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Abstract

As miniaturization technology has progressed there has been an increased need for
characterization of physical properties at the micro- and nano-scales. Nanoindentation has
become a process which can be used to determine the physical properties of engineering
materials. It is characterized by the continuous measurement of the force applied to and resulting
displacement of the sample during the indentation event. A commercial apparatus capable of
performing these tests, however, costs upwards of $100,000, and is beyond the budget of many
colleges and universities. Thus, a low-cost module using a unique inverse method of
nanoindentation was developed in this project. Using this method, the force and displacement
data to construct the force-displacement curve are obtained indirectly from the interferometer
images, rather than being measured directly. An apparatus capable of proving this method was
designed, analyzed, and constructed. Lastly, a series of indentation events were performed,

validating both the mechanism and the inverse approach to nanoindentation.
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List of Nomenclature

AFM — atomic force microscope.

ANSYS — a program used to solve finite element problems.

APT User — a program used to control the piezo driver and strain gauge reader.

Atomic force microscope probe — a probe consisting of a base silicon wafer which has a silicon
cantilever beam of specified cross-section, natural frequency, stiffness, and length which is
grown on the base wafer. At the free end of the cantilever, a tip of specified geometry is grown
on the cantilever; for this experiment, it is this tip which was brought into contact with the
sample and performed the indentation.

Berkovich Tip — commercially available nanoindenter tip.

CSV — comma separated values.

Fringes — patterned variations between black and white in the images acquired with the
interferometer.

Hyperterminal — a serial communication program.

Inverse method of nanoindentation — method of indentation where the force-displacement
curve is constructed using data obtained from images. Most commercial nanoindenters utilize
force and displacement sensors to determine the forces applied to and resulting deformation of
the sample, respectively. Using the inverse method, however, the indentation is performed, and
the images obtained using the laser interferometer are then post-processed, yielding the force and
displacement data. Using this method, each image captured is representative of one point on the
force-displacement curve.

Indentation — term used to identify the first phase of the indentation event where the force

applied on the indenter tip is increasing, and the penetration depth the tip travels into the sample
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is increasing. Indentation technically stops when the indenter tip has reached the maximum
force or displacement for the experiment. The term indentation is also frequently used to
describe the whole process, however, including the phase called retraction.

Knoop Tip - commercially available nanoindenter tip.

LabView — a program from National Instruments used to automate and control various
laboratory equipment.

Laser interferometry — a principle by which a laser beam is emitted, then split, with a portion
of the beam reflecting off a mirror at a known distance, and the remaining portion reflecting off
the sample being measured. The reflected beams are then recombined, and the distance to the
sample can be calculated using the phase shift between the reflected beams.

LaserView — a program written by Ellery Harrington to control a laser interferometer and
acquire images.

MathCAD - a sophisticated mathematical simulation program

Nanoindentation — a process by which material properties of a sample can be determined.
Nanoindentation is characterized by the continuous measurement of force and displacement,
permitting the construction of a force-displacement curve. Traditional macroscale indentation,
by contrast, is often characterized by the measurement of the resulting indentation, resulting in a
single data point, rather than a series of data points gathered over the entire indentation event.
Using the standard set by National Institute of Standards and Technology, nanoindentation
experiments must have a total range of less than one micrometer.

Nanoscale — anything measured in nanometers.

National Aperture —a company that makes the translation stages used to construct the

nanoindenter.
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Piezo — an actuator that makes use of the piezoelectric effect. It increases in length proportional
to an applied voltage. Also referenced as piezo actuator and piezoelectric actuator.
ProEngineer —a computer aided modeling program. Also referenced as ProE.

Python — a scripting language used to process the data obtained in this project.

Retraction — term used to identify the second phase of the indentation event where the indenter
tip is being retracted from the maximum force or displacement limit during the indentation event.
During the retraction phase of the indentation event, the force and displacement are monitored,
as with the indentation phase; the measurements taken during retraction provide information as
to the elastic restorative forces present within the sample, as the retraction data for many
materials creates a hysterisis loop when plotted on the same set of axes as the indentation data.
T-Cubes — common name of the controllers used to control the piezo.

Vibration Isolation Table — a pneumatic table that isolates its contents from surrounding
vibrations.

Vickers Tip - commercially available nanoindenter tip.



Executive Summary

As the state of technology and modern materials science continues to progress, scientists
and materials researchers now have the capability to examine materials on the atomic scale.
Whereas previous tests for various properties were completed by the application of a large force
and measuring the resultant macroscale displacement, testing at the nanoscale permits the same
properties to be observed by applying very small loads and measuring the resulting nanoscale
deformation. This permits non-destructive testing of not only metallic samples, but also permits
tests to be performed on biological materials.

Attention is then turned to an apparatus that is capable of achieving these measurements
with an acceptable level of precision. Several commercial nanoindentation machines are
available, with each having slight differences from competing models. The commonality that
they all share, however, is that the displacement of the indenter tip and the force that is applied to
the indenter tip at the specified displacement are monitored continuously, providing the
information necessary to create a force-displacement curve from which properties such as elastic
modulus, Poisson’s Ratio, and hardness can be determined for metallic samples. Previous
hardness tests, by contrast, are characterized by the use of a constant load, often on the order of
hundreds of pounds of magnitudes, and the measurement of the resulting deformation. Only
hardness data can be obtained from this system of measurement, however, as it yields only two
data points — the surface of the sample before the test is performed, and the resulting deformation
after the test. Nanoindentation also yields a measure of the elastic restorative force within a
particular sample, as many common engineering materials exhibit a hysterisis loop. This
phenomena is observed when retracting the indenter tip from its maximum depth in the sample in

a controlled manner, resulting in a second set of data.
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To obtain the data necessary to determine the material properties mentioned above, a
unique inverse method was used. Whereas many of the commercial nanoindentation devices use
sensors to directly measure the force and displacement being applied on the sample at any given
instant, this method requires images taken using a laser interferometer. From these images, the
force and displacement data can be extracted and analyzed to produce the same force-
displacement curve that could be produced using direct measurements. The inverse
methodology was selected over the previous direct concepts for several reasons, among which
are measurable resolution, the number of components needed to achieve the indentation, and the
cost of the apparatus.

Thus, once the approach to nanoindentation had been determined, work commenced to
synthesize a design for an indenter apparatus that would have the capabilities of the expensive
commercial models while costing under $5,000. To begin, a survey of available components
was undertaken, including available products to control the fine motion of the indenter, as well
as to measure force and displacement. From this initial research, a concept was synthesized
around a macroscale cantilever that held the indenter tip. For this concept, the fine motion of the
assembly was controlled by a piezoactuator, while force was measured by an array of strain
gauges, and the displacement was measured by an inductive sensor. A second concept featured
an indenter actuated by a voice coil, where the voice coil, the sample, and the indenter tip were
mounted to three separate plates connected by folded, leaf-type springs. The third concept
utilized the force-multiplying properties of a piston-cylinder assembly utilizing incompressible
fluid, where the force would be measured by a pressure transducer, and the displacement would

be measured by the closed-loop piezoactuator.
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Each of the designs described above can be characterized by the use of mechanical or
electrical sensors to directly output force and displacement. For the final concept, which
ultimately became the apparatus that was analyzed and constructed, a different approach was
taken. For this design, cantilever probes designed for use with atomic force microscopes are
used. The probes are mounted in a specialized clip which is magnetically held in a larger
macroscale cantilever. The macroscale cantilever is attached to a piezoactuator, which provides
fine motion during the indentation event. An enclosure made of aluminum ensures the proper
positioning and alignment of the piezo, and also provides a point of attachment to the stages
which permit coarse motion. Coarse motion is provided by both motorized and manually-
adjusted stages, allowing the vertical movement of the entire indentation assembly for the
insertion of samples, as well as lateral motion, permitting repeated indentations without having
to manually move the sample. Since the work space beneath the interferometer is limited, the
entire assembly is mounted on a large cantilever, which moves the manually-adjusted
components closer to the operator while simultaneously positioning the probe beneath the
interferometer beam. Beneath the module itself, various stages and goniometers permit optimal
positioning beneath the interferometer assembly.

To determine the forces and displacements the probe undergoes, images from a laser
interferometer were used. Using the principle of laser interferometry, a series of images can be
captured and analyzed to recover force and displacement data from the interferometric images
using an inverse solution. Once the images have been captured, they are input to a finite-
element-analysis program, where each image yields a point on the force-displacement curve.
Once the experimental data has been analyzed, the forces and displacements measured

experimentally can be compared with the results from theoretical analysis.
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Using a derivation based primarily on the work of Robert Hooke and Heinrich Hertz, a
series of equations can be used to predict theoretical forces and displacements that the sample
will experience during the indentation process. Depending on the geometry of the tip that is used
to perform the indentation, the resulting deformation can be characterized by a series of
equations corresponding to three regimes: the elastic, elastic-plastic, and fully plastic regime.
Much of the work that has been done in this field to date is for spherical geometries, which are
used when testing brittle samples so as to not induce instant fracture. Much of the theory has
been modified, however, to be usable for tips of other geometries, including pyramidal, as was
used in this experiment.

Once the experimental data had been collected and analyzed, the force-displacement
curve based on the experimental data was compared to the theoretical curve. Comparison of the
curves shows that this method is a valid approach to indentation; both curves exhibit the same

trends and predict forces and displacements of the same magnitude.
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Fig. -. Analytical indentation solution with experimental indentation data.

Thus, the goals set for this experiment were met. The module used to perform these
experiments was designed, analyzed, and constructed for less than the target cost of $5,000, and
the method used to obtain the force-displacement curve was also validated. Despite these
accomplishments, there are some areas of the project which could use further improvement, and
other areas of the project that could be explored further. Further automation of the indentation
process would result in more accurate data, as the indentation could be performed as an
uninterrupted, single-speed process where data is collected continuously, rather than the manner
in which the validation tests were performed. Automation of the data collection and analysis
process would allow the indentation events to be completed in a shorter amount of time, as the

data could be processed nearly real-time, rather than having a lengthy post-process for data
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acquisition. Also, if the probes with different mechanical properties, such as length, cross-
sectional dimensions, and stiffness were used in the module, a wider range of materials could be

indented.
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1. Introduction

As technology has progressed in recent years, it has become more important to be able to
manipulate things and make measurements on an increasingly smaller scale. Specifically,
indentation technology has progressed from large scale indentation to nano-scale indentation.
Nanoindenters can be used for numerous applications, including data storage, nano-hardness
testing, and nano-scratching. They can also be used to ascertain properties of a material,
including modulus of elasticity and Poisson’s Ratio.

Of course, as the scale of indentation technology has become smaller, the cost of this
technology has become progressively larger. A basic, commercially available nanoindenter costs
a minimum of $100,000. Additional accessories to increase the versatility of the machine can
bring prices to $400,000 and beyond. As a result, a very limited number of commercial and
educational institutions have access to a nanoindenter, and those who don’t need to make use of
nearby facilities if they wish to perform indentation experiments. Worcester Polytechnic
Institute’s Center for Holographic Studies and Laser micro-mechaTronics is one facility that has
nanoindentation capability, utilizing an indenter manufactured by the Australian firm CSIRO.
The machine has a very large footprint for the task that it performs, and it is currently not
functioning. Due to the age of the machine, parts are scarce, and the benefit from repairing such
a machine is low compared to the cost. The cost of replacing the existing unit with a new
indenter is also prohibitive.

This paper describes the development of a nanoindentation module to be used with a laser
interferometer. The total cost of the module is less than $5,000, significantly less than a
commercially purchased machine, and the module will allow many more labs to have
nanoindentation capabilities. The setup is small, lightweight, and can be easily removed and

transported. Because the system was designed to be a module, it can be taken off of the
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interferometer when not in use and therefore does not require a large amount of dedicated lab
space nor an interferometer devoted entirely to nanoindentation.

The uniqueness to the design and operation of this module comes from the manner in
which the force and displacement data are obtained. Whereas the commercial models described
previously use force and displacement sensors to ensure the accuracy of these measurements, the
approach taken in this exercise was an inverse approach. Through the use of the principles of
laser interferometry, the force and displacement data needed to construct a force-displacement
curve can be extracted from a series of images showing interferometric fringes. Thus, all of the
data gathered using this approach is gotten indirectly, as the images must be processed following
the experiment to determine the force and displacement acting on the sample at any particular
moment during the indentation event.

To prove the validity of this approach, a theoretical model was created based on the
theory of contact mechanics. Then, a series of designs for the module were created, taking into
account the resolutions, degrees of freedom, and constraints inherent in both the modules and the
workspace in which the module would have to function. Following the design, analysis, and
construction of the module, a series of indentation experiments were conducted, and the data was
analyzed using the aforementioned inverse method. After extracting of the force and
displacement data from the interferometric images obtained during the experiments, this data

was compared to the theoretical model of indentation.



2. Computational and Experimental Approach to
Nanoindentation

As previously stated, aside from sub-micrometer magnitudes, nanoindentation is
characterized by measuring force and displacement simultaneously during the indentation
process. ldeally, this data would be measured and processed in real time; however, it would

require extensive computing power. Instead, an indirect solution involving post-processing was
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Fig. -. Flow chart of the indentation process.



used to obtain these measurements. A flow chart describing the process used to complete an
entire indentation can be seen in Fig. -. A laser interferometer is used to record a series of
images of a loading and unloading cycle. Each image is associated with a specific position of the
piezoelectric actuator that is used to move the AFM probe into the sample. For every position,
the interferometer takes four images which are phase shifted by ninety degrees. Using these
images, the wrapped phase is calculated for the given piezo position. When the phase is
unwrapped it can be used to acquire information about the relative heights of the surface that has
been imaged. In this case, it yields the contour of the deflected AFM cantilever. The contour
information, along with the associated position of the piezo actuator, is processed by a program
written using Python, a scripting language with syntax similar to C++. The Python program uses
the data to create script files that can be read by ANSY'S, a robust finite element analysis
software package. When the ANSYS script file is read, it solves an inverse problem to
determine the force and displacement at the probe tip. This force and displacement become the
coordinates of one point on the loading-unloading curve, and the steps are repeated for each

height step of the actuator.

2.1. Obtaining Deflection Information with Laser Interferometry
In order to perform true nanoindentation, both force and indentation depth during the

loading and unloading of the sample must be measured. If the indentations were to be done on a
larger scale, these parameters could be measured with more conventional methods, such as a dial
drop gauge and a force gauge. None of the available conventional measuring instruments are

capable of measuring forces of the magnitude expected during nano-scale indentation. While



some conventional methods explored were able to measure the indentation distances expected, it
was decided to be more beneficial to use a system that could measure both force and
displacement together rather than trying to use two separate sensing units. The force and
displacement measurements for the nanoindenter constructed are obtained using images taken

with a laser interferometer.

2.1.1. Laser Interferometry
Interferometry is a way of making measurements that cannot be measured directly.

Interferometry gets its name because it makes use of interfering beams of light in order to obtain
measurements. One of the unique qualities of light is that it acts as both a particle and a wave.
The light emitted from a laser in an interferometer can be tuned to give off light of a specific
wavelength. Wavelengths of light can be over an extremely wide range; however laser light is
usually in the visible range of the spectrum between 400 and 700 nanometers. The other
important property of light that allows for laser interferometry to be possible is the fact that light
travels at a constant speed, roughly 300 million meters per second.

Interferometry makes use of a known reference distance to determine the distance that is
being measured. Laser light exits the laser traveling in one coherent beam at the fixed
wavelength. The first obstacle the beam encounters is a beam splitter which breaks the laser
light into two beams at a right angle with each other. One of the beams passes straight through
the splitter to the known reference mirror. The other is bent 90 degrees towards the sample being
measured. Both the beams are reflected back towards the beam splitter and recombine to form

the light that is detected by the camera.



Making use of the knowledge that light has a finite wavelength and a constant speed, it
follows that if the two beams of light have traveled the same distance, they will have traveled the
same number of wavelengths. If the distances that the two split beams have traveled are not
exactly the same, however, one of the beams will have more waves than the other. When the
beams recombine, the waves no longer match up as they did when they were split from the initial
coherent beam. Depending on the difference of the sample distance from the reference distance,
the waves in the newly combined beam of light will be out of phase with each other can cause
interference. These interferences produce a fringe pattern on the image collected by the digital
camera. The fringes change in color between black and white based on how much interference

there is between the beams. The fringes are analogous to contours lines on a map that are used to
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Fig. -. A schematic of how a laser interferometer is configured

(National Instruments, 2008).
show differences in elevation. Working with the images captured with the interferometer, the
distance from the beam splitter to the sample can be compared to that of the reference distance.
Because the image taken by the camera is several pixels wide, the topology of the surface can be

obtained using the individual pixel data.



2.1.2. Application of Laser Interferometry for Nanoindentation
For the purposes of this nanoindenter, laser interferometry will be used to measure the

deflections in a cantilever beam AFM probe and the force between the probe and the sample
being indented. A schematic the configuration of a typical laser interferometer can be seen in .

In the laboratory setup where this indenter is installed, the detector is a digital camera with a
resolution of 800 pixels by 800 pixels. The physical size of each pixel on the charge-coupled
device, the electronic component used to acquire the images, within the camera is 6. 25
micrometers. The beam passes through an objective lens that magnifies the light by a factor of 4.
Other objective lenses could be used, however it would require the interferometer to be
recalibrated. With the 4x lens, each pixel on the images obtained with the camera represents data
from a 1.5625 micrometer square area on the sample based on the equation below.

PhysicalSize ~ 6.25um

Width = — =
Magnificat ion 4

=1.5625 um ()

With the area described by that each pixel in the image known, the maximum viewing area
available with the given setup can be determined. To find this, the following equation can be
used.

ImageWidth= PixelWidth* Pixels=1.5625:m*800=1250um ()
The cantilevers used for the indenter are only 225 micrometers long, so the entire cantilever can
be seen within a single image taken by the interferometer.

Due to the interference in the light reaching the digital camera, the images obtained have
a series of fringes that range in color from black to white. The vertical distance from one black
fringe to the next is determined by the following equation where the wavelength lambda is 630

nm.



FringeDist=

A _8300M _si50m 0)
27 2

Once the desired sample to the measured with the interferometer is setup, it must be
brought into focus in order to see the fringes. Focusing is done by carefully adjusting the
distance from the sample to the beam splitter and the angle of the sample. These are adjusted
using micrometer dials on the z stage under the indenter and the two goniometers that allow
rotation about the x and y axes.

The interferometer is controlled by a program called LaserView, which was written by
Ellery Harrington, a graduate student helping Professor Furlong with his research. This program
has several unique features that simplify obtaining images from an interferometer. One feature
that is crucial is known as Reference mode. With this mode enabled, a piezo actuator connected
to the interferometer’s reference mirror cycles through a series of four positions. An image is
acquired at each of these positions. The reason it takes four images is that in each image that
light is phase-shifted by 90 degrees relative to the previous image. The light intensity data from
these four images is combined to determine the relative heights of the surface that was imaged.
The equations below are used to obtain the wrapped phase which can be unwrapped in order to

determine the contours of the surface.

1 |3

1 N7z
I, = IO{1+ECOS(TH ()

In the above equations, o is the intensity of a pixel from the image Iy. The second part of the

® = arctan {@} )

second equation corrects for the phase shift between the images so they can be combined. The

wrapped phase is calculated for each of the pixels in the area of interest of the images so the
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height information can be extracted. Within Reference mode, LaserView performs these

calculations internally and outputs images that represent the wrapped phase.

2.1.2.1. Unwrapping the Phase
The range of the wrapped phase data obtained using the above equations is shown in the

equation below.
_—2” <WrappedPhaeVaIues<% )

This is the range of the function because it is governed by the range of the arctangent function.
For the purposes of this project, the phase does not need to be unwrapped for the entire image,
because only a line along the length of the cantilever beam is of interest. The unwrapping of the
wrapped phase data is performed using a Python script. The script iterates through the wrapped
phase data along the line of interest. Each time the program encounters a peak in the phase data,
it increments an offset value, by pi which is equal to one period of the wrapped phase function.
Every point in the unwrapped phase is created by adding the wrapped phase value to the current

offset value.

2.1.2.2. Extracting Height Information from the Unwrapped Phase
With the unwrapped data calculated, only simple calculation is necessary to obtain the

associated displacement data. The equation below allows you to calculate the height term L,

using the unwrapped phase where lambda is the wavelength of the laser light.



L,=d 2= )

When this equation is applied to all the points along the line of interest, the points can then be

plotted to show a profile of the surface along that line.

2.1.3. Determining the Necessary Sampling Frequency

Since the measurements are being done on such a small scale, it is important that it is
known that the measurements are being done with an appropriate frequency to completely
resolve what is being measured. If there was a large amount of variation in height within each
pixel, it would be hard to determine the actual height. To find the minimum frequency that must
be used when sampling the data in order to obtain a complete picture of the beam contour, the
Nyquist Criterion is used. For this experiment, the frequency is associated with how frequently
you select a point from the beam deflection curve to model the beam deflection in ANSYS. The
Nyquist Criterion states that the frequency at which data is sampled must be at least twice the
maximum frequency in the data being measured as expressed in the equation below.

fo>2f, ., ()

To find out if the images being taken satisfied the Nyquist Criterion, the wrapped phase
data gathered from LaserView needed to be analyzed. Since the wrapped phase is a periodic
function, frequencies can be determined from the data. To begin with, the distances between all
the peaks on a sample wrapped phase curve were measured. Each of these measurements is the

period of the function at that given section. The local frequency of the function for each period
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was then determined by calculating the reciprocal of each of the periods. The equation for
frequency as a function of the period T is

1
f=r ()

The maximum frequency seen in the sample wrapped phase data was

_02133-1 . ¢)

4m

f

max observed

Based on the Nyquist Criterion, the sampling frequency must be at least twice that, or

_ 042661 . ()

4m

f

sampleminneeded

The actual sampling frequency of the digital camera at full resolution was found by taking the
reciprocal of the distance between pixels, 1. 5625 um. This maximum possible sampling

frequency is

fsamplemax = ; = 064i : ( )
1.56251m 4m
Since
fsamplemax > fsampleminneeded ' ( )

the Nyquist Criterion is satisfied and the images from the camera are acceptable for measuring
the surface contours seen in this experiment.

