8. The image on the left dfigure7-8 is an SEM measurement

of the indenter aftecreating thdinear indents The large, lighter area in the center of the die

is plated copper stuck-netween the nanofeatures. The image on the righigofre 7-8 is

an SEM measurement of a singjleear indent created with the die on the lefthe die had

been cleaad using nitric acid before the experimeatthe pickup inFigure7-8 is a result of

the linear indent.Thedark area in the center of the image of the indent is where nanofeatures
are not preseriiecausehe material pickup in the die prevents feature replicatioh is clear

from Figure7-8 that pickup wasa problemandthe next gperiments were designed to find a

solution.
7.2.1  Material Influence on Pick-Up

It was not known if the caus# pick-up was a material or environmental effect so multiple

experimentsvere developed tacharacterize the release property bemwéhe indenter and
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work-piece. One set of experimeniavolved spraying a fine mist of isopropyl alcohol or
deionized water on the wogkiece surface during the indentation process. Spraying the
liquids on the worlpiece surface was meant to have a cleaning effect odig¢hbut only
exacerbated the piakp problem. Another experimenused a sample of cartridge brass
normally machined for contact lens molds, but material-pkvas slightly worse than with
plated copper.Electroless (EL) nickel, which hashegh Vickers hardness (= 450),was
another material indented to observe pigkbehavior The results of these experiments,
seen inFigure 7-9 had much less pielap than thoseusing plated copper and brass. SEM
images of indents from thaanocoining experiments on EL nickel showed a dramatic
reduction in the amount of material piak 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 tpick-up.

Figure 7-9. Images of indents created on unknown nickel sample with minimaiypick

The Vickers hardness for easlample usedvas tested to determinié the hardness was
related topick-up. The results are shownTiable7-1. 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 g tihe material is not sticking to die. The yield
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