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Abstract

Nanoindentation is waluabletool for extracting material properties such as elastic
modulus and hardness at the nanoscale. Knowing material properties at this scale enhances
the use of thin films as protective coatings and various electronic appl&atibms
essential that material behavior well-known before manufacturéo ensure material
selection will prevent catastrophic failure3he researchpresented herbhas led to the
creation ofa model that extracts elastic modulus from the film or sates temed the
Zhou-Prorok model, antas been tested orade variety of film/substrate combinations.
Other researchefsave beerroncerned with a change in arghenthe film and substrate
have different elastic moduli; phenomena such asisiokpile-up can occur, leading to a
difference in contact area, the crucial texsed to calculate the material properties. The
model, howevelis notaffectedelastically, and it ifiypothesizedhat the plastic properties
are the only effect on the pilg and sinkin. Within this work, new methodse outlined
to characterize and measym®jectedpile-up and sinkin. Additionally, yield stressvas
controlled prior to indentation,and pileup was thenexaminedacross a variety of
plastically deforming substrates with metallic film8verall, thisresearctcontributes a
number of new findings ofile-up and sinkin related toplasticity, and improvethe field
of nanoindentatiomas this new iformation can be utilizetbr the most accurate extraction

of material properties from simpsnallscalenanoindentation tests.
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1. Introduction

Many tools are available to study the mech;:

applications evolve, the toafsustadapt, as well. For example, thin films are readily used
today for a range of applications from protective coatingsl@¢otronicpackaging It is
gravely important that these films have correct known material properties to prevent failure
before use In an application as microchip in a cell phone, it is pertinent to understand
the materials being utilized, and as tlaggcontinuously becoming smaller and smaller, it

IS necessary to test sducedscales, even the nanoscaleo dxaminethesefilms, bulk

testing methods do not suffic®ther small scale testing devices may call for samples to
be prepared in a certamanner, which willalterthe way the material is being tested, as
well. Nanoindentation is crucial for these types of materials that have delicate structures
or multiplelayeredcomponents. This work was completed to improve nanoindentation as
a tool fa film/substrate material property extraction, and improvements for this particular
system. It has been a challenge to remove substrate effects in order to solely examine the

film properties. Equations to account for these changes have been studiexgbiaove:d.

Additionally, another challenge inanoindentation is the separatioinelastic andlastic
properties This is a topicthat has not been completely uncovered in the realm of
nanoindentationElastic properties can be examined because nanoatotentools utilize
solely unloading informatiorwhich is entirelyelastic. When plastic deformation plays a
role, there has been much controversy over what is necessaiyactthe data in order to
obtain the same film properties as garnered wittlmiproblems of plasticityHere, rovel
techniquesare usedo control the plasticity of the substrate in ortterdissect the film
behaviorin this work. The overall goal is to predict film material properties before they
areimplementedn real world applications and confirm that they havedtiealexpected

mechanical propertiesegardless of elastic or plastic phenomena
2. Motivation and Objectives
2.1 Measuring Pile-Up and Sink-In

Pile-up has been considered a major probtluring catulations of materiaproperties

such as elastic modulus. In order to discover the contributions affpiieis necessary to

1



measurecorrectlyand in a repeatable mannerhis has been difficult in the past because
most nanoindenters only have low mdigation microscopesand it is not possible to view

the indentationn situ. It takes an additional step of transferring the sample to a scanning
electron microscope, SEM, in order to vismalthe pileup, or using an atomic force
microscope, AFM, tscan the profile of the indent. Both of these are tedious and time
consuming, and impossible to compl&eevery single indent. However, in this research,
SEMimages are coupled with a novel measurerteminique, wittwhich leads to the next
goalof predicing pile-up in the film solely based on material properties, removing the step
of nanoscalareameasurementsThis must be confirmed visually at first, and by making

the preliminary measurements here, this step can be removed in the future.
2.2 Accounting for Pile-Up and Sink-In

Another goal of this research wasdetermine what criteria are affected by fifeand

sink-in, if any. Other researchers have tried certain techniques to measure and account for
pile-up, but in thisvork there may be c&in material and film/substrate systems where it

is possible to disregard pilg area changes wheddressinglastic issues The Zhou

Prorok model wapredominantlyused because of its adeptness in calculating the elastic
modulus regatess of pileup or sinkin. In this research, thiag'st goalwasto outline what
criteriathe area of the indent with pilg or sinkin may or may not be necessary to account

for when regardinglastic modulus Additionally, multiple systems of film ahsubstrate

are studied, and if the inherent material properties are controlling thénsamkl pileup,

it may be possible to prediict the future, even without testing methods.
2.3 Plastic Properties from PileUp and Sink-In

Nanoindentatiorhas beemmostly used for elastic propertiesxtractingvaluesfrom the
unloading curve to calculate stiffnesgich leads teelastic modulus.Hardness can also

be calculated, but the extent of nanoindentation possibitibegnced there. There are
different mechanisms to indentatidghan there are to tensile tedtserefore,t is difficult

to extract all of the same information. Plastic properties are particularly elusive because
they have been difficult to separate from elastic, and often work in coigumath elastie

plastic mechanisms. Howevérhas been shown thptle-up is a plastic property, where



the material is deformed enough to result in the residual indent with extra material piled
up. In this research, the pilg is scrutinized in a veaty of different film/substrate
combinations.Sink-in is done in this same manner, budrechallengesvith plasticity to
considerto a greater extentAdditionally, yield stresalterationf film or substrate wre
employed tesee the effects of theabstrateyield stress on pileipand sinkin. Ultimately,

it is valuable to measure plastic properties from typical indentation, and this is one of the

final end goals of this research.
3. Literature Review
3.1 Nanoindentation

Nanoindentation is used for extracting material properties at the nanoscale. Original
hardness testers such as Knoop or Vickers are used for bulk samples, and require imaging
of residual indents in order to calculate the resistance to plastic deformatibase
indented materialdl-4]. Original indent machines include others such as Rockwell, Shore,

or Brinell. The principle behind these are to test lmetaperimentally and compare to an
empirically derivedscale toobtaina hardness value. The type of indenter plays a role, and
the hardness is a measure of phesticdeformation that occui®]. This testing method

is destructive, however, as it is necessargrploy a weighton the samplén order to

make an indent impressiamd then view it to measure crack formatidtanoindentation,
however, is an automated process with capabilities of-nandon loads and stdngstrom
displacements. Additionally, imaginig not necessary because the machine calculates
values of elastic modulus and hardness based on the area of contact. This is important when
some phenomena such as simlor pile-up occur, whicltouldintroduce error into the area

of contact. Therefore, #se phenomena have beeramined for relationships with
mechanical property determinatiofhe purpose of this study is to understand-eand

sink-in mechanisms and what is controlling their development. Before this work can be

outlined further, it isessential to understand the previous technologies.

Nanoindentation arose in the 1970s with a number of improvements over the traditional
hardness testing methods. Thesting methodsand their analyses are constantly

improving Mostly, besides hardnegssters nanoindentation can alsgarner elastic



properties, such as elastic modylsls Previously, this could only be done with a tensile
test machine, and some delicate samples do not allow for this type of testing for elastic
properties.One additional component the nanoindentation tests seen in this work is the

use of a continuous stiffness method.
3.1.1 Continuous Stiffness Measurement

As previously mentioned, with nanoindentation, imaging the indent is unnecessary. The
information is extracted from a loatisplacement curve, seegnFigurel. In these studies,

we use continuous stiffness measurement (CSM), which is depictédguime la.
Maximum load or displacement candmntrolled, but there is an oscillation oh to the
applied load that allows for stiffness readings. In a single normal indent, a load
displacement curve uses the slope of the unload curve for stiffness values, Sgenein

1b asS This method has eliminated the necessity of imatiegndent, as was done in

traditional tests such as Knoop hardness.

)

o o Loading

5=} x-}

w o

o o

- - )

Unloading
) S
> -
Displacement, h Displacement, h

Figurel. Typicalload-displacement curve with a) continuous stiffness measmtm
and b) listed parametej§].

The stiffnesssS, is defined by parameters seen in Equation 1:

Y — =0 Mo (1)



WhereP is the loadh is displacementt; is reduced modulus, amdis the contact area.
The reduced modulug; is defined based on parameters from the indenter tip, seen in

Equation 2:
- — — @

where3 andE arerespectivehl P oi ssonds ratio and elastic m
and3; andE; are the same properties for the indenter tip material, whithisrcase is
diamond;Ei=1140GPa andi=0.07. Because of these high values, it can be assumed that

this termfor the diamond tigs negligible. These findings are the origiegjuations

defined by Oliver and Pharr, and are used even to this day, with some var@}ions
Problems arise because of Hrea term, as the indent impression does not follow the exact
geometry of the indenter tip. At times, pue or sinkin can occur, which is discussed

depthlater.