Working backwards from the Nyquist Criterion, the maximum possible frequency that
can be measured was determined from the sampling rate. The frequency measured must be less

than one half the sampling frequency.

fsam in 064 1 1
measured pe = = 032 ( )
2 2 um 4m

f

This means that the maximum frequency measurable in the data is
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_o32 L ()
4m

f

max measurable

By finding the reciprocal of the maximum measurable frequency, the minimum period

measurable is found.

1 Lm
T . = = =3.125 :
minmeasurable f 032 /um ( )

maxmeasurable
This minimum measurable period corresponds to a function period just two pixels wide. For this

to occur, the image would need to change from black to white to every other pixel.

2.1.4. Determining the Optimum Number of Elements

When using a finite element approach to solve a problem, the number of elements used
will affect the solution obtained. The finite element method is merely an approximation of the
actual solution. If too few elements are used, the solution could be far from the true value. As a
general rule, the finite element solution will converge upon the actual solution as the number of
elements used increases. Logically, it would then make sense to use as many elements as
possible within the limits of the available computing power. However, not all situations will
continue to converge with an increasing number of elements. Finite element models with a large
number of elements are prone to round-off errors, caused by the computer rounding or truncating
values too long or large for it to handle, which can actually make the solution obtained diverge
from the desired solution.

To ensure that the data obtained from ANSY'S is the most accurate, a sensitivity analysis

was performed on the solution based on changing the number of elements. The analysis was run
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Table -. Convergence to Expected Force with Increased Number of Elements

Number of Elements | Force (microNewtons) | Percentage Error | Nominal Force
1 0. 0000000 100. 000000% 0. 052799769
2 0. 0791997 50. 000000% 0. 052799769
3 0. 0422398 20. 000000% 0. 052799769
4 0. 0565712 7. 142857% 0. 052799769
6 0. 0532059 0. 769231% 0. 052799769
8 0. 0528386 0. 073638% 0. 052799769
9 0. 0527880 0. 022197% 0. 052799769
12 0. 0528001 0. 000570% 0. 052799769
16 0. 0527998 0. 000004% 0. 052799769
18 0. 0527998 0. 000001% 0. 052799769
24 0. 0527998 0. 000005% 0. 052799769
36 0. 0527998 0. 000018% 0. 052799769
48 0. 0527998 0. 000061% 0. 052799769
72 0. 0527998 0. 000064% 0. 052799769

144 0. 0527995 0. 000532% 0. 052799769

for a deflection of 1.23 nanometers (the minimum measurable deflection), 315 nanometers (the
deflection that would add one fringe to the beam), and a force of 100 microNewtons. This way
ensured that the determined number of elements would be valid for all possible instances. It was

determined that the maximum number of elements that could make up the beam is

. BefamLe_ngth _ 225m _1a4 0)
PixelWidth ~ 1.5625m

The number of elements for each step of the analysis corresponded to all whole number factors
of 144.

For each element configuration, an ANSY'S script file was created with the corresponding
number of elements. The only difference between the script files is the number of elements.
ANSYS was used to solve for the force at the end of the beam for each of these scripts. After all
the solutions were obtained from ANSY'S for each configuration, they were compared with the
theoretical solution for a beam undergoing that load or deflection. The comparison involved

finding the percentage error from the actual value and showing how it converges towards zero.
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For all three cases, the percentage error quickly approached zero. The equation use to find the

percentage error is as follows:

%Error

_ (AcceptedValue — ExperimentalValue) (100%)
AcceptedValue

()

An example of this convergence can be seen in Table -. However, around 18 or 24 elements, the
percentage error began to increase again. Based on these analyses, it was decided to use 18
elements to model the deflection of the beam in ANSYS. Numbers greater than this, while only
a few millionths of a percentage error different, would increase the error too much on a nano

scale to be acceptable. One benefit of using fewer elements, aside from increased accuracy of

the solution, is that the computer will process it faster with a fewer number of elements.

2.2. Solving an Inverse Beam Deflection Problem
In order to find the force between the AFM probe and the sample being indented, an

inverse approach must be used to solve the problem. With this approach, the deflections that
exist in the beam after the deflection has occurred are measured, and the forces that caused those
deflections are determined. This requires knowledge of how a beam deflects under given
loading conditions. Use of finite element methods is also necessary to solve this problem

because the equations are complex and would take a large amount of time to solve manually.

2.2.1. Cantilever Beam Deflection Equations
With traditional cantilever beam theory problems, input loading conditions are given, and

the object is to find the displacement profile along the length of the beam. For this to hold true,
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the boundary conditions of a cantilever are assumed to be that the beam deflection is zero at its
fixed end and that the slope of the beam profile is also zero at that point.

Equations called singularity functions are used to specify the loading on a beam and
determine the shear force, moment, slope, and deflection along its length. In defining the
singularity functions for a beam, a free body diagram of the beam, seen in Fig. -, is needed to
identify all the loading conditions acting upon it and their locations. From this free body
diagram, the balance of forces needed for the cantilever to be in static equilibrium can be solved.
The static equilibrium equations are found by summing the forces in the x and y directions and

the moments.

SF, =0
SF, =F,, +F, )
SM =M, +LF,

For static equilibrium to exist, each of these equations must be equal to zero. By setting each of
them equal to zero, the following simplifications can be made to solve for the force and moment
reactions at the base of the beam. For these simplifications and further equations, the force at the

tip of the beam will be denoted as F.

My

Fy

Fsy

Fig. -. Free body diagram of the cantilever
directly after contact with the sample.
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F, =-F )

Using the information from the free body diagram and the force balance equations, the
loading singularity function can be developed, as seen in the equation below.

q(x) =M (x=0)" +F, (x=0) " +F,(x~1,)" )
By integrating this singularity function twice, the functions for the shear force and moment along
the beam can be obtained. Further integration, with the material and geometric properties of the
beam E, elastic modulus, and I, cross sectional area moment of inertia, taken into consideration,
yields the singularity functions for the slope and deflection along the beam. Once all of the
singularity functions are determined, there were four constants of integration that can be solved
for using the boundary conditions mentioned above. The final singularity functions after solving

for the constants of integration solved are as follows:

q(x) = Mw<x—0>_2 + Fwy<x—0>_l +Fy,(x—1,

V(x)=M,(x=0)" +F,,(x=0)" + F(x~1,)°

M(x)=M (x=0)" +F, (x-0)" + F (x~1,)" =M, —F,,(,) )
Q(X):é[Mw<x—0>l+%<x—O> + Y <x—|e>2—MWx—FWy(Ie)xj

)= M0y oo B M - B e

Based on the boundary conditions, the singularity functions that define the loading of the beam,
and the static equilibrium equations, the singularity function for beam deflection can be

simplified to the following form.

-16-



_ —Fx*(3L-x)

6EI )

y(x)

In this equation F is the force between the probe and the sample, L is the length of the beam, E is
the beam’s elastic modulus, | is the cross sectional area moment of inertia, and x is the position
along the beam. For the purposes of extraction the indentation results, an equation for the
deflection at the end of the beam is necessary. To find one, the length L is substituted into the

above equation for x to yield the equation for the end deflection (Norton, 2006).

~FL
2E|

y(x) = (-)

2.2.2. A Finite Element Approach to Solving an Inverse Problem

In order to solve this problem an inverse approach which makes use of finite element
methods was used. Instead of supplying the finite element software with given loading
conditions to produce the deflection curve of the beam, the opposite was done; the loading
conditions were solved with a given displacement curve. Discrete points along the deflected
beam can be extracted from the relative height data obtained from the laser interferometer
images. Together these points make up the shape of the deflected beam that is input to ANSYS
to determine the force. Each image of the beam is coupled with the corresponding position of
the piezo actuator when it was taken, and the height data is offset by this value so both the force
and indentation depth can be extracted from ANSYS in one step.

In ANSYS, each point is modeled as a node with elastic beam elements forming the
connection between each node. Elastic beam elements are acceptable to use because the

cantilever beam will only be subjected to small deformations within its elastic region. Initially,
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each node is created along the x axis with only their lateral position as a coordinate and the
elements are created to connect them. Next, the height information for each node is entered as a
displacement constraint. The only constraints that can be placed on the nodes are the
displacements in the y direction. Any other constraints such as a zero slope at the first node
cannot be confirmed and must be omitted (Moaveni, 2003).

Once all of the information has been entered for each node, the inverse problem is ready
to be solved using ANSYS. Rather than specifying an applied force, the displacements are
specified, and the force that caused them is solved for. ANSY'S does this using a method similar
to that used for solving traditional beam problems. Normally, it uses stiffness and load matrices,
in order to find a displacement matrix that describes the deflections of the beam. With an inverse
approach, ANSYS begins with the stiffness and displacement matrices and instead solves for the

load matrix.

2.2.3. Mathematics behind the ANSYS Inverse Solution
ANSY'S begins its solution by determining the shape functions for the cantilever.

Because the beam is modeled using ANSYS’s predefined beam elements, it uses the following

cubic equation to show the general displacement field along the length of the beam.
V=C, +C,X+CsX° +C,X° )
This model, the input conditions about the element, and the shape functions are used in

combination to define the shape of the element. The shape functions are defined as follows.
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The next step is to calculate the strain energy for the beam element in order to determine the
stiffness matrix which will eventually be used to determine the reaction forces. The formula for

the strain energy of a beam element is:

El b(d2v)’
A:7£(dX2] dx ()

By substituting in the beam displacement model and simplifying it into a matrix form, the

modified strain energy formula is:
El fg T [nT"
A==-[{U}"[D] [D}u Jdx ()

Finally, ANSY'S uses the fact that the total potential energy of the beam element is equal to the
strain energy less the work done by the forces acting upon it. It is this fact that allows ANSYS to
be able to solve for the reaction forces when given displacement inputs. The principle of the
minimum total potential energy states that the total potential energy must be a minimum for a
stable system. This leads to the following equation where the strain energy is differentiated with

respect to the element end conditions.

12 6L -12 6L ||U,
) 2 2 U

Tl (DU v
k 0 '

6L 2L* -6L 4L ||U,

-19-



The 4 by 4 matrix is known as the stiffness matrix and the 4 by 1 matrix is known as the
displacement matrix. When multiplied together, these two matrices yield the reaction forces or
the load matrix (Moaveni, 2003).

The individual stiffness matrix for each element is found by ANSY'S and then combined
to create the global stiffness matrix. The matrices can be combined because the reaction forces
at the nodes where elements intersect one another are equal. At this point, ANSY'S would
normally find the inverse of this matrix and multiply it by the load matrix to determine the
displacement matrix corresponding to the applied loads. Instead, ANSYS multiplies the global
stiffness matrix by the global displacement matrix which is made up of the displacement data
that is input to ANSYS. This multiplication gives a load matrix that contains the reaction forces

on the beam being modeled (Moaveni, 2003).

2.2.4. Extracting Force and Displacement Data from ANSY'S Solution

To extract the solution for the force on the end of the beam from ANSYS, the Reaction
Solution feature of ANSYS’s post-processing menu is used. The indentation depth, if any
indentation has occurred, is found using the Nodal DOF Solution to find the displacement of the
end of the beam in the y direction. These two pieces of information can later be used to create a

single point on a force displacement curve for the indentation process (Moaveni, 2003).
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# Assign beam properties

beamprops = "R,1," + str(area) + "," + str(l) + "," + str(beamheight) + ", , , \n"
commands. append(beamprops)

# Assign material properties

commands. append("MPTEMP,,,,,,,,\n")

commands. append("MPTEMP,1,0\n")

commands. append("MPDATA,EX,1,,150000\n")

commands. append("MPDATA,PRXY,1,,0. 17\n")

Fig. -. Python code to add beam and material properties.

2.3. Validation of Algorithm with Comparison to Theoretical Results

Once it was shown that ANSY'S was capable of solving the inverse problem using the
algorithm with sufficient accuracy, verification was needed to prove that the algorithm could
produce the theoretically expected data for a simulated indentation process. To do this, the
analytical solution of an AFM cantilever probe being used to indent a sample of aluminum to a

maximum penetration depth of 100 nanometers was used.

2.3.1. Creation of Simulated Indentation Data
For the validation of the algorithm, a set of data similar to one that would be obtained

during an indentation was required. Since the algorithm was validated before the construction of
the indenter, an example set of data that could be seen during an indentation needed to be
analyzed. To make this data, an iterative model that created a new data point for each step of the
piezoactuator was used. The model created ANSY'S script files for each indentation step to solve
for the force and displacement at that step. To begin, all the material properties and physical

characteristics of the beam were input to the program using the code in Fig. -.
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To make this sample data, the material properties of aluminum were used as the
simulated sample. For the finished indenter, the material properties of the sample are not needed
before indentation because they can be extracted from the indentation data. The material
properties are needed for the validation because no physical indentation has taken place. Each
time the piezo position was increased in the simulation, the beam deflection was recalculated,
and the subsequent penetration depth was determined. The penetration depth during the
indentation is equal to the absolute difference between the position of the piezo actuator and the
deflection of the cantilever beam. For each step in the indentation, a different ANSY'S script file
was created to replicate the contour of the beam at that position. The code in Fig. - adds the
nodes and elements to the ANSYSS script and applies the constraints on the nodes to create the
contour.

The completed Python script was used to make all the ANSYS script files to simulate
each step in the actuation of the piezo and find the expected of force and penetration for the

given extension. The program began with the simulated piezo initially not extended and the
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# Create nodes
i=0
while i <= numelements:
command = "N, ," + str(beamlength / numelements * i) + "0,0,,,,,\n"
commands. append(command)
i=i+1
# Create elements
i=0
while j < numelements:
command = "FLST,2,2,1\nFITEM,2," + str(j+1) + "\nFITEM,2," + str(j+2) + "\nE,P51X\n"
commands. append(command)
j=i+1
# Apply y constraints to the nodes
i=0
while i <= numelements:
ydisp = -piezoposition + disp(beamlength / numelements * i, force, E, I, beamlength)
command = "FLST,2,1,1,O0RDE,1\nFITEM,2," + str(i + 1) + "\n!*\n/GO\nD,P51X, ," +
str(ydisp) + ", ,, ,UY,,,,,\n"
commands. append(command)
i=i+1
Fig. -. Python code to create the nodes and elements for the ANSY'S script

simulated cantilever just in contact with the sample. In five nanometer increments, the position
of the simulated piezo was increased. The extension of the piezo causes the beam to deflect and

a force at the tip of the beam to act on the sample. If the force is high enough, the tip will

penetrate the sample a distance proportional to the force. Once the penetration depth reached the

depth of 100 nanometers, the set of data to simulate the indentation was complete. The process
was then reversed to obtain the data for the tip being retracted from the sample.
The data created was not just a force and a displacement. Instead, the data synthesized

for each step was a series of points representing the contour of the cantilever at the given instant.

This is analogous to the beam contour data that can be obtained from an image taken with a laser

interferometer. In this way, the simulated dataset can be used to validate that the program can

take input from laser interferometer images.
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2.3.2. Extraction of Force and Displacement Information from Dataset
Once the simulated dataset was created, the validity of the program could be tested by

feeding this dataset as input to the program. For each simulated image the program takes the
information and creates an ANSYS script file. The ANSYS script file is comprised of 19 nodes
and 18 elements that describe the specific contour of the beam for that image. Each of the script

files are opened in ANSYS and solved to obtain the individual force and indentation data.
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Fig. -. Comparison to theoretical force displacement data.

2.3.3. Comparison of Algorithm Data to Theoretical Data
Using another script that opens, solves, and extracts data from all the ANSYS script files,

all the force and indentation depths were automatically extracted and stored the data in a
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spreadsheet file. A graph of the theoretical force versus displacement curve was made using
Excel and the data obtained from the algorithm was overlaid on top of the curve. This curve can
be seen in Fig. 2-6 and the curve created by the data points obtained from ANSYS falls exactly

on the theoretical solution curve.

3. Indentation Approaches
Before deciding upon the final design of the nanoindenter, several different design

configurations were considered. Research was also done into alternate methods of directly
measuring force and displacement; these results can be seen in Appendix B, along with research
done on commercially available nanoindenters and nanoindenter tips that was used to compare
designs. Finally, the potential nanoindenter configurations are explained and analyzed to

determine the design for the nanoindenter.

3.1. Previous Designs
Once research into commercially available components and systems had been completed,

work was done to produce several viable concepts for a low-cost indentation module. The goal
was to produce a design that could function as a stand-alone module for a laser interferometer,
provide a quality of measurement near that of the commercially available systems, and remain

below the $5,000 budget for the project.
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3.1.1. Macroscale Cantilever Concept
One of the first designs considered was a macroscale cantilever, which held a

commercially-obtained indenter tip at the end. Strain gauges were used to measure the
deflection in the cantilever, which, through the use of beam deflection equations, could be used
to derive the force applied to the cantilever. To measure the deflection at the end of the
cantilever, a capacitive or inductive displacement sensor would be mounted with one segment on
the cantilever, and the other mounted on the fixturing that held the piezoactuator. The sample
would be held on a stage which allowed coarse vertical motion, which would allow the sample to
be brought into contact with the indenter tip. Confirmation of contact with the sample would be
provided by the displacement sensor, as a small deviation would be observed from the previous

displacement reading.
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Fig. -. Macroscale Cantilever Concept

Once the tip was brought into contact with the sample, the piezo would then be actuated
in small increments, and the readings from the strain gauges and displacement sensor would be
used to construct the force-displacement curve.

In addition to the components shown in Fig. 3. 2, an analog-to-digital converter would be
needed, as well as amplifiers for the strain gauges and the displacement sensors. This concept
was also designed to be a stand-alone module, and, because of the force and displacement
sensors, did not require the use of the laser interferometer to obtain readings of force and
displacement. Theoretically, this configuration could have provided resolutions of 0. 6
micrometers for the displacement, using a commercial inductive displacement sensor, and 162

micro-Newtons, if platinum-tungsten strain gauges were used in a full-bridge configuration.
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3.1.2. Voice Coil Actuation Concept
Another design taken under consideration was a design that was comprised of three

separate mounting plates connected by folded, leaf-type springs. The indenter tip is a magnetic
rod rigidly mounted on the center plate, and its motion is controlled by the voice coil on the third
plate. Thus, when the voice coil is energized, the leaf spring between the plates holding the
indenter tip and the sample is compressed. The sample itself is mounted to a stage that allows
coarse motion in the lateral direction, allowing the sample to be positioned in contact with the tip

of the indenter before the voice coil is energized.

Fig. -. Voice Coil Actuation Concept

For this design, force measurements would come from the specified input voltage to the

voice coil. Position measurements are obtained using a capacitive or inductive sensor, as with
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the macroscale cantilever design; one side of the sensor is mounted to the plate with the sample,
and the other side is mounted to the plate that holds the indenter tip. Thus, as the voice coil
repelled the magnetic rod with the indenter tip, the spring between the plates with the sample and
the indenter tip would compress, and indentation would occur. This configuration uses the
inductive displacement sensor described above, resulting in the same 0.6 micrometer resolution
for displacement; based on a minimum of 8 microamperes to actuate the voice coil, the minimum

force resolution is 0.018 micro-Newtons.

3.1.3. Hydraulic Column and Pressure Transducer Concept
A third potential design was synthesized using a column of incompressible fluid and a

pressure transducer. This concept was created in an attempt to exploit the force-multiplying
relationship between the surface area of piston and the pressure applied to it. In this design, a
closed-loop piezoactuator was used, providing the displacement the indenter tip had traveled.
The resulting force would then be transmitted to the column of fluid, which is monitored by a
pressure transducer. By using pistons of different known sizes and the readings from the
pressure transducer, the resulting force can be determined, and the force-displacement curve can
be constructed. One of the driving forces behind this design was the desire to magnify the
forces, expected to be on the order of micro-Newtons, to a range at which they could be read by
commercial devices, whether they be pressure transducers (as in this application), force

transducers, or displacement sensors.
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Fig. -. Hydraulic Column and Pressure Transducer Concept

Amongst the drawbacks to this design were the problems of encapsulating of the fluid, to
prevent leaks and erroneous readings, as well as obtaining a pressure capable of being read by a
commercially available pressure transducer. Also, this design suffered a setback when the

piezoactuator shown in the diagram was found to be inoperable, and repair was determined to be

cost prohibitive.
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3.1.4. AFM Cantilever and Laser Interferometer
As discussed previously, the distinctive aspect of this approach to nanoindentation is the

inverse approach, where the force applied to and the displacement experienced by the cantilever
probe are not determined through a direct manner, but through the analysis of images obtained
using laser interferometry. The concepts presented previously, however, did not use this inverse
method,; rather, the force and displacement data was obtained from direct methods. Although
direct methods will give the data necessary to construct the force-displacement curve, the inverse
method was selected because it represents a lower-cost approach to nanoindentation that requires
fewer components in the indenter assembly, as well as more precise measurement of both force
and displacement data.

To achieve these goals, a fourth and ultimately final design was that which involved the
use of a piezoactuator, cantilever probes used in atomic force microscopy, and a laser
interferometer. This design is similar in concept to the macroscale cantilever presented in
section , but has several noticeable differences. Since the cantilevers intended for atomic force

microscopy are much too small to bond strain gauges to, the force and displacement are

.