3.1.2 Berkovich Tip

In this work, all testing was completed with a Berkoviattenter tip. This is a threesided
pyramid typically made of diamond. It is important that the mattahe tipis hard and
nortcompliant, as is diamond, because when nanoindenfirtipe properties can be
assumed negligibjehere are fewesissumptions on the interactions of the tip and sample
surface The modulus of diamondieghand it s P &ilow soomsveyhardt i o
strong material is a great choice for nanoindentdtpmn

Other types of indenter tips are spherical, cali@and cube corner. Berkovich is easiest to
fabricate, as three sides will always come singlepoint. With foursides,it is possible

they may not be aligned. Spherical and conical also behave diffemadtlyxhibit a round
projected image The treesided pyramid results in a thre&led projected image, a
triangle that is easy to image from an aerial view. The geometry of the Berkovich tip is
seen inFigure2. Also, this shape is sedimilar, meaning that as the indent is pushed
deeper into the tested material, it is done so in the same predictable rate, based on the
geometry. This area is dictated as 24.%hereh is the indent depthln order to possess

the ideal equilateral triangle, the angles are not all identical. The projected image may be



the triangle, but seemm Figure 2, the crosssection of the Berkovich tip results in two
separate angles, 65.3 and 77d@grees Knowing these angles is useful for some separate
calculations, but essentially, the projected area is-kwelivn, and is solely dependent on
the indent depth). The geometry speaks for itself to calculate the projected area of the

indent.

B3 a

fr=

[

Figure2. Berkovich tip geometry from Fisch&cripps[8].
3.1.3 Film-Substrate Models

To go a step further, there have beerariety ofequations to explain not just a monolithic
material, but film and substrate behavior when therela&yeredcombination. In many
cases, it is important to know solely film properties, so equations that describe the
composite can be badalculated for the film properties alone. The first researchers to do
this were Doerner and Nijd], with a basic idea to apply a weighting factor for the
substrate. This improves the calculations, but is not a perfeevéh with modifications

[10]. Gao[11] modeled mathematically the film proped using many variables, again
improving, but not perfecting, the fit. Hay et al. believe the film and substrate can be
modelled by springs in serig42]. Others have defined new terms, such as work of
indentaion [13], or attributed other phenomena such as creep and viscoelasticity to the
pile-up[8, 14-16]. A limitation of testing only 10% into the film has also been described
by somg17-20], but without much justification.

The area of contact is dependent on the indenter tip when utilizinghdantation.Some

studies have been done with spherical indentef2p23], but most research has utilized



Berkovich indenter tipsThe Prorok research grotas previously created a model that is

a great improvement compared to simdguationsuch as Doernemd Nix to extract film
properties from a film/substrate composite under nanoindentation. For example, in their
work, the researchers Doerner and Nix applied a weighting factor to account for the change
in the contribution of the substrate as a funcbbthe indenter depth. The model is seen

here in Equation 3:

- - - =B ©)

wherel A

WhereE Gs reduced elastic modulus of the composite material, ffnd, (or substrate

(E §. Thed term is a single weighting factor to adjust for the change when penetrating
deeper into the film. The h in this equation is the effective indent depth, ands
empirically determined, but Doerner and Nix suggested 0.25 for most materials. Because
therewas no physical explanation of thkerm,the Prorokresearch group dissected this
eqguation and accounted for more than just the change in the film contribution, but also the

substrateos.

This model now considers a discontinuous elastic interface gvtherfilm and substrate
contribute in separate termi24]. The ZhouProrok model, which improves the Doerner

and Nix equation is seen in Equation 4:

- —p B —B (4)

wherel3 Q  ,andB Q

WhereE Gs reduced elastic modulus of the composite material, ftn, (or substrate

(E §. The ternt is thickness of the film, anklis displacement into the film. THhé and

U were thought to be individual constants, but surprisingly, it was discovered that the
correct values fit as tlhe aPdi Poosdo nOast ratf
U. Comparing this equation to the Doerner and Nix model, we areanoaunting for

both the film and substrate contribution in each of the terms separately. This can be
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visualized inFigure 3, which separates thatrain fields that are imparted on both the film
and substrateBefore, it was assumed the indenter tip was engaging the substrate in the
same amount as it was the film, but by utilizing the weighting factorsglgaserhow the

mechanisms are actinggether and in the manner shown in the figure.

e X :
/ \\ ‘: t
—N A ' 4
—v
1
\\ /
\ /!
S 57
Discontinuous Transfer Film Camponent Substrate Component

Figure 3. Schematic of film and substrate components for the disemus elastic
interface mode]25].

This model was then verified with a varietiysamples, including all combinations of five
different films on five different substrates. After further investigation, the data seemed to
fit better with an additional term, titledn& because as soon as the indenter hits the
compositejt is notsolely the film properties prediog the behaviarsubstrate plays a role
from the initial indentation Because of this finding, empirical data was used to include an

extra term for &, seershadedn Equation 5:

- —p B = —B (5)

WhereE Gs reduced elastic modulus of the composite material, fitnd, (or substrate

(E §. The othed terms are definedag: Q ~,ands Q ~ hwherelkandU

are substrate and f i | ris ®ioknesssobthedfitm, anthis i 0 s
displacement into the film. This additional term has only one unexplained unit, the 0.1
power, which is still under consideration. Otherwise, all of the terms in the Ztuoak
eguation are constant material propeartleat readily predict the composite elastic modulus

of the film/substrate system as a function of indent dejitttan also be rearranged to



extract the film properties, especially;, the elastic modulus of the filmlhe model and

its use in this workvill be explained further in the results section.
3.2 PileUp and Sink-In

Seen inFigure 4, indent impression can vary based on the mateoflhe film and
substrate, and additionally in bulk which will be explained lafBhese micrographs are

all platinum films on variousubstrates. When the substrate is more compliant than the
film, sink-in can occur Eigure4a), whichin this images platinum on a tin substrateA
normal indent impression in tests with a Berkovich indenter tip is seéigune4b. The
combination is platinum on platinum, and may not alwstysw zero pileup or sinkin.

Even though the materials are the same, the film properties will be dependent on the
deposition technique, and could vary with grain size different from the bulk substrate.
Finally, pile-up is inFigure4c, where there is excess maaéoutside of the triangle than

is expected.This system is platinum on silica, a cera#ike substrate that is negligibly
plastically déorming. Many researchers have tried to determine how these different
geometries affect the calculations of the elastic modulus and haf@6eX3. Theinitial

focus n this work wa solely on pileup and its effects on elastic modul®d]. Then,

adding plasticity changes in the substrate was utilized to further examine plastic properties

that drive pileup and sinkn.

Figure4. SEM micrographs showing a) stk b) normal projected area, c) pil.
3.2.1 Previous Research into Measuring PHEp

To correct for pileup, the trend of other researchers has been to correct for extra area that
may be pushing back against the indenter tip. For example, Kes¢3t 28] explained



a MfNisedmhi psed met hod, where a geomet-upg cal
This, however, is not exactly the shape that is present in the residual indent, and is difficult
to measure consistentlfigure5 shows a schematic of this assumption, \&jtheing the

extra contact area.

Also, others havesed tedious atomic force microscopy (AFM) measurements to find the
pile-up areaseen inFigure6. It is difficult to find these small indents, and very time
consuming to measure them individualiigen it is typical to utilize an array of 25 to obtain

the necessary elastic dateBven more researchers have used modelling to predict the pile
up and make correctiorj84]. Some have looked at the work hardening of materials to
understand the pHap, as well[35]. Oliver and Pharr have defined a matepiadperty

ratio that affects pileip, beingger/ 0 This has only been done with finite element analysis,
seen irFigure?. The yield stress, however, is not able to be measured via hanoindentation,
and deposition of films may produce a variety of yield stresses that cannot be predicted

easilyin order to applempirically to these formulas.
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Periphery of pileup

Contact perimeter

Figureb. Ksemiellfpse method for pileip [31].

Figure6. AFM measurements of an indent exhibiting 4ife 36].
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Figure7. Finite element simulations of sknk and pileup using assumptions foefand

dy for a) pileup and b) sinkn [37].

Others have cited that orientation of the materials may affectipjlas well[38]. This

would correlate with anisotropgf materials, if the plastic and elastic properties are
different based on the directions. For example, any single crystal orientations tested may
vary in a material like aluminum. Comparing the qifeacross these samples could lead

to information ontie variation in plastic properties of each directigso, studies into

how the material may or may not spribgck during this indentation have been analyzed.
Oliver and Pharshow this in a schematic seerHigure8, as there is a problem separating
elastic and plastic properti¢39] and there are countless ways to define the indentation
depth,h. Some of these criteria may change, but overall, every researcher that has studied
nanoindentation hagncountered the phenomena of qife and sinkin, and have

combatted in from many angles.
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Figure8. Schematic of crossectional indentation process from Oliver and PREG.
3.3 Plastic Properties from Nanoindentation

Plasticity from nanoindentation has only been examined in recent years. Elastic properties
were solely studied as they could be easily extrafttad the relationships utilized in
nanoindentation. Current studies are delving into the smallest range, within about 100nm
indent depth to discover the onset of plastifity, 42]. This idea has bee
i no by f el I[4346]. A gisuaizatioo df this is seen Figure9. As the load

is increased, the onset of plasticity can be seen by the hgre force is constant but
displacement is still increasing, shosimaded in the image. This is at such a sioatl

and indentation depth, it would be difficult to image or visualizesitu. This may,

however, correlate with the onset of pip, but in this research, the pi@ was not
considered until 200nm indent depth, where it could be seen using SEMjtezhini
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Figure9. Popin from loaddisplacement curve at small indent dejd4).

Studies in this smaBcale plasticity have explained some slip between grain boundaries,
and what constitutes incipient plastidityth with experiments and atomic simulatiph

50]. Also, previous work has been done on freestanding films in order to extract material
properties[51]. However, this is a complicated procedure that involves many steps to
remove the substrate and obtain beams that can be tested easily. The yield stress of gold
thin films was garnered from these shapes in previous {&drk5|, and compared to the

findingshere.
4. Experimental Procedure
4.1 Materials Selection

From previous experiments, there was a base knowledge of sputtering and indentation that
worked well for the setup. For example, gold was found to be easy to sputter, and silicon
was a standard for substrate. Other ceramic substrates were chosen lihsgdt@stic

moduli differences and their ability to nqtastically deform. These are seenTleable 1

listed with their tested elastic modulus, if available, and citations indicate literature values,

mostly for the Poissondés ratios

For metallic subs#ates, the samples were chosen based on their availability from the
company, Pasco (Roseville, CA). These ranged from annealed steel, cold rolled steel,

aluminum, and brass. The base material properties are SEainlén2 Because they were
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made from tke company, thesamples were expecteéd haveuniform quality and the

manufacturing of the coupon shape was already completed upon arrival.

Tablel. Material Properties of Chosen Films and Substrates.

Elastic Modulus, E Poissond
(GPa)
Films Au 79[56] 0.42[56]
Pt 168[56] 0.38[56]
Ceramic Substrate Si 179 3 0.28[56]
AN 302 14 0.26[57]
Al20s3 300 8 0.22[56]
MgO 318 7 0.23[58]

Table2. Materid Properties of Metallic Coupons from Pasco.

Tensile Strength Tensile Elongation | Elastic Modulus
(MPa) (GPa)
Cold-rolled steel 620 None 200
Annealed steel 300 42-45% 200
Aluminum 145 6% 69
Brass 430 25% 117

4.2 Film Deposition

Films were created with a Denton DC Magnefidioorestown, NJ)sputtering system with
a rotating sample holdeseen irFigure10. Gold and platinumilins were utilized in this
work. Parameters were chosen based on previous exper{i@24rt§|, and can be seen in
Table 3andTable 4for gold and platinum, respectivelidefore coating with these metallic

films, a titanium adhesion layer with an aim of 10nm film thickness was depsiiaitly .
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Figure10. Denton Sputter Coating system in Wilmore Laboratories, 2015.

Table 3. Sputteconditions for gold film.

Presputter Power 100w
Presputter Time 60 sec
Sputter Power 100 W
Gas (Ar) flow 25 sccm

Table 4. Sputter conditions for platinum film.

Presputter Power 100W
Presputter Time 60 sec
Sputter Power 100 W
Gas (Ar) flow 25 sccm
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4.3 Thickness Measurements

It was found that thickness is a crucial property in modelling the behavior of thin films on
substrates during nanoindentation. The metallic film samples were prepared in a way that
an edge was masked by Kapton taperance CA). When the tape wasmoved, there

was a clear step between film and substrate. The Bruker/Veeco Dektak 150 Profilmeter
shown in Figure 11 was utilized at Auburn University, Mechanical Engineering
Department. An average of four locations were taken from each edge, and the thickness
of the films were compared across materiadsyall. It was believed that the edges may

not be the best representation of the local indent, however, which is typically done to avoid
the edges. Instead, it was confirmed with focused ion beam (FIB) utilizing a TESCAN
LYRA FIB-SEM from University of Aabama, Department of Materials Science and
Engineering, seen iRigurel2. This equipment was also used to image esession area

of the indentswhich is shown in later work.

Figurell Bruker/ Veeco Dektak 150 Profil omete
Wiggins Hall, Auburn University, 2015.
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Figurel2. FIB TESCAN LYRA FIBFESEM fromCentral Analytical Facility,
University of Alabama, 2015.

4.4 Tensile Testing

A normal tensile test setup could not be utilized in this work because of the miniaturization
of the samples. The force required wouldrbechtoo low for a standard setup of metallic
dogbone samples. Instead, a handheld tester was found via(Rasewille, CA) titled
Materials Stress Strain Experiment, PASPORThis machine allows for a manual
displacement change measured by a force seo&fyN. The force is multiple based on

the lever arm used, seemthe leftin Figurel3, so the maximum force is increased to 500

N. The piece seelabeled as stress/strain apparatus is the component that has a wheel that
moves to convert rotational displacement into lateral displacement. With a turn of the
wheel, the machine is calibrated in order to move thg@kaacertain amount. The sample

is secured with a series of washers and nuts, with a spring closest to the sample, in order to

prevent slippagduring testingor torsion during tightening.

The data from the force sensor and rotational displacement are input into a USB port, and
are comped with software package from Pasco, titted PASC@sIane, that is coupled
with an 850 Universal Interface Multiple samples can be tested, and are all calibrated

before the initial run. Additionally, the variables can be changed to express stress,
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cdculated form the load over cressctional area, and strain, taken from the displacement

data, change in length over original length.

STRESS STRAIN
APPARATUS

AP-8214 174000

To order replacement coupons: AP-8217

Figurel3. Pasco handheld tensile test setup.
45 Metals Preparation

The ceramic sampkubstrates were purchadeom the company, MTI Corp (Richmond,

CA) pre-polished, as the ceramic substrates can be difficult to polish to a smooth surface.
The other metallic coupons, however, were cut from the samples that were pulled by tensile
testing. Their surface was not completely smooth to start, as the samples were previously
processed to be made into the coupon dogbone shape. Post tensile testing, coupon pieces
were cut from tested samples and carefully mounted on aluminum pucks using a melt
poymer, Crystalbond (West Chester, PA). Using typical metallographic preparation
techniques, the coupons pieces were polished to a mirror finish. Grinding was skipped
because first, theamplesvere relatively smooth, and second, the initial cisessionwas

very small at 0.0031ches. Polishing was completed with 0.1 alumina suspension on a

Struers RotoPell Surface PolisherCleveland, OB, followed by colloidal silica
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polishing the equipment is pictured Figure14. The end result was a smooth surface

ready for indentation or sputter coating.

|

7 '.;‘l”‘,

Figurel4. A Struers RotoPell Surface Polisher locatatl Auburn University,
Materials Engineering Departme2@15.

4.6 Nanoindentation

Indents were created with an MTS Nanoindenter ¥d¢&n inFigure15. The tip was a
Berkovich diamond indenter tip with a tip radius <10nm. QCumdus stiffness
measurementvas wsed in order to gather materfadoperty information as a function of
displacement. This gives maximum information from the indemt)pared t@ singular
indentation test, there is only one data point taken from the top of the unloading curve.
However, in CSM, the complete data set from every indent depth can be visaalizesd

crucial in this work as the ZheRrorok model utilizes the inforation throughout the
indent, and also, it is prudent to measure the properties as a function of displacement when

there are thickness variations, as well
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Nano Indenter’ XP

Figurel5. MTS Nanoindenter XP at Auburn University, Materiatggineering
Department, 2015.

4.7 Imaging

Images of the sample after nanoindentation were completed with a JEOL Pe@biedy,

MA) scanning electron microscopEidgure 16). Samples were imaged with secondary
electrons at 20kV and a working distance of 10mm. The images were taken at uniform
magnifications for easy comparisorSome analysis utilized electron dispersiveay
spectroscopy, an attachmesftthe SEM machine. Xays from the sample surface are
analyzed and compared to a database of elemental properties. Itis possible to examine the
samples in this manner especially when mapping the indent in order to see the indenter
punching past thelfn into the substrate.
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Figurel6. JEOL 7000F Scanning Electron Microscope in Wilmore Laboratories,
Auburn University2015.

4.8 X-Ray Diffraction

X-ray diffraction (XRD) was an additional testing method utilized for a tsafes
comparison between steels that had been cold rolled or annealed. It is possiblgze

the peak broadening that is due to the lattice strain in order to compare the samples. The
equipment utilized was a Bruker Discover D8 (Billerica, MAWilmore Laboratories at
Auburn University. C hi099 degree? id ordentgdbtaisany a n g e
peaks that were present. The information was analyzed through EVA software to obtain

the overall peak information, along with calculationsha full width half maximum of

the individual peaks.
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Figurel7. Bruker D8 Discover located in Wilmore Laboratories, Auburn University
2015.