Fig. -. Three dimensional model of the piezo actuated AFM
cantilever concept.
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found using images taken with a laser interferometer. Laser interferometry is a principal by
which a laser beam is emitted, then split, with a portion of the light reflecting off the object
placed under the microscope, and the remainder of the light reflecting off a mirror at a known
distance. The two reflected light beams’ wavelengths are then compared, and the distance to the
object can be determined (see section for further explanation). Through the use of laser
interferometry, the distance to the top side of the cantilever probe can be determined. As the
indentation process occurs, the beam deflects, thus changing the height of the beam relative to
the interferometer optics. This change, detected as a series of black-to-white fringes, can then
provide information about how much the probe has deflected, and the forces that caused the
deflection.

To provide coarse motion, this design uses a system of stages in the x-, y-, and z-
directions. For the x- and y-directions, manual staging was used to enable a series of
indentations to be performed without having to change the position of the sample. For the z-
direction, a motorized stage was used to provide a means of moving the entire indentation
apparatus away from the sample for sample insertion and removal. Once the sample has been
inserted, the assembly is brought close to the surface of the sample using the coarse adjustment
provided by the motorized stage. Then fine adjustment of the probe can be achieved using the
piezoactuator. Once it is seen that the probe is in contact with the sample, indentation would
occur through further incremental motion of the piezoactuator. A series of images would then be
captured at each indentation step, and post-processed using an inverse method of finite analysis
to determine the force acting on and the displacement into the sample at that instant. From this
data, a force-displacement curve can be obtained, yielding the same results as the macroscale

approaches to indentation presented above.
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This design, while utilizing the inverse approach, also provides the best resolution for the
measurement of force and displacement; displacement can be measured at a minimum resolution
of 1.23 nanometers, while force can be measured at a minimum resolution of 0.25 micro-
Newtons.

Once this design was chosen as the candidate on which further design work and analysis
would be completed, a motion analysis was done to determine the degrees of freedom necessary
to implement this design. To position the entire module properly beneath the interferometer,
stages that allow motion in the x-, y-, and z-directions are needed, as are two goniometer stages
that control the rotational position in two orthogonal directions. In addition to positioning the
module beneath the microscope objective, they are also needed to focus the interferometer beam
on the cantilever probe, resulting in the fringes needed to obtain force and displacement data.
Within the module itself, stages for controlling both coarse and fine motion in the z-direction are
needed; the coarse motion stage is needed for the insertion of the sample, so as to not damage the
probe, whereas the fine motion stage is required for the indentation process itself, and must be
capable of the precision needed to perform the indentation. Additionally, x- and y-stages are
needed to position the probe relative to the sample, permitting repeated indentations to be
performed without having to manually move the sample or the probe.

The challenge, therefore, was to fit the hardware necessary to achieve these motions in
the workspace provided beneath the interferometer module. Early in the concept development
stage, it was seen that the entire module assembly could not be placed directly beneath the
objective lens of the interferometer, as there was not enough available travel in the
interferometer to prevent interference between the interferometer head and the module. Thus,

attention was paid to ways in which several of the components could be moved from directly
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beneath the interferometer beam while preserving the control each component had over the
motion of the assembly. Due to these space constraints, it was decided that the entire module
would be mounted on a cantilever beam, with the probe on a separate cantilever beam to place it
under the objective. This was an acceptable solution, as there was more space available in the
lateral direction.

Lastly, attention was paid to which each of the motions specified above could be
controlled. It became apparent that commercial software and control hardware would be needed
for the piezoactuator, due to the delicate nature of the device. A driver would also be needed for
any of the other stages that were motorized; it was later determined that this driver could be
controlled using simple text commands. Lastly, software would be needed to unwrap the phase
of the images of the interferometric fringes, as well as to analyze the resulting data and construct

the force-displacement curve.
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4. Implementation

While the analytical part of the nanoindenter was being tested, the mechanical design of
the device was being developed in parallel. The device had to be designed around the size
constraints of the laser interferometer in the lab, which are non-negotiable. The design process
included several iterations, first on the conceptual stage and later with more detailed three-
dimensional solid models. Once the basic design concept was determined, it was then possible
to conduct a finite element analysis in order to find the deformation of the system under the
expected loads. The device was also put through a simple kinematic test to confirm that
inducing motion would not cause the device to not oscillate beyond control. During
manufacturing, extra precautions were taken to make each part met its necessary specifications
and to ensure that all pieces had exactly orthogonal faces. Any faces that were not perfectly flat
or perpendicular to adjoining sides could have caused large errors in the final indenter setup.
The full setup can be seen in Fig. - and the side view is shown in

Fig. -.
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Fig. -. A side view of the module that is mounted underneath the laser interferometer.
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4.1. Final Design of the Nanoindenter
After reviewing the potential design concepts outlined in section , a final design

d
L
Fig. -. Final configuration of the nanoindenter.

comprised of using an AFM probe actuated by a piezo electric actuator was decided upon as

shown in Fig. -. From this design, an initial three dimensional model was created to see if the

Fig. -. Model of the interferometer and the goniometer.
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Fig. -. Three axis translation stage component of the nanoindenter.

basic idea made sense and the mechanism would fit within the space available under the
microscope objective. When modeling the parts, the interferometer and the translation stages
underneath it were modeled to provide a three dimensional workspace to develop the parts for

the indenter. The model of these parts can be seen in Fig. -.

Fig. -. Piezo enclosure model.
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From this model, the structural components for the indenter were designed. The final
configuration of the design consists of a base plate that has the indenter mounted on one end and
is connected to the translation stage on the opposite end. A three axis translation stage forms the
base of the indenter and is connected directly to the base plate. The two axes in this stage
parallel to the base plate are moved using manual micrometer drives and each have a travel of 0.
200 inches. The third axis is a motorized stage with 1. 000 inch of travel that is controlled
through serial data input. A three dimensional model of this stage is found in Fig. -.

Attached to the vertical axis of the translation stage enclosure were machined with the
tightest possible tolerances to ensure that no stress is placed on the piezo when the enclosure is
assembled. The tolerances were also important because the pieces of the assembly needed to fit
together perfectly. A model of the piezo enclosure assembly with the piezo installed can be seen

in Fig. -.

Fig. -. Recessed area in the cantilever with the probe holder.
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The final component of the nanoindenter, a cantilever beam used to position the AFM
underneath the microscope objective, is connected to the bottom of the piezoelectric actuator by
a screw. Two alignment pins are used to keep the beam in the proper orientation. At the end of
the cantilever, there is a recessed area with a magnet that holds the AFM probe holder as shown
in the figure above.

A summary of the components discussed and the other parts purchased to construct the

nanoindenter can be found in Table -.
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Table -. Summary of nanoindenter components.

Commercially Available Components

Quantity Supplier Parts List
1 Thorlabs PAZ-020 Closed-Loop Piezoactuator (20 pum travel)
1 Thorlabs TSGO001 USB Strain Gauge Reader
1 Thorlabs TPZ001 USB Piezo Controller
1 National Aperture MM-3M-F Motorized Stage
1 National Aperture NAI MVP-1 Motion Controller
1 National Aperture MM-2-CR-XY Stage
Pacific
1 Nanotechnologies Tip Holder P-000-0006-0
N/A Nano and More AFM Probes (DT-NCLR, CDT-NCLR)
Manufactured Components
Quantity Supplier Parts List
1 Base plate
1 L-bracket
1 Side plate
1 Top Plate
1 Stage-to-piezo adapter
1 Inter-stage adapter
1 Cantilever

41-




4.2. Construction and Setup of Nanoindenter

=

Fig. -. Laser interferometer in the CHSLT.

The laboratory setup used to control the nanoindenter is housed in the Center for
Holographic Studies and Laser micro-mechaTronics at Worcester Polytechnic Institute. The
main component of the device is the laser interferometer, which is used to measure the forces
and displacements. An image of the laser interferometer in the CHSLT can be seen in Fig. -.

The lab setup, implementation, and design of the nanoindenter are all extremely crucial to
the project. While the group can analytically prove everything about nanoindentation, if the
group could not produce results from the device it does not matter what is possible. The group
formulated many designs using many different methods of measurement of both distance and
force along with actuation methods, but what is important is that a design that could perform
with high resolution and accuracy was created. The design which was created had many

components some of which were purchased, some of which that were manufactured by the
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group, and some that were already available to the group in the lab. The next few sections
describe the components and such complications or successes that were experienced with such

components.

4.2.1. Laser Interferometer
The laser interferometer was the initial piece of lab equipment that the design was based

around. This was the piece of lab equipment that was available and could be utilized to its full
extent in the testing portion of the project. With the ability to measure a deflection of 1. 23
nanometers on the cantilever beam, this device supplied the group with more than necessary
resolution. Having the high resolution was a big advantage and also allows for further expansion
of the nanoindenting device. One of the biggest disadvantages to using the interferometer was
that there was a small amount of space underneath the lens. This disadvantage required
modifying the design many times to be able to use the piezo with the interferometer. Since the
piezo was just about the size of the available space underneath the interferometer lens, the group
had to design something that was able to sit a close to the interferometer as possible without hit

the interferometer and then extend an arm out underneath the lens of the interferometer.

4.2.2. Piezo: Open Loop vs. Closed Loop
The piezo is one of the components that the group knew had to be used somewhere in the

design of the nanoindenter. Research was conducted in other methods of translation, such as
voice coils with spring stages and MEMS devices, but none the other designs could achieve the

right resolution and could be designed and manufactured in the time allotted for the project.
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Where those methods of translation failed, the piezo succeeded and also provided more than
required translation which could be used to take study further by upgrading the cantilever beam.

Since a piezo was necessary for the group’s design to function, the group then had to
determine whether to use a closed loop piezo or an open loop piezo. At first, the group was
willing to use an open loop piezo and characterize the piezo to use in the nanoindenter since
there was access to on in the lab already, but our advisor informed the group that there would not
be enough time to characterize it and that is another research project in itself. In fact, the group
had a chance to take a look at a project that had been completed in past years of a student who
had characterized an open loop piezo, but his data was unable to be used for this project.

Now that an open-loop piezo was pretty much out of the question, more research had to
be done in closed loop piezos. A closed loop piezo provided many advantages such that the
group would not have to characterize it nearly as much since the strain gage feedback sensor
would provide a position at all times during the test trials. Also the closed loop piezo provides
easier mounting capabilities due to the strain gage feedback sensors attached to the piezo and
that a power supply to drive the piezo was already available in the lab. A couple of the
disadvantages to the closed loop piezo were that there weren’t any in the lab and the group
would have to buy one and also that a controller for the strain gage feedback sensor would have
to be bought as well. Our advisor helped the group purchase the piezo and was able to overcome
most of the disadvantages of the closed loop piezo. Since we had a piezo and a controller, along
with the interferometer, the group was now ready to design some of the other components that

were necessary to hold the piezo and position the cantilever underneath the interferometer.
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4.2.3. Cantilever Beam
In the proposed design, there was not enough room for the piezo to fit directly underneath

the laser interferometer so we had to produce a solution in which the translation of the piezo is
moved directly underneath the laser interferometer. The solution the group created was a
cantilever beam that is attached at the end of the piezo and the other end extends out so that this

end is positioned directly in the line of the laser interferometer’s sight.

4.2.4. Control Strategy
To control the indentation process, this design has both coarse and fine motion within the

module. The coarse motion is a linear stage with one inch of travel between limit stops. This
stage is used to raise the entire assembly towards and away from the sample. To provide inputs
to the stage, the stage is connected to a controller which receives signals through an RS-485 port.
This connection is made to the computer using a null modem cable, which allows the controller
to communicate and handshake with the computer, and an RS-232 port on the computer.
Commands to control this device are input through the use of HyperTerminal, using the
knowledge provided by the manufacturer of the stage that one encoder pulse is 0.49609
micrometers (National Aperture, 2008). Thus, commands can be given in terms of the number of
encoder counts, and the distance the stage has traveled will be known.

Once the indentation assembly has been placed close to the sample by the coarse motion
motorized z-stage, the closed-loop piezoactuator is used to provide fine motion, both until the
probe makes contact with the sample, and during the indentation and retraction processes. To
control the piezoactuator, two Thorlabs T-cubes are used, one to control the motion of the
piezoactuator, and one to read the feedback signal from the strain gauge module on the piezo.
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Both of the cubes are connected to the computer via USB cables, and are interconnected using an
SMA-to-SMA cable (Thorlabs, Inc., 2008). Connections are made from the piezo controller
cube using a 7-pin LEMO connector to provide the drive signal and voltage, and using an SMC-
to-SMC cable to connect the strain gauge feedback module to the strain gauge reader cube
(Thorlabs, Inc., 2008). Using the provided software, the piezo can be zeroed,; that is, the output
displacement can be calibrated to the output voltage. Commands can be input to this system of
controllers using either the digital potentiometer knobs on the cubes themselves or the APT User

software that is provided.

4.2.5. Sample Preparation
During the early indentation tests, a proper sample had not been created, so a piece of

aluminum with a surface roughness that was obviously too large for the application. These tests
were valuable because they provided images that could be used to work on the post-processing
algorithm, but it was impossible to see any indentations on the surface.

For the final indentation tests, an aluminum disc sample was prepared with special care to
minimize its surface roughness. When turning the piece in the lathe, the spindle was run at the
fastest speed possible and with the slowest possible feed rate. This produced the best surface
finish the lathe could possibly make. From there the piece was brought to a buffing wheel and
was polished for several hours using burnishing compound. Once all of visible surface
imperfections were removed with the buffing wheel, the sample was brought to the Sample
Preparation Laboratory in Washburn Shops. There, the sample was further polished with three

progressively finer polishing wheels down to a surface roughness of 50 nanometers. Since the
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predicted indentations with the AFM tip are greater than 50 nanometers, any indentations could

be distinguished from the background and this was an acceptable surface roughness.

4.3. Indentation Procedure
1. Using the motorized z-axis, move the assembly to the top of its range of travel.

Image Window

15 fos coptured, 15 fps dsplayed 7
Fig. -. Live view of LaserView with the cantilever brought to the top of the motorized z-stage.
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Fig. -. The HyperTerminal showmg the z-stage retracted to top of the z-axis.

2. Inthe APT User software, use the self-calibrate command to zero the piezoactuator

displacement with respect to the piezoactuator voltage.

a. Using either the APT User software provided by Thorlabs, or the button on the

J APTUser
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ﬂﬂf_
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strain gauge reader module, select “position” mode from the list of options.

SN: 84813062: V1.0.19(1.0QL)
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A8 ) _ | Ident

U Active @ Error | Settings

|
Fig. -. APT software used to zero the strain gauge reader for the closed loop piezo (Thorlabs).
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b. Using the APT User software, select “closed loop” on the panel that controls the

piezoactuator.

‘Piezo Driver Settings
Property Page |
Qutput Voltage Range i~ Drive Input Source (Open Loop)
| 75v | |Potentiometer (Pot) + SW |
Anal I tS
alogue Input Source (VIn) T o 'in
Loop Mode
ISM""' Input =l Acts as Feedback Source in Closed
Loop Mode
Feedback Loop
Loop Mode ~Loop Constants
_I Proportional 100
Close Loop i ﬁ
Cpen Loop s 109
I |
Voltage Jog Step Size [~ Display Intensity )
 Settngs o
jo.1 I | 100 o

Fig. -. The settings menu which shows the closed loop tab selected to put the piezo into closed
loop mode. Note: The SMA Cable must be connected from the strain gauge reader to the piezo
driver.

C. Zero the piezoactuator using the “zero” command in the APT User software.
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L] APTUser

al

File View Tools Window Help
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® Force

THOR[AR

_J Hdent U Active @ Error |Settings

shown in the software.

—
Fig. -. The Piezo is now zeroed in closed loop mode and also the two APT modules are active as

d. While looking at the interface for the APT User software, make sure the “active”

lights are green for the panels controlling both the piezoactuator and the strain

gauge reader module. Insert the cantilever probe into the probe holder

Fig. -. Close contact mode probe clip holder (Pacific Nanotechnologies, 2008).
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e. Use the SM108 tweezers and the tip holder opening fixture to position the
cantilever probe in the probe holder. Then release the force on the tip holder

opening fixture, and the probe should be secure in the holder.

Fig. -. Special tweezers used to insert AFM probes in to Probe Clip Holder (TDI International,
Inc., 2008).
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Fig. -. Placing the AFM probe into the Probe Clip Holder and using the group's own Probe Clip
Holder opening device.
3. Very carefully insert the probe holder into the groove in the bottom of the cantilever.
Caution — any contact with other components or mishandling of the probe holder will
result in the cantilever separating from the probe.

4. Place the sample that is to be indented into the sample holder.
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Fig. -. The sample in which we are going to indent which has a surface roughness of 0. 050
microns.

5. Insert the sample holder into the groove cut into the plate that supports the entire
assembly. The magnet in the base plate should attract the magnet in the sample holder

and hold it firmly in place during the indentation event.
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Fig. -. The module ready for the insertion of the sample as indicated by the arrow.

Open the LaserView program. Using the stages provided and the adjustment capabilities
of the laser interferometry apparatus focus the interferometer on the probe such that a
moderate number of interferometric fringes can be seen. Now, use the goniometer and
manual z-axis stages to bring the fringes on the probe into focus. Ideally, the fringes
should be perpendicular to the long axis of the probe, and there should be as few of them

as possible (zero is the best-case scenario).
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18 fos captured, 18 fos dslayed ' 7|
Fig. -. Probe brought into focus and before adjustments were conducted with goniometer.
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v Laser View v1.3 Q@ Image Window

View Mode

* Pixelink:

‘ call Tansfu Help
D w8 DB & |
S hEs @
femefl 10001 00000965

............ MVP 2001 Ready g
e ]—
Sim)

e AT T . . —
Fig. -. Probe now in focus and goniometers adjusted to have only one fringe, the ideal situatio
before indenting.

7. Using HyperTerminal on one side of the monitor with the live feed from LaserView
visible on the other side of the monitor, move the motorized z-axis downward towards

the sample.
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|| Coptue Time Delay. | Iprs(aph.ved 18 fps displayed
Fig. -. The probe actuated down from the limit stop closer to the sample using the motorlzed z-
axis.

When the assembly is not close to making contact with the sample, the z-axis can be
moved in large increments with moderate speed. As the probe gets closer to the sample,

interferometric fringes will appear on the probe cantilever. At this point, decrease the step and

Table -. Commands for controlling the motorized Z axis.

Format = Motor# Command Parameter
Note: Down = Positive and Up = Negative
Command | Example | Explanation
ho 0 ho Sets home position of the specified motor.
en 0en Enables the specified motor.
0lr
Ir 40000 Move the motor 40000 encoder counts down from current position.
sp 0sp 100 | Sets the speed of the specified motor.
m Om Executes the current motion commands.
ab 0ab Aborts current movement (Must be re-enabled afterwards).
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speed at which the motorized stage is adjusted. After each increment of motion, refocus the
image on the cantilever probe. The commands used for moving the motorized z axis can be

found in Table -.

:V Laser View v1.3 B@Tlmagg Window
Setup View Mode
PaxeLink Live
I: :[ alibrat Setto x
|:| [o0]
Sta s@ Pause
Shutter ki = T ‘r‘
— File Edit View Call Transfer Help
1110 m [
femefl 19 1r 10
— 1 |0m
1r -15 leset
m
Gan @l |0 1r -20 -
Om
g 1p==25 N
m \
el [0 1r 5 e
— m P (w
01r 5 B
Om
shaertll [0 1r S
A | Om
01r 5
o m
o [o I 0
— 10 1r 2
e
o A
Region ¢ r :
Om pssing
(= i
Calc A 1]
gl (2] frames
Froc{|Connected 0:24:44 Autodetect | 3840C |
Phase lation o DeIay(s)
mov [ eV [ ] a0 rimted [0 |
maxV | | Not Running
Run Recursively
|y

Fig. -. The probe brought into contact with the sample using the motorized z-stage. Smaller
steps with the motorized stage were used as the probe got closer to the sample.

Contact with the sample will be shown by an increase in the number of fringes that
appear on the probe.
a. In HyperTerminal, a positive displacement value brings the probe closer to the
sample, whereas a negative displacement value moves the probe further away

from the sample.
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8. After contact has been made with the motorized z-stage, and the stage has been moved
upwards until the probe is no longer in contact with the sample. Using the piezoactuator,
increase the piezo voltage in steps. For this experiment, the piezo was actuated in

increments of 200 nanometers.

9. In LaserView, turn on reference mode. The shifter voltage should be set to 5. 52V.

Image Window

Shifter On

~ Shutter {ms) | Reference
J 19.607¢, | [] Enabled

| | -~ Histogram
Frame Rate fips) | [J Enabled
J Bi— - Lookup Tay
"""""""""""""""""""""""""""""""" [ Pregfcessing IEEHI
~ Gain (dB) - [ phstprocessing _,

- Jfapture

/ Torge Diecony |
| E: “\Documents and Semngs\l [3
Fie Name

possubleundem

[] Also Save RTI

~Naming
O Overwrite
® Number (0003 |
Content
® Visible
/O Live
O Components
Post-Processing

Region Of Interest

lIE!IIl[]
rrN,JT o Coproinege | :
Fig. -. Shifter voltage enabled and set to 5. 52 volts; Also indicated in the image window.

From the drop-down menu, select the “optical phase plus 180” mode.
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r; Hrﬁd! ; ET Image Window

Setup View Mode
PoeLik Optcal Phase = 180 v
X |0 W (800 Mone
y o ]H Modulation
Start St P
B = Live (PIP Modulation)
Shutter fms) Modulation (PIP Live
J 19607t [ Enabled New Refersnce
" o
Histogram
Frame Rate fps) [] Enabled
M s Lookup Table

Fig. -. Inthe View Mode, the optical phase + 180 is select to see the wrapped phase.