4.9 Measurements

Measurements were completed with ImageJ softWe®e The novel method is further
explained in the results sectiorfhe basic protocol for ImageJ includestandard for
measuring the scale bar included on an SEM image to correlate the number of pixels to
microns. Then, it is patble to draw lines and areas that outline the necessary projected
areas seen. This program has been utilized by others, but never for measuring indentation

areas from the projected indent images.
5. Results and Discussion
5.1 Fitting the Zhou-Prorok Mod el

The first task was to confirm the modielm Equation ®peratedn thefirst chosersystem
of materials, which was gold on ceranlike substrates. Most simply, gold on silicon has

been a common combination that has been studied in this lab and 8thefSold is easy
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to sputter, and its inertness is an advantage as no oxide layer is formed on the surface,
which has seen to skew initial results in other metals. Silicon is inexpensive \aarg

readily available as a substratks seerfigurel8, the ZhouProrok model was applied to

a gold film 625 nm thick on a silicon substrate. The black solid line denotes the film
modulus (gold, 79 GPa) and the red solid line denotes substrate modulus (silicon, 179 GPa).
The complex interplay betweenelasto dul i and Poi ssonébés ratios
allow for this fit[60, 61].

The open circles confirm that the ZhBuorok model is valid because it can accurately
extract the film modulus. The solid black line data comes from previous tests using a
different method, a meméne deflectiomxperiment (MDE]62, 63]. In these tests, elastic
modulus of gold thin films was provided using a different method so as to compare with
the nanoindentation tests. Some errors at low indentation deptitridngted to a lossi
contact64]. Using CSM, the indenter may not be fully in contact when oscillatingw
indentaton depths, usually under 100nm, which be seen in almost all of the indentation

data presented.
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Figure18. Gold film 625nm thick on silicon following the Zhderorok model.

5.1.1 Fitting the Zhou-Prorok Model to gold films on silicon substrates

Next, different thicknesses of gold on silicon were indented and plotted along with the

Zhou-Prorok model. Again, the model correctly predicts the composite modulus up to the

film thickness. Itis ao verified by extracted film thickness, all aligned around 79GPa for

gold, the solid black lineFigure19 shows these trends. The standdediation seems to

increase with increasing thickness, which is explained by the grain size differences. If

there are longer times for sputtering, then the grains may have a longer time to rearrange

or grow. This has been show in previous work from tfeedR research group, utilizing

electron backscatter diffraction to view grain cpes with indent depth65. These
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findings can explain the difference of thégure 19 curve for the thickest film tested,
950nm.

With the experimental data comparing differtntknesses ifrigurel9, it is evidentthat

the film thickness is affecting the elastic modulus. In order to compare this experimental
data withouthickness variations, theaxis was divided by the thicknedadure20), with
modulus plotted against normalized displacement, h/t. The résutisexperimental and

the model now all collapse onto the same curve. This is expected for the model because
the information is solely based on material properties. The data follows the model, so it
can be determined for gold on silicon substrates, ittrethickness does not affect the
elastic modulus. To confirm, the film elastic modulus is again extracted and follows the

MDE values for gold.
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Figure1l9. Experimental data of gold film of different thicknesses on sil{soiid
markers) with model (dashed lines) and extracted film modulus (open markers) lining up

with literature values.
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Figure20. Composite modulus vs. normalized displacement for three different film

thicknesses of gold asilicon with model fitting and extracted film modulus.

The model is accurately predicting the trend regardless of thickness and indent depth, but
it is interesting when viewing the indents with SEMgure21 shows the progression from
200nm to 1200nm of 625nm gold on silicon. It is evident where the film starts to peak
through, after 625nm. From these images, it is clear that there {igppildt grows
continuously as the indent depth increases for this thickness. In our cases, we start
measurements around 200nm because that is where thg flegins to appear with our
observation methods. With indents any smaller, it becomes very difficfiiictan the

SEM, to image clearly, and measure accurately.
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Even though there is more pilp as the indent depth increases, the model still predicts
and still can extract the substrate modulus. This is unusual, and either the model is

accounting for theleanges, or pileip plays no role in the elastic modulus calculations.

Figure21. Progression of indents on fitsubstrate combination of 625nm gold on

silicon.
5.1.2 Novel Measurement Techniques Utilizing ImageJ

The images taken from the SEM were imported into ImageJ software. Here, using the
micron bar as calibration, the projected area was calculated by using the number of pixels.
The process is seen kigure22 where the total area, projected area, andypl@rea can

all be measured by creating an outline in the softwar€igure22b, the OliverPharr area

is the residual triangular indent that is typically used for area calculations. Either the
projected area is subtracted from the total area (solid lines) or the lobesuy pda be
measuredilone. The flexibility and eas#- use of the ImageJ software is beneficial for

these measurements.

29



Figure22. Outlines from ImageJ software for a) original area, b) projected area with

dotted line and pileip area the ardaetween the dotted and solid lines.

This unique method of measuring pilp allowed for comparisons across fifubstrate
combinations. It is not expected that this would be the way to determireppitethe

future, as the motivation for nanoindentatisrio eliminate the need to image the indent.
Instead, these images are used as a means for characterizing the error introduced by pile
up, in order to test for robustness. The different areas iRithwe 22 can be separated

and defined as projected area, total area, aneupilerea. Projected area also follows a
specific equation, A=24.5because of the sefimilar geometry of the Berkovictip.

Next, total area is measured, which is all visible deformation that may be in contact with
the indenter tip. The difference between total area and projected area gives the three lobes
outside the triangle, defined here pse-up area. Figure 23 shows these three
measurements plotted as area vs. displacement into surface for one specific sample, 360nm
gold on silicon. The trends are all siamiland increase with increasing indent depth. The
open triangles represent the projected area, and align with the geometrical equation noted
with the solid line. The pileip area is highlighted with the dark circle markers. This is

the value that is anique measurement and most important for our study. The open squares
are total area, calculated as the addition of the triangles and circles, or the projected and
pile-up area. This is shown for only one gold film thickness of 360nm on silicon, but more
thicknesses of gold on silicon substrates were tested.
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Figure23. Projected area, total area, and-pifearea for 360nm gold film on silicon

substrate. The trend still holds even past the film thickness.
5.1.3 Different Thicknesses Do Not Affect the Model

The data is even more interesting when comparing across different film thicknesses. The
pile-up area was calculated the same way for all of the gold on silicon samples, and the
pile-up is strikingly the same as indergpth increases. No matter the thickness, if an
indent is performed at one displacement, for example 400nm, theppvidl be identical

across the samplesigure24 shows the numerical data, whiggure25 visually depicts

this behavior. The pitep information was only considered up to the film thickness. An
average of four indents with pilgp were measured, and the trend line is depictédgure

24. ltis very surprising that now, no matter the film thickness, theupilis following the

same trend for this film/substrate combination.
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Figure24. Pileup area for all thicknesses of gold film on silicon substfat®wing the

same trends.

When using SEM to view the indents, the pifelooks identical at the same indent depth.

The SEM images are compared to a schematic of the indenter tip penetrating through the
film in Figure25. With a film thickness of 368m, the 400hm indent is just hitting the
substrate, or 111% into the film. For 62%, the indent tip is about 60% into the film, and

for 950nm, abou#2% into the film. However, even with the different percentages, the
pile-up is identical at the 400m depth no matter the film thickness. This observation is
very peculiar, and it leads us to believe that it may not be necessary to account for the
different pileup for this material. All researchers mentioned in the introduction have been
adjusting areas because they have been using the equation from the indenter that includes
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the area. However, with the Zh®&urorok model, area is not a consideratamd the model
still fits the experimental data. The distance from the substrate does not seem to play a role

in dictating the pileup; it seems as though only the film is affecting the-ppgdrends.

400nm
indent
depth

500nm
indent
depth

600nm
indent
depth

Figure25. Pileupacross different gold film thicknesses on silicon substrate all at 400nm

indent depth and identical pilgp amounts.

The next step was to try different substrate materials to see if this is the case. Initially, it
was thought that the model was accounting for these parameters unlike other models, so

more experiments were completed to test this hypothesis further.
514Di f ferent Substratesdé Effects

The substrates were chosen carefully to prevent any plastic deformation, and were all
sputtered at the same time to ensure uniform thickness. Even though the material properties

are different, the model still accuratelyepicts the experimental composite modulus.
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Figure26 demonstrates that the model, (dotted lines), matches the experimental data and
still verifies thefilm elastic modulus, (open markers) as@GPa for gold. The film was
360nm thick, and the model was fit up until the film thickness. An array of 25 indents was
completed, and averages with standard deviation are shown with the error bars. Data for

themodel fitting is seen iable 5

When the same processing was done on the indents, with SEM images and ImageJ analysis,
the projected pileip area is plotted iRigure27. This is analogous teigure24, but only

the pileup area is plotted for clarity. Up until the film thickness, the-ppearea is
identical at the same indent depth, no matter the substrate. Only the gold film sbems to
influencing the pileup. All of these substrates are much harder than the film, and the pile

up is surprisingly identical.
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Figure26. Gold on ceramic substrates, fitting the model and extracting correct film
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Table5. Data that fits in the model for gold film on different substrates.

Substrate Substrate E Substrate v Au Film E Au Film v
material

Si 179 0.27 79 0.44
Al203 350 0.22 79 0.44
AIN 316 0.26 79 0.44
MgO 345 0.23 79 0.44
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Figure27. Pile-up area for different substrates with same gold film thickness, 360nm.

The SEM images are shown for verificatiorFigure28. Although it seems error may be
introduced by the roughness past the projected-upilearea, following identical
measurements along the edges where the top of theike evident produces similar
values. Interestingly, this experimentidta indicates the substrate affects the elastic
modulus, but pilaup does not. Neither the substrate nor the film thickness is affecting pile
up. It was overealous to assume that the ZHenorok model was accounting for pilg

in some way; insteadhe pileup is not affecting the elastic measurement at all.
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Figure28. Visual evidence of same pilg at 400nm indent depth for four different

substrates with 360nm gold film.
5.15 Different Films show different results

Because the behavior of pilpp seemed consistent for gold films, the next step was to
confirm this was not an abnormality with the one chosen film. Platinum is also easy to
deposit, and had been previously tested in theoRrab[66]. The same procedure was
followed for the platinum films. Four different thicknesses of 292, 590, 777, and 1014nm
were achieved with the sputtering conditions seeiiahles 3 and 4n the procedure

section.
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After sputtering, the films were all nanoindented and fit to the ZPhmwok model.
Although it is assumed the material propertiek ahdv will be different than gold, when
inserting the parameters into the ZHerorok model, the composité is still well-
predicted. The pileip area was measured for all four thicknesses, and again, no matter the
film thickness, the pilaip follows the same trend for platinum. This is seen in the open
markers inFigure 29, and the short dotted line follows the trend. The platinum data is
compared tdhe same gold data foundkiigure27. The pileup is different for platinum

than it is for gold, but the idea that film thickness and substrate material do not play a role
still holds. The platinum was also tested on the ceramic substrates and followenthis t

as well. To visually compare the platinum and gold-ppesaluesFigure30demonstrates
sideby-side SEM images of the samples. They havg s@nilar thicknesses (777nm for

gold and 742nm for platinum), and are indented to the same depth, 500nm. The

magnification is the same for both, as well.

The substrates are identical when comparing the gold and platinum, so it must the film
material proprties that are controlling the pilpp. However, elastic modulus and

Poi ssonds ratio are used to co-Prorekanbdely mode
so there must be other factors related to the film that are controlling theppilelastic

moduli are different between gold and platinum, but it is more likely plastic properties are
controlling pileup. The next step was to examine substrates of varying yield stresses that

can plastically deform. Extracting the plastic properties of the stdbstas the aim in

order to find the plastic yield stress of the film.
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Figure30. Sideby-side image of goldnd platinum films about the same thickness and
same indent depth with different pilg behaviors.

5.2 Yield Stress Changes

A basic engineering technique was employed to &est controlthe yield stress of
materials. In this work, nanoindentation the®n the focus, but tensile testing was sought
out to compareand impartdifferences in yield stress. It is known that when a material is
loaded in the tensile direction, the yield stress can be read directly from thesstigss
curve seen irkFigure31. The point at which there is a transition from the linear elastic
portion is considered the yield stress. When loaded past this point, the atobesnar
rearranged instead of solebondsbeing stretchedso yield stresshen changes. Work

hardening is occurring in the material, and yield stress increases with additional elongation.

The equipment described in the experimental proceduretiliasd in this sense. Metallic
coupons from Pasco were stretchednomlly in this way. The stressrain curve was
determined through thetational displacement and the load sensor. The curve followed

what was expected afstressstrain curve for anetal in all cases

In theory, ifthe material idoadedbelow the yield stress, the elastic portion of the curve is

all that will be activated. Passing the yield stress, the trends still follow, but if reloaded,
the yield stress increases. Annealeeéldbad the largest range to adjust yield stress, and
the others could be loaded to about four different stresses within the range in order to obtain
a variety of yield stresses of the metallic substrates.
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Pulling each metal resulted in elongation of eamipon with progressively greater length

as some plasticity was introducednnealed steel had a great opportunity for plastic
deformation. Between each yield stress, there wasargeatly noticeable change in
length, butm the final pull, the material failed after elongation, seeRigure32. The

material failed at a 45edjree angle, which is typically in a steel as the maximum shear
stress is at an angle 45 degrees from the tensile dired@ianprogression of yield stresses
shown here are untested around 160 MPa, then tested 175, 225, 275, 300 MPa, and to
failure at 3D MPa.
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Figure32. Elongation of annealed steel with progressively longer coupons with added

plasticity.

All of the metal coupons were tested with the handheld tensile setup by Pasco explained in
the experimental procedure. Firdte stresstrain curve fomluminum is shown. It had a
capacity of 62 MPa to failure, so points were chosen to stop testimg thes value. The

data is shown ifrigure33. The run to failure of 62 MPa is expressed, and has no unloading
curve. The other values of 45, 5Gda60 MPa are shown with an unloading segment.
With increasingplasticity, the yield stress wafianging slightly by 5 MPa. The loading
curves are all identical as these follow the elastic response of aluminum, measured to be
about 69 GPa, matchirigerature values. Each unloading curve also has the same slope,
and it is reassuring that each of the tests fall on each other, showing the material acted
uniformly across sampleg§.his sample is least clear on when the exact yield stress may be

occurring, as it appears very early in the stress strain curve. It was assumed the original
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yield stress was around 15 MPa, as the slope was measured at 69 GPa for elastic modulus

and deviated past this stress..

Metal Stress (MPa)
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50 P
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M Stress
=25
Alto 45 MPa &
Al to 50 MPa 4
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Alto &0 MPa v
Alto FAIL 62 MPa ]
Q000 0.001 Q.02 0.003

Matal Stram

Figure33. Stressstrain data for aluminum.

Figure34 shows the same elastic loading to plastic yield stress points for brass. Similarly,

the coupons were pulled to increasing yield stresses within the plastic zone. However,

brass has a mucbwer capacity for plastic deformation, so the range was from 275 MPa,
the original yield stress, to 290, 300, and 310 MPa. The ultimate tensile stress was at 318

MPa. The elastic modulus for all of the tested coupons was uniform at 11 TG&&anly

slight variation in this data is that the final brass tested to failure did not yield at the same
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point as the others. As it was close to the 310 MPa that was tested, however, this data was

not included in the later measurements of-pipe
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Figure34. Stressstrain data for brass.

Next, cold rolled steel was tested in the same manner, séeguire35. It similarly did

not have much room for plastic defmation, but it was an interestisgoice because there

were also annealed steel tested coupansomparison First, the cold rolled streel showed

that there was about a 300 MPa original yi ¢
so short, only 400 and 500 MPa samples were created, and failure occurred at 510 MPa. It

is also interesting to note threrysmall strain, as theaterial did not deform mucliwWhen
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pulling in the tensile tester, it was a very abrupt failure, as some of the other materials

stretched before breaking, the cold rolled steel minimal stretching.
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Figure35. Stressstrain data for cold rolled steel.

Finally, annealed steel showed the most interesting results as it could be pulled over a long
range before failure, seenkigure36. To note first, the material exhibited some behavior
typical for Luder bands. When pulléd around 175 MPa, the stress was constant while
strain wa still increasing. The matatiwasdeforming at a constant rate, and this could

be due tdislocationdorming and reforming that dwotallow for an increase of stress yet.
However, when this capacity is full, then the stress begins to increase, and can hold through

a large amount of strainThe annealed steel was tested to 175, 225, 275, and 300 MPa.
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The stressvas thenconstant as the material kept stretching, and finally failed at 320 MPa.
The samples were previously showirigure32, with the final coupon to failure extending

much farther past its original lengtithe elastic modulus of the annealed steel is identical

to the cold rolled steel and matches literature values aGP@0 It is very interesting that

the steel can act with these two strikingly different behaviors based on their processing.
The cold rolled steel had been dramatically deformed previous to testing, sovdhdess

room in the material for changes ireld stress. The annealed steel, howevet begn

able to relax during the press of heat treatment, and acteach more ductile. These

basic material responses show that the yield stress can drastically change based on the
processing, and in this worke can show that the plasticity depends on this as well. The
steel samples were most interesting because they have the same elastic modulus, but plastic
properties have an enormous range between annealed and cold Toks® phenomena

between the twotsel samples are later examined even further in depth.

The Pasco tensile tester was an excellent tool for creating materials with different yield
stresses. The trend of increasing yield stress due to imparting dislocations has proved very
useful for thigresearch, and since the substrate yield stress ika@in, it is much easier

to predict or extract film properties.
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Figure36. Stressstrain data for annealed steel.
5.2.1 PileUp in Metallic Substrates

The first comparisons of pHep were completed on sole metallic substrates. Thiswias
possiblefor ceramic substrates because first, they arecomductive and cannot be viewed

in the SEM without coating, and second, there is limited plasticityeicd¢hamic substrate.