Once in reference mode, select the “new reference” button. This will provide the image
upon which all future measurements will be compared. Note: once a reference has been

selected, do not refocus the interferometer.

Shutter fa)
J 13607%

Frame Rate §p8)

351

Bngrtness (1)

Srter Vokage fe)

G

(2] Erbled

3 552

Fagaon Of rterest

(LemFoL ] O SwrOn

Prase Calcuintion
mnV wep V
max V.

[(CRa_)(ReReanw )

Fig. -. Enable the reference and take a new reference. The image window will also indicate that
a new reference was taken.
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10. Set the filename of each image and the location to which the file will be saved. Also, be
sure to click the number bubble in the naming section so the files will be added in

sequential order.

Capture
Target Directory
"\My Documents\MQPTrial5
wrappedcontact bmp :‘!
[] Also Save RTI
Naming
(O Ovenwrite
(®) Number 0001

Content

® Visble

O Live

(O Components
Post-Processing

Capture Image

Fig. -. Before starting indentation and capturing pictures, indicate the directory to store the
images and file name.

11. Now that Laser View is setup and the probe tip is in contact with the sample, the piezo
will be actuated to perform the indenting. A capture of the probe with only one solid
fringe should be taken now before indenting to have a starting reference and to be used as
the first image for the analysis. If the probe is not in contact with the sample as of yet,

but is extremely close, the piezo can be used to step the probe closer until contact. The
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piezo can be actuated until more fringes appear, but at that point it is important to record
the strain gauge reading and capture the second picture in the series.

12. Once contact occurs and the picture is captured, the piezo will be stepped in 200 nm and
the strain gauge measurement will be recorded (used later in the analysis) and the next
picture of the first step will be captured. This process of stepping 200 nm, recording the
strain gauge value, and capturing a picture of each step will continue for 2. 2 microns.

This distance of 2. 2 microns is based on the model shown in Section .

Fig. -. The cantilever is in contact and actuation has begun.

13. After actuating the piezo 2. 2 microns, the same process of actuating 200 nm, recoding
the strain gauge reading, and capturing a picture will continue, but now in reverse to
retract the probe from the sample. Before retracting the probe, it is important to change
the name of the capture file name. Once the name is changed retract the piezo in 200 nm

steps and perform the process backwards.
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(c) (d)
Fig. -. This picture shows the indentation process. As the piezo is actuated the fringes increase.
14. When the piezo is retracted from the sample, use the motorized z-stage to back the piezo,
cantilever, and probe out away from the sample. Once it is backed away from the
sample, the micrometers on the x and y-stages can be moved to set up a new position to
indent or the module could be back out and the sample can be removed to be inspected by

a microscope or a Scanning Electron Microscope (SEM).
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Fig. -. Micrometers used to move the piezo, cantilever, and probe to different positions to
indent.
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5. Procedure for Data Analysis

Once the indentation has been performed and all the images have been acquired, they

must be processed in order to yield the force displacement curve. This chapter outlines the steps

necessary to process the image data acquired and extract the results.

1. To perform the data analysis, Python version 2. 5 should be installed on the computer

running the analysis. This software can be obtained for free at the following address:

http://www. python. org/download/releases/2. 5/

¢ |45 - [1Gmad - Spom -rusmorn@g... € Shved Documents . Python 2.5.2Relesse f-8 - &-[ire-G

@ python T

Screen styles
Dow

ad - Releases - 252 norma
Python 2.5.2

We are pleased to announce the release of Python 2.5.2 (final), a bugfix release of Python 2.5, on February 21st, 2008

DOWNLOAD This is the second bugfix release of Python 2.5, Pythan 2.5 is now in bugfix-only mode, no new features are being added. According to the release notes, over 100 bugs and patches have been addressed since Pythan 2.5.1, many of them

improving the stability of the interpreter, and improving its portabilty.
Releases bl 4 s et e d s

s See the detailed release notes for more details

Since the release candidate. we have backed out a few changes that did not work correctly on 64.bit systems. Again, see the release notes.

For more information on the new features of Python 2.5 2 see the 25 highlights or consult Andrew Kuchiing's What's

File Download - Security Warning
Please see the separate bugs page for known issues and the bug reporting—— A =

Do you wart to run or save this file?

ython for @ more detailed view

See also the license

’n Name: python-2.5.2.me
Download the release 9 Trpe: Vindons Irataler Package, 10.76
g From: s pythen.erg

Windows

For x86 processors: python-2 52 msi An | [ sme Cancel

For WinB4-tanium users: python-2 5 2 ia4 msi
| W o rom the et can b uaefl. et can
MY Corerely ham yeur computer Fyou do ot tnas the scscs, da not

For Win4-AMDE4 users: python-2 5 2 amd84 msi o s s sckmare,

This installer allows for automated installation and many other new 'éatur?s:
To use these installers, the Windows system must support Microsoft Installer 2.0. Just save the installer file to your local machine and then run it to find out # your machine supports MS1

Windows XP and later already have MSI: many older machines wil aiready have MS! installed

¥ your machine lacks Microsoft Installer, you'll have to downioad it freely from Microsoft for Windows 95, 98 and Me and for Windows NT 4.0 and 2000

Windows users may also be interested in Mark Hammond's win32al package, avadable from Sourceforge. win32all adds a number of Windows-specific extensions to Python, including COM support and the Pythonwin IDE
MacOS X

For MacOS X 10.3 and later- python-2.5 2-macosx dmg. This is a Universal installer

The Universal OS X image contains an installer for python 2 5.2 that works on Mac OS X 10.3.9 and later, on both PPC and Intel Macs. The compiled Rbraries include both bsddb and readine

Other platforms

gzip-compressed source code: Python-2.5.2 tgz

bzip2-compressed source code: Python-2 5.2 tar bz2, the source archive.

The bzip2-compressed version is considerably smaller, 5o get that one if your system has the appropriate tools to deal with it

@ ermt

0%~
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Fig. -. Downloading Python version 2. 5 (Python).

2. Along with Python, there are addons that must be installed for the analysis program

to function properly. The packages MatPlotLib and NumPy can be obtained for free
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at the following websites respectively: http://sourceforge. net/projects/matplotlib and

http://sourceforge. net/project/showfiles. php?group_id=1369&package_id=175103.

[ @ SaurceFarge.net: matplotiih - Wicrosaft Internet Explarer provided by Worcester Palytechnic Insttute

(3 - e e ettt
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Fig. -. Download screen for MatPlotLib (Matplotlib, 2008).
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Fig. -. Download page for NumPy (NumPy, 2008).

3. The last software application that must be installed or be accessible to perform the
analysis is ANSYS. At WPI, ANSYS can be accessed by remotely connecting to

sunfire.wpi.edu. ANSYS is a powerful finite element analysis program that is used to

solve the inverse problem.
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Fig. -. Finite element program, ANSYS used for analy5|s of image data, (ANSYS, 2008)

4. To begin the analysis, copy the analysis Python scripts into the directory containing
the images acquired with the interferometer. The files required are:
IndentationlmageProcessor.py, ANSY SMacroCreator. py, ConvertoCSV.py, and

RPolyFit.py. The source code for all of these files is located in Appendix C.
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Fig. -. Pasting the analysis files into the image directory.

5. Before beginning the analysis, the piezo displacement data that was written down
during the indentation must be input to the computer so it can be read by the program.
Two files should be created, one for indentation and one for retraction. The files
should look like the following figure and be saved with the file extension, “*.csv”,

which denotes “comma separated values”.
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Fig. -. Creation of CSV file with piezo displacement data.

s \Pytho

6. Open the first image being processed with Microsoft Paint. In the lower right hand
corner, the image coordinates of the current mouse position are displayed. Using this
coordinate display, determine the coordinates of a rectangle that covers the center of
the beam area as is shown in the following figure. The rectangle should only be

about 3 pixels wide and should cove r the entire length of the beam.
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&= MQPTrial1l ) Document1 - Microsof,
Fig. -. Obtaining the beam rectangle from MS Paint using cursor position.

7. Now that the image rectangle coordinates have been obtained, they must be entered
into the program. Right click on the file IndentationImageProcessor. py and click
“Edit with IDLE”. Search for the line “box = (. When you have found the line, edit
the coordinates that are in the program to reflect the coordinates of the beam in your

images as is shown in the following figure. Save the program and exit.
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lightwavelength = 0.630 §F micrometers
halfwavelength = lightwavelength / 2.0 # n
heightstep = halfwavelength / 256.0 F mic:
# Beam rectangle box

box = (EFD, 230, 372, 333)

Fig. -: Editing the beam rectangle in the program.

8. To begin the image analysis, double click on the program

IndentationlmageProcessor.py. A screen like the following figure will appear.

i@ C:\Python25\python.exe

Anthony DiOrio,. Russell Mordin,. and Eric Wilusz
2 A8 —B2-28

anoindenter MQP

Jorcester Polytechnic Institute

echanical Engineering

Image Processzing Program for Nanoindentation

Flease enter the number of images in the directory for indentation: _

Fig. -. Initial screen for image processing program.

9. At this screen you are prompted to enter the number of images for the indentation.
This is only for the indentation part of the processing. The program will later ask for

information about the retraction portion. The next screen will look like the following
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figure and will ask for the first image number. The images numbers do not need to

start at 1, as long as they are sequential.

@ C:\Python25\python.exe

Anthony DiOrio. RBussell Morin, and Eric Wilus=s
20688 —-82-28

anoindenter MQP

Jorcester Polytechnic Institute

echanical Engineering

Image Processzing Program for Manoindentation

lease enter the number of images in the directory for indentation: 28
lease enter the numher of the first indentation image: 2

Fig. -. Entering initial image number to the processor.

10. The next prompt will ask for the base filename of the indentation images. This is the
filename without any numbers or file extensions on the end. For the purposes of this
program, all the images are assumed to be bitmap or “*.bmp” format. All of the
indentation experiments performed so far have used the filenames “wrappedcontact”

and “wrappedretract” to denote the image types.
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@ C:\Python25\python.exe -olx

Anthony DiOrio, Russell Morin. and Eric Wilus= i

anoindenter MQP

Jorcester Polytechnic Institute

echanical Engineering

Image Processing Program for Manoindentation

leaze enter the numbher of imagesz in the directory for indentation: 28
leaze enter the numher of the first indentation image: 2
Pleasze input the base filename for indentation: wrappedcontact

Fig'. -. ‘I5fom'pt to enter the base filename into the processor.' f

11. The final prompt for the indentation will ask for the filename of the file where all the
piezo displacement data is stored. This file was created in step 5. For this prompt, it

is important that the entire filename is entered to the program.
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inthony DiOrio. RBussell Morin,. and Eric Wilus=
2OAg-02-28

anoindenter MQP

Jorcester Polytechnic Institute

echanical Engineering

Image Processing Program for Manoindentation

enter the numher of images in the directory for indentation: 26

enter the numher of the first indentation image: 2

input the baze filename for indentation: wrappedcontact

input the filename of the offset values for indentation: contact.csu_

Fig. -. Prompt for the piezo displacement data filename.

12. The next four prompts will be similar to the first four, but they will deal with the
information about the images for retraction. When all the prompts have been

answered, the screen should look something like the following figure.

Anthony DiOrio,. Bussell Morin, and Eric Wilus=z
ZOA8—A2-28

anoindenter MQP

Jorcester Polutechnic Institute

echanical Engineering

Image Processing Program for Manoindentation

enter the number of images in the directory for indentation: 28
enter the number of the first indentation image: 2

input the bhase filename for indentation: wrappedcontact

input the filename of the offset values for indentation: contact.csw

enter the number of imagesz in the directory for retraction: 28
enter the number of the first indentation image: 1

input the hase filename for retraction: wrappedretract

input the filename of the offset values for retraction: retract._csu

Fig. -. All prompts answered before beginning image processing.

-75-



13. When the final prompt has been answered, the program will open each image and
process the data within them. First, it unwraps the phase along the image beam
length. Then it offsets the data so it is aligned with the origin and rotates it so it has a
slope of zero at the origin. A best fit cubic curve through all the points is created
using the least squares curve fitting method. Finally, the data is offset by the piezo
displacement data to produce the beam profile for that image.

14. After the program has all of the deflection information for the beam processed, it
creates an ANSY'S script file that is used to process the data. These script files have
the file extension “*.log” and have the same filename as the image that they were

created from. An example of these log files can be seen in the figure below.

= MOPTralTT

Fle Edit View Faverites Toos Help o

eﬁadc M -\_:) l.ﬁ; psaarch uj‘ Folders v

Address | C:\Documents and Settings\Russ My DocumentsMQPYMQPTrial 11

File and Folder Tasks

(2 Make s new folder
&N Pubiish this folder to the
Web

[? Share this folder

‘Other Places

&= MoP

My Documents
|23 Shared Documents
i My Computer

& My Network Places

Details
MQPTrialll
File Folder

Date Modified: Today, February
28, 2008, 9:15 AM

e 0>

=| TextDocument
4KB

wrappedeontact23.log
Text Document
KB

wrappedeontact27.log
Text Document
4

wrappedeontact3t.log
Text Document
4KB

wrappedcontact3s.log
Text Document

wrappedeontact3s.log
Text Document
KB

wrappedeontact43.log
Text Document
KB

wrappedcontact47.log
Text Document

wrappedcontact5i.log
Text Document
4KB

wrappedcontactss.log
Text Document

wrappedeontact5s.log
Text Document
KB

wrappedeontacts.log
Text Document
4KB

nm [ um [ um [T nm [ nm [ @ 0 m [ nm [ nm [ um [ um [ W

| ==| TextDocument
=] 4B

wrappedeontact24.log
Text Document
4KB

um W

wrappedeontact28.log
Text Document

" m W

wrappedeantact32 log
Text Document
4KB

“m [T

wrappedeontact36.log
Text Document

hm [T

wrappedcontact40.log
Text Document
4KB

" m W

wrappedeontact44.log
Text Document
4KB

" m W

wrappedcontact43.log
Text Document

wrappedcontact52.log
Text Document
4KB

wrappedcantact5é.log
Text Document

wrappedeontactso.log
Text Document
4KB

wrappedeontact6.log
Text Document
4KB

U @ IR R AR

|f=- Text Document
=) e

wrappedeontact25.log
Text Document
4K

um W

wrappedeontact29.log
Text Document

" m W

wrappedcantact32.log
Text Document
4KB

nm [T

wrappedcontact37.log
Text Document

nm [T

wrappedeontact4.log
Text Document
4K

W m W

wrappedeontact4s.log
Text Document
4K

W m W

wrappedcontact49.log
Text Document

nm [T

wrappedcontact53.log
Text Document
4KB

nm [T

wrappedcontact57.log
Text Document

um [T

wrappedcontacts 1.log
Text Document
4K

W m W

==| TextDocument
4K8

wrappedcontact2s.log
Text Document
4KB

um W

wrappedeontact30.log
Text Document

" “l W

wrappedcantact34.log
Text Document
4KB

nm [T

wrappedcontact3s.log
Text Document

nm [T

wrappedeontactdz.log
Text Document
4K8

W m W

wrappedcontactés.log
Text Document
4KB

W m W

wrappedcontact50.log
Text Document

nm [T

wrappedcontact5.log
Text Document
4KB

nm [T

wrappedcontactss.log
Text Document

um [T

wrappedeontacts2.log
Text Document
4K

Type: Text Document

Size: 3.08 KB

Date Modified: 2/27/2008 5:01PM

& MQPTrial11

Fig. -. ANSYS log files created by the image processor.
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15. The next step involves creating another ANSYSS script file that will automatically
open all the files just created, solve them, and extract the data. This is done by double
clicking the program ANSY SMacroCreator.py. A screen will appear like the one in

the following figure.

i@ C:\Python25\python.exe - ol x

Ainthony D%Orin. Russell Morin. and Eric Wilus= -

anoindenter MOP
Jorcester Polytechnic Institute
echanical Engineering

Pleaze enter the base filename: wrappedcontact_

Fig. -. Prompt for base filename in ANSY SMacroCreator. py.

16. The program will ask for the base filename, the number of files to be processed, and
the image number of the first image as shown in the figure below. It will then create
an ANSY'S script file with the name “basefilename.log”. The program should be run

once for the indentation images and once for the retraction images.
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@ C:\Python25\python.exe

Anthony DiOrio. Russell Morin, and Eric Wiluss
208882 -28

anoindenter MQP

Jorcester Polutechnic Institute

echanical Engineering

leasze enter the base filename: wrappedcontact
leaze enter the numbher of filez to he processed: 25
Fleaze enter the number of the first image: 1

Fig. -. Prompts for number of files to be processed by ANSYS.

17. Copy all of the “*.1og” files to a computer with ANSYS installed. Open ANSYS and

click “File->Read Input From...” as seen below. Make sure that the writer.mac file is

in the same directory as the “*.log” files.
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mAHS‘l"S Academic Teaching Mechanical Utility Menu

File Select  List  Plok  PlokCkrls  WorkPlane  Parameters  Macro
Clear & Skart Mew ... Iﬂ ?l gl
Zhange Jobname ...

Change Directary ...
Change Title ...

Pt N A=t nnlll

Resume Jobname.db ... @l

Resume From ...

Save as Jobname.dhb
Save as ...
Write DB log file ...

Read Input From ...

Swibch Oubput ko k
Lisk »
File Qperations *

AMSYS File Options ...

Impark ¥
Expart ...

Repork Generator ...

Exit ...

Fig. -. Click File->Read Input From. . .

18. This will bring up a dialog box like the one in the following figure. Navigate through
the dialog to find the location of the “*.log” files. Click on the log file that has no

numbers at the end to begin running the processing.
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Read File
Fead input frarm Directaries:

wrappedcontact.lag e\ hdesklophmaptiall 0
Cancel
MOP_Tiial3.stat BN = =] Q

wrappedocontact csv D tsand S
wrappedcontact log % [;co:::en sandse Help

wrappedcontact?B log

wrappedcontact26 log [ Desktop
wrappedoontact?? log = MOPTha0
wrappedcontact?8 log

wrappedcontact29.log ﬂ

List Files of Type: Drives:

|40 Fites =) | |=esBiwinz0z x| Nework.

Optional line number or label

™ Copy input to databasze lag

Fig. -. Open the log files to begin the ANSYS processing.

19. ANSYS will automatically open and solve all of the “*.log” files that were created by
the image processor. It will output a file called “basefilename.csv” with the force and
displacement data obtained from ANSYS. Once ANSYS is completed, run the
analysis again for the retraction files.

20. The files output by ANSY'S need to be processed one final time to make them usable.
Double click on the program ConverttoCSV.py. A screen like the one in the
following figure will appear. Enter the base filename and the program will process

the data appropriately. Run this for both “*.csv” files.
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@ C:\Python25\python.exe - ol x

Enter the basze filename: wrappedcontact_

Fig. -. Program to convert to “*.csv”.

21. Now the files are ready to be plotted. If everything worked properly with ANSYS,

they should trace curves that look similar to those shown in the model of indentation.
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6. Mechanics of Indentation

In the field of modern materials science, hardness tests are one of the most common tests
performed on samples or components. As told by Norton (2006), hardness tests employ the
technique of macroscale indentation:

Hardness is most often measured on one of three scales: Brinell, Rockwell, or

Vickers. These hardness tests all involve the forced impression of a small probe

into the surface of the material being tested. The Brinell test uses a 10-mm

hardened steel or tungsten-carbide ball impressed with either a 500- or 3000-kg

load depending on the range of hardness of the material. The diameter of the
resulting indent is measured under a microscope and used to calculate the Brinell

hardness number, which has the units of kg/mm? The Vickers test uses a

diamond-pyramid indenter and measures the width of the indent under the

microscope. The Rockwell test uses a 1/16-in ball or a 120° cone-shaped

diamond indenter and measures the depth of penetration.
All forms of macroscale indentation are characterized by applying a specified load and
measuring an aspect of the resulting indentation once the test has been completed.
Nanoindentation, by comparison, is a process characterized by continuous monitoring of force
and displacement throughout the entire indentation event. Thus, the advantage of
nanoindentation becomes apparent; by recording force and displacement continually, several
mechanical properties of the sample can be determined, including elastic modulus, Poisson’s
ratio, and hardness. Macroscale indentation, however, provides only hardness data, as there is
only a single data point.

Nanoindentation is a process by which two rigid bodies are brought into contact, and
deformation occurs at the point of contact. An indenter tip of known geometrical properties is
used to physically deform a sample in a predictable manner while the force applied to the
indenter tip and the displacement the indenter tip has traveled into the sample are recorded

continuously. As the indenter moves further into the sample, the area of the indentation

increases, as does the force.
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In the strictest sense of the term, “indentation” refers only to the action during which the
tip starts entirely outside the sample, and is then brought into contact with the surface of the
sample before the indenter moves to its force or displacement limit, depending on design. While
the indenter tip is being retracted from its maximum depth into the sample, restorative elastic
forces in the sample work to return the sample to its original crystalline formation. For this
reason, indentation data is often collected as the tip is retracted, to determine the qualities of the
elastic restoration forces of the sample.

Once the indentation has been performed, the force and displacement data are plotted on
a curve of force versus displacement. These plots often exhibit hysteresis, however, as the
materials from which the samples are made rarely return to their exact form after indentation. A
plot of the stress gradient throughout the entire sample can also be determined from the force-
displacement data. From the force-displacement plots, the elastic modulus, Poisson’s ratio, and
hardness of the sample can be determined.

The deformation in the sample during the indentation can be separated into three distinct
regimes: elastic deformation, yield, and plastic deformation. In the elastic regime, the contact
mechanics are governed by the Hertzian contact equations; at yield and in the plastic regime, the
contact mechanics are governed by the work of Johnson, and Field, Bell, and Swain, whose work
was also based on that of Tresca and von Mises.