In most cases indenting on solely a ceramic substrateadgultracking instead of pile

up; the energy is distributed differently, and put into forming new surface instead of
creating dislocations in the materiaHowever, the cquons utilized, aluminum, brass,
annealed steel, and cold rolled steel, all were studied up to different inderg. dé&jbi

indents are presentedhich shows the increasing pilp in the substrates alone with
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increasing indent depth. The depths choser¥ery test are 200, 300, 400, 500, 600, and
1000nm into the sample. This waslectedbecause when films are added, the thickness
aim was 500nm. This allowed for most of the indents to be within the film thickness. For
bulk sampleshowever, thiss not an issue, and these were chosen to compare against the

film/substrate combinations indented to the same depths.

After programming in multiple yield stresses, nanoindentation was completed on each
sample. Elastic modulus averages of 25 indents dogtgd vs. displacement into surface

for each of the varying programmed vyield stresses. As expected, the elastic modulus is
constant in all of these cases, across all displacements into the stlidgueve this, first,

the indentation data from a siegset of indents, 200 1000nm are plotted together in
Figure37. The data lines up at every indent depth, which confirms the CSM method and
shows tlat the elastic modulus is constant at a particular indent depth. In this case, below
200 nm there may be loss of contact, as the indenter is oscillating in the beginning, and
may not be fully engaging the surface. This noise inirthial region of indatationis
expected and seen across all samples. That is another reason why indentsmaa2§0

the lowest indents analyzed.
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Figure37. Indentation data of annealed ste&b MPa yield stressith increasing indent
depth.

As seen in the Figure 340, the materials pitap similarly when there is no film. This
was a surprising discovery because it was expected that thgopiteuld be varying, as it

is when there is a film/substrate combination.

The data for aluminuns seen irFigure38. No matter the yield stress changes, the elastic
modulus matches at 69 GPa. This follows for brass, with an elastic moddliLg GiPa,
seen inFigure 39 with the progression of yield stresses. Both cold rolled aamgbaled
steel have the sametastic modulusvhichmatches th literature value of 200GPa, and also
the tested value with the Pasco tensile testéiese are seen Figure40 for cold rolled

steel and~igure41for annealed steel.
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Figure38. Bulk aluminum nanoindentation data compared at different yield stresses.
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Figure39. Bulk brass nanoindentation data compared at different yield stresses.
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Figure4l. Bulk annealed steel nanoindentation data compared at different yield stresses.
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The indents wer imagedat identical magnifications with increasing indent depths. The
SEM micrographs are seenkigures 42 45for aluminum, brass, annealed steel, eold

rolled steel. The ImageJ method previously outlined for measuring the topography for the
earlier imaes of gold on ceramic substrates was used again. The ndmesidés are

seen in Figures 4649 for the different yield stresses on each individual indent. There are
at least four indents averaged in this data.

Al, 6~ 15 MPa

Al, 6,= 45 MPa

Al, o= 60 MPa

Figure42. SEM images of increasing indent depth for each yield stress of aluminum

substrate.
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Brass, o,= 275 MPa

Brass, 6,= 290 MPa

Figure43. SEM images of increasing indent depth for each yield stress of brass

substrate.
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Asteel, o,= 175 MPa

Figure44. SEM image®f increasing indent depth for each yield stress of annealed steel

substrate.

CR Steel, 6,= 300 MPa

Figure45. SEM images of increasing indent depth for each yield stress of cold rolled

steel substrate.
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While it was thought that there would be an obvious trend when changing yield stress, the
results are showing that the yield stress single material did not greatly affect the pile

up. However, when comparing all of the materials, there is an interesting trend that all of
the materials pileip in very similar manners. There is not enough of a difference to
confidently conclude thahe yield stress is affecting the pig of these metals when they

are solely the substrate. However, when adding a film onto the materials, even more

interesting results occurred.
5.22 PileUp in Gold on Metallic Substrates

After testing the substratetone, gold was deposited onto the substratébraproperties

are sought after in this worlAll of the samples were created in the same run at the same
time, so film thickness is assumed constant across the samples because of the rotating
sample holde employed. The film thickness is about B2nm as tested with a cross
sectional view of one of the samples using S&hdl profilometer readingsThe same
samples thatre seen in the first batch that hadled to different stresses were utilized in

the same pileup analysis. First, nanoindentation was completed to confirm the elastic
modulus was uniform across all samples, even with varying the yield stress.
Nanoindentation results of gold on the samples to varying yield stresses areFsgares

507 53. Gold on aluminum, brass, annealed steel and cold rolled steel were all examined.
As seen in the charts, modulus is plotted vs. displacement into surface. ThBrahau

model previously discussed fits all of these combinations. As the parameterareised
solely elastic modulus and Poissonds rati
model, and also do not affect the ditathe elastic propertiesThe information from the
nanondenter solely extracts the elastic response, thergf@eot affected by the initial

pulling of the samples in the tensile testéAtl of these samples pulled to various stresses

are not affected, except cold rolled steel had one mistake that is included to show that it is
important to compare the experimentaladditat may affect indentation indent images. In
Figure53, the sample indented for 500 MPa yield stress follows a lower response. In this
case, it ould be due to the sample preparation, so care is followed to avoid this data that

may be inaccurate from indentation.
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Figure51. Gold on brassanoindentation data.
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Figure52. Gold on annealed steel nanoindentation data.
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Figure53. Gold on cold rolled steel nanoindentation data.
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Nanoindentation data is shown to 1000nm indent depth ipréhaous figures. However,

when indenting, a series was created to test to increasing indent depths. The indent depth
does not affect the elastic data, and will follow any of the trends sdegures5071 53.

With indents to increasing depths, pilptrends can be visualized. These are seen in series

in Figures 81 57. First, gold on aluminum to yield stresses of 15, 45, 50, and 60 MPa are
shown. This is the one set where it is clear that most of the indentation on this system
results in sinkn. Brass follows, at 275, 290, 300, and 310 MPa, and exhibits slight pile

up in these cases. Annealed steel looks slightly similar at 175, 225 and 275 MPa. Some
indents may not be pictured that did not give good results, and were omitted from the
analysisas well. Finally, cold rolled steel has evidence of much moreupilat its higher

yield stresses of 300, 400, 500, and 510 MPa.

Au on Al, 6,= 15 MPa

-

By : l"l‘

Au on Al, o,= 45 MPa

Au on Al, o,= 50 MPa

Au on Al, 6= 60 MPa

J
e v
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Figure54. Gold on aluminum to varying yield stress gile progressions.
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Au on Brass, 6,= 275 MPa

A A

Au on Brass, 6,= 290 MPa

A A

Au on Brass, o,= 300 MPa

A A

Au on Brass, 6,= 310 MPa

Figure55. Gold on brass to varying yield stress Hife progressions.

Au on Asteel. o,= 175 MPa

Figure56. Gold on annealed steel to varying yield stressypl@rogressions.
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Figure57. Gold on cold rolledteel to varying yield stress pilgo progressions.

From these figures, the ImageJ analysis process described in the experimental procedure
was used. Some of the materials clearly exhibityilesuch as the gold on cold rolled

steel, whereas otheshow clear sinkn, such as the aluminum. It is interesting to compare

the pileup from the pure metallic substrateghe previous sectigms even the aluminum
exhibited pileup alone. With the added film, however, the behavior changes. It is evident
that there is an interplay between film and substrate that controls this behasiit-iof

or pile-up. In thiswork, the claim is that the elastic properties are irrelevant, and it is solely
plastic properties of the materials and their imbalancewtiatreate the pileup or sink

in phenomena.

When viewing the amounts of pilg or sinkin, there is not a clear trend within one
material substrate type. It was expected that increasing the yield stress with tensile testing
would greatly affect theijg-up. There is a slight trend with an increase in-ppésinkin

depending on the materials with increasing yield stress, but it is not enough to strongly
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claim that the yield stress tests changed the material enough to changeubpe Biggween

materials however, there is a very striking difference.

First, to show the pilelp and sinkn measurements of the individual materials with
varying yield stresses, pHep was measured directly from ImageJ and compared to the
indent depth. One very cleasstinction is that with increasing indent depth, either the pile
up or sinkin increase. This has been the trandrevious samples, as well, and correlates
to the expected areaHowever, when viewing Figurés8 1 61, the trends are visualized
guantitatvely, as compared tdigures 541 57 where the images show qualitative
differences. Additionally, the measured Berkovich area is plotted with the expected
Berkovich area, dependent on the indent depth and predicted based on the calculated area.
These wex compared first, becaasf there was a large differenaethis area, then the
pile-up measurements would be skewed. In these cases, however, they-predietd

by the equation, and are seen in the plots following the dotted line that represents th

eqguation for the Berkovich area.