At the beginning of the indentation process, the indenter tip is brought into contact with
the sample. As the indentation process begins, the deformations in the sample in the elastic
regime are characterized by the Hertzian contact stress theory.

[Hertz] first made the hypothesis that the contact area is, in general, elliptical. . .

He then introduced the simplification that, for the purpose of calculating the local

deformations, each body can be regarded as an elastic half-space loaded over a
small elliptical region of its plane surface. By this simplification, generally
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followed in contact stress theory, the highly concentrated contact stresses are
treated separately from the general distribution of stress in the two bodies which
arises from their shape and the way they are supported. In addition, the well
developed methods for solving boundary-value problems for the elastic half-space
are available for the solution of contact problems (Johnson, 1985).

6.1. Elastic Regime

Before a full understanding of Hertz’s work can be obtained, one must fully understand
Hooke’s Law, as the work of Hertz is based on the work done by Hooke two hundred years
earlier. As can be determined experimentally, . . . the stress-strain diagrams for most
engineering materials exhibit a linear relationship (sic) between stress and strain within the
elastic region. Consequently, an increase in stress causes a proportionate increase in stress. This
fact was discovered by Robert Hooke in 1676 using springs and is known as Hooke’s Law (Sic)”
(Hibbeler, 2005). Expressed mathematically, Hooke’s Law can be written

o=Ee¢ ()

where o is defined as the stress, E is Young’s modulus, and ¢ is the strain.

Although Hertz (1896) begins the explanation of his contact stress theory with the
definitions of Kirchhoff’s elastic coefficients, the final form is an analogue to Hooke’s Law. To
begin the derivation of the governing equations of the Hertzian contact stress theory, one must
first make an assumption about the geometry at the interface between the indenter and the
specimen. Assuming the indenter is of spherical geometry and the specimen is flat, the perimeter
of contact between the tip and the sample will be circular. As mentioned above, Hertz (1896)

begins with the definitions of K and 0, which are the elastic coefficients defined by Kirchhoff.
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The expression for 0 is derived from the following expression (a partial derivation follows; the

full derivation can be found in Appendix A):

0
V= .
1+260 )
where v is Poisson’s ratio; algebraic manipulation of the equation yields:
14
0= : :
1-2v )
To derive the expression for K, begin with
E_ oK 1+360 ()
1+26
and arrive at the expression
E
K= :
20L+v) )
Hertz then uses a contraction to simplify the mathematics of future steps, defining
_2(1+6) 0)
K{l+26) '

If K and 0 are substituted and the expression is simplified, the expression for ¢ becomes

3 4(1-v?)
- E

¢ ()

Hertz then introduces a function which equates electric potential and pressure, which is defined

as the derivative of P with respect to z:

dP_—3p_Z'T 1

apP _ di :
dz 87 A J@ +A)®°+A)A )

Simplifying the equation above yields
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,,du
dP  -3p z (E)

dz 8z-ab udu “)
where p is defined as force. Substituting dP/dz into the equation of Z, yields
3p X2 yZ
Z, = SN ¥ AN A .
‘* 2z-a-b a® b? )

for the z = 0 plane. To satisfy the conditions that exist inside of the contact surface, a, b, and h

must be defined. To accomplish this, a and b are defined as follows:

A 167
a= - —_ ()
l,+0, 3p
po B 16r 0)
l,+0, 3p

Hertz then gives four principal curvatures, denoted by p11, p12, p21, and pg,. If it is assumed that

1

Pu =P =—"=p, and ()
R,
1

P2 = P = R, =P ()

where R; and R; are the radii of the spheres in contact, then the area of contact will be circular,

a=b=3/M_ )
16(p0, + p,)

From the equations above, the equation for h can be derived:

meaning that
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— 3 p(fl + é 2) ( )
16a

Hertz then introduces the concepts of a composite radius, R, and a composite elastic modulus,

E*. Both derivations are similar to that of the derivation of springs in series through the use of

Hooke’s Law:

1

I S SR ()
R R R, P17t P; .
and
1_[-vi) @a-vd) 0)
E E, E, '
Recall that
4Q1-v,)
V4 S )
. ()
4Q1-v,)
14 2 .
== ()
Therefore,
4
€l+£2:? ()

This result is then substituted into the integral of the equation Hertz uses to equate pressure and

electrical potential, resulting in the following:

J‘ di .[ di 3p y di
167r 2@ + )0 +A)A 167r a +/1\/(a A0 + A4 167307+ 4 @ + Ay + )4
)
which can be simplified to
P=L-Mx2— Ny, )
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where

L= , )
0+, )
M = A , and )
0+,
B
N = ()
l+7,

Manipulation of the expression for L results in:

h I da f da
0+, 167r 2 (2 + A2(@% +b?) + A(a’h?) 167r 2@+ )0+ )4

Rewriting a portion of the equation for P and evaluating the integral term yields:

J~ T dA ZET dA _1 ()
(@ ”)(bz +AA \/a2(1+:2)(b2 Y \/(1+;2)(b2 + )4

Further simplification yields:

h dA ~3p 1
° | 2 = ()
0 +0, 167z L@+ )07 + )4 167 a
Therefore,
:3p(£1+£2). ()
167 -a
Similarly, manipulation of the expression for M given above results in:
x%dA x%dA
()

0, +0, 167:-[\/(3 + )3 (0% +A)A 16ﬂj\/(az)3(1+;)s(bz”),1

Continuing to expand,

-88-



A _3pii‘f x2dA _3p 1 0)
(. +0, 167 a’ 167 a’’ '
1+b thra 0\/(1+/12)3(b2+/1)/1 Ta
a
which leads to
a3: 3p (£l+€2)_ 3p(£1+£2) ()

167 A 167(p,+p,)

Solving for a yields

\167z(p, + p)
Since the manipulation of the expressions for N follows exactly as that of the expressions for M,

it will not be presented in its entirety. The end result of both expressions, after substitution for

l,,0,, pyand p, is

a= b = (' )
Through re-arrangement of the equation above,
3pR
a3 =—F .
4E ¢)
Similarly, the expression for h can be written
1
3p(4—5)
16a
Simplifying the equation above yields the following expression:
3
he 2P )

4E"a
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This result is significant, as h is the depth that will result from an applied force P at the axis
between the centers of the surfaces in contact. From this result, a function for the depth of

indentation as a function of the radius of the indenter tip can be derived.

g A ]

d
=
. T — -

Fig. -. Cross section of an indentation tip.

If it is assumed that

x* +y® =R?, then ()

r’ +(R—(dh))* =R*. ()
Simplification yields

r* =2(dh)R—(dh)?. )
Through the use of similar triangles,

a’+(R-h)? =R?, ()
which simplifies to

a’=2hR-h?, )
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If it is assumed that the h?and (dh)®are negligible,
r’ =2(dh)R, and

a’ =2hR.

If we divide the two equations, the result is

If it is also assumed that
h(r)y=hatr=0, and
h(ry=0atr=a,

then
h(r) = h—dh.

From the previous derivation,

2

r
dh=ha—2.

Substituting into the expression for h(r),

rZ r.2
;=h-—3).

h(ry=h—h—
a

Substituting the expression for h into the expression for h(r),

r.2

2a’

h(r)=%(1— ).

Recall that
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Substituting the expression for a into that for h yields

3p,1

h® = -)—. .
(4E R ¢)
From the previous two equations, it can be seen that
a2
h=—, :
- )

or, equivalently,

a=+hR ()
To find the mean pressure pn, at the contact surface, recall that the force p is given by the

expression:
p:%hga. ()

Dividing p by the contact area yields

5 g'hE*a
TR A 2
and simplifying yields
4E'h 4E’a

Pr =3z~ 3R )

The derivation for the mean pressure can then be applied to determine the stresses in each of the
three mutually perpendicular directions. At the center, where x and y are both equal to zero, and

ais equal to b,

2 2

3plx y )

* " 2abz VT aZ b2

which simplifies to
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3p
= " 2ar )

If the expression for a is substituted, and the resulting equation is simplified,

_1,/6p(E")?
Zz - T R2 ' (')

As demonstrated earlier, since

2 2
z,=2®_ 3P ) X Y then ()
dz 2abr a“ b
dp -3 x> y®
PPt ®

dz  4abz V" a? b?
as with the expression for Z ,, this relationship is true only at the surfaces where the pressure is

being applied, as the pressure decreases away from the origin. At the origin, however, a is equal

to b, and x and y are both equal to zero, resulting in

dp_ -3p )
dz  4a’nr’ '

For the stresses in the x- and y-directions, the following expressions are given:

_ —-E %jL 3pv
“ (@+v)dx Caz

), and ¢)

—E df 3pv

y:(1+v)d_yJr azﬂ)' ()

Having determined the values of each of the principal stresses, the idea of an equivalent stress
can be explored. If
X, =0,, ()

Y, =0, and ()
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Z,=o0,,and ()

X, =Ty, ()
X, =1,,and ()
Z,=1,, ()

the intermediate quantities Iy, I, and I3 can be determined:

l,=0,+0,+0, ()
I = 2 2 2 )
, =0,0,+0,0,+0,0,-1,"—1," —7, :
|, =0,0,0,+20,7,7, —0C,T, —C,T," —0,T, ()
3~ YxYyYy; xy “yz ¥ zx x“yz y ¢ 2x 2ty - :

It should be noted that the exact values of the shear stresses are unknown, but can be determined

through numerical methods. If it is then defined that
o’ -lo’+1l,0-1,=0, ()
and the roots of the equation above, denoted o, o,, and o, are the principal normal stresses,

the von Mises equivalent stress can be defined as

()

' \/(0-1_0'2)2"'(0-2_0-3)2+(O'3_O-1)2

Using the von Mises and yield stresses, the elastic and plastic regimes can be defined. In the

elastic regime,

o < O yigg » aNd ()
o> O yield ()
for the plastic regime. Since the point selected as the origin experiences the highest forces, and,

consequently, the highest pressures, the only component of stress at the origin isZ,; Hertz uses
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this component of stress to define the elasto-plasticity. If hardness, h, is defined as the maximum
stress achieved before exceeding the elastic limit, the deformation that occurs can also be
characterized into the elastic and plastic regimes using the following criteria:

Z,<h, ()
for the elastic region, and
Z.>h ()

z

for the plastic region.

6.2. Elastic-Plastic Regime

As the mean pressure applied to the area of contact continues to increase, plastic
deformation begins to occur in the sample. The first region within the sample that experiences
plastic deformation is the point of maximum shear stress, which lies directly beneath the axis of
symmetry of a spherical indenter. (Fischer-Cripps, 2005). Through the use of an extension of
the Hertzian theory used to describe the elastic regime, and the maximum shear stress failure
criterion developed by Tresca, as well as the von Mises failure criterion, a series of formulae can
be constructed to describe the deformation that occurs in the transitional elastic-plastic regime.

If an indenter tip with spherical geometry is used, then, in the elastic-plastic regime, the
surface of the sample which is in direct contact with the indenter tip will undergo elastic
deformation, while the material of the sample below the surface will undergo plastic deformation
while remaining surrounded by material deforming elastically. In Johnson’s text on contact

mechanics, he describes the “expanding cavity model,” in which a plastic flow is contained by
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elastic material, and where the deformation is expansion happening in a radial manner (Johnson,

1985).

Hydrostatic

coneg

elastic

Fig. -. The expanding cavity model (Fischer-Cripps, 2005)

Thus, the formulation of equations that describe the stresses and deformations that occur
in the elastic-plastic regime are based on both the Hertzian formulae for the purely elastic region,
and the Tresca and von Mises formulae for the perfectly plastic region. The Hertzian formulae
and their derivation were presented above; the following discussion will briefly touch upon the
pertinent aspects of the Tresca and von Mises theories.

The Tresca theory states that the greatest stress within the sample is given by:
m:’:tx[|(01—02)|,|(0'2 —0'3)|,|(0'3—01)|] =2k=Y ()
where k and Y are the yield stresses of the sample in shear and tension, respectively (Johnson,
1985). Alternatively, describing the same state of stress using the von Mises theory yields a
slightly different value numerically, obtained from the following expression:

‘]2:%[(01_02)2"'(02_0—3)2+(03_O—1)2]:k2:%- ()

If we reintroduce the concept of the mean pressure, defined earlier as
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Pn=(5) 5 )
T

it can be used to find the pressure needed to initiate yield, denoted py. First, the intermediate
quantity p, must be determined, using either the Tresca or von Mises criteria. Using the Tresca

criterion for axi-symmetric contact (in this case, a sphere) results in the following formulation:
3 :
P, = > p, =3.2k =1.60Y ; ()

using the von Mises criterion results in a similar expression:
p, = 2.8k =1.60Y . )

The value of p, can then be used to determine py, the pressure needed to initiate yield in the

elastic-plastic regime (Johnson, 1985):

3p2
7R

=g (Po)Y ()

Py

It should be noted that these formulae can be used for indenter tips of spherical geometry only;
tips of other geometries follow a similar procedure, but the coefficients in equations 54 and 55

are changed.

6.3. Plastic Regime
Lastly, as the contact pressure is increased even further, fully plastic deformation of the

sample occurs. A sample has entered the plastic regime when the plastic region within the
sample reaches the surface of the sample, and the plastic flow continues in a manner such that
the rate of change of the contact area beneath the indenter tip results in a nearly constant mean

pressure pm. (Fischer-Cripps, 2005). In the plastic regime, as in the preceding elastic-plastic
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regime, “subsurface displacements produced by any blunt indenter are approximately radial from
the point of first contact, with roughly hemispherical contours of equal strain” (Johnson, 1985).
The contours within the material can be described by the relationship given for J, (equation 52).

Johnson (1985) uses a simple relationship between mean pressure p, and yield stress Y to

describe the entire indentation process in all three regimes:

pm = CY ()
In the equation above, C is a constant that is determined by the geometry of the indenter and the
material that is being indented, as well as the friction that occurs at the interface between the
indenter and the sample. Using a spherical indenter, and assuming a sample made of metal, C
has a maximum value of approximately 2. 8 to 3. (Johnson, 1985; Fischer-Cripps, 2005).

Thus, in the elastic regime, C has a value less than one, and no plastic deformation
occurs. At the onset of yield in the elastic-plastic regime, C has a value of 1 to 1. 6, depending
on the geometry of the indenter and the sample. As C increases to a value of approximately 3,
plastic deformation occurs at a nearly constant mean pressure, regardless of any increase in the

load applied to the indenter (Fischer-Cripps, 2005).
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2= 1.17 — full elastic response, no
permanent or residual impression left in the
test specimen after removal of load.

. S

1.1Y < p = CY¥— plastic deformation exists
beneath the surface but 1s constrained by the
surrounding elastic material, where C1sa
constant whose value depends on the material
and the mdenter geometry.

p,, = CY— plastic region extends to the
surface of the specimen and continues to grow
in s1ze such that the indentation contact area
increases at a rate that gives little or no
increase in the mean contact pressure for
further increases in indenter load.

T

Mean contact prassure p,,

Indentation strain - a'R

Fig. -. Summary of the Elastic, Elastic-Plastic, and Plastic Regimes (Fischer-Cripps, 2005)

6.4. Non Spherical Indenter Geometries
To this point, the theories and formulae provided have been for spherical indenters only.

As different experimental methods were created, however, indenters required for specialized
testing were developed, requiring either additions to or modifications of existing theories and
equations. Pyramidal indenters, for example, were developed for hardness testing with brittle

materials, as “a residual impression is readily obtained at low values of indenter load” (Fischer-
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Cripps, 1997). Given the popularity and practical uses of conical and wedge, or pyramidal,
indenters, it was deemed appropriate to include a brief discussion of these variances from the
theory presented for spherical indenters.

In his work on contact mechanics, Johnson (1985) states that a “rigid punch having sharp
square corners has infinite pressure at the edges of contact,” resulting in apparent plastic
deformation with no elastic deformation. Thus, the included angle on the indenter, denoted a,
must be very close to 90° for the resulting deformation to fall within the linear theory of
elasticity. For pyramidal indenters whose sides are not all oriented such that the included angle
is constant between all orthogonal faces, current practice within the field is to approximate a
pyramidal indenter to an equivalent (based on the area-to-depth ratio) conical indenter included
angle o, which simultaneously simplifies calculation and preserves the characteristics of the
original pyramidal indenter (Fischer-Cripps, 2005).

Another important modification results from the fact that the conical and pyramidal
indenters are not of constant radius over the entire indenter surface, whereas a spherical indenter
is. Thus, from the basic definition of pressure, it becomes obvious that the pressure on a sharp
apex (which can also be described by an infinitely small radius) is infinite. Thus, Johnson (1985)
states, “For compressible materials, infinite elastic pressure at the apex gives rise to theoretically
infinite differences in the principal stresses which will cause plastic flow independent of a. ”” An
extension of this theory, used when a is taken into consideration, states that by either the Tresca

or von Mises criterion, yield may still occur at the apex if a is such that
7K
cotar > — ()
E

As the indenter is used, however, the infinitely sharp apex will dull, resulting in a measurable

contact area at the tip; correction factors are often used in calculations so that the results with a
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slightly worn indenter can be compared with the results obtained using a previously unused

indenter.

6.5. Mathematical Modeling of Indentation and Retraction
Using the equations derived in Sections , , and , a model of the theoretical force for a

given indentation depth was created. The equations were then manipulated to produce a series of
expressions that provide force in terms of indentation depth. The resulting equation accounts for
a non-spherical indenter tip as outlined in section with the indenter tip angle denoted a, as this

type of tip will be used for the indentation experiments.
4 * 2
Poaa (N) =—E tan(a)h ()
T

The above equation only accounts for the force with respect to indentation depth when a material
sample is being loaded; that is, the force applied to the sample is being increased. When the
material is being unloaded, its elastic properties cause it to recover some of the indentation that
has occurred and these elastic restorative forces correspond to a force-displacement curve. The
equation for the unloading portion of the curve depends on the maximum loading force, the
maximum indentation depth from the loading function, and a parameter h, which is equal to the

depth of the indentation after it has been unloaded.

h—h,

mj| I:)Ioad (hmax) ( )

I:)unload (h) = |:

The parameter h, is defined as

h, :Kl—gjhmax+ghc] ()
&£ g
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with the parameter ¢ defined as

&= M )
VA
and h. defined as
h, = P ()
c (ﬂ—lj\/Ztan(a) tan( @) cot(a) +1
2 T

Plotting both the loading and unloading curves on the same plot yields the graph in Fig. -. The
curve in this figure is the model used to gauge the accuracy of the results from the actual

indentation experiments that were performed.

_5 '
8x10 ,/’f'?
Pload™  6x107° A
A
Pun|0ad(h) 4x10 S ;'/ _.'-
2x10"° e
0 | ]
0 4x10°%  gx107®
h

Fig. -. Theoretical loading and unloading functions for indentation plot from MathCAD.
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7. Results

Several indentation tests were run in order to get a large sample set of data and to
increase the likelihood of obtaining usable data. The images from these indentation tests were
input to a Python script program similar to the one used to model the indentation process. The
major difference between the programs is this one takes images as inputs instead of creating the
image data from theory. All the images from indentation and retraction were unwrapped and the

following graphs in Fig. - and Fig. - show the resulting beam contours.

s
.-"f IIIII
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Fig. -. Unwrapped cantilever contour during indentation.
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Fig. -. Unwrapped cantilever contour during retraction.

After running the images from all of the indentation tests through the script and
attempting to extract the results using ANSYS, it was determined that ANSY'S was not solving
the problems correctly. An alternative method of finding the force and displacement was
implemented. This new method involved looking at the total deflection of the beam from end to
end and using that value to determine the force that would cause that deflection based on the
following equation.

Force 3(De£I)EI

()

The indentation depth is then determined by subtracting the end position of the beam from its

initial position based on the first image input to the program.
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This alternative method is accomplished by solving for the force and indentation depth
directly in the Python script and outputting a data file. With this method forces of the correct
order of magnitude were measured with the images, however, the indentation depths do not
match the expected results. The figure below shows a graph of the indentation and retraction

data obtain and the best fit lines showing that they follow the appropriate trends.

350
—#—PAodel Indentation
—l—Nodel Retraction
300 +— ,
@ Experimental Retraction
Experitnental Indentation
250 +— Poly. [Experimental Retraction)
Faly. (Experimental Indentatian)
200
=
=
o
P
£
150
100
a0
D - T T T T T T T T T
0.o0 0.o2 0.04 0.08 0.08 0.10 012 0.14 0.16 0.18 0.20

Indentation Depth, pm
Fig. -. Experimental indentation and retraction data with analytical data.
The curves follow the trends that were predicted, but there is a large amount of noise in
the displacement data. This is probably caused by the fact that the indentation was performed by
actuating the piezo manually. If the actuation had been computer controlled and done in one

smooth motion, the data would more closely match the theoretical data. Also, imperfections in

-105-



the surface being indented and stress relaxation of the material during the indentation process
could have contributed to the discrepancies in the data.

Below are images of the indentations that were taken with an optical microscope. A
scanning electron microscope was preferred, but due to scheduling and time constraints, it was

not used.

Fig. -. Three indentations created in aluminum sample with the nanoindenter developed as part
of this project.
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Fig. -. Two indentations created with the nanoindenter developed as part of this project.
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8. Conclusions

The inverse approach to nanoindentation was shown to produce data that follows the
trends of the theoretical indentation model. Some future work needs to be done to improve the
process, streamline the gathering of results, and improve the quality of data obtained. This is
outlined in chapter .

The mechanism for performing the indentation was proven to be a robust device. It is
easily installed as a module on an existing interferometer with minimal setup work. This project
also proved that nanoindentation can be performed without spending over $100,000 on
equipment. The total cost of the equipment used for the construction of this nanoindenter was
less than $5000. All of the parts to build it were either manufactured with three-axis CNC
milling machines or purchased as stock parts. This construction of the devices and performing
the experiments outlined in this paper can be easily repeated if desired.

Despite the amount of effort that was put into this project, the scope of the project was
such that all of the potential work could not be completed within the established timeframe. As a
result, there are many improvements that could be made and several further experiments which

could be completed if time permitted. This aspect is discussed in chapter .
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9. Recommendations

When performing indentation tests, there are certain key aspects of the process that you
must pay close attention to detail. Due to the fragile nature of the AFM probes, you should have
several spares on hand when conducting your tests. The entire interferometer should be placed
on a vibration isolation table because any small disturbance in the room while the tip is close to
the sample could cause the tip to break. Before bringing the tip into contact with the sample,
ensure that the piezo is fully zeroed and has the complete range of motion. If it is not zeroed
properly, it might only move a few microns. Also, when using the motorized z stage to bring the
tip in contact with the sample, if it makes contact you should back out at least 100 encoder ticks
to ensure that the motor will actuate in the correct direction. For some reason at very small
increments the motor has been seen to drive in the wrong direction. This could be due to the fact

that the stage is older and could be fixed by upgrading the equipment as outlined in chapter 10.
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10. Future Work

The overall project was a success and the data obtained from the actual indentation tests
followed a similar trend to the simulated indentation data created during the early phase of the
project. The inverse method of finding forces was proven to be effective for this application.
There are however, several things that could be done to improve and streamline the indentation
process.

While there was large amounts of data obtain from this approach to nanoindentation,
there is still much more that can be achieved. This project only scratched the surface of what can
be achieved with not only this setup, but also this approach.

When obtaining the indenting and retracting force curves through the inverse method the
hard data was a bit noisy, this is why best fit curves were used to plot. These best fit curves were
extremely close to the theoretical analysis completed earlier in the process, but not exactly. For
some future research into why the forces were correct, but the indentation depths were so
scattered. Being able to figure out why this occurs can prove to enhance the output data and
form a better original curve.

The research project was mostly completed by manual inputs such as manually jogging
the positioning stages, refocusing the interferometer on the being when actuating the stages, and
actuating the piezo. To be able to automate all of this in to LabView or even writing new
software to process all of these steps in one program then it would make the indentation process
smoother and easier. Creating a program may also help improve the data acquisition which can
turn into smoother force curves and better results, but that can only be determined by creating an
additional program. While the program seems simple it is most likely very complicated due to

the visual checks that the computer must obtain to focus and refocus the cantilever beam. This is
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also a much larger investment since there will have to be other cameras and lasers to process the
other tasks such as focusing, finding the beam, finding the sample, and measuring the distance to
the sample.

Within the timeframe available for the project, there was not sufficient time to automate
the indentation process. Currently, a user needs to manually give serial commands to the
motorized vertical axis of the indenter and must use his or her best judgment regarding how close
the indenter tip is to the sample. Once in contact, they must manually move the piezo in a given
increment, capture an image, and record the position of the piezo and the image number. This
data is then input into the computer and the images are associated with their corresponding piezo
positions to obtain the correct data. When it is time to extract the data from the images, the user
needs to find the coordinates of the cantilever beam on the image and manually enter them into
the Python script.

Ideally, these processes would be automated to increase the speed and reliability of the
entire indentation cycle. Using computer vision algorithms, the motorized z stage could be
brought into contact with the sample under computer control. This would require complex
coding and might not be feasible in the near future.

Automation of the piezo actuation and image acquisition steps can be readily
implemented using LabView. The T-Cube Piezo Driver and Strain Gauge Readers are controlled
by ActiveX controls that can be added to a LabView block diagram. A LabView program could
actuate the piezo by a given increment, acquire an image, associate that image with the piezo
position, and repeat the process until the desired indentation was achieved. This is the most

obvious improvement to be made, and would be done if there was more time available for the
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project. Automating the process could easily reduce the time per nanoindentation from about 30
minutes to a few seconds.

Another topic for future research would be to upgrade the components of the module.
Using piezos that have better resolution may further improve the data. With this being said, the
piezo that was used in this project was more than acceptable with a resolution of 5 nm, but with a
piezo that has a resolution of 0. 5 nm, could add more critical points in the indentation process
which may again make the force curve smoother. A down side to this, again, is money. While it
may not be more expensive to obtain such a piezo, it is much more likely to be more expensive
and not just for the piezo, but for the controller as well.

Another component to upgrade would be the AFM probes. Getting probes that have
anything different such as, longer or shorter length, different thickness, different probe materials,
or different shape of the tip can give different results. While these results may not be better than
the results obtain in this research project, the possibilities of indenting different materials are
endless. A specific example would be to obtain an AFM probe that has a larger thickness,
shorter length, and a high spring constant. With this example it would be possible to indent
harder materials.

The next component that could be upgraded to make the design better would be the
stages. While the stages that were used in this project were more than sufficient, after the
returning of the ThorLabs stage and obtaining the National Aperture stages, there was only one
stage that was motorized and that stage was more than 15 years old. Having all the stages
motorized would make controlling the module much easier and not having to touch the isolation

table during the indenting process is very valuable. This is noticeable since there were a couple
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tips that were broken during the indentation process and actuating the stages. With all the stages

motorized this would also make the indenting process easily convertible to be fully automated.
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12. Appendices

12.1. Appendix A — Derivation of Hertzian Contact Formulae

Before a full understanding of Hertz’s work can be obtained, one must fully understand
Hooke’s Law, as the work of Hertz is based on the work done by Hooke two hundred years
earlier. As can be determined experimentally, ... the stress-strain diagrams for most engineering
materials exhibit a linear relationship (sic) between stress and strain within the elastic region.
Consequently, an increase in stress causes a proportionate increase in stress. This fact was
discovered by Robert Hooke in 1676 using springs and is known as Hooke’s Law (Sic)”
(Hibbeler, 2005). Expressed mathematically, Hooke’s Law can be written

oc=Ee¢ ()
where o is defined as the stress, E is Young’s modulus, and ¢ is the strain.

Although Hertz begins the explanation of his contact stress theory with the definitions of
Kirchhoff’s elastic coefficients, the final form is an analogue to Hooke’s Law. To begin the
derivation of the governing equations of the Hertzian contact stress theory, one must first make
an assumption about the geometry at the interface between the indenter and the specimen.
Assuming the indenter is of spherical geometry and the specimen is flat, the perimeter of contact
between the tip and the sample will be circular. As mentioned above, Hertz (1896) begins with
the definitions of K and 6, which are the elastic coefficients defined by Kirchhoff. The
expression for 0 is derived from the following expression:

%

Y120 )

where v is Poisson’s ratio; algebraic manipulation of the equation yields:
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()

To derive the expression for K, begin with

()

E::2K£1+30j

1+26

and arrive at the expression

) ()

Hertz then uses a contraction to simplify the mathematics of future steps, defining

_2(1+0)
CK@+20)

()
If K and 6 are substituted and the expression is simplified, the expression for ¢ becomes

_4Q-v?)
E

¢ ()

If P is assumed to be a function for the potential of a distribution of electricity on the finite part
of z=0and V*P =0. Hertz then defines

_—zP+ 1
K K1+ 26)

(_I[sz—J), ®

where i is infinity and j is chosen to make [] finite. When the integral is evaluated, the resulting
expression is

_—4Q+v) dP
E dz

V2I1 ()
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If e, f, and g are defined as the components of displacement in the x-, y-, and z-directions,
respectively, then, for equilibrium, each of the following conditions must be satisfied within each

of the bodies in contact

0=v2e+(1+2—vjd—g ()
1-v ) dx
0=V2f +(1+ﬂjd—‘9 ()
—v)dy
2v \dg
0=V?g+|1+— |— :
J ( 1—vj dz )
g e df  dg ()
dx dy dz
From these relationships, it can be determined that
dI1
e=—o :
i ()
dI1
f=—no :
dy ()
g :d—H+2€P @)
dz
And also that
de d°I1
dax  dx? ¢
df  d°r1
&_ dy2 ()

2
dg o, dP 0
dz dz dz

Substituting these relationships into the expression for &,

-119-



d’I1 d’11  d*I1 dP
= + + + 20—
dx*  dy* dz? dz

&

Simplifying yields

8(1—v2)d_P
E dz

e=ViII+

Substituting the expression for V2IT into the expression for € results in

8:{—4(1+v)+8(1—v2)}d_P
E E dz

Simplifying yields

S

E dz
To find the pressure components in a principal direction, begin with the expression

2
X, =-2K d 1}+ 26 _dp
dx K(1+26) dz

Simplifying the above expression yields

—E de dP
= ——4v—
(@-v) dx dz

Similarly, to find the shear pressures, begin with the expression

2
X, =-2K d’IT
Y dx - dy

Simplifying the above expression yields

__—E dt
Y @+v)dx-dy

Also,
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2
X, =-2K i, dP ()
dx-dz dx

which simplifies to

d’p
X, =22 .
’ dx - dz )
Using the same formulation results in the following equations
2 2
v, —ok| 4L, 9P _,, d°P 0
dy - dz dy dy - dz
2 —
7. 2K d H+ 2(2+30) |dP :_Ed_g_4(2_v)d_P 0
dz? | K@1+26) |dz | 1+v dz dz

Hertz then introduces a function which equates electric potential and pressure, which is defined

as the derivative of P with respect to z:

Ez_Sp.z.J‘ 1 da 0
dz 87 A J@ +A)®°+A)A
Simplifying the equation above yields
du
2°(——
aP__=3p 4 0
dz 8r-a-b udu |
where p is defined as force.
Substituting dP/dz into the equation of Z; yields
3p X2 yZ
Z, = NN ¥ AN A .
‘ 2z-a-b a® b? ¢

for the z = 0 plane.

Inside of the contact surface, the following conditions must be satisfied:
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P=L—Mx*—Ny? ()

(¢, +0,)M = A ®
((,+0,)N=B ()
(4, +¢,)L=h ()

Thus, a, b, and h must be defined to satisfy these conditions. To accomplish this, a and b are
defined as follows:

A 16

T 40, 3p ¢
o+, 3p

Hertz then gives four principal curvatures, denoted by p11, p12, p21, and pao. If it is assumed that

1

Py = pp=—=p, and ()
R,
1

P = P = R_z =P, ()

where R; and R; are the radii of the spheres, then the area of contact will be circular, meaning

_b:3 3p(£l+£2) ()
\ 160, + p,)

that

From the equations above, the equation for h can be derived:

3p(l,+7
h — p( 1 2) ()
16a
Hertz then introduces the concepts of a composite radius, R, and a composite elastic modulus,
E*. Both derivations are similar to that of the derivation of springs in series through the use of

Hooke’s Law:
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i=i+i=/01+p2 ()
R R R,
and
1_[-vi) @a-vd) 0
E E E,
Recall that
0= 41-v}) 0
E,
‘ _41-v3) 0
EZ
Therefore,
4
b+l == ()
If we then define the two surfaces of contact as
z, = AX* +Cxy+B,y? ()
z, = AX* +Cxy+B,y?, ()
the resulting expression is
2, — 7, = AX* + By’, where ()
A=A — A, and ()
B=B,-B,. 0

Because A represents the curvature in the x-direction and B represents the curvature in the y-
direction,

2(A+B)=p, + P+ Py + Pos- @)
Therefore, assuming the two planes are in contact,
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2A=2B = py + Py + Po1 + Lo @)
which, using the simplification presented earlier in the derivation, leads to the following
expression:

A=B=p +p,. ()
This result is then substituted into the integral of the equation Hertz uses to equate pressure and

electrical potential, resulting in the following:

J‘ di J~ da 3p y di
" 16x L J@ )02+ )4 16702+ \/(a A2+ )L 167Ib2+ 2 [ + 2) b7 + A)A
()
which can be simplified to
P=L—Mx*—Ny?, ()
where
h
L= : )
0+,
A
M = , and :
0+, ¢
B
N = @)
0+,

Manipulation of the expression for L results in:

h di dA
J. 2 J. 22 2 2 ()
0+, 167r L (@2 + )02 + )4 167r 2 (@%b + Ab% + 48 + A2)A
Further simplification yields:
h di
)

£+, 16ﬂj\/(/13+12(a +b?) + A(a’h?)

If we introduce
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o=+ 2@ +b%)+A@’b?),

and, consequently,

dw= (32 +24(a? +b?) +a%h?)dA,

then the expression for L becomes

_TZ_w_ 3p
1 167|324 +2A(a® +b*) +a’b®

1
2w?

Ua)z

evaluated over the range from u to oo. The equivalent integral becomes

h  3p

0, +0, 167

3% +2A(a* +b?) +a’b?

[2\/13 - 2@ +b?) + ﬂ(azbz)]

evaluated from 0 to co. Rewriting a portion of the equation for P yields:

I T dA 17 dA 1
@ ”)(bz”ﬂ ! \/a @+ 207+ )2 "j‘“\/(1+;;)(|o2 +A)A
Substituting into the equation for L yields:
h dA 3p 1
0, +1, 167[‘[\/(a +;L)(b2+,1),1:167r.g
Therefore,
he 3p(l,+1,) .
167 -a
Similarly, manipulation of the expression for M given above results in:
A x*dA x*dA
fatts 16””(6‘ +A) 07+ ) WI\/( at) @+ A%+ )4

Continuing to expand,
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x%dA 3p 1
3

1%
gl% ) _Sl\/(u;f(b%z)z:ls”a | ¥
which leads to
2% — 3p (4, +0,)  3p(ly+1,) ' 0
167 A 167[(/)1 +p,)
Solving for a yields
e
Lastly, beginning with the expression for N,
f y*da _3p; y?dA 0
Gty 1675 (@t + 2)07 + 2)° 16ﬁ0\/(b2)3(1+a2)(1+lj2)32,
continuing the expansion,
B :3D%T y*da :3pi3_ ()
(,+0, 16z b 0\/(6‘2*’1)(1*;)/1 167 b

If the equation is put in the same form as that for a given above, the resulting equation is

3p(£ +7,)

\167(p, + ) ¥
From these results, it can be seen that
()
Through re-arrangement of the equation above,
at =2 )
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Similarly, the expression for h can be written

1
3p(4E*)
h=—_E

16a )

Simplifying the equation above yields the following expression:

— )

This result is significant, as h is the depth that will result from an applied force P at the axis
between the centers of the surfaces in contact. From this result, a function for the depth of
indentation as a function of the radius of the indenter tip can be derived.

If it is assumed that

e T —

i
=
. T — -

Fig. -. Cross section of an indentation tip.

x* +y? =R?, then ()

r’ +(R—(dh))* =R?. ()
Simplification yields

r* =2(dh)R —(dh)?. ()
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Through the use of similar triangles,
a’+(R-h)* =R?,

which simplifies to
a’ =2hR-h?.

It is assumed that h?and (dh)®are negligible,
r’ =2(dh)R, and

a’? =2hR.

If we divide the two equations, the result is

If it is also assumed that
h(r)=hatr=0, and
h(r)=0atr =a,

then
h(r) =h—dh.

From the previous derivation,

2

r
dh:h?.

Substituting into the expression for h(r),

r? r?
F=h-—5).

h(r)=h-h—
a

Substituting the expression for h into the expression for h(r),

r2

2a

h(r)zf%(l— ).
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Recall that

Substituting the expression for a into that for h yields

3p,1

h® = ) —.
(4E R

Thus,

2 2 2
3

hZ(Z

gL 11 1
a=() p*RED".

If the equation for a is re-written as

wilN

SR
a” = (C)° pR*(E")°.

and the equations for a and h are divided,

h=2
R
or, equivalently,
a=+hR

To find the mean pressure pm, at the contact surface, recall that the force p is given by the

expression:
4, .
=—hE a.
P 3

Dividing p by the contact area yields

)*p3(E")3R?,and
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-3 ()

Simplifying yields

*

o _4Eh_d4Ea
" Zar 3R

)

The derivation for the mean pressure can then be applied to determine the stresses in each of the
three mutually perpendicular directions. At the center, where x and y are both equal to zero, and

ais equal to b,

2 2

_ % | Xty 0

* 2abr a®> b’
which simplifies to

3p

Z = .
2a’nr

z

()

If the expression for a is substituted, and the resulting equation is simplified,

_1,[6p(E")’
Zz _7[ R2 ' ()

As demonstrated earlier, since

2 2
ZZ:—Zg—S:ZZ—S 1—%—5—2,then )
T
dp -3 x> y?
P_=%p X V. ()

dz 4abz\” a? b2’
as with the expression for Z ,, this relationship is true only at the surfaces where the pressure is

being applied, as the pressure decreases away from the origin. At the origin, however, x is equal

to y, and both are equal to zero,
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dp_ —3p ()
dz 4dabr’

And, for spherical bodies, since a is equal to b,

dp -3p
dz  4a’r )

For the stresses in the x-direction,

—E de -3p

L= ——4v(—;
@+v) dx 4a‘r

) ()

Simplifying this equation slightly yields

_ -E %-‘r 3pv
“ @+v)dx “a’zr

). ()

Similarly, for the stresses in the y-direction,

—-E df -3p
= ——4 , :
Y (L+v)dy V(4a27z) )
and simplification yields
-E df 3
+ (Y, ()

v d+v) d_y a’r
Having determined the values of each of the principal stresses, the idea of an equivalent stress

can be explored. If

X, =0,, @)
Y, =0, and )
Z,=0o,,and ()
X, =7y, ()
X, =7, and ()
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y = Ty ()

the intermediate quantities Iy, I, and I3 can be determined:

I, =0,+0,+0, )
2 2 2

|, =0,0,+0,0,+0,0,-7,"~71," —71, ()

|, =0,0,0, +27,7,7, —C,T, —C,T," —0,T,° @)

3~ YxYyY; xy “yz ¥ zx x*yz y“zx zxy '

It should be noted that the exact values of the shear stresses are unknown, but can be determined

through numerical methods. If it is then defined that
o’ —lc*+1l,0-1,=0, ()
and the roots of the equation above, denoted o,, o,, and o, are the principal normal stresses,

the von Mises equivalent stress can be defined as

. |(oy ~0,) +(0,—0,)° +(0;,—0,)°
o = : )
2
Using the von Mises and yield stresses, the elastic and plastic regimes can be defined. In the
elastic regime,
o <0,qq, and ()
o> O yield ()

for the plastic regime. Since the point selected as the origin experiences the highest forces, and,
consequently, the highest pressures, the only component of stress at the origin isZ,; Hertz uses

this component of stress to define the elasto-plasticity. If hardness, h, is defined as the maximum
stress achieved before exceeding the elastic limit, the deformation that occurs can also be
characterized into the elastic and plastic regimes using the following criteria:

Z <h, ()

z
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for the elastic region, and

Z >h

z

for the plastic region.
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12.2. Appendix B: Component-Level Research

12.2.1. Piezoelectric Actuation
In most of the nanoindenters currently on the market, the motion of the indenter tip is

controlled by a magnetic voice coil or a piezoelectric actuator. Emphasis was placed on
piezoelectric actuation during the research phase of the project because they offer greater control
over small-scale motions. Since the National Institute for Standards and Technology (NIST)
standards for a nanoindenter stipulate that the range of indentation must be less than one
micrometer, the piezoactuators that can be used in this application become limited. Although an
actuator with a large range of motion can be used, it requires more bits of analog to digital
conversion to achieve the same resolution, which often means a more expensive converter and a
lower acquisition frequency.

Physik Instrumente (P1) is amongst the leaders in piezo technology, and markets several
different lines of piezoactuators. Two of these are of particular interest — the PICMA® Chip
Monolithic Multilayer Piezo Actuators, and the Open- & Closed-Loop Piezo Translators. The
PICMA line of piezoactuators is of interest because of their size; the largest has a cross-section
of 5 square millimeters, and has a range of motion of 2. 2 micrometers at 100 volts (Physik
Instrumente GmbH, 2007). A range of approximately 2 micrometers is amongst the smallest
seen in commercially-available piezoactuators; thus, this particular piezo would serve nicely in a
nanoindenter, with the only drawback being the additional bits of analog-to-digital conversion
needed. The closed-loop actuator, by contrast, has a minimum range of motion of 10

micrometers with a resolution of 0. 05 nanometers; the advantage to this particular actuator is
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that a closed-loop displacement sensor is included in the actuator itself, eliminating the need for
an additional external displacement sensor (Physik Instrumente, GmbH, 2007).

The Tokin division of NEC also markets piezoactuators; the model that would best suit
our application is the AE0203D04, which has a range of 3 micrometers, but this range has an
uncertainty of 1. 5 micrometers, or half of the effective range (NEC-Tokin Corporation, 2007).
Thus, when compared with the PI actuators, the loss of precision makes the NEC-Tokin actuators
a worse choice for an application where the displacement is crucial to gain valid results.

The smallest displacement piezoactuator made by Piezojena (the P4/10 P-110-00) has a
range of 4 micrometers; the resolution is not specified (Piezosystem Jena GmbH, 2007). The
force applied by this actuator, however, is much too high for this application; because the
actuator can apply up to 1000 pounds, the resolution needed in the micro-Newton range would
be much too coarse, if any reading could be detected at all.

Noliac A/S, a Danish firm, markets piezoactuators with specifications similar to those
made by PI; the Noliac CMAP-01 has a free stroke of 2. 2 micrometers, with no specified
resolution. As with the Piezojena actuator, however, the force applied is several orders of
magnitude too high for a nanoindenter (Noliac A/S, 2007).

Nihon-Ceratec also advertises piezoactuators with range and force similar to their
competitors listed above; Ceratec lists the free range of the smallest one as greater than or equal
to 3 micrometers, rather than having a set displacement and uncertainty. The magnitude of the
force that can be applied is listed as greater than or equal to 800 Newtons, also (Ceratec, Inc. ,
2007).