The progressiobegins with gold on aluminum. From the SEM images, it is clear that all
of the indents exhibit sinkn. The numbers extracted from the ImageJ analysis are plotted
in Figure58. It seems that with increasing yield stress, there may be a trend in increasing
sink-in, but not enough of a statistical difference in which to make a confident
confirmation. This is the only substrate tested that completely results iArswih gold

films. This material also has the lowest modulus and yield stress of the tested samples.

Figure 59 shows the gold on brass pile trendsFigure 60 the gold on annealed steel
series,and finallyFigure61 shows the amounts oblgl cold rolled steel pileip. Unlike
aluminum, most of these exhibit pilgs. There seems to be a traiosi in the annealed
steel from sinkin to pile-up at small indent depths, but is slightly difficult to discern in the
images as 200nm is a small indent, and theypler sinkin from this indent depth is also

very small.
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Figure58. Pileup area vs. displacement into surface for gold on aluminum to varying

yield stresses.
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Figure59. Pileup area vs. displacement into surface for gold on brass to varying yield

stresses.
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Figure60. Pile-up area vs. displacement into surface for gold on annealed steel to

varying yield stresses.
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Figure6l. Pileup area vs. displacement into surface for gold on cold rolled steel to

varying yieldstresses.

After assessing the materials individually, it was prudent to compare them altogether. As
yield stress only slightly changed between individual samples, between each metallic
couponthereare mucHargeryield stresslifferences They range from aluminum to brass

to annealed steel to cold rolled steel in order of increasing yield stressupRitea vs.
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yield stress was compared, but now there are different indent depths to coRrgjdees
621 67 exhibit each of the indentepths and the trends seen in order of increasing yield

stress.

The yaxis is a normalized pHap area. In order to remove the units from thexig, the
pile-up area (urf) was divided by the expected Berkovich area at this indent depth (also
un?). For example,Figure 62 has a yaxis of the measured pilg area with ImageJ
divided by 24.5R or 24.5*(200um). Figures62i 67 follow the same trend.

On each of these plots in the following figures, the metallic coupons are shown as different
colors. Aluminum is yellow, brass is blue, annealed steel is purple, and cold rolled steel is
red. In this fashion, is it easy to seattthe materials have an increasing yield stress over

a large range, from 15 MPa to 510 MPa. There are only a few yield stresses that overlap
between materials, and this will be crucial to explain some further details about the pile

at these specificgints. Additionally, a linear line is fit to each of these plots. The trends
seemed linear, and mostly fit the linearization. Tdbkhows a comparisoffom the
normalized dataf the yaxis, slope, and-axis of all of these normalized plots.
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Figure62. Normalized pileup area vs yield stress for gold on all metallic substrates at
200nm indent depth.
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Figure65. Normalized pileup area vs yield stress for gold on all metalibstrates at
500nm indent depth.
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Figure66. Normalized pileup area vs yield stress for gold on all metallic substrates at
600nm indent depth.
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Figure67. Normalized pileup area vs yield stress fgold on all metallic substrates at
1000nm indent depth.

Before normalizing the data, all of the individual lines from each indent depth are compared
on the same chart Figure68. This information is from the raw data taken from ImageJ

to calculate the pileip area. The-pxis may be titled pileip area in some of these charts,

but if it is negative, it is indicative of siAk. A value of zero would mean no pilg or

sink-in. All of the lines inFigure68increase with increasing indent depth. There is a large
jump from 500i 600nm, and again between 60A000nm. Thefirst can be explained
because the indenter should be at the film thickness anen50énd past it at 60tm. The

depth of 1000m was usetb compare trends that followeduble the film thickness, and

they seem to agree quite well. In this plot, hogreit was hard to compare the materials
based on their indent depth, and the properties should be identical at increasing indent

depths, so that is why all of the previous figures were plotted with the normalized area.
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Figure68. All indent depths for measured pi@ area vs. yield stress.

With normalized yaxes, it is possible to compare the linear trends of yield stress vs.
normalized pileup for all indent depths on the same chart. This is visualizEdjure68,
which is Figures 62 67 superimposed on one another.

After dissecting all of this information, the most interesting point on all of these charts is
that there is a crossver of all the lines on the-axis. A negative pileip value
demonstrates sink, and positive is pileip. It is curious to examine tlzero point on the
x-axis because this would mean no fifeor sinkin; it represents a perfect indent based
on the Berkovich tip indent area. This point does change slightly for all of the indent
depths, where the slope is very similar, shown in Tabl&® visualize the change in the
cross over point with indent depth, thentercept is plotted against indent depth, or the

first and last columns of Table 6 kigure70.
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indent depths.

Table 6 Comparison of linear lines for each indent depth.

Indent depth (nm) | y-intercept slope (1/MPa) x-intercept (MPa)
(unitless)

200 -0.063 0.0009 70.0

300 -0.0126 0.0008 132.5
400 -0.1575 0.0008 196.9
500 -0.1492 0.0007 2131
600 -0.1728 0.0009 1920
1000 -0.1361 0.0007 194.4
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Figure70. X-intercept vs. indent depth of normalized linearization of all metallic

coupons with gold film.

The xintercept is so intriguing because the units are in MPa, and can possibly relate to the
yield stress of the film. It is evident there is a balance of the plastic properties at this point,
to allow for zero pileup or sinkin. Figure70is veryfascinatingwvhen plotting the change

in this xintercept yield stress with indent depth. As the film thickness is approached
(480nm), the intercept is ingasing at a linear rate. After the film thickness, however, the
number seems to level off; the film is not playing as much of a role in thisavesso

pile-up point. This is indicative of an inherent property of the film, and it is possible it

couldrelate to the yield stress of the film directly.

Previous work studying gold films through electron beam scattered diffraction (EBSD)
were able to extract film properties and compare them to tests done using membrane
deflection. The HalPetch relationrad the variables relating to this specific sputtered gold
film were uncoveredln previous work, however, the yield stress was seen to be closer to
300 MPa for sputter deposited films of this thickngg 63, 65]. The parameters may
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have been the same, but the equipment has chanvgedhe years, so it is possible this

comparison may be slightly off.
5.2.3 Pile-Up in Platinum on Metallic Substrates

The process was completed in the exact same manner anethdic substrates with
platinum. The coupons were masked off in a way tg daposit on one area, leaving two
other areas free for gold and-ooated. In these casesf platinum films sinkin occurred

in almost dlof the samples. To compare with gold, platinumabagher elastic modulus,

and aso a higher yield stress. It is believed the yield stressisaitecting the pileup or
sink-in tendencies, and comparing two film materials, gold and platinum, can reveal the

differences that occur.

First, the images are visualized in the followingufes. Platinum was deposited on
aluminum, brass, annealed steel, and cold rolled steel to all of the same yield stresses.
Figures71i 74 show the SEM images that correlatBigure 71 exhibits platinum on
aluminum, where sinkn is very clear through the samples. Also, the surface of these do
not seem very clean, but when SEM images were taken, the best ones were chosen, and
only the indents thatppear to be normal were utilized in calculations of the-isirk pile-

up. NextFigure72shows platinum on brass, which has a few problems walgnitation,

but are shown here to symbolize how difficult this entire process of indenting then imaging
can be, and how it needs to be avoided for future researchers. With the platinum on brass
film, there could have been poor adhesion, resulting in tthenier tip removing part of

the film while testing. Another problem could have been the tip was not clean, if it had
occurring in the indent prior, and-deposits some of the film on the new indentation area.
Brass had the most problems, but most ofitidents appeared to be correétigure73

exhibits platinum on annealed steel, whigyure 74 demonstrate the progression for
platinum on cold rolled steel. These now are very different from the gold film analyses, as

there is mostly sirkn, and possibly some pHeap in the deependents tested.
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Figure71. Platinum on aluminum to varying stresses and increasing indent depths.

Pt on Brass, 6,= 275 MPa

Pt on Brass, 6,= 290 MPa

Pt on Brass, o,= 300 MPa

Pt on Brass, 6,= 310 MPa

Figure72. Platinum on brass to varying stresses and increasing indent depths.
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Figure73. Platinum on annealed steel to varying stresses and increasing indent depths.
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Figure74. Platinum on cold rolled steel to varying stresses and increasing indent depths.
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The idents are visualizdaecause the indentation data was completed on each sample at
increasing indent depthd'hese are shown in Figuresi738. Similar to the tests on bulk
metallic substrates or gold on the metallic substrates, all of these are identical in elastic
propertes and adhere to the ZhBuorok model. Brass is one exception, as it can be seen

there may have been a problem with the initial nanoindentation testing, which led to
incorrect imaging, shown previously.

300
250
mPton Al 15
200 ¢ Pt on Al 50
- Pt on Al 60
©
a
© 150
0
=) T"r
>
'é 100 s,
50
0 -----------------------------
0 200 400 600 800 1000 1200

Displacement Into Surface (hnm)

Figure75. Indentatiordata of platinum on aluminum to varying stresses.
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Figure76. Indentation data of platinum on brass to varying stresses.
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Figure77. Indentation data of platinum on annealed steel to varying stresses.
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Figure78. Indentation data of platinum on cold rolled steel to varying stresses.