Thorlabs markets actuators similar in specification to those made by NEC-Tokin, with a

free range of 3. 0 + 1. 5 micrometers. Although there is a claim of “precise nanometer
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positioning,” no specific data is given to support this claim. Perhaps the item of most interest
with the Thorlabs actuators is the price; the model with 3 micrometers of travel sells for $72
(Thorlabs Inc. , 2007).

The piezo that was purchased from Thorlabs is a model PAZ-020 closed-loop
piezoactuator that has a distance of travel of 20 micrometers. This is a larger range of motion
than is necessary; it is about ten microns more than are required for the indentation process.
Having the extra travel is beneficial, however; if a deeper indentation was needed, or the sample
was not positioned close enough to the indenter tip, the extra travel provides a means to adjust.
The twenty-micron closed-loop piezo was purchased for several reasons; it was the piezo with
the smallest travel distance in that line of closed loop piezoactuators, and closed-loop operation
was a highly desirable feature for this application. The piezo has a resolution of five nanometers,
which is acceptable for this application. Other manufacturers produced piezoactuators that are
accurate to half of a nanometer, but the pricing for such an actuator exceeded the budget for this
module. It is also worth noting that a resolutions of less than five nanometers are not needed for

this application.

12.2.2. Linear Variable Differential Transformers

Amongst the current technologies used to accurately determine the penetration depth of a
nanoindenter are linear variable differential transformers, or LVDTs. Within an LVDT, there
are three coils, a primary and two secondary, through which current is passed. At the center of
the coils’ windings is a magnetic core, which moves relative to the coils and creates an electrical

current. At the center of the LVDT, both of the secondary coils read zero electric field, and there
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is no output. When a voltage is applied across the primary coil, the magnetic core moves away
from the center, and there is an increase in the field strength in one of the secondary coils, and a
corresponding decrease in the field strength of the other secondary coil. The difference between
the field strength in the secondary coils then becomes the output, which can be converted from
voltage to a linear displacement (RDP Electrosense, 2007).

The advantages to using an LVDT are that there is no wear within the device, as no
moving parts come into contact with each other; resolution is infinite; the LVDT is insensitive to
temperature changes, and, if properly sealed, environment; and, lastly, the devices are highly
reliable. Compared to some competing technologies, however, they are more expensive, and
have a limited frequency response (Furman, 1997).

Leaders in LVDT technology include Omega Engineering, Micro Strain, and Honeywell
Sensing and Control. The LD400 series of miniature DC output displacement transducers
manufactured by Omega Engineering feature infinite resolution, and are compatible with
standard DC signal conditioners (Omega Engineering, 2007). The model of most interest to
individuals in the nanoindenting field would be the LD400-2. 5, as it has a linear range of motion
that is 2. 5mm, which is common amongst commercially-available nanoindenters. The LD400-2.
5 lists for $355, a price which includes only the LVDT (Omega Engineering, 2007).

Omega also markets a non-contact displacement transducer, which operates on inductive
technology and requires the use of a metal target. While initially more attractive than a standard
LVDT due to a lower cost ($195 for the LD701-2/5, a model comparable to the LVDT above),
the repeatability of measurement with the non-contact transducer is not as good as the LVDT, as

the non-contact model is only repeatable within £10 um (Omega Engineering, 2007). For a
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nanoindenter, this resolution is not nearly high enough, which excludes this sensor from
contention.

Micro Strain markets a differential variable reluctance transducer, or DVRT; the DVRT
operates on the same principle as an LVDT, with the difference being that the DVRT only uses
half of a Wheatstone bridge, whereas the LVDT uses all four branches of the Wheatstone bridge.
For the DVRT, however, the “nano resolution” model only has a stroke of 500 um or less, with a
resolution of 10 nm (Microstrain, Inc., 2007). While this is much closer to the resolution needed
for a nanoindenter, the range of motion at full stroke is slightly lacking. It can be argued,
however, that this range is acceptable; if the output from the DVRT was required only after the
indenter tip was in contact with the specimen, 500 um is enough range to take an accurate
reading. If the output for the DVRT was needed for coarse adjustment to bring the indenter tip
into contact with the specimen, a much larger range is needed. Micro Strain does not quote
prices for individual components on their website; for a “starter kit” with one channel and a less
precise DVRT, prices start at $1625 (Microstrain, Inc. , 2007).

Honeywell Sensing and Controls markets the S5 AC-AC Ultra Precision LVDT, which
can be purchased in different configurations, with strokes ranging from 0. 01 into 0. 5 in.
Honeywell, like Omega, advertises their LVDT to have infinite resolution (Honeywell
International, Inc. , 2007). The Honeywell website is under construction, meaning prices were

unavailable as of this writing; however, they should be available in the future.
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12.2.3. Strain Gauges

If we are going to look at implementing strain gages into our project, we are going to
have to evaluate a Gauge Factor and determine position the strain gages in our system. The
strain gages themselves, can measure both distance (length) and force. In our case we are
looking to use them for a force measurement since this proposed design has a LVDT which will
be measuring the distance the device is being moved.

The basic equation for strain itself is as follows:

D,-D, AD dD
5Laterau=#=3=3 ()

This equation defines what lateral strain is when we are trying to measure it. When
talking about taking forces there has to be more added to the equation. We have to determine
what the forces are on the material in order to stretch the item to that distance. This involves the

stresses which are used to deform or stretch the material.

o, U0, 0)
&y =——F .
" E

o, —V0o,

These two equations show the strain relationship in terms of the stresses that are exerted
on the material. E and v are constants. One is a constant in terms of the material, E (the

Modulus of the material) and the other is a constant for all the materials, v (Poisson’s Ratio).

)

D=

€a

Fig. - is a simple picture of what a strain gauge looks like. What we must determine for

our project is the Gauge Factor that we would need to use for one of the proposed designs.
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The Gauge Factor is defined here in the equation above. In our case we would like to
have a delta L to be about 0. 5 nm and our total range of about 2mm. We would also need to
have a high R in order to have a great enough resolution to read small changes to R. This is
where we would need multiple strain gauges in order to measure such miniscule changes. Have
a high R then increase our delta R as much as possible to get a smaller value on the top of the
equation. The Gauge Factor will be smaller and more realistic.

In our case the use of four strain gauges that have 1000 ohm resistance. We have a
combined resistance of 4000 ohms and with our 20-bit DAQ we can measure a change in R of
about 0. 005 ohms. With these numbers we can achieve a Gauge Factor by simply plugging the
values into the equation above.

With our calculated numbers we get a Gauge Factor of 5 which is reasonable with the

given strain gauges.
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12.2.4. Parallel Plate Capacitive Displacement Sensing
A capacitive displacement sensor is one means of sensing small movements. The sensor

is based on the idea of a capacitor with constant voltage across it and a constant cross sectional
area. By holding these constant, the current across the capacitor is the only thing that changes as
the distance between the plates of the capacitor changes. The relationship between the distance
between the plates and the capacitance is not linear, but it can be approximated as linear over
small displacements. To make the sensor act in a more linear fashion it is possible to use two
capacitors in series. A sensor such as this can resolve displacements as small as 0. 1 nm. It can
also be built to fit in a relatively small package. The sensor will only work over a small
displacement range which is acceptable for application in a nanoindenter (Cornell University,
2007).

One of the world’s leading manufacturers of nanomechanical devices is PI. They make
commercially available nanosensors that are based on the principle of capacitive distance
sensing. Pl also makes capacitive sensors which can measure forces in the micro Newton range.
They offer a wide range of sensors with ranges between 10 and 100 micrometers. These sensors
are very compact and have a high resolution which can be used to accurately measure

displacements much smaller than a nanometer (Physik Instrumente GmbH, 2007).
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12.2.5. Commercially Available Nanoindenters

12.2.5.1. CSIRO
CSIRO Material Science and Engineering builds nanoindenters that work on a different

principle. The load is applied off axis and then cantilever leaf springs transfer the load to the
indenter tip. The indenter uses two linear variable differential transformers to measure force and

displacement on the z axis (Cornell University, 2007).

12.2.5.2. MTS Nano Instruments
MTS Nano Instruments is one of leading manufacturers of nanoindenters. The

indentation axis on their machines is actuated by a magnet and coil. A variable magnetic field is
induced in the coil by varying the current through it. The magnetic field of the coil is repelled by
the permanent magnet, causing the displacement. The total displacement on the axis is between
1 and 2 mm and can produce a load up to 500 mN. The axis is stabilized by springs to ensure
that it moves smoothly. The displacement on the axis is measured by a capacitive distance

sensor which can measure sub-nanometer displacements (MTS Systems Corporation, 2007).

12.2.5.3. Micro Photonics Inc.
Micro Photonics Inc. sells the Nanovea Series Nano-indentation Tester. These machines

can be used for a variety of tests including nano-indentation, nano-scratch, creep, fatigue, and
fracture toughness. The company has an interactive software package which runs under
Windows to control the tester and make data acquisition simple. The base machine is versatile

and can accept different attachments for different applications (Micro Photonics, Inc. , 2007).
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12.2.5.4. Asylum Research
Asylum Research is a company that builds nanoindenters for use in atomic force

microscopy. The displacements in its machines are created using high precision piezoelectric
actuators. The displacement of the indenter is measured using a precision nano positioning
sensor. The force on the axis is measured by measuring the deflection of cantilever springs of a

known spring constant and computing the force created by the spring (Asylum Research, 2007).

12.2.5.5. Other Companies
The nanoindenters built by CSM work on the same principles as the ones made by MTS

Nano Instruments. Hysitron builds nanoindenters that interface with an AFM so you can quickly
and easily setup for nanoindentation testing. Micro materials is another company that

manufactures and supplies nanoindenters.

12.2.6. Tip Characterization for Nanoindenters
The tip of the nanoindenter is very important. In such a precise and accurate type of

measurement, the tip has to be in perfect working order. There are different types of tips out on
the market, but most that are used for the nanoindenter application are the three-sided pyramid
and conospherical tips. There are also specialty tips which are used for other applications.

Each tip has a different mathematical way of determining what the hardness of a material
is based on the force, the depth of how far the tip went into the material, and the geometry of the
tip. The tips can be used for different ways of finding the hardness the most common are

indenting and scratching, which most all tips can be used for either, but it is important to
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remember that one tip shouldn’t be used for both applications. The main reason for using
separate tips is because the scratching process can blunt the tip and cause for a different

measurement when indenting.

12.2.6.1. Berkovich Tip
The Three-sided pyramidal tip is the most common tip that is used for both indenting and

scratching, also known as the Berkovich tip. The Berkovich tip is great for bulk samples except
for materials with a roughness greater than 50 RMS.

Table -. Statistics for a Berkovich Tip
Included Angle (angle from one edge to the | 142. 35 degrees

other)

The Half Angle (angle from the 65. 25 degrees
perpendicular to one face)

Aspect Ratio 1:8

Typical Radius of Curvature (for standard | 150 nm
Berkovich tips)
Typical Radius of Curvature (for Sharper <50nm
Berkovich tips)
Ideal Area for Berkovich tip Area = 24. 5h/*

Materials used for Bulk metals, bulk ceramics, glasses, thin
hard films greater than 100nm thickness,
biomaterials, and hard polymers (modulus
greater than 1 GPa)

12.2.6.2. 90-Degree tips
Another three sided pyramidal tip is the 90-degree corner tip. This tip is similar to the

Berkovich tip, but since the included angle is 90 degrees and the aspect ratio is 1:1 it is easier to

make the radius of curvature smaller.
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The best advantage of this tip is that the indentations can be made, but are smaller and the
hardness can still be measured accurately. This also allows measurements to be taken on smaller
samples. Another advantage that the 90-degree has over the Berkovich tip is that its sharper tip

makes it possible to repeat the measurement with better precision.

Table -. Statistics for a 90-Degree Tip
Included Angle (angle from one edge to the | 90 degrees

other)

The Half Angle (angle from the N/A

perpendicular to one face)

Aspect Ratio 1:1

Typical Radius of Curvature (for standard | 75nm

tips)

Typical Radius of Curvature (for Sharper Can be <30nm

tips)

Ideal Area for 90-degrees tip Area = 2. 598 h,’

Materials used for Ultra-thin coatings (<100nm), micro/nano
composites, micro/nano structured
materials

12.2.6.3. Conospherical tips
These tips are in the shape of a cone and are most of the time made of diamond (very few

cases they are made with sapphire or other hard materials with similar properties). The smallest
tips for the conospherical shape are limited to a radius of 0. 5um. Conospherical tips with radii
greater than 10um are considered non-imaging tips and the non-imaging tips can get as large as
100um.

The imaging conospherical tips are primarily used for a pre-hardness test. Since the
imaging resolution on these tips is not very high compared to the three-sided pyramidal shaped

tip, they can be used in the cases to get a general hardness test for larger rougher surfaced
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materials. The most common materials the conospherical imaging tips are used for polymers
with a modulus of >0. 5GPa and hard biomaterials.
The Non-imaging Conospherical tips are used when nano-positioning is not important,

but these tips are ideal for soft materials such as rubbery polymers and soft biomaterials.

Table -. Data for Conospherical Tips

Ideal Area Function for Spherical Tips Area = -th,” + 2nR (R=tip radius)

Materials used for Soft Polymers (Modulus <0. 5 GPa), soft
biomaterials, Structured samples,
MEMS/NEMS

12.2.6.4. Specialty Tips
The specialty tips are categorized by they are any tip that wasn’t specified in the

categories above. There are four-sided pyramidal tips and also some flat ended tips.

The first specialty tip that is also a common tip is the Vickers tip. This tip has a similar
aspect ratio to the Berkovich tip, but where it lacks is the radius of curvature which is on the
scale of 500nm. The Vickers tip is used typically to find a connection between the nano-
indentation and micro-indentation and performed with a microindenter.

The next specialty tip that is some interest to the group is the Knoop. Much like the
Vickers tip, the Knoop tip is a four-sided pyramidal tip. This tip differs in the cross section
where this tip is a rhomboidal so one axis is longer than the other. A down side to the Knoop tip
is that it was developed only for micro-indentation. So indentation at the nano-scale is out of the

question for this tip and also because of its larger size it is limited to large load applications.
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12.3. Appendix C — Python Scripts
12.3.1. IndentationlmageProcessor. py

import Image

import ImageFilter

from numpy import *

from pylab import *

import datetime

import os

import RussPolyFit

from RussPolyFit import rpolyfit

# Output header

today = datetime. date. today()

print "Anthony DiOrio, Russell Morin, and Eric Wilusz\n", today

print "Nanoindenter MQP\nWorcester Polytechnic Institute\nMechanical Engineering"
print "Image Processing Program for Nanoindentation\n™

# Keyboard input
numofimages = raw_input ("Please enter the number of images in the directory for indentation:

II)
firsthumber = raw_input ("Please enter the number of the first indentation image: ")

# Load base filename
basefilename = raw_input ("Please input the base filename for indentation: ")

# Load offset file
offsetfilename = raw_input ("Please input the filename of the offset values for indentation: *)
offsets = open(offsetfilename,'r")

# Keyboard input

numofimages2 = raw_input ("Please enter the number of images in the directory for retraction: ")
firstnumber2 = raw_input ("Please enter the number of the first indentation image: ")

# Load base filename

basefilename2 = raw_input ("Please input the base filename for retraction: ™)

# Load offset file
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offsetfilename2 = raw_input ("Please input the filename of the offset values for retraction: ")
offsets2 = open(offsetfilename2,'r")

# Beam mechanical and material properties
beamlength = 160 # micrometers

beamwidth = 37. 5 # micrometers

beamheight = 7. 0 # micrometers

area = beamwidth * beamheight # micrometers"2

| = (1/12. 0) * beamwidth * (beamheight*beamheight*beamheight) # micrometers™4
E = 169000. 0 # kg/(s"2*micrometer)

magnifiedpixel = 6. 25/4 # micrometers

numelements = 18

lightwavelength = 0. 630 # micrometers
halfwavelength = lightwavelength / 2. 0 # micrometers

heightstep = halfwavelength / 256. 0 # micrometers

# Beam rectangle box
box = (370, 230, 372, 333)

# Process the images for indentation

w = int(firstnumber) - 1

secondoffset =[]

forces =[]

indents =[]

while(w < int(numofimages) + int(firstnumber) - 1):

# Load image file
if (w+1)<10):

im = Image. open(basefilename + "000" + str(w + 1) +". bmp")
elif ((w + 1) < 100):

im = Image. open(basefilename + "00" + str(w + 1) + . bmp")

-148-



elif ((w + 1) < 1000):

im = Image. open(basefilename + "0" + str(w + 1) + ". bmp")
else:

im = Image. open(basefilename + str(w + 1) +". bmp")

# Crop the image and store it in the region
region = im. crop(box)
region = region. convert("L")

# Take all the values of the pixels and store them in the matrix
x=0
pixellines =]
while x < region. size[0]:
currentline =]
y=0
while y < region. size[1]:
pixel=(x,y)
currentline. append(region. getpixel(pixel))
y=y+1
pixellines. append(currentline)
X=x+1

# Process pixel data
x=0
lineholder =[]
while x < 1:
plotlinex =]
plotliney =]
y=0
offset = 0
while y < region. size[1]:
plotlinex. append(y * magnifiedpixel)
ify>3:
if pixellines[x][y] > pixellines[x][y - 1] and pixellines[x][y] > pixellines[x][y - 2] and
pixellines[x][y] > pixellines[x][y - 3] and pixellines[x][y] > pixellines[x][y - 4] and
abs(pixellines[x][y] - pixellines[x][y - 1]) > 15:
offset = offset + halfwavelength
elif y > 0 and abs(pixellines[x][y] - pixellines[x][y - 1]) > 20:
offset = offset + halfwavelength
flipped = 255 - pixellines[x][y]
#print w + 1, flipped, pixellines[x][y], offset, (flipped + 1) * heightstep + offset
plotliney. append((flipped + 1) * heightstep + offset)

y=y+l
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X=x+1
lineholder. append(plotlinex)
lineholder. append(plotliney)

# Get offset value
currentoffset = offsets. readline()

# Base offset

i=1

j=0

baseoffset = lineholder[i][j]

while j < len(lineholder[i]):
lineholder[i][j] = lineholder[i][j] - baseoffset
j=j+1

# Secondary offset
if w == int(firstnumber) - 1:
i=0
while i < len(lineholder[1]):
secondoffset. append(lineholder[1][i])
i=i+1
i=1
j=0
while j < len(lineholder[i]):
lineholder[i][j] = lineholder[i][j] - secondoffset][j]
j=j+1

# Rotation baseline

coefs = polyfit(lineholder[0],lineholder[1],3)
slope = coefs[2]

theta = arctan(slope)

# Rotate function
m=0
X_0 = lineholder[0][0]
y_0 = lineholder[1][0]
while m < len(lineholder[0]):

r = sqrt((lineholder[0][m]-x_0)*(lineholder[0][m]-x_0) + (lineholder[1][m]-

y_0)*(lineholder[1][m]-y_0))
if lineholder[0][m]-x_0 > 0:
phi = arctan(float(lineholder[1][m]-y_0)/float(lineholder[0][m]-x_0))
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angle = phi - theta

lineholder[0][m] = r * cos(angle)

lineholder[1][m] = r * sin(angle)
else:

lineholder[0][m] =x_0

lineholder[1][m] =y O
m=m+1

# Find the coefficients of the cubic curve through the points
#coefs = rpolyfit(lineholder[0],lineholder[1])
coefs = polyfit(lineholder[0],lineholder[1],3)

# Best fit the curve
bestfit_ x =[]
bestfit_y =[]
q=0
while q < len(lineholder[0]):
x_val = lineholder[0][q]
bestfit_x. append(x_val) # Append the x values to the list
y_val = coefs[0]*x_val*x_val*x_val + coefs[1]*x_val*x_val + coefs[2]*x_val + coefs[3] #
Calculate the best fit y value
#y_val = coefs[0]*x_val*x_val*x_val + coefs[1]*x_val*x_val # line for rpolyfit
bestfit_y. append(y_val) # Append the best fit y values to the list
q=q+1

# Subtract macro y offset

i=1

i=0

while j < len(bestfit_y):
bestfit_y[j] = bestfit_y[j] - float(currentoffset)
j=i+1

#Output force-indentation data

beamdefl = abs(bestfit_y[len(bestfit_y)-1] - bestfit_y[0])

force = beamdefl * 3 * E * | / (beamlength * beamlength * beamlength) # Force caused by this
much deflection in the beam (kg*micrometer)/(s"2)

indent = abs(bestfit_y[len(bestfit_y)-1])

forces. append(force)
indents. append(indent)

#plot(bestfit_x,bestfit_y)
#plot(lineholder[0],lineholder[1])
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# Element offset
skipentries = len(bestfit_x) / 18. 0

# Open file for writing
filename = basefilename + str(w+1) + ". log"
FILE = open(filename,"w"

# Empty commands list
commands =]

# Initial starting commands
commands. append("/CLEAR,NOSTART\n")
commands. append("/FILNAME,MQP_Trial3,0\n")

# Format the output in the table
commands. append("/FORMAT,7,G,17,10, \n")
commands. append("/GFORMAT,7,G,17,10, ,\n")

# Open preprocessor
commands. append("/PREP7\n")

# Add element type
commands. append("ET,1,BEAM3\n")

# Assign beam properties
beamprops = "R,1," + str(area) + "," + str(l) + """ + str(beamheight) + ", , , \n"
commands. append(beamprops)

# Assign material properties

commands. append("MPTEMP,,,,,,,,\n")
commands. append("MPTEMP,1,0\n")
commands. append("MPDATA EX,1,,169000\n")
commands. append("MPDATA,PRXY,1,,0. 17\n")