ImageJ protocol was utilized again, and at each indent depth, theopilas compared to
the yield stresss it was for the gold on metallic stitages. It is seen for platinum on
aluminum,Figure 79, brass Figure 80, annealed steekigure81, and cold rolled steel,
Figure82, similarly compared to the expected Berkovich aasayell. Mostly all of these
film/substrate combinations resudtsink-in, where some showed some very slight-pile

up, or no phenomena at all.
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Figure79. Quantitative data of sink of platinum on aluminum.
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Figure80. Quantitative data of sink of platinum on brass.
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Figure81l. Quantitative data of sink of platinum on annealed steel.
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Figure82. Quantitative data of sinik of platnum on cold rolled steel.
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The samples were similar compared altogether on the same pigune83. Each indent

depth has a linear line associated with it. The trend is the same as gold; with an increase
in indent depth, the slope increases. The esestion with the saxis is much lager in the
platinum film samples than the gold, however.
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Figure83. Platinum films on all metallic coupons at all indent depths.

When normalizing the pitep by the expected Berkoviarea, the lines also collapse to

the same slope, with a shift at the intercepé®n inFigure84. This does not collapse as
smoothly as the goldlfns had, however, so it is a little more difficult to interpret the
results. However, it is clear that when penetrating past the film thickness in the case, the

slope changes more.

81



Table 7. Parameters for normalized platinum on substrates.

Indent depth (nm) | y-intercept slope (1/MPa) x-intercept (MPa)
(unitless)
200
-0.064 0.0003 213.3333
300
-0.1796 0.0005 359.2
400
-0.404 0.0005 808
500
-0.9039 0.0009 1004.333
600
-1.5025 0.002 751.25
1000
-6.5415 0.0112 584.0625
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Figure84. Platinum on all metallic coupons at all indent depths normalized to the
expected Berkovich area.
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Table 8. Parameters for normalized platinum on substrates.

Indent depth (nm) | y-intercept slope (1/MPa) x-intercept (MPa)
(unitless)

200

-0.0606 0.0003 202
300

-0.0806 0.0002 403
400

-0.0928 0.0002 464
500

-0.1433 0.0002 716.5
600

-0.1656 0.0003 552
1000

-0.2656 0.0005 531.2

The intercept is much higher than it was in gold, and can be attributed to a higher yield
stress in platinum thagold. Although it is difficult to measure the yield stress of the film

to confirm, with the same yield stresses in the substrates, between the two film tests, there
is a clear difference when the film material properties chaige. results from the gold

which were previously seen Figure 70 are compared with the cross section from the
platinum results irFigure85. Althoughthe platinum shows a much higher stress at the
cross section, it exhibits a similar trend of leveling off after reaching the film thickness. It
is a possibility that this could mean the film yield stress in platinum, although it is very
high. It is an ettemely interesting result that came from many tests at many yield stresses
to get the one single plot. Although yield stress may not be able to be directly extracted
confidently from this information, it has broken into the realm of nanoindentation and
shown that yield stress of the substrate will results in an increase inpitE a decrease

in sink-in, and it is dependent on the interplay between the film and substrate plastic
properties. Elastipropertieshave not been mentioned in these resudis the permanent
deformation of pileup or sinkin is finally described using this method. In the future, it

will be unnecessary to do the complete image and measurement analysis, and the film yield
stress will be determined from indentation of these nagevhen the substrate yield stress

is known.
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Figure85. Comparison of the-axis crosssection of gold and platinum films to

increasing indent depths.
5.2.4X-ray Diffraction A nalysis

The most interesting samples to compfamther are the annealed and cold rolled steel.
They are the same materialeatedvith very different processing techniques. The sample
came directly from the companyasco, so some of the processpayameters are
unknown. The amount of cold raily or annealing is not specified by the company, but

the coupons utilized were the perfect shape and size for these tests. When viewing the
trends in each indent depth, it seems that cold rolled steel is unaffected by the tensile stress
changes. There ssmaller range of plasticity, so there is less room for tensile yield stress
changes. Annealed steel began at a low yield stress, as tested by the tensile machine, at
about 175 MPa and failed around 310 MPa. The cold rolled steel began at 300 MPa and
increased to 510 MPa until failure. The pile in the annealed steel is more affected than

that of the cold rolled steel. To explain this difference, it is prudent to explain what is
physically happening in theteel substrate during these processes.
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However, in the testing method that has been completed in this work, directly comparing
pile-up between the metallic substrates with films, yield stress can also be compared. In
the steel samples, cold rolled greatly piles up compared to the annealed b&estason

for this is that the material that is cold rolled has used up all of its capabilities for plastic
deformation in the substrate, as there are many dislocations and the material is greatly
strained. Any extra energy put into the material, as ib nanoindentation, cannot be
accommodated. Instead, the substrate pushes back and up around the indenter tip, piling
up. The annealed steel has much more capability to deform, as it has been relaxed in the
processing techniques. The fight betweengbld film and steel substrate is still occurring,
however, so slight pileip is still visible. However, it is to a much smaller extent than it is

for the cold rolled steel. These can be seen in the images compared with side by side SEM

images inFigure86.

SEI 20.0kV¥ X10,000 1um WD 10.4mm uburn SEI 20.0kV¥ X10,000 1um WD 10.5mm

Figure86. Annealed steel (left) and cold rolled steel (right) at 400nm indent depth.

The samples were scanned withay diffractionfrom two conditions:un-tested with the

tensile tester, and tensile tested téailure. The chart for comparisoof the xray scans

is seen inFigure 87. For the annealed steel alone, the full width half maximum value
(FWHM) did not change. Similarly, for the cetdlled steel, the FWHM did not change
between the untested sample and the one pulled to failure. Between the two samples,
however, there is afterence, seen ikigure88. These differences are directly related to

the increased strain in the material that is caused by the cold rollingannkaled steel

crystallites have been able to relax, but the cold rolled steel has many dislocations, probably
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excessively, as this material was initially used as a teaching tool to show the difference in
the elastic propertiesHaving the excess knowlgd of the XRD patterns allows for the
understanding of the pHep difference when plastic properties changes, yet elastic
modulus is constant as it is in these steel samples.
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Figure87. XRD scans for cold rolled and anneastekel, original and post tensile test to

failure.
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Figure88. XRD FWHM peaks for cold rolled and annealed steel, original and post
tensile test to failure.

5.2.5 SinkIn and FIB Cross-Sections

In previous work, platinum films wertested in the same manner on metallic substrates.
The film was thin, at 230 nm thickness, and when penetrating into the substrate, it is curious
that the substrate was not seen with SEM imaging. Previously, it was shown that the
ceramic substrates arisible when punching through to the substrate with gold films. This
also occurs with platinum films when the substrate is-plastically deforming. With

more compliant substrates, such as the ones sdégure89, an indent double the film
thickness at 400nm deep, does not visually show the substrate. Even when completing EDS
on these areas, there is no sign of the substrate, seen in tiégouex®l. This is curious
because it is obvious that the indent in engaging the substrate, but strange that it will not

puncture through the metallic film.
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Figure89. 230nm platinum films on metallic substrates exhibiting-smk

88



Auburn SEI 20.0kV X20,000 Tum WD 10.0mm Auburn COMPO 20.0kVY X20,000 Tum WD 10.0mm

Figure90. Backscattered image compared to one secondary electrons; if the indent had

penetrated, the substrate would be clearly vigibg

In order to understand wheduld be happening in tlieosssection FIB was implemented.

The profile of the indent shahow the film and substrate are interacting. To compare to
the topography of the metallic film on metallic substrates, a sample from the FIB cross
section is showin Figure91. A goldfilm of 520 nm on annealed steel was indented to
about double the film thickness at 1000 nm indent depth. When viewing the cross section,
it is clear to see the difference betweim f(gray) and substratélack), and they behave

in a veryunusuaimanner. The beam failed while cleaning the rest of the cut, resulting in
the step that is seen ahead of the esession. It was expected that the indenter would
break through the filnand then engage the substrate, but the film is being pushed down
with increasing indent depth. It is very curious that this happens in the compliant
substrates, and revealome interesting information about the interplay between film and
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substrate. Thiphenomenon did not affect elastic properties, but perhaps there would be
more pileup if the material could not deform in this manner below the indenter tip. The
input energy needs to be distributed, and in this case, it seems that the substrapsiisgcolla

below the indenter tip.

Figure91l. 1000nm indent on gold film of 480nm thickness with annealed steel substrate.

The same sample was prepared with a esestion using FIB at a lower indent depth. A
400nm indent depth into the B2im thick gold film on annealed steel is seeRigure92,

next to the same image gure91 for easy comparisonin this case, it is assumed that

the indenter tip has not reached the substrate, and it is confirmed with theestiossl

view. ltis also clear to see the profile of the indent and how the substrate is collapsing and
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