# Create nodes
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i=0
while i <= numelements:
ifi==0:
value =0
else:
value = int(skipentries * i) - 1
command = "N, ," + str(bestfit_x[value]) + "0,0,,,,,\n"
commands. append(command)
i=i+1

# Create elements

j=0

while j < numelements:
command = "FLST,2,2,1\nFITEM,2," + str(j+1) + "\nFITEM,2," + str(j+2) + "\nE,P51X\n"
commands. append(command)
j=j+1

# Apply y constraints to the nodes

i=0
while i <= numelements:
ifi==0:
value=0
else:

value = int(skipentries * i) - 1
ydisp = (bestfit_y[value])
command = "FLST,2,1,1,0RDE,1\nFITEM,2," + str(i + 1) + "\n!*\n/GO\nD,P51X, ," +
str(ydisp) + ", ,, ,UY,,,,,\n"
commands. append(command)
izi+1l

# Solve the problem

commands. append("FINISH\n")
commands. append("/SOL\n")
commands. append("/STATUS,SOLU\n")
commands. append("SOLVE\n")

# Zoom to fit screen
commands. append("*/AUTO,1\n")
commands. append("/REP,FAST\n")

# Plot deformed shape
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commands. append("FINISH\n™)
commands. append("/POST1\n")
commands. append("PLDISP,1\n")

# Close file
FILE. writelines(commands)
FILE. close()

w=w-+1

# Process the images for retraction
w = int(firstnumber2) - 1
while(w < int(humofimages2) + int(firstnumber2) - 1):

# Load image file
if (w+1)<10):

im = Image. open(basefilename2 + "000" + str(w + 1) + ". bmp")
elif (w + 1) < 100):

im = Image. open(basefilename2 + "00" + str(w + 1) + . bmp")
elif (w + 1) < 1000):

im = Image. open(basefilename2 + "0" + str(w + 1) + ™. bmp")
else:

im = Image. open(basefilename2 + str(w + 1) + ". bmp")

# Crop the image and store it in the region
region = im. crop(box)
region = region. convert("L")

# Take all the values of the pixels and store them in the matrix
x=0
pixellines =]
while x < region. size[0]:
currentline =]
y=0
while y < region. size[1]:
pixel=(x,y)
currentline. append(region. getpixel(pixel))
y=y+1
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pixellines. append(currentline)
X=x+1

# Process pixel data
x=0
lineholder = []
while x < 1:
plotlinex =]
plotliney =]
y=0
offset =0
while y < region. size[1]:
plotlinex. append(y * magnifiedpixel)
ify>3:
if pixellines[x][y] > pixellines[x][y - 1] and pixellines[x][y] > pixellines[x][y - 2] and
pixellines[x][y] > pixellines[x][y - 3] and pixellines[x][y] > pixellines[x][y - 4] and
abs(pixellines[x][y] - pixellines[x][y - 1]) > 15:
offset = offset + halfwavelength
elif y > 0 and abs(pixellines[x][y] - pixellines[x][y - 1]) > 20:
offset = offset + halfwavelength
flipped = 255 - pixellines[x][y]
#print w + 1, flipped, pixellines[x][y], offset, (flipped + 1) * heightstep + offset
plotliney. append((flipped + 1) * heightstep + offset)
y=y+1
X=x+1
lineholder. append(plotlinex)
lineholder. append(plotliney)

# Get offset value
currentoffset = offsets2. readline()

# Base offset

i=1

j=0

baseoffset = lineholder[i][j]

while j < len(lineholder[i]):
lineholder[i][j] = lineholder[i][j] - baseoffset
j=j+1

# Secondary offset
i=1
j=0
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while j < len(lineholder(i]):
lineholder[i][j] = lineholder[i][j] - secondoffset][j]
j=j+1

# Rotation baseline

coefs = polyfit(lineholder[0],lineholder[1],3)
slope = coefs[2]

theta = arctan(slope)

# Rotate function
m=0
x_0 = lineholder[0][0]
y_0 = lineholder[1][0]
while m < len(lineholder[0]):
r = sqrt((lineholder[0][m]-x_0)*(lineholder[0][m]-x_0) + (lineholder[1][m]-
y_0)*(lineholder[1][m]-y_0))
if lineholder[0][m]-x_0 > 0:
phi = arctan(float(lineholder[1][m]-y_0)/float(lineholder[0][m]-x_0))
angle = phi - theta
lineholder[0][m] = r * cos(angle)
lineholder[1][m] = r * sin(angle)
else:
lineholder[0][m] =x_0
lineholder[1][m] =y 0O
m=m+1

# Find the coefficients of the cubic curve through the points
#coefs = rpolyfit(lineholder[0],lineholder[1])
coefs = polyfit(lineholder[0],lineholder[1],3)

# Best fit the curve

bestfit_ x =[]
bestfit_y =[]
q=0

while q < len(lineholder[0]):
x_val = lineholder[0][q]
bestfit_x. append(x_val) # Append the x values to the list
y_val = coefs[0]*x_val*x_val*x_val + coefs[1]*x_val*x_val + coefs[2]*x_val + coefs[3] #
Calculate the best fit y value
#y val = coefs[0]*x_val*x_val*x_val + coefs[1]*x_val*x_val # line for rpolyfit
bestfit_y. append(y_val) # Append the best fit y values to the list
q=q+1
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# Subtract macro y offset

i=1

j=0

while j < len(bestfit_y):
bestfit_y[j] = bestfit_y[j] - float(currentoffset)
ji=i+1

#Output force-indentation data

beamdefl = abs(bestfit_y[len(bestfit_y)-1] - bestfit_y[0])

force = beamdefl * 3 * E * | / (beamlength * beamlength * beamlength) # Force caused by this
much deflection in the beam (kg*micrometer)/(s"2)

indent = abs(bestfit_y[len(bestfit_y)-1])

forces. append(force)
indents. append(indent)

#plot(bestfit_x,bestfit_y)
#plot(lineholder[0],lineholder[1])

# Element offset
skipentries = len(bestfit_x) / 18. 0

# Open file for writing
filename = basefilename2 + str(w+1) + . log"
FILE = open(filename,"w")

# Empty commands list
commands =]

# Initial starting commands
commands. append("/CLEAR,NOSTART\n")
commands. append("/FILNAME,MQP_Trial3,0\n")

# Format the output in the table
commands. append("/FORMAT,7,G,17,10, ,\n")
commands. append(/GFORMAT,7,G,17,10, ,\n")
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# Open preprocessor
commands. append("/PREP7\n")

# Add element type
commands. append("ET,1,BEAM3\n")

# Assign beam properties
beamprops = "R,1," + str(area) + "," + str(l) + "," + str(beamheight) + ", , , \n"
commands. append(beamprops)

# Assign material properties

commands. append("MPTEMP,,,,,,,,\n")
commands. append("MPTEMP,1,0\n")
commands. append("MPDATA,EX,1,,169000\n")
commands. append("MPDATA,PRXY,1,,0. 17\n")

# Create nodes

i=0
while i <= numelements:
ifi==0:
value=0
else:

value = int(skipentries * i) - 1
command = "N, ," + str(bestfit_x[value]) + "0,0,,,,,\n"
commands. append(command)
i=i+1

# Create elements

j=0

while j < numelements:
command = "FLST,2,2,1\nFITEM,2," + str(j+1) + "\nFITEM,2," + str(j+2) + "\nE,P51X\n"
commands. append(command)
j=j+1

# Apply y constraints to the nodes

i=0
while i <= numelements:
ifi==0:
value=0
else:
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value = int(skipentries * i) - 1
ydisp = (bestfit_y[value])
command = "FLST,2,1,1,ORDE, 1\nFITEM,2," + str(i + 1) + "\n!*\n/GO\nD,P51X, ," +
str(ydisp) + ", ,, ,UY,,,,,\n"
commands. append(command)
i=i+1

# Solve the problem

commands. append("FINISH\n")
commands. append("/SOL\n")
commands. append("/STATUS,SOLU\n")
commands. append("SOLVE\n")

# Zoom to fit screen
commands. append("/AUTO,1\n")
commands. append("/REP,FAST\n")

# Plot deformed shape

commands. append("FINISH\n")
commands. append("/POST1\n")
commands. append("PLDISP,1\n")

# Close file
FILE. writelines(commands)
FILE. close()

w=w+1

FILE = open("curve. csv",'w’)

i=0

while i < len(forces):
FILE. writelines(str(indents[i]) + "," + str(forces[i]) + "\n")
izi+1l

FILE. close()

# End of program
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12.3.2. ANSYSMacroCreator. py

import Image

import ImageFilter
from numpy import *
from pylab import *
import datetime
import os

# Output header

today = datetime. date. today()

print "Anthony DiOrio, Russell Morin, and Eric Wilusz\n", today, "\nNanoindenter
MQP\nWorcester Polytechnic Institute\nMechanical Engineering\n"

# Empty commands list
commands =[]

# Set base directory
commands. append("/CWD,'E:\\Documents and Settings\\rmorin\\Desktop\\MQPTrial10'\n")

# Initial starting commands
commands. append("/CLEAR,NOSTART\n")
commands. append("/CLE\n")

# Get base filename
basename = raw_input("Please enter the base filename: ")

# Open file for writing
filename = str(basename) + ". log"
FILE = open(filename,"w")

# Open output file
commands. append("*CFOPEN," + str(basename) + ",csv\n")

# Get number of files
numfiles = input("Please enter the number of files to be processed: ")

# Get number of first image
firstimage = input(*"Please enter the number of the first image: ")
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# Input ANSYS files
a = firstimage - 1
while a < numfiles + firstimage - 1:

# Clear ANSYS
commands. append("/CLEAR,NOSTART\n")
commands. append("/CLE\n")

# Input files to be processed
commands. append("/INPUT," + basename + str(a + 1) + ", log\n™)

# Create arrays to store the data

if a == firstimage - 1:
commands. append("*DIM,DISPARRAY,ARRAY,1,1\n")
commands. append("*DIM,FORCEARRAY,ARRAY,1,1\n")

# Write reaction force and displacement at node to arrays
commands. append("*VGET,DISPARRAY(1,1),NODE,19,U,Y, , ,2\n")
commands. append("*VGET,FORCEARRAY (1,1),NODE,19,RF,FY\n")

# Write the array values to the file
commands. append(“writer, DISPARRAY",1,1\n")
commands. append("writer,, FORCEARRAY",1,1\n")

# Clear up the nodes and elements already existing

commands. append("FINISH\n")

commands. append("/PREP7\n")

commands. append("FLST,2,18,2,0RDER,2\n")

commands. append("FITEM,2," + str(((a - firstimage + 1) * 18 + 1)) + "\n")
commands. append("FITEM,2," + str(-18 * ((a - firstimage + 1) + 1)) + "\n")
commands. append("EDELE,P51X\n")

# Write commands to file
FILE. writelines(commands)

# Clear commands
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commands =]

# Increment loop
a=a+l

# Close output file
commands. append("*CFCLOS\n")
FILE. writelines(commands)

# Close file
FILE. close()

# End of Program
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12.3.3. ConverttoCSV. py
import string

from string import *

# Convert Output. csv to actually be a CSV file
basename = raw_input("Enter the base filename: ")
FILE = open(str(basename) + ". csv",'r’)

output = FILE. readlines()

FILE. close()
newlines =[]
i=0

while i < len(output):

) rlllewlines. append(lstrip(rstrip(output[i],”\n™)," -") + ", + Istrip(rstrip(output[i+1],"\n")," -") +
\ni ): i+2

FILE = open(str(basename) + ". csv",'w’)

FILE. writelines(newlines)

FILE. close()
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12.3.4. RPolyFit. py
# New polynomial fitting function

# This polyfit function fits the points given to a curve where y = alx"2 + a0Ox"3
def rpolyfit(xvals, yvals):
i=0
A=0
while i < len(yvals):
A=A +yvals[i]
izi+1l

i=0

B=0

while i < len(xvals):
B = B + xvals[i]*xvals]i]
i=i+1

i=0

C=0

while i < len(xvals):
C = C + xvals[i]*xvals[i]*xvals[i]
i=i+1

i=0

D=0

while i < len(xvals):
D =D + xvals[i]*yvals[i]
i=i+1

=0

=0

while i < len(xvals):

E = E + xvals[i]*xvals[i]*xvals[i]*xvals[i]
i=i+1

m —

al = (B*D-C*A)/(B*E-C*C)
a0 = (A-al*C)/B

coefs =]
coefs. append(al)
coefs. append(a0)

return coefs
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12.3.5. MQPModel. py

import Image

import ImageFilter
from numpy import *
from pylab import *
import datetime
import os

# Load image file
im = Image. open(“afmtipl_1. bmp™)

# Function for beam displacement

def disp(x, force, E, I, length):
y = (force * x * x * (3 * length - x))/(6 *E * I)
return y

# Indentation depth as a function of force
def depth(force, Estar, alpha):
h = sqrt(force * pi / 2 / Estar / tan(alpha))
return h

# Output header

today = datetime. date. today()

print "Anthony DiOrio, Russell Morin, and Eric Wilusz\n", today, "\nNanoindenter
MQP\nWorcester Polytechnic Institute\nMechanical Engineering\n"

# Beam mechanical and material properties
beamlength = 160. 0 # micrometers

beamwidth = 37. 5 # micrometers

beamheight = 7. 0 # micrometers

area = beamwidth * beamheight # micrometers™2
E =169000. 0 # kg/(s"2*micrometer)

alphal =15. 00 * pi /180

alpha2 =17.50 * pi / 180
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tipangle = 16. 25 * pi / 180 # Average tip angle to model as a conical indenter
alphaprime = tipangle + pi / 18 # Assumed value of alphaprime for simulation purposes
nusilicon = 0. 17

| = (1/12. 0) * beamwidth * (beamheight*beamheight*beamheight) # micrometers™4

# Sample material properties
Ealum = 68000. 0 # kg/(s"2*micrometer)

nualum = 0. 29

# Find composite modulus
Estar =1/ ( (1 - nualum * nualum) / Ealum + (1 - nusilicon * nusilicon) / E) #
kg/(s"2*micrometer)

# Initial values of piezo position and indentation depth (assume we begin at contact point)
piezoposition = 0. 0 # micrometers
indentationdepth = 0. 0 # micrometers

# Maximum depth to indent
#maxindentation = 0. 100 # micrometers

# Maximum movement
maxmovement = 2. 6
# Resolution of the piezo feedback

piezostep = 0. 1 # micrometers (5 nanometer resolution)

# Number of elements to be used, determined by validation exercises
numelements = 18

# Filename setup
basefilename = os. getcwd() + "WANSYS
Files\\SimulationStepped\\MQP_SimulationindentationStep"
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# Max force and depth variables initialized
maxforce = 0.0
maxdepth =0. 0

a=0
forcecontact =[]
indent =]

while piezoposition <= maxmovement:

# Open file for writing
filename = basefilename + str(a+1) + ". log"
FILE = open(filename,"w")

# Calculate force and depth at given step

beamdefl = piezoposition - indentationdepth

force = beamdefl * 3 * E * | / (beamlength * beamlength * beamlength) # Force caused by this
much deflection in the beam (kg*micrometer)/(s"2)

indentationdepth = depth(force, Estar, tipangle) # Calculate the new indentation depth based
on theory

# Output point to be plotted
forcecontact. append(force)
indent. append(indentationdepth)

# Empty commands list
commands =]

# Initial starting commands
commands. append("/CLEAR,NOSTART\n")
commands. append("/FILNAME,MQP_Validation,0\n")

# Format the output in the table
commands. append("/FORMAT,7,G,17,10, \n")
commands. append("/GFORMAT,7,G,17,10, ,\n")

# Open preprocessor
commands. append("/PREP7\n")

# Add element type
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commands. append("ET,1,BEAM3\n")

# Assign beam properties
beamprops = "R,1," + str(area) + "," + str(l) + "," + str(beamheight) + ", , , \n"
commands. append(beamprops)

# Assign material properties

commands. append("MPTEMP,,,,,,,,\n")
commands. append("MPTEMP,1,0\n")
commands. append("MPDATA,EX,1,,169000\n")
commands. append("MPDATA,PRXY,1,,0. 17\n")

# Create nodes

i=0

while i <= numelements:
command = "N, ," + str(beamlength / numelements * i) + "0,0,,,,,\n"
commands. append(command)
izi+1l

# Create elements

i=0

while j < numelements:
command = "FLST,2,2,1\nFITEM,2," + str(j+1) + "\nFITEM,2," + str(j+2) + "\nE,P51X\n"
commands. append(command)
j=j+1

# Apply y constraints to the nodes
i=0
while i <= numelements:
ydisp = -piezoposition + disp(beamlength / numelements * i, force, E, I, beamlength)
command = "FLST,2,1,1,0RDE,1\nFITEM,2," + str(i + 1) + "\n!*\n/GO\nD,P51X, ," +
str(ydisp) + ", ,,,UY,,,,,\n"
commands. append(command)
izi+1l

# Solve the problem

commands. append("FINISH\n")
commands. append(*'/SOL\n")
commands. append("/STATUS,SOLU\n")
commands. append("SOLVE\n")
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# Zoom to fit screen
commands. append("/AUTO,1\n")
commands. append("/REP,FAST\n")

# Plot deformed shape

commands. append("FINISH\n")
commands. append("/POST1\n")
commands. append("PLDISP,1\n")

# Write commands to file
FILE. writelines(commands)

# Close file
FILE. close()

# Increment piezo position
piezoposition = piezoposition + piezostep
a=a+l

# Update max force and depth
if force > maxforce:
maxforce = force
if indentationdepth > maxdepth:
maxdepth = indentationdepth

# Calculate parameters necessary for retraction calculations

eps =2 * (pi - 2) / pi

hc = maxdepth / ((pi / 2 - 1) * sqrt(2 * tan(alphal) * tan(alpha2) / pi) / tan(alphaprime) + 1)
hr=((1 - 2/ eps) * maxdepth + 2/ eps * hc)

# Filename setup
basefilename = os. getcwd() + "WANSY'S
Files\SimulationStepped\\MQP_SimulationRetractionStep™

a=0
while piezoposition >= 0:

# Open file for writing
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filename = basefilename + str(a+1) + *. log"
FILE = open(filename,"w")

# Calculate force and depth at given step

beamdefl = piezoposition - indentationdepth

force = beamdefl * 3 * E * | / (beamlength * beamlength * beamlength) # Force caused by this
much deflection in the beam (kg*micrometer)/(s"2)

indentationdepth = sqrt(force / maxforce) * (maxdepth - hr) + hr

# Ouput points to be plotted
forcecontact. append(force)
indent. append(indentationdepth)

# Empty commands list
commands =[]

# Initial starting commands
commands. append("/CLEAR,NOSTART\n")
commands. append("/FILNAME,MQP_Validation,0\n")

# Format the output in the table
commands. append("/FORMAT,7,G,17,10, ,\n")
commands. append("/GFORMAT,7,G,17,10, ,\n")

# Open preprocessor
commands. append("/PREP7\n")

# Add element type
commands. append("ET,1,BEAM3\n")

# Assign beam properties
beamprops = "R,1," + str(area) + "," + str(l) + "," + str(beamheight) + ", , , \n"
commands. append(beamprops)

# Assign material properties
commands. append("MPTEMP,,,,,,,,\n")
commands. append("MPTEMP,1,0\n")
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commands. append("MPDATA EX,1,,169000\n")
commands. append("MPDATA,PRXY,1,,0. 17\n")

# Create nodes

i=0

while i <= numelements:
command = "N, ," + str(beamlength / numelements * i) + "0,0,,,,,\n"
commands. append(command)
i=i+1

# Create elements

j=0

while j < numelements:
command = "FLST,2,2,1\nFITEM,2," + str(j+1) + "\nFITEM,2," + str(j+2) + "\nE,P51X\n"
commands. append(command)
j=j+1

# Apply y constraints to the nodes
i=0
while i <= numelements:
ydisp = -piezoposition + disp(beamlength / numelements * i, force, E, I, beamlength)
command = "FLST,2,1,1,O0RDE,1\nFITEM,2," + str(i + 1) + "\n!*\n/GO\nD,P51X, ," +
str(ydisp) + ", ,, ,UY,,,,,\n"
commands. append(command)
i=i+1

# Solve the problem

commands. append("FINISH\n")
commands. append("/SOL\n")
commands. append("/STATUS,SOLU\n")
commands. append("SOLVE\n")

# Zoom to fit screen
commands. append("/AUTO,1\n")
commands. append(*/REP,FAST\n")

# Plot deformed shape

commands. append("FINISH\n")
commands. append("/POST1\n")
commands. append("PLDISP,1\n")
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# Write commands to file
FILE. writelines(commands)

# Close file
FILE. close()

# Increment piezo position
piezoposition = piezoposition - piezostep
a=a+l

plot(indent, forcecontact)
show()

# End of Program
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12.4. Appendix D — Drawings of Manufactured Components
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12.5. Appendix E — Attached Files

PythonScripts.zip
ConverttoCSV.py
RPolyFit.py
MQPModel.py
IndentationlmageProcessor.py
ANSY SMacroCreator.py

Writer.mac

NanoindentationMQP.doc

NanoindentationMQP.pdf

CAD Files.zip
Cantilever.drw
Cantilever.prt
CantileverAssembly.asm
Design_Plate.drw
Design_Plate.prt
LongAlignmentPin.prt
Magnet.prt
MQPV2.asm
NAI-MM-3M-F-1_0.prt
OffsetBlock.drw
OffsetBlock.prt
Piezo.prt
Piezo_Holder_L.drw
Piezo_Holder_L.prt
PiezoAssembly.asm
PiezoHolderSide.drw
PiezoHolderSide.prt
Spacer.drw
Spacer.prt
Top_Plate_Drawing.drw
TopPlate.prt
XY Stage.prt
Z_Bracketl.prt

Additional Project Files

Data Files
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